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Anxiety disorders may result from an overexpression of aversive memories. Evidence suggests that the hippocampal cholinergic system

could be the point of convergence of anxiety and memory. We propose that clinically effective anxiolytics may exert their effect by

interfering with this integration mechanism. To assess anxiety and aversive memory, we used the shock-probe burying test. A reduction

in anxiety in this test is indicated by decreased burying, whereas impaired cognition is reflected by an increased number of probe-contacts

and/or reduced retention latency. Both an aversive stimulus and the memory of that stimulus significantly increased hippocampal

acetylcholine (ACh) levels (Experiment 1). In fact, the memory of the event seemed to be more important than the event itself since the

aversive memory induced a greater increase in hippocampal ACh. Injections (i.p.) of fluoxetine (Prozacs) reduced burying behavior,

while not affecting probe contacts or retention latency (Experiment 2). Although injections of fluoxetine did not affect basal hippocampal

ACh efflux (Experiment 3), fluoxetine abolished the increase in ACh induced by the aversive stimulus and the memory of that stimulus

(Experiment 4), emphasizing the significance of aversive memories in anxiety disorders. These actions may be mediated by a decrease in

the event-related enhancement in cholinergic neurotransmission through M1 cholinergic receptors (Experiment 5). Therefore, anxiety

disorders may stem from an unopposed formation of aversive memories and clinically effective anxiolytics hinder the association

between emotional and cognitive processing. This reduces the emotional impact of aversive memories, thereby opposing consequent

anxiety.
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INTRODUCTION

Preclinical and clinical studies suggest that there exists a
neurobiological link between emotional and cognitive
processes (Bell and Wolfe, 2004; Clark and McManus,
2002; Ishigooka, 2003; Skelton et al, 2003). Accordingly,
anxiety disorders may result from an overexpression of
aversive memories (Crestani et al, 1999; Pare, 1996).
Clinically effective anxiolytics, then, may reduce anxiety
through a disruption of the association between emotion
and cognition. Evidence in support of this theory comes
from both animal and human research. For example, rats
injected with benzodiazepines or SSRIs, such as fluoxetine,
show diminished aversive memory formation (Cole, 1986;
Monleon et al, 2002; Pain et al, 2002) that may contribute to
their well-documented anxiolytic effects in animal models

and in the clinic (Atack, 2003; Bourin and Hascoet, 2001;
Hashimoto et al, 1996; Sanchez and Meier, 1997).

Indirect evidence implicates the hippocampus as the site
where anxiety and memory converge. It has been found that
ablation of the hippocampus reduces rats’ fear reactions
and decreases cognitive performance. For instance, both
electrolytic and excitoxic lesions of the hippocampus induce
anxiolysis and impair learning and memory (Degroot and
Treit, 2004; Fanselow, 2000; Treit and Menard, 1997). More
specifically, neurochemical data indicate that the hippo-
campal cholinergic system may be involved in the integra-
tion of anxiety and memory. Thus, fluctuations of ACh
efflux in the hippocampus are associated with modulations
of emotionality and cognition (Egawa et al, 2002; Olariu
et al, 2001; Decker et al, 1994; Degroot and Treit, 2002;
Kawasaki et al, 1996). Interestingly, benzodiazepines, which
decrease anxiety and interfere with aversive memory
formation, also decrease hippocampal ACh efflux. Based
on these data we hypothesized that the hippocampal
cholinergic system integrates emotional and cognitive
responses and that anxiolytics exert their effect through
an interaction with this neurotransmitter system.

To test our hypothesis, we determined the effect of
anxiety and aversive memories on hippocampal ACh efflux
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using in vivo microdialysis in the rat. Then, we set forth
to determine if fluoxetine mediates its anxiolytic effects
through changes in hippocampal cholinergic neuro-
transmission. We used the shock-probe burying test
to assess emotional and cognitive responses to an
aversive stimulus since the hippocampal cholinergic
system has been previously implicated in this model
(Degroot and Treit, 2002, 2003; Degroot et al, 2001).
In the shock-probe test, rats are exposed to an electrified
probe during a training session. Following contact with the
probe, they commence to bury the probe as a defensive
mechanism (active avoidance). After 7 days, the rats are
returned to the shock-probe chamber for a retention
session. Increased burying reflects increased anxiety levels,
whereas increased probe-contacts or decreased retention
latency implicates impaired short- and long-term memory,
respectively. The interval between the training and the
retention sessions was based on other studies where the
retention session of the shock-probe was used to measure
aversive memory performance (Lehmann et al, 2000; Shah
and Treit, 2003).

MATERIALS AND METHODS

Subjects

Animals were naı̈ve, male albino Sprague–Dawley rats,
purchased from Charles River (USA), weighing 250–300 g at
the time of testing. Each rat was individually housed in a
polycarbonate cage and maintained on a 12 : 12 h light/dark
cycle (lights on at 0700), with food and water available
ad libitum. Behavioral testing occurred between 0900 and
1700. All studies were carried out in accordance with the
guidelines set forth by the National Institutes of Health and
implemented by the Animal Care and Use Committee of Eli
Lilly and Company.

Shock-Probe Burying Test

The behavioral procedures were the same as those used in
previous experiments (Degroot and Treit, 2002; Treit et al,
1994). All behavioral responses were scored live by an
observer and recorded on videotape for ensuing analysis.
All testing occurred at least 7 days postsurgery.

Both anxiety and cognition were assessed in the shock-
probe burying test. In this test, rats shocked from a
stationary, electrified probe push bedding material from the
floor of the experimental chamber toward the shock-probe
(ie they bury the probe), avoid further contacts with the
probe, and exhibit freezing behavior (Treit et al, 1994, 1981;
Frye and Seliga, 2003; Pinel and Treit, 1978). In rats it has
been demonstrated that anxiolytic drugs such as diazepam
decrease burying towards the shock-probe (de Boer et al,
1990; Treit et al, 1993; Tsuda et al, 1988), whereas
anxiogenic drugs such as yohimbine increase shock-probe
burying (Tsuda et al, 1988). During the training session,
burying behavior and the total number of contact-induced
shocks each rat received were measured. The rat’s reactivity
to each shock was scored according to the following scale
(Pesold and Treit, 1992): (1) flinch involving only head or
forepaw, (2) whole-body flinch, with or without slow
ambulation away from the probe, (3) whole-body flinch,

and/or jumping, followed by immediate ambulation away
from the probe, and (4) whole-body flinch and jump (all
four paws in the air), followed by immediate and rapid
ambulation to the opposite end of the chamber. The time
the rat spent immobile was used as an index of locomotor
activity. During the retention session the amount of time it
took for the rats to contact the probe was used as a measure
of retention latency.

Statistics

Dialysis data are expressed as multifold change from
baseline. The dialysis data were analyzed with two-way,
that is, treatment� time ANOVA followed by Bonferroni
tests. Subsequently, individual time points were analyzed
with t-tests if there were only two groups or a one-way
ANOVA followed by LSD post hoc tests if more than two
groups were analyzed. Similarly, the behavioral data
were analyzed using t-tests (two groups) or ANOVAs
followed by LSD tests (more than two groups). In order to
correct for heterogeneity of variance, the burying scores
were transformed to their square roots (SQRT) prior to
analysis.

Experiment 1A: training. At least 7 days prior to the
experiment, rats were anesthetized and implanted
with microdialysis probes aimed at the hippocampus
as described (Tzavara et al, 2003). At 3 days after surgery,
rats were acclimated to the shock-probe burying
apparatus over 4 consecutive days (45-min sessions). On
the testing day, rats were placed in a microdialysis bowl.
Animals were given a 3-h stabilization period, before
baseline samples were being collected (four samples).
Subsequently, the rats were placed in the shock-probe
burying apparatus for 45 min (three sample periods). One
group was exposed to an electrified probe, whereas the
probe was not electrified for a second, control group.
Following exposure to the shock-probe, animals were
returned to the microdialysis bowl for an additional six
sample periods. Throughout the session, dialysate samples
were collected every 15 min and analyzed immediately
online for ACh content with HPLC coupled to electro-
chemical detection.

Experiment 1B: retention. At 7 days after Experiment 1A,
animals were returned to the shock-probe apparatus.
Animals from either group in Experiment 1A were exposed
to either an electrified or a nonelectrified probe. In addition,
there were some animals that received a shock during the
training phase that did not make contact with the probe
during the retention phase. Therefore, there were five
different groups for Experiment 1B: (1) rats that did not
receive a shock during either session (shock off–shock off;
control; n¼ 5); (2) rats that did not receive a shock in
Experiment 1A, but were exposed to an electrified probe in
Experiment 1B (shock off–shock on; n¼ 5); (3) rats that
received a shock in both sessions (shock on–shock on;
n¼ 6); (4) rats that received a shock in Experiment 1A, but
not in Experiment 1B (shock on–shock off; n¼ 5); and (5)
rats that received a shock in Experiment 1A, but failed to
make contact with the probe in Experiment 1B (shock on–no
contact; n¼ 3).
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In Vivo Microdialysis ACh Measurements

ACh determination in hippocampal dialysates was per-
formed as described (Damsma et al, 1988) with some
modifications (Tzavara et al, 2003).

Experiment 2. Rats were injected with vehicle (distilled
water) or Fluoxetine hydrochloride (Eli Lilly and Company,
Indianapolis, IN; 15 mg/kg) 1 h prior to being placed in the
shock-probe burying test. They were subsequently exposed
to a 15 min shock-probe session and tested for retention 1
week later. The dose of fluoxetine was based on pilot work
in our laboratory and previously obtained neurochemical
data (Bymaster et al, 2002).

Experiment 3. Rats were implanted with microdialysis
guide cannulae as described above. On the testing day,
animals were given a 3-h stabilization period, before
baseline samples were being collected (four samples).
Subsequently, vehicle (distilled water) or fluoxetine
(15 mg/kg) was injected systemically and hippocampal
ACh efflux was measured for an additional 12 samples.

Experiment 4. In Experiment 4, rats were exposed to the
shock-probe apparatus during both a training and a
retention session. The protocol followed during the training
and retention sessions were similar to those described for
Experiment 1 with the exception that rats were injected with
vehicle or fluoxetine 1 h prior to the training session.
Furthermore, unlike Experiment 1, the probe was electrified
for both groups during the training session and was not
electrified during the retention session.

Experiment 5. This Experiment was similar to Experiment
2, except that rats were injected with vehicle (distilled
water) or a muscarinic receptor 1 (M1) antagonist
(pirenzepine; 25 or 75 mg/kg). The dose and method of
administration of pirenzepine were based on previous work,
where a dose of 75 mg/kg, but not 25 mg/kg, was shown to
have behavioral effects in a passive avoidance task (Worms
et al, 1989).

RESULTS

In Experiment 1A, we demonstrated that exposure to an
aversive stimulus increases hippocampal ACh efflux.
Statistical evaluation with a two-way ANOVA revealed that
there were significant interaction (F12,276 ¼ 7.02, po0.0001)
and treatment (F12,276 ¼ 5.29, po0.001) effects. Subsequent
analysis with t-tests between individual time points revealed
that rats exposed to an electrified probe (shock on) during
the training session had increased hippocampal ACh levels
compared to animals in the control group that were exposed
to a nonelectrified probe (shock off, Figure 1a and b).
Hippocampal ACh levels were elevated while the rats were
confined to the shock-probe chamber and remained
elevated for two additional sample periods after the rats
were returned to the microdialysis bowl (Figure 1a). As
expected, these animals were more anxious since they
buried the probe significantly more compared to control
animals (t1,24¼ 3.94, po0.001; Figure 1c), although no

difference in their overall locomotor activity was found
(p40.05; Figure 1d).

Next, in Experiment 1B, we showed that the memory of an
aversive stimulus also increases hippocampal ACh efflux. As
a matter of fact, we found that the memory of the initial
event had a greater neurochemical impact than exposure to
the event itself (compare Figures 1a to 2b and c). Statistical
evaluation of the different groups during the retention
session with an overall two-way ANOVA revealed significant
interaction (F48,228 ¼ 11.30, po0.001) and treatment
(F4,228¼ 7.39, po0.05) effects. Subsequent analysis with a
one-way ANOVA between individual time points revealed
significant effects 30 min (F4,19¼ 4.92, po0.01) and 45 min
(F4,19¼ 3.74, po0.05) after the animal was exposed to the
shock-probe chamber. Hippocampal ACh levels were only
significantly increased during the subsequent retention
session, if the animals made contact with an electrified
probe during the training session regardless of whether the
probe was electrified or not during the retention session
(Figure 2). Therefore, the increase in hippocampal ACh was
dependent on the animal’s memory of its experience 7 days
earlier, but not on the animal’s current condition or
performance during retention. Animals that were exposed
to an electrified probe during training and either made
contact with (1) an electrified probe (shock on–shock on),
(2) a nonelectrified probe (shock on–shock off), or (3) failed
to make contact with the probe (shock on–no contact)
during retention all showed significant increases in
hippocampal ACh efflux (Figure 2b–e). Of note, Figure 2b
illustrates that in spite of the fact that animals were now
presented with a nonelectrified probe, the neurochemical
response was based on their previous experience with an
electrified probe. Furthermore, rats presented with a
nonelectrified probe during training and an electrified
probe during retention (shock off–shock on) showed similar
ACh levels as rats that were exposed to a nonelectrified
probe during both sessions (control; shock off–shock off)
(Figure 2a and e). Although neurochemical differences
between the two groups were not detected, they did differ
behaviorally, in that the shock off–shock on group, but not
the control group, displayed burying behavior during the
retention session (data not shown). The fact that this group
made contact with an electrified probe and buried the probe
shows that the increase in hippocampal ACh is not the
result of the animal’s burying behavior or its contact with
an electrified probe. In addition, animals that had an
enhanced memory of the probe during the retention session
(shock on–no contact) had a tendency to display more
burying time than the other animals that were exposed to an
electrified probe during the training session (Figure 2f),
suggesting that enhanced memory of an aversive situation
can result in increased anxiety levels. A correlational
analysis examining each animal’s behavior and neurochemi-
cal changes during training and retention sessions showed
that burying behavior during retention was significantly
correlated with burying behavior during training (r2 ¼ 0.59,
po0.01), but increases in hippocampal ACh efflux during
retention were not correlated with those seen during
training (r2¼ 0.04, p40.05). This further emphasizes that
neurochemical differences were not correlated with beha-
vioral performance. The results were not confounded by
differences in locomotor activity between groups in either
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experiment (see data in training session in Figure 1d; data in
retention session not shown).

Subsequently, we determined that anxiolytics mediate
their actions by counteracting the increase in hippocampal
ACh release evoked by an aversive stimulus and the
memory of that stimulus. We used an SSRI rather than
benzodiazepines to demonstrate this neurobiological anxio-
lytic drug action since, unlike benzodiazepines, SSRIs have
not been shown to affect basal hippocampal ACh levels. In
Experiment 3, fluoxetine was administered acutely, given
that chronic administration of SSRIs is not required to show
an anxiolytic effect in animals (Brocco et al, 2002; Muraki,
2001). This may be due to the fact that the animals tested do
not suffer from unusually low serotonin levels as those
purportedly found in the clinical population. Furthermore,
acute injections of fluoxetine seem particularly applicable
since acute injections of fluoxetine have been shown to be
sufficient in raising brain serotonin and, unlike other SSRIs,
cortical catecholamine levels as well (Bymaster et al, 2002).
As expected, injections of fluoxetine significantly decreased
anxiety during a training session (t(1, 14)¼ 2.27, po0.05),
while not affecting cognitive performance in the shock-
probe test during training and retention sessions (Experi-
ment 3; Figure 4a and c). There was a tendency for
fluoxetine to reduce the retention latency (p¼ 0.08), which
likely occurred because fluoxetine reduced the overall
salience of the aversive stimulus. In spite of the effects on

behavior, fluoxetine injections did not affect basal hippo-
campal ACh levels (Experiment 3; Figure 3). The behavioral
effects occurred in the absence of a significant effect on
activity levels, reactivity to the probe, or the number of
contacts made with the probe (p40.05 for all measures,
although there was a tendency to suppress activity levels,
p¼ 0.14; Figure 4a and b). While fluoxetine did not affect
basal ACh levels, the results from Experiment 4 demonstrate
that an injection of fluoxetine 1 h prior to a training session
completely abolished the increase in ACh levels induced by
exposure to an electrified probe (Figure 5a and b). In fact,
fluoxetine-injected animals showed similar ACh levels
compared to animals that did not receive a shock during
the training session (see Figure 1a, shock off group).
Analysis with a two-way ANOVA revealed a significant
interaction effect (F(16, 144)¼ 7.56, po0.05). Subsequent
analysis with t-tests between individual time points showed
that rats injected with vehicle had significantly higher ACh
levels compared to fluoxetine injected animals up to 60 min
after the rat was placed in the shock-probe test (Figure 5a).
As we had hypothesized, animals that were treated with
fluoxetine prior to the training session also showed
suppressed ACh levels during a subsequent retention session
(Figure 5c and d). Again, a two-way ANOVA showed a
significant interaction effect (F(12, 96)¼ 8.69, po0.05).
Additional analysis with t-tests between individual time
points revealed that the fluoxetine induced suppression in
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hippocampal ACh efflux reached significance 15 min after
the animal was returned to the shock probe apparatus
(t(1, 8)¼ 3.45, po0.01). The fact that anxiolytics suppress
the neurochemical impact of an aversive memory, further

illustrates the significance of aversive memories in anxiety
disorders. The results suggest that although fluoxetine-
treated animals can associate the shock with the probe and
have an emotional response to the probe (burying
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behavior), the magnitude of this emotional impact is not as
great as for vehicle-injected animals (lower ACh levels and
decreased burying behavior). Thus, it appears that fluoxetine
may mediate its anxiolytic effect by preventing the evoked
hippocampal ACh release caused by anxiety-provoking
events. Our final experiment (Experiment 5) demonstrated
that the fluoxetine-induced decrease in the enhanced
cholinergic neurotransmission is possibly mediated through
M1 muscarinic receptors. This possibility arises from the
finding that systemic injections of the M1 muscarinic
receptor antagonist pirenzepine induced a similar effect on
anxiety and cognition as injections of fluoxetine (Figure 6a–
d). Specifically, injections of pirenzepine significantly
decreased burying time during the training session (F(2,
26)¼ 7.50, po0.01; Figure 6a) and had no significant effect
on cognitive or activity measures during the training and
retention sessions (p40.05, although there was a tendency to
suppress activity levels, p¼ 0.08; Figure 6b–d).

Discussion

The present study indicates that exposure to the shock-
probe burying test during both training and retention
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sessions, significantly increased hippocampal ACh efflux
provided that the probe was electrified during the training
session. These results are in part supported by other studies
that demonstrate that stressful situations increase ACh
levels in the hippocampus (eg Degroot et al, 2004). In
addition, numerous other studies have implicated the
hippocampus in memory formation and have attributed
an increase in hippocampal ACh efflux to an enhancement
of overall memory performance (see eg Fadda et al, 2000;
Kopf et al, 2001; Stancampiano et al 1999). The increase in
hippocampal ACh efflux observed during the training and
retention sessions were abolished by a single systemic
injection of fluoxetine 1 h prior to the training session, even
though basal hippocampal ACh levels were not affected.
Furthermore, both systemic injections of fluoxetine and
pirenzepine 1 h prior to the training session significantly
reduced anxiety levels as demonstrated by a decrease in
burying behavior. None of the results were confounded by
changes in locomotor activity, reactivity to the probe, or
memory of the probe. In view of the findings that increased
locomotor activity has also been shown to increase
hippocampal ACh levels (Bianchi et al, 2003; Giovannini
et al, 2001), the present data suggest that the observed
increase in hippocampal ACh is related to the emotional
impact of the event and the memory of that event. In further
support of this notion, there was a correlation between the

behavioral, but not the neurochemical response during the
training and retention sessions. This absence of a correla-
tion between the animal’s behavior and hippocampal ACh
has also been found in other studies (eg Thiel et al, 1998).

Our data demonstrate that anxiolytics disrupt the
integration of anxiety and aversive memories that is
mediated through the hippocampal cholinergic system.
Anxiety-provoking events as well as aversive memories have
a similar neurochemical response, that is, they both elicit an
increase in hippocampal ACh release. Treatment with
anxiolytics counteracts this physiological response. The
fact that the observed neurochemical change persists even
in the absence of the initial aversive conditions could
explain some of the difficulties associated with the
treatment of anxiety disorders. In fact, the memory of an
anxiety-provoking event is more important than the event
itself and results in greater increases in hippocampal ACh
than those induced by the original presentation of that
stimulus. Conversely, the rise in hippocampal ACh efflux
induced by the presentation of an aversive stimulus does
not occur if this stimulus was previously presented as being
nonaversive. Specifically, in the shock off-shock on group
from Experiment 1B, ACh efflux from the hippocampus did
not increase above control values. This suggests that
increased ACh levels during the retention session are strictly
due to aversive memory formation.
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Figure 5 Systemic injections of fluoxetine (15 mg/kg) significantly reduced the increase in hippocampal ACh levels induced by exposure to an electrified
probe during training (a) as well as a subsequent retention session (c). (b and d) Averaged ACh levels collected while the animal was exposed to the shock-
probe test during a training and retention session, respectively. Data (expressed as fold over baseline established prior to any treatment) represent
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We show that anxiolytics like fluoxetine prevent the
increase in hippocampal ACh levels observed upon initial
and subsequent exposure to an aversive stimulus. In
addition, we provide parallel evidence that fluoxetine’s
anxiolytic action may be mediated through a decrease of
aversive stimulus- and aversive memory-evoked increases
in cholinergic neurotransmission through M1 muscarinic
receptors in the hippocampus, although this evidence is
strictly circumstantial and needs to be further investigated
in future studies. It seems unlikely that injections of
pirenzepine induced an anxiolytic effect by reducing overall
ACh efflux since previous studies have reported that
pirenzepine either increases or does not affect ACh efflux
(Douglas et al, 2001; Mishima et al, 2000). Therefore, the
observed effect seems to be solely attributed to a blockade
of the M1 receptors.

Other studies in part support the results obtained with
pirenzepine, by demonstrating that blockade of M1, but not
M2, muscarinic receptors in the hippocampus modulates
anxiety levels (File et al, 1998; Sienkiewicz-Jarosz et al,
2000). On the other hand, some other work, including data
from our own laboratory, has previously shown that
increasing cholinergic tone may decrease anxiety (Degroot
and Treit, 2003; File et al, 1998). However, these previous
studies used a different method of administration or animal
models in which SSRIs have yielded inconsistent results. In
addition, ACh levels were modulated prior to exposing the
animal to an anxiety-provoking situation. This contrasts
with the current study where we simply block the
neurochemical event that occurs during anxiety. It has
been previously proposed that raising ACh levels prior to
inducing anxiety may serve as a ‘coping mechanism’
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(Smythe et al, 1998), allowing for better awareness while the
animal is being tested, which may reduce anxiety. The effect
on future anxiety (as in the current study) has never been
examined. In addition, it has been suggested that raising
hippocampal ACh efflux prior to an anxiety-provoking
situation may actually result in a stimulation of septal
GABAergic receptors, which may actually reduce ACh efflux
in the hippocampus at a later time point (ie while the
animal is being tested; Degroot and Treit, 2003).

Our data raise the possibility that all anxiolytics may
ultimately exert their clinical effects through a common
mechanism, which is a reduction in anxiety-evoked
increases in cholinergic neurotransmission possibly
through M1 muscarinic receptors in the hippocampus.
Other studies have demonstrated that systemic injections of
benzodiazepines reduce hippocampal ACh efflux (Dazzi
et al, 1995b). On the other hand, anxiogenic compounds
like flumazenil increase hippocampal ACh levels (Imperato
et al, 1994). Whereas both benzodiazepines and SSRIs
prevent anxiety-induced increases in hippocampal ACh
levels, only benzodiazepines affect basal ACh levels (Dazzi
et al, 1995a, b; Degroot et al, 2004). This could explain why
both benzodiazepines and SSRIs diminish aversive memory
formation, but only benzodiazepines impair overall cogni-
tive performance. Current treatment of anxiety disorders is
often associated with adverse side effects and is not always
effective. Our data provide the possibility that anxiety
disorders may be ultimately controlled through a precise
targeting of the hippocampal cholinergic system. Although
it is known how benzodiazepines reduce ACh efflux in the
hippocampus, the serotonergic receptor(s) and the precise
neuroanatomical site(s) that mediate actions of SSRIs on the
hippocampal cholinergic mechanisms integrating anxiety
and aversive memory remain to be elucidated.
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