
Escitalopram alters gene expression and HPA axis reactivity in
rats following chronic overexpression of corticotropin-releasing
factor from the central amygdala

Elizabeth I. Flandreaua,*, Chase H. Bourkeb, Kerry J. Resslerc,1, Wylie W. Valed, Charles B.
Nemeroffe,2, and Michael J. Owensb

Elizabeth I. Flandreau: eimartin@ucsd.edu; Chase H. Bourke: cbourke@emory.edu; Kerry J. Ressler:
kressle@emory.edu; Charles B. Nemeroff: cnemeroff@med.miami.edu; Michael J. Owens: mowens@emory.edu
aPsychiatry Department, University of California San Diego, 9500 Gilman Drive MC 0804, La
Jolla, CA 92093-0804, United States
bLaboratory of Neuropsychopharmacology, Department of Psychiatry and Behavioral Sciences,
Emory University, Woodruff Memorial Research Building, Suite 4000, 101 Woodruff Circle,
Atlanta, GA 30322, United States
cDepartment of Psychiatry and Behavioral Sciences, Yerkes Research Center, Emory University,
954 Gatewood Dr, Atlanta, GA 30329, United States
dPeptide Biology Laboratory, Salk Institute for Biological Studies, 10010 North Torrey Pines Rd.,
La Jolla, CA 92037, United States
eDepartment of Psychiatry & Behavioral Sciences, University of Miami Miller School of Medicine,
Clinical Research Building, 1120 NW 14th Street, Room 1455 (D-21), Miami, FL 33136, United
States

Summary

© 2012 Published by Elsevier Ltd.
*Corresponding author. Tel.: +1 404 3949147; fax: +1 619 543 2493.
1Tel.: +1 404 727 7739; fax: +1 404 727 8070.
2Tel.: +1 305 243 3740; fax: +1 305 243 1619.

Conflict of interest
Dr. Flandreau has received no financial support or compensation from any individual or corporate entity for research or professional
service and has no personal financial holdings that could be perceived as constituting a potential conflict of interest.
Dr. Ressler has received no financial support or compensation from any individual or corporate entity for research or professional
service and has no personal financial holdings that could be perceived as constituting a potential conflict of interest.
Dr. Bourke has received no financial support or compensation from any individual or corporate entity for research or professional
service and has no personal financial holdings that could be perceived as constituting a potential conflict of interest.
Dr. Owens has research grants from the NIH, Lundbeck A/S, Cyberonics, Ortho-McNeil Janssen, AstraZeneca, Dainippon Sumitomo
Pharma, SK Life Sciences, Sunovion Pharmaceuticals. He is a consultant with H. Lundbeck A/S, R.J. Reynolds and has a patent:
Method of assessing antidepressant drug therapy via transport inhibition of monoamine neurotransmitters (US 7,148,027B2).
Dr. Nemeroff has research grants from the National Institutes of Health (NIH), and Agency for Healthcare Research and Quality
(AHRQ). Is a consultant with Xhale, Takeda, SK Pharma, Shire, Roche, and Lilly. He holds stock or other interests in CeNeRx
BioPharma, PharmaNeuroBoost, Revaax Pharma, Xhale, NovaDel Pharma and serves on the scientific advisory boards for American
Foundation for Suicide Prevention (AFSP), CeNeRx BioPharma, National, Alliance for Research on Schizophrenia and Depression
(NARSAD), Xhale, PharmaNeuroBoost, Anxiety Disorders Association of America (ADAA), Skyland Trail, and AstraZeneca
Pharmaceuticals (2009). He has served as board of directors for AFSP, Mt. Cook Pharma (2010), NovaDel (2011), Skyland Trail,
Gratitude America, ADAA. The following provide income sources of $10,000 or more: AstraZeneca Pharmaceuticals,
PharmaNeuroBoost, CeNeRx BioPharma, NovaDel Pharma, Reevax Pharma, American Psychiatric Publishing, Xhale. Dr. Nemer-off
also holds patents: Method and devices for transdermal delivery of lithium (US 6,375,990B1) and Method of assessing antidepressant
drug therapy via transport inhibition of monoamine neurotransmitters by ex vivo assay (US 7,148,027B2).

NIH Public Access
Author Manuscript
Psychoneuroendocrinology. Author manuscript; available in PMC 2013 August 21.

Published in final edited form as:
Psychoneuroendocrinology. 2013 August ; 38(8): 1349–1361. doi:10.1016/j.psyneuen.2012.11.020.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We have previously demonstrated that viral-mediated overexpression of corticotropin-releasing
factor (CRF) within the central nucleus of the amygdala (CeA) reproduces many of the behavioral
and endocrine consequences of chronic stress. The present experiment sought to determine
whether administration of the selective serotonin reuptake inhibitor (SSRI) escitalopram reverses
the adverse effects of CeA CRF overexpression. In a 2 × 2 design, adult male rats received
bilateral infusions of a control lentivirus or a lentivirus in which a portion of the CRF promoter is
used to drive increased expression of CRF peptide. Four weeks later, rats were then implanted
with an Alzet minipump to deliver vehicle or 10 mg/kg/day escitalopram for a 4-week period of
time. The defensive withdrawal (DW) test of anxiety and the sucrose-preference test (SPT) of
anhedonia were performed both before and after pump implantation. Additional post-implant
behavioral tests included the elevated plus maze (EPM) and social interaction (SI) test. Following
completion of behavioral testing, the dexamethasone/CRF test was performed to assess HPA axis
reactivity. Brains were collected and expression of HPA axis-relevant transcripts were measured
using in situ hybridization. Amygdalar CRF overexpression increased anxiety-like behavior in the
DW test at week eight, which was only partially prevented by escitalopram. In both CRF-
overexpressing and control groups, escitalopram decreased hippocampal CRF expression while
increasing hypothalamic and hippocampal expression of the glucocorticoid receptor (GR). These
gene expression changes were associated with a significant decrease in HPA axis reactivity in rats
treated with escitalopram. Interestingly, escitalopram increased the rate of weight gain only in rats
overexpressing CRF. Overall these data support our hypothesis that amygdalar CRF is critical in
anxiety-like behavior; because the antidepressant was unable to reverse behavioral manifestations
of CeA CRF-OE. This may be a potential animal model to study treatment-resistant
psychopathologies.

Keywords
Corticotropin-releasing factor; Amygdala; Escitalopram; Anxiety; Hypothalamic-pituitary-adrenal
(HPA) axis

1. Introduction
Mood and anxiety disorders are a leading cause of disability and increasing burden on
society in terms of direct medical costs and lost productivity (Alonso et al., 2011; Birnbaum
et al., 2010; Levinson et al., 2010). In the United States, the lifetime prevalence rate is
28.8% for anxiety disorders and 20.8% for mood disorders (Kessler et al., 2005a). The 12-
month prevalence for anxiety and mood disorders is 18.1% and 9.5%, respectively, with
comorbid cases having the greatest severity (Kessler et al., 2005b).

Symptoms of depression and anxiety are most commonly treated with selective serotonin
reuptake inhibitors (SSRIs) and SSRI use is increasing worldwide (Lockhart and Guthrie,
2011). Although the precise mechanisms of action of the many therapeutic effects of SSRIs
are unclear, one postulated pathway to symptom improvement in a significant subgroup of
individuals is via normalization of dysregulated central corticotropin-releasing factor (CRF)
circuits.

CRF is a 41 amino acid peptide discovered for its role in regulating hypothalamic-pituitary-
adrenal (HPA) axis activity (Vale et al., 1981) and it has since been identified as a key
mediator of the endocrine, autonomic, and behavioral response to stress. Dysregulation of
CRF circuits and the stress response systems they coordinate have been implicated in the
pathophysiology of mood and anxiety disorders, most notably major depressive disorder
(MDD) and post-traumatic stress disorder (PTSD). For example, many MDD and PTSD
patients exhibit state-dependent disruptions in HPA axis reactivity, perhaps in part from
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altered expression of CRF within the paraventricular nucleus of the hypothalamus (PVN),
and exhibit elevated CRF concentrations within cerebrospinal fluid (CSF), attributable to
overexpression of CRF from extrahypothalamic sources such as the central amygdala (CeA).
The role of CRF in the pathogenesis of mood and anxiety disorders has been extensively
reviewed (Claes, 2004; Gold et al., 1995; Holsboer and Ising, 2008; Kasckow et al., 2001;
Lloyd and Nemeroff, 2011; Owens and Nemeroff, 1991; Reul and Holsboer, 2002;
Risbrough and Stein, 2006; von Bardeleben and Holsboer, 1988).

SSRIs have previously been shown to normalize HPA axis reactivity in patients with
depressive and anxiety disorders (Lenze et al., 2011; Manthey et al., 2011; Nikisch et al.,
2005b); this normalization is associated with improved clinical outcome (Hinkelmann et al.,
2012; Paslakis et al., 2010). Similarly, in depressed patients, normalization of CSF CRF
concentration is associated with improvements in the Hamilton Depression Rating Scale
(HAM-D) following treatment with the SSRI escitalopram (Nikisch et al., 2005a) or
fluoxetine (De Bellis et al., 1993). These changes also roughly follow the time course of
symptom resolution, supporting the hypothesis that normalization of CRF neurotransmission
plays a causal role in the mechanism of action of antidepressant drugs (Brothers et al.,
2012). In animal models, antidepressants, anxiolytics, and mood stabilizers have been shown
to reduce the overall responsiveness of the HPA axis, the activity of hypothalamic and
extrahypothalamic CRF neurons, and to alter CRF mRNA expression and CRF
concentrations as well as type-1 CRF receptor (CRF1) mRNA expression and binding
(Gilmor et al., 2003; Grigoriadis et al., 1989; Skelton et al., 2000; Stout et al., 2001;
Valentino and Curtis, 1991).

We have previously shown that lentiviral vector-mediated chronic overexpression of CRF
from the CeA (CeA CRF-OE) increases anxiety-like behavior and HPA axis reactivity in
rats (Flandreau et al., 2012). The following experiment was designed to assess whether
chronic administration of the SSRI escitalopram can reverse the behavioral effects of CeA
CRF-OE and prevent CeA CRF-OE-induced HPA axis hyperactivity. To better understand
the mechanism of any escitalopram and CRF-OE interactions, we also examined central
expression patterns of HPA axis-relevant transcripts. Given that amygdalar CRF is more
closely associated with the behavioral stress response and hypothalamic CRF more closely
associated with the endocrine stress response, we hypothesized that escitalopram would
reverse CeA CRF-OE-induced HPA axis hyperreactivity but may have limited efficacy on
behavioral measures because it is unable to decrease virally mediated overexpression of
CeA CRF. Alternatively, escitalopram attenuation of CeA CRF-OE behavioral effects may
occur if SSRI effects are downstream of or at the same level as postsynaptic CRF receptors.

2. Materials and methods
2.1. Animals

Animal protocols were approved by the Emory University Institutional Animal Care and
Use Committee (IACUC) and carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (Institute for Laboratory Animal
Resources, 1996). All efforts were made to minimize animal suffering and to reduce the
number of animals used. Adult male Wistar rats (approximately PND70) were purchased
from Charles River Laboratories (Burlington, MA) and pair housed. In compliance with
Emory University biosafety requirements for lentiviral vectors, rats were housed in the
animal BSL-2 quarantine facility for 3 days following LV infusion surgery then transferred
to the Psychiatry Department facility. In the ABSL-2 quarantine facility, the cage rack was
enclosed in one cubicle within the room. In the Psychiatry Department facility, several cage
racks are housed together in a larger room. Both facilities were maintained on a 0700/1900
light/dark cycle with food and water available ad libitum.
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2.2. Virus production and titering
Production and testing of the LVCRFp3.0CRF construct is described in detail in Flandreau
et al. (2012). Virus-production procedures have been described in detail (Chhatwal et al.,
2006; Rattiner et al., 2004) and follow from procedures initially outlined by Verma and co-
workers (Miyoshi et al., 1998; Naldini et al., 1996; Pfeifer et al., 2001; Zufferey et al.,
1998). In brief, VSV-G pseudotyped HIV vectors were generated by Lipofectamine-
mediated transient co-transfection of the CRFp1.3Cre or CRFp3.0Cre expression plasmid,
VSV-G pseudotyping construct, and the packaging construct pDelta8.91 into HEK293T
cells. Serum containing the packaged virus was collected from the cells over a period of 5
days post-transfection, concentrated using ultracentrifugation then resuspended in sterile
phosphate-buffered saline (PBS)/1% bovine serum albumin. The resulting titer was assessed
in HEK293Tcells, and the observed titer of the virus used here was at least 5 × 108

infectious particles per ml.

2.3. Stereotaxic surgery
Rats were anesthetized with ketamine, xylazine, and ace-promazine maleate (Welberg et al.,
2006). 1 μl of control (LVCMVGFP) or CRF-overexpressing (LVCRFp3.0CRF) virus was
injected bilaterally into the CeA as described previously (Flandreau et al., 2012).
Coordinates from Bregma: A/P −2.1; M/L ± 4.0; D/V −8.0 (Paxinos and Watson, 2005).

2.4. Escitalopram administration and assessment
Escitalopram free base was prepared as described (McConathy et al., 2007). Alzet osmotic
minipumps containing escitalopram or vehicle (10% ethanol in polyethylene glycol 300
warmed to 37 °C) were implanted subcutaneously. Dose was calculated to deliver 10 mg
(free base)/kg/day over a four week period of time based on estimated average weight.
Plasma escitalopram concentrations were measured in a fully validated LC–MS/MS assay
which measures both citalopram and its hydroxyl metabolite (there is little or no
interconversion of escitalopram to R-citalopram in vivo so the assay is measuring
escitalopram). The assay is highly specific and sensitive to 0.2 ng/ml (see Supplemental
Methods for additional details). Final plasma escitalopram concentrations ranged between
13 and 45 ng/ml and represent clinically relevant exposure. There were no differences
between the LVCMVGFP and LVCRFp3.0CRF groups (Control = 33.31 ± 2.165 ng/ml;
LVCRFp3.0CRF = 31.45 ± 1.935 ng/ml p > 0.05).

2.5. Behavior
Because lentiviral vectors reach maximum expression 7–10 days after lentivirus infusion,
behavioral testing began at least 14 days after lentivirus-infusion surgery. To minimize
effects of multiple testing, tests were ordered from least to most stressful, and cagemates
were tested simultaneously or on consecutive days (McIlwain et al., 2001; Paylor et al.,
2006). Detailed methods for the elevated plus maze (EPM), defensive withdrawal (DW) and
social interaction (SI) tests are included as supplemental material. The timeline of the
individual tests is shown in Fig. 1.

2.6. Dex/CRF test
From each cage, one rat was randomly assigned to the Dex/CRF condition and the other to
the Sal/Sal condition. At 1200 h, rats received an intraperitoneal injection of 20 μg/kg
dexamethasone at a concentration of 40 μg/ml or an equivalent volume of saline. 90 min
later, rats received an IV (tail vein) injection of 0.5 μg/kg rat/human CRF, diluted to 2 μg/
ml, or an equivalent volume of saline. Tail vein injections were performed by trained
personnel; the rats were not anaesthetized, but were lightly restrained. Rats were killed by
decapitation 25 min later and trunk blood collected and brains frozen on dry ice. Trunk
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blood was collected in cold polypropylene centrifuge tubes for corticosterone and glass
EDTA-treated tubes for ACTH (BD Vacutainer®). Quantifications of ACTH and
corticosterone were performed by the Emory University Hospital Core and Toxicology
Laboratory. ACTH was measured by immunoradiometric assay according to the
manufacturer’s instructions (Dia Sorin, Stillwater, MN). Corticosterone was measured using
ImmuChemTM Double Antibody Radioimmunoassay (MP Biomedicals, Orangeburg, NY).

Dexamethasone concentrations were measured as described previously (Ritchie et al., 1990).
Final dexamethasone concentration did not differ between virus and drug groups.

2.7. Gene-expression analysis
Riboprobe and oligoprobe in situ hybridization were performed and analyzed as previously
described (Flandreau et al., 2012). See supplemental methods for additional information.

2.8. Statistical analysis
Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software). Unpaired
Student’s t-test or analysis of variance (ANOVA) was used where appropriate. Specific
analyses are described in individual figure captions. Data are shown as mean ± SEM.

3. Results
3.1. Gene-expression changes following CeA CRF-OE and escitalopram administration

As expected, infusion of LVCRFp3.0CRF into the CeA, as a main effect, increased CeA
CRF transcript (F(1,76) = 10, p = 0.0022), Fig. 2a and b. Contrary to our previous report,
CeA CRF-OE failed to increase PVN CRF or AVP transcript. However, there was a
significant drug x virus interaction on PVN AVP expression; escitalopram increased PVN
AVP transcript only in CeA CRF-OE rats (F(1,73) = 7.039, p = 0.0098) Fig. 2c and d. In
contrast to our previous findings, decreased expression of hippocampal MR in CeA CRF-OE
rats failed to reach significance (see supplemental results). Main effects of escitalopram
included decreased expression of CRF within the hippocampus (DG: F(1,73) = 7.186, p =
0.0091; CA1/2: F(1,73) = 4.309, p = 0.041; CA3: F(1,73) = 4.272, p = 0.042) Fig. 2e–g.
Escitalopram also significantly increased GR transcript in both the PVN and hippocampus
of CeA CRF-OE and control rats Fig. 2h–j (PVN: F(1,78) = 8.59, p = 0.0044; Dentate
Gyrus: F(1,77) = 11.27, p = 0.0012; CA1/2: F(1,77) = 9.443, p = 0.0029). There were no
effects of virus or drug on tyrosine hydroxylase (TH) expression in the locus ceruleus or
BDNF expression in the hippocampus or the PVN (Supplemental Figures 2 and 3). CRF1
receptor binding in the anterior pituitary gland was also measured and no differences were
observed (Supplemental Figure 4).

3.2. HPA axis reactivity following CeA CRF-OE and escitalopram administration
In the Sal/Sal injected group, escitalopram significantly decreased plasma ACTH (F(1,37) =
4.452, p = 0.04) and decreased plasma corticosterone (F(1,37) = 4.985, p = 0.032)
concentrations (Fig. 3). In the Dex/CRF injected group, there was an apparent increase in
plasma ACTH in vehicle-treated CeA CRF-OE rats, however this increase did not reach
significance (F(1,36) = 2.354, p = 0.13). Any differences in corticosterone in the Dex/CRF
injected group were masked by marked individual variability. Adrenal glands were also
removed and weighed. However, no differences were observed (Supplemental Figure 5).
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3.3. Behavioral effects of CeA CRF-OE and escitalopram
3.3.1. Defensive withdrawal test—Rats were moved into a holding room at least 1 h
prior to lights out and the DW tests were performed 2 h after lights-out under red light
conditions.

The first DW test was performed in week four, two weeks following lentivirus infusion.
While there were trends toward increased anxiety-like behavior (e.g. Latency to Emerge was
56.72 ± 11.13 (s) for control rats and 105.1 ± 26.09 (s) for CeA CRF-OE rats (p = 0.09),
Student’s t-test), no significant differences were observed. However, one subset of rats were
excluded from this analysis after the lights failed to turn off, as such the rats in group 1
experienced at least 1 h of extra light. The DW #1 data from this latter group of rats were
analyzed separately and revealed an interesting effect of this altered light cycle; rats
overexpressing CeA CRF exhibited a significant increase in both horizontal (number of
squares crossed per minute exploring = 13.58 ± 3.26 for control rats (n = 6) and 23.25 ± 1.34
(n = 7) for CeA CRF-OE rats; p = 0.013, Student’s t-test) and vertical (total rears per minute
exploring = 4.14 ± 0.67 for control rats; 6.601 ± 0.56 for CeA CRF-OE rats; p = 0.016,
Student’s t-test) locomotor activity. DW #1 data are shown in Fig. 4.

The second DW test was performed in week eight, three weeks after Alzet minipump
implantation and five weeks after lentivirus infusion. Two-factor ANOVA followed by
Bonferroni post hoc analysis revealed a significant anxiogenic-like main effect of virus on
total time withdrawing (F(1,63) = 6.4, p = 0.014), percentage of center squares crossed
(F(1,63) = 5.9, p = 0.018), and an overall decrease in horizontal (F(1,63) = 4.8, p = 0.032)
and vertical (F(1,63) = 6.2, p = 0.016) locomotion. DW #2 data are shown in Fig. 5d–g. A
subset of rats (n = 6 control LVCMVGFP (2 escitalopram) and n = 6 LVCRFp3.0CRF (2
escitalopram) were excluded from DW #2 analysis due to an accidental activation of a
motion-sensing light during the dark cycle. This momentary light exposure also seemed to
alter exploratory activity; however the number of subjects was too small for a two-factor
ANOVA.

3.3.2. Elevated plus maze—The EPM was performed during week seven, two weeks
after pump implantation. In contrast to the DW test, two-factor ANOVA followed by post
hoc Bonferroni tests revealed no differences in total arm entries or total number of rears.
The percentage of open arm entries was reduced by CeA CRF-OE in vehicle-treated subjects
relative to vehicle-treated rats in the LVCMVGFP group but this reduction did not reach
significance (F(1,77) = 3.3, p = 0.074). There was also an apparent decrease in time in the
open arm in CeA CRF-OE rats, which was prevented in the escitalopram-treated
LVCRFp3.0CRF subjects; however this decrease was also not significant (F(1,77) = 2.5, p =
0.11). One rat was excluded due to falling off the maze. EPM data are shown in Fig. 5a–c.

3.3.3. Social interaction test—The SI test was performed during week eight, three
weeks after pump implantation. Two-factor ANOVA followed by post hoc Bonferroni tests
revealed a major impact of escitalopram administration; escitalopram, as a main effect,
decreased time interacting (including chasing, following, leading, sitting and grooming
together) in both CeA CRF-OE rats and control rats (F(1,75) = 16.8, p = 0.0001) (Fig. 5h).

3.3.4. Sucrose preference test—The SPT was performed three times. SPT #1 was
performed two weeks following lentivirus infusion. No significant differences in preference
for a 1% sucrose solution were observed (LVCMVGFP = 93.72 ± 0.655%; LVCRFp3.0CRF
= 92.79 ± 1.047 p > 0.05). SPT #2 was performed four weeks after lentivirus infusion
surgery and two weeks following subcutaneous implantation of vehicle or escitalopram-
containing Alzet minipumps and, again, no differences in preference for a 1% sucrose
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solution were observed. SPT #3 was performed during week eight and, to combat the
influence of multiple testing, used a 0.1% sucrose solution rather than the 1% solution used
in the first two tests. This time, two-factor ANOVA revealed a significant increase in
preference for 0.1% sucrose in rats treated with escitalopram regardless of virus treatment
(F(1,33) = 4.7, p = 0.037), Fig. 5i.

3.4. Weight gain
Body weight was recorded over the course of the experiment and an unexpected interaction
between CeA CRF-OE and escitalopram was observed. The final body weight is
significantly greater in escitalopram-treated rats overexpressing CeA CRF relative to
vehicle-treated CeA CRF-OE rats and relative to escitalopram-treated rats infused with
control virus (F(1,78) = 10.0, p = 0.0023). Interestingly, while the other three virus x drug
groups exhibited a slight flattening of weight gain during behavioral testing, the
LVCRFp3.0CRF × escitalopram group seemed immune to any slight effects of behavioral
testing on body weight gain (Fig. 6). Because food intake was not recorded, it is unknown if
this effect is behavioral or metabolic in nature.

4. Discussion
A burgeoning literature supports the hypothesis that dysregulation of CRFergic circuitry,
including hypothalamic and extra-hypothalamic components, plays a seminal role in the
etiology of affective and anxiety disorders in a significant subgroup of individuals.
Considerable data has also demonstrated a role for CRF in the mechanism of action of anti-
depressant therapies. Current antidepressants, despite exerting their primary
pharmacological effects on monoaminergic systems, all reduce the overall responsiveness of
the HPA axis and the activity of hypothalamic and extrahypothalamic CRF neurons. This
research sought to explicitly understand the differential roles of chronic CRF overexpression
within the central amygdala and systemic chronic SSRI treatment.

4.1. Gene-expression changes following CeA CRF-OE and escitalopram administration
Our previous work revealed that CeA CRF-OE produced an increase in PVN CRF and AVP
transcript and a decrease in hippocampal MR expression (Flandreau et al., 2012). In the
present study, CeA CRF-OE produced a trend toward decreased hippocampal MR
expression, which did not attain statistical significance. The previously observed changes in
PVN CRF and AVP following CeA CRF-OE were also, unexpectedly, not replicated. The
magnitude of CeA OE in this study was comparable to the previous experiment
(approximately 140% increase in CRF transcript). However, the baseline CeA CRF
expression was not the same; in the previous experiment CeA CRF in LVCMVGFP-treated
rats was 180.15 nCi/g but was 235.13 (vehicle) or 240.96 (escitalopram) in the present
study. While inconsistent with our previous study (Flandreau et al., 2012), the lack of
increased PVN CRF transcripts in the present study is congruent with the lack of significant
effect of CeA CRF-OE on HPA axis reactivity. Interestingly, there was an increase in PVN
AVP only in CeA CRF-OE subjects treated with escitalopram. A previous study found a
similar paradoxical increase in AVP mRNA following restraint and citalopram
administration (Hesketh et al., 2005). Also consistent with our data, Hesketh et al. (2005)
found no effect of chronic citalopram on PVN CRF transcript. Therefore, in a heightened
state of central amygdala CRF expression, SSRI administration may act to alter the
expression of both CRF and AVP to tune the pituitary response to stress.

A main effect of escitalopram on several genes of interest in the present study likely
contributed to the effect of this SSRI on HPA axis activity. Escitalopram increased GR
transcript in the hypothalamus and hippocampus of CeA CRF-OE and control subjects.
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Previous studies have demonstrated the potential for antidepressants to increase GR. For
example, long-term administration of the SSRI fluoxetine selectively increases GR mRNA
and protein in primary hippocampal cultures (Lai et al., 2003) and in vivo (Yau et al., 2004).
Tricyclic antidepressants also directly increase hippocampal GR after 14-day exposure via
upregulation of GR expression (Okugawa et al., 1999). Furthermore, chronic escitalopram
administration has been shown to restore the stress-induced decrease in GR expression (Uys
et al., 2006). Although other studies have failed to observe SSRI-induced increased GR
expression or binding (Durand et al., 1999; Yau et al., 2001), the explanation may reside in
differences in the duration (acute vs. chronic effects), dose, and mechanism of
administration; single daily injections (e.g. Durand et al., 1999) produce transient spikes and
periods of no drug exposure while, depending upon the specific medication, oral
administration (Yau et al., 2004) or minipumps, as in the present study, provide a more
reliable steady-state concentration similar to that experienced by humans.

Escitalopram also decreased hippocampal CRF transcript in CeA CRF-OE and control
subjects. CRF is expressed in hippocampal interneurons (Yan et al., 1998), stress increases
hippocampal CRF, which activates receptors on pyramidal neurons (Chen et al., 2004),
contributing to dendritic atrophy and cognitive deficits following stress exposure (Chen et
al., 2010; Ivy et al., 2010). Escitalopram has previously been shown to restore hippocampal
function in a rat model of depression (Bhagya et al., 2011). Whether this was due to changes
in CRF or GR expression was not explored.

4.2. HPA axis reactivity following CeA CRF-OE and escitalopram administration
We have previously reported that overexpression of CRF from the CeA (Flandreau et al.,
2012; Keen-Rhinehart et al., 2009) but not BNST (Sink et al., 2012) increases HPA axis
reactivity. However, other studies have failed to observe HPA axis disruption following
CeA CRF-OE (Regev et al., 2011). Escitalopram has previously been shown to normalize
HPA axis reactivity in depressed patients (Bschor et al., 2012; Nikisch et al., 2005b) and in
animal models of stress (Uys et al., 2006). We hypothesized that CeA CRF-OE would
elevate HPA axis reactivity via indirect mechanisms, which would be normalized by
escitalopram administration.

In the present study, rats infused with LVCRFp3.0CRF exhibited an increase in ACTH and
corticosterone in the Dex/CRF test. While this increase is consistent with what is observed
in depressed patients (Heuser et al., 1994), it did not attain statistical significance (Fig. 3).
Interestingly, escitalopram decreased plasma concentrations of ACTH and corticosterone in
the control and CeA CRF-OE groups. However, this effect only reached significance in the
Sal/Sal group.

The ability of escitalopram to alter HPA axis reactivity in both control and CeA CRF-OE
rats suggests that the control rats were also experiencing elevated stress relative to control
subjects in other studies in which the effects of escitalopram are exclusive to the group
exposed to stress (Hesketh et al., 2005; Uys et al., 2006). However, escitalopram has
previously been demonstrated to decrease expression of proopiomelanocortin (POMC), a
precursor to ACTH production, in rats in the absence of stress exposure (Jensen et al., 1999).
This supports a role for escitalopram in HPA axis regulation in “control” subjects.

While the main effect of escitalopram on GR expression almost certainly contributed to the
decrease in HPA axis reactivity seen in escitalopram-treated rats, it is unlikely that changes
in hippocampal CRF mediated this effect. However, secondary changes in hippocampal
structure following a decrease in CRF transcript may play a role but were not specifically
examined in the present study. Additional studies are needed to clarify the interactions
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between CRF and GR on hippocampal structure following chronic antidepressant
administration.

4.3. Behavioral effects of CeA CRF-OE and escitalopram
We have previously shown that CeA CRF-OE reproduced some of the behavioral
consequences often observed following chronic stress paradigms. For example, CeA CRF-
OE decreased open arm exploration in an EPM six weeks following LVCRFp3.0CRF
infusion. Additionally, seven weeks after LVCRFp3.0CRF infusion, CeA CRF-OE
increased latency to emerge and total withdrawal time in the DW test (Flandreau et al.,
2012). Because previous work has shown that the SSRIs citalopram or escitalopram can
reverse the behavioral effects of chronic stress (e.g. Bhagya et al., 2011; Bondi et al., 2008;
Jayatissa et al., 2006; Overstreet et al., 2004; Reed et al., 2009), we sought to determine
whether escitalopram could reverse the behavioral consequences of CeA CRF-OE. We
hypothesized that CeA CRF-OE would directly elevate behavioral measures of anxiety and
that, without the ability to decrease CeA CRF expression, escitalopram would have limited
efficacy unless escitalopram was able to act downstream of postsynaptic CRF neurons.

In the first DW test, during week four, CeA CRF-OE rats exhibited a trend toward increased
latency to emerge from the DW box and had decreased rears per minute exploring.
Interestingly, after accidental exposure to light during the dark cycle just prior to the DW
test, rats overexpressing CeA CRF exhibited a significant increase in horizontal and vertical
locomotion. This suggests that rats overexpressing CeA CRF demonstrate enhanced
sensitivity to environmental changes. In the second DW test, during week eight, rats
overexpressing CeA CRF exhibited significantly increased total time withdrawing,
decreased horizontal locomotion, and decreased vertical locomotion. These effects were not
prevented by escitalopram. In fact, the effect of CeA CRF-OE on rearing behavior was
significant only in the escitalopram-treated groups. LVCRFp3.0CRF also decreased activity
in the center of the open area in DW#2 and this effect was no longer significant in the
escitalopram group, which is consistent with previous studies showing an improvement in
anxiety-like behavior following chronic escitalopram administration (e.g. Burghardt et al.,
2004). The lack of effect of escitalopram on the total withdrawal and locomotor activity
supports our hypothesis that overexpression of amygdalar CRF is a critical component in
modulating anxiety- and depression-like behavior; because the anti-depressant was unable to
reverse the CRF overexpression, the behavior was also not reversed. Given these findings,
overexpression of CRF in the CeA may be a potential animal model to study treatment
resistant depression.

Consistent with our previous experiment (Flandreau et al., 2012), LVCRFp3.0CRF failed to
alter anhedonia in the sucrose preference test (SPT) during week four, seven, or eight.
Although escitalopram had no effect on consumption of a 1% sucrose solution at week
seven, two weeks following pump implantation, escitalopram increased preference for a
0.1% sucrose solution in SPT#3 at the end of week eight. This result is consistent with
previous studies showing that escitalopram can decrease anhedonia in rat models of
depression or chronic stress (Bah et al., 2011; Strekalova et al., 2006). That CeA CRF-OE
did not produce anhedonia suggests that this source of CRF is less critically involved in
anhedonia in the SPT than in anxiety in the DW test. Perhaps escitalopram-induced sucrose
preference in both groups suggests that the control rats were also experiencing some stress
during the behavioral testing. Escitalopram-induced changes in hippocampal CRF and/or
GR transcript may also have contributed to the increased preference for 0.1% sucrose in
escitalopram-treated rats; previous work has suggested that the effects of escitalopram on
sucrose preference are mediated by hippocampal changes (Jayatissa et al., 2006).
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A main effect of escitalopram was also observed in the social interaction test, which took
place in week eight; rats exposed to escitalopram exhibited a significant decrease in time
interacting regardless of CRF-OE status. Although this effect is counterintuitive, previous
studies have also demonstrated a decrease in social activity following escitalopram
administration in rats in the absence of stress (Dekeyne et al., 2000; Tonissaar et al., 2008).
However, other studies have shown an increase in social interaction in a genetically
sensitive rat line, the Flinders rats (Overstreet et al., 2004). The interpretation of this result is
certainly complex given that (es)citalopram is associated with improved social functioning
in humans treated for depression (Denninger et al., 2011) or dysthymic disorder (Hellerstein
et al., 2010).

The clinical literature supports the hypothesis that a significant subgroup, but not all,
subjects with mood and anxiety disorders may have a dysregulated CRF system and
identification of these individuals is paramount to gaining real clinical utility of CRF1
antagonists as novel medications. Further study is warranted to examine whether there is a
correlation between weight gain during escitalopram exposure and measures suggestive of
dysregulated CRF systems (Fig. 6) and whether some noninvasive measure may be utilized
to select appropriate individuals for potential CRF1 antagonist treatment.

5. Summary
Together these data support a complex mechanism through which escitalopram alters HPA
axis reactivity and behavior, and that chronic CRF overexposure may render the organism
resistant to SSRI response in some behaviors but not others. The influence of escitalopram
on behavioral anxiety caused by CeA CRF-OE was less robust than in chronic stress studies,
suggesting that a reduction in CeA CRF (which was prevented here) is necessary for
normalization of these behavioral measures. In contrast, we also observed main effects of
escitalopram on preference for a 0.1% sucrose solution, a measure that was not affected by
CeA CRF-OE. This result could suggest that escitalopram increases hedonic reactions to
very low concentrations of sucrose but could also reflect an increase in anhedonia in all
subjects having been exposed to a potentially stressful battery of tests prior to SPT#3. Main
effects of escitalopram on hippocampal CRF and, especially, hippocampal and hypothalamic
GR transcript demonstrate the ability of this drug to modify central regulation of the HPA
axis, even when the CeA is overexpressing CRF. Further understanding of the separate and
interacting roles of the HPA and serotonergic systems will advance our appreciation of the
mechanisms underlying the pathophysiology of depression and other stress-related disorders
as well as mechanisms of treatment and prevention.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.psyneuen.2012.11.020.
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Figure 1.
Experimental timeline.
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Figure 2.
Gene-expression changes following CeA CRF-OE and escitalopram administration. As
expected, LVCRFp3.0CRF significantly increased CeA CRF transcript (a, representative
ISH image; b, semi quantitative analysis of ISH). Escitalopram increased AVP transcript in
the PVN (c, representative ISH image; d, semi quantitative analysis of ISH). Escitalopram
decreased CRF transcript in the hippocampal DG (e), CA1/2 (f) and CA3 (g). Escitalopram
increased GR transcript in the PVN (h), hippocampal DG (i) and CA1/2 (j). Data are
displayed as mean + SEM; p-values reflect results of two-factor ANOVA followed by post
hoc Bonferroni tests (n = 16–23/experimental group; *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 3.
HPA axis reactivity following CeA CRF-OE and escitalopram administration. In Sal/Sal
treated subjects, escitalopram significantly decreased concentrations of plasma ACTH (a)
and corticosterone (b). In Dex/CRF treated rats, no significant differences in ACTH (c) or
corticosterone (d) were revealed. Data are displayed as mean + SEM; p-values reflect results
of two-factor ANOVA followed by post hoc Bonferroni tests (n = 6–13/experimental group;
*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 4.
Behavioral activity following CeA CRF-OE. In DW#1, week four, CeA CRF-OE rats had a
trend toward increased latency to emerge (a) and had a decrease in rearing behavior (b).
CeA CRF-OE rats accidentally exposed to an additional hour of light during the dark cycle
had increased horizontal (c) and vertical (d) locomotion. Data are displayed as mean + SEM;
p-values reflect results of two-tailed T-test analysis (n = 33–34/experimental group (a) and
(b); n = 6–7/experimental group (c) and (d); *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 5.
Behavioral activity following CeA CRF-OE and escitalopram administration. In the EPM,
week seven, there was vehicle-treated CeA CRF-OE subjects exhibited a trend toward
decreased time in the open arm (a) and decreased number of open arm entries (b) without
altering total arm entries (c) relative to LVCMVGFP subjects. In DW#2, week eight, CeA
CRF-OE subjects exhibited a significant increase in total time withdrawing (d) and a
decrease in horizontal locomotion (e), which was not reversed by escitalopram. CeA CRF-
OE also decreased the number of center squares crossed (f) but this was reversed by
escitalopram. CeA CRF-OE tended to decrease vertical locomotion as in the first DW test;
however this decrease was only significant when comparing the escitalopram-treated rats in
the two virus groups (g). In the SI test, week eight, escitalopram significantly decreased time
interacting in the LVCMVGFP and LVCRFp3.0CRF groups (h). In SPT #3, week eight,
escitalopram significantly increased consumption of a 0.1% sucrose solution in both virus
groups (i). Data are displayed as mean + SEM; p-values reflect results of two-factor
ANOVA followed by post hoc Bonferroni tests (n = 15–23/experimental group; *p < 0.05;
**p < 0.01; ***p < 0.001; †p < 0.05 vs. LVCMVGFP–escitalopram group).
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Figure 6.
Body weight gain. (a) Rate of weight gain over the course of the experiment. Pump
implantation occurred at day 31. Behavioral testing was between days 47 and 54. (b) Final
body weight is elevated in CeA CRF-OE rats treated with escitalopram. Data are displayed
as mean ± SEM (a) or mean + SEM (b) (n = 18–23/experimental group; **p < 0.01 vs.
LVCRFp3.0CRF–vehicle group; ††p < 0.01 vs. LVCMVGFP–escitalopram group).
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