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The olfactory bulb plays a critical role in odor discrimination and in processing olfactory cues controlling social behavior in mammals.
Given that the pituitary adenylate cyclase-activating polypeptide (PACAP) type 1 receptor (PAC1) is highly expressed in the olfactory
bulb, we examined its role in regulating olfaction and social investigation. We found that olfactory detection of nonsocial stimuli was
similar in PAC1-deficient mice and wild-type (WT) littermates. In contrast, PAC1-deficient mice displayed markedly abnormal social
behaviors. PAC1-deficient mice exhibited a faster decrease in social investigation after repeated exposure to social cues or ovariectomized
female urine compared with WT mice. Moreover, PAC1-deficient females exhibited delayed affiliative behavior when housed with novel
males, and PAC1-deficient males displayed excessive sexual mounting toward both females and males as well as reduced aggression and
increased licking and grooming toward intruder males. In aggregate, these results uncover PAC1 signaling as an important factor in the
development and/or functioning of neural pathways associated with pheromone processing and the regulation of social interactions in
mice. In turn, these studies raise the potential clinical relevance of PACAP signaling dysfunctions in neuropsychiatric disorders charac-
terized by social reciprocity impairments such as autism spectrum disorders.
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Introduction
In rodents, the main olfactory epithelium and the vomeronasal
organ (VNO), through their respective projections to the main
olfactory bulb (MOB) and accessory olfactory bulb (AOB), are
involved in recognizing volatile and nonvolatile odorants, which
in turn regulate a variety of behaviors, including social interac-
tions (Powers and Winans, 1975; Wysocki et al., 1980; Halpern,
1987; Del Punta et al., 2002; Stowers et al., 2002). Although these
distinct olfactory systems are known to regulate multiple com-
plex social and sexual behaviors, underlying neurochemical
mechanisms remain poorly understood. These CNS regions are
particularly difficult to manipulate because of their location or
small size. However, using knock-out and transgenic approaches,
recent studies suggest that specific central neuropeptidergic path-
ways play critical roles in olfactory discrimination and social be-
havior, including corticotropin releasing factor (Heinrichs et al.,
1997), oxytocin (Ferguson et al., 2002), gastrin-releasing peptide

(Yamada et al., 2000, 2001), and vasopressin (Wersinger et al.,
2002; Bielsky et al., 2004) systems. The receptors for these neu-
ropeptides are expressed in the olfactory bulb or the amygdala
and hypothalamus (structures involved in emotional responses),
suggesting that behavioral changes observed in mutant mice re-
flect alterations in the olfactory nuclei or regions of higher level
information processing (Insel and Winslow, 1998; Popik and van
Ree, 1998; Pfaff, 2001; Ferguson et al., 2002). Indeed, animal
studies have led to a better understanding of the role of oxytocin
and vasopressin in the regulation of complex social behavior
(Young, 2002) and to the search for genetic alterations of pepti-
dergic systems in human disorders such as autism (Marui et al.,
2004; Wassink et al., 2004).

The pituitary adenylate cyclase-activating polypeptide
(PACAP) belongs to a peptide family that includes vasoactive
intestinal peptide (VIP), secretin, glucagon, and growth
hormone-releasing factor (Arimura, 1998) and acts via three
G-protein-coupled receptors: VPAC1 and VPAC2 display high
affinity for both VIP and PACAP, whereas PACAP receptor 1
(PAC1) binds only PACAP with high affinity (Harmar et al.,
1998). A role for the PACAP ligand–receptor system in olfactory
function and social affiliation is supported by a variety of evi-
dence. PACAP-immunoreactive fibers densely innervate the
MOB, especially the glomerular layer, and the anterior olfactory
bulb, whereas PACAP-expressing cell bodies are found among
the MOB mitral cells and in the lateral part of the anterior olfac-
tory nucleus (Hannibal, 2002). Moreover, PAC1 receptor mRNA
is expressed in granule, mitral, and glomerular cell layers of the
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olfactory bulb (Jaworski and Proctor, 2000). Finally, AOB mitral
cells project to hypothalamic areas through the medial amygdala
(Lehman et al., 1980). All of these efferent structures are also rich
in PACAP binding sites and receptor mRNA (Hashimoto et al.,
1996). Whereas PACAP signaling components are expressed in
many locations along the odorant pathway, a role for the peptide
in regulating olfactory information or olfactory-dependant social
and sexual behavior has never been demonstrated. In the present
study, we assessed olfactory function in PAC1-deficient mice us-
ing conditioned and nonconditioned tests of olfactory habitua-
tion, food exploration, and social and sexual behavior.

Materials and Methods
Animals. PAC1 �/� (Jamen et al., 2000b) and wild-type (WT) CB57BL/6J
times 129/Sv mice were received at 3 months of age (F4) and were used to
generate 12 heterozygote couples (F1�). These mice were used to generate
10 PAC1 �/� males, 10 PAC1 �/� females, 12 WT males, and 11 WT
females (F2�; referred to hereafter as the first set). PAC1 �/� mice exhibit
�60% mortality at 4 weeks of age (Jamen et al., 2000a), and fertility of
PAC1 �/� females is severely reduced (Jamen et al., 2000b). Thus, to
obtain a greater number of animals, six additional matings of heterozy-
gote females (F1�) times PAC1 �/� males (F2�) were performed, from
which 10 PAC �/� males and 10 heterozygote males were retained for
additional analyses (the second set). Mice were weaned at 4 weeks, and
same-sex littermates were housed together in cages (two to four per cage)
until �6 months of age. For bromodeoxyuridine (BrdU) analysis, an-
other set of mice (�/� and �/� littermates; 6 months of age) issued
from (F2�) heterozygote times (F2�) heterozygote matings (F3�) was
used.

Because PACAP knock-out mice have been shown to exhibit excessive
jumping in a novel environment (Hashimoto et al., 2001), a behavior we
also observed in PAC1 �/� males, mice used for behavioral testing were
left in their home cage whenever possible. The 12 hr light/dark cycle was
used (lights on at 7:00 A.M.). All experiments were performed between
10:00 A.M. and 6:00 P.M. and were in accordance with the guidelines of
the University of Medicine and Dentistry of New Jersey.

Genotyping. Genotyping was performed on tail snips of 4-week-old
mice using primers as described previously (Jamen et al., 2000b). Subject
mice were assigned a number and were tested randomly. The code was
broken at the end of the day after behavioral testing.

Mate affiliative behavior of PAC � / � and WT females. Six-month-old
PAC1 �/� and WT females were housed together (five PAC1 �/� and five
WT mice per cage) 2 weeks before testing to synchronize all females in
anestrus. Then, females (10 PAC �/� and 11 WT littermates) were
housed in individual cages and paired with a WT male. The next morning
and on the two subsequent days, mate affiliation (male and female laying
side-by-side) was evaluated.

Analysis of male behavior. Males from the first and second sets of mice
were housed individually for 1 week before the first behavioral test: social
investigation toward ovariectomized (OVX) CD-1 females (Charles
River, Wilmington, MA). At the end of this test, male subjects were
returned to their home cage with an OVX CD-1 female until the mice
were killed. During subsequent testing, the companion OVX CD-1
mouse and the feeding tray were removed temporarily from the home

cages. Additional tests of mice of the first set were: second test of social
investigation toward CD-1 females, social investigation of an anesthe-
tized male mouse target, urine investigation, odor–food exploration test,
and odor memory– discrimination test. Additional tests of mice of the
second set were: second test of social investigation toward CD-1 females,
odor–food exploration test, odor memory– discrimination test, and in-
truder test. The sequence of behavioral tests in male mice and age during
testing is indicated in Table 1.

Social investigation toward an ovariectomized female. OVX CD-1 fe-
males were presented to the subject males in their home cages. The first
test consisted of four successive 1 min presentations of the same female
with a 10 min interval. A significant decrease in investigation time during
subsequent exposures indicates that mice were able to recognize females
presented previously. Investigation included licking, smelling, and fol-
lowing the OVX female. To assess specificity of social investigation, males
were presented with a new OVX female 10 min after the fourth trial. One
month later, a second test consisted of two successive 4 min presentations
of the same OVX female with a 30 min interval. One week later, animals
were tested with different intervals (100 min, 240 min, and 20 hr) to
assess differences in duration of social memory. The 10 PAC1 �/� and 10
PAC1 �/� males tested previously were divided into two groups: six
PAC1 �/� and four PAC1 �/� males were tested at 100 min, and the
following day, the remaining four PAC1 �/� and six PAC1 �/� mice were
tested at 240 min. The latter six PAC �/� mice were also tested after 20 hr
to check for full recovery.

Social investigation of an anesthetized male mouse target. Target CD-1
male mice were anesthetized with an intraperitoneal injection of Nem-
butal (54 mg/kg) at least 10 min before presentation. The target mouse
was placed in the center of a clean cage on a 2 cm sawdust layer. Subject
mice were then introduced individually into the cage corner, and the
duration of social investigation (sniffing and contact with the target) was
measured during 4 min. After this first trial, the target mouse was placed
in a new clean cage. Thirty minutes after the first presentation, the subject
mouse was again introduced to the target in the new cage, and the dura-
tion of social investigation was recorded again.

Female urine investigation. Urine from three 9- to 12-month-old CD-1
OVX females was collected on the day of the experiment and diluted
fourfold in water. Urine was presented to male subjects by placing 100 �l
on a circle of filter paper (Whatman 1; Whatman, Ann Arbor, MI) in-
serted in a tube. The control tube contained water-impregnated paper.
Each tube was placed randomly at one corner of the home cage without
disturbing the animal. A test session consisted of three 2 min presenta-
tions of the same urine with a 10 min interval. A significant decrease in
investigation time during the second or third exposures indicates that
mice were able to recognize the urine that was presented previously. To
assess specificity, the same animal was presented with urine collected
from a different set of OVX mice. The time animals spent sniffing inside
the tube was recorded.

Odor–food exploration test. The food exploration test consists of find-
ing a piece of commercially available breakfast cereal (0.1 gm; Cheerios;
General Mills, Minneapolis, MN; hereafter referred to as cookie), hidden
under the sawdust. During this test, mice were allowed to feed ad libitum
only between 2:00 and 8:00 P.M., so that test trials occurred after �16 hr
of food deprivation. The experiment consisted of three habituation trials
and three experimental sessions. In the habituation trial (days �2 to 0),

Table 1. Sequence of behavioral tests

Age (months) First set (littermates from �/� and �/� matings) Second set (littermates from �/� and �/� matings)

6 –7 Social investigation toward CD-1 female, four times for 1 min each Social investigation toward CD-1 female, four times for 1 min each
Social investigation toward CD-1 anesthetized male, two times for 1 min each

7– 8 Social investigation toward CD-1 female, two times for 4 min each (30 min interval) Social investigation toward CD-1 female, two times for 4 min each
(30 min interval)

8 –9 Social investigation toward CD-1 female, two times for 4 min each
(100 min, 240 min, or 20 hr intervals)

10 –12 Odor–food exploration tests
13–14 Odor memory and discrimination Female urine investigation
14 –15 Intruder test

Nicot et al. • Altered Social Behavior in PAC1-Deficient Mice J. Neurosci., October 6, 2004 • 24(40):8786 – 8795 • 8787



mice were presented with a cup containing the cookie impregnated with
100 �l of strawberry scent (1:10) and covered with a 2 cm sawdust layer,
which was removed by the mice to access and eat the cookie. Each exper-
imental session (session I, days 1– 4; session II, days 8 –11; session III,
days 15–18) consisted of four trials separated by 1 day. Mice were pre-
sented an empty cup covered with sawdust and a cup containing a
strawberry-scented (1:10) cookie under the sawdust. To assess the sub-
jects’ ability for odor discrimination with decreasing scent concentra-
tion, on days 4, 11, and 18, 2 hr after the initial test, a cup containing a
cookie with strawberry scent at 1:100, 1:1000, or 1:10,000 and a control
cup were presented to the mice. Two hours after completing this test, a
cup containing a cookie without strawberry scent and a control cup were
presented. To prevent cookie recognition in this last test, mice were not
allowed to eat the unscented cookie. Latency (time for cookie retrieval),
total investigation (time sniffing and digging both cups), and percentage
of odor discrimination (time sniffing and digging the cup containing the
scented cookie/total investigation) were scored during experimental
sessions.

Odor memory and discrimination. Odors (vanilla or strawberry at 1:10)
were presented by placing 100 �l onto a circle of filter paper (Whatman
1) inserted in a tube. The control tube contained water-impregnated
paper. Each tube was placed randomly at one corner of the home cage
without disturbing the animal. A test session consisted of five 2 min odor
presentations of the vanilla odor with a 10 min intertrial interval. The
time animals spent sniffing inside the tube was recorded. A significant
decrease in investigation time during subsequent exposures indicates
odor recognition. To assess odor discrimination and specificity, the same
animal was presented with strawberry odor at the end of the test. Then,
trials separated by 1 week were performed by testing different concentra-
tions of vanilla (1:100, 1:1000, or 1:10,000). Finally, mice were tested 1
week later with two consecutive odor presentations (1:10) separated by
240 min intervals.

Mounting and aggressive behavior. Mounting behavior of PAC1 �/�,
PAC �/�, and WT males toward OVX CD-1 females was analyzed during
the social memory tests. Mounting behavior and territorial aggression
toward males was also analyzed using the intruder paradigm (Buck, 1996;
Stowers et al., 2002). Intruders were CD-1 males castrated [gonadectomy
(GDX)] at 7 weeks. Fresh urine was obtained from two dominant CD-1
males (3– 6 months of age). For the first trial, the castrated male intruder
was introduced into the resident’s cage for 4 min (presentations �5 min
were avoided to prevent aggression from the intruder). One week later, a
different castrated male intruder that had been swabbed with 50 �l of
pure male urine on the back and urogenital region was used for testing in
a 4 min trial. Nonaggressive social behavior included licking, smelling,
following, and sexual mounting of the intruder. Smelling and following
the intruder were considered social investigation. Aggressive social be-
havior toward the intruder included tail rattling and attacks (biting, tum-
bling, wrestling, and cornering).

BrdU labeling, immunohistochemistry, and quantitation. To evaluate
mitotic activity of neuroprecursors in the ventricular zone lining the
lateral ventricles, 6-month-old PAC1 �/� and WT males were perfused 2
hr after four intraperitoneal injections (one injection every hour) of a
solution of BrdU (200 mg/kg body weight; Sigma, St. Louis, MO). After
overnight fixation, brains were protected in 20% sucrose and frozen on
dry ice. Brains were cut in serial coronal sections with a cryostat (15 �m
thick) and mounted on slides coated with 2–3 aminopropyltriethoxysi-
lane. Six serial sections (75 �m apart) for each animal and including the
anterior subventricular zones (SVZs) (SVZ portions starting �60 �m
posterior to the level of the junction of the corpus callosum and ending
�50 �m anterior to the level of the crossing of the anterior commissure)
were processed for BrdU immunohistochemistry according to a standard
technique. In brief, sections were treated with 0.1% trypsin/CaCl2 in 100
mM Tris for 20 min and then washed with PBS. After a 30 min treatment
with 2N HCl to denature DNA, they were rinsed in sodium borate buffer
(0.1 M, pH 8.5) and incubated overnight in monoclonal anti-BrdU (1:
100; Dako, Carpinteria, CA) in PBS/0.3% Triton X-100/1.5% horse se-
rum, followed by 1 hr of incubation with a biotinylated anti-mouse sec-
ondary antibody. Staining was visualized using a Vectastain avidin-
biotin complex kit and Vector SG peroxidase substrate (Vector

Laboratories, Burlingame, CA). Sections were dehydrated, cleared, and
coverslipped with DPX mountant (Fluka, Buchs, Switzerland). The total
number of BrdU-labeled cells in the SVZs of the six sections in each
animal was counted bilaterally with a microscope at 40�.

Statistical analysis. Unless stated otherwise, behavioral data were ana-
lyzed using ANOVA for repeated measures, with one between subject
factor (genotype) and one within subject factor (time or concentration),
followed by post hoc Sheffe test for multiple comparisons to establish
significant differences between the means. The female affiliative behavior
data were analyzed with the � 2 test. The intruder tests were analyzed with
the t test. All data are expressed as mean � SEM.

Results
Female affiliative behavior
Because social investigation by females toward new individuals is
of shorter duration than by males (Ferguson et al., 2002), we
assessed their social interaction by examining mate affiliation.
Although most WT females exhibited side-by-side contact with
males the morning after the introduction of the male in the cage,
PAC1�/� females and their male companions were always rest-
ing separately at different corners of the cage after the first night.
Side-by-side contact of all mice pairs was observed only on the
third day (Table 2). This delay in social interaction suggests
PAC1�/� females have a defect in the initiation of affiliative be-
havior, likely contributing to the reduced fertility we observed
previously (Jamen et al., 2000a).

Social investigation in males
Social investigation in male mice was analyzed during four short
(1 min) repeated pairings with the same OVX female (Fig. 1A).
Although no difference was found at first presentation among the
three genotypes, during the following trials, PAC�/� mice
showed a significantly faster decline in the time spent investigat-
ing the OVX female compared with WT subjects, whereas
PAC�/� males exhibited an intermediate phenotype (genotype
effect, F(2,38) � 5.8, p � 0.006; time effect, F(3,114) � 34.0, p 	
0.0001; genotype times time interaction, F(6,114) � 3.2, p �
0.006). In addition, the time spent investigating a novel OVX
female after the fourth trial was significantly increased compared
with the fourth presentation in all groups (time effect, F(1,37) �
32.0, p 	 0.0001; genotype times time interaction, F(2,37) � 1.4,
p � 0.05). Thus, the decrease in time investigating the first animal
was female specific, ruling out nonspecific satiation. This could
reflect enhanced social memory toward the familiar female or
altered habituation (see Discussion). One month later, social in-
vestigation in male mice was again analyzed during two longer (4
min) repeated pairings (Fig. 1B). All groups were able to recog-
nize the female at the second presentation (time effect, F(1,38) �
31.0, p 	 0.001; genotype times time interaction, F(2,38) � 0.99,
p � 0.05). However, a clear genotype effect (F(2,38) � 12.8; p 	
0.0001) indicated that PAC1�/� and PAC�/� mice showed a
significant decrease in total investigation time compared with
WT mice (Fig. 1B).

We also compared the time spent by PAC1�/� and PAC1�/�

males investigating the stimulus female after different trial inter-
vals (Fig. 1C). A previous study indicates that WT mice return to

Table 2. Affiliative behavior of PAC�/� and WT female mice

PAC�/� PAC�/� �2 p

Day 1 0/10 9/11 14.32 0.0002
Day 2 5/10 9/11 2.39 0.12
Day 3 10/10 11/11

Side-by-side contact behavior of PAC1�/� (n � 10) and PAC1�/� (n � 11) female mice with a novel male. Data
represent proportion of females exhibiting contact behavior with their male companion.
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a full investigation time of female mice af-
ter a 90 min interval (Ferguson et al.,
2000). Similarly, PAC1�/� mice exhibited
a reduced investigation time when re-
tested after 30 or 100 min but not after 240
min, consistent with this previous result.
In marked contrast, investigation by
PAC1�/� mice remained reduced even af-
ter a 240 min interval (paired t test, p �
0.07 vs 30 min) but recovered fully after 20
hr (paired t test, p � 0.004 vs 30 min),
suggesting that social investigation is
markedly altered in PAC1�/� mutants.

Social investigation was also examined
toward male targets using CD-1 males
anesthetized to prevent movement, a po-
tential component of social stimulation
(Latane and Glass, 1968), and the develop-
ment of aggressive male behavior.
PAC1�/� males (Fig. 1D) investigated the
male targets during the second presenta-
tion for less time than WT mice (genotype
effect, F(1,10) � 1.1, p � 0.05; time effect,
F(1,10) � 30.9, p � 0.0002; genotype times
time interaction, F(1,10) � 6.7, p � 0.03), a
result consistent with the decreased inves-
tigation toward females described above
(Fig. 1C).

Urine investigation
To determine whether changes in social
investigation tests were caused by altered
recognition of social scents contained in
the urine of conspecific targets, PAC1�/�

and PAC1�/� males were subjected to re-
peated presentations of tubes containing
water or urine collected from OVX CD-1
females (Fig. 2A). Both PAC1�/� and
PAC1�/� littermates showed declines in
urine investigation after repeated expo-
sure, but the decline was more rapid and
pronounced in PAC1�/� males (genotype
effect, F(1,14) � 0.9, p � 0.05; time effect,
F(2,14) � 22.2, p 	 0.0001; genotype times
time interaction, F(2,14) � 4.4, p � 0.02).
Because the levels of urine investigation at
first presentation were different, although
not significantly, data are also expressed as
the percentage of initial trial to emphasize
genotypic differences (Fig. 2B) (genotype
effect, F(1,14) � 5.1, p � 0.04; time effect,
F(1,14) � 24.9, p � 0.0002; genotype times
time interaction, F(1,14) � 0.35, p � 0.05).
Finally, both PAC1�/� and PAC1�/�

mice showed increased response time to a
novel urine sample presented in the fourth
trial, indicating they were able to identify
this sample as different from the previous
one (genotype effect, F(1,14) � 0.8, p �
0.05; time effect, F(1,14) � 15, p � 0.002;
genotype times time interaction, F(1,14) �
0.8, p � 0.05). These observations suggest
that the decreased investigation observed

Figure 1. Social memory in PAC1 �/�, PAC �/�, and WT mice. A, Time (seconds) spent by PAC1 �/� (n � 12), PAC1 �/�

(n � 10), and PAC1 �/� (n � 19) male mice investigating the same ovariectomized female during each of four successive 1 min
trials separated by 10 min. A fifth trial depicts the response to a novel female in a 1 min pairing 10 min after the fourth trial ( post
hoc analysis, *p 	 0.05; ***p 	 0.005 vs PAC1 �/�). B, Time (seconds) spent by PAC1 �/� (n � 12), PAC1 �/� (n � 10), and
PAC1 �/� (n � 19) male mice investigating the same ovariectomized female during two successive 4 min trials separated by 30
min ( post hoc analysis, *p 	 0.05; **p 	 0.01 vs PAC1 �/�). C, Effect of different intertrial intervals on ovariectomized female
recognition by PAC1 �/� and PAC1 �/� male mice. Data depict mean percentage � SEM of time spent investigating the
ovariectomized female on the second exposure (4 min) compared with the time spent during the first presentation (4 min).
Numbers in parentheses indicate the number of mice tested for each interval (unpaired t test, *p 	 0.05; **p 	 0.01; p 	 0.005
vs PAC1 �/�). D, Time (seconds) spent by PAC1 �/� (n � 6) and PAC1 �/� (n � 6) male mice investigating the same anesthe-
tized male during each of two successive 4 min trials separated by 30 min (unpaired t test, *p 	 0.05 vs PAC1 �/�).

Figure 2. Urine recognition in PAC1 �/� and PAC1 �/� male mice. A, Time spent by PAC1 �/� (n � 8) and PAC1 �/� (n �
8) male mice investigating the inside of a tube containing 25 �l of urine collected from three ovariectomized CD-1 female mice
during three successive 1 min trials separated by 10 min. During the fourth trial, the response of males to urine collected from three
different ovariectomized females was recorded 10 min after the third trial. The lack of significant response to the control tube
containing water and placed on the other side of the cage indicates that the decline in time investigating the urine-containing
tubes is specific ( post hoc test, *p 	 0.05; **p 	 0.01; ***p 	 0.001 vs first presentation). B, Time spent investigating
urine-containing tubes on the second and third exposure compared with the time spent during the first presentation (unpaired t
test, *p 	 0.05 vs PAC1 �/�).
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in the previous trials was specific to familiar urine, ruling out
nonspecific satiation. Analysis of the responses to the control
tube containing water and placed on the other side of the cage
indicate that, despite a weak overall time effect ( p � 0.035),
neither a genotype nor a genotype times time effect were evident
(Fig. 2A,B).

Olfaction and scent habituation tests
To determine whether deficits in social investigation might also
be associated with changes in nonsocial olfaction, we examined
mice in two tests of olfactory behavior. The first test consisted of
finding a scented cookie hidden in a cup containing litter. Indi-
vidually housed mice were food deprived for 16 hr before testing
and were trained for 3 d to find the cookie with a high concen-
tration of strawberry scent. Subsequently, mice were presented
with a cup containing the scented cookie and an empty cup. The
latency to locate the cookie and the total time of investigation did
not differ in PAC1�/� and PAC1�/� mice in the three experi-
mental sessions (Fig. 3A). However, a difference in the percentage
of time spent correctly discriminating scent from control was
detected during the first experimental session (genotype effect,
F(1,17) � 9.4, p � 0.007; time effect, F(3,51) � 3.0, p � 0.037;
genotype times time interaction, F(3,51) � 0.3, p � 0.05), suggest-
ing that PAC1�/� mice learned more rapidly to recognize the
scented cookie during the training procedure. An alternative ex-
planation may be that PAC1�/� mice are more effective at food-
guided foraging. However, at the end of the first session, all mice
exhibited similar abilities (Fig. 3A). To determine whether
PAC1�/� mice have an altered olfactory detection threshold, we
examined the effect of lowering the scent concentration. Al-
though there was a reduction in odor discrimination with de-
creasing scent concentration, there were again no differences be-
tween the PAC1�/� and PAC1�/� genotypes (Fig. 3B).
Nevertheless, PAC1�/� mice may form better long-term mem-
ory than WT, as further suggested by testing mice 1 month later
(data not shown).

Although PAC1�/� and WT mice appear to have similar ol-
factory capacity, it is possible that genotype-specific differences
in scent discrimination were masked by the conditioned olfactory
testing paradigm. To address this concern, we performed a sec-
ond test of nonsocial olfactory memory and specificity 2 months
later. Although less sensitive than olfactory-guided foraging, dif-
ferences in nonsocial olfaction can also be detected in untrained
mice. PAC1�/� and WT mice exhibited parallel decreases in in-
vestigation time to repeated scent exposure (Fig. 4A), indicating
similar abilities to recognize vanilla during trials 1–5 (genotype
effect, F(1,13) � 0.1, p � 0.05; time effect, F(4,52) � 9.7, p � 0.0001;
genotype times time interaction, F(4,52) � 0.24, p � 0.05). Similar
responses to the novel strawberry scent at test termination indi-
cated the specificity of odor recognition. Accordingly, there was
no difference in nonsocial olfactory memory between PAC1�/�

and PAC1�/� mice when the results were expressed as percent-
age of the time investigating the odors compared with the first
trial (Fig. 4B). Moreover, by using decreasing vanilla concentra-
tions (Fig. 4C), we detected no differences in odor detection
threshold between PAC1�/� and WT mice (genotype effect,
F(1,53) � 0.4, p � 0.05; concentration effect, F(3,53) � 17, p �
0.0001; genotype times concentration interaction, F(3,53) � 0.8,
p � 0.05). Finally, because differences in social memory among
genotypes were detected previously after a 240 min interval, mice
were tested 1 week later with two consecutive odor presentations
separated by the same temporal delay. Although the investigation
time during the second exposure was �50% less than the first, no

genotype-dependent difference was found (data not shown). To-
gether, these results suggest that PAC1 signaling does not influ-
ence odor discrimination or recently acquired memory linked to
nonsocial olfactory functions.

Mounting and aggressive behavior
The mounting behavior of PAC1�/�, PAC�/�, and WT males
toward OVX females was analyzed during the social investigation
tests. When tested in 1 min trials separated by 10 min intervals,
PAC1�/� males exhibited an increased number of mounts of the
same OVX females during the second and third presentations
(Fig. 5A) (genotype effect, F(2,38) � 5.9, p � 0.006; time effect,
F(3,114) � 14.9, p � 0.0001; genotype times time interaction,
F(6,114) � 2.2, p � 0.05). Similarly, when OVX females were pre-
sented 1 month later for 4 min trials, PAC1�/� mice exhibited
earlier increased mounting behavior compared with WT

Figure 3. Odor discrimination in a conditioned cue olfactory test. PAC1 �/� (n � 10) and
PAC1 �/� (n � 9) male mice were trained to recognize a cup containing a cookie with straw-
berry scent (1:10) during 3 d and were tested on consecutive days. A, Mice were then presented
a cup covered with sawdust and a cup containing a cookie with strawberry scent (1:10) on four
consecutive days (days 1– 4, 8 –11, and 15–18). Latency (time for cookie retrieval), total inves-
tigation (time sniffing and digging both cups), and percentage of odor discrimination (time
sniffing and digging the cup containing the cookie/total investigation) were scored. Values are
given as mean � SEM. There were no differences between PAC1 �/� and PAC1 �/� mice
except for the percentage of discrimination on days 1– 4 (unpaired t test, *p 	 0.05 vs PAC1 �/

�). B, On days 4, 11, and 18, a cup containing a cookie with strawberry odor (�3:1:1000,
�2:1:100, and �4:1:10,000) and a control cup were presented to mice 2 hr after presentation
of a cup containing the cookie with strawberry odor (1:10; S-1) and a control cup. Two hours
after completion of this test, a cup containing a cookie without strawberry scent (c) and a control
cup were presented to the mice. There were no differences between PAC1 �/� and PAC1 �/�

mice. Odor discrimination in both genotypes was impaired when strawberry scent concentra-
tion was decreased ( post hoc test, *p 	 0.05; **p 	 0.02; ***p 	 0.001 vs �1).
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(Fig. 5B) (genotype effect, F(2,38) � 3.38, p � 0.044; time effect,
F(1,38) � 6.35, p � 0.016; genotype times time interaction,
F(2,38) � 0.33, p � 0.05).

The resident intruder paradigm is a useful test to assess male
aggression and gender identification. WT mice are known to ex-
hibit strong aggressive behavior toward castrated males swabbed
with urine from dominant males but little or no aggression to-
ward castrated males without urine scent (Buck, 1996; Stowers et
al., 2002). Unexpectedly, PAC1�/� males exhibited significant
mounting behavior toward castrated males, regardless of whether
or not they bore dominant male urine scent (Fig. 5C). In contrast,
PAC1�/� mice exhibited responses typical of WT mice. In addi-
tion to inappropriate male mounting, PAC1�/� males exhibited
markedly reduced attack behavior (Fig. 5D) accompanied by in-
creased sniffing and licking behaviors (Table 3), suggesting an
overall change in sex-related behaviors. In contrast, when pre-
sented again with castrated males bearing dominant male urine 3
weeks later, the changes in mounting, licking, and aggressive be-
havior observed in PAC1�/� mice were no longer observed.

BrdU labeling in the SVZ
Because olfactory signals can increase neurogenesis and odor
memory (Rochefort et al., 2002) and SVZ precursors, which ex-
press PAC1 receptors, generate granule cells that migrate not only
to the MOB but also to the AOB (Bonfanti et al., 1997), we ex-
amined mitotic labeling of lateral ventricle precursors in PAC1-
deficient mice. PACAP stimulates olfactory precursor neurogen-

esis and survival in vitro (Hansel et al.,
2001), whereas we previously observed re-
duced mitotic labeling in vivo after acute
PACAP intraventricular injections (Nicot
and DiCicco-Bloom, 1999). Two hours af-
ter BrdU injection, there was no difference
in the number of BrdU-labeled cells in the
SVZ of PAC1-deficient and WT mice
(PAC1�/�, 873 � 58 (n � 5); PAC�/�,
875 � 63 (n � 5). This short survival par-
adigm does not allow labeled precursors
time to migrate to their targets, MOB or
AOB (Bonfanti et al., 1997) and, therefore,
these subpopulations were not assessed.

Discussion
Our observations indicate that PAC1-
deficient mice exhibit aberrant social and
sexual behaviors. PAC1-deficient females
displayed reduced affiliative behavior,
whereas PAC1-deficient males displayed a
faster decrease in social investigation of
OVX females or their urine after repeated
exposure, as well as excessive mounting
toward both females and males, and re-
duced aggression. Significantly, the alter-
ations in odor-based social and sexual in-
teractions in PAC1-deficient mice suggest
marked deficits in recognizing and pro-
cessing pheromonal cues. Finally, these
striking changes in social behaviors were
highly specific, because neither nonsocial
odor discrimination nor odor memory
were affected in PAC1-deficient mice, sug-
gesting that PACAP systems play impor-
tant regulatory roles in the processing of
complex social interactions.

Role of PAC1 signaling in the regulation of social interactions
Previous studies using anosmia models in mice and rats (Alberts
and Galef, 1971; Thor and Flannelly, 1977; Liebenauer and Slot-
nick, 1996) have shown that olfactory information is critical for
establishing social behaviors and regulating the preference for
conspecifics (Jones and Nowell, 1974). After disruption of olfac-
tory systems, gender identification is dramatically altered, result-
ing in the failure to attack male intruders and in the initiation of
male mounting behavior (Thor, 1980; Liebenauer and Slotnick,
1996). PAC1-deficient male mice exhibited a similar phenotype,
showing markedly reduced aggression and increased sexual be-
havior toward males. This behavioral repertoire also reproduces
some features observed in mice deficient in trp2 (a cation channel
expressed in the vomeronasal system), which investigates males
in a manner similar to female conspecifics (Stowers et al., 2002).
However, PAC1 mutant mice exhibited residual aggression, sug-
gesting that primary sensory signaling is not entirely defective.
Nevertheless, gender identification was markedly abnormal in
PAC1-deficient mice, suggesting that the recognition of specific
male pheromone cues is severely hampered. Moreover, because
PAC1-deficient male mice exhibited earlier mounting behavior
toward ovariectomized females, the system(s) inhibiting initia-
tion of mounting behavior also appears compromised when
PACAP signaling is deficient.

Although sex recognition was altered in PAC1-deficient

Figure 4. Performance in an odor habituation task in PAC1 �/� and PAC1 �/� mice. A, Time spent by PAC1 �/� (n � 7) and
PAC1 �/� (n � 8) mice sniffing a tube containing vanilla (trials 1–5) or strawberry (new) odor diluted at 10 �1. A control tube
containing water was placed on the opposite corner of the cage ( post hoc analysis, *p 	0.05; **p 	0.01 vs trial 1). B, Percentage
of time spent investigating the odor during the different trials compared with the time spent investigating the vanilla odor during
the first presentation ( post hoc analysis, *p 	 0.05; **p 	 0.01; ***p 	 0.001 vs first trial). No differences were observed
between PAC1 �/� and PAC1 �/� mice. C, Percentage of odor discrimination (time sniffing the tube containing the scent/time
sniffing control and scent tubes) for decreasing concentrations of vanilla scent (10 �1 to 10 �4) or novel scent strawberry (Str;
10 �1) tested at 1 week interval ( post hoc analysis, **p 	 0.01; ***p 	 0.001 vs vanilla 10 �4). The detection threshold for
PAC1 �/� and PAC1 �/� mice was identical.

Nicot et al. • Altered Social Behavior in PAC1-Deficient Mice J. Neurosci., October 6, 2004 • 24(40):8786 – 8795 • 8791



males, a decrease or delay in affiliative behavior with males was
observed in PAC1-deficient females. Several reports suggest that
PACAP plays a role in some aspects of female sexual behavior in
mice. Pharmacological studies first suggested that PACAP ad-
vances female puberty onset, presumably through pituitary hor-
mone regulation (Choi et al., 2000; Szabo et al., 2002). However,
because male urinary proteins serve to accelerate female puberty
onset (Mucignat-Caretta et al., 1995), the role of PACAP in pher-
omone processing identified here may be an additional mecha-
nism. Furthermore, PACAP is also an important hypothalamic
trigger of female sexual receptivity induced by steroids (Aposto-
lakis et al., 2004). Moreover, whereas PACAP-deficient female
mice have no defect in the estrous cycle, they exhibit a decrease in
mating behavior and maternal care (Hashimoto et al., 2001;
Shintani et al., 2002). These findings are consistent with our ob-
servations that PAC1-deficient females are barely fertile (Jamen
et al., 2000a,b) and exhibit delayed affiliative behavior (our
study), although additional studies are required to better delin-
eate these functional defects. Together, these data suggest that
PACAP, by regulating pheromone processing, sensory circuitry,
and endocrine maturation, affects different components of sex-
ual behavior and social affiliation.

In addition to abnormal gender identification, PAC1-deficent
males exhibited strikingly altered social investigation of females
on repeated presentation. Both PAC1-deficient males and WT
littermates show decreased investigation during the repeated pre-
sentation of an OVX female (or its urine), indicating that they are
able to recognize the familiar mouse (or odor). However, PAC1-
deficient mice show a faster decline in investigation. Because this
test is classically used to assess short-term social memory (Gheusi
et al., 1994; Ferguson et al., 2002), our findings could be inter-
preted as a better ability of PAC1 knock-out mice to form short-
term social memory. Although a social memory model has been
used successfully to account for anosmic or knock-out mice that
fail to exhibit normal declines in social investigation (Gheusi et
al., 1994; Ferguson et al., 2002), this model may not be adequate
for mice in which pheromonal and social cues are processed ab-
normally. Alternatively, PAC1-deficient males may be exhibiting
a diminishing interest in investigating the same individual, an
interpretation that is also consistent with a defect in central pro-
cessing of social olfactory information. Indeed, even if social
memory is enhanced in PAC1�/� mice, our results with other
behavioral tests on PAC1-deficient mice also indicate altered so-
cial interactions, supporting the alternative model.

Potential mechanisms of PACAP in the processing of social
signals in rodents
PACAP may act at several different levels of the CNS to mediate
the effects we detect. First, it may directly regulate trp2 channel
activity in the VNO-AOB pathway. Indeed, PACAP depolarizes
sympathetic neurons partly via opening a nonselective cationic
conductance channel potentially related to Trp2 (Beaudet et al.,
2000). However, whether PACAP or PAC1 receptors are present
in the VNO is currently unknown. The alterations in gender iden-
tification observed in PAC1-deficient mice may also occur down-
stream of the VNO-AOB projection, such as in the amygdala. The
amygdala plays a key role in processing social cues both in ro-
dents (Daenen et al., 2002) and humans (Baron-Cohen et al.,
2000) and has been shown to express high levels of both PACAP
and PAC1 receptors (Koves et al., 1991; Hashimoto et al., 1996).
Other central brain structures regulating social behavior such as
the lateral septum (Popik et al., 1992), basal nucleus of the stria
terminalis, and medial preoptic area (Popik and van Ree, 1991)

Figure 5. Mounting and aggressive behavior in PAC1 �/� males. A, Female mounting be-
havior by PAC1 �/� (n � 12), PAC1 �/� (n � 10), and PAC1 �/� (n � 19) male mice. Data
depict mean � SEM number of mounts of the same ovariectomized female during four succes-
sive 1 min trials separated by 10 min. The fifth trial (new) depicts the response to a novel female
during a 1 min pairing 10 min after the fourth trial ( post hoc analysis, *p 	 0.02; **p 	 0.01 vs
PAC1 �/�). B, Female mounting behavior of PAC1 �/� (n � 12), PAC1 �/� (n � 10), and
PAC1 �/� (n � 19) male mice. Data depict mean � SEM number of mounts of an ovariecto-
mized female during two successive 4 min trials separated by 30 min. During the first trial,
PAC1 �/� mice exhibited increased mounting behavior compared with WT ( post hoc analysis,
*p 	 0.02 vs PAC1 �/�). C, D, Male mounting and aggressive behavior of PAC1 �/� (n � 6)
and PAC1 �/� (n � 6) male mice. Data depict mean � SEM number of mounts ( C) or attacks
( D) toward a gonadectomized CD-1 male mouse (GDX; tested on day 1) or a GDX male swabbed
with 20 �l of fresh urine (U) collected from a dominant CD-1 male (GDX�U1, tested on day 8;
GDX�U2, tested on day 29; t test, *p 	 0.05; **p 	 0.01 vs PAC1 �/�).

Table 3. Social investigation and aggressive behavior of PAC�/� and PAC�/� male
mice in the resident intruder paradigm

PAC�/� PAC�/� p

Sniffing time (seconds)
GDX 117 � 13 132 � 11 NS
GDX plus U1 77 � 10 30 � 8 0.004
GDX plus U2 100 � 10 87 � 9 NS

Number of licking events
GDX 0.57 � 0.2 0 0.015
GDX plus U1 0.1 � 0.1 0.1 � 0.1 NS
GDX plus U2 0 0 NS

Number of attacks
GDX 0 0.3 � 0.3 NS
GDX plus U1 1.3 � 0.5 (4 of 7) 5.3 � 1.4 (6 of 7) 0.02
GDX plus U2 2.2 � 0.9 2.2 � 1.1 NS

Time attacks (seconds)
GDX 0 0.4 � 0.4 NS
GDX plus U1 3.9 � 13 34.1 � 13.8 0.025
GDX plus U2 14 � 7 17 � 9 NS

Number of tail flicking events
GDX 0 0.4 � 0.2 0.055
GDX plus U1 0.1 � 0.1 0.6 � 0.2 0.1
GDX plus U2 0.75 � 0.6 1.5 � 0.7 NS

The time spent in sniffing or attacking the intruder and the number of licking, attacking, or tail flicking events were
evaluated in PAC1�/� (n � 7) and PAC1�/� (n � 7) male mice. The intruder was a gonadectomized CD-1 mouse
(tested on day 1) or a GDX male swabbed with 20 �l of fresh urine (U) collected from a dominant CD-1 male (GDX plus
U1, tested on day 8; GDX plus U2, tested on day 29). Data (mean � SEM) were analyzed with the Student’s t test. NS,
Not significant.
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express PAC1 (Hashimoto et al., 1996) or PACAP (Hannibal,
2002) and may be involved as well. Future studies to identify the
brain structures specifically involved could use local peptide in-
jections and Fos immunoreactivity, as performed with oxytocin
(Ferguson et al., 2001).

Previous studies have shown that oxytocin, vasopressin, and
mediating receptors play major roles in social recognition and
social interactions, but not in nonsocial olfaction, by altering the
pheromone-dependent vomeronasal-AOB-amygdala pathway
or main olfactory bulb pathways (Dantzer, 1998; Ferguson et al.,
2001). Oxytocinergic pathways are apparently required for the
secondary olfactory processing that occurs in the olfactory bulb
and the medial amygdala and downstream at the basal nucleus of
the stria terminalis and medial preoptic area. Vasopressinergic
pathways to the lateral septum are also important for social rec-
ognition in rodents (Landgraf et al., 1995; Dantzer, 1998).
Whereas genetic deletions of oxytocin or V1aR and V1bR vaso-
pressin receptors elicit reduced social memory (Ferguson et al.,
2000; Wersinger et al., 2002; Bielsky et al., 2004), PAC1 receptor
loss results in an enhanced decline in social investigation, sug-
gesting that there may be functional antagonism between the two
peptide systems. Because PACAP (Koves et al., 1991; Piggins et
al., 1996; Hannibal, 2002) and PAC1 (Hashimoto et al., 1996) are
also expressed in the medial amygdala and its efferent targets,
there is an anatomical basis for oxytocin- or vasopressin-PACAP
signaling interactions, with decreased PACAP signaling leading
to enhanced oxytocin–vasopressin activity and altered social rec-
ognition. In further support of opposing peptide interactions are
the contrary effects on anxiety induced by genetic deletions, with
an absence of oxytocin resulting in increased anxiety (Mantella et
al., 2003) and disruption of PACAP (Hashimoto et al., 2001) or
PAC1 receptor (Otto et al., 2001) producing reduced anxiety. At
the pharmacological level, peptide antagonism may be expected,
because oxytocin receptors and V1Rs activate phospholipase C,
Ca 2�, and protein kinase C signaling through Gq/11 proteins
(Ku et al., 1995; Barberis et al., 1998; Schoneberg et al., 1998;
Birnbaumer, 2000). This sequence of signals can be antagonized
in cells by activators of the protein kinase A pathway that act via
G-proteins, including PAC1 receptor isoforms (Nicot and
DiCicco-Bloom, 2001; Nicot et al., 2002). Thus, it is likely that
normal social recognition and investigation requires a balance of
neuropeptide signaling in olfactory-amygdala pathways.

Changes we detect in affiliative behaviors may also reflect in-
teractions in PACAP-neurotransmitter systems in other brain
regions. Specifically, the activities of V1aR in the ventral pallidum
(Pitkow et al., 2001; Lim and Young, 2004; Lim et al., 2004) and
oxytocin and dopamine (acting via D2 receptors) in the nucleus
accumbens (Aragona et al., 2003; Liu and Wang, 2003) have been
shown to enhance partner affiliation and social attachment
in prairie voles. In rodents, there are dense PACAP-
immunoreactive fibers (Hannibal, 2002) in ventral pallidum and
heavy terminal fields exhibiting VIP, a PACAP-related peptide
acting on PAC1, in nucleus accumbens (Sims et al., 1980). Mod-
erate to high densities of PACAP–VIP binding sites (Martin et al.,
1987; Masuo et al., 1992) are also present in all of these brain
structures. Thus, disturbances of PACAP signaling in the balance
in these neurochemical systems may underlie the decreased affil-
iation observed in PAC1- and PACAP-deficient mice. In the case
of dopamine, interactions are supported by studies showing that
PACAP activates tyrosine hydroxylase activity in nucleus accum-
bens homogenates (Moser et al., 1999).

Besides a role in established neurocircuitry, one could also
propose that PACAP participates in forming or maintaining new

granule cells involved in pheromone processing, as some newly
generated SVZ precursors reach the AOB (Bonfanti et al., 1997).
In the hippocampus (Shors et al., 2001) and MOB (Rochefort et
al., 2002), recently generated neuronal precursors are thought to
play a role in new memory formation, but their role in the AOB is
unknown. Although PACAP regulates diverse functions during
developmental neurogenesis (Nicot and DiCicco-Bloom, 1999,
2001; Hansel et al., 2001; Suh et al., 2001; Nicot et al., 2002;
Waschek, 2002) and can alter adult SVZ mitosis after acute injec-
tion, there was no difference in acute BrdU labeling in adult SVZ
of PAC1-deficient mice compared with WT littermates. Interest-
ingly, when PAC1 male mice were retested with a male intruder 3
weeks later, they exhibited increased aggression and reduced
mounting behavior compared with the first presentation, sug-
gesting that mice can acquire new cues for gender identification.
Significantly, the loss of odor recognition after olfactory bulb
removal persists for only 3 weeks (Gheusi et al., 1994), whereas
impaired social recognition after vomeronasal organ removal
lasts only 1–2 weeks (for review, see Ferguson et al., 2002). These
data suggest that after this period, neural plasticity and use of
other cues or pathways allow mice to again recognize odors and
conspecifics. These same mechanisms may occur in PAC1-
deficient mice to recover gender identification. Alternatively,
previous odor exposure may specifically stimulate new AOB cell
generation, allowing identification of male conspecifics, a poten-
tial mechanism that is currently difficult to assess.

Lack of defects in nonsocial olfactory detection
PACAP ligand and receptor are expressed in developing neurons
and basal cells of the olfactory epithelium (Hansel et al., 2001).
Furthermore, the periglomerular and granule cells of the olfac-
tory bulb involved in downstream coding of olfactory informa-
tion express high levels of PAC1 receptor (Hashimoto et al.,
1996) and receive innervation from PACAP-immunoreactive fi-
bers (Hannibal, 2002). Despite these anatomical data supporting
a role for PACAP in olfaction, PAC1�/� mice did not show a
defect in odor discrimination (strawberry or vanilla), suggesting
that PAC1 is dispensable for nonsocial olfaction in vivo. More-
over, the size and the cytoarchitecture of the olfactory bulb are
apparently not affected in PAC1-deficient mice (our unpublished
data), although the peptide stimulates olfactory neurogenesis in
vitro (Hansel et al., 2001). This is in contrast with the dramatic
reduction in olfactory bulb size and granule cell number in neural
cell adhesion molecule knock-out mice, which exhibit impaired
odor discrimination (Gheusi et al., 2000).

Although possible relationships between neurogenesis and
memory formation remain a conceptual model, our observations
on nonsocial olfactory function and BrdU labeling in PAC1 mu-
tants provide some correlative support. Sensory input is critical
for the generation and survival of granule and perigranular cells,
because neurogenesis is decreased in odor-deprived or anosmic
animals (Corotto et al., 1994; Petreanu and Alvarez-Buylla,
2002). In crickets, elegant studies have recently demonstrated a
link between suppression of adult neurogenesis and impairment
of olfactory memory (Scotto-Lomassese et al., 2003). In accor-
dance with these findings, mice reared in standard conditions can
retain odor traces for a period shorter than 120 min (Bluthe and
Dantzer, 1993), whereas mice reared in odor-enriched environ-
ments retain odor traces for 240 min, an increase that correlates
with increased survival of newly generated olfactory bulb neu-
rons (Rochefort et al., 2002). In our experiments, PAC1-deficient
and WT mice exhibited no differences in odor trace retention at
240 min and no difference in BrdU mitotic labeling, consistent

Nicot et al. • Altered Social Behavior in PAC1-Deficient Mice J. Neurosci., October 6, 2004 • 24(40):8786 – 8795 • 8793



with this model. Consequently, we conclude that PAC1 does not
play a major role in nonsocial olfaction in adulthood.

A role of PAC1 signaling in the regulation of human
social interactions?
In aggregate, our results identify PAC1 signaling as an important
factor in processes underlying complex social behaviors in adult
mice. The phenotype of PAC1-deficient animals suggests that
alterations in social behavior depend on changes in pheromone
detection and processing, whereas nonsocial information (recog-
nition– discrimination of odorants) mediated by the main olfac-
tory bulb is unaffected. These findings raise the possibility that
PACAP systems are also involved in some aspects of human social
behavior and its disorders, as previously suggested for oxytocin
and vasopressin in autism (Insel and Winslow, 1998; Insel et al.,
1999; Maestrini et al., 2000; Hollander et al., 2003; Wassink et al.,
2004). Indeed, by comparing the social behavioral consequences
of blocking the two peptide systems, one may propose that
PACAP and oxytocin–vasopressin signaling elicit opposing ef-
fects at many brain loci, and that normal social memory and
behavior require a delicate balance between these two pathways.
With specific regard to the role of PACAP in pheromone detec-
tion, the vomeronasal organs in humans and related primates,
such as Old World monkeys, are only vestigial, and genes encod-
ing two major components of its signal transduction pathway
have undergone inactivation (Zhang and Webb, 2003). However,
functional brain imaging studies indicate that the human brain
also processes sex pheromone signals (Savic et al., 2001), al-
though potential roles for PACAP remain unexplored. More gen-
erally, the role of PACAP signaling in processes underlying com-
plex social behavior now identify its ligand and receptor
components as possible candidates for genetic susceptibility to
the autism spectrum disorders.
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