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Urocortin 3 Modulates Social Discrimination Abilities via
Corticotropin-Releasing Hormone Receptor Type 2
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Urocortin 3 (UCN3) is strongly expressed in specific nuclei of the rodent brain, at sites distinct from those expressing urocortin 1 and
urocortin 2, the other endogenous ligands of corticotropin-releasing hormone receptor type 2 (CRH-R2). To determine the physiological
role of UCN3, we generated UCN3-deficient mice, in which the UCN3 open reading frame was replaced by a tau-lacZ reporter gene. By
means of this reporter gene, the nucleus parabrachialis and the premammillary nucleus were identified as previously unknown sites of
UCNS3 expression. Additionally, the introduced reporter gene enabled the visualization of axonal projections of UCN3-expressing neu-
rons from the superior paraolivary nucleus to the inferior colliculus and from the posterodorsal part of the medial amygdala to the
principal nucleus of the bed nucleus of the stria terminalis, respectively. The examination of tau-lacZ reporter gene activity throughout
the brain underscored a predominant expression of UCN3 in nuclei functionally connected to the accessory olfactory system. Male and
female mice were comprehensively phenotyped but none of the applied tests provided indications for a role of UCN3 in the context of
hypothalamic-pituitary-adrenocortical axis regulation, anxiety- or depression-related behavior. However, inspired by the prevalent
expression throughout the accessory olfactory system, we identified alterations in social discrimination abilities of male and female
UCN3 knock-out mice that were also present in male CRH-R2 knock-out mice. In conclusion, our results suggest a novel role for UCN3 and

CRH-R2 related to the processing of social cues and to the establishment of social memories.

Introduction

Urocortin 3 (UCN3) and its closest relative urocortin 2 (UCN2),
which are also known as stresscopin and stresscopin-related pep-
tide, respectively, are the most recently discovered members of
the corticotropin-releasing hormone (CRH) family of neuropep-
tides (Hsu and Hsueh, 2001; Lewis et al., 2001; Reyes et al., 2001).
UCN3, together with UCN2, are exclusive ligands of CRH recep-
tor type 2 (CRH-R2); their affinity toward CRH receptor type 1
(CRH-R1) is negligible (Hsu and Hsueh, 2001; Lewis et al., 2001).
UCN3 and UCN2 are paralogs of CRH and urocortin (UCN) and
define a separate phylogenetic branch, suggesting that these genes
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emerged as early as the CRH/UCN branch. In rodents, UCN3 is
expressed in distinct brain nuclei including the median preoptic
nucleus (MPO), the rostral perifornical area of the hypothalamus
(Pef), the medial amygdala (MeA), the bed nucleus of the stria
terminalis (BNST), and the superior paraolivary nucleus (SPO)
(Lewis et al., 2001). UCN3-immunoreactive fibers mostly over-
lap with sites that strongly express its cognate receptor CRH-R2
such as the MeA, the lateral septum (LS), the ventromedial nu-
cleus of the hypothalamus (VMH), and the premammillary nu-
cleus (PMV) (Lietal., 2002; Cavalcante et al., 2006). Based on this
colocalization and its high affinity for CRH-R?2, it is conceivable
that UCN3 is the primary modulator of the impact of CRH-R2 on
neuroendocrine and behavioral stress responses. Along these
lines, UCN3 has been demonstrated to modulate stress-coping
behavior (i.e., intracerebroventricular injection of UCN3 results
in suppression of locomotor activity and anxiolytic-like effects as
well as inhibition of food intake) (Valdez et al., 2003; Ohata and
Shibasaki, 2004; Fekete et al., 2007). Moreover, centrally applied
UCN3 is able to activate the hypothalamic—pituitary—adrenocor-
tical (HPA) axis and thereby augments the neuroendocrine stress
response. The expression of UCN3 itself in distinct brain nuclei is
differentially regulated by stress and glucocorticoids (Jamieson et
al., 2006). In peripheral organs, UCN3 has been detected in the
gastrointestinal system (Lewis et al., 2001; Saruta et al., 2005). It is
strongly expressed in pancreatic beta cells and is able to stimulate
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insulin and glucagon secretion (Li et al., 2003). Accordingly, re-
cently generated knock-out mice confirmed that UCN3 is regu-
lating glucose-stimulated insulin secretion and is critical for
energy homeostasis (Li et al., 2007).

Despite these findings, our understanding of the physiological
role of UCN3 in different brain nuclei remains mostly elusive.
Therefore, we generated UCN3 mutant mice by substituting the
Ucn3 gene with a tau-lacZ (tZ) reporter gene (Mombaerts et al.,
1996), which allowed us to monitor central and peripheral UCN3
expression. Assuming that UCN3, together with UCN2, is the
major endogenous ligand of CRH-R2, we hypothesized that its
disruption would interfere with anxiety-like behavior and stress
adaptation as demonstrated for CRH-R2 mutant mice (Baleetal.,
2000; Coste et al., 2000; Kishimoto et al., 2000; Bale and Vale,
2003). However, neither the neuroendocrine characterization
nor any of the procedures used for behavioral phenotyping pro-
vided evidence for a role of UCN3 in HPA axis regulation,
anxiety- or depression-related behavior under basal conditions.
Instead, we have demonstrated a role for UCN3 and its cognate
receptor CRH-R2 in behaviors related to social memory.

Materials and Methods

Generation of Ucn3 knock-out mice. To generate a vector for targeting
UCN3, we used the loxP flanked tACE-Cre/Neo” (ACN) cassette as self-
excising selection marker (Bunting et al., 1999). This cassette was cut
with BglII from pACN and introduced into the BamHI site of pBluescript
KS++. In addition, a partial fau-LacZ reporter gene (N terminus missing)
was isolated from ETLpA-/LTNL (Mombaerts et al., 1996) and inserted
into the Notl/Xbal sites of the previous construct in reverse orientation
in relation to the ACN cassette. The bovine growth hormone polyade-
nylation sequence (bGH pA) was inserted into the Xbal site downstream
of tau-lacZ. The bGH pA was subcloned from pSABgeo (Friedrich and
Soriano, 1991). The construct was further modified by introducing
linker A (5'-CTC-GAG-AGG-CCT-CTT-AAG-AAT-GCT-GTA-CAG-
CTA-GCG-GTA-CC-3') into the Xhol/Kpnl sites upstream of the ACN
cassette and linker B (5'-GGC-CGT-CGA-CGT-TTA-AAC-AGA-TCT-
TAA-TTA-ATG-AAT-TCG-CGG-CCG-C-3) into the Notl site up-
stream of Tau-LacZ. To complete the shuttle vector, a diphtheria toxin A
(DTA) expression cassette was isolated by Sall/Xhol from pROSA26-1
(Soriano, 1999) and introduced into the Sall site within linker A in re-
verse orientation in relation to the Tau-LacZ reporter gene.

For generation of homology arms (HAs), the 129/ola mouse cosmid
library (library no. 121; Resource Center of the German Human Genome
Project) was screened using a full-length murine Ucn3 cDNA probe. The
clone MPMGc121C18709Q2, which was confirmed by Southern blotting
and sequencing as containing the entire Ucn3, was used as template for
subsequent PCR amplification of HAs using the Expand Long Template
PCR System (Roche). The 2 kb 3'-HA was amplified with primers MSC2-
24Xho, 5'-CTC-GAG-CTT-TAA-CTC-TAT-TGA-GAA-3’, and MSC2-
25Nhe, 5'-GCT-AGC-TTG-AGA-TGT-CTT-CAT-TCA-A-3', subcloned
into pCRII-TOPO using the TOPO TA cloning kit (Invitrogen), and
sequenced (Sequiserve). The sequence-verified 3'-HA was inserted
into the shuttle vector via XhoI/Nhel. The 5'-HA was amplified in two
parts. The 5’ part was amplified with primers MSC2-12Sal, 5'-GTC-
GAC-AGT-GAC-ACA-CTA-CAA-CTC-CC-3/, and MSC2-8, 5'-GGC-
ATC-AGC-ATC-GCT-CCC-3', and subcloned into pCRII-TOPO. The 3’
part of the 5'-HA was obtained by overlapping PCR of two PCR prod-
ucts. The first PCR product was amplified with primers MSC2-18,
5'-AAA-CAA-GCT-AGA-AAT-GCC-AGA-C-3’, and MSC2-ATGnyg,
5'-CCT-GGC-GGG-GCT-CAG-CCA-TCA-GCA-TCG-CTC-CCT-GT-3/,
from MPMGc121C18709Q2; the second product with primers MSC2-
ATGg, 5'-ACA-GGG-AGC-GAT-GCT-GAT-GGC-TGA-GCC-CCG-
CCA-G-3', and MSC2-Tau, 5'-CTT-GGT-CTT-CCA-GGT-TGG-AC-3',
from ETLpA-/LTNL (Mombaerts et al., 1996). The overlapping product
was amplified with primers MSC2-18 and MSC2-Tau, subcloned into
pCRII-TOPO, and sequenced. The 3" part of the 5'-HA was inserted into
the pCRII-TOPO construct containing the 5’ part via BsmI/NotI. The

Deussing et al. @ Characterization of UCN3 Knock-out Mice

completed 5.5 kb 5'-HA, resulting in a substitution of the entire Ucn3
open reading frame (ORF) by the Tau-LacZ reporter gene, was inserted
into the shuttle vector via BglII/Notl.

External probes, used for identification of homologous recombination
events, were amplified by PCR from genomic DNA and cloned into
pCRII-TOPO: probe A, forward, 5'-TCC-TGG-TTC-CAA-GTT-AAA-
CC-3', and reverse, 5 -ATA-GAC-CTG-GGT-GGT-ATG-G-3" (526
bp); probe B, forward, 5'-TCT-CTT-TGA-ACC-CAC-ATA-CC-3', and
reverse, 5'-GGC-AGC-ATT-GAC-TTC-TTT-CC-3’ (155 bp).

The linearized (via BglII) targeting vector, bearing 7.5 kb homology to
the murine Ucn3 locus, was electroporated into embryonic day 14 em-
bryonic stem (ES) cells (129P2/OlaHsd). Mutant ES cell clones were
identified by Southern blot analysis of genomic ES cell DNA digested
with Hpal or EcoRI using the external probes A and B, respectively.
Mutant ES cells were used to generate chimeric mice by blastocyst injec-
tion. Germ line transmission of the modified Ucn3 allele and self-
excision of the selection marker was confirmed in offspring from male
chimeras bred to wild-type C57BL/6] mice. Genotyping was performed
by PCR using the following primers: ESCP-GT1, 5'-TGT-CCT-CCT-
CAG-ACC-GAA-GT-3', ESCP-GT24, 5'-AAT-TCT-TGG-CCT-TGT-
CGA-TG-3',and ESCP-GT3, 5'-ATC-CAC-TAA-GGG-TGC-TGT-CG-3'.
Standard PCR conditions resulted in a 503 bp wild-type and a 283 bp mutant
PCR product. Mice used for this study were backcrossed to C57BL/6] for
seven generations.

Generation of Ucn2 knock-out mice. The HAs were generated by screen-
ing the 129/0la mouse cosmid library (library no. 121; Resource Center of
the German Human Genome Project) using a full-length murine Ucn2
¢DNA probe. The clone MPMGc121J20123Q2, which was confirmed by
Southern blotting and sequencing as containing the entire Ucn2 locus,
was used as template for subsequent PCR amplification of HAs using the
Expand Long Template PCR System (Roche). The 3 kb 3'-HA was am-
plified with the primer 5'-TTA-CTC-AGA-TAT-GAA-CTT-GGC-3'
and 5'-CAA-ATA-CTA-GCC-CAT-GTT-GG-3', subcloned into pCRII-
TOPO using the TOPO TA cloning kit (Invitrogen), and sequenced (Se-
quiserve). The verified sequence was inserted into the shuttle vector (see
above) via Asp718/Xhol. The 5'-HA was obtained by overlapping PCR of
two PCR products. The first PCR product was amplified with the primer
MUc6, 5'-GTA-GAA-GCA-GTA-ACA-GAT-GC-3', and MUc-ATG-
tau-1, 5'-GGG-CTC-AGC-CAT-CAT-GTG-GGA-AGG-CTG-TAA-G-3;
the second product was generated by MUc-ATG-tau-2, 5'-CCT-TCC-
CAC-ATG-ATG-CTG-AGC-CCC-GCC-A-3',and tau-2, 5'-CCT-TGG-
TTT-TTT-TGT-CAT-CGG-3" from ETLpA-/LTNL. The overlapping
product was amplified with MUc6-Pac, 5'-TTA-ATT-AAG-TAG-AAG-
CAG-TAA-CAG-ATG-C-3’, and tau-2, subcloned into pCRII-TOPO,
and sequenced. The completed 5'-HA was inserted into the shuttle vector
via PacI/Notl. The targeting vector resulted in a substitution of the entire
open reading frame located in exon 2 of Ucn2 by the tau-LacZ reporter
gene.

External probes used for identification of homologous recombination
events were amplified by PCR from genomic DNA and cloned using the
TOPO TA cloning kit (Invitrogen): probe A, forward, 5'-TAA-GGT-
ATA-GAT-GTA-ACA-ATG-G-3', and reverse, 5-TGT-TGT-CTA-
CCT-TTT-CAT-GC-3' (621 bp); probe B, forward, 5'-AAT-TGG-TAC-
ACT-TTG-AGA-TGC-3', and reverse, 5'-GTG-AAC-TCC-TTT-TCT-
GAA-GC-3’ (566 bp).

The linearized (via Pacl) targeting vector bearing 7.5 kb homology to
the murine Ucn2 locus was electroporated into TBV2 ES cells (129S2).
Mutant ES cell clones were identified by Southern blot analysis of
genomic ES cell DNA digested with Sacl or HindlIII using the external
probes A and B, respectively. Mutant ES cells were used to generate
chimeric mice by blastocyst injection. Germ line transmission of the
modified Ucn2 allele and self-excision of the selection marker was con-
firmed in offspring from male chimeras bred to wild-type C57BL/6]
mice. Genotyping was performed by PCR using the following primers:
SRP-MR3, 5'-TCC-TCC-AGA-ACT-TCT-CAT-CCA-3’; SRP40, 5'-
CGT-GGC-CTC-TGT-AAC-CTC-TC-3'; and TAU-REV2, 5'-GTC-
TTC-CAG-GTT-GGA-CGT-GT-3'. Standard PCR conditions resulted
in a 521 bp wild-type and a 465 bp mutant PCR product. Mice used for
this study were backcrossed to C57BL/6] for seven generations.
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In situ hybridization. Ten-week-old mice were killed in the morning
(10:00 A.M.) using an overdose of isoflurane. Brains were carefully re-
moved and immediately shock frozen on dry ice. Frozen brains were cut
on a cryostat in 20-um-thick sections. For quantitative in situ hybridiza-
tion, cryostat sections of Ucn3 ™™ and Ucn3'“/*# brains were mounted
side by side on SuperFrost Plus slides (Menzel). This procedure allowed
for parallel in situ hybridization of sections under identical conditions
assuring meaningful quantification and comparison of hybridization sig-
nals. All sections were processed for in situ hybridization as previously
described (Deussing et al., 2007). The riboprobe for UCN3 covered nu-
cleotides 505-1136 of GenBank accession number NM_031250 and was
generated by PCR, labeled, and hybridized as previously described
(Deussing et al., 2007). The hybridized slides were dipped in autoradio-
graphic emulsion (type NTB2; Eastman Kodak), developed after 3—-6
weeks, and counterstained with cresyl violet.

X-Gal staining. Two- to 3-month-old mice (n = 4-5 per genotype)
were killed using an overdose of isoflurane and transcardially perfused
with 4% paraformaldehyde, 1 mm MgCl,, and 5 mm EGTA. Subsequent
X-Gal staining was performed on free-floating 50- or 200-um-thick vi-
bratome sections or on intact organs as previously described (Mombaerts et
al,, 1996). For clearing, vibratome sections or brains were dehydrated
through an EtOH/H,O series to 100% alcohol. Sections were incubated
20 minin 1:2 BABB (1:2 benzyl alcohol to benzyl benzoate) to alcohol, 20
min in 2:1 BABB to alcohol, and finally transferred to BABB. Photomi-
crographs were taken using a binocular microscope after the clearing
process had been accomplished.

Endocrine analyses. Two weeks before the experiments, 3- to 5-month-
old mice were separated and individually housed with a 12 h light/dark
schedule (lights off at 7:00 P.M.). To determine the basal corticosterone
plasma levels, mice were left undisturbed throughout the night before the
experiment. Blood sampling was performed in the early morning (7:30—
9:30 A.M.) and afternoon (4:30-5:30 P.M.) by collecting trunk blood
from mice rapidly decapitated under light isoflurane anesthesia or by
incision of the tail, with the time from first handling of the mouse to
completion of bleeding not exceeding 45 s. For evaluation of the
endocrine response to stress, we collected blood samples immediately
after 2, 5, and 10 min of restraint stress or 30, 60, and 90 min after 10
min restraint stress, for which mice were placed in a 50 ml conical
tube with the bottom removed. Stress experiments were performed in
the morning (7:30-10:00 A.M.). Plasma corticosterone concentra-
tions were measured in duplicate using a commercially available RIA
kit (MP Biomedicals).

Mice for behavioral testing. A primary phenotype screen was performed
according to the standard workflow of the German Mouse Clinic (GMC)
(http://www.mouseclinic.de) (Gailus-Durner et al., 2005, 2009). All ex-
periments were performed testing Ucn3'?/* and Ucn3 ™' littermate
controls concurrently. In total, 84 Ucn3 */* (41 females; 43 males) and
81 Ucn3'?'** mice (42 females; 39 males) were used for behavioral anal-
ysis in three batches of similar sizes (n = 10—16 per group) at the GMC.
Additional results will be available on the EuroPhenome web page
(http://www.europhenome.org).

Elevated plus maze. The test arena was made of light gray PVC [poly-
(vinyl chloride)] and consisted of two open arms (30 X 5 X 0.3 cm) and
two closed arms of the same size with 15-cm-high walls. The open arms
and, accordingly, the closed arms were facing each other, connected via a
central square (5 X 5 cm). The apparatus was elevated 75 cm above the
floor by a pole fixed underneath the central square. The illumination
level was set at ~100 lux in the center of the maze. For testing, each
mouse was placed at the end of a closed arm (distal to the center) facing
the wall and was allowed to explore the maze for 5 min. A camera was
mounted above the center of the maze to video monitor each trial by a
trained observer in an adjacent room. The number of entries into each
type of arm (placement of all four paws into an arm defined an entry),
latency to enter the open arms, as well as the time spent in the open and
closed arms were recorded by a trained observer with a hand-held com-
puter using the Observer 4.1 software (Noldus). After each trial, the test
arena was carefully cleaned with a disinfectant.

Social interaction. On 2 subsequent days before testing, mice were
habituated separately to the testing arena (type II Macrolon cage; floor
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covered with bedding) for 10 min in moderate lighting conditions (40
lux) to enhance active interaction during testing (File and Hyde, 1978).
For testing, two unfamiliar, weight-matched mice of the same sex and
genotype were placed for into the known test area (40 lux) for 10 min.
The total time spent in active (grooming, sniffing at the partner, crawling
under and over) and passive social behavior (sitting next to each other in
physical contact) was recorded by a trained observer. Since social inter-
action time of an individual depends on the partners’ social activity
(Tonissaar et al., 2004), the social interaction time was expressed nesting
over the two partners.

Forced-swim test. The procedure was adapted from that of Ebner et al.
(2002). In brief, the forced-swimming apparatus consisted of a cylindri-
cal 10 L glass tank (24.5 cm in diameter) filled with water to a depth of 20
cm (25 = 1°C). A trained observer recorded the mice behavior in mod-
erate lighting conditions (~30 lux) for 6 min with a hand-held computer
scoring the following behaviors: (1) struggling, defined as movements
during which the forelimbs broke the water surface; (2) swimming, de-
fined as movement of the mouse induced by movements of the forelimbs
and hindlimbs without breaking the water surface; and (3) floating, de-
fined as the behavior during which the mouse used limb movements just
to keep its balance without any movement of the trunk. Data were ana-
lyzed using Observer 4.1 software (Noldus). After each trial, the mouse
was dried with a tissue and put into a new cage, and the water was
renewed before testing was continued.

Acoustic startle and prepulse inhibition. The startle apparatus and soft-
ware (“Advanced Startle”) from MED Associates (Startle Stimulus Pack-
age PHM-255A; ANL-925C Amplifier) was used. Acoustic startle
response (ASR) and prepulse inhibition (PPI) were assessed during the
same session, and experiments were performed between 8:30 A.M. and
5:00 P.M. Background noise was 65 dB, and startle pulses were bursts of
white noise (40 ms). A session was initiated by a 5 min acclimation
period followed by five presentations of leader startle pulses (110 dB)
that were excluded from statistical analysis. Trial types included seven
different startle stimulus intensities (70, 80, 85, 90, 100, 110, 120 dB)
and one NS (no stimulus) trial, in which only the background noise
was present to determine baseline movement of the mouse. Startle
response was measured as the first peak-to-peak response, with a
minimum peak value of 50 arbitrary units occurring with a minimum
wave onset latency of 20 ms and a minimum peak time of 30 ms after
the onset of the startle stimulus.

A 12 kHz pure tone of 10 ms duration was used as prepulse. Trial types
for the PPl included four different prepulse intensities (67, 69, 73, 81 dB),
with each prepulse preceding the startle pulse (110 dB) by a 50 ms inter-
stimulus interval. Each trial type for ASR and PPI was presented 10 times
in random order, organized in 10 blocks, with each trial type occurring
once per block. Intertrial intervals varied from 20 to 30 s. This protocol is
based on the Eumorphia protocol (see www.eumorphia.org), adapted to
the specifications of our startle equipment (MED Associates).

Social discrimination. The social discrimination test was originally de-
veloped by Engelmann et al. (1995) to investigate olfactory-based learn-
ing and short-term memory processes in adult rats in a social context.
Several modifications were made to further standardize and adapt the
protocol for mice.

For each social discrimination test, both adult group-housed male
mice were singly habituated to the experimental cages (Plexiglas 38 X
22 X 35 cm) for 1 h. Afterward, each experimental mouse was presented
with an ovariectomized female stimulus mouse, fixed in a perforated
plastic tube, for 5 min. After interexposure intervals of 2, 4, or 6 h,
respectively, the first mouse (familiar) was reintroduced for 5 min to the
male test mouse together with a second (unfamiliar) stimulus mouse
(also in a plastic tube). Each experimental mouse underwent the four
different interexposure intervals (on different experimental days) with a
consequent change in stimulus mice per run (i.e., each mouse was pre-
sented with new stimulus females during each trial). All experiments
were performed between 8:00 A.M. and 3:00 P.M. and videotaped for
later analysis. The duration of olfactory investigation toward the respec-
tive stimulus mouse in both sessions was quantified by an observer blind
to the genotype using the computer software Eventlog (Event Recorder
1.0; R. Henderson, Germany, 1986).
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The total investigation time during the first exposure was quantified to
exclude nonspecific effects. According to Engelmann et al. (1995), a sig-
nificantly increased olfactory investigation of the unfamiliar stimulus
female during the second exposure was taken as parameter for the ani-
mals’ social discrimination ability.

Social odor perception. Again, in this testing procedure, mice were first
habituated separately to the testing arena (type Il Macrolon cage without
bedding) for 10 min in moderate lighting conditions on 2 subsequent
days before testing. On the test day, mice were exposed to a discrimina-
tory odor perception task. For testing, two Eppendorf tubes were inserted
upside down in a type II Macrolon cage with predrilled holes to hold the
tubes, with each tube centered in one-half of the cage. One tube was filled
with clean bedding (neutral stimulus), the other one with heavily soiled
bedding of sexually mature C57BL/6] mice of the same sex (social stim-
ulus). The tip of the tubes were cut just before testing. Each experimental
mouse was allowed to explore the testing arena individually for 10 min,
during which a trained observer recorded the latency, frequency, and
duration of exploration of the tip of the tubes (sniffing) with a hand-held
computer. Data were analyzed using Observer 4.1 software (Noldus).
After each trial, the test arena was carefully cleaned with a disinfectant.
Fresh tubes were used for each mouse, and the position of the tubes was
counterbalanced across the experiment.

Olfactory test battery. Homozygous Ucn mutant mice and wild-
type littermates (n = 12/11) were tested in a “simultaneous smell dis-
crimination task” to detect graded differences in their olfactory abilities.
The procedure was adapted from that of Mihalick et al. (2000). For the
conditioning procedure, mice were placed on a restricted feeding regi-
men to maintain their body weight at ~90% body weight of their free-
feeding level for the duration of training and testing. Experimental
sessions were conducted 5 d per week, one session with 12—18 trials per
day. The testing was conducted using standard mouse cages (18.5 cm
wide, 29.5 cm long, 13 ¢cm high), and a small amount of bedding was
placed at the far end of the cage. Odorants were presented on fresh
bedding shavings (ratio: 1 ml per 3 g shavings) in two circular, plastic
dishes (3 cm diameter) that were mounted horizontally on a carrier,
separated by a vertical barrier between them. For each trial, the carrier
was inserted in the front part of the test cage. Between trials, the mouse
was separated from the front part by a barrier inserted by the experi-
menter. During pretraining trials, a single dish was presented equally
often in the left or right location. First, mice were trained for 3 d to dig in
the dish filled with clean, unscented bedding shavings to retrieve a small
piece of chocolate. For the discrimination tasks, two identical dishes were
presented simultaneously. In the simple condition, one dish was scented
with the odorant phenethylacetate (Sigma-Aldrich; smelling of apple;
diluted to a concentration of 10%) that was designated [S+] and the
other with the same amount of solvent (diethyl phthalate; Sigma-
Aldrich). On the first day, digging in the dish scented with [S+] was
consistently rewarded with chocolate for up to 18 successful trials. To
train the mice to associate [S+] smell and not the chocolate with the
reward, on the second day the chocolate was buried in both dishes but
mice were only allowed to dig in [S+]. Training was completed after 18
successful trials. On the following 2 d, the mice had to discriminate
between [S+] and another odorant methyl trans-cinnamate (Sigma-Al-
drich; diluted to a concentration of 10%; smelling like strawberry) that
was designated [S—]. A correct choice was defined as digging first in the
dish with [S+] scented shavings. Number of errors (digs) in the unre-
warded dish, and the dish of first choice (choice accuracy in percentage)
were recorded. In a more difficult procedure, the mice had afterward to
discriminate between different binary mixtures of [S+] and [S—] to
make the odorants more similar ([S+]:[S—] vs [S+]:[S—], 70:30 vs 30:
705 55:45 vs 45:55; 53:47 vs 47:53; 51:49 vs 49:51; 50:50 vs 50:50). A
correct choice was defined as digging first in the dish with the higher
amount of [S+], and this was followed by the delivery of a small piece of
chocolate by the experimenter with forceps. In a failed discrimination, in
which the mice chose the [S—] rather than the [S+], both dishes were
immediately removed from the cage, terminating the trial. One concen-
tration was tested per day in 18 trials.

For the smell sensitivity test, mice were tested in binary steps of dilu-
tion, starting from a concentration of 10%. Mice had to discriminate

3tZ/tZ
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between a dish scented with [S+] and another dish with just the solvent.
If a mouse responded correctly, it was tested on the next, lower dilution
binary step (three trials per each concentration step; three to six steps per
day). If the mouse responded incorrectly, it was retested with the previ-
ous, stronger, binary step to determine the threshold.

Object recognition. An object recognition procedure with three 5 min
sample trials (intertrial interval, 15 min), and two test trials 3 and 24 h
after the end of the third sample trial were performed as previously
described (Feil et al., 2009; Pham et al., 2009). Significantly longer inves-
tigation durations of the novel object compared with the familiar one was
taken as an evidence for an intact recognition memory. In addition, a
recognition index was calculated as follows: index = investigation time
novel/(investigation time familiar + investigation time novel). All data
were analyzed by using the Observer 4.1 software (Noldus).

Fear conditioning. All experimental procedures were approved by the
Committee on Animal Health and Care of the local governmental body
(i.e., Regierung von Oberbayern) and performed in strict compliance
with the guidelines for the care and use of laboratory animals set by the
European Community (86/609/CEE).

The experimental procedures and the equipment used for fear condi-
tioning were previously described in detail (Kamprath and Wotjak,
2004). For auditory fear conditioning (i.e., background contextual con-
ditioning), mice were placed into the conditioning chamber and the
house light (10 lux) was switched on. After a habituation phase of 3 min,
a sine wave tone (80 dB; 9 kHz) was presented for 20 s [conditioned
stimulus (CS+)] that coterminated with a 2 s, scrambled electric foot-
shock [unconditioned stimulus (US)] of 0.70 mA. Mice remained in the
conditioning chamber for additional 60 s before they were returned to
their home cages. After each trial, the chamber was thoroughly cleaned
with 70% ethanol, and the bedding (wood shavings) placed underneath
the grid was changed.

The intensity of contextual fear memory was assessed 24 h later by
placing the mice back to the conditioning chamber for 3 min. The spec-
ificity of contextual fear memory was assessed by placing the mice for 3
min into a novel context (hexagonal prism), which contained with the
grid floor a dominant reminder of the conditioning chamber, and into a
completely neutral context (cylinder) with interexposure intervals of 2 h
(Golub et al., 2009). For measuring auditory-cued fear memory, mice
were exposed to a 3 min tone (80 dB; 9 kHz) in the cylinder after the 3 min
baseline period. The latter procedure was repeated another 5 d later for
measuring extinction of auditory-cued fear memory.

Animals’ behavior was videotaped for subsequent off-line analysis.
Freezing (i.e., the absence of all movements except for respiration) served
as a measure of fear memory. Freezing was scored by a trained observer
by means of customized freeware software (EVENTLOG) unaware of the
genotype. Data were normalized to the total observation periods of 3 min
and analyzed by two-way ANOVAs (genotype by context or genotype by
day) for repeated measurements (context or day) as indicated in the text.

Statistical analysis. The SPSS software (SPSS) was used for statistical
analyses. Data were analyzed for normal distribution, and parametric
tests were used for normally distributed data, and nonparametric statis-
tics were applied when the criteria for normal distribution were not met.
Data were analyzed by one- or two-way ANOVAs for repeated mea-
sures where appropriate. For two-group comparisons, unpaired Stu-
dent’s t test was used. For the social discrimination data, the
nonparametric Wilcoxon test was applied, comparing the dependent
data sets (first vs second exposure). For the olfactory discrimination
and the smell sensitivity tests, the nonparametric Mann—Whitney test
was applied. The chosen level of significance was p < 0.05. To account
for body weight differences, startle amplitude data were analyzed by
two-way ANOVA with genotype as fixed factor, decibels as repeated
measure, and body weight as covariant.

Results

Generation of Ucn3 mutant mice

The targeting vector was designed to disrupt the Ucn3 gene and to
replace the ORF by a tau-lacZ (tZ) reporter gene (Fig. 1A). Tar-
geting via homologous recombination resulted in the deletion of
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brain sections. No Ucn3 transcript was de-
tected throughout brains of Ucn3“/* mu-
tant mice, indicating that the Ucn3 gene
was successfully disrupted (Fig. 1F,G).
Homozygous UCN3-deficient mice ex-
hibited normal development at birth
and showed no obvious neurological or
behavioral deficits. Postnatal develop-
ment was indistinguishable from that of
heterozygous and wild-type littermates.
Inspection of external and internal or-

probe B

gans at different ages did not reveal any
macroscopic abnormalities and no

Hpal 8.8 kb

ECORIS kb pathological alterations were detected

E on histological investigation of various

organ systems including brain, heart,
lung, liver, spleen, thymus, pancreas,

EcoRI 4.4 kb

—4.4kb

probe A probe B
Hpal EcoRI

probe B
EcoRlI

stomach, intestine, ovary, kidney, and
skeletal muscle (data not shown). Ho-
mozygous mutant mice were fertile and
RN @4’ reproduced normally.

Tau-LacZ reporter gene activity in
UCN3'“ mice reflects the endogenous
UCNS3 expression pattern

To examine tZ reporter gene transcription
from the Ucn3 locus, entire brains and
sections were stained with X-Gal. Brains
of heterozygous and homozygous Ucn3
mutant mice revealed intense blue stain-

503 bp
283 bp

+/+ tzZnz

Figure 1.

well as at the level of the MeA and Pef (G).

a 3.6 kb segment of the Ucn3 gene. This segment comprises exon
2, including the entire ORF as well as the untranslated and down-
stream regions of Ucn3 (Fig. 1A—C). In homologously recom-
bined embryonic stem cells, the £Z reporter gene is succeeded by
a loxP flanked tACE-Cre/neo” (ACN) cassette (tZ-fcreo, floxed cre
neo) (Fig. 1A—C), which was successfully excised during germ
line transmission of the modified Ucn3 allele by breeding of male
chimeric mice to C57BL/6] females (Fig. 1 D). In the F, genera-
tion, homozygous Ucn3"’* mutant mice were obtained at the
expected Mendelian frequency (Fig. 1 E).

To test for inactivation of the Ucn3 gene in homozygous mu-
tant mice, its expression was studied by in situ hybridization on

Generation of Ucn37 mice. A, Strategy for targeted disruption and substitution of Ucn3 by a tau-lacZ reporter gene
(t2). Partial restriction maps of wild-type Ucn3 locus, targeting vector, recombined Ucn3™ ™ allele and Ucn allele after cre-
mediated self-excision of the floxed cre-neo ( fcreo) cassette. E, EcoRl; H, Hpal; loxP sites are indicated as black arrowheads. B,
Southern blot analysis of wild-type and targeted ES cell clones. The Ucn3 5'-probe A was hybridized to Hpal-digested genomic ES
cell DNA. The targeted allele was indicated by the presence of an additional mutant 8.8 kb fragment. €, The Ucn3 3" -probe B was
hybridized to EcoRI-digested DNA from the same ES cell clones, confirming homologous recombination by detection of an addi-
tional mutant fragment at 8.1 kb. D, Southern blot analysis of EcoRI-digested tail DNA of F, progeny of germ line chimeras
hybridized with the 3"-probe B. Self-excision of the fcreo cassette was indicated by the presence of an additional 4.4 kb fragment.
E, Genotyping of F, mice through PCR depicting wild-type, heterozygous, and homozygous Uen3¥ mice. F, G, The loss of Ucn3
expression in Ucn3/* mice was confirmed by radioactive in situ hybridization using a specific riboprobe for UCN3 exon 2. Shown
are representative dark-field photomicrographs of coronal sections of Ucn3 */* and Ucn3%/* mice at the level of the MPO (F) as

ing of neurons within nuclei close to the
ventral surface such as the MPO, Pef,
MeA, and SPO (Fig. 2 A, B). In the brain,
we identified the PMV (Fig. 2A-C) and
the nucleus parabrachialis (PB) (Fig. 2D)
as previously unknown sites of Ucn3 ex-
pression. The PMV has been described as
being innervated by UCN3-expressing
neurons but lacks UCN3-positive somata
(Cavalcante et al., 2006). We were not able
to detect any Ucn3 transcripts in the PMV,
whereas expression in the murine PB
was readily detected using in situ hy-
bridization (Fig. 2J). The observed
staining in the brain clearly reflects the
expression pattern of endogenous Ucn3
as previously determined by in situ
hybridization (Lewis et al., 2001). We
detected no difference between het-
erozygous and homozygous UCN3"“
mice with respect to spatial distribution
of the X-Gal staining.

In the periphery, strong X-Gal staining was detected
throughout pancreatic islets (Fig. 2E,F) as previously de-
scribed (Li et al., 2003). Furthermore, and in accordance with
Lewis et al. (2001), strong tZ expression was detected in the
small intestine (Fig. 2G-I ), which was assigned to cells within
intestinal crypts (Fig. 2H) and to a subset of goblet cells of
corresponding villi (Fig. 21). In contrast to expression studies
in humans (Hsu and Hsueh, 2001), careful inspection of other
X-Gal-stained peripheral organs, including the pituitary and
adrenal gland, did not reveal any specific tZ expression (data
not shown).
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LacZ reporter gene activity reveals
projections of the medial amygdala and
the superior paraolivary nucleus

The genetic approach involving the tau-
LacZ reporter gene allowed us to monitor
the axonal projections of UCN3-expressing
neurons. Tau-LacZ is a histochemical mar-
ker, which is well transported down axons
(Callahan and Thomas, 1994). Thorough
analysis of X-Gal-stained 200 pum vi-
bratome sections of brains of heterozy-
gous and homozygous UCN3“ mice
revealed that tZ/Ucn3-expressing neurons
in the MPO, Pef, PMV, BNST, and PB
(Figs. 2, 3) have characteristics of locally
projecting interneurons. X-Gal-stained
neurons throughout the rostrocaudal
extension of the MeA also have an
interneuron-like appearance (Fig. 3). Ad-
ditionally, we identified a population of
neurons in the posterodorsal part of the
MeA (MeApd) with long-distance projec-
tions (Fig. 3B—F,I-L). A bundle of axons
originating in the MeApd initially ascends
dorsally after the stria terminalis (ST)
(Fig. 3B,C,L), and then turns rostrally re-
maining at the same horizontal level (Fig.
3D,I-K) before the axons descend ven-
trally toward the midline after the post-
commissural component of the ST (Fig.
3E,F).Because of the fact that presynaptic
terminals are not labeled by ¢Z (as micro-
tubules are excluded from nerve terminals),
we can only hypothesize that these axons
terminate in the posterior BNST, which has
been described as a major target of MeApd
projections (Dong et al., 2001) and which is
a site of strong CRH-R2 expression in the
brain (Van Pett et al., 2000).

We identified the SPO as another nu-
cleus bearing long-distance projecting tZ/
Ucn3-positive neurons (Fig. 4A—G). These
neurons send axons dorsocaudally, which
then turn dorsally, ascend within the lateral
lemniscus (LL) (Fig. 4A,B,E,G), and pass
the UCN3-expressing PB (Fig. 4C,F) before
they terminate in the inferior colliculus.

Together, these results demonstrate
the usefulness of Ucn3" mice, which en-
abled the identification of the connectivi-
ties of UCN3-expressing neurons.

Hypothalamic—pituitary—adrenal axis
activity in Ucn3'” mice is normal

Deussing et al. @ Characterization of UCN3 Knock-out Mice

Figure2.  Expression of the tau-LacZ reporter gene introduced into the Ucn3 locus fully recapitulates the central and peripheral
sites of UCN3 expression. A, B, Frontal (4) and ventral (B) whole-mount view of a X-Gal-stained brain of an Ucn3* /Z mouse after
BABB clearing. Strong staining was visible in the MPO, MeA, Pef, PMV, and SPO. €, Coronal section depicting strong tau-LacZ/UCN3-
expression in the MeA and PMV. D, Sagittal section depicting strong tau-LacZ/UCN3 expression in the SPO and in the PB. E, F, X-Gal
staining reflected strong UCN3 expression in Langerhans islets of the pancreas. G, Tau-LacZ reporter gene expression in the small
intestine. H, I, Higher magpnification of X-Gal staining of cells within (H) intestinal crypts and in (/) a subset of goblet cells as
indicated by black arrowheads. Tau-LacZ-negative goblet cells are indicated by white arrowheads. J, In situ hybridization of a
coronal mouse brain sections displaying UCN3 expression in the PB. A bright-field picture of a cresyl violet-stained section (left) and
corresponding dark-field photomicrograph (right) are shown. Enlargements of the indicated small boxes displaying UCN3-
expressing cells within the PB are shown at the bottom. UCN3-positive cells in the bright-field enlargement are indicated by
arrowheads. IC, Inferior colliculus; Ag, aqueduct.

CRH-R2 is known to be involved in shaping HPA axis activity
and its ligand UCN3 is expressed in brain sites relevant to HPA
axis regulation. Therefore, we investigated the activity of the HPA
axis in male and female Ucn3 ™" and Ucn3™/# mice. Under basal
housing conditions, plasma corticosterone levels did not differ
significantly between male Ucn3 ™" and Ucn3”/* littermates,
neither at the diurnal trough, nor at the diurnal peak (Fig. 5). To
examine the response of the HPA axis to stress, mice were sub-
jected to 2, 5, and 10 min of restraint stress in the morning and

killed directly afterward. Stress-induced elevation of corticoste-
rone levels in male Ucn3 ™" and Ucn3%'*# mice did not differ
significantly (Fig. 5). Moreover, the negative-feedback regulation
of the HPA axis, which was assessed 30, 60, and 90 min after the
end of a 10 min restraint stress, was as efficient in knock-out mice
as in their wild-type littermates (Fig. 5). Similar to males, female
Ucn3*'* mice also showed no difference in basal or stress-
induced corticosterone levels compared with their Ucn3“/**
counterparts (data not shown).
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Figure 3.

depicting the posterodorsal part of the MeA with originating axons (L).

Anxiety- and depression-related behaviors are unchanged in
Ucn3™ mice

For the comprehensive analysis of a wide range of behavioral
parameters, we initially subjected Ucn3™ mice to the modified
hole board test (Ohl et al., 2001) within the behavioral phenotyp-
ing module of the German Mouse Clinic (Gailus-Durner et al.,
2005). Behavioral analyses of two independent cohorts of wild-
type and knock-out mice of both sexes did not reveal significant
and reproducible genotype-dependent alterations in any of the
parameters evaluated (supplemental Tables 1, 2, available at
www.jneurosci.org as supplemental material). Nevertheless,
UCN3 has been reported to produce anxiolytic-like effects after
intracerebroventricular application (Valdez et al., 2003). There-
fore, anxiety-like behavior of Ucn3'? mice was assessed in an
anxiety-specific behavioral test—the elevated plus maze (EPM).
However, behavioral analysis of anxiety-related behavior in the
EPM did not reveal any genotype effects. Ucn3”'* mice did not
differ significantly from Ucn3™'" littermates in the number of
open arm entries (males: t,,) = 0.01, p = 0.496) (Fig. 6A) (fe-
males: t,,) = 0.72, p = 0.240) (Fig. 6A) and percentage time

UCN3-expressing neurons of the medial amygdala project via the stria terminalis. A—F, Coronal sections from caudal
torostralillustrating the full extension of UCN3-expressing neurons within the MeA. B, , X-Gal-positive neurons of the posterodor-
sal part of the MeA send their axonal projections (black arrowheads) dorsally. D-F, X-Gal-stained axons continue horizontally at
the level of the Pef (D) before they descend toward the BNST (E, F). G, H, Horizontal sections demonstrating the rostrocaudal
distribution of UCN3-expressing neurons in the MeA. 1, J, Horizontal view on axons originating in the MeA and projecting via the
stria terminalis to the BNST. K, L, Sagittal view of the MeA at the level at which the axons turn rostrally (K) and more lateral view
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spent on open arms (males: ¢, = 0.22,
p = 0.415) (Fig. 6 B) (females: t,,, = 1.55,
p = 0.068) (Fig. 6 B). There also were no
significant differences in closed arm en-
tries or any other EPM parameter (data
not shown). Similarly, analysis of anxiety-
related behavior in the social interaction
test did not reveal any significant geno-
type effect in active (males: Mann—
Whitney U = 14, n = 5-7, p = 0.319,
one-tailed) (Fig. 6C) (females: Mann—
Whitney U = 8, n = 5-6, p = 0.123,
one-tailed) (Fig. 6C) or passive (data
not shown) social interaction.

Recently, it has been demonstrated
that UCN2 and UCN3 produce antide-
pressant-like effects in the forced-swim
test (FST). Testing Ucn3' mice in the FST
procedure did not detect any difference
between Ucn3“/"# and Ucn3 ™" mice in
floating (Fig. 6D), struggling, or swim-
ming behavior (data not shown), neither
in total nor in the time course of the 6 min
test: interaction genotype by time floating:
Fiss = 1.05, p = 0.397; struggling: Fs s, =
1.49, p = 0.208; swimming: F s s, = 0.49,
p=0.782.

The acoustic startle reflex is considered
to reflect aspects of anxiety (Holmes,
2001). A clear link between startle and
anxiety states has been demonstrated for
posttraumatic stress disorder and panic
disorder (Grillon et al., 1994). ASV30
(antisauvagine-30), a specific CRH-R2
antagonist, has been demonstrated to re-
duce startle response and PPI, whereas
UCNS itself is able to increase startle as
well as PPI in mice (Risbrough et al,
2004). Female Ucn3" mice of both geno-
types presented with a lower startle am-
plitude than males, but there was no
significant genotype effect on the startle
response curves in either sex (for males:
Fg20) = 2.25,p = 0.068) (Fig. 6 E) (for females: F(5 14y = 1.35,p =
0.280) (Fig. 6 E). Males and females did not differ in their levels of
PPI, and there was also no significant genotype effect in PPI at any
prepulse intensity (for males: genotype by prepulse intensity in-
teraction: F, ,5) = 1.28, p = 0.305) (Fig. 6 F) (for females: geno-
type by prepulse intensity interaction: F, ,,) = 1.01, p = 0.424)
(Fig. 6 F).

Ucn3 " mice display altered social discrimination abilities

UCN3 is predominantly expressed in nuclei such as the MeA,
BNST, and MPO, which are closely related to the main and ac-
cessory olfactory systems. These nuclei have been demonstrated
to be critically relevant for expression of social behaviors. There-
fore, we investigated the social discrimination abilities of male
Ucn3*'* and Ucn3™/* mice. After an interexposure interval of
2 h, wild-type and mutant male mice were clearly able to discrim-
inate between subjects as indicated by the significantly reduced
time they spent investigating a familiar compared with an unfa-
miliar subject (Fig. 7A). However, this memory extinguished in
Ucen3 '™ mice after an interexposure interval of 4 h, whereas
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UCN3-expressing neurons of the superior paraolivary nucleus project via the lateral lemniscus to the inferior colliculus. A-C, Sagittal sections illustrating UCN3-expressing neurons

residing in the SPO and their ascending axons, as indicated by black arrowheads. D—F, Horizontal sections from ventral to dorsal (compare A) depicting UCN3-expressing neurons and their axons
ascending via the LL. G, Coronal section demonstrating the origin and initial course of X-Gal-stained axons.
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Figure5.  The HPAaxisactivityin male Ucn3% miceis normal. Male Ucn 3%/ mice showed no

differencesin basal plasma corticosterone levels in the morning (am) or evening (pm). Restraint
stress resulted in significantly elevated corticosterone levels in male Ucn3/# mice and wild-
type littermates. No difference was observed in negative-feedback requlation of HPA axis ac-
tivity 30, 60, and 90 min after 10 min restraint stress. Error bars indicate SEM.

male Ucn3%"* mice still spent more time investigating the unfa-
miliar subject (Fig. 7B). After an interexposure interval of 6 h,
Ucn3”'" mice were also unable to discriminate between a famil-
iar and an unfamiliar subject (Fig. 7C). When calculating a pref-
erence index = unfamiliar/(unfamiliar + familiar) for subject
recognition, and analyzing social recognition indices of both ge-

notypes for the 2 h interexposure interval and the 4 h interexpo-
sure interval by a two-way ANOVA for the factors genotype and
time, we found a significant genotype by time interaction:
F (1 44y = 4.37, p < 0.05, indicating that social memory is the same
in both genotypes after 2 h, but extinguishes after 4 h in controls,
but not in mutants. Thus, mutants demonstrated a slower extinc-
tion in this memory task.

This finding was confirmed in three independent cohorts of
mice tested in the social discrimination task (data not shown).
Additionally, we could demonstrate that also female Ucn3/”
mice presented with an improved social memory compared with
wild-type littermates. After an interexposure interval of 1 h, fe-
male Ucn3 ™' and Ucn3"“"*# mice were able to discriminate be-
tween subjects (data not shown), whereas after an interexposure
interval of 2 h only Ucn3'“/* mice spent significantly more time
investigating the unfamiliar subject (Fig. 7D). Moreover, male
CRH-R2 knock-out mice also showed an improved social mem-
ory compared with their wild-type littermates. After an interex-
posure interval of 1 h, CRH-R2 wild-type and knock-out mice
were able to discriminate between subjects (data not shown),
whereas after an interexposure interval of 2 h, only CRH-R2
knock-out mice spent significantly more time investigating the
unfamiliar subject (Fig. 7E).

UCN2 is the closest relative of UCN3 and also binds exclu-
sively to the CRH-R2. In analogy to Ucn3'“ mice, we have gener-
ated UCN2 knock-out mice by substitution of the entire ORF by
a tZ reporter gene (supplemental Fig. 1A—F, available at www.
jneurosci.org as supplemental material). In contrast to Ucn3™
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In the object recognition procedure,
male Ucn3 ™" and Ucn3“'*% mice both

j i & % 3 i Q explored the unfamiliar object more than

s I 20 E the familiar one after 3 h (Fig. 8A) (geno-

#* ! X ! type: F(; ;) = 0.05,p = 0.821; object: F( ;, =

2 i 10 E 9.85, p < 0.01; interaction genotype by
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Ot Tz 4+ 2z 0 e+ 2z ++ 22 intact object memory after 3 h in both ge-
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E Startle amplitude F Prepulse inhibition intertrial interval by two-way ANOVA did
1200 70 mm++ 2 DOt yield any significant genotype by time

£ 1000 60 iz interaction: F(; 30 = 0.44, p = 0.511.
% 800 . ig —— There were also no differences between
7 600 = %0 =w2iz®  the genotypes in habituation to object ex-
® 400 20 ploration over the three sample phases:
200 10 genotype: F; ,, = 0.52, p = 0.478; time:

60 70 80 90 100 110 120 e 6o B F,,) = 9.63, p < 0.001; interaction geno-

sound pressure level (dB) [psrtzpr:I:eplgltse:s;tzl O(ZBB)] type by‘ time: F(2,40) =042, p = 0.6’62

(data not shown). Thus, male Ucn3'? mice

Figure6. Anxiety- and depression-related behaviors are unchanged in male and female Ucn3? mice. 4, B, Inthe elevated plus ~ did not differ in rate of habituation or rate

maze test, male and female U3/ and Ucn3 /™ mice did not show any differences when comparing open arm entries () and
total time on open arms (B) (males, n = 8—11 mice per genotype; females, n = 12 mice per genotype). , The active social
mice as assessed in the social interaction test (n = 5-7
mice per genotype). D, No difference in floating behavior in a 6 min forced-swim test was observed (n = 15 mice per genotype).
and Ucn3 ™/ littermate control mice is not significantly
different. E, F, Intensity—response curves of acoustic startle amplitudes (E) and percentage of prepulse inhibition of the acoustic
startle reflex at four prepulse intensities (startle pulse, 110 dB; n = 15 mice per genotype) (F) revealed no differences between

interaction time was identical for male and female Ucn3%/? and Uen3 +/+

E, F, The acoustic sensorimotor behavior of male and female Ucn3%/%?

male and female Ucn3?/% and Uen3 /" littermates. Error bars indicate SEM.

mice, Ucn2?/" did not display any differences in the social dis-
crimination test compared with Ucn2 */" mice (Fig. 7F).
Finally, to exclude the possibility that the differences in social
discrimination abilities are based on alterations in smelling abil-
ity, we performed a discriminatory odor perception task. Both
Ucn3 ™" and Ucn3"'* mice were able to discriminate between a
neutral and an unfamiliar social odor (Fig. 7G). Both groups
spent significantly more time exploring the social stimulus than
the neutral one (Ucn3”'™, p < 0.001; Ucn3 ™", p < 0.01; geno-
type by odor interaction: F, ,4, = 0.05; p = 0.817). There was no
significant difference between genotypes. Furthermore, the olfac-
tory capabilities were further explored by subjecting the mice to
an olfactory discrimination task and by assessing the animals’
smell sensitivity. In both tasks, Ucn3%/* mice performed in the
same range as Ucn3 /" control mice (Fig. 7 H,I). Together, these
results suggest that UCN3, in addition to its specific receptor
CRH-R2, are involved in processes relevant to social behavior.

Ucn3"* mice display normal nonsocial memory performance
To assess whether the observed altered social discrimination abil-
ities of Ucn3™/* mice are attributable to a generalized enhance-
ment of memory performance or are specific to social memory,
we tested Ucn3 ™™ and Ucn3'#/*“ mice in the object recognition
and fear conditioning procedure.

of extinction in the object memory task.
Also, female Ucn3 ™" and Ucn3“"* were
indistinguishable in their performance in
the object recognition task (Fig. 8 B) (sta-
tistics not shown).

In the fear conditioning procedure,
mice showed a stronger freezing response
in the conditioning context than in the
grid context and the neutral context (con-
text: F(, 35y = 206.7, p < 0.0001), independently of the genotype
of the mice (genotype: F(; 15y = 0.217, p = 0.647; genotype by
context: F, 55) = 0.774, p = 0.468). This indicates that Ucn3 ™'
and Ucn3“"*” formed a similarly strong and specific contextual
fear memory. Mice showed a strong increase in freezing on tone
presentation compared with the preceding 3 min baseline period
1 d after conditioning (Fig. 8C) (d1t vs Cy, p < 0.001). However,
both expression and extinction of auditory fear conditioning was
similar for the two genotypes (genotype: F(, 15 = 0.093, p =
0.764; day: F, 5 = 24.3, p < 0.0001; genotype by day: F, ) =
0.041, p = 0.851).

Together, these results suggest that the observed memory phe-
notype of Ucn3"/" mice is mostly specific to social learning.

Discussion

Using previous findings from CRH-R2-deficient mice as a start-
ing point, we initially focused our comprehensive analysis of
UCNS3-deficient mice on anxiety- and depression-like behavior,
as well as on neuroendocrine stress adaptation.

The role of UCN3 in anxiety- and depression-related behavior
The role of UCN3’s cognate receptor CRH-R2 in anxiety-related
behavior is currently somewhat unclear and controversial. Re-
sults based on selective CRH-R2 agonists including UCN3
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Figure 7.  Ucn3” mice display altered social discrimination abilities. A—F, Investigation duration (in seconds) (mean + SEM)
toward conspecific ovariectomized female. The white bars represent the duration during first exposure, and the hatched (same
ovariectomized female) or black (novel ovariectomized female) bars, that of the second exposure (*p << 0.05, **p << 0.01, familiar
vs unfamiliar conspecific). A-C, Social discrimination abilities of male Ucn3%Z/#and Ucn3 /™ mice after interexposure intervals of
2,4,and 6 h (n = 12 mice per genotype). D, Female Ucn3"? mice are able to discriminate between a familiar and an unfamiliar
conspecific, whereas Ucn3 /™ mice cannot (n = 12 animals per genotype; interexposure interval, 2 h; *p << 0.05, familiar vs
unfamiliar conspecific). £, Male Crhr2 ~/~ mice are able to discriminate between a familiar and an unfamiliar conspecific, whereas
Crhr2 " mice cannot (n = 12 mice per genotype; interexposure interval, 2 h). F, Both Ucn2%/ and Ucn2 */* mice are unable
to discriminate between a familiar and an unfamiliar conspecific (1 = 12 mice per genotype; interexposure interval, 2 h). IEl,
Interexposure interval. G, Investigation time of male Ucn3/Z and Ucn3 ™/ littermate control mice at a neutral and a social odor
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(Pelleymounter et al., 2002, 2004; Valdez
et al., 2002, 2003; Risbrough et al., 2003,
2004; Venihaki et al., 2004) or antagonists
(Radulovic et al., 1999; Bakshi et al., 2002)
as well as CRH-R2-deficient mice (Bale et
al., 2000; Coste et al., 2000; Kishimoto et
al., 2000) suggest both anxiogenic and
anxiolytic effects caused by CRH-R2
receptor activation, which highly de-
pends on drug dose, brain location, or test
conditions. The function of CHR-R2 in
depression-related behavior as assessed
by antidepressant screening procedures,
such as the FST and tail suspension test, is
more consistent. Stimulation of CRH-R2
by UCN2 or UCN3 has been demon-
strated to reduce immobility (Tanaka and
Telegdy, 2008a,b), a finding in line with
the genetic ablation of CRH-R2, which
leads to increased immobility (Bale and
Vale, 2003; Todorovic et al., 2009). How-
ever, the comprehensive behavioral phe-
notyping of UCN3-deficient mice in this
study did not show any alterations in mea-
sures of anxiety- or of depression-related
behaviors. Nevertheless, we cannot fully
exclude that other procedures assessing
anxiety- and depression-related behavior,
different from those used here, could
reveal genotype-dependent differences.
Along those lines, conditions of acute or
chronic stress could also have an impact
on the expression of potential genotype
dependent differences in emotional be-
havior. Finally, it has to be remarked that
discrepancies between acute pharmaco-
logical treatment and respective knock-
out mice are often observed likely because
of well known mechanisms related to in-
complete specificity or penetrance of ad-
ministered compounds on the one hand
as well as to compensatory mechanisms
activated by constitutive loss of gene func-
tion on the other hand (Holmes, 2008).

<«

stimulus in a discriminatory task (1 = 19—21 mice per geno-
type). Both groups significantly discriminated between the
neutral and the social stimulus (**p << 0.01, ***p << 0.001,
neutral vs social odor). H, Fine olfactory discrimination with
male Ucn3 /™ and Ucn3?Z mice. Ratios along the x-axis
represent the concentration of [S+] in the binary mixture of
[S+1and [S—]. The number of successful discriminations per
session is expressed as mean percentage of first correct re-
sponses to the rewarded odorant [S+] of total trials per ses-
sion [Mann—Whitney tests: 100% p = 0.6467, Mann—
Whitney U (MWU) 48.00; 70% p = 0.2099, MWU 40.50; 55%
p = 0.1579, MWU 34.50; 53% p = 0.5746, MWU 56.50; p =
0.2592, 38.50; 50% p = 0.3241, MWU 49.50]. /, Smell sensi-
tivity testwith male Ucn3 ™/ and Ucn3%/% mice. Discrimina-
tion between a dish scented with [S+] in different steps of
dilution and another dish with solvent (Mann—Whitney test:
p = 0.0992, MWU 39.00).
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Figure8.  Ucn3” mice display normal memory performance. A, B, Object recognition mem-

ory of male (n = 10-12) (A) and female (n = 12-13) (B) Ucn3" mice. Investigation time at a
familiar and an unfamiliar object 3 h (left panel) and 24 h (right panel) after the last sample
phase; shown are mean + SEM. ITI, Intertrial interval. C, Contextual and auditory-cued fear.
Left panel, Freezing responses of Ucn3 */* (open bars; n = 9) and Ucn3%/% mice (filled bars;
n = 11) on (re-)exposure to the conditioning chamber (Ch), a hexagonal prism containing a
grid floor (Hex), and a neutral cylindrical context (Cy) for 3 min each 1 d after conditioning. Right
panel, Freezing responses of the same mice on exposure to 3 min tones in the neutral cylindrical
context 1d (d1t) and 6 d (d6t) after conditioning. Shown are mean + SEM. ***p << 0.001.

The role of UCN3 in HPA axis function

CRH-R2 has been postulated to modulate the neuroendocrine
stress response, in particular after the initial activation of the
HPA axis as well as the later recovery phase (Coste et al., 2001).
However, male UCN3-deficient mice exhibited normal basal
plasma corticosterone levels compared with wild-type littermates
and did not show any alterations in the stress-induced activation
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or in the negative-feedback regulation of the HPA axis. Similarly,
no sex-specific differences in regulation of the HPA axis were
observed, as recently demonstrated for CRH-R2 and UCN2
knock-out mice (Chen et al., 2006).

The central and peripheral expression of UCN3

UCN3 is highly expressed in discrete nuclei of the murine CNS in
a spatial pattern, which is clearly distinguishable from that of the
other CRH-R2 ligands. Using the tZ reporter gene, we confirmed
the expression in all previously described brain nuclei and we
additionally identified previously unrecognized expression do-
mains (i.e., in the PMV and in the PB). The expression in the PB
was independently confirmed by using in situ hybridization di-
rectly detecting Ucn3 mRNA. In contrast, the expression in the
PMV could not be confirmed on mRNA level. This discrepancy
in the expression of tZ and endogenous Ucn3 may be attributable
to differences in the sensitivities of the used detection assays or
attributable to cell type-specific differences in the stability of tZ
and Ucn3 mRNA. The expression of UCN3 in the PMV is also
supported by the immunohistochemical detection of UCN3-
positive fibers (Li et al., 2002), which Cavalcante et al. (2006)
assigned to UCN3-expressing neurons in the MeA and Pef, but
which could also be of local origin. In peripheral organs, strong
B-galactosidase staining was observed in pancreatic islets as pre-
viously described (Li et al., 2003). Moreover, we could identify
UCNS3-specific cells within the duodenum (i.e., a subset of mu-
cosa producing goblet cells as well as cells within the intestinal
crypts). Notably, the Ucn3™ reporter mouse line clearly demon-
strated the absence of UCN3 expression in all other organs of the
adult mouse, including the pituitary and adrenal gland, in accor-
dance with previous reports (Lewis et al., 2001).

Li et al. (2002) have demonstrated a significant overlap of
UCNS3-positive fibers with sites of CRH-R2 expression. However,
their immunohistochemical approach did not allow the tracking
of the origin of these fibers to deduce ligand-receptor connectivi-
ties. Therefore, we used tZ, a well established genetically encoded
anterograde tracer (Mombaerts et al., 1996), to visualize the ax-
onal projections of UCN3-expressing neurons. Although the ma-
jority of UCN3-positive neurons in the brain displayed only
locally restricted X-Gal-stained neurites, all neurons of the SPO
and neurons located within the MeApd showed long-distance
connections. The relatively small population of SPO neurons
(~30 neurons) projected via the lateral lemniscus to the inferior
colliculus, which is a major site of CRH-R2 expression (Van Pett
et al., 2000). In contrast to the SPO, where individual axons can
be tracked to their final targeting area, the axons of UCN3-
expressing neurons within the posterodorsal part of the MeA
fasciculate and project as a compact bundle rostrally via the stria
terminalis. Presynaptic terminals are not labeled by ¢Z because
microtubules are excluded from nerve terminals; however, we
can clearly hypothesize that this axon bundle terminates in the
posterior BNST. This division of the BNST has been described as
a major target of MeApd projections (Dong et al., 2001; Usunoff
etal., 2009) and is one of the sites of highest CRH-R2 expression
in the brain (Van Pett et al., 2000). Surprisingly, no projections to
the lateral septum were detected, although it strongly expresses
CRH-R2 and it is penetrated by a dense network of UCN3-
immunoreactive fibers (Li et al., 2002). Tau and consequently the
tau-B-galactosidase fusion protein are predominantly present in
axons (Dehmelt and Halpain, 2005) and fully excluded from dis-
tal portions of dendrites. This suggests that not axon terminals,
but rather dendrites of currently unknown origin, account for the
dense network of UCN3-immunoreactive fibers in the LS.
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UCN3 in the accessory olfactory system

The visualization of UCN3-expressing neurons using the tZ re-
porter gene substantiates the observation that UCN3 is predom-
inantly expressed in nuclei connected to the accessory olfactory
system (AQOS) (i.e., the MeA, the BNST, and the MPO) (Cooke et
al., 1998). Moreover, the lateral septum is interspersed with
UCN3-immunoreactive fibers (Li et al., 2002) and strongly ex-
presses CRH-R2, which is additionally present in the MeA and
the BNST (Van Pett et al., 2000). The AOS consists of a multisyn-
aptic circuit that originates in a sense organ, the vomeronasal
organ, and ends in endocrine, motivational, and motor centers
such as the hypothalamus, basal ganglia, and brainstem, respec-
tively (Cooke et al., 1998).

Social behaviors are regulated by hormonal and chemosen-
sory signals such as conspecific odors that activate the vomero-
nasal organ and are integrated in nuclei of the extended amygdala
(Newman, 1999). The MeA is primarily involved in social recog-
nition and learning (Vochteloo and Koolhaas, 1987; Ferguson et
al., 2001) as well as the initiation of social behaviors such as sexual
behavior (Harris and Sachs, 1975) and aggression (Kemble et al.,
1984). In particular, the posterodorsal part of the medial nucleus
of the amygdala receives its major sensory input from the acces-
sory olfactory bulb and is characterized by projections to the
principal nucleus of the BNST (Canteras et al., 1995) and to the
MPO as well as to other often sexually dimorphic hypothalamic
nuclei (Simerly, 2002; Usunoff et al., 2009). Using the tZ reporter
gene, we could confirm the strong expression of UCN3 in the
MeA and were able to demonstrate that the UCN3-expressing
neurons in the MeApd neurons project to the principal nucleus of
the BNST.

The role of UCN3 in social behavior

Considering the expression patterns of CRH-R2 and UCN3, it is
surprising that their impact on other aspects of behavior in addi-
tion to anxiety- and depression-related behavior, and in particu-
lar social behavior, has only scarcely been studied until today. It is
mostly accepted that the key systems involved in the modulation
of complex social behaviors, including social recognition and
social memory formation, are the related nonapeptides oxytocin
(OT) and arginine vasopressin (AVP) (for review, see Landgraf
and Neumann, 2004; Winslow and Insel, 2004; Donaldson and
Young, 2008). Knock-out mice of the AVP receptor V1a or of OT
manifest a deficit in social memory (Ferguson et al., 2000; Bielsky
et al., 2004). In contrast, intracerebroventricular application of
AVP increases social recognition in male rats (Engelmann et al.,
1996). The site-specific injection of OT receptor agonists or an-
tagonists has demonstrated a key role of the OT receptor in the
MeA for social recognition (Ferguson et al., 2001). Nevertheless,
it has been demonstrated that UCN1 and UCN3 modulate ma-
ternal behavior via CRH-R2 in the lateral septum (D’Anna et al.,
2005; D’Anna and Gammie, 2009), and accordingly, CRH-R2
knock-out mice exhibit impaired maternal defense of their off-
spring (Gammie et al., 2005). Along these lines, UCN2 increases
spontaneous parental behavior in prairie voles (Samuel et al.,
2008). Evidence for an involvement of the CRH system in the
modulation of social memory has been demonstrated by Hein-
richs (2003) using CRH-R agonists and antagonists. To further
elucidate the role of the CRH system in social behavior, we stud-
ied the social discrimination performance of UCN3, CRH-R2,
and UCN2 knock-out mice. Social discrimination abilities were
clearly altered in Ucn3#/* mice compared with wild-type litter-
mates. In the social discrimination procedure, UCN3-deficient
mice were able to memorize previously encountered conspecifics
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for a longer time than wild-type littermates. In contrast, UCN2-
deficient mice were indistinguishable from their wild-type litter-
mates in the social discrimination task, suggesting a unique role
of UCN3, which cannot be compensated by UCN2 or UCN1, the
other ligands of CRH-R2. Moreover, this observation was con-
firmed in CRH-R2 knock-out mice, underscoring the specific
importance of UCN3. Performance in the social recognition/dis-
crimination task requires olfactory information retrieval, which
was clearly not altered in UCN3-deficient mice. Finally, UCN3-
deficient mice showed a performance in nonsocial memory tasks
that was indistinguishable from that of their wild-type litter-
mates. In conclusion, these findings suggest a specific role of
UCN3 and its receptor CRH-R2 in the processing of social cues as
well as the formation and extinction of social memories.
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