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22. GENERAL DISCUSSION

22.1: The Involvement of Amygdala Neurons and Amygdaloid Dopaminergic and
Glutamatergic Receptors in the Acquisition and Reinstatement of FPS in Rats

The experimental studies and results in this thesis fall into three broad categories and
each will be discussed separately. As will be recalled, the first experimental component of
the thesis (Le. Experiments lA and ID) investigated the role of amygdaloidal DA DJ and
O2 receptors in the acquisition ofFPS. The basic goal of these experiments was to
investigate how antagonism of amygdaloid OA receptors before fear conditioning trials
would affect the acquisition ofFPS. Prior to the experimental work in this thesis the
contribution ofDA amygdaloid receptors to FPS acquisition had not been thoroughly
examined. The overall findings of these experiments demonstrated that infusion of either
the OA O 2 receptor antagonist raclopride L-tartrate or the OA 0 1 receptor antagonist SCH
23390 into the BLA prior to fear conditioning prevented the acquisition ofFPS in
laboratory rats. The results obtained from the acquisition experimental section of this
thesis will be integrated with research findings from other laboratories that have examined
the role of the mesoamygdaloid OA system and its contribution to conditioned fear and
stress-related responding. This will be done in order to formulate a discussion that is
designed to provide possible mechanisms of action that explain how and why the
antagonism of amygdala DA receptors disrupts FPS learning.
The second major experimental component of this thesis shifted its focus slightly and
examined the contributions made by amygdaloid dopaminergic and glutamatergic receptors
in mediating the reinstatement ofFPS in rats that had been administered fear-extinction
training. Initially, a behavioural experiment was conducted to demonstrate that FPS could
be reinstated if fear-extinguished rats were exposed to a series ofunsignalled footshocks.
This behavioural study helped set up a paradigm which made it possible to evaluate the role
of the amygdala in FPS reinstatement. As will be remembered OA receptor antagonists
(Le. raclopride and SCH 23390) as well as NMOA and AMP A receptor antagonists (i.e.
AP5 and CNQX respectively) were infused into the basolateral amygdaloid complex of
fear-extinguished rats just before the administration of five unsignalled reminder
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footshocks. This occurred a full 24 hours prior to final testing for FPS reinstatement. The
FPS fmal test result obtained from each experiment was compared to a group of rats that
received intra-BLA infusions of PBS (see Experiments 3A to 3D). The results from these
experiments indicate that raclopride, AP5, and CNQX all block FPS reinstatement. To
ensure that these pharmacological manipulations of the amygdala did not simply block
conditioned fear expression additional expression control experiments (i.e. Experiments 4
and 5) were conducted on several groups of non-fear extinguished rats. Since non-fear
extinguished rats still had the capacity to express FPS 24 hours after intra-amygdaloid
infusion with raclopride, AP5, or CNQX, the results obtained from Experiments 3A to 3D
seem to support the assertion that dopaminergic and glutamatergic amygdaloid receptors
playa critical role in FPS reinstatement. Once again the results of the FPS reinstatement
experiments will be considered in light of other research literature that deals with the role
of dopaminergic and glutamatergic amygdaloid receptors in conditioned fear learning, fear
expression, fear memory retrieval and synaptic transmission. This will lead to an
explanation of how raclopride, AP5, and CNQX intra-BLA application may have prevented
FPS reinstatement in fear-extinguished rats.
DA and NMDA receptors in the amygdala are clearly involved in FPS acquisition and
reinstatement. The next set of experiments allowed a more thorough investigation of the
amygdala's involvement in FPS reinstatement. The third and final component of this thesis
was a series of electrophysiological experiments that investigated the role ofthe amygdala
and other brain regions in facilitating the reinstatement of FPS. The first series of
experiments (i.e. Experiments 7A and 7B) investigated whether electrical stimulation of the
amygdala in fear-extinguished rats would restore FPS responding and lower the AD current
threshold level. The results obtained from these experiments clearly demonstrated that
electrical stimulation ofthe amygdala in fear-extinguished rats caused FPS reinstatement
and a lowering of AD current thresholds. The second series of electrophysiological
experiments were smaller and evaluated the contribution of a number of different brain
areas to FPS reinstatement. These individual experiments examined how electrical
stimulation of the perirhinal/insular cortex (Experiment 8), the VTA or dP AG (Experiment
9), or the vPAG (Experiment 10) influenced FPS reinstatement. In general, electrical
stimulation of either the perirhinal/insular cortex or VTA produced FPS profiles that were
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indicative of fear reinstatement, whereas stimulation of the vPAG seemed to elevate nonspecific or contextual FPS. As will be remembered, electrical stimulation of the VTA
reinstated FPS when compared to the Extinction + No Stimulation mid-brain control group.
In a similar fashion, electrical stimulation of the rhinal/insular cortical region produced FPS
reinstatement results that approached statistical significance. Furthermore, when the
Perirhinal/Insula Extinction + Stimulation group (N=8) was divided into a group of anterior
insula electrode rats (N=4) and a group of posterior insula/ectorhinal electrode rats (N=4)
and their final FPS reinstatement test scores were analysed, it was discovered that electrical
stimulation of the anterior insula seemed to have a slightly more positive impact on FPS
reinstatement than stimulation of the posterior insula/ectorhinal region.
The results of Experiments 7A and 7B will be linked with other research studies that
have investigated how electrical stimulation and kindling of the amygdala enhances
emotional arousal and fear responding. Within the context of these discussions some
hypothesis will be put forward to explain how electrical stimulation of the amygdala may
restore FPS in rats that have been exposed to fear-extinction training. These discussions
will also demonstrate how the reinstatement ofFPS induced by amygdala stimulation may
be related to the fearful memory flash-backs and overwhelming feelings of fear experienced
by persons afflicted with epilepsy. More specifically, attention will be focused on how the
electrical stimulation of the amygdala in Experiment 7A and 7B may have produced neural
sensitization and modifications in synaptic functioning similar to that produced by kindling.
Using this framework, several viable explanations as to how electrical stimulation of the
amygdala might restore FPS responding will be presented. Finally, smaller discussions will
be supplied for the results obtained from Experiments 8, 9, and 10 and these will be
integrated with the relevant research literature pertaining to each brain region investigated.
The conclusion will briefly summarize the main points made throughout the thesis and the
general discussion section, and will in the end provide some direction for future research.

22.11: The Role ofAmygdaloid DA Dl al1d D2 Receptors il1 the Acquisition of FPS il1
Rats
Research conducted across a number of different laboratories has demonstrated that rats
rapidly acquire FPS and other Pavlovian conditioned fear responses (Brown, et al., 1951;
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Davis, Schlesinger, and Sorenson, 1989; Davis, 1992a,b,c; Falls and Davis, 1994; Davis,
2000; Paschall and Davis, 2002; LeDoux, 1993; 1998; 2000; 2002; LeDoux, et aI., 1990;
Fendt and Fanselow, 1999; Maren, 1996; 1999; 2001; Helmstetter, 1992). Experiment lA
used the FPS paradigm to investigate the role of amygdaloidal DA D2 receptors in fear
acquisition. The experimental data from this study was the first to demonstrate that
bilateral intra-BLA infusion ofthe specific DA D2 receptor antagonist raclopride-L-tartrate
blocked the acquisition ofFPS in rats (see Greba, Gifkins and Kokkinidis, 2001). Rats that
were treated with saline exhibited robust FPS during the acquisition phase of testing,
whereas infusion of a 2.0 llg, 4.0 llg, or 8.0 llg dose of raclopride before fear conditioning
blocked CS-UCS fear Jeaming across all five test blocks administered during the
acquisition phase of testing. However, when the difference scores obtained from all five
acquisition phase test blocks were collapsed into a grand mean of the difference scores and
then compared statistically, the 2.0 llg raclopride group did seem to exhibit some
conditioned fear leaming relative to the other rac10pride drug groups. In contrast, the 4.0
llg and 8.0 llg doses of rac10pride exhibited no acquisition of FPS when the magnitude of
conditioned fear was assessed using the collapsed difference scores method (see Figure 15).
The retention test conducted 48 hours after fear conditioning and acquisition phase
testing confirmed that intra-amygdaloid raclopride infusion prevented the formation of
stable CS-UCS fear associations. The behavioural data gathered from the retention test of
Experiment lA revealed that rats administered the 4.0 llg and 8.0

~lg

raclopride doses did

not exhibit FPS. Also, while the 2.0 llg rac10pride group did exhibit FPS on the retention
test, it was shown that the magnitude of this fear effect was significantly lower than that
obtained from the saline group. This finding indicated that rac10pdde infusion into the
amygdala before light + footshock pairings interfered with Pavlovian fear conditioning in a
dose-dependent fashion. More importantly, the retention test results indicated that the
blockade ofFPS acquisition could not be attributed to a drug-induced performance deficit
since rats that displayed impaired FPS leaming during the acquisition phase also exhibited
a lack of conditioned fear during the retention test when animals were in a drug-free state.
Thus, the antagonism of amygdaloid DA O2 receptors with raclopride interfered with the
acquisition ofFPS and not with any motor systems or skeletal muscle systems that are
needed to perform a startle response.
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The notion that raclopride interfered with FPS learning and not skeleto-muscular
systems is supported by the fact that Experiment I B demonstrated that an intra-amygdaloid
raclopride infusion of 8.0 f.!gs did not significantly reduce acoustic startle responding in rats
by causing muscle rigidity. As a matter of fact, it will be recalled that raclopride treated
animals displayed both normal shock reactivity movement during fear conditioning and
shock sensitised startle after being exposed to light + shock trials. This indicates that intraBLA raclopride infusion did not prevent rats from expressing non-specific fear and arousal
generated by footshocks administered in the startle apparatus. Also, raclopride application
to the BLA region did not seem to interfere with the capacity of rats to detect footshoclc or
express reactivity towards it. Hence, the lack of FPS in raclopride-treated rats could not be
attributed to intra-amygdaloid raclopride infusion disrupting shock perception. Instead,
raclopride- treated rats appeared to lack the ability to form enduring CS-UCS fear
associations during the acquisition phase of the experiment. More specifically, the
racIopride 2.0 f.!g, 4.0 flg, and 8.0 flg groups all failed to exhibit significant FPS leaming
during the acquisition phase of training and testing when compared to the saline control
group, but the 2.0 f.!g raclopride group did display a trend towards FPS. Moreover, during
the retention test, FPS was non-existent in the 4.0 f.!g and 8.0 flg raclopride groups,
suppressed in the 2.0 f.!g group, and quite robust in the saline group. Thus, the failure of
raclopride-treated rats to acquire FPS is likely due to the blockade ofDA D2 amygdaloid
receptors which in tum diminished the capacity of these rats to form stable CS-UCS
connections. It is evident that this associative leaming deficit is long-lasting as the rats
administered intra-BLA rac]opride failed exhibit robust FPS during retention testing.
The results obtained from Experiment 1D replicated the results obtained with raclopride
in Experiment lA as a 4.0 f.!g dose of this D2 receptor antagonist prevented FPS learning in
rats. Furthennore, Experiment 1D also demonstrated that a 2.0 f.!g dose of the DA DI
receptor antagonist SCH 23390 prevented the acquisition of FPS when infused into the
amygdala prior to the administration of light + footshock fear conditioning trials. The
results of Experiments lA and ID added to the research literature by demonstrating the
importance ofDA D2 amygdaloid receptors in the acquisition of conditioned fear in a FPS
paradigm. This research was the first to confirm that DA D2 receptors located in the
amygdala are involved in FPS leaming. Around the same time Guarraci and associates
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(2000) confirmed the role ofDA D2 amygdala receptors in mediating fear-induced
defensive freezing behaviour. The experimental results of Experiment lA and ID showing
that intra-amygdalar raclopride application blocks the acquisition ofFPS are highly
. consistent with the work of Guanaci and colleagues (2000) who demonstrated that
antagonism of DA D2 amygdaloid receptors with eticlopride disrupts conditioned defensive
fi'eezing behaviour in rats.
Experiment ID replicates earlier work (Greba and Kokkinidis, 2000; Greba, et al., 2001;
Experiment lA) showing that both D] and D2 receptors are involved in FPS learning. Tn
essence, Experiment ID was the first attempt in the research literature to compare the
effectiveness ofD] versus D2 receptor antagonists on FPS learning. This study revealed
that SCH 23390 and raclopride were equally effective in preventing the acquisition ofFPS
in rats. Furthermore, the SCH 23390 results of Experiment ID are consistent with earlier
research reports that have highlighted the importance ofDA DJ amygdaloid receptors to the
acquisition and expression ofFPS and conditioned defensive freezing (Greba and
Kokkinidis, 2000; Waddington-Lamont and Kokkinidis, 1998; Guarraci, et al., 1999; Nader
and LeDoux, 1999b). Taken together, Experiments lA and ID draw attention to the
importance of amygdaloid DA receptors to FPS and conditioned fear learning.

22.12: Possible Explanations for tlte lack of FPS in Raclopride and SCH 23390-Treated
Rats: State-dependent Learning and Drug-induced Performance Deficits
There is a long standing theory that some drug treatments administered prior to training
may actually serve to facilitate a process called state-dependent learning (Overton, 1964).
That is to say if animals are first conditioned in a drug-state, they may only be able to
exhibit learning when testing is carried out while subj ects are under the influence of the
drug (Overton, 1964). It will be remembered that in Experiments IA and ID, rats were fear
conditioned and tested for FPS while under the influence of either raclopride or SCH
23390. Since these rats were fear conditioned and tested for FPS acquisition across several
test blocks while in the drug state and since FPS did not develop in raclopride and SCH
23390 treated rats, it is highly unlikely that state-dependent learning was a factor in the
results obtained in Experiments 1A and ID. Tn fact, the antagonism ofDA D2 and Dl
amygdaloid receptors prevented CS-UCS conditioned fear associations from becoming
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established and as a result the rats belonging to the raclopride and SCH 23390 drug groups
were unable to express FPS during acquisition testing. In a similar vein, GualTaci and
colleagues (1999; 2000) demonstrated that either the DA Dl receptor antagonist SCH
23390 or the potent DA D2 receptor antagonist eticlopride blocked conditioned defensive
freezing behaviour in rats without producing any state-dependent leaming effects.
It is impOltant to mention that the rats treated with 2.0 Ilgs of raclopride in Experiment

lA did exhibit FPS on the retention test however they were unable to express FPS during
the acquisition phase. The finding from the group of 2.0 Ilg raclopride-treated rats raises
the possibility that DA antagonists led to a drug-induced performance deficit. This means
that raclopride and SCH 23390 infusion into the BLA prior to fear conditioning could have
caused a drug-induced performance deficit that actually prevented rats from having the
capacity to express FPS during the acquisition phase. In other words, rats treated with
either ofthcse two pharmacological agents may have formed CS-UCS fear associations but
were unable to express them while in a drug state. The difficulty with this interpretation is
that rats administered intra-amygdalar raclopride or SCH 23390 before fear conditioning
failed to exhibit FPS on the retention test 48 hours after fear conditioning. The only
exception was the 2.0 Ilg raclopride group of rats which did exhibit FPS on the retention
test, but even this group did display a reduce fear response relative to the saline group.
Furthermore, raclopride and SCH 23390 treated rats still exhibited robust shock sensitised
acoustic startle responding and considerable movement reflexes in response to footshocks
administered during acquisition training and testing phase. This means that while under the
influence of raclopride and SCH 23390 rats still processed the UCS (Le. shock information)
and exhibited elevated startle responding to noise-alone trials after footshock exposure,
defying any performance deficit the drugs may have caused. The shock sensitisation results
may indicate that short-term fear associated with the aversive footshock presentation or
short-term contextual fear is left intact. It is important to note that Guarraci and associates
(1999; 2000) demonstrated that pretraining intra-amygdalar SCH 23390 or eticlopride did
not disrupt short-term contextual fi'eezing behaviour during fear conditioning but did
prevent freezing behaviour to an explicit auditory CS 24 hours after fear training. On the
whole, the findings in Experiment lA and 1D are highly incompatible and inconsistent with
a drug-induced performance deficit hypothesis. Rather, the most parsimonious explanation
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is that blockade of either DJ or D2 DA amygdaloid receptors prevent the formation of
strong CS-UCS fear associations during Pavlovian fear conditioning. This learning deficit
in turn led not only to impaired performance during acquisition FPS testing but also to a
lack of conditioned fear 48 hours later.

22.13: Intra-amygdaloid Raclopride and SCH 233.90 Disrupt FPS by Intelfering with
CS-UCS Associative Fear Learning
DA receptors have been implicated in various forms of associative and discriminatory
learning (Doty and Doty, 1966; Evangelista and Izquierdo, 1971; Haycock, et al., 1977;
Sherman, et al., 1982; Petty, et aI., 1984; Nader and LeDoux, I 999ab; Guarraci, et al.,
1999; 2000; Grebaand Kokkinidis, 2000; Greba, et al., 200 I; LaLumiere, Nguyen and
McGaugh, 2004). The experimental design used in the acquisition studies (Experiments
1A and ID) was developed primarily to assess the effects of amygdaloidal DA receptor
antagonism on Pavlovian fear conditioning in a FPS paradigm (see Greba and Kokkinidis,
2000; Greba, et al., 2001; Experiment lA and ID). This type oflearning involves animals
forming CS-UCS fear associations. What is particularly striking from the behavioural data
gathered in Experiments 1A and ID is that raclopride or SCH 23390-treated rats failed to
discriminate between cues that signalled impending danger (i.e. CS preceding noise burst)
and cues that signalled no immediate threat (i.e. no CS then noise burst). Thus although,
raclopride, saline, and SCH 23390-treated rats exhibited similar levels of shock sensitised
startle, it was revealed that only the saline rats were able to form CS-UCS associations and
act upon them. On the basis of these results, it is likely that antagonism of amygdaloid DJ
and D2 DA receptors with SCH 23390 and rac10pride prevented rats from developing
strong CS-UCS fear associations. This explains why saline rats exhibited asymptotic levels
ofFPS during the acquisition phase ofthe experiment and raclopride and SCH 23390treated rats did not.
The present finding that DA DJ and D2 amygdaloid receptors are involved in associative
learning is consistent with the research literature. It is now known that either peripheral or
intra-amygdaloid administration of DA receptor antagonists interfere with avoidance
responding, conditioned defensive freezing behaviour and FPS responding in laboratory
rats (Davidson and Weidley, 1976; Arnt, 1982; Sherman, et al., 1982; Petty, et al., 1984;
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Davis, et aI., 1993; Waddington-Lamont and Koldcinidis, 1998; Nader and LeDoux, 1999b;
Guarraci, et aI., 1999; 2000; Greba and Kokkinidis, 2000; LaLumiere, Nguygen and
McGaugh, 2004). Research conducted by Amt (1982) revealed that clozapine, a potent DA
. receptor antagonist, inhibited conditioned avoidance responding without triggering
cataleptic side effects. Furthermore, intra-amygdaloid microinfusion ofDA receptor
antagonists has been shown to provoke significant delays in the ability of animals to
acquire a one-way avoidance response (Sherman, et aI., 1982; Petty, et ai., 1984). Also,
more current research has revealed that immediate posttraining intra-BLA infusions of
either the DA Dl receptor antagonist SCH 23390 or the DA D2 receptor antagonist sulpiride
disrupts fear retention in an inhibitory avoidance task (LaLumiere, et aI., 2004). More
importantly, infusion of DA Dl and D2 receptor antagonists into the amygdala prevents
conditioned fear learning and expression in the defensive freezing and FPS paradigms, two
highly correlated, valid, and reliable behavioural models used to study the neural processes
underlying Pavlovian fear conditioning (Cassella and Davis, 1986; Cassella, Hartley and
Davis, 1986; Davis, 1992a,b,c; Leaton and Borszcz, 1985; Borszcz, Cranney, and Leaton,
1989; Leaton and Cranney, 1990; Plappert, Pilz, and Schnitzler, 1993; Davis, 1992a;
Waddington-Lamont and Kolddnidis, 1998; Nader and LeDoux, 1999b; Guaracci, et a!.,
1999; 2000; Greba and Kokkinidis, 2000; Greba, Gifkins and Kokkinidis, 2001).
Specifically, research conducted by Waddington-Lamont and Kokkinidis, (1998)
demonstrated that intra-amygdaloid infusion of the DA Dl receptor blocker SCH 23390
prior to final testing blocked the expression of FPS in rats. In a similar vein, later work by
Greba and Kokkinidis (2000) demonstrated that peripheral or intra-amygdalar
administration of SCH 23390 prior to repeated fear conditioning and testing sessions
blocked the acquisition of FPS but did not impair the shock sensitisation of startle or the
movement amplitudes that occur as a result offootshock presentation. Further still, both Dl
and D2 DA amygdaloid receptor antagonism disrupts conditioned defensive freezing
behaviour when administered prior to fear training (Nader and LeDoux, 1999b; Guarraci, et
aI., 1999; 2000). Thus, on the whole, the findings of Experiments 1A and 1D are highly
consistent with much of the experimental research that has discovered that blockade ofDA

D1 and D2 amygdala receptors attenuates conditioned fear learning and expression (Nader
and LeDoux, 1999b; Guarraci, et aI., 1999; 2000; Waddington-Lamont and Kokkinidis,
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1998; Greba and Kokkinidis, 2000; Greba, et aI., 2001). In essence, results from
Experiments lA and ID suggest that raclopride and SCll 23390 introduced to the
amygdaloid complex before Pavlovian fear conditioning prevents the acquisition ofFPS by
interfering with CS-UCS associative leaming.
While DA antagonists clearly impair the ability of rats to make CS-UCS fear
associations they may also affect an animal's ability to discriminate between biologically
relevant sensory cues. For example it was noticed that in Experiments 1A and ID
raclopride and SCll 23390-treated rats failed to discriminate between cues that signalled
impending danger (i.e. CS preceding noise-burst) and cues that signalled no immediate
threat (Le. no CS then noise-burst). Essentially, raclopride and SCll 23390-infused rats
exhibited high acoustic startle responding on both the noise-alone and CS + noise stimulus
conditions during the acquisition phase of testing (for a quick review see Figure 14 and
Figure 29) but this did not result in FPS. The extent of this elevated startle becomes even
more obvious when the acquisition testing mean startle amplitudes (i.e. both noise-alone
and CS + noise) are compared to the mean startle amplitude recorded before any fear
conditioning took place (i.e. Preshock noise; see Figure 19 and 34 versus Figures 14 and
29). These high startle levels suggest that rats may have been highly aroused but unable to
discriminate between the cues that predict danger (i.e. CS + noise) and those that predict
safety (noise-alone). Perhaps the raclopride and SCll 23390 BLA infusions produced a
secondary effect by disrupting discriminative leaming in rats and this may have
compounded the FPS acquisition defieit observed in Experiments lA and 1D. This would
undoubtedly have a detrimental impact on FPS acquisition as rats that are unable to
discriminate between cues that predict danger and cues that signal safety would not be able
to leam well from experience.
There is scientific evidence to support the idea that DA receptors are involved in
discriminative leaming. For instance immediate posttraining administration of
amphetamine enhances memory retention in avoidance discrimination and shuttle box
avoidance tasks while posttraining intraventricular infusion ofDA improves the levels of
retention for behavioural repeltoires important in passive avoidance (Doty and Doty, 1966;
Haycock, et aI., 1977; Evangelista and Izquierdo, 1971). In addition, DA and DA agonists
have also been shown to improve associative fear leaming and fear memory retention
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(Guarraci, et al., 1999; Bridger and Mandel, 1967; Milner, ] 974; LaLumiere, Nguyen, and
McGaugh, 2004). The evidence fi:om studies showing that DA agonists enhance fear
memory retention combined with researeh demonstrating that DA antagonists disrupt fear
learning and memory formation provides compelling support for the notion that central DA
receptors are necessary for both conditioned fear learning and memory consolidation. For
example, Guarraci and colleagues (1999) demonstrated that intra-amygdaloid application of
the DA D1 receptor agonist SKF 82958 (2.0 Ilg and 1.0 Ilg) prior to fear conditioning but
not before retention testing caused an enhancement of conditioned defensive freezing
behaviour in laboratory rats. Also, systemic injections with centrally active DA agonists
improve learning (i.e. discrimination learning), memory consolidation, and performance of
conditioned responses during retention testing especially when these drugs are administered
before or shortly after training (Doty and Doty, 1966; Evangelista and Izquierdo, 1971;
Haycock, et aL, 1977; White. and Viaud, 1991). Consistent with these research
observations, amphetamine treatment enhances the acquisition ofFPS and active avoidance
responding in rats (Bridger and Mandel, 1967; Milner, 1974). Similarly, immediate
posttraining DA infusion into the BLA was shown to enhance fear retention in an inhibitory
avoidance task by significantly increasing the amount of time it took for rats to enter a test
compartment where they previously received footshock (LaLumiere, Nguyen, and
McGaugh, 2004). Moreover, it is noteworthy that the enhancing effects on conditioned fear
that Guarraci and associates (1999) obtained with intra-amygdalar SKF 82958 application
is generally compatible with the sensitising effects on FPS expression produced by DA
agonists (see Borowski and Kokkinidis, 1994; Gordon and Rosen, 1999; Willick and
Kokkinidis, 1995; Borowski and Kokkinidis, 1998). This adds weight to the view that DA
receptor activation may strengthen labile CS-UCS fear associations and stabilize the degree
of memory retention for aversive events.
Perhaps one way DA and DA agonists come to enhance conditioned fear learning,
memory consolidation, and discriminative learning processes is that these compounds may
intensify the fear evoking qualities ofthe CS, increase arousal and attention, and make
sensory cues that are associated with aversive events more salient (see Willick and
Kokkinidis, 1995; Borowski and Kokkinidis, 1994). This would explain why the
introduction of DA or DA receptor agonists into the amygdala Sh0l11y before or just after

646

fear-training improves memory retention for sensory cues that have been paired with
aversive events (Le. footshock) (see Guarraci, et aI., 1999; LaLumiere, et aJ., 2004). This
would also explain why it is difficult to extinguish FPS in rats that have been administered
DA agonists prior to extinction training (see Borowski and Kokkinidis, 1998). Thus, DA
agonists seem to make fearful events and memories more salient in laboratory rats.
It is even possible that elevated DA levels and DA receptor activation in the amygdala

may somehow work to enhance the meaningfulness of the es or make it more salient
during and after fear conditioning. For example, elevated DA levels or DA receptor
activation produced through es + ues (Le. sensory cue + footshock) pairings can gate
amygdaloidal LTP (Bissiere, et aI., 2003; Rosenkranz and Grace, 2002a b; Fuxe, et al.,
2003) and enhance neuronal excitability possibly through maximizing the association of
postsynaptic depolarization events triggered by the es that predicts the onset of the
footshock(UeS) with the actual aversive ues itself (Rosenkranz and Grace, 2002a;
2002b). In fact, research by Rosenkranz and Grace (2002a) has demonstrated that synaptic
plasticity in the basolateral amygdala as a result of repeated pairings of an olfactory cue
with a potent ues (footshock) is associated with both DA release and postsynaptic
depolarizations. It has been suggested that DA receptor activation and DA release in the
amygdala may enhance olfactory-evoked amygdala potentials, increase neuronal
excitability and add to the meaningfulness of the es simply because the es has been
simultaneously paired with an aversive ues (footshock), DA release and postsynaptic
depolarizations, all of which help to make the es a more biologically meaningful stimulus
that predicts the ues and signals danger (Rosenkranz and Grace, 2002a; 2002b).
Rosenkranz and Grace (2002a; 2002b) speculate that the simultaneous pairing of all these
events probably leads to a much greater el+ influx through voltage-dependent sources (i.e.
voltage-gated NMDA receptors or VGees) which in turn helps to modify amygdala
neurons and make the es more biologically significant. Also, as was mentioned above,
DA and DA agonists tend to enhance es-ues fear-learning and retention when introduced
into the amygdala either shortly before or immediately after fear training (Guarraci, et aI.,
1999; LaLumiere, et a1., 2004; Gorden and Rosen, 1999). Thus, DA release and DA
receptor activation in the amygdala may make the es more meaningful and fearful as these
events may act as an internal biochemical cue that adds to the amygdala-based excitability
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already produced through fear conditioning. Tfthis is indeed the case, then it is possible
that the pretraining infusion of DA antagonists (i.e. raclopride and SCH 23390) into the
basolateral amygdala ofrats (i.e. Experiments lA and ID) might have worked to reduce the
meaningfulness of the CS and disrupt FPS leaming.
Tn tenns of humans, it is highly probable that fear~memories are more intrusive and
therefore more accessible to subjects who suffer from schizophrenia and paranoid
psychosis as the positive emotional disturbances associated with these conditions tend to
worsen if DA receptor agonists like cocaine and d-amphetamine are socially abused by
these individuals (Anthony, et al., 1989; Aronson and Craig, 1986; Bell, 1973; Griffiths, et
aL, 1970; Sherer, ] 988; Angrist, et al., 1980). For instance, research has demonstrated that
cocaine and

d~amphetamine

which presumably enhances DA activity in various limbic and

prefrontal regions (i.e. amygdala, nucleus accumbens, prefrontal cortex), increases paranoid
ideations and anxiety in humans, exacerbates the positive symptoms of schizophrenia, and
sensitizes FPS responding in laboratory rats (Anthony, et a1., 1989; Aronson and Craig,
1986; Bell, 1973; Griffith, et al., 1970; Sherer, 1988; Angrist, et al., 1980; Borowski and
Kokkinidis, 1994; Willick and Kokkinidis, 1995; Gordon and Rosen, 1999). In stark
contrast, DA antagonists usually alleviate paranoid psychosis and the many emotional
disturbances associated with schizophrenia (Snyder, et aL, 1974; Carlsson, 1974; 1977;
Julien, 1996; Kandel, 2000 in Kandel, Schwartz and Jessell, 2000) and in the present
experiments (Experiments lA and ID) they also block the acquisition ofFPS. This
evidence seems to suggest that an overactive mesoamygdaloid DA system may be
responsible for paranoid behavioural disorders and the development of schizophrenia (see
Reynolds, 1983; Reynolds, 1992; Swerdlow, et al., 1990; Geyer, et aI., 1990; Inglis and
Moghaddam, 1999; Wan and Swerdlow, 1997; Fendt et al., 2000; also see Chapter 4) and
the elevated fear responding observed in rats that have been exposed to classical
conditioning or stressful environmental stimuli.
From the above discussion it is evident that DA agonists sensitise FPS and enhance fear
leaming and fear retention (Borowski and Kokkinidis, 1994; Gordon and Rosen, 1999;
Bridger and Mandel, 1967; Milner, 1974; Haycock, et a1., 1977; Guan-aci, et al., 1999;
LaLumiere, et aI., 2004). In contrast, DA receptor antagonists block CS-UCS associative
fear leaming and conditioned fear expression when they are administered either by a
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peripheral route or directly via intra-amygdaloid infusion (Davis, et a1., 1993; Nader and
LeDoux, 1999b; Waddington-Lamont and Kokkinidis, 1998; Guarraci, et aI., 1999; 2000;
Greba and Koldcinidis, 2000; Experiments 1A and 1D). The next section will discuss how
this type oflearning is disrupted at a neurobiological level by the administration ofDA
antagonists into the BLA. Accordingly, the next section will consider some of the
mechanisms of action and/or biological events which might explain how raclopride and
SCH 23390 produce their disruptive effect on FPS learning.

22.14: Dopamine Receptor Antagonists Introduced into the Amygdala may Block FPS
and Conditioned Fear by P/'eventing LTP.
There are several means through which raclopride and SCH 23390 may have prevented
FPS acquisition. Perhaps one of the ways in which raclopride and SCH 23390 could have
prevented conditioned fear learning is by interfering with LTP processes in the amygdala
during fear training. As previously mentioned LTP occurs in the amygdala (Chapman, et
aI., 1990; Clugnet and LeDoux, 1990; Quirk, et al., 1995; 1997; Huang and Kandel, 1998;
Maren and Fanselow, 1995; Lin, et al., 2001; for a review see Chapter 6) and Dl DA
receptors have been shown to be involved in contributing to a protein synthesis-dependent
form oflate phase LTP in the amygdala (Huang and Kandel, 1996). It is also well
established that the amygdala contains substantial populations of Dl and D2 DA receptors
that receive robust input from DA neurons located in the VTA (Bouthenet, et al., 1987;
Dawson, et aI., 1988; Boyson, et aI., 1986; McGonigle and Molinoff, 1986; Wamsley, et
al., ] 989; Meador-Woodruff, et aI., 1989; 1991; Fallon, et aI., ] 978; Swanson, 1982;
Loughlin and Fallon, 1983; Oades and Halliday, 1987; Asan, 1997; Brinley-Reed and
McDonald, 1999; also see Chapter 6) which means that VTA DA nemons could influence
the activity of amygdaloid neurons (see Rosenkranz and Grace 1999). Recently, it has been
demonstrated that tentanic electrical stimulation of the VTA at frequencies known to
promote elevated DA turnover in the hippocampus, prefrontal cortex, and amygdala, can
trigger LTP in the hippocampus and prefrontal cOltex (Gurden, Tassin and Jay, 1999).
Moreover, research has demonstrated that D1 and D2 DA receptor antagonists applied to
hippocampal tissue significantly reduces the magnitude of early and late phase LTP in the
CAl region of the hippocampus (Frey, Schroeder, and Matthies, 1990; Frey, Matthies,
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Reimann and Matthies, 1991; Otmakhova and Lisman, 1996), whereas DJ/Ds DA agonists
can greatly enhance early LTP (Otmakhova and Lisman, 1996). In addition, long-term
depression (LTD) in the hippocampus is blocked by DI/Ds receptor agonists and this effect
. can be reversed by pre-treatment with SCH 23390 a Dl receptor antagonist (Otmakhova
and Lisman, 1998). Further still, research by Rosenkranz and Grace (2002a) has
demonstrated that DA receptor activation and DA release is involved in mediating CSevoked potentials and LTP-like events in the basolateral amygdaloid complex. Since LTP
has been shown to occur in the amygdala during fear conditioning or following tetanic
stimulation (Rogan, et at, 1997a; McKeman and Shinnick-Gallagher, 1997; Quirk, et at,
1995; 1997; Chapman, et at, 1990; Maren and Fanselow, 1995; Lin, et aI., 2001; Huang
and Kandel, 1998; Huang, et aI., 2000; Yaniv, et aL, 2000; Rosenkranz and Grace, 2002a,b;
also see Chapter 6) and since DA metabolite levels within the amygdala and other corticolimbic regions are elevated by aversive sensory stimuli and conditioned stressors (Herman,
et aI., 1982; Ida, et at, 1989; Coco, et aI., 1992; Inoue, et aL, 1994; MOITOW, et at, 1996;
2000; Inglis and Moghaddam, 1999; Rosenkranz and Grace, 2002a), it is possible that DA
neural circuitry and Dl and D2 amygdaloid receptors contribute to the biological processes
that enhance synaptic efficacy and promote CS-UCS fear leaming and memory
consolidation.
One possible mechanism through which dopamine receptors may come to influence
amygdaloid LTP and conditioned fear leaming is through their interactions with adenylyl
cyclase and cAMP. It is known that DA application to neural tissue has the capacity to
activate adenylyl cyclase and cAMP production, and this effect can be disrupted by the
application ofD 2 receptor antagonists (see Jackson and Westlind-Danielsson, 1994).
Furthermore, DA DJ receptors are known to interact with Gs-protein molecules in order to
activate adenylyl cyclase and increase the amount of intracellular cAMP and both of these
substances are crucial for triggering some of the biochemical cascades that are necessary
for LTP induction (Civelli, et at, 1993; Westlind-Danielsson, 1994; Frey, et al., 1993; also
see Chapter 6 for a review on LTP). Conversely, D2 DA receptors are linked to Gi and Goprotein molecules that act to inhibit the production of cAMP, and a characteristic feature of
D2 receptors is that they tend to inhibit adenylyl cyclase activity (see Ongini and Longo,
1989; Blackbum, et at, 1992; CiveHi, et ai., 1993; Jackson and Westlind-Danielsson, 1994;
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Valone, et aI., 2000; Gingrich and Caron, 1993). It is therefore conceivable that intraamygdaloidal infusion ofraclopride or SCH 23390 disrupted LTP-like processes in the
amygdala complex by interfering with adenylyl cyclase and cAMP events that are known to
. be involved in initiating cascades of biochemical events that activate the Ca2+ calmodulincAMP-PKA-MAPK-CREB signalling pathway that is so important for LTP induction and
conditioned fear learning and memory consolidation (see Chapter 6 for a review on LTP).
Hence, the DJ and D2 receptor antagonists infused into the amygdala of rats could have
disrupted amygdaloidal LTP in a fashion similar to that observed in the hippocampal
formation (Frey, et aI., 1990; 1991; Otmakhova and Lisman, 1996; Huang and Kandel,
1996) and this in turn could have served to produce the deficits in FPS witnessed in the
raclopride and SCH 23390-treated rats tested in Experiments IA and ID.
In this connection, it is noteworthy that DA DdDs receptor agonists have been shown to

enhance LTP and reduce long-term depression (LTD) in the hippocampus (Otmakhova and
Lisman, 1996; 1998). It has been suggested that this enhancing effect on LTP may be due
to the ability ofDA and Dl receptors to improve the functioning and efficiency ofNMDA
channels (Otmakhova and Lisman, 1996) that are critical for LTP induction and
conditioned fear learning (Maren, 1996; 1999; Walker and Davis, 2000; 2002; Campeau, et
aI., 1992; Miserendino, et aI., 1990; Collingridge and Bliss, 1987; Teyler and DiScenna,
1987; Cotman, et aI., 1988; Bauer, et aI., 2002; also see Chapter 6). This notion seems
plausible as the functioning and efficiency ofNMDA receptor channcls in striatal neurons
is improved by DA acting on D j receptors in this region (Levine, Altemus, Cepeda,
Cromwell, Crawford, Ariano, Drago, and Westphal, 1996). Furthermore, D j DA receptors
can also increase the activity of voltage-gated calcium channels (VGCCs) by their ability to
2
stimulate adenylyl cyclase and cAMP and this could lead to increased intracellular Ca +
levels vital for LTP induction and maintenance. Further still, the activation ofD l receptors
can increase calcium concentrations in the intracellular domain of neurons by freeing up
2
intra-cellular Ca + stores via a phospholipase C (PLC) increase that is triggered by a Gs
protein-mediated increase in cAMP (Civelli, et aI., 1993; Jackson and Westlind-Danielsson,
1994). Thus, it is quite possible that active mesoamygdaloid DA systems and amygdaloid
DA receptors may work in concert to sensitise or increase the activity levels of various
other biochemical systems that facilitate LTP induction or enhance conditioned fear
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learning and memory retention (e.g. NMDA receptors,

ci+, Ca 2+/calmodulin, VOCCs).

Since DA agonists may act to enhance the efficiency ofNMDA and VOCCs, antagonising
DA receptors in the amygdala with raclopride or SCH 23390 may have reduced the
effectiveness of other neurobiological processes that are known to be essential for
conditioned fear learning. This may explain why raclopride and SCH 23390 were so
effective in preventing the acquisition ofFPS in rats tested in Experiment lA and 10.
While the above findings serve to strengthen the view that OA receptor antagonism in
the amygdala may have reduced synaptic modification during Pavlovian fear conditioning
and as a consequence impaired FPS in rats, there is a difficulty with the proposed
mechanism outlined above. The problem revolves around whether or not 0 1 and 02
receptors in the amygdala are solidly coupled to adenylyl cyclase and whether DAstimulated adenylyl cyclase activity actually occurs in the amygdala (Mailman, Schulz, and
Kilts, 1985; 1986; Dawson, et aI., 1988). While it is true the 0 1 and O 2 DA receptors have
been shown to activate and inhibit adenylyl cyclase activity in some limbic brain regions
(for reviews see Civelli, et al., 1993; Jackson and Westlind-Danielsson, 1994; Ongini and
Longo, 1989; Vallone, et aI., 2000) it must be noted that some early research indicates that
the coupling of 01 and O 2 receptors to adenylyl cyclase and cAMP activation does not seem
to occur in the amygdala (Mailman, et aI., 1985; 1986). Also, more recent
electrophysiological work by Loretan, Bissiere and Luthi (2004) indicates that 0 1 receptormediated transmission in the lateral amygdaloid nucleus operates independently of the
cAMP/PKA signal transduction cascade by relying more on the activation of the protein
tyrosine kinase Src. Thus, it is possible that D1 and O 2 DA receptors in the BLA and
central amygdaloid nucleus are not as strongly coupled to adenylyl cyclase and therefore
have no tangible impact on subsequent cAMP/PKA activation.
Although this poses a potential problem for the hypothesis that OA 0, and D2 receptor
antagonists block FPS acquisition and conditional fear by disrupting amygdaloidal LTP via
the adenylyl cyclase-cAMP pathway, there is still the possibility that OA D1 and D2
reeeptors can disrupt amygdaloidal LTP and fear learning by using alternative biochemical
pathways that bypass adenylyl cyclase. For example, Civelli and colleagues (1993) have
noted that there are situations where the activation ofD2 OA receptors does increase
intraeellular Ca2+. These scientists refer to research canied out on fibroblast and lactotroph

652

cells in mice where D2 receptor stimulation coupled with Go-protein activation elevates
intracellular Ca2+ directly via the stimulation of phosphinositide (PI) which acts to mobilize
Ca2- release from intracellular stores (Civelli, et ai., 1994). Furthermore, Jackson and
Westlind-Danielsson (1994) contend that stimulation of the DA D2 receptor can cause
numerous second messenger systems to become activated to facilitate Ca2+ release within
cells. For example, after the D2 receptor is mobilized and G-proteins are activated, PLC
acts to hydrolyze PI which in turn mobilizes inositol 1,4, 5, triphosphate (IP3) and
diacylglycerol (DAG) (Jackson and Westlind-Danielsson, 1994; also see Siegelbaum, et at,
2000). As will be recalled IP 3 binds to the endoplasmic reticulum and facilitates
intracellular Ca2+ release whilst, DAG activates PKC which is an important molecule
signalling pathway that is believed to be responsible for instigating LTP (Jackson and
Westlind-Danielesson, 1994; Siegelbaum, et at, 2000; see Chapter 6 on LTP). Because
Ca2c- is thought to be one ofthe essential ions that is necessary for setting in motion the
many biochemical cascades that facilitate LTP induction and fear memory consolidation
(see Chapter 6), it is quite probable that DA receptors may help bring about long-term
changes in synaptic efficacy through such a G-protein-mediated second messenger system.
Thus, DA Dl receptors coupled with Gs-proteins or Drlike receptors coupled with Gi or
Gs-proteins may influence intracellular Ca2+ levels through their specific interactions with
adenylyl cyclase, PLC, PI, IP3, cAMP, and PKA.
Since G-proteins are prolific in the brain and playa pivotal role in signal amplification
and transduction (Siegelbaum, et aI., 2000), it is not unrealistic to assume that DA receptors
may be critically involved in mediating LTP and memory consolidation processes in the
hippocampus and the amygdala. As mentioned above, research demonstrates that L TP
maintenance in the CAl region of the hippocampus is prevented by DA receptor
antagonism or the depletion ofDA metabolites (Frey, et aI., 1990; 1991; 1993; Otmakhova
and Lisman, 1996), whereas LTP is facilitated by DllOS receptor activation (Huang and
Kandel, 1995; 1996; Otmakhova and Lisman, 1996). Also, DI DA receptors have been
shown to be involved in contributing to a protein synthesis-dependent form oflate phase
LTP within the amygdala (Huang and Kandel, 1996) and D2 receptors have been shown to
gate LTP induction in the lateral nucleus of the amygdala (Bissiere, et aI., 2003).
Moreover, LTD in the hippocampus is blocked by Dl/Ds receptor agonists and this effect
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can be reversed by pre-treatment with SCH 23390 a 01 receptor antagonist (Otmakhova
and Lisman, 1998). Again the only difficulty is the fact that OA 0, and O 2 receptors in the
amygdala are not as strongly coupled to adenylyl cyclase activity as they are in other limbic
regions (Mailman, et aI., 1985; 1986), so it is likely that another mechanism through which
amygdaloid OA receptors influence conditioned fear learning and LTP may be present.
As communicated above, one possibility is that OA receptors in the amygdala may
circumvent the adenylyl cyclase system and use different second messengers to mobilize
Ca2~ ions and other important biochemical molecules necessary for LTP and conditioned

fear learning. Also, as mentioned earlier, OJ receptor-mediated synaptic transmission in
some amygdaloid nuclei involves the activation of the protein tyrosine kinase Src instead of
the cAMP/PICA cascade (Loretan, et aI., 2004). While on this topic, it is important to note
that it has been surmised that the amygdala contains a distinctive and specialized
subpopulation ofDA receptors that retain many of the characteristic features and binding
properties ofD] and 02-like receptors but without the OA-mediated adenylyl cyclase
component (Mailman, et aI., 1985; 1986; Dawson, et aI., 1988; Wamsley, et aI., 1989).
Thus, DA receptors in the amygdala may have all the binding characteristics of0 1-like
receptors but not be linked to OA-stimulated adenylyl cyclase activation (Wamsley, et aI.,
1989). In a similar fashion, Drlike receptors in the amygdala may have binding profiles
like 02 receptors elsewhere in the brain but their activation in the amygdala may not
necessarily act to inhibit adenylyl cyclase but may in fact help to regulate synaptic
transmission during learning and LTP induction. Thus, other possibilities or mechanisms
which can be used to explain how raclopride and SCH 23390 prevent FPS and disrupt
amygdaloidal LTP do exist, and some of these will be discussed next.

22.15: Dopamine D 1 and D2 Receptors and DA Fibres Located near Inhibitory

Amygdaloidal Interneurons may gate LTP Induction and Influence Conditioned Fear
Learning by Regulating Inhibition and Excitatory Synaptic Transmission within the
Amygdala
Some researchers have suggested that there is a strong possibility that amygdaloidal DA
receptors along with DAergic fibres emanating from midbrain VTA neurons together
influence conditioned fear learning and expression and LTP induction by interacting with
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intemeurons located within the amygdala complex (Guarraci, et aI., 1999; 2000;
Rosenkranz and Grace, 1999;

Brinley~Reed

and McDonald, 1999; Bisserie, et aI., 2003;

Fuxe, et a1., 2003; Kroner, et aI., 2005). Research indicates that in the amygdala, Dl and D2
receptors are located on or near inhibitory interneurons that are GABAergic or express
immunoreactivity for GABA (Dawson, et aI., 1988; Wamsley, et aI., 1989; MeadorWoodruff, et aI., 1989; 1991; Schibilia, et aI., 1992; Maltais, et aI., 2000; Fuxe, et aI., 2003;
Nitecka and Ben-Ad, 1987; Pare and Smith, 1993a). One such example is the intercalated
nuclei of the amygdala located between the basolateral amygdaloid complex and the central
nucleus of the amygdala. Many of the neurons of the intercalated cell group are
GABAergic and contain a rich supply of Dl and D2 receptor binding sites like their
counterparts found in the BLA and CeA (Wamsey, et aI., 1989; Dawson, et aI., 1988;
Meador-Woodruff, et at, 1989; 1991; Scibilia, et aI., 1992; Maltais, et aI., 2000). Also,
many DAergic immunoreactive fibres are concentrated in amygdaloid nuclear groups that
contain large numbers of medium sized spiny GABAergic neurons (Freeman and Cassell,
1994; Brinley-Reed and McDonald, 1999). Most of the DAergic fibres are located in the
lateral portion of the CeA and the dorsal BNST, while fewer such fibres are found in the
BLA, AStr, and intercalated cell masses (Freeman and Cassell, 1994; Fuxe, et a1., 2003).
GABAergic cell groups in the intercalated nucleus receive glutamatergic input from the
basolateral amygdaloid region and in turn send GABAergic fibres to the central nucleus of
the amygdala which is the major output nucleus of the amygdala that is considered
necessary for conditioned fear and emotional expression (Millhouse, 1986; Nitecka and
Ben-Ari, 1987; Pare and Smith, 1993a; 1993b; Davis, 1992a,b,c; Fendt and Fanselow,
1999; Maren, 1996; 1999; LeDoux and Muller, 1997). It should also be noted that the
intercalated amygdaloid cell group is located near the basolateral and central amygdaloid
nuclei where raclopride and SCH 23390 microinfusions occurred (see Experiments 1A and
ID), so it is possible that these DAergic antagonists might have interacted with the Dl and
D2 receptors found in the intercalated region and blocked FPS leaming. In addition, many
neurons found in the lateral portion of the central nucleus of the amygdala and parts of the
BLA are medium-sized spiny and aspiny cell types that display immunoreactivity for
GABA (McDonald and Pearson, 1989; McDonald, 1984; 1985; Sun and Cassell, 1993) and
DA immunoreactive fibres and Dl and D2 receptors are located throughout much of this
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region (Freeman and Cassell, 1994; Wamsley, et aI., 1989; Dawson, et aI., 1988; MeadorWoodruff, et a1., 1989; 1991; Scibilia, et aI., 1992; Brinley-Reed and McDonald, 1999).
Taking the above infonnation into account, it is possible that the raclopride and SCH
.23390 introduced into the amygdala of rats prior to fear conditioning interacted with DA
receptors to increase the level of inhibition directed towards projection neurons in the
basolateral and central amygdaloid nuclear groups. This increase in inhibitory tone could
have disrupted LTP in the amygdala and consequently prevented the acquisition of FPS in
raclopride and SCH 23390 treated rats in Experiments lA and 1D. Support for this
supposition comes from clectrophysiological experimentation that has demonstrated that
DA regulates LTP induction in the lateral amygdala by regulating feedforward inhibitory
signals stemming from local interneurons

(Bissit~re,

et aI., 2003). For example, Bissiere

and colleagues (2003) showed that IPSCs recorded from projection neurons were reduced
by quinpirole and DA application to amygdala slice preparations. In addition, these
researchers also revealed that feedforward inhibition onto lateral amygdaloid interneurons
was augmented by DA and quinpirole application

(Bissi<~re,

et aI., 2003). These results

indicate that O2 DA receptor-mediated events influence inhibitory synaptic transmission
within the amygdala either by decreasing inhibition onto projection neurons or by
increasing the magnitude of inhibitory signals directed onto interneurons (Bissiere, et aI.,
2003). Essentially, any reductions in IPSCs emerging from interneurons that target
projection neurons may lead to less inhibitory tone being generated throughout much of the
amygdala. Such a reduction in feedforward inhibition directed towards amygdaloid
projection neurons would substantially increase the excitatory signals produced by output
neurons residing in the amygdala (see Bissiere, et aI., 2003). Consistent with this
possibility, Bissiere and colleagues (2003) did find that activation of O2 receptors
suppressed feedforward inhibition onto projection neurons and helped to enhance LTP
induction at excitatory synapses. Thus, DA agonists may help to foster conditioned fear
learning and expression by ultimately increasing amygdaloid neural excitability and making
biochemical entities (Le. NMDA receptors and VGCCs) that are known to contribute to
LTP induction more efficient during Pav lovian fear conditioning (Levine et aI., 1996; also
see Chapter 6 on LTP, NMDA receptors and VGCCs).
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The most important finding made by Bissiere, et aI., (2003) that helps to explain how
raclopride might have prevented the acquisition ofFPS in Experiments lA and ID is their
discovery demonstrating that sulph'ide blocks DA's effect on IPSPs directed onto
. projection neurons in the amygdala, Basically, this research group found that the DA D2
receptor antagonist sulpiride applied to amygdala slice preparations was able to increase
IPSPs in the presence of DA (Bissiere, et aI., 2003). Sulpiride's ability to increase IPSPs in
the presence of DA and ensure that inhibitory output is maintained and transferred to
projection neurons suggests that raclopride infusion into the BLA of rats may have
prevented FPS by increasing inhibitory tone within the amygdala-based fear system at
excitatory synapses. One possible way that raclopride may have prevented FPS learning is
by binding to D2 receptor sites located on or near GABAergic interneurons that project to
projection neurons. The binding ofraclopride to these D2 receptor sites prior to the
administration of light + footshock fear conditioning trials may have served to increase
inhibitory tone in several key amygdaloid nuclei known to be involved in the acquisition
and expression ofFPS, namely the BLA and CeA. Thus, when fear training commenced
raclopride-treated rats probably had difficulties in establishing stable CS-UCS fear
associations as the propagation excitatory signals necessary for Pavlovian fear conditioning
and LTP induction would have been severely diminished in the basolateral and central
amygdala.
It should be noted that blocking conditioned fear and LTP through the D2 receptor-

mediated activation of the GABAergic interneurons in the amygdala is highly probable
since GABA agonists infused into the amygdala not only blocks the acquisition and
expression of several conditioned fear responses but also significantly reduces EPSCs and
the spontaneous firing rates of lateral and basolateral amygdaloid neurons (Helmstetter and
Bellgowan, 1994; Jerusalinsky, et aI., 1994; Corodimas, et aI., 1997; Maren, et aI., 2001;
Jasnow and Huhman, 2001; Wilensky, et aI., 2000; 1999; Yamada, et aI., 1999; see Chapter
6). Moreover, GABA neurons and receptors found in the amygdala have been shown to be
involved in facilitating inhibitory synaptic transmission within this limbic structure
(McDonald, 1985; McDonald, et aI., 1989; McDonald and Pearson, 1989; Sun and Cassell,
1993; Sun, et aI., 1994; Rainnie, et al., 1991b; Yamada, et aI., 1999; Wang, et ai., 2001;
also see Chapter 6). This may mean that the blockade of FPS learning with intra-BLA
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infusion of the O2 DA receptor antagonist raclopride in Experiments IA and 1D may have
been instigated by GABAergic neurons that are scattered throughout the amygdala. Since
DA immunoreactive fibres and DA receptors are heavily concentrated in amygdaloid
. regions that contain numerous intrinsic GABAergic neurons (Loughlin and Fallon, 1983;
Freeman and Cassell, 1994; Revay, et al., 1996; Maltais, et aI., 2000; Brinley-Reed and
McDonald, 1999; Scibilia, et aI., 1992; Fuxe, et aI., 2003; Nitecka and Ben-Ad, 1987; Pare
and Smith, J993a) it is plausible that the meso amygdaloid DA system may influence
conditioned fear acquisition and expression by interacting with GABA interneurons. Thus,
raclopride's detrimental effects on FPS learning in Experiments lA and I D may be
attributed to its ability to activate GABAergic neurons that normally act to reduce
neurosynaptic excitability. This of course may have decreased the level of excitability that
is needed to produce L TP and stable stimulus-stimulus fear associations. Taking the above
information into account, it is probable that the meso limbic DA system and amygdaloidal
DA receptors form a complex neural network that is involved in Pavlovian fear learning
and expression and in many of the maladaptive fear-motivated behavioural disturbances
witnessed in human clinical populations (see discussions on schizophrenia and PTSD
mentioned later on).

22.2: The Mesolimbic DA System and Mesoamygdaloid DA Receptors: A Neural Circuit
that Sensitises the Amygdala-based/ear system to Enhance Conditioned Fear Learning
and Expression
Scientific results from a number of published works have demonstrated the impOltance
of the mesolimbic DA system and DA receptors in fear learning, expression, and stress
related responding (Ashford and Jones, 1976; Davidson and Weidley, 1976; Arnt, 1982;
Sherman, et aI., 1982; Petty, et aI., 1984; Oades, et aI., 1987; Borowski and Kokkinidis,
1996; Nader and LeDoux, 1999a,b; Munro and Kokkinidis, 1997; Borowski and
Kokkinidis, 1998; Waddington-Lamont and Kokkinidis, 1998; Guarraci and Kapp, 1999;
Guarraci, et aI., 1999; 2000; Greba and Kolddnidis, 2000; Gifkins, et aI., 2002; Helman, et
aI., 1982; Coco, et aI., 1992; Inglis and Moghaddam, 1999). Dopamine neurons of the
midbrain VTA contain numerous DA receptors (Martres, et aI., 1985; DuBios, et aI., 1986;
Bouthenet, et aI., 1987; Charuchinda, et aI., 1987; Meador-Woodruff, et aI., 1989; 1991;
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Mansour and Watson, 1995) and cells in this region provide the amygdala, nucleus
accumbens, anterior cingulate, and medial prefrontal cortex with rich DAergic input (Oades
and Halliday, 1987; Swanson, 1982; Berger, et a1., 1976; Emson and Koob, 1978; Loughlin
and Fallon, 1983; Brinley-Reed and McDonald, 1999). In addition to this, DA D1 and D2
receptors are located in the amygdala and other limbic structures of the basal forebrain such
as the nucleus accumbens and ventral pallidum (Meador-Woodruff, et aI., 1989; 1991;
Dawson, et a1., 1988; Wamsley, et aI., 1989) and these regions appear to be necessary for
tear-motivated learning (Salamone, 1994; Blackburn, et aL, 1992) and regulating the
prepulse inhibition of acoustic startle in rats (Wan and Swerdlow, 1993; 1997; Swerdlow,
et aL, 1990; Geyer, et aI., 1990; Fendt, Schwienbacher and Koch, 2000). Moreover,
anterograde and retrograde tracing techniques combined with immunocytochemistry
carried out by Johnson, and colleagues (1994) revealed that BLA projections to the nucleus
accumbens forms asymmetrical synaptic contacts on the heads of dendritic spines, whereas
symmetrical synaptic input originating fi'om mesolimbic DA neurons make contacts either
on the necks of dendritic spines or on other nearby adjacent dendrites.
Given the neuroanatomical anangement mentioned above, it is highly likely that VTA
DA neural dynamics and DA receptors playa crucial role in mediating many conditioned
fear responses within the amygdala-based fear system. For example, 6-0HDA lesions of
the VTA that primarily destroy neurons that produce and release DA have been shown to
prevent rats from acquiring a two-way conditioned active avoidance response (Oades, et aI.,
1987). In addition, inhibiting VTA DA neurons by microinfusing the D213 DA receptor
agonist quinpirole into the DA rich Al 0 region has been shown to be extremely effective in
suppressing the expression ofFPS in rats conditioned to a visual CS (Borowski and
Kokkinidis, 1996; Munro and Kokkinidis, 1997). In a similar vein, infusion of quinpirole
into the VTA blocks the shock sensitisation of acoustic (Gifkins, et al., 2002) and second
order fear conditioning in rats (Nader and LeDoux, 1999b). Also, intra-VTA infusion of
the GABA A receptor agonist muscimol blocks both the expression ofFPS, and the shock
sensitisation of startle in laboratory rats, presumably through a GABAergic receptor
mediated inhibition ofVTA DA neurons (Munro and Kokkinidis, 1997; Gifkins, et aI.,
2002; Wcstrink, et aI., 1996; Westrink, et aI., 1998).
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Consistent with the theme that mesolimbic DA systems are necessary for conditioned
fear and stress related responding are the experimental data demonstrating that VTA DA
neurons alter their activity during aversive events and likely help to facilitate the release of
. DA metabolites in terminal limbic and cortical regions when they are stimulated (Guarraci
and Kapp, 1999; Rosenkranz and Grace, 1999). For instance, it is well established that
exposure to environmental stressors (i.e. footshock and restraintlhandling), predator odors,
or conditioned fear cues, causes DA metabolism to increase in the VTA, amygdala, nucleus
accumbens, and prefrontal c0l1ex (Deutch, et a!., 1985; Inoue, et aI., 1994; Herman, et aI.,
1982; Coco, et aI., 1992; Ida, et aI., 1989; Beck and Fibiger, 1995; Deutch, et aI., 1991;
Inglis and Moghaddam, 1999; Morrow, et aI., 2000). Fm1hermore, as will be recalled, the
concentrations of DA metabolites are substantially elevated in the left amygdala of patients
who suffer from schizophrenia (Reynolds, 1983; 1992) and this finding is consistent with
the long standing belief in the research literature that DA hyperactivity in the amygdala and
prefrontal brain regions (i.e. nucleus accumbens, ventral striatum, mPFC) is somehow
responsible for generating the fear and

anxiety~like

states observed in those who suffer

from severe schizophrenia (Stevens, 1973; Matthysse, 1978; Stevens, 1979; Lewis, 1980;
Reynolds, 1983; 1992; Wan and Swerdlow, 1993; 1997; Hauber and Fudge, 1997; Inglis
and Moghaddam, 1999; also see Chapter 4).
From the above discussions it seems likely that the meso limbic DA system that fosters
conditioned fear leaming and expression may be the same system that malfunctions to
cause the emotional pathology exhibited by those afflicted with paranoid schizophrenia. So
when attempting to understand how fear is acquired through conditioning and then
expressed behaviourally, it is of course, quite intriguing to find that DA receptor agonists
(Le. cocaine,

d~amphetamine)

which enhance DA activity in c0l1ico-limbic brain regions

and sensitise FPS responding also exacerbate many of the positive symptoms (Le.
fearfulness, paranoid ideations and delusions, anxiety) associated with schizophrenia
(Anthony, et aI., 1989; Aronson and Craig, 1986; Sherer, 1988; Angrist, et aI., 1980;
Borowski and Kokkinidis, 1994; Willick and Kokkinidis, 1995; Gordon and Rosen, 1999).
Conversely, neuroleptic drugs that antagonise D2 DA receptors and block conditioned fear
and avoidance responding in rats tend to alleviate the emotional and behavioural
disturbances generated by schizophrenia (Snyder, et aI., 1974; Carlsson, 1977; Julien, 1996;
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Davidson and Weidley, 1976; Arnt, 1982; Sherman, et al., 1982; Petty, et al., 1984; Davis,
et aL, 1993; Hijzen, et aL, 1995). It is also noteworthy that the fear or stress induced
increases ofDA metabolites in the prefrontal cortex can be prevented from occurring by
. either destroying the amygdaloidal noradrenergic fibre system innervating the VTA (Herve,
et al., 1982) or by lesioning the amygdala (Davis, et al., 1994b; Goldstein, et aL, 1996). For
example, Goldstein and associates (1996) demonstrated that both pre and posttraining
NMDA lesions of the amygdala not only blocked stress-induced defensive fi'eezing and
ultrasonic vocalizations but also blocked the stress-induced increases in mPFC DA. In
addition to this research finding, NMDA lesions of the VTA have been shown to
significantly block the expression ofFPS in rats, and as mentioned above, the inhibition of
VT ADA receptors with intra-VTA administration of quinpirole or muscimol blocks the
expression of FPS and prevents shock sensitised acoustic startle from developing
(Borowski and Kokkinidis, 1996; Munro and Kokkinidis, 1997; Gifkins, et al., 2002).
Thus, the key constituents of the mesocorticolimbic DA system which includes the VTA,
amygdala, nucleus accumbens and prefrontal cortex may represent a system or emotional
circuit that is designed to maintain optimal arousal and enhance stimulus-stimulus learning
especially when seemingly innocuous cues (i.e. light or tone) are paired with aversive
stimuli or stressful events (i.e. footshock). Once conditioned stressors or fear eliciting cues
have been consolidated into long-term memory, their reintroduction may quickly activate
the VTA to elevate arousal and DA turnover in the amygdala and other brain regions (i.e.
nucleus accumbens and mPFC).
In the amygdala, DA may bind to D2 receptors found on or near inhibitory GABAergic
intel11eurons to reduce feedforward inhibition and increase levels of excitability at
projection neurons (Bissiere, et al., 2003). The increased excitability at amygdala
projection neurons could lead to the retrieval of fear memories and the recruitment of other
brain regions that are necessary for the expression of conditioned fear responses. For
example, excited basolateral and central amygdala nucleus neurons may activate the
reticularis pontis caudalis nucleus (RPC) which is necessary for fear-potentiated stanle and
the nucleus accumbens which is involved in active avoidance responding and the prepulse
inhibition of startle (Rosen and Davis, 1988a, b, Rosen, et al., 1991; Salamone, 1994;
Johnson, et al., 1994; Johnson, Aylward and Totterdell, 1994; Swerdlow, et al., 1990;
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Geyer, et al., 1990; Wan and Swerdlow, 1994; 1997). Also, when aroused, basolateral and
central amygdala neurons projecting to the hypothalamus, midbrain, pons, and medulla
(Hopkins and Holstege, 1978; Krettek and Price, 1978; Schwaber, et al., 1980; 1982;
. Higgins and SchwabeI', 1983; Veening, et al., 1984; Bandler, et al., 1985; Gray and
Magnuson, 1992; Wallace, et al., 1992; Rosen, et al., 1991; Iwata, et aI., 1987; Rosen and
Davis, 1988a,b; Applegate, et al., 1983; Gelsema, et al., 1987), have the capacity to activate
a number of midbrain and brainstem nuclei (e.g. VTA, PAG, parabrachial nucleus, RPC,
vagus, nucleus of the solitary tract, nucleus ambiguus) that are involved in the expression of
several conditioned fear responses such as defensive freezing, hypoalgesia, bradycardia,
and potentiated startle (LeDoux, et al., 1988; De Oca and Fanselow, 1995; Fanselow, et al.,
1995; Fanselow, 1991; Helmstetter and Landeira-Fernandez, 1990; Helmstetter, 1992;
Kinscheck, et al., 1984; Tershner and Helmstetter, 1992; Watkins, et al., 1982; Applegate,
et al., 1983; Kapp, et al., 1982; Fendt, et aI., 1994; 1996; Fendt, 1998; Rosen and Davis,
1988ab; Walker and Davis, 1997d; Walker, et al., 1997; Borowski and Kokkinidis, 1996;
Munro and Kokkinidis, 1997; Gif1<.ins, et al., 2002; for a review see Davis, 1992a,b,c; and
Chapters 4 and 5).
Perhaps the most notable research results to date which highlight the importance ofDA
systems in fear learning and memory retrieval are the recent reports that demonstrate that
intra-amygdaloid infusion ofDA receptor antagonists block classically conditioned fear
learning and expression when the defensive freezing and FPS paradigms are used to assess
conditional fear (Guarraci, et al., 1999; 2000; Nader and LeDoux, 1999b; WaddingtonLamont and Kokkinidis, 1998; Greba and Kokkinidis, 2000; Greba, et al., 200 I; also see
Experiments lA and 1D). For instance, Waddington-Lamont and Kokkinidis (1998)
revealed that the behavioural expression ofFPS was blocked by the bilateral infusion of the
selective DJ DA receptor antagonist SCH 23390 into the amygdala of rats. Similar infusion
of SCH 23390 into the nucleus accumbens failed to prevent FPS expression (WaddingtonLamont and Kokkinidis, 1998). Also, both peripheral administration and intra-amygdalar
infusion ofSCH 23390 prior to repeated fear conditioning and testing sessions blocked the
acquisition of FPS in rats (Greba and Kolddnidis, 2000). Recent work by Guarraci and coworkers (2000) has demonstrated that intra-amygdaloid infusion of the D2 receptor
antagonist eticlopride blocks defensive freezing behaviour to an auditory CS when it is
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administered either before fear conditioning or before both fear conditioning and retention
testing. It is important to emphasise that the results reported by GualTaci and associates
(2000) and several other researchers who have examined how amygdaloid DA receptors
. influence conditioned fear learning and expression (Waddington-Lamont, 1998; Greba and
Kokkinidis, 2000; Nader and LeDoux, 1999b; Guarraci, et aI., 1999) are highly consistent
with the experimental finding obtained in Experiments 1A and 1D of this thesis which
clearly showed that the blocking ofD] and D2 DA receptors in the amygdala prevents the
acquisition of FPS in rats. On the whole the above discussions and research findings of
Experiments 1A and 10 are particularly impOliant, since they suggest that VTA DA
neurons, amygdaloid DA receptors, and DA activity at limbic regions such as the amygdala
are vital for conditioned fear learning and expression.

22.21: Volume Transmission, Synaptic Transmission, and DA and Glutamate Receptor
Interactions may contribute to Conditioned Fear Learning
Of course, one of the key questions that must be addressed next is, how does the
presence ofDA influence neural activity and the firing rates of amygdaloid neurons in the
first place? A closely related line of enquiry is how do elevated DA levels affect glutamate
receptors and VGCCs and how can this have an impact on the cascade of biochemical
events that is impOliant for conditioned fear learning? In other words, how do DA and
glutamate receptor interactions contribute to fear learning and/or expression and what
happens if dopamine antagonists are infused into amygdala before fear conditioning? By
addressing these questions, this section will offer an explanation as to how DA and NMDA
receptor interactions can impact on fear learning.
To begin with, it is well established that DA metabolites are increased in the amygdala
after exposure to aversive stimuli or conditioned cues that predict danger (Herman, et aI.,
1982; Coco, et ai., 1992; Inoue, et aI., 1994; Rosenkranz and Grace, 2002a,b) and research
demonstrates that the firing rates ofBLA neurons are altered by systemically or
iontophoretic ally administered DA or DA agonists (Rosenkranz and Grace, 1999; Kroner,
Rosenkranz, Grace, and Barrionuevo, 2005). Furthermore, DA immunoreactive fibres are
found in the amygdala (Freeman and Cassell, 1994; Brinley-Reed and McDonald, 1999) as
are DA receptors (Meador-Woodruffet aI., 1989; 1991; Dawson, et aI., 1988; Scibilia, et
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aI., 1992; Wamsley, et aI., 1989; Boyson, et aI., 1986). Moreover, the capsular and lateral
capsular regions of the central amygdaloid nucleus contain numerous D2 receptors but
relatively few DAergic immunoreactive fibres (Freeman and Cassell, 1994; Scibilia, et a!.,
] 992). Nevertheless, DA and tyrosine hydroxylase (TH) immunoreactive fibres are
scattered throughout much of the amygdala and at various rostrocaudallevels (Freeman and
Cassell, 1994; Revay, et aI., 1996; Asan, 1997). Taking all this into account, it is
conceivable that DA directed at terminal regions during times of intense fear or stress can
influence the metabolic activity and firing rates of amygdaloid neurons either through
volume transmission or synaptic transmission. With volume transmission DA is released
into terminal regions and cell populations in large quantities much like a hormone or
neuromodulator. This type ofDA release has the potential to influence a large number of
cells all at once through its ability to bind with DA receptor sites (Freeman and Cassell,
1994). Hence the volume transmission ofDA may have a long-lasting impact on neural
activity in limbic areas like the amygdala and nucleus accumbens. A clear example of such
an event would be the ability ofDA and DA agonists to increase levels of excitability in the
amygdala by diminishing feedforward inhibition onto projection neurons (see Bisserre, et
aI., 2(03). This may to a large degree explain why DA agonists sensitise FPS responding
(Borowski and Kolddnidis, 1994; Williek and Kokkinidis, 1995; Gorden and Rosen, 1999),
prevent the extinction ofFPS (Borowski and Kokkinidis, 1998), disrupt sensorimotor
gating (Mansbach, et aI., 1988; Peng, et aI., 1990; Wan, et aI., 1996; Swerdlow, et ai.,
1990), and facilitate avel'sively motivated learning and retention (\\-'bite and Viaud, 1991;
Doty and Doty, 1966; Evangelista and Izquierdo, 197]; also see Guarraci, et ai., 1999).
In stark contrast, synaptic transmission involves a more mechanistically precise pre- and
postsynaptic interaction whereby DA released from a presynaptic cell's terminal button
only targets specific postsynaptic receptors and neurons. Thus, in synaptic transmission
DA's ability to influence signal propagation may be more localized to certain types of
neurons and DA receptor sites that are present and colocalized with other types of receptors
or ion channels (e.g. NMDA, AMPA and VGCCs). As mentioned earlier, DA's action at
DJ receptors makes NMDA receptor channels and VGCCs much more efficient (Levine, et
aI., 1996; Civelli, et aI., 1993; Jackson and Weslind-Danielsson, ] 994) and it has been well
established that glutamate receptors (Le. NMDA and AMP A) and VGCCs are involved in
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conditioned fear learning and expression, LTP induction, and excitatory synaptic
transmission (Miserendino, et al., 1990; Campeau, et al., 1992; Fanselow and Kim, 1994;
Maren, et al., 1996; Walker and Davis, 2000; 2002; Lee and Kim, 1998; Goosens and
Maren, 2003; Lee, et aI., 2001; Bauer, et aI., 2002; Shinnick-Gallagher, et al., 2003; Kim, et
al., 1993; Davis, et al., 1994; Chapman and Bellavance, 1992; Walker and Davis, 1997;
Rainnie, et al., 1991 a; Gean and Chang, 1992; Malenka and Nicoll, 1993; 1999; Li, et a1.,
1995; Maren, 1996; 1999; Co11ingridge, et al., 1983; McKernan and Shinnick-Gallagher,
1997; Mahanty and Sah, 1998; Collingridge and Bliss, 1987; MacDermott and Dale, 1987;
Reymann, et al., 1989; Schafe, et al., 2001; Wang, et al., 2001; 2002; Weisskopf, et aL,
1999; Sah and Lopez De Armentia, 2003; for a review see Chapter 6). Thus, it is possible
that the blockade of DA D, and D2 receptors in the amygdala prior to fear-training reduced
the efficiency ofNMDA receptors and VGCC enough to prevent FPS acquisition from
developing in the raclopride and SCH 23390-treated rats of Experiment lA and 1D.
Whether this occurred by D, or D2 receptor-mediated actions on GABAergic interneurons
or by the ability of D, and D2 receptors to influence adenylyl cyclase and cAMP is of
course difficult to tell. However, it must be emphasised that lateral aspects of the central
nucleus of the amygdala and most of the intercalated masses of the amygdala closely
resemble the striatum, in that they receive robust DA innervation (Simon, et al., 1979;
Loughlin and Fallon, 1983; Swanson, 1982; Oades and Halliday, 1987; Freeman and
Cassell, 1994; Fuxe, et a1., 2003), contain numerous DA receptors (Scibilia, et aI., 1992;
Meador-Woodruff, et al., 1989; 1991; Dawson, et al., 1988; Maltais, et a1., 2000), and have
medium-sized spiny neurons that contain GABA (McDonald, 1982; 1983; Millhouse, 1986;
Sun and Cassell, 1993; Alheid and Heimer, 1988; McDonald, 1992; 1998; Alheid, et al.,
1995; also see Chapter 3). Also, SCH 23390 and high concentrations of the DI/D2 DA
receptor antagonist haloperidol have been reported to block the stimulation of adenylate
cyclase and cAMP produced by the Dl DA receptor agonist SKF 38393 in striatal tissue
slice preparations (Saller and Salama, 1986). This could mean that SCH 23390 and
raclopride infusions into the amygdala of rats in Experiments lA and ID prevented FPS
learning by somehow disrupting adenylate cyclase and cAMP activity in the amygdala.
Furthermore, it is well documented that DA and GABA receptors and neurons located in
the amygdala, nucleus accumbens and ventral pallidum/striatum are involved in the PPI of
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startle (Fendt, et aI., 2000b; Wan and Swerdlow, 1993; 1997; Kodsi and Swerdlow, 1995;
Swerdlow, et al., 1992) and in mediating several forms of appetitive and aversive
motivational learning and behaviour (see Blackburn, et al., 1992; Salamone, 1994; ScheelKrUger, 1986; Kuramiya and Nakajima, 1988; Josselyn, Miller and Beninger, 1997;
Cardinal, Parkinson, Hall and Everitt, 2002). Thus, it is plausible that DA-GABA systems
regulate LTP in the amygdala and contribute to the formation of CS-UCS fear associations
(see Bissiere, et al., 2003; Fuxe, et al., 2003). In addition, the basolateral amygdaloid
complex contains spiny pyramidal neurons that have numerous 1\MDA and AMP A
receptors (Cotman, et aI., 1987; Farb, et al., 1995; lnsel, et al., 1990; McDonald, 1992;
1998; Alheid, et al., 1995; also see Chapter 3). In the striatum and nucleus accumbens DA
fibres terminate on the necks of dendritic spines of medium-sized spiny neurons (Johnson,
et al., 1994). Also as will be recalled from Chapter 3, BLA neurons contain large and
mediuni-sized spiny pyramidal neurons that closely resemble their counter parts found in
the striatum and cortex (Carlsen and Heimer, 1988; McDonald, 1992; Alheid, et al., 1995;
also see Chapter 3). Since many of the NMDA and AMPA receptors that are located on the
heads of dendritic spines receive input from thalamic and cortical afferents which use
glutamate as a neurotransmitter (Farb, et al., 1992; LeDoux and Farb, 1991; Li, et al., 1995;
Gean and Chang 1992; Weisskopfand LeDoux, 1999; Mahantyand Sah, 1999; see Chapter
3) and since DA fibres terminate on the necks of these dendritic spines, it is highly possible
that DA fibres and receptors localized in this region have the capacity to influence
glutamatergic synaptic transmission, LTP-Iike events, and conditioned fear learning and
expression.
Viewed in this light, it is possible that DA fibres and receptors and increased DA levels
in the amygdala could work in combination with glutamatergic receptors (Le. NMDA and
AMPA) to arouse neurobiochemical systems that promote conditioned fear learning and
LTP within the amygdala-based fear system. Indeed, stimulation ofDA receptors causes
physiological and behavioural arousal, whereas the blockade of DJ and D2 receptors leads
to EEG synchronization and sedation in rabbits (Ogini and Longo, 1989). Also, some
neuroscientists suggest that the basolateral amygdaloid complex is a critical part of a
memory-storage neural circuit that uses emotionally arousing situations to improve memory
consolidation and retention for aversive events (Cardinal, et aI., 2002; McGaugh, Ferry,
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Vazdarjanova and Roozendaal, 2000; LaLumiere, et al., 2004) and research has
demonstrated that posttraining intra-BLA infusion of either the DI DA receptor antagonist
SCH 23390 or the D2 DA receptor antagonist sulph-ide impair fear memory consolidation
and retention in an inhibitory avoidance task (LaLumiere, et aL, 2004). Incidentally, the
basolateral amygdaloid complex of rats was where much of the SCH 23390 (Experiment
1D) and raclopride (Experiments lA and 1D) was administered before fear conditioning
and FPS acquisition testing commenced. These DA receptor antagonists blocked the
acquisition of FPS and most likely impaired the formation of long-term fear memories (Le.
consolidation) as FPS was also absent in SCH 23390 and raclopride-treated rats during
retention testing. Thus, the blockade of D\ and D2 DA receptors in the amygdala may have
prevented the acquisition of FPS by simply blunting arousal and reducing the efficiency of
glutamatergic receptors (i.e. NMDA and AMPA) and VGCCs in the amygdala. So it is not
inconceivable that amygdaloid DA and glutamate receptors may operate in a synergistic
manner to promote CS-UCS fear learning, fear memory retrieval, LTP, and possibly FPS
reinstatement.
As a matter of fact, a plethora of research and literature reviews suggest that N1vIDA and
AMPA receptors and VGCCs are involved in facilitating the entry of Ca 2+ into the
postsynaptic cells during LTP induction (Collingridge, et aL, 1983; Malenka and Nicoll,
1993 Bliss and Collingridge, 1993; Reymann, et al., 1989; Grover and Teyler, 1990; Huang
and Malenka, 1993; Cavus, and Teyler, 1996; McKernan and Shinnick-Gallagher, 1997;
Mahanty and Sah, 1998; Morgan and Teyler, 1999; Weiskopf, et al., 1999; Bauer, et al.,
2002; Schafe, et al., 2001; see Chapter 6). As will be recalled from the detailed discussion
in Chapter 6, Ca2+ entry into neurons has the capacity to activate numerous biochemical
agents, protein kinases, and second messenger systems such as uCaMKII, PKC, PKA,
adenylyl cyclase, cAMP, MAPK and CREB (Kandel, 2000; Schafe, et al., 2001; also see
Chapter 6). It is also important to remember that the cAMP-PKA-MAPK-CREB signalling
pathway is necessary for LTP, associative learning and fear memory consolidation as are
glutamate receptors and VGCCs CWu, et al., 1999; Kandel, 2000; Schafe, et al., 2001; Bliss
and Collingridge, 1993; Atkins, et aI, 1998; Schafe and LeDoux, 2000; Josselyn, et al. ,
2001; Stork and Pape, 2002; Rogan, et ai, 1997b; McKernan and Shinnick-Gallagher, 1997;
Mahanty and Sah, 1998; Miserendino, et al., 1990; Campeau, et al., 1992; Liang, et a1.,

667

1994; Walker and Davis, 2000; 2002; also see Chapter 6). Since DA has the capacity to
improve the efficiency ofNMDA receptors and VGCCs (Levine, et al., 1996; Civelli, et al.,
1993; Jackson and Westlind-Danielsson, 1994) enhance arousal and fearretention (Ogini
and Longo, 1989; Guarraci, et al., 1999; LaLumiere, et al., 2004), alter the firing rate of
BLA neurons (Rosenkranz and Grace, 1999; 2002a; Kroner, et al., 2005; Loretan, et al.,
2004) and gate LTP induction in the lateral amygdala (Bissiere, et al., 2003; Rosenkranz
and Grace, 2002a), it is quite possible that blockade ofD l and D2 DA receptors in the
amygdala blocked FPS learning by disrupting the activity of glutamate receptors and
VGCCs that help to set in motion many of the intracellular biochemical cascades that are
necessary for LTP, CS-UCS fear learning and memory consolidation. Perhaps this explains
why either antagonism ofDA receptors in the amygdala or suppression of the VTA DA
neurons usually has a detrimental effect on conditioned fear learning and expression
(Waddington-Lamont and Kokkinidis, 1998; Guarraci, et al., 1999; 2000; Nader and
LeDoux, 1999b; Greba and Kokkinidis, 2000; Greba, et al., 2001; Borowski and
Kokkinidis, 1996; Munro and Kokkinidis, 1997; Gifkins, et al., 2002; also see Experiments
lA and ID). In any event, it can be stated that the major contribution made by Experiments
lA and ID of this thesis is that the Dl and D2 DA receptor antagonists SCH 23390 and
raclopride block the acquisition ofFPS responding when intra-amygdala infusions occur
before fear-training and testing.
In summary, the research work regarding the acquisition ofFPS had shown a role for
amygdaloid NMDA receptors (Miserendino, et al., 1990; Campeau, et aI., 1992; Walker
and Davis, 2000; Fendt, 2001; Walker and Davis, 2002) however, little work had examined
the role of amygdaloidaJ DA receptors in this capacity (but see Greba and Kolddnidis,
2000). Experiment lA and ID accomplished this task and conclusively demonstrated that
DI and D2 DA amygdaloid receptors are involved in the acquisition ofFPS. This work
brought the FPS acquisition studies to a logical conclusion. From the review ofthe
research literature carried out in Chapter 6 and from the results of Experiments lA and ID

it was established that amygdaloid NMDA and DA receptors are involved in the acquisition
and expression ofFPS (but see Campeau, et al., 1992 and Walker and Davis, 2000 versus
Fendt, 2001 regarding the role ofNMDA receptors in FPS expression). However, the role
of the amygdala in fear reinstatement had not yet been investigated. Therefore the next
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series of experiments were designed to determine the amygdala's contribution to FPS
reinstatement. This involved first conducting a behavioural study to establish experimental
parameters and demonstrate that a robust FPS reinstatement effect could be achieved. The
. behavioural study was then followed by a series of pharmacological and
electrophysiological experiments that were designed to assess the contribution made by the
amygdala to FPS reinstatement. In fact, the pharmacological and electrophysiological
experiments were the first to examine the role of the amygdala in the reinstatement ofFPS
when they were conducted back in 2001 and 2002. As such, this experimental work
provided new information into the neural and biochemical substrates that facilitate FPS
reinstatement.

22.3: The Administration of Unsignalled FootS/lOCks Reinstates FPS in FearExtinguished rats
Experiment 2 demonstrated that fear-extinguished rats administered 5 unsignalled
footshocks exhibit a robust reinstatement ofFPS when tested 24 hours after fbotshock
exposure. This behavioural study clearly showed that conditioned fear could be easily
restored by exposing fear-extinguished rats to the

ues in the test context where fear

conditioning and behavioural testing took place. It is important to note that the FPS
reinstatement results are consistent with other research demonstrating that conditioned fear
can be restored if animals are exposed to the U es alone (Rescorla and Heth, 1975;
Gewirtz, Falls and Davis, 1997; Westbrook, et al., 2002). In contrast, rats subjected to 140
non-reinforced extinction trials but no reminder unsignalled footshocks displayed normal
fear-extinction and no FPS during final testing.
Since the results from Experiment 2 so clearly demonstrated that unsignalled footshocks
(i.e.

ues alone) caused the reinstatement ofFPS in fear-extinguished rats, one can

speculate that reexposure to footshocks produced the FPS reinstatement effect by activating
or arousing the neural substrates that were originally involved in conditioned fear learning
and expression. The reactivation of fear systems and conditioned fear memories by
unsignalled shock exposure probably caused the tenuous inhibitory learning that had been
established during extinction training to be displaced (Boutin, 1993; Boutin and Ricker,
1994; Rescorla and Heth, 1975; Westbrook, et al., 2002). Viewed this way, unsignalled
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footshock may act as a sensory-mnemonic device that serves to reactivate es-ues fear
associations that have been masked by extinction training. It should be mentioned that the
strength ofthe ues memory has an impact on the degree of conditioned fear expressed
(Rescorla, 1974). Therefore, any strengthening of the ues memory by unsignalled
footshock administration could have also influenced the level of FPS reinstatement
exhibited by rats in Experiment 2.
Another equally valid explanation for the robust FPS reinstatement effect seen in the
Extinction + Shock rats of Experiment 2 is that the 5 unsignalled ues trials might have
triggered a recovery of contextual fear memories which in turn made it possible for animals
to retrieve extinguished es-ues fear memories (Bouton and Bolles, 1979a,b; Bouton,
1993; Gewirtz, et al., 1997). Viewed this way, the contextual fears provoked by
un signalled footshock may have served as an internal mnemonic device that helped to
revive es.:ucs associations and restore FPS responding. Another closely related
possibility is that the unsignalled footshocks initially led to the development of short-term
contextual/UeS fear memories which were then transformed into more stable long-term
contextual/UeS fear memory traces. It is conceivable that these stable long-term
contextual/UeS fear memories served to displace inhibitory learning and reactivate the esues fear memories that had been established during Pavlovian fear conditioning. Perhaps,
over a brief period of time after unsignalled footshock exposure, the es-ues fear
associations would supersede the long-term contextual fear memories. Thus, when testing
OCCUlTed 24 hours later, FPS responding in the Extinction + Shock rats of Experiment 2
was restored.
Taken together, the behavioural results of Experiment 2 provided strong evidence that
fear memories are indelible, have the capacity to survive extinction training, and can be
readily restored following reexposure to the ues (Le. footshock). Since footshock has
been shown to enhance DA turnover in the amygdala and other limbic areas (Inglis and
Moghaddam, 1999; elaustre, et aL, 1986; Herman, et al., 1982; Inoue, et al., 1994; Coco, et
al., 1992; Goldstein, et al., 1996; Deutch and Roth, 1990; see Chapter 6) and given that
excitatory neurosynaptic transmission (i.e. EPSPs, elevated el+ and cellular
depolarizations) is mediated by glutamatergic receptors (Li, et aI., 1995; Rainnie, et aI.,
1991a; Gean and Chang, 1992; Chapman and Bellavance, 1992; Maren, 1996; Wang, et aI.,
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2001; 2002) and is triggered by aversive sensory stimuli (i.e. footshock), the next logical
step was to assess how antagonism ofDA, NMDA and AMPA amygdaloid receptors would
affect FPS reinstatement. Experiments 3A to 3D essentially represented the first attempt to
establish the amygdala's role in the reinstatement of FPS in fear-extinguished rats.

22.4: The Role ofDopaminergic and Glutamatergic Amygdaloid Receptors in the
Reinstatement of FPS in rats
Because the amygdala is involved in the acquisition and expression ofFPS as well as its
extinction (Hitchcock, and Davis, 1986; 1987; Sananes and Davis, 1992; Kim and Davis,
1993a,b; Campeau and Davis, 1995a; Lee, et al., 1996b; Falls, et al., 1992; Davis,
1992a,b,c; Walker and Davis, 2000; Walker and Davis, 2002; Walker, et aL, 2002) one
obvious unanswered question which remained was, how are biochemical events taking
place in the amygdala responsible for mediating FPS reinstatement? Experiments 3A to 3D
sought to address this question by infusing DA and glutamate receptor antagonists into the
amygdala of fear-extinguished rats prior to the administration of 5 unsignalled footshocks
and 24 hours before testing for FPS reinstatement. DA and glutamate receptor antagonists
(i.e. raclopride, SCH 23390, AP5 and CNQX) were chosen because of their clear-cut
abilities to disrupt conditioned fear learning and expression in the FPS and defensive
freezing paradigms (Greba and Kokkinidis, 2000; Greba, et al., 2001; Waddington-Lamont
and Kokkinidis, 1998; Guarraci, et aL, 1999; 2000; Nader and LeDoux, 1999ab;
Miserendino, et al., 1990; Campeau, et al., 1992; Walker and Davis, 1997b; 2000; Fendt,
2001; Kim, et aL, 1993; Fanselow and Kim, 1994; Maren, et al., 1996b; Lee, et al., 2001;
Bauer, et al., 2002; also see Chapter 6) and because of their obvious impact on LTP,
excitatory neurotransmission, and signal propagation (Reyman, et al., 1989; Frey, et aL,
1990; 1991; 1993; Malenka and Nicoll, 1993; Li, et al., 1995; Rainnie, et al., 1991a; Gean
and Chang, 1992; Chapman and Bellavance, 1992; Maren and Fanselow, 1995; Maren,
1996; Otmakhova and Lisman, 1996; McKernan and Shinnick-Gallagher, 1997;
Otmakhova and Lisman, 1998; Rosenkranz and Grace, 1999; Wang, et a1., 2001; 2002; also
see Chapter 6).
In Experiment 3A, intra-BLA infusion of the D2 DA receptor antagonist raclopride
before the administration of un signalled footshocks dose-dependently blocked the
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reinstatement ofFPS in rats. Careful examination and analysis of the data revealed that the
8.0 and 4.0 Jlg concentrations of raclopride were the most effective in blocking the
reinstatement ofFPS. In contrast, the 2.0 Jlg dose was ineffective in preventing the
reinstatement ofFPS as this group's level of conditioned fear reinstatement was only
slightly lower than that exhibited by the PBS control group on the final test. It is interesting
to note that intra-BLA raclopride application also dose-dependently blocked the acquisition
ofFPS in rats tested in Experiment lA and as will be remembered the 2.0 Jlg raclopride rats
did exhibit low levels of FPS responding during the retention test. In this sense there are
some clear-cut similarities across experiments with regards to rac)opride's ability to
suppress conditioned fear in rats. This seems to especially hold true when certain
concentrations of this O2 receptor antagonist are administered into the amygdala shortly
before animals are about to be introduced to aversive stimuli that predict danger or
facilitate fear-memory retrieval and reinstatement.
Experiment 3B investigated how the blockade ofBLA 0 1 OA receptors with SCH
23390 would affect the reinstatement ofFPS. The main finding of this experiment was that
intra-BLA SCH 23390 (4.0 Jlg) infusion before unsignalled shock administration did not
block the reinstatement ofFPS. However, it will be recalled that occluded guide cannulae
in some of the rats may have prevented SCH 23390 from reaching the basolateral
amygdaloid complex and lateral subdivision of the central nucleus ofthe amygdala where
many 0 1 receptors reside. This may have meant that little to no blockade of amygdaloidal

0 1 receptors occurred prim' to the delivery of the 5 unsignalled footshocks, Not
surprisingly, the SCH 23390-treated rats displayed FPS reinstatement during final testing.
This experimental result may have been largely due to the difficulty with the blocked guide
cannulae that prevented the proper infusion of SCH 23390 into the amygdala. Because a
fair number of guide cannulae in the rats of Experiment 3B were occluded, no firm
conclusions about the role of amygdaloid 0 1 OA receptors in FPS reinstatement can be
made at this point in time. Thus, further research needs to be conducted on amygdaloid
OA 01 receptor systems in order to fully understand and appreciate their role in the
reinstatement of FPS.
Despite the difficulties encountered in Experiment 3B, research has demonstrated that
antagonism ofBLA OA OJ receptors with SCH 23390 does block the acquisition and
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expression ofFPS and conditioned fear in a defensive freezing paradigm (Greba and
Kokkinidis, 2000; Waddington-Lamont and Kokkinidis, 1998; Nader and LeDoux, 1999b;
Guarraci, et aI., 1999). This indicates that DA D I receptors in the amygdala playa
prominent role in acquiring and retrieving fear memories. Also, recent scientific efforts
have shown that immediate posttraining intra-BLA infusions of SCH 23390 produces
impairments in fear retention in an inhibitory avoidance task (LaLumiere, et aI., 2004).
Based on these rep0l1s, it is predicted that future research would find that blockade ofD1
amygdaloid receptors with either SCH 23390 or R(-) SCH-12679 maleate would prevent
FPS reinstatement provided that guide cannulae were unobstructed and that desired
volumes of these compounds actually reached areas of the amygdala containing DA Dl
receptors. Ifthese basic conditions are met it is presumed that blockade ofDA Dl
receptors in the amygdala would prevent the reinstatement ofFPS in rats. However, this is
a research issue that will need to be addressed in the future.

22.41: Possible Explanations Regarding Rac!opride's Ability to Block the Reinstatement
of FPS in rats
There are several possible ways intra-BLA rac10pride infusions may have prevented the
reinstatement ofFPS and many of the explanations and mechanisms of action provided for
the acquisition experiments (i.e. lA and ID) may apply here. Probably one of the most
obvious ways raclopride may have blocked FPS reinstatement is by short circuiting or
disrupting excitatory synaptic transmission in the amygdala during the presentation of the 5
unsignalled reminder footshocks. It is well known that DA metabolism in the amygdala
and other brain regions is increased during or shortly after exposure to footshocks,
conditioned cues, or aversive stimuli «Inglis and Moghaddam, 1999; Claustre, et aI., 1986;
Hennan, et aI., 1982; Inoue, et aI., 1994; Coco, et aI., 1992; Goldstein, et aI., 1996; Deutch
and Roth, 1990; see Chapter 6 ), and as was previously discussed, increased DA turnover
may serve to enhance excitatory synaptic transmission at output neurons in the amygdala
(Bissiere, et aI., 2003). This would mean that the elevated DA in the amygdala produced
by footshock exposure and any subsequent increase in excitability at projection neurons
would have been counteracted by the inhibitory effects produced by raclopride infusion
made into the amygdala. Thus, the rats treated with relatively high doses of intra-BLA
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raclopride (4.0 Jlg and 8.0 Jlg) before unsignalled shock presentation would have already
had their D2 receptor sites in the amygdala occupied and been affected by the inhibitory
tone produced by such an action. This would have meant that any DA release generated by
. unsignalled footshock would have had to actively compete with raclopride and overcome
its inhibitory effects in order elevate excitation at amygdaloid projection neurons (see
Bissiere, et al., 2(03). Such a raclopride-induced reduction in excitatory tone in the
amygdala may have made it difficult for the 4.0 and 8.0 Jlg raclopride-treated rats to
overcome inhibitory learning and restore CS-UCS fear memories to a level where they
could trigger FPS reinstatement. Of course the PBS control group would not have had this
problem as elevated DA levels in the amygdala would have served to increase neuronal
excitability at projections neurons and facilitate fear reinstatement. It is conceivable that
increased DA release into the amygdala during the presentation of the 5 unsignalled
footshocks to PBS-treated rats may accomplish this effect either through the volume
transmission or synaptic transmission mechanisms mentioned earlier.
One possibility is that increased DA levels in the amygdala during unsignalled footshock
administration may improve the efficiency ofNMDA and AMPA receptors and VGCCs in
this limbic region (Levine, et al., 1996; Civelli, et al., 1993; Jackson and WestlindDanielsson, 1994). The improvement of and/or reactivation of biochemical elements and
fear systems that were originally involved in conditioned fear learning and expression may
have served to reinstate FPS responding in the PBS control rats of Experiment 3A to 3D.
Thus, increased levels of DA could have resensitised amygdala-based fear systems and
enhanced excitatory synaptic transmission and signal transduction within the amygdala.
This could have occun'ed either by the DA receptor-mediated activation of adenylyl cyclase
and cAMP or by the activation and sensitisation of glutamate receptors (i.e. NMDA and
AMPA) that are known to be involved in generating excitatory synaptic transmission and
conditioned fear (Rainnie, et al., 1991; Gean and Chang, 1992; Li, et aL, 1995; Maren,
1996; 1999; McKernan and Shinnick-Gallagher, 1997; Wang, et a1., 2001; Miserendino, et
aI., ] 990; Campeau, et aL, 1992; Kim, et a1., 1993; Rogan, et aL, 1997b; Mahanty and Sah,
1999; Walker and Davis, 2000; 2002).
Alternatively, elevated DA in the amygdala during unsignalled footshock could have
increased excitatory tone in amygdala projection neurons by increasing the level of
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inhibition directed onto GABAergic interneurons (Bissiere, et aI., 2003). Greater excitation
of amygdala projection neurons may have helped to re-establish CS-UCS fear memories
that had been laid down during Pav lovian fear conditioning but masked by extinction
.training. In the PBS-infused rats, such DA-mediated processes may have easily displaced
inhibitory control over CS-UCS fear memories and caused these fear memories to resurface
or become unmasked during FPS reinstatement testing. This may to some degree explain
why PBS-infused rats exhibited robust FPS reinstatement 24 hours after exposure to the 5
unsignalled footshocks.
This view seems quite plausible as the administration of DA agonists has been shown to
sensitise FPS responding, disrupt conditioned fear extinction, restore FPS in fearextinguished animals, and exacerbate the positive symptoms of schizophrenia in humans
(Borowski and Kolddnidis, 1994; Willick and Koldcinidis, 1995; Borowski and Kokkinidis,
1998; Gorden and Rosen, 1999; Angrist, et aI., 1980). Thus, shock-induced increases in
amygdaloid DA in combination with augmented glutamate receptor-mediated synaptic
transmission and reduced GABA interneuronal activity may have served to restore FPS in
PBS-infused rats. In essence, FPS may have been reinstated in the PBS control rats simply
because amygdaloidal DAergic and glutamatergic systems were left intact and functional
during the administration of the unsignalled footshocks. In addition, the high level of
excitation generated by the un signalled footshocks along with DA and glutamate receptormediated excitation would have likely disrupted any GABAergic-based inhibitory
mechanism that had become established in the amygdala during extinction training. This
would have undoubtedly allowed amplified excitatory signals to be transmitted throughout
the amygdala and other brain regions intimately connected to the amygdala with greater
ease. In doing so, the excitatory signals propagated throughout the amygdala and other
brain regions may have served to reactivate the CS-UCS fear memories suppressed by
inhibitory training and this event may have contributed to the fear reinstatement effect
observed in the PBS control rats of Experiment 3.
In general, the same cannot be said about some ofthe raclopride-treated groups in
Experiment 3A. Results from Experiment 3A revealed that either a 4.0 ).lg or 8.0 ).lg dose
ofraclopride introduced into the BLA prior to unsignalled footshock administration was
very effective in blocking the reinstatement of FPS. Infusion of raclopride in these

675

concentrations may have prevented FPS reinstatement by interfering with excitatory
synaptic transmission at the moment in time when

Cs~uCS

tear memories were being re-

established (i.c. reconsolidated). This would have likely occurred during or shortly after
. the unsignalled footshocks were delivered to the test subjects. As a result, the higher doses
ofraclopride and the subsequent prolonged blockade ofDA D2 amygdaloid receptors may
have prevented FPS reinstatement by disrupting excitatory synaptic transmission and fear
reconsolidation processes at the critical pcriod of time when CS-UCS conditioned fear
associations would have likely been going through a reformation process (i.e. during or
shortly after the administration of 5 unsignalled footshock trials).
Raclopride infusion into the BLA could have accomplished this by binding to D2
receptors sites located on GABAergic neurons located near and connected to projection
neurons. Once bound to these sites, raclopride could have acted to increase the inhibitory
input ol1toprojection neurons in the BLA by limiting DA's ability to reduce feedforward
IPSCs on interneurons and suppress inhibitory input onto projection neurons (Bissiere, et
aL,2003). Put more simply, raclopride's actions at D2 receptor sites may have increased
inhibitory synaptic transmission and tone in the amygdala by reducing elevated levels of
neural sensitisation and excitation normally caused by shock-induced DA release. Thus,
elevations in DA metabolism in the amygdala and any subsequent excitatory synaptic
transmission that typically occurs during shock presentation might have been cancelled out
by raclopride's ability to increase inhibition in the basolateral and central amygdaloid
nuclear groups. This of course would have a profound impact on DA's ability to enhance
the efficiency ofNMDA receptors and VGCCs and influence down-stream biochemical
processes that are important for fear memory reconsolidation and retrieval.
It is also plausible that enhanced neural inhibition produced by raclopride acting on

GABAergic interneurons in the amygdala during unsignalled shock presentation may have
helped to maintain inhibitory control over conditioned fear associations at the time FPS
reinstatement testing occurred 24 hours later. Seen in this light, DA and DA D2 receptors
in the amygdala could influence the reinstatement of FPS in fear-extinguished rats by
interacting with GABAergic and glutamatergic systems in the BLA to gate levels of
emotional arousal and neural excitability. Indeed, several researchers have recently
demonstrated the importance of DA and amygdaloidal DA receptors in regulating the
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excitability ofBLA neurons and there is growing consensus amongst these and other
scientists that DAergic receptor-mediated processes are important for conditioned fear
learning and expression and the modulation ofNMDA, AMPA and GABA receptor
systems in the amygdala and other limbic regions (Rosenkranz and Grace, 1999; 2002a,b;
Bissiere, et al., 2003; Fuxe, et aL, 2003; Loretan, Bissierie, and Luthi, 2004; Kroner,
Rosenkranz, Grace, and Barrionuevo, 2005; Levine, et aL, 1996; Nader and LeDoux,
1999a,b; Waddington-Lamont and Kokkinidis, 1998; Greba and Kokkinidis, 2000; Greba,
et al., 2001; also see Experiment lA and ID). Thus, the results of Experiment 3A
demonstrating that FPS reinstatement can be blocked by bilateral intra-BLA rac10pride
infusions are in line with some of the current research and theories in the scientific field
that has dedicated itself to discovering the precise neurobiochemical factors that contribute
to conditioned fear learning and expression.

22.42: Raclopride May Prevent the Reinstatement of FPS by Either Corrupting
Memories Associated with the A versive Nature of Footshocks or by Impairing Contextual
Fear
It is possible that memories associated with the aversive nature of the footshock (UCS)
may act as a mnemonic device that serves to trigger FPS reinstatement to a sensory specific
CS. As was mentioned earlier, exposure to footshock or cues that predict the onset of
shock generally elevates levels of DA metabolites in the amygdala, nucleus accumbens and
mPFC of rats and the amygdala is known to be a recipient of nociceptive information
arising from the thalamus and parabrachial nucleus (Romanski, et aL, 1990; Shi and Davis,
1997; 1999; Bernard and Besson, 1988; Bernard, et aI., 1989; Bernard, et al., 1992; Slugg
and Light, 1994; also see Chapter 3). Thus, it is possible that shock-induced increases of
DA in the amygdala and other limbic regions may be required for developing, modifYing
and maintaining memories about the aversive nature of the footshock during Pavlovian
conditioning. Essentially, this means that DA and DA receptors in limbic regions may
participate in producing and sustaining a strong UCS memory-trace. This seems plausible
as either the systemic or intra-amygdaloid application ofDA and DA agonists have been
shown to enhance avoidance responding, fear-memory retention and conditional fear in
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some experimental situations (Doty and Doty, 1966; Haycock, et al., 1977; LaLumiere, et
al., 2004; Guaracci, et al., 1999).
In addition, the fact that DA agonists prevent the extinction ofFPS in rats (Borowski
and Kokkinidis, 1998) may be partly due to the ability of these drugs to help fearconditioned rats sustain a strong DeS memory-trace in the face of inhibitory training. In
this regard, it is noteworthy that experimental work carried out by Rescorla (1974)
indicates that the integrity ofa Des memory is important for establishing associative
learning and generating conditioned fear responses. Rescorla (1974) found that any
modification or inflation of the Des memory after a es-ues association is established can
substantially increase levels of conditioned fear responding during later testing. If this is
taken a step further, it is conceivable that the integrity and strength of DeS memories may
also have an impact on the levels of conditioned fear reinstatement generated in fearextinguished animals when they are exposed to unsignalled reminder footshocks. In other
words, the restoration ofFPS in fear-extinguished PBS treated rats following unsignalled
footshock presentation may be attributable to the reinflation of a DeS memory-trace and
the rapid displacement of inhibitory associations.
Fear-extinguished rats infused with PBS prior to the unsignalled footshocks exhibited a
reinstatement of FPS when tested 24 hours later, but rats administered with the two higher
doses of raclopride (4.0 f.lg and 8.0 f.lg) did not. It should be noted that the five unsignalled
footshocks administered 24 hours before FPS reinstatement testing were of the same
intensity level and duration (Le. 800

~LA;

0.5 s) to those paired with the es (i.e. light)

during Pavlovian fear conditioning. Thus, experimental conditions such as the intensity of
the footshock were held constant throughout the various phases of the experiment for all
drug groups. As a result, shock intensity could not be a factor that would account for the
discrepancy in FPS reinstatement that occurred between the PBS control rats and the
rac1opride-infused rats.
While it seems likely that raclopride may have interfered with excitatory synaptic
transmission and subsequent es-ues memory reconsolidation and retrieval as indicated in
earlier discussions, it is also conceivable that this drug somehow corrupted the integrity,
quality, or strength of the long-term DeS memory-trace. In other words, rac10pride
introduced into the amygdala prior to the presentation of 5 unsignalled footshocks may
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have altered or weakened the ues memory-trace when rats were exposed to the
unsignalled footshocks whilst in a drug state. Because DA D2 receptor antagonists may
increase levels of neuronal inhibition in the BLA through a feedforward mechanism even in
the presence ofDA (Bissierie, et aI., 2003) it is quite probable that the ues memory-trace
associated with the 5 unsignalled footshocks in raclopride-treated rats would be relatively
weak (i.e. deflated) in comparison to PBS-infused rats. This may have made it difficult for
raclopride-infused rats to displace inhibitory learning and reconnect the ues memory-trace
to the es (Le. light). As a result, rats administered intra-BLA raclopride may have been
unable to exhibit FPS reinstatement because the antagonism ofDA D2 receptors may have
prevented the ues memOly-trace from being reinflated.
Alternatively, the 5 unsignal1ed footshocks administered in a drug state could have
altered the original ues memory-trace by creating a second ues memory that competes
with the first. For instance, one DeS memory-trace may have been formed through the
administration of 30 light + footshock fear conditioning trials prior to extinction training in
a non-drug state (Ues); non-drug state) and the other may have been created by the
administration of 5 unsignalled footshocks whilst under the influence of raclopride (UeS 2;
drug state). In effect, two related but qualitatively different ues memory traces could
coexist in an individual animal. Although this is purely speculative, it is possible that the
ues, and ues 2 memory traces are incompatible with each other and therefore fail to
promote FPS reinstatement. For example, rats treated with raclopride may not have been
able to tie the ambiguous state produced by unsignal1ed footshock delivery while under the
influence of raclopride (UeS2; drug state) to the highly charged emotional and aversive
states created during light

+ shock fear conditioning trials and FPS testing (UeS 1; non-drug

state). Hence, the discrepancies between the ues memory traces (i.e. ues) and UeS 2)
may have made it difficult for raclopride-treated rats to displace inhibitory learning, reestablish es-ues fear associations and exhibit FPS reinstatement during final testing.
Another plausible explanation is that raclopride may have suppressed contextual fear
during the delivery of the 5 unsignalled footshocks and impaired memory retention for this
event. If this occurred, an internal fear-state normally elicited by contextual fear might not
have been present in the raclopride-infused rats of Experiment 3A. Essentially this would
mean that raclopride-treated rats did not have any access to environmental fear cues that
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could act to restore FPS responding to the sensory specific CS (Le. light) when final testing
took place. Thus, a raclopride-induced retrograde amnesia for unsignalled footshocks
and/or contextual cues associated with these footshocks may have made it difficult for rats
infused with the higher concentrations of raclopride to re-establish CS-UCS fear
associations and exhibit FPS during final testing. In essence, intra-BLA raclopride may
have prevented consolidation and retention of the 5 unsignalled footshocks and the
contextual cues associated with this aversive event. As a result, raclopride-treated rats
would be devoid of any contextual fear cues that would allow them to gain access to
excitatory CS-UCS fear memories that had been masked by extinction training.
Consequently, rats that received the higher doses ofraclopride may have failed to overcome
the inhibitory controls imposed by extinction learning. In the end, this of course meant that
raclopride-treated rats administered the 8.0 and 4.0 j.lg doses failed to display a FPS
reinstatement effect.
There is research evidence which seems to support the "blockade of contextual fear
hypothesis" outline in the previous paragraph. For instance, blockade ofD2 DA
amygdaloid receptors with eticlopride has been shown to impair contextual fear
conditioning in rats (Guarraci, et aI., 2(00). This suggests that memory retention for
contextually conditioned fear cues can be weakened by pretraining intra-amygdaloid
infusions ofDA D2 receptor antagonists. However, it should be noted that Guarraci and
colleagues (2000) did report that contextual fear was generally lower in all experimental
groups including the saline group. Despite this fact, DA receptor antagonists infused into
the BLA immediately after inhibitory avoidance training have been shown to impair the
consolidation and retention of memories associated with fear generating events
(LaLumiere, et aI., 2004). For example, posttraining infusions of either the Dr receptor
antagonist SCH 23390 or the D2 receptor antagonist sulpiride into the BLA complex of rats
substantially decreased the amount of time taken by animals to enter the training chamber
that had been explicitly paired with footshocks (LaLumiere, et aI., 2004). These results
indicate that blockade ofDA receptors in the amygdala seems to impair the consolidation
and retention offear memories. In stark contrast, immediate posttraining intra-BLA
infusions ofDA was observed to enhance memory retention for the shock compartments
when rats were tested 48 hours after avoidance training had been completed (LaLumiere, et
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a!., 2004). It is also worth mentioning that this OA-induced memory improvement could be
prevented from occurring ifOA was co-administered with the DAergic antagonist cisFlupenthixol shortly after inhibitory avoidance training (LaLumiere, et aI., 2004).
Moreover, it should be remembered that pretraining intra-BLA infusions of raclopride in
Experiment 1A and 10 was observed to disrupt FPS retention during final testing
indicating that blockade ofD2 receptors in the amygdala can produce severe memory
deficits for aversive events. Also, while it is true that short-term contextual fear as
measured through the shock sensitisation of startle was not affected by pretraining intraamygdalar raclopride infusions carried out in Experiment lA, it must be emphasised that
mean startle amplitudes obtained on the 20 noise-alone trials administered just before the
retention test did not differ from the mean startle scores obtained during the presentation of
20 noise-alone base lining trials delivered before drug infusion and light + shock training
took place. Because there were no between group differences on these measures this result
could be taken to mean that long-term but not short-telTIl contextual fear memories are
disrupted by intra-BLA infusion of the D2 receptor antagonist raclopride (see the results of
Experiment lA). If this is indeed the case, then intra-BLA raclopride infusion administered
to rats in Experiment 3A may have blocked FPS reinstatement by first interfering with the
development of contextual fear memories. This would have left rats without an internal
mnemonic device that could be used to rekindle CS-UCS memories and restore FPS
responding.
On the basis of the scientific findings reported above, it is very possible that raclopride
could have prevented FPS reinstatement by interfering with the consolidation and retention
of unsignalled foots hock and contextual fear memory traces. The absence of a memory for
the unsignalled footshocks and the contextual cues associated with the footshocks would
cause raclopride-infused rats to behave like the Extinction + No Shock rats of Experiment 2
and exhibit no FPS reinstatement. This of course is what seemed to happen as rats infused
with the 4.0 and 8.0 ).1g doses ofraclopride exhibited levels ofFPS responding that were
similar in magnitude to the levels displayed by rats that received extinction training but no
unsignalled footshocks.
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22.5: The Contribution of Glutamate Receptors to FPSReinstatement: NMDA and
AMPA Receptor Antagonists Prevent FPS Reinstatement
Experiment 3C investigated the effect of intra-BLA infusion of the NMDA receptor
antagonist AP5 on the reinstatement ofFPS in rats. As with DA receptor antagonists, a
wealth of research has shown that the acquisition and expression of conditioned fear can be
blocked by antagonising NMDA receptors in the basolateral amygdaloid complex
(Miserendino, et aI., 1990; Campeau, et aI., 1992; Fanselow and Kim, 1994; Maren, et aI.,
1996; Gewirtz and Davis, 1997; Lee, et aI., 2001; Fendt, 200]; Walker and Davis, 2000;
2002). In addition, recent work successfully demonstrated that the reinstatement of
conditioned fear measured by the suppression of a drinking response was blocked by the
peripheral administration ofthe NMDA antagonist M!C-801 (Johnson, et aI., 2000).
Moreover, excitatory synaptic transmission and LTP has been shown to be mediated by
NMDAandAMPA receptors (Collingridge, et aI., 1983; McKernan and ShinnickGallagher, 1997; Rainnie, et aI., 1991a; Li, et aI., 1995; Maren and Fanselow, 1995; Gean
and Chang, 1992; Mahanty and Sah, 1998; also see Cotman, et aI., 1988; Malenka and
Nicoll, 1999; Maren, 1996; Maren, 1999; also see Chapter 6) and the reexcitation of
amygdaloid neurons and pathways with 5 unsignalled ±ootshocks is likely a contributing
factor to the FPS reinstatement effect. For these reasons it was logical to evaluate the
impact that NMDA receptor blockade would have on FPS reinstatement if a well known
and studied NMDA receptor antagonist such as AP5 was micro-infused into the BLA of
fear-extinguished rats before administering 5 unsignalled reminder footshocks.
The results obtained fi'om Experiment 3C are the first to demonstrate that either a 1.25
or 2.5 Ilg dose of AP5 infused into the BLA before unsigna1led footshock exposure
prevented the reinstatement ofFPS in rats that experienced extinction training. The
blockade ofFPS reinstatement by intra-BLA AP5 infusion could not be attributed to the
presence of any unmetabolised AP5 during the final test since both the drug infusion and 5
unsignalled shock presentations occurred 24 hours before the final test was administered.
So it is likely that AP5 would have washed out of the amygdala long before FPS
reinstatement testing was conducted. In support of this view, the expression control
experiment (Le. Experiment 4) found that infusion of AP5 into the BLA 24 hours prior to
final testing for FPS in non-fear-extinguished rats did not prevent rats from expressing FPS.
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This indicates that simply antagonising amygdaloid NMDA receptors 24 hours before final
testing in a group of fear conditioned rats does not block the behavioural expression ofFPS
when rats are tested in a non-drug state. It is noteworthy that the results obtained from the
expression control experiment (see Experiment 4) are consistent with previous reports
demonstrating that intra-BLA AP5 infusions prior to final testing do not block the
expression of FPS (Miserendino, et aI., 1990; Campeau, et al., ] 992; Gewirtz and Davis,
1997). However, there is some research indicating that the expression of FPS and
defensive freezing behaviour can be blocked by intra-BLA infusion of AP5 before final
testing (see Fendt, 2001; Maren, et aI., 1996b; Lee and Kim, 1998; Lee, et al., 2001).
Generally speaking, the intra-amygdaloid AP5 infusions that block the expression ofFPS
and conditioned defensive freezing behaviour are often made just a few minutes before
testing (see Fendt, 2001; Lee and Kim, 1998; Lee, et al., 2001; Maren, et al., 1996b).
Nevertheless, it must be stressed that in Experiment 3C, the intra-BLA AP5 infusions that
successfully blocked FPS reinstatement occurred just prior to the 5 unsignalled footshocks
and a full 24 hours before final testing making it unlikely that AP5 simply blocked
conditioned fear expression. IIence, the most plausible explanation is that the blockade of
NMDA receptors during unsignalled footshock presentation may have impaired synaptic
transmission and the re-excitation of amygdaloid neurons and pathways that are important
for performing fear memory retrieval functions and activating disinhibition mechanisms.
This synaptic transmission hypothesis will be discussed in more detail later on.
Previous research showed that blockade of AMP A receptors in the amygdala disrupts
both FPS and light-enhanced startle (Kim, et al., 1993; Walker and Davis, 1997b). In
addition, electrophysiological studies in combination with pharmacologically-based
experimentation have been quite successful in highlighting the importance of amygdaloidal
AMPA receptors in LTP-induction, synaptic transmission and conditioned fear learning and
memory retrieval (Gean and Chang, 1992; Li, et a1., 1995; Rogan, et aI., 1997b; McKernan
and Shinnick-Gallagher, 1997; Mahanty and Sah, 1998; Walker and Davis, 1997b; Kim, et
aL, 1993). Moreover, fast EPSPs are known to be mediated by ANIPA receptors (see
Rainnie, et aL, 1991 a; Gean and Chang, 1992; Chapman and Bellavance, 1992; Li, et aL,
1995; Maren and Fanselow, 1995; Maren, 1996; Wang, et al., 2001; 2002) and footshock
administration, like the type delivered in Experiment 2, may have created the necessary
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arousal and conditions that gave rise to a proliferation of fast EPSPs and cellular
depolarizations in the amygdala that served to restore FPS. Thus, Experiment 3D was
carried out to determine whether blockade of AMPA amygdaloid receptors with CNQX
would inhibit the reinstatement of FPS if it were administered before the presentation of 5
unsignalled footshocks.
Results obtained from this experiment demonstrated that CNQX infusion (2.5 and 5.0
J.lg doses) into the BLA before unsignalled shoek administration blocked FPS reinstatement
when behavioural testing oceurred the following day. On the basis of statistical analysis
and careful examination of the results it was determined that the 5.0

~lg

dose ofCNQX was

more effective in preventing FPS reinstatement than was the 2.5 J.lg dose. While the finding
that intra-BLA CNQX infusion blocked the reinstatement ofFPS generally holds true as far
as the results of Experiment 3D are concerned, it is important to mention that CNQX did
seem to dampen FPS expression and startle responsiveness in non-extinguished rats run in
Experiment 4. However, when an additional expression control experiment (Le.
Experiment 5) was administered during which CNQX-infused fear conditioned rats
received no unsignalled footshocks, it became more apparent that CNQX infusion 24 hours
before final testing did not block the expression of FPS. Thus, the finding regarding the
results of Experiment 3D that a blockade of BLA AMPA receptors prevents FPS
reinstatement is correct.

22.51: Possible Explanations for the APS and CNQX Results
There are several possible explanations why AP5 and CNQX were effeetive in blocking
the reinstatement ofFPS in rats. The simplest and perhaps most obvious explanation is that
infusion of AP5 and CNQX into the BLA prior to 5 unsignalled footshocks prevented FPS
reinstatement by blocking contextual fear conditioning nonnally produced by the pairing of
an experimental context with aversive events. A disruption to contextually conditioned
fear may in turn have prevented animals from retrieving or unmasking the cue-specific fear
memories that had been established during light + footshock fear conditioning trials but
held in check by extinction training. Put simply, contextual fear cues which could have
normally acted as a mnemonic device to facilitate FPS reinstatement might have been
absent due to the intra-BLA infusion of AP5 or CNQX before the presentation of 5
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unsignalled footshocks. In essence, AP5 or CNQX introduced into the amygdala could
have caused an amnesia-like effect for the aversive qualities of the unsignalled footshock
and/or any contextual cues associated with this event. Viewed this way AP5 and CNQXtreated rats most likely had a very weak emotional frame of reference and mnemonic
device which they could draw on. As a result, these rats were unable to retrieve CS-UCS
fear memories and override inhibitory learning so that FPS could resurface.
There is of course some support for the contextual fear blocking hypothesis proposed
above. For instance, it is well established that AP5 infusion into the amygdala blocks the
acquisition and expression of contextually conditioned fear in rats (Maren, et al., 1996b;
Fanselow and Kim, 1994; Lee, et al., 2001). In addition, antagonism ofNMDA
amygdaloid receptors with AP5 has also been shown to block conditioned fear expression
and a variety of fear responses as well (Fendt, 2001; Lee, et al., 2001; Maren, et al., 1996b;
Lee and Kim, 1998), indicating that NMDA receptors may play an important role in fearmemory retrieval in some situations (but see Campeau, et al., 1992; Walker and Davis,
2002 and their views on FPS expression involving intra-BLA infusion of:-rMDA receptor
antagonist). Furthermore, blockade of amygdaloid AMPA receptors with either CNQX or
NBQX blocks the expression ofFPS in rats (Kim, et al., 1993; Walker and Davis, 1997b),
whilst the infusion of AMPA receptor agonists into the amygdala facilitates conditioned
fear learning in rats (Rogan, et al., 1997b). These findings suggest that AMPA receptors in
the amygdala, like NMDA receptors, playa pivotal role in fear learning and memory
retrieval, and fear expression. So it is quite reasonable to assume that AP5 or CNQX may
have prevented the reinstatement ofFPS by interfering with contextual fear learning at the
level of the amygdala during the delivery of the 5 un signalled footshocks. This lack of
contextual fear coupled with the inability to remember the aversive nature of the footshock
may have prevented AP5 and CNQX-infused rats from expressing CS-induced FPS during
the final test that was used to assess conditioned fear reinstatement.
Another possible explanation tor the deficit in FPS reinstatement produced by AP5 or
CNQX intra-BLA infusion is that these drugs may have interfered with memory systems
that process information about the aversive quality of the footshock itself. In other words,
while in a drug-state, any memory traces dealing with the actual aversiveness of the shock
during unsignalled footshock presentations may have either failed to develop or somehow
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been sufficiently corrupted to the point where it became impossible for rats to re-link the
tbotshock (Le. UCS) to the light (i.e. CS). Consequently, AP5 and CNQX-treated rats may
have exhibited a lack of FPS reinstatement simply because they were unable to match the
highly charged emotional and aversive states created during light + shock fear conditioning
trials and testing to the ambiguous state produced by unsignalled footshock delivery while
under the intIuence of AP5 or CNQX. This mismatch of shock-memory traces (i.e. DCS!
non-drug vs. UCS 2 drug-state) may have been one of the contributing factors that caused
AP5 and CNQX-treated rats to perfbnl1 poorly on the FPS reinstatement test.
Although the above notion can neither be supported nor rejected on the basis of the
present results, there is some evidence to suggest that the quality of nociceptive information
(i.e. footshock) can produce distinct memory traces that deal with and contain infonnation
about such stimulus parameters as shock intensity, duration, and degree of aversion (i.e.
severity). For example, Rescorla (1974) demonstrated that a mild level of conditioned fear
in rats could be significantly intIated or potentiated by simply administering a more severe
shock either before or after fear conditioning. Rescorla (1974) went on to suggest that the
strength and integrity of the UCS memory is important for the production of conditioned
fear responses. This raises the possibility that the integrity ofDCS memory traces may also
be equally important for conditioned fear reinstatement in rats tested in a FPS paradigm. In
this regard, it is notewOlihy that the amygdala has been shown to receive and process
nociceptive information (i.e. UCS; footshock) during classical fear conditioning (Shi and
Davis, 1997; 1999) and electrolytic or neurotoxic lesioning of the BLA or central
amygdaloid nucleus disrupts FPS and the shock sensitisation of acoustic startle in rats
(Hitchcock and Davis, 1986; 1987; Hitchcock, et al., 1989; Sananes and Davis, 1992; Kim
and Davis, 1993ab; Campeau and Davis, 1995a; Lee, et al., 1996b; Walker and Davis,
2000). Also, it should be remembered that CNQX-treated rats did seem to exhibit less
urination and defecation during the administration of 5 unsignalled footshocks, but it is
difficult to tell whether this observation is indicative of a deficit in sensory processing or a
function of this drug's action on sympathetic and parasympathetic systems.
However, it should be pointed out that neither CNQX nor AP5 infusion into the BLA
impaired reactivity to footshock. This was apparent as the PBS control group's mean shock
reactivity score measured during the 5 unsignalled footshocks was not significantly
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different to the CNQX and AP5-treated groups. Based on these results, it is reasonable to
assume that CNQX and AP5-treated rats had the capacity to perceive and react to the
lU1signalled footshocks. However, what may have been absent was the ability to form a
stable memory-trace of the aversive experience so that it could be used to quickly reestablish CS-UCS associations and potentiated startle during final testing. In effect, the
unsignalled footshocks administered to CNQX and AP5-treated rats may have still had the
capacity to arouse many of the lower brainstem centres that are essential for mediating
reflexive responses (i.e. jumping and flinching) in reaction

t~

aversive and painful stimuli

without necessarily recruiting the amygdala, a neural site that is involved in conditioned
fear learning and memory consolidation (Walker and Davis, 2000; 2002; Fendt and
Fanselow, 1999; Nader, et al., 2000; Schafe, et al., 2001; also see Chapter 6). Since either
CNQX or AP5 was present in the amygdala before, during, and after unsignalled footshock
presentation, it is probable that emotionally charged sensitising lJCS memories of the
unsignalled shocks could neither be formed nor even matched to older UCS memories that
were linked to the CS (i.e. light). As a consequence, AP5 and CNQX-treated rats exhibited
clear deficits in FPS reinstatement dUl'ing final testing, whereas PBS-infused rats did not.
Thus, it is quite possible that blockade of either NMDA or AMPA amygdaloid receptors
prior to 5 unsignalled reminder footshoeks somehow weakened the strength of the UCS
memory-trace whieh in turn prevented rats infused with AP5 and CNQX from reestablishing the necessary CS-UCS fear associations that would make the reinstatement of
FPS possible. In other words, CNQX and AP5 introduced into the amygdala may have
prevented the 5 unsignalled footshocks from reinflating the original UCS and this may have
in tum prevented FPS responding from re-establishing itself in fear-extinguished rats.

22.52: AP5 and CNQX Prevent the Reinstatement of FPS by Blocking Synaptic
Transmission and Intracellular Cascades in the Amygdala-Based Fear System
During Pavlovian fear conditioning, the repeated pairings of a neutral stimulus (i.e. light
or tone) with an aversive UCS (i.e. footshock) is believed to lead to increased levels of
excitatory synaptic transmission that in the long run serve to strengthen and modify
selective neurosynaptic pathways in the amygdala (Maren, 1996; 1999; Davis, et al., 1994a;

Li, et al., 1995; also see Chapter 6 for a review). This process called LTP, has been shown
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to occur in the amygdala and hippocampal formation and can be induced either through
tentanic stimulation or classical fear conditioning techniques (Bliss and Lomo, 1973;
Collingridge and Bliss, ] 987; Kandel, 1997; Malenka and Nicoll, 1999; Kandel, et al.,
.2000; Chapman, et al., 1990; Huang and Kandel, 1998; Rogan, et al., 1997a; Quirk, et al.,
1995; Quirk, et al., ] 997; McKernan and Shinnick-Gallagher, 1997; Weisskopf, et al.,
1999; Huang, Marin and Kandel, 2000; Schafe, et al., 2001; also see Chapter 6). Generally
speaking, the inception ofLTP depends on amplified synaptic transmission and the actions
of glutamate receptors (l\TMDA, AMPA, and mGluRs) and VGCCs that help increase
intracellular levels of Ca2+ ions (Dunwiddie, Madison and Lynch, 1978; Teyler and
DiSenna, 1987; Reymann, et al., 1989; Rainnie, et al., 1991a; Gean and Chang, 1992;
Maren, 1996; Mahanty and Sah, 1998; McKernan and Shinnick-Gallagher, 1997;
Rodrigues, et al., 2002; Lee, et al., 2002; Fendt and Schmid, 2002; Schafe, et al., 2001;
Tsvetkov, Carlezon, Benes, Kandel, and Bolshakov, 2002; Sah and De Armentia, 2003).
The entry of Ca2+ ions into the intracellular regions of neurons through Ca2+ permeable
NMDA and AMPA receptors helps to activate numerous protein kinases and second
messenger systems (i.e. aCaMII, PKC, PKA, adenylyl cyclase, cAMP, MAPK and CREB)
that in turn facilitate many pre and post synaptic modifications after classical fear
conditioning (see Chapel' 6 for a review). As will be remembered from discussions in
Chapter 6, these modifications in synaptic efficacy can include the formation of a number
of new receptor channels on existing dendritic spines, increasing the total number of
dendritic spines with glutamatergic channels (i.e. NMDA and AMPA), the activation of
otherwise silent synapses, increasing the number ofneurotransmitter docking stations and
the probability of neurotransmitter release, stimulating more G-proteins and secondmessenger-mediated events and making glutamatergic receptors more sensitive to Lglutamate and the depolarizing currents produced by sensory stimuli (e.g. light + shock
trials during fear conditioning).

In addition to this, a plethora of research has demonstrated the important role played by
amygdaloidal NMDA and AMPA receptors in conditioned fear learning and expression and
associative learning (Miserendino, et aL, 1990; Campeau, et aI., 1992; Kim, et al., 1993;
Walker and Davis, 2000; 2002; Fendt, 2001; Walker, et al., 2002; Falls, et al., 1992). In
particular, direct bilateral infusion of AP5 into the BLA has been shown to consistently
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block both FPS and conditioned defensive freezing behaviour in rats (Miserendino, et aI.,
1990; Campeau, et aI., 1992; Fanselow and Kim, 1994; Maren, et aI., 1996b; Lee and Kim,
1998; Walker and Davis, 2000; Fendt, 2001; Lee, et aI., 2001; Goosens and Maren, 2003) .
.Also, the infusion of AMPA receptor antagonists such as CNQX or NBQX into the BLA of
rats has been shown to block the expression ofFPS responding (Kim, et aI., 1993; Walker
and Davis, 1997b). In contrast, introduction of an AMPA receptor agonist into the
amygdala prior to fear conditioning reportedly enhanced conditioned fear learning in rats
(Rogan, et aI., 1997b) indicating that AMPA receptors work to improve synaptic
transmission and signal amplification processes that assist in fear memory retrieval and fear
expression. Thus, the excitation and increased synaptic transmission produced during
Pavlovian fear conditioning can, through the action of glutamatergic amygdaloid receptors,
bring about a long-term enhancement in neurosynaptic functioning that helps organisms to
developCS-UCS fear associations, store fear memories, and retrieve them when faced with
sensory cues that signal impending danger.
It should also be pointed out that the blockade ofbasolateral amygdaloid NMDA

receptors with AP5 prevents fear extinction learning from taking place in rats that have
been fear conditioned (Falls, et aI., 1992). Conversely, either systemic or intra-amygdalar
infusion ofD-cycloserine, a partial agonist for the strychnine-insensitive site on the NMDA
receptor complex that encourages NMDA receptor activity, has been shown to facilitate the
extinction of FPS in rats (Walker, et aI., 2002; Walker and Davis, 2002). These results
suggest that in addition to facilitating excitatory conditioned fear learning and expression,
glutamatergic receptors in the amygdala may also be involved in mediating inhibitory
forms of learning that act to mask exaggerated fearfulness. Indeed, Walker and Davis
(2002) make a compelling argument by suggesting that excitatory and inhibitory fear
systems in the amygdala are inexorably linked, with each system sharing common neural
networks, synaptic pathways, and glutamatergic receptor subtypes. So the fact that intraBLA infusions of either AP5 or CNQX blocked the reinstatement ofFPS in rats tested in
Experiment 3C and 3D makes sense as these glutamate receptor antagonists have
consistently been shown to have an effect on conditioned fear learning, extinction, and
expression when introduced into the amygdala (Miserendino, et aI., 1990; Campeau, et aI.,
1992; Kim, et aI., 1993; Maren, et aI., 1996b; Lee and Kim, 1998; Walker, et aI., 2002;
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Walker and Davis, 1997; 2000; 2002; Fendt, 2001; Lee, et aL, 2001; Goosens and Maren,
2003). Furthermore, recent experimental results indicate that NMDA receptors and
selective Cl+-dependent protein kinase signalling pathways are just as important for fearextinction learning and memory consolidation as they are for fear learning and memory
consolidation (Lu, Walker and Davis, 2001; Walker and Davis, 2002; Lin, et aI., 2001; Lin,
Yeh, Lu and Gean, 2003). For example, intra-amygdaloid infusion of either the NMDA
receptor antagonist AP5, the PI-3 kinase inhibitor wortmannin or the MAPK inhibitor
U0126 (all of which block conditioned fear and FPS) have been sho\vn to block the
extinction ofFPS in rats when these compounds are individually administered prior to the
presentation of non-reinforced (i.e. extinction) training trials (see Falls, et al., 1992; Schafe,
et al., 2000; Walker and Davis, 2000; Fendt, 2001; Lin, et al., 2001; Lin, et al., 2003; Lu, et
aL, 2001; Walker and Davis, 2002). Similarly, pretraining (Le. preextinction training)
infusion of the specific MAPK inhibitor PD98059 into the basolateral amygdala but not the
hippocampus significantly disrupted the extinction of FPS in laboratory rats CLu, et al.,
200 I). These results seem to further SUppOlt the view that the acquisition and consolidation
of conditional fear and the development offear-extinction memories following inhibitory
training both share a common neural mechanism in the amygdala since both types of
learning depend on an overlapping of biochemical systems and signalling cascades that
require NMDA receptor activation, a rise in intracellular Ca

2

+,

cellular depolarization,

protein kinase activation (i.e. PI-3 kinase and MAPK) and the synthesis of new proteins
that are necessary for instigating the type of synaptic modifications that could influence
behaviour (Lin, et al., 2001; Lu, et aL, 2001; Lin, et aL, 2003; Walker and Davis, 2002; also
see Chapter 6). Having excitatory and inhibitory fear systems closely linked and located in
the amygdala would be biologically advantageous to an organism as it would allow animals
to procure food and engage in mating activities, whilst still leaving them with the capacity
to resort to different types of fear responses and behaviours that increase the chances of
survival when dangerous predators and potentially harmful stimuli are encountered.
One thing to keep in mind is that fear extinction does not mean that memories
associated with fear conditioning are forgotten, but rather temporarily held in check or
masked by new learning. This is supported by the fact that conditioned fear responding and
FPS can be reinstated by reexposing laboratory animals to the aversive UCS (Pavlov, 1927;
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Konorski, 1948; Rescorla and Heth, 1975; Westbrook, et a1., 2002; also see Gewirtz, Falls,
and Davis, 1997; Walker and Davis, 1997; Experiment 2). It is of course tempting to
speculate that the unsignalled footshocks delivered to the PBS control rats may have easily
reactivated amygdaloid AMPA and NMDA receptor systems and neurosynaptic pathways
that were initially established and strengthened during fear conditioning. Sensory
information is known to reach the amygdala via thalamoamygdaloid and corticoamygdaloid
pathways that rely on glutamate and glutamate receptor-mediated activity (Rainnie, et al.,
1991a; Farb, et al., 1992; 1995; LeDoux and Farb, 1991; Li, et al., 1995; McDonald, et a.,
] 989; McDonald, 1998; Ono, et al., 1995; Maren, 1996; 1999; Shi and Davis, 1999; 200];
Walker and Davis, 2000; 2002; Goosen and Maren, 2003; for a review also see Chapter 3
sections 3.3 to 3.8), so it is plausible that the delivery of unsignalled footshocks to PBS
control rats served to reactivate the thalamoamygdaloid and corticoamygdaloid UCS
(footshock)and CS (light) reactive pathways and any CS/UCS responsive neurons in the
amygdala. It is also important to remember that the PBS-infused rats of Experiment 3, like
the Extinction + Shock rats of Experiment 2, did not have any constraints or challenges
imposed by AP5 or CNQX acting on NMDA and AMPA receptor sites in the BLA. As a
result, the excitatory synaptic signals induced by the administration of the unsignalled
footshocks could be more easily transmitted and amplified within an amygdaloid complex
that had been previously modified by fear conditioning. Such amplified excitatory synaptic
transmission operating within the confines of the BLA would of course be a crucial factor
in retrieving conditioned fear memories and overcoming the inhibitory controls imposed on
FPS responding by extinction training. Hence, the shock-induced reactivation ofthe
amygdala likely explains why the PBS control group of Experiment 3 displayed robust FPS
reinstatement and the AP5 and CNQX experimental groups did not.
Perhaps a very simple explanation would be that the generation of AMP A receptormediated fast EPSPs may have encouraged the removal of the Mg2+ ions from several
NMDA receptor channel pores in the amygdala causing a rapid influx of Ca2+ into many
postsynaptic cells. This could have occurred either through Ca2+-permeable NMDA
receptors or via recently formed unedited AMPA receptor channels that lack the GluR2
subunit (Kandel and Siegelbaum, 2000; Siegelbaum, et al., 2000). Once inside the
2

intracellular regions ofBLA neurons, Ca + ions could encourage various Ca2+-dependent
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kinases and protein molecules (i.e. cAMP, PKC, PKA, MAPK, CREB) to quickly
reactivate excitatory CS-UCS fear-memory systems, displace inhibitory learning and neural
networks, and restore conditioned fear. In fact, it has been demonstrated that the
reconsolidation of fear memories depends on protein synthesis occurring in the amygdala
around the time when fear-memories are reactivated (Nader, et aI., 2000). Furthermore,
infusions of pharmacological agents into the basolateral amygdaloid complex that interfere
with the activities of the amygdaloidal cAMP-PKA-MAPK-CREB signalling pathway quite
often prevent conditioned fear learning and memory consolidation from taking place in rats
(Goosens, et aI., 2000, Schafe, et aI., 2000; Schafe and LeDoux, 2000; Schafe, et aI., 1999;
Bailey, et aI., 1999; Josselyn, et aI., 2001; Lin, et aI., 200 I; for a review see Chapter 6).
Also, since fear conditioning and fear extinction seem to share some common biochemical
mechanisms within the amygdala (Falls, et aI., 1992; Walker and Davis, 2000; 2002; Fendt,
200 I; Schafe, et aI., 2000; Lin, et aI., 2001; 2003; Lu, et aI., 2001; Weisskopf: et aI., 1999;
Bauer, et aI., 2002; Myers and Davis, 2002; also see previous discussions) it is possible that
FPS reinstatement behaviour stems fi'om a competition between established excitatory
conditioned fear systems and inhibitory networks whereby shock-generated NMDA
2

receptor activation, cellular depolarization, Ca + influx and protein kinase activity all work
to destabilise extinction memories and restore CS-induced startle. Thus, it is quite
reasonable to assume that shock-induced excitatory synaptic transmission mediated by
amygdaloidal glutamate receptors kick-started intracellular biochemical events that helped
to revive CS-UCS fear memories in the PBS-infused rats of Experiment 3. On the basis of
this view, there is room to make a claim that AMP A and NMDA receptor-mediated
synaptic transmission offers a viable account of how conditioned fear responding is
restored in fear-extinguished animals exposed to aversive sensory stimuli (i.e. UCS;
footshock).
The most logical explanation regarding how intra-BLA AP5 and CNQX infusion blocks
the reinstatement of FPS in rats is predicated on the idea mentioned above that NMDA and
AMP A receptors mediate excitatory synaptic transmission and are involved in facilitating
the LTP induction deemed necessary for conditioned fear learning and expression (Li, et
aI., 1995; Rainnie, et aI., 1991a; Gean and Chang, 1992; Gean, et aI., 1993; Maren and
Fanselow, 1995; Maren, 1996; 1999; Miserendino, et ai., 1990; Campeau, et al., 1992;
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Kim, et al., 1993; Walker and Davis, 2000; 2002; Fendt, 2001). Based on the results of
Experiments 3C and 3D, there is ample evidence to support the view that the blockade of
FPS reinstatement produced by the intra-BLA infusions of AP5 and CNQX is caused by the
capacity of these drugs to disrupt excitatory synaptic transmission in the amygdala. Over
the past two decades, it has become quite evident that glutamatergic receptors (Le. NMDA,
AMPA and mGluRs) are important for the induction and maintenance of LTP and
excitatory synaptic transmission (Dunwiddle, et al., 1979; Collingridge, et al., 1983;
Collingridge and Bliss, 1987; Cotman, et aI., 1988; Malenka, et aI., ]989; Madison, et aI.,
] 991; Raitmie, et aI., 1991; Chapman and Bellavance, 1992; Gean and Chang, 1992; Gean,
Chang, Huang, Lin, and Way, 1993; Malenka and Nicoll, 1993; 1999; Li, et al., 1995;
Maren and Fanselow, 1995; Bliss and Collingridge, 1993; Maren, 1996; 1999; McKernan
and Shinnick-Gallagher, 1997; Mahanty and Sah, 1998; Huang and Kandel, 1998; Schafe,
et al., 2001; Bauer, et al., 2002; Fendt and Schmid, 2002; Rodrigues, et al., 2002; Lee, Lee,
and Choi, 2002). In terms of excitatory synaptic transmission, it has been ascertained that
AIVfPA receptors playa critical role in mediating early fast EPSPs in the amygdala and
throughout much of the CNS, whereas slower EPSPs tend to be mediated by NMDA
receptors (Cotman, et al., 1987; Neuman, Ben-Ari, and Cherubini, 1988; Rainnie, et al.,
1991a; Washburn and Moises, 1992; Gean and Chang, 1992; Davis, et al., 1994a; Wang, et
al., 2001; 2002; Sah and De Armentia, 2003).
Despite this difference, it is generally accepted that synaptic transmission within the
amygdala and along certain amygdala-based pathways normally involves both NMDA and
AMPA-receptor-mediated processes (Li, et al., 1995; Maren and Fanselow, 1995; Rainnie,
et al., 1991a; Maren, 1996; 1999; Wang, et al., 2001). For example, Li and colleagues
(1995) demonstrated that short-latency auditory evoked responses (i.e. < 25 ms) and single
unit activity in the lateral amygdaloid nucleus induced by either electrical stimulation ofthe
medial geniculate body of the thalamus or by peripheral auditory stimuli (Le. transient
clicks or white-noise bursts) could both be attenuated by the microinfusion of AP5 or
CNQX into the lateral amygdala. In a similar vein, experimental evidence gathered by
Maren and Fanselow (1995) demonstrated that both the negative slope and amplitude of
field potentials produced by electrical stimulation of the ventral angular bundle (VAB)
were blocked by intra-BLA microinfusion of the AMPA receptor antagonist DNQX.
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Furthennore, it was shown that both the negative amplitude and positive amplitude of the
VAB stimulation-evoked field potentials were attenuated by micro-administration of the
NMDA receptor antagonist AP5 (Maren and Fanselow, 1995). In addition to this, it was
found that the spike firing of BLA neurons generated by VAB stimulation cou Id be sharply
suppressed by either DNQX or AP5 applied to the BLA (Maren and Fanselow, 1995).
More recently, Wang and associates (2001; 2002) have demonstrated that intraamygdaloid signal propagation and synaptic transmission is controlled by AMP A and
NMDA receptors. This group of research scientists discovered that signal propagation
from the lateral amygdaloid nucleus to the basolateral nucleus and AStr is completely
blocked by the AMPA receptor antagonist DNQX and only partially suppressed by the
NMDA receptor antagonist AP5 (Wang, et aI., 2001; 2002). Specifically, microapplication ofDNQX (20 11M) blocked signal propagation from the lateral amygdaloid
nucleus (LA). to both the basolateral (BL) nucleus and AStr, whereas AP5 (50 11M)
disrupted signal transduction more in the LA-BL pathway than in the LA-AStr pathway
(Wang, et aI., 2002). Also, it was observed that local evoked potentials which depend on
synaptic responses and the activation ofVGCCs could be diminished in amplitude when
either DNQX or AP5 was micro-infused into the amygdala however DNQX was generally
more effective than AP5 in this capacity (Wang, et aI., 2001). This result suggests that
AMPA and NMDA-receptor-mediated activity can have an impact on cellular
depolarizations induced by VGCCs (Wang, et ai., 2001) and on any such biochemical
2

entities that regulate the flow of Ca + into neurons. On the basis of this research, it seems
that excitatory synaptic transmission and signal propagation between several amygdaloid
nuclei falls under the control of AMPA and NMDA-receptor-mediated processes.
Generally speaking, all the research findings mentioned above are consistent with earlier
research work that emphasised the importance ofNMDA and AMPA receptors in
facilitating synaptic transmission in the amygdala (Rainnie, et ai., 1991a; Gean and Chang,
1992). For instance, research conducted by Rainnie and colleagues (1991a) revealed that
CNQX (10 11M) superinfusion made into the BLA attenuated fast EPSPs generated by
electrical stimulation of either the lateral amygdala or stria terminalis, indicating that these
potentials were mediated by AMPA/kainate receptors. In contrast, the slower EPSPs that
were recorded from the BLA and were generally resistant to CNQX application were
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successfully blocked by the NMDA receptor antagonist AP5. Additionally, the fast and
slow inhibitory postsynaptic potentials (IPSPs) that usually followed the EPSPs could also
be blocked by CNQX (Rainnie, et aL, 1991). In a very similar fashion, Gean and Chang
. (1992) discovered that superinfusion ofCNQX (1.0 f.tM, 4.0

~LM,

8.0 f.tM) into the BLA

effectively blocked fast EPSPs induced by stimulation of the ventral endopiriform nucleus
in a

concentration~dependent

fashion. The two highest concentrations ofCNQX were

observed to be the most effective in suppressing fast EPSPs in the BLA (Gean and Chang,
1992).
It is interesting to note that when the perfusion was allowed to return back to a normal

control solution, the recovery back to BLA neurons exhibiting fast EPSPs was quite slow or
delayed after CNQX treatment (Gean and Chang, 1992). This delayed recovery back to a
fast EPSP-state in the BLA may help to explain why CNQX blocked FPS reinstatement and
why acoustic startle responding was dampened in the CNQX-treated rats of Experiments
3D and 4. One possibility is that the amounts of CNQX used in Experiments 3D and 4 (i.e.
2.5 f.tg and 5.0 f.tg) prevented fast EPSPs from being transmitted within the amygdala for a
long period of time after the unsignalled shock session had come to an end. Such a
disruption to excitatory signal propagation (i.e. synaptic transmission) may have prevented
key amygdaloidal neurocircuits from re-establishing or retrieving the emotionally charged
CS-lJCS memory trace that had been formed during Pavlovian fear conditioning. This in
turn may have served to block the reinstatement of FPS and dampen acoustic startle during
final testing. In addition, the lower FPS scores obtained by the two CNQX groups in the
expression control experiment (i.e. Experiment 4) may have been at least partially due to a
long-term depression in fast EPSPs in the amygdala caused by AMP A receptor blockade.
This notion suggests that the effects caused by the infusion of CNQX into the BLA may be
much longer lasting than anticipated. However, the characteristically higher levels ofFPS
expression displayed by CNQX -treated rats of control Experiment 5 (Le. no extinction + no
unsignalled shock) tends to weaken this view. At any rate, what is important to recognise
is that CNQX infusion into the BLA likely blocked FPS reinstatement in fear-extinguished
rats by disrupting excitatory synaptic transmission around the time when fear-memories
would have been reconsolidated or re-established. This time period would have started
during the first unsignalled footshock and then extended for some time after the last
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unsignalled footshock was administered to the rats. Thus, it is conceivable that CNQX
administration reduced fast EPSPs and interfered with a host of down-stream intracellular
biochemical cascades within the amygdala to impair contextual and UCS memories and
prevent FPS from recurring. A similar explanation can be applied to the two groups of rats
infused with the NMDA receptor antagonist AP5 in Experiment 3C.
Given what is presently known about how NMDA and AMPA receptors instigate
excitatory synaptic transmission (i.e. fast and slow EPSPs), LTP, Ca2+ entry into neurons,
and conditioned fear, it is not difficult to construct a brief description of how CNQX and
AP5 infusion made into the BLA prevented the reinstatement of FPS. First of all, the
presence of either AP5 or CNQX in the BLA during and after the delivery of the
unsignalled footshocks might have significantly diminished excitatory synaptic
transmission (i.e. fast and slow EPSPs) within the amygdala and along its many afferent
and efferent pathways. Consequently, neural transmission between several amygdaloid
nuclei known to be involved in conditioned fear learning and expression may have been
blocked by CNQX and AP5. Also, excitatory neurotransmission along glutamatergic
projections to such regions as the thalamus, nucleus accumbens, BNST, septum, mPFC and
temporal lobes may have been compromised as a result of AMP A and NMDA receptor
blockade in the amygdala (Robinson and Beart, 1988; Christie, Summers, Stephenson,
Cook and Beart, 1987). This of course would have made the retrieval of CS-UCS fear~
memories stored in the amygdala or in some other brain region difficult as neurons and
pathways that make up the amygdala-based fear system would not have reached the
threshold of excitation required for animals to displace inhibition with the emotional
memories that would make FPS possible.
Next, the attenuation of amygdaloid excitatory synaptic transmission and subsequent
short-circuiting of depolarizing currents produced by either AP5 or CNQX application
would have undoubtedly prevented NMDA receptors and/or AMPA receptors from
2

increasing Ca + levels in many amygdaloid nuclei that are involved in conditioned fear
learning and expression. In the case of the CNQX-infused rats of Experiment 3D, the
blockade of AMP A reccptors may have disrupted excitatory signal transmission enough to
prevent NMDA receptor channels from displacing the Mg2+ block and allowing Ca 2+ ions
to enter into postsynaptic cells. In addition, antagonism ofBLA AMPA receptors with
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CNQX may have also disrupted the activities ofVGCCs which also promote Ca2+ ion entry
into postsynaptic neurons. Intra-BLA infusion of AP5 administered to rats in Experiment
3C may have accomplished this feat by binding to selective sites on the NMDA receptor
2

complex, thus making the receptor's channel pore impervious to Ca +. The end result in
both situations would of course be that Ca2+ ions were denied entry into postsynaptic cells
ofthe amygdala.
Although it is plausible that Ca2+ could have been shunted into the intracellular domain
of amygdaloid neurons by VGCCs, it should be noted that VGCCs only seem to become
more active when AMPA and NMDA receptors are stimulated, when the frequency of
tetanizing stimulation is moderately high, and when sufficient cell depolarizations take
place (Wang, et a1., 2001; Siegelbaum and Koester, 2000; Grover and Teyler, 1990; Magee
and Johnston, 1997; Cavus and Teyler, 1996; Morgan and Teyler, 1999). In this regard it is
noteworthy, that AMP A and NMDA receptor blockade in the lateral amygdaloid nucleus
generally reduce the amplitude of evoked potentials that are generated by the stimulationinduced activation ofVGCCs (Wang, et aL, 2001). This finding is consistent with the
possibility that antagonism of AMP A and NMDA receptors in the amygdala can have an
2

impact on the flow of Ca + ions through VGCCs. Thus, in Experiments 3C and 3D any
CNQX or AP5-induced long-term disruptions to excitatory synaptic transmission in the
amygdala during and after un signalled footshock most likely prevented Ca2+ ions from
initiating neurobiological processes that facilitate conditioned fear restoration in the face of
inhibitory learning.
The blockade of glutamate amygdaloid receptors with either AP5 or CNQX and the
subsequent prevention ofCa2+,s entry into the intracellular domain of postsynaptic neurons
in the BLA cannot be ignored as a factor that contributed to the blockade ofFPS
reinstatement in Experiment 3C and 3D. There are several reasons why this may be so.
First, it is quite evident that Ca2+ ions activate numerous Ca2+-dependent kinases and
protein molecules once Ca2+ moves inside the cytoplasmic domain of a neuron (for a
2

review see Chapter 6). For instance, Ca + ion influx causes aCaMKll and PKC to recruit
adenylyl cyclase which in turn activates several protein kinases such as cAMP, PI<A and
MAPK and these kinases eventually phosphorylate CREB. The cAMP response binding
protein (Le. CREB) is then thought to interact with several DNA related mechanisms found
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in the nucleus ofthe cell leading to the transcription ofthe cAMP response element (CRE),
the production of new mRNA and the assembly of new proteins that are designed to bring
about structural and biochemical changes to synapses, dendritic spines and postsynaptic
receptors (Bliss and Collingridge, 1993; Alberini, et aI., 1995; Bacskai, et ai., 1993; Martin,
et aI., 1997; Kandel, 2000; Impey, et aI., 1998; Stork and Pape, 2002; Kandel, 1997;
Milner, et aI., 1998; Malenka and Nicoll, 1999; Silva, et aI., 1998; Schafe, et aI., 2001; also
see Chapter 6). Thus, as was mentioned earlier, Ca2+ entering postsynaptic neurons can
incite changes in several protein kinase pathways in order to promote molecular and
neurosynaptic transfonnations that enhance conditioned fear memory consolidation and
retrieval (for a review see Chapter 6).
This is paIticularly impOltant as research indicates that protein kinases and protein
molecules operating in the amygdala are necessary for long-term fear memory
consolidation and accurate conditioned fear-memory retrieval (Goosens, et a1., 2000;
Schafe, et aI., 2000; Schafe and LeDoux, 2000; Nader, et aI., 2000; Lin, et at, 2001).
Nader and associates (2000) for example, demonstrated that microinfusion of the protein
synthesis inhibitor anisomycin into the BLA immediately after the reactivation of a fear
memory produced amnesia for the original CS-UCS learning experience when rats were
retested for conditioned defensive freezing behaviour 24 hours later. In a similar fashion,
intra-BLA infusion of H7, a potent inhibitor of PKC and PKA, before fear conditioning
successfully blocked conditioned defensive freezing behaviour in response to auditory and
contextual fear cues when rats were given a final test 24 hours after the intra-BLA drug
infusions occurred (Goosens, et aI., 2000). Furthermore, intra-BLA infusion with the
ERKJMAPK inhibitor UOl26 blocked the formation of long-term fear memories but left
short-term fear memories intact (Schafe, et aI., 2000). Finally, the introduction of the
selective kinase inhibitor wortmannin into the amygdala prior to fear conditioning blocked
long-term but not short-term fear-memories in a FPS paradigm (Lin, et aI., 2001). Thus,
neurobiochemical systems and neural substrates that were devoted to conditioned fear
memory consolidation, retrieval and expression may have been effectively shut down by
AP5 and CNQX infusion made into the BLA of rats during Experiments 3C and 3D.
What is important to grasp is that the blockade of either NMDA or AMP A receptors in
the BLA with AP5 and CNQX before the administration of unsignalled reminder
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footshocks may have had a huge flow on effect on the sequential neuro-biochemical events
that control or trigger fear-memory retrieval and conditioned fear reinstatement processes.
In the BLA of AP5 and CNQX-treated rats, unsignalled footshock may have been unable to
. trigger excitatory synaptic transmission (Le. fast and slow EPSPs) and increase levels of
postsynaptic Ca2 +. This lack ofci+ might have prevented the reactivation ofbiomolecular
signalling pathways (i.e. cAMP-PKA-MAPK-CREB) and synapses that had been
established and strengthened during classical fear conditioning. Since some of the protein
kinases and new fonned proteins appear to be necessary for conditioned fear memory
consolidation and retrieval (Goosens, et aI., 2000; Schafe, et aI., 2000; Schafe and LeDoux,
2000; Nader, et aI., 2000; Lin, et aI., 2001), it is possible that CNQX and AP5-treated rats
in Experiments 3D and 3C had no recollection of the unsignalled footshocks and contextual
cues associated with the footshock which could have been used to help restore FPS. A
deficit in memory for such events would have prevented AP5 or CNQX-infused rats from
exhibiting FPS during final testing. Also, even ifCS-UCS memories were briefly
reactivated in the AP5 and CNQX-treated rats, the presence of either AP5 or CNQX in the
BLA before, during, and after unsignalled shock presentation may have been sufficient to

interfere with protein synthesis. This would have undoubtedly served to keep the CS-UCS
memory traces weak or fixed in a labile state. As a result, FPS reinstatement would most
likely be blocked, whilst behavioural inhibition would remain strongly entrenched. Indeed,
the research results obtained from Experiments 3C and 3D seem consistent with this
possibility as both AP5 and CNQX infusion into the BLA prior to 5 unsignalled footshocks
prevented FPS reinstatement from taking place when rats were tested 24 hours later.
Although the synaptic transmission hypothesis mentioned earlier provides a viable
account of how intra-BLA AP5 and CNQX application blocked FPS reinstatement, it
should be acknowledged that there are some experimental results which could challenge
this view or create a problem for some of its underlying assumptions. A potential difficulty
facing the synaptic transmission hypothesis is that research by Walker and Davis (2000) has
shown that pretraining intra-BLA AP5 infusions failed to block the shock sensitisation of
startle and CS-generated :FPS responding when rats were tested either immediately after
each light + footshock fear conditioning trial or for 30 minutes after the last fear
conditioning trial was administered. This result, according to Walker and Davis (2000)
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means that the antagonism ofNMDA receptors with AP5 failed to block the formation of
short-term es-ues fear memories and the short-term fear arousal produced by shock
exposure. However, when these researchers measured FPS retention 48 hours later, the
same AP5-infused rats that had exhibited significant immediate short-term FPS and shocksensitised startle responding did not display any FPS or elevated startle on the noise-alone
trials. This indicates that the establishment of long-term conditioned fear was blocked by
the pretraining intra-BLA AP5 infusions (Walker and Davis, 2000; also see Walker and
Davis, 2002).
The reason that some of the findings reported by Walker and Davis (2000) may be
problematic for the synaptic transmission argument offered to explain how AP5 blocks FPS
reinstatement is that even under the influence of intra-BLA AP5 rats are still able to acquire
short-term es-ues fear memories and exhibit shock sensitisation of startle (see Walker
and Davis, 2000). This could be taken to mean that the AP5-induced blockade ofNMDA
amygdaloid receptors in the rats of Experiment 3e would not have disrupted excitatory
synaptic transmission enough to have prevented rats from developing short-term shockinduced arousal and shock-context fear memories. This of course would mean that AP5treated rats in Experiment 3 e really should have exhibited FPS reinstatement when tested
the following day since short-term shock-induced fear arousal (some of which presumably
relies on glutamatergic receptor-mediated excitatory synaptic transmission) would not have
been impaired by the AP5 infusions that were made just prior to the delivery of the 5
unsignalled reminder footshocks. The only difficulty with this line of reasoning is that it
fails to take into account how the blockade of amygdaloid NMDA receptors with AP5
might have interfered with the transformation of short-term fear memories associated with
the 5 un signalled footshocks into stable long-term contextual/UeS fear memories.
It is therefore quite possible that AP5-induced NMDA receptor blockade in the

amygdala prevented FPS reinstatement from taking place by disrupting the short-term to
long-term contextuallUeS fear memory transformation processes long after the unsignalled
footshocks were administered. So even though short-term contextuallUeS fear memories
likely developed while the rats were under the influence of AP5 and exposed to unsignalled
footshocks what may have been missing was the emergence of more stable long-term
contextual and/or ues fear memories that could act to rekindle es-ues fear associations
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and restore FPS responding in the fear-extinguished rats of Experiment 3C. Perhaps many
of the same arguments presented here could also be applied to the results obtained from the
CNQX-treated rats in Experiment 3D.
Of course, in order for any of the ideas expressed above to be feasible, one would have
to adopt the view that the FPS reinstatement effect produced by unsignalled footshocks
develops out of a sequential step by step process that involves four basic stages. First, at
stage 1, unsignalled footshocks may triggcr immediate short-term contextual fear
responding and shock-induced arousal that may not necessarily be affected by the intraBLA infusion of drugs such as AP5 and CNQX. This seems logical as the emergenee of
this type of shock-induced short-term memory-based FPS responding did oceur in intraBLA AP5-infused rats in the study conducted by Walker and Davis (2000) but what is even
more interesting is that short-term fear did not lead to the development oflong-term
conditioned fear. Second (stagel), any short-term fears would need to be transformed into
more stable long-term contextualfUCS fears before they could influence CS-specific fear
reinstatement. Essentially, this means that a glutamatergic or perhaps DAergic receptormediated process in the amygdala may be at work along neuronal networks that are
designed to deal with short-term to long-term fear memory transfers. A disruption to the
neuronal network by the infusion of AP5, CNQX, or raclopride into the BLA may have
shut-down these short-term to long-term fear-memory transformations. Third (stage 3), the
emergence of longer-term contextual and UCS-associated fear memories may then be
effective in restoring CS-UCS fear memories that are temporarily masked by extinction
training. This may involve a CS-UCS fear-memory reconsolidation process that relies on
2

AMPAINMDA-receptor-mediated intracellular cascades, Ca +-mediated events, and many
of the protein kinase-based biochemical signalling pathways mentioned earlier (also see
Chapter 6). At this point, it is also important to consider the possibility that any excitation
generated by amygdaloidal DA, AMPA and NMDA receptors and Ca2+-mediated events
would probably have caused a rapid breakdown of inhibitory neural networks and
GABAergic inhibitory systems that help to maintain behaviours that develop out of
extinction training. Thus, the administration of un signalled footshocks and lor any
associated fear memories (i.e. contextual and UCS fear) when coupled with DAergic and
glutamatergic receptor-mediated excitation may have contributed to the FPS reinstatement
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effect observed in the PBS-treated group by instigating a breakdown inhibitory networks
which seem to develop from out of the integrative actions ofNMDA receptors, NR2B
subunits ofNMDA receptors, MAPK cascades and GABAergic interneurons and receptors
. in the amygdala (Walker and Davis, 2002; Lin, et aI., 2001; 2003; Lu, et aI., 2001; Szinyei,
et aI., 2003). In fact, functional NMDA receptors and NR2B subunits are located on
amygdaloid interneurons that are GABAergic (Szinyei, et aI., 2003; Danober, Heinbockel,
Driesang, and Pape, 2000) and the blockade of either NMDA receptors or MAPK activity
in the amygdala does prevent fear-extinction learning in rats (Falls, et aI., 1992; Lin, et aI.,
2001; Walker and Davis, 2002), thus indicating that NMDA-receptor-MAPK-GABA
neuronal interactions probably help to establish inhibitory networks and learning. If this is
indeed the case, then it is quite likely that the tremendous excitation and fear produced by
unsignalled footshock and mediated by glutamate receptors, elevated intracellular Ca

27

and

protein kinase activity caused a collapse ofinhibitory systems within the amygdala of PBStreated rats of Experiment 3. Of course, this type of development may have contributed to
the significant levels ofFPS reinstatement observed in these rats. In stark contrast, AP5,
CNQX and raclopride-infused rats failed to exhibit FPS reinstatement possibly because
these drugs may have prevented the breakdown of inhibitory systems by keeping the levels
of amygdaloid neural excitation generated by un signalled footshocks, contextual fear and
various voltage-dependent sources (i.e. voltage-gated NMDA receptors and VGCCs) below
the threshold required to displace inhibition and restore FPS behaviour. Fourth (stage 4),
long-tenn contextual fear memories and memories associated with the aversive qualities of
the UCS (footshock) may then be displaced and superseded by the CS-UCS fear memories
that were established through Pavlovian fear conditioning and the various
neurobiochemical cascades taking place in the amygdala and amygdala-based fear system.
It is even tempting to speculate that fear reinstatement in general and FPS reinstatement in

particular entails a relearning process that is similar to CS-UCS associative fear learning in
that it may be contingent on amygdaloid glutamatergic receptor-mediated processes and
protein kinase-based intracellular cascades.
Viewed in this context, the results of Experiment 3C in this thesis are in fact consistent
with the experimental work of Walker and Davis (2000). Thus although, these research
scientists revealed that pretraining AP5 amygdalar infusions failed to block short-term
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conditioned fear memories (Le. FPS during immediate testing and shock-sensitisation of
startle) associated with light + footshock training, they also demonstrated that AP5
infusions did prevent long-term conditioned fear memories from developing (Walker and
Davis, 2000). In other words, FPS was absent in the AP5-treated rats when they were
administered a retention test 48 hours after fear-training and immediate short-term fear
testing (see Walker and Davis, 2000). Thus, AP5 infusions made into the BLA clearly
prevented short-term fear and arousal from being transformed into stable long-term
conditioned fear (see Walker and Davis, 2000). Also, in some behavioural paradigms intraamygdala AP5 application can block the development of both short-term and long-term
fear memories (see Bauer, et al., 2002), so it is logical to conclude that AP5's disruptive
impact on FPS reinstatement (see Experiment 3C) was achieved by this antagonist's ability
to shut down amygdala-based NMDA-receptor-mediated neurotransmission and
intracellular cascades that are involved in neural plasticity and fear-memory
consolidation/reconsolidation processes (Li, et al., ] 995; Maren, 1996; Weisskopf and
LeDoux, 1999; Schafe, et al., 2001; Fendt, 2001; LeDoux, 2000; Bauer, et aL, 2002; see
Chapter 6). Such a neurobiochemical event would have undoubtedly interfered with the
ability of AP5-treated rats to transform the short-term fear and arousal generated by
unsignalled footshocks into longer-term fear memories that would be more capable of
facilitating CS-VCS fear reconsolidation and FPS reinstatement. In essence, the AP5treated rats of Experiment 3C probably had no recollection of the 5 unsignalled footshocks
administered 24 hours before FPS reinstatement testing and as a consequence failed to
exhibit FPS reinstatement. As was mention earlier, intra-BLA CNQX infusion likely
produced similar disruptions to FPS reinstatement through its ability to impair fear retrieval
and suppress excitatory neurotransmission in the amygdala (Kim, et aL, 1993; Walker and
Davis, 2002; Maren, 1996; Rainnie, 1991a; Gean and Chang, 1992; Li, et aL, 1995; Sah
and Lopez De Armentia, 2003; also see previous discussions and Chapter 6 for a review).
The implications ofthe FPS reinstatement research results obtained from Experiment 3
are important as they may begin to shed light on whether the amygdala is truly the final
resting place for conditioned fear memories. In addition, these results add to the growing
body of research that demonstrates the imp011ance of amygdaloidal dopaminergic and
glutamatergic receptors in conditioned fear retrieval and expression (Nader and LeDoux,
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1999b; Guarraci, et aL, ] 999; 2000; Waddington-Lamont and Kokkinidis, 1998; Maren, et
a1., 1996b; Fendt, 2001; Lee and Kim, 1998; Lee, et a1., 2001). Although it is accepted that
the combined results of Experiment 3 (Le. 3A, 3C, 3D) cannot totally resolve the debate on
whether the amygdala complex only modulates fear-memory storage and retrieves fearmemories stored in other remote brain regions (see McGaugh, 1992; Parent, et ai., 1994;
McGaugh, Cahill, and Roozendaal, 1996; Cahill, et aI., 1999; 2000; Weinberger, 1998;
Vazdarjanova and McGaugh, 1999) or whether fear memories are acquired and
permanently stored in the confines of the amygdala (see Maren and Fanselow, 1996;
LeDoux, 1995; LeDoux, 1992; 2000; 2002; Davis, 1992, 1997; 2000; Fanselow and
LeDoux, 1999; Fendt and Fanselow, 1999; Maren, 1999; 2001; Goosens and Maren, 2003;
Maren, 2003), it should be emphasized that the FPS reinstatement results, when combined
with other experimental research in the field, does seem to support the notion that the
amygdala is not only responsible for the acquisition, storage and retrieval of conditioned
fear memories but also is the neural substrate where most conditioned fear-memories
reside. However, it is important to be clear that this does not rule out the possibility that
some fear-memories or perhaps certain sensory elements of fear-memories are stored in
other brain regions that are intimately connected with the amygdala.
While it is true that raclopride, AP5 and CNQX infusion into the BLA may have
blocked the reinstatement of FPS by disrupting excitatory synaptic transmission and
intracellular cascades in the amygdala and by interfering with the reactivation of nemons
and pathways that had been strengthened through Pavlovian conditioning, it is equally
possible that these drugs could have prevented fear memories that were stored in other
brain regions from being transmitted to the amygdala. This is quite possible especially if
one considers the robustness of the thalamo-amygdaloid and thalamo-cortico-amygdaloid
pathways and the numerous reciprocal pathways that the amygdala shares with such regions
as the BNST, septum, hypothalamus, hippocampus, nucleus accumbens, insula, perirhinal
cortex, mPFC and VTA (for a review see Chapter 3). Since some of these brain areas rely
on glutamate and DA in order to transmit information to the amygdala, it is not
unreasonable to assume that the blockade of either DAergic or glutamatergic receptors in
the amygdala would prevent relevant information from reaching the amygdala. Of course
whether this information contains the complete CS-UCS fear-memory trace or just a
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selective portion of a fear~memory trace is difficult to tell. Nonetheless, it is likely that any
diminution of excitatory synaptic transmission that was produced by

intra~BLA

raclopride,

AP5, or CNQX application could have interfered with the capacity of CS~UCS information
coming from other brain regions to provoke the amygdala into reviving FPS responding
through the reactivation of central amygdaloid nucleus projections to the RPC. A very
simplistic view like this one would of course operate under the premise that

CS~uCS

fear-

memories are stored in regions other than the amygdala and that the amygdala acts as a
mere conduit for information being transmitted from cortical regions to brainstem nuclei
that mediate fear responses. However, it is quite clear from the previous discussions, that
the neural systems and circuits that mediate conditioned fear learning and expression are
not that simple but are in fact quite complex.
One thing that is undeniable is that many fear and anxiety circuits that mediate different
types of conditioned fear behavioural responses seem to have the amygdala as the principal
neural substrate that governs emotional behaviour. Indeed, a plethora of research gathered
over the past two decades seems to suggest that the amygdala is a region that has the
capacity to not only acquire and store conditioned fear memories but also to retain an
enduring CS-UCS fear memory trace (Hitchcock and Davis, 1986; 1987; LeDoux, et aI.,
] 990; Sananes and Davis, 1992; Miserendino, et aI., 1990; Campeau, et ai., 1992; Kim and
Davis, 1993a,b; Kim, et aI., 1993; Lee, et aI., 1996b; Campeau and Davis, 1995a; Maren
and Fanselow, 1995 Maren, et aI., 1996a,b; Muller, et aI., 1997; Quirk, et aI., 1995; 1997;
Rogan, et aI., 1997a,b; Nader, et aI., 2000; Guarraci, et aI., 1999; 2000; Greba and
Kokkinidis, 2000; Waddington-Lamont and Kokkinidis, 1998; Nader and LeDoux, 1999b;
Walker and Davis, 1997; 2000; 2002; Fendt, 2001; Lee and Kim, 1998; Lee, et aI., 2001;
Goosens, et aI., 2000; Schafe, et aI., 2000; Schafe and LeDoux, 2000; Lin, et aI., 2001;
Fendt and Schmid, 2002; Rodrigues, et aI., 2002; Goosens and Maren, 2003; also see
Chapter 5 and 6 for a review). What is important to point out is that the FPS reinstatement
results from this thesis (Experiments 3A to 3D) are consistent with previous work in that
the phannacological manipulations of the amygdala that were effective in disrupting FPS
reinstatement in Experiment 3, have also been shown to be quite effective in blocking
conditioned fear learning and expression (Miserendino, et aI., 1990; Campeau, et aI., 1992;
Kim, et aI., 1993; Fanselow and Kim, 1994; Walker and Davis, 1997b; 2000; Guarraci, et
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al., 2000; Waddington-Lamont and Kokkinidis, 1998; Maren, et al., 1996b; Lee and Kim,
1998; Lee, et al., 200J; Greba, et al., 2001; Fendt, 2001; also see Experiment lA). This
indicates that FPS reinstatement, like conditioned fear learning and expression, involves
. glutamatergic and dopaminergic receptor-mediated activity in the BLA complex.

22.6: Are CS-UCS Conditioned Fear Memories Stored in the Amygdala or Elsewhere in
the Brain?
It must be emphasized that the FPS reinstatement phenomenon relies on the retrieval of
CS-UCS fear-memories provoked by re-exposure to an aversive UCS (Le. footshock).
Raclopride, AP5, or CNQX infusions into the BLA prior to the unsignalled reminder
footshocks blockedFPS reinstatement in fear-extinguished rats when they were tested the
following day. On the basis of these results, it could be argued that the CS-UCS fear
memories that are responsible for producing FPS reinstatement must reside in the confines
of the BLA complex or at least somewhere in the amygdala. As a matter of fact, there are
several lines of research evidence which tend to support this supposition.
First, either electrolytic or NMDA lesions of the amygdala made several days before,
one day after, or several days after Pavlovian fear conditioning are all effective in blocking
conditioned fear in rats (Sananes and Davis, 1992; Kim and Davis, 1993a,b; Campeau, et
al., 1995a; Maren, et aL, 1996a). This lack of a temporal gradient of fear conditioning
produced by amygdala lesions scems to suggest that Pavlovian conditioned fear-memories
are acquired by the amygdala and that the amygdala is a permanent site where certain types
of fear memories are stored (Kim, et aI., 1993b; Lee, et al., 1996b; Maren, et al., 1996a).
Second, with the exception of the perirhinal region, lesions of primary sensory cortical
areas do not generally prevent the acquisition or expression ofFPS in rats (Campeau and
Davis, 1995b; Rosen, et al., 1992; Falls and Davis, 1993), whereas lesions of the amygdala
do (Hitchcock and Davis, 1986; 1987; Sananes and Davis, 1992; Kim and Davis, 1993a,b;
Campeau, et aL, 1995a, b; Lee, et al., 1996b; Walker and Davis, 2000). This indicates that
conditioned fear memories are not stored in primary sensory cortical regions but rather
appear to be housed somewhere within the basolateral amygdaloid complex.
Third, over training does not secm to alleviate deficits in the acquisition and expression
of Pavlovian conditioned fear produced by either electrolytic or NMDA lesioning of the
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BLA (Kim and Davis, 1993a, b; Lee, et aI., 1996b; Maren, 1998; also see Maren, 2001).
For instance, pretraining lesions of the BLA prevented rats from acquiring FPS even when
these animals were exposed to numerous training trials that extended over a period of
twenty four days (Kim and Davis, 1993a). In a similar fashion, BLA lesions administered
either 6 or 30 days after extensive fear conditioning completely blocked the expression of
FPS in rats (Kim and Davis, 1993; Lee, et aI., 1996), once again demonstrating that many
basic Pavlovian conditioned fear memories are stored in the amygdala on a permanent
basis. Consistent with this view is the fact that blockade ofBLA NMDA receptors with
AP5, inactivation ofBLA neurons with muscimol, or ncurotoxic lesioning of the entire
BLA all prevent the behavioural savings of auditory fear conditioning even when extensive
fear retraining is given (Goosens and Maren, 2003; Maren, et aI., 2001; Maren, 2001;
Maren, 1998).
Fourth behavioural and artificial LTP can be induced in the lateral and basolateral
amygdala (Clugnet and LeDo~x, 1990; Quirk, et aI., 1995; 1997; Rogan, et aI., 1997a;
McKernan and Shinnick-Gallagher, 1997; Huang and Kandel, 1998; Chapman, et aI., 1990;
Maren and Fanselow, 1995; Clugnet and LeDoux, 1990; Schafe, et aI., 2001; Doyere,
Schafe, Sigurdsson and LeDoux, 2003; also see Chapter 6) and the lateral amygdaloid
nucleus learns faster and develops plasticity faster than the temporal lobe region (Le. Te 3
and Te 1v) during fear conditioning (Quirk, et aI., 1997). F'or example, Quirk and
colleagues (1997) found that numerous neurons in the lateral amygdaloid nucleus exhibited
a decrease in tone response latencies (e.g. 10 to 20 ms range) during and after fear
conditioning which was significantly lower than the response latencies recorded from
temporal lobe cells (20 to 40 ms range). In addition, LTP at thalamic afferents to the lateral
amygdala was recently shown to outlast LTP at cortical afferents to the lateral amygdala
when measured in awake laboratory rats indicating that perhaps the sustained encoding of
CS-UCS fear-memories depends on the nondecremental and persistent neurosynaptic
plasticity found at thalamic inputs to the lateral amygdala (Doyere, et aI., 2003). The fact
that LTP occurs in the amygdala, is long-lasting, and can be modified by fear conditioning,
generally strengthens the notion that the amygdala is a site were conditioned fear memories
are permanently stored.

707

Finally, it should be noted that protein kinase inhibitors that typically act to disrupt some
aspect of the cAMP-PKA-MAPK-CREB signalling pathway often block both conditioned
fear memory consolidation and L-LTP induction when introduced into the lateral or
basolateral amygdala (Schafe, et al., 2000; Schafe and LeDoux, 2000; Nader, et al., 2000;
Goosens, et al., 2000; Lin, et al., 2001; Huang and Kandel, 1998; Huang, et al., 2000; also
see Chapter 6). For example, Schafe and colleagues (2000) demonstrated that intraamygdaloid infusions of the potent ERKIMAPK inhibitor UO 126 impaired long-term
memories for Pavlovian fear conditioning and LTP in the lateral nucleus of the amygdala.
Similarly, the application of the PI-3 kinase inhibitor wortmannin into the BLA complex of
rats blocked FPS, suppressed forskolin-elicited increases in MAPK phosphorylation, and
prevented LTP induction from taking place in BLA slice preparations (Lin, et al., 2(01).
The effectiveness of these compounds in suppressing both conditioned fear memories and
LTP induction after their infusion into the amygdala provides further confirmation that the
amygdaloid complex is a region where conditioned fear memories reside. Thus, on the
basis of the above discussions, it is probably safe to argue that the blockade ofFPS
reinstatement observed in rats treated with intra-amygdaloid raclopride, AP5 or CNQX is
generally supportive of the view that Pavlovian fear memories are stored in the amygdala
and then reactivated when certain aversive sensory cues (i.e. footshock) or changes in the
environment signal impending danger (Le. a light-CS previously paired with footshock).
However, it is acknowledged that fear-memories or some specified elements of fear
memories might be disseminated to and stored in other brain regions (Le. perirhinal cortex,
temporal lobes, insula, nucleus accumbens, BNST, mPFC) that are intimately connected to
the amygdala. Altematively, it is possible that primary CS-UCS fear-memories are stored
in the amygdaloid complex (i.e. local storage), whilst secondary backup CS-UCS fearmemory traces are stored in some of the other brain areas mentioned above (i.e. remote
storage) (Maren, 2(01). This type of redundancy built into a fear-system would of course
be beneficial to any organism, since it would allow the animal in question to maintain some
semblance of fear-like responding even if the amygdala becomes damaged through disease
or injury. As a matter of fact, research has shown that fear responding, including FPS, can
be restored in amygdala-Iesioned rats provided that they are given extensive and additional
fear-training before and after lesioning (Horvath, 1963; Thatcher and Kimble, 1966; Parent,
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Tomaz and McGaugh, 1992; Kim and Davis, ] 993a). For example, research obtained from
the inhibitory avoidance paradigm has consistently shown that the impairing effects on
tear-motivated avoidance responding produced by amygdala lesions can be greatly reduced
either through extensive prelesion training or by can-ying out amygdala lesions several days
after fear-training has been terminated (Liang, et aI., 1982; Thatcher and Kimble, 1966;
Parent, West and McGaugh, 1994; Parent, et aI., 1992; Parent, Avila and McGaugh, 1995a;
Parent, et aI., 1995b). In addition, posttraining lesions of the perirhinal cortcx have been
show to block the expression ofFPS in rats, demonstrating that this particular area may be
involved in CS-UCS information storage and retrieval (Campeau and Davis, 1995b; also
see Rosen, et aI., 1992). Furthermore, electrophysiological studies have demonstrated that
fear conditioning induces LTP-like changes in neurons of the temporal lobe (Quirk, et aI.,
1997). In paI1icular, neurons in the temporal cortex tend to exhibit prolonged conditioned
onset responses and delayed responses during repeated presentations of a CS (Le. tone) that
was previously paired with a footshock, whereas lateral amygdala neurons do not (Quirk, et
aI., 1997). Thus, during repeated testing (Le. CS only extinction), temporal neurons
maintained their conditioned responsiveness to the CS, whilst cells in the lateral
amygdaloid nucleus returned to pre-fear conditioning response levels after about 25 CSalone trials (Quirk, et aI., 1997). Quirk and colleagues (1997) speculate that this neuronal
activity means that c0l1ical cells in the temporal lobe are most likely involved in
establishing extinction-resistant fear-memories and setting up the behavioural timing of
CS-UCS intervals that make it possible for rats to anticipate or predict when the UCS will
be delivered during fear conditioning (Davis, et aI., 1989; Davis I 992a). Alternatively, the
persistence of conditioned onset responses in temporal lobe neurons coupled with the
gradual reduction in lateral amygdaloidal conditioned responses may also represent the
emergence of inhibitory learning (Quirk, et aI., 1997).
In any event, the above findings make it is plausible that CS-UCS fear-memory traces
could be stored not only in the amygdala but also in other brain regions that are closely
connected to the amygdala. Taking this into account, it is certainly possible that raclopride,
AP5 and CNQX infusions made into the BLA prior to the administration of the 5
unsignalled footshocks simply prohibited important CS-UCS information stored in other
areas from reaching the amygdala. Consequently, CS-UCS fear memory traces stored

709

remotely in other brain regions and reactivated by the unsignalled footshocks may have
been unable to reactivate any CS-UCS fear memory traces stored 10cal1y in the amygdala.
This, added to an amygdala already pharmacologically challenged by dopaminergic or
glutamatergic receptor blockade (Le. raclopride, AP5, and CNQX infusion), would have
made it exceedingly difficult for fear memories stored locally or remotely to displace
inhibitory learning and reactivate the amygdala-based neurosynaptic circuitry that had been
established and modified during fear conditioning. Consistent with this theme, the
presence of raclopride, AP5 or CNQX in the BLA during unsignalled reminder shocks
could have prevented the amygdala from recruiting vital information about the CS-VCS
association from other cortical and limbic regions. Whatever the case may be, the end
result was that the reinstatement ofFPS was blocked in fear-extinguished rats that were
treated with raclopride, AP5 or CNQX.

22.61: The FPS Reinstatement Results of Experiment 3A to 3D anti Their Link to
Human Emotional Disorders and Psychiatric Disturbances
Although, the exact neurobiochemical mechanisms and substrates that contribute to the
FPS reinstatement effect are only now staIting to be examined in more detail, it is quite
exciting to find that dopaminergic and glutamatergic amygdaloid receptors are involved in
restoring conditioned fear in laboratory animals that have been subjected to extinction
training. The reason this is particularly exciting is that the underlying causes and fear-like
behaviours associated with some psychological disorders and emotional disturbances in
humans can be attributed to dopaminergic and glutamatergic dysfunctions occurring within
the confines of the amygdala-based fear and anxiety circuit. For example, it has been
hypothesised that elevated DA levels and DA over activity in the amygdala, nucleus
accumbens, mPFC, and ventral pallidal region are a contributing factor in schizophrenia
and the many emotional and behavioural deficits that are indicative of this disease
(Reynolds, 1983; 1992; Mansbach, et aL, 1988; Caine, et aL, 1995; Swerdlow, et al., 1986;
1990; Geyer, et al., 1990; Peng, et aL, 1990; Johnson, et aL, 1994; Yang, et al., 1999; Inglis
and Moghaddam, 1999; also see Chapter 4). Research indicates that increased numbers of
DA D2 receptors are present in people with schizophrenia (Reynolds, Riederer, Jellinger,
and Gabriel, 1981; Mackay, Iversen, Rosser, Spokes, Bird, Arregui, Creese, and Snyder,
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1982; Seeman, Ulpian, Bergeron, Riederer, Jellinger, Gabriel, and Reynolds, 1984;
Reynolds, 1992) and post-mortem analysis of human brain tissue reveals that greater levels
of DA are present in the left amygdala of individuals who were afflieted with sehizophrenia
(Reynolds, 1983; 1992). As previously discussed, it should be noted that neuroleptic drugs
which are powerful DA D2 receptor antagonists, effectively block conditioned fear in
animals and reverse many of the symptoms associated with schizophrenia (Snyder, et al.,
1974; Carlsson, 1977; Julien, 1996; Davidson and Weidley, ] 976; Arnt, 1982; Shennan, et
a1., 1982; Petty, et al., 1984; Davis, et al., 1993; Hijzen, et al., 1995; Guanaci, et al., 2000;
Greba, et al., 2001; also see Experiment lA and ID). Furthennore, NMDA receptors and
BLA neurons also appear to be involved in contributing to the emotional and behavioural
pathology associated with schizophrenia as either intra-BLA AP5 infusions or quinolinic
acid lesions of the BLA impair the prepulse inhibition of startle and FPS learning in rats
(Wan and Swerdlow, 1997; Miserendino, et al., 1990; Campeau, et al., 1992; Walker and
Davis, 2000; Fendt, 2001). This is particularly impOltant as deficits in sensory gating are
commonly observed in individuals afflicted with schizophrenia (Braff, et al., 1978; Braff, et
al., 1992; Mansbach, et aL, 1988).
Additional evidenee for the involvement of glutamate systems in sehizophrenia comes
from the fact that elevated DA turnover in the mPFC and nucleus aecumbens in response to
stress handling seems to be regulated by glutamate neurotransmission (Jedema and
Moghaddam, 1994; Takahata and Moghaddam, 1998; Feenstra, et al., 1998). This view is
particularly attractive since glutamate pyramidal BLA neurons (McDonald, et al., 1989;
Farb, et al., 1995) are known to send extensive projections to the nucleus accumbens and
prefrontal cortical regions (Robinson and Beart, 1988; Christe, et al., 1987; Carlsen, 1988;
McDonald, 1987; McDonald, 1991; Wright and Groenewegen, 1996) and since lesions of
the BLA prevent stress-induced increases in DA metabolites in the mPFC (Goldstein, et aI.,
1996). Further SUppOlt for the role of amygdala NMDA receptors in schizophrenia has
bcen demonstrated by the work of Fendt and colleagues (2000b) who found that either the
NMDA antagonist dizocilpinc (0.625 IlglO.5 Ill) or the GABAergic antagonist picrotoxin
reduced the prepulse inhibition of startle when these compounds were introduced into the
BLA. These researchers also discovered that the deficit in sensory gating produced by
dizoclipine and picrotoxin could be reversed by pretreating rats with intraperitoneal
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injections of the potent DA receptor antagonist haloperidol (Fendt, et aI., 2000b). On the
basis of these results Fendt and colleagues (2000b) speculate that complex interactions
between NMDA, GABA and DA leads to a disinhibition of the BLA and the release ofDA
in the nucleus accumbens and amygdala. This notion is supported by the fact that
schizophrenic-like sensorimotor gating abnormalities have been repOlted to occur in rats
after DA is infused into the nucleus accumbens (Swerdlow, et aI., 1990). Thus, it is
conceivable that some of the behavioural and emotional pathology that is associated with
schizophrenia can be attributed to the elaborate interplay between NMDA, DA, and GABA
receptor systems in the amygdala (Fendt, et aI., 2000b; Wan and Swerdlow, 1997).
It is also possible that much of the persistent fear responding and propensity to easily

fall back to fear responding by those who suffer from PTSD and phobias might be
explained by the actions ofbasolateral amygdaloid NMDA receptors that clearly have a
hand in controlling excitatory and inhibitory forms oflearning (Walker and Davis, 2002;
Falls, et aI., 1992; Walker, et aI., 2002; Campeau, et aI., 1992; Miserendino, et aI., 1990;
Walker and Davis, 2000; Fendt, 2001; Adamec, 1997; Adamec, Burton, Shallow, and
Budgell, 1999). Thus, the recurrence of exaggerated fearfulness in PTSD and phobic
patients even after therapeutic intervention may be due in part to the action of
glutamatergic receptors in the amygdala. The results of Experiments 3C and 3D
demonstrating that AP5 or CNQX infusion into the BLA blocks the reinstatement of FPS in
fear-extinguished rats seems to provide support for this view. This notion makes sense
since the unsignalled footshocks, which can be defined as a traumatic event, failed to
restore FPS responding in rats infused with AP5 or CNQX. On the other hand, rats that
received intra-BLA PBS infusion prior to the unsignalled footshocks displayed robust FPS
reinstatement when tested 24 hours later. Thus, it is possible that the close association
between excitatory and inhibitory systems in the amygdala that depend on NMDA receptor
activation somehow function to restore conditioned fear responding if animals are exposed
to traumatic, stressful, or fear-evoking events (Walker and Davis, 20(2).
Perhaps, similar NMDA receptor-mediated events may be in operation in PTSD and
phobia patients who struggle with debilitating bouts of recurring fear and anxiety when
exposed to everyday stressors. Essentially, one could speculate that exposure to common
stressors (e.g. abrupt loud noises coming from a construction zone, cars backfiring, police
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sirens whaling, and the sudden disconcerting darkness produced by a power outage) may
quite easily reactivate amygdala-based glutamate receptors in PTSD and phobic sufferers
who have encountered fearful and traumatic events in the past (i.e. war, rape, terrorist
attack, natural disasters, horrific car accident). This of course would cause fear-memories
to come flooding back and in the process restore some of the maladaptive and exaggerated
forms of fearful behaviour exhibited by these individuals. As a matter of fact, the
involvement of glutamatergic and NMDA receptor functions in the causation of PTSD has
already been discussed in some literature reviews (Adamec, 1997; Van der Kolk, 1994) and
it is quite interesting to find that NMDA receptors and biological markers for PKC (i.e.

[3H] phorbol 12, 13-dibutyrate) are activated in the amygdala of laboratory animals in
response to aversive stressors such as restraint and tail shock (Shors, Elkabes, Selcher, and
Black, 1997; Shors and Servatius, 1995).
Behaviourally, PTSD sufferers display exaggerated statile responding, increased levels
ofFPS, memory flashbacks, and delayed habituation of the startle reflex (Butler, Braff,
Rausch, Jenkins, Sprock and Geyer, 1990; Morgan, Grillon, Southwick, Davis, and
Charney, 1995; 1996; Mosnaim, Wolf, Maturana, Mosnaim, Puente, Kucuk, and GilmanSachs, 1993; Ornitz and Pynoos, 1989; Shalev, Orr, Peri, Schreiber, and Pitman, 1993;
Garrick, Morrow, Shalev and Eth, 2001; Rauch, Shin and Wright, 2003). Interestingly, the
elevated startle responsiveness exhibited by PTSD sufferers closely resembles the type of
acoustic startle responses observed in rats that have either been exposed to footshocks or to
sensory cues that were repeatedly paired with the footshocks (Brown, et al., 1951; Davis
and Astrachan, 1978; Davis, 1989; Davis, 1992a,b,c; Falls and Davis, 1994; Morgan, et aI.,
1995; Richardson and Elsayed, 1998; Gewirtz, et al., 1998 Gifkins, et al., 2002; Greba and
Kokkinidis,2000). In fact, some researchers have proposed that the elevated startle levels
observed in war veterans diagnosed with PTSD actually represents a type of long-term FPS
that occurs when persons are repeatedly exposed to highly aversive, life-threatening, and
dangerous traumatic events (Adamec, 1997; Morgan, et al., 1995; 1996). If this view is
correct, it is highly probable that glutamatergic receptors (i.e. AMPA, NMDA and mGluRs)
in the amygdala playa prominent role in the development and maintenance of PTSD in
humans. This becomes glaringly obvious if one considers the fact that glutamate receptormediated LTP and excitatory synaptic transmission occur in the amygdala (Li, et al., 1995;
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Maren and Fanselow, 1995; McKernan and Shinnick-Gallagher, 1997; Bauer, et al. 2002;
Schafe, et al., 2001; Maren, 1999; Rainnie, 1991 a; Gean and Chang, ] 992; Wang, et al.,
2001; 2002) and that intra-amygdaloid infusion ofNMDA and AMP A receptor antagonists
block the acquisition, expression, and reinstatement of FPS in rats (Miserendino, et al.,
1990; Campeau, et aL, 1992; Kim, et al., 1993; Walker and Davis, 1997b; 2000; Fendt,
2001; see Experiments 3C and 3D). Additional support for the role ofNMDA and
glutamate receptors in PTSD comes from experimental work demonstrating that stressinduced increases in eH] phorbol 12, 13-dibutyrate (Le. a marker for PKC) binding in the
basolateral amygdaloid complex can be blocked by peripheral injections of the NMDA
receptor antagonist CGP-37849 (Shors, et aL, 1997).
Although it is quite probable that glutamate receptors are involved in PTSD, it is equally
possible that DA over-activity may also contribute to some of the emotional and
behavioural difficulties encountered by those suffering from PTSD. For instance, DA
metabolites generally increase in the amygdala, nucleus accumbens and prefrontal cortex of
rats when they are exposed to fear-eliciting environmental stressors or cues that have been
previously paired with footshock (Inglis and Moghaddam, 1999; Claustre, et al., 1986;
Herman, et al., 1982; Inoue, et al., 1994; Coco, et al., 1992; Goldstein, et aL, 1996; Deutch
and Roth, 1990; see Chapter 6). As a matter of fact, some researchers have proposed that
amygdala dysfunction coupled with psychological stress and the instability created within
the CNS monamine systems during traumatic events could play an influential role in the
development and maintenance ofPTSD (Charney, Deutch, Krystal, Southwick and Davis,
1993; Goldstein, Rasmusson, Bunney and Roth, 1994; Morrow, Elsworth, Rasmusson and
Roth, 1999). Thus, it may be possible that elevated DA levels in the mammalian amygdala
and other brain regions during such aversive events may actually serve to sensitise or
enhance neural systems that are devoted to fear memory storage and retrieval. This notion
is quite plausible since DA and DA agonists tend to increase the firing rate ofBLA neurons
(Rosenkranz and Grace, 1999; Kroner, et al., 2005), sensitise FPS responding (Borowski
and Kokkinidis, 1994; Willick and Kolddnidis, 1995; Gordon and Rosen, 1999), prevent
fear extinction (Borowski and Kokkinidis, 1998), increase paranoid ideations and panic
attacks (Angrist, 1983; 1994; Anthony, et aI., 1989; Aronson and Craig, 1986; Sherer,
1988; Post, 1975) and exacerbate many ofthe positive symptoms associated with
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schizophrenia (Angrist, et aI., 1980). Indeed, the difficulty in extinguishing conditioned
fear and continually displaying exaggerated emotionality in response to stimuli that were
once associated with a traumatic event is thought to be a very common symptomatic trait of
PTSD (Charney, et aI., 1993; Rauch, et aI., 2003).
Also, as will be recalled, elevated DA in the amygdala may serve to enhance the
efficiency ofNMDA receptors and VGCCs and such an occurrence may help to increase
numerous Ca2+-mediated events which serve to promote synaptic plasticity (Levine, et aI.,
1996; also see Civelli, et aI., 1993; Jackson and Westlind-Danielsson, 1994). This seems
quite plausible as DA and DA receptors have been shown to be involved in gating LTP
induction in both the amygdala and hippocampal formation (Bissiere, et aI., 2003;
Otmakhova and Lisman, 1996; Frey, et aI., 1990; 1991; Huang and Kandel, 1995; 1996).
During times of intense fear and stress or severe trauma (e.g. combat in war, rape, natural
disasters, serious car accident) elevated DA in the amygdala and other corti co limbic
regions may make amygdala-based fear systems supersensitive. It is possible that such
supersensitive fear and anxiety systems are present in those individuals who are afflicted
with PTSD and paranoid schizophrenia.
It is important however to recognize that several other neurochemicals may be involved

in controlling the intrusive recurrence of fear memories and responses associated with
PTSD. For instance, it has been suggested that elevated levels of epinephrine, cOltisol, and
norepinephrine might bring about greater activation of the amygdaloid complex during
times of intense trauma (Rosen and Schulkin, 1998). It is postulated that some of these
compounds might encourage extreme vigilance and caution, facilitate the recall of
traumatic experiences, and help generate typical PTSD emotional responses (Rosen and
Schulkin, 1998). Also, it is necessary to consider that the CRH activity in the BNST may
contribute to the emotional and behavioural pathology associated with PTSD as CRH
infusions into this region have been shown to potentiate acoustic stalile responding in rats
(Lee and Davis, 1997 a, b) and it should be noted that exaggerated startle responsiveness is a
very common tTait of those who suffer from PTSD and generalized anxiety disorder
(Mosnaim, et aI., 1993; Van del' Kolk, 1994; Butler, et aI., 1990; Morgan, et aI., 1995;
1996; Ornitz and Pynoos, 1989; Shalev, et aI., 1993).
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As will be recalled, thc BNST forms the extended amygdala and is very similar to the
central nucleus of the amygdala in terms of cellular composition, efferent connectivity and
neurotransmitter content (Alheid, et aI., 1995; Holstege, et aI., 1985; Sun, Roberts and
Cassell, 1991; Moga, et aI., 1990; McDonald, 1982; 1983; Moga and Gray, 1985; Ju, et aI.,
1989; Ju and Swanson, 1989; Gray and Magnuson, 1987). It is important to point out that
lesions ofthe BNST have been shown to block both the excitatory effects of CRH on startle
and the

long~term

sensitisation of acoustic startle responding induced by repeated footshock

stress (Lee and Davis, 1997; Gewirtz, et aI., 1998). In addition to this, both the BLA and
BNST AMPA receptors have been shown to playa prominent role in regulating the
anxiogenic

light~enhanced

startle response (Walker and Davis, 1997a, b). This has been

demonstrated by the fact that NBQX infusions into either the BNST or BLA suppressed the
light~enhanced

startle effect in rats (Walker and Davis, 1997b). It is also worth mentioning

that the lateral central amygdaloid nucleus and the BNST receive substantial DAergic input
from midbrain DA neurons (Freeman and Cassell, 1994; Fallon and Ciofi, 1992; Phelix,
Liposits and Paull, 1992; Moore and Bloom, 1978) and both Dl and D2 DA receptors are
located in the BNST and lateral aspects of the central amygdaloid nucleus (Scibilia, et aI.,
1992). Since DA metabolites are increased in the amygdala and many limbic regions when
rats are exposed to conditioned fear cues and stressful events (i.e. footshock, predator
odors, restraint/handling: see Coco, et aI., 1992; Claustre, ct aI., 1986; Herman, et aI., 1982;
Inoue, et aI., 1994; Inglis and Moghaddam, 1999; Goldstein, et aI., 1996; Deutch and Roth,
1990; Morrow, et aI., 2000), it is possible to visualize how a reactivation ofDA systems in
the amygdala-BNST circuit could facilitate the vivid recall of fear-memories in PTSD
patients and restore fearful responding in those who suffer from phobias.
As a matter of fact, parallels can be drawn between what occurs in humans who
experience traumatic events and encounter fearful stimuli and what laboratory rats face
during FPS reinstatement training. For example, in Experiment 3, rats were exposed to
Pavlovian fear conditioning trials (i.e. similar to a traumatic or fearful event encountered by
PTSD or phobic patients) given extinction training to mask conditional fear (i.e.
desensitization therapy to extinguish PTSD-induced fear and anxiety behaviour), received
intra-BLA drug or PBS infusions (i.e. medication vs. no medication) administered 5
unsignalled footshocks (i.e. a stressor in the environment that is similar to what was
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previously encountered) and tested for FPS reinstatement (i.e. a vivid recall offearful
events and are-emergence of fearful behaviour). As will be recalled, PBS-infused rats
exhibited robust FPS reinstatement, whereas rats infused with raclopride, AP5 or CNQX
into the BLA did not. Thus, the FPS reinstatement paradigm could he a valuable tool in
uncovering the specific neural substrates and biochemical mechanisms that trigger a sudden
restoration of fearful responding in those afflicted with PTSD and phobias. However, it
must be emphasised that this animal model of fear reinstatement is really at an early stage
of its development and it may need to be modified in order to be a good animal model of
PTSD.
Despite being at this early stage, it can be stated with some degree of confidence that
DA D2 , NMDA, and AMPA basolateral amygdaloid receptors are involved in influencing
fear-memory retrieval processes that facilitate the reinstatement ofFPS in rats. Although
some explanations of how this might be occurring at a neurochemical level were diseussed,
more research needs to be done to examine the role of amygdaloidal DA DJ and GABA
receptor systems in mediating FPS reinstatement. Also other brain regions should be
studied in order to evaluate their role in contributing to the FPS effect. This may involve
carrying out electrophysiological and pharmacological manipulations on brain regions that
share extensive reciprocal connections with the amygdala. Only when such a
comprehensive examination of the neural systems that leads to FPS reinstatement in rats is
complete, can the scientific community provide a detailed account of how fears and
phobias resurface in those afflicted with PTSD, phobias, and schizophrenia.

22.7: Electrical Stimulation of tlte Amygdala Leads to a Reinstatement of FPS
Responding in Fear-Extinguished Rats
Experiments 7A and 7B investigated the impact of electrical stimulation of the
amygdala on FPS reinstatement in fear-extinguished rats. The goal of this research was to
see if 100 electrical pulses administered to the amygdala would cause fear-extinguished rats
to exhibit FPS reinstatement. The basic experimental design of Experiments 7A and 7B
was essentially the same as that found in Experiments 2 and 3. The only difference was
that 100 electrical stimulations of the amygdala were used to reinstate FPS instead of the 5
unsignalled footshocks. Electrical stimulation of the amygdala was used in place of
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footshock because it was thought that it would generate EPSPs and produce neural
sensitisation and excitation in a confined region of the amygdala (i.e. basolateral and
central amygdaloid nuclei) and in the process restore FPS responding in fear-extinguished
rats.
The principle finding of Experiment 7A was that electrical stimulation applied to the
amygdala of fear-extinguished rats caused FPS responding to be reinstated when rats were
subjected to a final test 24 hours later. Fear-extinguished rats that received no electrical
stimulation of the amygdala exhibited no FPS on the final test which is indicative of a
normal extinction response. Furthermore, electrical stimulation of the amygdala in a group
of non-extinguished rats 24 hours before final testing did not disrupt the expression ofFPS.
This finding is consistent with reports that show that electrical stimulation of the amygdala
does not produce impairments in fear-memory or fear-motivated behaviour ifthe
stimulation occurs several hours after fear training (see Gold, Macri, and McGaugh, 1973).
Experiment 7B was an offshoot of Experiment 7A and was designed to examine the
contribution of contextual factors to the reinstatement of FPS in fear-extinguished rats. A
group of rats (N= 12) that received electrical stimulations of the amygdala in a context that
was different to the startle apparatus were compared to the Extinction + Stimulation group
ofrats (N=12) that received amygdaloidal electrical stimulation in the startle testing
apparatus. In general, the final test results revealed that although both experimental groups
did exhibit a FPS effect, the magnitude ofFPS reinstatement in the Extinction + In Context
Stimulation group was significantly greater than the level of FPS reinstatement obtained by
the Extinction + Out of Context Stimulation group. These results suggest that contextual
cues and experimental context are important factors that influence the degree ofFPS
reinstatement exhibited by rats.
Examination of after-discharge (AD) current thresholds recorded from the amygdala of
rats in Experiment 7 revealed that prior electrical stimulation ofthe amygdala (i.e. 100
stimulations before FPS reinstatement testing) significantly reduced AD current thresholds.
This result indicates that electrical stimulation ofthe amygdala that instigated FPS
reinstatement might have also caused an enduring neural sensitisation of the amygdala that
may have been helpful in displacing inhibitory learning and retrieving the CS-UCS
memories that had been established during Pavlovian fear conditioning. Thus, it is possible

718

that the electrically-induced reactivation of amygdaloidalneurons and pathways that were
strengthened during fear conditioning may have helped restore FPS in fear-extinguished
rats. It must be emphasised that there is ample evidence from both animal and human
research to supp011 the results of Experiment 7A that show that electrical stimulation of the
amygdala reinstates conditioned fear in rats.
Indeed, a wealth of experimental evidence gathered ii'om research carried out on
laboratory animals demonstrates that electrical stimulation of the amygdala produces
autonomic, behavioural, and hormonal changes that are indicative of a central fear state
(Reis and Oliphant, 1964; Kaada, 1972; Zbrozyna, 1972; Applegate, et aI., 1983; 1985;
Mogenson and Calaresu, 1973; Kapp, et al., 1982; Iwata, et ai., 1987; Rosen and Davis,
1988ab; Rosen, et al., 1996; Dunn and Whitner, 1986; Feldman, et al.; 1982). As was
previously mentioned, electrical stimulation of the amygdala typically leads to increased
gastric ulcer formation (Henke, 1980a; Innes and Tansy, 1980; Sen and Anand, 1957)
behavioural arrest or defensive freezing (Applegate, et aI., 1983; LeDoux, 1987; Iwata, et
aI., 1987) alterations in cardiovascular activity (Hilton and Zbrozyna, 1963; Reis and
Oliphant, 1964; Kapp, et aI., 1982; Applegate, et aI., 1983; Pascoe, et aI., 1984; LeDoux, et
aI., 1988; Pascoe, et aI., 1989; Iwata, et aI., 1987) elevated plasma corticosterone (Dunn
and Whitner, 1986; Feldman, et aI., 1982; Manson, 1959; Matheson, et aI., 1971; Redgate
and Fahringer, 1973) and augmented acoustic startle responding (Rosen and Davis,
1988a,b; 1990; Koch and Ebel1, 1993). In terms of acoustic startle responding, electrical
stimulation of the amygdala enhances the firing rate of auditory sensitive neurons in the
RPC (Davis, et aI., 1982a; Lee, et aI., 1996; Koch and Ebert, 1993; 1992) and
electrophysiological studies indicate that the amplification of startle induced by amygdala
stimulation closely resembles the potentiation of acoustic startle achieved by exposing rats
to naturally fearful stimuli or sensory cues that predict the onset of aversive footshock
(Rosen and Davis, 1988a,b; Rosen and Davis, 1990; Cassella, et aI., 1986; Davis, 1986;
Davis, 1992a). Since it is well established that amygdala neurons and their projections to
the brain stem startle circuit at the RPC are necessary for mediating FPS responding and
shock sensitised startle in rats (Rosen, et aI., 1991; Hitchcock and Davis, 1986; 1987; 1991;
Hitchcock, et aI., 1989; Sananes and Davis, 1992; Campeau and Davis, 1995a; Kim and
Davis, 1993a,b; Lee, et aI., 1996a,b) it is quite possible that electrical stimulation of the
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amygdala in the fear-extinguished rats of Experiment 7A reactivated this neurosynaptic
conditioned fear pathway .

.22.71: Amygdala Stimulation-induced FPS Reinstatement and its Link to Emotional
Disturbances Produced by Temporal Lobe Epilepsy
Electrical stimulation of the amygdala in laboratory animals produces a range of
autonomic, behavioural and hormonal changes that are common features normal1y
associated with a heightened fear state (see previous paragraph and references listed
above). It is interesting to note that identical autonomic, behavioural and cardiovascular
effects and fear-like manifestations observed in animals can be replicated in humans by
electrically stimulating the amygdala or nearby temporal lobe regions (Kaada and Jasper,
1952; Chapman, et al., 1954; Chapman, 1960; Halgren, et aI., 1978; Gloor, et aI., 1981;
Gloor, 1992) .. This is important as these types of reports help to bridge the gulf between
fear-related experiments carried out on laboratory animals with similar research conducted
on human subjects. As a rule, this increases confidence in the generalizability of the results
from animal research as they relate to maladaptive fear and anxiety disorders in humans. In
addition, the cross-species similarity in fearfulness generated by amygdaloid stimulation
suggests that the amygdala-based fear and anxiety system in mammals is probably
hardwired, highly adaptable and most likely shares a common evolutionary ancestry (see
LeDoux, 1998; 2000; 2002).
It is also known that elevated feelings of fear and anxiety or the evocation of fearful

memories can at times accompany heart palpitations, elevated heart and respiratory rates,
pallor, epigastric upset, nausea, and visceral sensations produced by amygdaloid
stimulation (Gloor, et aI., 1981; 1982; Gloor, 1992; Chapman, et aI., 1954). In addition to
these observations, it is well established that intense fear and overwhelming anxiety often
accompany abnormal electrical discharge activity in the amygdala and temporal lobe region
(see Gloor, 1992). Ictal fear generated by epileptic seizure activity focused in the
amygdaloid complex is a very common emotion experienced by those who suffer from
temporal lobe epilepsy (Gloor, 1992; 1972) and it is thought that these individuals are more
predisposed to exhibiting paranoid ideations and fear-like behaviours during periods of
interictal activity (Gloor, 1992; 1972; Herman, Dikmen, Schwartz, and Karns, 1982;
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Savard, Andermann, Olivier, and Remillard, 1991; Depaulis, et al., 1997). Typically, some
of the most common emotional disturbances and physiological changes that occur during or
between seizures includes; fear-memory flashbacks, anxiety, fear-inducing hallucinations,
.paranoid ideations, epigastric upset, pupil dilation, pallor, heart palpitations, nausea and
elevated levels of anxiety (Gloor, 1990; 1992; Gloor, et al., 1991; Crandall, et al., 1971;
Halgren, et al., 1978).
Although some of these fear-like behavioural responses and fearful emotional outbursts
produced by electrical stimulation of the amygdala and epileptic seizure seemingly arise
out of the blue, it should be recognized that some of these emotional and behavioural
manifestations of fear might be due to a re-excitation of amygdaloid neurons and pathways
that contain fear-memory traces that have developed out of real experiences (see Gloor,
1992). Animal models of temporal lobe epilepsy that employ kindling techniques that rely
upon repetitive and daily subconvulsive electrical stimulation to induce AD seizure activity
in the amygdala and other limbic structures (Le. hippocampus) have generally been quite
successful in demonstrating that kindling of the amygdala increases fearfulness and alters
emotionality in laboratory animals (Adamec, 1990; 1991; Adamec and Morgan, 1994;
Helfer, et al., 1994; Henke and Sullivan, 1985; Hiyoshi, Matsuda, and Wada, 1990;
Nieminen, et al., 1992; Witkin, Lee and Wallczak, 1988; Kalynchuk, et at, 1997; Rosen, et
al., 1996; Kalynchuk, et al., 1998a,b; Kalynchuk, et al., 1999a,b). Additionally, research
has shown that humans, like rats, can acquire and express conditioned fear and FPS and
imaging studies have revealed that metabolic activity of amygdala neurons is increased
during Pavlovian fear conditioning or exposure to fear-eliciting cues (Ross, 1961; Spence
and Runquist, 1958; Grillon, et al., 1991; Hamm, et al., 1997; Hamm, Greenwald, Bradley,
and Lang, 1993; Lang, Bradley and Cuthbert, 1990; BUchel, Morris, Doaln, and Friston,
1998; LaBar, Gatenby, Gore, LeDoux, and Phelps, 1998; Knight, Smith, Stein, and
Helmstetter, 2001; Cheng, Knight, Smith, Stein, and Helmstetter, 2003; Fischer, Wright,
Whalen, McInerney, Shin, and Rauch, 2003). Thus, it is conceivable that some ofthe
behavioural and emotional pathology that is commonly associated with amygdala
stimulation and epileptic seizures arise out of real fear memories (Gloor, 1990; 1992;
Halgren, et al., 1978). For example, research on rats has shown that a kindling-induced
escalation of fearfulness expressed towards novel and unfamiliar environments can be

721

restored by generating additional seizure activity if the neophobic responding weakens with
time (Kalynchuk, et aI., 1997; Depaulis, et aI., 1997). Furthermore, numerous studies and
review articles have reported that kindling ofthe amygdala generally increases fear
responding, anxiety, and emotional expression in several different species of laboratory
animals (Adamec, 1978; Adamec and Stark-Adamec, 1983; Hiyoshi, et aI., 1990; Goddard,
McIntyre, and Leech, 1969; Adamec and Morgan, 1994; Helfer, et aI., 1996; Nieminen, et
aI., 1992; Kalynchuk, et aI., 1997; Kalynchuk, et aI., 1998a,b; Kalynchuk et aI.,1999a,b;
Rosen, et aI., 1996; Kalynchuk, 2000; Adamec and Young, 2000; Wintink, et aI., 2003; but
see Ebert and Koch, ] 996). More specifically, kindling of the rat amygdala has been shown
to increase defensive freezing behaviour, reduce levels of open-field exploratory behaviour,
exaggerate FPS responding, and make animals less tame and more difficult to capture
(Wintink, et aI., 2003; Kalynchuk, et al., 1998a,b; Nieminen, et aI., 1992; Helfer, et aI.,
1996; Rosen, et al., 1996). It is therefore a real possibility that electrically stimulating the
amygdala of fear-extinguished rats in Experiment 7A with 100 mild electrical pulses
caused masked CS-UCS fear associations to resurface or be retrieved out of long-term
memory.
How this occurs is difficult to tell with the paradigm used, but one possibility is that
amygdala stimulation produces its FPS reinstatement effects by reactivating glutamatergic
receptors and VGCCs that were initially involved in forming CS-UCS fear associations
during Pavlovian fear conditioning. In essence, one could speculate that the 100 electrical
volleys delivered to the amygdala of fear-extinguished rats in Experiment 7A either caused
pa11ial kindling and neuronal sensitization in this limbic structure or somehow mimicked
the type oftentanic stimulation that is usually applied to amygdaloid afferents during
artificial LTP induction. This sensistization or pat1ial kindling hypothesis is supported by
the data demonstrating that AD current thresholds were reduced only in the rats that
received electrical stimulation of the amygdala. Also, the stimulation parameters and
current intensity used to stimulate the amygdala ofrats in Experiment 7A (i.e. 400 I-lA; 100
Hz; 0.1 ms pulsewidth; 0.5 s duration) were fairly similar to those used to kindle the
amygdala, induce amygdaloidal LTP and paired pulse facilitation, and elevate acoustic
startle responses in rats (see Rosen, et aI., 1996; Kalynchuk, et al., 1999; 1998; Adamec
and Mogan, 1994; Nieminen, et aI., 1992; Chapman, et aI., 1990; Clugnet and LeDoux,
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1990; Maren and Fanselow, 1995; Weisskopf, et aI., 1999; Bauer, et aI., 2003; Doyere, et
ai., 2003; Rosen and Davis, 1988a,b). This indicates that the stimulation parameters used
in Experiment 7A were within a range previously shown to elicit fear responding in
laboratory animals. Moreover, research has shown that mid-range high frequency levels of
electrical stimulation (i.e. 100-200 Hz) like those used in Experiment 7A can activate both
NMDA receptors and VGCCs in the CAl region of the hippocampus (Cavus and Teyler,
1996; Morgan and Teyler, 1999).
In addition, LTP in the lateral and basolateral amygdala has been shown to be reliably
induced by moderate to high fi:equency electrical stimulation and current intensities
(Chapman, et aI., 1990; Clugnet and LeDoux, 1990; Chapman and Bellavance, 1992;
Maren and Fanselow, 1995; Wiesskopf, et aI., 1999; Bauer, et aI., 2003; Doyere, et aI.,
2003) and there is quite convincing evidence that glutamatergic receptors (Le. NMDA and
AMPA) and VGCCs are involved in facilitating amygdaloidal plasticity and excitatory
synaptic transmission (Huang and Kandel, 1998; Li, et aI., 1995; Maren and Fanselow,
1995; Gean, et aI., 1993; Shindou, Watanabe, Yamamoto and Nakanishi, 1993; Wananabe,
Ikegaya, Saito and Abe, 1995; McKernan and Shinnick-Gallagher, 1997; Mahanty and Sah,
1998; Rainnie, et aI., 1991 a; Davis, et aI., 1994; Gean and Chang, 1992; Chapman and
Belevance, 1992; Wang, et aI., 2001; 2002; Sah and De Armentia, 2003; Bauer, et aI.,
2003). Also, excitatory amino acid and glutamatergic receptor-mediated neurosynaptic
transmission appear to be involved in generating and maintaining the levels of amygdaloid
hyperexcitability created by kindling (Kaura, Bradford, Young, Croucher, and Hughes,
1995; Cain, 1992; Adamec, 2000) since glutamatergic receptor antagonists have been
shown to suppress kindling in the amygdala and hippocampal formation (Cain,
Desborough, and McKitrick, 1988; Gilbert and Mack, 1990; Cain, 1992). Thus, it is
conceivable that the electrical current and the stimulation parameters used in Experiment
7A led to frequent cellular depolarizations, and an activation of amygdaloidal glutamate
receptors (AMPA, ]\.:MDA and mGluRs) and VGCCs.
The flow on effect of such receptor activation would be that Ca2i- ions were allowed
entry into numerous BLA neurons that formed palt of the cellular matrix that retained CSUCS fear memories laid down during Pavlovian fear conditioning. These elevated Ca2+
levels may have caused spike firing and prolonged cellular depolarizations to be generated
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throughout the amygdaloid complex and this process may have eventually reactivated
several Ca2-r -dependent enzymes, protein kinase molecules and second messengers (e.g.
aCaMKIl, CaMKIV, adenylyl cyclase, cAMP, PKC, PKA, MARK) that are known to be
involved in the long-term storage and reconsolidation of conditioned fear-memories
(Schafe, et al., 1999; 2000; Lin, et al., 2001; Josselyn, et al., 2001; Schafe and LeDoux,
2000; Goosens, et aL, 2000; Nader, et al., 2000). Indeed, enduring augmentations in PKC
activity have been shown to occur in the amygdala, piriform cortex and hippocampal
formation after the amygdala has been kindled (Akiyama, Ono, Kohira, Daigen, Ishihara,
and Kuroda, 1995) and there is some indication that kindling increases AMP A and NMDA
receptor density in a number of limbic areas including the amygdala (Cincotta, Young, and
Bem1, 1991; Adamec, 2000). A reactivation of these biochemical systems through the
electrical stimulation of amygdaloid neurons might have been one of the underlying reasons
why fear-extinguished rats of Experiment 7A exhibited robust FPS reinstatement. Put
simply, the electrical stimulation used in Experiment 7A may have sensitised or partially
kindled the amygdala and in the process reactivated the entire neurobiochemical and
neurosynaptic systems that are involved in conditioned fear learning, retrieval and
expression.
Keeping this in mind, it is also possible that some of the stimulation-induced
reactivation could have spread via efferent pathways to the thalamus, hypothalamus, PAG,
VTA and RPC, thus making these brain regions more sensitive to any future CS-induced
activation of the amygdala. This may have made areas like the PAG, VTA and RPC which
have been shown to be involved in the behavioural expression ofFPS (Fendt, et al., 1996a;
Fendt, Koch, and Schnizler, 1996b; Fendt, 1998; Borowski and Kokkinidis, 1996; Lee, et
al., 1996a; Rosen and Davis, 1988a; 1988b; for a review see Koch, 1999; Davis, 1992a;
Fendt and Fanselow, 1999) more receptive to information arriving from the amygdala. As
a matter of fact, electrical stimulation of the amygdala has been shown to increase neuronal
activity in the dorsal lateral geniculate nucleus of the thalamus (Cain, et al., 2002), the PAG
(Sandrew and Poletti, 1984) the VTA (Maeda and Mogenson, 1981) and the RPC (Koch
and Ebe11, 1992; 1993). In addition, kindling of the amygdala has been reported to
generate L TP in amygdalo-ventromedial hypothalamic and amygdalo-PAG pathways,
indicating that repeated electrical stimulation of the amygdala can make brain regions that
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are known to have a role in regulating defensive behaviour and expressions of fear more
efficient (Adamec, 2000; Adamec, 1993). Thus, there is a real possibility that electrical
stimulation of the BLA complex or nearby central nucleus of the amygdala helped
reactivate thalamo-amygdalo-RPC and thalamo-cortico-amygdalo-pontine circuits that are
important for the acquisition and expression of FPS and other fear responses. This
aetivation would have undoubtedly served to restore FPS responding in the rats belonging
to the Extinction + Amygdala Stimulation group of Experiment 7A.
However, while this is quite plausible, it should be noted that much of the current
delivered to the amygdala in Experiment 7A was most likely confined to the amygdala and
did not spread beyond this structure since autoradiographic experimentation using [14C]
deoxyglucose has shown that a 400

~

current spreads only about 0.3 to 0.4 mm radially

away from the tip of the stimulating electrode (Watson, Troiano, Poulakos, Weiner, Block
and Siegel, 1983). This may mean that the restoration ofFPS in fear-extinguished rats is
largely due to the initial excitation of amygdaloid neurons. Since the experimental methods
used in Experiment 7A did not make it possible to measure neuronal activity in other brain
areas afferent and efferent to the amygdala during eleetrical stimulation of the amygdala,
one can only speculate on the degree of activation caused in other brain areas by relying on
electrophysiological research reports that have already investigated this issue and
discovered that other regions are indeed activated by electrical stimulation of the amygdala
(Cain, et al., 2002; Sandrew and Poletti, 1984; Maeda and Mogenson, 1981; Koch and
Ebert, 1992; 1993). On the basis of this work and the results obtained from Experiment 7A,
it is logical to deduce that FPS responding was restored in fear-extinguished rats by an
electrically-induced excitation of amygdala neurons and a subsequent aetivation of brain
regions (i.e. thalamus, insula, perirhinal cortex, RPC) that originally helped to support FPS
learning and expression (Rosen, 1988a,b; Rosen, et al., 1991a,b; Kim, et al., 1996a;
Campeau and Davis, 1995b; Shi and Davis, 1999; Shi and Davis, 2001).
Another possibility is that electrical stimulation of the amygdala and the subsequent
depolarizations (Le. fast and slow EPSPs) may have served to reduce or suppress the levels
of inhibitory output generated by GABA-benzodiazepine receptor complexes in the
amygdala. Generally speaking, research has shown that the GABA-benzodiazepine
receptor complex changes or is somehow altered after kindling and although there seems to
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be differences between various brain regions regarding the degree of modification (Niznik,
Burnham, and Kish, 1984; Nobrega, Kish and Burnham, 1990; Shin, Pedersen, and
McNamara, 1985), one thing that is abundantly clear is that several electrophysiological
.and binding studies have shown that kindling consistently causes a reduction of GAB Abenzodiazepine neurotransmission in the amygdala (Loscher, and Schwark, 1987; Niznik,
et aL, 1984; Petrasek, Nobrega, Kish, and Burnham, 1991; Rainnie, Asprodini, and
Shinnick-Gallagher, 1992). Thus, it is reasonable to speculate that the 100 electrical pulses
delivered to the amygdala of fear-extinguished rats in Experiment 7A may have caused
large synchronized electrical responses in amygdala neurons that are similar in nature to the
paroxysmal depolarizing shift (PDS) commonly induced during seizure activity
(Westbrook, 2000 in Kandel, Schwartz and Jessell, 2000). Such an event may have
eventually served to decrease GABA-benzodiazepine-mediated inhibitory
neurotransmission in the am)1gdala and this could have led to reduced inhibition and a
displacement of inhibitory learning in the fear-extinguished rats. These types of
decrements in inhibitory neurotransmission within the amygdala might be the major reason
why FPS responding was restored in the Extinction + Stimulation rats of Experiment 7A
and why the level of electrical current needed to elicit AD activity in the amygdala was
reduced.
It should be emphasized that PDSs are made up of massive long-lasting depolarizations

that generate a series of action potentials once the peak of the synchronized electrical
response is reached (Westbrook, 2000 in Kandel, Schwartz and Jessell, 2000). The
depolarization and excitatory phase (i.e. fast and slow EPSPs) of the PDS is generated
primarily from the activation of glutamatergic receptor channels (AMPA and NMDA) and
VGCCs that help to promote Ca2+ and other positively charged ions (i.e. Na+, K+) into the
intracellular domain of neurons. Afterhyperpolarization CARP) typically follows PDS
activity and AHP is usually produced through the concerted efforts of GABA A (chloride)
and GABAB (potassium) receptors working in conjunction with calcium- and voltagedependent potassium channels (see Westbrook, 2000 in Kandel, Schwartz and JesseJl,
2000). This, AHP activity phase usually involves the emergence offast and slow IPSPs
that follow the EPSPs and action potentials of the PDS phase. Since the disappearance of
the AHP phase is deemed to be an impo11ant factor in provoking the onset of seizure
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activity (Westbrook, 2000 in Kandel, Schwartz and Jessell, 2000), the notion that electrical
stimulation of the amygdala in fear-extinguished rats caused FPS reinstatement by
decreasing inhibitory tone in the amygdala and then displacing inhibitory learning seems
.quite feasible. This is especially true when the reduction in AD current thresholds found in
Experiment 7A are taken into account. These reduced AD current thresholds seem to
indicate that the amygdaloid complex of stimulated-rats was more sensitive and prone to
seizure activity than that of the non-stimulation control rats. In essence, the reduced AD
current threshold level observed for amygdala-stimulated groups of Experiment 7 A may
represent neuronal sensitization and a reduction in the strength ofthe AHP phase.
Although certain parallels can be drawn between the results of Experiment 7A and what is
observed after kindling has occurred, it should be pointed out that Experiment 7 did not
incorporate procedures that have traditionally been used to kindle the amygdala.
Nevertheless,. it is still possible that the electrical stimulation procedures used in
Experiment 7A were sufficient enough to produce transient changes in neuronal and
biochemical functioning that allowed rats to overcome inhibitory learning and express FPS
once again.
On the whole, the results of Experiment 7A and 7B are important from a clinical
standpoint since they may provide additional information as to why temporal lobe epilepsy
sufferers often experience inter-ictal fear when abnormal epileptic discharge is focused in
the amygdala. One possible explanation is that frequent epileptic discharge in the
amygdala, like repeated electrical stimulation of the amygdala in rats, may reactivate fearmemories that are usually held in check by inhibitory systems. Once stimulation or
epileptic discharge occurs, inhibitory neurosynaptic transmission may breakdown, causing
the epileptic sufferer to display exaggerated fearfulness and the laboratory animal to exhibit
FPS reinstatement. As a matter of fact, research monitoring the EEG activity of epileptic
patients has shown that psychotic symptoms such as hallucinations, anxiety, and intense
fear are closely associated with the increased frequency and duration of seizure activity in
the amygdala (Takeda, Inoue, Tottori and Mihara, 2001) and these psychotic episodes often
fit the profile of postictal psychosis described by some research scientists (Logsdail, and
Toone, 1988; Savard, et al., 1991). Thus, the emergence offear in epileptic patients shares
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interesting similarities with the re-emergence ofFPS observed in the Extinction +
Amygdala Stimulation group of rats in Experiment 7A.
Another reason why the results of Experiment 7A and 7B are important is that they offer
support for the notion that the basolateral amygdala complex is a limbic region where
biologically relevant CS-UCS fear memories are permanently stored (Maren and Fanselow,
1996; LeDoux, 1995; 2000; 2002; Davis, 1997; 2000; Fanselow and LeDoux, 1999; Fendt
and Fanselow, 1999; Maren, 1999; 2001; 2003; Goosens and Maren, 2003). While it is true
that some differences of opinion exist over this matter (McGaugh, 1992; Parent, et aI.,
1994; McGaugh, et aI., 1996; Cahill, et aI., 1999; 2000; Weinberger, 1998; Vazdarjanova
and McGaugh, 1999), it should be pointed out that electrical stimulation of the
perirhinal/insular cOliex in fear-extinguished rats of Experiment 8 did not cause FPS
responding to be restored. This indicates that the amygdala's role in acquiring and storing
Pavlovian fear memories is paramount and most likely surpasses the perirhinal and insular
regions as a place where CS-UCS fear memories are finally stored. However,it should be
noted that electrical stimulation of the perirhinal/insular region did produce a positive trend
towards FPS reinstatement suggesting that this temporal lobe region may be involved in
facilitating fear memory retrieval when appropriately activated.

22.8: Effect of Electrical Stimulation of the Rhinal and Insular Cortices on FPS
Reinstatement in Fear-Extinguished Rats
Experiment 8 investigated the role of the rhinal and insular cortices in the reinstatement
ofFPS by electrically stimulating this temporal lobe region in a group of fear-extinguished
rats. The perirhinal/insular cortex was stimulated because it sends polymodal sensory
information to the basolateral and central amygdala (see Chapter 3) and has been shown to
contribute to FPS expression (see Rosen, et al., 1992; Campeau and Davis, 1995b; Shi and
Davis, 1999). As was stated in the previous paragraph, electrical stimulation of the
perirhinal/insular region did not cause FPS reinstatement in fear-extinguished rats, but did
produce a nonsignificant and positive trend towards FPS restoration. This result indicated
that 100 electrical pulses (i.e. 400

~;

100 Hz; 0.1 ms Pulse-width; 0.5 s in duration)

administered to the perirhinal/insular region did cause sufficient neuronal activation to have
a positive impact on FPS reinstatement.
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Perhaps this positive but nonsignificant outcome was due to the fact that no electrodes
were located in the perirhinal cortex rather most of the stimulating electrodes were situated
either in the anterior granular and dysgranular insula or in the posterior insula and
ectorhinal cortical regions. When the Extinction + Perirhinal/Insula Cortex Stimulation
group was divided into two smaller groups (i.e. Anterior Insula electrode stimulation group
versus Posterior InsulalEctorhinal stimulation group) it was discovered that the rats
belonging to the anterior electrode group (N=4) generally exhibited more FPS
reinstatement than rats belonging to the posterior insula/ectorhinal group (N=4), although
even this effect was not significant. Whether this small trend means anything is difficult to
telL However, the bipolar stimulating electrodes in both groups were placed (I.e. ranging
between -1.80 mm to -2.90 mm posterior to bregma) in a similar location to that shown to
block FPS expression following electrolytic and NMDA lesioning of the rhinal/insular
regions (see Rosen, et a1., 1992; Campeau and Davis, 1995b). This area corresponds to the
perirhinal region as defined by Paxinos and Watson (1986).
While it may be true that it is still too early to make any decisive claims regarding the
role of the perirhinal/insular region in FPS reinstatement, it should be pointed out that these
results are generally consistent with other research that has implicated the perirhinal and
insular regions in FPS responding, fear-memory consolidation and retrieval, and contextual
information processing (Rosen, et aI., 1992; Campeau and Davis, 1995b; Falls, Balken and
Heldt, 1997; Corodimas and LeDoux, 1995; Brunzell and Kim, 2001; Sacchetti, Lorenzini,
Baldi, Tassoni and Bucherelli, 1999; Bucci, Phillips and Burwell, 2000). For instance,
lesions of the perirhinal region have been shown to block the expression ofFPS in rats,
indicating that the perirhinal region is possibly involved in instigating CS-UCS fear
memory retrieval by relaying highly processed polymodal sensory information to the
amygdala (Rosen, et al., 1992; Campeau and Davis, 1995b; Shi and Davis, 1999; 2001;
Ono, et al., 1995; Uwano, et al., 1995; McDonald and Mascagni, 1996; Romanski and
LeDoux, 1993; Shi and Cassell, 1998a,b; McDonald and Jackson, 1987; Mascagni, et al.,
1993; Turner and Zimmer, 1984; McDonald, 1998; Shi and Davis, 1997; also see Chapter 3
for a review on perirhinal cortex projections to the amygdala). In addition, lesions of the
perirhinal cortex have been shown to disrupt both auditory and contextual defensive
freezing behaviour in rats (Corodimas and LeDoux, 1995; Bucci, et al., 2000). Most
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importantly, the location of lesions that block FPS expression in rats were generally found
to be in the same insular and rhinal cortical regions where bipolar electrodes were located
when attempts to reinstate FPS responding through electrical stimulation were made. This
means that electrical stimulation of the rhinal/insular cortical region likely activated
neurons that help to retrieve CS-UCS fear memories.
Recent experimental work by Shi and Davis (1999) has revealed that combined
pretrainirig lesions of the posterior intralaminar nuclei of the thalamus (poT/PIL) and the
granular and dysgranular insular cortex block FPS and shock sensitization of startle in rats,
whereas posttraining combined lesions or lesions confined to the insula did not. Shi and
Davis (1999) argue that UCS information may be transmitted to the BLA via either a
cortical (i.e. insula-amygdala) or subcortical (i.e. PoT/PIL-amygdala) route during
Pavlovian fear conditioning and rcsearch has shown that electrical stimulation of the
PoT/PIL can serve as an effective UCS for fear conditioning (Cruikshank, Edeline and
Weinberger, 1992). Since, the perirhinal and insula regions receive input (i.e. auditory,
visual, nociceptive, visceral, and gustatory) from the thalamus and in turn transmit this
infonnation to the BLA, it is conceivable that electrical stimulation of the perirhinal/insular
region may have produced its nonsignificant but positive effect on FPS reinstatement by
reactivating a part of the neural system that was initially used to establish FPS responding
after fear conditioning. Viewed in this way, electrical stimulation of the perirhinal/insula
cortex may have acted much like the electrical stimulation ofthe thalamus does when it is
employed as a UCS. As a result, the electrical stimulation of the perirhinal/insular region
may have rekindled only some but not all CS and UCS fear-memories. In other words,
stimulation induced excitation of this region may have activated selective populations of
neurons that contained only explicit sensory elements that make up the CS-UCS fearmemory. This might explain why electrical stimulation ofthe perirhinal/insular region only
just failed to restore FPS in the fear-extinguished rats of Experiment 8.
Alternatively, it is also possible that electrical activation of the perirhinal/insula region
triggered a sensory cascade to the BLA which in turn generated a level of neuronal
excitation in the amygdala that was simply not large enough to displace inhibitory learning
and restore FPS responding to a level of statistical significance. Nevertheless, it is
interesting that perirhinal/insular stimulation was able to cause a positive trend towards

730

restoring FPS in fear-extinguished rats. The reason this result is so fascinating is that it
indicates that the temporal lobe region (Le. Te2, Te3, perirhinal, ectorhinal, and insular
cOliices) may contain important information about the CS-UCS association established
during fear conditioning. As will be remembered, Te3 neurons do exhibit LTP during and
after fear conditioning and artificial LTP induction (Quirk, et al., 1997; Doyere, et al.,
2003) and extensive NMDA lesions of the perirhinal area that damages cells in the Te3,
ectorhinal, entorhinal, and perirhinal areas, block the behavioural expression ofFPS in rats
(Campeau and Davis, J 995b). This view becomes even more fascinating and attractive
when one takes into consideration the extensive flow of sensory information that is
transmitted to the lateral and basolateral amygdaloid nuclei fi'om these temporal lobe
regions (Shi and Davis, 2001; Shi and Cassell, 1998a,b,c, Romanski and LeDoux, 1993;
Mascagni, et al., 1993; Shi and Davis, 1997; Shi and Cassell, 1999; McDonald and
Jackson, 1987; McDonald, 1998; Uwano, et al., 1995; Ono, et aL, 1995; also see Chapter
3). Thus, it is possible that the positive trend towards FPS reinstatcment observed in the
Extinction + Perirhinal/Insula stimulation rats of Experiment 8 was due to the subthreshold
level of neural excitation in the amygdala produced by perirhinal/insula stimulation.
It may well be that the intensity and frequency of current used to stimulate the

perirhinal/insula region was simply to low to sufficiently arouse the amygdala and
encourage it to restore CS-induced acoustic startle responding. The data demonstrating that
perirhinal/insula cOliex AD current thresholds were not decreased by electrical stimulation
of this region does seem to indicate that the 400 /lA current used was below the levels
required to cause sensitization in the perirhinal and insular regions. This may have had an
impact on the level of excitability produced in the amygdala. Perhaps future research
should manipulate current intensity, frequency, and several other stimulus parameters so as
to make a more precise evaluation of the role of the perirhinal/insular region in the
reinstatement ofFPS. In addition, other temporal lobe regions need to be pharmacological
and eiectrophysiologically assessed using the FPS reinstatement paradigm in order to
determine whether CS-UCS fear-memories are stored outside the confines of the amygdala.
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22.9: Electrical Stimulation of the VTA Leads to FPS Reinstatement in FearExtinguished Rats: VTA Ascending Projections to Amygdala and Forebrain May Gate
Emotional Arousal, Modulate Fear and Anxiety Responding, and Help Restore FPS
Experiment 9 investigated whether electrical stimulation of either the VTA or the dPA G
would reinstate FPS responding in fear-extinguished rats. The main finding of this study
was that only electrical stimulation of the VTA and not the dPAG was able to restore FPS
responding in rats that had been exposed to inhibitory training. This FPS reinstatement
effect was most evident when the Extinction + VTA Stimulation group was compared to
the midbrain Extinction + No Stimulation control group. In general, this result is consistent
with the idea that ascending VTA DA projections to the amygdala and forebrain gate the
level of emotional arousal in the amygdala-based fear system and help to modulate fear and
anxiety responding in a bottom-up fashion (Borowski and Kokkinidis, 1996; Munro and
Kokkinidis, 1997; Gifkins, et al.; 2002). Thus, it is quite possible that electrical stimulation
of the VTA may have created sufficient arousal in the amygdala-based fear and anxiety
circuit to provoke neurons in this limbic region into reactivating CS-UCS fear-memories
that were masked by inhibitory learning. As a matter of fact, there is ample experimental
evidence which tends to support this claim and the bottom-up fear and anxiety gating
hypothesis.
To begin with, the VTA innervates the amygdala and numerous basal forebrain regions
(Swanson, 1982; Oades and Halliday, 1987; Loughlin and Fallon, 1983; Brinley-Reed and
McDonald, 1999) and electrical stimulation of the dopamine rich region of the VTA has
been shown to amplifY acoustic startle responding in rats, alter the firing rates ofBLA
neurons, and generate a hyperactive state that closely resembles the behavioural profile
induced by psycho-stimulant drugs (Borowski and Kokkinidis, 1996; Rosenkranz and
Grace, 1999; Wantanabe, Morimoto, Nakamura and Suwaki, 1998). Electrical stimulation
of the VTA/SN region, like systemic DA agonist administration, tends to increase the firing
rate of fast-firing BLA neurons, whilst decreasing the firing rate of slow-firing BLA
neurons (Rosenkranz and Grace, 1999). This suggests that a stimulation-induced excitation
ofVTA DA neurons may help gate the level of neuronal arousal in the BLA and promote
the release ofDA in terminal regions like the amygdala. This seems likely as systemic
haloperidol administration reduces the effect on BLA neuronal firing rates produced by
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VTA/SN stimulation and attenuates VTA~stimulation-induced fear and hyperactivity
(Rosenkranz and Grace, 1999; Watanabe, ct aI., 1998). In addition, kindling ofVTA
neurons produced by repeated electrical stimulations carried out over a period of several
days generates AD activity in the amygdaloid complex and triggers the emergence of
unconditioned fear responding in laboratory animals (Gelowitz and Kokkinidis, 1999;
Stevens and Livermore, 1978). Furthermore, chemical stimulation of the VTA has been
shown to increase levels of c-/os in the amygdala and prefrontal cortex (Cornish and
vanden Buuse, 1996) and the activity levels ofVTA neurons generally increase in the
presence of a fear~eliciting CS (Guanaci and Kapp, 1999). Moreover, high frequency
stimulation of the VTA has been shown to enhance LTP induction in the prefrontal cortex
(PFC) and modulate LTP at hippocampal-PFC synapses (Gurden, Tassin and Jay, 1999). In
this study, Gurden and colleagues (1999) also found that electrolytic lesions of the VTA
and subsequent depletions in cortical DA prevented the development of LTP in the
hippocampal-PFC pathway, This result is quite important since DA has been shown to play
a prominent role in gating LTP induction in the lateral amygdala (Bissere, et aI., 2003) and
in enhancing fear-memory retention after it has been applied into the BLA shortly after
inhibitory avoidance training (LaLumiere, et al., 2004).
Keeping the above discussions in mind, it must be stressed that the amygdala contains
substantial populations of Dl and D2 DA receptors and numerous DAergic immunoreactive
fibres that originate fi:om the DA rich AI0 cell group of the VTA (Meador-Woodruff, et a1.,
1989; 1991; Loughlin and Fallon, ] 983; Swanson, 1982; Oades and Halliday, 1987
Freeman and Cassell, 1994; Scibilia, et aI., 1992; Wamsley, et aL, 1989; Dawson, et aI.,
1999; Brinley-Reed and McDonald, 1999) and research demonstrates that the suppression
ofVTA activity or the blockade of amygdaloid DA receptors generally disrupts conditioned
fear learning and expression (Oades, et aI., 1987; Nader and LeDoux, 1999b; Borowski and
Kokkinidis, 1996; Munro and Kolddnidis, 1997; Gifkins, et aI., 2002; Guarraci, et al., 1999;
2000; Waddington-Lamont and Kolddnidis, 1998; Greba and Kokkinidis, 2000; Greba, et
aI., 2001; see Experiments IA and ID). For example, either NMDA lesions of the VTA or
the functional inhibition ofVTA neurons with muscimol has been shown to effectively
block the behavioural expression of FPS (Borowski and Kokkinidis, 1996; Munro and
Kolddnidis, 1997), Additionally, the auto-receptor-mediated inhibition ofVTA DA
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neurons produced by intra-VTA infusions ofthe D2 receptor agonist quinpirole effectively
blocks conditioned defensive freezing, FPS expression, and shock sensitised startle
responding in rats (Nader and LeDoux, 1999b; Munro and Kokkinidis, 1997; Borowski and
Kokkinidis, 1996; Gifkins, et ai., 2002). Further still, antagonism of either Dl or D2
amygdaloid receptors has been shown to block the acquisition and expression ofFPS,
attenuate defensive fi'eezing behaviour in rats and cause impairments in fear retention in an
inhibitory avoidance task (see Greba and Kolddnidis, 2000; Greba, et ai., 2001;
Waddington-Lamont and Kokkinidis, 1998; Nader and LeDoux, 1999b; Guarraci, et aI.,
1999; 2000; LaLumiere, et aI., 2004). Moreover, intra-BLA infusions of the D2 DA
receptor antagonist raclopride L-tartrate dose-dependently blocked the reinstatement of FPS
when it was administered to fear-extinguished rats just prior to the delivery of 5 unsignalled
footshocks and a full 24 hours before final testing (see Experiment 3A). Thus, on the basis
ofthe above discussions and given the well established role of meso corti co limbic DA
systems in conditioned fear and stress related responding (Waddington-Lamont and
Kokkinidis, 1998; Munro and Kokkinidis, 1997; Borowski and Kolddnidis, 1996; Greba
and Kokkinidis, 2000; Nader and LeDoux, 1999b; Gifkins, et aI., 2002; Guarraci, et aI.,
1999; 2000; Deutch, et aI., 1985; Ida, et ai., 1989; Coco, et aI., 1992; Herman, et aI., 1982;
Inoue, et at., 1994; Davis, et aI., 1994; Kalivis and Duffy, 1995; Goldstein, et aJ., 1996;
Morrow, et ai., 1996; Morrow, et al 1999,2000; Inglis and Moghaddam, 1999; see
Experiments lA, 1D and 3A), it is highly plausible that electrical stimulation of the VTA
DA neurons could have restored FPS by reactivating and arousing BLA neurons that were
involved in the formation and storage of CS-UCS fear-associations. Such an event might
have made it possible for the amygdala to retrieve explicit CS-UCS fear-memories out of
long-term storage even when faced with the challenges imposed by inhibitory training.
Alternatively, VTA stimulation may have restored FPS by first displacing or
destabilizing inhibitory learning. The VTA stimulation may have accomplished this by
affecting mPFC neurons or by activating amygdala neurons which in turn project to the
mPFC. One possible scenario may be that stimulation of the VTA in Experiment 9 could
have served to suppress prefrontal cortex neuronal activity, whilst at the same time
activating the amygdala and freeing it from the inhibitory control imposed by prefrontal
cortex neurons. This seems possible as numerous research reports have shown that
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prefrontal cortex neuronal activity is significantly inhibited by either electrical stimulation
of the VTA or by the local application ofDA (Pirot, Godbout, Mantz, Tassin, Glowinski
and Thierry, 1992; Ferron, Thierry Le Douarin and Glowinski, 1984; Godbout, Mantz,
Pirot, Glowinski, and Thierry, 1991; Petersen, St Mary, and Harding, 1987; Sesack and
Bunney, 1989; Thierry, Godbout, Mantz and Glowinski, 1990). Consistent with the above
notion, electrophysiological and lesion-based behavioural research demonstrates that the
mPFC may be involved in extinction learning and memory formation (Morgan, Romanski
and LeDoux, 1993; Morgan and LeDoux, 1995; Pirot, et aL, 1992; Baeg, Kim, .lang, Kim,
Mook-.lung, and .lung, 2002; but see Gewirtz, et aL, 1997) and it has been suggested that
the mPFC may exeti inhibitory control over excitatory neurotransmission taking place
within the amygdala (Quirk, Likhtik, Pelletier and Pare, 2003). This is evident by the fact
that stimulation of the mPFC has been shown to reduce the responsiveness of central
amygdaloid nucleus output neurons (Quirk, et al., 2003) and by the results demonstrating
that mPFC neurons in fear-conditioned rats alter their unit responses when exposed to an
explicit CS, contextual cues, or extinction trainirig procedures that involve repeated nonreinforced CS presentations (Baeg, et aL, 2002).
If electrical stimulation of the VTA inhibits the activity of PFC neurons as described
above, it is highly probable that VTA stimulation may have destabilized fear-extinction
memories or intelfered with the ability of mPFC neurons to impose inhibitory control over
excitatory activity taking place in the amygdala. This may have made the amygdala more
sensitive to the excitatory effects produced by electrical stimulation of the VTA. Increased
levels of excitability in the amygdala may have made it possible for the amygdala to
retrieve CS-UCS fear memories and reactivate key components of the caudal VAF-RPC
circuit that is essential for FPS responding (Rosen and Davis, 1988a,b, Rosen, et aL, 1991;
Hitchcock and Davis, 1991; Davis, 1992a,b,c). However, it must be acknowledged that
some of the ideas presented above do rely on research which suggests that the mPFC plays
a crucial role in facilitating fear-extinction learning (see Morgan, et aL, 1993; Morgan and
LeDoux, 1995) and it is important to recognize that there have been some researchers who
have found that mPFC lesions do not interfere with fear-extinction or conditioned
inhibition learning in a FPS and defensive freezing paradigm (see Gewirtz, et aL, 1997).
Thus, some caution needs to be taken when formulating any hypothesis regarding the role
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of VTA-mPFC-amygdala interactions in FPS reinstatement. Nonetheless, it must be
recognized that electrical stimulation of the mPFC does suppress the responsiveness of
central amygdaloid neurons (Quirk, et aL, 2003) and VTA stimulation inhibits the neuronal
.activity in the prefrontal cortex, so future research should be directed at examining the
contribution ofVTA-mPFC interactions in mediating the reinstatement ofFPS.

22.91: Electrical Stimulation of the PAG Fails to Generate a FPS Reinstatement Effect
Electrical stimulation of either the dPAG (Experiment 9) or the vPAG (Experiment 10)
failed to restore FPS in fear-extinguished rats. Although past research has shown that
electrical stimulation of the PAG has the capacity to incite fear-like responding and be
effective as an DCS (Delgado, et al., 1954; Fernandez de Molina and Hunsperger, 1962;
Fardin, et al., 1984; Bandler, 1982; Borowski and Kokkinidis, 1996; Di Scala, et al., 1987),
the results obtained from Experiments 9 and 10 have revealed that stimulation of this
midbrain region does not cause fear-extinguished rats to display restored FPS in the
presence of the CS. One thing that was noticed however, was that vPAG stimulated rats of
Experiment 10 did seem to exhibit a substantial increase in contextual fear 24 hours after
vPAG stimulation. In relation to the vP AG Extinction + No Stimulation rats, it will be
recalled that the vPAG Extinction + Stimulation rats exhibited much higher overall
acoustic startle levels which is indicative of the type of contextual fear generally observed
in rats that have been exposed to unsignalled footshock (see Gifldns, et aL, 2002;
Richardson and Elsayed, 1998; Davis, 1989). This increase in startle responding seemed to
be especially pronounced during noise-alone stimulus presentations. These results indicate
that the level of electrical current used to stimulate the vPAG 24 hours before final testing
was quite high and probably extremely aversive.
In this regard, it should be noted that the 400

!lA current did cause violent jumping

behaviour and visible signs of distress such as increased respiration, defecation, and
urination that are typically associated with extremely high levels of central fear. Thus, it is
possible that vPAG stimulation may have led to the development of extremely powerful
contextual fears that may have overshadowed or actively competed with any CS-specific
fears during final testing. Whether this OCCUlTed or not is of course difficult to tell
especially when one takes into account that small sample size used in Experiment 10 and
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the potential physical harm that was caused to the rats during their violent reactions to
vPAG stimulation. In fact, Experiment 10 was tenninated early as it was felt that the 400

!lA cunent C100 Hz; 0.1

ms pulse width, 0.5 s) used could potentially cause serious

. physical harm to the rats especially when this current intensity did cause some rats to
exhibit violent motor reactions. Thus, it would be advisable for future studies examining
the role of the vPAG in stimulation-induced FPS reinstatement to select lower current
levels.

23. CONCLUSION

Scientific inquiries into such negative emotions as fear and anxiety have continually
evolvedastime has gone by. Philosophical enquiry and then physiological investigations
guided much of the early research into human-kind's attempts to understand how fear and
other emotions are represented in the brain (see Chapters 1 and 2). Later on, the pioneering
research efforts and theories of James and Lange, Sherrington, Cannon and Bard, Pavlov,
Klliver-Bucy, Papez, Hebb, Konorski, MacLean and various others (i.e. Davis, LeDoux,
Maren, Fanselow, Fendt, McGaugh) helped lay the foundation for our present day
understanding of emotion and how conditioned fears are formed and stored in the brain (see
Chapters 1 to 6). Scientific investigations that grew out ofthe limbic theory of emotion
were slow to recognize the importance of the amygdala in fear and emotionality but as
more research came to light it became apparent that the amygdala was a key limbic region
as far as the emotion of fear is concerned (see Chapter 2). Numerous lesion studies have
determined that the amygdala is important for the acquisition and expression of conditioned
fear in laboratory animals and some pharmacologically-based scientific endeavours have
convincingly established that the amygdala is a highly evolved brain region that acquires,
stores, and retrieves CS-UCS fear associations when provoked by sensory cues and
aversive stimuli that signal danger (see Chapters 4 to 6). Indeed, recent advances in
laboratory methods and molecular biology have made it possible to link the changes in
learning that occur during and after Pavlovian fear conditioning to changes in synaptic
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plasticity in the amygdala through a molecular model of learning and memory called LTP
(see Chapter 6).
Whilst operating within the conceptual and theoretical framework ofLTP and Pavlovian
conditioning, several paradigms have demonstrated the importance of amygdaloidal
glutamatergic receptors (AMP A, NMDA), VGCCs, and DAergic receptor systems in
conditioned fear learning and expression. Also, some recent experimental work has gone a
step fUliher and established the importance of several amygdaloid Ca2+-mediated protein
kinase molecules in the formation and retrieval oflong-term fear memories (see Chapter 6).
Thus, it is safe to state that behavioural neurosciences have come a long way in describing
how CS-UCS fear associations are formed at the molecular level and in establishing where
in the brain these conditioned fear memories reside. It should be noted that much of the
research evidence reviewed and discussed in this thesis seems to suggest that the
basolateral and central amygdaloid nuclei playa vital role in the acquisition and expression
of conditioned fear in laboratory animals and humans and many of these reports provide
convincing evidence that fear-learning depends on the action of glutamate and dopamine
receptors and that CS-UCS fear memories are primarily stored in the amygdala.
However, when this thesis was undertaken very little research evidence existed that
demonstrated the importance of DA Dl and D2 amygdaloid receptors in the acquisition of
FPS. Similarly, no research investigations were yet devoted to determining the contribution
of amygdaloid DAergic and glutamatergic receptors (Le. AMPA and NMDA) in the
reinstatement ofFPS in fear-extinguished rats. This was perplexing for two reasons. First
of all, conditioned fear learning and expression depends on NMDA, AMPA and DAreceptor-mediated processes taking place in the amygdala and second CS-induced increases
in startle in the FPS reinstatement paradigm probably depend on some type of
neurobiosynaptic mechanism in the amygdala that is able to displace inhibitory learning
and retrieve stable CS-UCS fear associations when rats are exposed to aversive unsignalled
footshocks (Le. UCS-alone). Furthermore, electrophysiological experimentation that
investigated the impact of amygdaloid stimulation on FPS reinstatement had not been
undertaken by any researchers until the research of this thesis was carried out and finalized
a few years back (Le. 2001-2002). The void in this research occurred in spite of the
experimental evidence demonstrating that either electrical stimulation ofthe amygdala or
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epileptic discharge confined to this region causes increased levels of fear and emotionality
in animals and humans (Kadda, 1972; Zbrozyna, 1972; Applegate, et al., 1983; Mogenson
and Calaresu, 1973; Iwata, et al., 1987; LeDoux, 1987; Pascoe, et al., 1989; Rosen and
Davis, 1988a,b; 1990; Adamec, 1978; Hiyoshi, et al., 1990; Goddard, et al., 1969; Adamec
and Morgan, 1994; Helfer, et al., 1996; Nieminen, et al., 1992; Kalynchuk, et al., 1997;
Kalynchuk, et al., 1998a, b; Kalynchuk, et al., 1999a,b; Rosen, et al., 1996; Gloor, 1992;
Halgren, et a1., 1978; Chapman, et al., 1954; Chapman, 1960; Gloor, et al., 1981; 1982;
Depaulis, et al., 1997; Kalynchuk, 2000; Adamec and Young, 2000; Wintink et al., 2003).
Moreover, gauging the impact of individually stimulating other brain regions that are
intimately connected to the amygdala and then evaluating its effect on FPS reinstatement
was never examined until now. In fact, several major findings emerged from the
experimental work carried out in this thesis.
First,theresults of this thesis provide strong evidence that amygdaloid DA DJ and D2
receptors participate in the acquisition ofFPS in rats. Perhaps the most compelling
findings are found in Experiments IA and ID. The results of these experiments
demonstrate that either bilateral intra-BLA infusion of the D2 DA receptor antagonist
raclopride or the DJ DA receptor antagonist SCH 23390 block the acquisition ofFPS in
rats. These results are particularly important since they clearly indicate DA DJ and D2
receptor subtypes may be involved in the formation of CS-UCS fear associations. In the
discussion section, it was proposed that the blockade of amygdaloid Dl and D2 DA
receptors prevented FPS learning by either disrupting the formation and storage of CS-UCS
fear associations and other closely related learning processes, or by preventing LTP
induction in the amygdala. It was suggested that the disruption to fear-induced LTP and
CS-UCS fear associations may have occurred through the inhibition of adenylyl cyclase and
cAMP, reduced efficiency ofNMDA receptors and VGCCs caused by DA receptor
blockade, or by DA-receptor-mediated interactions with GABAergic neurons and/or
receptors located in the amygdala which normally act to suppress excitatory synaptic
transmission in this limbic region. Within the context of these discussions it was
hypothesised that the mesoamygdaloid DA system may interact with glutamate receptors
2
and influence various Ca +-mediated events (Le. aCaMKll, PKC, cAMP, PKA, MAPK, and
CREB) that are considered to be vital for L TP induction and associative fear learning and
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memory consolidation. On the basis of the results of Experiments lA and ID, it is
proposed that the amygdaloid DA receptors and the meso amygdaloid DA system together
form an important part of a neural network that serves to gate the level of emotional arousal
.and excitatory synaptic transmission in the amygdala-based fear and anxiety system (see
Munro and Kokkinidis, 1997; Waddington-Lamont and Kokkinidis, 1998; Greba and
Kokkinidis, 2000; Greba, et aI., 2001; Gifkins, et aI., 2002). It is postulated that the
mesoamygdaloid DA is necessary for instigating processes that make conditioned fear
teaming and expression possible. Thus, the results of Experiments ] A and ID add to and
complement the research literature that already highlights the importance of dopamine and
glutamate amygdaloid receptors in the acquisition and expression of Pavlovian conditioned
fear (Nader and LeDoux, 1999b; Guan-aci, et aI., 1999; 2000; Waddington-Lamont and
Kokkinidis, 1998; Greba and Kokkinidis, 2000; Greba, et aI., 2001; Miserendino, et aI.,
1990; Campeau, et aI., 1992; Kim, et aI., 1993; Walker and Davis, 1997b; Walker and
Davis, 2000; Fendt, 2001; Maren, et aI., 1996b; Fanselow, et aI., 1994; Lee and Kim, 1998;
Lee, et aI., 200 1). Perhaps future research should be directed at examining the role of DA
and glutamate receptor interactions in the acquisition and expression of FPS responding.
This type of research may be helpful in increasing our understanding of how DAergic and
glutamatergic systems interact within the amygdala-based fear system to facilitate the
development of schizophrenia, paranoid psychosis and PTSD.
The second major discovery in this thesis was that the selective blockade of either
amygdaloid D2 DA receptors or amygdaloid glutamatergic (NMDA or AMPA) receptors
prevented the reinstatement of FPS in fear-extinguished rats that were exposed to 5
un signalled reminder footshocks. The finding that intra-BLA raclopride, AP5 or CNQX
blocked FPS reinstatement is particularly significant because it suggests that D2 DA as well
as NMDA and AMPA receptors are essential for triggering the biochemical machinery and
cascades that are necessary to displace inhibitory learning and retrieve enduring CS-UCS
fear associations that were established during Pavlovian fear conditioning. In the general
discussion it was suggested that DA D2 receptors in the amygdala could influence the
reinstatement of FPS in fear-extinguished rats by interacting with GABAergic and
glutamatergic systems in the BLA to gate the levels of emotional arousal, neural
excitability, and synaptic transmission. Generally speaking, it was postulated that
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raclopride may have interfered with excitatory synaptic transmission in the amygdala by
either reducing the efficiency ofNMDA receptors and VGCCs or by increasing inhibitory
input directed onto BLA projection neurons. In addition to this, it was also stated that
raclopride may have prevented the reinstatement of FPS either by cOTI'upting and
weakening UCS memories or by impairing contextual fear that might nonnally serve as a
mnemonic device that displaces inhibition and restores CS-induced fear responding
(Bouton and Bolles, 1979; Bouton, 1993; Gewirtz, et aI., 1997).
The discovery that bilateral intra-BLA infusions of either AP5 or CNQX blocked the
reinstatement of FPS was quite impOltant because it demonstrates that NMDA and AMP A
receptors in the amygdala playa prominent role in FPS reinstatement. This adds to the
already huge research literature that demonstrates the importance ofNMDA and AMP A
receptors in Pavlovian fear learning and expression (Miserendino, et aI., 1990; Campeau, et
aI., 1992; Kim, et aI., 1993; Walker and Davis, 1997b; 2000; Fendt, 2001; Rogan, et aI.,
1997b; Maren, et aI., 1996b; Lee and Kim, 1998; Fanselow, et aI., 1994; Lee, et aI, 2001;
also see Chapter 6). The FPS reinstatement results are also important because they suggest
that interference with glutamate receptor-mediated excitatory neurosynaptic transmission
during the administration of un signalled footshocks likely impairs CS-UCS fear memory
reconsolidation and retrieval processes that facilitate FPS reinstatement. As was alluded to
in the general discussion, the presence of either AP5 or CNQX in the BLA during and after
the administration of the unsignalled footshocks may have reduced fast and slow EPSPs
and prevented many cellular depolarizations from taking place in the amygdala or along its
many input-output pathways. This would have had a huge flow on effect on later Ca2+_
mediated actions and neurochemical events that control or initiate CS-UCS fear-memory
retrieval processes. In simple terms, the blockade of amygdaloid NMDA or AMP A
2

receptors and reduced intracellular Ca + may have meant that biomolecular signalling
pathways (I.e. cAMP-PKC-PKA-MAPK-CREB) and neuronal populations that had been
strengthened and firmly established during classical fear conditioning (Le. fear-induced
LTP) were simply not reactivated by the presentation of the 5 unsignalled tbotshock trials
in the AP5 and CNQX-treated rats. As a consequence, AP5 and CNQX-treated rats did not
displace inhibitory learning and exhibit FPS reinstatement, whereas PBS-treated control
rats did. It is also worth mentioning that AP5 and CNQX intra-BLA infusions may have
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prevented FPS reinstatement by interfering with either UCS memories, contextual fear
memories, or both. Thus, the blockade of either NMDA or AMP A receptors in the
amygdala prior to the delivery of unsignalled footshocks may have corrupted the UCS
memory trace and interfered with contextual fear conditioning. Such an occurrence would
have undoubtedly made it difficult for AP5 and CNQX-treated rats to reconnect the
footshock (i.e. UCS) to the light (i.e. CS) during FPS reinstatement testing. Finally, it was
proposed that intra-BLA AP5 or CNQX administration prevented FPS reinstatement by
interfering with short-term to long-term contextual/UCS fear-memory transfers that could
be used to restore CS-UCS fear memories and FPS responding. Perhaps, in a very general
sense, AP5 and CNQX application to the amygdala of fear-extinguished rats either
disrupted

glutamate~based

signal transmission in the thalamoamygdaloid and

corticoamygdaloid CS/UCS pathways or significantly impaired the ability of UCS and CS
reactive neurons in the amygdala to re-establish learned fear associations and behaviours
(i.e. FPS) that were held in check by inhibitory neural systems that had developed through
extinction training. One scenario that was briefly discussed was the possibility that intraamygdaloid AP5 and CNQX infusion prevented the breakdown of inhibitory systems by
keeping the levels of amygdaloid neuronal excitation generated by unsignalled footshock,
fear cues and various voltage-dependent sources (i.e. voltage-gated NMDA receptors and
VGCCs) below the threshold needed to displace inhibition and restore FPS responding.
It should be noted that the blockade ofFPS reinstatement with intra-BLA raclopride,

AP5 and CNQX is also importance from a clinical standpoint since many psychiatric
disorders, and fear/stress-related mental and emotional disturbances are thought to be
linked to DAergic or glutamatergic receptor-mediated activities in the amygdala and other
cortico-limbic regions. In fact, the general discussion did provide some clues as to how
the genesis of mental diseases like schizophrenia or the reeurrence of fear and anxiety in
stress related mental disorders like PTSD can be attributed to DAergic and glutamatergic
dysfunction in the amygdala and corticolimbic regions of the brain (i.e. nucleus accumbens,
mPFC). Thus, the results obtained from the FPS reinstatement experiments in this thesis or
any future studies using the FPS reinstatement paradigm may be valuable since they may
help to shed light on the underlying neurobiochemical processes that cause fear and anxiety
to reappear in individuals who suffer from phobias, PTSD, and schizophrenia.
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It is possible that the FPS reinstatement paradigm may be useful as an animal model of

PTSD since it was noted that certain parallels can definitely be drawn between what occurs
in humans who experience traumatic events and develop PTSD and what laboratory rats
face during FPS reinstatement training and testing. What is particularly compelling is that
PTSD sufferers and fear-extinguished rats quickly exhibit a recurrence of fearful
responding (i.e. potentiated or exaggerated startle) after encountering an aversive stimulus
in the environment (Rauch, et aI., 2003; Gewirtz, et aI., 1997; see Experiment 2). Thus, the
FPS reinstatement paradigm may be a very useful tool in investigating how normal
conditioned fear evolves into the exaggerated and maladaptive long-term fear and anxiety
typically observed in PTSD sufferers.
The third and final experimental discovery made in this thesis was that electrical
stimulation of either the amygdala or VTA restores FPS responding in fear-extinguished
rats. The results demonstrating that electrical stimulation of the amygdala restores FPS and
lowers AD current thresholds measured in the amygdala are particularly significant since
they suggest that a stimulation-induced reactivation of amygdaloidal neurons and pathways
leads to neural sensitization that helps revive CS-UCS fear memories that are masked by
inhibitory training. Amygdala stimulation may have produced its FPS reinstatement effects
either by reactivating amygdaloidal glutamatergic receptors and VGCCs that were involved
in establishing CS-UCS fear associations during classical fear conditioning or by causing
paIiial kindling of the amygdala. It is proposed that electrical stimulation of the amygdala
likely activated glutamate receptors (Le. NMDA, AMPA and mGluRs) and VGCCs and
helped introduce

ci+ ions into amygdaloid neurons which led to frequent EPSPs and

numerous cellular depolarizations. It is speculated that this in turn triggered the
2

reactivation of Ca +-dependent enzymes, protein kinases and second messengers (e.g.
aCaMKII, CaMKJV, cAMP, PKC, PKA, MAPK) that are known to playa vital role in the
10ng-tenTI storage and reconsolidation of fear memories (see Schafe, et aI., 1999; 2000

2001; Lin, et aI., 2001; Josselyn, et aI., 2001; Schafe and LeDoux, 2000; Goosen, et aI.,
2000; Nader, et aI., 2000). Thus, a stimulation-induced reactivation of these amygdaloid
neurobiochemical systems may have been sufficient to restore FPS responding in fearextinguished rats.
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Closely related to this concept, was the notion that amygdaloid stimulation also
produced fast and slow EPSPs and depolarizations that served to suppress or limit the level
of inhibitory output generated by the GABA-benzodiazepine receptor complexes found in
the amygdala. It is suggested that the long-lasting EPSPs and depolarizations triggered by
glutamate receptors and Ca2~ ion influx into amygdala neurons during stimulation may
have led to a transient paroxysmal depolarizing shift (PDS). Hypothctically speaking, this
PDS could have been substantial enough to have caused the disappearance of the
afterhyperpolarizatioll (AHP) phase that is characterized by the emergence of fast and slow
IPSPs. This loss of GABAergic-mediated inhibitory neurosynaptic transmission in the
amygdala would adequately account for the displacement of inhibitory learning and the
restoration ofFPS observed in fear-extinguished rats especially since AD cunent thresholds
were reduced in amygdala-stimulated rats of Experiment 7A.
Perhaps, one of the major reasons why the amygdala stimulation-induced FPS
reinstatement results are so fascinating and important is that they seem to have a great deal
in common with the type of fear manifestations that occur in people with temporal lobe
epilepsy and humans who have been exposed to electrical stimulation of the amygdala.
Research shows that kindling of the amygdala in rats restores neophobic responding and
produces exaggerated FPS responding and it is likely that a good proportion of the fear and
anxiety-like responses associatcd with amygdala stimulation and epileptic seizure activity
arises out offear-memory flashbacks that are based on real life traumatic experiences (see
Rosen, et ai., 1996; Kalynchuk, et ai., 1997; Depaulis, et al., 1997; Gloor, 1990; 1992;
Halgren, et al., 1978). Thus, it is proposed that re-excitation of the amygdala through
electrical stimulation may have mimicked abnormal seizure activity and consequently
reactivated CS-UCS fear memory associations in fear-extinguished rats.
Amygdala stimulation may have accomplished this by suppressing inhibitory activity in
the amygdala and in other brain regions, whilst at the same time re-exciting neural
populations that contained CS-UCS fear memory traces. As a matter offact, electrical
stimulation of the BLA has been shown to suppress neural activity in the mPFC (perezJaranay and Vives, 1991) a brain region that has been shown to exert inhibitory control
over the activity of central amygdaloid nucleus neurons (Quirk, et al., 2003). In addition,
research has shown that the amygdaloidal efferents to the mPFC are involved in lowering
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the activity level ofmPFC neurons during fear conditioning (Garcia, Vouimba, Baudry, and
Thompson, 1999). Essentially, this could mean that excitatory activity would be increased
in the amygdala during electrical stimulation, whilst inhibitory neurotransmission would be
significantly curtailed. This seems plausible as electrical stimulation or kindling of the
amygdala potentiates acoustic startle amplitudes and embellishes FPS responding in rats
(Rosen and Davis, 1988a,b; Rosen, et ai., 1996). Hence, it is felt that decrements in
inhibitory neurotransmission coupled with an increase in excitatory neurosynaptic
transmission in the amygdala-based fear system would have likely contributed to the
restoration of FPS in the fear-extinguished in Experiment 7A. In general, the results of
Experiment 7 A in this thesis and the research studies mentioned above do seem to indicate
that intra-amygdaloid excitatory and inhibitory systems and amygdala-mPFC interactions
playa key role in promoting the recurrence of CS-induced fear responding in laboratory
animals. However, further research using the FPS reinstatement paradigm needs to be
calTied out in order to determine the precise contribution of mPFC neural activity on FPS
reinstatement produced by electrical stimulation of the amygdala.
Another important finding is that electrical stimulation of the VTA caused FPS
reinstatement to occur in fear-extinguished rats. It is proposed that VTA stimulation may
facilitate FPS reinstatement by activating BLA neurons, whilst at the same time
suppressing mPFC neurons. VTA stimulation or the local application ofDA is known to
inhibit the activity of neurons in the mPFC (Ph'ot, et aI., 1992; Ferron, et ai., 1984;
Godbout, et aI., 1991; Petersen, et ai., 1987; Sesack and Bunney, 1989; Thierry, et aI.,
1990) and experimental efforts have demonstrated that VT A kindling increases
emotionality in laboratory animals and generates AD activity the amygdala (Stevens and
Livermore, J 978; Gelowitz and Kokldnidis, 1999). It is also worth being reminded that
electrical stimulation of the VTA enhances acoustic startle responding and alters the firing
rates ofBLA neurons presumably via a DA-mediated process (Borowski and Kokkinidis,
1996; Rosenkranz and Grace, 1999) and that several studies have demonstrated the
importance of the VTA and meso amygdaloid DA receptor-mediated neurodynamics in
Pavlovian conditioned fear (Borowski and Kokkinidis, 1996; Munro and Kolddnidis, 1997;
Nader and LeDoux, 1999b; Waddington-Lamont and Kokkinidis, 1998; Guarraci and Kapp,
1999; Guarraci, et aI., 1999; 2000; Greba and Kokkindis, 2000; Gifkins, ct aI., 2002;
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Rosenkranz and Grace, 2002a). Thus, there is a strong possibility that aDA-dependent
VTA-amygdala-mPFC neural circuit may contribute to FPS reinstatement when activated
by electrical stimulation of the VTA. This notion becomes very attractive, especially if one
takes into account all the research reports that have linked elevated DA metabolism in the
VT A-amygdala-mPFC circuit to encounters with stressful events or cues that predict the
onset of aversive events (see Coco, et al., 1992; Herman, et al., 1982; Deutch, et aL, 1985;
Inoue, et al., 1994; Ida, et al., 1989; Goldstein, et al., 1996; Morrow, et al., 2000; Inglis and
Moghaddam, 1999; Morrow, et al., 1999). Thus, it is valuable that future research in the
FPS paradigm be directed at replicating the FPS reinstatement results obtained by VTA
stimulation. Perhaps such investigations may eventually lead to pharmacologically-based
research that attempts to determine the type of VTA receptors, neurotransmitters, and
neuropeptides that are involved in FPS reinstatement.
In closing,. the results from the experimental work of this thesis made four unique
discoveries. The first is that DA DJ and D2 receptors in the BLA playa crucial role in the
acquisition of FPS in rats. This result is generally supportive of the notion that
mesoamygdaloid DA and amygdaloid DA receptors are involved in neurobiological
processes that support CS-UCS associative learning during Pavlovian fear conditioning and
fear retrieval during expression testing. The second is that DA D2, NMDA, and AMPA
receptors in the BLA seem to be involved in mediating FPS reinstatement in fearextinguished rats as the blockade of these receptors in the amygdala prevents the
reinstatement of FPS. This finding demonstrates the importance of amygdaloid DAergic
and glutamatergic excitatory neurotransmission in FPS reinstatement and fear retrieval
processes. The third major discovery is that electrical stimulation of the amygdala in fearextinguished rats restored FPS responding and lowered AD-current thresholds. This result
reveals that excitation of amygdaloid neurons and pathways that were strengthened during
fear conditioning can reactivate CS-UCS fear memories that are masked by inhibitory
training. The fOUl1h and final key discovery is that electrical stimulation of the VTA causes
FPS reinstatement. It is speculated that VT A stimulation restored FPS responding either by
possibly re-exciting the amygdala or by suppressing mPFC inhibitory action directed at the
amygdala. Another possibility is that VTA stimulation resulted in increased DA turnover
in the amygdala which could have altered the firing rate of amygdala neurons (Rosenkranz
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and Grace, 1999) or affected amygdaloid excitability by suppressing feedforward inhibition
via a DA-receptor-mediated-GABA-interneuron interaction (see Bissiere, et aI., 2003;
Fuxe, et aI., 2003). This would have had the effect of increasing amygdaloid excitability
and making FPS reinstatement more probable.
The FPS acquisition studies demonstrating that blockade of DA Dl and D2 amygdaloid
receptors prevents FPS learning and retention are important because they offer insight into
how DA antagonists ameliorate the behavioural and emotional disturbances associated with
paranoid schizophrenia and amphetamine-induced psychosis. This type of information may
help scientist understand how mesocorticolimbic DA and the amygdala-based fear system
contribute to the development of schizophrenia. This may have some positive ramifications
as far as the development of more efficient pharmacologically-based treatments for this
disease is concerned. The FPS reinstatement studies are also clinically valuable because
they offer an explanation into how excitatory neurotransmission mediated by glutamatergic
receptors and shaped by GABAergic systems possibly triggers the recurrence of
exaggerated fearfulness in those individuals suffering from phobias, PTSD, and temporal
lobe epilepsy. Because there is a strong indication that these emotional disruptions stem
from complex interactions taking place between DAergic, glutamatergic and GABAergic
interactions in the amygdala (see general discussion), future research should be directed at
examining the contribution of amygdaloidal GABA and benzodiazepine receptor systems in
FPS reinstatement. Such experimentation incorporating the training techniques used in the
FPS reinstatement paradigm may help the scientific community to better understand how
conditioned fear develops into the recurring pathological fear and anxiety-like behaviours
observed in those affiicted with PTSD and phobias. Finally, undeliaking experiments that
provide insight into the exact receptor-mediated processes that facilitate amygdala
stimulation-induced FPS reinstatement would be particUlarly advantageous in helping to
understand how and why epileptic discharge causes intense fear and fear-memory
flashbacks in humans. Perhaps such future scientific endeavours would help to determine
whether CS-UCS fear memories are stored exclusively in the amygdala or not. Thus, future
investigations employing the FPS reinstatement paradigm could go a long way towards
clarifying whether the amygdala is the final resting place for the powerful CS-UCS fear
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memories that alter behaviour and provoke conditioned fear responses in both laboratory
animals and humans.
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