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Oxytocin (OT) knock-out mice fail to recognize familiar conspe-
cifics after repeated social exposures, despite normal olfactory
and spatial learning abilities. OT treatment fully restores social
recognition. Here we demonstrate that OT acts in the medial
amygdala during the initial exposure to facilitate social recog-
nition. OT given before, but not after, the initial encounter
restores social recognition in OT knock-out mice. Using c-Fos
immunoreactivity (Fos-IR) as a marker of neuronal activation in
this initial encounter, we found similar neuronal activation in the
wild-type (WT) and OT knock-out mouse in olfactory bulbs,
piriform cortex, cortical amygdala, and the lateral septum. Wild-
type, but not OT knock-out mice exhibited an induction of

Fos-IR in the medial amygdala. Projections sites of the medial
amygdala also failed to show a Fos-IR induction in the OT
knock-out mice. OT knock-out, but not WT, mice showed
dramatic increases in Fos-IR in the somatosensory cortex and
the hippocampus, suggesting alternative processing of social
cues in these animals. With site-specific injections of OT and an
OT antagonist, we demonstrate that OT receptor activation in
the medial amygdala is both necessary and sufficient for social
recognition in the mouse.
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Social recognition forms the foundation on which all social rela-
tionships are built. Across species, social memories are required
for kin recognition and for the establishment of dominant–sub-
ordinate relationships. In rodents, enduring social memories are a
component of a variety of complex social and reproductive pro-
cesses, including pair bond formation in monogamous species
(Demas et al., 1997) and selective pregnancy termination in mice
(Kaba et al., 1989; Keverne, 1998). Rats and mice also display
short-term memories of recently encountered individuals, which
decay in �1 hr (Gheusi et al., 1994; Popik and van Ree, 1998). In
the laboratory, social recognition is measured by a decline in the
amount of time spent investigating the same individual during
repeated pairings (Thor and Holloway, 1981).

The neuropeptide oxytocin (OT) has been implicated in a
number of social behaviors, including maternal care, affiliation,
and social attachment (Carter et al., 1992; Insel, 1992, 1997). In
sheep, OT acting in the olfactory bulb is involved in the long-term
olfactory memory of the newborn lamb (Keverne and Kendrick,
1992; Da Costa et al., 1996). OT knock-out (OTKO) mice fail to
display social recognition despite apparently normal olfactory and
spatial learning abilities (Ferguson et al., 2000). Because social
memory in OTKO mice is rescued by a single intracerebroven-
tricular infusion of OT, the recognition deficit appears to be
attributable to the absence of OT in adulthood and not to devel-
opmental effects of the null mutation (Ferguson et al., 2000). The
OTKO mouse thus provides an excellent opportunity to investi-

gate the neural mechanisms by which OT modulates social and
mnemonic processes.

Here we investigate the temporal and neuroanatomical mech-
anisms of OT-facilitated social recognition. We compare OT
infusions given just before or just after the initial exposure to
determine whether OT is essential for the normal acquisition and
processing of social cues or for the recall of this information.
Then, to investigate the neural mechanisms underlying the mem-
ory deficit, we compare neuronal activation in wild-type (WT)
and OTKO mice by quantifying Fos immunoreactivity (Fos-IR)
after a brief social exposure. Finally, based on the differences in
regional brain activity, we use site-specific injections of OT and an
OT antagonist (OTA) to investigate the relative role of the
olfactory bulb and the medial amygdala. These results demon-
strate that OT receptor activation in the medial amygdala is
essential for the acquisition of social memories.

MATERIALS AND METHODS
Animals. All OTKO and WT mice used in the study were derived from
heterozygous matings of mice descended from the recombinant hybrid
mouse originally constructed from 129SvEv and C57BL/6J background
strains (Nishimori et al., 1996). The genotype of all individuals was
confirmed using a PCR-based genotyping protocol, with DNA purified
from tail clips of 7- to 10-d-old pups. A single 5� primer common to both
the WT and OTKO allele and two genotype-specific 3� primers were
used for the amplification. The WT-specific 3� primer was complimen-
tary to a sequence in the first exon that was deleted in the OTKO allele,
and the 3� OTKO specific primer was complimentary to a sequence in the
phosphoglycerate kinase promoter of the OTKO allele. Pups were
weaned at 21 d and placed in same-sex group housing. All mice were
housed under standard vivarium conditions (23°C, food and water pro-
vided ad libitum). Lights came on at 7:00 A.M. and went off at 7:00 P.M.,
with all tests and procedures performed during the light phase, between
1100 A.M. and 4:00P.M.. Adult (�50 d), group-housed ovariectomized
female heterozygous mice were used as stimulus animals for the both the
social memory and social exposure trials.

Social recognition tests. At age 40–50 d, mice were transferred from
group to individual housing for 7–10 d to permit establishment of a
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home-cage territory. To minimize sexual behavior during the experi-
mental trials, animals were habituated to ovariectomized, stimulus fe-
males several times per day for 4–5 d before the first behavioral tests.
Subjects were also habituated to the behavioral testing room 12–18 hr
immediately before experimentation. Each trial began when an ovariec-
tomized stimulus mouse was introduced into the home cage of one
subject (n � 12 per genotype) for a 5 min interaction. At the end of the
5 min trial, the stimulus animal was removed and returned to an indi-
vidual holding cage. After a 30 min interexposure interval, another
stimulus animal was introduced to each subject. During “different fe-
male” trials, the stimulus animal introduced during the second trial was
novel, whereas, during “same female” or recognition trials, the same
stimulus animal was used during both the first and second encounter. All
behavior was recorded on videotape and subsequently scored by a trained
rater blind to the experimental conditions, using a computer-assisted
data acquisition system. Across all trials, investigation was defined as
direct, active, olfactory exploration of the stimulus female by the subject
male. In general it consisted of nosing and sniffing of the head and
anogenital regions, as well as close following and pursuit. Grooming,
aggressive posturing, and sexual behaviors including mounting were not
included in measures of investigation (Thor and Holloway, 1982;
Dantzer et al., 1987; Winslow and Camacho, 1995).

Social exposure for c-Fos immunoreactivity. OTKO and WT males were
divided into socially exposed (EXPOSED) and socially unexposed (UN-
EXPOSED) groups (N � 6 per genotype and experimental condition).
All animals were individually housed for 7–10 d before experimentation
and isolated from female pheromones for 48 hr immediately before
testing. At the beginning of the trial, each of the 12 animals assigned to
the EXPOSED group was presented in his home cage with an ovariec-
tomized female for 90 sec. All interactions were videotaped and later
scored by a trained observer. After the 90 sec exposure, the stimulus
female was removed and the experimental subject left undisturbed for 1
hr. All animals were then anesthetized with ketamine and transcardially
perfused with cold PBS followed by cold 4% paraformaldehyde, pH 7.4.
The 12 animals assigned to the UNEXPOSED group were not provided
with a social experience before tissue collection and were left undis-
turbed in their home cages until they were anesthetized for transcardial
perfusion. The perfused brains were subsequently removed for immu-
nocytochemical processing.

Immunocytochemistry. The 24 perfused brains of the animals from all
four experimental groups were placed in fresh 4% paraformaldehyde for
24 hr and then transferred to 30% sucrose and stored at 4°C. Using a
sliding microtome, 40 �m coronal sections were cut from the rostral pole
of the olfactory bulb through the caudal extent of the amygdala. Free-
floating, alternating sections were dipped in 1.5% H2O2, washed three
times in KPBS, and incubated in 0.3% Triton X-100, 0.3% normal goat
serum, 1% BSA, KPBS, and the Fos primary (1:10,000 rabbit polyclonal
antiserum; catalog #sc-52; Santa Cruz Biotechnology, Santa Cruz, CA)
for 1 hr at room temperature and 48 hr at 4°C. Sections were then washed
twice for 5 min in KPBS and incubated with biotinylated goat anti-rabbit
secondary for 1 hr at room temperature. Then the sections were washed
four times in KPBS, incubated for 1 hr at room temperature in avidin–
biotin complex, washed four more times in KPBS, and then reacted with
DAB solution for 4 min. The sections were washed four final times and
then mounted on Fisher-plus slides, air-dried, and coverslipped. Slides
were coded so that the raters had no knowledge of treatment condition or
genotype. A high-magnification image (200�) of each section was cap-
tured and analyzed using NIH Image software. The total number of
stained nuclei in three sections from both the left and right hemispheres
from each subject were counted, averaged, and divided by the total area
to derive a value for the total number of stained nuclei per square
millimeter of tissue.

Intracerebroventricular injections. Male OTKO mice (N � 12) were
fitted with intraventricular cannulas. Under ketamine and xylazine an-
esthesia, in a stereotaxic apparatus, a 1 mm midline incision across the
top of the skull was made, the periosteum was removed, and a 1 mm hole
located 1.1 mm lateral to bregma was drilled. A 26 gauge stainless-steel
indwelling cannula (Plastics One, Roanoke, VA) was implanted 0.26 mm
below the skull surface into the lateral ventricle. The cannula was
secured to the skull with dental cement, and a dummy cannula was
inserted to maintain patency. Injections were made using a 33 gauge
stainless-steel injector attached to PE-10 tubing fitted to a 10 �l Hamilton
syringe. Injections began 3–4 d after mice recovered from surgery. OT (0
or 1 ng in 4 �l of artificial CSF) was delivered to awake, restrained, mice
over 60–90 sec. During the “before” trials, subjects were injected with

either OT or CSF 10 min before the first behavioral encounter. During
the “after” trials, subjects were injected with either OT or CSF 10 min
after the first 5 min social interaction. After the 30 min intertrial interval,
each subject was reintroduced to the same stimulus female, and the
duration of olfactory investigation was quantified as above. Each subject
received all treatments with a minimum of 72 hr between administra-
tions. At the completion of the testing series, a 4 �l volume of 10% India
ink in CSF was injected into the brain to verify cannula placement.

Intracerebroventricular OT dose–response curve. OTKO males (N � 8)
were cannulated as described above and received intracerebroventricular
injections of OT (1000, 10, 1, 0.1, 0, 0.01, or 0 pg dissolved in 4 �l of
CSF), 10 min before the first 5 min stimulus exposure. The order in
which doses were administered was pseudorandomized, and a given
individual did not receive consecutive injections more than once every 72
hr. Injections of CSF were interspersed among peptide injections to
confirm a constant baseline response pattern.

Site-specific injections. WT and OTKO males (N � 14 per genotype)
were prepared for cannulation as described above. Mice were fitted with
two bilateral cannulas directed at the olfactory bulbs and the medial
amygdala. For the olfactory bulbs, 26 gauge bilateral cannulas (center to
center distance, 1.0 mm) were placed 1 mm beneath the surface of the
skull, 0.5 mm lateral to the midline in the center of each bulb. For the
medial amygdala, 24 gauge cannulas (center to center 5.0 mm) were
placed at a depth of 4.5 mm at 1.8 mm posterior and 2.5 mm lateral to
bregma. Injections were made using bilateral 33 gauge stainless steel
injectors attached to PE-10 tubing fitted to a 1 �l Hamilton syringe.
Injections began 5–7 d after surgical recovery, and in all cases injections
were bilateral and made 10 min before the first 5 min stimulus exposure.
OTKO males received 0.5 �l injections of either CSF or 0.1 pg of OT, the
highest dose determined to be ineffective in the ventricles. WT males
received 0.5 �l injections of either CSF or ornithine vasotocin (0.01 ng),
an oxytocin antagonist (Peninsula Laboratories, Belmont, CA). The dose
of the antagonist is 100-fold lower than a dose shown to be only
moderately effective in the ventricles (Ferguson et al., 2000). After the 30
min intertrial interval, each subject received a second 5 min exposure to
the same stimulus female, and the duration of olfactory investigation was
measured as described above. A given individual did not receive consec-
utive injections more than once every 72 hr and received a single bilateral
injection into either the bulbs or into the amygdala on a given day. Using
a counterbalanced design, subjects received peptide and CSF injections
into both neuroanatomical areas. After the final injections, cannula
placement was verified. Subjects were deeply anesthetized using ket-
amine and xylazine, and a 0.5 �l volume of 10% India ink in CSF was
injected unilaterally into the olfactory bulb (OB) and the medial nucleus
of the amygdala (MeA). We injected 0.5 �l (250 pg of 125I-labeled
D(CH2) 5 [Tyr(Me)2,Tyr 9NH2] of ornithine vasotocin (NEN, Boston,
MA) into the uninjected side of the OB and MeA, 10–15 min later
subjects were rapidly decapitated, and brain tissue was collected. Three
sets of adjacent 20 �m sections were thaw-mounted on slides. One set was
stained with cresyl violet for visualization of cannula tracks. A second set
was air dried before exposure to x-ray film to determine the spread of
OTA after injection. The third set was washed for 1 hr in 50 mM Tris and
100 mM MgCl2, pH 7.4, to determine the field of OT receptors occupied
by the injection. Both sets of slides were exposed to Biomax MR film
(Kodak, Rochester, NY) for 48 hr. One OTKO subject was dropped from
the study because of improper cannula placement, and one additional
OTKO was dropped because of premature cannula loss. Three WT
subjects were also lost from the study, one as a consequence of illness,
and two others whose cannulas became clogged during the testing
process.

Data analysis. The effect of genotype or treatment condition on social
recognition was analyzed using Student’s paired t tests comparing the
duration of investigation during the first and second social exposures. For
presentation purposes, all raw behavioral data were converted to ratios of
the time spent by each subject on olfactory investigation during the
second trial as compared with the time spent during the first trial (Perio
et al., 1989). Using these derived, relative duration of investigation
(RDI) ratios, values �0.5 are typically indicative that the subject recog-
nizes, or considers familiar, the stimulus animal presented during the
second trial, whereas values close to 1 indicate that the subject considers
the animal with whom he is interacting during that second encounter to
be novel, or unfamiliar. These same ratios were also used to compare the
influence of treatment condition across repeated trials within the same
subjects in the dose–response and the before–after injection studies,
using repeated measures, fixed factor ANOVAs. The number of c-Fos
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cells per square millimeter was compared across both genotype and
exposure conditions using a two-factor ANOVA. If either significant
main effects or interaction effects were detected, an appropriate post hoc
Newman–Keuls test comparison was used to measure individual treat-
ment group differences. In all tests, p � 0.05 was accepted as significant.

RESULTS
Behavior
A male mouse in his home cage, presented with an unfamiliar,
ovariectomized female, will spend the majority of his time during
the brief social encounter in anogenital inspection of the novel
individual. If after 5 min the female is removed and replaced 30
min later by a new, novel female, WT mice will investigate the
new female just as intensely as the first. OTKO males behave in
an identical manner, with investigation times similar to WTs in
both first and second exposures (Fig. 1a). There is no significant

reduction in the duration of investigation during the second
encounter for males of either genotype, as assessed by the Stu-
dent’s t test for paired data ( p � 0.05). There are also no
significant genotype differences detected in the duration of inves-
tigation during either the first or second encounters, as assessed
by the Student’s t test ( p � 0.05).

If instead of using different females for each encounter, the first
female is removed after 5 min, placed into a holding cage for 30
min, and returned to the same male, WT mice show a significantly
reduced level of olfactory investigation in the second encounter as
compared with the first. The data are presented as RDI. The RDI
was calculated by dividing the duration of investigation during the
second encounter by the duration of investigation during the first.
For WT males exposed to a familiar female, the mean RDI �
SEM � 0.38 � 0.03 ( p � 0.05), indicating that the males recog-
nize the previously encountered female as familiar. OTKO males
do not show a significant decline in investigation of the female
during the second exposure (RDI � 0.96 � 0.04; NS) (Fig. 1b).
During “same” female trials, there were no significant genotype
differences in the duration of investigation during the first en-
counter, as assessed by a Student’s t test ( p � 0.05).

A single intracerebroventricular injection of 1 ng of OT given
before the first social encounter restores social recognition in
male OTKO mice (Ferguson et al., 2000). To determine whether
OT is acting during the initial processing of the olfactory infor-
mation or the consolidation or recall of the memory, OT treat-
ment (1 ng, i.c.v.) was given either 10 min before or 10 min after
the initial exposure and tested in the social recognition paradigm.
There was an overall treatment effect as assessed by a one-way
repeated measures ANOVA (F(2,19) � 88.13; p � 0.00001). Nei-
ther CSF (RDI � 0.94 � 0.03; NS), nor OT administered after
social exposure (RDI � 0.89 � 0.03; NS) caused a significant
decline in olfactory investigation during the second exposure.
However, injections of OT before the first social encounter fully
restored the recognition response (RDI � 0.36 � 0.04; p � 0.05).

c-Fos immunocytochemistry
To identify candidate sites for the OTKO mouse’s deficit in the
processing of olfactory cues during social encounters, we com-
pared the neural activation patterns in OTKO and WT mice
briefly exposed to a novel stimulus female using the protein
product of the immediate early gene c-fos. There was no genotype

Figure 2. a, Neuroanatomical areas ana-
lyzed for Fos immunoreactivity after a so-
cial encounter. The boxes approximate the
regions illustrated in Figures 3–6: accessory
olfactory bulb (AOB) and the granule cell
layer of the main olfactory bulb (OB); the
dorsal portion of the lateral septum (LSD);
the bed nucleus of the stria terminalis
(BNST ); the medial preoptic area (MPOA);
the somatosensory cortex (SS Ctx); the CA3
subregion of the hippocampus (CA3); the
dentate gyrus (DG); the medial nucleus of
the amygdala (MeA); the piriform cortex
(Pir Ctx); and the cortical nucleus of the
amygdala (CoA). Adapted from Paxinos
and Watson (1998), Schematic illustrating
the flow of olfactory information in the ro-
dent brain (Meredith, 1991; Aggleton,
2001).

Figure 1. The social recognition deficit and its rescue by intracerebro-
ventricular injections of OT. a, Different female trials: male mice were
exposed to two novel ovariectomized stimulus females for 5 min each.
After an interexposure interval of 30 min, a novel female was paired with
each male. The data are presented as the RDI � SEM. Neither OTKO
nor WT males showed a significant decline in the amount of time spent
investigating the females presented during the second trial. b, Same
female trials: after the initial 5 min social encounter and a 30 min
interexposure interval, each male was paired with the same female to
whom he had been previously exposed. c, Intracerebroventricular injec-
tions of OT. Each male received three injections, given in random order:
CSF, 1.0 ng of OT administered 10 min before, and 1.0 ng of OT
administered 10 min after the first social exposure. Asterisks denote social
recognition, measured as a decline in the duration of investigation during
the second trial ( p � 0.05).
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difference in the amount of time spent engaged in olfactory
investigation during this exposure ( p � 0.05). After the 90 sec
interaction, the females were removed, and the males were left
undisturbed in their home cages for 1 hr before brain collection.
Twelve additional animals were left undisturbed in their home
cages until tissue collection. The brain regions analyzed for
Fos-IR are illustrated in Figure 2a. A schematic illustrating the
flow of olfactory information in the rodent brain is shown in
Figure 2b. The main olfactory bulb (MOB) and the accessory
olfactory bulb (AOB) exhibited similar densities of Fos-IR cells
in the WT and OTKO mice and were not affected by exposure
(Fig. 3, Table 1). There was a significant induction of Fos-IR in
the lateral septum (LSD), the cortical nucleus of the amygdala
(CoA), and the piriform cortex (Pir Ctx) in both WT and OTKO
males after exposure but no genotype effects (Fig. 4, Table 1). In
contrast, the MeA, the bed nucleus of the stria terminalis
(BNST), and the medial preoptic area (MPOA) were significantly
activated by the social encounter in WT but not OTKO males
(Fig. 5, Table 1). In the somatosensory cortex (SS Ctx), and in
CA1, CA3, and the dentate gyrus of the hippocampus, OTKO

males showed a robust induction of Fos-IR after social exposure,
whereas WT males showed no exposure-related activation (Fig. 6,
Table 1).

Site-specific injections
The MeA, which failed to show an activation after a social
exposure in the OTKO mice, receives olfactory input from the
main and accessory olfactory bulb (Fig. 2b). Both the OB and
MeA are rich in OT receptors (Insel et al., 1993). To determine
the relative role of OT in these areas, site-specific OT infusions
were performed in each area. First a dose–response curve was
determined using doses of OT ranging from 0.1 to 1000 pg. A
one-way repeated measures ANOVA detected a significant treat-
ment effect (F(5,36) � 8.51; p � 0.0001), and Newman–Keuls post
hoc tests revealed that doses of OT �1 pg effectively rescued the
social recognition deficit (Fig. 7a). Therefore, 0.1 pg OT was used
for the site-specific studies.

In OTKO males (N � 15) bilateral injections of OT, but not
CSF, into the MeA effectively restored species typical recognition
responses. Neither OT nor CSF injected bilaterally into the OB
rescued the deficit in social recognition (Fig 7b). To determine
whether OT receptor activation in the MeA of WT males was
necessary for social recognition, we injected 10 pg of the selective
OT receptor antagonist, ornithine vasotocin analog (OTA) into
either the MeA or the OB before the initial exposure and tested
the effects on social recognition. OTA prevented the normal
decline in the duration of olfactory investigation when injected
into the MeA of WT males, but was without effect when injected
into the OB (Fig. 7c).

To assess the spread of the OT and OTA from the site of the
injections, 0.5 �l of India ink (right side) and 125I labeled OTA
(left side) were injected into the OB and the MeA of all subjects.
Examination of the radiolabeled OTA after injection revealed
localization of the antagonist to the targeted areas (Fig. 8). In the
olfactory bulb, 125I-labeled OTA was typically distributed
throughout the granular and mitral cell layers in a pattern similar
to the distribution of OT receptors (Insel et al., 1993).

DISCUSSION
We have previously reported that an OTKO mouse exhibits
normal maternal care (Nishimori et al., 1996; Young et al., 1997)
but has a selective deficit in social recognition (Ferguson et al.,
2000). This deficit in social memory is notable because these mice
show no impairment in other forms of memory, including the
recall of nonsocial olfactory stimuli (Ferguson et al., 2000). In the
present study, we demonstrated that OT infusions given before,
but not after, the initial exposure restored social recognition. This
result demonstrates that OT must be present during the initial
exposure for social memories to form, suggesting that the deficit
in social recognition in OTKO mice represents a defect in the
initial processing of olfactory cues and not in the recall of the
previously stored memory.

Analysis of the Fos-IR induction after a social exposure dem-
onstrates similar neural activation in several brain regions in-
volved in the processing of olfactory information, including the
main OB, AOB, the Pir Ctx, and the CoA. However, the MeA,
BnST, and MPOA show reduced activity during social experi-
ence in OTKO mice compared with WT mice. The MeA receives
input from the main and accessory olfactory pathways and in turn
projects to the BnST and MPOA (Fig. 2b) (Meredith, 1991;
Aggleton, 2001). The pattern of neural activation in the OTKO
mice, when compared with WT mice, suggests that olfactory

Figure 3. Neural activation in the main and accessory olfactory bulbs. a,
c-Fos-immunoreactive cells in the MOB and the AOB of a representative
OTKO male exposed to a stimulus female. Scale bar, 0.1 mm. b, Summary
data from the AOB. c, Summary data from the MOB. There were neither
exposure nor genotype effects in either area. Each bar represents the
mean number of c-Fos-positive cells per square millimeter � SEM cal-
culated for each genotype and treatment condition.
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information is gathered and processed normally until it reaches
the MeA, which fails to become activated. The incoming infor-
mation is then not relayed on to the BNST or the MPOA.
Injections of OT into the MeA, but not into the OB, rescued the
recognition deficit in the OTKO mice. Similarly, OTA injected
into the MeA (but not into the OB) resulted in impaired social
recognition in WT mice. Together, these results demonstrate that

OT must be present in the MeA during the initial social exposure
for the proper processing of the olfactory information and the
development of the social memory.

The present results do not rule out a role for oxytocin in other
brain regions, including the olfactory bulbs. In rats, low doses of
OT injected both peripherally and ventricularly facilitate social
recognition responses (Popik et al., 1992; Benelli et al., 1995).
Previous studies have also demonstrated that in rats, OT admin-
istered site-specifically into the OB can prolong the species typ-
ical recognition response to 120 min and sometimes even longer

Table 1. Statistical results of the c-Fos induction study

Area Genotype Exposure Genotype � Exposure

AOB (F(1,16) � 0.32) (F(1,16) � 0.49) (F(1,16) � 0.11)
MOB (F(1,16) � 0.45) (F(1,16) � 0.13) (F(1,16) � 0.08)
LSD (F(1,16) � 2.83) (F(1,16) � 9.27) (F(1,16) � 1.64)
CoA (F(1,16) � 1.01) (F(1,16) � 25.27)*** (F(1,16) � 2.76)
Pir Ctx (F(1,16) � 2.94) (F(1,16) � 30.14)*** (F(1,16) � 3.81)
MeA (F(1,16) � 7.11)* (F(1,16) � 19.27)** (F(1,16) � 3.14; p � 0.056)
BNST (F(1,16) � 4.74)* (F(1,16) � 18.67)** (F(1,16) � 3.66; p � 0.052)
MPOA (F(1,16) � 6.66)* (F(1,16) � 21.00)*** (F(1,16) � 3.55; p � 0.053)
DG (F(1,16) � 11.71)** (F(1,16) � 28.36)*** (F(1,16) � 17.43)**
CA3 (F(1,16) � 17.56)** (F(1,16) � 33.59)*** (F(1,16) � 19.59)**
SS Ctx (F(1,16) � 30.71)*** (F(1,16) � 31.93)*** (F(1,16) � 31.39)***

*p � 0.05.
**p � 0.001.
***p � 0.0001.

Figure 4. Neural activation after social encounter. Representative pho-
tomicrographs showing c-Fos-immunoreactive cells in the cortical amyg-
dala (CoA) (a), piriform cortex (Pir Ctx) (c), and dorsal lateral septum
(LSD) (e). All images were taken from representative WT males. Scale
bar, 0.1 mm. Summary of data from the CoA (b), Pir Ctx (b), and the
LSD ( f). Each bar represents the mean number of c-Fos-positive cells per
square millimeter � SEM calculated for each genotype and treatment
condition. In all cases, asterisks denote significant differences between
exposed and unexposed animals of the same genotype, as assessed using
the appropriate Newman–Keuls post hoc test ( p � 0.05).

Figure 5. WT-specific patterns of neural activation. Representative pho-
tomicrographs showing c-Fos immunoreactivity in OTKO (a, d, g) and
WT (b, e, h) males in the medial amygdala (MeA; a, b), the bed nucleus of
the stria terminalis (BNST; d, e), and the medial preoptic area (MPOA; g,
h). Scale bar, 0.1 mm. Summary of data from the MeA ( c), the BNST ( f),
and the MPOA ( i). Each bar represents the mean number of c-Fos-
positive cells per square millimeter � SEM calculated for each genotype
and treatment condition. In all cases, asterisks denote significant differ-
ences between exposed and unexposed animals of the same genotype, and
pound signs denote significant genotype differences within the same
exposure condition, as assessed using the appropriate Newman–Keuls
post hoc tests ( p � 0.05).
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(Dluzen et al., 1998b). However, local infusions of OTA into the
bulbs are ineffective in preventing the naturally occurring recog-
nition response. It is therefore possible that OT in the OB is not
necessary for recognition per se but instead is important for
enhancing the species typical recall of socially relevant informa-
tion. In fact, these data are consistent with distinct mechanisms
underlying different components of social recognition and to-
gether with our current findings, raise the possibility that OT
within the MeA is essential for the processing or initial retention
of social information, whereas OT in the OBs and MPOA may
modulate the maintenance or recall of that previously stored
“trace”(Dluzen et al., 1998b).

Although the MeA has not previously been implicated in
rodent social recognition, its involvement in this behavior is not
surprising and has in fact been hypothesized by other investiga-
tors (Maaswinkel et al., 1996). In humans, the amygdala has
consistently been implicated in the processing of faces, emotional
expression, and social cues (Adolphs et al., 1994; Young et al.,
1995; Scott et al., 1997). Studies looking at neural activation after
nonsexual social encounters in rodents have also shown Fos
induction in this nucleus, and also in its afferent and efferent
connections (Fleming et al., 1994; Kirkpatrick et al., 1994; Wang
et al., 1997; Greco et al., 1998). Known to be involved in the
processing of pheromonal stimuli in golden hamsters (Petrulis
and Johnston, 1999), the MeA has also been shown to be essential
for a male vole’s long-term ability to remember the olfactory
signature associated with his mate (Demas et al., 1997). Across
species, this area is theorized to be a site involved in the general
integration of sensory information necessary for the regulation of

social and sexual behaviors (Rasia-Filho et al., 2000). The major
efferents of the MeA are to the BNST and the MPOA with minor
projections to other limbic areas, including the lateral septum and
the hippocampus, areas respectively implicated in a variety of
social and mnemonic processes, including parental care, male
sexual behavior, aggression, and territorial defense (Fleming et
al., 1994; Kirkpatrick et al., 1994; Numan and Numan, 1994;
Kollack-Walker and Newman, 1995; Lonstein et al., 1998).

The MeA is particularly rich in OT receptors in a variety of
species, including the mouse (Insel et al., 1993). Although the

Figure 6. OTKO-specific patterns of neural activation. Representative
photomicrographs showing c-Fos immunoreactivity in OTKO (a, d, g)
and WT (b, e, h) males in the dentate gyrus (DG; a, b), CA3 cells of the
hippocampus (d, e), and somatosensory cortex (SS Ctx; g, h). Scale bar, 0.1
mm. Summary of data from the DG ( c), CA3 ( f), and SS Ctx ( i). Each bar
represents the mean number of c-Fos-positive cells per square millime-
ter � SEM calculated for each genotype and treatment condition. In all
cases, asterisks denote significant differences between exposed and unex-
posed animals of the same genotype, and pound signs denote significant
genotype differences within the same exposure condition, as assessed
using the appropriate Newman–Keuls post hoc tests ( p � 0.05).

Figure 7. OT dose–response curve and site-specific injections of OT into
the OB and MeA. a, Dose–response curve for intracerebroventricular OT
rescue of social recognition in male OTKO mice. Bars represent the mean
RDI � SEM for each dose. A one-way repeated measures ANOVA
detected a significant treatment effect (F(5,36) � 8.51; p � 0.0001), and
Newman–Keuls post hoc tests revealed that several doses of OT differed
significantly from CSF (denoted by pound signs). b, Site-specific injections
of OT into the OB and MeA of OTKO mice. Subjects received injections
of either CSF or 0.0001 ng of OT into one of the two neuroanatomical
areas, 10 min before the first social encounter, and were tested for social
recognition. OT injected into the MeA, but not the OB was effective in
rescuing social recognition. c, Site-specific injections of oxytocin antago-
nist (OTA) into the OB and MeA of WT mice. The WT males received
injections of either CSF or 0.01 ng OTA, 10 min before the first social
encounter. In all cases, asterisks denote social recognition, or a significant
decline in the duration of investigation during the second trial ( p � 0.05).

Figure 8. Cannula placement and ligand dispersion around the injection
site. Cresyl violet-stained sections of the MeA (a) and OB (b) overlayed
by aligned autoradiograms of adjacent sections, showing the spread of
125I-labeled OTA immediately surrounding the injection site. In the MeA,
the OTA was typically confined to the MeA area without significant
spread. In b the animal was injected with 25I-labeled OTA in the lef t side
and India ink on the right. Scale bars, 1.0 mm.

Ferguson et al. • Oxytocin in the Amygdala and Social Recognition J. Neurosci., October 15, 2001, 21(20):8278–8285 8283



mechanism through which OT modulates MeA activity is un-
known, in other neuroanatomical areas, OT is believed to affect
recognition responses by facilitating the release of other neuro-
transmitters (Levy et al., 1995; Dluzen et al., 1998a). Within the
mouse OBs for example, OT facilitates noradrenergic release,
thereby enhancing normal recognition responses through an
�-adrenergic-mediated mechanism (Brennan and Keverne, 1997;
Dluzen et al., 2000). In the ewe, OT has also been demonstrated
to stimulate the release of NA within both the MPOA and the
OB, where it facilitates behaviors associated with recognition and
reduced aggression toward the lamb (Kendrick et al., 1992; Da
Costa et al., 1996; Brennan and Keverne, 1997). The MeA of the
mouse receives a significant noradrenergic projection and norad-
renergic mechanisms are known to be involved in the long-term
olfactory memories associated with pregnancy block in female
mice (Rosser and Keverne, 1985; Brennan et al., 1995). Thus, it is
possible that similar mechanisms may also be involved in the
OT-dependent short-term recognition responses in the MeA of
males.

In addition to the lack of Fos-IR activation in the MeA and its
efferents, OTKO mice exhibited a massive overactivation in the
SS Ctx and the hippocampus. It is unclear what the increased
activity in the cortex and hippocampi of the OTKO animals might
mean, but it is clear that a social memory does not form as a
consequence of these atypical activations. Conceivably, this al-
ternative pattern of activation could be the result of either a state
of confusion or an attempt by the subjects to compensate for the
deficits in the MeA system. Several recent imaging studies in
human populations suggest that the recruitment of alternative
neural pathways and sensory modalities might be represent a
common strategy used in situations involving specific neural def-
icits (Drummond et al., 2000).

An interesting parallel with the present findings can be found
in a series of recent neuroimaging studies in human autistic
patients. When viewing images of faces, autistic subjects, com-
pared with unaffected subjects, exhibit a decreased activation of
both the amygdala and the cortical “face” areas, and interestingly,
also show an increase in other cortical regions typically activated
while viewing nonsocial objects (Critchley et al., 2000; Schultz et
al., 2000). Other studies have found that autistic patients have an
impaired recognition memory for faces, dramatically lowered
levels of plasma OT concentrations, and neuropathology within
the amygdala (Aylward et al., 1999; Baron-Cohen et al., 2000;
Howard et al., 2000).

In summary, the deficit in social recognition in OTKO mice
appears to be caused by inappropriate processing of socially
relevant olfactory stimuli. Social and nonsocial olfactory cues are
apparently processed differentially because OTKO mice habitu-
ate to nonsocial odors as rapidly as wild-type mice (Ferguson et
al., 2000). This may be explained by the differential processing of
pheromonal and non-pheromonal odorants or perhaps context-
specific processing of stimuli. In wild-type mice, oxytocin re-
leased in the MeA during a social encounter facilitates the for-
mation of the social memory. In OTKO mice, the transmission of
olfactory information appears normal up to, but not including the
MeA. The MeA then fails to transmit this signal to the BNST and
MPOA, regions that could also be involved in social recognition.
As a consequence, alternative neural pathways are activated but
do not compensate for the deficit. Many studies have demon-
strated the involvement of OT in the regulation of complex social
behaviors such as pair bond formation and parental care. Our
results in addition demonstrate a critical role for OT in the early

neural processing of simple social stimuli, essential for individual
identification and recognition.
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