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Abstract

Decreases in serotonergic activity in the central nucleus of the amygdala reduce responses to
stressors, suggesting an important role for serotonin in this region of the amygdala in stress reactivity.
However, it is not known whether exposure to stressors actually increases serotonin release in the
central nucleus of the amygdala. The current experiment tested the hypothesis that restraint stress
increases extracellular serotonin within the central nucleus of the amygdala and adjacent medial
amygdala using in vivo microdialysis in awake male rats during the dark phase of the light-dark cycle.
Serotonin release in the central nucleus increased immediately in response to restraint stress. In
contrast, there was no change in serotonin release within the adjacent medial amygdala during or
following restraint. Since corticotropin-releasing factor is an important mediator of both responses
to stressors and serotonergic activity, subsequent experiments tested the hypothesis that central
nucleus serotonergic response to restraint stress is mediated by central corticotropin-releasing factor
receptors. Administration of the corticotropin-releasing factor type 1 and 2 receptor antagonist o-
Phe-CRF (icv, 10 pg/5 ul) prior to restraint stress suppressed restraint-induced serotonin release in
the central nucleus. The results suggest that restraint stress rapidly and selectively increases serotonin
release in the central nucleus of the amygdala by the activation of central corticotropin-releasing
factor receptors. Furthermore, the results imply that corticotropin-releasing factor mediated
serotonergic activity in central nucleus of the amygdala may be an important component of a stress
response.
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1. Introduction

The amygdala is comprised of a group of nuclei important for the processing of emotional
information [25,37]. Hyperactivity of the amygdala, as observed in individuals suffering from
anxiety and depression [17,41], is thought to contribute to the negative cognitive and affective
symptoms characterizing such disorders [46]. The central nucleus of the amygdala (CeA)
receives highly processed information via the lateral and basolateral amygdala from wide range
of cortical and subcortical structures and, in turn, projects to the hypothalamus and brainstem
[1,38]. Experimental evidence in rodents suggests both activational and integrative roles for
the CeA in responses to stressors. For example, stimulation of the CeA activates the
hypothalamic - pituitary - adrenal (HPA) axis [19], while bilateral lesions of the CeA inhibit
the activation of the HPA axis in response to stressful stimuli, including restraint [6-8,29,45,
although see 11,15].

The CeA is also thought to be involved in mediating the expression of fear or anxiety behaviors
exhibited in response to stressors. For example, lesion studies in rats suggest that the CeA plays
acritical role in fear learning by associating predictive stimuli with the affective aspects of the
stimuli [5,9]. Furthermore, fear-potentiated startle is blocked by lesions or pharmacological
inactivation of the CeA [13]. Although a role for the CeA in anxiety behavior is not apparent
with lesion methodology [13], application of glucocorticoids to the rat CeA increases anxiety-
like behavior in the elevated plus maze [32,43].

Central serotonin (5-HT) is well documented to be involved in responses to stressors, and
alterations of 5-HT levels are associated with fear and anxiety behaviors [10,23,31]. The dorsal
raphe nucleus (dRN) provides 5-HT innervation to the CeA [36]. Increased 5-HT release in
the CeA has been positively correlated with the expression of pharmacologically-induced
freezing behavior in rats [23]. Furthermore, 5-HT receptor stimulation in the CeA is sufficient
and necessary for stress-induced activation of the HPA axis [18,20]. Thus, 5-HT release and
activity within the CeA appears to be important for the behavioral and endocrine activational
role attributed to the CeA. However, it is not known whether 5-HT release in the CeA is actually
activated by stressful or fearful stimuli.

The localization of corticotropin-releasing factor (CRF) cell bodies in CeA and its function as
a major extrahypothalamic site of expression of CRF also suggests a pivotal role of CeA in
stress responses [3]. Corticotropin-releasing factor, acting as a neurotransmitter, is involved in
initiating stress responses, partially by modulating serotonergic systems arising from the dRN
[3,27]. The CeA is one of the major sources of CRF innervation to the dRN [24], and CRF
type 1 and type 2 (CRFq;) receptors are present in the dRN [14,42]. The release of CRF from
the CeA has been detected during stress [30] and CRF administered to the dRN concurrently
increases freezing behavior and 5-HT release within the CeA [23]. Therefore, we hypothesized
that 5-HT release in the CeA will increase in response to a stressor (restraint stress) via central
CRF receptor activation.

2. Materials and Methods

Animals

Adult male Sprague Dawley rats (300 — 350 g) were purchased from the University of South
Dakota Animal Resource Center. Rats were housed in groups of four and maintained at 22 °
C, on a reverse 12h light/12 h dark cycle (lights off at 0:900 h) with free access to food and
water. The following procedures were approved by the Institutional Animal Care and Use
Committee of the University of South Dakota, and were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts
were made to minimize the number of animals used and their suffering.
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Rats were anaesthetized with xylazine/ketamine mixture (80 mg ketamine/10 mg xylazine, ip.;
Med-Vet, Libertyville, IL) and placed within a small mammal stereotaxic frame (Stoelting,
Wood Dale, IL). A stainless-steel guide cannula (20 gauge; Plastics One, Roanoke, VA) for
later insertion of the microdialysis probe, was stereotaxically implanted 1 mm above the CeA
(AP: -2.1 mm from bregma; ML: 4.0 mm from midline; DV: -6.3 mm from dura; [34]). In
experiment 2, a second guide cannula was implanted on the contralateral side for
intracerebroventricular (icv) injection within the lateral ventricle at the following coordinates:
AP: -1.0 mm from bregma; ML: 1.5 mm from midline; DV: -3.0 mm from dura [34]. Cannulae
were fixed to the skull with glass ionomer cement (GC Corp., Alsip, IL), and permanently
secured with a coating of cranioplastic cement (Plastics One) over the surface of the exposed
skull with dental screws in the skull serving as anchor points. Rats were housed individually
and allowed to recover for 3 days before undergoing further experimental procedures [23].

Microdialysis, Restraint Stress and Drug Infusions

During the light phase of the light-dark cycle, rats were lightly anaesthetized with ketamine/
xylazine mix to allow insertion of the microdialysis probe. A laboratory-made concentric
microdialysis probe (2.4 mm exposed membrane length, 5000 MW cut-off, typical recovery
20%; [23]) was inserted into the CeA to a depth of 8.8 mm from dura. Artificial cerebrospinal
fluid (aCSF) was perfused through the probe at a rate of 0.4 pl/min via PE 20 tubing connected
to a 1 ml syringe using a microinfusion pump (CMA, North Chelmsford, MA). Rats were then
left overnight in a 10 gallon glass testing chamber with sawdust substrate, and allowed free
access to food and water.

Experiments began twelve hours following probe implantation, during the dark phase of the
photoperiod, with the testing room dimly illuminated by red light for the entire duration of the
experiment. Dialysates were collected at 20 min intervals and extracellular 5-HT levels were
measured by HPLC with electrochemical detection as previously described [23]. Mobile phase
(150 mg EDTA, 432 mg sodium octanesulfonate, 4.8 g NaH,POy, 200 pl triethylamine and
122 ml acetonitrile per liter, pH 5.45) was pumped through a UniJet 3 um Cyg microbore
column (Bioanalytical Systems, West Lafayette, IN) under nitrogen gas pressure (2000 psi).
Dialysates were injected onto the chromatographic system using a rheodyne injector viaa 5
ul loop (Bioanalytical Systems). The collection rate of 0.4 pl/min resulted in approximately 8
ul of dialysate to insure that the loop was overfilled during each sample period. Following
separation by the column, 5-HT was detected by a glassy carbon electrode (Bioanalytical
Systems) maintained at +0.5 V with respect to an Ag/AgCl, reference electrode with a LC-4C
potentiostat (Bioanalytical Systems). The voltage output was recorded by CSW32 v1.4
Chromatography Station for Windows (DataApex, Prague, Czech Republic). Elution time for
5-HT was 11-13 min, and individual 5-HT peaks were identified by comparison to a 5-HT
standard (7.9 pg/5 ul).

After at least 3 consecutive stable 5-HT baseline samples (less than 10% variation) were
collected, the rats in experiment 1 were directly placed in a restraining tube (6 cm id, 27 cm
long), constructed from PVC piping with a narrow channel cut in the top to allow passage of
the lines attached to the microdialysis probe. These tubes provided sufficient room for
movement associated with respiration, but did not allow the rat to move in any direction. Rats
remained in restraining tubes for 40 min (equivalent of 2 microdialysis sampling periods),
before being released back into the testing chamber.

In experiment 2, a 5 pl Hamilton syringe with a 28 gauge needle (Fisher Scientific, Tustin,
CA) was used to inject either vehicle (5 pl aCSF) or 10 pg o-Phe-CRF in 5 pl [44] icv over a
two min period without restraining the animal [23]. This was achieved by lifting the lid of the
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testing chamber, and inserting the needle/syringe from above (without handling the rat) into
the guide cannula to a depth of 3.4 mm below the skull, as indicted by a stopper on the needle.
The syringe was gently and slowly depressed for 2 min, and left in situ for a further minute to
allow diffusion from the needle into the lateral ventricle before the experimenter removed the
needle. The dose (10 pg icv) of o-Phe-CRF used has been shown to reverse the behavioral
effects of restraint stress in ethanol-withdrawn rats [44]. Ten min following icv injection, rats
were placed into the restraining tube as described for experiment 1. For both experiments 1
and 2, dialysates were collected until 5-HT returned to baseline levels for 3 consecutive samples
following treatment. In the case of rats where no alterations in 5-HT levels were observed, 4-6
post-stress samples were collected.

Following experimentation, rats were killed (0.5 ml Fatal Plus, ip.; Vortech, Dearborn, Ml),
and brains removed and fixed in 10% formalin. Brains were sectioned at 60 um on a cryostat
(-14 °C), and examined under a light microscope by two investigators blind to treatment, to
determine placements of probes and cannulae.

Extracellular 5-HT levels in the three baseline dialysis samples were averaged, and post-
treatment 5-HT levels were calculated as a percentage change from mean baseline levels for
each rat. For experiment 1, the effects of restraint stress on CeA 5-HT levels were determined
by a one-way ANOVA with one repeated measure (time), followed by Dunnett's posthoc test,
where the sample immediately preceding the initiation of stress served as the control. For
experiment 2, CeA 5-HT levels were compared between rats injected icv with vehicle (aCSF)
or o-Phe-CRF using a two-way ANOVA with one repeated measure (time). A significant effect
of time was further analyzed by one-way ANOVAs with one repeated measure followed by
Dunnett's posthoc tests, as described above. A significant effect of icv treatment was further
analyzed using Tukey's posthoc test for multiple comparisons at each time point. Five vehicle-
treated rats from experiment 2 had probe placements within the medial amygdala (MeA)
adjacent to the CeA. The MeA has also been implicated in restraint-induced activation of the
hypothalamus [14]. Therefore, the regional specificity of restraint stress on amygdala 5-HT
was assessed by determining the effects of restraint on MeA 5-HT levels, using a one-way
ANOVA with one repeated measure followed by Dunnett's posthoc test, as described for
experiment 1. Analyses were performed using SigmaStat v.2.03, with the alpha level set at
0.05.

Histology and Baseline 5-HT Levels

The locations of probe placements for experiments 1 and 2 are illustrated in Fig. 1. The probe
placements were similarly distributed in the CeA of vehicle (n = 5) and »-Phe-CRF (n = 6)
treated rats. Baseline 5-HT levels in the CeA were 0.32 +/- 0.11 pg/ pl (uncorrected for probe
recovery), with a 2:1 signal to noise ratio of 0.06 +/- 0.02 pg/ ul. Probe membranes located
outside of the CeA were present in the MeA in sufficient numbers to allow evaluation of
restraint effects on MeA 5-HT (n = 5; Fig 1). Baseline 5-HT levels in the MeA were 0.24 +/-
0.06 pg/ ul (uncorrected for probe recovery), with a 2:1 signal to noise ratio of 0.06 +/- 0.01

pa/ pl.

Experiment 1: Effects of Restraint Stress on CeA 5-HT Levels

Rats subjected to restraint stress for 40 minutes showed a rapid increase in CeA 5-HT levels
(Fg 28 = 7.198, P<0.001). Levels of 5-HT were significantly elevated over pre-stress values
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during the restraint period (20-40 min) and in the dialysate sample following restraint (60 min)
(Dunnet's P<0.05; Fig 2).

Experiment 2: Effects of CRFy» Receptor Antagonism on Restraint-Induced CeA 5-HT

Intracebroventricular administration of the CRF receptor antagonist o-Phe-CRF blocked the
increase in CeA 5-HT levels during restraint stress (Fig 3). There were significant effects of
drug treatment (F1 g = 5.837, P<0.05), time (F11 gg = 2.692, P<0.01) and a treatment x time
interaction (F11 gg = 2.786, P<0.01). An effect of time was apparent in vehicle-treated rats (one-
way ANOVA F11 47 = 4.182, P<0.001), but not in o-Phe-CRF -treated rats (one-way ANOVA
F11.47=0.608, P=0.821). Increased levels of 5-HT were detected in the CeA of vehicle-treated
rats during the restraint period (20-40 min) compared to pre-stress baseline values (Dunnet's
P<0.05) and compared to 5-HT values obtained from restrained rats pre-treated with o-Phe-
CRF (Tukey's P<0.001).

In rats that received icv vehicle treatment and had probe placements within the MeA, restraint
stress did not have a significant effect on 5-HT levels (Fg 36 = 0.949, P=0.497; Fig 4).

4. Discussion

This study demonstrates for the first time that restraint stress increases extracellular levels of
5-HT within the CeA. Central nucleus 5-HT levels were elevated during the 40 min of restraint
and 5-HT levels remained elevated in the first dialysate collected after the removal of restraint
in rats that did not receive icv injections. In contrast to the CeA, 5-HT levels in the MeA were
not affected by restraint stress. Interestingly, a comparison of Figures 2 and 3 suggest that the
magnitude and duration of the CeA 5-HT responses elicited by restraint stress were less in rats
that received an icv injection of vehicle (Figure 3) compared to those that did not receive an

icv injection at all (Figure 2). It is possible that the icv injection procedure represented a mild
stressor for the rats, which resulted in blunting of the CeA 5-HT response to 40 min of restraint
stress. The possibility that a mild stressor immediately prior to a second stressor could blunt

the CeA 5-HT responses to this second more severe stressor should be examined in the future.

Previous studies suggest that 5-HT neurotransmission in the CeA is important for the
expression of endocrine and behavioral responses to stressors, although it is not clear how 5-
HT receptor activation in this region translates to behavioral and endocrine output. Agonist —
induced stimulation of 5-HT1 5 receptors in the CeA activates the HPA axis [20] while depletion
of 5-HT in CeA or application of 5-HT, receptor antagonists in the CeA eliminate the excitatory
effects of the CeA on the HPA axis [18]. Furthermore, increased 5-HT levels in the CeA are
associated with the onset of pharmacologically-induced fear behavior [23]. These previous
studies all involved pharmacological manipulation of 5-HT systems, thus our current study
adds to this by demonstrating that restraint stress rapidly increases 5-HT release within the
CeA. Therefore, exposure to an acute stressor increases 5-HT release in the CeA, an amygdala
region important for adaptive behavioral and endocrine stress responses [18,20,22].

Similar to the CeA, lesions of the adjacent MeA have been shown to abolish restraint-stress
activation of the hypothalamus [15]. However, the current results suggest that the activational
role of the MeA on HPA axis activity is independent of 5-HT activity, since restraint did not
alter 5-HT levels over the time course evaluated. Our result is consistent with the finding that
5-HT turnover in rats following 60 min of restraint does not increase in the MeA [7]. Taken
together, these results suggest that 5-HT neurotransmission in the CeA, but not in the MeA,
increases in response to acute restraint stress. Serotonergic neurotransmission within the CeA
in response to stressors may play a role in stress-exacerbated anxiety and depression. It has
been suggested that increased serotonergic tone is an important mediator of amygdala hyper-
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reactivity observed in emotional disorders [21]. Therefore, it would be important to determine
the effects of chronic stress on 5-HT levels in the CeA in future studies.

Administration of the CRF1, receptor antagonist o-Phe-CRF (icv) prior to the onset of restraint
stress inhibited the stress-induced increase in extracellular 5-HT in the CeA. The finding that
central CRF receptor mechanisms mediate stress-induced CeA 5-HT release supports a
growing body of literature demonstrating central CRF receptor-mediated regulation of stress
responses, anxiety, anorexia and 5-HT release in a variety of the limbic brain regions [for
example, 4,16,23,26,28,39,40,42]. However, this is the first report of CRF-mediation of stress-
induced 5-HT release in the amygdala. The potential significance of CRF-mediation of
amygdala 5-HT release is illustrated by several reports of CRF hyper-secretion in depressed
populations [as reviewed by 33]. Since CRF receptor activation is responsible for stress-
induced 5-HT release in the CeA as shown by the current study, and increased 5-HT tone in
the amygdala is thought to contribute to amygdala hyper-reactivity in depression [21], it is
possible that altered central CRF-mediation of amygdala 5-HT release could contribute to the
symptoms of stress-induced depression.

It is likely that central CRF receptor antagonism abolished restraint-induced increases in CeA
5-HT release by blocking CRF receptors located in the serotonergic cell body region, the dRN.
Restraint stress increases the release of CRF, and CRF infused directly into the dRN produces
an increase in CeA 5-HT release similar to that observed during restraint stress [23;30]. Our
preliminary studies show that electrical stimulation of the CeA CRF cell-body region, using
parameters designed to mimic firing rates observed during restraint stress, results in increased
forebrain extracellular 5-HT levels [22]. Importantly, this effect is blocked by pre-treatment
of the dRN with o-Phe-CRF [22], again suggesting that stress activates CRF neurons in the
CeA, resulting in increased CRF release and CRF receptor activation in the dRN. These
observations, taken with the current results, provide a hypothesis for the presence of a reciprocal
stress-activated circuit in which restraint-induced release of CRF by the CeA acts on CRF
receptors in the dRN to increase 5-HT release, with the resulting activation of 5-HT receptors
in the CeA subsequently leading to the facilitation of endocrine and behavioral responses to
stressors [23].

While not tested in the current study, CRF type 2 (CRF,) receptors may play an important role
in stress-induced activation of 5-HT release in the CeA. Activation of CRF, receptors in the
dRN appear to increase firing rates of 5-HT neurons, probably by disinhibition of 5-HT
neuronal activity by CRF,-mediated inhibition of non-serotonergic (presumably GABAergic)
neurons within the dRN [35]. Likewise, CRF, receptors in the dRN are required for CRF-
induced release of 5-HT within another forebrain limbic site, the nucleus accumbens, whereas
CRF type 1 receptor activation results in decreased accumbal 5-HT release [28]. Furthermore,
CRF;, receptor activation in the dRN by urocortin Il produces increased 5-HT release in the
basolateral amygdala [2]. Finally, chronic activation of CRF, receptors in the dRN result in
altered serotonergic gene expression and corresponding behavioral changes that resemble those
induced by chronic stress of rats, such as decreased novel object and open field exploration
[12]. Subsequent work should determine whether CRF, receptors in the dRN are required for
stress-induced increases in CeA 5-HT release, as would be predicted by results from previous
studies.

In summary, this study directly demonstrates that acute restraint stress increases 5-HT release
in the CeA and that the elevation of CeA 5-HT during restraint stress is under the regulation
of CRF receptor activity. These results imply that CRF-mediated effects on 5-HT activity in
CeA may be an important component of the circuitry involved in responses to stressors.
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Figure 1.

Representative coronal section of the rat brain showing placement of the active surface of
microdialysis probes in the central nucleus of the amygdala (grey bars; n = 16) and the medial
amygdala (black bars; n = 5). Figures adapted from [34].
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Figure 2.
Effects of restraint stress on serotonin (5-HT) levels in the central nucleus of the amygdala

(CeA; n = 5), data points represent mean +/- SEM. a = significantly different from pre-stress
levels, P<0.05.
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Figure 3.

Effects of vehicle (artificial cerebrospinal fluid; n = 5) or o-Phe-CRF (n = 6) icv pretreatment
on restraint-induced levels of 5-HT in the CeA, data points represent mean +/- SEM. a =
significantly different from pre-stress levels, b = significantly different from o-Phe-CRF
pretreated rats; P<0.05.
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Figure 4.
Effects of restraint stress on 5-HT levels in the medial amygdala (MeA) in vehicle-treated rats
(n = 5), data points represent mean +/- SEM.
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