A triple urocortin knockout mouse model reveals an
essential role for urocortins in stress recovery

Adi Neufeld-Cohen®", Michael M. Tsoory®', Andrew K. Evans®<, Dmitriy Getselter®, Shosh Gil?,

Christopher A. Lowry™<, Wylie W. Vale®?, and Alon Chen®?2

2Department of Neurobiology, The Weizmann Institute of Science, Rehovot 76100, Israel; PDepartment of Integrative Physiology and “Center for
Neuroscience, University of Colorado, Boulder, CO 80309; and “Clayton Foundation Laboratories for Peptide Biology, The Salk Institute for Biological Studies,

La Jolla, CA 92037

Contributed by Wylie W. Vale, September 13, 2010 (sent for review January 28, 2010)

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 and with dysregulated
serotonergic function in stress-related neurocircuits. These findings
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

ysregulation 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 (Ucnl, 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; Ucnl 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 CRFR2KO mice 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-
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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 Ucnl, -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 tKO mice was 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); (i) 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, unstressed WT (z = 12) and tKO (n = 15)
mice did not differ in the amount of time spent in the center (Fig.
1A4) or in number of visits to it (Fig. 1B). However, tKO mice
explored the arena significantly less (P < 0.01) than WT mice (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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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 (), 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.

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. 24), 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. 2 D-F, Left).
At 24 h poststress, however, tKO mice (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
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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.

habituation of WT and tKO mice to the startling stimuli indicated
that, although unstressed WT and tKO mice exhibited a 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
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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. S34). 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 WT mice (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 tKO mice
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.

19022 | www.pnas.org/cgi/doi/10.1073/pnas.1013761107

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. 34). As in the behavioral indices, the amygdalar gene-
expression profile of unstressed WT and tKO mice did not differ (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
(Drdla; —4.73-fold); glutamic acid decarboxylase 1 (GAD1; —2.24-
fold); opioid receptor k1 (OPRK1; —2.45-fold), and opioid receptor
pl (OPRMI; —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 CRFR?2 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 (r = 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), CAl region of the
ventral and the dorsal hippocampus (CA1d and CAlv, 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 SHIAA: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 x Stress was significant in the BLA, CeA, and S. There
were no significant effects for Genotype, Stress, or interactions
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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 p1; *6, OPRK, opioid receptor k1; *7, CRFR1, corticotropin-releasing factor receptor
type 1. (B-D) Several genes are differentially requlated in tKO and WT 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.

among these factors for 5-HT or 5-HIAA concentrations (pg/pg
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 WT mice in the BLA (Fig. 44)
and CeA (Fig. 4B) but not in the septohippocampal system. Con-
versely, at 24 h poststress, tKO mice exhibited lower 5-HIAA:5-HT
ratios than WT mice 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 BLA and CeA in WT but not in tKO mice (Fig. 4 4
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-HT,a receptor
signaling pathways in the amygdala in tKO mice. Activation of 5-
HT;A receptors in the BLA is thought to be excitatory to local
GABAergic inhibitory neurons (51). Activation of these 5-HT,4
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
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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-HT,A 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
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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 tKO mice. In the MS (D) and LS (E), WT and tKO mice 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 (@), 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.

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-
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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 Ucen1/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.
Ucnl (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 X
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 x
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 S/ 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 S/ 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 S/ Materials and Methods).

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

Quantifications of mRNA Levels. CRF mRNA levels in the PVN and CRFR2
mMRNA 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 S/ 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.

ACKNOWLEDGMENTS. A.C. was supported by research grants from Roberto
and Renata Ruhman, Mark Besen, the Pratt Foundation, the Israel Science
Foundation, the Legacy Heritage Bio-Medical Program of the Israel Science
Foundation, the Institute for the Study of Affective Neuroscience, the Nella
and Leon Benoziyo Center for Neurosciences, the Nella and Leon Benoziyo

Neufeld-Cohen et al.


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

L T

/

1\

=y

Center for Neurological Diseases, the Carl and Micaela Einhorn-Dominic
Brain Research Institute, the Irwin Green Alzheimer’s Research Fund, and by
Gerhard and Hannah Bacharach. W.W.V. was supported by Grant DK026741-
30 from the National Institute of Diabetes and Digestive and Kidney Dis-

wi

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. de Kloet ER, Joéls M, Holsboer F (2005) Stress and the brain: From adaptation to

disease. Nat Rev Neurosci 6:463-475.

. McEwen BS (2007) Physiology and neurobiology of stress and adaptation: Central role

of the brain. Physiol Rev 87:873-904.

. Vale W, Spiess J, Rivier C, Rivier J (1981) Characterization of a 41-residue ovine

hypothalamic peptide that stimulates secretion of corticotropin and beta-endorphin.
Science 213:1394-1397.

. Bale TL, Vale WW (2004) CRF and CRF receptors: Role in stress responsivity and other

behaviors. Annu Rev Pharmacol Toxicol 44:525-557.

. Muller MB, et al. (2003) Limbic corticotropin-releasing hormone receptor 1 mediates

anxiety-related behavior and hormonal adaptation to stress. Nat Neurosci 6:1100-1107.

. Vaughan J, et al. (1995) Urocortin, a mammalian neuropeptide related to fish

urotensin | and to corticotropin-releasing factor. Nature 378:287-292.

. Hsu SY, Hsueh AJ (2001) Human stresscopin and stresscopin-related peptide are selective

ligands for the type 2 corticotropin-releasing hormone receptor. Nat Med 7:605-611.

. Lewis K, et al. (2001) Identification of urocortin Ill, an additional member of the

corticotropin-releasing factor (CRF) family with high affinity for the CRF2 receptor.
Proc Natl Acad Sci USA 98:7570-7575.

. Reyes TM, et al. (2001) Urocortin Il: A member of the corticotropin-releasing factor

(CRF) neuropeptide family that is selectively bound by type 2 CRF receptors. Proc Nat/
Acad Sci USA 98:2843-2848.

. Fekete EM, Zorrilla EP (2007) Physiology, pharmacology, and therapeutic relevance of

urocortins in mammals: Ancient CRF paralogs. Front Neuroendocrinol 28:1-27.

. Kuperman Y, Chen A (2008) Urocortins: Emerging metabolic and energy homeostasis

perspectives. Trends Endocrinol Metab 19:122-129.

. Joéls M, Baram TZ (2009) The neuro-symphony of stress. Nat Rev Neurosci 10:459-466.
. Chalmers DT, Lovenberg TW, De Souza EB (1995) Localization of novel corticotropin-

releasing factor receptor (CRF2) mRNA expression to specific subcortical nuclei in rat
brain: Comparison with CRF1 receptor mRNA expression. J Neurosci 15:6340-6350.

. Van Pett K, et al. (2000) Distribution of mRNAs encoding CRF receptors in brain and

pituitary of rat and mouse. J Comp Neurol 428:191-212.

. Hauger RL, Risbrough V, Brauns O, Dautzenberg FM (2006) Corticotropin releasing

factor (CRF) receptor signaling in the central nervous system: New molecular targets.
CNS Neurol Disord Drug Targets 5:453-479.

. Smith GW, et al. (1998) Corticotropin releasing factor receptor 1-deficient mice

display decreased anxiety, impaired stress response, and aberrant neuroendocrine
development. Neuron 20:1093-1102.

. Timpl P, et al. (1998) Impaired stress response and reduced anxiety in mice lacking

a functional corticotropin-releasing hormone receptor 1. Nat Genet 19:162-166.

. Bale TL, et al. (2000) Mice deficient for corticotropin-releasing hormone receptor-2

display anxiety-like behaviour and are hypersensitive to stress. Nat Genet 24:410-414.

. Coste SC, et al. (2000) Abnormal adaptations to stress and impaired cardiovascular

function in mice lacking corticotropin-releasing hormone receptor-2. Nat Genet 24:
403-409.

Risbrough VB, Hauger RL, Pelleymounter MA, Geyer MA (2003) Role of corticotropin
releasing factor (CRF) receptors 1 and 2 in CRF-potentiated acoustic startle in mice.
Psychopharmacology (Berl) 170:178-187.

. Pelleymounter MA, Joppa M, Ling N, Foster AC (2002) Pharmacological evidence

supporting a role for central corticotropin-releasing factor(2) receptors in behavioral,
but not endocrine, response to environmental stress. J Pharmacol Exp Ther 302:145-152.
Pelleymounter MA, Joppa M, Ling N, Foster AC (2004) Behavioral and neuroendocrine
effects of the selective CRF2 receptor agonists urocortin Il and urocortin Ill. Peptides
25:659-666.

Valdez GR, et al. (2002) Human urocortin Il: Mild locomotor suppressive and delayed
anxiolytic-like effects of a novel corticotropin-releasing factor related peptide. Brain
Res 943:142-150.

Valdez GR, Sabino V, Koob GF (2004) Increased anxiety-like behavior and ethanol self-
administration in dependent rats: Reversal via corticotropin-releasing factor-2
receptor activation. Alcohol Clin Exp Res 28:865-872.

Valdez GR, Zorrilla EP, Rivier J, Vale WW, Koob GF (2003) Locomotor suppressive and
anxiolytic-like effects of urocortin 3, a highly selective type 2 corticotropin-releasing
factor agonist. Brain Res 980:206-212.

Venihaki M, et al. (2004) Urocortin Ill, a brain neuropeptide of the corticotropin-
releasing hormone family: Modulation by stress and attenuation of some anxiety-like
behaviours. J Neuroendocrinol 16:411-422.

Chu CP, et al. (2004) Central stresscopin modulates cardiovascular function through
the adrenal medulla in conscious rats. Regul Pept 119:53-59.

de Groote L, Pefalva RG, Flachskamm C, Reul JM, Linthorst AC (2005) Differential
monoaminergic, neuroendocrine and behavioural responses after central administration
of corticotropin-releasing factor receptor type 1 and type 2 agonists. J Neurochem 94:
45-56.

Lowry CA, Johnson PL, Hay-Schmidt A, Mikkelsen J, Shekhar A (2005) Modulation of
anxiety circuits by serotonergic systems. Stress 8:233-246.

Servatius RJ, et al. (2005) A stress-induced anxious state in male rats: Corticotropin-
releasing hormone induces persistent changes in associative learning and startle
reactivity. Biol Psychiatry 57:865-872.

Henry B, Vale W, Markou A (2006) The effect of lateral septum corticotropin-releasing
factor receptor 2 activation on anxiety is modulated by stress. J Neurosci 26:9142-9152.

Neufeld-Cohen et al.

eases and in part by the Clayton Medical Research Foundation, Inc. C.A.L was
supported by a National Alliance for Research on Schizophrenia and Depres-
sion 2007 Young Investigator Award and by Grants ROTMH086539 and
ROT1MHO065702 from the National Institute of Mental Health.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

62.

Hale MW, et al. (2008) Exposure to an open-field arena increases c-Fos expression in
a subpopulation of neurons in the dorsal raphe nucleus, including neurons projecting
to the basolateral amygdaloid complex. Neuroscience 157:733-748.

Pégo JM, et al. (2008) Dissociation of the morphological correlates of stress-induced
anxiety and fear. Eur J Neurosci 27:1503-1516.

Duvarci S, Bauer EP, Paré D (2009) The bed nucleus of the stria terminalis mediates
inter-individual variations in anxiety and fear. J Neurosci 29:10357-10361.

Mitra R, Ferguson D, Sapolsky RM (2009) Mineralocorticoid receptor overexpression
in basolateral amygdala reduces corticosterone secretion and anxiety. Biol Psychiatry
66:686-690.

Tsoory MM, et al. (2008) Amygdala modulation of memory-related processes in the
hippocampus: Potential relevance to PTSD. Prog Brain Res 167:35-51.

Rodriguez Manzanares PA, Isoardi NA, Carrer HF, Molina VA (2005) Previous stress
facilitates fear memory, attenuates GABAergic inhibition, and increases synaptic
plasticity in the rat basolateral amygdala. J Neurosci 25:8725-8734.

Sekiguchi M, et al. (2009) A deficit of brain dystrophin impairs specific amygdala
GABAergic transmission and enhances defensive behaviour in mice. Brain 132:124-135.
Amat J, et al. (2004) Microinjection of urocortin 2 into the dorsal raphe nucleus
activates serotonergic neurons and increases extracellular serotonin in the basolateral
amygdala. Neuroscience 129:509-519.

LeDoux J (2007) The amygdala. Curr Biol 17:R868-R874.

. Davis M, Whalen PJ (2001) The amygdala: Vigilance and emotion. Mol Psychiatry 6:

13-34.

Holmes A (2008) Genetic variation in cortico-amygdala serotonin function and risk for
stress-related disease. Neurosci Biobehav Rev 32:1293-1314.

Nemeroff CB, Owens MJ (2009) The role of serotonin in the pathophysiology of
depression: As important as ever. Clin Chem 55:1578-1579.

Dinan TG (1996) Serotonin and the regulation of hypothalamic-pituitary-adrenal axis
function. Life Sci 58:1683-1694.

Lowry CA (2002) Functional subsets of serotonergic neurones: Implications for control
of the hypothalamic-pituitary-adrenal axis. J/ Neuroendocrinol 14:911-923.

Carrasco GA, Van de Kar LD (2003) Neuroendocrine pharmacology of stress. Eur J
Pharmacol 463:235-272.

Hammack SE, et al. (2003) Corticotropin releasing hormone type 2 receptors in the
dorsal raphe nucleus mediate the behavioral consequences of uncontrollable stress.
J Neurosci 23:1019-1025.

Pernar L, Curtis AL, Vale WW, Rivier JE, Valentino RJ (2004) Selective activation of
corticotropin-releasing factor-2 receptors on neurochemically identified neurons in
the rat dorsal raphe nucleus reveals dual actions. J Neurosci 24:1305-1311.

Maier SF, Watkins LR (2005) Stressor controllability and learned helplessness: The
roles of the dorsal raphe nucleus, serotonin, and corticotropin-releasing factor.
Neurosci Biobehav Rev 29:829-841.

Staub DR, Evans AK, Lowry CA (2006) Evidence supporting a role for corticotropin-
releasing factor type 2 (CRF2) receptors in the regulation of subpopulations of
serotonergic neurons. Brain Res 1070:77-89.

. Rainnie DG (1999) Serotonergic modulation of neurotransmission in the rat

basolateral amygdala. J Neurophysiol 82:69-85.

Evans AK, et al. (2008) Evidence for serotonin synthesis-dependent regulation of in vitro
neuronal firing rates in the midbrain raphe complex. Eur J Pharmacol 590:136-149.
Hale MW, Stamper CE, Staub DR, Lowry CA (2010) Urocortin 2 increases c-Fos
expression in serotonergic neurons projecting to the ventricular/periventricular
system. Exp Neurol 224:271-281.

Magalhaes AC, et al. (2010) CRF receptor 1 regulates anxiety behavior via
sensitization of 5-HT2 receptor signaling. Nat Neurosci 13:622-629.

Neufeld-Cohen A, et al. (2010) Urocortin-1 and -2 double-deficient mice show robust
anxiolytic phenotype and modified serotonergic activity in anxiety circuits. Mol
Psychiatry 15:426-441.

Vetter DE, et al. (2002) Urocortin-deficient mice show hearing impairment and
increased anxiety-like behavior. Nat Genet 31:363-369.

Wang X, et al. (2002) Urocortin-deficient mice display normal stress-induced anxiety
behavior and autonomic control but an impaired acoustic startle response. Mol Cell
Biol 22:6605-6610.

Chen A, et al. (2006) Urocortin 2-deficient mice exhibit gender-specific alterations in
circadian hypothalamus-pituitary-adrenal axis and depressive-like behavior. J
Neurosci 26:5500-5510.

Deussing JM, et al. (2010) Urocortin 3 modulates social discrimination abilities via
corticotropin-releasing hormone receptor type 2. J Neurosci 30:9103-9116.

Li C, Vaughan J, Sawchenko PE, Vale WW (2002) Urocortin lll-immunoreactive
projections in rat brain: Partial overlap with sites of type 2 corticotrophin-releasing
factor receptor expression. J Neurosci 22:991-1001.

. Regev L, et al. (2010) Prolonged and site-specific over-expression of corticotropin-

releasing factor reveals differential roles for extended amygdala nuclei in emotional
regulation. Mol Psychiatry, in press.

Sztainberg Y, Kuperman Y, Tsoory M, Lebow M, Chen A (2010) The anxiolytic effect of
environmental enrichment is mediated via amygdalar CRF receptor type 1.
Mol Psychiatry 15:905-917.

PNAS | November 2, 2010 | vol. 107 | no.44 | 19025

NEUROSCIENCE



