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ABSTRACT Vasopressin (AVP) and oxytocin (OT) immunoreactive (ir) neurons and
fibers were examined in the forebrain of male and female common marmosets (Callithrix
jacchus). As expected from previous studies of cell distribution in the rodent and primate
brain, AVP-ir cells were most evident in the paraventricularis, supraopticus, and
suprachiasmaticus of the hypothalamus. AVP-ir cells were also widely distributed in the
lateral hypothalamus and the bed nucleus of the stria terminalis. A sexually dimorphic
pattern of AVP-ir cells was found in the bed nucleus of the stria terminalis, in which
males hadmoreAVP-ir cells than females. OT-ir cells were found in the paraventricularis
and supraopticus of the hypothalamus as well as in the bed nucleus of the stria
terminalis and the medial amygdala. Male and female marmosets did not differ in the
distribution of OT-ir cells. Fibers for both AVP and OT were evident outside of the
hypothalamic-neurohypophyseal tract, but a plexus ofAVP-ir fibers in the lateral septum
or lateral habenular nucleus, as seen in the rat brain, could not be detected for either
peptide. Synapse 27:14–25, 1997. r 1997 Wiley-Liss, Inc.

INTRODUCTION

Vasopressin (AVP) and oxytocin (OT) are neuropep-
tide hormones that are primarily synthesized inmagno-
cellular hypothalamic neurons and released via the
posterior pituitary into the bloodstream, where they
influence the maintenance of fluid homeostasis and
blood pressure (Cowley and Liard, 1987; Valtin, 1987)
and, in the case of OT, regulate uterine contraction and
milk ejection (Cunningham and Sawchenko, 1991;
Fuchs, 1985). AVP and OT are also produced by parvo-
cellular hypothalamic neurons as well as in extrahypo-
thalamic areas, such as the bed nucleus of the stria
terminalis (ST) and medial amygdala (MAm), with
projections to targets within the central nervous sys-
tem whereAVP and OT appear to act as neurotransmit-
ters (Buijs, 1983; Caffé et al., 1987; De Vries and Buijs,
1983).
The distribution and characteristics of central AVP

and OT pathways have been extensively studied in
rodents. For example,AVP-producing neurons in the ST
and MAm, as well as their projections to the lateral
septum and lateral habenular nucleus, are sexually
dimorphic—male rats have more AVP immunoreactive

(AVP-ir) or AVP mRNA-labeled cells and denser projec-
tions than female rats (De Vries et al., 1981; Miller et
al., 1989b; van Leeuwen et al., 1985; Wang and De
Vries, 1995). These sexual dimorphisms are dependent
upon gonadal steroids. Castration reducesAVP-ir stain-
ing and AVP mRNA expression, whereas testosterone
treatment reverses these changes (De Vries et al., 1984;
Miller et al., 1989a; van Leeuwen et al., 1985;Wang and
De Vries, 1995). Oxytocin immunoreactive (OT-ir) path-
ways in the brain do not appear to be sexually dimor-
phic or steroid-dependent (Buijs et al., 1978; De Vries et
al., 1986; Sofroniew andWeindl, 1981).
Central AVP or OT pathways show dramatic differ-

ences among mammalian species. For example, the
dense cluster of AVP-ir fibers in the lateral septum
found in rats and other rodents is not found in rabbit
(Buijs, unpublished observations), cat (Caffé and Hol-
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stege, unpublished observations), monkey (Caffé et al.,
1989), or human brain (Fliers et al., 1986). Previous
studies in primates have examined AVP-ir or OT-ir
pathways (or their mRNAexpression) in the hypothala-
mus of cynomolgus, rhesus, and squirrel monkeys as
well as in humans (Caffé et al., 1989; Fliers et al., 1986;
Ichimiya et al., 1988; Kawata and Sano, 1982; So-
froniew and Weindl, 1980; Sukhov et al., 1993; Ueda et
al., 1983). In the present study, we examined the
distribution of AVP and OT immunoreactive neurons
and fibers throughout the forebrain of male and female
common marmosets (Callithrix jacchus). Marmosets
are members of the Callithricidae, a New World pri-
mate family characterized by group care of infants,
twin births, and varying degrees of monogamy (Steven-
son and Rylands, 1988). The objectives of the present
study were to define the distribution pattern ofAVP and
OT immunoreactivity and to determine if sexual dimor-
phisms could be detected in a monogamous primate.

MATERIALS AND METHODS
Subjects

Subjects in this study were laboratory-born male and
female common marmosets (Callithrix jacchus) living
in family groups. Animals were housed in wire mesh
cages (61 3 61 3 152 cm) provided with branches, PVC
sleeping enclosures, plastic ladders, and swings. The
colony room was provided with full spectrum fluores-
cent lights on a 12:12 h light-dark photoperiod with
lights on at 0700. The humidity was controlled at about
60%, and the temperature was about 25°C. Animals
were fed Zupreem (Hills Bros., Topeka, KS) twice daily
and a slurry consisting of water, monkey chow, apple
sauce, bananas, Poly-Vi-Sol vitamins without iron,
Purina New World monkey chow (Ralston Purina, St.
Louis, MO) and Karo syrup once a day. Several times
per week the diet was supplemented with fresh fruit,
mealworms, and peanuts. Purina New World dry mon-
key chow and water were provided ad libitum.
Subjects were anesthetized with sodium pentobarbi-

tal (60 mg/kg body weight) and perfused through the
ascending aorta with 0.9% saline, followed by 5%
acrolein in 0.1 M phosphate buffer (PBS), pH 7.6.
Brains were removed, stored in 30% sucrose for 72 h,
and then cut into 50 µm transverse sections with a
microtome. Floating sections were stored in 0.1 M PBS
at 4°C until they were processed for immunocytochem-
istry. To reduce variability in the background, we
processed all sections in the same immunocytochemical
staining.

Vasopressin immunocytochemistry

Brain sections from three male and three female
marmosets at 150 µm intervals were processed for
vasopressin immunoreactivity (AVP-ir). Floating sec-
tions were rinsed 3 3 15 min in 0.05 M Tris-HCl

containing 0.9% NaCl (Tris-NaCl, pH 7.6), treated with
0.1% sodium borohydride for 15 min, and then rinsed
again 3 3 5 min in Tris-NaCl. Sections were incubated
10 min in Tris-NaCl with 0.5% Triton (Tris-Triton) and
20% goat serum and 90 min in rabbit-anti-AVP serum
(ICN, Lisle, IL) 1:4,000 in Tris-Triton containing 2%
goat serum (TTG) at 37°C. The sections were then
rinsed 3 3 5 min in TTG, incubated 60 min in biotini-
lated goat-anti-rabbit 1:300 in TTG at room tempera-
ture, rinsed 2 3 5 min in TTG and 2 3 5 min in
Tris-NaCl, incubated 60 min in ABC complex, and
rinsed 3 3 5 min in Tris-NaCl. Floating sections were
stained with 0.05% 3-38-diamino-benzidine (DAB) in
Tris-NaCl with 0.003% H2O2. After three rinses in
Tris-NaCl, sections were mounted on slides, air-dried,
and coverslipped. Specificity control of antiserum was
tested by staining the alternative sections with anti-
AVP serum that was pretreated with 50 µMAVP, which
eliminated specific staining, or with anti-AVP serum
that was pretreated with 50 µM OT, which did not
reduce staining.

Oxytocin immunocytochemistry

Another set of brain sections from three male and
three female common marmosets at 150 µm intervals
was processed for oxytocin immunoreactivity (OT-ir).
Similar to AVP-ir staining, brain sections were treated
with 0.1% sodium borohydride, rinsed with Tris-NaCl,
and incubated in Tris-Triton with 20% goat serum.
Sections were then incubated in rabbit-anti-OT serum
(gift from Dr. Mariana Morris, Bowman Gray School of
Medicine), 1:20,000, 72 h at 4°C, biotinilated goat-anti-
rabbit, 1:300, 60 min at room temperature, and ABC
complex, 60 min at room temperature. Sections were
stained by DAB with H2O2 in Tris-NaCl. Control sec-
tions were incubated with rabbit-anti-OT serum that
was pretreated with 50 µM OT, which eliminated
specific staining. Conversely, pretreatment of rabbit-
anti-OT serumwith 50 µMAVP did not reduce staining.

Data quantification and analysis

Slides were coded so that the experimenter was not
aware of the identity of the subjects. Diagrammatic
representative brain sections from Stephan et al. (1980)
were used for defining anatomic regions in the marmo-
set brain. All brain sections were initially examined
with the 34 objective under a microscope. For each
brain area, three to five sections that spanned the area
with the highest number of AVP-ir or OT-ir cells were
chosen for further examination under the 320 objec-
tive. The number of AVP-ir cells in the stria terminalis
(ST), area of praeoptica periventricularis (APP), supra-
chiasmaticus hypothalami (ScH), and area of lateralis
hypothalami (ALH) and of OT-ir cells in the APP, ST,
and ALH was counted bilaterally in the sections for
each brain area. For data analysis, sections that con-
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tained the highest number of AVP-ir or OT-ir cells on
each side of the brain area were chosen, and the
average from both sides of each area was used to

represent each subject. The number of AVP-ir or OT-ir
cells in each brain area between males and females was
analyzed by a Student’s t-test.

Fig. 1. Camera lucida drawing of series of paired sections stained
for AVP (right, open circles) and OT (left, solid dots) immunoreactive
cells in a common marmoset. Coronal sections spaced at 600 µm
intervals are shown withA, most rostral and H, most caudal. Each dot
represents three to four cells.ALH, area of lateralis hypothalami;APP,
area of praeoptica periventricularis; CA, commissurae anterioris; CI,

capsula interna; CO, chiasma opticum; DAH, dorsalis anterior hypo-
thalami; F, fornix; LS, lateralis septi; PeH, periventricularis hypo-
thalami; PvH, paraventricularis hypothalami; ScH, suprachismaticus
hypothalami; SO, supraopticus hypothalami; ST, stria terminalis; TO,
tractus opticus.
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RESULTS
AVP immunoreactivity

The distribution of AVP-ir cells in the hypothalamus
of commonmarmosets is illustrated in Figure 1.A small

number of AVP-ir cells that were either bipolar or
multipolar were found in the area of praeoptica periven-
tricularis (APP) (Fig. 2A) and dorsalis anterior hypo-
thalami (DAH) (Fig. 2B), but in general there was no

Fig. 2. Photomicrographs displayingAVP-ir cells in the praeoptica periventricularis (APP) (A), dosalis
anterior hypothalami (DAH) (B), paraventricularis hypothalami (PvH) (C), and periventricularis
hypothalami (PeH) (D) of a common marmoset. Scale bar 5 100 µm.
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clear demarcation between magnocellular and parav-
ocellular immunopositive neurons anywhere in the
hypothalamus.Adense cluster ofAVP-ir cells was found
in the paraventricularis hypothalami (PvH) (Fig. 2C)
and caudally in the periventricularis hypothalami (PeH)
(Fig. 2D). In addition, clustered AVP-ir cells were also
found in the supraopticus (SO) (Fig. 3B). The number of
these cells increased caudally and then expanded in a
trapezoid appearance, followed by division into dorsolat-
eral and dorsomedial parts. ScatteredmultipolarAVP-ir
cells were found in the area of lateralis hypothalami
(ALH) (Fig. 3A) and stria terminalis (ST) (Fig. 4).
Finally, a fewAVP-ir cells were found in the suprachias-
maticus hypothalami (ScH). The number of AVP-ir cells
were counted bilaterally in the ST, APP, ScH, andALH.
The only area that showed a sexually dimorphic pat-
tern of AVP-ir was the ST, in which males had more
AVP-ir cells than females (t 5 5.00, n 5 4, P , 0.01)
(Figs. 4, 5). Due to the overlap of stained cells in the SO,
PvH, and PeH, the number ofAVP-ir cells in these areas
could not be counted reliably. However, male and
female common marmosets did not show evident differ-
ences in the number of AVP-ir cells in these areas.

Dense AVP-ir fibers from the SO projected towards
the infundibulum forming neurohypophyseal tract,
while some other fibers projected dorsally to the latera-
lis hypothalami. Dense AVP-ir cells in the PvH ap-
peared throughout the rostrocaudal extent and also in
the PeH regions. Fibers from these AVP-ir cells pro-
jected ventrolateral to the SO and dorsal to the ST.
Some fibers also projected towards the third ventricle,
where they ended at the subependymal layers.
In addition to the heavy staining of AVP-ir fibers that

formed the paraventriculo-supraoptico-neurohypophy-
seal tract, scattered AVP-ir fibers were found in the
nucleus accumbens (AC) (Fig. 6B), septi, fasciculi diago-
nalis brocae (DB), praeoptica lateralis (APL) (Fig. 6D)
and the ST (Fig. 6C). A few AVP-ir fibers were found in
the lateralis septi (LS) (Fig. 6A), but these fibers did not
form a plexus as found in rodents. In the medialis
posterior septi, scatteredAVP-ir fibers extended ventral
to the fasciculi diagonalis brocae (DB). The stria termi-
nalis, particularly the pars interna, also contained
AVP-ir fibers. In the rostral part, AVP-ir fibers were
found in the pars interna adjacent to the lateral ven-
tricle and extended from superior to the inferior of the
commissurae anterioris (CA). In the caudal part,AVP-ir
fibers from the pars interna extended to the PvH and
SO, respectively. AVP-ir fibers were not detected in any
aspect of the amygdalae (Am).

OT immunoreactivity

The distribution of OT-ir cells in the brain of common
marmosets is also illustrated in Figure 1. A small
number of OT-ir cells were found in the APP and DAH
(Fig. 7A,B), whereas clustered OT-ir cells were found in
the PvH, PeH (Fig. 7C,D), and SO (Fig. 8B). Scattered
OT-ir neurons were found in the ST, especially in the
area of pars interna that ventrally borders the ventricu-
lar wall (Fig. 8A). A few OT-ir cells were found in the
dorsal aspects of the medialis amygdalae (MAm) and in
the ALH. No OT-ir cells were found in the ScH. The
number of OT-ir cells in the APP, ST, and ALH were
counted bilaterally, and male and female common mar-
mosets did not differ in the number of OT-ir cells in any
of these areas (Fig. 9). OT-ir cells were overlapped in
the SO, PvH, and PeH and thus could not be counted
reliably. However, there did not appear to be noticeable
differences between males and females.
OT-ir fibers also formed a clear paraventriculo-

supraoptico-neurohypophyseal tract. In addition, OT-ir
fibers were found in the APP, ST (Fig. 10A), PeH, and
the MAm (Fig. 10C), where OT-ir cells were present.
OT-ir fibers were also found in the ventromedialis
hypothalami (Vm) (Fig. 10B) and corticalis amygdalae
(CAm) (Fig. 10D) in which no OT-ir cells were detected.

DISCUSSION

In the present study, we used immunocytochemistry
to map the distribution of AVP and OT immunoreactiv-

Fig. 3. Photomicrographs displaying AVP-ir cells in the area of
lateralis hypothalami (ALH) (A) and supraopticus hypothalami (SO)
(B) of a common marmoset. TO, tractus opticus. Scale bar 5 100 µm.
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ity in the forebrain of male and female commonmarmo-
sets. Previous studies have demonstrated a conserved
pattern of immunostaining across mammals, with AVP
cells present in the PvH, SO, and ScH and OT cells in
the PvH and SO. The current study extended this map
to a New World primate and found some variations
from previous reports in other mammalian species.
The distribution of AVP-ir cells and fibers in the SO,

PvH, and ScH and of OT-ir cells and fibers in the SO
and PvH in the common marmosets was in agreement
with previous reports in other species of primates (Caffé
et al., 1989; Fliers et al., 1986; Ginsberg et al., 1994;
Kawata and Sano, 1982). However, the distribution
pattern ofAVP-ir cells in the STwas unexpected.AVP-ir
cells in the ST were found in the area adjacent to the
lateral ventricle as well as in the ventromedial part of
the ST in the common marmosets. In the macaque
monkey (Caffé et al., 1989; Ginsberg et al., 1994) and
the human (Fliers et al., 1986), most of the AVP cells in
the ST were found in the area adjacent to the lateral
ventricle (few cells were found in the ventromedial part
of the ST in themacaquemonkey [cf. Caffé et al., 1989]),
whereas in rats these cells were found mostly in the
ventromedial part of the ST (De Vries et al., 1994;
Miller et al., 1989b; van Leeuwen and Caffé, 1983). The
pattern of AVP cell distribution in the ST in marmosets

Fig. 4. Photomicrographs displayingAVP-ir cells in the stria terminalis (ST) of amale (A) and a female
(B) common marmoset. Scale bar 5 100 µm.

Fig. 5. Mean number of AVP-ir cells per section in the stria
terminalis (ST), praeoptica periventricularis (APP), lateralis hypo-
thalami (ALH), and suprachiasmaticus hypothalami (ScH) in female
and male common marmosets. Females had fewer AVP-ir cells in the
ST than males (*P , 0.05). Error bars indicate standard errors of the
means.
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may represent a transitional expression of the AVP cell
distribution between rodents and Old World primates.
In previous studies in primates, although the number

of AVP-ir cells in the ST was not counted, there was no
indication of a sexual dimorphism (Caffé et al., 1989;
Fliers et al., 1986; Ginsberg et al., 1994). In the current
study, male marmosets had more AVP-ir cells in the ST
than females, suggesting a sexually dimorphic AVP
pathway in the ST. Such a sexually dimorphic AVP
pathway has been found in a variety of rodent species
such as rats, mice, gerbils, and voles (Crenshaw et al.,
1992; Hermes et al., 1990; van Leeuwen et al., 1985;
Wang et al., 1996b). In rodents, steroid hormones
regulate this sexually dimorphic AVP pathway through

an androgen- or estrogen-mediated mechanism (Axel-
son and van Leeuwen, 1990; De Vries et al., 1994; Zhou
et al., 1994). The mechanism in the marmoset is still
unknown. Although male marmosets had more andro-
gen immunoreactive neurons in the ST than females,
no colocalization between androgen andAVP immunore-
activity was detected (Wang et al., 1996a).
The sexually dimorphic structures are usually found

to generate sex differences in behavior and function.
For example, sexually dimorphic AVP-ir pathways in
the LS play an important role in social recognition in
male but not female rats (Bluthe and Dantzer, 1990;
Bluthe et al., 1990; Dantzer et al., 1988). Why do the
marmosets, with few gender differences in anatomy

Fig. 6. Photomicrographs displaying AVP-ir fibers in the lateralis septi (LS) (A), nucleus accumbens
(AC) (B), stria terminalis (ST) (C), and praeoptica lateralis (APL) (D) of a common marmoset. LV, lateral
ventricle. Scale bar 5 100 µm.
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Fig. 7. Photomicrographs displaying OT-ir cells in the praeoptica periventricularis (APP) (A), dosalis
anterior hypothalami (DAH) (B), paraventricularis hypothalami (PvH) (C), and periventricularis
hypothalami (PeH) (D) of a common marmoset. Scale bar 5 100 µm.
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and behavior, show evidence of a gender difference in
AVP-ir distribution? In rodents, monogamous prairie
voles that exhibit mating-induced pair bonding and
biparental care also have sexually dimorphic AVP-ir
pathways in the ST and LS (Bamshad et al., 1993;
Wang et al., 1996b). OT is found to facilitate female pair
bonding, whereas AVP plays an important role in male
pair bonding and parental care (Wang et al., 1994;
Williams et al., 1994; Winslow et al., 1993). These data
suggest that the sexually dimorphic structures also

enable animals to display certain behavior and function
in remarkably similar ways betweenmales and females
although their physiological conditions differ dramati-
cally. Nevertheless, the functional significance of the
gender dimorphic AVP pathways in the marmoset
needs to be further studied.
AVP-ir or OT-ir fibers were found in various brain

regions in the marmoset, and their distribution pat-
terns are similar to the pattern found in other species of
primates (Caffé et al., 1989; Fliers et al., 1986; Ginsberg
et al., 1994). In the present study, we did not detect a
plexus of AVP-ir fibers in either the lateral septum or
the lateral habenular nucleus in common marmosets.
In rodents, a plexus is evident in both of these regions
(in males more than in females) due to a dense projec-
tion from the ST and MAm (Caffé et al., 1987; De Vries
and Buijs, 1983; De Vries et al., 1985). These sexually
dimorphic AVP projections play an important role in
physiological and behavioral functions in rodents such
as temperature regulation (Demotes-Mainard et al.,
1986), aggression (Compaan et al., 1993; Koolhass et
al., 1990), learning, and memory (Bluthe et al., 1990;
Dantzer et al., 1988). Lack ofAVP-ir fibers in the lateral
septum and lateral habenular nucleus from the present
study is consistent with a previous study in macaques,
which also failed to detect a plexus of AVP-ir fibers in
both areas (Caffé et al., 1989). Similarly, only a small
number ofAVP-ir fibers in the lateral septumwas found
in the human brain (Fliers et al., 1986). This discrep-
ancy between primates and rats suggests that, in
primates, AVP neurons in the ST may project to differ-
ent target sites.
It should be noted that immunocytochemistry as

performed in the current study may be underestimat-
ing the number of AVP- (and OT-) positive cells. In

Fig. 8. Photomicrographs displaying OT-ir cells in the stria terminalis (ST) (A) and supraopticus
hypothalami (SO) (B) of a common marmoset. TO, tractus opticus. Scale bar 5 100 µm.

Fig. 9. Mean number of OT-ir cells per section in the stria
terminalis (ST), praeoptica periventricularis (APP), and lateralis
hypothalami (ALH) in female and male common marmosets. Error
bars indicate standard errors of the means.

22 Z. WANG ET AL.



rodents, AVP cells in the ST and MAm could be exam-
ined reliably only by using in situ hybridization to label
AVP mRNA (Miller et al., 1989b; Wang and De Vries,
1995) or by using immunocytochemistry on animals
that were treated with colchicine to visualize these cells
(Miller et al., 1992; van Leeuwen and Caffé, 1983). In
the monkey, AVP-ir cells in the extrahypothalamic
areas could not be observed consistently in the animals
that received no colchicine treatment (Caffé et al.,
1989). Although this would not be expected to differen-

tially affect males and females, it seems likely that the
total number ofAVP-producing cells in the ST is greater
than detected in the present study. In addition, we
noticed that the density and distribution of AVP-ir
fibers in marmosets, especially in the extrahypotha-
lamic areas in the present study, were less than that in
colchicine-treated Macaca monkeys (Caffé et al., 1989).
It is not clear whether the peptide concentration in
these areas was below the detectable level by immuno-
cytochemistry and whether colchicine treatment will

Fig. 10. Photomicrographs displaying OT-ir fibers in the stria terminalis (ST) (A), ventromedialis
hypothalami (Vm) (B), medialis amygdalae (MAm) (C), and corticalis amygdalae (CAm) (D) of a common
marmoset. LV, lateral ventricle; TO, tractus opticus. Scale bar 5 100 µm.
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enhance fiber staining, although it did not have obvious
effects on Macaca monkeys (Caffé et al., 1989) and rats
(G.J. De Vries, personal communication).
In conclusion, AVP and OT immunoreactivities in the

brain of the common marmoset, a New World primate,
generally resembled previous reports in rodents and
Old World primates. Male marmosets had more AVP-ir
cells in the ST than females, indicating a sexual
dimorphism found previously in rodents. In addition,
no AVP-ir plexus was found in the lateral septum,
suggesting that AVP cells in the ST in the marmoset
may project into different brain areas. The mechanism
for the sexually dimorphic AVP pathways in the ST and
lack of AVP-ir fibers in the lateral septum in common
marmosets need to be further studied.
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