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Abstract
The anterior thalamic nuclei (ATN) are a critical part of an extended hippocampal system that supports
key elements of episodic memory. Damage or disconnection of the ATN is a component of clinical
conditions associated with severe anterograde amnesisa such as the Korsakoff’s syndrome, thalamic
stroke, and neurodegenerative disorders. Previous studies have demonstrated that the ATN and
hippocampus are often interdependent, and that ATN damage can result in ‘covert pathology’ in
ostensibly healthy distal regions of the extended hippocampal system. Adult male rats with neurotoxic
bilateral ATN lesions or sham surgery were post-operatively housed in an enriched environment or
standard housing after a lesion-induced spatial working memory deficit had been established. These rats
were retested on cross-maze and then trained in radial-arm maze spatial memory tasks. Other enriched
rats received pseudo-training only after the enrichment period. The detailed neuromorphology of
neurons was subsequently examined in the hippocampal CA1. Soma characteristics were also examined
in the retrosplenial granular b cortex and the prelimbic cortex. In Experiment 1, ATN lesions produced
clear deficits in both the cross-maze and radial-arm maze tasks and reduced hippocampal CA1 dendritic
complexity, length, and spine density, while increasing the average diameter of the dendrites. Postoperative enrichment reversed the ATN lesion-induced deficits in the cross-maze and radial-arm maze,
and returned CA1 basal and apical spine density to a level comparable to that of sham standard housed
trained rats. The sham enriched rats exhibited improved radial-arm maze performance and increased
CA1 branching complexity and spine density in both basal and apical arbors compared to sham standard
housed rats. The neuromorphological changes observed in the enriched ATN and sham rats may be in
part responsible for the spatial working memory improvements observed. Experiment 2 provided support
for this contention by demonstrating that the CA1 spine changes were explicitly relevant to spatial
learning and memory, because trained enriched sham and ATN rats had increased spines, particularly in
the basal tree when compared to closely comparable pseudo-trained enriched rats. Interestingly, spatial
memory training increased the numbers of both thin and mushroom spines, whereas enrichment was
only associated with an increase in thin spines. In Experiment 3, ATN lesions increased cell body size in
layer II of the retrosplenial granular b cortex, whereas enrichment decreased cell body size in layer V of
this region. Neither ATN lesions nor enrichment had any effect on cell body morphology in the
prelimbic cortex. The current research provides some of the strongest evidence to date of ATN and
hippocampal interdependence within the extended hippocampal system, and provides the first evidence
of neuromorphological correlates of recovery after ATN lesions.
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Chapter 1
Introduction
This introductory chapter provides a brief initial synopsis of the more detailed information presented
in subsequent chapters. In the first section, “General Introduction”, each of the background
information chapters of the thesis (Chapters 2-7) will be summarized in a paragraph. In the
subsequent section, “Aims of the current study”, the main aims of the thesis will be stated and the
experimental chapters (Chapters 8-10) will be introduced. The final section of the chapter “Outline
of the thesis” sketches the structure of this thesis as a whole.

1.1 General Introduction
Memory is the ability to retain information and utilize it for adaptive purposes (Fuster, 1995).
Amnesia can be characterized as the profound loss of memory in the presence of relatively
preserved cognitive abilities. Pathology in both the medial temporal lobe and medial diencephalon is
consistently associated with the presence of anterograde amnesia or an inability to learn new
information following an injury to the brain (Victor et al., 1971; Markowitsch, 1982; Aggleton and
Sahgal, 1993; Mair, 1994; Harding et al., 2000; Kopelman, 2002; Vann and Aggleton, 2004; Gold
and Squire, 2006; Aggleton, 2008). Diencephalic amnesia is anterograde amnesia that develops as a
consequence of direct or indirect (neural disconnection) damage to diencephalic structures such as
the mammillary bodies and various thalamic nuclei including the anterior thalamic nuclei especially,
but also the medial dorsal, lateral dorsal and intralaminar nuclei (Victor et al., 1989; Mair, 1994;
Aggleton and Brown, 1999; Gaffan and Parker, 2000; van der Werf et al., 2000, 2003; Aggleton,
2008). Since Aggleton and Brown’s (1999) influential review, the anterior thalamic nuclei (ATN)
have received increasing attention as an important structure in supporting learning and memory
processes. The authors highlighted the similarity of the amnesic syndrome produced by damage to
medial temporal lobe structures and diencephalic structures and suggested that both regions work in
parallel. After reviewing neuropsychological evidence and the effects of lesions to different parts of
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the hippocampal complex, and the thalamic structures with which they are associated, Aggleton and
Brown (1999) postulated a model of hippocampal-medial diencephalic interactions. The model
gives prominence to the anterior thalamic nuclei which together with the hippocampus, fornix,
mammillary bodies and retrosplenial cortex form an “extended hippocampal system”, vital for
encoding and subsequent recall of episodic information. A second separate system was posted as
relevant for familiarity-based recognition processes subserved by the medial dorsal thalamic nuclei
and the perirhinal and entorhinal cortices of the medial temporal lobe. Both systems also engage the
prefrontal cortex. Chapter 2 will elaborate the concept of an ‘extended hippocampal system’ and
describe the various diverse regions of this system referred to in the human clinical and animal
studies discussed in subsequent chapters.

Although diencephalic amnesia was first investigated before temporal lobe amnesia its
neural basis remains less certain. Temporal lobe amnesia is often thought to be principally a
consequence of damage to the hippocampus and has been extensively investigated (Olton et al.,
1979; Rawlins and Olton, 1982; Eichenbaum et al., 1990; Squire, 1991; Rempel-Clower et al., 1996;
Corkin et al., 1997; Spiers et al., 2001; Manns et al., 2003; Squire et al., 2004). However, classical

neuropsychological studies have struggled to provide clear evidence concerning the neural basis of
diencephalic amnesia, as human cases are generally associated with a high degree of variability in
both presentation and degree of damage sustained to the diencephalon and surrounding structures.
Diencephalic amnesia is most frequently observed in humans who develop alcoholic Korsakoff’s
syndrome, which is a neurological disorder linked to thiamine deficiency characterized by damage
to the anterior thalamic nuclei, mammillary bodies and mammillothalamic tract. Other examples can
be found in cases of thalamic strokes, cysts and penetrating injuries, which demonstrate a varying
degree of amnesia depending on the number and nature of brain regions affected, and the presence
of unilateral or bilateral thalamic damage. Several prion diseases, including a variant of CreutzfeldtJakob disease are associated with thalamic damage, and along with various neurodegenerative
diseases such as Alzheimer’s disease, provide examples of diencephalic amnesia embedded within
complex symptomologies. These various clinical examples of diencephalic amnesia provide initial
evidence for the anterior thalamic nuclei’s role in episodic memory (Manetto et al., 1992; Pepin and
Auray-Pepin 1993; Zeidler et al., 2000; Harding et al., 2000; Kapur et al., 2001; Schmahmann,
2003; Carrera et al., 2004; Nestor et al., 2005; Kril and Harper, 2012). However, the presence of
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damage in other proximal nuclei, as well as white matter tracts that transverse the area make direct
relationships between structure and function difficult to ascertain, especially in such a small region
as the ATN.

Fortunately, animal studies provide the ability to produce relatively precise focal lesions
coupled with detailed post-mortem examination. They also allow the direct comparison of animals
with lesions to sham surgery controls in pre and post surgery testing conditions. Animal models
often use spatial working memory tasks as an analogue to human episodic memory, as the animals
are required to remember previously experienced external cues and a spatial representation of the
environment in order to solve the task (Aggleton and Pearce, 2001). Damage to the anterior
thalamus results in robust and permanent deficits in spatial memory and some aspects of non-spatial
memory such as memory for temporal events in rats, and these deficits are generally comparable to
those produced by hippocampal lesions (Aggleton et al., 1991, 1995; Byatt and Dalrymple-Alford,
1996; Warburton et al., 1997, 1999, 2000, 2001; Mitchell et al., 2002; Moran and Dalrymple-Alford,
2003; Mitchell and Dalrymple-Alford, 2005, 2006; Gibb et al., 2006; Wolff et al., 2006, 2008). A
few studies have investigated sub-total damage to the ATN or compared ATN damage with damage
to other mid-thalamic nuclei such as the medial dorsal nuclei and the intralaminar nuclei (Aggleton
et al., 1996; Van Groen et al., 2002; Gibb et al., 2006). Of particular interest are recent studies that
uncovered ‘covert pathology’ in distal regions of the extended hippocampal system such as the
hippocampus, retrosplenial, and prefrontal cortices, associated with ATN lesions (Jenkins et al.,
2002a, 2002b, 2004; Poirier and Aggleton, 2009; Loukavenko, 2009; Dumont et al., 2012). The
majority of this evidence concerns the biochemical marker c-Fos, which shows hypoactivation
which was marked in the retrosplenial cortex in particular. Currently, there is limited evidence of
neuroanatomical changes such as cell shape and size in the retrosplenial cortex after ATN lesions
(Jenkins, 2004; Poirier and Aggleton, 2009). Changes in the neuromorphological characteristics of
neurons such as dendritic spine density and branching have been found as a consequence of other
types of brain injury (Gonzalez-Burgos et al., 2007; Bindu et al., 2007; Frechette et al., 2009), but so
far this has not been investigated in regard to ATN lesions. Therefore, the current study will look at
possible neuromorphological changes in the hippocampus, retrosplenial cortex, and prefrontal
cortex, as a consequence of bilateral lesions to the anterior thalamic nuclei.
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The hippocampus was the key region of analysis due to its interdependent relationship with
the ATN in spatial memory tasks and its prominent role in learning and memory. The subiculum and
its adjacent regions receive reciprocal connections from the ATN, largely via the fornix, and send
signals unidirectionally to the CA3, CA1 and dentate gyrus regions. Although the dentate gyrus is of
interest due to its association with adult neurogenesis, the CA1 region was selected as the target of
neuromorphological analysis in the hippocampus as it is associated with temporal and spatial
learning, memory consolidation, and plasticity-induced recovery (Hodges et al., 1996; Bendel et al.,
2005; Hoge and Kesner, 2007; Hunsaker et al., 2008; Neves, 2008; Gilbert and Brushfield, 2009;
Barbosa et al., 2012). The CA1 region contains large complex pyramidal neurons consisting of a
smaller basal arborisation in the stratum oriens layer, and a longer apical arborisation which passes
through the stratum radiatum before forming an apical tuft in the stratum lacunosum-moleculare.
The dendrites of pyramidal neurons are covered with small protrusions called “dendritic spines”
which receive excitatory synaptic inputs and can be used as a reasonable measure of excitatory
synapse density (Andersen et al., 1966; Harris et al., 1994; Majewska et al., 2000; Rampon et al.,
2000; Megias et al., 2001; Ovtscharoff et al., 2008). Spines come in a variety of forms including
more persistent mushroom “memory” spines that may represent physical substrates of long-term
memories and transient thin “learning” spines which may represent activity dependent plastic
changes (Kasai et al., 2003; Holtmaat et al., 2005; Zuo et al. 2005; Bourne and Harris, 2007).
Activity dependent plasticity in the hippocampus in the form of long term potentiation (LTP) and
depression has been extensively studied. LTP studies provide evidence of the kinds of temporal
plastic changes that spines and synapses may undergo as a consequence of learning. Although it is
unclear how much LTP induction is analogous to actual learning, some studies suggest that learning
triggers LTP in the hippocampus (Mckernan and Schinnick-Gallagher, 1997; Whitlock et al., 2006).
Secondary regions targeted for neuromorphological analysis are the retrosplenial and prefrontal
cortices. In the retrosplenial cortex, the granular b region is consistently associated with the most
severe c-Fos hypoactivation, particularly in layer II, as a consequence of ATN lesions (Jenkins et al.,
2002a, 2002b, 2004; Loukavenko, 2009). In the medial prefrontal cortex, the prelimbic region is
homologous to the dorsolateral prefrontal cortex of primates and involved in higher order processes
including decision-making, goal-directed behavior, and working memory, and hence the prelimbic
cortex was selected as the preferred target in this cortical region.
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Several studies performed previously in our lab have demonstrated recovery of allocentric
spatial memory in ATN lesioned rats that are post-operatively exposed to an enriched environment
(EE) (Loukavenko et al., 2007; Wolff et al., 2008). The second aim of the current study was to
investigate any neuromorphological correlates of this behavioural recovery in the formentioned
brain regions. Exposure to an EE constitutes a low risk therapeutic tool which has been shown to
have beneficial behavioural effects on both intact and brain injured animals (Einon et al., 1980;
Kelche and Will 1982; Will et al., 1986; Christie and Dalrymple-Alford, 1994; Will et al., 2004;
Bindu et al., 2005; De Bartolo et al., 2008; Foti et al., 2011). ATN rats exposed to an enriched
environment showed long-term improvements in spatial working memory performance on a crossmaze compared to standard caged controls. This included improved performance in both the easier
‘same start position’ trials (same start position used for both the sample and test run per trial) and
the more difficult ‘opposite start position’ trials (opposite start position used for the test run) which
cannot be solved using simple egocentric strategies (Loukavenko et al., 2007). Post-operative
enrichment in rats with ATN lesions also ameliorated spatial reference memory deficits in the water
maze (Wolff et al., 2008). Although the underlying mechanisms of enrichment remain largely
unclear, the beneficial behavioural effects are likely due to a wide range of neurochemical and
neuromorphological changes. Changes in neurotransmitters, neurotrophic factors, stress hormones,
immediate early gene expression and neurogenesis have all been attributed to EE exposure (Ickes et
al., 2000; Kemperman et al., 2002; Moncek et al., 2004; Zhu et al., 2006; Tashiro et al., 2007;
Thiriet et al., 2008; Segovia, 2008, 2009; Brenes et al., 2009; Solinas et al., 2010). There is also,
however, very strong evidence that EE induces neuroanatomical and neuromorphological changes in
both cortical and hippocampal regions, particularly in the dentate gyrus and CA1 (Rosenzweig et al.,
1968; Diamond et al., 1976; Moser et al., 1994, 1997; Rampon et al., 2000; Ip et al., 2002; Kolb et
al., 2003a; Leggio et al., 2005; Kozorovitskiy et al., 2005; Gelfo et al., 2009). Two recent studies
have demonstrated EE-induced recovery of dendritic spine density in hippocampal regions after
animals are exposed to brain injury or chronic stress (Bindu et al., 2007; Hutchinson et al., 2012).
Although EE studies cannot be easily applied to the human condition, they demonstrate that the
brain has potential for plasticity and suggest the underlying mechanisms that could be targeted for
therapeutic drug treatments in humans. In addition, animal EE studies coupled with the data from
large human epidemiological studies suggest that environmental experience can induce
neuroprotective changes that may protect individuals from cognitive impairment later in life.
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There is also evidence that acquisition of a variety of learning tasks can increase dendritic
spine density in the hippocampus in standard-housed animals. Marrone (2007) conducted a metaanalysis of ultrastructural plasticity in the hippocampus after various learning tasks which showed
increased basal and apical spine density in CA1 hippocampal neurons, with no changes apparent in
dendritic branching or length, and no significant effects in the dentate gyrus or CA3 region.
However, many of the tasks analysed were poorly related to hippocampal function and integrity and
did not employ suitable pseudo-trained groups to control for sensorimotor experience. Studies
employing olfactory rule learning tasks have produced some of the more convincing evidence of
training-induced changes in spine plasticity, including increases in both basal and apical spine
density in CA1 hippocampal neurons (Knafo et al., 2004; Restivo et al., 2006). Although these
studies included suitable pseudo-trained controls, the degree to which simple 2-way odour
discrimination is hippocampally dependent is unclear, and a more spatially defined task would
provide a better index of plasticity associated with hippocampal-dependent learning. Studies
documenting neuromorphological changes in the cortex after motor and visual spatial learning tasks
demonstrate that neuromorphological changes are both region- and task-specific (Kolb et al., 2008).
In vivo observation of spine changes after learning using two-photon microscopy shows that even a
short duration of training, such as 2 days, can produce learning-induced changes in spine density,
although the survival rate of these new spines was dependent on continued task exposure (Yang et
al., 2009). The latter observation may explain why delay between training and sacrifice can produce
differences in hippocampal anatomy across trained groups at different times post-mortem within the
same study (O’Malley et al., 2000; Eyre et al., 2003; Knafo et al., 2005). Sacrificing animals 24hours after they had reached a final task criterion was therefore used in the current study as it was
anticipated as most likely to produce more consistent learning induced spine changes than
sacrificing them all at once at a fixed time point, when they would exhibit different levels of
learning. In the current study, pseudo-trained control groups were included to investigate non-EE
related spine density changes associated with task acquisition.
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1.2 Aims of the current study
This brief introduction, elaborated in subsequent chapters, indicates that lesions to the anterior
thalamic nuclei (ATN) are associated with robust spatial memory deficits, which are partially
reversible by post-operative exposure to an enriched environment (EE). Studies using
neurochemical markers have revealed evidence of ‘covert pathology’ and limited evidence of
neuronal changes in distal regions of an ‘extended hippocampal system’ after ATN lesions including
the hippocampus, prefrontal and especially retrosplenial cortex. Enrichment can produce
behavioural improvements in both intact animals and those with brain lesions, and both EE and
explicit training are associated with changes in dendritic morphology in the hippocampus and
cortical brain regions. In addition, there is preliminary evidence that enrichment can reverse
reductions in neuronal morphology suffered as a result of acute brain injury.

The main aim of the current study was to examine whether the beneficial effects of
enrichment on ATN lesions relates to neuromorphological changes in the CA1 region of the
hippocampus. Moreover, the study aimed to replicate post-enrichment spatial working memory
improvements in the cross-maze in ATN rats and then extend these findings to a spatial working
memory radial-arm maze task. In addition it investigated whether CA1 hippocampal neuronal
changes are specific to acquisition of allocentric spatial memory tasks by comparing sham and ATN
rats housed in enrichment with similar enriched groups that instead received pseudo-training postenrichment that matched the task-related sensorimotor experience and comparable reward to that of
trained rats. A secondary aim was to provide preliminary evidence on neuronal changes in the
prelimbic region of the prefrontal cortex and the granular b region of the retrosplenial cortex as a
consequence of ATN lesions and subsequent exposure to an EE. These objectives were
accomplished across three experiments.

The first experiment investigated behavioural effects, as well neuromorphological changes in
hippocampal CA1 neurons, as a consequence of post-operative environmental enrichment in rats
with highly selective ATN lesions. Prior to surgery, rats were trained to a criterion for spatial
working memory on a cross-maze task known to be sensitive to ATN lesions, performance on which
was used to assign pairs of rats to ATN or sham surgery conditions. After receiving highly selective
ATN lesions or sham surgery, the rats were re-tested on the cross-maze, performance on which was
used to assign pairs of rats from both conditions to enriched or standard housing groups. After a
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subsequent period of 40 days of continuous enrichment or standard housing the rats were tested for a
third time in the cross-maze to assess any beneficial effects of enrichment on spatial working
memory. The rats were then trained on a spatial working memory task in a radial-arm maze that
included an explicit spatial reference memory component. The potential benefits of enrichment were
evaluated at the neuronal level by examining the neuromorphological characteristics of hippocampal
CA1 neurons. The ATN and hippocampus are postulated interdependent key regions of the extended
hippocampal system (Aggleton and Brown, 1999; Aggleton et al., 2011). The CA1 is implicated as a
key region within the hippocampus, among the earliest affected by Alzheimer’s disease (Iacono et
al., 2009) and presumed primarily to add a temporal context to episodic memory (Rolls and Kesner,
2006; Langston et al., 2010). The dendritic complexity and spine density in both the basal and apical
trees, as well as cell body morphology, of CA1 hippocampal neurons were investigated.

The second experiment assessed the specific contribution of allocentric spatial task acquisition
to CA1 hippocampal neuronal changes; the question addressed here was whether enrichmentinduced changes were specific to spatial memory training, as opposed to behavioural experience in
general. ATN and sham pseudo-trained control groups run concurrently with the rats in the first
experiment were used to assess any neuronal changes related to training by comparing them to rats
receiving explicit memory training. An additional group of pre-operatively trained ATN home cage
control rats were added to assess any difference in hippocampal CA1 neuromorphology compared to
the standard caged trained rats from the previous experiment.

The third experiment assessed retrosplenial granular b (Rgb) and prelimbic (PL) cell body
morphology. Due to time constraints, this assessment was made in a random sample of rats from the
groups used in the previous experiments. Rgb, fusiform pyramidal neurons in layer II, and medium
pyramidal neurons in layer V were investigated in the groups from the first experiment. Rgb layer II
cell morphology was of particular interest as this layer has shown substantial long-term hypoactivity
and some preliminary evidence of changes in cell density, size, and shape after ATN lesions (Poirier
and Aggleton, 2009). In the PL, pyramidal neurons from layers III and V were examined as these
layers constitute the most common areas of analysis in the PL, and enrichment-induced changes in
cell morphology in this region of the medial prefrontal cortex have been reported (Diamond, 1967).
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1.3 Outline of thesis
The following chapter introduces the concept of an extended hippocampal system and briefly
describes the diverse brain regions of this system. Chapter three provides an introduction on the
involvement of anterior thalamic nuclei in diencephalic amnesia by examining human clinical data.
Chapter four discusses the animal models of memory deficits providing more detailed experimental
evidence on the involvement of anterior thalamic nuclei in memory function. Chapter five describes
the neuromorphology and neuroplasticity of the hippocampus with a focus on the CA1 which is the
primary region for neuronal analysis in the current thesis. Towards the end of this chapter the
neuromorphology of the regions of interest within the retrosplenial and prefrontal cortices are also
described. Chapter six reviews the literature on the benefits of post-operative exposure to an
enriched environment in both intact rats and rats with focal brain lesions. Chapter seven describes
studies that have investigated neuronal changes in the hippocampus and cortical regions as a
consequence of acquisition of a variety of learning and memory tasks, with a focus on how these
studies shaped the methods used in the current study.

The subsequent three chapters (Chapters 8-10) provide details on the methods and results of
the three experiments. Each of these chapters ends with a brief summary of the main findings.
Chapter eleven provides a general discussion of the experimental and theoretical relevance of the
findings of the current research in the context of the literature reviewed in chapters 2-7. The
limitations of the current study, as well as suggestions for future directions in research, are also
discussed towards the end of chapter eleven.
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Chapter 2
The Anatomy of the Extended Hippocampal System
The material in this chapter comprises a reference section of information pertaining to brain areas
involved in memory that are relevant to this study. In particular, the location, anatomy and relevant
connections will be discussed as well as relevant differences between rat and primate neuroanatomy.
The anterior thalamic nuclei are first described, before a model of the extended hippocampal system
is examined, which involves subsequent brain areas in a dual-process model of episodic and
familiarity-based recognition memory. More detail on the anterior thalamic nuclei, diencephalic
amnesia, and experimental animal evidence are described in more detail in Chapters 3 and 4.

2.1 The Thalamus
The thalamus is a midline symmetrical structure surrounding the third ventricle that constitutes the
major part of the diencephalon together with the hypothalamus, subthalamus and epithalamus.
(Jacobson and Marcus, 2008). The thalamus is represented in each hemisphere of the brain
connected by the massa intermedia, and is an ovoid structure about the size of a walnut in humans.
The thalamus can be divided into a number of subfields (lateral, medial and anterior) separated by
the internal medullary lamina (see Fig 2.1). The lateral and anterior thalamus consists of distinct
clusters of large nuclei. The functions of the thalamus include relaying sensory and motor signals to
the cerebral cortex, along with the regulation of consciousness, sleep, and alertness (Sherman,
2006). In addition, parts of the medial and anterior thalamus are involved in higher cognitive
processes, including memory, subserved by the anterior thalamic nuclei, the medial dorsal nuclei,
lateral dorsal nuclei, and the intralaminar nuclei and their related white matter pathways. This group
of structures makes up the ‘limbic thalamus’, due to their connections with the limbic system,
including the cingulate and retrosplenial cortex, medial temporal lobe, amygdale, septal area, and
the prefrontal cortex (Taber, 2004).
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Fig 2.1: The divisions of the thalamus. The dorsal sections including; the anterior, medial and lateral dorsal
nuclei, are involved in memory and constitute a part of the ‘limbic thalamus’ (adapted from Netter et al., 2007).

2.2 The Anterior Thalamic Nuclei (ATN)
The anterior thalamic nuclei were the target for the excitotoxic lesions used in this study. Although
several thalamic regions may contribute to learning and memory, damage to the anterior thalamic
nuclei (ATN), in particular, is associated with severe anterograde amnesia and a disconnection
syndrome that produces a comparable impairment to medial temporal lobe pathology (Warrington
and Weiskrantz, 1982; Kopelman et al., 1998; van der Werf et al., 2000, 2003; Harding et al., 2000;
Sullivan and Marsh, 2003; Gold and Squire, 2006; Carlesimo et al., 2011). The anterior thalamic
nuclei are differentiated from the rest of the thalamus by the internal medullary lamina (Fig 2.1).
The ATN consist of three divisions, which are the anteroventral (AV), anteromedial (AM) and
anterodorsal (AD) nuclei. The AD nucleus is the smallest of the three sub-nuclei and has a
distinctive cytoarchitecture which consists of small, densely packed and darkly stained cells in Nissl
preparations. The AD is clearly delineated in the dorsolateral aspect from the AV nucleus by a fibre
lamina, and is composed of slightly lighter stained, less densely compacted cells. The AV is also
distinguished by its remarkably dense concentration of acetylcholinesterase (Price, 1995). The AV
merges with the AM, ventromedially. The AM nucleus has larger, paler stained cells that are less
well delineated from other adjacent nuclei. In addition, the AM continues across the midline as the
interanteromedial nucleus (IAM). The AM is further characterized by the presence of fibres of the
mammillothalamic tract (MMT), which enters ventrolaterally and projects to the three AT divisions
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(Bold et al., 1984). In rats, the AM and AV nuclei are of comparable size are clearly separated and
cytoarchitecturally distinct (Jones, 1985). However, in primates, the cytoarchitectonic differences
are more subtle and the boundary between the AM and AV is unclear, so the term 'anterior principal
nucleus' has been designated to the AM-AV complex in primates (Bentivoglio et al., 1993). The
ATN forms part of an anatomical circuit that includes the hippocampus, mammillary bodies, fornix,
and the retrosplenial and cingulate cortices. The existence of this circuit was originally proposed by
Papez (1937) and was thought to be involved in the cortical control of emotion. It was later
postulated to be mainly involved in memory by Delay and Brion (1969) who suggested that this
system was responsible for memory, and that damage to any one of these brain regions would result
in amnesia. The anatomical connections of the papez circuit have been reassessed by Aggleton and
Brown (1999) into an ‘extended hippocampal system’ with a focus on the encoding of episodic
memory and a revised view of declarative memory systems in the brain.

2.3 The Extended Hippocampal System
Aggleton and Brown’s (1999) review proposed an ‘extended hippocampal system’, which described
how medial temporal lobe–medial diencephalic interactions contribute to episodic memory. It
emphasized the importance of the diencephalon, particularly the ATN, and elaborated a dual-process
model of memory in which two separate but anatomically linked systems are responsible for
episodic and recognition memory. The extended hippocampal system was the result of an extensive
review of neuropsychological evidence and the effect of experimental lesions to different parts of
the hippocampal and thalamic complexes. Aggleton and Brown (1999) described the anatomical
details of the extended hippocampal system as follows (see Fig 2.2). The ATN receives bilateral
input from the hippocampal formation via the subicular complex both directly through the fornix
(Aggleton, 1986) and indirectly from the mammillary bodies and the mammillothalamic tract
(MMT; Allen and Hopkins, 1988; Shibata, 1992; Vann et al., 2007). The MMT input allows an
additional influence via the brain stem structures (Vann, 2010). The ATN have a direct projection
back to the hippocampal formation (Amaral and Cowan, 1980; De Vito, 1980) and to adjacent
temporal cortical regions. The ATN also have substantial reciprocal connections with the
retrosplenial cortex which provides an indirect route for connections from the medial diencephalon
to the medial temporal lobe (Amaral and Price, 1984). Importantly, recent evidence suggests that the
retrosplenial cortex (RSC) may suffer covert pathology following damage to the ATN or
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hippocampus which may help explain the similarities between temporal lobe and diencephalic
amnesia so that the RSC now has greater prominence in the extended hippocampal circuit
(Aggleton, 2008; Vann and Albasser, 2009; Dumont et al., 2012). Within this interdependent
‘extended hippocampal system’ the ATN play a major role in episodic memory and functions in a
reciprocal fashion with the hippocampus (Aggleton, 2008). Prior to Aggleton and Brown’s (1999)
influential review article, the majority of animal research had concentrated on looking at medial
temporal lobe regions of the brain, especially the hippocampus (Eichenbaum and Cohen, 2001). The
ATN were previously considered to function as a relay station transmitting information from the
sub-cortical regions to the cortex (Jones, 1985) and memory deficits after thalamic lesions were
attributed to a disconnection of the information flow between the brain regions involved in memory
(Macchi and Jones, 1997). More recent evidence suggests that the ATN contribute actively to
episodic memory operation and is not just merely passively processing hippocampal outputs
(Aggleton and Brown, 1999; Aggleton, 2008; Aggleton et al., 2010; Tsanov et al., 2011). Damage to
the extended hippocampal system results in spatial memory deficits and impaired memory for
relational information, and in humans impairs memory for autobiographical episodes, but spares
recognition based soley on familiarity (Aggleton et al., 2000a; Yonelinas et al., 2002; Viskontas et
al., 2002; Holdstock et al., 2002; Mayes et al., 2003, 2004). A second separate system (see Fig 2.2,
Dotted lines) consisting of the perirhinal cortex and its connections to the dorsomedial nucleus of
the thalamus (an extended perirhinal system) was postulated as necessary for item recognition based
on familiarity which does not require access to the spatial-temporal context that characterizes
episodic memory. Damage to this latter system is expected to impair recognition of single items
(Aggleton et al., 2000). The following sections provide a brief summary of the other relevant brain
areas of the extended hippocampal system associated with memory.
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Fig 2.2: The hippocampal-diencephalic systems showing connections between medial temporal structures and
diencephalic (thalamic) nuclei and frontal lobes. Solid lines show the extended hippocampal system, presumed to
mediate recollection, and dotted lines show the extended perirhinal system, presumed to mediate familiarity
(modified version of Aggleton and Brown (1999), adapted from Moscovitch et al. 2005).

2.4 The Medial dorsal thalamic nuclei (MD)
The medial dorsal nucleus (MD) is a large composite cell group located in the dorsomedial region of
the thalamus. It is most developed in primates, especially humans and the increase in the volume of
the MD in phylogenetic evolution parallels that of prefrontal association and cingulate cortices
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(Bentivoglio et al., 1993). In rats, the MD is relatively heterogeneous, but four main subdivisions
have been identified including: the medial; central; lateral; and paralamellar segments (Krettek and
Price, 1977; Groenewegen, 1988; Ray and Price, 1992). The boundaries of these segments are
relatively well defined, especially between the central and lateral segments. The dendrites of the
cells in each of these two latter segments tend to be confined to their respective regions and the
lateral segment stains more heavily for acetylcholinesterase (Price, 1995). In primates, the four
subdivisions are more easily distinguishable and are labeled differently. A magnocellular
subdivision occupies the most medial and anterior part of the MD and is considered equivalent to
the medial segment in rats. The other three subdivisions, parvocellular, pars multiforms, and
densocellular are located more laterally. The densocellular subdivision is the most lateral and is
difficult to differentiate from the central lateral nucleus of the intralaminar nuclei that borders it
anterolaterally (Bentivoglio et al., 1993; Jones, 1997). Within the extended perirhinal system, the
medial dorsal thalamus has reciprocal connections to the prefrontal cortex and direct afferents from
the perirhinal cortex as well as indirect afferents through the entorhinal cortex. This system
underlies the detection of item familiarity (Fig 2.2, dotted lines). The MD receives inputs from the
ventral forebrain regions, association cortex of the temporal lobes, amygdala, and especially dense
inputs from frontal cortical areas. The major outputs of the MD are to the medial prefrontal and
insular cortices, and early neuroanatomical tracing studies in rats suggested that the medial
prefrontal cortex is defined by the projections received from the MD (Groenewegen, 1988;
Negyessy et al., 1998; Kesner and Ragozzino, 2003). Other efferent projections of the MD connect
to the striatum.

2.5 The Hippocampus
The hippocampus is a major component within the brain, located in the medial temporal lobe. It is
part of the limbic system and is involved in the consolidation of information from short-term to
long-term memory as well as spatial navigation. Long-term potentiation (LTP), a long lasting
enhancement to signal transmission between neurons that results from high frequency synchronous
stimulation, is a form of neural plasticity that was discovered in the hippocampus (Lømo, 2003) and
has often been studied there. Within the extended hippocampal system, the relevant parts of the
hippocampus include the CA1-4 subfields, the dentate gyrus and the subicular complex. The
hippocampal formation receives afferents directly from the ATN as well as indirectly via the
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prefrontal cortex and retrosplenial cortex. The fimbria-fornix extends from the hippocampus and
sends efferents via the fornix to the ATN, MB and prefrontal cortex. Bilateral hippocampal damage
results in a temporal lobe amnesic syndrome that has a comparable pattern of memory deficits to
diencephalic amnesia (Aggleton and Brown, 1999; Kopelman et al., 2003; Gold and Squire, 2006).
The function and structure of the hippocampus as well as detail on the morphology of neurons will
be covered in Chapter 5: Neuromorphology.

2.6 The Intralaminar Thalamic Nuclei (ILN)
The intralaminar thalamic nuclei (ILN) are an aggregation of cells embedded in and around the
internal medullary lamina (IML). They are comprised of two sub-groupings of nuclei, a rostral
group and a caudal group. The rostral group consists of the central medial, central lateral, and
paracentral nuclei. The caudal group, in most species including primates consists of two different
nuclei, the parafascicular and centre-median nuclei, which are referred to as the centremedianparafascicular complex in primates (Groenewegen and Berendse, 1994). In other species,
including rats, the latter two nuclei sometimes appear as a single mass labeled as Pf (van der Werf et
al., 2002). The centre-median nuclei are of significant size in primates, especially humans, whereas
in other species it is quite small or unidentifiable. The ILN wrap around the lateral, ventral, and
medial borders of the MD. The anterior extremity of the rostral group of nuclei also lies between the
posterior, and medial borders of the anterior thalamus. The cells of the rostral ILN are large and
show deep staining using Nissl techniques. The central medial nucleus is the most ventral of the
rostral ILN, and its cells merge at the midline with the same structure in the opposite hemisphere.
The central medial nucleus extends in a dorsolateral direction along the IML to join the paracentral
nucleus. The paracentral nucleus is mainly located in the anterior and medial parts of the fibre
bundle, while the central lateral nucleus comprises the more lateral and posterior position.
Traditionally the ILN and midline thalamic groups have been referred to as non-specific because
they were considered to exert a global influence on cortical functioning, previously being described
as 'diffuse and non-specific' (Van der Werf et al., 2002). Recently, this notion has been challenged
by more refined tracing techniques that have aided neuroanatomical and behavioural investigations.
The ILN receive dense inputs from the brainstem reticular formation and are interconnected with the
basal ganglia and cerebral cortex. In the context of the current study, only the rostral group of nuclei
of the ILN are associated with memory functioning (Mennemeier et al., 1997; van der Werf et al.,
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2002; Mair et al., 2002; Mitchell and Dalrymple-Alford, 2004), although atrophy in the caudal
group of ILN is associated with Parkinson's disease (Tekin and Cummings, 2002).

2.7 The Mammillary bodies (MB) and mammillothalamic tract (MMT)
The mammillary bodies (MB) are located in the hypothalamus at the very base of the brain, and are
comprised of two main nuclei, the medial and lateral mammillary nuclei. Although the medial and
lateral mammillary nuclei differ in terms of their cell morphology, there appears to be only one cell
type within each nucleus (Veazey et al., 1982). The neurons in the lateral mammillary nucleus are
much larger than the very small neurons found in the pars lateralis of the medial nucleus and the
intermediate size cells in pars medialis. All mammillary body cells appear to be projection cells
(Powell and Cowan, 1954; Takeuchi et al., 1985) with no apparent interneurons (Veazey et al.,
1982). The mammillothalamic tract (MMT) arises from cells in both the medial and lateral nuclei of
the mammillary bodies forming a major fiber tract of unidirectional projections that terminate in the
anterior thalamus (Vann et al., 2007; Vann, 2010). The similarity in mammillary body structure and
connections across species has made animal studies of this brain region particularly relevant. Within
the extended hippocampal system, the proposed functional importance of the MB and MMT is to
relay hippocampal inputs to the anterior thalamic nuclei and from there to the cingulate or prefrontal
cortices (Aggleton and Brown, 1999). Therefore, memory impairments following mammillary body
lesions reflect the disconnection of either the cingulate cortex or prefrontal cortex from hippocampal
and brain stem inputs. The main MB inputs are from the hippocampal formation via the
postcommissural fornix, and from the tegmental nuclei of Gudden via the mammillary peduncle.
The main MB outputs are to the anterior thalamic nuclei via the MMT, and to the tegmental nuclei
of Gudden, via the mammillotegmental tract (Vann, 2010). The lateral and medial mammillary
nuclei are connected to different subregions of the same overall structures, thus forming two parallel
systems (Vann and Aggleton, 2004). In terms of hippocampal formation afferents, the medial
mammillary nucleus receives inputs from the dorsal, ventral and intermediate subiculum and medial
entorhinal cortex while the lateral mammillary nucleus is innervated by projections from the
presubiculum, postsubiculum, and parasubiculum (Swanson and Cowan, 1977; Meibach and Siegel,
1977; Shibata, 1988; Allen and Hopkins, 1989; Van Groen and Wyss, 1990a, 1990b). In terms of the
anterior thalamic projections, the medial mammillary nuclei project unilaterally to the anterior
medial and anterior ventral thalamic nuclei (AV) whereas the lateral mammillary nuclei project

Anatomy of the Extended Hippocampal System

18

bilaterally to the anterodorsal thalamic nuclei (AD) (Vann et al., 2007; Seki and Zyo, 1984; Cruce,
1975).

2.8 The Fornix
The fornix is a C-shaped bundle of fibers that forms a vital bridge between medial temporal and
medial diencephalic regions implicated in anterograde amnesia. The fibres begin in the hippocampus
in each hemisphere where they are referred to as the fimbria fornix, as the separate halves proceed
they become the ‘crus’ before coming together to form the body of the fornix. The body of the
fornix travels anteriorly before re-separating back into left and right parts, with the addition of an
anterior/posterior divergence. Within the extended hippocampal system the fornix provides
hippocampal efferents to the diencephalon, striatum, and prefrontal cortex, including dense
projections via the postcommissural fornix to the mammillary bodies and the anterior thalamic
nuclei (Aggleton, 1999). Determining whether the fornix is necessary for normal memory has
proved to be highly problematic, as fornix damage invariably includes damage to other structures
(Tsivilis et al., 2008). Fornix transection tends to lead to a moderate amnesia that consists of
impaired long term memory, without a working memory deficit (McMackin et al., 1995; Aggleton et
al., 2000b; Tsivilis et al., 2008). However, removal of the fornix causes subsequent atrophy of the
medial mammillary nucleus of the MB which leads to more severe anterograde amnesia (Loftus et
al., 2000).

2.9 The Retrosplenial Cortex (RSC)
The retrosplenial cortex (RSC) is the posterior region of the cingulate cortex that has dense
reciprocal projections with both the anterior thalamic nuclei and the hippocampus. The rat RSC is
both larger and less complex than the primate RSC in that it extends over half the length of the
entire cerebrum, but has no direct counterparts to two of the sub-areas present in primates (Vann et
al., 2009a). Although terminology varies, this study will refer to the subregions designated by Vann
and colleagues (2003) which include dysgranular (Rdg), granular a (Rga) and, more anteriorly,
granular b (Rgb) regions (See Fig 2.3). The AV nuclei of the ATN have prominent connections with
the RSC, whereas the AM projects more predominantly to the dorsal anterior cingulate than the RSC
(Bentivoglio et al., 1993; Van Groen et al., 1999). The rostral AM projects to layers I, V/VI of the
Rdg and layers I and V of the caudal part of the Rga and Rgb. In contrast, the caudal AM projects
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to layers I and V of the rostral part of Rga and Rgb. Both AV and AD project to the full extent of the
Rga and Rgb in a topographic manner. Neurons in caudal parts of AD and AV project to the rostral
retrosplenial cortex, while neurons in rostral AD and AV project to the caudal retrosplenial cortex.
The AV projects densely to layer I (Rgb) and lightly to layer IV (Rga), and also constitutes the main
thalamic input to layer II neurons of the granular region (Van Groen and Wyss, 2003). The AD
projects with equal density to layers I, III and IV (Rga and Rgb) of the granular area (Van Groen
and Wyss, 1990c, 1995, 2003; Shibata, 1993). The RSC has been the focus of recent interest, as the
similarity of the deficits produced by medial temporal lobe and diencephalic amnesia has been
linked with the ‘covert pathology’ in the retrosplenial cortex at the level of c-Fos hypoactivity and
loss of long-term depression associated with ATN and hippocampal lesions (Aggleton et al., 2008;
Garden et al., 2009).

Fig 2.3: Diagrams of coronal sections (A and B) indicating the subregions of the retrosplenial cortex. C)
depicts a saggital section of the rat brain illustrating the rostral-caudal locations of A and B in the
retrosplenial cortex. The numbers (in mm relative to bregma) denote the anterior-posterior level of the
illustrated sections (A-C are from Paxinos and Watson, 1998; Diagram adapted from Pothuizen et al., 2009).
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Chapter 3
Clinical studies of Human Amnesia
This chapter reviews the literature concerning brain injury and various neuropathological conditions
and makes the case for anterior thalamic involvement in human anterograde amnesia. Although
human cases rarely have damage limited to just one structure, many of the clinical studies discussed
have elucidated the potential role of individual diencephalic structures, and have indicated focal
areas for animal lesion studies. The following section first provides a brief summary of the relevant
human case studies and animal studies associated with temporal lobe amnesia, before a more
detailed examination of diencephalic amnesia is undertaken. Korsakoff’s syndrome is a neurological
disorder linked to chronic alcohol abuse that is characterized by damage to the anterior thalamic
nuclei, mammillary bodies and mammillothalamic tract. Thalamic strokes, cysts and penetrating
injuries can produce a varying degree of amnesia depending on the number and nature of brain
regions affected, and the presence of unilateral or bilateral thalamic damage. Various
neurodegenerative diseases affect the thalamus, and along with several prion disease
encephalopathies discussed subsequently, provide examples of diencephalic amnesia embedded
within more complex symptomology.

3.1 Temporal lobe amnesia
Temporal lobe amnesia is generally thought to be principally a consequence of damage to the
hippocampus and associated brain structures in the medial temporal lobe. Anterograde amnesia
consists of severe and permanent deficits for the recall of recent events that contrasts with intact
short-term memory, IQ, semantic memory, skill learning, and priming (Parkin, 1991).The most
pronounced and debilitating effect is the loss of episodic memory, which is the capacity to
remember specific personal experiences that occur in a unique spatial and temporal context.
Temporal lobe amnesiacs often also demonstrate a time-dependent gradient of retrograde amnesia
which is a failure to acquire or retain episodic information that occurred before the onset of brain
injury with most recent memories after injury the most severely affected.
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A classic example of an anterograde amnesic deficit comes from recently deceased patient Henry
Molaison (often referred to as ‘HM’) whose hippocampus, parahippocampal gyrus, and amygdala
were surgically removed in an attempt to cure his epilepsy (Corkin et al., 1997). Following surgery,
HM exhibited severe anterograde amnesia, as well as temporally graded retrograde amnesia (Smith
and Kosslyn, 2007). He showed a global inability to acquire a variety of new episodic and factual
knowledge reflected by extremely poor recall and recognition. However, he was able to learn and
retain new perceptual motor skills, such as mirror drawing, but without any awareness of having
learnt the skills which led to the now accepted division between impaired “declarative” and spared
“non-declarative” memory in amnesia (Schacter, 1987; Corkin, 2002). HM also had difficulty
recalling events that happened prior to the onset of his surgery, with the retrograde deficits for some
events spanning up to 11 years. However, his more remote memories were intact and he was able to
recall his childhood and general knowledge acquired earlier in life. Despite his amnesic symptoms,
HM retained normal implicit memory (non-declarative) and intellectual capacities, indicating that
some memory functions (e.g., short-term stores, stores for words, phonemes, etc.) and often
cognitive skills were not impaired by the surgery (Corkin, 2002 MacKay et al., 2007; Smith and
Kosslyn, 2007). HM’s case provided early evidence that the medial temporal lobes, especially the
hippocampus, are essential for the acquisition of new memories but are independent of the retrieval
of long-term memories and functioning of motor and perceptual learning. MRI scans conducted on
HM’s brain confirmed his severe temporal lobe amnesia with bilateral symmetrical lesions to the
medial temporal polar cortex, most of the amygdaloid complex, most or all of the entorhinal cortex,
although less hippocampal damage than expected was found: approximately half of the rostrocaudal
extent of the intraventricular portion of the hippocampal formation including the dentate gyrus,
hippocampus, and subicular complex (Corkin et al., 1997). Another patient ‘KC’, suffered severe
damage to the medial temporal lobes and hippocampus after surgery to remove a subdural
hematoma that resulted from his involvement in a motorcycle accident (Rosenbaum et al., 2005).
Like HM he exhibited a deficit in episodic memory, but was able to learn and retain a number of
three word sentences showing that the acquisition of semantic knowledge is possible even if
episodic memory is absent (Squire, 1991)

Cases like HM and KC revealed the importance of the hippocampal formation as potentially
the most critical region involved in temporal lobe amnesia (Spiers et al., 2001; Squire et al., 2004).
Additional clinical evidence involving selective hippocampal damage further implicates the
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hippocampus as a key region in memory processing. Three cases that included bilateral damage to
the CA1 region of the hippocampal formation and beyond exhibited enduring anterograde and
temporally graded retrograde amnesic deficits (Rempel-Clower et al., 1996). Five more patients with
limited hippocampal damage were examined by Manns and colleagues (2003) and displayed deficits
for both episodic and semantic memory both before and after the onset of amnesia.

Cases of unilateral damage to the hippocampus have produced material specific memory
impairments to either verbal or non-verbal components (Maguire et al., 2000, 2001). However it has
been suggested that many of these patients may have additional hidden contralateral damage, and a
comprehensive review of 147 cases suggested that significant bilateral hippocampal damage is
required for severe anterograde amnesia (Spiers et al., 2001). There is considerable debate about the
degree to which adjacent parahippocampal damage to regions such as the perirhinal cortex
contribute to temporal lobe amnesia. For example, patients with perirhinal cortex damage do not
demonstrate the same deficits to visual discrimination as monkeys with perirhinal lesions (Buffalo et
al., 1999; Stark and Squire, 2000). There is also considerable debate as to whether the medial
temporal lobe is specialized for memory functioning including both episodic and semantic memory,
or whether it is also involved in perception (see Suzuki and Baxter, 2009).

Animal studies have provided additional evidence for the involvement of the temporal lobes
and hippocampus in particular in episodic memory. In rodent models, spatial memory tasks are used
as an analogue to episodic memory especially when they require working memory of previously
located rewards in a maze as a temporal event (Mendl and Paul, 2008). Hippocampal lesions have
been shown to produce impairments in a number of spatial memory tasks including the radial arm
maze (Olton et al., 1979; Jarrard 1983), the T-maze (Rawlins and Olton, 1982; Bannerman et al.,
2001), the Morris water maze (Eichenbaum et al., 1990; Pearce et al., 1998) and spatial odour
discrimination tasks (Ergorul and Eichenbaum, 2004). Further evidence derived from studies
showed that the firing rate of hippocampal neurons was correlated with the location of the animal in
a test environment, which led to the discovery of hippocampal place cells (O’Keefe and Dostrovsky,
1971). Neurons within the hippocampus reflect information about the spatial organization of an
animal’s environment and emphasize its prominent role in supporting spatial navigation. In contrast
to the spatial memory deficits, performance after selective hippocampal lesions remains relatively
intact on tests of recognition memory for items / objects that are independent of a spatial context
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(Aggleton et al., 1986; Alvarez et al., 1995). Deficits in the latter tasks are only observed when there
is additional damage to the rhinal cortices (Gaffan and Lim, 1991; Aggleton and Brown, 1999). The
animal models of temporal lobe amnesia reinforce the role of the hippocampus in normal spatial and
contextual memory in the rat.

The ATN and hippocampus are the main sites associated with diencephalic and medial
temporal lobe amnesias respectively, and both appear to be critical parts of an extended
hippocampal system (Aggleton and Brown 1999; Aggleton et al., 2011). This may account for why
diencephalic and medial temporal lobe amnesics elicit similar deficits as compared to frontal lobe
amnesics that generally have less severe deficits. In a study by Kopelman et al. (2003) temporal lobe
and diencephalic damage showed a similar well-circumscribed amnesic syndrome characterized by
both impairments in anterograde and temporally limited retrograde declarative memory (see Table
3.1). The rest of this chapter will discuss the contribution of diencephalic structures to anterograde
amnesia.

Table 3.1: Mean (±SD) background intelligence and memory test scores for diencephalic, temporal lobe, and
frontal lobe amnesics as well as healthy controls. The diencephalic and temporal lobe amnesics show
comparable deficits (from Kopelman et al., 2003).
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3.2 Diencephalic amnesia
Amnesia associated with diencephalic damage may also produce severe loss of episodic memory,
although most non-Korsakoff’s cases are less severe. While early reports suggested that temporal
lobe damage and diencephalic damage might produce qualitatively different kinds of memory
impairment (Huppert and Piercy, 1978) the current view is that damage to either region produces
comparable memory impairments (McKee and Squire, 1992; Kopelman et al., 2003). However,
diencephalic amnesia may be more complex than temporal lobe amnesia because neuropathological
evidence implicates a greater variety of structures, namely the mammillary bodies, the anterior
thalamic nuclei, the medial dorsal thalamic nucleus, and the parataenial thalamic nucleus. Damage
to adjacent tracts, the mamillothalamic tract and the internal medullary lamina, may be especially
important (Aggleton et al., 1999; van der Werf et al., 2003; Carlesimo et al., 2011). However, there
are still no amnesic cases with confirmed, circumscribed damage in just one of these structures. Due
to the proximity of these nuclei to one another, along with the frequent damage to fibres of passage
and adjacent tracts, it is unlikely that unambiguous human cases will be discovered. In the following
section, human neuropathological conditions such as Korsakoff’s syndrome (KS), as well as other
cases of medial thalamic damage produced by tumors, cysts and thalamic infarcts will be examined.
The subsequent chapter will investigate animal studies in which researchers aimed to produce
selective structural lesions, providing more direct evidence of the contribution of the various
diencephalic structures to the amnesic syndrome.

3.3 Korsakoff’s Syndrome
Korsakoff ’s syndrome (KS) is characterized by both retrograde and anterograde amnesia deficits,
although these impairments are also often accompanied by executive function deficits. These
symptoms are caused by a deficiency of thiamine (vitamin B1), which is thought to cause damage to
the medial thalamus and mammillary bodies of the hypothalamus as well as generalized cerebral
atrophy (Kolb and Whishaw, 2003; Savage et al., 2012). Patients with Korsakoff’s syndrome have
little or no access to learning experiences and events prior to a temporal window of about three to
five minutes provided by their short term memory. The onset is usually preceded by an acute
Wernicke's encephalopathy (WE), which can be treated by thiamine replacement if identified
sufficiently early. WE is a potentially life-threatening condition, with upwards of 20% of untreated
WE cases being fatal (Harper et al., 1986). WE is characterized by an abrupt onset of confusion—
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particularly disorientation to time and place, lethargy, inattention, ataxia, and eye movement
abnormalities. In cases where the Wernicke's encephalopathy is maintained after the onset of KS,
the condition is referred to as Wernicke-Korsakoff syndrome (WKS). The onset of KS is linked to
chronic alcohol abuse and/or severe malnutrition. The next section explores the neuroanatomy and
neuropathology of KS, followed by a review of the types of memory and cognitive impairments
associated with the disorder. A brief summary of recovery of function in KS is also provided.

3.3.1 Neuroanatomy and Neuropathology of KS
The amnesic syndrome associated with KS is thought to be mainly a result of damage to the
diencephalon, primarily the anterior thalamus, the mammillary bodies, and the mammillothalamic
tract (Kril and Harper 2012; Jung et al., 2012). In addition to lesions to the diencephalon, imaging
studies with KS have demonstrated cortical atrophy as well as reduction in white matter volume
(Shimamura et al., 1988; Sullivan et al., 2000). Neuroimaging and neuropathological studies have
reported abnormalities in a number of brain regions, including the anterior thalamic and dorsomedial
thalamic nuclei (Harding et al., 2000), mammillary bodies (Shimamura et al. 1988; Squire et al.
1990; Visser et al., 1999; Sullivan et al., 1999; Reed et al., 2003), frontal lobes (Colchester et al.,
2001; Reed et al., 2003; Pitel et al., 2009), cingulate cortex (Joyce et al., 1994), cerebellum (Sullivan
et al., 2000), hippocampus (Visser et al., 1999; Sullivan and Marsh, 2003), amygdala (Kril and
Harper, 2012), fornix (Charness and DeLaPaz, 1987), and nucleus basalis of Meynert (Arendt et al.,
1983). Harding and colleagues (2000) investigated the volumes and estimated neuronal numbers in
the ATN of patients suffering from WE, KS, as well as in non-drinking and alcoholic control
groups. The KS patients were found to have had a significantly marked reduction in ATN volume
(63%) as compared to non-drinking controls, whereas much smaller reductions were found in the
WE patients (87%) and alcoholic controls (93%). Correspondingly, changes to neuronal numbers in
the ATN were most notable in the KS patients (47%) as compared to the WE (86%) and alcoholic
controls (100%) who did not differ from the non-drinking controls. Although the role of
hippocampal damage in Korsakoff’s related amnesia has been deemed less vital, Sullivan and Marsh
(2003) reported that KS patients exhibited a bilateral deficit in hippocampal volumes equivalent to
that observed in patients with Alzheimer’s disease and more than twice that previously reported in
nonamnesic alcoholic patients (Sullivan et al., 1995). In these KS patients, an amnesia index,
calculated as the difference between the Intelligence Quotient of the Wechsler Intelligence Scale and
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the Immediate Memory Index of the Wechsler Memory Scale, (cf., Oscar-Berman, 1990) correlated
with hippocampal volumes but not volumes of the mammillary bodies or temporal cortex, despite
brain volume deficits in all of these structures. Interestingly, alcoholics have also demonstrated
reduced dendritic arborisation in the frontal gyrus and motor cortex (Harper and Corbett 1990) that
has been shown to be reversible following prolonged abstinence from alcohol (McMullen et al.,
1984). The reversible nature of these neuromorphological changes in the cortex may account for
some of the functional improvements seen by KS patients and alcoholics when they have abstained
from alcohol (Shear et al., 1994; Pfefferbaum et al., 1995; Sullivan et al., 2000).

3.3.2 Memory and cognitive Impairments associated with KS
The memory impairments associated with KS are predominantly in the domain of declarative
memory, including explicitly remembered personally experienced events specific to time and place
(episodic memory) and facts (semantic memory) from both the present (anterograde memory) and
the past (retrograde memory). Within declarative memory, episodic memory processes are more
severely impaired than semantic memory processes and anterograde memory processes are more
severely affected than retrograde memory processes (Butters and Stuss, 1989; Kopelman, 1995;
Squire and Zola, 1997; Wheeler et al., 1997). Working memory impairments in KS have also been
widely reported (Piekema et al., 2007; Pitel et al., 2008; Kessels et al., 2012). Concurrent with the
assertion that KS is primarily a form of diencephalic amnesia, nondeclarative or implicit memory,
which is often procedural in nature, is left relatively intact (Butters and Stuss, 1989; Cave and
Squire 1992; Kopelman, 1995; Fama et al., 2006; d’Ydewalle and Van Damme 2007; Race and
Verfaellie, 2012; Hayes et al., 2012). A recent review, examined a variety of procedural and priming
studies in KS, concluding that patients may exhibit intact implicit memory performance to the extent
that the task minimizes contamination by other impaired cognitive processes such as executive
functioning, verbal mediation strategies or spatial processing (Hayes et al. 2012). Kopelman and
Stanhope (1998) found impairments on tests of recognition and recall in KS patients that were
comparative to those found in temporal lobe amnesics. KS patients suffer impairments in perceptual
and abstract problem solving skills (Butters and Brandt, 1985; Parsons and Nixon, 1993) but overall
intellectual ability, attentional focus and short-term memory are relatively intact (Lishman, 1990;
Kopelman, 1995; Kopelman and Stanhope, 2002). Executive dysfunction has been associated with
the occurrence of confabulation in KS (Kopelman, 1987; Gilboa et al., 2006). Confabulation is a
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hallmark feature of KS and consists of invented memories which are fabricated to fill the gaps in
true memory. Even in the earliest KS studies of Talland (1965) and Victor et al. (1971) it was
suggested that confabulation in KS could be due to “inappropriate recall of genuine memories,
jumbled in temporal sequence” (Kopelman 1995), a deficit that has been associated with frontal lobe
dysfunction. An impairment in affective processing has also been reported. The latter includes
difficulty in affective judgement of negative, neutral and positive words (Brand et al., 2003) as well
as an inability to interpret the meaning of affective prosody without semantic cues as to the
emotional content of a sentence (Snitz et al., 2002). These deficits may be related to damage to the
prefrontal cortex (Brand et al., 2003) or the basolateral circuit, which connects limbic, anterior
temporal and prefrontal structures (Snitz et al., 2002).

3.3.3 Recovery of Functioning in Korsakoff’s Syndrome
While it has been shown that non-KS alcoholic’s show significant recovery of function of their
working memory and visuospatial abilities over time following long-term detoxification of alcohol
(Sullivan et al., 2000; Rosenbloom et al., 2004), there have been contradictory findings with KS
patients. Kopelman (2002) suggested that 75% of Korsakoff’s patients were capable of
improvements in cognitive functioning if they abstained from alcohol over a matter of years. In a
more recent study, WKS patients who had been abstinent for two years still showed significant
impairments in visual and verbal short and long-term memory, working memory, basic executive
functions, language, general knowledge, and visual-spatial abilities compared to controls (Fujiwara
et al., 2008). Therefore, a “continuum of functional recovery” is evident in which alcoholics without
any features of KS are able to recover behavioural and cognitive functioning over years of
abstinence, whereas KS patients tend to display limited or no recovery from abstinence depending
on the degree of WE associated with their condition (Vetreno et al., 2011). Administration of
thiamine is the main line of treatment in cases of WE, because deficiencies in proteins, electrolytes
and vitamins (primarily group B vitamins), are considered to be the main risk factor for developing
KS (Pitkin and Savage, 2004). If thiamine treatment is initiated early enough in cases of WE, the
onset of KS can be prevented. However, impairments in memory and learning improve much more
slowly than the acute features of WE (Day et al., 2008). There is also some evidence that treatment
with cholinergic agents may lead to improvements in memory functions in KS. However, the
number of studies has been limited (Angunawela and Barker, 2001; Iga, et al., 2001; Casadevall-
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Codina et al., 2002; Cochrane et al., 2005) and usually consist of single-case designs involving only
1 to 3 patients. The most promising of these studies involved treatment of three KS patients with
donepizil, an inhibitor of acetylcholinesterase, which produced improvements in cognitive
functioning and memory (Cochrane et al., 2005). However, a variety of factors including short
treatment periods, lack of reporting of sequential cognitive testing, and confounding variables, such
as ongoing treatment with thiamine, made the results difficult to interpret. In addition, the beneficial
effects were not fully maintained once the treatment was discontinued. Although the optimal
treatment strategy for patients with established KS is unclear, maintaining good nutrition and
abstinence from alcohol will help to prevent further decline and the development of other
psychiatric disorders such as anxiety, depression and psychosis (Kopelman et al., 2009). It is
suggested that new learning can be facilitated if patients are able to live in a calm and wellstructured environment and have the support of a psychologist (Kopelman et al., 2009).

3.4 Other Clinical evidence of diencephalic amnesia
Other clinical cases that provide evidence implicating the ATN in amnesic deficits share some of the
same limitations as KS in interpreting the nature of those impairments. Studies often employ a
limited number of patients with varying degrees of thalamic lesion that often involve additional
pathology in adjacent areas. Significant bilateral thalamic damage usually results in a full blown
amnesic syndrome. Unilateral damage limited to the left hemisphere tends to produce deficits in
verbal learning and memory, whereas right hemispheric damage produces only visuospatial deficits
(De Witte et al., 2011; Markowitsch and Staniloiu, 2012). Review articles often combine a large
number of studies and divide the patients into distinct categories that fit selection criteria, usually
pertaining to the amount of damage, the quality of lesion analysis and the behavioural tests used
(van der Verf et al., 2000; Lim and Alexander, 2009; Carlesimo et al., 2011; De Witte et al., 2011).
This aggregation of patients overcomes the poor sample size of smaller studies and allows for more
robust findings and comparisons. However, it is important to keep in mind that publication bias
(possibility that negative findings are not published) may be a factor (Hunter and Schmidt, 1990).
The following sections will review the clinical literature concerning thalamic strokes and infarcts,
penetrating injuries to the thalamus, thalamic cysts, prion disease, and neurodegenerative diseases.

Human Amnesia

29

3.4.1 Thalamic strokes and infarcts
Strokes are caused by disturbances in the blood supply to the brain which can be the result of
ischemia (lack of blood flow), blockage (thrombosis, arterial embolism), or a hemorrhage (leakage
of blood to the parenchyma). The vascular supply to the thalamus is unpredictable and variable
across individuals (Schmahmann, 2003), so the area of infarction and the precise vessel involved
can also be highly variable (See Fig 3.1). Strokes occurring in the thalamus that result in memory
disorders are in the anterior or medial regions (Graff-Radford et al., 1985; Gentilini et al., 1987;
Schmahmann, 2003; Carrera et al., 2004). The reviewed material in the following sections will
concentrate on anterior thalamic lesions which primarily involve the polar or tuberothalamic
arteries, and medial thalamic lesions which are associated with disruption of the paramedian
(thalamic-subthalamic) arteries (see Fig 3.1).

Figure 3.1: Vascular Supply to the Thalamus
(adapted from Lim and Alexander, 2009)
1. The polar (tuberothalamic) artery arises from the
posterior communicating artery and provides vascular
supply to: the ATN; mammillothalamic tract; ventral part
of the internal medullary lamina; reticular nucleus;
ventral lateral nucleus; and dorsomedial nucleus.
2. The Thalamic-subthalamic (paramedian) arteries arise
from the bailar artery bifurcation and provide vascular
supply primarily to the: dorsomedial nucleus; internal
medullary lamina; intralaminar nuclei; paraventricular
nuclei; ventromedial part of the pulvinar; laterodorsal;
lateral posterior nuclei; and ventral anterior nucleus.
3. The Thalamogeniculate arteries give vascular supply
to the lateral thalamus including the ventral posterior
nucleus and the inferolateral part of the pulvinar.
4. The choroidal artery provides vascular supply to the:
ventrolateral thalamus; ventral posterior medial & lateral
nuclei; lateral part of the centromedian nucleus; and the
rostrolateral portion of pulvinar

Infarctions in the anterior region of the thalamus involving the tuberothalamic (polar) artery
often include damage to the anterior thalamic nuclei, the internal medullary lamina, the fornix
descending to the mammillary bodies, the ascending mammillothalamic tracts, and the ventral
amygdalofugal pathways from the amygdala to dorsomedial thalamus (Schmahmann, 2003).
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Although anteriorly placed thalamic lesions of either hemisphere produce substantial executive
dysfunction that impairs performance on all types of memory tests (Pepin and Auray-Pepin, 1993),
the pattern of deficits varies according to the thalamic hemisphere or the thalamic nuclei damaged.
In terms of memory, left sided lesions also cause significant language impairment, consisting of
anomia or a mixed transcortical pattern of aphasia (McFarling et al., 1982; Bogousslavsky et al.,
1986; De Witte et al., 2011) whereas, right sided lesions cause visuoperceptual deficits (GhikaSchmid and Bogousslavsky, 2000). Left anterior thalamic lesions result in verbal more than visual
memory deficits (Clarke et al., 1994; Parkin et al., 1994; Carrera et al., 2004), whereas right sided
lesions produce visuo-perceptual memory deficits and only occasionally and for uncertain reasons
result in verbal memory deficits (Graff-Radford et al., 1985; Bogousslavsky et al., 1986; GhikaSchmid and Bogousslavsky, 2000). The anterograde memory impairments after lesions of either
anterior thalamic hemisphere include deficits on list-learning tasks, paired and unpaired associates,
Rey-Osterreith complex figure task, sign learning tasks, and facial memory tasks. Interestingly, it
has been reported that in general the deficits on these tasks is greater after left sided lesions (GhikaSchmid and Bogousslavsky, 2000). Recall was more impaired than recognition. The numerous
intrusions, perseverations, and false recognitions produced by patients with lesions in either
hemisphere illuminate the co-existing executive impairments in these patients (van der Werf et al.,
2003; Bogousslavsky et al., 1986).

Damage to the medial aspects of the thalamus generally result from strokes occurring in the
paramedian thalamic artery, although in these types of infarcts damage can often extend to the
anterior thalamus. Thalamic damage is most prominent in the dorsomedial nucleus, the intralaminar
nuclei (ILN), and the centromedian nucleus and the surrounding IML. In cases where the
tuberothalamic artery is absent, which is thought to be the case in one third of humans, the lesion is
extended into the anterior thalamus (Schmahmann, 2003). Although hemisphere-specific effects can
still occur in paramedian thalamic lesions, they are less prevalent (Speedie and Heilman, 1982; Cole
et al., 1992). This may be due to the fact that the medial thalamus can be supplied by a single
paramedian thalamic artery so that bilateral lesions, which result in much more severe symptoms,
are more common (Castaigne et al., 1981; Guberman and Stuss, 1983; Gentilini et al., 1987; Reilly
et al., 1992). Memory deficits include both verbal and nonverbal anterograde impairments including
deficits on the Wechsler Memory Scale, Benton Visual Retention Test, Rey Auditory Verbal
Learning task, and Rey-Osterrieth Complex Figure test (Speedie and Heilman, 1982; Graff-Radford
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et al., 1985; Katz et al., 1987; van der Werf et al., 2003; Carrera et al., 2004). Rare cases of
impairment in autobiographical retrograde memory tests have also been reported (Hodges and
McCarthy, 1993; Miller et al., 2001). Despite these memory deficits, the clinical syndrome caused
by medial thalamic lesions is characterized as an executive-dominant dementia rather than as
straightforward amnesia (Katz et al., 1987; van der Werf et al., 2003). This is because disorientation,
confusion, hypersomnolence, deep coma, “coma vigil” or akinetic mutism (awake
unresponsiveness), with perseveration and confabulation, are prominent behavioural features, often
accompanied by a variety of oculomotor problems as well as ataxia and dysmetria (Schmahmann,
2003). In addition, a continuing impairment in attention probably underlies the lasting executive
deficits and contributes to impairments in all cognitive domains (Castaigne et al., 1981; Guberman
and Stuss, 1983; Gentilini et al., 1987).

Damage in the area of the perforating arteries, arising from infarction to the anterior
choroidal artery branches may also cause memory impairment, although again usually in the context
of more pervasive deficits (Tatemichi et al., 1992). The anterior thalamic peduncle is a critical site
of convergent pathways which carry the bi-directional connections of prefrontal structures and the
thalamic nuclei. Other features of these types of strokes include fluctuating alertness, inattention,
apathy, abulia, and psychomotor retardation which are all consistent with a “frontal-lobe syndrome”
(Tatemichi et al., 1992). As with the lesions in the thalamus itself, there is a thalamic hemisphere
effect with left-sided infarcts causing verbal memory loss and right sided causing visuospatial
memory impairment (Tatemichi et al., 1992), although the “frontal-lobe syndrome” tends to
dominate the cognitive profile. It has been reported that in this type of stroke, more substantial
recovery is possible in a shorter time than in the previous types discussed, especially of executive
deficits (Madureira, et al., 2001).
Many researchers have suggested that diencephalic amnesia may be a ‘disconnection
syndrome’ primarily associated with damage to the fibers that traverse the thalamus (Graff-Radford
et al., 1990; Savage et al., 1997; van Der Werf et al., 2000), especially the mammillothalamic tract
(MMT) and the lateral internal medullary lamina (L-IML). The idea is that damage to these fibers
would cause a disconnection of the temporal cortex from the frontal cortex. The L-IML consists of a
Y shaped bundle of fibers that runs the anterior-posterior length of the thalamus and divides it into
roughly three regions, but the MMT has a much larger role in the extended hippocampal system.
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The MMT connects the mammillary bodies to the anterior nuclei complex (De Witte et al., 2011).
According to Aggleton and Brown (1999), a combined lesion to the mammillothalamic tract and
adjacent internal medullary lamina white matter carrying fibers from the medial temporal lobe
cortices to the Medial Dorsal nuclei (MD) is associated with dense amnesia characterized by both
deficient recall and recognition. Van der Werf and colleagues (2003) analysed 22 cases of thalamic
infarction, characterized with MRI imaging, who had established neuropsychological deficits. They
found that a ventral area overlapping the MMT, the MD and the L-IML was highly associated with
the amnesic syndrome. In addition, all but one patient with lesions to the MMT exhibited amnesia
regardless of whether the infarction was in the anterior or middle thalamus. Carlesimo and
colleagues (2011) performed a more recent review with a larger sample of 83 patients with critical
ischemic lesions (17 patients with right-sided lesions, 25 with left-sided lesions and 41 with bilateral
lesions). They found that the involvement of the MMT in the lesion strongly predicted the presence
of amnesia, with 95% of patients with MMT damage exhibiting significant amnesia. By contrast,
involvement of the MD and the intralaminar nuclei, a set of nuclei that receive projections from the
perirhinal cortex via the ventroamygdalofugal pathway, previously thought to be responsible for
memory deficits, were not significant in predicting the presence of a memory disorder (Carlesimo et
al., 2011).

In summary, while stroke damage is seldom confined to a specific region, hemisphere, or
individual nuclei, the comparison of different stroke pathologies has resulted in further support for
the involvement of the anterior thalamic nuclei and related neural connections in diencephalic
amnesia. Infarctions of the anterior thalamic region usually produce damage to the
mammillothalamic tract which carries afferent projections from the mammillary bodies to the
anterior thalamic nucleus. Reviews of large numbers of clinical stroke cases suggest that damage to
the mammillothalamic tract may be the best predictor of amnesia in thalamic stroke damage. The
debate and findings produced by the variable pathologies of stroke and KS capable of producing an
amnesic syndrome have both helped our understanding of memory systems and suggested regions of
interest for focal ischemic lesions in animal studies of memory.
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3.4.2 Penetrating Injuries
Penetrating injuries resulting in damage to deep structures such as the thalamus are rare, but two
cases have been reported. Patient ‘B.J.’ developed severe anterograde and retrograde amnesia after a
snooker cue entered through his left nostril and penetrated into the basal regions of the brain (Dusoir
et al., 1990). Neuroradiological investigations at various stages after his injury failed to demonstrate
a lesion in any of the thalamic nuclei. MRI scans revealed damage in the hypothalamus and in the
adjacent region of the mammillary bodies and thus presumably the ventral mammiliothalamic tract.
Patient B.J. appeared to constitute a full blown case of amnesia in which anterior or medial thalamic
damage was not involved. However, pathology in the mammillary bodies can still produce
diencephalic amnesia (Aggleton et al., 2010) and his subsequent recovery of memory functions
(Dusoir et al., 1990) is likely due to the lack of direct pathology in the body of the thalamus.

Another patient N.A. suffered a left-sided penetrating brain injury with a miniature fencing
foil (Squire et al., 1989). He developed severe amnesia primarily for verbal material which occurred
in the absence of other cognitive deficits. Much later in life he was evaluated with a series of MRI
studies. There was a prominent lesion in the left thalamus involving the rostral and caudal
intralaminar nuclei, ventral aspect of the mediodorsal nucleus, and the ventral lateral and ventral
anterior nuclei. In addition, the mammillary bodies had been completely removed alongside adjacent
damage to the mammillothalamic tract and postcommissural fornix. Right temporal lobe damage
was also reported, which was most likely due to exploratory neurosurgery done at the time of N.A.'s
injury (Squire et al., 1989). Patient N.A. provided early evidence that amnesia can result when
several diencephalic structures are damaged conjointly and in the complete absence of any
hippocampal damage.

3.4.3 Thalamic Cysts
Tumours of the thalamic region are rare and account for approximately 1% of intracranial
neoplasms. Most of these tumours are anaplastic and are classified as low grade astrocytomas or
glioblastomas (Beks et al., 1987). The main symptoms include memory loss as well as apathy,
emotional liability, and dementia, with sparing of motor and sensory functions. In bilateral glioma
cases the destruction of the mediodorsal and intralaminar nuclei is commonly observed (Uchino et
al., 2002). Recent evidence for the importance of the mammillary bodies and fornix in diencephalic
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amnesia has emerged from studies of colloid cysts (Tsivilis et al., 2008). These cysts account for
approximately 1% of all intracranial tumours and because they are located around the anterior aspect
of the third ventricle they can cause obtrusive hydrocephalus and increased intracranial pressure.
These cysts are associated with fornix atrophy, partly as a consequence of surgical removal, which
isolates the anterior thalamic nuclei and mammillary bodies from their temporal lobe inputs, and
which leads to mammillary body atrophy (Loftus et al., 2000). Memory deficits were widespread in
38 patients who underwent cyst removal 12 months prior to neuropsychological assessment,
although only 3 patients had complete bilateral interruption of the fornix (Tsivilis et al., 2008). It is
of interest in the context of Aggleton and Browns (1999) memory model that mammillary body
volume significantly correlated with 13 out of 14 tests of episodic memory recall, but correlated
poorly with performance on recognition memory tests. Also, as the volume of the left hemispheric
fornix and mammillary bodies decreased, the difference between recall and recognition scores
increased. Structural equation modeling applied to 62 colloid cyst patients revealed that the
recall/familiarity dual process model best explained the patient’s memory impairments (Vann et al.,
2009b). Hence these findings support Aggleton and Brown’s (1999) extended hippocampal system
which assumes that recognition comprises two independent forms of memory. Recollective-based
recognition, which relies on episodic memory, is impaired when the extended hippocampal system
is damaged, in this case the fornix and mammillary bodies. By contrast, familiarity-based
recognition should not be affected by fornix and mammillary body damage as it relies on
parahippocampal areas such as the perirhinal cortex (Tsivilis et al., 2008).

3.4.4 Degenerative Disorders
Other disorders that affect the thalamus include multiple sclerosis (now recognized as a degenerative
disorder; Miller, 2011), Parkinson’s disease, and Alzheimer’s dementia. In an MRI study of multiple
sclerosis, reduction in thalamic volume (16.8% average volume loss) was the strongest predictor of
cognitive performance in all domains (Houtchens et al., 2007). However, atrophy in the CA1
subregion of the hippocampus also correlates with impaired memory encoding and retrieval in
multiple sclerosis patients (Geurts et al., 2007; Sicotte et al., 2008) suggesting a more pervasive
pattern of pathology may be responsible for the cognitive decline. Autopsy examinations of
Parkinson’s disease (PD) patients have shown that Lewy bodies (a hallmark of Parkinson’s
pathology) tend to consistently develop early in many thalamic nuclei (Rub et al., 2002). The
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majority of this pathology develops in ventral posterior and lateral regions of the thalamus and is
associated with motor symptoms such as resting tremor, bradykinesia and rigidity (Halliday, 2009).
The thalamus has been targeted for deep brain stimulation which has successfully been used for
treating resting tremor in PD (Gross et al., 2004; Peppe et al., 2008). Pathology in the intralaminar
central lateral nuclei correlates with the presence of dementia (Brooks and Halliday, 2009) and in
addition to its projections (predominantly to anterior cingulate and prefrontal cortices), may be
involved with attention and memory deficits in PD (Halliday, 2009). Alzheimer’s disease is
associated with severe episodic memory impairment as well as a whole host of cognitive,
behavioural and perceptual deficits. This memory impairment has often been assumed to be solely a
consequence of medial temporal lobe damage, the site of most severe neurofibrillary tangle
pathology in Alzheimer’s disease, although both anterior thalamic and hippocampal changes occur
relatively early in Alzheimer’s pathology (Braak and Braak, 1991; Delacourte et al., 1999).
Alzheimer’s disease patients were compared to semantic dementia patients, who have a similar
pattern of temporal lobe atrophy but no obvious diencephalic pathology, in a study that examined
episodic and semantic memory (Nestor et al., 2005). Positron emission tomography and volumetric
magnetic resonance imaging were used to map regional cerebral metabolic rate and mesial temporal
lobe atrophy, respectively. They found that episodic memory impairment in Alzheimer’s disease
was associated with dysfunction of an integrated network which included the medial temporal lobe,
mammillary bodies, limbic thalamus and posterior cingulate cortex.

3.4.5 Prion Diseases
A prion is an infectious agent composed of protein in a misfolded form. Prions cause
neurodegenerative disease by aggregating extracellularly within the central nervous system and can
form amyloid plaques, which disrupt the normal tissue structure (Ryan et al., 2004). When a prion
enters a healthy organism, it is able to induce existing properly folded proteins to convert into the
disease-associated prion form, which is able to guide the misfolding of even more proteins. This
triggers a chain reaction that produces large amounts of the mutant prions (Aguzzi, 2008). Prion
diseases in which a substantial number of mutant proteins are localized in the thalamus are
associated with memory impairments (Hur et al., 2002).
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One such prion disease is known as variant Creutzfeldt-Jakob disease (vCJD) and is causally linked
to bovine spongiform encephalopathy. vCJD has been associated with anterograde and retrograde
memory deficits, whereas the sporadic and genetic forms of Creutzfeldt-Jakob disease typically
only have cognitive difficulties such as disturbances of language, vision, hearing and executive
functioning (Hawkins et al., 2009). Kapur et al. (2003) reported on the neuropsychological data
gathered from 24 vCJD patients, which was later increased to 35 patients in a follow up study
(Hawkins et al., 2009). They described a profile that included measurable impairment on tests of
memory, executive function, speed of attention and visuoperceptual reasoning. A subsequent study
by Cordery et al. (2005) found that 10 patients with vCJD showed a similar pattern of impairments
on tests of verbal and nonverbal memory, executive function, and nominal skills. Neuropathological
examinations of vCJD patients have revealed the presence of posterior thalamic/pulvinar high signal
on MRI brain scans (Zeidler et al., 2000). The high signal on the MRI is correlated with astrocytosis
and neuronal loss, which mostly affects the anterior and medial thalamic nuclei. Additional evidence
comes from the post-mortem study of a patient with vCJD who exhibited early-onset cognitive
deterioration including episodic and semantic memory impairments. The autopsy showed neuronal
loss in the caudate, putamen, dorsal thalamus, cerebellum and occipital cortex and spongiform
changes were also found in the entorhinal cortex and anterior thalamus (Kapur et al., 2001).

Fatal Familial Insomnia (FFI) is another rare form of prion disease that has been
characterized by prominent degeneration of the anterior and dorsomedial thalamic nuclei (Lugaresi
et al., 1986; Manetto et al., 1992). There are many clinical manifestations of the disorder with sleep
disturbances being most markedly disrupted. The main neuropsychological changes include
progressive disturbance of attention and vigilance associated with deficits in working memory and
difficulty with the temporal ordering of events (Montagna, 2005). Although patients do not suffer a
decline in general intelligence some other executive frontal-lobe functions are impaired, including
planning and forecasting of events. The combination of these features has been described as a
‘progressive confusional state’ (Montagna et al., 2003). The most striking neuropathological
findings in FFI consist of severe abnormalities in the thalamus, including the anterior and
dorsomedial thalamic nuclei, in which there is a severe or nearly complete loss of neurons
associated with astrogliosis (Manetto et al., 1992). Although this disease can be detected prior to
onset by genetic testing, there is currently no effective treatment, and the average survival span for
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patients diagnosed with FFI after the onset of symptoms is 18 months (Schenkein and Montagna,
2006).

These degenerative disorders and prion diseases highlight the difficulty in localising memory
impairments when there is widespread atrophy to a large number of brain regions. The episodic
memory impairments associated with these neurodegenerative and prion diseases likely originates
from a combination of medial temporal lobe and diencephalic pathology. The clinical examples of
diencephalic amnesia discussed in this chapter provide initial evidence for the anterior thalamic
nuclei’s role in episodic memory. However, the presence of damage in other proximal nuclei, as
well as white matter tracts that transverse the area make direct relationships between structure and
function difficult to ascertain, especially in such a small region as the anterior thalamic nuclei. The
following chapter will discuss the findings of animal studies which provide the ability to produce
relatively precise focal lesions coupled with detailed post-mortem examination.
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Chapter 4
Animal Models of Diencephalic Amnesia
This chapter reviews experimental findings from animal studies regarding memory function with a
focus on the anterior thalamic nuclei. As discussed in the previous chapter, human pathology
invariably includes damage to multiple brain regions and even in cases of damage primarily limited
to a single structure there is invariably overlapping damage to adjacent regions. Animal models
provide the advantage of detailed post-mortem examination, the ability to produce precise focal
lesions, and the direct comparison of lesioned animals to sham surgery controls in pre and post
surgery testing conditions. However, a major caveat of animal research is the degree to which
episodic memory in humans is analogous to spatial working memory and other tasks in animals
which is discussed in the next section. Following this, studies which use anterior thalamic lesions,
the focal point for excitotoxic lesions in the current study, will be examined. The subsequent section
will explore the lesion effects produced when sub-components of the ATN are targeted, followed by
a summary of the effects of animal lesions to the other nuclei of the medial thalamus. A comparison
of the effects of lesions to different medial thalamic nuclei will follow, and may help explain why
the manifestation of diencephalic amnesia can vary depending on the extent of thalamic injury and
the specific memory tasks examined. Lastly, recent studies that have investigated ‘covert pathology’
in distal brain regions such as the hippocampus and retrosplenial cortex as a direct result of ATN
lesions will be examined. The suggestion that impaired ATN functioning can also negatively
influence other ostensibly “healthy” brain regions offers exciting prospects particularly for the field
of therapeutic intervention, where functional gains may be obtained via reactivation of these covert
pathology regions.

4.1 Examining episodic memory in animals
For the last few decades, researchers have been attempting to identify processes in animals that bear
some relationship to the case of episodic memory in humans. Episodic memory in humans involves
the conscious recollection of a unique contextual past event that was personally experienced
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(Tulving, 1983, 2002; Crystal, 2010). In humans this type of memory requires both ‘autonoetic
consciousness’, the awareness that a remembered event is both subjectively different from the
awareness of the immediate present and from a mere feeling of familiarity, and the ability to
subjectively sense time by being able to distinguish between mental representations of oneself in the
past, present and future (Dere et al., 2006). Some authors proposed that these are uniquely human
capabilities that require verbal competence and more highly evolved cognitive abilities (Suddendorf
and Corballis, 1997; Tulving and Markowitsch, 1998). Others argued that animals would require
episodic memory in foraging behavior and in order to develop dominance hierarchies, as they may
need to remember where and when food was cached and in order to show appropriate social
behavior (Clayton et al., 2001). To test “episodic-like” memory in non-humans, Clayton and
Dickinson developed a criterion based on Tulving’s (1972) original conception of episodic memory,
which required memory for “what”, “where” and “when” (Clayton and Dickinson, 1998, 1999,
2000; Clayton et al., 2001; Clayton et al., 2003a). They suggested that episodic-like memory stores
integrated information about temporally dated events and the spatial–temporal relation inherent in
the event rather than as single bits of information. Clayton and Dickinson (1998) provided the first
evidence of “what-where-when” memory in non-humans in an experiment involving food caching
with scrub jays. The jays were allowed to cache two types of food, one of which was preferred but
more perishable over time. The food was cached in a number of spatial locations in the presence of a
unique visual context. Following different delays the scrub jays remembered “when” food items
were stored because they searched preferentially for perishable food only soon after caching. They
rapidly learned to avoid searching for perishable food after a longer interval during which the food
decayed. These results suggested that the scrub jays were sensitive to “what” food type was located
“where” (location in a tray), and “when” (time of caching and recovery). These results have recently
been replicated in magpies (Zinkivskay et al., 2009) and black-capped chickadees (Feeney et al.,
2009). However, the ability to cache for food relies on the natural behavior of birds, which makes it
difficult to adapt this task to other species.

Studies of episodic memory involving non-human primates have been able to show a limited
episodic memory. Monkeys have shown reliable memory for the location of objects embedded in
different visual background scenes presented on a computer monitor (Gaffan, 1994). Studies
involving ‘King’, an adult male gorilla, have demonstrated that he is able to remember what kind of
food was given to him and who gave it, after a single trial (Schwartz and Evans, 2001), and that he
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is able to remember the order in which different types of food were presented (Schwartz et al.,
2005). However, an integrated “what, where, and when” memory for unique experiences has not yet
been shown in non-human primates. “What-where-when” memory has been examined in rats, and a
number of tasks are currently employed to test deficits in spatial (“episodic-like”) memory in rats
with hippocampal and ATN lesions. However, early attempts to adapt the scrub jay foraging task to
rats had mixed results as the rats were unable to modify their foraging behaviour to selectively
search for a less-preferred but still edible food, which they had previously stored in a different
location (Bird et al., 2003). Ergorul and Eichenbaum (2004) successfully trained rats to remember a
series of odours presented in different locations in an open field. The rats were rewarded for
selecting the odor that, in a sample phase, had been presented earliest in a sequence and at a specific
location. They demonstrated an ability to use a combination of spatial (“where”) and olfactory
(“what”) cues to distinguish “when” events occurred. A second group of rats with hippocampal
lesions were unable to use a combination of spatial and olfactory cues, even though initial sampling
behavior indicated a spared capacity for perception, and some form of memory for individual spatial
and odour cues (Ergorul and Eichenbaum, 2004). A similar study on a radial–arm maze provided
different flavoured food locations which were replenished after a long (6 hour) but not after a short
(1 hour) retention interval (Babb and Crystal, 2006). The rats visited locations at a higher rate when
they were about to replenish relative to occasions when the locations were not about to replenish.
This could only be accomplished if they remembered the locations that recently had a distinctive
flavor and temporal information about the study and test phases.

In these types of delayed memory tasks, it is critical to ensure that animals cannot use
familiarity judgements, rather than a “personal recollection” of an experience, to solve the task
(Roberts, 2002). It has been argued memory traces may decay passively over time (Friedman, 1993),
and animals may be able to judge the order of two caching episodes, a sequence of odours, or
objects presented sequentially, by comparing the relative strengths of their memory traces. For
example, scene memory tasks in which the animal learns about the location of a specific object
within a unique background have been considered as a measure of episodic like memory (Gaffan,
1994). However, these types of task can be solved by familiarity of the objects seen. Clayton et al.
(2003b) suggested that differences in the strength of memory traces could not account for their
findings, as the scrub jays showed reliable memory for ‘what, where, and when’ irrespective of
whether long (5 days), intermediate (3 days) or short-retention intervals (1 day) were interposed
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between food caching and recovery. Fortin et al. (2004, 2002) analysed threshold retrieval dynamics
in rats with sham and hippocampal lesions, and suggested that although they showed better memory
for recently presented items, they recollect the information acquired on sample trials to identify the
order of a series of odours rather than rely on the relative strengths of memories.

In recent years, the challenge for researchers has been to design simple spatial tasks that are
highly sensitive to hippocampal and ATN lesions. Spatial working memory tasks are thought to test
a component of episodic memory in animals, but generally concentrate on testing the “where” much
more than the “when” and “what” component. Intact animals likely use a combination of egocentric
and allocentric strategies to solve a spatial memory task (Dudchenko, 2001; Futter and Aggleton,
2006; Zaehle et al., 2007). Egocentric strategies involve using within-maze cues and body-turns to
solve the maze. Allocentric strategies involve combining distal cues to create a spatial representation
that is independent of the animal’s current position. The acquisition of allocentric spatial memory
has been repeatedly demonstrated to be sensitive to hippocampal and ATN lesions (Aggleton and
Pearce, 2001), whereas egocentric acquisition strategies are not. Therefore, spatial working memory
tasks such as the T-maze, water-maze, and radial-arm, require the animal to use external cues to
create a spatial representation of the environment, and then test the animal by requiring it to rely on
the representation in a test phase to solve the maze.

One of the most established tasks to assess the allocentric memory is a spatial workingmemory task in a T or a cross maze. Typically, the animal is provided with a sample run in which it
is permitted to enter only one arm of the T for a food reward, the other arm being blocked. After a
short delay, the animal is returned to the base of the T and is permitted to run up the stem and
choose either arm of the T. Reinforcement is only available in the arm that was not entered during
the sample phase of the task. The unique characteristic of the T-maze is that it cannot be solved by a
fixed association between reward and location as the reward arms differ from trial to trial. Thus, the
animal must remember what occurred on the sample phase of the trial to perform accurately in the
choice phase, making it a working-memory type task. This task has repeatedly been utilized to show
ATN induced memory impairment (Aggleton and Sahgal, 1993; Aggleton et al., 1995a, 1995b,
1996; Warburton et al., 1997; Warburton and Aggleton, 1999; Loukavenko et al., 2007).
Importantly, it also represented a key piece of evidence used by Aggleton and Brown (1999) in their
review of diencephalic amnesia as lesions to the anterior thalamic nuclei, mammillary bodies,
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cingulum bundle, hippocampus, and fornix, all resulted in impaired spatial memory performance on
the T-maze. The impairments demonstrated by ATN lesions are not affected by pre-training, and
have been reported as being permanent in some studies (Warburton, et al., 1997, 1999), although
animals are not usually tested for extended periods to check for possible eventual recovery.
Interestingly, Dudchenko (2001) found that intact rats were still able to solve the task when it was
acquired in the complete absence of allocentric spatial cues, assumably using egocentric strategies
only to solve it. These same rats demonstrated the ability to solve the maze solely by using intramaze cues when an alternation box was used to disrupt alternating body turn strategies. However, a
second group of intact rats who acquired the task in the presence of external cues, showed their
reliance on allocentric spatial memory, by a decline in performance when the spatial cues were
scrambled. These studies, as well as further investigations into the strategies used to solve the Tmaze by Skinner and colleagues (2003), suggest that under normal circumstances rats use a
combination of strategies such as extra-maze landmarks, intra-maze cues, and a representation of the
last turn made to solve the maze.

A variant of the T-maze, the cross-maze, may therefore provide a more convincing and robust
test of allocentric spatial memory. This apparatus has been used in probe trials by the Aggleton
group (Aggleton, et al., 1995a, 1996; Warburton et al., 1997) to examine which maze strategies are
disrupted when animals sustain lesions to the ATN. On probe trials the rat started the choice phase
on an arm located 180 degrees from the start arm used in the sample phase. An allocentric strategy
would predict that the rats would successfully choose the alternate location (even though they would
have to make the same body turn); while a response strategy would suggest that the rats would
incorrectly return to the same location (by alternating a body turn). The sham rats were able to
successfully solve alternating start trials demonstrating 77%-80% (across studies) correct responses
on the first session, which improved to 90% correct by the end of training (16-20 sessions). ATN
rats were unable to solve the 180 degree condition and were at chance levels (50-60% across
studies), while these rats were able to perform well above chance when permitted to solve the task in
the standard procedure (65-77% across studies). This suggested that the ATN lesion disrupted the
rats’ ability to use the allocentric cues, with the animals needing to rely on other strategies such as
egocentric cues in order to solve the standard alternation task. The cross-maze is one of the
behavioural tasks used in the current study, but here half of the runs pseudorandomly used the 180
degrees alternate start in the ‘test’ (probe) trials throughout testing. The cross maze was
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administered before surgery, to ensure the rats reached an acquisition criterion, and to distribute
sham and ATN rats based on performance when intact, then after surgery as an initial assessment of
the effect of lesions and to distribute rats based on performance to various ATN and sham
experimental groups. Finally, the cross-maze was again administered after enrichment to test the
effect of enriched and standard housing in ATN rats on behavioural performance in an allocentric
spatial working memory task.

4.2 Experimental Anterior Thalamic Lesions
Lesions to the anterior thalamic nuclei in rats produce robust spatial memory deficits that reflect
their influence as part of an extended hippocampal system (Aggleton and Brown, 1999). The
following table provides an overview of the rat and mouse lesion studies completed in the last 25
years that assessed the effects of anterior thalamic nuclei lesions and memory (see Table 4.1). This
summary emphasises the effect of ATN lesions on spatial memory tasks. This summary is followed
by other types of studies that provide further evidence for the involvement of the anterior thalamic
nuclei in episodic-like processes.
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Table 4.1: Summary of Anterior Thalamic Lesion Studies in rats and mice across various Memory Tasks.

Year

Authors

2012

Moreau, Tsenkina,
Lecourtier, Lopez,
Cosquer, Wolff,
Dalrymple-Alford &
Cassel
Aggleton, Amin,
Jenkins, Pearce, &
Robinson
Dumont, Petrides, &
Sziklas

2011

2010

Lesion Site / Method
ATN, ILN/LT / NMDA

Extra Damage
Minimal,
some modest
damage to
IAM & PT

Deficits
ATN = Impaired on 1
ILN/LT = not impaired on 1 & 2

Post-op

Minimal

1. Sequence learning
2. T-maze - spatial alternation

Post-op
Post-op

ATN = Impaired on 2

FX&RSP, ipsi
ATN&HPC&RSP, contra
ATN& HPC&RSP /
ibotenic acid, electrolytic
for fornix only

1. Visuospatial conditional
associative task
2. 8-arm radial maze

Post-op

FX+RSP = impaired on 1 and 2
Ipsi AT+HPC+RSP = impaired on
1 and 2
Contra AT+HPC+RSP = impaired
on 1 and 2

1. Morris Water Maze acquisition and
delayed re-testing

Post-op

ATN = impaired across conditions
ILN/LT = impaired only at 25 days
re-testing

1. Allocentric spatial reference
memory in the Morris water maze
2. Left/right discrimination in a Ymaze
1. Visual-spatial conditional
associative learning
2. 8 arm Radial Maze
1. Odour-place paired-associate task
2. Spatial and odour discrimination

Post-op
Post-op

ATN = impaired on 1
ILN = not impaired on 1 & 2

Post-op
Post-op

ATN = not impaired on 1
ATN = impaired on 2

1. Response working memory in a
Plus maze
2. Spatial working memory in an 8arm radial maze
1. Memory for temporal order of a
list of odours

Pre-op
Post-op

AT = Impaired on 1
LT = Impaired on 1
MT = Not impaired on 1 or 2
LT = impaired on 1
ATN = impaired on 2

Pre-op

ATN = impaired on 1

Lopez, Wolff,
Lecourtier, Cosquer,
Bontempi,
Dalrymple-Alford &
Cassel
Wolff, Gibb, Cassel
& Dalrymple-Alford

ATN, ILN/LT / NMDA

ATN, ILN / NMDA

Minimal

2007

Sziklas & Petrides

ATN / electrolytic

IAM; LD; MD

2006

Gibb, Wolff &
Dalrymple-Alford

ATN, LT, MT / NMDA

ATN: LT and
MT in one rat

2006

Mitchell &
Dalrymple-Alford

ATN, LT / NMDA

ATN: PT;
IAM

2006

Wolff, Gibb &
Dalrymple-Alford

ATN / NMDA

IAM; PT; LD

2008

Training
Post-op

ATN / NMDA

ATN&HPC&
RSP; some
minimal
damage to LD,
ILN, MD,
PPC
Minimal

2009

Behavioural Tasks
1. Water Maze – spatial learning
2. Water Maze – visual
discrimination

Post-op

Animal Models

Year

Authors

Lesion Site / Method

Extra Damage
AD=Minimal
dam to AV,
AM, LD, PC
ATN= minor
damage to
MT and
moderate to
LT region
Not indicated

2006

Frohardt, Bassett &
Taube

AD, DT / NMDA

2005

Mitchell &
Dalrymple-Alford

ATN, LT, MT / NMDA

2004

Henry, Petrides, StLaurent & Sziklas
Sziklas & Petrides

ATN unilateral x HPC /
electrolytic
ATN / electrolytic

Corbit, Muir &
Balleine
Mair, Burk & Potter

MD, ATN / NMDA

2003

Moran & DalrympleAlford

ATN; PRC / NMDA

2002

Mitchell DalrympleAlford & Christie

ATN / Scopolamine
Infusion 1,2.51,6.31,10,15
μg

Some fornix,
LD

2002

Van Groen, Kadish &
Wyss

AD/AV, AD/AV+,
AD/AV/AM / ibotenic

2002

Ward-Robinson,
Wilton, Muir, Honey,
Vann & Aggleton

2001

Alexinsky

2004
2003
2003
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Behavioural Tasks

Training

Deficits

1. Food carrying task, with or without
blindfold

Post-op

AD = mild impairment on 1
DT = severe impairment on 1

1. 12 arm radial maze
2. Memory for reward magnitude
3. Temporal order memory
4. Familiar vs novel object
recognition
1. Spatial conditional associative task
2. Delayed forced alternation
1. Egocentric conditional associative
task in a T-maze
1. Instrumental conditioning
2. Devaluation extinction tests
1. Varying choice DNM spatial
Radial Maze

Pre-op
Post-op
Post-op
Post-op
Post-op

ATN = impaired on 1
MT = impaired on 2
LT & MT = impaired on 3
ATN; LTN; MTN = not impaired
on 4
ATNxHPC = impaired on 1 and 2

Post-op

ATN = not impaired on 1

Post-op

1. 12-arm radial maze
2. Spatial configuration
3. Spont. Object recognition
1. 12-arm radial maze, infused after 6
forced visits.
Infused prior to testing in standard
version (doors)

Post-op

Not indicated

1. Water maze

Post-op

ATN / NMDA

PVA, PT, PC,
CL, Re

Post-op

ATN (ibotenic)
MD (ibotenic)
RSP, PPC (excision)

Not indicated

1. Non-spatial sensory
preconditioning to fear
2. Conditioned taste aversion
3. T-maze spatial forced Alt
1. 3/8 baited radial maze (working
and reference)
2. New Route –Pre-exp-Y/N
3. Contextual Light Change

ATN and MD = not impaired on 1
MD = impaired on 2
All impaired initially, then in a
delay-dependent fashion across
further sessions
AT = impaired on 1
PRC = impaired on 2
ATN & PRC = not impaired on 3
10 μg infusion increased errors
during choice phase to both forced
and free choice arms
10 μg = more working memory
errors
All impaired on 1.
AD/AV/AM showed no
improvement across trials
ATN = not impaired on 1 and 2
ATN = impaired on 3

ATN, PH, ATN-PH /
NMDA, RF

PT;
PVT
Minimal
ATN:CL, LD,
PC, PT, rostral
MD
AT: PC, LD,
CL

Pre-op

Pre-op

Pre-op

MD = less correct visits on 1
ATN = more incorrect reference /
working memory visits on 1
ATN; MD; PPC = impaired on 2
ATN = most repetitive errors on 3
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Authors
Chudasama,
Bussey & Muir

PL, MD,
ATN / NMDA

2001

Gaffan, Bannerman,
Warburton &
Aggleton

Expt 1: MB, ATN
Expt 2: FX, RH / NMDA

2001

Warburton, Baird,
Morgan, Muir &
Aggleton
Wilton, Baird, Muir,
Honey & Aggleton

ATN-HPC Ipsi;
ATN-HPC Contra /
NMDA
AD/LD / NMDA

Rostral CL
LD, MD, PC,
PT
AV, AM

2000

Celerier, Ognard,
Decorte &
Beracochea

ATN, Alcohol induced
(CAC); mice / ibotenic
acid for ATN

2000

Warburton, Baird,
Morgan, Muir &
Aggleton

ATN-FX Ipsi
ATN-FX Contra
ANT-FX Contra +HPC /
Cyotoxic

ATN: PVA,
PC, PT, CL,
LD
Alc: severe
MB, moderate
ATN and CA1
Rostral PC,
CL, MD, LD

1999

Sziklas & Petrides

ATN / electrolytic

1999

Warburton &
Aggleton

ATN, FX/ NMDA, RF

1999

Warburton, Morgan,
Baird, Muir &
Aggleton

ATN, FX/
NMDA, RF

2001

Lesion Site / Method

Extra Damage
ATN: midline,
slight dentate
gyrus
ATN: CL, LD,
PC, PT, PVA,
Re

Year
2001

IAM, partial
LD, slight
rostral MD,
PC, PT, PVA
PVA, PT,
Rostral PC,
CL, CM,
PT, MD, Re,
Rostral Cl,
CM, PC, Rt,
VA

Behavioural Tasks
1. Visual discriminations and
reversal using touch screen VDU
1. T-maze Spatial Forced Alt
2. Locomotor activity
3. Visual screen discriminations
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Training
Pre-op
and
post-op
Post-op

1. T-maze Spatial Forced Alt
2. Water Maze and Probe trial
3. 8-arm Radial Maze
1. T-maze Spatial Forced Alt
2. Water Maze and Probe trial
3. Object-in-place
4. Spont. Object recognition
1. T-maze Spatial Forced Alt and
Sequential Alt
2. Non-spatial Temporal Alt
3. Auditory and Contextual Fear
Conditioning

Post-op

Deficits
MD = impaired on 1
ATN; PL= not impaired on 1
Expt 1: ATN; MB = impaired on 1
Expt 2: FX = higher activity on 2
FX, ATN, MB = improved on 3
RH= not impaired on 3
ATN-HPC Contra = impaired on 1, 2,
and 3

Post-op

AD/LD = impaired on 1, 2 and 3
AD/LD = not impaired on 4

Post-op

ATN= impaired on 1, 2 and 3
Alcohol = impaired on 1 sequential
Alt only, and 3 contextual
conditioning only

1. Spont. Object Recogntion
2. Object location (in place)
3. T-maze Spatial Forced Alt
4. Water Maze
5. 8-arm Radial Maze
6. T-maze Alt
1. 8-arm Radial Maze
2. Spatial Visual Association
3. T-maze Visual Egocentric

Post-op

All impaired on 2, 3, 4, 5 and 6
No impairment on 1

Post-op

ATN = impaired on 1 and 2
ATN = not impaired on 3

1. Water Maze and Probe test
2. T-maze Spatial Forced Alt
3. Spont Object Recognition
1. Water maze
2. T-maze

Post-op

ATN and FX = impaired on 1 and 2
ATN = worse on 1
ATN and FX = not impaired on 3
ATN = impaired on 1 but reacquired;
ATN+damage = permanent deficit on
1&2
FX= impaired on 1 but reacquired

Pre-op
Pre-op

Animal Models
Year

Authors

Lesion Site / Method

1997

Warburton, Baird &
Aggleton

ATN, ATN+LD, FX /
NMDA, RF

1996

Aggleton, Hunt,
Nagle & Neave

ATN, AM, AV/AD /
NMDA

1996

Byatt & DalrympleAlford

AV, AM / RF

1995

Aggleton, Neave,
Nagle & Hunt

1994

1991
1991
1991
1989

1989

Extra Damage
Slight Re,
rostral MD,
PC, CL, CM
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Behavioural Tasks

Training

Deficits

1. T-maze forced Alt
2. X-Maze Allocentric
3. X-Maze Egocentric Discrim.

Post-op

1. T-maze forced Alt. Allocentric
2. Egocentric discrimination
3. 8-arm Radial Maze 90 degree
rotation

Post-op

1. 12-arm Radial Maze (Working and
Reference)

Post-op

AV and AM = impaired on 1

ATN, MB, FX / NMDA,
RF

ATN: PVA,
PT, Re, Rt,
rostral LD,
MD, MB;
shrunken AM:
some PT;
AV/AD: none
Some overlap
between
subnuclei, AD
ATN: CL, LD,
PT, PVA, Re

1. T-maze Spatial Forced Alt
2. Spont Object Recognition

Post-op

Beracochea & Jaffard

ATN; mice / ibotenic

Not indicated

Post-op

Aggleton, Keith &
Sahgal
Beracochea & Jaffard

FX, ATN, MB/ NMDA RF

ATN: PT, Re
PVA, PC, CL,
Not indicated

1. T-maze
2. Delayed Alt
3. T-maze Seq Alt
1. Operant DMTP

ATN = slower to acquire, delay
dependent deficits on 1
ATN = not impaired on 2
ATN = impaired on 2
ATN = not impaired on 1 and 3

Pre-op

ATN & FX = impaired on 1

1. T-maze Spont Alt

Post-op

ATN = impaired on 1

1. Operant Delay Alt

Post-op

ATN & MD = impaired on 1

1. T-maze
2. Temporal Alt
3. 8-arm Radial Maze
4. Spatial Reversal
1. Water maze working memory
2. Water maze reference memory

Post-op

ATN = impaired on 1
ATN = not impaired on 2, 3 and 4

Post-op
Pre-op

AT = longer to reach platform on 1
ATN = not impaired on 2 for same
position, but impaired on 2 for
position change

Peinado-Manzano &
Pozo-Garcia
Berachochea, Jaffard
& Jarrard

Sutherland &
Rodriguez

ATN; mice / ibotenic and
alcohol
ATN, MD / electrolytic
ATN; mice / ibotenic

MD= 90%PV
ATN=89%
Not indicated

ANT; mice / electrolytic

Not indicated

ATN, ATN+LD, FX= impaired on
1 and 2
ATN, ATN+LD, FX= not impaired
3
ATN, AM, AV/AD = all impaired
on 1, ATN worse than others
ATN, AM, AV/AD = not impaired
on 2
ATN, AV/AD = impaired on 3
AM = not impaired on 3

Abbreviations: Alt = Alternation; ATN=anterior thalamic nuclei; AD= anterodorsal nucleus; AM = anteromedial nucleus; AV= anteroventral nucleus; CA1 = area CA1 of the
hippocampus; CL = centrolateral; CM = central medial nuclei; Contra = Contra-lateral; DT= dorsal tegmental; FX = Fornix; HPC = hippocampus; IAM = interanteromedial nucleus; ILN =
intralaminar nuclei; Ipsi = ipsilateral; IT= inteferotemporal; LD= laterodorsal nucleus; LT = lateral thalamus; MB = mammillary bodies; MD = mediodorsal nuclei; MT = medial
thalamus; PC = paracentral nucleus; post-op = post-operative; PRC = perirhinal cortex; pre-op = pre-operative; PPC = posterior parietal cortex; PT = paratenial nucleus; PVA= anterior
paraventricular nucleus; PV/PVP = paraventricular nucleus/posterior paraventricular nucleus; Re = reunions; RF = radiofrequency; Rh = rhomboid nucleus; RSP = retrosplenial cortex;
Seq = Sequential; Spont = Spontaneous; ? = no clear indication of lesion size; * = studies that utilized spatial working memory in a T-maze task to assess ATN induced impairments.
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Twenty-six of the studies from Table 4.1 featured groups with bilateral lesions exclusive to
the anterior thalamic nuclei that were run in various spatial working memory and reference memory
tasks. 25 out of 26 studies found spatial memory deficits, including in the water maze (Sutherland
and Rodrieguez, 1989; Warburton et al., 1999; Warburton and Aggleton, 1999; Van Groen et al.,
2002; Wolff et al., 2008; Lopez et al., 2009; Aggleton et al., 2011; Moreau et al., 2012), the radialarm maze (Aggleton et al., 1996; Sziklas and Petrides, 1999, 2007; Alexinsky, 2001; Mitchell et al.,
2002; Moran and Dalrymple-Alford, 2003; Mair et al., 2003; Mitchell and Dalrymple-Alford, 2005,
2006), the T-maze (Beracochea and Jaffard, 1991; Aggleton et al., 1995a, 1996; Warburton et al.,
1997, 1999; Warburton and Aggleton, 1999; Celerier et al., 2000; Ward-Robinson et al., 2002), an
odour-place association task (Gibb et al., 2006), an X-maze (Warburton et al., 1997), and delayed
alternation tasks in an operant chamber (Aggleton et al., 1991; Peinado-Manzano and Pozo-Garcia,
1991). Only one study failed to find a spatial working memory deficit, in which ATN lesioned mice
were unimpaired on a radial-arm maze and a spatial reversal task (Beracochea et al., 1989). It has
been suggested that the full effect of anterior thalamic damage is dependent on bilateral damage to
all three nuclei and that small subtotal anterior thalamic lesions may account for the lack of a spatial
deficit in this study (Aggleton and Brown, 1999). Several studies suggested that ATN lesions may
also impair go/no-go delayed alternation tasks, but only when longer delays were used (Beracochea
et al., 1989; Peinado-Manzano and Pozo-Garcia, 1991; Celerier et al., 2000), although the extent to
which this task is spatial in nature has been questioned (Ward-Robinson et al., 2002). Several
studies also detected deficits involving non-spatial temporal order memory tasks in bilateral ATN
rats (Wolff et al., 2006) and mice (Celerier et al., 2000). Although, ATN rats were not impaired in a
task that tested temporal order memory for two objects (Mitchell and Dalrymple-Alford, 2005). All
seven of the studies that investigated egocentric spatial tasks (including the T-maze, y-maze, xmaze) in animals with bilateral lesions exclusive to the anterior thalamic nuclei, found no
impairment (Beracochea and Jaffard, 1994; Aggleton et al., 1996; Warburton et al., 1997; Sziklas
and Petrides, 1999, 2004; Mitchell and Dalrymple-Alford, 2006; Wolff et al., 2008). All 7 studies
that examined the performance of bilateral ATN animals in tasks that could be solved by non-spatial
familiarity based recognition (including object recognition, configural learning, sensory
preconditioning, or visual discrimination tasks), also found no deficits (Aggleton et al., 1995;
Warburton and Aggleton, 1999; Gaffan et al., 2001; Chudasama et al., 2001; Ward-Robinson et al.,
2002; Moran and Dalrymple-Alford, 2003; Mitchell and Dalrymple-Alford, 2005).
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In summary, these studies provide very strong evidence that bilateral damage to all three
anterior thalamic nuclei results in a severe deficit to allocentric, but not egocentric, spatial working
memory. There is some evidence that non-spatial temporal working memory is impaired and strong
evidence that recognition memory is spared by ATN damage. These studies support the role of the
ATN as a critical part of an extended hippocampal system responsible for recollection and episodic
memory but not familiarity-based recognition memory. The inter-dependence of the ATN and
hippocampus is demonstrated by the fact that hippocampal lesions produce comparable deficits in
these spatial memory tasks including the radial-arm maze (Olton et al., 1979; Jarrard, 1983), the Tmaze (Rawlins and Olton, 1982; Bannerman et al., 2001), the Morris water maze (Morris et al.,
1982, 1986; Pearce et al., 1998), and spatial odour discrimination tasks (Ergorul and Eichenbaum,
2004).

Another source of evidence to support ATN and hippocampal interaction in an extended
hippocampal system comes from cross-lesion studies. Unilateral lesions are administered to both
structures of interest either in different cerebral hemispheres (contra-lateral lesions) or in the same
hemisphere (ipsi-lateral lesions) for both structures. Their crossed-lesions produced clear
impairments in spatial memory on the T-maze, water maze, and radial-arm maze (Warburton, et al.,
2000, 2001), whereas the ipsi-lateral (same side) lesions produced relatively mild impairments. Rats
with contra-lateral lesions to the hippocampus and ATN were impaired on a spatial-visual
conditional associative task in which they had to learn to approach one of two stimuli depending on
the spatial context in which they were embedded and were also impaired on a standard delayed
forced alternation T-maze task (Henry et al., 2004). These cross-lesion study findings suggest that
the hippocampus and ATN depend on each other during the acquisition of a spatial working memory
task.

The non-spatial temporal order tasks, briefly discussed in the previous section, constitute
another line of supporting evidence for the interdependence between hippocampus and ATN. The
separation of closely linked events across time may be crucial for memory of unique behavioral
episodes, and temporal order tasks represent an aspect of episodic-like memory that emphasizes the
“when” component, over spatial tasks that typify the “where” component. Lesion studies have
showed the role of the hippocampus in supporting temporal order memory for both sequential
spatial locations (Chiba et al., 1994; Jackson et al., 1998) and non-spatial items such as the position
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of items in a list of recently presented odours (Fortin et al., 2002; Kesner et al., 2002; Kesner and
Rogers, 2004). Similar findings have been observed in mice with ATN lesions that were impaired in
a temporal alternation delayed response task (Celerier et al., 2000). Impairments in temporal order
memory for the sequence of odour cues have also been observed after ATN lesions (Wolff et al.,
2006). Although a previous study on temporal order memory after ATN lesions found no deficits
when a pair of objects was used (Mitchell and Dalrymple-Alford, 2005), Wolff et al. (2006)
concluded that procedural differences such as the length of time between sample and test phases and
the nature of stimuli presented probably contributed to the disparities observed. More studies testing
ATN involvement in non-spatial temporal order tasks is, however, warranted.

The above review shows that lesions to the ATN and hippocampus generally result in a
comparable pattern of impairment on spatial working memory and navigation tasks. Interestingly
however, there is evidence that damage to these two brain regions do not always produce the same
impairments, at least across a range of different conditional associative learning tasks (Sziklas and
Petrides, 1999, 2007). These types of task test the ability to form arbitrary associations, which is
also believed to test aspects of declarative memory, including episodic-like memory. The ATN and
hippocampus show comparable deficits in ‘spatial-visual’ tasks involving the selection of an object
or odour which is dependent on a spatial context (Sziklas et al., 1996; Sziklas and Petrides, 1998,
1999; Kesner et al., 2002; Gibb et al., 2006). However Sziklas and Petrides (1999, 2004, 2007) have
demonstrated that hippocampal, but not ATN, lesions produce impairments on conditional tasks in
which the animal depends on one of two visual cues in order to make a left or right body turn
(visual-motor task) or an arm choice (‘visual-spatial’ task). The authors suggested that the visualspatial task could not just be solved by the animals relying on egocentric strategy and hence the
ATN rats must have been able to learn an association between two objects and two different
locations. The ATN may interact with the hippocampus in situations where spatial context instructs
which of two objects embedded in the context to select (spatial-visual task), but the hippocampus
does not require ATN input on tasks where arbitrary visual cues that are not embedded in a place
instruct which place to chose (visual-spatial task). Further research showed that although contralateral lesions of the ATN and hippocampus produced severe deficits on a spatial-visual conditional
learning task (Henry et al., 2004), these deficits were not evident when the fornix was removed
(Sziklas et al., 1998; Sziklas and Petrides, 2002; Dumont et al., 2007), or when the retrosplenial
cortex was damaged (St-Laurent et al., 2009). However, Dumont et al. (2010) showed that
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simultaneous disruption of both of these routes of communication between the ATN and
hippocampus produced severe deficits on the same spatial conditional learning task. In addition,
they tested rats with contra-lateral lesions to the ATN and the hippocampus, combined with either
unilateral retrosplenial damage in one or the other hemisphere. Unilateral retrosplenial lesions made
in the same hemisphere as the intact hippocampus produced more severe deficits as the
hippocampus would be maximally disconnected from functional interaction with the ATN and
retrosplenial-mediated input (Dumont et al., 2010). These findings support the notion that the ATN
and the hippocampus function interdependently on spatial-visual tasks that require the rat to choose
an object based on its location, and that the interaction between these structures relies on both the
fornix and the retrosplenial cortex but not either alone (St-Laurent et al., 2009; Dumont et al., 2010).
In visual-spatial tasks where the animals can select the correct location or motor response based on
an associated visual cue, ATN rats may be able to use egocentric strategies to solve the task. These
different effects of ATN lesions across conditional spatial tasks implies that the plurality of
hippocampal connections may compensate for at least some spatial memory functions associated
with the ATN, but the reason why spatial-visual tasks differ from visual-spatial tasks remains
unclear. It is possible that directional cues are necessary in many spatial-dependent tasks, but not
when other cues, such as objects, can be used (St. Laurent et al., 2009).

The ATN consists of three sub-component nuclei including the anteroventral (AV),
anteromedial (AM), and anterodorsal (AD). These nuclei within the ATN are thought to operate as
an ensemble (Byatt and Dalrymple-Alford, 1996), and substantial lesions (~50%) across all three
anterior thalamic nuclei are most likely to produce severe and longer-lasting deficits on tests of
spatial memory processing. While the AM is more delineated from the other nuclei in rats, lesions to
the AV invariably cause damage to the AD, while lesions centred on the AD usually cause some
dorsal AV damage. Van Groen et al. (2002) examined working memory and reference memory in
the water maze with total ATN, selective AD plus dorsal AV, and AM lesioned rats. The AV/AD
and AM rats showed impairments on both tasks but were able to acquire the tasks over time,
whereas the total ATN damage produced severe impairment with no improvements evident across
two weeks of testing. The severity of the impairment was proportionate to the extent of the AM
damage sustained in addition to the AV plus dorsal AD damage, suggesting that no one nucleus
played a dominant role in the impairment. Recently Aggleton et al. (2010) suggested that injury to
individual ATN nuclei may comprise key elements in three distinct subsystems, based on the subtly
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different projections these nuclei have as well as their distinctive electrophysiological properties. In
this model, the AM’s primary function is to convey integrated hippocampal–diencephalic signals to
prefrontal mechanisms that aid in cognitive flexibility, executive function and recency judgements,
as this nucleus has numerous projections to cingulate and prelimbic cortex, but very limited
projections back to the hippocampus. The AV may be primarily involved in the conveyance of theta
rhythms to the hippocampal formation to optimize synaptic plasticity, as 75% of cells in this nucleus
fire rhythmically with theta (Albo et al., 2003). The AD has a higher prevalence of head direction
cells (Taube, 1995) and may be more heavily involved in the head-direction system to support
navigation and episodic memory conveyed by eye gaze. ATN lesions of more than 50% damage size
are consistently associated with severe spatial memory deficits (Bailey and Mair, 2005; Mitchell and
Dalrymple-Alford, 2005, 2006; Gibb et al., 2006), although relatively minor damage limited to ATN
sub-components may potentially contribute to the severity of the amnesic syndrome when damage is
sustained in other regions (Aggleton et al., 1996; Byatt and Dalrymple-Alford, 1996).

4.3 Contribution of other nuclei in the medial thalamus to diencephalic amnesia
Memory deficits observed in cases of diencephalic amnesia may vary as a function of the relative
involvement of different thalamic regions. Whereas the above evidence implicates the anterior
thalamic nuclei in spatial working memory, the mediodorsal thalamic nuclei are thought to be
involved in object-award association memory, the ability to switch to new strategies, and scene
memory. The Intralaminar nuclei also became of particular interest when their involvement was
observed in a pyrithiamine-induced thalamic deficiency model of chronic alcoholism in rats (Mair,
1994). Early investigations of diencephalic amnesia focused on the MD since Victor and colleagues
(1971, 1989) reported finding mediodorsal thalamic lesions in all their Korsakoff amnesic patients.
Early MD lesion studies found significant deficits in memory during performance in spatial tasks
such as a radial-arm maze (Stokes and Best, 1988, 1990). However, these studies used extensive
lesions of the MD that included substantial damage to adjacent areas. Subsequent studies that used
more restricted MD lesions were unable to replicate these deficits (Kolb et al., 1982; Hunt and
Aggleton, 1991, 1998; Neave et al., 1993). These mixed findings were partly responsible for a reevaluation of the contribution of other thalamic nuclei, such as the ATN. Later studies that examined
the effect of selective MD lesions on spatial memory have reported only very mild delay-dependent
deficits (Burke and Mair, 1998; Bailey and Mair, 2005). It has also been suggested that the MD may
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play a role in recognition memory with several studies reporting deficits both in acquisition and
performance of delayed matching to sample and delayed nonmatching to sample object recognition
tasks in both primates and rats (Aggleton and Mishkin, 1983; Zola-Morgan and Squire, 1985; Hunt
and Aggleton, 1991; Mumby et al., 1993; Parker et al., 1997; Gaffan and Parker, 2000). However
there was inconsistent evidence of a delay-dependent impairment, and negative findings were also
reported (M’Harzi et al., 1991; Hunt and Aggleton, 1998; Kornecook et al., 1999).

These results suggested that medial dorsal lesions were affecting other aspects of the task
acquisition and performance, rather than object recognition directly (McAlonan et al., 1993;
Mitchell et al., 2007; Aggleton et al., 2011). One such aspect in which MD lesions appear to
produce a deficit is in memory for reward value and the anticipation of rewarding or reinforcing
events (Oyoshi et al., 1996; Corbit et al., 2003). Mitchell and Dalrymple-Alford (2005) suggested
that these effects may be regulated by a neuroanatomical circuit that includes the MD, prelimbic
region of the prefrontal cortex, and the ventral basal ganglia. MD lesions may also disrupt flexible
responding or the ability to switch from a preferred strategy to a new strategy. In a delayed foraging
task in a radial-arm maze, rats with MD lesions were able to distinguish which arm had been most
recently visited but were unable to shift from a preferred response rule (Hunt and Aggleton, 1998).
These same deficits have been reported as a result of prefrontal cortex damage (Mishkin, 1964;
Kolb, 1984), and the authors suggested that lesions to the MD - prefrontal cortex pathways may
disrupt prefrontal cortex function. MD lesions have also produced impairments on visual association
tasks in rats (Cross et al., 2010) and monkeys (Mitchell et al., 2007), a deficit that has also been
linked to medial prefrontal lesions in rats (Barker et al., 2007). In summary, these studies suggest
that the MD is closely linked to the prefrontal cortex and MD lesions may produce some deficits in
object-award association memory, the ability to switch to new strategies, and scene memory.

Due to their position and shape, cases of damage limited to the ILN are rare in humans and
the few clinical cases produced more perserverative and attentional problems than memory deficits
(Mennemeier et al., 1992; Van der Werf., 1999; Savage et al., 2012). Interest in these nuclei
originated in the context of the pyrithiamine-induced thiamine deficiency (PTD) model of chronic
alcoholism in rats. In the PTD model, lesions have been observed that are centered on the ILN
(Mair, 1994) and internal medullary lamina pathway (Mumby et al., 1999). However these lesions
are not selective and PTD rats usually have damage to the ATN (Langlais and Savage, 1995; Savage
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et al., 2012) and medial mammillary bodies (Mair et al., 1991) especially after extended periods of
exposure to thiamine deficiency. Selective lesion studies have implicated the ILN as being involved
in working memory for an egocentric (body turn) response or for one of two retractable levers
(Young et al., 1996; Burk and Mair, 1998; Mair et al., 1998; Savage et al., 1998). However, memory
deficits associated with ILN lesions are delay-independent (Harrison and Mair, 1996; Young et al.,
1996; Burk and Mair, 1998; Zhang et al., 1998; Bailey and Mair, 2005) which suggests that other
cognitive processes that disrupt recall may be affected. van der Werf and colleagues (2000, 2002)
proposed that the ILN is responsible for maintaining a state of arousal for cortical regions that are
involved in memory processing, with damage to the ILN affecting arousal, motivational, and
attention factors. In related work, Burk and Mair (2001) observed that ILN lesions impair response
latency, which they felt was indicative of impaired motor initiation that affects one’s ability to make
voluntary movements. Based on this evidence they argued that ILN lesions are generally more
comparable to dorsal prefrontal cortex and ventral striatum lesions than to lesions of the
hippocampal system.

Recent studies have suggested a role for the rostral and midline ILN in memory functioning.
Gibb and colleagues (2006) found that highly localized rostral ILN lesions indicated that the rostral
ILN are involved in learning odour-place paired-associative problems, which was attributed to
disruptions of response or directional learning in the ILN lesioned rats. More recently, Hembrook
and Mair (2011) tested groups of rats with precise caudal, rostral, and midline (combined reuniens
and rhomboid nuclei) lesions as well as a group with a larger combined ILN lesion in tasks
traditionally affected by lesions in the terminal fields innervated by the nuclei. Their tasks included
a visuospatial reaction time task, which is a measure of sensory guided responding, a serial
visuospatial reaction time task, which is a measure of action sequence learning, and a win/shift
radial-arm maze (RAM), which measures spatial memory. Although the rostral ILN lesions did not
produce significant impairments, they found a double dissociation between the midline ILN lesions
that only impaired the RAM, and the caudal ILN lesions that only impaired visuospatial reaction
time performance. This study suggested that the different nuclei within the midline-intralaminar
complex affect distinct aspects of cognition consistent with the effects of lesions in the terminal
fields they innervate (Hembrook and Mair, 2011).
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4.4 Differential contributions of ATN, MD and ILN to memory
A number of studies have examined the differential contributions of the nuclei of the medial
thalamus by directly comparing the effects of lesions of the ATN, MD and ILN on memory. Some
of these studies compared the effect of ATN lesions with lesions of the rostral ILN (including the
centrolateral, paracentral and rostral central medial nuclei) together with lateral mediodorsal
thalamic damage, but with little or no involvement of the ATN and other MD sub-regions.
Unsurprisingly, ATN lesions show consistent severe impairment to spatial working memory and
reference memory in the radial-arm maze and water maze, whereas the ILN lesions produced either
no or only very mild and transient deficits (Mitchell and Dalrymple-Alford, 2005, 2006; Wolff et al.,
2008; Lopez et al., 2009; Moreau et al., 2012). There is mixed evidence that ILN lesions impair
egocentric memory, which is not affected by ATN lesions. ILN lesioned rats exhibited egocentric
deficits on a delayed “nonmatching-to-sample” task and a response-related working memory task in
a cross-maze (Mair et al., 1998; Mitchell and Dalrymple-Alford, 2006), but were unimpaired when
trained on an egocentric reference memory task in a Y-maze (Wolff et al., 2008). The ability of ILN
lesions to impair egocentric memory was thought to be based on prominent neural connections with
the dorsal striatum and dorsal prefrontal cortex (Berendse and Groenewegen, 1991; van der Werf et
al., 2002). However, ILN rat were unimpaired in the acquisition of a visual pattern discrimination
task, known to be sensitive to damage of the striatal system (Moreau et al., 2012). A particularly
interesting study found that while ILN rats showed normal acquisition of a spatial memory water
maze task as compared to ATN rats, and unaffected spatial retrieval for recent memories (5 days),
ILN lesions impaired retrieval for remote memories (25 days; Lopez et al., 2009).

Other studies have reported dissociable effects between MD and ATN lesions. Chudasama et
al. (2001) observed no impairments in attention in ATN rats on a five-choice serial reaction time
task, whereas MD rats demonstrated increased anticipatory responding during baseline performance
and when the inter-trial interval was randomly varied during the serial reaction time task. Combined
lesions of the medial and central segments of the MD and the intermediodorsal nucleus, resulted in
impaired acquisition of a reward magnitude task, while having no effect on spatial memory in a
radial maze, demonstrating a double dissociation relative to the effects observed for ATN rats
(Mitchell and Dalrymple-Alford, 2005). ATN lesions and lateral thalamic lesions which were
centered on the rostral ILN severely impaired odour–place paired-associate learning which was not
affected by lesions to the medial regions of the MD (Gibb et al., 2006). Rats with ATN, lateral
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thalamic, and Medial MD lesions were able to learn a non-associative odour and place
discrimination task quickly, with only the ATN group showing a delayed acquisition.

The presence of dissociations between these various nuclei of the medial thalamus indicates
that the manifestation of diencephalic amnesia may vary depending on the extent of thalamic injury
and the specific memory tasks examined. Gibb et al. (2006) suggested that it may also partly explain
the conflicting results that have been reported when large electrolytic lesions are performed in the
region. These non-neurotoxic lesions disrupt fibers of passage, which may be a particularly relevant
confounding factor when anterior and lateral thalamic lesions are compared. Large electrolytic ATN
lesions will disrupt fibers from the centrolateral nuclei and (especially) paracentral nuclei that course
through the ATN region (van der Werf et al., 2002). As indicated earlier, it is also now
acknowledged that previously reported findings of impairment on the hippocampal dependent mazelearning tasks after ILN lesions (Mair et al., 1998; Savage et al., 1998) or MD lesions (Stokes and
Best, 1988) were primarily due to the damage that was sustained by the ATN, which impairs these
tasks (Hunt and Aggleton, 1991; Byatt and Dalrymple-Alford, 1996). The contribution of these
thalamic aggregates to memory function can also explain the severe cases of amnesic syndrome
observed in humans with relatively small structural damage to the thalamus (Marchetti et al., 2005).
In addition, the evidence that adjacent thalamic structures may be responsible for different aspects of
memory functioning underscores the importance of producing very selective ATN lesions as well as
quantifying additional damage when attempting to elucidate the contribution of this particular region
to memory.

In summary, the presence of impairments in allocentric memory acquisition after ATN lesions
and the absence of such impairments after ILN or MD lesions adds support to the view that ATN
damage is one of the key sources of episodic memory impairment in human cases of diencephalic
amnesia (Aggleton and Brown, 1999). Although the relative contributions of ILN and MD to
diencephalic amnesia continue to be debated, it may be that because they are involved in
neuroanatomical circuits with other brain regions, some cognitive impairment may be derived from
disruption of these projections. This idea that damage to one region can induce neurobiological,
including structural changes to a remote brain region when they are part of a neuroanatomical
circuit, constitutes a key issue in the current study. The following section will examine animal
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studies that suggest ATN lesions are capable of producing changes to other regions such as the
hippocampus, retrosplenial and prefrontal cortices.

4.5 ATN lesion effects on the hippocampus, retrosplenial and prefrontal cortices
Of particular interest to this study is the capability of ATN lesions to produce covert pathology in
other distal regions of the extended hippocampal system. As recovery of the ATN itself is unlikely
after acute injury, the ability of patients to subsequently recover some memory functioning is likely
to reflect recovery and changes in other brain regions, including perhaps the hippocampus and
retrosplenial cortex. If this is indeed the case, these non-thalamic regions would constitute effective
targets for therapeutic treatment with the aim of alleviating memory impairments associated with
diencephalic damage. Recently Aggleton (2008) refined the extended hippocampal system theory
proposing that the similarity between temporal lobe and diencephalic amnesia may in part be
explained by influences on the retrosplenial cortex (RSC), which has strong neuroanatomical links
with the hippocampus and ATN. Aggleton argued that the RSC represents an example of “covert
pathology” in anterograde amnesia. Covert pathology is used to refer to an area that appears normal
by the standard histological means and yet is functionally lesioned. It has been documented in cases
of temporal lobe amnesia that ischemic damage to the hippocampus can produce more severe
memory deficits than conventional lesions. This has been demonstrated in monkeys when the effects
of ischemic hippocampal damage on tests of recognition memory were more disruptive than
conventional lesions even though the apparent extent of cell loss was comparable (Bachevalier and
Meunier, 1996). In another study, conventional hippocampal lesions produced no impairments on a
recognition memory task, while severe deficits were observed following a vascular occlusioninduced hippocampal lesion, despite the extent of hippocampal damage being greater with the direct
lesion (Mumby et al., 1996). Aggleton (2008) proposed that these different functional outcomes are
mediated by the presence of covert pathology in the RSC.
Before studies of ‘covert pathology’ in the RSC are examined, it is necessary to look briefly
at the behavioural effects of lesions to the RSC and its subcomponents. Neuropsychological studies
show that damage to the retrosplenial area can cause anterograde (Valenstein et al., 1987; Rudge and
Warrington, 1991; Maguire et al., 2001) and topographical amnesia (Maguire et al., 2001). Animal
studies have produced conflicting results, with some studies finding that RSC lesions produce
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impairments in spatial memory (Cooper and Mizumori, 2001; Vann and Aggleton, 2002; Aggleton
and Vann, 2004; Lukoyanov et al., 2005) including learning the location of specific objects (Vann
and Aggleton, 2002), whereas other studies with extensive RSC lesions have only found marginal
deficits on standard T-maze alternation (Harker and Wishaw 2002; Pothuizen et al., 2008), and
relatively mild allocentric deficits in the Morris water-maze (Sutherland et al., 1988; Warburton et
al., 1998; Harker and Whishaw, 2002; Van Groen et al., 2004). Interestingly, Pothuizen et al. (2008)
found that RSC lesions impaired T-maze alternation when it was heavily reliant on egocentric
strategies, or finding direction in the dark, suggesting that RSC lesions may have a more selective
effect on spatial working memory, disrupting only some of the strategies the animal can use to solve
the maze. It has been suggested that the RSC translates the allocentric representations into an
egocentric framework (Bird and Burgess, 2008; Burgess, 2008) which could account for the
impairments in direction and allocentric processing observed. Few studies have investigated the
behavioural effects of selective lesions within the retrosplenial subregions in the rat, which include
the dysgranular (Rdg) and two granular regions (Rga and Rgb). The Rdg is the primary recipient of
visual inputs in the RSC and lesions impaired the effective use of distal visual cues in a spatial
working memory task in the radial-arm maze (Vann and Aggleton, 2005). Lesions of Rgb, but not
Rga, were sufficient to impair spatial learning in the Morris water maze (Van Groen et al., 2004). A
study that compared total RSC lesions with granular only lesions (Rga + Rgb) found that both
groups were comparably impaired on a radial-arm maze task including when subsequently
challenged by having the maze rotated mid trial or being tested in the dark. However, the granular
only rats were more impaired in a reinforced spatial alternation T-maze task, when rats were
switched to a second maze for the test runs. This suggested that the rats with granular only lesions
were relying more heavily on distal visual cues to solve the maze as a result of their spared
dysgranular cortex function (Pothuizen et al., 2010).
Immediate early gene (IEG) neural markers have been used to examine covert pathology in
the hippocampus, retrosplenial and prefrontal cortices in rats with ATN lesions. IEG’s are one of the
categories of genes that are responsible for trans-synaptic activation which can stimulate slow longterm changes in the post-synaptic neuron that involve the induction of gene expression. Some IEG’s
(c-Fos) are inducible transcription factors that can orchestrate the transcription of other down-stream
genes. These IEG’s are at the head of a cascade of changes meaning that their abnormal activity may
signal an array of other changes and places them as potential candidate makers for covert pathology.
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In addition, some IEG’s are associated with labeling other processes. For example, c-Fos is thought
to have a role in synaptic processes associated with memory and learning (Vann et al., 2000a, 2000b
; Bozon et al., 2002) and zif268 is often closely associated with hippocampal plasticity and so
appears to also be involved in spatial learning and memory (Richardson et al., 1992; Abraham et al.,
1993; Lindecke et al., 2006; Kubik et al., 2007; Poirier et al., 2008).

After unilateral ATN lesions, hypoactivity in the ipsilateral hippocampus was found in the
form of reduced Fos counts in the rostral CA1, rostral dentate gyrus, dorsal hippocampus,
presubiculum and postsubiculum (Jenkins et al., 2002a). After bilateral ATN lesions, significant
reductions in Fos were found in both the dorsal and ventral hippocampus (Jenkins et al., 2002b). In
addition, medial diencephalic pathology that included the ATN disrupts acetylcholine activity in the
hippocampus (Savage et al., 2003; Roland and Savage, 2007). Acetylcholine release is considered a
marker of memory-related activation, and these findings suggested that the hippocampus is not fully
activated after diencephalic damage. Jenkins and colleagues (2002b) also reported a significant
reduction in Fos in the anterior cingulate and prelimbic cortices, which are both parts of the medial
prefrontal cortex, although these changes were not apparent after unilateral ATN lesions (Jenkins et
al., 2002a).

However, the most significant findings in these studies was that both bilateral and unilateral
excitotoxic lesions of the rat anterior thalamus also caused considerable decreases in c-Fos activity
in the retrosplenial cortex, indicating hypoactivity (Jenkins et al., 2002a, 2002b, 2004). These Fos
reductions were massive (80% or more) and long-lasting (persistent 10 months after surgery), and
were most dramatic in the superficial layers of the Rga and Rgb straight after surgery (see Fig 4.1),
but also in the Rdg cortex and the deeper lamina of the Rga and Rgb after 10 months (Aggleton,
2008). Despite these changes ATN lesions did not alter the appearance of the retrosplenial cortex as
determined by standard histological techniques and counts of Nissl stained cells (Jenkins et al.,
2004). It is important to note that this hypoactivity could not be due to a global disconnection, as the
ATN lesion leaves intact other excitatory inputs into the RSC from the subiculum, postsubiculum,
lateral dorsal thalamic nucleus, and enthorhinal cortex (Gonzalo-Ruiz et al., 1997).

A recent study used the IEG zif268 to investigate changes in a number of limbic sites
including the hippocampus and RSC in rats with bilateral ATN lesions (Dumont et al., 2012). The
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rats were exposed to novel room cues while running in the arms of a radial maze before being
measured for zif268 activity, as well as c-AMP response element binding protein (CREB) and
phosphorylated CREB (pCREB). pCREB was of particular interest as it is required for neuronal
plasticity, partly because of its regulation of immediate early-gene expression. The ATN lesions
reduced zif268 in the RSC and postsubiculum, and also reduced pCREB in the Rgb. There was also
a reduction of pCREB but not CREB in the “intermediate” (dorsal posterior) hippocampus most
clearly in the dentate gyrus, although there were no lesion-induced hippocampal changes in zif268.
These findings were of interest because conversion of CREB to pCREB within the hippocampus is
seen as a key step for consolidating spatial learning (Guzowski and McGaugh, 1997; Guzowski,
2002; Mizuno et al., 2002; Winograd and Viola, 2004). This study on neuroplasticity in the
hippocampus was inspired by the same approach taken in the current study, namely that ATN
lesions influence hippocampal plasticity (Aggleton, personal comm., Nov 2012).

Several other recent studies have also examined distal IEG changes related to diencephalic
lesions. One study showed that transection of the mammillothalamic tract was also sufficient to
cause hypoactivity, shown by Fos reduction, in the hippocampus and retrosplenial cortex, as well as
the prelimbic region of the prefrontal cortex (Vann and Albasser, 2009). This type of lesion is of
interest because it only indirectly disconnects the RSC by affecting the ATN inputs only, while all
direct inputs remain intact. Electrophysiological studies have also demonstrated that following
unilateral ATN lesions it was possible to induce long-term depression in the slice of the retrosplenial
cortex in the unaffected hemisphere, but not in the slice ipsilateral to the lesion (Garden et al., 2009).
Lesions to the hippocampus produce similar changes in the early-gene expression in the
retrosplenial cortex as the ATN (see Fig 4.1; Albasser et al., 2007). Clear reductions in both c-Fos
and zif268 were again observed in both superficial and deep layers of the granular cortex, with no
evidence of loss of neuronal numbers as seen on standard Nissl histology.
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Fig 4.1: Bar graphs showing c-Fos positive cell counts in the RSC (Rga, Rgb, Rdg), as well as the primary auditory
cortex (AUD), insula cortex (AIP), motor cortex (MOP), and primary visual cortex (VISP) following excitotoxic
bilateral lesions in the ATN (left: data from Jenkins et al., 2002b) and unilateral hippocampal formation lesions
(data from Albasser et al., 2007). Counts in each region are compared to those from a control brain (left) or control
hemisphere (right), and so a score of 100 reflects an identical count in the lesioned and intact hemispheres. By
distinguishing retrosplenial counts for the superficial layers (I-III) and for all layers it can be seen that ATN lesions
have a much greater impact on superficial c-Fos levels (from Aggleton, 2008).

This covert pathology in the RSC after ATN, hippocampal, and mammillothalamic tract
lesions may help explain why diencephalic and temporal lobe amnesia share so many features.
Aggleton (2008) points out that this hypothesis also has interesting implications in the human
domain. For example, in Alzheimer’s disease, hypoactivity in the posterior cingulate is often one of
the first metabolic changes noted on PET scans (Minoshima et al., 1994, 1997) and it is also found
in subjects with mild cognitive impairment which is often a prodromal stage of AD (Nestor et al.,
2003).
In cases of Korsakoff’s disease there is also evidence of posterior cingulate hypoactivity
(Fazio et al., 1992; Joyce, et al., 1994). This evidence suggests that retrosplenial dysfunction is a
common feature of both temporal and diencephalic amnesias. An MRI study that compared eight
controls with a 34-year-old man with Wernicke-Korsakoff syndrome (confirmed diencephalic lesion
without any medial temporal lobe damage) provided evidence of hippocampal deactivation after
diencephalic damage. Whereas anterior and posterior hippocampal regions were activated during
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face memorization and face recognition tasks in the controls, the same tasks did not show
hippocampal activation for the Wernicke-Korsakoff patient (Caulo et al., 2005).
These IEG studies present compelling evidence that ATN lesions produce covert pathology in
other distal regions of the extended hippocampal system including the hippocampus, the retrosplenial
cortex, and the prefrontal cortex. Some evidence of morphological changes as a consequence of

diencephalic damage has been reported in a recent IEG study by Poirier and Aggleton (2009). Rats
with bilateral ATN lesions showed the same marked reductions of RSC Fos counts (see Fig 4.2) that
were accompanied by an increase in the number of Nissl-stained retrosplenial cells at both 4 weeks
and 1 year after surgery, particularly in the deep laminae. Of particular interest, the Nissl-stained
cells in the RSC appeared significantly larger in rats with ATN lesions, with this increase being
more noticeable in the superficial layers (I-III). There was also evidence of subtle changes in cell
shape (sphericity). However, both the changes in cell size and shape were only evident in the group
that was examined 4 weeks after surgery (see Fig 4.2). In a separate group of rats with unilateral
lesions there were no changes in the number or sphericity of RSC cells, but a modest lesion-induced
increase in Nissl-stained cell size was detected in the hemisphere ipsilateral to the lesions (Poirier
and Aggleton, 2009). No study has examined possible neuromorphological changes in neurons as a
consequence of ATN lesions, such as changes in spine density and branching complexity, although
these kinds of structural changes have been shown to occur as a consequence of other types of brain
injuries. For example, neurons of layer CA1 in the hippocampus have shown reduced branching and
spine density after global cerebral ischemia (Gonzalez-Burgos et al., 2007) and cholinergic forebrain
lesions (Fréchette et al., 2009). The current study, therefore, focuses on possible
neuromorphological changes in the hippocampus, granular b region of the retrosplenial cortex, and
prelimbic region of the prefrontal cortex as a consequence of bilateral lesions to the anterior
thalamic nuclei.

Animal Models

63

Fig 4.2: Photomicrographs of representative Nissl-stained and c-Fos positive cells after bilateral (4-week and 1year delays) and unilateral (4-week) anterior thalamic lesions. The top row shows Nissl-stained sections,
whereas the bottom row shows c-Fos-stained sections. For the bilateral surgeries the sections on the left side of
each pair came from a sham rat, the sections on the right were from rats with anterior thalamic lesions. For the
unilateral surgeries the sections on the right side were ipsilateral to the anterior thalamic lesion (from Poirier
and Aggleton, 2009).

The following chapter will introduce the concepts involved in neuromorphology and will
examine the role of spine density as an indication of synapticity. The non-thalamic sites of covert
pathology associated with ATN damage may constitute effective targets for therapeutic treatment
with the aim of alleviating memory impairments associated with diencephalic damage. Functional
gains in spatial working memory after ATN rats are exposed to an enriched environment
(Loukavenko et al., 2007) may be obtained by alteration to some of the covert pathology in distal
sites of the extended hippocampal system that are impaired after ATN lesions. Neuromorphological
correlates have been used in this thesis as a way to measure structural changes associated with
possible recovery of function. The topic of recovery of function will be discussed further in Chapter
6: Enriched environments and recovery of function.
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Chapter 5
Neuromorphology
The current thesis examined possible neuromorphological changes in distal regions of the extended
hippocampal system as a consequence of bilateral lesions to the anterior thalamic nuclei. The
primary target of analysis was the CA1 region of the hippocampus, and the first part of this chapter
will examine the function and structure of the hippocampal region, before moving on to a more
detailed examination of the neuronal morphology of CA1 pyramidal neurons. In the following
section, various categories of dendritic spines will be described, as well as their possible roles in
synaptic plasticity. Experience dependent plasticity in the hippocampus has been extensively studied
in the form of experiments that induce long term potentiation and depression, which may simulate
the types of hippocampal plastic changes associated with learning and memory. In the last sections
of this chapter, the retrosplenial and prefrontal cortices will be examined, with an emphasis on the
subregions that will be targets of neuromorphological investigation in the current study. The reasons
for looking in these regions, their relevent connections, cytoarchitecture, and neuronal morphology,
will all be examined in these sections.

5.1 Function and structure of the hippocampus
The hippocampus is a major component of the limbic system and is involved in learning, memory
consolidation and spatial navigation. Retrograde amnesia of patients with lesions in the
hippocampus is more severe for more recent events (Rempel-Clower et al., 1996; Kopelman et al.,
2003; Manns et al., 2003) suggesting that the hippocampus plays a time-limited role in memory.
Older memories become less dependent upon the hippocampus with time, consistent with the
operation of a systems-level memory consolidation process during which lasting neocortical
memory traces become established (Squire et al., 2004). Interestingly, temporally graded retrograde
amnesia has not been demonstrated in rats following hippocampal damage in spatial tasks like the
water maze (Clark et al., 2005a; Martin et al., 2005; Ramos, 2008). This impairment in remote
spatial memory in rats could reflect the disruption of previously acquired spatial memory or it could
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be due to the hippocampal lesions producing an impairment in performance that prevents the
expression of an otherwise intact spatial memory (Clark et al., 2005b). Learning and memory may
require a permanent synaptic change at the final storage location, but while these processes are
presumed to be consolidated via the hippocampus, bi-directional plasticity is essential to maintain
ongoing function and to avoid “saturation” of the network (Neves et al., 2008). In its hypothesized
role of temporary memory storage, the hippocampus is continually laying down, transferring or
deleting memories throughout life. Considering this constant changing of synaptic strength, the
network requires synaptic readjustment to maintain a functional window of activity, which translates
into homeostatic modulation of dendritic spine morphology and distribution (Mestrallet, 2010). The
following section will briefly examine the structure and connectivity of the hippocampus before
moving on to the CA1 region, which is the target of detailed neuromorphological analysis within the
hippocampus in the present study.

Anatomically, the hippocampus is an elaboration of the edge of the cerebral cortex which
can be distinguished as a zone where the cortex narrows into a single layer of very densely packed
neurons curled into a tight S shape (shown in Fig 5.1). It consists of ventral and dorsal portions, both
of which share similar composition but are parts of different neural circuits (Moser and Moser,
1998). The structure of the hippocampus is fairly consistent amongst species, although in human or
monkey brains the portion of the hippocampus near the base of the temporal lobe is much broader
than the dorsal part. There is also considerable variation in the appearance and size of the cells
among animal species. For example, the CA1 region in the human makes up about 50% of the
volume of the hippocampus, whereas it makes up only about 25% of hippocampal volume in the rat
(Issacson, 2004). The entorhinal cortex (EC) is the greatest source of hippocampal inputs and
outputs and is strongly and reciprocally connected with many other parts of the cerebral cortex,
thereby serving as the main "interface" between the hippocampus and many other parts of the brain.
The superficial layers of the EC provide the most prominent input to the hippocampus, and the deep
layers of the EC receive the most prominent output. Within the hippocampus, the flow of
information is largely unidirectional, with signals propagating through a series of tightly packed cell
layers, first to the dentate gyrus, then to the CA3 layer, then to the CA1 layer, then to the subiculum,
then out of the hippocampus to the EC, although alternate ‘quicker’ pathways are also present (See
Fig 5.1). Each of these layers also contains complex intrinsic circuitry and extensive longitudinal
connections (Amaral and Lavenex, 2006).
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Fig 5.1: Basic circuit of the Hippocampus, as drawn by Santiago Ramon y Cajal (1911), with the addition of the
hippocampal information flow circuit (bottom left). Information flows via the superficial entorhinal cortex
(EC2, EC3) to the CA1 region either directly via EC3, or indirectly from EC2 via the dentate gyrus (DG) and
CA3 region. From the CA1 region efferents reach the deep layers of the entorhinal cortex both directly, and
indirectly via the subiculum (Sub). From http://en.wikipedia.org/wiki/File:CajalHippocampus_(modified).png

In terms of an ‘extended hippocampal system’, the hippocampal efferents to the medial
diencephalon are regarded as vital for normal hippocampal activity. Efferent axons from the
hippocampal formation combine to form the fimbria fornix as they leave the surface of the
hippocampus. The anterior thalamic nuclei receive direct hippocampal projections via the fornix,
and indirect hippocampal projections via the mammillary bodies and the mamillothalamic tract
(Aggleton and Brown, 1999). The fornix also provides an output pathway from the hippocampus to
other cortical regions including the prefrontal cortex. The hippocampal formation receives direct
projections from the ATN mainly via the cingulum bundle, as well as indirect projections via the
entorhinal cortex. The hippocampus also receives modulatory input from the serotonin,
norepinephrine, and dopamine systems, and from nucleus reuniens of the thalamus. A very
important projection comes from the medial septal area, which sends cholinergic and GABAergic
fibers to all parts of the hippocampus. Septal area inputs play a key role in controlling the
physiological state of the hippocampus and destruction of the septal area abolishes the hippocampal
theta rhythm, and severely impairs spatial memory (Winson, 1978).

Neuromorphology

67

The most obvious internal features of the hippocampus are rows of densely packed neurons
that are readily apparent in histological sections stained with common Nissl dyes or with noble
metals such as the Golgi-Cox stain. These prominent bands of closely packed cells that define the
hippocampus proper and the dentate gyrus range from three or four to more than ten cells deep
depending on the location within the hippocampus and the species being examined (Isaccson, 2004).

The dentate gyrus is thought to contribute to the formation of new memories and has a high
rate of neurogenesis (Saab et al., 2009). Although it is not targeted in the current study, the dentate
gyrus is a region that exhibits covert pathology after ATN lesions (Jenkins et al., 2002a, 2002b), and
its role in adult neurogenesis makes it a prime candidate for future study. It is characterized by
small, tightly packed granule cells that are arranged in a layered formation. The cells have a
dendritic arbor that extends in one direction only, towards the outer molecular layer of the gyrus.

The large principal cells found in layers CA1-3 and the subiculum are called pyramidal cells
and have bushy dendritic arborisations extending from both the top and the bottom of the cell. These
dendritic processes extend toward the surface and depths of the structure perpindicular to the
direction of the cell layer. The subiculum, and CA1 region are the main output structures of the
hippocampus (Swanson et al., 1981; Witter et al., 1990; Ishizuka, 2001; Kloosterman et al., 2003).
The subiculum has projections to the presubiculum and parasubiculum, reciprocal connections to the
entorhinal cortex, projections to the prelimbic and infralimbic cortices as well as a substantial
projection to the retrosplenial cortex (Wyss and Van Groen, 1992), the amygdaloid complex, the
brain stem, as well as a major input to the mammillary nuclei (Amaral and Lavenex, 2007). Of
particular interest to this study, the subiculum and its related structures receive efferents from the
sub-components of the anterior thalamic nuclei (as reviewed by Aggleton et al., 2010). The AM
receives inputs from the subiculum but only has very limited projections back to the hippocampal
formation (Shibata and Kato, 1993; Van Groen et al., 1999). The AV receives inputs from the
subiculum and has widespread direct projections back to the subiculum, presubiculum and
parasubiculum, whereas the AD has reciprocal projections with the postsubiculum (Shibata 1993a,
1993b; Van Groen and Wyss, 1995). The CA2 region is a very small transitional area between CA1
and CA3, and is difficult to detect in the rat brain. However, it has been shown that the CA2 region
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ontogenetically develops 2 to 3 days earlier that the CA1 or CA3, so it may have some special
qualitative or quantitative differences from its neighboring regions (Isaccson, 2004).

The CA1 and CA3 regions are thought to work in concert, and the extensive Schaffer
collaterals which project from the CA3 back to the CA1 constitute one of the major sources of CA1
input. Both regions have been implicated in spatial and temporal memory functioning (Good et al.,
2007; Hoge and Kesner, 2007; Hunsacker and Kesner, 2008; Li and Chao, 2008; DeVito and
Eichenbaum, 2010; Barbosa et al., 2012). However, CA1 lesioned rats tend to show a more
profound deficit in the context of spatial and visual object tasks (Hoge and Kesner, 2007; Hunsaker
et al., 2008). Computational and electrophysiological data, as well as recent experimental animal
data, has suggested that the CA3 region is involved in pattern completion and the rapid acquisition
of episodes, while the CA1 is involved in the formation of a temporal context, detecting spatial
novelty and the consolidation of memories (Gilbert and Brushfield, 2009; Barbosa et al., 2012).
Hence the CA3 region via the Schaffer collaterals may be more of a support area for the CA1 which
has much more extrinsic connectivity to other brain regions. The CA1 plays a role in temporal
dynamics, especially intermediate and longer-term, with an additional influence on temporal pattern
separation to reduce interference among items in short-term episodic tasks (Kesner and Hunsaker,
2011). Compelling evidence that CA1 hippocampal neurons are critical for autobiographical and
episodic memory function comes from a recent clinical study involving transient global amnesia
patients with focal lesions in the CA1 sector of the hippocampus (Bartsch et al., 2011).
Autobiographical interviews including the remember/know procedure revealed that these patients
exhibited a strong temporally graded impairment in episodic memory and autonoetic consciousness
extending 30 to 40 years into the past. The findings in this clinical study support the considerable
animal experimental evidence that the CA1 region is responsible for adding a temporal context to
events (Wallenstein et al., 1998; Rolls and Kesner, 2006; Langston et al., 2010) and is a critical
brain region involved in episodic memory.

The CA1 region of the hippocampus has also been linked to plasticity and recovery of
function after brain injury, which is also of interest to the current thesis. Various examples of
plasticity in CA1 neurons associated with cognitive function reinforce the reason why the CA1 has
received the most attention with respect to neuroplasticity and recovery of brain function. Rats that
were given CA1 fetal grafts 2 weeks after four-vessel occlusion ischemic strokes showed functional
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recovery in a matching-to-position task in a water maze, whereas CA3 grafted rats did not (Hodges
et al., 1996). Their study found that global ischemia resulted in an almost complete loss of CA1
neurons which were replaced with new cells, reaching approximately 40% of the original number at
90 days after surgery. Neural markers confirmed that these were newly formed CA1 neurons, and
the regeneration of the CA1 region was associated with a recovery of ischemia-induced impairments
in spatial learning and memory (Bendel et al., 2005) The CA1 region demonstrates a propensity for
recovery of function, which likely reflects its more prominent role in the regulation of hippocampal
plasticity (Neves et al., 2008). For these reasons, the pyramidal neurons of the CA1 region were an
ideal candidate in the current thesis for neuromorphological analysis in the hippocampus in the
attempt to find distal pathology related to ATN lesions. The following section will examine in detail
the morphology of CA1 pyramidal neurons, before examining the types of dendritic spines.

5.2 Characterization of CA1 Pyramidal Cells of the Hippocampus
The CA1 region in rats begins in the anterior hippocampus at ~ Bregma -2.30mm and extends
through most of the hippocampus before terminating at ~ Bregma -6.30. Fig 5.2-A shows the areas
of the CA1 where neurons were taken for the current thesis. Pyramidal neurons are found in many
regions of the brain and are named for the distinctive shape of their somas. Somatic surface area is
one of the variables of importance for electrophysiological modeling (Rall, 1977), and observations
of changes in cell body size have been shown to be a quick and effective way to determine the
integrity of the neuron as a whole (Diamond, 1967). Because somatic depth measurements are
generally inaccurate with most staining methods, including Golgi-Cox staining, two-dimensional
measures of surface area, max and min diameter and shape are often used in morphological studies
(Uylings et al., 1986; Uylings and van Pelt, 2002; Meijering, 2010).

CA1 pyramidal cells consist of two elaborately branching arborisations that emerge from the
pyramid-shaped soma which are referred to as the basal and apical dendritic trees (see Fig 5.2-B; red
= basal tree, blue = apical tree). The basal dendrites occupy the stratum oriens, and the proximal two
thirds of the apical dendrites occupy the stratum radiatum, whereas the distal third is located in the
stratum lacunosum-moleculare. Both apical and basal dendritic trees are roughly conical (Pyapali et
al., 1998) and the exact size of these neurons depends on species and age. In adult rats the total
length of CA1 neurons from the basal to apical terminal tips is about 900µm and the combined

Neuromorphology

70

length of all dendritic branches from both trees is 12.0 to 13.5 mm (Amaral and Lavenex, 2006). Of
this total length, basal dendrites contribute about 36%, apical dendrites in the stratum radiatum
contribute about 40%, and apical dendrites in the stratum lacunosum-moleculare contribute the
remaining 24% (Bannister and Larkman, 1995a; Ishizuka et al., 1995; Trommald et al., 1995;
Megias et al., 2001). Studies of dendritic morphology in adult rats suggest that CA1 pyramidal
neurons can be broadly classified into two groups on the basis of the dendritic morphology of their
apical trees, although these groups are often classified differently. In this study, CA1 neurons are
classified as ‘monotufted’ when their primary apical dendrite extends for at least 150µm before
bifurcating either in the distal part of the stratum radiatum or in the stratum lacunosum-moleculare.
‘Bitufted’ CA1 neurons have a primary apical dendrite that bifurcates within 150µm of the cell
body, splitting into two separate primary trees. Most other features of these two classes of CA1
neurons are similar, and in most structural studies they are considered as a single morphological
class. In addition, CA1 neurons have a range of shapes and branching configurations, examples of
which are shown in Fig 5.2-C.

Primary apical dendrites are very thick and have somewhere between 9 to 30 dendritic
branches emerging in the stratum radiatum (Bannister and Larkman, 1995a; Pyapali et al., 1998).
Some of these branches that emerge nearer to the cell body can branch multiple times, but the
oblique dendrites that emerge further into the stratum radiatum branch no more than a few times or
not at all, with a typical branch bifurcating just once at a location close to its origin from the apical
trunk. Despite their mostly limited branching, oblique dendrites constitute most of the dendritic
length in the stratum radiatum (Bannister and Larkman, 1995a; Megias et al., 2001). After primary
apical trunks enter the stratum lacunosum-moleculare, the nature of branching changes becoming
more spread out, forming a structure referred to as an apical tuft, which has an average of about 15
terminal branches (Bannister and Larkman 1995a; Trommald et al., 1995). The basal dendritic tree
consists of between two to eight dendrites that emerge from the base of the pyramidal soma. These
dendrites usually branch at least several times and together form a basal dendritic tree that usually
has around 40 terminal segments (Bannister and Larkman, 1995a; Pyapali et al., 1998). The majority
of branching points occur close to the soma, so the terminal segments are quite long, constituting
about 80% of the total dendritic length (Bannister and Larkman, 1995a; Trommald et al., 1995). The
majority of basal dendrites are in the stratum oriens, but ‘lateral basal dendrites’ can also emerge
perpendicular to the soma and can have branches in the stratum oriens, stratum pyramidale or
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stratum radiatum. Although the position of the soma can vary considerably, for most CA1
pyramidal neurons it is located in the stratum pyramidale. Cells with their soma located farther from
this border tend to have more basal terminal dendrites in the stratum oriens and fewer oblique apical
terminal dendrites in the stratum radiatum (Bannister and Larkman, 1995a).

The dendrites of CA1 pyramidal neurons are covered with around 30,000 small membranous
protrusions of various configurations that are called “dendritic spines” (see Fig 5.2-D). Electron
microscopic, immunocytochemical and physiological studies have all converged on the conclusion
that most dendritic spines receive excitatory synaptic inputs, which indicates that spine density can
be used as a reasonable measure of excitatory synapse density (Gray, 1959; Andersen et al., 1966;
Harris et al., 1994; Majewska et al., 2000; Rampon et al., 2000; Megias et al., 2001; Ovtscharoff et
al., 2008). Dendritic spines are not distributed evenly throughout the neuron, and the exact
concentrations in different domains have been carefully quantified (Andersen et al., 1980; Bannister
and Larkman, 1995b; Megias et al., 2001). The density of dendritic spines and synapses on CA1
pyramidal neurons is highest in the stratum oriens and stratum radiatum but lower in the stratum
lacunosum-moleculare. The primary apical trunk is almost devoid of spines for the first 100µm,
after which it becomes encrusted with spines which are most dense in the final 150µm of the stratum
radiatum. Spine density on apical branches is about three spines per micrometer, but is reportedly
more variable within 150µm of the cell body (Woolley et al., 1997; McEwen et al., 1999; Rampon
et al., 2000). Apical branches in the stratum radiatum constitute a large fraction of total dendritic
length and about 47% of all CA1 spines are located on these branches. Together with the spines on
the main apical dendrite, about 54% of all excitatory synapses contact spines in the apical dendrites
in the stratum radiatum (Amaral and Lavenex, 2006). Although branches of the apical tuft contribute
around 20% of total dendritic length, they have a much lower density of spines and only account for
around 6% of total dendritic spines. Basal dendrites that are within 50 µm of the cell body have a
reduced spine density, whereas spines found on the rest of the basal tree have a comparable spine
density to that on apical branches. Basal spines contact around 36% of all excitatory synapses on
CA1 neurons. These variations in spine density highlight the importance of defining strict
parameters around which regional spine counts are taken. Dendritic spines are highly dynamic and
come in a variety of shapes, which will be covered in the next section.
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Fig 5.2: Hippocampal CA1 neuromorphology, and the dorsal CA1 regions used in the current study. A)
Indicates the CA1 regions in coronal slices of the hippocampus that are used in this study. Numbers indicate the
plates from Paxinos and Watson’s (1998) ‘The Rat Brain’. The first plate (32) is located at Bregma -3.14 and
the last plate (41) is located at Bregma -5.30, covering a total distance of 2.16mm. B) A 3D model of an adult rat
CA1 pyramidal neuron from this study. The basal dendritic tree is indicated in red, and the apical dendritic
tree is indicated in blue. The layers of the CA1 region are also shown; the basal tree inhabits the stratum oriens
(s.o.); the cell body is located in the stratum pyramidale (s.p.); the majority of the apical tree is in the stratum
radiatum (s.r.); the apical tuft is located in the stratum lacunosum-moleculare (s.l.m.). C) Line drawings of CA1
pyramidal neurons illustrating the diversity of their dendritic structure. The dashed line represents the
hippocampal fissure (h.f.). Bar = 500 µm (adapted from Amaral and Lavenex, 2006). D) 3D reconstructions of
apical dendritic segments from the stratum radiatum illustrating the density of dendritic spines and their
diverse structure, Bar = 1µm (adapted from Amaral and Lavenex, 2006).

5.3 The Dynamics of Spine Morphology
Dendritic spines come in a wide diversity of shapes and sizes. Although quantitative analysis of
spine shapes does not indicate clear groups of spines (Trommald and Hulleberg, 1997), spines have
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been categorized into thin, stubby and mushroom subtypes (See Fig 5.3; Harris et al., 1992; Sorra et
al., 2000). Thin spines are long, narrow protrusions terminating in a small, sometimes bulbous head
and are the most numerous dendritic spine in adults. Mushroom spines have a narrow neck and a
large, bulbous head. Stubby spines are small protrusions lacking a clearly distinguishable neck and
a head. Thin “learning-spines” and mushroom “memory spines” (Kasai et al., 2003; Bourne and
Harris, 2007) have received most of the attention of plasticity laboratories. Other types of spines that
are often categorized include: filopodia, which are more abundant in the developing brain (Harris et
al., 1992) and are long narrow protrusions that do not terminate in a head; branched spines are a rare
type of spine that consists of a branching neck that terminates in two bulbous heads, each of which
receives synaptic input from different axons (Amaral and Lavenex, 2006). Different types of spines
are not specifically localized to any particular region of the CA1 dendritic tree but can be found in
close proximity on virtually any dendritic branch.

Fig 5.3: Examples of thin, mushroom, and stubby spines as they were designated using the classification criteria
employed in the current thesis (adapted from Mestrallet, 2010).

Learning induced changes may not just reflect increases in spine density due to the growth of
new spines, but changes in the structure of existing spines may also indicate possible substrates of
synaptic plasticity in the hippocampus (Geinisman, 2000; Popov et al., 2004). The morphology of
dendritic spines is highly plastic in the developing brain and may change in response to
neurotransmitter receptor activation or environmental and hormonal signals (Hering and Sheng
2001; Bonhoeffer and Yuste, 2002; Nikonenko et al., 2002; Nimchinsky et al., 2002). In the mature
brain spines tend to stabilize (Holtmaat et al., 2005), but a small proportion continue to undergo
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change, especially in regions of the brain capable of experience dependent plasticity such as the
CA1 region of the hippocampus. Transient spines that emerge and disappear over a few days are
thin spines, whereas mushroom spines tend to be persistent, and even in the developing brain can
last for months (Trachtenberg et al., 2002; Zuo et al., 2005). Mushroom spines have larger
postsynaptic densities (PSDs) which enable them to anchor more AMPA glutamate receptors
resulting in functionally stronger synapses (Ganeshina et al., 2004a, 2004b; Nimchinsky et al., 2004;
Ashby et al., 2006). Mushroom spines are more likely to contain endoplasmic reticulum than thin
spines, enabling them to regulate calcium locally (Spacek and Harris, 1997), and spines that have
larger synapses are also more likely to contain polyribosomes for local protein synthesis (Ostroff et
al., 2002). In addition, only larger spines have perisynaptic astroglial processes, which provide
synaptic stabilization and regulate levels of glutamate and other substances (Haber et al., 2006;
Witcher et al., 2006). A small percentage of mushroom spines may also be multisynaptic meaning
they are capable of synapsing with more than two axons (Popov and Stewart, 2009). These structural
features have led to the suggestion that mushroom spines are more stable ‘memory spines’, and may
represent physical substrates of long-term memories (Kasai et al., 2003; Bourne and Harris, 2007).
This contrasts to the more frequent generation and elimination of transient thin spines in response to
different levels of synaptic activity (Holtmaat et al., 2006; Yang et al., 2008). Thin spines have
smaller PSDs that contain NMDA receptors but few AMPA receptors, making them ready to
strengthen the postsynaptic response by the addition of more AMPA receptors (Matsuzaki et al.,
2001; Ganeshina et al., 2004a, 2004b; Nimchinsky et al., 2004; Ashby et al., 2006). Therefore, thin
spines maintain structural flexibility, enabling them to enlarge and stabilize or shrink and dismantle
depending on whether they are required to accommodate new, enhanced, or recently weakened
inputs. These properties have led some researchers labeling thin spines as ‘learning spines’ because
they are more likely to respond to activity dependent plastic changes (Kasai et al., 2003; Holtmaat et
al., 2005; Zuo et al., 2005; Bourne and Harris, 2007).

5.4 The Synaptic plasticity of CA1 neurons
Experience dependent plasticity in the hippocampus has been extensively studied, and has been
enhanced by two photon imaging techniques that allow the in vivo examination of spines. Like the
parallel study by Dumont et al. (2012), one hypothesis of the current thesis is that disruption of the
mechanisms of plasticity may underlie the covert pathology in the hippocampus as a result of ATN
lesions. In the current thesis the primary aim is to examine whether changes to this covert pathology
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is likely related to recovery of episodic-like memory function after therapeutic interventions such as
environmental enrichment (Loukavenko et al., 2007).

This section summarizes studies that used long term potentiation to induce activity
dependent plasticity in CA1 pyramidal neurons. Although measures of synaptic transmission were
beyond the scope of the current thesis, a parallel study undertaken at the University of Otago aimed
to look at whether ATN lesions or enrichment would affect intrinsic membrane properties and
excitability of hippocampal CA1 cells. Long-term potentiation (LTP) is an enduring enhancement of
synaptic transmission that is thought to be the cellular correlate of learning and memory (Morris et
al., 1990; Kandel, 2001; Tonegawa et al., 2003; Abraham, 2008). Its counterpart, long-term
depression (LTD), shares some mechanisms with LTP and has been implicated in hippocampal
learning and memory (Kemp and Manahan-Vaughan, 2004; Etkin et al., 2006; Abraham, 2008).
Experimental LTP induction is considered a cellular correlate of learning and memory that converts
‘learning spines’ into ‘memory spines’, whereas LTD may convert ‘memory spines’ back to
‘learning spines’ (Bourne and Harris, 2007). Although it is unclear how much LTP induction is
analogous to actual learning, some studies suggest that learning triggers LTP in the hippocampus
(McKernan and Shinnick-Gallagher, 1997; Whitlock et al., 2006). The property of synapses to
undergo both LTP and LTD seems essential to enable the brain to store vast amounts of information.
Bidirectional plasticity enables the network to increase its computing power and processing ability
by many-fold (Bliss and Collingridge, 1993; Malenka and Bear, 2004; Abraham, 2008). LTP can be
induced by many conditioning paradigms, usually consisting of high-frequency stimulation (Bliss
and Collingridge, 1993; Liao et al., 1995), whereas LTD is induced by repetitive low-frequency
stimulation (Dudek and Bear, 1992). A more detailed description of LTP and other forms of
synaptic plasticity is beyond the scope of this thesis, but can be found in Abraham (2008), Neves et
al. (2008), and Anderson et al.’s (2007) “The Hippocampus Book”, in chapter 9 : Structural
Plasticity, and chapter 10 : Synaptic Plasticity in the Hippocampus.

Most studies that looked at LTP have examined the immature hippocampus, and have found
that spine head volume is increased in both large and small spines, which is followed by an
accumulation of AMPA receptors at the synapse (Lang et al., 2004; Matsuzaki et al., 2004; Kopec et
al., 2006; Park et al., 2006; Yang et al., 2008; Fortin et al., 2010; Lushnikova et al., 2011). LTP also
induces the mobilization of endosomes and vesicles, and amorphous vesicular clumps into spines
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within minutes (Park et al., 2006). The authors suggested that amorphous vesicular clumps provide a
source of plasma membrane for spine enlargement and recycling endosomes and vesicles probably
transport AMPA receptors. Blocking the activity of recycling endosomes prevented spine formation
or enlargement (Park et al., 2006). Two hours after the induction of LTP, polyribosomes redistribute
into the heads of dendritic spines that have enlarged synapses (Ostroff et al., 2002). A transient
decrease in the levels of F-actin that occurs shortly after LTP induction is thought to enable the
transport of polyribosomes and other plasticity-related proteins into the potentiated spines (Ouyang
et al., 2005). After the transient decrease, a rapid polymerization of F-actin levels occurs in order to
stabilize and sustain spine enlargement (Lin et al., 2005). LTP also stimulates the production of new
dendritic spines, and these new spines also undergo enlargement if LTP is continued (Engert et al.,
1999; Maletic-Savatic et al., 1999). LTP induced a pronounced increase in glial coverage of both
pre- and postsynaptic structures suggesting that glia can participate in activity-induced structural
synapse remodeling (Lushnikova et al., 2009). Interestingly, different regions of the CA1 dendritic
tree may react differently to LTP and LTD. High frequency stimulation resulted in longer-lasting
forms of LTP in the proximal and distal parts of apical dendrites, whereas low-frequency stimulation
induced longer-lasting LTD in distal but not proximal parts (Parvez et al., 2010).

LTP induction in the mature hippocampus, usually harvested from young rats, also produces
structural synaptic plastic changes. The proportion of perforated and complex PSDs is increased one
hour after induction of LTP (Popov et al., 2004). Polyribosomes are increased in the dendritic
spines of CA1 neurons two hours after the induction of LTP, which contributes to them having
enlarged synapses (Bourne et al., 2007). Six hours after LTP induction in the dentate gyrus, the
volume and area of thin and mushroom spines increased, with stubby spines transforming into thin
dendritic spines, and mushroom spines changing only in shape and volume (Popov et al., 2004). As
serial section transmission electron microscopy has shown that PSD size is perfectly correlated with
the size of the presynaptic bouton and the number of vesicles it contains (Harris et al., 1992), it is
logical to assume that at some point there is an enlargement of the presynaptic active zone and an
increase in the number of presynaptic vesicles (Bourne and Harris, 2007). Dense core vesicles
transport components of the presynaptic active zone and enable rapid formation or enlargement of
the active zone in parallel with PSD enlargement in the developing brain, and have also been found
in mature presynaptic axons after synapotogenesis (Shapira et al., 2003). Blocking synaptic
transmission in the mature hippocampus resulted in the proliferation of stubby spines and filopodia
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that are usually more abundant in the developing brain, providing numerous candidate presynaptic
partners in the vicinity of the mature dendrites (Petrak et al., 2005). Knockout mice studies have
shown that N-cadherin is a critical protein involved in the stability of coordinated spine enlargement
and LTP at mature CA1 synapses (Bozdagi et al., 2010), and that Kalirin-7 plays a key role in
excitatory synapse formation and function (Ma, 2010). The relevance of the latter observations is to
suggest molecular markers that could be investigated in future studies involving ATN lesions and
enriched environments.
The studies discussed have mostly examined the effect of LTP on individual spines and
synapses. However, physiological recording and functional imaging studies suggest that multiple
dendritic spines along a single dendritic segment might function together as a computational unit
(Gray et al., 2006; Losonczy and Magee, 2006; Tsuriel et al., 2006; Harvey and Svoboda, 2007; De
Roo et al., 2008; Harvey et al., 2008; Losonczy et al., 2008; Rose et al., 2009; Zhong et al., 2009). In
addition, polyribosomes are located every 1-2µm along the lengths of both immature and mature
hippocampal dendrites, meaning that they are interspersed among 4-10 dendritic spines (Ostroff et
al., 2002; Bourne et al., 2007). Recycling and endosomal organelles that are critical for synaptic
function occur at a lower frequency than one per spine, and may serve to coordinate structural
plasticity along dendritic segments of about 10µm in length (Spacek and Harris, 1997; Cooney et al.,
2002; Park et al., 2006). On average, inhibitory synapses only occur far less frequently, once every
5–10µm along the shaft of CA1 dendrites (Megias et al., 2001) and likely modulate synaptic
function among many dendritic spines. Therefore, analysis of whole dendritic segments could reveal
coordinated structural changes among several synapses along a segment of dendrite during LTP.
The above observations have influenced the methodology used in the current study as spine density
counts were taken from segments of CA1 dendrite (between 20 and 25µm in length) and will be
measured in terms of number of spines per 10µm.

Bourne and Harris (2011) used a form of LTP called theta-burst stimulation (TBS) to examine
the timing and extent of structural synaptic plasticity and changes in local protein synthesis
evidenced by polyribosomes at both excitatory and inhibitory synapses on CA1 dendrites from
mature rats. Bourne and Harris suggest that TBS better resembles the endogenous neuronal firing
patterns in the hippocampus and should more closely mimic the circumstances of LTP induction
under conditions of learning. Segments of dendrites in the path of TBS stimulation were compared
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to those receiving only control stimulation outside the domain of TBS-LTP. At 5 min after TBS,
polyribosomes were elevated in large spines suggesting an initial burst of local protein synthesis,
and by 2 hours only those spines with further enlarged synapses contained polyribosomes. A rapid
induction of synaptogenesis was evidenced by an elevation in asymmetric shaft synapses and stubby
spines at 5 min and an increase in nonsynaptic filopodia at 30 min. Two hours after induction, the
smallest synaptic spines were markedly reduced in number. This synapse loss was perfectly
counterbalanced by enlargement of the remaining excitatory synapses such that the summed
synaptic surface area per length of dendritic segment was constant across time and conditions. In
addition, inhibitory synapses showed a parallel synaptic plasticity, also demonstrating a decrease in
number perfectly counterbalanced by an increase in synaptic surface area. Thus, TBS induction
triggered spinogenesis followed by loss of small excitatory and inhibitory synapses and a subsequent
enlargement of the remaining synapses after 2 hours. These results suggest that dendritic segments
coordinate structural plasticity across multiple synapses and maintain a homeostatic balance of
excitatory and inhibitory inputs through local protein-synthesis and selective capture or
redistribution of dendritic resources (Bourne and Harris, 2011).

5.5 Neuromorphology of the Retrosplenial Cortex
As stated earlier, the retrosplenial cortex (RSC) has been implicated as a primary area of covert
pathology associated with diencephalic damage in animal studies (Jenkins et al., 2000a, 2000b,
2004; Poirier and Aggleton, 2009; Vann and Albasser, 2009; Dumont et al., 2012). Reduced RSC
activity has also been found in patients with temporal lobe or diencephalic amnesia (Fazio et al.,
1992; Joyce et al., 1994). In addition, RSC hypoactivity has been found to be the earliest metabolic
decline in mild cognitive impairment which is the prodromal stage to Alzheimer’s disease
(Minoshima et al., 1997; Villain et al., 2008). This hypoactivity could be a secondary response to
atrophy in other sites such as the hippocampus or anterior thalamic nuclei (ATN) and/or constitute
primary atrophy to the RSC itself (Vann et al., 2009a). Within the RSC, the focus of
neuromorphological analysis in this study will be the retrosplenial granular b region (Rgb). Lesions
of the Rgb but not the Rga are sufficient to produce spatial deficits in the Morris water maze (Van
Groen et al., 2004). Selective dysgranular region (Rdg) lesions impaired radial-arm maze
performance by making the rats less reliant on distal visual cues and more reliant on using a motor
turning strategy to solve the task (Vann and Aggleton, 2005). Rdg lesions may be associated more
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with disruption of visual inputs to the RSC than an episodic-like spatial deficit (Vann and Aggleton,
2005; Pothuizen et al., 2010).
Bilateral ATN lesions produce the most dramatic reduction in c-Fos levels in the Rgb,
compared to other cortical sites, 4-6 weeks after the surgery (Jenkins et al., 2002b). This decreased
c-Fos count was largely due to reductions of Fos in the superficial layers (I-III) of the Rgb, with
layer II and upper III showing the most extreme loss (80% plus) (Aggleton, 2008). As a result of
bilateral ATN lesions, Nissl-stained cell density in the Rgb and Rdg was elevated both 4 weeks and
1 year after surgery. Four weeks after surgery the rats with ATN lesions also had increased cell
sizes, and altered cell sphericity in the Rgb and Rdg (Poirier and Aggleton, 2009). These findings
suggest that the superficial layers (I-III) are of particular interest for neuromorphological analysis in
the present study. The rat RSC is dominated by its reciprocal connections with the ATN, the lateral
dorsal thalamic nuclei and the hippocampal formation. The Rgb has extensive reciprocal
connections with the anteroventral and anterodorsal divisions of the ATN, as well as less extensive
reciprocal connections with the anteromedial nuclei. The RSC also has prominent reciprocal
connections with the subiculum, presubiculum, parasubiculum, and postsubiculum, as well as the
laterodorsal and lateroposterior thalamic nuclei. For a more detailed description of RSC connections
relevant to this study, see Chapter 2.9. The Rgb region in rats is extensive and begins at ~ Bregma 1.60mm and extends most of the way through the brain before terminating at ~ Bregma -7.80. Fig
5.5 indicates the areas of the Rgb used for neuromorphological analysis in the current thesis which
was in the mid-RSC, between ~ Bregma -4.16 and Bregma -5.20.
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Fig 5.5: The Rgb regions in coronal slices of the
hippocamapus that are used in this study. First numbers
indicate the plates from Paxinos & Watsons (1998) ‘The
Rat Brain’. Second number indicates approximate
distance from Bregma. Total Distance is approx. 1mm

The Rgb consists of layers I and II, undifferentiated layers III-IV, and layers V and VI (Vogt
and Gabriel, 1993). Layer I can be of variable size depending on the location in the brain and
contains apical dendrites from the other layers but is mostly devoid of cell bodies. Layer II extends
approximately 40µm and is very neuron dense, consisting of fusiform pyramidal neurons which
have small basal and apical trees of approximately the same size and round granular cell bodies (See
Fig 5.6-A). The adjacent layer III is larger (80µm) but is sparse in comparison to layer II, containing
some fusiform pyramidal neurons. Layer III also contains neurons with larger elongated cell bodies
and skirted dendrites and ascending axons, although these cells are also less commonly found in
adjacent layers (Vogt and Gabriel, 1993). Layer IV is a small (40µm) sparsely populated region that
has several types of small pyramidal neurons (See Fig 5.6-B), although these are also infrequently
found in the preceding layers. The apical dendrites of these neurons project through layers II and III
and form an apical tuft in layer I. These dendrites can be lightly or moderately spine dense (Vogt
and Gabriel, 1993). Layer V is a much larger region that extends for at least 300µm and is
sometimes divided into Va and Vb in some studies. Layer Va has two varieties of medium sized
pyramidal neurons (shown in Fig 5.6-C), whereas layer Vb has large pyramids. The neurons in layer
V of the rat are thin, lancet-shaped, and densely packed. Medium and large pyramidal neurons have
extensive basal dendritic trees in layer V and an apical dendrite that passes through layers III and IV
with heavy spine densities and few or no oblique dendrites (Vogt and Gabriel, 1993). In layer II the
apical dendrites have a reduced spine count which is increased to a moderate level in the extensive
arborisation of the apical tuft in layer I. Rgb pyramidal cells in layer Va show strong trkB
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expression, which when reduced is associated with dendritic atrophy and decreased spine
density(Ampuero et al., 2007). TrkB is the predominant receptor for the brain-derived neurotrophic
factor (BDNF) protein which has been associated with plasticity after exercise and also exposure to
an enriched environment (Ickes et al., 2000; Puurunen et al., 2001; Min-Wook et al., 2005). BDNF
and enrichment will be discussed in more detail in the subsequent chapter. Layer VI is smaller
(80µm) and is sparsely populated by polygonal-shaped neurons.

Fig 5.6: Examples of pyramidal neurons in layers
II-V of the retrosplenial granular b region. A)
fusiform pyramidal neurons are dense in layer II but
can also be found in layer III. B) Several different
varieties of small pyramidal neurons can be found
in layer IV. C) The lower half of layer V contains
medium-sized Pyramidal neurons that come in
several varieties (adapted from Vogt and Gabriel,
1993).

5.6 Neuromorphology of the medial Prefrontal Cortex
The prefrontal cortex (PFC) is the anterior part of the frontal lobes of the brain which has been
implicated in planning complex cognitive behavior, personality expression, decision making and
moderating social behavior (Yang and Raine, 2009). The PFC in the mammalian brain is generally
defined as the cortical area that receives reciprocal projections from the mediodorsal thalamic nuclei
(Uylings et al., 2003), although this description may be too restrictive for species such as the rat
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(Kesner and Churchwell, 2011). In the rat, the medial PFC is subdivided into three cytoarchitectonic
sub-areas including the infralimbic (IL), prelimbic (PL), and anterior cingulate cortex (Ray and
Price, 1992; Ongur and Price, 2000). Each of these sub-areas has specific cortical and sub-cortical
connections (Vertes, 2004) and distinct physiological functions (Heidbreder and Groenewegen,
2003). Although the regional specialization of the PFC in rats remains an area of active debate, the
dorsal PFC consisting of the anterior cingulate cortex has been linked to both motor behaviour and
memory consolidation (Frankland and Bontempi, 2005). The ventral region (IL and PL) has been
associated with working memory for objects and places, temporal order for object and places,
prospective coding, object-place associations, cross-modal reversal learning, delay discounting, and
uncertainty-based decision making (Kolb, 1990; Heidbreder and Groenewegen, 2003; also see
review by Kesner and Churchwell, 2011). The ventral IL is regarded as primarily a visceromotor
center as stimulation results in changes in respiration, gastrointestinal motility, heart rate and blood
pressure (Terreberry and Neafsey, 1987). The PL serves a direct role in limbic/cognitive functions
and is presumed to be homologous to the dorsolateral prefrontal cortex of primates which is
involved in higher order processes including decision-making, goal-directed behavior, and working
memory (Petrides, 1995, 1998; Vertes, 2004).

The PL is the region of the PFC that will be the third focus of neuromorphological analysis
in the present study. Anatomical studies have shown that the PL has extensive connections with
non-thalamic brain regions including the CA1 and subicular regions of the hippocampus via the
reunions and rhomboid thalamic nuclei. The PL also has connections with the agranular insular
cortex, claustrum, nucleus accumbens, olfactory tubercle, the capsular part of the central nucleus,
the basolateral nucleus of the amygdala, and the dorsal and median raphe nuclei of the brainstem
(Vertes, 2004). Both the PL and IL have the same projections to the thalamus including dense
projections to the paratenial, paraventricular, anteromedial (AM), interanteromedial, mediodorsal,
intermediodorsal, reuniens, and central medial nuclei of the thalamus, and moderate projections to
the parafascicular and rhomboid nucleus. The prefrontal cortex is a primary output of ‘the extended
hippocampal system’ and is also a part of an extended perirhinal system presumed to mediate
familiarity (see Fig 2.2; Aggleton and Brown, 1999). The PL also has extensive reciprocal
connections with the AM sub-component of the anterior thalamic nuclei. An important role of the
AM may be to interact with the direct projections from the subicular and CA1 regions of the
hippocampus to the PL region of the prefrontal cortex (Aggleton et al., 2010).
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Lesions to the PL region produce deficits in delayed response tasks such as delayed
alternation and delayed matching and non-matching to sample tasks that are comparable to the
deficits produced by lesions to the whole prefrontal cortex (Shaw and Aggleton 1993; Kesner et al.,
1996; Floresco et al., 1997; Ragozzino et al., 1998). Bilateral inactivation of the PL produced severe
deficits in the delayed version of an eight arm maze task, and subsequently these same deficits were
produced by disconnecting the hippocampus from the PL (Floresco et al., 1997). As mentioned
previously, the PL is also part of a neural circuit that includes the mediodorsal thalamic nuclei and
the ventral basal ganglia which may also be responsible for reward value memory and the
anticipation of rewarding or reinforcing events (Mitchell and Dalrymple-Alford, 2005).

The PL region in rats emerges at around Bregma +4.70 and extends to approximately
Bregma +2.20. The posterior part of the PL will be investigated in the current study, between
Bregma +3.20 and Bregma +2.20, as indicated by Fig 5.7-A. The PL region consists of layers I and
II, and layers III and V, there are no layers IV and VI in this region of the cortex (See Fig 5.7-B).
Layer I can be of variable size even along the same coronal section and contains apical dendrites
from the other layers but is mostly devoid of cell bodies. Layer II, like the retrosplenial cortex
(RSC), is very neuron dense but is slightly larger and also contains fusiform pyramidal neurons.
Layer III is also more extensive than in the RSC and in the neighboring IL (Perez-Cruz et al., 2007),
and though it is sparsely populated it contains pyramidal neurons which have extensive basal
dendritic trees in layer III and apical dendrites that extend back through layer II and tuft in layer I
(see Fig 5.7-C). Layer III pyramidal somata are visible by transillumination and tend to be smaller
than layer V somata (Perez-Cruz et al., 2007). Although layers II and III are undifferentiated,
pyramidal cells in layer III can be consistently found at a depth of about 400μm from the pial
surface (Gabbott and Bacon, 1996). Layer V is extensive (See Fig 5.7-B) and is densely packed with
larger pyramidal neurons that have extensive basal trees in layer V, and apical trees that pass
through layers II and II before forming an apical tuft in layer I (See Fig 5.7-D).
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Fig 5.7: A) Indicates the PL regions in coronal slices of the hippocampus that are used in this study. Numbers on
left indicate the plates from Paxinos and Watson’s (1998) ‘The Rat Brain’. Numbers on right indicate approx.
distance from Bregma, covering a total distance of 1mm. B) Boundaries of the PFC sub-areas in the rat visualized
with two different antibodies, Parvalbumin (PV) and NeuN (adapted from Perez-Cruz et al., 2007). C) Example
of an intracellularly labeled (left) and reconstructed (right) layer III pyramidal neuron of the medial PFC,
relative position of cortical layers is indicated. Scale bar: 100µm (adapted from Perez-Cruz et al., 2007). D)
Example of a reconstructed layer V pyramidal neuron of the medial PFC (adapted from Zhang et al., 2004).
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Chapter 6
Environmental Enrichment and Recovery of Function
Exposure to an enriched environment (EE) has been shown to improve performance in learning and
memory tasks in rats (Renner and Rosenzweig, 1987). These increases in performance are
associated with neurochemical changes as well as enhanced neural plasticity in the form of
increased spine density, dendritic branching and length in pyramidal cells of the cortex and
hippocampus (Rampon et al., 2000; Ip et al., 2002; Leggio et al., 2005; Kozorovitskly et al., 2005).
The concept of environmental enrichment will be examined in this chapter with an emphasis on EE
as a therapeutic tool to promote recovery of function and produce behavioural and morphological
gains in animal models of brain damage.

6.1 Environmental Enrichment
Although Hebb (1949) postulated that environment and experience can influence brain structure and
function, it was not until the sixties and seventies when a major shift occurred in beliefs about brain
plasticity, and more specifically about the effects of environment on brain development and
adaptation. Animal research emerging primarily from Will et al. (1976) in the late seventies showed
that the environment may have a role in treating brain-damaged subjects which resulted in a
substantial body of new research that examined environmental enrichment as a therapeutic tool
(Greenough et al., 1976; Jones and Smith, 1980). Rozenzweig and colleagues were responsible for
much of the early research that explored the effects of EE on cognition and brain chemistry using
housing conditions that are still commonly used today in enrichment experiments (Rosenzweig et
al., 1962; Rosenzweig et al., 1968; Bennet et al., 1974). In the standard housing condition, rats were
housed in groups of 3-6 per standard cage without objects. In the EE conditions, the rats were
housed in much larger groups of 8-12 animals per large cage, which provided numerous objects and
an increased opportunity for social interaction. Furthermore, the variety of objects (boxes, ladders,
cups, tubes) were changed daily and provided opportunities for sensory and motor stimulation. In
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many early experiments an impoverished environment condition was used in which a rat was housed
in isolation in a small cage, with no objects. Housing rats in isolation was common place and
remains a typical feature even today when rats (or mice) have received an experimental brain injury.

While enriched environments generally consist of a combination of increased social
interaction, cage equipment and space, they often vary considerably between laboratories (Simpson
and Kelly, 2011). In an experimental setting, an enriched environment is ‘enriched’ in relation to
standard laboratory housing conditions. In general, the ‘enriched’ animals are kept in larger cages
and in larger groups with the opportunity for more complex social interaction. The variability in the
complexity of the environment reflects the variety and frequency of change of tunnels, nesting
material and toys, and (often) food locations. In addition, animals are often given the opportunity for
voluntary physical activity on running wheels (Van Praag et al., 2000). The consequences of
enrichment are produced by “a[n explicit] combination of complex inanimate and social
stimulation” (Rosenzweig et al. 1978). Numerous studies controlling for individual factors such as
socialization, general activity and voluntary exercise, have failed to produce the same outcome as
enrichment (Bernstein, 1973; Rosenzweig et al., 1978). Therefore the behavioural and
morphological effects of enrichment are believed to be derived by a combination of these factors. As
indicated, however, the comparison of enrichment studies is often complicated by the variety of
enrichment paradigms employed by different research groups (Hoffman et al., 2008). Specifically,
the amount of toys, climbing and nesting materials, and opportunities to hide and take cover varies
amongst studies (Kempermann et al., 1997; Paban et al., 2005; Simpson and Kelly, 2011). Perhaps
equally as important, enrichment components are often rearranged or exchanged in different
quantities and in different time intervals or not at all (Leggio et al., 2005; Paban et al., 2005).

Given this variability in the literature, an important feature of the current study was to use a
standardized enrichment regimen that has been produced by our laboratory (see Fig 6.1). In addition,
multiple copies of cages and objects have been sent to a consortium of four other laboratories
worldwide that are also conducting related research on enriched environments (Dunedin, Cardiff,
Bordeaux, and Strasberg). Standardized enrichment will ensure that rats in different enrichment
cages within the experiments experience the exact same combinations of objects. Thirteen novel
objects are introduced into the environment each day, with no object being reintroduced less than
three days later. Every eighth day there will be no objects in the cage to emphasise change and help
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reinvigorate interaction with objects. A total of 78 different objects were used which range widely in
size and complexity. Objects used on each day and their configuration were pre-planned and unique
for each day (Fig 6.1) with some days consisting of only one type of similar object (eg. tunnels or
metal objects). Additional detail about the specific enrichment regimen used in this study is
available in the method section of chapter 8.

Although some studies have investigated the impact of pre-operative enrichment on recovery
from brain damage or age-related neural changes, the main focus in this chapter is on the effects of
post-operative experiences on recovery after brain injury. This approach was adopted because
modifying the environment post-operatively as a therapeutic procedure is more relevant for clinical
purposes than a pre-operative manipulation (Will et al., 2004). In addition, studies that have looked
at the neuromorphological correlates of enrichment will be examined. Across the last three decades
Will and colleagues have systematically reviewed the field on environmental enrichment (Will,
1981; Dalrymple-Alford and Kelche, 1985; Will and Kelche, 1992; Will, et al., 2004). The reviewed
evidence clearly points to the fact that enrichment often, but not in every instance, has a positive
effect on recovery from brain damage. A few studies have documented adverse effects, although the
results were mixed with both negative and either neutral or positive effects observed depending on
the task used (see Will and Kelche, 1992 for review). The prevalence of studies that demonstrated at
least no deleterious effect led Will and colleagues (2004) to conclude that enrichment is a low risk
therapeutic tool, but the effectiveness of enrichment in reversing the behavioral effects of brain
damage is still debated.

Environmental Enrichment

Fig 6.1: An example of the systematic enrichment used in the current study. Each day consists of a
different combination of objects and a different unique configuration of those objects.
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Environmental Enrichment as a Therapeutic Tool

Over the last 30 years, studies have provided a large body of evidence that exposure to an EE can
induce behavioural effects. These EE studies have included animals with various kinds of brain
damage, a range of differential exposure periods, a variety of behavioral testing situations, and have
employed various rat strains and other species of varying age and gender. While most of the early
studies used rats, mice and occasionally rabbits, subsequent studies have used other species such as
non-human primates, cats, gerbils, deer-mice and chickadees (Cornwell and Overman, 1981; Feeney
et al., 1982; Hovda and Feeney, 1984; Lovely et al., 1986; Mohammed et al., 2002). Post-operative
enrichment facilitates learning in the Hebb-Williams maze in both normal kittens and kittens with
neonatal lesions of the marginal and posterolateral gyri (Cornwell and Overman, 1981). In both cats
and monkeys enrichment prevented the development of unilateral vestibular neurectomy (Lacour,
1984, cited in Will and Kelche, 1992). Enrichment was also shown to be more important in
promoting recovery in squirrel monkeys than simple motor training (Plautz et al., 2000). Exercise is
generally not as effective as enrichment especially in terms of promoting spatial learning (Black et
al., 1990; Kleim et al., 1996, 1997; Gomez-Pinilla et al., 1998), which suggests that the social
component afforded by the EE is critical. Only a few studies have examined the impact of the social
component on its own (Einon et al., 1980; Finger and Stein, 1982) and although both social housing
and environmental enrichment improved the performance of rats with hippocampal lesions on a
radial maze task, this improvement was greater when social grouping and physical complexity were
combined (Einon et al., 1980). Will and colleagues (Will et al., 1986) found that introducing
different objects into the cages of isolated rats was sufficient to produce behavioral changes in
hippocampal lesioned rats on tasks of reaction to a novel environment and to novel objects.
Neuronal morphology studies identified that the combination of social and physical complexity
resulted in increased thickness in the rats’ cortex in comparison to the effects of each condition on
its own (Diamond, 1988). In summary, the balance of evidence suggests that the full effect of
environmental enrichment requires a combination of the social component, exposure to new
stimulus objects, and the opportunity to exercise in a larger cage.

A range of different exposure periods have been used in environmental enrichment studies.
Early experiments that examined the impact of an EE on brain weight in intact rats maintained postweaned rats in an environment from 25 to 105 days as there was no available data on how long it
would take to create chemical and structural changes in the brain. Rosenzweig and colleagues found
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that exposure to 30 or 80 days of EE produced changes in cortical thickness but these changes were
greater with a 30 day exposure (Bennett et al., 1964; Diamond et al., 1964). Following these
experiments, the length of the exposure period was reduced from 80 days to 30 days, then 15 days, 7
and even 4 days (Diamond et al., 1976). At each of these intervals, animals housed in EE’s showed
increases in cerebral thickness in some areas, but not others. For example, 80 days exposure did not
induce changes in somatosensory cortices while the 30 day exposure did. The occipital cortex
showed some of the largest changes, after both 30 and 80 days exposure, but the gains were larger at
30 days (Bennett, et al., 1964). Bennett and colleagues (1964) suggested that the lengthy exposure
may possibly become monotonous with its effects decreasing over time. One early study also
suggested that a few hours of exposure to EE per day results in similar alterations in
neurotransmitters and brain weight as continuous 24hr/day exposure (Rosenzweig et al., 1968), and
later experiments indicated that as little as 4 days of environmental complexity can be sufficient to
induce altered dendritic morphology in the occipital cortex (Wallace et al., 1992). The majority of
studies that specifically focus on post-operative enrichment use 30 or 40 days of continuous
enrichment, although longer durations of 60 and 90 days, as well non-continuous exposure for just
several hours a day, have been used with comparable success (Zolman and Morimoto, 1962;
Diamond et al., 1964; Rosenzweig et al., 1968; Turner and Greenough, 1985; Diamond, 1988; Kolb
and Gibb, 1991; Bindu et al., 2005). There is some evidence that changes may be more evident
when introduced during “active” rather than relatively “inactive” periods of the diurnal cycle
(Rönnbäck et al., 2005a). Positive effects of EE on behaviour have even been shown when the
introduction to the EE was delayed 275 days after basal forebrain lesion (Paban et al., 2005).
Exposure to an EE has been shown to have beneficial effects on recovery after acute brain
damage is incurred to a variety of regions. Behavioural recovery has been observed after visual
cortex (Cornwell and Overman, 1981; Delay, 1988), sensory motor cortex (Christie and DalrympleAlford, 1994), widespread cortical (Schwartz, 1964; Rose et al., 1987, 1988), basal forebrain (De
Bartolo et al., 2008; Fréchette et al., 2009), hippocampal (Einon et al., 1980; Pacteau et al., 1989;
Galani et al., 1997, 1998), hypothalamic (Wolgin and Teitelbaum, 1978), reticular thalamus (Sauro
et al., 2001), subiculum (Bindu et al., 2005), cerebellar (Foti et al., 2011), striatum (Auriat and
Colbourne, 2009; Gornicka-Pawlak et al., 2009), medial prefrontal cortex (Waddell et al., 2000),
and fimbria-fornix (van Rijzingen et al., 1997) lesions. Of particular relevance, our laboratory has
also shown that post-operative enrichment in rats with anterior thalamic nuclei lesions ameliorated
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spatial working memory deficits in a cross-maze and reference memory in the water maze
(Loukavenko et al., 2007; Wolff et al., 2008). These ATN studies will be examined in more detail in
the next section.

EE has also been shown to facilitate recovery of cognitive abilities or motor impairments in
animal models of Huntington’s, Alzheimer’s and Parkinson’s diseases (for a review, see
Nithianantharajah and Hannan, 2006). Exposure to an EE delayed the onset of motor symptoms in
the Huntington’s disease transgenic R6/1 model and in the more severe R6/2 model, exposure to EE
was associated with rescued levels of BDNF (brain-derived neurotrophic factor) in the striatum and
hippocampus (Ferrer et al., 2000; Van Dellen et al., 2000; Zuccato et al., 2001; Spires et al., 2004).
Long term exposure to an EE resulted in improvements in working memory, reference learning, and
recognition/identification, and in some cases also resulted in decreased amyloid deposition in the
mouse model of Alzheimer’s disease (Arendash et al., 2004; Lazarov et al., 2005). In Parkinson’s
disease models, rats exposed to an enriched environment showed improved motor function and
increased glial cell line-derived neurotrophic factor (GDNF) expression and a decreased loss of
dopaminergic neurons (Bezard et al., 2003; Faherty et al., 2005; Jadavji et al., 2006). In knockout
mice models of hereditary retardation, such as fragile X syndrome (Grossman et al., 2001) or
Down’s Syndrome (Baamonde et al., 2001; Martinez-Cue et al., 2002), exposure to an EE also
enhanced working memory function. Models of other hereditary conditions such as dwarfism
benefited from EE exposure resulting in improved learning on Hebb-Williams and T-maze tasks
(Bouchon and Will, 1982).

Animal models of other degenerative diseases that are thought to be caused by a combination
of environmental and genetic factors, including amyotrophic lateral sclerosis and epilepsy have also
been exposed to an EE. In amyotrophic lateral sclerosis mice, EE significantly improved motor
performance but was also associated with an acceleration of overt end-stage disease symptom onset
(Stam et al., 2006). Epileptic rats housed under enriched conditions for 3 weeks showed a resistance
to seizures and exhibited decreased hippocampal cell death, as well as increased levels of GDNF
and BDNF (Young et al., 1999). Recovery following from more extensive trauma to the brain, such
as in cases of traumatic brain injury (Kline et al., 2007; Hoffman et al., 2008) or stroke (Puurunen et
al., 2001; Briones et al., 2004), was also promoted by exposure to enrichment. Improved
performance on the Morris Water maze has consistently been observed in animals exposed to EE
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following a middle cerebral artery occlusion (Dahlqvist et al., 2004; Rönnbäck et al., 2005b).
Ischemic stroke male rats that had been housed in an EE showed improved performance in several
motor tasks, a result that was consistent in both younger (10 days old) and older (180 days old) rats
(Saucier et al., 2010). A number of physiological changes have also been associated with EE
exposure in stroke, such as decreased infarct volume (Dahlqvist et al., 2004), increases in dendritic
spine density (Johansson et al., 2002), and increases in trophic factors such as BDNF (Gobbo and
O’Mara, 2004), NGF-A and NGF-B (Dahlqvist et al., 2003, 1999). Similarly, enrichment following
traumatic brain injury has beneficial effects on the brain, such as decreasing lesion size (Passineau et
al., 2001), enhancing dendritic branching (Kolb and Gibb, 1991), promoting the survival of
progenitor cells (Gaulke et al., 2005), increasing BDNF (Chen et al., 2005), and decreasing
dopamine transporter levels (Wagner et al., 2005). EE has even been shown to eliminate already
developed addiction-related behaviors and to reduce the risks of relapse in animal drug addiction
models (Solinas et al., 2010).

However, the effects of environmental enrichment administered after acute brain injury are not
always positive. Early studies reported that although the behavioural deficits associated with
hippocampal lesions were ameanable to postoperative enrichment, deficits associated with lesions of
the entorhinal cortex, septum, and fimbria-fornix were not (Kelche and Will, 1978; Will et al., 1981;
Dalrymple-Alford and Kelche, 1987; Kelche et al., 1987, 1995). A subsequent study reported
improved water-maze performance for rats with fimbria-fornix lesions after 40 days of enrichment
(van Rijzingen et al., 1997). However this improvement consisted of slightly improved task
acquisition and a tendency to spend less time in the edge zone compared to standard housed rats
with fimbria-fornix lesions, and not a clear preference for the platform zone. Galani et al. (1997,
1998) exposed rats with hippocampal, entorhinal, subicular and sham lesions to 30 days of postoperative enrichment. Rats with hippocampal lesions showed robust deficits in spatial tasks and
some task-dependent improvements after enrichment. Subicular lesioned rats showed no significant
impairment or improvement after enrichment on most tasks (Galani et al. 1997), but showed a
working-memory impairment and subsequent enrichment-related recovery in a radial-arm maze task
(Galani e al., 1998). In contrast, although entorhinal cortex lesions produced similar impairments to
hippocampal lesions, rats with entorhinal lesions showed no beneficial effects of enrichment, and it
was unclear why lesions to different parts of the hippocampal formation would differ in terms of
behavioural recovery after exposure to an EE (for more details see Galani et al., 1997, 1998).
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In summary, although environmental enrichment has been shown to produce various
behavioural benefits, it has some limitations, and the nature of any behavioural improvements will
always be lesion- and task- specific. The following section describes two studies that have
specifically looked at recovery in spatial working and reference memory performance after lesions
to the anterior thalamic nuclei.

6.3 Enrichment facilitates recovery of function after ATN lesions
Studies performed previously in our laboratory found good recovery of function after anterior
thalamic nuclei (ATN) lesions using exposure to an enriched environment as a therapeutic tool
(Loukavenko et al., 2007; Wolff et al., 2008). In the first of these studies (Loukavenko et al., 2007)
6 - 7 month old female hooded rats received either bilateral ATN lesions or sham surgery. The rats
were randomly assigned based on matched preoperative spatial working memory performance to
either an enriched environment condition (EE) for 30 days or the standard housing condition (SC).
After this period of continuous enrichment and during behavioural testing, the rats from enriched
cages were returned to the enriched environment for 1.5 to 2 hours at the end of each day. Spatial
memory was tested in 10 sessions using a preoperatively trained cross-maze, which is a more
complex procedure than usual, to emphasize the use of spatial cues and minimize the rats’ ability to
benefit from egocentric (response-based) strategies. Exposure to the EE substantially although not
completely ameliorated the spatial working memory deficit in the cross-maze (see Fig 6.2-A). Most
importantly, evidence of a recovery of allocentric spatial memory in the EE-ATN rats was reflected
by an improvement on the more difficult “opposite start position” trials over the last 3 days of
testing (see Fig 6.2-B). Subsequently, the rats were trained on a spatial pattern separation task in a
12-arm radial-maze. The task involved the acquisition of three successive spatial problems including
a wide, medium, and short separation, in which the rats had 6-15 days to learn each problem. The
ATN rats showed impairments in both rate of acquisition of the problems and errors across sessions.
However, there were no effects related to post-operative enrichment evident in this task.
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Fig 6.2: Spatial working memory in the cross-maze (Experiment 1). A) Mean performance for the last two
sessions of presurgery testing (-2, -1) and across 10 sessions of post-surgery testing after the 30-day enrichment
period. B) Performance for the last three sessions expressed separately for the ‘same start position’ trials (same
start position used for both sample and test runs per trial) and ‘opposite start position’ trials (opposite start
position used for the test run; adapted from Loukavenko et al., 2007; Loukavenko, 2009).

A second experiment in this study examined whether delayed-enrichment would produce the
same effects, and also tested the long-term effects of an earlier period of enrichment. 6 - 7 month old
female PVGc hooded rats received either bilateral anterior thalamic nuclei (ATN) lesions or sham
surgery. Again, the rats were randomly assigned to EE or SC groups based on preoperative
performance. To address the possible time-course dependent effects of enrichment, the 30-day
enrichment phase was delayed 40 days post-surgery, which was seen as sufficiently long for the
lesion associated processes to be well established. During this delay all rats were standard housed
and were also retested for 10 sessions in the cross-maze at 14 days post surgery, the results of which
established the ATN deficits and allowed matched allocation into EE and SC groups (see Fig 6.3-A).
After the delayed 30 days of continuous enrichment the rats were re-tested for 10 sessions on the
cross-maze, during which enriched rats were returned to EE for 1.5 to 2 hours at the end of the day.
At the end of testing all rats were returned to standard housing for the rest of the experiment. At 120
days post-surgery, all rats were retested in the cross-maze to test the long-term robustness of the
enrichment effect. The post-enrichment cross maze testing conducted 75 days after surgery
produced similar results to the first experiment detailed earlier. The two sham groups continued to
perform at a high level, while the SC-ATN group remained at its previous, near-chance level of
performance. The EE-ATN group demonstrated the same reduced spatial working memory deficit;
however this time at the start of testing they performed at an intermediate level to the sham groups
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and the SC-ATN group (Fig 6.3-B). A similar result as the first experiment was also found when the
number of correct ‘opposite’ and ‘same-start’ trials were examined, with the EE-ATN group
outperforming the SC-ATN group in number of correct ‘opposite starts’. The overall performance of
rats on the 120 days post-surgery cross-maze replicated the earlier findings. Importantly, the EEATN group maintained an intermediate level of performance, which on this occasion did not
approach that of the sham groups at the end of testing, but was well above the SC-ATN group (Fig
6.3-C). Thus, the overall effect of enrichment on spatial working memory was resilient over time, at
4 months post-lesion, despite the enrichment period being introduced for a restricted period of 30
days that started at only 40 days post-surgery (Loukavenko et al., 2007).

Fig 6.3: Spatial working memory in the cross-maze (Experiment 2). A) Mean performance for the last two
sessions of presurgery testing (-1, -2) and across 10 sessions of post-surgery testing prior to the enrichment
period. B) Performance after the 30-day period of enrichment. C) Performance at 120-days post-surgery (from
Loukavenko et al., 2007).

These experiments provided the first evidence that recovery of episodic-like memory
functioning is possible after ATN lesions, and suggested that these benefits are long term, and are
not reliant on immediate post-damage intervention. Several more experiments were run to examine
the efficacy of cerebrolysin in facilitating recovery after ATN lesions. Cerebrolysin is a
commercially available brain-derived peptide preparation that has been shown to be effective in
promoting behavioural recovery after hippocampal system lesions (Francis-Turner and Valouskova,
1996; 1999). In the first of these experiments, no clear conclusions about the therapeutic
effectiveness of cerebrolysin could be drawn due to insufficient ATN lesions. However, in the
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second experiment that tested the effectiveness of cerebrolysin only, EE only, and the two
combined, it was found that long-term (30 day) administration of cerebrolysin started 48-hours postsurgery also promoted recovery of function after anterior thalamic lesions and was generally as
effective as enrichment alone. Although the combination of the two therapeutic approaches,
enrichment and cerebrolysin, did not result in any additional behavioural improvements for the ATN
animals on the cross-maze above that observed after only enrichment or only cerebrolysin exposure
(For more details see Loukavenko et al., 2007).

Marked hypoactivation in the form of reduced levels of c-Fos was observed in the
retrosplenial cortex (RSC) following anterior thalamic lesions. This decrease in Fos expression was
particularly pronounced in the rostral granular retrosplenial cortex (Rgb) in both the superficial and
deep cell layers (see Fig 6.4-A), and to a lesser extent in the superficial cell layers of the caudal
granular retrosplenial cortex (Rga) (see Fig 6.4-B). As was found previously, this hypoactivation
was particularly striking in the cell layers II and upper III, which are regions that thalamic inputs
terminate in (Jenkins et al., 2004). Interestingly, behavioural recovery was not associated with the
changes in the levels of activation and, if anything, exposure to enrichment or cerebrolysin resulted
in further reduction in Fos expression in these cortical regions. This dissociation between
behavioural gains and structural changes in the RSC may indicate that this region is not as crucial
for spatial working memory performance as previously suggested (Loukavenko, 2009).
Alternatively, this change may be task specific or indicate that some behavioural effects are
mediated by anatomical changes and others by molecular changes. It could also mean that the
enrichment effect operates on other components of the extended hippocampal system such as the
hippocampus or prefrontal cortex.
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Fig 6.4: Enrichment and Cerebrolysin and Fos-counts (number of neurons/area µm²) in the Rgb and Rga. ATN
= neurotoxic lesion of the anterior thalamic nuclei; SC = housed in standard group conditions; EE = enriched
environment; CERE= administered Cerebrolysin; SAL= administered saline. A) Shows Fos counts in the
superficial and deep cell layers of the rostral granular retrosplenial cortical area (Rgb). In both superficial and
deep layers, ATN rats showed a decrease in Fos expression which was more marked in the superficial layers. B)
Shows Fos counts in the superficial and deep cell layers of the caudal granular retrosplenial cortical area (Rga).
ATN rats showed a decrease in Fos expression in the superficial layers only. Interestingly, this decrease was
larger in the ATN groups that had been exposed to EE or treated with cerebrolysin (from Loukavenko, 2009).

The second study showed that post-operative enrichment in rats with ATN lesions also
ameliorated reference memory deficits in the water maze (Wolff et al., 2008). Female PVGc hooded
rats received either bilateral ATN lesions or sham (SH) surgery. After a 2-week recovery period,
ATN and sham rats were randomly allocated to enriched housing (EE) or standard housing groups
(SC). The rats in the EE groups received 40 days of continuous enrichment, after which they were
housed in standard cages during the day but returned to their EE overnight. The rats were trained to
swim from a single start position to a submerged platform in a Morris water maze. The ATN-EE rats
showed a faster rate of acquisition, although the ATN-SC group attained good performance by the
end of acquisition of this initial spatial reference memory task (See Fig 6.5-A). In probe trials,
wherein the rats had to swim to the platform from novel start positions, the ATN-SC rats performed
poorly whereas the ATN-EE rats performed at an intermediate level between the ATN-SC rats and
the two sham groups (See Fig 6.5-B). Hence, the ATN-EE rats showed an improved capacity to use
the multiple visual cues available during training in a flexible manner when the start position was
changed in the probe trials. This study provided the first evidence that postoperative enrichment can
promote the flexible use of allocentric spatial representations, at least in rats with ATN lesions.
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Fig 6.5: Spatial reference memory performance in the Morris water maze. A) Performance during initial
acquisition to locate a submerged platform in the East quadrant from a constant start position over 10 days.
B) Performance when given four different start positions per day for the acquisition of the submerged
platform that was switched to the west quadrant (from Wolff et al., 2008).

The current study aims to replicate the results on the cross-maze using male rats and extend
the findings of these studies by re-examining whether EE can improve spatial working memory on a
radial-arm maze task in ATN lesioned rats. Although the radial-maze spatial pattern separation task
in the first experiment described in this section showed no improvements related to enrichment, the
maze was rotated between each trial while the rat was still in the central hub, in order to minimize
egocentric strategies. The vestibular stimulation caused by this procedure, which is known to impair
the ability to use spatial information (Kirwan et al., 2005), as well as the additional distraction may
be associated with the lack of an enrichment effect in this task. The current study will employ a
more standard radial-arm maze task, in which the maze arms will be randomly re-arranged at the
start of each days testing in order to discourage egocentric strategies. The primary aim of the current
study was to examine whether the beneficial behavioural effects of enrichment on ATN lesions
reported in the above studies may be related to neuromorphological changes in other parts of the
extended hippocampal system. Studies have already shown that exposure to an EE is associated with
enhanced neural plasticity in the form of increased spine density, dendritic branching and length in
pyramidal cells of the cortex and hippocampus in intact rats (Rampon et al., 2000; Leggio et al.,
2005; Kozorovitskly et al., 2005). These studies will be examined in more detail in the following
section.
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6.4 Neurochemical & Neuromorphological changes associated with enrichment
Despite the vast data accumulated on the positive behavioral effects of enrichment, the mediators of
improved performance following enrichment remain largely unclear. A range of neurochemical and
morphological changes associated with enrichment have been identified, which are presumed to
contribute to memory enhancement. These neurochemical changes will be briefly examined in the
first part of this section, including the effects of enriched environment (EE) on neurotransmitters,
neurotrophic factors, stress hormones, neurogenesis, and immediate early gene (IEG) expression.
The rest of this section will concentrate on a more detailed examination of morphological and
neuromorphological changes associated with exposure to an EE. A more detailed examination of
neurochemical changes can be found in Simpson and Kelly (2011), Solinas et al. (2010), Will et al.
(2004), and van Praag et al. (2000).

6.4.1 Neurochemical changes and Neurogenesis
Although there is evidence that exposure to an EE may result in changes in neurotransmitter levels,
other studies suggest that the beneficial behavioural effects of enrichment are not reliant on these
changes. Therefore it is currently difficult to draw conclusions about the relationship between EE
and neurotransmitters (Solinas et al., 2010; Simpson and Kelly, 2011). Increased serotonin levels
have been found in the hippocampus and frontal cortex of enriched rats (Brenes et al., 2008, 2009).
In one of these studies the significantly greater levels of hippocampal serotonin were correlated
positively to swimming and negatively to immobility in the forced swim tests (Brenes et al., 2009).
Galani and colleagues (2007) investigated the effect of housing in young adult female rats with
serotonin depletion lesions and sham surgery. Post-operative enrichment had no effect on serotonin
in the dorsal hippocampus or frontoparietal cortex and actually lowered serotonin levels in the
ventral hippocampus (particularly in sham rats). Interestingly, the EE exposure resulted in
significant behavioral improvements in serotonin depleted rats, suggesting that enrichment can still
exert its beneficial behavioral effects even when the serotonergic system is depleted. Interestingly,
there were also augmented norepinephrine levels in the dorsal hippocampus (in both lesioned and
sham rats). Like serotonin, some previous studies have suggested that norepinephrine depletion has
no impact on behavioral expression in EE exposed rats (Murtha et al., 1990; Benloucif et al., 1995).
Changes in acetylcholine and dopamine levels have also been noted in the prefrontal cortex of intact
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rats exposed to EE and have been linked to reduced levels of stress demonstrated by both old and
young animals in open field tasks (Del Arco, et al., 2007; Segovia et al., 2008, 2009).

Will (1981) originally speculated that neurotrophic factors may be involved in the mediation
of differential housing effects. Neurotrophic factors are proteins known to promote cell survival and
function, particularly related to synaptic plasticity. Nerve growth factor (NGF) regulates neuronal
survival and maintains functional plasticity during adulthood (Barde, 1989, 1994), and low levels of
NGF has been linked to the effects of cognitive decline associated with aging (Henriksson et al.,
1992; Carswell, 1993). Brain-derived neurotrophic factor (BDNF) has been found to affect
neuroplasticity in terms of long-term potentiation and depression (Korte et al., 1998). Exposure to an
EE has been linked with both NGF and BDNF increases in the basal forebrain, hippocampus and
hindbrain of intact rats (Ickes et al., 2000), and increased NGF in the hippocampus, entorhinal and
visual cortex were associated with improved performance in the Morris water maze by animals
reared for one year in EE compared to isolated controls (Pham et al., 1999). Interestingly, BDNF
expression in various brain regions is also influenced by gender and EE housing had a greater effect
on increasing BDNF levels in females than males (Bakos et al., 2009). Exposure to an EE also
enhances the expression of mRNA’s that encode for trophic factors (NGF, BDNF, NT-3, GDNF)
increasing the amount of NGF protein and the density of NGF receptors (Mohammed et al., 1990,
2002; Falkenberg et al., 1992; Torasdotter et al., 1998; Young et al., 1999; Pham et al., 2002; Zhu et
al., 2006). These mechanisms may prevent spontaneous apoptosis and provide a mechanism for
long-term neuroprotection, which may be of particular relevance to brain injury (Simpson and Kelly,
2011). Increased BDNF levels have been demonstrated in ischemic rats after exposure to an EE
(Puurunen et al., 2001). In addition, neurotrophic factors and their relationship with the cholinergic
system have been implicated in generating therapies for neurodegenerative diseases (Pharm et al.,
1999). Exposure to an EE has been linked to increases in the adrenocorticotrophic stress hormone
following restraint (Schrijver et al., 2002; Moncek et al., 2004) and administration of saline
injections (Belz et al., 2003). In addition, Larsson and colleagues (2002) suggested that enriched
animals appear to be less emotionally reactive in novel situations enabling them to explore their
environment more efficiently. However, there have been inconsistent results from studies addressing
the direct effects of EE on the blood stress hormones, with studies finding increases, decreases, and
no changes, in both adrenocorticotrophic (Schrijver et al., 2002; Belz et al., 2003; Bakos et al.,
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2009) and corticosterone (Belz et al., 2003; Moncek et al., 2004; Welberg et al., 2006) levels after
enrichment.

In some of the most dramatic findings in recent neuroscience, exposure to an EE was shown
to be linked with stimulation of adult neurogenesis. Neurons are continually born from endogenous
stem cells and added to the hippocampal dentate gyrus (as well as other brain areas such as olfactory
bulbs) throughout life, a process which is termed adult neurogenesis. However, the functional
importance of neurogenesis in the adult hippocampus is still uncertain (Eriksson, 2003), and studies
have shown that at least some of the beneficial behavioural effects of EE are not extinguished when
neurogenesis is blocked (Hernández-Rabaza et al., 2009). Proliferation and especially survival of
new cells in the dentate gyrus as a result of exposure to an EE has been repeatedly shown, in the
form of increased levels of 5'-bromo-2'-deoxyuridine (BrdU), a marker for newly generated cells
(Kempermann et al., 1997, 1998, 2002; Nilsson et al., 1999; Tashiro et al., 2007). Enriched mice had
a larger hippocampal granular cell layer and 15% more granular cell neurons in the dentate gyrus
compared with littermates housed in standard cages (Kempermann et al., 1997). Kempermann and
colleagues (2002) demonstrated that after intact 10-months old rats were exposed to 10 months of
continuous enrichment hippocampal neurogenesis was still observed. This finding indicates that the
increased adult hippocampal neurogenesis was not a reflection of an acute response to a novel
stimulus, as environmental complexity did not change besides regular re-arrangements, but rather
indicated a persistently elevated enrichment-induced baseline level of neurogenesis.

Using the expression of immediate early gene products c-Fos and zif268 as indicators of
recently activated neurons, Tashiro and colleagues (2007) showed that previous exposure to an
enriched environment increases the total number of new neurons and the number of new neurons
that respond specifically to re-exposure to the same environment but not to a different experience.
Furthermore, these experience-specific modifications were affected exclusively by previous
exposure around the second week after neuronal birth but not later than 3 weeks. Thus, the animal's
experience within a critical period during an immature stage of new neurons determines the survival
and population response of the new neurons and may affect later neural representation of the
experience in the dentate gyrus. The researchers argued that the experience-specific functional
modification through adult neurogenesis could possibly be a mechanism by which new neurons
exert a long-term influence on the function of the dentate gyrus related to learning and memory. The
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anti-mitotic agent MAM which has been shown to reduce adult generated hippocampal granule cells
(Shors et al., 2002), was administered to adult rats housed in an EE and prevented both hippocampal
neurogenesis and improved water maze performance seen in saline-treated EE controls (BruelJungerman et al., 2005). However, another study showed only a partial reduction of adult neurons in
the rat following MAM administration and also warned that sufficient doses of MAM to deplete
neurons may be detrimental to the animals overall health (Dupret et al., 2005). Abolishing adult
neurogenesis by irradiation did not lead to the disappearance of behavioural benefits from EE
exposure, at least within the scope of the tests applied, such as spatial working memory, long-term
conditional rule retention and spatial reversal (Hernández-Rabaza et al., 2009). These studies
suggest that although neurogenesis cannot be made responsible for all functional changes associated
with environmental enrichment, it is likely part of a cascade of changes underlying the behavioural
benefits of enrichment. Although the functional significance of neurogenesis is not well understood
it has been suggested that the new born pathways may contribute to the establishment of long-term
potentiation, which in turn contributes to the behavioral improvements on memory tasks (Garthe et
al., 2009).
As described previously, the expression of immediate early genes (IEG’s) is one of the
molecular mechanisms that control plastic changes in the central nervous system. Wallace and
colleagues (1995) demonstrated that the zinc-finger IEG nerve growth factor induced gene-A
(NGFI-A) is up-regulated in the brains of intact rats exposed to EE as compared to animals that were
simply manipulated or left undisturbed. Exposure to an EE caused a complex profile of gene
expression in the striatum of adolescent mice, which consisted of the up-regulation of 48 genes that
are implicated in various functions, such as cell proliferation and differentiation, intracellular
signaling, transcription and translation, as well as structural changes and cell metabolism (Thiriet et
al., 2008). Increased levels of Arc (which is the IEG that labels dendrites) have been demonstrated
in intact animals in the cortex as well as CA1, CA2, CA3 and to a lesser extent in the dentate gyrus
after exposure to EE (Pinaud et al., 2001). IEG changes have also been shown to occur in EEexposed brain-injured animals. Up-regulation in Fos levels has been noted in the granular cell layer
in the dentate gyrus in ischemic rats who underwent enrichment and water-maze training (Puurunen
et al., 2001). It is interesting however, that enrichment by itself without testing did not produce
changes in the Fos levels in their study, suggesting that activation by explicit training is needed to
reveal the effects of EE housing on the function of the dentate gyrus.
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6.4.2 Morphological and Neuromorphological changes
Clearly exposure to an EE is responsible for a range of neurochemical changes at the cellular level.
A substantial amount of research has also documented neuroanatomical and neuromorphological
changes associated with exposure to an EE. As mentioned previously, much of the early work that
established that experience induced plastic changes in the adult brain were possible involved
measuring increases in cortical weight in various regions after exposure to an EE (Bennett et al.,
1964; Diamond et al., 1964, 1966, 1976; Rosenzweig et al., 1968, 1969; Rosenzweig and Bennett,
1969, 1972). The region of the cortex which showed the greatest increase in enriched vs.
impoverished rats was the caudal region of the cerebral cortex including the occipital cortex
(Rosenzweig et al., 1969; Diamond et al., 1972, 1976). The frontal and somesthetic regions also
demonstrated morphological changes when the duration of EE treatment was for 30 days (Diamond
et al., 1976). Increases in cortical thickness likely reflect a combination of changes in neuronal soma
size, number of glia, capillary branching, as well as changes in dendritic arborization (Diamond,
1967; Black et al., 1987; Sirevaag et al., 1988). Further investigation revealed changes in individual
neurons of the occipital cortex including increases in the size of neuronal cell bodies and nuclei
(Diamond, 1967), an increase of 10% in basal dendritic spine density (Globus et al., 1973), and an
increase of 25% or more in dendritic length and branching (Greenough and Volkmar, 1973). The
occipital region of the cortex is electrophysiologically active during visual stimulation and is best
described as an inter-sensory area. Particularly relevant to the current study, Diamond (1967)
showed that environmental enrichment for 30 days increased neuronal cell body size in prefrontal
areas in intact rats. However the other cortical region of interest, the retrosplenial cortex, was not
investigated in this study. Four month old rats exposed to an EE had significantly more synapses per
neuron in the visual cortex compared to isolated and standard caged rats (Briones et al., 2004).
Increased spine density of parietal neurons was found in enriched rats that exhibited superior
problem-solving skills in the radial-arm maze and memory in the Morris water maze compared to
pair-housed controls (Leggio et al., 2005). Intact rats reared in an enriched environment for 3.5
months showed increased branching and spines in both layers III and V of the primary and
secondary motor regions of the frontal cortex, but had a greater effect on apical arborization. In the
parietal cortex (primary and secondary somato-sensory and posterior parietal cortices), EE
significantly affected branching and spines in layer III but not layer V neurons, in which only a
tendency to be influenced by the rearing conditions was observed in basal arborization (Gelfo et al.,
2009). Interestingly, enrichment does not always produce the same effects in rats of different ages
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and gender. Kolb et al. (2003a) showed that three months of enrichment increased basal and apical
spine density in layer III pyramidal cells of the parietal and visual cortex in 4 month and 24 month
old adult rats, but was decreased in weanling rats. In addition, dendritic length was increased in both
parietal and occipital cortex at all ages in males and in adult females as well, but infant females
showed no change in dendritic length in the occipital cortex and only a small effect on the apical
field in parietal cortex. Although the early studies failed to find increased brain weight in the
hippocampus associated with enrichment (Diamond et al., 1976), subsequent research have shown
that EE exposure is associated with neuromorphological changes in the hippocampus such as
increased dendritic spine density, branching and length in both young and adult intact animals
(Moser et al., 1994, 1997; Berman et al., 1996; Faherty et al., 2003).

The following part of this section summarises studies that have examined changes in
hippocampal neuromorphology in intact rats, mice and monkeys that have been exposed to an
enriched environment. The current study will examine neuromorphological changes in CA1
hippocampal neurons in intact (sham) enriched rats compared to sham standard housed rats.

Spatial training in a complex environment for four hours a day over a 3-week period
increased basal spine density by about 10% in hippocampal CA1 neurons of adult male rats
compared to pair-housed standard cage controls (Moser et al., 1994). These animals also showed an
enhanced rate of acquisition and improved precision learning in three different water maze tasks. A
follow-up study replicated the increase in CA1 basal spines but found no significant changes in the
density of apical spines, and no significant difference in the total dendritic length and number of
branching points in the CA1 hippocampal neurons (Moser et al., 1997). Interestingly, their analysis
showed that although basal spine density was increased in most neurons from the trained group, a
subset of CA1 neurons were particularly well supplied with spines (Moser et al., 1997). It is
important to note that the type of enrichment employed in these studies was quite different from a
traditional enriched environment, and was more analogous to ‘spatial training’. Food deprived rats
were required to find hidden caches of food and water in a complex and daily changing
environment. The animals needed to search extensively in all parts of the five moveable floors that
were interconnected by ladders of different configurations. There were none of the usual enrichment
objects, but wooden blocks, freshly cut wood chips, branches, fresh leaves, plastic containers, and
paper bags were distributed on the floors. These studies compared neuromorphological changes in
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enriched and standard housed rats that were also trained in a water-maze task but did not include
pseudo-trained controls to account for any CA1 dendritic spine changes associated with explicit
learning and task acquisition. The following chapter re-examines these two studies and deals with
the issue of pseudo-training.

Berman and colleagues (1996) found no hippocampal CA1 spine density changes associated
with enrichment in rats prenatally exposed to alcohol, but animals prenatally exposed to sucrose had
around 10% more basal spines than isolated housed control rats, and untreated enriched rats had
around 15% more apical spines compared to the controls. However, these comparisons are
problematic as it has been shown that social isolation rearing decreases CA1 dendritic length and
spine density (Silva-Gómez et al., 2003). For example, Bartesaghi’s group examined the effect on
hippocampal neuromorphology of early isolation and social housing (6-9 animals per standard cage)
on infant guinea pigs (Bartesaghi and Serrai, 2001; Bartesaghi and Severi, 2002; Bartesaghi et al.,
2003). Early isolation resulted in a decrease in dendritic length and branching in dentate gyrus
granule cells and both CA1 and CA3 pyramidal neurons. The dentate gyrus granule cells were more
reactive than CA1 pyramidal neurons which were more reactive than CA3 neurons. Additionally,
within each hippocampal region the environmental effects were quantitatively and qualitatively
different depending on neuron type, dendritic region and sex, indicating that different neuron types
and different neuron regions possess variation in structural plasticity (Bartesaghi et al., 2003).
Enrichment produced an increase in the spine density of apical dendrites in CA1 hippocampal
neurons of young adult enriched mice compared to standard cages controls (Rampon et al., 2000).
The apical segments were taken from between 100 – 250µm from the cell body, and represented an
increase of around 25%. However, only 3 mice per group were included in this analysis and they
were a mix of male and females. Infant male mice that were raised in an enriched environment had
extensively increased branching and length in both CA1 and dentate gyrus hippocampal neurons
compared to controls reared in standard cages (Faherty et al., 2003). Young deer mice exposed to an
enriched environment also had an increased density of dendritic spines on dentate gyrus granular
neurons compared to standard caged controls. Increased spine densities were also found in layer V
pyramidal neurons of the motor cortex and medium spiny neurons of the dorsolateral striatum
(Turner et al., 2003).
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Kozorovitskiy et al. (2005) comprehensively examined neuromorphological characteristics
in a variety of brain regions in adult male and female marmosets that were assigned to enriched or
control cages. Enrichment increased spine density in CA1 hippocampal neurons (both basal and
apical), dentate gyrus granule cells, and basal dendrites of prefrontal cortex pyramidal neurons in
layers II and III. The increase in both basal and apical spine density in CA1 hippocampal neurons
was around 10-15%. Dendritic length and branching was also significantly increased in the basal
and apical trees of CA1 hippocampal neurons, and in the basal trees of caudal prefrontal cortex layer
II and III pyramidal neurons. Interestingly, this study also employed an additional double-enriched
housing condition which consisted of two of the larger enrichment sized cages joined together
supplying the animals with twice the space and also twice the amount of enriched objects. Dendritic
spine density, length, and branching in the hippocampus and PFC did not differ for animals living in
the two types of complex settings. Taken as a whole, these studies suggest that adult rats exposed to
an enriched environment can benefit from somewhere around a 10% increase in basal and apical
spines in CA1 hippocampal pyramidal neurons, whereas infant rats reared in enriched conditions
would expect to benefit from even greater gains. Although these studies suggest that increased
branching and length of CA1 hippocampal neurons would accompany the changes in spine density
in young rats, the expected effect on CA1 dendritic arbors in adult rats is unclear. No studies have
looked at the effects of enrichment on hippocampal neuromorphology in older rats (< 1 year old),
and to our knowledge the current study will be the first to do so.

In contrast to the substantial amount of research on EE induced neuromorphological and
neuroanatomical changes in intact animals, the data concerning brain modification after brain injury
is limited and somewhat controversial, and often limited to the examination of cortical regions.
Early studies demonstrated that EE induced changes on gross neuroanatomical measures following
cortical lesions and malnutrition (Rosenzweig and Bennett, 1976; Katz et al., 1980), and increases in
the weight of residual cortex after various bilateral cortical lesions (Rosenzweig, 1984). Kolb and
Elliot (1987) showed that exposure to an EE could attenuate the thinning of the cerebral cortex
induced by neonatal frontal lesions. However, this effect was age dependent, being most pronounced
in rats that underwent surgery at 5 days, and less pronounced in animals who sustained lesions at 1
day of age.
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Electrolytic dorsal hippocampal lesions significantly decreased the branching and number of
spines of basal dendrites in layer V pyramidal cells of area 17 in the occipital cortex in both postoperatively enriched and impoverished rats (Kelche and Will, 1982). Increased basal branching and
spine density in the occipital cortex neurons was found in sham enriched rats compared to isolated
controls, but no changes were found in lesioned enriched rats compared to lesioned isolated
controls. Ip and colleagues (2002) subjected postnatal rat pups to a fluid percussion injury and then
housed them in EE or standard cages for 17 days. Dendritic density and dendritic branching was
analysed in frontal, parietal, and occipital cortices. Rats Reared in an EE showed increased dendritic
density, primarily within the occipital cortex. Interestingly, fluid percussion injury induced an
increase in dendritic density, primarily in regions remote from the injury site, namely the
contralateral parietal cortex and the ipsilateral and contralateral occipital cortex. In injured animals
subsequently housed in EE, the injury appeared to inhibit the experience-dependent dendritic density
effects of EE. However, an unexpected enhancement of dendritic density was seen in the ipsilateral
occipital cortex, indicating the region-specific sensitivity to experience-dependent plasticity (Ip et
al., 2002). In another study, Johansson and Belichenko (2002) occluded the middle cerebral artery in
rats and then housed them in a standard or in an enriched environment for 3 weeks. They
subsequently observed that in intact rats, the number of dendritic spines was significantly higher in
the enriched group than in the standard group in all layers of the pyramidal neurons in the
somatosensory cortex. Contralateral to the infarct, pyramidal neurons in layers II/III, which have
extensive intracortical connections that may play a role in cortical plasticity, had significantly more
spines in the enriched group than in the standard group. They concluded that housing rats in an
enriched environment significantly increases spine density in superficial cortical layers in intact and
lesioned brains and this effect may mediate compensatory processes which underlie behavioural
changes demonstrated after ischemic rats’ exposure to an EE (Grabowski et al., 1995; Johansson and
Ohlsson, 1996; Biernakie and Corbett, 2001). Exposure to an EE mostly alleviated reductions in
basal dendrite length and branching and the presence of immature looking spines along apical
dendrites of layer V pyramidal visual cortex neurons in FMR1 knockout mice (‘fragile X
syndrome’) (Restivo et al., 2005). Few studies have looked at changes in hippocampal
neuromorphology associated with exposure to an EE in brain damaged animals.

Selective lesions to the ventral subiculum produce spatial memory deficits in the T-maze
(Laxmi et al., 1999), eight-arm radial maze (Devi et al., 2003) and water maze (Bindu et al., 2005)
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tasks, which have been attributed to the dendritic atrophy or neurodegeneration of CA1 and CA3
hippocampal neurons (Govindaiah et al., 1997; Nutan and Meti, 1998; Shankaranarayana Rao et al.,
2001; Devi et al., 2003). Short-term EE following subicular lesions has brought behavioural
recovery in eight arm radial maze tasks in rats (Bindu et al., 2005). Neuromorphological analysis
showed that EE exposure produced considerable neuronal plasticity in 2-month old subicular
lesioned rats in the form of increased apical dendritic branching and number of intersections in CA1
and CA3 hippocampal neurons compared to standard housed controls (Bindu et al., 2007). In
addition, the enriched subicular lesioned rats showed recovery of CA1 apical spine density in
primary branches 50-250µm from the cell body and were comparable to naïve and sham standard
caged controls. However, basal arborisation or spine density were not investigated in either CA1 or
CA3 neurons. Interestingly, BDNF expression in the hippocampus remained unchanged following
subicular lesions and following environmental enrichment, suggesting other neurotrophic factors
may mediate the neuromorphological changes.

Fréchette and colleagues (2009) sought to determine if cholinergic input from the basal
forebrain contributes to EE-induced plasticity of the young hippocampus. Although EE produced
enhanced spatial memory performance in a water maze task in sham and forebrain cholinergic
lesioned 3-week old rats, enrichment did not affect CA1 dendritic branching, total dendritic length
or dendritic spine density. However, the lesion reduced the number of apical branches, spine density
on intermediate to distal apical dendrites, and the length of basal branches in the CA1 neurons.

Hutchinson et al. (2012) investigated whether EE initiated in adulthood would mitigate
chronic stress effects on hippocampal neuronal architecture. In the first experiment, the rats received
a week of continuous enrichment after which they were taken out and chronically restrained for 6
hours a day for a 3 week period in which they were returned to EE when not being restrained. This
first study showed that when EE began prior to 3-weeks of chronic stress it attenuated chronic
stress-induced impairments in acquisition of a spatial working memory task in a radial-arm water
maze (RAWM), which corresponded with the prevention of chronic stress-induced reductions in
hippocampal CA3 apical dendritic length. In a second experiment restraint began 2 weeks prior to
the onset of EE exposure, and continued for a total of 5 weeks, until the end of the 3-week EE
intervention. EE blocked chronic stress-induced impairments in acquisition and retention at 1-h and
24-h delays in the RAWM and performance corresponded with hippocampal CA3 apical dendritic
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complexity. Although chronic restraint is not the same as brain injury per se, this study provides
further evidence that spatial memory deficits can reflect detrimental changes to hippocampal
neuromorphology, and that alleviation of these behavioural deficits by exposure to EE is often
accompanied by neuronal recovery.

The studies reviewed in this section provide evidence that exposure to an EE can facilitate the
recovery of decreases in dendritic spine density, and branching complexity caused by various forms
of brain damage. However, these kinds of plastic changes are very much dependent on the brain
region damaged as well as the region and type of neurons that are being investigated for
neuromorphological changes.

6.5 Application of experimental data on enrichment to human populations
Although enrichment findings in studies with rodents cannot be easily applied to the human
condition, the key point of animal EE studies is to show the brain’s potential for plasticity, the
influence of experience on the degree of this plasticity, and suggest potential underlying
mechanisms. Furthermore, what is called “enriched” under laboratory conditions is arguably
substantially impoverished against a rodent habitat in the wild (van Praag et al., 2002; for a more
detailed discussion see Smith and Corrow, 2005). Nonetheless, the type of enrichment and changing
environmental stimulation seems beyond what would normally be encountered in the wild, where
rats may patrol a given environment that may often remain relatively unchanged at least on a daily
basis.

There have been some recent attempts to convert the enriched environments paradigm for
use with human patients. Examples of this can be found in the relatively new field of virtual
rehabilitation, which involves using virtual reality (VR) systems for various forms of rehabilitation
after brain injury (Levin et al., 2011). A recent meta-analysis of the effectiveness of virtual reality
applications for upper-limb rehabilitation in adult stroke patient’s found that 11 of 12 studies
examined showed a significant benefit toward VR for the selected outcomes (Saposnik and Levin,
2011). Down-Syndrome children that were exposed to a virtual reality-based therapy involving WiiFit (an interactive gaming platform involving exercising) in addition to the traditional physical
therapy program showed a highly significant improvement in balance compared to a control group
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of children who just received the traditional therapy (Rahman and Rahman, 2010). Although these
examples fail to fulfill the criterion required for environmental enrichment, it is possible that a
challenging fully immersive VR system that could contain multiple users in the same environment
could approach something that is more analogous to animal enrichment studies. Another example of
human enrichment which has been used in several pop-science articles is the effect of a communitybased argentine tango dance program on non-demented seniors at risk for falls (Mckinley et al.,
2008). Significant improvements in the activities-specific balance confidence scale, sit-to-stand
scores and walk speed were found in the tango group compared to established population
epidemiological measures. These improvements were clinically important because they shifted
many of the participants from the high-fall-risk group to either no risk or a moderate risk of falls.
Again, this study is not very analogous to enrichment studies in animals, but the added social
component possibly makes it more relevant than the VR studies.

Evidence from the field of psychobiology, involving large human epidemiological studies,
have shown that early life experience alter behavioural and brain development influencing adult
mental health (Sullivan et al., 2006). It is the combination of findings from animal EE studies and
large human epidemiological studies, some of which are discussed below, that suggest that
environmental experience can induce neuroprotective changes that may protect individuals from
cognitive impairment later in life. William Greenough, a well known EE researcher, summed it up
well in an interview for an article on enrichment when he stated “I think the weight of the evidence
in both animals and humans says that complex, demanding interventions that force one to both learn
new things with intention and to be physically active have enormous potential therapeutically,
particularly for nervous systems that are somewhat debilitated either because of age or pathology”
(Patoine, 2006). In the field of traumatic brain injury and stroke rehabilitation it has long been
known that intensive rehabilitative input provided by trained medical staff, and a coordinated
multidisciplinary team input which includes the education and support of patients and families, has
significant beneficial effects on the recovery of the patient (Johansson, 2000; Beaulieu et al., 2002;
Cole et al., 2009). No study has yet demonstrated whether such beneficial effects are due to the
rehabilitation input and time spent in different therapies or to the non-specific effect of a more
stimulating environment or to other factors such as patients’ expectations or placebo effect. A
substantial amount of literature has considered the importance of cognitive enrichment earlier in life
on cognitive ability at a later time. Anstey and Christensen (2000) identified 32 studies that
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examined various predictors of age-associated decline, with education being one of the major
predictors. These studies show that education has a general protective effect with respect to
developing dementia. However, a detailed review of age studies by Kramer and colleagues (2004)
highlighted the notion that education effects are process specific, and mainly affect crystallised
abilities later in life, having little impact on the fluid-type intelligence, such as working memory or
processing speed capacity. They concluded that factors such as lifestyle, education, occupation,
expertise, and fitness have been found to influence the trajectory of cognition from young to old
adulthood. A longitudinal Nun Study conducted by Riley and colleagues (2005) found that the high
levels of linguistic ability in early life were associated later in life with lower incidence of cognitive
impairment, and with a lower incidence of neuropathological measures associated with Alzheimer’s
disease. These findings suggest that factors responsible for poor performance earlier in life may
manifest in lower levels of educational achievement and to the subsequent development of
impairments. A higher incidence of APOE4 allele, associated with a higher incidence of dementia
has been reported in low educated subjects, suggesting the possibility that the APOE phenotype has
an influence on cognition throughout life (Winnock et al., 2002).

A cognitive reserve hypothesis has been widely cited as one of the possible mechanisms of
positive effects of education on cognitive function in older individuals (Tucker and Stern, 2011),
and is supported by studies examing the effects of life-long enrichment in rats (Harati et al., 2011).
This hypothesis suggests that high levels of education are able to delay the clinical expression of
dementia because of the brain’s ability to utilize available neural structures as a back-up or reserve.
The hypothesis relies on the assumptions that some kind of neuroplasticity linked to cognitive
experiences provides more neural reserve to support normal cognitive functioning despite the
presence of brain pathology. The cognitive reserve hypothesis is supported by the evidence that rate
of cognitive decline in Alzheimer’s disease is directly related to educational background (Andel et
al., 2006). Overall, human literature points to the relationship between cognitive experiences early
in life and cognitive decline associated with aging. Cognitive enrichment, as assessed by education
and job complexity, has protective effects against the development of dementia. The effects may be
limited however, with crystallised abilities showing more protection than fluid skills. Enrichment
that occurs following brain insults also tends to be associated with beneficial outcomes; however it
becomes more difficult to ascertain which components of the stimulating environment are associated
with positive behavioural changes. The human studies provide evidence of plasticity of the human
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brain in response to the environment, and consequently support to the translation of EE in animal
models to the human domain.

Environmental enrichment in the laboratory setting provides an easily administered,
accessible, low risk and yet potentially powerful therapeutic tool for brain damage. The effects of
enrichment may not always be uniform, and lesion-type as well as task specificity are variable.
Despite this, exposure to an EE has proven an effective treatment in alleviating spatial memory
deficits in rats with ATN lesions (Loukavenko et al., 2007; Wolff et al., 2008). In addition, there is
strong evidence that exposure to an enrichment is capable of producing neuromorphological changes
in neurons of the CA1 region in intact rats (Moser et al., 1994, 1997; Rampon et al., 2000; Faherty
et al., 2003). Although evidence of EE induced neuronal recovery in this region after brain injury is
limited, the most compelling evidence is from subicular lesioned rats that showed a recovery of CA1
apical spine density after enrichment which returned them to levels that were comparable to naïve
and sham standard caged controls (Bindu et al., 2007). There is also evidence that task acquisition
by itself is sufficient to increase spine density and branch complexity in hippocampal neurons
(Knafo et al., 2004; Marrone, 2007). The following chapter will examine animal studies pertaining
to neuronal changes associated with learning and task acquisition.
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Chapter 7
Neuronal Changes associated with Explicit
Memory Tasks

There is some evidence in rodents that acquisition of a variety of learning tasks can
significantly increase the number of spines but not dendritic branching or length in hippocampal
neurons in standard-housed animals. Although it is often assumed that a degree of “informal”
learning takes place in enrichment, to our knowledge, there has been no investigation of neuronal
changes directly associated with an explicit spatial memory task in enriched rats. This chapter will
review the evidence of neuronal changes associated with explicit memory and learning tasks. As
there are a limited number of studies that have looked specifically at hippocampal changes, studies
looking at learning induced cortical changes that have conclusions relevant to the current thesis will
also be explored. Marrone’s (2007) meta-analysis of ultrastructural plasticity in the hippocampus
after various learning tasks shows evidence of hippocampal neuronal changes. However, many of
the tasks analysed were poorly related to hippocampal function and integrity and did not employ
suitable pseudo-trained control groups. There is also some compelling evidence from olfactory
discrimination tasks, in which hippocampal CA1 and piriform cortex neuronal changes were
investigated in rats (Knafo et al., 2001, 2004), and hippocampal CA1 changes were investigated in
mice (Restivo et al., 2006). Although these studies employed pseudo-trained control groups to
account for non-training related experiences, simple olfactory discrimination may not be the most
suitable task for producing hippocampal changes. Additional evidence that neuronal changes in
specific brain regions are task dependent comes from a recent study showing contrasting effects of
motor and visual spatial learning tasks on neuronal morphology in the cortex (Kolb et al., 2008).
Two-photon microscopy has shown in-vivo learning-induced changes in the motor cortex with
respect to sensorimotor tasks (Yang et al., 2009). Although the regions investigated were nonhippocampal, the latter study produced some interesting conclusions regarding the persistence of
training-induced spine changes after the cessation of behavioural testing. Some other studies have
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also suggested that some variability in spine density after training may be directly related to the
delay between training and sacrifice, this concept will be explored at the end of the chapter.

7.1 Meta-Analysis of existing studies
The primary focus of this thesis is to examine learning induced changes in dendritic branching
complexity and spine density in both basal and apical arbors of CA1 hippocampal neurons.
Marrone (2007) conducted a meta-analysis of 23 studies that examined neuronal morphology in the
hippocampus using a learning task and at least one control group. The majority of these studies used
rats (19 male, 2 female studies), and the remaining 2 studies examined rabbits. The ages of the
animals ranged from 49 - 135 days postnatal. These studies used a variety of tasks and examine
neuronal morphology in the CA1, CA3 or dentate gyrus regions of the hippocampus or some
combination of these regions. Their analysis found increased basal and apical spine density but no
increases in dendritic length for either the basal or apical trees of CA1 hippocampal neurons, none
of the CA1 studies had data on branching complexity. For CA3 hippocampal neurons there was
evidence of increased branching of both basal and apical dendritic trees, but no significant increases
in spine density, and none of the CA3 studies looked at dendritic length. Total spine density was the
only neuromorphological measure made in the dentate gyrus and there was no significant increase.
However, most of the tasks used for this analysis were poorly related to hippocampal function and
integrity. For example, five studies examined intracranial self-stimulation and other studies used
one-way active avoidance, simple brightness discrimination or simple operant conditioning. Trace
conditioning was another task used which produced changes in post-synaptic density and increased
spine numbers in CA1 hippocampal neurons (Geinisman et al., 2000, 2001; Leuner et al., 2003).
However, changes in spine density were also found when delay conditioning was used (Leuner et
al., 2003), and delay conditioning using these same parameters does not rely on hippocampal
integrity (Beylin et al., 2001). Whereas trace conditioning is influenced by hippocampal lesions, the
deficit is far less robust than what is found when the sort of allocentric spatial memory tasks
discussed in previous chapters are employed. An allocentric spatial task that is highly sensitive to
hippocampal lesions would be more likely to produce training induced neuronal changes in the
hippocampus related to improvements in episodic memory.
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Although some of the studies examined the effects on CA1 neuromorphology after water maze
training (Moser et al., 1994, 1997; Frick et al., 2004) the interpretation of the results from these
studies is problematic. As discussed in the previous chapter, Moser and colleagues (1994, 1997)
trained adult rats to search for food in a complex environment for four hours a day over a 3 week
period after which they showed an enhanced rate of acquisition and improved precision learning in
the water maze compared to standard caged and isolated controls. A subset of rats that did not
receive water-maze testing showed an increase in basal spine density by about 10% in hippocampal
CA1 neurons. However, these studies used paired and isolated standard housed control groups and
did not compare the effects of explicitly pseudo-trained rats with the animals trained in a complex
environment, so it is unclear whether spine density increases related to the spatial experience per se
or increases in sensorimotor activation. In another study, that was primarily investigating whether
behavioural training interferes with the ability of various gonadal hormones to increase CA1 spine
density in ovariectomized female rats, Frick and colleagues (2003) reported that just 1 day of Morris
water maze testing produced increased CA1 spine synapse density in their placebo injected control
rats. Again, however, this study also did not employ a suitable pseudo-trained control group.
Moreover, submersion in water is stressful (Kim et al., 2001) and stress has been shown to cause
loss of hippocampal dendritic spines and deficits in synaptic plasticity and memory (Chen et al.,
2008). These stress-related effects would assumably be even more heightened in animals exposed to
the water maze for such a short duration of time. O’Malley et al. (2000) reported increased dentate
gyrus spine density after just 1 day of training in the water maze compared to paired controls. This
study included a paired pseudo-trained control group that were allowed to swim in the maze in the
absence of the platform for the same period of time as their trained counterparts. However, the
absence of a platform would have further added to the stress of submersion in water for these rats.
Only one of the studies included in the analysis had appropriate pseudo-trained controls to account
for sensorimotor experience (Knafo et al., 2004). This study used a simple olfactory discrimination
task and will be described in greater detail in the subsequent section.
In summary, while Marrone’s (2007) meta-analysis provides some good evidence, and
suggests that the CA1 region may exhibit the most robust hippocampal learning-induced changes,
none of the studies used involved a suitable spatial memory task, and few of the studies included
suitable pseudo-trained control groups that received a matching sensorimotor experience.
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7.2 Olfactory rule learning tasks
More recent evidence of hippocampal training-induced CA1 neuromorphological changes comes
from studies employing olfactory rule learning tasks in rats and two different strains of inbred mice
(Knafo et al., 2004, 2005; Restivo et al., 2006). Olfactory rule learning is a task that requires the
animal to choose between two simultaneously presented odours (positive- and negative-cue). Rats
have demonstrated flexible problem solving abilities based on odour discrimination, such as being
able to associate paired elements presented in the reverse of training order (Bunsey and
Eichenbaum, 1996), or making transitive inferences about items not presented together during
training (Dusek and Eichenbaum, 1997). Rats with hippocampal lesions, although able to acquire
separate discrimination problems, were unable to exhibit either forms of flexible expression (Bunsey
and Eichenbaum, 1996; Dusek and Eichenbaum, 1997). This suggests that the hippocampus plays a
role in forming the representations of relations among odour memories (Eichenbaum, 1998). Studies
employing olfactory rule learning tasks have produced some of the more convincing evidence of
training-induced changes in spine plasticity.

Knafo and colleagues (2001, 2004) conducted several studies examining the
neuromorphological effects of simple non-flexible olfactory learning in which water deprived rats
were rewarded with water for making the correct odour response. In both of these studies the trained
rats were rewarded after choosing the positive-cue, whereas rats in a pseudo-trained control group
were randomly rewarded 50% of the time after choosing any odour. Although these pseudo-trained
controls were matched with the trained rats in terms of sensorimotor experience, they received less
rewards than the trained rats whose performance quickly improved above chance levels. Pyramidal
neurons of the piriform cortex layer II, a brain area associated with olfactory learning, revealed an
increase in spine density along apical, but not basal, dendrites in trained but not pseudo-trained rats
(Knafo et al., 2001). The same task produced a 20% higher density of spines on apical dendrites of
hippocampal CA1 pyramidal neurons as compared to neurons of pseudo-trained and naïve animals,
which did not differ from each other (Knafo et al., 2004). There were no differences in CA1
hippocampal basal spine density amongst the three groups.

Restivo and colleagues (2006) examined the extent to which simultaneous olfactory
discrimination learning affected spine density on hippocampal CA1 pyramidal neurons in two

Explicit Learning

117

different strains of inbred mice, compared to pseudo-trained controls. C57BL/6 (C57) mice show an
enhanced performance in hippocampus-based learning tasks largely due to the anatomical and
functional properties of their hippocampus (Paylor et al., 1993; Passino et al., 2002). In contrast,
DBA/2J (DBA) mice generally perform the same or better than C57 mice in hippocampalindependent tasks such as active avoidance (Bovet et al., 1969), auditory fear conditioning
(Ammassari-Teule et al., 2000), or simple olfactory discrimination learning (Mihalick et al., 2000;
Holmes et al., 2002). The mice were trained in a circular tube maze with four olfactory
discrimination choice points at which one odour was associated with a positive reward of water
while the other was associated with a 3 second buzzer sound. The study included trained, pseudotrained and control mice of both strains. Although the article did not describe the pseudo-training, it
presumably reflected no contingency between reward and either odour. The pseudo-trained rats were
not matched for reward rate, remaining at 50%, whereas the trained C57 mice received increased
reward as their performance improved throughout training. The trained C57 mice learned the
simultaneous olfactory discrimination task during the 20 session per day, 6-day training period
while trained DBA mice performed at the chance level. The mice were sacrificed 24 hours after the
end of training. Spine density was significantly increased along apical trunk, apical oblique and
basal dendrites of CA1 hippocampal neurons in trained C57 mice compared to trained DBA mice,
pseudo-trained mice of both strain, and control cage mice of both strains. In C57 trained mice
compared to C57 pseudo-trained mice, training induced approximately an 11% increase in apical
trunk and oblique spines, and an 18% increase in basal spines. Both of these studies had sufficient
controls to account for non-training related experiences, but simple 2-way odour discrimination is
arguably not dependent on hippocampal integrity (Eichenbaum, 1998; Jonasson et al., 2004).
Regardless, this type of olfactory discrimination task would be less dependent on hippocampal
integrity than a task based on allocentric spatial memory, because the correct response is
independent of spatial location. Similar studies using a more spatially oriented task which minimizes
non-specific stress would provide a better index of plasticity associated with hippocampaldependent learning.

7.3 Learning-induced Neuromorphological changes in the Cortex
This section describes several studies that looked at non-hippocampal training-induced neuronal
changes in cortical sites. The first study demonstrates that neuronal changes can be task specific, as
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experience-dependent changes in the occipital and motor cortex varied after visual spatial and motor
learning tasks (Kolb et al., 2008). The second study showed that the persistence of training induced
spine changes in the cortex was dependent on the length of training, with the majority of spines
showing increased longevity with longer periods of training (Yang et al., 2009).

Kolb and colleagues (2008) ran multiple experiments involving four different tasks in order
to examine area-dependent dendritic changes in multiple cortical sites associated with acquisition of
motor and visual spatial learning tasks, and to investigate whether changes in dendritic length and
spine density change independently of each other. Dendritic branching and length was examined in
the occipital, orbital frontal, medial prefrontal, and forelimb cortices, whereas spine density was
examined only in the occipital and forelimb cortices. In the first experiment the same rats were
trained on both a visuospatial task (water-maze) and a motor task (tray-reaching) and had yoked and
untrained controls. In the second study untrained rats were compared to two different reaching
motor tasks groups, single pellet tray-reaching involved reaching for individual pellets that could be
grasped through a slot with one paw (unimanual), whereas string-pulling involved pulling on a
string with both paws to obtain single pieces of food (bimanual). In the third study the rats were
trained to criterion in a standard spatial T-maze alternation task, or untrained. Learning the spatial
navigation task in the water maze produced increased dendritic length and branching as well as
decreased spine density in layer III pyramidal cells in the occipital cortex. Learning the T-maze task
increased dendritic branching in layer III medial but not orbital frontal cortex pyramidal cells and
increased spine density in both of these frontal regions. The motor learning tasks produced increased
dendritic length and branching in layer V pyramidal cells in the forelimb cortex in the hemisphere
contralateral to the trained limb in the unilateral skilled reaching task and in both limbs in the
bilateral skilled string pulling task. There were no changes in spine density in layer V in the motor
tasks, but there was a decrease in spine density in layer III in the unilateral reaching task. These
studies indicate that spine density and dendritic branch length are not necessarily tightly correlated
and that in some instances spine density can even decrease while dendritic length increases. In
addition, the differences in region-specific neuromorphological effects amongst different types of
visual and motor spatial training tasks, and amongst different cortical layers within those regions
implies that there is some fundamental difference between experience-dependent plasticity related to
specific forms of visual spatial and motor learning (Kolb et al., 2008).
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Another recent study, used transcranial two-photon microscopy to examine how
fluorescently labelled dendritic spines of layer V pyramidal neurons in the mouse motor cortex are
altered and maintained in response to skill learning or novel sensory experience (Yang et al., 2009).
A rotarod motor-learning task was employed in which animals had to change their gait pattern and
learned specific movement strategies beyond simply running quickly. Only two days of rotarod
training induced increased spine density in the forelimb area of the motor cortex of around 5-7% in
both young and adult mice, compared to mice running similar distances on a slowly rotating rotarod.
The impact of novel sensory experience on spine formation in the barrel cortex, the primary
somatosensory area for whisker sensation, was also examined by switching animals from a standard
housing environment to an enriched environment (EE) for two days. Both young and adult mice
showed an increase in dendritic spines of approximately 5% compared to standard housed controls.
Interestingly, sensory deprivation by whisker trimming prevented the increase, demonstrating that
new spine formation in the barrel cortex was dependent on novel sensory whisker experience, and
not simply the exploratory activity of the animals. By examining the maintenance of new spines
under various conditions (with or without skill learning or EE exposure, and short and long
durations), they were able to show that regardless of age or housing conditions, a small fraction of
new spines formed over 2 days remained over the next 2 weeks whereas most new spines (>75%)
were eliminated. Interestingly, a significantly larger fraction of new spines lasted over 2 weeks
when the mice were trained for longer periods (4–14 consecutive days) or continued to stay in the
EE for a longer duration. The proportion of new spines that were formed within the first 2 days and
remained at day 7 highly correlated with the retention of learned motor skills, as quantified by the
average running speed that mice mastered on an accelerated rotarod. In addition, they were able to
show that approximately 4–5% of new spines formed over 2 days of rotarod training persisted for at
least 3 months in the motor cortex, and for at least 5 months in the barrel cortex in mice subjected to
the 2 days of EE. Thus, a tiny fraction of new spines formed daily (approx. 0.2% of the total spines)
persist for at least 3–5 months. Unfortunately, in this study dendritic spines were not categorized
into thin, stubby or mushroom varieties and therefore no conclusions could be drawn about the
nature of the more persistent spines. Although filopodia, spine precursors, were categorised
separately from other spines, there were no significant findings associated with changes in filopodia
in any of their various experiments.
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The studies described in this section give further examples of learning-induced
neuromorphological changes in the cortex, and demonstrate that these changes are region- and taskspecific. In addition, Yang et al. (2009) showed that even a short duration of training can produce
learning-induced changes in spine density that can persist for months, at least in a small percentage
of new spines. Most relevant to the current study, continued training increases the survival rate of
these new spines and produces additional spines. However, there may be a critical window after
training ends, in which a proportion of changes in spine density are transient. Selecting when to
sacrifice rats after training in order to examine the neuromorphological correlates of learning may be
a critical aspect of this type of research. Therefore, the following section will investigate the
temporal dynamics of spine density.

7.4 The Temporal Dynamics of Spine Density
Some studies have suggested that the delay between training and sacrifice can produce radically
different changes in hippocampal anatomy across trained groups within the same study (O’Malley et
al., 2000; Eyre et al., 2003). Significant but transient increases of synapse number localized on small
dendritic spines in dentate granule cells, were found in rats 9 hours after completion of water maze
training, but not at earlier (3 hour) or later (24 hour) times (Eyre et al., 2003). These changes at 9 h
post-training were accompanied by transient decreases in both mean synaptic height and area of
postsynaptic density. In a similar study, an increase in spine density of adult dentate gyrus cells
found 6 hours after completion of water maze training, returned to control levels at the 72 h posttraining time (O’Malley et al., 2000).

Varying changes in spine density over time after olfactory rule learning have been shown in
piriform cortex neurons (Knafo et al 2005). In proximal apical dendrites a significant increase in
spine density was found 3 days after training, but not 1 or 5 days after. For basal dendrites a small
decrease was found on 1 and 3 days after training, whereas a significant increase was shown 5 days
after. In distal apical dendrites, which constitute afferent pathways in this type of neuron, a
significant decrease in spine density was shown on day 3. These changes suggest that spine addition
or pruning may be a pathway-specific phenomenon and not a global effect in the entire neuron
(Knafo et al., 2005). By contrast, CA1 hippocampal cells of rats trained in this olfactory task
showed changes in apical spines at 3 days post-training but not after 1 day (Knafo et al., 2004).
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However, using a similar task with less days of training, Restivo et al. (2006) found spine density
changes in apical trunk and oblique, as well as basal dendrites of CA1 hippocampal neurons when
the mice were sacrificed 24 hours after the end of training. Moreover, although the sites examined
were non-hippocampal, the findings of Yang et al. (2009) suggest that length of training may be a
more relevant determinant of spine persistence.

It is important to note that many studies do not specify the delay before sacrifice, and often
sacrifice all animals at a fixed time after the end of training despite the fact that individual animals
within groups exhibit different rates of learning in most tasks. In the current study it was decided
that animals would be sacrificed after they reached a criterion in the final task, but within a window
of a minimum and maximum number of trials to ensure slow and fast learning rats are exposed to a
similar overall sensorimotor experience. The animals were sacrificed 24 hours after reaching
criterion or the maximum number of days of testing but whether this delay between testing and
sacrifice is optimal is unclear.

In summary, the studies reviewed in this chapter provide evidence of neuronal changes
associated with explicit memory and learning tasks. In Marrone’s (2007) meta-analysis the strongest
evidence of learning-induced changes were found in CA1 hippocampal neurons in the form of
increased dendritic length and basal and apical spine density. Olfactory discrimination studies
provided additional evidence of increased hippocampal CA1 basal and apical spine density after
memory training (Knafo et al., 2004; Restivo et al., 2006). These findings, coupled with the
enrichment-induced CA1 neuronal changes reported in chapter 6 and the suggested role of the CA1
in adding context to experience all contributed to the selection of the CA1 as the primary target in
the current thesis for neuromorphological analysis of experience-induced changes associated with
environmental enrichment, ATN lesions, and explicit training.

Few of the studies investigating hippocampal CA1 changes that were examined in this chapter
used tasks that are clearly dependent on hippocampal integrity. The only allocentric spatial task used
was the water-maze which may produce additional stress-induced changes in CA1 hippocampal
neurons (Chen et al., 2008), especially when very short periods of testing, such as 1 day, are used
(O’Malley et al, 2000; Frick et al., 2003). Hence, an aim of the current thesis was to investigate
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learning induced CA1 hippocampal neuronal changes using an allocentric spatial task that is highly
sensitive to hippocampal lesions and also minimises non-specific stress.

A major caveat in studies investigating learning-induced neuronal changes is the need for
pseudo-trained control groups that are matched as closely as possible to the trained group in terms of
reward and sensorimotor experience. Few of the studies used in Maronne’s (2007) meta-analysis
had appropriate pseudo-trained controls, and although the olfactory learning task studies employed
pseudo-trained control groups they were not matched to the trained rats in terms of reward (Restivo
et al., 2006). The current thesis included several pseudo-trained control groups that were employed
to examine morphological changes associated with acquisition of spatial working memory tasks in
both anterior thalamic nuclei lesioned and sham rats (see Chapter 9). Care was taken that these rats,
as much as possible, received a matched senorimotor experience and comparable reward to the
trained rats. Both of the pseudo-trained groups were also exposed to an enriched environment in
order to ascertain how neuromorphological changes related to spatial memory task acquisition and
exposure to a complex environment are related.
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Chapter 8
Recovery from Behavioural and CA1 deficits
This chapter documents the first of three experiments (see also: Chapters 9 and 10) and involves the
recovery of function after anterior thalamic lesions. In the current experiment rats preoperatively
trained on a cross-maze received either lesions to the anterior thalamic nuclei or sham surgery, after
which they were re-tested, then exposed to 40 days of continuous enrichment or standard housing.
At the end of this period the rats were re-tested for a third time in the T-maze before being trained to
criterion in a modified radial-arm maze task. During this period rats in the enriched group were
returned to enriched housing overnight. Twenty four hours after the rats reached a performance
criterion in the radial-arm maze, they were sacrificed and processed with a Golgi-Cox stain and
neuromorphological changes in CA1 hippocampal neurons were investigated by examining basal
and apical dendritic branching complexity, length, and basal and apical spine density, as well as cell
body size and shape.

8.1 Introduction
As discussed in Chapter 3, considerable clinical evidence has accumulated that the integrity of the
thalamus is crucial for normal memory (Schmahmann, 2003; van der Werf et al., 2003). Clinical
observations supported by animal experimental data (discussed in Chapter 4) indicate that anterior
thalamic nuclei (ATN) lesions result in severe spatial and temporal order memory deficits, even
when subtotal lesions are used that minimise confounds from damage to adjacent thalamic structures
(see Chapter 4). This lesion evidence and its similarity to many of the effects of hippocampal
lesions, as well as the ATN’s various direct and indirect neural connections with the hippocampal
system, support the notion that the ATN constitute a critical nodal point in an extended hippocampal
system responsible for at least some aspects of normal episodic memory (Aggleton and Brown,
1999; Vann and Aggleton, 2004). Recent evidence suggests that damage incurred to part of this
system can affect ostensibly healthy distal connected regions (see chapter 5), as evidenced by c-Fos
hypoactivation (Jenkins et al., 2002a, 2002b, 2004; Loukavenko, 2009; Vann and Albasser, 2009;
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Dumont et al., 2012) and the preliminary observations of neuroanatomical changes (Poirier and
Aggleton, 2009). Studies performed previously in our laboratory (discussed in chapter 6) have
shown that post-operative enrichment in rats with ATN lesions ameliorates deficits in forced choice
spatial working memory in a cross maze and reference memory in the water maze, but failed to
promote recovery of spatial reference memory in a radial-arm maze task (Loukavenko et al, 2007;
Wolff et al., 2008). The current study re-examined the influence of enrichment in ATN rats on
spatial memory in the cross maze and radial-arm maze. A 40-day continuous period of standardized
enrichment was used as it has been shown to be effective (Wolf et al., 2008) and represents a
standard length of exposure in similar studies.

The rats were preoperatively trained in a cross-maze procedure that emphasises the use of
spatial cues and minimises the rats’ ability to benefit from an egocentric (response-based) strategy.
As discussed in Chapter 4, this task has revealed severe and robust memory deficits after ATN
lesions (Aggleton et al., 1995a; 1996; Warburton, et al., 1997) and has been previously shown to be
amenable to behavioural recovery after exposure to an enriched environment (EE) in our laboratory
(see chapter 6; Loukavenko et al., 2007). The cross-maze was preferred to the Morris water maze as
it minimizes non-specific stress associated with swimming (Kim et al., 2001). Stress has been shown
to cause loss of hippocampal dendritic spines and deficits in synaptic plasticity and memory (Chen
et al. 2008). The cross maze was administered post-surgically as a ‘litmus test’ to validate the
behavioural effects of ATN lesions, and was used to match levels of impairment after ATN lesions
across enriched and standard caged conditions. As discussed in chapter 4, ATN lesions produce
severe and long-lasting deficits in the radial-arm maze (Aggleton et al., 1996; Sziklas and Petrides,
1999, 2007; Alexinsky, 2001; Mitchell et al. 2002; Moran and Dalrymple-Alford, 2003; Mair et al.,
2003; Mitchell and Dalrymple-Alford, 2005, 2006). However, previous attempts in our laboratory to
promote recovery of spatial reference memory in the radial-arm maze by exposure to an EE have
been ineffective. These previous negative findings in the radial-arm maze may have been due to
particular spatial discrimination used and the addition of vestibular stimulation because rats
remained in the maze during rotation between arm choices. The current study aims to replicate the
post-enrichment results on the cross-maze and extend these findings by examining whether EE can
improve spatial memory on a more traditional radial-arm maze task in ATN lesioned rats.
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The novel aim of this study was to determine whether some of the beneficial behavioural
effects of enrichment on ATN lesions were associated with neuromorphological changes in the CA1
region of the hippocampus. As discussed in chapter 5, the CA1 is a critical brain region involved in
episodic memory (Rolls and Kesner, 2006; Langston et al., 2010; Bartsch et al., 2011; Kesner and
Hunsaker, 2011). Moreover, as discussed in chapter 6, studies have already shown that exposure to
an EE is associated with enhanced neural plasticity in the form of increased spine density, dendritic
branching and length in the hippocampal CA1 region (Moser et al., 1994, 1997; Berman et al., 1996;
Rampon et al., 2000; Faherty et al., 2003; Kozorovitskiy et al., 2005). In addition, rats with
subicular lesions that were subsequently housed in an EE showed recovery of CA1 apical spine
density and were comparable to naïve and sham standard caged controls (Bindu et al., 2007).
Learning induced changes may not just reflect increases in spine density due to the growth of new
spines, but also changes in the relative distribution of different spine types (see chapter 5). Changes
in the number of transient thin “learning” spines or the more persistent mushroom “memory” spines
may also indicate possible substrates of synaptic plastic recovery in the hippocampus. Evidence of
changes in CA1 neuromorphology after ATN lesions would provide convincing evidence of ATN
and hippocampal interdependency. Evidence of CA1 changes after enrichment would suggest that
enrichment-induced improvements in spatial memory performance may be related to structural
changes at the neuronal level.

8.2 Materials and Methods
8.2.1 Subjects
Fifty-nine male PVGc hooded rats were used, weighing between 379g and 456g at the time of
surgery. The rats were 8-10 months old at the start of preoperative training, 13-16 months old when
they received sham or ATN surgery, and 18-21 months old when sacrificed. Throughout the
research, testing occurred during the dark phase of their reversed 12-hour light cycle. During
behavioural testing, body weights were restricted to 85-90% of free-feeding weight, with free food
access for the surgery and recovery period and during subsequent differential housing in enriched
versus standard cages. All protocols in this study conformed to the NIH Guide for the Care and Use
of Laboratory Animals and were approved by the Animal Ethics Committee of the University of
Canterbury.
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8.2.2 Surgery
Based on matched preoperative spatial working memory performance, pairs of rats were randomly
assigned to either the anterior thalamic nuclei (ATN) or sham (SH) surgery condition. Rats were
anesthetized intraperitoneally with Ketamine (50 mg/ml) and Domitor (0.5 mg/ml) which was
supplemented by subcutaneous mepivacaine (3 mg/kg). They also received a 1ml injection of
Hartmann’s solution to help mitigate any fluid losses during surgery. They were placed in a
stereotaxic frame with atraumatic ear bars (Kopf, Tujunga, California), with the incisor bar set at
−7.5 mm below the interaural line to minimize damage to the fornix. Bilateral lesions were used to
maximize ATN damage using three bilateral infusion sites. Two infusion sites were directed at the
anteroventral nucleus (AV), followed by a single infusion site directed at the anteromedial nucleus
(AM). The locations and volumes for the lesions were determined using pilot surgeries. The ensuing
lesions were highly selective with minimal damage to the other closely located regions, but were
therefore subtotal. To improve target accuracy, each surgery used one of five anterior–posterior
coordinates relative to an individual rat’s bregma to lambda (B–L) distance (in millimetres). For the
AV lesions, the AP coordinates from bregma were: −2.4 for B-L ≤ 6.4; −2.45 for B-L = 6.5 to 6.8;
−2.5 for B-L = 6.9 to 7.2; −2.55 for B-L ≥ 7.3. The AV lesion sites were ±1.52 mm lateral from the
midline and the first site administered in each hemisphere was −5.63 mm ventral from dura,
followed by −5.73 mm ventral. The AM lesions followed an identical scheme except that lesions
were placed ±1.20 mm lateral from the midline, −5.86 mm ventral from dura and AP was 0.1 mm
more anterior than for the AV lesion. Either 0.16 μl (AV sites) or 0.20 μl (AM sites) of 0.15 M Nmethyl-d-aspartic acid (NMDA; Sigma, Castle Hills, New South Wales, Australia) in phosphate
buffer (pH 7.2) was infused at a rate of 0.04l / minute, resulting in a 4 minute infusion for the AV
sites and a 5min infusion for the AM sites. An automated Stoelting microinfusion pump and a 1-μl
Hamilton syringe (Reno, Nevada) were used for these infusions. At each lesion site the needle was
left in situ for a further 3 minutes to allow diffusion before lowering or retraction. ATN sham
controls received the same general surgical procedure, but the needle was lowered to 1.50 mm above
the dorsal AV coordinate, as well as the AM coordinate. Emla cream (a topical anesthetic) was
applied and the sedative reversal drug Antisedan (1 mg/ml) administered along with an additional
1ml of Hartmann’s solution.
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8.2.3 Housing Conditions
Prior to surgery all rats were housed in standard housing conditions of 3 or 4 rats per opaque plastic
cage (45cm long by 27cm wide by 22cm high). Following surgery all rats were housed individually
for 7 to 11 days and then re-caged in groups of 3 or 4. All rats then received up to a week of food
deprivation before the 10 days of post-surgery cross-maze testing. They were then housed in either
an enriched housing condition (Enr) for 40 days or the standard housing conditions (Std).
Enrichment and standard cages consisted of a combination of ATN and SH rats and were all housed
in the same colony room, in which a temperature of 22º was maintained with a reversed light cycle
(lights off from 8am to 8pm). No behavioural testing occurred during the 40 days of continuous
enrichment. For the Enr housing condition, 11 – 12 rats were housed in enrichment cages, made of
wire mesh (85 cm long by 60 cm wide by 30 cm high) with a solid metal floor covered with sawdust
(see Fig 8.1 for examples of EE housing). A unique configuration (see Appendix A, for some
examples) of thirteen different objects was employed each day, with no object being reintroduced
within 4 days of prior use. The position of food and water within the cage was changed daily, and
the location of the cage in the colony room was changed on every fourth day. On every seventh day
the rats received a unique configuration of tunnels consisting of thirteen pieces of plastic spouting.
The enrichment cage was empty on every eighth day. Rats were removed to a large plastic cage for
30 mins, when the enrichment cage was washed. The rats were then replaced in their enrichment
cage. Once a daily configuration was set up, the rats were left alone to interact and rearrange objects
without interference. After 40 days of continuous enrichment, the Enr groups were then re-housed in
standard conditions (i.e., 3 or 4 rats per cage) with cage mates from the same enriched environment
cage during the day for testing. For the rest of the experiment, these Enr rats were returned to their
enriched environment overnight (from ~ 6pm to ~ 10am, which included a few hours at either end of
the dark “active” phase of their diurnal cycle) after receiving their daily food ration at the end of the
days testing. After confirmation of accurate lesions (see Lesion Evaluation), the final group numbers
were: SH-Enr-Tr, n = 14; SH-Std-Tr, n = 10; ATN-Enr-Tr, n = 9; and ATN-Std-Tr, n = 12 (10
ATN-Enr-Tr rats and 5 ATN-Std-Tr rats were excluded solely on the basis of histology). For these
groups, SH = sham, ATN = anterior thalamic nuclei lesion, Std = standard housed, Enr = enriched
housed, Tr = received spatial working memory training after the 40 day housing period.
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Fig 8.1: Photographs depicting examples of enrichment cage arrangements and standard cages. A and B) Show
top-down photographs of rats in two different enrichment configurations. C) A front-on photograph of an
empty enrichment cage with objects. D) Example of standard cages in the colony room.

8.2.4 Cross-maze task
Spatial working memory was tested using a T-maze configuration embedded in a cross-maze raised
75 cm above the floor (see Fig 8.2). The same apparatus, room, and distal cues were used for presurgery, post-surgery, and post-enrichment cross-maze testing. The wooden runways were 10.5 cm
wide and painted gray, with 2.5 cm high galvanized steel edges. The two stems were 1 m long with
a guillotine door located 28 cm from each end to create the two start areas (labeled S and N). The
doors were flanked by single clear Perspex barriers (10 cm long by 25 cm high) to prevent rats from

Enrichment and ATN Lesions

129

climbing around any barrier or the start door. The two goal arms (labeled A and B) were 40 cm long,
the end of which included a raised wooden food well, 2.5 cm diameter and 1 cm deep, holding
inaccessible food rewards to provide constant olfactory cues. Wooden blocks (10.5 cm wide by 30
cm high by 10 cm deep) were used to restrict access to any stem or arm.

The maze was located diagonally in a windowless room (334 cm by 322 cm) which
contained a number of distal cues (Fig 8.2). Start Area S had a small table with the testing cage to
one side and faced the door into the testing room which was embedded in a small alcove adjacent to
the otherwise square shaped room. Start area N was flanked by the edge of a ceiling mounted drawn
curtain on one side and a poster on the other side, and faced a corner of the room which contained
the hub of a radial-arm maze. Goal arm was near the drawn curtain, and an empty corner of the
room. Goal arm B faced a small table with a computer monitor, and a corner containing a chair.
There were also several sets of three or four 3D objects attached to the wall in different locations,
configurations, and heights. The horizontal distance between an end of the maze and the nearest
surface varied from 30cm to 80cm and a fixed level of diffuse lighting was provided by overhead
fluorescent lights.

Six trials were conducted per session with each trial consisting of a sample and test run. Half
of the trials were “same start” trials and the other half were “opposite start” trials (see Fig 8.2) to
prevent the task being solved using egocentric (body-turn strategies). In the sample run, the rat was
placed in one of the start areas for 8 seconds before the door was lifted and it was forced to enter
either the left or right goal arms on a pseudo-random basis for a reward of a 0.1 mg chocolate piece.
Pseudo-randomly, for half of the sample runs per session the rat was initially placed in start area S,
and for the other half it was placed in start area N. The rats were pseudo-randomly placed in either
the same start area for a “same start” test run, or in the opposite start area for an “opposite start” test
run. In the test run, the rats were placed in the start area for 8 seconds before the door was lifted
permitting a choice of either goal arm, but was only rewarded (with 0.2 mg of chocolate) for
entering the goal arm that was not visited in the sample run. For both sample and test runs, once a
rat entered a goal-arm it was given 10 seconds to eat the chocolate and/or look around. Once a rat
had finished any trial, it was returned to the home cage in the testing room and did not receive the
next trial until all its cage-mates had received their trial. This resulted in an inter-trial interval of
about 3-4 minutes.
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During pre-surgery training, testing was conducted for 7 days a week, but rats were tested on
alternate days so that half the rats were tested per day. For the 10 sessions of post-surgery and postenrichment testing, behavioural testing was conducted for 7 days a week, and all rats were tested
every day. All rats were pre-operatively trained to a criterion in which they had to score at least 21
out 24 correct trials over 4 days, with scores on any day having to be at least 4 correct trials out of 6.
The rats were preoperatively trained for a minimum of 15 sessions and a maximum of 32 sessions.
Rats that failed to reach the criterion before 32 sessions were removed from the study. For the postsurgery and post-enrichment testing, the rats were tested for 10 sessions only. At the start of postsurgery and post-enrichment testing the rats were given 1 day of pretraining to re-familiarise them
with the maze which involved pseudo-random fixed-choice runs only.

Fig 8.2: Left) The arrangement of the cross-maze and the experimental room. Right) Diagram depicting
examples of “same start” and “opposite start” trials. In both examples, if either blue arrow is designated as the
‘fixed choice’ sample run, the other blue arrow shows the rewarded goal arm on the test ‘choice’ run.

Enrichment and ATN Lesions

131

8.2.5 Radial-arm maze task
Spatial memory was tested using an 8-arm radial maze raised 67.5cm above the floor (see Fig 8.3).
This maze consisted of a 35cm wide wooden hub that was painted black with 8 detachable
aluminium arms (65cm long by 8.6cm wide, 4.5cm-high borders). Single clear Perspex barriers (19
cm long by 25 cm high) extended along each arm from the central hub to discourage rats from
jumping across arms. A black wooden block (5 cm long by 8.5 cm wide by 3 cm high) containing a
food well (2 cm diameter, 1 cm deep) was located at the end of each arm and housed inaccessible
food (0.1 g chocolate pieces) to provide constant olfactory cues. Clear Perspex guillotine doors (4.5
cm wide by 2.5 cm high) controlled access to the arms and could be raised singly or together by an
overhead pulley system.

The radial maze was located in a different windowless room (410.5cm by 471cm) from the
cross-maze and contained several distal cues. The radial-arm maze was closest to one corner of the
room which is depicted in Fig 8.3. To one side of this corner there was a small stand that had a mug
and a piece of drain spouting with a miniature bowling ball on top. On the other side of the corner
was a drawn ceiling-mounted curtain. There were also several large pieces of perspex in the other
half of the room. The experimenter sat at a large table with a computer monitor hooked up to a
camera above the maze. The end of this table held the pulley system that allowed the experimenter
to lift any single door, or all doors simultaneously. Behind the experimenter was a cupboarded
counter and sink and adjacent to the experimenter were several stacked trays containing sand. A
trolley containing testing cages was located adjacent to the room’s door. The edge of the radial-arm
maze arms were 50 cm to 115 cm away from any item in the room. This testing room had the same
level of diffuse lighting as the room used for cross-maze testing.

For each radial-arm maze session, seven of the arms were baited with chocolate (0.2 mg of
chocolate at each food-well), whereas one arm was never baited (pseudo-randomly varied across
rats). The ‘unbaited arm’ for each rat refered to a fixed arm location in the room and not to actual
physical maze-arms because these were removed and pseudo-randomly repositioned at the start of
each day’s testing. In any session the rat was allowed a maximum of 20 arm visits or 10 minutes in
the maze, and was removed once all 7 chocolate rewards were claimed. At the start of the session
the rat was placed in the central hub for a 5 second delay before all the doors were simultaneously
lifted. Once the rat had entered an arm, all other doors were closed, and the rat allowed to re-enter
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the central hub followed by closing that door and another 5 second delay. The task was run for a
minimum of 15 days and a maximum of 35 days or until the animals reached a criterion of 2 out of 3
sessions without visiting the un-baited arm plus no more than 5 errors in total over the 3 sessions.
Testing sessions were conducted on consecutive days for 7 days a week. The rats received 4 days of
familiarization and pre-training, in which they were originally placed with cage-mates on the maze
which was covered in chocolate pieces, and culminated in them being familiar with door operation
and searching for chocolate pieces in the food wells.

Fig 8.3: The 8-arm radial-maze apparatus and testing room. The photograph was taken at the start of
pretraining and depicts cage-mates being familiarized to the maze.

8.2.6 Histology
The rats were sacrificed 24 hours after reaching criterion in the radial-arm maze task or 24 hours
after their last session if they reached the maximum number of days of testing (35 days). They were
given an overdose of sodium pentobarbital and the brains were removed and rinsed with Milli-Q
water (low conductivity distilled water) and cut into slabs using an adult rat coronal brain matrix
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(Ted Pella Inc.). Cresyl violet staining of cell bodies was used to calculate the extent of lesion
damage in the ATN and neighbouring regions. The metallic Golgi-Cox stain was used for neuronal
analysis, which stains a random subset of 1-5% of neurons (Kolb et al., 2003b; Spacek, 1989) so that
the cell bodies, dendritic trees, and dendritic spines of individual neurons can be visualized. For the
majority of rats, two slabs were taken and immersed in Golgi-Cox solution, with the aim of
counterstaining the Golgi-stained ATN region with cresyl violet for lesion analysis. In this case, one
slab was approximately 6mm and contained the prefrontal cortex region, extending from the anterior
tip of the brain which is approximately Bregma +6.70mm to the cut made at approximately Bregma
+1.00mm. The other slab was approximately 10mm containing the hippocampus and retrosplenial
cortex. This larger slab extended from approximately Bregma +1.00 to approximately Bregma 8.70mm. However, for some of the ATN lesioned rats three slabs were taken with the aim of
staining the slab containing the ATN region with cresyl violet only. The first slab containing the
prefrontal cortex was taken as described previously and placed in Golgi-Cox solution. The second
slab for cresyl staining only was approximately 3mm and extended from approximately Bregma
+1.00mm to approximately Bregma -2.30mm and included the whole ATN region. The third slab
containing most of the hippocampus was approximately 4mm and extended from approximately
Bregma -2.30mm to approximately Bregma -6.72mm and was also placed in Golgi-Cox solution.

Golgi staining was performed using the FD Rapid GolgiStain Kit (FD NeuroTechnologies)
according to the manufacturer’s instructions (see Appendix B). Briefly, brain slabs were immersed
for 14 days in the dark in an impregnation solution containing mercuric chloride, potassium
dichromate, and potassium chromate. They were then refrigerated for 4-7 days in a second solution
containing sucrose for cryoprotection before being cut into coronal sections on a vibratome
(Campden Instruments) at medium speed (5.5). 200µm sections for neuromorphological analysis
were cut through the prefrontal cortex and the hippocampus / retrosplenial region starting from
where the ATN region ends at approximately Bregma -2.30mm to the posterior hippocampus at
approximately Bregma -6.00mm. Fig 8.4 indicates the CA1 regions used in this study in coronal
slices of the hippocampus located between Bregma -3.14 and Bregma -5.30, covering a total
distance of 2.16mm. These sections were mounted on slides and processed through the sequence of
washes indicated in the Rapid GolgiStain Kit instructions which included immersion in the dark in a
solution containing a photographic fixer solution. Details of the retrosplenial and prefrontal cortex
regions used can be found in the histology section of Chapter 10.
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The sections intended for ATN lesion analysis were cut and stained separately. One hundred
µm sections were cut through the region containing the ATN and collected for cresyl violet staining
(or counterstaining) of cell bodies (see Appendix C for details). Lesion extent was replicated on
electronic copies of the Paxinos and Watson (1998) atlas (see Mitchell and Dalrymple-Alford,
2005). Automated pixel counts of the estimated damage relative to the relevant intact brain region
were used to generate percent lesion volumes by factoring in the pixel areas multiplied by the
distances provided in the atlas. Acceptable lesions were defined as having more than 50% bilateral
damage to the ATN, minimal fornix damage, and not more than 40% damage to the corresponding
adjacent lateral thalamic region (LT, which included the intralaminar and lateral mediodorsal nuclei)
and posteromedial thalamic region (MT, which included the medial and central mediodorsal nuclei).
The latter regions were of interest because they have also been suggested as possible causes of some
aspects of diencephalic amnesia, but only ATN lesions of more than 50% damage size are
consistently associated with severe spatial memory deficits (Gibb et al., 2006; Mitchell and
Dalrymple-Alford, 2005, 2006; Bailey and Mair, 2005).

Fig 8.4: Indicates the CA1 regions in coronal slices of the hippocampus that were used in this study. Numbers
indicate the plates from Paxinos and Watson’s (1998) ‘The Rat Brain’. The first plate (32) is located at Bregma
-3.14 and the last plate (41) is located at Bregma -5.30, covering a total distance of 2.16mm.
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8.2.7 Confocal Microscopy and Neuromorphological Analysis
Confocal microscopy offers several advantages over conventional optical microscopy, including
shallow depth of field, elimination of out-of-focus glare, and the ability to collect serial thin optical
sections from thick specimens. The confocal method also allowed spines to be traced from more
than one focal plane through the dendritic segment, allowing a larger number of spines to be
quantified, and allowing more accurate classification of spines.

A Leica laser scanning confocal microscope (model SP5, Wetzlar, Germany; See Fig 8.5)
was used to collect high resolution image stacks for each rat of up to 6 CA1 hippocampal basal and
6 apical dendritic arbors and up to 18 basal and 18 apical dendritic segments for spine density
analysis. Image stacks were generated by the microscope taking images at pre-set intervals in the zplane through the section to generate a set of images that could be combined to create a 3D image.
The number of dendrites and arbors taken per animal was dependent on the quality of Golgi staining
in each brain; many dendrites and arbors were rejected during the tracing process as being ineligible
(see Scanning and Tracing Protocol in Appendix D).

Fig 8.5: The Leica laser scanning
confocal microscope that was used
to take all of the high resolution
confocal image stacks described in
the current thesis
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An argon laser (488 nm) set at 94% and taking hi-resolution stacks (2048 pixels) was found
to be the optimal settings for scanning Golgi-Cox stained sections. For dendritic arbors, surface to
surface stacks were taken using a 20 x (0.7 numerical aperture) glycerol objective (70 - 80 images
per stack, step size of 2 µm, voxel size 0.378µm, 5-8 minutes per scan; see Fig 8.6-B). For dendritic
segments, a 63x (1.3 numerical aperture) glycerol objective was used (40 - 60 images per stack, step
size of 0.2 µm, voxel size of 0.060 µm, 2 - 4 min per scan). For the dendritic segments, the voxel
size in the images was 0.060 µm, which meant that the optical resolution of the system, as defined
by Abbe’s formula was about 0.20 - 0.24 µm. This confirmed that the sampling rate in the collected
images was sufficient to extract all the available information, and that the parameters used were
within the diffraction limit of the confocal microscope.

CA1 hippocampal basal and apical dendritic arbors were first located approximately between
plates 32 and 41 of the Paxinos and Watson rat atlas (1998) for each set of slides using a 20x
standard light microscope (Fig 8.6-A). Eligibility was determined and rated in order of priority by
intactness, clarity (lack of artefacts) and isolation (lack of overlapping dendritic arbors). For the
confocal scanning of each brain, the highest rated arbor was scanned first followed by 3 eligible
basal or apical dendritic segments from the same section and hemisphere followed by the next
highest rated arbor and so on. Basal segments for spine density analysis were taken from tertiary or
quarternary branches in the stratum oriens that were at least 50 μm from the cell body. Apical
segments were taken from lateral oblique dendrites emerging from a primary apical trunk at least
150 μm from the cell body and before the stratum lacunosum-moleculare (see Fig 8.7). All basal and
apical segments were between 20 µm and 25 µm in length, had to be located in the top half of the
section, had to be in one focal plane, were unobscured by artefacts or other dendrites, and were at
least 10 µm from any branching points or terminals.
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Fig 8.6: The confocal scanning and tracing process for basal and apical arbors. This diagram depicts neurons
that had both eligible basal and apical arbors. A) Dendritic arbors were first located using a 20x standard light
microscope. B) Surface to surface stacks were taken using the confocal microscope. C and D) Models of the
basal and apical arbors were generated by tracing the dendrites through the images stack.
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Fig 8.7: The locations in the basal and apical arbors of CA1 hippocampal neurons from which dendritic
segments are taken for spine analysis. Basal segments were taken from tertiary or quarternary branches in the
stratum oriens that were at least 50 μm from the cell body. Apical segments were taken from lateral oblique
dendrites emerging from a primary apical trunk at least 150 μm from the cell body and before the stratum
lacunosum-moleculare

The dendritic arbor and dendritic segment image stacks were traced over a two year period
using Neurolucida (MBF Bioscience; see Fig 8.6-C and D) by the author that was blinded to the
experimental groups. The number of both basal and apical dendritic segments per rat varied from
between 6 and 18 with a median of 16. All rats were included in the statistical analysis of both basal
and apical dendritic segments. CA1 hippocampal cell bodies were traced as long as they were
clearly stained and unobstructed. The image within the stack that showed the maximal extend of the
cell body, was used to trace a 2D contour around the perimeter. All rats had at least four traced CA1
cell bodies and were included in the cell body morphological analysis. Dendritic arbors were
checked for eligibility at multiple times during the scanning and tracing process and only rats with a
minimum of three arbors were included in statistical analysis. This resulted in the following group

Enrichment and ATN Lesions

139

sizes for the analysis of basal arbors, SH-Enr-Tr, n = 11; SH-Std-Tr, n = 8; ATN-Enr-Tr, n = 9; and
ATN-Std-Tr, n = 11. For the analysis of apical arbors the final groups were, SH-Enr-Tr, n = 13; SHStd-Tr, n = 7; ATN-Enr-Tr, n = 7; and ATN-Std-Tr, n = 10. A more detailed description of the
protocol employed during the scanning and tracing process can be found in Appendix D.

8.3 Results: Lesion x Housing
8.3.1 Lesion Evaluation
The largest and smallest acceptable lesions in the two lesion groups are shown in Figures 8.5A and
B. Only rats with bilateral ATN lesions including more than 50% damage to ATN, minimal fornix
damage, and not more than 40% damage to the adjacent lateral thalamic and posteromedial thalamic
region (see Methods: Histology), were included in the behavioural and neuromorphological
analyses. These included 9 ATN-Enr-Tr and 12 ATN-Std-Tr rats. The percent of damage to the
ATN and components and other adjacent nuclei is depicted in Table 8.1 ranked from smallest to
largest per group. The extent of damage to the ATN and its components was highly similar across
ATN-Enr-Tr and ATN-Std-Tr groups. With the exception of the interanteromedial nucleus, the
mean damage to the other adjacent structures was generally minimal in both groups. Fifthteen rats
did not meet the histology criteria and were not included in the neuromorphological and behavioural
analyses: five ATN-Enr-Tr rats and four ATN-Std-Tr rats had less than 50% combined bilateral
damage to the ATN subcomponents; two rats, both ATN-Enr-Tr, only had unilateral lesions; one
ATN-Enr-Tr rat had greater than 40% damage to the adjacent LT region; one ATN-Enr-Tr rat had
severe fornix damage; and one rat from each group was lost because critical sections were lost
during processing.
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Fig 8.8: The largest (grey) and smallest (black) lesion in the A: ATN enriched group and B: ATN
standard housed group. Numbers indicate distance from bregma in millimetres (plates from Paxinos
and Watson, 1998).
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Table 8.1: Lesion damage analysis for ATN-Enr-Tr and ATN-Std-Tr rats (all values in percentage of total volume)
ATN and sub-components

GROUP

RAT

27
58
34
ATN
50
Enriched 11
3
Trained 60
96
104
Mean (±SD) ATN-Enr-Tr
62
36
48
44
21
ATN
95
Standard 71
Trained 1
2
107
98
105
Mean (±SD) ATN-Std-Tr

Other ROI’s

ATN

AD

AM

AV

53.4
59.5
63.8
69.2
77.6
81.4
84.5
88.4
98.2
75.1(14.7)
55.3
56.5
62.8
67.1
67.8
70.0
75.2
79.8
80.5
85.8
98.1
99.2
74.8(14.5)

42.6
42.4
76.1
58.7
87.6
90.1
86.3
86.9
97.6
74.3(21.0)
64.3
34.5
39.0
65.1
60.4
90.3
82.5
93.7
91.2
94.0
94.7
99.8
75.8(22.6)

76.1
86.5
86.2
92.7
94.3
85.7
87.3
88.0
97.1
88.2(6.1)
69.8
88.0
92.5
75.3
56.6
82.0
90.5
87.0
88.4
93.0
98.8
99.1
85.1(12.4)

42.2
47.7
43.9
57.3
62.3
75.1
81.7
89.2
99.1
66.5(20.7)
42.1
43.5
51.8
62.3
78.3
54.0
61.9
69.7
71.0
77.8
99.1
99.1
67.6(18.9)

MT
0.0
0.5
0.2
0.3
0.2
0.2
4.0
2.2
12.9
2.3(4.2)
0.0
0.0
0.0
0.0
0.1
4.2
0.0
1.9
1.2
0.1
3.6
2.3
1.1(1.5)

Other Nuclei

LT

IAM

LD

PT

Re

Rh

4.7
9.7
8.1
5.2
8.5
5.9
15.1
27.8
40.0
13.9(12.1
5.5
4.2
3.7
2.7
4.6
38.6
6.8
15.0
10.2
9.6
16.3
12.5
10.8(9.9)

25.7
43.4
52.6
42.7
40.1
40.3
39.5
76.9
54.3
46.2(14.2)
45.2
66.2
47.4
28.7
25.2
41.3
42.5
56.8
30.6
44.9
53.8
75.2
46.5(14.9)

0.0
0.0
0.1
0.0
4.6
0.8
4.3
7.8
8.3
2.9(3.5)
0.0
0.0
0.9
0.0
1.3
13.5
1.9
1.4
1.6
4.7
6.2
9.0
3.4(4.2)

9.2
10.1
12.4
12.2
11.6
17.4
20.5
6.8
26.9
14.1(14.1)
7.2
8.9
12.6
13.5
8.4
18.9
13.5
22.1
15.0
23.8
43.6
28.7
18.0(10.4)

2.4
1.2
0.9
3.1
0.6
0.6
0.5
0.5
2.4
1.4(1.0)
0.0
0.7
1.7
5.1
0.0
0.0
2.2
3.3
0.6
0.1
14.6
9.3
3.1(4.5)

0.0
0.7
0.7
0.4
1.1
0.2
0.4
12.2
5.9
2.4(4.1)
0.1
1.1
4.9
0.2
0.0
3.9
1.8
4.6
0.3
4.8
21.5
23.9
5.6(8.2)

Note: Not shown in above table = there was zero damage in all rats to PV/PVP, one ATN-Enr-Tr rat (104) had 0.3% and one ATN-Std-Tr rat (1) had 5.6% damage to PVA
Abbreviations: AD= anterodorsal nucleus; AM= anteromedial nucleus; ATN = anterior thalamic aggregate comprising the anterodorsal, anteromedial and anteroventral thalamic
nuclei; AV= anteroventral nucleus; IAM= interanterodorsal nucleus; LT= lateral medial thalamic aggregate comprising the intralaminar nuclei (centrolateral, paracentral and rostral
central medial nuclei) and lateral mediodorsal thalamic nuclei (lateral and paralamellar nuclei); LT median= median percent damage for all included rats; MT= posteromedial thalamic
aggregate comprising the central and medial mediodorsal nuclei and the intermediodorsal nucleus; MT median= median percent damage for all included rats; PT= paratenial nucleus;
PVA= anterior paraventricular nucleus; PV/PVP= paraventricular nucleus/posterior paraventricular nucleus; Re= reunions nucleus; Rh= rhomboid nucleus; ROI’s= regions of interest.
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Post-Surgery Cross-Maze
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Fig 8.9: Post-Surgery Spatial Working Memory performance on the cross-maze prior to enrichment.
Mean percent correct responses for 10 sessions. ATN = neurotoxic lesion of the anterior thalamic
nuclei; SH = sham surgery; Std = to be housed in standard group conditions; Enr = to be housed in
an enriched environment.

8.3.2 Post-Surgery Cross-Maze
A 4-way ANOVA (Lesion by Housing by Session by Trial Type) assessed the ten sessions of postsurgery cross-maze testing run prior to enrichment and confirmed the expected severe deficits after
ATN lesions (F(1,41) = 38.26, p < 0.001; Fig 8.9). The matching procedure produced two groups of
rats with ATN lesions that showed equally severe impairments in post-surgery testing. Although all
groups showed improvements across the ten sessions (F(9,369) = 4.21, p < 0.001), the ATN groups
showed relatively little improvement across sessions whereas the sham groups reacquired the task
rapidly (Lesion by Session, F(9,369) = 2.35, p < 0.02). There was also a main effect for Trial Type,
with rats experiencing far greater difficulty in solving the working memory task when the “opposite
start position” was used on the test run (F(1,41) = 30.96, p < 0.001).
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Last 3 Sessions: Post-Surgery Cross-Maze
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Fig 8.10: Post-Surgery Spatial Working Memory performance by trial type on the last three days of
cross-maze testing prior to enrichment. Mean percent correct responses expressed separately for the
“same start position” trials (same start position used for both the sample and test run per trial) and
“opposite start position” (opposite start position used for the test run). * = above chance (50%) using
single sample t-test of means; ATN = neurotoxic lesion of the anterior thalamic nuclei; SH = sham
surgery; Std = to be housed in standard group conditions; Enr = to be housed in an enriched
environment.

The last three sessions were examined more closely to assess the effects of ATN lesions with
respect to trial type when overall performance was relatively stable (Fig 8.10). For these sessions the
ATN rats exhibited severely impaired overall performance (Lesion effect, F(1,41) = 37.86, p < 0.001).
On the “same start position” trials, the performance of both ATN-Enr-Tr and ATN-Std-Tr groups
was significantly above 50% chance (t(8) = 4.40, p < 0.01, and t(11) = 3.42, p < 0.01, respectively). By
contrast, both the ATN-Enr-Tr and ATN-Std-Tr groups were at chance levels on the “opposite start
position” trials (t(8) = 0.34, p > 0.7, and t(11) = -0.30, p > 0.7, respectively). Both SH-Enr and SH-Std
groups showed accurate performance on both trial types. They scored significantly above chance on
the “same start position” trials, (t(13) = 11.32, p < 0.001, and t(9) = 16.41, p < 0.001), as well as on the
“opposite start position” trials, (t(13) = 4.63, p < 0.001, and t(9) = 4.99, p < 0.001).
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Fig 8.11: Post-Enrichment Spatial Working Memory performance on the cross-maze. Mean percent
correct responses for 10 sessions.

8.3.3 Post-Enrichment Cross-Maze
When tested in the cross-maze after enrichment, a 4-way ANOVA (Lesion by Housing by Session
by Trial Type) revealed significant effects for Lesion (F(1,41) = 20.10, p < 0.001), reflecting the
severe ATN deficit, and for Housing (Housing Effect, F(1,41) = 6.67, p < 0.02), confirming that rats
housed in enriched environments performed better than the standard housed rats (See Fig 8.11).
Post-Hoc Newman-Keuls tests verified that, collapsed across the ten sessions and across trial types,
the ATN-Enr-Tr group achieved lower percent correct scores than the SH-Enr-Tr group (p < 0.05)
but was not significantly different to the SH-Std-Tr group (p > 0.15). The two sham groups did not
differ (p > 0.25). The ATN-Std-Tr group achieved lower percent correct scores than each of the
other three groups (p’s < 0.02). The rats performed better when the “same start position” trials were
used than when the “opposite start” position trials were used, resulting in a highly significant effect
for Trial Type (F(1,41) = 32.31, p < 0.001).
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First 3 Sessions: Post-Enrichment Cross-Maze
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Last 3 Sessions: Post-Enrichment Cross-Maze
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Fig 8.12: Post-enrichment spatial working memory performance by trial type. Mean (± SEM) percent
correct responses for the first three (A) and last three (B) post-enrichment sessions of the cross-maze
task are shown separately for the “same start position” trials (same start position used for both the
sample and test run per trial) and “opposite start position” (opposite start position used for the test
run). * = above chance (50%) using single sample t-test of means.
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To provide a clearer perspective on the effects of trial type, ATN lesions and enrichment,
performance for the two trial types was assessed on the first three sessions and then the last three
sessions (see Figures 8.12-A and 8.12-B respectively). For both sets of sessions there was a Lesion
effect (First 3, F(1,41) = 11.41, p < 0.02; Last 3, F(1,41) = 9.00, p < 0.05) and a Housing effect (First 3,
F(1,41) = 6.51, p < 0.02; Last 3, F(1,41) = 7.89, p < 0.01) but no Lesion x Housing interactions (F’s <
1.0). There were highly significant trial type effects on both sets of sessions (F(1,41) = 15.36, p <
0.001; F(1,41) = 5.95, p < 0.02, respectively), but no interactions between Trial type and any other
factor (F’s < 3.0).

Both sham groups performed above chance (50%) for both trial types, for both the first three
and last three sessions. For the first three sessions, the ATN-Std-Tr group did not differ from chance
on either trial type (same, t(11) = 1.64, p = 0.13; opposite, t(11) = -1.56, p = 0.15). For the last three
sessions there was a 4% improvement in the ATN-Std-Tr rats on the “same start position” trials,
taking them above chance (t(11) = 3.34, p < 0.01). While the mean performance of the ATN-Std-Tr
group improved on the “opposite start position” trials in the last three sessions, they still performed
at chance (t(11) = 1.41, p = 0.19). By contrast, for the first three sessions, the ATN-Enr-Tr group
performed above chance (50%) for the “same start position” trials (t(8) = 3.42, p < 0.01). The mean
performance for the ATN-Enr-Tr group on the “opposite start position” trials was not significantly
above chance (t(8) = 0.98, p = 0.36). For the last three sessions, there was clear evidence of improved
performance in the ATN-Enr-Tr group which had improved by 11% on the “same start position”
trials, and by 15% on the “opposite start position” trials and their mean performance in the latter was
now above chance (t(8) = 3.35, p < 0.02).
In summary, the main finding was that enrichment markedly improved performance after
ATN lesions, on both the easier “same start position” and the more difficult “opposite start position”
trials.

Mean Errors
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Fig 8.13: Spatial working memory errors in the radial-arm maze including re-visits to both the
unbaited and baited arms. Average number of errors over blocks of 5 days.

8.3.4 Radial-arm Maze
A 3-way ANOVA (Lesion by Housing by Blocks of 5 days) was used to assess working memory
errors (all revisits, including to the unbaited arm) on the radial arm maze (Fig 8.13). ATN lesions
produced an increase in the number of revisits (Lesion Effect, F(1,41) = 53.07, p < 0.001), which was
reduced by enriched housing (Housing Effect, F(1,41) = 27.46, p < 0.001), There was also a Lesion x
Housing interaction (F(1,41) = 4.31, p < 0.05). All groups exhibited a reduction in revisits over time
(Blocks Effect, F(6,246) = 97.35, p < 0.001), which was less rapid in ATN rats (Lesion x Blocks,
F(6,246) = 2.45, p < 0.05), and more rapid in enriched rats (Housing x Blocks, F(6,246) = 2.54, p <
0.05). Post-Hoc Newman-Keuls tests on the overall mean errors showed the improved performance
of the ATN-Enr-Tr group did not differ from that of the SH-Std-Tr group (p > 0.15). The SH-Enr-Tr
group had less revisits than all other groups (p’s < 0.05), whereas ATN-Std-Tr had substantially
more revisits than all other groups (p’s < 0.001).
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Fig 8.14: Number of days to reach criterion in the radial-arm maze task. The criteria required 2 out
of 3 sessions without visiting the un-baited arm plus no more than five errors in total over the three
sessions. Rats that failed to reach this criterion in the maximum number of sessions (35) were
allocated a score of (max + 3) 38.

The second measure used to assess performance in the radial-arm maze was the number of
days to reach criterion (those which failed to reach the 3-day criterion were given a score of 38; see
Fig 8.14). Only one rat in each of the two sham groups failed to reach criterion. Two ATN-Enr-Tr
rats failed to reach criterion. By contrast, none of the rats in the ATN-Std-Tr group reached criterion
in the maximum number of days. A 2-way ANOVA (Lesion by Housing) revealed highly significant
effects for Lesion (F(1,41) = 25.44, p < 0.001) and Housing (F(1,41) = 16.90, p < 0.001), but no
interaction (F < 2.5). Post-Hoc Newman-Keuls tests showed that AT-Std-Tr rats were severely
impaired at reaching criterion compared to all other groups (p’s < 0.001), a deficit that was
ameliorated in the ATN-Enr-Tr group which did not differ from SH-Std-Tr (p > 0.50). The SH-EnrTr group were faster at reaching criterion than the SH-Std-Tr group, but not significantly (p < 0.08).

In summary, the recovery of spatial episodic memory demonstrated on the cross-maze by
enriched ATN rats was extended to the radial-arm maze. Enriched ATN rats made fewer errors and
reached criterion faster than standard housed ATN rats that all failed to reach the criterion in the
maximum number of days.
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Neuromorphological Covariates: Mean Number (±SD)
Measure

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr

ATN-Enr-Tr

Basal arbors per rat

4.38 (1.30)

3.91 (1.14)

4.36 (1.12)

4.56 (0.73)

Apical arbors per rat

4.57 (1.13)

4.23 (0.93)

4.10 (0.74)

4.00 (1.15)

Cell bodies per rat

5.00 (0.82)

5.14 (1.17)

5.75 (1.29)

5.44 (1.13)

Basal segments per rat

14.40 (2.59)

14.14 (3.28)

15.92 (2.71)

16.11 (1.83)

Basal length (µm)

21.72 (0.40)

22.12 (0.53)

21.59 (0.33)

21.83 (0.31)

Basal avg diam. (µm)

0.90 (0.078)

0.86 (0.077)

0.96 (0.080)

0.98 (0.049)

Apical segments per rat

11.80 (3.58)

12.79 (2.61)

15.67 (3.65)

14.78 (3.11)

Apical length (µm)

21.72 (0.36)

22.43 (0.81)

21.69 (0.45)

21.86 (0.47)

Apical avg diam. (µm)

0.84 (0.093)

0.82 (0.091)

0.90 (0.063)

0.91 (0.056)

Table 8.2: Measures added as covariates for the neuromorphological analyses of Lesion by Housing, because each
rat had a different number of each of these relevant variables. The first three measures relate to dendritic arbors
and cell bodies, the middle three measures relate to basal dendritic segments use for spine analysis, and the last
three measures relate to apical dendritic segments used for spine analysis.

8.3.5 Neuromorphological Covariates
A number of variables associated with the neuromorphological analyses described on the following
pages were possible covariates to the dependent measures, because each rat had a different number
of each of these relevant variables (see Table 8.2). For Sholl analysis of basal and apical arbors this
included the number of arbors per rat. For the analysis of cell body characteristics this included the
number of cell bodies per rat. For basal and apical spine analyses, the number of segments per rat as
well as the average length and diameter of the segments, were considered as possible covariates.
These variables were entered into the relevant ANOVAs described on the following pages as
covariates and resulted in no changes to any of the effects reported, except for one instance. Number
of apical arbors entered as a covariate in the analysis of total dendritic length, and this will be
described in the section “Apical Arbors”.

In addition, the potential influences of several variables pertaining to the basal and apical
dendritic segments were also unbalanced (see table 8.3). CA1 segments were taken from between
bregma -3.14 and bregma -5.30, as well as from both right and left hemispheres. Segments taken
from between bregma -3.14 and bregma -4.30 were designated as ‘anterior’, whereas segments
taken from between bregma -4.30 and bregma -5.30 were designated as ‘posterior’ In addition,
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although the majority of basal segments were taken from tertiary branches, a smaller number of
segments were taken from quaternary branches of the dendritic tree. Average basal and apical spine
densities (spines per 10µm) were calculated for each of these factors and analysed using separate
three-way ANOVAs (Lesion by Housing by Branch Type, Location, and Hemisphere). Some
individual rats did not have any measures pertaining to a particular branch type, location or
hemisphere and so were precluded from that particular analysis. This included, 2 SH-Std-Tr for
basal branch type, 3 SH-Enr-Tr, 2 ATN-Std-Tr, and 2 ATN-Enr-Tr for basal location, 2 ATN-Std-Tr
for basal hemisphere, 3 SH-Enr-Tr, 3 ATN-Std-Tr, and 1 ATN-Enr-Tr for apical location, 1 SHEnr-Tr, 2 SH-Std-Tr, and 4 ATN-Std-Tr for apical hemisphere.

Spines per 10µm for Branch Type, Location, and Hemisphere: Mean (±SD)
Basal Segment Measures

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr

ATN-Enr-Tr

Total basal spines per 10µm
Branch type: tertiary

20.40 (0.61)

22.35 (0.76)

18.17 (0.58)

19.97 (1.02)

20.44 (0.65)

22.40 (1.04)

18.24 (0.52)

20.16 (0.99)

Branch type: quaternary

20.68 (1.60)

22.36 (1.01)

17.90 (2.13)

19.60 (1.63)

Location: anterior

20.45 (0.77)

22.48 (0.69)

18.22 (1.04)

20.17 (1.45)

Location: posterior

20.23 (1.22)

22.25 (1.04)

17.88 (0.71)

19.70 (1.08)

Hemisphere: left

20.51 (0.83

22.16 (1.14)

18.42 (0.92)

20.18 (1.32)

Hemisphere: right

20.34 (0.49

22.68 (0.93)

17.92 (0.87)

19.85 (1.19)

Apical Segment Measures

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr

ATN-Enr-Tr

Total apical spines per 10µm
Location: anterior

21.00 (1.16)

22.92 (0.98)

19.05 (0.89)

20.35 (1.48)

20.69 (1.72)

23.32 (1.79)

19.06 (0.82)

20.57 (2.08)

Location: posterior

20.98 (1.37)

22.68 (1.06)

18.85 (1.06)

20.22 (1.65)

Hemisphere: left

21.11 (1.24)

22.83 (1.68)

18.84 (0.92)

20.46 (1.91)

Hemisphere: right

20.96 (1.42)

22.86 (1.07)

19.50 (0.93)

20.74 (2.14)

Table 8.3: Mean (±SD) basal and apical spines per 10µm related to branch type, location, and hemisphere across
the four Lesion by Housing conditions. For comparison, the first row for both basal and apical measures shows
the total dendritic spines per 10µm

These factors had no significant influence on spine density as there were no significant main
effects or interactions related to Branch Type, Location, or Hemisphere for basal segments, and
Location or Hemisphere, for apical segments. Moreover, no main effects or interactions pertaining
to Lesion or Housing changed as a result of the addition of these factors. The mean and standard
deviation in terms of spines per 10µm is shown in Table 8.3 for each of the factors analysed
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Fig 8.15: Number of dendritic intersections per Sholl ring for the basal arbors of CA1 hippocampal
neurons. Mean number of intersections is plotted against distance from cell body.

8.3.6 CA1 Basal Arbors
The number of dendritic intersections and dendritic length as a function of distance per 10µm Sholl
ring from the cell body across the four groups (Lesion x Housing) is shown in Figs 8.15 and 8.16,
respectively. Three-way ANOVAs (Lesion by Housing by Distance from cell body) were used to
assess these variables. The analysis of number of intersections showed that post-operative
enrichment resulted in increased basal dendritic complexity (Housing Effect, F(1,35) = 5.0, p < 0.05),
but that there was no Lesion or Lesion x Housing interaction effect with respect to intersections
collapsed across distance (F’s < 2.5). However, a significant Lesion x Distance interaction indicated
that ATN rats had fewer intersections than sham animals (F(16,560) = 2.11, p < 0.01) and enrichment
increased branching complexity in the middle to distal regions of the tree (Housing x Distance,
F(16,560) = 1.80, p < 0.05, See Fig 8.15). The SH-Enr-Tr group showed increases in the number of
intersections compared to the other three groups throughout the distal regions of the CA1 dendrites
(90-160µm). These differences resulted in a significant Lesion x Housing x Distance interaction
(F(16,560) = 2.36, p < 0.005).
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Fig 8.16: Total dendritic length (µ) per Sholl ring for the basal arbors of CA1 hippocampal neurons.
The mean total dendritic length is plotted against distance from cell body.

The overall findings with respect to dendritic length across Sholl rings (Fig 8.16) showed the same
statistical effects as for number of intersections, except that there was now also a significant Lesion
effect, with the ATN lesions decreasing length relative to SH groups (F(1,35) = 6.29, p < 0.02;
Housing, F(1,35) = 4.88, p < 0.05; Lesion x Distance, F(16,560) = 2.51, p < 0.001; Housing x Distance,
F(16,560) = 1.73, p < 0.05; Lesion x Housing x Distance (F(16,560) = 2.37, p < 0.005). As before, the
SH-Enr-Tr group showed increased total dendritic length compared to the other three groups
throughout the distal regions of the CA1 dendrites, in this instance from about 60-160µm).

In summary, exposure to an enriched environment produced increased branching complexity
in the basal trees of CA1 hippocampal neurons in terms of number of intersections, in both ATN and
SH rats. However, total dendritic length was only increased in sham enriched rats, as ATN enriched
rats were no different than ATN and sham standard housed rats.
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Fig 8.16: Number of dendritic intersections per Sholl ring for the apical trees of CA1 hippocampal
neurons. Mean number of intersections is plotted against distance from cell body.

8.3.7 CA1 Apical Arbors
The same dependent variables, the number of dendritic intersections, and dendritic length, were
analysed as a function of distance per 10µm Sholl ring from the cell body for apical arbors (see Figs
8.17 and 8.18, respectively). Three-way ANOVAs (Lesion by Housing by Distance from cell body)
were also used to assess these variables. In terms of number of intersections enrichment produced an
increase in the number of intersections (Housing Effect, F(1,33) = 4.89, p < 0.05) but there was no
Lesion Effect or Lesion x Housing interaction (F’s < 2.0) despite evident group differences in the
middle portion of the dendritic arbor (see Fig 8.17). A post-hoc analysis of the region between 90
and 270µm from the cell body reproduced the housing effect (F(1,33) = 4.18, p < 0.05) and produced
a Lesion x Housing x Distance interaction (F(18,594) = 1.86, p < 0.02). The SH-Enr-Tr rats showed
increased intersections compared to the other groups 160-220µm from the cell body, whereas the
ATN-Std-Tr rats exhibited less intersections than the other groups 90-150µm from the cell body.
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Fig 8.18: Total dendritic length (µ) per Sholl ring for the apical trees of CA1 hippocampal neurons.
The mean total dendritic length is plotted against distance from cell body.

In apical arbors the analysis of total dendritic length produced different results compared to
the analysis of number of intersections. Although there was no longer a Housing effect (F < 3.0), the
Housing x Distance interaction approached significance (F(42,1386) = 1.32, p = 0.08). A reduction in
CA1 apical dendritic length in ATN rats was reflected in a Lesion effect (F(1,33) = 4.37, p < 0.05)
which was reinforced by a Lesion x Distance interaction (F(42,1386) = 1.68, p < 0.01). There was no
Lesion x Housing or Lesion x Housing x Distance interaction (F’s < 1.0). Number of apical arbors
entered as a covariate reduced the Lesion effect to near significance (p = 0.07), but increased the
Housing x Distance interaction effect to significance (F(42,1344) = 1.44, p < 0.05). This may indicate a
larger sample size is required to detect an enrichment effect associated with total dendritic length, or
may be due to the higher variability in group numbers used in apical tree analysis.

In summary, exposure to an enriched environment was associated with increased
intersections in the apical arbors of CA1 neurons only in sham rats. ATN lesions reduced total apical
dendritic length, but a larger sample of apical arbors may reveal an enrichment effect.
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30.6%
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36.8%
57.8%
42.2%
50.0%
50.0%

8.3.8 Mono-tufted vs Bi-tufted Apical Arbors
As there are both mono-tufted and bi-tufted apical arbors, a supplementary descriptive assessment of
these cell types was made. Insufficient cell numbers per type per rat precluded an inferential
statistical analysis. Mono-tufted and bi-tufted apical arbors exhibited differing levels of complexity
(Fig 8.19), and there were varying proportions of each type of arbor within each group (see Table
8.4). Importantly, by comparing A with B, and C with D in the above graphs to show the enrichment
effect, it appears that enrichment produced a small but consistent increase in intersections in both
mono-tufted and bi-tufted arbors. Comparing A with C, and B with D to show the lesion effect,
there is evidence of a negative effect of ATN lesions in both the different cell types.
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CA1 Cell Body measures (Means ± SD)
Measure
2

Surface Area (µm )
Perimeter (µm) a†, b†
Feret Max (µm) b*
Feret Min (µm) a*
Aspect Ratio b*
Roundness b†

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr

ATN-Enr-Tr

246.21 (27.99)
65.16 (3.67)
23.11 (1.19)
15.47 (1.19)
1.51 (0.11)
0.587 (0.037)

251.94 (28.00)
66.23 (1.93)
24.24 (1.19)
14.91 (1.01)
1.66 (0.16)
0.555 (0.045)

254.52 (29.92)
66.22 (4.55)
23.60 (1.24)
15.90 (1.25)
1.51 (0.10)
0.588 (0.040)

269.33 (27.18)
69.07 (4.16)
24.57 (1.55)
16.08 (1.03)
1.55 (0.11)
0.573 (0.050)

Table 8.5: Means (±SD) for cell body measures of CA1 hippocampal neurons across the four lesion by
housing groups. Surface area and perimeter are measures of the size of the cell bodies. Feret max and
min refer to the longest and shortest distances between any two points along the perimeter boundary of
the cell body and are associated with both size and shape. Aspect ratio and roundness are measures of
the shape of cell bodies. a = Lesion effect, b= Housing effect, * = p < 0.05, † = p < 0.1.

8.3.9 CA1 Cell Bodies
CA1 cell body morphology was examined using six different measures (see Table 8.5) and 2-way
ANOVAs (Lesion by Housing) were used to assess any group differences. There were no significant
differences in CA1 cell body size amongst the four groups, however, both Lesion and Housing
effects neared significance for cell body perimeter (same for both, F(1,41) = 3.20, p = 0.08). These
effects were indicative of slightly increased perimeters in ATN and enriched rats. Although CA1
cell bodies are roughly “pyramidal”, there is a large variability in size and shape. There was a
Housing effect associated with increased feret max (F(1,41) = 7.29, p < 0.02) suggesting that enriched
rats may have rounder, less narrow cell bodies. This finding was strengthened by a significant
Housing effect for aspect ratio (F(1,41) = 5.89, p < 0.02) and an effect for roundness that neared
significance (F(1,41) = 3.40, p = 0.07). There was a Lesion effect for min feret (F(1,41) = 5.51, p <
0.05) suggesting that ATN rats may have cell bodies with less narrow regions, possibly indicating
they are less “pyramidal” compared to sham rats. There were no other Lesion or Housing effects,
and no Lesion x Housing interactions (F’s < 2.5).

In summary, neither ATN lesions nor environmental enrichment had an effect on the size of
CA1 hippocampal cell bodies. However, enriched rats appeared to have slightly rounder cell bodies,
and ATN lesions may be associated with cell bodies that exhibit less narrow regions.
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Mean Plot of Basal Spines per 10µm grouped by Housing; categorized by Surgery
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Fig 8.20: The mean number of spines per 10µm on CA1 basal dendritic segments across the four
Lesion by Housing conditions. The average individual rat scores are presented for all rats within each
group. Error bars represent 1 standard deviation above and below the mean. ATN = anterior thalamic
nuclei lesion; SH = sham surgery; STD = standard housed; ENR = housed in enriched environment

8.3.10 CA1 Basal Spines
A 2-way ANOVA (Lesion by Housing) assessed the number of basal spines per 10µm (See Fig
8.20).The ATN groups had 12.1% less basal spines than sham groups (Lesion Effect, F(1,41) =
104.50, p < 0.001), and enriched groups had 10.4% more basal spines than standard housed groups
(Housing Effect, F(1,41) = 69.37, p < 0.001). There was no Lesion x Housing interaction (F < 1.0).
Newman-Keuls showed that the relative impact of enrichment was to improve basal spine density in
the ATN-Enr-Tr rats back to the level shown in SH-Std-Tr rats (p = 0.18).
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Basal spines per 10µm categorised by spine type
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Fig 8.21: The mean number of basal CA1 spines per 10µm, categorised by spine type. Thin spines
indicated by left-most bar in blue, mushroom spines shown in middle division of the bar in yellow,
and stubby spines shown on right-most section of the bars in red.

To provide a clearer perspective on CA1 basal spine changes across the four lesion by
housing conditions, 2-way ANOVAs were used to investigate any changes for the three different
categories of spines (See Fig 8.21) including thin spines (68.5% of total spines), mushroom spines
(13% of total spines), and stubby spines (18.5% of total spines). Thin spine numbers were
significantly reduced by ATN lesions (F(1,41) = 46.39, p < 0.001), and increased by exposure to
environmental enrichment (F(1,41) = 30.77, p < 0.001), with Lesion x Housing interaction (F < 1.0).
Mushroom spines were reduced in ATN rats (F(1,41) = 46.39, p < 0.001), but were not affected by
housing condition (F < 1.0), and exhibited no Lesion x Housing interaction (F < 1.0). There were no
main effects or interaction associated with stubby spine density.

Average Diameter of Dendritic Segments: The average diameter of the basal dendritic
segments in each group is shown on table 8.2 (see “Neuromorphological covariates” section). A 2way ANOVA (Lesion by Housing) of average diameter revealed a significant Lesion effect (F(1,41) =
17.35, p < 0.001) reflecting a 9.7% increase in the ATN groups. There was no Housing or
interaction effect (F’s < 2.0).
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Mean Plot of Apical Spines per 10µm grouped by Housing; categorized by Surgery
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Fig 8.22: The mean number of spines per 10µm on CA1 apical dendritic segments across the four
surgery by housing conditions. The average individual rat scores are presented for all rats within each
group. Error bars represent 1 standard deviation above and below the mean. ATN = anterior thalamic
nuclei lesion; SH = sham surgery; STD = standard housed; ENR = housed in enriched environment

8.3.11 CA1 Apical Spines
A 2-way ANOVA (Lesion by Housing) of apical spines per 10µm produced the same pattern of
results for apical spines as was found previously (See Fig 8.22). ATN rats showed a 11.4% decrease
in apical spines compared to sham rats (Lesion Effect, F(1,41) = 43.87, p < 0.001), and Enriched rats
had 9.0% more basal spines than standard housed rats (Housing Effect, F(1,41) = 22.68, p < 0.001).
There was no interaction (F < 1.0). ATN-Std-Tr rats had less apical spines than either sham group
(Newman-Keuls, p’s < 0.02), which was ameliorated by enriched housing in the ATN-Enr-Tr rats
which were comparable to SH-Std-Tr rats (p = 0.20). SH-Enr-Tr rats had more apical spines than all
other groups (p’s < 0.001).
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Apical spines per 10µm categorised by spine type
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Fig 8.23: The mean number of apical CA1 spines per 10µm, categorised by spine type. Thin spines
indicated by left-most bar in blue, mushroom spines shown in middle division of the bar in yellow,
and stubby spines shown on right-most section of the bars in red.

Apical spine changes across the four lesion by housing conditions were investigated in terms
of different categories of spines including thin spines (70.5% of total spines), mushroom spines
(13.5% of total spines), and stubby spines (16% of total spines), using 2-way ANOVAs (See Fig
8.23). Thin spine numbers were significantly reduced by ATN lesions (F(1,41) = 36.55, p < 0.001),
and increased by exposure to environmental enrichment (F(1,41) = 21.12, p < 0.001), with no
interaction effect (F < 1.0). Mushroom spines were reduced in the ATN rats (F(1,41) = 14.13, p <
0.001), but were not affected by housing condition, and exhibited no interaction effect (F’s < 2.0).
There were no effects or interaction associated with stubby spine density.

Average Diameter of Dendritic Segments: As was found previously, number of apical
segments entered as a covariate for number of spines per 10µm reduced the F value of the Lesion
effect, but did not change any effects. A 2-way ANOVA (Lesion by Housing) of average diameter
revealed a significant Lesion effect (F(1,41) = 17.35, p < 0.001) reflecting a 9.4% increase in the ATN
groups. There was no Housing or interaction effect (F’s < 1.0).
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Basal and Apical Spine Density
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Fig 8.24: Scatterplot of relationship between basal spines per 10µm and apical spines per 10µm for
each rat from the four lesion by training conditions The mean basal and apical spine densities were
highly correlated (r = 0.89).

Basal and apical spine changes across all rats in the four lesion by housing groups were highly
correlated with a large effect size (see Fig 8.24). This was reflected in the previous analyses, in
which basal and apical spine changes produced a similar pattern of results. ATN lesions reduced
both basal and apical spine density, and post-operative enrichment increased both basal and apical
spine density in both sham and ATN rats. The spine reductions associated with ATN lesions
included a reduction of both thin and mushroom spines, whereas enrichment increased the number
of thin spines only. Enrichment promoted recovery in the ATN-Enr-Tr rats, returning their basal and
apical spine densities to a comparable level with SH-Std-Tr rats.
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8.3.12 Behavioural Performance and Dendritic Spines
When all four groups were combined, basal spine density per 10µm was significantly associated
with radial-arm maze errors (Fig 8.25; r = -0.78, p < 0.001), as well as mean performance over 10
days of post-enrichment cross-maze testing (Fig 8.26; r = 0.66, p < 0.001). Although these
correlations were driven by group differences, in both comparisons the SH-Enr-Tr and ATN-Std-Tr
rats are mostly separate from the other groups, whereas the ATN-Enr-Tr and SH-Std-Tr are
intermingled reflecting the recovery in performance of the ATN-Enr-Tr rats. Moreover, when only
the two ATN lesion groups were analysed, basal spine density was still highly correlated with both
radial-arm maze errors (r = -0.74, p < 0.001) and cross-maze performance (r = 0.60, p < 0.005).
Individual within-group correlations for either comparison were not significant, except for basal
spine density and cross-maze performance for the ATN-Std-Tr group (r = 0.76, p < 0.005). It is
interesting that the one rat in ATN-Std-Tr group that exhibited a strong behavioural performance in
the cross-maze had the highest basal spine density. Apical spine density produced similar but less
clear associations with both radial-arm maze errors (r = -0.67, p < 0.001), as well as mean postenrichment cross-maze performance (r = 0.51, p < 0.001).

RAM Errors Across 35 Days
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Fig 8.25: Total radial-arm maze errors (all revisits) and basal spine density per 10µm for each rat.
For all groups, r = -0.78, p < 0.001. For individual groups: SH-Enr-Tr, r = -0.34, ns; SH-Std-Tr, r = 0.16, ns; ATN-Enr-Tr, r = -0.50, ns; ATN-Std-Tr, r = -0.36, ns. For the two ATN groups combined, r
= -0.74, p < 0.001
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Percent Correct Across 10 Sessions
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Fig 8.26: Mean percent correct over 10 days of post-enrichment cross-maze testing and basal spine
density per 10µm for each rat. For all groups, r = 0.66, p < 0.001. For individual groups: SH-Enr-Tr,
r = 0.02; SH-Std-Tr, r = 0.44; ATN-Enr-Tr, r = 0.25; ATN-Std-Tr, r = 0.76, p < 0.005. For the two
ATN groups combined, r = 0.60, p < 0.005

8.3.13 Behavioural Performance and ATN Lesion volume
When the two ATN lesion groups were combined, basal spine density per 10µm was significantly
associated with mean performance over 10 days of post-enrichment cross-maze testing (Fig 8.27; r =
-0.49, p < 0.05), but not radial-arm maze errors (Fig 8.28; r = 0.37, p > 0.1). Interestingly, the ATNEnr-Tr group exhibited significant associations between ATN lesion volume and radial-arm maze
errors (r = 0.77, p < 0.02), as well as cross-maze performance (r = -0.72, p < 0.05). In comparison,
no significant correlations between behavioural performance and ATN lesion size were detected in
the ATN-Std-Tr group (p’s > 0.1). This may indicate that an individual rat’s propensity for
behavioural recovery after a therapeutic intervention such as environmental enrichment is dependent
on the severity of the ATN damage incurred.
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RAM Errors Across 35 Days
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Fig 8.27: Total radial-arm maze errors (all revisits) and ATN lesion volume for each rat. For all
groups, r = 0.37, ns. For individual groups: ATN-Enr-Tr, r = 0.77, p < 0.02; ATN-Std-Tr, r = 0.35, ns.
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Fig 8.28: Mean percent correct over 10 days of post-enrichment cross-maze testing and ATN lesion
volume for each rat. For all groups, r = -0.49, p < 0.05. For individual groups: ATN-Enr-Tr, r = -0.72,
p < 0.05; ATN-Std-Tr, r = -0.39, ns.
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8.3.14 Dendritic Spine Density and ATN lesion volume
There was no association between basal spine density and ATN lesion size (Fig 8.29; r = -0.09, p >
0.1), across the two ATN lesion groups. Similarly, apical spine density was also not correlated with
ATN lesion size (r = 0.17, p > 0.1). Moreover, none of the within-group comparisons for either basal
or apical spine density were significantly correlated (p’s > 0.1).
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Fig 8.29: Mean basal spine density per 10µm and ATN lesion volume for each rat. For all groups, r =
-0.09, ns. For individual groups: ATN-Enr-Tr, r = -0.30, ns; ATN-Std-Tr, r = -0.02, ns.
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8.4 Summary of Findings

Enrichment partially reversed spatial working memory deficits in the cross-maze and especially the
radial-arm maze, and hippocampal CA1 basal and apical spine density reductions that were
produced by ATN neurotoxic lesions. This section will summarize the behavioural and
neuromorphological findings described in this chapter.

Cross-Maze
ATN lesions markedly impaired spatial working memory performance when pre-operatively trained
rats were tested post-surgery in the cross maze, confirming that these lesions were effective in
producing spatial working memory deficits in the groups that were subsequently housed in different
environments. When tested after the period of enrichment, ATN rats that remained in standard
housing remained severely impaired, although they showed improvement in the “same start” trials
towards the end of testing, while their performance on the “opposite start” trials remained poor.
These differences suggested that ATN standard housed rats were able to improve accuracy when the
task could be solved using egocentric strategies (“same start” trials) but not when allocentric and / or
directional strategies were needed for accurate performance (“opposite start” trials). In contrast, the
forty days of enrichment promoted recovery of cross-maze performance in rats with ATN lesions,
with their performance being similar to sham standard housed rats, although re-acquisition of the
task was generally slower in the ATN enriched group. This improvement in the enriched ATN group
reflected increased performance in both the “same start” trials and, notably, in the “opposite start”
trials. The two sham groups did not differ significantly in post-enrichment cross-maze performance,
although the mean performance of the sham enriched group tended to be better than that of the sham
standard group.

Radial-Arm Maze
The recovery of spatial episodic-like memory demonstrated by enriched ATN rats extended to the
radial-arm maze. The standard housed ATN rats made substantially more spatial working memory
errors than the other groups and all failed to reach the criterion in the maximum number of 35 days
of testing. In contrast, the ATN enriched group was comparable to the sham standard housed group
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in their number of errors and time to reach criterion. In this task, the sham enriched group made
fewer spatial working memory errors than all other groups and reached criterion more quickly.

CA1 Dendritic Arbors
When brains were processed using Golgi staining at the end of radial-arm maze testing, ATN lesions
were found to have reduced basal branching complexity and length, and apical length. In sham rats,
enrichment increased dendritic arborisation in terms of basal total length, as well as basal and apical
number of intersections. These enrichment-induced increases in dendritic complexity in the sham
rats were clearly evident across the distal two thirds of the basal arbors and middle quarters of the
apical arbors. Enrichment did not, however, promote recovery in the ATN rats in terms of CA1
dendritic arbors. Mono-tufted apical arbors were shown to exhibit a reduced number of intersections
compared to bi-tufted apical arbors. A larger sample of apical arbors with matched numbers of
mono-tufted and bi-tufted arbors per group may reveal an enrichment effect for total apical dendritic
length.

CA1 Cell Bodies
There was no clear indication that ATN lesions or enrichment substantially affected the shape of
hippocampal CA1 cell bodies. Lesion and housing conditions had no effect on cell body surface
area, but there was some indication of slightly increased cell body perimeter in ATN and enriched
rats. Moreover, enrichment was associated with increased cell body maximum diameter, whereas
ATN lesions were associated with increased minimum cell body diameter. Enrichment was also
associated with an increase in aspect ratio and a decrease in roundness, both indicating that enriched
rats appeared to have slightly rounder cell bodies.

CA1 Dendritic Spines
Basal and apical spine changes across all rats in the four lesion by housing groups were highly
correlated and produced a comparable pattern of results. ATN lesions reduced both basal and apical
spine density, and post-operative enrichment increased both basal and apical spine density in both
sham and ATN rats. Thus, enrichment recovered the loss of hippocampal CA1 basal and apical
dendritic spine density associated with ATN lesions to a mean level equal to that of the standard
housed sham group, although this effect was more consistent at the individual level for basal spines
because there was a suggestion of a bimodal distribution for apical spine density in the ATN-Enr-Tr
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group. Basal and apical spine reductions associated with ATN lesions included a reduction of both
thin and mushroom spines, whereas enrichment increased the number of thin spines only. ATN
lesions were also associated with a thickening of both basal and apical dendritic segments. Basal and
apical spine density was highly correlated within rats across the four lesion by housing groups.

Scatterplot Comparisons
Behavioural performance in terms of total radial-arm maze errors and post-enrichment cross-maze
performance over 10 days was highly correlated with basal, and to a lesser degree apical, spine
density. This correlation persisted when only the two ATN groups were compared, but was not
evident within individual groups apart from basal spines and cross-maze errors for the ATN-Std-Tr
group. Post-enrichment cross-maze performance, but not total radial-arm maze errors, was
correlated with ATN lesion size. A correlation between both behavioural measures and ATN lesion
size was evident within the ATN-Enr-Tr group. However, there was no association between ATN
lesion size and basal or apical spine density.
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Chapter 9
CA1 Neuromorphology associated with Explicit Spatial
Learning
9.1 Introduction
As discussed in chapter 7 there is some evidence that acquisition of a variety of learning tasks can
increase dendritic spine density in the hippocampus in standard-housed animals. A meta-analysis of
studies, using various learning tasks with at least one control group that examined neuromorphology
in the hippocampus found increased basal and apical spine density in CA1 hippocampal neurons,
with no changes apparent in dendritic branching or length, and no significant effects on spines in the
dentate gyrus or CA3 region (Marrone, 2007). These CA1 changes were apparent despite the fact
that many of the tasks analysed were poorly related to hippocampal function and integrity and
suitable pseudo-trained control groups were seldom used to account for sensorimotor experience,
while none accounted for different reward-related experience. Two studies in the meta-analysis
trained rats to forage in a complex environment which induced an increase in basal spine density of
about 10% in hippocampal CA1 neurons (Moser et al., 1994, 1997). However, these studies did not
include pseudo-trained controls to account for whether spine density changes were related to
sensorimotor activation. One study conducted by Frick and colleagues (2003) used water maze
training, which is the most hippocampal dependent task out of the diverse learning tasks
summarized by Marrone’s (2007) meta-analysis. However, submersion in water is stressful (Kim et
al., 2001) and stress has been shown to cause loss of hippocampal dendritic spines and deficits in
synaptic plasticity and memory (Chen et al. 2008). Therefore, spatial memory tasks that minimise
non-specific stress would provide a more suitable measure of neuromorphological changes in the
hippocampus associated with task acquisition. Further evidence of learning-induced changes in
hippocampal morphology can be derived from studies employing olfactory rule learning tasks which
have demonstrated increases in both basal and apical spine density in CA1 hippocampal neurons
after relatively short periods of training (Knafo et al., 2004; Restivo et al., 2006). Although these
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studies used pseudo-trained control groups to account for non-training related experiences, simple
simultaneous odour discrimination is not regarded as hippocampal dependent (Eichenbaum, 1998;
Jonasson et al., 2004). More spatially oriented tasks known to be sensitive to hippocampal integrity,
which also minimizes non-specific stress, would provide a better index of plasticity associated with
hippocampal-dependent learning.

The behavioural tasks used in this study, allocentric spatial working memory in the crossmaze and spatial reference memory in the radial-arm maze, are hippocampal dependent as
evidenced by performance deficits in animals with hippocampal lesions (Olton et al., 1979; Rawlins
and Olton, 1982; Jarrard, 1983; Bannerman et al., 2001), and are also sensitive to ATN lesions
(Aggleton, et al., 1996; Byatt and Dalrymple-Alford, 1996; Warburton et al., 1997; Moran and
Dalrymple-Alford, 2003; Loukavenko et al., 2007; Sziklas and Petrides, 2007). In the current study
two pseudo-trained control groups were employed to control for morphological changes associated
with acquisition of spatial working memory tasks in both anterior thalamic nuclei (ATN) lesioned
and sham (SH) rats. Both of the pseudo-trained groups were also exposed to enriched environments
concurrently with the groups described in Chapter 8, in order to ascertain whether
neuromorphological changes related to spatial memory task acquisition and exposure to a complex
environment are additive or independent. These ATN enriched pseudo-trained and sham enriched
pseudo-trained groups were compared to the ATN enriched trained and sham enriched trained
groups discussed in the previous experiment. In addition, a group of ATN standard caged naïve rats
were compared to the ATN standard caged trained rats from the previous experiment. After
preoperative cross-maze training and ATN surgery, these naïve animals stayed in home cages for the
duration of the experiment and were sacrificed at a comparable time to the other experimental
groups. As discussed in chapter 7, sacrificing animals 24-hours after they have reached a task
criterion may produce more consistent learning induced spine changes than sacrificing them all at a
fixed time point, at which they exhibit different levels of learning. For this reason, all rats in the
current study were sacrificed 24 hours after reaching criterion in the radial-arm maze task or 24
hours after their last session if they reached the maximum number of days of testing (35 days).
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9.2 Materials and Methods
9.2.1 Subjects
Thirty-eight male PVGc hooded rats were used, weighing between 366 g and 449 g at the time of
surgery. The rats were 8-10 months old at the start of preoperative training, 13-16 months old when
they received sham or ATN surgery, and 18-21 months old when sacrificed. Throughout the
research, testing occurred during the dark phase of their reversed 12-hour light cycle. During
behavioural testing, body weights were restricted to 85-90% of free-feeding weight, with free food
access for the surgery and recovery period and during subsequent differential housing in enriched
versus standard cages. The ATN standard housed naïve rats stayed in the colony room throughout
the period after surgery until sacrifice and were given free access to food ad libitum. All protocols in
this study conformed to the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Ethics Committee of the University of Canterbury.

9.2.2 Surgery
The same surgery protocol was employed as described in Chapter 8. The two pseudo-trained (PS)
groups consisted of rats that received preoperative cross-maze training concurrent with the rats
described in Chapter 8 and were matched to sham and ATN surgery conditions using the same
method. The ATN-Naïve group consisted of a separate cohort of rats 16 rats so were not matched to
any of the other groups based on their preoperative cross-maze performance.

9.2.3 Housing Conditions
Housing conditions were the same as described in Chapter 8 unless specifically mentioned. 10 days
of post-surgery cross-maze testing was used to randomly assign 9 sham and 14 ATN lesion rats to
two pseudo-trained control groups based on performance. After being assigned to the two pseudotrained groups these rats received no more explicit spatial memory training for the rest of the study
and instead received pseudo-training which is described in the sections below. Both the shampseudo and ATN-pseudo groups were assigned to the 40 days of continuous enrichment and were
included in the enriched (Enr) conditions described in Chapter 8, which included a mix of sham and
ATN rats. As described previously, these rats were returned to enriched conditions overnight during
post-enrichment behavioural testing. The ATN-Naïve rats were re-housed in standard cages (Std)
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with new cage mates following the post-surgery recovery period of between 7 and 11 days.
However unlike the other standard caged groups described in Chapter 8 which included a mix of
ATN and sham rats, the ATN-Naïve rats were only housed with each other (ATN rats only). The
ATN-Naïve rats were housed in their standard cages in the colony room throughout the 40 days of
continuous enrichment and subsequent behavioural testing. After confirmation of accurate lesions
(see Lesion Evaluation), the final group numbers were: SH-Enr-Ps, n = 9; ATN-Enr-Ps, n = 8; ATNStd-Naïve, n = 8 (6 ATN-Enr-Ps rats and 8 ATN-Std-Naïve rats were excluded solely on the basis of
histology).

9.2.4 Pseudo-training in the cross-maze
Both sham and ATN pseudo-trained rats were distributed amongst the testing cages with the other
rats described in Chapter 8. Sham-pseudo rats were yoked with sham-trained rats, whereas ATNpseudo rats were yoked with ATN-trained rats, receiving each of their cross-maze trials immediately
after that yoked rat. However, pseudo-trained rats received a different type of trial than trained rats.
Their sample runs were identical to the yoked rat’s sample run, but instead of a test run they had a
second forced choice run which, for any given day, was pseudo-randomly “always left” for that day
or “always right” for that day. The Start areas used on these pseudo-test runs were yoked to those
used for the trained rats. For both the pseudo-sample and pseudo-test runs the rats were rewarded
with one chocolate piece in order to ensure they received a comparable reward to trained rats. All
other details of the post-enrichment cross-maze testing were the same as described in Chapter 8. The
ATN-Naïve rats received no training or pseudo-training and remained in their standard cages in the
colony room throughout this testing period.

9.2.5 Pseudo-training in the radial-arm maze
Pseudo-trained rats remained in the same testing cages with their yoked trained rats for radial-arm
maze testing for which they received a different type of session than trained rats. Each pseudotrained rat was pseudo-randomly designated a single arm (location, not a physical maze arm) so that
these arm locations were evenly distributed amongst the pseudo-trained rats. At the start of the
session the rat was placed in the central hub but after the 5-second delay only the rat’s designated
door was lifted. Pseudo-trained rats were allowed 10 visits to their designated arm, with a 5-second
delay in the central hub between visits during which the arm was rebaited. Over the 10 visits the rats
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received a total of 15 chocolate pieces, which was comparable to what trained rats would receive for
visiting all of their baited arms. All other procedural details of radial-arm maze testing were the
same as described in Chapter 8. The ATN-Naïve rats received no training or pseudo-training and
remained in their standard cages in the colony room throughout this testing period.

9.3 Histology and Neuromorphological Analysis
The exact same methods were employed for histology and neuromorphological analysis as described
in Chapter 8. The pseudo-trained rats were not trained to a criterion but as a group needed a
comparable number of sessions in the radial-arm maze as the trained rats before being sacrificed.
Specifically, the SH-pseudo rats were randomly selected to be sacrificed as SH-trained rats reached
the criterion, in a matched ratio fashion, so that the SH-Enr-Tr rats took an average of 21.86 days to
reach criterion, and the SH-Enr-Ps rats took an average of 20.11 days to reach criterion (t < 1.0). For
time of sacrifice, ATN-pseudo rats were yoked to ATN-trained rats that appeared to have good ATN
lesions based on the post-surgery cross-maze performance. After confirmation of accurate lesions
(see Lesion Evaluation) the ATN-Enr-Tr rats took an average of 27.56 days to reach criterion, and
the ATN-Enr-Ps rats took an average of 26.25 days to reach criterion (t < 1.0). As previously
described, all pseudo-trained rats were sacrificed 24-hours after their last session in the radial-arm
maze. The ATN-Naïve rats were sacrificed when they reached a comparable age as the other groups.
After confirmation of accurate lesions (see Lesion Evaluation) the average age at the time of
sacrifice for all other groups was 18.86 months, and the average age at sacrifice of the ATN-Naïve
rats was 18.60 months (t < 1.0). As the ATN-Naïve rats were added later, the tracing process for the
other groups was already partially underway when the ATN-Naïve brains had been stained and
processed. Therefore, the previous blinding was removed at this point, and new randomly generated
labels were given to all image stacks with the ATN-Naïve rats added. Only rats with a minimum of
three arbors were included in the statistical analysis of dendritic arbors. This resulted in the
following group sizes for the analysis of basal arbors, SH-Enr-Ps, n = 8; ATN-Enr-Ps, n = 8; and
ATN-Std-N, n = 6. For the analysis of apical arbors the final groups were, SH-Enr-Ps, n = 7; ATNEnr-Ps, n = 8; and ATN-Std-N, n = 6. A more detailed description of the protocol employed during
the scanning and tracing process can be found in Appendix D.
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9.4 Results: Lesion Evaluation
The largest and smallest acceptable lesions in the two lesion groups are shown in Figures 9.1A and
B. Only rats with bilateral ATN lesions including more than 50% damage to ATN, minimal fornix
damage, and not more than 40% damage to the adjacent lateral thalamic and posteromedial thalamic
region (see Chapter 8, Methods: Histology), were included in the behavioural and
neuromorphological analyses. These included 8 ATN-Enr-Ps and 8 ATN-Std-N. The percent of
damage to the ATN, and components and other adjacent nuclei is depicted in Table 9.1 ranked from
smallest to largest. The extent of damage to the ATN and its components was highly comparable to
the damage found in the ATN groups described in chapter 8 (see Table 8.1). Again, with the
exception of the interanteromedial nucleus, the mean damage to the other adjacent structures was
generally minimal in both groups. Thirteen rats did not meet the histology criteria and were not
included in the neuromorphological analyses: five ATN-Enr-Ps rats and seven ATN-Std-N rats had
less than 50% combined bilateral damage to the ATN subcomponents; One ATN-Std-N that had a
sufficient ATN lesion (No. 91: ATN = 63.7, MT = 0.0, LT = 4.3) was not processed for
neuromorphological analysis, as it was decided that due to time constraints, a maximum of eight
ATN-Std-N rats would be included.
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Fig 9.1: The largest (grey) and smallest (black) lesion in the A: ATN enriched pseudo-trained group
and B: ATN standard housed naïve group. Numbers indicate distance from bregma in millimetres
(plates from Paxinos and Watson, 1998).
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Table 9.1: Lesion damage analysis for ATN-Enr-Ps and ATN-Std-N rats (all values in percentage of total volume)
ATN and sub-components

GROUP

RAT

47
5
7
ATN
101
Enriched 9
Pseudo 106
56
102
Mean (±SD) ATN-Enr-Ps
84
86
90
ATN
82
Standard 88
83
Naïve
74
85
Mean (±SD) ATN-Std-N

Other ROI’s

ATN

AD

AM

AV

53.8
73.8
77.3
80.0
82.3
84.6
85.6
91.2
78.6(11.3)
59.9
60.6
63.8
70.9
74.1
75.9
80.2
89.7
71.9(10.3)

76.5
83.7
84.8
93.2
65.8
96.6
91.2
99.7
86.4(11.2)
60.0
86.2
66.2
72.3
81.8
85.5
95.3
95.8
80.4(13.1)

70.5
85.6
97.7
96.9
88.2
85.5
95.8
97.0
88.4(8.8)
61.8
42.0
76.3
73.3
71.6
76.9
91.7
76.5
71.3(14.4)

33.8
62.0
67.4
63.4
84.5
79.4
76.6
83.9
68.9(16.7)
58.6
63.3
54.4
68.8
72.9
71.6
66.7
96.3
69.1(12.7)

MT
0.0
0.7
1.4
0.5
0.1
0.8
0.7
2.0
0.8(0.7)
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.5
0.1(0.2)

Other Nuclei

LT

IAM

LD

PT

Re

Rh

4.2
8.2
10.6
13.8
7.5
18.4
12.2
28.7
13.0(7.7)
2.8
3.0
2.9
2.5
4.6
4.9
8.3
18.7
6.0 (5.5)

46.3
42.0
32.3
64.4
33.7
51.5
52.8
67.5
48.8(12.9)
11.0
7.1
27.0
30.3
31.2
35.6
63.6
35.4
30.2(17.3)

0.2
0.2
2.0
1.3
0.9
10.9
2.8
4.6
2.9(3.6)
1.9
3.2
0.1
0.1
1.2
2.2
2.9
9.5
2.6(3.0)

8.3
8.9
19.7
17.6
7.9
14.3
16.1
29.5
15.3(7.3)
6.0
4.3
4.8
30.5
23.1
17.4
22.9
13.8
15.4(9.8)

0.0
2.9
0.6
0.9
0.4
0.0
2.9
5.8
1.7(2.0)
0.7
0.0
0.5
0.9
0.0
0.3
0.3
0.0
0.3(0.3)

0.3
5.7
0.9
8.4
1.6
2.7
0.9
14.6
4.4(5.0)
0.0
0.0
0.2
1.5
0.0
0.3
0.9
0.1
0.4(0.5)

Note: Not shown in above table = there was zero damage in all rats to PV/PVP, one ATN-Enr-Ps rat (7) had 0.2% and damage to PVA
Abbreviations: AD= anterodorsal nucleus; AM= anteromedial nucleus; ATN = anterior thalamic aggregate comprising the anterodorsal, anteromedial and anteroventral thalamic
nuclei; AV= anteroventral nucleus; IAM= interanterodorsal nucleus; LT= lateral medial thalamic aggregate comprising the intralaminar nuclei (centrolateral, paracentral and rostral
central medial nuclei) and lateral mediodorsal thalamic nuclei (lateral and paralamellar nuclei); LT median= median percent damage for all included rats; MT= posteromedial thalamic
aggregate comprising the central and medial mediodorsal nuclei and the intermediodorsal nucleus; MT median= median percent damage for all included rats; PT= paratenial nucleus;
PVA= anterior paraventricular nucleus; PV/PVP= paraventricular nucleus/posterior paraventricular nucleus; Re= reunions nucleus; Rh= rhomboid nucleus; ROI’s= regions of interest.
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9.5 Results: Lesion x Training
The neuromorphological analyses performed in this section compare the enriched ATN and sham
pseudo-trained groups described in this chapter with the enriched ATN and sham trained groups
described in Chapter 8. The final group sizes for these four lesion by training conditions were: SHEnr-Tr, n = 14; SH-Enr-Ps, n = 9; ATN-Enr-Tr, n = 9; ATN-Enr-Ps, n = 8.

Neuromorphological Covariates: Mean Number (±SD)
Measure

SH-Enr-Tr

SH-Enr-Ps

ATN-Enr-Tr

ATN-Enr-Ps

Basal arbors per rat

3.91 (1.14)

3.88 (0.83)

4.56 (0.73)

5.13 (1.13)

Apical arbors per rat

4.23 (0.93)

3.86 (0.90)

4.00 (1.15)

4.38 (1.19)

Cell bodies per rat

5.14 (1.17)

4.78 (0.83)

5.44 (1.13)

5.75 (0.46)

Basal segments per rat

14.14 (3.28)

15.11 (3.55)

16.11 (1.83)

16.25 (3.81)

Basal length (µm)

22.12 (0.53)

21.81 (0.42)

21.83 (0.31)

21.55 (0.46)

Basal avg diam. (µm)

0.86 (0.077)

0.90 (0.098)

0.98 (0.049)

0.97 (0.057)

Apical segments per rat

12.79 (2.61)

13.00 (3.16)

14.78 (3.11)

15.75 (2.76)

Apical length (µm)

22.43 (0.81)

22.09 (0.43)

21.86 (0.47)

21.51 (0.23)

Apical avg diam. (µm)

0.82 (0.091)

0.90 (0.09)

0.91 (0.056)

0.92 (0.04)

Table 9.2: Measures added as covariates for the neuromorphological analyses of Lesion by Training.
The first three measures relate to dendritic arbors and cell bodies, the middle three measures relate to
basal dendritic segments use for spine analysis, and the last three measures relate to apical dendritic
segments used for spine analysis.

9.5.1 Neuromorphological Covariates
The same variables described in Chapter 8 were considered as possible covariates and were added to
the relevant ANOVAs described on the following pages, because each rat had a different number of
each of these relevant variables (see Table 9.2). These covariate analyses produced the same
conclusions as analyses without any covariates. The only change to any analysis was when the
number of apical arbors was entered as a covariate in the analysis of total dendritic length, and this
will be described in the section “Apical Arbors”.

In addition, the potential influences of the same variables described in Chapter 8 pertaining
to the basal and apical dendritic segments were again analysed using separate three-way ANOVAs
(Lesion by Training by Branch Type, Location, and Hemisphere). Briefly, basal segments were
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taken from either tertiary or quaternary branches, and both basal and apical segments were taken
from neurons in the anterior or posterior part of the dorsal hippocampal CA1 region, that were in
either the right or left hemisphere of the brain. The mean and standard deviation in terms of spines
per 10µm is shown in Table 9.3 for each of the factors analysed. Some individual rats did not have
any measures pertaining to a particular branch type, location or hemisphere and so were precluded
from that analysis including, 3 SH-Enr-Tr, 1 SH-Enr-Ps, 2 ATN-Enr-Tr, and 2 ATN-Enr-Ps for
basal location, 1 SH-Enr-Ps for basal hemisphere, 3 SH-Enr-Tr, 1 SH-Enr-Ps, 1 ATN-Enr-Tr, and 2
ATN-Enr-Ps for apical location, 1 SH-Enr-Tr, and 2 SH-Enr-Ps for apical hemisphere.

There were no significant main effects or interactions related to any of these factors.
However, when apical spines per 10µm were analysed in terms of hemisphere, the training main
effect present when hemispheres were combined was reduced to non-significance. This is most
likely a consequence of the specific rats removed from the analysis, as there was no significant main
effect or interaction related to hemisphere.

Spines per 10µm for Branch Type, Location, and Hemisphere: Mean (±SD)
Basal Segment Measures

SH-Enr-Tr

SH-Enr-Ps

ATN-Enr-Tr

ATN-Enr-Ps

Total basal spines per 10µm
Branch type: tertiary

22.35 (0.76)

20.89 (1.19)

19.97 (1.02)

19.26 (0.96)

22.40 (1.04)

20.90 (1.31)

20.16 (0.99)

19.31 (1.19)

Branch type: quaternary

22.36 (1.01)

20.67 (1.43)

19.60 (1.63)

18.81 (1.22)

Location: anterior

22.48 (0.69)

21.07 (1.28)

20.17 (1.45)

18.88 (1.90)

Location: posterior

22.25 (1.04)

20.35 (1.33)

19.70 (1.08)

19.66 (1.14)

Hemisphere: left

22.16 (1.14)

20.86 (1.46)

20.18 (1.32)

19.40 (1.08)

Hemisphere: right

22.68 (0.93)

20.70 (1.39)

19.85 (1.19)

19.26 (1.42)

Apical Segment Measures

SH-Enr-Tr

SH-Enr-Ps

ATN-Enr-Tr

ATN-Enr-Ps

Total apical spines per 10µm

22.92 (0.98)

21.71 (1.04)

20.35 (1.48)

20.20 (1.15)

Location: anterior

23.32 (1.79)

21.95 (1.54)

20.57 (2.08)

19.93 (1.78)

Location: posterior

22.68 (1.06)

21.64 (1.38)

20.22 (1.65)

20.22 (1.35)

Hemisphere: left

22.83 (1.68)

22.07 (1.54)

20.46 (1.91)

20.05 (0.97)

Hemisphere: right

22.86 (1.07)

21.52 (0.64)

20.74 (2.14)

20.35 (1.44)

Table 9.3: Mean (±SD) basal and apical spines per 10µm related to branch type, location, and
hemisphere across the four Lesion by Training conditions. For comparison, the first row for both basal
and apical measures shows the total dendritic spines per 10µm
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Fig 9.2: Number of dendritic intersections per Sholl ring for the basal trees of CA1 hippocampal
neurons in trained and pseudo-trained groups.

9.5.2 CA1 Basal Arbors
The number of dendritic intersections, and dendritic length, as a function of distance per 10µm Sholl
ring from the cell body across the four groups (Lesion x Training) is shown in Figs 9.2 and 9.3,
respectively. Three-way ANOVAs (Lesion by Training by Distance from cell body) were used to
assess these variables. The analysis of the number of intersections showed significantly lower basal
dendritic complexity in the ATN lesion groups compared to the sham groups (Lesion Effect, F(1,32) =
7.65, p < 0.01), but that there was no Training effect or Lesion x Training interaction with respect to
intersections collapsed across distance (F’s < 1.0). Fig 9.2 shows, however, that both ATN groups
exhibited less dendritic complexity compared to the sham groups in the number of intersections
once the Sholl rings reached between 90-170µm from the cell body, which produced a highly
significant Lesion x Distance interaction (F(16,512) = 3.92, p < 0.001). There was no Training x
Distance or Lesion x Training x Distance interaction (F’s < 2.0).
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Fig 9.3: Total dendritic length (µ) per Sholl ring for the basal trees of CA1 hippocampal neurons in
trained and pseudo-trained groups.

The analysis of total dendritic length per Sholl ring (Fig 9.3) produced the same statistical
effects as for number of intersections (Lesion, F(1,35) = 4.88, p < 0.05; Lesion x Distance, F(16,560) =
2.51, p < 0.001). There was no main effect of Training and no Lesion x Training, Training x
Distance, or Lesion x Training x Distance interactions (F’s < 1.0). The clear separation between the
ATN and sham groups in terms of total dendritic length was evident from between 50-170µm.

In summary, enriched ATN rats had reduced basal branching complexity in terms of
intersections and total dendritic length across the more distal aspects of the basal dendritic arbor
compared to enriched sham rats. Training had no observable effect on basal arbor complexity.

Explicit Spatial Learning and ATN lesions

181

Intersections: Surgery x Training
18

SH-Enr-Tr

16

SH-Enr-Ps

Intersections

14

ATN-Enr-Tr

12

ATN-Enr-Ps

10
8
6
4
2
0
10

40

70

100

130

160

190

220

250

280

310

340

370

400

430

Distance from Cell Body (µm)
Fig 9.4: Number of dendritic intersections per Sholl ring for the apical trees of CA1 hippocampal
neurons in trained and pseudo-trained rats.

9.5.3 CA1 Apical Arbors
The number of dendritic intersections, and dendritic length, were analysed as a function of distance
per 10µm Sholl ring from the cell body for apical arbors (see Figs 9.4 and 9.5, respectively), again
with three-way ANOVAs (Lesion by Training by Distance from cell body). There was a Lesion
main effect for number of intersections (F(1,42) = 5.11, p < 0.05), indicating reduced intersections in
ATN animals collapsed across distance. Although Fig 9.4 suggests the existence of potential
interactions there were no other main effects or interactions (all F’s < 2.0) other than a Training x
Distance interaction (F(42,1302) = 1.54, p < 0.02). Similarly to the apical arbors analysed in Chapter 8,
any differences across the four lesion by training conditions were mostly evident across the region
of peak intersections between ~ 90 – 180µm.
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Fig 9.5: Total dendritic length (µ) per Sholl ring for the apical trees of CA1 hippocampal neurons
across the four lesion by training conditions.

Analysing apical arbors in terms of total dendritic length produced the same results as the
analysis of number of intersections, but with the addition of a Lesion x Distance interaction
(F(42,1302) = 1.74, p = 0.01) to the Lesion Effect (F(1,42) = 6.34, p < 0.02) and Training x Distance
interaction (F(42,1302) = 1.60, p < 0.01). This indicates that the reduced complexity in total dendritic
length of apical arbors after ATN lesions was clearer across the Sholl rings than in total number of
intersections. The Number of apical arbors entered as a covariate resulted in no changes to the main
effect or interactions reported, but increased the Lesion x Training x Distance interaction effect to
near significance (F(42,1260) = 1.60, p < 0.09). This may indicate that a larger sample size is required
to detect additional training effects associated with total dendritic length, or may be due to the
higher variability in group numbers used in apical tree analysis.

In summary, there was some evidence that training in enriched rats had an effect on total
dendritic length over the region of peak complexity (~ 80 - 200µm), and stronger evidence that ATN
lesions reduced total apical dendritic length in enriched rats. A larger sample size may clarify any
training-induced changes in terms of arbor complexity.
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60

ATN-Enr-Ps

Cell Type

Number

Mono-tufted
Bi-tufted
Mono-tufted
Bi-tufted
Mono-tufted
Bi-tufted
Mono-tufted
Bi-tufted

36
21
16
15
18
18
22
13

% of total
63.2%
36.8%
51.6%
48.4%
50.0%
50.0%
62.9%
37.1%

9.5.4 Mono-tufted and bi-tufted Apical Arbors
A supplementary descriptive assessment was made of mono-tufted and bi-tufted apical arbors in the
four surgery by training conditions. As described in Chapter 8, mono-tufted and bi-tufted apical
arbors exhibited differing levels of complexity (see Fig 9.6), and there were varying proportions of
each type of arbor within each group (see Table 9.4). The effects of ATN lesions (comparing A with
B, and C with D, in Fig 9.6) and the effects of training (comparing A with C, and B with D, in Fig
9.6) are evident in both mono-tufted and bi-tufted arbors.
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CA1 Cell Body measures (Means ± SD)
Measure
2 c*

Surface Area (µm )
Perimeter (µm)

b†, c*

Feret Max (µm)
Feret Min (µm)
Aspect Ratio

b*, c*
c*

Roundness c†

SH-Enr-Tr

SH-Enr-Ps

ATN-Enr-Tr

ATN-Enr-Ps

251.94 (28.00)

263.14 (33.79)

269.33 (27.18)

239.12 (15.79)

66.23 (1.93)

66.43 (3.60)

69.07 (4.16)

65.14 (2.68)

24.24 (1.19)

24.44 (1.74)

24.57 (1.55)

24.10 (1.32)

14.91 (1.01)

15.27 (0.71)

16.08 (1.03)

14.43 (0.89)

1.66 (0.16)

1.61 (0.15)

1.55 (0.11)

1.71 (0.18)

0.555 (0.045)

0.574 (0.047)

0.573 (0.050)

0.538 (0.050)

Table 9.5: Means (±SD) for cell body measures of CA1 hippocampal neurons across the four lesion by
training groups. Surface area and perimeter are measures of the size of the cell bodies. Feret Max and Min
refer to the longest and shortest distances between any two points along the perimeter boundary of the cell
body and are associated with both size and shape. Aspect ratio and roundness are measures of the shape of
cell bodies. b= Training effect, c = Lesion x Training interaction, * = p < 0.05, † = p < 0.1.

9.5.5 CA1 Cell Bodies
CA1 cell body morphology was examined using six different measures and 2-way ANOVAs on
each (Lesion by Training) were used to assess any group differences (see Table 9.5). There were
Lesion x Training interactions for both surface area (F(1,36) = 5.47, p < 0.05) and perimeter (F(1,36) =
4.32, p < 0.05), and a Training Effect that neared significance for perimeter (F(1,36) = 3.50, p < 0.07).
These results suggest that explicit spatial memory training increased cell body size in rats with ATN
lesions, whereas it reduced cell body size in sham rats. This was reinforced by a Training effect for
feret min (F(1,36) = 4.54, p < 0.05) and a Lesion x Training interaction (F(1,36) = 11.16, p < 0.002),
although there were no main effects of interaction associated with feret max (all F’s < 1.0). Number
of cell bodies entered as a covariate reduced the Lesion x Training interaction for perimeter to near
significance (F(1,35) = 3.24, p < 0.1), but had no effect on any other cell body measures. There were
also Lesion x Training interactions associated with aspect ratio (F(1,36) = 4.15, p < 0.05) and
roundness (F(1,36) = 3.17, p < 0.09), although the latter only neared significance. These results
suggested that trained ATN rats had rounder cell bodies, compared to trained sham rats which had
less round cell bodies.

In summary, these findings may indicate differential effects of explicit spatial memory
training on CA1 hippocampal cell bodies in sham and ATN rats; training was associated with larger,
rounder somas in ATN rats, and smaller, less round somas in sham rats.
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Fig 9.7: The mean number of spines per 10µm on CA1 basal dendritic segments across the four lesion
by training conditions. The average individual rat scores are presented for all rats within each group.
Error bars represent 1 standard deviation above and below the mean. ATN = anterior thalamic nuclei
lesion; SH = sham surgery; TR = explicit spatial memory training; PS = pseudo-training.

9.5.6 CA1 Basal Spines
A 2-way ANOVA (Lesion by Training) assessed the number of basal spines per 10µm (See Fig 9.7).
The ATN groups had 9.8% fewer basal spines than sham groups (Lesion Effect, F(1,36) = 41.16, p <
0.001), and trained groups had 6.1% more basal spines than pseudo-trained groups (Training Effect,
F(1,36) = 12.14, p < 0.002). There was no Lesion x Training interaction (F < 2.0). In terms of training,
post-hoc Newman-Keuls showed that SH-Enr-Tr had more spines than SH-Enr-Ps (p < 0.005),
whereas ATN-Enr-Tr did not differ from ATN-Enr-Ps (p < 0.1). In summary, ATN lesions reduced
hippocampal CA1 basal spine density, and training increased basal spine density, although the latter
was more apparent in sham than ATN rats.
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Fig 9.8: The mean number of basal CA1 spines per 10µm, categorised by spine type in trained and
pseudo-trained groups. Thin spines indicated by left-most bar in blue, mushroom spines shown in
middle division of the bar in yellow, and stubby spines shown on right-most section of the bars in red.

Spine changes across the three categories of spines were examined across the four lesion by
training conditions using 2-way ANOVAs for each category (see Fig 9.8). The spine categories
included, thin spines (69% of total spines), mushroom spines (12% of total spines), and stubby
spines (19% of total spines). Thin spine number was reduced by ATN lesions (F(1,36) = 28.40, p <
0.001), and increased by explicit spatial memory training (F(1,36) = 7.87, p < 0.001), with no Lesion
x Training interaction (F < 1.0). ATN lesions reduced the number of mushroom spines (F(1,36) =
20.09, p < 0.001), whereas training increased the number of mushroom spines (F(1,36) = 5.57, p <
0.05), but there was no Lesion x Training interaction (F < 1.0). There were no main effects or
interaction associated with stubby spine density.

Average Diameter of Dendritic Segments: The average diameter of the basal dendritic
segments in each group is shown on Table 9.2 (see “Neuromorphological covariates” section). A 2way ANOVA (Lesion by Training) of average diameter revealed a significant Lesion effect (F(1,36) =
15.70, p < 0.001) reflecting a 10.2% increase in the ATN groups. There was no Training or
interaction effect (F < 2.0).
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Fig 9.9: The mean number of spines per 10µm on CA1 apical dendritic segments across the four
surgery by training conditions. The average individual rat scores are presented for all rats within each
group. Error bars represent 1 standard deviation above and below the mean. ATN = anterior thalamic
nuclei lesion; SH = sham surgery; TR = explicit spatial memory training; PS = pseudo-training.

9.5.7 CA1 Apical Spines
A 2-way ANOVA (Lesion by Training) assessed the number of apical spines per 10µm (See Fig
9.9). ATN rats showed a 9.7% decrease in apical spines compared to sham rats (Lesion Effect, F(1,36)
= 29.25, p < 0.001), and trained rats had a non-significant increase of 4.2% more apical spines than
pseudo-trained rats (Training Effect, F(1,36) = 3.28, p < 0.08). There was no Lesion x Training
interaction (F < 2.5). Newman Keuls showed that training increased apical spines in sham trained
rats compared to sham pseudo-trained rats (p < 0.05), but not in ATN trained rats who did not differ
from ATN pseudo-trained rats (p = 0.79).
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Fig 9.10: The mean number of apical CA1 spines per 10µm, categorised by spine type in trained and
pseudo-trained rats. Thin spines indicated by left-most bar in blue, mushroom spines shown in
middle division of the bar in yellow, and stubby spines shown on right-most section of the bars in red.

Apical spine changes across the four lesion by training conditions were investigated in terms
of different categories of spines including thin spines (71% of total spines), mushroom spines
(13.5% of total spines), and stubby spines (15.5% of total spines), using 2-way ANOVAs for each
measure (See Fig 9.10). Thin spine number was significantly reduced by ATN lesions (F(1,36) =
24.73, p < 0.001), but there was no Training main effect (F < 2.5) and no Lesion x Training
interaction (F < 2.0). There was a Lesion effect in mushroom spines (F(1,36) = 11.08, p < 0.005), and
a Training effect that neared significance (F(1,36) = 3.13, p < 0.09), but no Lesion x Training
interaction (F < 1.0). There were no effects or interaction associated with stubby spine density.

Average Diameter of Dendritic Segments: The average diameter of the basal dendritic
segments in each group is shown on table 9.2 at the start of the “Neuromorphological covariates”
section. As was found previously, A 2-way ANOVA (Lesion by Housing) of average diameter
revealed a significant Lesion effect (F(1,36) = 4.40, p < 0.05) reflecting a 6.5% increase in the ATN
groups. There was also a main effect of training that neared significance (F(1,36) = 3.47, p < 0.08),
but no Lesion x Training interaction (F < 2.0).
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Fig 9.11: Scatterplot of relationship between basal spines per 10µm and apical spines per 10µm for
each rat from the four lesion by training conditions. This association had a r = 0.79 .

Basal and apical spine changes correlated with a large effect size (see Fig 9.11). Summarising the
previous analyses, ATN lesions reduced both basal and apical spine density primarily through a
decrease of both thin and mushroom spines. Explicit spatial memory training increased both basal
and apical spines in sham rats, but only increased basal spines in rats with ATN lesions.
Interestingly, these training-induced spine changes reflected an increase in both mushroom and
especially thin spines in the basal segments, whereas in the apical segments they reflected a modest
increase in mushroom spines only.

The main finding was that explicit spatial memory training increased basal and apical spine
density in sham enriched rats, and basal spine density in ATN enriched rats, compared to enriched
rats who had received a matched sensorimotor experience and reward value. The trained rats showed
an increased number of mushroom spines, as well as thin spines.
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9.6 Results: ATN-Std-Naïve
The neuromorphological analyses performed in this section compare the ATN lesioned standard
housed naïve group (ATN-Std-N) described in this chapter with the ATN lesioned and sham
standard housed trained groups described in Chapter 8. Although there were no standard housed
pseudo-trained rats, these comparisons provide additional evidence of any CA1 hippocampal
neuromorphological differences between standard housed rats with implicit spatial memory training,
and standard housed rats with ATN lesions that stayed in their home cages during the continuous
housing and training periods. The final group sizes for these three standard housed groups were: SHStd-Tr, n = 10; ATN-Std-Tr, n = 12; ATN-Std-N, n = 8.
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Fig 9.12: Number of intersections per Sholl ring for the basal trees of CA1 hippocampal neurons in
the three standard housed groups. Number of intersections and mean is plotted against distance from
cell body.
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Fig 9.13: Total dendritic length per Sholl ring for the basal trees of CA1 hippocampal neurons in the
three standard housed groups. Mean total dendritic length is plotted against distance from cell body.

9.6.1 CA1 Basal Arbors
Number of basal intersections (Fig 9.12) and total basal dendritic length (Fig 9.13) in ATN naïve
standard housed controls was compared to sham and ATN rats that had received explicit spatial
memory training using one-way ANOVAs. The ATN-Std-N group showed decreased basal
complexity over distance, compared to both trained groups which was reflected by reduced number
of intersections (F(16,352) = 1.70, p < 0.02), as well as reduced total dendritic length (F(16,352) = 2.11, p
< 0.001). For total dendritic length, there was also a group main effect that neared significance
(F(2,22) = 3.26, p < 0.06).

9.6.2 CA1 Apical Arbors
One-way ANOVAs were also used to compare apical arborisation in the three standard housed
groups both in terms of number of intersections (Fig 9.14), and total dendritic length (Fig 9.15), per
Sholl ring. Despite evident group differences in both analyses between 80-220µm from the cell
body, there was no Group main effect or Group x Distance interaction for number of intersections,
and only a Group effect that neared significance for total dendritic length (F(2,20) = 3.38, p < 0.06).
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Fig 9.14: Number of intersections per Sholl ring for CA1 hippocampal apical arbors in the three
standard housed groups. Number of intersections is plotted against distance from cell body.
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Fig 9.15: Total dendritic length (bottom) per Sholl ring for CA1 hippocampal apical arbors in the
three standard housed groups. Mean total dendritic length is plotted against distance from cell body.
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Fig 9.16: Mean number of CA1 basal (top) and apical (bottom) spines per 10µm across the three
standard caged groups. Average individual rat scores are presented for all rats within each group.
Error bars represent 1 standard deviation above and below the mean.
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9.6.3 CA1 Basal and Apical Spines
Average basal and apical spines per 10µm for the three standard housed groups were compared
using one-way ANOVAs. The three groups exhibited significantly different basal (F(2,27) = 71.76, p
< 0.001) and apical (F(2,20) = 30.49, p < 0.001) spine densities, and Fig 9.16 shows that they all
differed from each other. Both standard housed groups with ATN lesions had reduced basal and
apical spines compared to the sham standard housed group. However, this reduction in both basal
and apical spines was not as great in ATN rats that received explicit spatial memory training
compared to the ATN naïve rats. Fig’s 9.17 and 9.18 show that these group differences included
changes in the number of thin and mushroom spines in both the basal (Thin, F(2,27) = 20.81, p <
0.001; Mushroom, F(2,27) = 11.65, p < 0.001) and apical (Thin, F(2,27) = 20.31, p < 0.001; Mushroom,
F(2,27) = 4.72, p < 0.02) segments. For mushroom spines, this indicated an increased density in the
sham group as Newman-Keuls showed that the two ATN lesion groups did not differ from each
other in terms of number of mushroom spines per 10µm in either the basal (p = 0.1) or apical (p =
0.5) segments. There was no Group Effect for stubby spine density in the apical segments (F > 1.0),
whereas the Group Effect for stubby spine density neared significance for basal segments (F(2,27) =
2.58, p < 0.1). Although there was no pseudo-trained group, it is evident that some combination of
general sensorimotor experience and explicit spatial memory training was responsible for the partial
alleviation of the ATN lesion-induced deficit in basal and apical spines per 10µm in the ATN-Std-Tr
group compared to the ATN-Std-N group.
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Fig 9.17: The mean number of basal CA1 spines per 10µm, categorised by spine type across the three
groups. Thin spines indicated by left-most bar in blue, mushroom spines shown in middle division of
the bar in yellow, and stubby spines shown on right-most section of the bars in red.
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Fig 9.18: The mean number of apical CA1 spines per 10µm, categorised by spine type across the three
groups. Thin spines indicated by left-most bar in blue, mushroom spines shown in middle division of
the bar in yellow, and stubby spines shown on right-most section of the bars in red.
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9.6.4 Dendritic Spine Density and ATN lesion volume
There was no association between ATN lesion size and basal spine density (Fig 16x; r = 0.09, p >
0.1) or apical spine density (Fig 9.19; r = 0.17, p > 0.1) across the two ATN lesion groups.
Moreover, none of the within-group comparisons for either basal or apical spine density were
significantly correlated (p’s > 0.1).
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Fig 9.19: Mean basal spine density per 10µm and ATN lesion volume for each rat. For all groups, r =
0.09, ns. For individual groups: ATN-Enr-Ps, r = 0.56, ns; ATN-Std-N, r = 0.05, ns.

In summary, ATN standard housed naïve rats showed further reductions in basal complexity,
and basal and apical spine density, compared to spatially trained standard housed ATN rats. This
provides additional evidence that experience can induce neuromorphological changes in CA1
hippocampal neurons in rats with ATN lesions.
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9.7 Summary of Findings
9.7.1 Lesion x Housing
All four groups in these analyses were exposed to 40 days of continuous enrichment.
CA1 Dendritic Arbors
ATN lesions reduced basal branching complexity and length in the distal two thirds of the dendritic
tree, whereas in the apical dendritic tree ATN-induced reductions manifested across the region of
peak intersections and length. Explicit spatial memory training had no effect on basal arborisation,
but was associated with increased apical branching complexity and length. Again, these traininginduced increases in the apical dendritic tree were only evident across the region of peak
intersections and length. Mono-tufted apical arbors continued to exhibit a reduced number of
intersections compared to bi-tufted apical arbors. A larger sample size of apical arbors may produce
a clearer indication of training-induced effects.

CA1 Cell Bodies
ATN lesions had no direct effect on cell body morphology, but explicit spatial memory training
produced differential changes in sham and ATN lesioned rats. Specifically, training increased cell
body size in rats with ATN lesions which was reflected in increased surface area, perimeter, and
minimum diameter, whereas training reduced these measures of cell body size in sham rats. Training
was associated with rounder cell bodies in ATN rats, and less round cell bodies in sham rats.

CA1 Dendritic Spines
ATN lesions reduced both basal and apical spine density primarily through a reduction in the
number of thin and mushroom spines. Explicit spatial memory training was associated with further
increases in spine density in enriched rats compared to enriched pseudo-trained rats. Training
increased the number of basal and apical spines in sham rats, but only increased the number of basal
spines in rats with ATN lesions. These training-induced spine density changes reflected an increase
in both mushroom and especially thin spines in the basal segments, and mushroom spines only in the
apical segments. ATN lesions were again associated with a thickening of both basal and apical
dendritic segments. Moreover, basal and apical spine density was still highly correlated within rats
across the four lesion by training groups.
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9.7.2 ATN-Std-Naïve
The ATN standard housed naïve group showed a reduction in basal branching complexity and
length across the middle third of the dendritic tree compared to ATN standard housed and sham
standard housed groups that received explicit spatial memory training. The ATN naïve group did not
significantly differ from the other two standard housed groups in terms of apical branching
complexity and length. However, some further reductions in apical branching complexity and length
in the ATN standard housed naïve group compared to the ATN standard housed trained group were
apparent across the region of peak intersections and length. The ATN standard housed naïve group
exhibited a reduction in basal and apical spine density compared to the ATN and sham standard
housed trained groups which reflected a decrease in the number of thin spines. ATN lesion volume
was not associated with basal or apical spine density in the ATN-Enr-PS or ATN-Std-N groups.
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Chapter 10
Cell Body Morphology in the Retrosplenial and Prefrontal
Cortices
This chapter describes the cell body morphological analysis of Golgi-stained cortical tissue of the
same rats from the seven experimental groups described in Chapters 8 and 9. Cell body tracing was
conducted by Kyla-Louise Wood and Nicole Mehrtens (4th year project students), under the
guidance of the author and primary supervisor.

10.1 Introduction
As discussed in Chapter 4, recent studies using the immediate early gene biochemical markers such
as c-Fos have shown hypoactivation in distal regions of the extended hippocampal system,
associated with ATN lesions. This ‘covert pathology’ associated with ATN damage has been found
in both the prefrontal (PFC) and retrosplenial (RSC) cortex (Jenkins et al., 2002a, 2002b, 2004;
Loukavenko, 2009; Poirier and Aggleton, 2009; Dumont et al., 2012). The PFC is associated with
executive function, particularly the prelimbic region (PL) which has been implicated in decisionmaking, goal-directed behaviour, and working memory (Petrides, 1995, 1998; Vertes, 2004). The
PL has reciprocal connections with the anteromedial sub-component of the ATN and may play a
vital role in hippocampal and PFC interaction (Aggleton et al., 2010). Interestingly, Vann and
Albasser (2009) found that lesions of the mammillothalamic tract, which has no direct connection
with the PFC or RSC, also resulted in c-Fos hypoactivation in these two regions. A reduction in cFos is a good indication of abnormal cell activity (Aggleton, 2008) and could indicate the presence
of neuromorphological changes.

As discussed in Chapters 4 and 5, a number of studies have shown dramatic reduction in cFos levels in the RSC after ATN lesions (Jenkins et al., 2002a, 2002b, 2004; Loukavenko, 2009;
Poirier and Aggleton, 2009; Dumont et al., 2012), and after mammillothalamic tract lesions (Vann
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and Albasser, 2009). In addition, reduced RSC activity has been found in patients with temporal
lobe or diencephalic amnesia (Fazio et al., 1992; Joyce et al., 1994), and RSC hypoactivity may be
an early indicator of prodromal Alzheimer’s disease (Minoshima et al., 1997; Villain et al., 2008).
Therefore, the RSC may be a key brain region that contributes to memory loss after diencephalic
damage (Aggleton, 2008; Poirier and Aggleton 2009; Vann and Albasser, 2009; Aggleton et al.,
2010). Bilateral ATN lesions produced the most dramatic reduction in c-Fos levels in the
retrosplenial granular b (Rgb) region of the RSC, compared to other cortical sites, 4-6 weeks after
the surgery (Jenkins et al., 2002b). This decreased c-Fos count was largely due to reductions of Fos
immunoreactivity in the superficial layers (I-III) of the Rgb, with layer II and upper III showing the
most extreme loss (80% plus) (Aggleton, 2008). One study reported preliminary findings of Nisslstained cell density and cell size increases in the Rgb after bilateral ATN lesions and changes in
sphericity after unilateral ATN lesions, particularly in the superficial layers (Poirier and Aggleton,
2009). These findings suggest that the superficial layers (I-III) are of particular interest for
neuromorphological analysis in the present study.

Due to time constraints, cell body morphology was assessed in a random sample of rats form
the experimental groups described in chapters 8 and 9. Measures of cell body size and shape were
used to investigate preliminary evidence of neuronal changes in the prelimbic region of the
prefrontal cortex and the granular b region of the retrosplenial cortex as a consequence of ATN
lesions and subsequent exposure to an EE. Changes in cell body size have been shown to be a quick
and effective way to determine the integrity of neurons, and increased cell body size in the
prefrontal cortex as a consequence of enrichment has been previously reported (Diamond, 1967).
Moreover, the preliminary morphological changes in the superficial layers of the Rgb reported by
Poirier and Aggleton (2009) after ATN lesions used a Nissl stain which primarily stains the cell
bodies of neurons. The opaque nature of the Golgi-Cox stain makes cell body volume measurements
inaccurate (Uylings et al., 1986; Uylings and van Pelt, 2002; Meijering, 2010), but it provides
accurate two-dimensional measures of surface area, max and min diameter, and shape to assess cell
body integrity. Cell body tracing in the PL region was performed by Kyla-Louise Wood, and cell
body tracing in the Rgb region was performed by Nicole Mehrtens (both 4th year project students),
under the guidance of the author with input from the primary supervisor.
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10.2 Methods
10.2.1 Subjects
Due to the time constraints of this study, cell body analysis in both the PL and Rgb was only carried
out on a random selection of rats from the seven experimental groups described in chapters 8 and 9
(see Table 10.1). In the PL, eight rats were randomly selected from the four experimental groups
described in chapter 8 (SH-Std-Tr, SH-Enr-Tr, ATN-Std-Tr, ATN-Enr-Tr) for cell body analysis,
whereas six rats were randomly selected from the three experimental groups described in chapter 9
(SH-Enr-Ps, ATN-Enr-Ps, ATN-Std-N) for cell body analysis. The same eight rats from the four
groups described in chapter 8 were also used for cell body analysis in the Rgb. However there was
not time to examine any of the groups described in chapter 9 for cell body analysis in terms of the
Rgb region.

Group

Total Group Numbers

PL analysis

Rgb analysis

SH-Std-Tr

10

8

8

SH-Enr-Tr

14

8

8

ATN-Std-Tr

12

8

8

ATN-Enr-Tr

9

7

7

Total

45

31

31

Table 10.1: The total number of subjects in each group and the number used in the preliminary investigation of
cell body size and shape changes in the PL and Rgb regions of the cortex.

10.2.2 Confocal Microscopy
The same Leica laser scanning confocal microscope described in chapter 8 was used to take
high resolution image stacks from four Golgi-stained coronal sections per rat (two sections for PL,
and two sections for Rgb). Coronal sections were taken from the posterior part of the PL from
between approximately Bregma +3.20 and Bregma +2.20 (see Fig 10.1-A). Coronal sections were
taken from the mid-region of the Rgb between approximately Bregma -4.16 and Bregma -5.20 (see
Fig 10.1-B).
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Fig 10.1: Regions highlighted in yellow of the prelimbic cortex (A) and retrosplenial granular b cortex (B) used
in the current study for cell body morphological analysis. Numbers to the left of the sections indicate
approximate distance from bregma. Coronal diagrams and distances from bregma from Paxinos and Watson
(1998).

For each coronal section four surface to surface stacks were taken covering two different
cortical cell layers in both the right and left hemisphere. The same settings used previously for
dendritic arbors were used, 20 x (0.7 numerical aperture) glycerol objective (40 - 70 images per
stack, step size of 2 µm, voxel size 0.378µm, but in a narrower band along the y-axis to ensure that
only the intended layer was mostly included in the stack and also to reduce scan time (now 2-4
minutes). Fewer images per stack were taken on average as the tissue in these cortical regions was
generally thinner than in the hippocampus, and this also contributed to faster scan times.
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In the PL, two 220µm high stacks were taken per hemisphere containing cell bodies in layer
III and layer V for each of the coronal sections used per rat (see Fig 10.2-A). Layer III was easily
differentiated from the superficial layers as it is sparsely populated and contains pyramidal neurons
with large cell bodies. The bottom of the layer III image stacks was placed on the border between
layer II and III at approximately 330µm from the edge of the cortex, so that the stack would only
contain stained material from layer III. The layer V image stack was started at approximately 600
µm from the edge of the cortex to ensure that it would not contain part of layer III. There are no
layers IV and VI in this region of the cortex.
In the Rgb, a 200µm stack containing cell bodies in layers II-IV and a separate 300µm stack
containing layer V was taken for each hemisphere for each coronal sections used per rat (see Fig
10.2-B). The bottom edge of the image stacks containing layers II-IV was centred on the
approximate region where layer I ended and layer II began, which was easily recognizable by the
presence of densely packed small round granular cell bodies belonging to layer II fusiform
pyramidal neurons. The image stacks containing layer V began at approximately 600µm from the
medial edge of the cortex to ensure that it would not contain part of layer IV. Examples of image
stacks from both the PL and Rgb are shown in the following section.

Fig 10.2: Photomicrographs of the prelimbic cortex (A) and the retrosplenial granular b cortex (B) showing the
approximate placement, in one hemisphere only, of image stacks used to capture bands of specific cell layers. In
the prelimbic cortex 220µm bands capturing layer III, and layer V are shown. In the retrosplenial granular b
cortex, a 200µm band capturing layers II-IV, and a 300µm band capturing layer V are shown. Although it is not
shown in this diagram, image stacks were always taken from both hemispheres of each coronal section scanned.
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10.2.3 Neuromorphological Analysis
The image stacks described above were loaded into Neurolucida (MBF Bioscience) and traced by
the project students who were blinded to the experimental groups. Great care was taken in placing
the image stacks during confocal scanning to ensure that simple measurements could be used to
determine where layers began with a safe margin of error. This was to done to ensure the project
students could trace cell bodies without having to attempt to differentiate layers. For the PL stacks,
cell bodies were traced if they were located 20μm from the bottom edge of the stack and within the
subsequent 200μm. This region would contain only Layer III (Figure 10.3-A). Layer V was defined
as the 200μm region which was 10μm beyond the probable start of layer V and 10μm before the
probable end of layer V (Figure 10.3-B). For the 200μm Rgb stacks, the 40μm region that was
located 20μm beyond the bottom edge of the stack was designated as layer II, the next 80μm were
designated as layer III, and the next 40μm were designated as layer IV (see Fig 10.4-A; based on
personal comm. with Vogt, 23 June 2012). However, due to time constraints, only fusiform
pyramidal cell bodies from layer II were traced and analysed. For the 300μm Rgb stacks, only
medium pyramidal cell bodies from the upper 200μm of the stack were traced (see Fig 10.4-B).

Fig 10.3: Examples of PL image stacks from layer III (A) and layer V (B) used for cell body tracing. A) Cell
bodies in layer III were traced if they were located at least 20µm above the bottom edge of the stack. B) Cell
bodies in layer Va were traced if they were located at least 10µm from the top or bottom edge of the stack.
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Fig 10.4: Examples of Rgb image stacks used for tracing layer II (A) and layer Va (B) cell bodies. A) a 40µm band
of tissue was designated as layer II, and only small granular fusiform pyramidal cell bodies were traced from this
region . B) pyramidal cell bodies were traced from layer Va, the top 200µm of the image stack.

All of the specified cell bodies within the PL and Rgb were traced as long as they were clearly
stained, non-overlapping so that the edges of the soma were clearly defined, and unobstructed by
artefacts. The image within the stack that showed the maximal extent of the cell body was used to
trace a 2D contour around the perimeter. When dendrites emerged from the cell body, the perimeter
edges either side of the emerging dendrite were used to judge the edge of the cell body. Once all
tracing had been completed, the traced cell bodies were loaded into Neuroexplorer (MBF
Bioscience) which generated data on the surface area, perimeter, Max. / Min. feret, aspect ratio, and
sphericity for each cell body.
There are two varieties of medium-sized pyramidal neurons in layer Va of the Rgb (Vogt and
Gabriel, 1993). All of the cell bodies traced in this layer were split into two groups according to
their size; small or medium (terms used in the current study). This division was achieved by

Cell Body Morphology in the Rgb and PL

206

analysing the range of individual cell body surface areas (surface area is a more robust measure of
cell body size than perimeter), and counting every cell body with a surface area above the median as
‘medium’, excluding the first five percent (to allow for overlap in cell type). Similarly, cell bodies
with surface areas below the median (minus 5%) were counted as ‘small’. Small and medium cell
distributions per rat were visually analysed, separately, and it was decided that there were generally
too few ‘small’ cell bodies per rat to analyse between group variance. As a result, only the medium
cell bodies were statistically analysed. It must be noted that visual analysis of the spread of medium
cells per rat generally indicated a few rats with very few traced cell bodies.
For each region and cell layer, only rats with at least four traced cell bodies were included in
the analysis. Two rats had an insufficient number of Rgb layer II cell bodies (one SH-Std-Tr, and
one ATN-Enr-Tr), and four rats had an insufficient number of Rgb layer Va ‘medium’ cell bodies
(two SH-Std-Tr, one SH-Enr-Tr, and one ATN-Enr-Tr). All rats had four or more cell bodies in both
layers III and V of the PL.

10.3 Results: Behavioural Analysis of Sample
Behavioural performance in the post-enrichment cross-maze and radial-arm maze tasks was
examined using only the rats from the sample that was used for cell body morphological analysis in
the Rgb and PL. This sample exhibited comparable behavioural performance in both tasks (see Fig
10.5) to the full complement of rats, which was shown in Chapter 8, Figs 8.10 and 8.12.

Cell Body Morphology in the Rgb and PL

207
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Fig 10.5: Behavioural performance for sample used in Rgb and PL cell body analysis. Top) postEnrichment spatial working memory performance on the cross-maze. Bottom) spatial working
memory errors in the radial-arm maze (re-visits to both the baited arms and unbaited arm).
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10.4 Results: Retrosplenial Granular b Cortex (Rgb)

Rgb Layer II Cell Body measures (Mean ± SD)
Measure

SH-Std-Tr

SH-Enr-Tr

Rats per group

7

8

8

6

No. of cell bodies

23.14 (5.52)

18.25 (7.07)

13.63 (9.88)

15.57 (9.71)

126.03 (8.42)

128.37 (17.81)

146.61 (16.92)

135.87 (18.31)

40.99 (2.03)

41.28 (3.06)

43.76 (2.56)

42.20 (3.06)

14.56 (0.95)

14.62 (0.93)

15.35 (0.88)

15.03 (1.09)

11.33 (0.35)

11.40 (0.93)

12.35 (0.89)

11.62 (0.93)

Aspect ratio

1.29 (0.063)

1.30 (0.037)

1.25 (0.077)

1.31 (0.057)

Roundness

0.751 (0.047)

0.752 (0.023)

0.782 (0.048)

0.747 (0.042)

2 a*

Surface area (µm )
Perimeter (µm)

a†

Feret max (µm)
Feret min (µm)

a*

ATN-Std-Tr ATN-Enr-Tr

Table 10.2: Means (±SD) for cell body measures of Rgb layer II fusiform pyramidal neurons across the four
lesion by housing groups. Surface area and perimeter are measures of the size of the cell bodies. Feret max
and min refer to the longest and shortest distances between any two points along the perimeter boundary of
the cell body and are associated with both size and shape. Aspect ratio and roundness are measures of the
shape of cell bodies. a = Lesion Effect, * = p < 0.05, † = p < 0.1.

10.4.1 Rgb Layer II Fusiform Cell Bodies
The cell bodies of retrosplenial granular b (Rgb) layer II fusiform pyramidal neurons were analysed
using the same six measures used in previous chapters, and 2-way ANOVAs (Lesion by Housing)
were used to assess any group differences (see Table 10.2). ATN lesions resulted in increased cell
body size indicated by a significant Lesion Effect for surface area (F(1,26) = 5.75, p < 0.05; see Fig
10.6), and a Lesion Effect that neared significance for perimeter (F(1,26) = 3.57, p < 0.08). For
surface area and perimeter were no Housing effects (F < 1.0), and despite the suggestion from the
means shown in Table x11, there were no Lesion x Housing interactions (F < 2.0). Number of cell
bodies entered as a covariate reduced the surface area Lesion Effect to just below significance, and
reduced the perimeter Lesion Effect further (F < 2.0). There was also a Lesion Effect for feret min
(F(1,26) = 2.90, p < 0.05), which in the small round Rgb layer II cell bodies would again suggest
increased size in the ATN rats, but this Lesion Effect again became non-significant when number of
cell bodies was entered as a covariate (F < 2.5). There was no Housing Effect or interaction for feret
min. There were no effects or interactions for the remaining measures including feret max, and the
two measures of shape, aspect ratio and roundness.

Cell Body Morphology in the Rgb and PL

209

Surface Area (µm²): Housing; categorized by Surgery
180
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Fig 10.6: Mean surface area (µm²) of Rgb layer II fusiform cell bodies across the four Lesion by
Housing conditions. The average individual rat scores are presented for all rats within each group.
Error bars represent 1 standard deviation above and below the mean. ATN = anterior thalamic
nuclei lesion; SH = sham surgery; STD = standard housed; ENR = housed in enriched environment

In summary, the main finding was that ATN lesions reduced the surface area of Rgb layer II
fusiform pyramidal neurons. Although this effect was reduced when number of cell bodies was
entered as a covariate, this may have been due to the small sample size and tendency for the sham
groups to have more traced cell bodies. Enrichment had no effect on any of the cell body measures;
however, it is interesting that the SH-Std-Tr rats exhibited such a small range in surface area
compared to the SH-Enr-Tr group. This preliminary examination of Rgb layer II cell body
morphology warrants further investigation with a larger sample size.
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Rgb Layer Va Cell Body measures (Mean ± SD)
Measure

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr ATN-Enr-Tr

Rats per group

6

7

8

6

No. of cell bodies

7.67 (3.50)

8.14 (3.44)

9.75 (4.43)

8.00 (3.70)

Surface area (µm2) b*

385.72

341.22 (24.08)

367.40 (8.66)

353.57 (18.18)

c†
Perimeter
(µm) b*

77.06
(4.92)
(31.85)

70.91 (4.00)

74.22 (2.87)

72.33 (2.48)

Feret max (µm) b*

30.38 (2.59)

27.63 (2.61)

28.75 (2.37)

27.52 (1.12)

Feret min (µm) a†

17.36 (0.76)

16.95 (0.63)

17.56 (0.96)

17.78 (0.46)

Aspect ratio

1.77 (0.161)

1.65 (0.195)

1.67 (0.231)

1.57 (0.073)

Roundness

0.54 (0.050)

0.59 (0.076)

0.59 (0.087)

0.61 (0.056)

Table 10.3: Means (±SD) for cell body measures of Rgb layer V medium pyramidal neurons across
the four lesion by housing groups. Surface area and perimeter are measures of the size of the cell
bodies. Feret max and min refer to the longest and shortest distances between any two points along
the perimeter boundary of the cell body and are associated with both size and shape. Aspect ratio and
roundness are measures of the shape of cell bodies. a = Lesion Effect, b = Housing Effect, c = Lesion x
Housing interaction, * = p < 0.05, † = p < 0.1.

10.4.2 Rgb Layer Va Medium Cell Bodies
Two-way ANOVAs (Lesion by Housing) were used to assess any group differences in the six
measures of Rgb layer Va cell body morphology (see Table 10.3). In contrast to layer II, enrichment
reduced the size of medium pyramidal cell bodies in layer Va of the PL, reflected by a significant
Housing Effect for surface area (F(1,23) = 12.48, p < 0.002; see Fig 10.7) and perimeter (F(1,23) = 8.03,
p < 0.01), but no lesions effect (F’s < 1.0). The reduction in cell body surface area was more
pronounced in sham rats as indicated by a Lesion x Housing interaction that neared significance
(F(1,23) = 2.97, p < 0.10). There was no Lesion x Housing interaction for perimeter (F < 2.5).
Enriched rats also exhibited reduced feret max (F(1,23) = 5.12, p < 0.05), whereas a Lesion Effect
neared significance for feret min (F(1,23) = 2.00, p < 0.08). There was a significant effect of number
of cell bodies for feret min when it was entered as a covariate, yet this did not alter the near
significance of the Lesion Effect. There was no Lesion Effect for feret max, no Housing Effect for
feret min, and no interaction for either measure (all F’s < 2.0). Again, the two measures of shape,
aspect ratio and roundness, produced no main effects or interactions.
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Surface Area (µm²): Housing; categorized by Surgery
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Fig 10.7: The mean surface area (µm²) of Rgb layer Va medium cell bodies across the four Lesion by
Housing conditions. The average individual rat scores are presented for all rats within each group.
Error bars represent 1 standard deviation above and below the mean. ATN = anterior thalamic nuclei
lesion; SH = sham surgery; STD = standard housed; ENR = housed in enriched environment.

In summary, the main finding was that enrichment reduced the size of Rgb layer Va medium
pyramidal neurons, which was reflected by decreases in surface area, perimeter and maximum
diameter. Although there was a smaller population of cell bodies than in the analysis of layer II cells
the number of cells per group was more consistent for layer V than layer II. However, further
investigation with both a larger sample of rats and a larger population of cell bodies is still
warranted to confirm that post-operative enrichment effects cell size in layer Va of the Rgb.
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10.5 Results: Prelimbic Cortex (PL)

PL Layer III Cell Body measures (Mean ± SD)
Measure

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr

ATN-Enr-Tr

Rats per group

8

8

8

7

21.67 (10.51)

20.25 (4.74)

22.13 (9.26)

27.43 (7.81)

Surface area (µm )

389.24 (74.47)

382.29 (41.88)

405.37 (40.18)

388.79 (36.90)

Perimeter (µm)

76.48 (8.15)

76.64 (4.76)

78.82 (4.10)

76.42 (3.91)

Feret max (µm)

28.99 (2.92)

28.98 (1.77)

29.94 (1.37)

28.76 (1.31)

Feret min (µm)

19.11 (2.23)

19.07 (1.23)

19.42 (1.79)

19.45 (1.03)

Aspect ratio

1.54 (0.071)

1.54 (0.048)

1.57 (0.164)

1.49 (0.037)

Roundness

0.585 (0.025)

0.580 (0.015)

0.580 (0.048)

0.601 (0.021)

No. of cell bodies
2

Table 10.4: Means (±SD) for cell body measures of PL layer III pyramidal neurons across the four
lesion by housing groups.

PL Layer V Cell Body measures (Mean ± SD)
Measure

SH-Std-Tr

SH-Enr-Tr

ATN-Std-Tr

ATN-Enr-Tr

Rats per group

8

8

8

7

20.00 (7.81)

20.75 (7.19)

20.25 (6.88)

20.14 (5.46)

Surface area (µm )

402.19 (85.21)

389.38 (45.21)

424.36 (43.13)

398.26 (47.18)

Perimeter (µm)

77.88 (9.64)

77.54 (4.96)

80.46 (4.76)

78.24 (5.80)

Feret max (µm)

28.91 (3.88)

28.80 (1.93)

29.80 (1.98)

29.04 (2.32)

Feret min (µm)

19.84 (2.41)

19.60 (1.15)

20.62 (0.95)

19.79 (1.20)

Aspect ratio

1.47 (0.098)

1.48 (0.044)

1.46 (0.061)

1.48 (0.089)

Roundness

0.612 (0.050)

0.599 (0.020)

0.613 (0.027)

0.608 (0.044)

No. of cell bodies
2

Table 10.5: Means (±SD) for cell body measures of PL layer V pyramidal neurons across the four
lesion by housing groups.

Six cell body measures were again used to examine pyramidal cell body morphology in both
layer III (See Table 10.4) and layer V (See Table 10.5) of the prelimbic cortex (PL) using 2-way
ANOVAs (Lesion by Housing). There were no Lesion or Housing main effects, and no Lesion x
Housing interactions for any measure in either layer (all F’s < 2.0). Number of cell bodies as a
dependent variable also did not produce any main effects or interaction for either layer of the PL.
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10.6 Summary of Findings

The subsample of rats from the four lesion by housing groups used for cell body morphological
analysis in the Rgb and PL exhibited comparable behavioural performance in both the cross-maze
and radial-arm maze tasks compared to the full complement of rats.
10.6.1 Retrosplenial Granular b Cortex
Layer II
ATN lesions were associated with an increase in the size of Rgb layer II fusiform pyramidal
neurons, reflected in an increase in surface area, as well as a non-significant increase in perimeter.
ATN lesions also increased cell body minimum diameter, which in the round Rgb layer II cell
bodies would again suggest an increase in size. There were no changes in cell body size or
maximum diameter associated with ATN lesions, and no cell body morphological changes
associated with enrichment in layer II of the Rgb. All of the main effects that were found were
diminished when number of cell bodies was entered into the analyses as a covariate suggesting that
a larger sample size may produce more clear differences.

Layer Va
ATN lesions were associated with a non-significant reduction in cell body minimum diameter, but
affected no other changes in layer V of the Rgb. Enrichment reduced the size of Rgb layer Va
medium pyramidal cell bodies. This enrichment-induced reduction in cell body size was more
evident in the sham rats than the ATN rats and reflected decreases in surface area, perimeter, and
maximum diameter. Enrichment was not associated with any changes in cell body size.
10.6.2 Prelimbic Cortex
Neither ATN lesions nor enrichment had any effect on cell body morphology of layer III and V
pyramidal neurons in the PL.
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Chapter 11
Discussion

The current study produced novel evidence that neurotoxic ATN lesions can affect the
neuromorphology of the hippocampal CA1. Specifically, reductions in basal complexity and length,
apical length, as well as both basal and apical spine density of these hippocampal neurons were
observed in ATN rats housed in standard cages. The reductions in CA1 basal and apical spine
density were shown to be partially reversible by exposure to an enriched environment. These
findings provide some of the strongest evidence to date of the inter-dependence of the ATN and
hippocampus and reflect a critical role of the ATN in an extended hippocampal system. Increased
cell body size in layer II of the Rgb adds support to the substantial evidence of profound changes in
this region after ATN damage. In intact rats, enrichment increased both CA1 branching complexity
and spine density in basal and apical arbors. The substantial deficits in spatial working memory
produced by ATN lesions were also partially ameliorated by enriched postoperative environments
and there was evidence that changes in spine density were at least in part responsible for the spatial
working memory improvements that were observed. Support for this contention came from
additional evidence that trained enriched rats had increased spines, particularly in the basal tree,
compared to enriched rats that were given closely comparable pseudo-training. The latter differences
show that CA1 spine changes were explicitly relevant to spatial learning and memory training.
Specifically, explicit spatial memory training increased both CA1 basal and apical spines in sham
rats, but only increased basal spines in rats with ATN lesions. Another novel finding was that ATN
lesions were associated with an increase in average diameter of the basal and apical CA1 dendritic
segments used for spine density analysis. Another interesting finding was that ATN injury reduced
the number of thin spines and mushroom spines, which have been associated respectively with
learning and long term memory storage. Interestingly, spatial memory training was associated with
increases in both thin and mushroom spines, whereas enrichment was associated with an increase in
thin spines only. However, not all enrichment-induced changes in CA1 morphology were replicated
by explicit memory training, as enrichment also produced increases in both basal and apical
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dendritic arborisation in sham rats, whereas training was only associated with increases in apical
complexity in sham rats. This difference shows that explicit spatial memory training produces subtly
different hippocampal neuroplastic changes compared to those produced by enrichment. Hence this
study has also provided the first evidence that enrichment-induced and explicit memory traininginduced neuromorphological changes overlap to some degree but are not identical.

11.1 ATN lesions impair spatial working memory
Highly localized anterior thalamic nuclei (ATN) lesions were made in this study, so any
consequential behavioural effects are unlikely to be confounded by damage to adjacent nuclei, many
of which also influence behavior (van der Werf et al., 2003; Mitchell and Dalrymple-Alford, 2006;
Aggleton, 2008; Hembrook and Mair, 2011). These ATN lesions produced a marked deficit in nonmatching-to-sample spatial working memory during post-surgery cross-maze testing, which
constitutes one of the core findings in the ATN lesion model (e.g., Aggleton et al., 1995a;
Warburton and Aggleton, 1999; Warburton et al., 1999, 2001; Ward-Robinson et al., 2002). The
near-chance level of performance was repeated by the standard housed ATN rats during the postenrichment cross-maze testing, replicating earlier findings by our laboratory that these spatial
working memory deficits persist in rats housed in standard caging (Loukavenko et al., 2007). It has
been shown that rats rely on more than one strategy during forced spatial alternation memory
testing. These include the use of allocentric strategies that rely on recollecting external cues and
developing a spatial representation of the environment to solve the task, and non-spatial egocentric
strategies that involve using within-maze cues and body-turns (Dudchenko, 2001; Skinner et al.,
2003; Futter and Aggleton, 2006, see Chapter 4). Consistent with previous reports (Aggleton et al.,
1996; Warburton et al., 1999; Loukavenko et al., 2007) the standard housed ATN rats showed an
improvement in the egocentric “same start position” trials when re-tested in the cross maze after the
continuous housing period, but remained at chance levels of performance on the allocentric
“opposite start position” trials. These findings are consistent with reports that ATN lesions produce
a weakness in using non-egocentric cues and / or a preference for using egocentric cues (Aggleton et
al., 1996; Sziklas and Petrides, 1999; Warburton et al., 2001).

The current study used a relatively standard radial-arm maze, albeit in this instance with one
unbaited arm, in which standard housed ATN rats commonly make substantially more errors than
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sham standard housed rats (Aggleton, et al., 1995a, 1996; Warburton, et al., 1997; Sziklas and
Petrides, 1999, 2007; Alexinsky, 2001; Mitchell et al., 2002; Mair et al., 2003; Moran and
Dalrymple-Alford, 2003; Mitchell and Dalrymple-Alford, 2005, 2006). In fact, none of the ATN
standard housed rats were able to reach the task criterion in 35 days of testing compared to only one
rat in the sham standard housed group.

11.2 Enrichment benefits intact rats
Previous studies have shown that exposure to an enriched environment (EE) is associated with
improved performance in learning and memory tasks as well as enhanced neuromorphological
plasticity in the form of increased spine density, dendritic branching and length in pyramidal cells of
both the cortex and hippocampus (Rampon et al., 2000; Ip et al., 2002; Leggio et al., 2005; Will et
al., 2004; Kozorovitskly et al., 2005; Hoffman et al., 2008). Environmental enrichment produces
beneficial behavioural effects in both intact young rats, and in older rats (Renner and Rosenzwieg,
1987). Although the sham enriched rats in the current study showed a comparable performance to
sham standard housed rats during post-enrichment cross-maze testing, it may be that this task was
too simple to tease out any differences due to enrichment. When the rats were exposed to the 8-arm
radial maze task, which was made more difficult with the inclusion of an unbaited arm as a spatial
reference component, the sham enriched rats made significantly fewer errors than sham standard
housed rats. Moreover, the enriched sham rats reached the criterion more rapidly than the standard
housed shams, although this difference did not reach significance. Differences between these sham
groups were clearly evident when the neuromorphology of CA1 neurons was examined. Some
studies have demonstrated increased basal and apical spine density, branching complexity and
length in CA1 hippocampal neurons after exposure to an EE in developing rats (Faherty et al., 2003;
Berman et al., 1996). Evidence of enrichment-induced CA1 neuronal changes in the mature brain
appears limited to two studies in rats (Moser et al., 1994, 1997), one study in mice (Rampon et al.,
2000) and a study using adult marmosets (Kozorovitskiy et al., 2005).

In the current study, sham enriched animals showed an increase of 8.6% in both basal and
apical spine density compared to standard housed enriched rats. This increase is similar to the
forementioned studies in adult rats in which ~ 10% increase was reported in basal spines, although
they found no effect in apical spines (Moser et al., 1994, 1997), and the 10-15% change in both
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basal and apical spines reported in marmosets (Kozorovitskiy et al., 2005). Adult enriched trained
mice showed a more substantial increase of ~ 25% in apical CA1 dendritic spines compared to
standard housed naïve mice, which may be partially explained by additional training-induced spine
changes and the small sample size of 3 mice per group (Rampon et al., 2000). As was mentioned in
chapters 6 and 7, comparisons with the Moser et al. (1994, 1997) studies is problematic as their EE,
and exposure times (4 hours per day for 14-18 days), were radically different from the current study.
Moreover, neither of these studies specified the age of the adult rats that were used, but it is assumed
they were younger than the rats in the current study when enrichment began (current, 14-17
months). Comparing rats to marmosets is obviously problematic; however, the EE used in that study
had some similarity to the current study, being more standard with continuous 1 month exposure and
objects changed every day. The most obvious difference, however, was that only two marmosets
were housed per cage, so the opportunity for diverse social interaction was limited. At the start of
enrichment the marmosets were between 1.5 - 5.5 years and would be classified as young to middleaged adults. Despite these differences, the rats in the current study exhibited similar changes in
dendritic branching complexity and length after enrichment to the marmosets. In the current study,
the sham enriched rats showed clear increases in the number of intersections and total dendritic
length in the CA1 basal arbors compared to standard housed rats. In the apical arbors, this increase
in intersections was only evident in the middle portion of the dendritic tree, and total apical dendritic
length was comparable between sham enriched and sham standard housed rats. Kozorovitskiy et al.
(2005) found increased branching and length in both basal and apical CA1 dendritic arbors in
enriched adult marmosets compared to controls. Another study using rats reared in an EE by Faherty
et al. (2003) also found increases in both basal and apical CA1 branching complexity and length.
The current study, therefore, adds significantly to the literature concerning the neuronal effects of
enrichment in the hippocampus in intact rats. It may also be the first study to examine enrichment
induced hippocampal changes in older animals.

Enrichment was also associated with reduced cell body size of layer Va medium pyramidal
neurons in the retrosplenial granular b cortex (Rgb). These decreases were mostly evident in sham
rats, and to a lesser extent in the ATN enriched rats. Layer V of the retrosplenial cortex is rich in
trkB receptors, which is the predominant receptor for the brain-derived neurotrophic factor (BDNF)
protein. BDNF has been associated with plasticity after exercise and also exposure to an enriched
environment (Ickes et al., 2000; Puurunen et al., 2001; Min-Wook et al., 2005). In addition,
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acetylcholine efflux in the RSC and hippocampus is associated with spatial learning (Anzalone et
al., 2009), and cholinergic afferents from the basal forebrain and nucleus basalis of Meynert
terminate in layer V of the retrosplenial cortex (Big et al., 1982; Gonzalo-Ruiz and Morte, 2000). It
is unclear why enrichment would result in a reduction in cell body size in this region, as increased
cell body size has been reported in other cortical regions after enrichment (Diamond, 1967).
Interestingly, in a PTD rat model which includes ATN damage, sustaining high acetylcholine levels
in the frontal cortex was associated with recovered spatial memory performance, whereas
maintaining high acetylcholine levels in the RSC further impaired spatial memory performance
(Savage, 2012). In the current study, one possibility may be that enrichment and training resulted in
reduced acetylcholine levels in the Rgb which in turn was associated with the reduction in cell body
size.

11.3 Implications for the extended hippocampal system
The concept of an extended hippocampal system, originally introduced by Aggleton and Brown
(1999), has presented a reorientation of perspectives on the neuroanatomy of learning and memory.
This model of hippocampal-medial diencephalic interactions helped to better explain the similarities
between temporal lobe and diencephalic amnesia reported in clinical studies (McKee and Squire,
1992; Kopelman et al., 2003). The extended hippocampal system theory is also supported by the
ATN’s various direct and indirect neural connections with the hippocampus, and animal studies
which show that ATN and hippocampal lesions produce comparable deficits in spatial working
memory, temporal memory, and reference memory tasks (Pearce et al., 1998; Aggleton and Brown,
1999; Warburton and Aggleton, 1999; Bannerman et al., 2001; Kesner et al., 2002; Wolff et al.,
2006, 2008). More direct evidence for the interdependence between the ATN and hippocampus was
supplied by crossed-lesion studies in which unilateral lesions were administered to both structures
contra-laterally. These crossed lesions produced clear impairments in spatial memory on the Tmaze, water maze and radial-arm maze, and on a spatial-visual conditional associative task
(Warburton, et al., 2000, 2001; Henry et al., 2004). This behavioural evidence was strengthened by
studies showing modest neural changes in the hippocampus after ATN lesions using immediate
early gene biochemical markers. Unilateral ATN lesions produced hypoactivity in the ipsilateral
hippocampus in the form of reduced Fos counts in the rostral CA1, rostral dentate gyrus, dorsal
hippocampus, presubiculum and postsubiculum (Jenkins et al., 2002a). Bilateral ATN lesions
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resulted in Fos reductions in both the dorsal and ventral hippocampus (Jenkins et al., 2002b),
although changes to immediate early genes after ATN lesions are not found consistently (Dumont et
al., 2012). ATN lesions also reduce the phosphorylation of c-AMP response element binding protein
(p-CREB) in the hippocampal dentate gyrus, which also likely reflects impaired systems-level
neuroplasticity as one consequence of ATN injury (Dumont et al, 2012). In addition, PTD models of
Korsakoff’s have shown reduced acetylcholine activity in the hippocampus (Savage et al., 2003;
Roland and Savage, 2007) suggesting that the hippocampus is not fully activated after diencephalic
damage. However, the PTD model includes much more extensive damage than just the ATN,
including the intralaminar nuclei and mammillary bodies.

No previous studies have reported neuroanatomical or neuromorphological changes in the
hippocampus after ATN lesions. In the current study, ATN standard housed rats exhibited a
reduction of ~10% in both basal and apical CA1 hippocampal spine density compared to sham
standard cage controls. This reflected a reduction in thin and mushroom spines but not stubby
spines. Thin spines have been associated with learning, mushroom spines have been associated with
memory, and LTP studies suggest that stubby spines are transient precursors to thin spines (Kasai et
al., 2003; Popov et al., 2004; Holtmaat et al., 2005; Zuo et al., 2005; Bourne and Harris, 2007,
2011). It is important to note that both the ATN and sham standard housed rats had received
extensive explicit spatial memory training, and there was some evidence generated from the current
study that training can affect CA1 spine density compared to pseudo-training (see subsequent
section on “Training induced effects on CA1 spines”). The spine reduction in ATN-naïve rats
compared to sham-naïve rats (home-cage only) was not examined in the current study; however, the
ATN standard housed naïve rats included in the current study had severely reduced basal and apical
spine density compared to all other groups. Conversely, ATN standard housed trained rats exhibited
a 6.6% basal and 7.3% apical increase in the average diameter of dendrites compared to sham
standard housed trained rats. This thickening of CA1 dendrites as a consequence of ATN injury has
not previously been reported. ATN lesions appeared to block the beneficial effects of enrichment on
hippocampal CA1 arborisation and length, which was especially clear in the basal arbors. This was
evident in chapter 8 where the ATN standard housed rats, sham standard housed rats, and ATN
enriched rats, did not differ in terms of basal intersections and total length, although there were
Lesion main effects and Lesion by Distance interactions which could be attributed to differences
between the enriched groups. There was, however, evidence of reduced apical intersections and
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dendritic length in the ATN lesioned groups. This reduction was evident despite the fact that the
ATN groups had a higher number of bi-tufted arbors than the sham groups, and bi-tufted arbors
were shown to have increased dendritic complexity compared to mono-tufted arbors. In chapter 9,
there was additional evidence of reductions in both basal and apical arborisation associated with
ATN lesions. It is suggested that these morphological changes in CA1 hippocampal neurons after
ATN lesions may constitute the strongest evidence to date to support ATN and hippocampal
interdependence in an extended hippocampal system. These morphological changes show explicit
evidence of a striking distal impact of ATN lesions on hippocampal cells and that the influence on
dendritic spines is highly indicative of a functional effect.

Additional support for the ATN and hippocampal interaction comes from studies that have
investigated neural changes in the retrosplenial cortex (RSC) as a consequence of ATN and
hippocampal lesions. Lesions to both regions reduce c-Fos and zif268 immunoreactivity in the
retrosplenial regions, particularly in the superficial layers (Jenkins et al., 2002a, 2002b, 2004;
Albasser et al., 2007; Poirier and Aggleton, 2009; Dumont et al., 2012). These reductions were
much larger than those shown in other brain regions and were also found to persist, if not increase,
over a year (Poirier and Aggleton, 2009). This pronounced ‘covert pathology’ in the RSC led
Aggleton (2008) to refine the extended hippocampal system theory to propose that the similarity
between temporal lobe and diencephalic amnesia may in part be explained by influences on the
RSC, which has strong neuroanatomical links with both the hippocampus and ATN. It is interesting
that lesions to the mammiliothalamic tract, which has no direct afferents to the RSC but deafferents
the ATN, also produced similar retrosplenial c-Fos reductions, which suggested that the c-Fos
hypoactivity in the RSC is a system-related event rather than simply a ‘disconnection’ (Vann and
Albasser, 2009). Aggleton (2008) points out that in Alzheimer’s patients, hypoactivity in the
posterior cingulated cortex is often one of the first metabolic changes noted on PET scans
(Minoshima et al., 1994, 1997) and is also found in subjects with mild cognitive impairment which
is often a prodromal stage of AD (Nestor et al., 2003; see also Petrella et al., 2011). Some evidence
that ATN lesion-induced changes in the RSC may, however, be more than just covert came from a
recent study by Poirier and Aggleton (2009). They reported that Nissl-stained cell numbers in the
retrosplenial granular b (Rgb) cortex were elevated as a result of bilateral ATN lesions, and Nisslstained cells showed increases in cell body size and sphericity in the Rgb 4 weeks after surgery,
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particularly in the superficial layers. In a separate experiment using unilateral ATN lesions, changes
in cell sphericity, as well as size were evident.

Inspired by the above findings, the current study found that fusiform pyramidal neurons in
layer II of the Rgb were significantly larger in ATN rats than in sham rats in terms of surface area
and perimeter, although the latter increase only neared significance. Moreover, ATN rats showed
increases in measures of cell body maximum and minimum diameter, although these findings only
approached significance. Differences in minimum and maximum diameter can often indicate
differences in overall shape. However, there were no changes in aspect ratio or sphericity which are
more direct measures of cell body shape. The near significant increases in perimeter and maximum /
minimum diameter associated with ATN lesions described above may reflect reduced power due to
the fact that the analyses only included a random sample of 70% of the rats from the groups
described in Chapter 8. In addition fewer cell bodies were examined in the ATN groups compared to
sham groups, and it is currently unclear whether this was due to technical reasons. Due to these
promising indications of ATN-induced changes in layer II of the Rgb a future study is planned that
will provide a more detailed neuromorphological analysis. This extension will also include the
quantification of dendritic spines and dendritic arbors of fusiform pyramidal neurons. Increased cell
body size in layer II of the Rgb in rats with ATN lesions is a novel finding and reflects the
observations made by Poirier and Aggleton (2009) of increased cell size in Nissl-stained tissue. In
the forementioned study, changes in retrosplenial Nissl-stained cell numbers, size, and shape, in the
superficial layers were found after bilateral ATN lesions but not after unilateral ATN lesions.
Therefore it was unclear whether these changes were specific to bilateral ATN lesions or associated
with differences in Nissl-stain between experiments, specifically, if they were due to the loss of
neuropil, as a result of deafferentiation, and the consequent increased cell packing (Poirier and
Aggleton, 2009). No changes in cell body sphericity or shape were detected in the current study. To
our knowledge the current study constitutes the strongest evidence thus far of overt changes in the
retrosplenial cortex in an animal model of ATN brain injury. Increased cell body size in this region
may be a negative consequence of ATN lesions, but could also reflect a compensatory mechanism,
as increased cell body size may promote enhanced neuronal recovery in the long-term.

ATN lesions did not affect the cell body morphology of the other cortical neurons that were
examined. These included medium pyramidal neurons in layer V of the Rgb in which there was no
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clear evidence of any changes in cell body morphology related to ATN lesions. Moreover, although
significant reductions in c-Fos have also been reported in the prelimbic region of the prefrontal
cortex after bilateral ATN lesions (Jenkins et al., 2002b), no changes in cell body morphology in
layer III and V of this region were evident in the current study.

11.4 Recovery of spatial working memory
Post-operative enrichment has been shown to ameliorate spatial memory deficits associated with
both hippocampal and ATN lesions, which as discussed previously are proposed to be
interdependent critical regions of the extended hippocampal system. Studies have shown that
enrichment promoted recovery in rats with hippocampal lesions in terms of improvements in spatial
memory on the radial-arm maze (Einon et al. 1980; Galani et al., 1998), water-maze (Galani et al.,
1997), and T-maze (Pacteau et al., 1989). Similarly, recovery of spatial working memory has been
demonstrated in rats with ATN lesions that were postoperatively exposed to an EE in a spatial
alternation T-maze task embedded in a cross-maze (Loukavenko et al., 2007) and in two reference
memory water-maze tasks (Wolff et al., 2008). However, enrichment had no effect on recovery of
deficits exhibited by rats with ATN lesions in a spatial pattern separation task in a 12-arm radialmaze (Loukavenko et al., 2007). The current study replicated evidence of improved working
memory in the cross-maze, and extended previous findings by demonstrating improved spatial
working memory in a relatively standard radial-arm maze task. In addition, the current study
constitutes the first evidence of enrichment-induced recovery of spatial working memory in male
rats, as previous studies used female rats only (Loukavenko et al., 2007; Wolff et al., 2008).

With respect to the recovery of spatial working memory deficits in the cross-maze, the
improvement was sufficient to return the mean performance of enriched ATN rats to a comparable
level to that of sham standard housed rats by the end of testing (Fig 8.11). However, there were still
differences in performance between the ATN-Enr-Tr and SH-Std-Tr groups. The SH-Std-Tr group
showed more rapid improvement across sessions, evident in their improved performance over the
ATN-Enr-Tr rats over days 4-6. Across the different trial types, the standard housed ATN rats
improved to above chance levels in the easier “same start” trials by the end of post-enrichment
testing, but remained at chance levels on the more difficult “opposite start trials. In contrast, the
enriched ATN rats exhibited improved performance on the easier, egocentric-type trials at the start
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of post-enrichment re-testing, and showed further improvements compared to the standard housed
ATN rats in the last 3 sessions. Enrichment in ATN rats may have improved spatial working
memory by the use of one or more strategies, flexibility in switching from one type of preferred
strategy to another or simply the inhibition of non-optimal strategies across training. However, in
the last 3 sessions the enriched ATN group also demonstrated a substantial improvement in
performance (15%) on the “opposite start position” trials that depend on the utilisation of allocentric
/ directional cues. This recovery of allocentric spatial memory performance is a key finding in this
behavioural task, because it reflects a degree of return towards “normal” spatial memory and is
consistent with the main findings in Loukavenko et al. (2007).

As mentioned, the current study also extended the beneficial effect of enrichment in the ATN
rats to spatial working memory performance on a radial-arm maze task. As was discussed briefly in
Chapter 6, the previous attempt in our laboratory using a 12-arm radial-maze found a detrimental
effect of ATN lesions but no recovery associated with exposure to an enriched environment
(Loukavenko et al., 2007). However, the nature of the task used was very different in that it involved
pattern separation of pairs of arms at three intervals (short, medium, and wide) using a reference
memory design only. The issue of reference memory is not important, because this type of memory
also shows recovery when tested in a water maze (Wolff et al., 2008). The failure of enrichment to
promote improvement in the ATN rats on this previous pattern separation task may have been due to
a protocol that caused vestibular stimulation and the added distraction of rotating the maze between
trials while the rat was still in the central hub. In the current study, enrichment reversed the deficit
exhibited in ATN standard housed rats by returning the enriched ATN group to a comparable level
with the sham standard housed group. Moreover, compared to ATN standard housed rats, the ATN
enriched rats showed a much superior performance in that most of the latter group reached the
acquisition criterion (two out of three days not visiting the unbaited arm, with no more than five
total errors). None of the ATN standard housed rats were able to reach the task criterion in 35 days
of testing compared to failure in only two ATN enriched rats, and one rat in each of the sham
groups. This is an interesting finding in itself, as the ability to recall the location of the unbaited arm
from previous sessions was a reference memory component embedded in this spatial working
memory task in order to make it more difficult. These findings extend enrichment-induced recovery
in ATN lesions to a radial-arm maze protocol and add to previous general literature demonstrating
that enrichment can promote recovery of function in some instances of acute brain injury
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(Dalrymple-Alford and Kelche, 1985; Will and Kelche, 1992; Johansson, 2003; Will et al., 2004),
including both working memory and reference memory in rats with ATN lesions (Loukavenko et al.,
2007; Wolff et al., 2008).

11.5 Neuromorphological correlates of recovery of function
Environmental enrichment not only promoted behavioural recovery in rats with ATN lesions, but
also reversed some of the deleterious effects of ATN lesions on hippocampal CA1
neuromorphology. The primary aim of the current study was to examine whether beneficial
behavioural effects of enrichment on ATN lesions may be related to neuromorphological changes in
distal parts of the extended hippocampal system especially the morphological details of CA1
neurons of the hippocampus (CA1), as well as somal characteristics of the retrosplenial (Rgb) and
prelimbic (PL) regions of the cortex.

Hypoactivation in these regions in the form of reductions in c-Fos and zif268, most
consistently and severely in the RSC, have frequently been reported after ATN lesions by Aggleton
and colleagues (Jenkins et al., 2002a, 2002b, 2004; Poirier and Aggleton, 2009; Dumont et al.,
2012). However, the only study to examine Fos changes in post-operatively enriched rats with ATN
lesions found that behavioural recovery was not associated with recovery in the levels of Fos
activation, but at least in the Rgb instead resulted in further reductions in Fos expression
(Loukavenko, 2009). The Rgb is the most profoundly affected region in terms of c-Fos reductions
after ATN lesions but it is unclear whether the Rgb is incapable of recovery after ATN lesions or
enrichment-induced behavioural gains after ATN lesions are not associated with the cascade of
neural changes indicated by biochemical markers such as c-Fos.

As discussed above, enrichment is associated with CA1 neuromorphological changes in the
intact mature brain in rats (Moser et al., 1994, 1997), mice (Rampon et al., 2000) and marmosets
(Kozorovitskiy et al., 2005). Although the findings in these studies vary, they generally report an
increase in both basal and apical branching complexity and length, as well as basal and apical spine
density increases of ~ 10-15%. Surprisingly, only two studies have looked at post-operative
enrichment-induced changes in neuromorphology after damage to the extended hippocampal system
(Kelche and Will, 1982; Bindu et al., 2007). Kelche and Will (1982) examined spine density and
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branching in occipital cortex neurons in enriched rats with dorsal hippocampal lesions, because this
cortex shows the largest increase in size after enrichment (Diamond et al., 1976, 1972; Rosenzweig
et al., 1969). Bindu et al. (2007) examined hippocampal CA1 neuromorphology in enriched rats
with subicular lesions.

Enrichment did not alleviate the reductions in branching and spine density observed in basal
dendrites from layer V occipital cortex neurons (area 17) in rats with electrolytic dorsal
hippocampal lesions (Kelche and Will, 1982). Their enriched sham rats exhibited
neuromorphological gains in this region compared to isolated controls (individually housed), a
finding that has been widely reported in other studies (Diamond et al., 1967, 1976; Schapiro and
Vukovich, 1970; Globus et al., 1973; Greenough and Volkmar, 1973; Uylings et al., 1978; Wallace
et al., 1992). Kelche and Will suggested that the neuromorphological correlates of behavioural
recovery after hippocampal lesions may not manifest in layer V pyramidal neurons in area 17 of the
occipital cortex. However, the lesions employed in this study were extensive, and in the majority of
cases comprised the whole dorsal hippocampus, dentate gyrus, dorso-medial thalamic nuclei and
habenula nucleus. Thus, the extent of their electrolytic lesions may have prevented
neuromorphological recovery, although analysis of the association of lesion size and basal spine
density was not conducted (Kelche and Will, 1982). In the current study, there was a correlation
between ATN lesion size and behavioural performance in the ATN-Enr-Tr rats but not the ATNStd-Tr rats in both the cross-maze and radial-arm maze. Although behavioural performance and
basal and apical spine density were highly correlated, there was no association between basal and
apical spine density and lesion size. For example, one rat in the ATN-Enr-Tr group had an almost
total ATN lesion (98.2%) and showed generally poor behavioural performance but exhibited
recovery in both basal and apical spine density compared to ATN-Std-Tr rats. Interestingly, in
Loukavenko (2009) the immediate enrichment ATN group also exhibited a significant association
between post-enrichment cross-maze performance and ATN lesion volume, although this
association was not evident in ATN rats that received delayed enrichment. In summary, rats with
near-total ATN lesions were still exhibiting the same increases in CA1 spine density as rats with
more sub-total lesions. Thus, it may be that these enrichment-induced neuromorphological changes
were unable to compensate and produce improved behavioural performance in cases of near-total
ATN damage.
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Short-term enrichment reversed hippocampal CA1 reductions in apical dendritic branching,
intersections, and spine density, associated with selective lesions to the ventral subiculum, although
basal arborisation and spine density was not investigated (Bindu et al., 2007). Bindu et al. (2007)
may constitute a better comparison to the findings in the current study as the subiculum is part of the
extended hippocampal system and they also investigated CA1 neuromorphology in post-operatively
enriched rats. Bilateral lesions to the subiculum may, at least partially, disconnect the ATN and
hippocampal CA1 as all three ATN sub-components have reciprocal connections with the subicular
complex. In addition, both unilateral and bilateral ATN lesions produce ‘covert pathology’ in the
post-subiculum in the form of reduced zif268 activity (Dumont et al., 2012). However, there were
also many differences between the current study and Bindu et al. (2007). Their study used young
rats (2-month old), less extensive enrichment (6 hours daily for 10 days), and utilized apical
segments for spine density analysis that were closer to the cell body (50 - 250µm) compared to those
in the current study (150 – 350µm). The rats in Bindu et al. (2007) also received no behavioural
testing to gauge recovery of spatial working memory, so it is not known if their enrichment had any
functional effects. In addition, the current study included approximately twice as many rats per
group, but examined a comparable total number of apical segments for spine density analysis.
Although there was also a comparable total number of apical arbors in their study (330) compared to
the current study (271), there was no indication as to whether both mono-tufted and bi-tufted arbors
were included in their analyses. Despite these differences, their study produced comparable
evidence of enrichment-induced recovery of hippocampal CA1 apical spine density as the current
study.

In the current study, ATN enriched rats showed an increase of 9.0% in basal and 6.4% in
CA1 apical spine density compared to ATN standard housed rats. Although CA1 basal spine density
was not examined in Bindu et al. (2007), they reported an increase of just over 10% in apical spine
density in the enriched subicular lesioned rats compared to standard housed rats with subicular
lesions. The difference between enrichment-induced CA1 apical spine increases in Bindu et al.
(2007) and the current study may be due to the lesion site or other methodological differences
(strain, enrichment duration, no behavioural training). Importantly, in both studies recovery of spine
density returned the enriched lesioned rats to the level of sham standard housed rats. As discussed in
a previous section of this chapter, ATN lesions reduced CA1 basal and apical complexity and length
and prevented the enrichment-induced increases in dendritic arborisation that were evident in sham

Discussion

227

rats. In contrast, enrichment reversed reductions in CA1 apical branching points and intersections in
rats with subicular lesions (Bindu et al., 2007). Interestingly, their CA1 neurons (traced by camera
lucida) appeared to be much less complex than the CA1 neurons traced using a confocal microscope
and Neurolucida in the current study. Their CA1 neurons possessed between ⅓ and ¼ as many
intersections in various parts of the apical dendritic tree, compared to CA1 neurons from the current
study. These differences may be due to the age differences of the rats, the region of CA1 the neurons
were taken from (not specified by Bindu), or other differences in methodology. Subicular lesions
cause gradual neurodegeneration of the CA1 and CA3 regions (Govindaiah et al., 1997; Nutan and
Meti, 1998; Shankaranarayana Rao et al., 2001; Devi et al., 2003). Therefore, it is unclear whether
the CA1 neuronal gains exhibited by the enriched subicular lesioned rats in Bindu et al. (2007)
constituted actual recovery or were merely a temporary delay of atrophy.

The findings in the current study provide novel evidence of enrichment-induced recovery
after ATN lesions in the hippocampal CA1, which is a brain region that is clearly associated with
spatial learning and memory (Rolls and Kesner, 2006; Langston et al., 2010; Bartsch et al., 2011;
Kesner and Hunsaker, 2011). Mean CA1 spine density in the ATN-Enr-Tr group returned to a level
comparable with that found in the SH-Std-Tr group for both basal and apical spines. These increases
in CA1 spine density were chiefly reflected by an increase in thin transient spines, which are
associated with learning. The contribution of different spine types will be further discussed in the
next section of the discussion. Dendritic spine density was highly associated with cross-maze and
radial-arm maze performance across the four lesion by housing groups, and also across the ATN
lesion groups only. Although these correlations are driven by group differences, they may indicate a
functional link between increased hippocampal CA1 spine density and improved spatial memory
performance. However, the current study is not able to make a causal connection between improved
spatial working memory, increased hippocampal CA1 spine density, and recovery after ATN
lesions, despite experimental evidence that spatial memory training and similar sensorimotor
experience is associated with increased CA1 basal spines in ATN rats (discussed in next section).
This study constitutes the first evidence of neural correlates of recovery of function after ATN
lesions, as improved behaviour in ATN enriched rats was not associated with recovery of Fos levels
in a previous study (Loukavenko et al., 2009). Although these results would be strengthened by
replication, a therapeutic intervention that targets this region of the hippocampal formation may
potentially be used to alleviate memory deficits associated with diencephalic damage in the human
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domain. Moreover, follow-up studies could potentially support and strengthen these findings; these
will be discussed in a following section (see subsequent section on “Future research directions”).

11.6 Training-induced effects in CA1 spines
The two pseudo-trained groups described in Chapter 9 provided support for the contention that CA1
spine density increases were at least in part responsible for the spatial working memory
improvements in enriched trained rats. These pseudo-trained groups also provided a novel measure
of CA1 spine density increases associated with explicit spatial learning in enriched rats. Training in
allocentric spatial working memory tasks was associated with further increases in hippocampal CA1
basal and apical spine density in enriched rats compared to enriched rats that received comparable
sensorimotor experience only. Of particular interest, these training-induced CA1 spine changes
reflected increases in thin and mushroom spines, whereas the enrichment-induced CA1 spine density
changes described in the previous section involved an increase only in thin spines in both sham and
ATN rats. To our knowledge, this constitutes the first report of hippocampal CA1 spine density
changes associated with spatial training in a cross-maze or radial-arm maze task. It is also the first
report that training can induce further CA1 spine density changes in enriched rats.

As discussed in chapter 7, previous studies have provided evidence that training in various
learning tasks can affect hippocampal neuromorphology in standard-housed animals. These studies
examined training-induced changes in standard housed rats, whereas the current study examined
training-induced changes in enriched rats. However, a comparison with the studies discussed in
chapter 7 is still relevant. Marrone’s (2007) meta-analysis provided evidence of similar hippocampal
CA1 neuromorphological changes as the current study, despite shortcomings associated with the
studies included in the analysis. Firstly, many of the studies included used tasks that were not
hippocampally dependent, and may not have produced as clear hippocampal neuronal changes as the
allocentric spatial memory tasks employed in the current study. Moreover, only one study included
in the meta-analysis used a suitable pseudo-trained control group matched to the trained group for
sensorimotor experience, whereas the rest of the studies compared trained rats to standard housed
naïve rats. The pseudo trained groups in the current study were matched as closely as possible to the
trained group in terms of reward and sensorimotor experience, providing a much better index of
hippocampal morphological changes specifically related to explicit spatial learning. Despite these
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differences, both the current study and the meta-analysis found increased CA1 basal and apical spine
density and no changes in basal dendritic complexity or length. However, the meta-analysis also
found no change in apical dendritic complexity, whereas in the current study there was evidence of
training-induced changes in the number of intersections and total dendritic length of apical arbors.
These training-induced differences in apical arborisation must have been relatively large to be
significant as they were only evident in the middle portion of the dendritic tree.

The studies conducted by Moser and colleagues (1994, 1997), which were also included in
the above meta-analysis, examined CA1 basal and apical spine density changes in rats that learned
to forage in a complex environment. Foraging in the complex environment for four hours a day over
a 3 week period resulted in a 10% increase in CA1 basal spine density, compared to standard housed
naïve controls, but had no effect on CA1 apical spine density. In the current study, training was
associated with an increase of 6.1% in basal spines, and a non-significant increase in apical spines of
4.2%, compared to rats that had received pseudo-training. The pseudo-trained rats in the current
study would likely exhibit some spine changes related to general sensorimotor experience, although
it is impossible to verify this as there were no enriched naïve rats. However the fact that the ATNStd-Naïve rats exhibited a marked reduction in basal and apical spine density compared to the other
standard housed groups supports the latter supposition. In addition, spine density increases
specifically associated with explicit spatial learning may be diminished in enriched rats due to
baseline increases associated with enrichment, although there is no way to separate spine changes
specific to enrichment and spatial learning in the trained groups in the current study. With these
caveats in mind, basal spine density increases related to spatial learning in the current study were
likely comparable to those reported in Moser et al. (1994, 1997). It is unclear why there was no
change in apical spine density in rats trained to forage for food in a complex environment in Moser
et al. (1997). This may be somehow related to the specific task used, which was similar in some
ways to exposure to an enriched environment but not explicitly; the complex environment was
larger and more spatially rich than a standard cage, contained objects used to hide food caches, and
contained more cage-mates than those housed in the standard cages. However, their rats were only
exposed to the environment for four hours a day and would have been primarily focused on
searching for food, so any social interaction may have been competitive in nature. The rats in the
current study were given free access to food for the continuous 40 day period of enrichment and had
much more opportunity to engage in social interactions and object exploration.
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As mentioned above, only one of the studies included in Marrone’s (2007) meta-analysis
included a pseudo-trained control group. Including pseudo-trained groups, like those in the current
study, accounts for any neuromorphological changes related to general sensorimotor experience.
This may for example include increased exercise, access to food reward and reward history,
introduction to novel environments, and spatial learning related to being exposed to the same room
and apparatus every day, but not related to solving a specific task. Two of the studies discussed in
chapter 7 that examined CA1 spine changes after simple olfactory discrimination included pseudo
trained control groups that were matched to the trained group in terms of sensorimotor experience
(Knafo et al., 2004; Restivo et al., 2006). In the rat study, olfactory learning increased CA1 apical
spine density by 20% but had no effect on basal spine density compared to pseudo-trained controls
(Knafo et al., 2004). In the study using mice, olfactory learning induced around an 18% increase in
CA1 basal spines and an 11% increase in apical spines compared to pseudo-trained controls
(Restivo et al. 2006). The latter study was comparable to the current study in the way that training
exhibited a greater effect on CA1 basal spines than apical spines, and the ratio of these basal and
apical differences were also highly comparable (18% basal, 11% in Restivo et al, 2006; 6.1% and
4.2% in the current study). It is unclear why CA1 apical spine density was drastically affected by
olfactory learning in Knafo et al. (2004), but basal spine density was unaffected, as this was not
consistent with the findings of the other studies discussed in chapter 7 (Moser et al., 1994, 1997;
Restivo et al., 2006; Marrone, 2007). Although these olfactory rule learning studies included
pseudo-trained groups to account for non-training related experiences they were rewarded less
frequently than trained rats in both studies. Although it is unlikely that a reduction in reward would
have much of an effect on CA1 spine density, it may affect behavioural performance. Studies using
medial dorsal thalamic lesions which produce a deficit in memory for reward value and reward
anticipation have reported mild delay-dependent deficits in spatial memory tasks (Burke and Mair,
1998; Bailey and Mair, 2005). The current study, as much as possible, matched the rewards received
by trained and pseudo-trained rats; therefore differences in reward related anticipation and
motivation were minimized.

An interesting and novel finding in the current study was that training-induced hippocampal
CA1 basal and apical spine density changes included increases in both thin and mushroom spines,
whereas enrichment-induced changes included increases in thin spines only. However, the training-
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induced increase in CA1 apical thin spines only approached significance. Thin “learning” spines are
more transient but are structurally flexible enabling them to enlarge and stabilize or shrink and
dismantle depending on whether they are required to accommodate new, enhanced, or recently
weakened inputs (Kasai et al., 2003; Holtmaat et al., 2005; Zuo et al., 2005; Bourne and Harris,
2007). Mushroom “memory” spines are more stable and may represent physical substrates of longterm memories (Kasai et al., 2003; Bourne and Harris, 2007). The dissociation in CA1 spine
changes may reflect the inherent differences between explicit learning in a spatial memory task, and
the more implicit spatial learning associated with exposure to an enriched environment. An enriched
environment produces myriad opportunities for social interaction as well as spatial learning, with the
environment, objects and food placement being changed daily. However, there is no obvious explicit
spatial learning involved in enrichment unlike the spatial memory tasks employed in the current
study in which spatial learning facilitates an increase in reward. Therefore the increased mushroom
spines in trained rats compared to pseudo-trained rats may represent a neural substrate of memory
associated with explicit training.

Explicit spatial memory training produced some different effects on hippocampal CA1 cell
body morphology in sham rats than in rats with ATN lesions. Specifically, training increased the
number of basal and apical spines in sham rats, but only increased the number of basal spines in rats
with ATN lesions. This would seem to suggest that ATN lesions blocked the beneficial effect of
explicit spatial memory training on hippocampal CA1 apical dendritic spines. However, there was a
non-significant training-induced increase in apical mushroom spines, suggesting that there were at
least some apical spine-related changes associated with training in the ATN rats. Explicit spatial
memory training also produced differential changes in hippocampal CA1 cell body morphology in
sham and ATN lesioned rats. Specifically, training increased the size and sphericity of CA1 cell
bodies in ATN rats, but reduced the size and sphericity of CA1 cell bodies in sham rats. However,
these findings do not appear to be consistent with the hippocampal CA1 cell body measures in
chapter 8. In the lesion by housing groups, enrichment produced a non-significant increase in CA1
cell body size in both the sham trained and ATN trained rats. It is difficult to interpret why the
combination of enrichment and pseudo-training would be associated with a somal size increase in
sham rats, and a somal size decrease in ATN rats. Thus, either pseudo-training has some unforeseen
differing effect on CA1 cell body morphology, or these findings are associated with the smaller
sample size of the pseudo-trained groups compared to the other groups in the study.
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Explict spatial memory training-induced changes in CA1 spine density and apical arborisation
in enriched rats is a novel finding, and is also relevant to interpreting the neuromorphological effects
of enrichment, as well as enrichment-induced recovery after ATN lesions. Trained enriched sham
and ATN rats had increased CA1 spines, particularly in the basal tree when compared to closely
comparable pseudo-trained enriched rats. These CA1 spine changes were explicitly relevant to
spatial learning and memory, which strengthens the contention that the recovery in spatial working
memory performance and CA1 spine density in the ATN-Enr-Tr group was explicitly relevant to
post-operative enrichment.

11.7 Limitations of the current research
Many of the limitations of the current study were inherent in the design and associated with the
time-consuming nature of neuromorphological analyses. These time limitations placed restrictions
on the number of rats that could be used and the number of regions and individual neurons that
could be analysed. It was, therefore, decided that some control groups could not be included to
ensure a sufficient number of rats in the context of the lesion by housing and lesion by training
designs. Additional control groups would have allowed for further comparisons. Pseudo-trained
standard housed sham and pseudo-trained standard housed ATN rats would have enabled
quantification of the baseline effect of training-induced neuromorphological changes that were
separate from enrichment-induced changes. Similarly, enriched sham naïve and enriched ATN naïve
rats (no spatial training after the start of enrichment) would have allowed a better characterization of
the neuromorphological effects of explicit spatial memory training by providing the baseline
comparison of changes associated with pseudo-training only. Although ATN-Std-Naïve rats were
included in the current study, the addition of sham standard housed naïve rats would have enabled
further comparisons, especially if sham standard housed pseudo-trained rats were also included. The
inclusion of all 12 possible groups would have allowed a comparison of the neuromorphological
effects of sensorimotor experience, explicit spatial training and enrichment in both ATN and sham
rats. However, the seven groups included in the current study allowed the more important
comparisons to be made: recovery of function after ATN lesions, and the neuromorphological
correlates of explicit learning in enriched rats.
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Time constraints also prevented additional brain regions from being included in the
neuromorphological analysis. Analysis of neurons from the dentate gyrus was intended to be part of
the current study, as this region is associated with adult neurogenesis (Kempermann et al., 2002;
Tashiro et al., 2007; Saab et al., 2009), exhibits covert pathology after ATN lesions (Jenkins et al.,
2002a, 2002b; Dumont et al., 2012), and has been associated with neuromorphological changes after
enrichment (Rampon et al., 2000; Faherty et al., 2003; Kozorovitskiy et al., 2005) and spatial
memory training (O’Malley et al., 2000; Eyre et al., 2003). An additional hippocampal region would
also have shown whether the experience-induced neuromorphological changes described in the
current study were specific to the dorsal CA1 region. Time constraints also influenced the selection
of cell body morphological analysis in the retrosplenial and prefrontal cortices, whereas analysis of
dendritic arbors or spines would likely have provided a better index of plasticity related changes
associated with enrichment and spatial memory training. This is reflected in the CA1 analyses in the
current study, in which ATN lesions and enrichment were associated with significant changes in
hippocampal CA1 dendritic complexity, length, and spine density but not CA1 cell body
morphology. CA1 neuromorphological changes in the absence of CA1 somal changes, suggest that
the cell body changes detected in layer II of the Rgb may indicate profound changes in that region
associated with ATN lesions, which would be consistent with the marked c-Fos changes reported in
layer II of the Rgb (Jenkins et al., 2002a, 2002b, 2004; Poirier and Aggleton, 2009). The Golgistained slides generated in the current study are still available providing the opportunity for potential
investigation of further brain regions in the future.

The time constraints inherent in the current study also affected the amount of
neuromorphological material that could be analysed. The hippocampal CA1 neuromorphological
analysis presented in this thesis included a large sample of basal and apical segments for spine
density analysis which was comparable or larger than is commonly used (the current study used
1055 basal segments and 970 apical segments; Will and Kelche (1982), used 52 basal; Moser et al.,
(1994), used 279 basal; Bindu et al., (2007), used ~ 1300 apical). Naturally, the current study would
have benefited from a larger sample of CA1 basal and apical arbors because these are less available
due to the Golgi technique than are dendritic segments. Some rats had to be excluded from the
analyses of basal and apical arbors due to the fact they had less than 3 arbors (13% of rats for basal,
and 17% of rats for apical), which further reduced statistical power. This power issue was evident in
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several instances in which the number of apical arbors entered into analyses as a covariate factor
influenced main effects. The novel discovery that mono-tufted and bi-tufted apical arbors differed in
complexity also added to the difficulty in interpreting the findings related to apical complexity and
length in the current study. Differences in these cell types would have to be addressed in future
studies by restricting the apical arbor population to one cell-type or by including a balanced number
of mono-tufted and bi-tufted arbors in each group. The analysis of cell bodies in the prefrontal and
retrosplenial cortices also suffered from insufficient statistical power. This was primarily because
only a subsample of rats (70%) from the lesion by housing groups was included in this preliminary
analysis, which was also due to time constraints. However, this preliminary sample was still
sufficient to detect neuromorphological changes in the Rgb associated with ATN lesions and
enrichment.

Another limiting factor in the current study was the number of rats that had to be excluded
on the grounds of insufficient ATN lesions (approximately 40% of ATN rats) which may have been
due to the surgery method, and anesthetic used. The highly selective ATN surgery method used in
the current study involved multiple infusion sites with small volumes of neurotoxin, rather than
fewer infusion sites with larger doses of neurotoxin. This lesion method produces more precise focal
ATN lesions with minimal damage to adjacent thalamic and hippocampal regions. However, this
method includes more margin for technical error such as a greater chance of the stereotaxic needle
getting blocked between infusion sites. One problem was the interaction between the neurotoxin
(NMDA) and one of the general anesthetic agents (ketamine). Ketamine is increasingly used in
experimental animal surgery as an injectable anesthetic (Richardson and Flecknell, 2005). However,
this drug is also a NMDA receptor antagonist (Harrison and Simmonds, 1985) and may exert a
neuroprotective effect by indirectly inhibiting the excitatory effects of NMDA receptor agonists
(Jiang et al., 2009). Ketamine may have interfered with the NMDA neurotoxic lesions in some cases
resulting in a reduction in lesion size, especially in longer surgeries when additional ketamine had to
be administered during NMDA infusion. Ketamine was adopted for use in ATN surgeries at our
laboratory at the request of a veterinarian, as rats were lost during or after surgery with the previous
injectable anesthetic, sodium pentobarbital. Conversion to inhalant anesthetics such as isoflurane or
sevoflurane gas may increase the effectiveness and efficiency of ATN lesion surgery in future
studies but also has other hazards including reduced hippocampal function. Despite a high
proportion of insufficient lesions, the final number in the ATN groups was sufficient to demonstrate
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both behavioural and neuromorphological recovery after ATN lesions. In addition, all four ATN
lesion groups were matched in terms of mean ATN lesion volume and included highly selective
ATN lesions with minimal damage to adjacent regions.

In terms of behavioural testing, the post-enrichment cross-maze may have produced stronger
evidence of enrichment-induced recovery after ATN lesions if it had been run for longer than the 10
sessions. Although the performance of the ATN-Enr-Tr rats ‘flattened out’ over the last 3 days of
testing (Fig 8.11), it would have been interesting to see if they made further improvements even
over just 5 more sessions of testing. Moreover, it would have been interesting to find out if the 15%
performance increase in the “opposite start” trials, would have improved even further with
additional testing. However, it is likely that the spatial learning exhibited in the post-enrichment
cross maze would have carried over to the subsequent radial-arm maze task, which required the use
of similar allocentric strategies, and may partially account for the clearer differences observed
between groups in this second task. One limitation of using a criterion-based end point in the radialarm maze task was that this necessitated a maximum number of sessions (35) to be used. This
ensured that the total amount of time exposed to the testing apparatus was as comparable between
groups as possible. Purely in terms of behaviour it may have been interesting to see the outcome for
the ATN-Std-Tr rats over a prolonged period of testing on the radial-arm maze. The mean number of
errors for this group was diminishing at the end of testing (Fig 8.13), but 35 days is a lengthy test
period. It is unclear whether the ATN-Std-Tr rats would have continued to improve until they
reached the level of the other groups in terms of number of errors.

11.8 Future research directions
Further investigation of changes in Rgb layer II fusiform pyramidal neurons associated with ATN
lesions is already in the preliminary stages of planning. As described previously this will include the
quantification of dendritic spines and may include the dendritic arbors of fusiform pyramidal
neurons depending on the availability of intact arbors. Additional evidence of neuromorphological
changes in this region associated with ATN lesions would lend substantial support to the contention
that the retrosplenial cortex, alongside the ATN and hippocampus, is a vital part of the extended
hippocampal system responsible for episodic memory function (Aggleton et al., 2008; Garden et al.,
2009; Vann et al., 2009; Amin et al., 2010; Aggleton et al., 2010; Dumont et al., 2012). Several
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other follow-up studies could potentially support and strengthen the findings presented in this thesis,
and these will be described in the first part of this section.

Neuromorphological analysis of additional hippocampal regions such as the dentate gyrus
and CA3, and further analysis of the prelimbic cortex including dendritic spine density analysis,
would show whether the neuronal recovery after ATN lesions in the current study were specific to
the hippocampal CA1. As discussed in the previous section, the dentate gyrus is associated with
adult neurogenesis (Kempermann et al., 2002; Tashiro et al., 2007; Saab et al., 2009), exhibits
covert pathology after ATN lesions (Jenkins et al., 2002a, 2000b; Dumont et al., 2012), and has
been associated with neuromorphological changes after enrichment (Rampon et al., 2000; Faherty et
al., 2003; Kozorovitskiy et al., 2005) and spatial memory training (O’Malley et al., 2000; Eyre et al.,
2003). It would therefore be of interest to investigate neuromorphological changes in the dentate
gyrus after ATN lesions, enrichment, and training, and use BrdU staining to determine if enrichment
promotes increased cell proliferation in rats with ATN lesions. The hippocampal CA1 has
demonstrated a propensity for adult neurogenesis after brain injury (Hodges et al., 1996; Nakatomi
et al., 2002; Bendel et al., 2005), and BrdU staining would show whether the neuromorphological
gains shown in the current study were accompanied by an enrichment-induced increase in the
number of CA1 neurons. The hippocampal CA3 has extensive projections to the CA1 via the
Schaffer collaterals and the two regions are thought to work in concert, although the CA3 may be
more involved in the rapid acquisition of episodes (Kesner and Hunsaker, 2011; Barbosa et al.,
2012). Therefore, it would be of particular interest to compare training-induced neuromorphological
changes in the CA1 and CA3 in rats from the current study. Moreover, enrichment-induced recovery
in the CA1 after subicular lesions was accompanied by recovery of apical branching and
intersections in the CA3 (Bindu et al., 2007), so similar enrichment-induced changes in the CA3
may be present in the rats from the current study. Analysis of these additional regions would add
support to the findings in the current study, but would necessarily be time consuming.

Future research in this area may benefit from using a different staining method for
neuromorphological analysis. One of the drawbacks of the Golgi-Cox stain is that its opaque nature
makes automated and semi-automated tracing techniques difficult, reducing the speed and efficiency
of neuromorphological analyses. Fluorescent indicators are an alternative to Golgi-staining and are
compatible with the automated tracing algorithms that are incorporated into many neuron tracing
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software packages. This method involves the use of carbocyanine lipophilic dyes which have high
extinction coefficients and modest quantum yields making them extremely useful in labeling
neurons in their entirety and also for long-range tracing studies (Grutzendler et al. 2003). These dyes
are maintained within the cell membrane and can be imaged for long periods without obvious
cytotoxicity (Honig et al. 1986, Liu et al. 1990). Lipophilic dye staining does not produce obscuring
artefacts, stained blood vessels and concentrations of metallic stain, which constitute one of the
major drawbacks of the Golgi-Cox stain. Another advantage of lipophilic dyes over the Golgi-stain
is that it is compatible with a greater variety of tissue, and can be combined with a much greater
range of other histological techniques (Staffend and Meisel, 2011a, b). These techniques have been
traditionally non-viable for large projects as cells needed to be impregnated individually with
micropipettes, which is both time consuming and technically demanding with only a small number
of cells being labelled at any one time (Eilers et al. 1999, Gan et al. 1999). However, a modified
technique of dye delivery called ‘ballistic DiOlistic labelling’, may be an attractive alternative to
Golgi-staining when large numbers of neurons need to be stained (Gan et al., 2000; Kettenun et al.,
2002). Complete or near complete stain of the whole cell is achieved using ballistic delivery of
fluorescent indicators into cells using a ‘gene gun’, a technique developed to overcome some of the
technical limitations associated with single cell impregnation (Gan et al. 2000, Kettenun et al. 2002).
This method allows rapid cell labelling with either lipid or water soluble dyes in a variety of tissue
preparations. DiOlistics refers to a version of this technique adapted for labeling entire neurons in a
Golgi-like manner after membranes of individual neurons are contacted by particles coated with
lipophilic dyes. In addition, neurons can be labeled by dyes of different colours at controlled
densities to facilitate the study of structural interactions between cells (Grutzendler et al. 2003). This
allows cells to be easily isolated using fluorescence microscopy, which would facilitate automated
tracing, or much easier manual tracing (see Fig 11.1). This method is worthy of investigation for use
in the potential future projects discussed above related to the current study. However, diOlistics is
still being refined, and leakage of some dyes after tissue impregnation is just one of several current
technical issues (Staffend and Meisel, 2011a, b).

Discussion

238

Fig 11.1: Labeling of many pyramidal neurons from a mouse fixed brain slice using the ballistic
diOlistic method with a combination of seven different lipophilic dyes (from Grutzendler et al. 2003).

The benefits of environmental enrichment are likely mediated by a number of cellular and
molecular factors (many of which were described in chapter 6). Increased levels of brain derived
factor (BDNF) and nerve growth factor (NGF) associated with enrichment have been reported in a
wide range of animal models of neurodegenerative disease, stroke, and traumatic brain injury (Ferrer
et al., 2000; Dahlqvist et al., 2003; Gobbo and O’Mara, 2004; Spires et al., 2004; Chen et al., 2005).
However, enrichment-induced recovery in CA1 and CA3 neuromorphology after subicular lesions
was not accompanied by any change in BDNF expression in the hippocampus (Bindu et al., 2007). It
would be worthwhile to explore whether BDNF changes underlie the memory impairment in
diencephalic amnesia models and whether the levels of BDNF can be rescued by enrichment. ATN
lesions have sometimes also been associated with a reduction in c-Fos activity in the hippocampus
(Jenkins et al., 2002a, b; Vann and Albasser, 2009). Enrichment-induced behavioural recovery after
ATN lesions was not associated with any reversal of c-Fos reductions in the retrosplenial cortex or
change in the hippocampus in trained rats (Loukavenko, 2009). However, this could be due to the
fact that the retrosplenial cortex shows the most marked Fos changes after ATN lesions (Jenkins et
al., 2002a, 2002b, 2004; Loukavenko, 2009; Poirier and Aggleton, 2009), which have been shown to
be long term, lasting for at least a year (Poirier and Aggleton, 2009). It would be worthwhile to re-
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investigate whether enrichment has an effect on c-Fos levels in the hippocampus in ATN lesioned
rats with training compared to ATN rats with pseudo-training. A recent study showed that ATN
lesions were also associated with a reduction of another immediate early gene marker, zif268, in the
retrosplenial cortex, as well as the subiculum (Dumont et al., 2012). Interestingly, ATN lesions were
also associated with a reduction of phosphorylated CREB (pCREB) but not CREB in the dorsal
posterior hippocampus, especially the dentate gyrus. This finding seemed to suggest that the ATN
may have a role in converting CREB to pCREB within the hippocampus, which is seen as a key step
for consolidating spatial learning (Guzowski and McGaugh, 1997; Guzowski, 2002; Mizuno et al.,
2002; Winograd and Viola, 2004). CREB / pCREB regulation may constitute another possible
mechanism of enrichment-induced recovery after ATN lesions in the hippocampus and should be
investigated. Another intriguing possibility that has not yet been investigated is that enrichment may
be inducing some form of recovery in the ATN, especially in cases of sub-total ATN lesions.
However, this would be difficult to verify as ATN lesion volume is not easy to control in rats, and
this deep-lying brain region is difficult to stain both with biochemical markers such as c-Fos and
neuromorphological stains such as the Golgi-Cox stain. Discovering additional mechanisms that
underlie behavioral recovery following ATN lesions may provide insights into the mechanistic basis
of brain recovery in general and also lead to novel therapeutic approaches which can boost brain
function in sufferers of diencephalic amnesia.

As discussed in chapter 6, the main aim of laboratory research is not to provide treatments
directly applicable to the human domain, but to demonstrate the fundamental processes of brain
plasticity which can then be used to guide the intervention in clinical populations. The findings in
this thesis demonstrate that diencephalic amnesia can potentially benefit from therapeutic
intervention. Although environmental enrichment can not be readily translated as a treatment for
human patients, a behavioural, cognitive, or drug treatment that operates on the same neural
mechanisms would be of immense benefit. One such potential drug is cerebrolysin which was
shown to produce comparable recovery to enrichment in terms of spatial working memory in rats
with bilateral ATN lesions (Loukavenko et al., 2009). Cerebrolysin is a systemically injected
commercially available brain-derived peptide preparation that has also been shown to be effective in
promoting behavioural recovery after hippocampal lesions (Francis-Turner and Valouskova, 1996;
Francis-Turner et al., 1999). Cerebrolysin, and to a lesser degree other drugs such as Metrifonate,
Galanthamine, Donepezil, and Rivastigmine, have also produced improvements in cognitive
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functioning, global rating, and activities of daily living, in human patients (Anand et al., 1996;
Shintani and Uchida, 1997; Williams, 1999; Ukraintseva et al., 2004; Birks, 2006). It would
therefore be of interest to investigate the effectiveness and mechanisms of these drugs in the context
of recovery after ATN lesions.

11.9 Summary
In summary, the current thesis provided the first evidence of neuromorphological changes in the
hippocampus after ATN lesions, and their subsequent recovery after post-operative exposure to an
enriched environment. These findings provide some of the strongest direct evidence to date of the
inter-dependence of the ATN and hippocampus, and demonstrate the potential for recovery of
behaviourally-relevent biomarkers after diencephalic damage. Enrichment also enhanced CA1
neuromorphology in intact rats. Moreover, explicit spatial memory training was also shown to
enhance CA1 neuromorphology. Both enrichment and spatial memory training were associated with
an increase in thin “learning” dendritic spines, whereas spatial memory training was also associated
with an increase in mushroom “memory” spines which may represent physical substrates of explicit
learning. ATN lesions caused a thickening of the dendritic segments used for spine density analysis.
Cell body size was also increased in the superficial layers of the retrosplenial cortex as a
consequence of ATN lesions, adding to the substantial evidence of ATN lesion-induced
neurochemical changes in this region. The behavioural benefits of enrichment after ATN lesions
was demonstrated for the first time in male rats, and was also extended to a radial-arm maze task.
Further research involving additional brain regions, neurochemical mechanisms, and treatments, is
required to develop treatment for diencephalic amnesia in the human domain. However, the current
study represents an important step in understanding the neural mechanisms of recovery of function
after ATN lesions, and adds to knowledge concerning ATN – hippocampal interaction within the
extended hippocampal system responsible for episodic memory function.
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Appendix D
Scanning and Tracing Protocol

Locating Eligible Dendritic Arbors
Eligible CA1 hippocampal basal and apical dendritic arbors were located between plates 32 and 41
of the Paxinos and Watson rat atlas (1998) for each set of slides using a 20x standard light
microscope. Eligibility was determined and rated in order of priority by intactness, clarity (lack of
blobs/artefacts) and isolation (lack of overlapping dendritic arbors).
The following factors were also taken into account when selecting and rating arbors
For Basal
 The cell bodies needed to be intact and unobscured and should be roughly in the middle of
the section
 A basal dendritic arbor consists of several separate basal trees that emerge from various
angles both into the stratum oriens and less frequently into the stratum radiatum. It was
necessary to confirm that no emerging trees were cut off early by either surface of the
section.
For Apical
 A clear traceable cell body was preferable, but it was sufficient if the base of the cell body
where the primary apical branch emerged was clear
 Apical arbors can be monotufted (single primary apical through stratum radiatum) or
bitufted (primary apical bifurcates in the stratum radiatum). It was sufficient to ensure that
what appeared as a monotufted arbor did not have an oblique bifurcation that was cut off
by either surface of the section. For bitufted arbors, both primary apical trees needed to be
eligible.
 The majority of the apical arbor in the stratum lacunosum-moleculare (SLM) must have
been present, although there was more leeway for cutoff dendrites than in the stratum
radiatum.

Laser Scanning Confocal Microscopy
The highest rated arbor was scanned first followed by 3 eligible basal and apical dendritic segments
from the same section and hemisphere followed by the next highest rated arbor and so on. Where
possible an equal number of arbors were taken per hemisphere. Dendritic segments could be from
the same neuron, but not the same section of dendrite.

Eligibility of Dendritic Segments
For Basal
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Segments were taken from tertiary or quaternary branch in the stratum oriens that were at least
50μm from the cell body
For Apical
Segments were taken from lateral oblique dendrites that emerge from the main apical dendrite at
least 150μm from the cell body and before the SLM.






Eligible segments had to be, where possible, all in one focal plane. This made it possible to
trace the dendritic spines more easily and accurately.
Segments had to be at least 20μm in length. This was readily checked using the Leica
software
The segment was cropped so that either all branching points and terminals were visible or
the segment was at least 10μm from any branching points and terminals
At least a 20μm section of dendrite had to be clearly stained and unobscured by any blobs,
artefacts or blood vessels. The section had to be isolated with no other dendrites passing
above or below it.
The section had to be located between the top surface of the slide and half way through
the specimen. Dendrites in the lower half of the specimen were blurred and would have
required deconvolution to trace accurately.

Blinding and conversion to TIF images
Arbors and dendrite segments were saved with generic names in a separate main folder for each
animal which was labeled with the animal ID. These main folders were blinded to the experimenter
by randomly assigning them a number between 200 and 300, and remained blinded until all tracing
had been completed. The Leica confocal image stacks (saved as .LIF files) were converted to TIF
image stacks so that they could be loaded into Neurolucida’s confocal module for tracing.

Tracing Basal and Apical Arbors
Second check to see if Arbor is eligible for tracing
Once loaded into Neurolucida dendritic arbors were rechecked for eligibility using the same set of
criteria that was used for initially selecting arbors prior to imaging. The availability of zoom and
gamma adjustment allowed for a more thorough investigation. If an arbor was unsuitable for
tracing an explanation for this was recorded. Whole neurons may have had only one eligible arbor
(basal or apical).
Cell body contour tracing
 The cell body was first traced using freehand contour drawing at every level it was present
in the stack, unless it was an apical arbor with an unsuitable cell body.
 Tracing was initiated at the centre of the cell body which was designated as the level at
which the primary apical dendrite emerges. Contours were then traced upwards through
the stack until the dorsal surface of the cell body was traced. Subsequently, contours were
traced downwards through the stack from the centre of the cell body until the ventral
surface was traced.
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The width of the cell body at its widest point is measured and used as an estimate of the
width of the cell body in the Z direction, keeping in mind that each stack represents 2μm
distance in the Z direction. This was useful as the opaque nature of the Golgi-Cox stain
made it harder to the see the gradation in the ventral part of the cell body.
 Color filtering or image inversion was used to more clearly define the gradation of the cell
body in any given layer of the stack.
Edit: All eligible hippocampal CA1 cell bodies were subsequently traced in 2D, and these were
used for the neuromorphological analysis of cell bodies.
Systematic tracing of the dendritic structure
 The primary apical and primary basal dendrites were initiated from the central layer 3-4μm
inside the cell body.
 Each time the dendritic tree branched (nodal point) one of the offshoots was followed until
a terminal tip was reached. Then the other branches of the most recent node were traced
until the initial branching point was reached and followed.
 During tracing the level in the stack was frequently moved up and down to search for
branches emerging from an oblique angle in the z-direction.
 Tracing was performed at a zoom distance at which approximately an 85x65μm area of the
section was displayed on the screen at a time. Care was taken that the width of dendrite at
any given point was traced accurately by adjusting it with the mouse wheel.
Foreign Dendrites
 Dendrites from other neurons sometimes crossed over the structure of the traced arbor at
the same z-level. This was easily identifiable by following the foreign dendrite through the
stack, and this obtrusive dendrite was often a part of the arbor that hasn’t been traced yet.
 Infrequently, the terminal tip of a dendrite from another neuron was placed adjacent to a
dendrite of the arbor but could be differentiated in a number of ways. Often the tip
emerged slightly from the other side of the dendrite. Moreover, when the foreign dendrite
was followed it l usually emerged from a branching point belonging to a different neuron.
Also, the foreign dendrite may have belonged to a different type of neuron (interneuron,
glial cell) and may not have the same easily visible dendritic spine structure. The foreign
dendrite may have emerged from an inconsistent angle with the rest of the dendritic tree
which usually splayed out in a brush-like configuration away from the cell body (However
some branches emerged from the primary branch of the apical arbor that were angled in
the opposite direction, towards the cell body).
Image Adjustment
 Areas of weaker staining or dendrites that passed through blobs or artefacts were often
resolved using Neurolucida’s built in image adjustment parameters. The image stacks
gamma, gain and offset could all be modified. Increasing gamma and gain and slightly
decreasing the offset often helped to resolve dendrites that passed near to blobs or
artefacts. Slightly decreasing gamma helped resolve dendrites in the extreme ventral part
of the stack. Image adjustments were able to be instantly reset once tracing was completed
in the affected area.
Splicing
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Very infrequently a dendrite hit the surface of the stack and re-emerged a small distance
away. This happened almost exclusively in the SLM as dendrites in that area were much
more variable in their configuration. The re-emerging section was traced and then spliced
onto the rest of the arbor. Arbors that required too much splicing were rejected as
ineligible.
Bifurcating nodes only
 Trifurcating nodes were rare, and often were actually two birfurcating nodes that were
close together. Either way these were always treated as the latter.
Check completed tracing for missed branchings
Once tracing was completed the arbor was examined at a zoomed out distance at which
approximately a 170x130μm area of the section was visible on screen. Each section of the arbor
was examined while moving up and down in the stack. For apical arbors the area just above and
below the main apical dendrite was particularly focused on. Any branches that were previously
missed were added to the tracing.
Final eligibility check (3D model)
The completed tracing was rendered as a 3D model using Neurolucida’s 3D visualization. The
model of the arbor included a bounding box (denoting the edges of the stack) which could be
rotated and zoomed. This allowed a much more accurate judgement of the intactness of the arbor
and served as a final eligibility test. Arbors that had too many cut-off dendrites were rejected.

Tracing dendritic segments and spines
Selecting a 20μm segment to trace
 The confocal image stacks of basal and apical dendrites included an eligible section of at
least 20μm but were usually much longer. A longer section of dendrite increased the
chance that an eligible 20μm segment was present, as blobs and blemishes were not always
spotted during the scanning process. The following method was used to select an eligible
20μm section of dendrite, from the larger section, to be traced and labeled with spines.
 For each image stack a pseudo-random end of the dendrite was selected as an origin point.
The pseudo-random sequence used to determine this was adapted from Fellow’s (1967)
 Starting at the selected end a section of dendrite was located that was: between 20 and
25μm in length; as much in one focal plane as possible; clearly stained and unobscured by
any blobs, artefacts or blood vessels; was isolated with no other dendrites passing above or
below it; at least 10μm from any branching point or terminal tip.
 If the dendrite did not contain a section that met these criteria it was discarded
Tracing the dendrite
 At the beginning of the eligible segment of dendrite, tracing was initiated at a point that
was clearly equidistant to two dendritic spines. The spines could be present either side of
the segment, and had to be clearly defined so that a clump of multiple spines was never
selected.
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From this starting point the dendrite was traced with particular care taken that the width of
dendrite at any given point was traced accurately by adjusting it with the mouse wheel
During tracing, the level in the stack was moved up and down so that the section of
dendrite being traced was always maximally in focus
Once the length of traced dendrite approached 20μm in length the tracing was saved and
loaded into Neuroexplorer which provided an accurate measurement of the length of the
dendrite.
When the segment was <20μm in length a suitable ending point was located that was
clearly equidistant to two dendritic spines. A suitable ending point had to be located before
the length of the segment reached 25μm. The length could be quickly and easily checked at
anytime by saving and reloading it into Neuroexplorer

Spine Classification
Dendritic spines were categorized as thin, stubby or mushroom using a classification system
adapted from Harris et al. (1992) and De Simoni et al. (2003). The aim of this system was to allow
the majority of spines to be quickly classified without having to resort to measuring spine head and
neck widths, and to have non-overlapping parameters so that spines could not fall between or
belong to multiple categories. When required, spines were examined over consecutive z-images
and measurements were made of spine minimum diameter and spine head size. During the spine
labeling and classification process it was accepted that some spines may be mislabeled without
access to complete 3D images of the dendrites and spines.
Stubby Spine –the diameter of the neck was similar to the total length of the spine
Mushroom Spine –the diameter of the head was twice at least twice as wide as the diameter of
the neck
Thin Spine – length of the spine is greater than the neck diameter. This category included spines
without distinguishable heads, spines with distinguishable heads but missing necks, and any other
clear spine that did not fit into the first two categories.
References
De Simoni A, Griesinger CB, Edwards FA (2003) Development of rat CA1 neurones in acute versus
organotypic slices: role of experience in synaptic morphology and activity. J. Physiol., 550: 135-147.
Fellow BJ (1967) Change stimulus sequences for discrimination tasks. Psychological Bulletin, 67(2): 87-92.
Harris KM, Jensen FE, Tsao B (1992) Three-dimensional structure of dendritic spines and synapses in rat
hippocampus (CA1) at postnatal day 15 and adult ages: implications for the maturation of synaptic
physiology and long-term potentiation. J. Neurosci., 12: 2685-2705.
Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates,4th ed. San Diego, CA: Academic Press.

