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Responding to stressful events requires numerous adaptive actions
involving integrated changes in the central nervous and neuroen-
docrine systems. Numerous studies have implicated dysregulation
of stress-response mechanisms in the etiology of stress-induced
psychopathophysiologies. The urocortin neuropeptides are mem-
bers of the corticotropin-releasing factor family and are associated
with the central stress response. In the current study, a triple-
knockout (tKO) mouse model lacking all three urocortin genes was
generated. Intriguingly, these urocortin tKO mice exhibit increased
anxiety-like behaviors 24 h following stress exposure but not under
unstressed conditions or immediately following exposure to acute
stress. The inability of these mutants to recover properly from the
exposure to an acute stress was associated with robust alterations
in the expression profile of amygdalar genes andwith dysregulated
serotonergic function in stress-related neurocircuits. Thesefindings
position the urocortins as essential factors in the stress-recovery
process and suggest the tKO mouse line as a useful stress-sensitive
mouse model.

amygdala | anxiety-like behaviors | serotonergic system | corticotropin-
releasing factor | corticotropin-releasing factor receptor type 2

Dysregulation of stress-response mechanisms is proposed to
underlie a variety of stress-related psychopathologies (1, 2).

Corticotropin-releasing factor (CRF) plays a pivotal and well-
established role in regulating the hypothalamic-pituitary-adrenal
(HPA) axis under basal and stress conditions (3, 4) and, via its
type 1 receptor (CRFR1), integrates the autonomic, metabolic
and behavioral stress responses (5).
The CRF peptide family includes also three urocortin (Ucn)

peptides (Ucn1, Ucn2, and Ucn3) that bind and activate the CRF
receptor type 2 (CRFR2) with high affinity (6–12). CRF has
a relatively lower affinity for CRFR2 than for CRFR1; Ucn1 has
equal affinities for both; and Ucns 2 and 3 appear to be selective
for CRFR2 (6–9). These receptors are distributed differently
throughout the brain: CRFR1 is widely expressed in various brain
regions, whereas CRFR2 expression is more localized to selected
stress-related brain nuclei, such as the amygdala, the bed nucleus
of the stria terminalis (BNST), the lateral septum (LS), and the
dorsal raphe nucleus (DRN) (13, 14).
Evidence from studies using competitive peptides or small-

molecule CRF/urocortin receptor antagonists suggested that the
brain CRF/urocortin systems play diverse roles in mediating be-
havioral responses to stress (15). Based on the complementary
behavioral phenotypes of CRFR1- and CRFR2-deficient (KO)
mice, opposing roles were suggested for the two CRF receptors
systems in modulating anxiety-like behaviors. CRFR1KO mice
display decreased anxiety-like behaviors coupled with an impaired
HPA axis stress response (16, 17), whereas CRFR2KOmice show
increased anxiety-like behaviors and an accelerated HPA-axis
response to stress (18, 19). Thus, the CRF-CRFR1 system has
been suggested as critical for initiating stress responses, whereas
the urocortins-CRFR2 system was suggested to terminate stress
responses or restore allostasis (1, 12). Nevertheless, the anxiety-

related effects of CRFR2 agonists and administration of antag-
onists into the cerebral ventricles or into specific brain regions
were less consistent, with some evidence for brain-site or ligand
specificity (10).
Thus, to understand better the role of the endogenous CRFR2

ligands Ucn1, -2, and -3 in regulating the central stress response,
a urocortin triple-knockout mouse model (tKO) was generated.
Anxiety indices were compared between tKO and WT mice
obtained from the same breeding colony under three conditions:
unstressed, immediately following exposure to an acute stressor,
and 24 h following stress. Under unstressed conditions and im-
mediately following the acute stress, tKO mice exhibited anxiety-
related behaviors comparable to those of WT mice but exhibited
increased anxiety at 24 h poststress, suggesting a modified re-
sponse to stress. This increased anxiety in tKOmicewas associated
with alterations in the regulation of amygdalar gene expression
and with dysregulated serotonergic functions in stress-linked
neurocircuits.

Results and Discussion
tKO Mice Exhibit a Persistent Behavioral Response to Stress.WT and
tKO mice were tested in the open-field and light/dark transfer
(LDT) tests under three conditions (different mice were used in
each condition): (i) unstressed (no additional stressor other than
the challenge of the test); (ii) immediately after 30 min of acute
restraint stress; and (iii) 24 h poststress. Because these tests rely
on the animals’ exploratory behavior, general locomotion also
was assessed to rule out motor dysfunctions. Further assessment
of stress-induced anxiety used a nonexploratory index, the acous-
tic startle-response test (ASR).
In the open-field test, unstressedWT (n=12) and tKO (n=15)

mice did not differ in the amount of time spent in the center (Fig.
1A) or in number of visits to it (Fig. 1B). However, tKO mice
explored the arena significantly less (P< 0.01) thanWTmice (Fig.
1C). In the stress conditions, two-way ANOVA and a follow-up
contrast comparisons showed that immediately after stress WT
(n = 15) and tKO (n = 12) mice did not differ in the amount of
time spent in the center, in number of visits to the center, or in
exploration of the center (Fig. 1 D–F, Left). However, at 24 h
poststress tKO mice (n = 12) spent significantly (P < 0.05) less
time in the center than WT mice (n = 11), visited the center sig-
nificantly (P < 0.05) fewer times, and explored the arena signifi-
cantly less (P < 0.01) (Fig. 1 D–F, Right). As depicted in Fig. 1G,
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tKO mice (n = 11) exhibited slightly higher levels of home-cage
locomotion than WT mice (n = 11) in both the active dark phase
and inactive light phase, but these differences were not statistically
significant.
A similar pattern of effects was evident in the LDT test. Un-

stressed WT (n = 8) and tKO (n = 10) mice did not differ in the
amount of time spent in light area (Fig. 2A), number of visits to it
(Fig. 2B), or distance traveled in it (Fig. 2C). In the stress con-
ditions, two-way ANOVA and a follow-up contrast comparisons
showed that immediately after stress the genotypes (WT: n = 12;
tKO: n= 12) did not differ in any of the indices (Fig. 2D–F, Left).
At 24 h poststress, however, tKOmice (n= 13) spent significantly
less time (P < 0.01) than WT mice (n = 11) in the light area,
visited it significantly fewer times (P < 0.01), and explored it sig-
nificantly less (P < 0.01) (Fig. 2 D–F, Right).
Comparisons of mean maximal ASR in unstressed tKO (n= 11)

and WT (n = 12) mice and again a week later at 24 h poststress
(the same mice in both conditions) indicated that tKO mice
exhibited a significantly higher stress-induced increase in ASR (P<
0.05) (Fig. 2G). Furthermore, comparing the within-session rate of

habituation of WT and tKO mice to the startling stimuli indicated
that, althoughunstressedWTand tKOmiceexhibiteda comparable
lack of habituation (WT = 3.91 ± 7.69; tKO= −7.78 ± 6.20), (Fig.
2H) WT mice exhibited a significant habituation rate at 24 h post-
stress (P < 0.05), whereas tKO mice did not.
These data suggest that deleting all three urocortin genes

neither induced a state of enhanced anxiety among unstressed
mice nor seemed to alter the immediate behavioral stress
responses. However, it appears that WT mice recover from the
acute stress exposure 24 h following stress, whereas tKO mice
fail to do so. It is of note that unstressed tKO mice, although
appearing more active than unstressed WT mice in the home
cage, exhibited reduced novel-setting exploration, implying an
anxiogenic effect under nonchallenged (unstressed) conditions.
A similar pattern of effects was indicated for the relative distance
traveled in the center of the open field (Fig. S1). Collectively, the
data suggest that lacking all urocortins has a limited effect on

Fig. 1. tKO mice exhibit increased anxiety in the open-field test at 24 h
poststress but not under unstressed conditions or immediately following
stress. Under unstressed conditions (A–C), WT (n = 15) and tKO (n = 17) mice
did not differ in time spent in the center (A) or in number of visits (B), but
tKO mice traveled significantly less far than WT mice (C). Immediately fol-
lowing acute stress (D–F, Left), WT (n = 15) and tKO (n = 12) mice did not
differ in time spent in the center (D), in number of visits to the center (E), or
in total distance traveled (F). However, at 24 h poststress (D-–F, Right), tKO
mice (n = 12) spent significantly less time in the center (D), visited the center
significantly fewer times (E), and traveled significantly shorter distances (F)
than WT mice (n = 11). (G) tKO mice (n = 11) exhibited slightly higher levels
of home-cage locomotion than WT mice (n = 11) in both the active dark
phase and inactive light phase; however, these differences were not statis-
tically significant. *P < 0.05; **P < 0.01; ∼P = 0.067.

Fig. 2. tKO mice exhibit increased anxiety in the LDT test and in ASR at 24 h
poststress but not under unstressed conditions or immediately following
stress. Under unstressed conditions (A–C), WT (n = 8) and tKO (n = 10) mice
did not differ in time spent in the light area (A), in number of visits to it (B),
or in distance traveled in it (C). Immediately following stress (D–F, Left), WT
(n = 12) and tKO (n = 12) mice did not differ in time spent in the light area
(D), in number of visits to it (E), or in distance traveled in it (F). However, at
24 h poststress (D–F, Right), tKO mice (n = 13) spent significantly less time in
the light area (D), visited it significantly fewer times (E), and traveled a sig-
nificantly shorter distance in it (F) than WT mice (n = 11). (G and H) ASR. (G)
At 24 h following stress, tKO mice (n = 11) exhibited a stress-induced increase
in mean maximal ASR significantly higher than that in WT mice (n = 12). (H)
Within-session ASR rate of habituation. tKO mice exhibited a marginally
significant lower habituation rate than WT mice; however, although WT
mice exhibited a significant rate of habituation, tKO mice did not. *Signif-
icant difference between groups, P < 0.05; **significant difference between
groups, P < 0.01; #significant difference within group, P < 0.05; ∼significant
difference between group, P = 0.064.

Neufeld-Cohen et al. PNAS | November 2, 2010 | vol. 107 | no. 44 | 19021

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF1


anxiety under nonchallenged conditions but renders the mice
susceptible to the effects of stress, possibly by impairing recovery
mechanisms.
In previous studies, pharmacologically manipulating Ucn2 or

Ucn3 yielded inconsistent data, enhancing anxiety in some para-
digms (20–22) but alleviating it in others (23–26). Similar incon-
sistencies exist in studies demonstrating differentially modulated
hormonal stress responses (22, 26–28). Our data demonstrate
a relationship between the integrative actions of all urocortins in
modulating stress responses. Increases in the above-noted anxiety
indices were reported following different paradigms of stress
exposure and were related to altered structure and/or functions of
stress-related neurocircuits, including the amygdalar-BNST
complex, septal regions, raphe nuclei serotonergic circuits, and
HPA-axis regulation (29–35).
To assess the involvement of the HPA axis in the observed

behavioral phenotype, circulating corticosterone levels and par-
aventricular nucleus (PVN) CRF mRNA levels were measured in
unstressed mice and at 24 h poststress. Corticosterone and PVN
CRF mRNA levels did not differ in WT and tKO mice at either
condition (Fig. S2). Thus it appears that lacking all urocortins
does not affect tonic HPA-axis regulation. Other mouse models
that lack CRFR2, to which all three urocortins bind, also have
been reported to exhibit normal basal levels of adrenocortico-
tropic hormone (ACTH) and corticosterone (18, 19) but to ex-
hibit enhanced ACTH and corticosterone stress responses (18).
Additional assessments evaluated the effect of urocortin de-

pletion on learning and memory faculties, using the fear-condi-
tioning paradigm and the Morris water maze (MWM). During
fear-conditioning learning, tKO mice appeared more anxious
than WT controls (Fig. S3A). In the retention tests, no differ-
ences were observed between the genotypes in the context test
(Fig. S3B), which is dependent on both the amygdala and hip-
pocampus. In the amygdala-dependent cue test, however, tKO
mice exhibited enhanced freezing during and following the
conditioned stimuli presentation (Fig. S3C).
Spatial learning in the MWM was compared between the gen-

otypes in unstressed mice and mice that had undergone the
stressful experience of fear conditioning 10 d earlier (stressed
mice). Different mice were used in each assessment. Unstressed
WT and tKO mice did not differ in spatial learning (Fig. S3D).
Among stressed mice, however, tKO mice exhibited a significantly
slower spatial learning process than WTmice (Fig. S3E). The fear-
conditioning data indicate that depletion of all urocortins does not
affect memories that rely on hippocampal functions (context) but
enhances amygdala-dependent fear memories (cue). The hippo-
campal-dependent MWM data indicate that the mere depletion of
all urocortins is insufficient to affect spatial learning, but the in-
teraction with exposure to stress has enduring impairing effects.
Collectively, these results correspond with findings that highlight
the effects of stress exposure-induced amygdala modulation of
learning and memory processes (36). More specifically, increased
freezing responses have been associated with altered amygdalar
activity (37, 38); thus the increased freezing exhibited by tKOmice
corresponds to the increased stress-potentiated ASR and to the
alterations in amygdalar functions described in detail below. The
comparable freezing exhibited by both genotypes in the context
test may result from an interaction between enhanced amygdalar
functions and a stress-induced deficit in hippocampal functions.
CRFR2-expressing neurons in the LS and DRN are involved in

modulating anxiety-like behaviors (31, 39). Thus LS and DRN
CRFR2 mRNA levels were evaluated in unstressed WT and tKO
mice and at 24 h poststress. Under both conditions, tKO mice
exhibited higher CRFR2 mRNA levels in the LS and DRN than
WT mice (Fig. S4). These increases may represent developmental
compensatory changes caused by the absence of high-affinity in-
nervating ligands and may contribute to the susceptibility of tKO
mice to the effects of exposure to stress.

Restricted Stress-Induced Amygdalar Gene Modification in tKO Mice.
To determine whether the observed differences between tKO and
WT mice in anxiety-like behaviors 24 h following stress also are
reflected in the gene-expression profile of the amygdala, an estab-
lished modulator of fear- and anxiety-linked behaviors (40, 41), we
evaluated the expression levels of selected amygdalar genes in
unstressed tKO and WT mice and in tKO and WT mice 24 h
poststress. The expression levels of 28 stress-related and house-
keeping genes associated with amygdalar functions were assessed
using a custom-made real-time PCR array (Tables S1 and S2).
Amygdalar stress-induced gene-expression profiles of the tKO

and the WT mice were differentially regulated at 24 h poststress
(Fig. 3A). As in the behavioral indices, the amygdalar gene-
expressionprofileofunstressedWTand tKOmicedidnotdiffer (Fig.
3B); however, the genotypes differed significantly at 24 h poststress.
A comparison of WT amygdalar cDNA samples obtained from un-
stressed mice and from mice 24 h poststress indicated that several
genes were significantly (P< 0.05) up- or down- regulated, including
CRFR1 (−1.59-fold); serotonin receptor 3A (Htr3a; +3.06-fold);
dopamine receptor 2 (Drd2; −5.95-fold); dopamine receptor D1A
(Drd1a; −4.73-fold); glutamic acid decarboxylase 1 (GAD1; −2.24-
fold); opioid receptor κ1 (OPRK1; −2.45-fold), and opioid receptor
μ1 (OPRM1; −1.47-fold) (Fig. 3C). Interestingly, the significant
differences in amygdalar gene expression profile in WT mice were
not significant among tKO mice (Fig. 3D). A full description of the
expression profile is given in Table S1.
Overall, the stress-induced amygdalar gene-expression profile in

WT mice, which coincided with an adequate behavioral recovery,
was not evident in the tKO mice, which behaviorally appeared
anxious at 24 h poststress. A detailed discussion of the putative
role of the amygdalar genes that are differentially regulated in
tKO mice can be found in SI Results and Discussion. Collectively,
the results of the amygdalar gene-regulation profile suggest a key
role for the urocortins/CRFR2 system in regulating the required
changes in amygdalar gene expression that coincide with lower
levels of anxiety 24 h following exposure to an acute stressor.

tKO Mice Exhibit a Modified Serotonergic Balance. Altered function
of the serotonergic (5-HT) system was suggested to underlie the
emergence of stress-related psychopathologies (42, 43). The raphe
nuclei (RN) are the primary site of 5-HT neuronal projections to
forebrain stress-related neurocircuits, including the septohippo-
campal and the amygdalar complexes (29, 32, 44–46). CRFR2, the
high-affinity urocortin receptor, is highly expressed in the RN (14),
and Ucn2 caudal-DRN infusion potentiated conditioned fear- and
stress-induced escape deficits in a CRFR2-dependent manner
(47). In addition, DRN CRFR2 activation increased 5-HT activity
and 5-HT release in stress response-regulating nuclei, including
the basolateral amygdala (BLA) (39, 48–50).
Therefore, serotonin metabolism was assessed by comparing 5-

hydroxyindoleacetic acid (5-HIAA)/5-HT ratios (higher values in-
dicate more serotonergic activity) within anxiety-related neuro-
circuits in unstressed WT (n= 5) and tKO (n= 8) mice and in WT
(n = 11) and tKO (n = 12) mice 24 h poststress. The medial and
lateral regions of the septum (MS and LS, respectively), BNST,
BLA, central nucleus of the amygdala (CeA), CA1 region of the
ventral and the dorsal hippocampus (CA1d and CA1v, respectively),
the lateral entorhinal cortex, and the subiculum (S) were examined.
The serotonergic activity of tKO mice was dysregulated in

limbic forebrain sites under unstressed conditions and at 24 h
poststress; however, this dysregulation differed across the ex-
amined limbic sites (Fig. 4). Two-way ANOVA for Genotype
(WT/tKO) and Stress (unstressed/24 h poststress) and the in-
teraction of 5HIAA:5-HT ratios within each brain region in-
dicated a main effect for Genotype in the LS and BLA and
a main effect for Stress in the CeA (P < 0.01). The interaction
Genotype × Stress was significant in the BLA, CeA, and S. There
were no significant effects for Genotype, Stress, or interactions

19022 | www.pnas.org/cgi/doi/10.1073/pnas.1013761107 Neufeld-Cohen et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013761107/-/DCSupplemental/pnas.201013761SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1013761107


among these factors for 5-HT or 5-HIAA concentrations (pg/μg
protein) independently (Table S3).
Post hoc pairwise comparisons of 5-HIAA:5-HT ratios within

each region revealed that unstressed tKO mice exhibited lower 5-
HIAA:5-HT ratios than unstressed WTmice in the BLA (Fig. 4A)
and CeA (Fig. 4B) but not in the septohippocampal system. Con-
versely, at 24 h poststress, tKOmice exhibited lower 5-HIAA:5-HT
ratios than WTmice in the MS (Fig. 4D), LS (Fig. 4E), and S (Fig.
4G) but not in the amygdala. Exposure to stress reduced 5-HIAA:5-
HT ratios in the BLAandCeA inWTbut not in tKOmice (Fig. 4A
and B) and in the S in tKO but not WT mice (Fig. 4G).
Because indices of anxiety under unstressed conditions were

similar in tKO mice and WT controls, the differences in un-
stressed amygdalar serotonergic activity may reflect decreased
activity in serotonergic systems innervating 5-HT2A receptor
signaling pathways in the amygdala in tKO mice. Activation of 5-
HT2A receptors in the BLA is thought to be excitatory to local
GABAergic inhibitory neurons (51). Activation of these 5-HT2A

receptors may have little consequence for regulating unstressed
anxiety-like behaviors but may have important consequences for
the regulation of anxiety-like behaviors following stress-induced
excitatory transmission. The failure of tKO mice to respond with
stress-induced decreases of serotonergic activity in the BLA and

CeA 24 h following stress suggests that in tKO mice amygdalar
serotonergic activity is already at a minimum.
The genotype differences within brain regions of the septo-

hippocampal system (MS, LS, and S), which differed from those in
amygdalar nuclei, may reflect dysregulation of the mesolimbo-
cortical serotonergic system innervating the septohippocampal
system in tKO mice. This serotonergic system was implicated in
neuromodulation of circuits involved in inhibitory control of the
HPA axis and anxiety-like behaviors (45).
Collectively, the 5-HIAA:5-HT ratio data indicate differential

dysregulation of serotonergic systems innervating the amygdala
and septohippocampal system in tKO mice that is consistent with
the complex functional anatomy of serotonergic regulation of
anxiety (29, 32, 45, 52, 53). The functional relationship between
CRF-CRFR1 and the 5-HT2A receptor was described recently
(54); our data demonstrate a relationship between the integrative
action of all urocortins and their concomitant effects on anxiety-
like behaviors and serotonergic functions.

Concluding Remarks
Several behavioral paradigms indicated that the tKO mouse
model exhibited anxiety-like behaviors comparable to those in
WT controls under unstressed conditions and immediately fol-
lowing stress but exhibited significantly more anxiety than WT

Fig. 3. Altered stress-induced amygdalar gene modification in tKO mice. Gene-expression profiles of amygdalar genes in WT and tKO mice under unstressed
conditions and 24 h following stress. (A) Heat-map representation of the differential gene expression in WT and tKO mice in unstressed conditions and at 24 h
poststress. Asterisks and numeration correspond to C: *1, GAD1, glutamic acid decarboxylase 1; *2, Htrt3a, serotonin receptor 3A; *3, Drd2, dopamine re-
ceptor 2; *4, Drd1a, dopamine receptor D1A; *5, OPRM opioid receptor μ1; *6, OPRK, opioid receptor κ1; *7, CRFR1, corticotropin-releasing factor receptor
type 1. (B–D) Several genes are differentially regulated in tKO andWT mice, especially at 24 h poststress. Unstressed, WT: n = 3; tKO: n = 3; 24 h poststress, WT:
n = 6; tKO: n = 6. (B) No significant differences in gene expression were observed between the WT and tKO genotypes under unstressed conditions. (C) WT
mice exhibited a significant stress-induced change in amygdalar gene expression. In WT unstressed vs. WT 24 h poststress, GAD1 decreased 2.24-fold (1);
Htrt3a increased 3.06-fold (2); Drd2 decreased 5.95-fold (3); Drd1a decreased 4.73-fold (4); OPRM decreased 1.47-fold (5); OPRK decreased 2.45-fold (6); and
CRFR1 decreased 1.59-fold. (D) tKO mice exhibited a blunted stress-induced change in amygdalar gene expression. In tKO unstressed mice vs. tKO mice 24 h
poststress, the changes observed in WT mice were not evident. Horizontal dashed lines indicate statistical significance at P < 0.05; Vertical dashed lines in-
dicate no change and ± twofold change in mRNA levels as compared with the relevant control. *P < 0.05.
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mice at 24 h poststress. Furthermore, stress-induced amygdalar
gene regulation in tKO mice differed significantly from that in
WT mice at 24 h poststress. These differences included critical
components of the GABAergic, opioid, CRF-CRFR1, dopami-
nergic, and serotonergic systems. Moreover, tKO mice differed
from WT controls in serotonergic functions in amygdalar nuclei
and within the septohippocampal complex both under unstressed
conditions and at 24 h poststress.
Collectively these findings suggest that deleting all three urocortin

genes induce a susceptibility to the effects of stress exposure by
compromising amygdalar stress-induced gene regulation of in-

hibitory functions and several key neuromodulator receptors, while
also differentially affecting serotonergic neuromodulation of amyg-
dalar and septohippocampal subregions. Interestingly, a recent study
(55) showed that Ucn1/Ucn2 double-KO mice exhibited an atten-
uated stress response in both sexes. It thus is suggested that Ucn3
central functions are pivotal to the observed phenotype of the tKO
mouse model. Further examination of the contribution of each
urocortin to the observed tKO phenotype using a longitudinal
comparative study in both sexes should be a focus of future studies.
Ucn1 (56, 57), Ucn2 (58), and Ucn3 (59) individual KO mouse

models have not indicated a clear anxious phenotype, perhaps
because of differences in the time points of assessment following
the stress exposure. Because the CRFR2 system was suggested to
mediate restoration of allostasis (1, 12), further testing individual
urocortin-KO models at time points that better reflect recovery
processes, combined with the use of site-specific manipulations of
those genes in adult mice (to avoid developmental compensatory
changes), may promote further understanding of the role of each
urocortin gene product in regulating the central stress response.
The urocortin tKO mouse model appears to be a useful, stress-

sensitive line, highlights the roles of the urocortins-CRFR2 sys-
tem in mediating recovery from stress, and further suggests po-
tential mechanisms by which the urocortins-CRFR2 system
interacts with other stress- and anxiety-regulating systems.

Materials and Methods
Animals. Mice lacking all three urocortin genes (Ucns1, -2, and -3) were
generated by crossbreeding of Ucn1, Ucn2, and Ucn3 single-KO mice pro-
vided by the Vale laboratory (56, 58, 60). All mice were on a mixed C57BL/6 ×
129 background. Ucn1 and Ucn2 KO mice and Ucn2 and Ucn3 KO mice were
crossbred to produce double-KO mice that then were crossbred to produce
tKO offspring homozygous for all genes. WT mice of the mixed C57BL/6 ×
129 background were derived from the same breeding colony. Male mice
that were used in this study were housed up to five mice per cage on a 12-h
light/dark photoperiod (lights on at 18:00 h) with food and water ad libitum.
All experimental protocols were approved by the Institutional Animal Care
and Use Committee of The Weizmann Institute of Science.

Behavioral Manipulation and Assessments of Anxiety, Learning, and Memory.
Acute stress consisted of 30-min restraint stress. Anxiety was assessed using
the open-field, LDT, and ASR tests. (A detailed description of these tests is
provided in SI Materials and Methods). Learning and memory faculties were
evaluated using the fear-conditioning paradigm, and spatial learning was
evaluated in the MWM. (A detailed description of the apparatus and pro-
tocols is given in ref. 61 and SI Materials and Methods).

General Locomotion. Home-cage locomotion was assessed individually over
a 72-h period using the InfraMot system (TSE Systems). (A detailed description
is given in ref. 62 and SI Materials and Methods).

Blood Collection and Assessment of Corticosterone Levels. Corticosterone was
quantified using a corticosterone enzyme immunoassay as described in SI
Materials and Methods.

Quantifications of mRNA Levels. CRF mRNA levels in the PVN and CRFR2
mRNA levels in the LS and DRN were determined using real-time PCR as
previously described (55). Detailed protocols of the brain tissue collection,
RNA preparation, quantitative PCR, and the amygdalar gene-expression pro-
file are described in SI Materials and Methods.

HPLC Analyses of 5-HT and 5-HIAA Tissue Concentrations. HPLC analyses of 5-HT
and 5-HIAA tissue concentrations were performed as previously described (52, 55).

Statistical Analyses. Results are expressed as mean ± SEM. All statistical
analyses were performed using Statistical Package for the Social Sciences
(SPSS) version 15.0, unless specified otherwise.
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Fig. 4. tKO mice exhibit dysregulation of serotonergic function. In WT and
tKO mice, serotonergic metabolism (5-HIAA:5-HT ratios) under unstressed
conditions and at 24 h poststress differ in different brain regions. Unstressed,
WT: n = 5; tKO: n = 8; 24 h poststress, WT: n = 11; tKO: n = 12. C, F, and H depict
microdissection loci and median distance from bregma. In the BLA (A) and CeA
(B), WT mice exhibited a stress-induced decrease in 5-HIAA:5-HT ratios at 24 h
poststress relative to unstressed conditions; such a stress-induced decrease was
not observed in tKOmice. In the MS (D) and LS (E), WT and tKOmice exhibited
comparable 5-HIAA:5-HT ratios under unstressed conditions, but at 24 h
poststress WT mice exhibited increased ratios compared with tKO mice. In the
S (G), unstressed WT and tKO mice exhibited comparable 5-HIAA:5-HT ratios,
but at 24 h poststress WT mice exhibited increased ratios compared with tKO
mutants, which exhibited a significantly lower 5-HIAA:5-HT ratio at 24 h
poststress as compared with unstressed conditions. *P < 0.05.
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SI Results and Discussion
tKO Mice Travel a Shorter Relative Distance in the Open-Field Center
than WT Mice at 24 h Poststress but Not Under Unstressed Conditions
or Immediately Following Stress. Under unstressed conditions the
genotypes did not differ in the relative distance traveled in the
center of the open field [t(25) = 0.68; not significant (n.s.)] (Fig.
S1A). In the stress conditions (Fig. S1B), two-way ANOVA for
Genotype [WT/triple-knockout (tKO)], Stress (immediate/24 h
poststress), and their interaction (Genotype × Stress) indicated
that Genotype did not affect the relative distance traveled in the
center of the open field [F(1,77) = 0.21; n.s.]; however, Stress
significantly affected relative distance traveled [F(1,77) = 4.58;
P = 0.013]. The interaction Genotype × Stress also was signifi-
cant [F(1,77) = 3.78; P = 0.028]. Follow-up contrast compar-
isons evaluated the effect of Genotype in each of the Stress
conditions. Immediately following stress, WT (n = 15) and tKO
(n = 12) mice did not differ in the relative distance traveled in
the center of the open field [F(1,25) = 1.60; n.s.], but at 24 h
poststress the relative distance traveled in the center of the open
field by tKO mice (n = 12) tended to be shorter than the dis-
tance traveled by WT mice (n = 11) [F(1,21) = 3.62; P = 0.071].

Circulating Corticosterone Levels. Circulating corticosterone levels
in WT and tKO mice were assessed under unstressed conditions
(WT: n = 11; tKO: n = 10) (Fig. S2A) and at 24 h poststress
(WT: n = 8; tKO: n = 8) (Fig. S2B). These comparisons in-
dicated no significant difference between the genotypes in either
condition; although tKO mice tended to exhibit lower cortico-
sterone levels than WT mice under unstressed conditions, this
difference was not statistically significant [unstressed: t(19) =
1.60, n.s.; 24 h poststress: t(14) = 0.57, n.s.].

Corticotropin-Releasing Factor mRNA Levels in the Paraventricular
Nucleus. Corticotropin-releasing factor (CRF) mRNA levels in
the paraventricular nucleus (PVN) were compared under un-
stressed conditions (WT: n = 6; tKO: n = 5) (Fig. S2C) and at
24 h poststress (WT: n= 6; tKO: n= 6) (Fig. S2D) and indicated
no differences between genotypes under either stress condition
[unstressed: t(9) = 1.30, n.s.; 24 h poststress: t(10) = 0.64, n.s.].

tKO Mice Exhibit Enhanced Auditory Fear-Conditioning– and Stress-
Induced Impairment in Spatial Learning. Learning and memory
faculties were evaluated using the fear-conditioning paradigm
and spatial learning in the Morris water maze (MWM).
In fear conditioning, the percent time spent freezing, an index of

fear, was assessed inWT (n= 9) and tKO (n= 9) mice throughout
the conditioning and the retention (context and cue) tests. During
the conditioning (Fig. S3A), two-way ANOVA indicated significant
main effects for Phases [pretone, tone, posttone intertrial intervals
(ITIs)] [F(2,32) = 36.89; P= 0.00] and for Gene [F(1,16) = 20.00;
P = 0.00]; the interaction Phases × Gene was not significant [F
(9,144) = 0.58; n.s.]. Follow-up contrast comparisons indicated that
tKOmice exhibited significantlymore freezing thanWTmice during
the pretone phase [F(1,16)= 2.85;P=0.012], the tone presentation
[F(1,16) = 2.58; P= 0.020], and the posttone ITIs [F(1,16) = 3.37;
P= 0.004]. In the retention tests, the freezing response did not dif-
fer between genotypes in the context test [t(16) = 2.00; n.s.] (Fig.
S3B), but tKO mice exhibited significantly more freezing than WT
mice throughout the cue test (Fig. S3C). Two-way ANOVA in-
dicated significant main effects for Phases (pretone, tone, posttone
ITIs) [F(2,32)=64.66;P=0.00] and forGene [F(1,16)=24.15;P=
0.00]; the interaction Phases×Gene alsowas significant [F(9,144)=

7.00; P = 0.004]. Follow-up contrast comparisons indicated that
tKO mice did not differ from WT mice in freezing during the pre-
tones phase [F(1,16) =1.81; P = 0.088] but exhibited significantly
more freezing during tones presentations [F(1,16)=2.12;P=0.050]
and posttone ITIs [F(1,16) =5.65; P= 0.000].
In the MWM, spatial learning was assessed in unstressed WT

(n = 6) and tKO (n = 6) mice and in mice of these genotypes that
had undergone the stressful experience of the fear-conditioning
procedure and tests 10 d previously [i.e., stressed WT mice (n = 5)
and stressed tKO mice (n = 6)]. Learning was indexed by latency
to reach the hidden platform over 5 d of training. Three-way
ANOVA assessed the effects of Training (within-factor with re-
peated measures), Gene, and Stress exposure (between factors)
and the interactions Training × Gene, Training × Stress exposure,
Gene × Stress exposure, and Training ×Gene × Stress exposure on
latency to locate the hidden platform.
This analysis indicated significant main effects for Training

[F(4,72) = 29.37; P = 0.000] and Gene [F(1,18) = 11.27; P =
0.004] but not for Stress exposure [F(1,18) = 0.22; P = 0.642];
however, the interaction Gene × Stress exposure was significant
[F(1,18) = 10.43; P = 0.005]. All other interactions were not
significant: Training × Gene [F(4,72) = 0.42; P = 0.697],
Training × Stress exposure [F(4,72) = 0.72; P = 0.517], and
Training × Gene × Stress exposure [F(4,72) = 1.36; P = 0.268].
Subsequent two-way ANOVA for Training (within-factor with

repeated measures), Gene (between factors), and the interaction
Training ×Gene indicated that among unstressed mice theWT and
tKO genotypes did not differ in learning the location of the hidden
platform [Gene: F(1,10) = 0.01; P = 0.919] (Fig. S3D); however
among stressed mice, tKO mice exhibited a significantly slower
process of spatial learning thanWTmice [F(1,9)= 16.48; P=0.004]
(Fig. S3E). Further t tests indicated that in stressed tKO mice la-
tencies to reach the hidden platform were significantly longer on
training days 2 [t(8) = 2.70; P=0.027] and 3 [t(8) = 2.62; P=0.031]
and tended tobe longeron trainingdays1 [t(8)=1.98;P=0.083] and
4 [t(8)=2.29;P=0.051] but did not differ onday 5 [t(8)=1.00; n.s.].

CRF Receptor Type 2 mRNA Levels in the Lateral Septum and Dorsal
Raphe Nucleus. Real-time quantitative PCR (qPCR) assessments
compared CRF receptor type 2 (CRFR2) mRNA levels in the
lateral septum (LS) and dorsal raphe nucleus (DRN) in tKO and
WT mice, under unstressed conditions and at 24 h poststress.
These assessments indicated that in the LS, tKO mice exhibited
significantly higher CRFR2 mRNA levels than WT mice under
both conditions [unstressed:WT (n= 6), tKO(n= 5), t(9) = 2.39;
P < 0.05; 24 h poststress: WT (n = 7), tKO (n = 7), t(12) = 2.66;
P < 0.05] (Fig. S4A). Similarly, in the DRN, tKO mice (n = 5)
tended to exhibit increased CRFR2 mRNA levels compared with
WT controls (n = 6) under unstressed conditions [t(9) = 0.80;
n.s.]; at 24 h poststress tKO mice (n = 5) exhibited significantly
higher CRFR2 mRNA levels than WT controls (n = 8) [t(11) =
7.20; P < 0.01] (Fig. S4B).

Restricted Stress-Induced Amygdalar Gene Modification in tKO Mice.
Amygdalar CRF receptor type 1 (CRFR1) mRNA levels were
significantly down-regulated in WT mice at 24 h poststress.
Amygdalar CRF-CRFR1 involvement in mediating the effects of
stress exposure has been demonstrated in numerous studies (for
review, see ref. 1); reduced levels of amygdalar CRFR1 mRNA
levels were reported following exposure to chronic stress and
were associated with lower indices of anxiety-like behaviors (2).
Our data indicate that such reduced amygdalar CRFR1 mRNA
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levels may be involved in recovering from the effects of acute
stress. Furthermore, it has been suggested (3) that CRF activa-
tion of CRFR1 modulates the effects of dopamine on basolateral
amygdala (BLA) to medial prefrontal cortex (mPFC) gluta-
matergic synaptic transmission. Our results indicate a marked
decrease of dopamine receptor D1 and, to a larger extent, of
dopamine receptor D2 genes (−4.73- and −5.95-fold, respec-
tively) in WT but not in tKO mice at 24 h poststress. Several
studies have demonstrated that antagonizing amygdalar D1 re-
ceptors elicits anxiolytic effects, implying an anxiogenic role for
this receptor. The role of amygdalar D2 receptors in modulating
fear and anxiety is unclear, because different studies indicated
test-dependent effects of D2-receptor antagonists (4). The re-
lease of dopamine and activation of D1 and D2 receptors in the
amygdala releases the amygdala from the mPFC inhibitory
brake, thus preparing the individual to cope with threats (5).
Interestingly, our findings suggest that downregulating these re-
ceptors within 24 h after the termination of stress is essential for
recovery and requires the presence of urocortins.
The κ and μ opioid receptor (OPRK and OPRM, respectively)

systems are critical mediators in stress-induced depression and
stress-induced reinstatement of drug-seeking behaviors (6). Re-
cent work associated BLA CRF-CRFR1–dependent anxiety-like
behaviors with activation of the dynorphin-OPRK system (7).
Similarly, OPRM was found to coexpress with CRFR1 on neu-
rons of both the central nucleus of the amygdala (CeA) and the
bed nucleus of the stria terminalis (BNST), suggesting a func-
tional relevance to stress-related disorders (8). Our results in-
dicate a decrease in CRFR1, OPRK1, and OPRM1 mRNA
levels at 24 h poststress in WT but not in tKO mice. This pattern
may relate to the concomitant reduction in anxiety-like behaviors
observed in WT but not tKO mice at 24 h poststress, further
supports the proposed functional interaction between the opioid
systems and the CRF-CRFR1 system, and also suggests a critical
role for the urocortins-CRFR2 system which was suggested to
restore allostasis (1, 9).
The glutamic acid decarboxylase 1 (GAD1) gene product is an

enzyme responsible for synthesizing GABA from glutamate; its
activity is induced by exposure to stress. PVN-projecting
GABAergic populations are considered an important source of
hypothalamic-pituitary-adrenal (HPA)-axis inhibition following
stress and thus an important component of recovery mechanisms
(10). Our results indicate a significant decrease of GAD1 mRNA
levels in WT but not in tKO mice at 24 h poststress, a time point
at which WT mice appeared less anxious than tKO mice. Ac-
cumulating data suggested GABA functioning abnormality is
involved in the pathophysiology of mood disorders and that
GABA neuromodulation contributes to the mechanism of action
of anxiolytics, mood stabilizers, and antidepressants (11, 12).
The serotonin receptor 3a (Htr3a) is a neurotransmitter-gated

ion channel located in many brain areas, including the amygdala
(13). Increases in CRF mRNA in the CeA of Htr3a-KO mice
compared with WT controls were associated with reduced anx-
iety-related behaviors and HPA activity, suggesting that normal
activation of Htr3a inhibits expression of CRF in the CeA (14).
Our results demonstrate a 3.06-fold elevation of amygdalar
Htr3a expression in WT mice but not in tKO mice at 24 h
poststress; this elevation coincided with reduced anxiety-like
behaviors in WT mice compared with tKO mice. The data sup-
port the suggested anxiolytic role of Htr3a (14) and suggest
a linkage between its action and the urocortins-CRFR2 system.

SI Materials and Methods
General Locomotion. Locomotion was assessed using the InfraMot
system (TSE Systems). Mice were housed individually in this
system’s cages for 72 h; data were collected in 1-h intervals. The
first 24 h were considered to be a habituation period to the in-
dividual housing conditions, and thus the data from this period

were discarded. General locomotion data therefore consisted of
the last 48 h, including two 12-h dark-light cycles.

The Open-Field Test. The apparatus for the open-field test (TSE
Systems) consists of a brightly illuminated (120 lx) white Plexiglas
box (50 cm × 50 cm × 40 cm). This test takes advantage of the
natural conflict of a rodent between the exploration of a novel
environment and the aversive properties of a large, brightly lit area.
Each mouse was placed in the corner of the apparatus to initiate
a 10-min test session. A camera (Eneo model VK1316S) mounted
above the apparatus transmitted images of the mouse that were
analyzed by VideoMot2 software (TSE Systems). The following
indices were recorded and subsequently analyzed: time spent in
center; number of visits to center, and total distance traveled. The
more a mouse explores the arena and/or the more time it spends in
the center of the arena and/or the more frequently it visits the
center of the arena, the less anxious it is considered to be.

The Light/Dark Transfer Test. The apparatus for the light/dark
transfer test (TSE Systems) consists of a Plexiglas box divided by
a partition into two areas; one area (14 cm × 27 cm × 26 cm) is
dark; the other (30 cm × 27 cm × 26 cm) is brightly illuminated
(1,000–1,100 lx). These areas are connected by a sliding door
located at floor level in the center of the partition. This test takes
advantage of the natural conflict of a rodent between the ex-
ploration of a novel environment and the aversive properties of
a large, brightly lit area. Mice were placed in the dark area, and
5 s later the connecting door was opened to initiate a 5-min test
session. The animal’s movements were recorded and scored as in
the open-field test. The following indices were recorded and
subsequently analyzed: time spent in the light area; number of
visits to the light area, and total distance traveled in the light
area. The more a mouse explores the light area, and/or the more
time it spends in the light area, and/or the more frequently it
visits the light area, the less anxious it is considered to be.

The Acoustic Startle Response Test. The acoustic startle response
test (ASR) was adapted from refs 15 and 16. The apparatus
(StartleResponse; TSE Systems) consists of a sound-attenuated,
well-ventilated cabinet. Within this cabinet, mice were placed in
a small Plexiglas and wire mesh cage (that did not cause dis-
comfort to the mice) mounted on a vibration-sensitive platform.
Movement in this box is detected by a high-precision sensor in-
tegrated in the measuring platform. Two high-frequency loud-
speakers inside the cabinet produce all audio stimuli. The ASR
session started with a 5-min acclimatization period, with a back-
ground white noise [70 dB(A)], which was maintained through-
out the session. Overall, 32 startle stimuli [120 dB(A), 40 ms; ITI
(randomly varying): 12–30 s] were presented; the stimulus pre-
sentations were divided into three blocks: Blocks 1 and 3 each
consisted of six startle stimuli, whereas block 2 consisted of 10
startle stimuli and 10 no-stimuli [70 dB(A), 40 ms; i.e., equiva-
lent to the background white noise] that were presented in
a quasi-random manner. The entire ASR test session was com-
pleted in 20 min. Two indices were recorded: (i) mean maximal
ASR (g) (i.e, the mean maximal ASR of the responses to the
startle stimuli in block 2); and (ii) rate of habituation to the
startle stimuli within a session [i.e., the percent change in mean
maximal ASR (g) of block 3 compared with that of block 1].

Fear Conditioning.A computer-controlled fear-conditioning system
(TSE Systems) monitored the procedure while measuring freezing
behavior (defined as lack of movement except for respiration). On
the first day, mice were habituated for 10 min to the fear-
conditioning chamber, a clear Plexiglas cage (21 cm × 20 cm × 36
cm) with a stainless steel floor grid within a constantly illuminated
(250 lx) fear-conditioning housing. Conditioning took place on
day 2 in one 5-min training session. Mice initially explored the
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context for 2 min. Thereafter, two pairings of a coterminating tone
[conditioned stimulus (CS): 30 s, 3,000 Hz, pulsed 10 HZ, 80 dB
(A)] and shock [unconditioned stimulus (US): 0.7 mA, 2 s, con-
stant current) with a fixed ITI of 60 s. The US was delivered
through the metal grid floor. Mice were removed from this
chamber 1 min after the last CS–US paring. The chamber was
cleaned thoroughly with 10% ethanol before each session. The
ventilating fan of the conditioning box housing provided a con-
stant auditory background noise [white noise, 62 dB(A)]. Context-
dependent memory was tested 24 h after the conditioning by re-
exposure to the conditioning box for 5 min without any stimuli.
The tone-dependent cued-memory test was performed 2 h after
the contextual memory test in a novel context: The walls and floor
of the box were opaque black Plexiglas (dimensions were similar
to the conditioning box), and the apparatus house-lights and
ventilating fan were turned off. Behavior was monitored for 2 min
without any stimulus before the CS (tone) presentations; there-
after two CSs were presented, separated by a fixed 1-min ITI.
Mice were removed from this box 1 min after the last CS.

Morris Water Maze. The pool for the MWM was circular white
Plexiglas (diameter, 120 cm; depth, 60 cm) (TSE Systems), lo-
cated 40 cm above floor level. Water was colored white with
milk powder; water depth was 23 cm; water temperature was
25 °C. A hidden platform 10 cm in diameter was submerged
0.5 cm below water level. The mouse swimming in the pool could
see a number of objects that remained in a constant location with
respect to the pool throughout the experiment. The training
protocol, adapted from ref. 17, consisted of 5 training days with
four trials each day; each trial had a randomly different starting
location. The ITI was longer than 5 min. Mice were placed in the
water, facing the wall of the pool at a starting position, and were
allowed to swim for up to 90 s to find and mount the platform. If
a mouse did not find the platform within 90 s, the experimenter
manually placed the mouse on the platform. Mice remained on
the platform for 15 s. The latency (in s) to locate the platform
was recorded by a tracking system as in the open-field test.

Measuring Circulating Corticosterone Levels. Plasma was extracted
from blood samples that were collected by tail bleed from in-
dividually housed mice under unstressed conditions or 24 h post-

stress. All blood samples (40 μL) were collected at 14:00 h, 8 h after
the beginning of the dark phase. Blood samples were centrifuged
immediately (850 × g for 20 min at 4 °C), and extracted plasma was
stored at −80 °C until assayed for corticosterone levels using cor-
ticosterone-specific antibody and an ELISA protocol (18) kindly
provided by C. J. Kenyon and E. A. S. Aldujaili (Endocrinology
Unit, Centre for Cardiovascular Science, The Queen’s Medical
Research Institute, Edinburgh, U.K.) for the unstressed samples
and a corticosterone enzyme immunoassay kit (Cayman Chemical
Company) for the 24 h poststress samples.

Brain Tissue Collection. Immediately after decapitation, the brain
was removed and placed in a steel brain matrix, 1.0 mm, coronal
(model: 51386; Stoelting Co.,). The brain was sliced using stan-
dard razor blades (GEM Personna; American Safety Razor Co.)
into 1-mm slices (for DRN punch) or 2-mm slices (for the LS and
amygdalae punches) that were frozen quickly on dry ice. The
areas of interest were punched using a microdissecting needle of
an appropriate size and according to the anatomical references of
The Mouse Brain in Stereotaxic Coordinates (19) and were stored
immediately at −80 °C.

Amygdalar Real-Time PCR Expression Array. The amygdalar gene-
expression profile was performed using a real-time PCR array (RT2

Profiler; SABiosciences). Total RNA (0.3 μg) was used to synthesize
template cDNA using the SuperArray RT2 First Strand Kit. The
template cDNA was mixed with RT2 qPCRMaster Mix, and 25 μL
(about 10 ng cDNA) of the mixture was aliquoted into each well on
the PCR array plate containing predispensed gene-specific primer
sets. Each array consisted of a panel of 32 primer sets (Table S2)
including two housekeeping genes, Hypoxanthine guanine phos-
phoribosyl transferase 1 (HPRT) andGAPDH, and three RNA and
PCR quality controls [Mouse Genomic DNA Contamination
(MGDC); Reverse Transcription Control (RTC); and Positive PCR
Control (PPC)]. Each sample was tested in three biological repeats.
Reactions were carried out using an Applied Biosystems 7500 ther-
mocycler. Analysis of gene expression was determined by a prede-
fined data analysis template (SABiosciences) that indicates mRNA
level amplification and tests for statistically significant differences
(http://www.sabiosciences.com/pcr/arrayanalysis.php?target=upload).
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Fig. S1. tKO mice travel less distance in the center of the open field than WT mice at 24 h poststress but not under unstressed conditions or immediately after
stress. The relative distance traveled byWTmice and tKO mice in the center of the open field did not differ under unstressed conditions (WT: n = 12; tKO: n = 15)
(A) or immediately following stress (WT: n = 15; tKO: n = 12) (B), but at 24 h poststress tKO mice (n = 12) tended to travel less distance in the center of the open
field than WT mice (n = 11) (P = 0.071). ∼, significant difference; P = 0.071.

Fig. S2. tKO mice exhibit normal levels of circulating corticosterone and hypothalamic CRF mRNA under basal conditions and at 24 h following stress. No
significant differences were observed between WT and tKO mice in circulating corticosterone levels at basal conditions (WT: n = 11; tKO: n = 10) (A) or at 24 h
poststress (WT: n = 8; tKO: n = 8) (B). No significant differences were observed betweenWT and tKO mice in PVN CRF mRNA levels at basal conditions (WT: n = 6;
tKO: n = 5) (C) or 24 h poststress (WT: n = 6; tKO: n = 6) (D).
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Fig. S3. tKO mice exhibit enhanced auditory fear-conditioning– and stress-induced impairment in spatial learning. During the fear conditioning (A) tKO mice
(n = 9) exhibited significantly more freezing than WT mice (n = 9) in all phases (precue, cue, and postcue). In the fear-conditioning retention tests, the
genotypes did not differ in the context test (B), but in the cue test (C) tKO mice exhibited significantly more freezing than WT mice during cue presentations
and postcue ITIs. In the MWM, spatial learning did not differ in unstressed WT mice (n = 6) and unstressed tKO mice (n = 6) (D); however among stressed mice
(E), tKO mice (n = 6) exhibited a significantly slower process of spatial learning than WT mice (n = 5); stressed tKO mice exhibited longer latencies to reach the
hidden platform on training days 1–4. *P < 0.05; **P < 0.01; ∼P = 0.83.

Fig. S4. tKO mice exhibit increased CRFR2 mRNA levels in the LS and DRN under basal conditions and at 24 h poststress. (A) In the LS, tKO mice exhibited
significantly higher CRFR2 mRNA levels than WT mice under basal conditions (WT: n = 6; tKO: n = 5) and at 24 h poststress (WT: n = 7; tKO: n = 7). (B) In the DRN,
tKO mice (n = 5) exhibited a tendency toward higher CRFR2 mRNA levels under basal conditions, compared with WT mice (n = 6); this difference was significant
at 24 h poststress (WT: n = 8; tKO: n = 6). *P < 0.05.
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Table S1. Amygdalar gene regulation (fold regulation and P value)

Gene symbol Gene

tKO unstressed vs. WT
unstressed

WT 24 h poststress vs.WT
unstressed

tKO 24 h poststress vs.
tKO unstressed

Fold regulation P value Fold regulation P value Fold regulation P value

Adrb1 Adrenergic receptor, β 1 −1.16 0.478 −1.68 0.117 −1.82 0.369
Cnr1 Cannabinoid receptor 1 (CNS) −1.31 0.403 −1.88 0.065 −1.65 0.296
CRFR1 Corticotropin-releasing factor receptor type 1 −1.15 0.299 −1.59 0.043 −1.38 0.278
Drd1a Dopamine receptor D1A −1.07 0.663 −4.73 0.035 −2.55 0.196
Drd2 Dopamine receptor 2 −1.06 0.621 −5.95 0.033 −2.16 0.292
Gabra1 GABA A receptor-α1 1.14 0.387 −1.24 0.160 −1.49 0.065
Gabra2 GABA A receptor-α2 1.04 0.644 1.42 0.079 −1.02 0.895
Gabra3 GABA A receptor-α3 1.02 0.976 1.07 0.681 −1.28 0.104
Gabra4 GABA A receptor-α4 −1.06 0.729 −1.66 0.093 −1.59 0.233
Gabra5 GABA A receptor-α5 1.03 0.812 1.96 0.091 1.43 0.249
Gabrb2 GABA A receptor-β2 −1.06 0.869 1.57 0.259 1.65 0.157
Gabrb3 GABA A receptor-β3 −1.09 0.691 1.31 0.262 1.23 0.180
Gabrd GABA A receptor-δ −1.12 0.626 −2.39 0.068 −1.49 0.459
Gabrg1 GABA A receptor-γ1 1.07 0.892 1.11 0.722 −1.23 0.154
Gabrg2 GABA A receptor-γ2 −1.02 0.823 −1.02 0.964 −1.08 0.653
GAD1 Glutamic acid decarboxylase 1 −1.08 0.327 −2.24 0.011 −2.13 0.098
Galr1 Galanin receptor 1 1.28 0.978 −1.04 0.725 −2.02 0.069
Htr3a Serotonin receptor 3A −1.16 0.370 3.06 0.034 1.62 0.141
Bdnf Brain derived neurotrophic factor 1.2 0.582 1.24 0.242 −1.03 0.967
Htr2c Serotonin receptor 2C −1.03 0.745 −1.13 0.391 −1.15 0.114
Npy Neuropeptide Y 1.03 0.905 1.03 0.997 1.09 0.226
Oprk1 Opioid receptor κ1 −1.15 0.376 −2.45 0.042 −2.01 0.384
Oprm1 Opioid receptor μ1 1.02 0.909 −1.47 0.034 −1.86 0.080
Htr1a Serotonin receptor 1A 1.2 0.136 −1.13 0.882 −1.54 0.173
CRF Corticotropin-releasing factor −1.07 0.737 −1.47 0.347 −1.27 0.741
HPRT1 Hypoxanthine guanine phosphoribosyl transferase 1 1.03 0.594 1.4 0.155 1.28 0.222
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 1.03- 0.676 1.4- 0.122 1.28- 0.242
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Table S2. Gene list for custom-made real-time PCR array

Gene symbol Official full name Ref. sequence number

Adrb1 Adrenergic receptor, β 1 NM_007419
Cnr1 Cannabinoid receptor 1 (CNS) NM_007726
Crhr1 CRFR1 NM_007762
Drd1a Dopamine receptor D1A NM_010076
Drd2 Dopamine receptor 2 NM_010077
Gabra1 GABA A receptor-α1 NM_010250
Gabra2 GABA A receptor-α2 NM_008066
Gabra3 GABA A receptor-α3 NM_008067
Gabra4 GABA A receptor-α4 NM_010251
Gabra5 GABA A receptor-α5 NM_176942
Gabra6 GABA A receptor-α6 NM_008068
Gabrb2 GABA A receptor-β2 NM_008070
Gabrb3 GABA A receptor-β3 NM_008071
Gabrd GABA A receptor-δ NM_008072
Gabrg1 GABA A receptor-γ1 NM_010252
Gabrg2 GABA A receptor-γ2 NM_008073
Gad1 Glutamic acid decarboxylase 1 NM_008077
Galr1 Galanin receptor 1 NM_008082
Htr3a Serotonin receptor 3A NM_013561
Bdnf Brain derived neurotrophic factor (BDNF) NM_007540
Htr2c Serotonin receptor 2C NM_008312
Npy Neuropeptide Y NM_023456
Oprk1 Opioid receptor κ1 NM_011011
Oprm1 Opioid receptor μ1 NM_001039652
Htr1a Serotonin receptor 1A NM_008308
Slc6a4 Serotonin transporter (SERT) NM_010484
Crh CRF NM_205769
Hprt1 Hypoxanthine guanine phosphoribosyl transferase 1 NM_013556
Gapdh Glyceraldehyde-3-phosphate dehydrogenase NM_008084
MGDC Mouse genomic DNA contamination SA_00106
RTC Reverse transcription control SA_00104
PPC Positive PCR control SA_00103
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