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Abstract
Defining how arginine vasopressin (AVP) acts centrally to regulate homeostasis
and behavior is problematic as AVP is made in multiple nuclei in the hypothalamus [i.e.,
paraventricular (PVN), supraoptic (SON), and suprachiasmatic (SCN)] and extended
amygdala [i.e., bed nucleus of the stria terminalis (BNST) and medial amygdala (MeA)],
and these groups of neurons have extensive projections throughout the brain. To
understand the function of AVP, it is essential to know the site of origin of various
projections. In mice, we used gonadectomy to eliminate gonadal steroid hormone
dependent expression of AVP in the BNST and MeA and electrolytic lesions to eliminate
the SCN effectively eliminating those AVP-ir projections; we also quantified AVP-ir
fiber density in gonadectomized and sham operated male and female mice to examine sex
differences in AVP innervation. Our results suggest that the BNST / MeA AVP system
innervates regions containing major modulatory neurotransmitters (e.g., serotonin and
dopamine) and thus may be involved in regulating behavioral state. Further, this system
may be biased toward the regulation of male behavior given the numerous regions in
which males have a denser AVP-ir innervation than females. AVP from the SCN is
found in regions important for the regulation of hormone output and behavior.
Innervation from the PVN and SON is found in brain regions that likely work in concert
with the well-known peripheral actions of AVP controlling homeostasis and stress
response; female biased sex differences in this system may be related to the heightened
stress response observed in females.

Introduction
The peptide neurotransmitter and neurohormone arginine vasopressin (AVP) is
produced in a number of areas within the diencephalon and telencephalon of the mouse
brain (Abrahamson and Moore, 2001; Castel and Morris, 1988; Ho et al., 2010; Rood and
De Vries, 2011). The most conspicuous of these are the paraventricular nucleus (PVN),
supraoptic nucleus (SON), suprachiasmatic nucleus (SCN), bed nucleus of the stria
terminalis (BNST), and medial amygdala (MeA). These regions are functionally distinct
from each other, having been implicated in, for example, the regulation of homeostasis
(PVN and SON), circadian rhythms (SCN), and social behavior (BNST and MeA),
respectively (de Vries and Miller, 1998). Presumably, AVP projections from these sites
have functionally distinct roles that reflect their site of origin. Thus in designing
hypotheses regarding the function of AVP innervation in a particular brain region, it is
crucial to identify the site of origin of AVP-ir fibers.
Previously, work using electrolytic lesions and tract-tracing methods have shed
light on the site of origin of some projections, especially in the rat. For example,
retrograde tracing and electrolytic lesions point at the bed nuclei of the stria terminalis
(BNST) as a major source of innervation to the lateral septum, lateral habenula,
periaqueductal gray, and raphe nuclei (De Vries and Buijs, 1983). Similar studies
implicated the suprachiasmatic nucleus (SCN) in the innervation of the paraventricular
thalamus, dorsomedial hypothalamus, preoptic area, and subparaventricular zone
(Hoorneman and Buijs, 1982) and the medial amygdala (MeA) in the innervation of the
lateral septum and ventral hippocampus (Caffe et al., 1987). Lesion studies and
immunohistochemical studies in combination with retrograde labeling have identified the
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paraventricular nucleus of the hypothalamus (PVN) as a major source of AVP-ir
projections to the hindbrain (De Vries and Buijs, 1983; Hallbeck et al., 2001; Sawchenko
and Swanson, 1982). Although these studies shed light on the origin of a fair number
AVP projection sites in the rat, AVP-containing fibers are present in many more nuclei
than were the focus of these studies, and an examination of the site of origin of AVP-ir
fibers has not been undertaken systematically in other species.
Although an increasing number of studies are taking advantage of the power of
genetic tools to study AVP function in mice, as of yet no studies have examined the site
of origin of fibers in this species; some tentative inferences, however, have been made
from carefully made observations from brain slices stained for AVP or neurophysin, a
peptide co-expressed with AVP (Abrahamson and Moore, 2001; Castel and Morris,
1988). We are particularly interested in the AVP projections of the BNST and MeA,
because AVP produced by these brain regions has been directly and indirectly implicated
in social behaviors such as social recognition, aggression, parental behavior, and partner
preference (Dantzer et al., 1987; Koolhaas et al., 1990; Lim and Young, 2004; Wang et
al., 1994; Young et al., 1999).
One of the unique features of the BNST and MeA AVP system is its dependence
on circulating gonadal steroids. In the absence of gonadal steroids, these areas stop
producing AVP mRNA, leading to an eventual depletion of AVP in their numerous
projection sites (de Vries et al., 1984; De Vries et al., 1994; Mayes et al., 1988; Miller et
al., 1992; Wang and De Vries, 1995). In addition to its dependence on gonadal steroid
hormones, the AVP system originating in the BNST and MeA is sexually dimorphic in
rats, mice, and the majority of vertebrate species studied (De Vries and Panzica, 2006).
Males typically have more cells than females in the BNST and MeA and a greater density
of fibers in known projection sites such as the lateral septum and lateral habenula (De
Vries and al-Shamma, 1990; de Vries et al., 1981; Miller et al., 1989; Rood et al., 2008;
Wang and De Vries, 1995). In rats, AVP expression in the BNST and MeA is organized
by testosterone and its metabolites early postnatally resulting in a permanent sex
difference (De Vries et al., 1983; Han and De Vries, 2003; Wang et al., 1993). The AVP
system of the mouse is also sexually dimorphic; males have more cells than females in
both the BNST and the MeA, even in animals treated with similar levels of testosterone
(Rood et al., 2008). In addition a number of brain regions have sexually dimorphic
innervation in the mouse including the lateral septum, lateral habenula, mediodorsal
thalamus and medial amygdala (Bakker et al., 2006; De Vries et al., 2002; Gatewood et
al., 2006; Rood et al., 2008). Therefore, in addition to identifying which fibers derive
from the BNST and MeA, the occurrence of sex differences is also a focus of this study.
In the current study, we combined gonadectomy and electrolytic lesions to
identify projections from the different AVP production sites. As described above the
expression of AVP in the BNST and MeA depends on circulating gonadal steroids, and
loss of these hormones leads to a loss of AVP production in these regions but not in other
AVP producing sites (de Vries et al., 1984; Mayes et al., 1988; Miller et al., 1992).
Using this principle, we examined AVP immunoreactivity (-IR) in the brains of male and
female mice that were gonadectomized or sham-operated to determine where AVP-IR
disappears suggesting a BNST or MeA site of origin. In addition, in a second cohort of
gonadectomized male mice, we lesioned the SCN in order to determine quantitatively and
qualitatively which fibers disappeared and thus presumably originate in the SCN. By
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process of elimination, the remaining fibers most likely come from the PVN, SON, or
accessory nuclei located within the hypothalamus. Finally, in male and female mice that
were gonadectomized or sham-operated, we quantified AVP-ir fibers in numerous
locations throughout the brain to test the hypothesis that gonadal steroid dependent sites
(which are most likely of BNST or MeA origin) are also sexually dimorphic, but regions
receiving AVP-ir projections from other sites are not. We conclude that the majority of
hormone dependent AVP-ir projections are indeed sexually dimorphic with males having
a denser innervation than females. However, we also report that some regions that
receive AVP projections from sites other than the BNST or MeA are sexually dimorphic
as well, surprisingly, with denser innervation in females than in males.

Methods
Animals
Male (n=24) and female (n=22) sexually-inexperienced C57BL/6 mice from a
breeding colony at the University of Massachusetts were used in Experiment 1, and an
additional 7 male C57BL/6 mice were used in Experiment 2. Animals were grouphoused at weaning (5 or less per cage) with same-sex siblings under a 14:10 light cycle
with lights on at 6:00 am and ad libitum access to food and water. Brain sections from
the male sham group were also used in a previous publication describing the distribution
of AVP-ir innervation of the mouse brain (Rood and De Vries, 2011). All procedures
conformed to National Institute of Health guidelines and were in accordance with a
protocol approved by the University of Massachusetts Institutional Animal Care and Use
Committee.

Experiment 1
Gonadectomy
At approximately 60 days of age, 12 male and 12 female mice underwent bilateral
gonadectomy, and 12 male and 10 female mice underwent sham surgery under isoflurane
anesthesia (2% in oxygen by inhalation; Halocarbon Laboratories, River Edge, NJ). All
animals were given a single injection of buprenorphine (0.05 mg/Kg; Bedford
Laboratories, Bedford, OH) immediately following surgery.
In mice, AVP-immunoreactivity (-IR) in the lateral septum and habenular nucleus
gradually dissipates following gonadectomy to become virtually undetectable around 12
to 15 weeks following surgery (Mayes et al., 1988). We therefore chose a 15 week
survival time following surgery. During this period one male sham animal and three
female sham animals died for unknown reasons. Furthermore, after decoding and
analyzing the data, one "gonadectomized" female was found to have AVP-IR
indistinguishable from intact females suggesting that at least one ovary was left intact.
This subject was removed from all comparisons. Thus the sham groups include results
from 11 males and 7 females and the gonadectomy groups from 12 males and 11 females.

Experiment 2
Gonadectomy
At approximately 60 days of age 7 male mice underwent bilateral gonadectomy as
described above.
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Suprachiasmatic nucleus lesions
At least 15 weeks following gonadectomy, male mice underwent stereotaxic
surgery and received a lesion of the SCN. Mice were anesthetized with isoflurane (2%
isoflurane, Halocarbon Laboratories) and positioned in a stereotaxic apparatus. A hole
was drilled at bregma, and a tungsten electrode coated with plastic except for the tip
(#718500, A-M Systems, Inc., Carlsborg, WA) was lowered at the midline and 0.1 mm
rostral to bregma to a depth of 5.5 mm below the dura. An electrolytic lesion was made
by applying a 0.5 mA current to the electrode for 20 seconds. The electrode was
removed immediately following lesion-making, the hole in the skull was filled with bone
wax, and the wound was sutured closed. All animals were given a single injection of
buprenorphine (0.05 mg/Kg; Bedford Laboratories) immediately following surgery.
Seven gonadectomized males received lesions of the SCN. In two animals, the
lesions only damaged the caudal aspect of the SCN. In another animal, the lesion only
eliminated AVP-ir neurons in the medial part of the SCN. The remaining four subjects
were used for the qualitative and quantitative analyses described below (Fig. 1). In two
of these four, SCN lesions caused complete unilateral lesions with extensive contralateral
damage. The final two subjects had complete bilateral lesions of the SCN. The PVN was
intact in all subjects.

Tissue collection and processing
In Experiment 1, mice were euthanized 15 weeks following gonadectomy or sham
surgery. In Experiment 2, mice were euthanized three weeks following SCN lesion. All
mice were euthanized by CO2 asphyxiation followed by rapid decapitation. Brains were
removed rapidly and placed in 5% acrolein (Sigma Aldrich, St. Louis, MO) in 0.1 M
sodium phosphate buffer, pH 7.6 (PB) for four hours, after which brains were transferred
to 30% sucrose in PB and stored at 4° C until sectioning. Brains were sectioned at 30 µm
in the coronal plane, and every third section was used for AVP immunohistochemistry.

Immunohistochemistry
AVP-IR was visualized using guinea pig anti-AVP (T-5048; Peninsula
Laboratories, San Carlos, CA) as previously described (Rood and De Vries, 2011).
Briefly, sections were subjected to an antigen retrieval step (0.05 M sodium citrate in
TBS, pH 7.6) and an aldehyde inactivation step (0.1 M glycine in TBS). Then following
a blocking step (20% normal goat serum (NGS), 0.3% Triton X and 1% H2O2 in TBS),
sections were incubated overnight in guinea pig anti-AVP (2% NGS, 1% BSA, 0.3%
Triton X, and 1:12,000 guinea pig anti-AVP antiserum). The primary antibody was
visualized using a biotinylated goat anti-guinea pig secondary [1:250 biotinylated goat
anti-guinea pig IgG (Vector Laboratories, Burlingame, CA) in TBS with 2% NGS and
0.32% Triton X], tertiary binding to avidin-biotin complex (ABC Elite kit; Vector
Laboratories), and reaction with DAB with nickel enhancer (DAB peroxidase substrate
kit; Vector Laboratories). Sections were mounted on gel-coated slides, rinsed briefly
with distilled water, and air dried before slides were coverslipped using Permount
(ThermoFisher Scientific, Waltham, MA)
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Antibody characterization
The AVP antibody used in this study (T-5048; Peninsula Laboratories) was raised
against a synthetic version of the nine amino-acid peptide (Arg8)-AVP (H-Cys-Tyr-PheGln-Asn-Cys-Pro-Arg-Gly-NH2). Minimal cross-reactivity with (Lys8)-AVP or
oxytocin, another nonapeptide, was observed using radioimmunoassay (manufacturer’s
data sheet). In control sections in which the primary antibody was omitted or in which
the primary antibody was preadsorbed with 50 µM (Arg8)-AVP (Sigma Aldrich) at room
temperature for 1 hour prior to overnight tissue incubation, immunoreactivity was not
observed. However, preadsorption with 50 µM oxytocin (Sigma Aldrich) did not block
immunoreactivity, verifying the specificity of the antibody.

Qualitative fiber density analysis
In Experiments 1 and 2, fiber locations were observed using a bright field
microscope (Nikon Eclipse E600; Nikon Instruments, Melville, NY). Qualitative
observations regarding the relative density (e.g., sparse, scattered, moderate, dense) of
AVP-ir fibers in sham subjects and the loss of AVP-ir fibers following gonadectomy or
SCN lesion were used to create a map of AVP projections throughout the brain indicating
site of origin (Fig 2). For atlas drawings, brain slices were chosen for each location from
bregma 1.54 to -6.72 corresponding to panels illustrated in The Mouse Brain in
Stereotaxic Coordinates, 3rd ed. (Franklin and Paxinos, 2008). Sections were chosen
from two representative sham-operated male mice. Initial qualitative assessments of fiber
density were made from these subjects. Subsequently, these assessments were compared
for consensus against fiber distributions in the remaining nine male sham-operated mice,
the twelve gonadectomized male mice, and the four gonadectomized male mice with the
most complete SCN lesions (see Fig 1). For each drawing a photomicrograph of the
brain section was taken using a 2x objective. The image was printed and then traced
using an Intuos pen tablet (Wacom, Vancouver, WA) and Adobe Illustrator CS4 (Adobe
Systems, San Jose, CA). Major structural landmarks were traced, while other
delineations were made based on the presence of AVP-IR. Color choice was made using
the observed AVP-ir fiber densities from the gonadectomy and SCN lesion experiments,
and color shade was based on density of projections. Density was assessed using a fourpoint scale: sparse, scattered, moderate, or dense. Sparse (Fig 2a) indicates that only a
very few AVP-ir fibers or puncta were found, scattered (Fig 2b) indicates that several
fibers are present but they can still be resolved as individual fibers, moderate (Fig 2c)
indicates that there were many fibers often forming clusters that cannot be resolved as
individual fibers, and dense (Fig 2c) means there are many fibers forming clusters that
cannot be resolved.

Quantitative fiber density analysis
Density of AVP-immunoreactive (-ir) fibers was measured by gray-level
thresholding of digitally captured images using ImageJ (NIH, http://imagej.nih.gov/ij).
Each image was modified using the "sharpen" tool. Gray-level thresholding was used to
determine the number of pixels that represented AVP-IR. All slides were coded prior to
image acquisition and analysis, so that the experimenter was blind to treatment groups.
Data are reported in number of pixels, with a higher number indicating a higher
proportion of the area covered by AVP-ir fibers.
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In all cases, locations sampled were matched for anatomical similarity based on
structural landmarks (i.e., ventricles, white matter, or AVP-ir staining). For example, the
section containing the caudal central anterior hypothalamus was defined as the rostral
most section in which AVP-ir fibers traverse perpendicular to the 3rd ventricle and pass
dorsally over the fornix. The location of the image was then defined by placing the top
lateral (i.e., in relation to the midline of the section) corner of the picture frame at the
bottom lateral corner of the fornix. All locations were sampled in this way with criteria
specific to the location and are illustrated in Fig 2. In some cases multiple rostral to
caudal locations were chosen within a single brain region. For example, three positions
through the posterodorsal medial amygdala were analyzed. In each of these cases, the
location was anatomically matched between animals and analyzed independently of other
locations within the same brain region. In some cases, there was no suitable section from
a given subject. These cases were excluded from the analysis for that location. Final
numbers of samples are included in Table 2.
Effect of SCN lesions
AVP-ir fiber density was measured with gray-level thresholding in 5 locations
within the diencephalon and telencephalon of gonadectomized male mice with SCN
lesions (from Experiment 2; n = 4) or without lesions (from Experiment 1; n = 4). The
locations analyzed are illustrated in Fig 2 as red boxes in the bottom panels. Images for
quantitative analyses were captured with a Hamamatsu-ORCA-ER camera (Hamamatsu
Photonics, Hamamatsu City, Japan) and Leica Application Suite software (Leica
Microsystems, Wetzlar, Germany) on a Leica DM5000B microscope (Leica
Microsystems) equipped with a 20x objective.
Sex differences and effect of gonadectomy
AVP-ir fiber density was measured using gray level thresholding in 85 locations
throughout the brains of males and females that were GDX (twelve males and eleven
females) or sham (eleven males and seven females) operated from Experiment 1. As
some locations may not have been available from all subjects, final numbers may differ
and are reported in Table 2. The locations analyzed are illustrated in Fig 2 as red boxes
in the top panels. Images for quantitative analyses were captured using a SPOT-RT
camera and software driver (Diagnostic Instruments, Sterling Heights, MI) using 2x2
binning on a brightfield microscope (Nikon Eclipse E600; Nikon Instruments, Melville,
NY) equipped with a 20x objective.

Statistics and Image Acquisition
Quantitative results examining the effect of SCN lesion on AVP-IR were
analyzed using non-paired t-tests using Statistica (Statsoft, Inc., Tulsa OK). Quantitative
results examining sex differences and the effects of gonadectomy were analyzed with
two-factor ANOVA using SPSS (IBM, Armonk, NY). The factors were sex (male or
female) and surgery (sham or gonadectomy). Fisher's least squared difference tests were
used to determine group differences where appropriate. A p-value of 0.05 or less was
considered to be significant throughout.
Image acquisition methods for illustrations and quantitative analyses are
described above. For photomicrographs, images were captured with either a Hamamatsu-
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ORCA-ER camera (Hamamatsu Photonics) and Leica Application Suite software (Leica
Microsystems) or a MicroFire camera and Picture-Frame software (Optronics, Goleta,
CA). In Adobe Photoshop (Adobe Systems), digital images were adjusted once with a
"sharpen" filter and then adjusted for brightness and contrast. Text, scale bars, and other
markings were added to photomicrographs in Adobe Illustrator (Adobe Systems).

Results
Qualitative analysis of gonadectomy and SCN lesion
Brains of gonadecotmized and sham-operated male mice were examined for the
presence or absence of AVP-ir fibers throughout the brain. In a second experiment,
brains of gonadectomized male mice that had received electrolytic lesions of the SCN
were examined similarly. The combined results of these experiments are described
below and are extensively catalogued in Fig 2, where a color code is used to depict areas
where AVP-IR decreased following gonadectomy (red), decreased following SCN lesions
(blue), or remained unchanged (green). Color shade is used to indicate relative density of
AVP-ir fibers in intact animals. Throughout the text references to Fig. 2 are made by
identifying the relevant bregma (B) location. Photomicrographs provide examples of
such observations for four regions in Fig 3.
Telencephalon
Gonadectomy drastically reduced or eliminated AVP-IR in numerous brain
regions throughout the telencephalon. In general, AVP-IR was decreased in areas lateral
to medial and midline nuclei with a few exceptions. SCN lesions did not further reduce
AVP-IR in the telencephalon with the exception of fibers in the dorsal part of the
posteromedial BNST (B -0.10).
In the cortex, gonadectomy reduced AVP-ir fiber density in the dorsolateral
entorhinal cortex and ventral endopririform claustrum (B -2.30), especially caudally at
the level of the amygdala, but not in the cingulate (B 1.34) or prefrontal cortex (B 1.54).
In the hippocampus (B -2.54), the oriens and molecular layers of CA1 lost AVP-ir fibers
following gonadectomy, although some dense tangles of AVP-ir fibers remained visible
in the caudal molecular layer of CA1. In the basal ganglia, the ventral pallidum lost
AVP-IR following gonadectomy, but the nucleus accumbens did not (B 0.74). Other
basal ganglia nuclei do not contain AVP. The ventral forebrain lost AVP-IR in the
navicular postolfactory cortex (B 1.54) located near the rostral midline, the substantia
innominate (B 0.74), and the ventral septal area (B 1.10).
The septal complex (B 1.42 to B -0.10) has one of the densest AVP-ir
innervations in the brain, and gonadectomy eliminated nearly all of the AVP-IR in the
ventral and intermediate lateral septum, septofimbrial nucleus, and septohypothalamic
nucleus leaving only sparse fibers. Innervation of the dorsal division of the lateral
septum, the most rostral parts of the lateral septum, triangular nucleus, and subfornical
organ were not affected by gonadectomy.
The bed nucleus of the stria terminalis has a complex array of AVP-ir fibers. In
the anterior nuclei, only the anteromedial and lateroventral nuclei showed a decrease in
AVP-ir fibers (B 0.38), although some fibers were still observed in these subregions
following gonadectomy. Laterodorsal nuclei had only rare fibers in both gonadectomized
and sham operated mice (B 0.50). AVP-IR did not appear to decrease in the
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medioventral nuclei either (B 0.26). AVP-IR decreased in all parts of the posterior BNST
(B -0.22). Most striking was the loss of fibers in the medial posteromedial BNST
adjacent to the stria terminalis, although immunoreactivity also disappeared from the
intermediate and lateral posteromedial BNST. In contrast, numerous AVP-ir fibers
remained in the medial posteromedial BNST especially near the dorsal third ventricle,
although SCN lesion eliminated most of the immunoreactivity in this region. The
nucleus of the stria medullaris (B -0.34) also had decreased immunoreactivity following
gonadectomy.
Every AVP-ir innervated nucleus within the amygdala lost AVP-IR following
gonadectomy with the exception of the central nucleus, which was unaffected (B -0.34 to
B -2.46). Following gonadectomy, rare fibers also remained in the posteromedial and
basomedial nuclei and in anteromedial regions adjacent to the supraoptic nucleus.
Diencephalon
Hypothalamus
The hypothalamus contains most of the AVP-producing nuclei in the brain, and
has by far the densest and most complex patterns of AVP innervation of the entire brain.
Interestingly, regions that lost AVP-IR following SCN lesion were located at or near the
midline, whereas regions that lost AVP-IR after gonadectomy tended to be located more
laterally often adjacent to regions that contain AVP-IR that depends on an intact SCN.
In the preoptic region (B 0.86 to B -0.34), AVP-IR disappeared from the lateral
preoptic area, medial preoptic area, parastrial nucleus, medial part of the medial preoptic
nucleus, and to a very small extent the median preoptic nucleus. Many of these regions
retained sparse to scattered fibers following gonadectomy. The anteroventral
periventricular nucleus and periventricular nucleus lost AVP-IR after SCN lesion, but not
after gonadectomy.
The medial regions of the hypothalamus at the levels of the anterior and
dorsomedial hypothalamic nuclei contain very dense AVP-ir projections (B -0.46 to B 2.06). Many of these fibers appear to enter or exit the PVN and SON and most likely
constitute the well-known axonal pathways to the pituitary. However, with the exception
of a small terminal field in the most rostral part of the anterior hypothalamus (B -0.46),
none of the AVP-IR in these areas responded to gonadectomy. In sharp contrast, lesions
to the SCN caused major decreases in AVP-IR in the subparaventricular zone (B -0.58),
periventricular nucleus, paraventricular nucleus, and dorsomedial hypothalamus (B -1.58;
Fig 3D-F).
In the lateral hypothalamus at the rostral to caudal level of the anterior
hypothalamus and dorsomedial hypothalamus (B -0.46 to B -2.06), a very different
picture emerged. AVP-IR throughout the lateral hypothalamus, especially in rostral
regions at the level of the anterior hypothalamus (B -0.46) and caudal regions (B -2.06)
just rostral to the mammillary bodies, decreased following gonadectomy, but was not
reduced further following SCN lesions.
In the caudal parts of the hypothalamus at the level of the mammillary bodies (B 2.46 to B -3.16), AVP-IR also disappeared following gonadectomy from nuclei closer to
the midline including the dorsal tuberomammillary nucleus near the third ventricle,
ventral tuberomammillary region located ventral to the mammillary bodies, posterior
hypothalamus, ventral premammillary nucleus, and retromammillary nucleus. Despite a
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loss of AVP-IR in each of these areas modest innervation persisted following
gonadectomy, and this innervation was not altered by SCN lesions.
Thalamus
The thalamus contains primarily steroid-sensitive AVP-ir fibers and AVP-ir fibers
that depend on an intact SCN. Following SCN lesion, midline regions including the
anterior paraventricular (B -0.22; Fig 3A-C), paraventricular (B -0.70), reuniens (B 0.82), and xiphoid (B -0.70) nuclei all showed a drastic decrease in AVP-IR. In contrast,
both lateral and midline nuclei lost AVP-IR following gonadectomy, although these
regions were mutually exclusive with the subset of AVP-IR that were affected by SCN
lesions (B -0.34 to B -1.82). Gonadectomy caused a near total elimination of AVP-ir
fibers in the central medial, interanterodorsal, interanteromedial, mediodorsal,
paracentral, rhomboid, paratenial, and lateral habenular nuclei. Following, gonadectomy
as well as SCN lesion very few AVP-ir fibers remained in the thalamus, although a few
were present in the paraventricular thalamus including the anterior part of the nucleus and
in the xiphoid and reuniens nuclei. Two areas, the posterior paraventricular nucleus (B 1.82) and reticular thalamus (B -1.06), contained exclusively non-steroid-dependent, nonSCN dependent AVP-ir fibers.
Mesencephalon
Many brain regions containing AVP-ir fibers in the mesencephalon showed a
decrease in AVP-IR following gonadectomy, but SCN lesions caused no further
decreases anywhere in the mesencephalon. In the most rostral part of the PAG a number
of AVP-ir fibers can be seen ascending toward the aqueduct into the PAG (B -1.94).
Most, but not all, of these remained following gonadectomy, and AVP-ir fibers can be
seen in gonadectomized males throughout the PAG (B -2.06 to B -5.20). Most of the
fibers seen throughout the PAG of gonadectomized animals were short, unbranched
segments suggestive of fibers travelling rostral-to-caudal (i.e., orthogonal to the plane of
the section), and in fact sagittal sections of the PAG confirm this (Rood and De Vries,
2011). Only a small group of AVP-ir fibers in the dorsomedial PAG lost
immunoreactivity following gonadectomy (B -3.64). Caudally at the level of the
trochlear nucleus, AVP-IR decreased from all subfields of the dorsal raphe nuclei (B 4.16 to -4.96; Fig 3G-I), median raphe (B -4.72), and anterior tegmental nucleus (B 4.36). In contrast, sparse fibers in the dorsal raphe and the moderate to dense AVP-ir
innervation of the dorsomedial and ventrolateral PAG (B -3.88 to B -5.20) and lateral
parabrachial nucleus (B -5.02 to -5.40; Fig 3J-L) remained as did fibers even further
caudal in the locus coeruleus and Barrington's nucleus (B -5.52).
Ventrally, gonadectomy reduced AVP-IR in the ventral tegmental area (VTA),
parabrachial pigmented nucleus of the VTA, interfascicular, and parainterfascicular
nuclei in more rostral and medial parts of the midbrain (B -2.80 to B -3.80). In all of
these regions, sparse to scattered AVP-ir fibers remain following gonadectomy. Lateral
to these regions, AVP-IR disappeared from the ventromedial tip of the substantia nigra
pars reticulate (B -3.08) and the zona incerta (B -2.70) dorsal to the substantia nigra pars
compacta. Other fibers that passed dorsal to the substantia nigra into the midbrain
reticular formation and into the medial parabrachial nucleus remained following
gonadectomy (B -3.16 to B -5.02).
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Metencephalon and Myelencephalon
There is only sparse AVP-ir innervation of the metencephalon (pons and
cerebellum), but there are numerous regions within the myelencephalon that contain
AVP-ir fibers (B -4.72 to B -6.72). None of these regions appeared to lose AVP-IR
following gonadectomy or SCN lesion. Following gonadectomy, AVP-ir fibers remained
present in the subcoeruleus; intermediate reticular formation; solitary nucleus throughout
its entire rostral to caudal extent, especially in caudal regions; medullary raphe nuclei
(e.g., raphe magnus, raphe pallidus, raphe obscurus, and raphe interpositus); alpha and
ventral gigantocellular reticular nuclei; and, caudally, in the lateral reticular formation
and the most caudal parts of the spinal trigeminal nucleus.

Quantitative Analysis of SCN-dependent AVP-ir innervation
As described above, a number of midline nuclei appear to lose AVP-IR following
lesion of the SCN. These nuclei extend as far rostral as the anteroventral periventricular
nucleus and as far caudal as the dorsomedial hypothalamus. A distinct group of SCNdependent AVP-ir fibers also travels dorsally into the paraventricular thalamus. In
addition to observing the qualitative changes in AVP-IR following SCN lesion, we chose
several regions for quantitative analysis. The locations of regions analyzed are depicted
in Fig 2 as red boxes in bottom panels, and the data, identified by bregma location, are
presented in Table 1. We confirmed that SCN lesions caused a significant decrease in
AVP-IR in the anteroventral periventricular nucleus (B -0.02), anterior paraventricular
thalamus (B -0.34), xiphoid nucleus (B -0.70), and dorsomedial hypothalamus (B -1.70).
In addition, we also confirmed the lack of observed differences in AVP-IR between SCN
lesioned and non-lesioned animals in the medioventral BNST (B 0.14).

Sex Differences
AVP-ir innervation responsive to gonadal steroid hormones is predicted to be
sexually dimorphic. To test this, we chose a number of brain regions from areas where
AVP-ir fibers were either responsive or non-responsive to gonadectomy as described
above. In all, we quantified AVP-ir fiber density in 85 discrete locations in male and
female mice that were either gonadectomized or sham operated. The locations of regions
analyzed are depicted in Fig 2 as red boxes in top panels, and the data, identified by
bregma location, are presented in Table 2. To better illustrate the most characteristic
patterns of effects, data for four brain regions are also presented as graphs (Fig 4).
Telencephalon
Most AVP-IR in the telencephalon is sensitive to gonadal steroid hormones;
steroid-insensitive AVP-IR tends to be sparse. Thus most regions where AVP-IR was
quantified were in fact steroid-sensitive as is reflected in the data. We quantified AVPIR in 24 locations within the lateral septum, BNST, and amygdala.
In the lateral septum, males had more AVP-IR than females in the ventral lateral
septum (B 0.50) and caudal lateral septum (B 0.14), but not in the intermediate lateral
septum (B 0.50), although all three septal regions had a nearly complete elimination of
AVP-IR following gonadectomy.
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In the BNST, males had more AVP-IR than females in the lateroventral BNST (B
0.02), posteromedial (B -0.10) and posterolateral BNST (B -0.22), and the nucleus of the
stria medullaris (B -0.34). Each of these areas also had reduced AVP-ir following
gonadectomy. The anteromedial BNST (B 0.50) also had a small but significant decrease
in AVP-IR following gondectomy. In the rostral medioventral BNST (B 0.50), sham
females had significantly higher AVP-IR than all other groups. Finally, the dense AVP-ir
innervation of the caudal medioventral BNST (B 0.14) was neither sexually dimorphic
nor affected by gonadectomy.
In the amygdala, all areas examined had decreased AVP-IR following
gonadectomy. However, males had more AVP-IR than females only in the extended
amygdala (B -0.46), posteroventral medial amygdala (B -1.34), posterior basolateral
amygdala (B -2.18), and throughout the posterodorsal medial amygdala (B -1.34, B -1.70,
and B -2.18). Sex differences were not observed in the anterior cortical amygdala (B 0.58 and B -1.06), anterodorsal medial amygdala (B -0.58 and B -1.06), anteroventral
medial amygdala (B -1.06), basomedial amygdala (B -1.06), or ventral basolateral
amygdala (B -1.34).
Diencephalon
The diencephalon contains the densest and most complex network of AVP-ir
fibers in the central nervous system. In all, we quantified AVP-IR from 43 locations
throughout the diencephalon, 28 in the hypothalamus and 15 in the thalamus.
Hypothalamus
Of the 28 locations examined in the hypothalamus, 14 showed a decrease in AVPIR following gonadectomy. Of these 14, males had more AVP-IR than females in the
medial preoptic area (B 0.50), parastrial nucleus (B 0.14), middle and caudal medial
preoptic nucleus (B 0.02 and B -0.10), rostral lateral hypothalamus (B -0.46), and caudal
retromammillary nucleus (B -3.08). Sex differences were not observed in the rostral and
caudal middle lateral hypothalamus (B -0.58 and B -0.70), perifornical lateral
hypothalamus (B -2.54), ventral tuberomammillary nucleus (B -2.80), or the middle
retromammillary nucleus (B -2.80). In the anterior part of the anterior hypothalamus (B 0.46) and ventral premammillary nucleus (B -2.54) a decrease in AVP-IR following
gonadectomy was seen in males, but not females. In the rostral retromammillary nucleus
(B -2.54), a small decrease in AVP-IR following gonadectomy was observed in both
males and females, but females actually had more AVP-IR than males in both sham and
GDX groups.
No significant decreases due to gonadectomy were observed in the remaining 14
locations. Surprisingly, females had more AVP-ir than males in the retrochiasmatic
nucleus (B -0.94), periventricular nucleus (B -0.94), caudal lateral hypothalamus (B 1.22), caudal tuberal lateral hypothalamus (B -1.22) and dorsomedial hypothalamus (B 1.34 and B -1.70). No sex differences or effect of gonadectomy were observed in the
median preoptic nucleus (B 0.50), vascular organ of the lamina terminalis (B 0.50),
rostral medial preoptic nucleus (B 0.14), rostral and caudal central anterior hypothalamus
(B -0.58 and B -0.70), subparaventricular zone (B -0.58), rostral tuberal lateral
hypothalamus (B -0.94), or medial tuberal hypothalamus (B -1.70).
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Thalamus
Of the 15 locations examined in the thalamus, 11 had decreased AVP-IR
following gonadectomy. Among these 11 locations, males had more AVP-IR than
females in the rostral, middle, and caudal mediodorsal thalamus (B -0.34, B -0.58, and B
-0.70), rostral and caudal central medial thalamus (B -0.58 and B -1.22), and rostral and
middle lateral habenula (B -1.22 and B -1.34). The rostral anterior paraventricular
thalamus (B -0.22), paratenial thalamus (B -0.34), middle central medial thalamus (B 0.70), and caudal lateral habenula (B -1.82) had similar amounts of AVP-IR in males and
females. Four additional locations were examined throughout the paraventricular
thalamus, but no sex differences or effects of gonadectomy were observed.
Midbrain and Hindbrain
While a number of nuclei within the mesencephalon have AVP-ir fibers that are
dependent on gonadal steroid hormones, no such regions are observed in the
metencephalon or myelencephalon. In all, we quantified AVP-ir in 18 locations mostly
within the midbrain; two locations were in the hindbrain.
Of the 18 locations examined, AVP-IR was reduced in 13 following
gonadectomy. Of these 13, males had more AVP-IR than females in 9 including the
ventral tegmental area (B -3.08), parainterfascicular nucleus (B -3.52), rostral and middle
interfascicular nucleus (B -3.08 and B -3.52), dorsomedial PAG (B -3.52), anterior
tegmental nucleus (B -4.36), median raphe (B -4.72), and the dorsal and caudal dorsal
raphe (B -4.72 and B -5.02; Fig 4). In the caudal interfascicular nucleus (B -3.64)
gondectomized females had more AVP-IR than gonadectomized males, and
gonadectomized mice had less AVP-IR than sham operated males and females, which did
not differ. Sex differences were not observed in the substantia nigra pars reticulata (B 3.08), rostral ventrolateral PAG (B -4.36), or the dorsolateral part of the dorsal raphe (B 4.36; Fig 4). Interestingly, females had more AVP-IR than males in 4 of the 5 locations
that were not dependent upon circulating gonadal steroids. These areas included the
midbrain reticular formation (B -3.64), caudal ventrolateral PAG (B -5.02), medial
parabrachial nucleus (B -5.02), and lateral parabrachial nucleus (B -5.02; Fig 4). The
middle ventrolateral PAG (B -4.72; Fig 4) was the only location examined that was
neither responsive to steroids nor sexually dimorphic.

Discussion
To determine the subset of brain regions that potentially receive AVP innervation
from the BNST and MeA, we took advantage of the fact that these nuclei require
circulating gonadal steroids for the expression of AVP, whereas other AVP-producing
nuclei do not (de Vries et al., 1984; De Vries et al., 1994; Mayes et al., 1988). In
addition, we used a more traditional approach, electrolytic lesions, to determine the
subset of brain regions whose AVP innervation likely originates in the SCN. By
eliminating AVP production in the BNST, MeA, and SCN, we infer that the remaining
innervation derives from the PVN, SON, and accessory nuclei, which were not lesioned
and do not require gonadal steroid hormones for AVP expression. The results of these
experiments provide for the first time a comprehensive understanding of the origin of
AVP-ir projections throughout the brain of the mouse.
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We identified numerous brain regions from the telencephalon, diencephalon, and
mesencephalon that contained gonadal steroid-dependent AVP-ir fibers; AVP-IR was
eliminated entirely or partially in these regions following gonadectomy. Most of these
brain regions were located in subcortical regions lateral to midline or medial nuclei. In
contrast, AVP-ir fibers dependent upon the integrity of the SCN were identified
exclusively in midline nuclei of the thalamus and medial nuclei adjacent to the third
ventricle in the hypothalamus. AVP-ir fibers presumably from the PVN, SON, and
accessory nuclei had a very widespread distribution that encompassed both midline and
lateral nuclei. In many regions that were clearly innervated by gonadal-steroid or SCNdependent AVP-ir fibers, some AVP-ir fibers still remained following gonadectomy or
SCN lesion. In contrast, some midbrain and hindbrain regions were exclusively
innervated from non-SCN-dependent hypothalamic sources. In fact, the hindbrain
showed no apparent loss of AVP-IR following SCN lesion or gonadectomy, and
therefore, by inference, no AVP-ir fibers derived from SCN, BNST, or MeA
In addition to determining the site of origin of AVP-ir fibers throughout the brain,
we carried out an extensive examination of sex differences in AVP-ir projections sites.
In all, we quantified AVP-IR in 85 locations. Of these 85 locations, 58 responded to
gonadectomy with a significant decrease in AVP-IR. As expected many of these regions
were sexually dimorphic; males had more AVP-ir fibers in 32 of the 58 gonadal steroid
hormone-dependent projection sites. Fitting with the hypothesis that projections of the
BNST / MeA would be sexually dimorphic, every location in which males had more
AVP-IR than females was also sensitive to gonadal steroid hormones. One gonadal
steroid dependent region was observed in which females had more AVP-IR than males,
the rostral medioventral BNST; however, only females appeared to be affected by
gonadecomy in this case. In contrast, of the 27 locations not responsive to gonadal
steroid hormones none displayed higher AVP-ir fiber density in males than in females.
However, unexpectedly, females had significantly more AVP-IR than males in 11 of
these 27 locations. Interestingly, in all 11 locations AVP-IR was not affected by SCN
lesions, with the exception of the dorsomedial hypothalamus, which receives moderate to
dense input from the SCN.

Experimental Considerations
One important note in consideration of the data presented is the potential for some
overlap of brain regions in the locations chosen for quantitative analysis. As mentioned
in the methods, images were taken at precise anatomical locations, although it is possible
that in some locations regions adjacent to the area of interest could affect the analysis.
For many regions this was not an issue because AVP-IR was confined to a single region
and bordering regions were devoid of fibers. For example the lateral habenula,
mediodorsal thalamus, lateral and medial parabrachial nuclei, and median raphe among
others could be sampled without any contamination. Other regions especially in the
BNST and hypothalamus, where the distribution of fibers is complex and dense, were
more challenging to analyze. However, the size of the frame used for sampling and the
positioning of the frame created accurate depictions of fiber density. Prime examples are
the medioventral BNST and the parastrial nucleus, which sit side by side just ventral to
the anterior commissure (Fig 2, B 0.14). A scattered to moderate AVP-ir innervation,
which remains following gonadectomy, is found in the medioventral BNST, whereas a
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moderate to dense non-AVP-ir innervation borders the medioventral BST in the parastrial
nucleus. The corners of the frame from each analysis contain a very small portion of the
adjacent region. Quantitative analysis confirmed the observed decrease of fibers
following gonadectomy in the parastrial nucleus, but gonadectomy did not alter fiber
density in the medioventral BNST again in line with qualitative assessments. In addition,
a large sex difference was observed in the parastrial nucleus, but not in the medioventral
BNST. In support of the specificity of our analysis, quantitative differences following
gonadectomy were reliably observed in regions where decreases in AVP-IR were
observed. Likewise, quantitative assessments echoed the lack of decreases observed in
qualitative assessments in other regions. Finally, because we were often selecting
locations based on the pattern of AVP-IR, some overlap of specific cell clusters or
groupings is to be expected. In these cases, one might think of the location sampled as a
sample of regional AVP-ir fiber density. This is especially true in areas such as the
hypothalamus where there is a large amount phenotypic and functional diversity.
Nonetheless, overall our data present a solid picture of the distribution and potential site
of origin of various AVP-ir fibers. Future studies in which the goal is to examine the
local structure and function of neural circuitry within a specific region could be enhanced
by using secondary anatomical delineations (i.e., Nissl stains, cell-marker specific
antibodies, etc.) and stereological counting techniques.

Gonadal Steroid Dependent Projections
The gonadal steroid-dependent nature of AVP expression in neurons of the BNST
and medial amygdala has been documented in a number of species including mice (de
Vries et al., 1984; De Vries et al., 1992; De Vries et al., 1994; Mayes et al., 1988). In
addition, the expression of AVP is sexually dimorphic in mice with males having more
AVP mRNA-expressing cells than females in both the BNST and medial amygdala
(Rood et al., 2008). Projections of the BNST and medial amygdala are grouped together
in this analysis based on steroid sensitivity. Further justification for grouping these
regions comes from the fact that they are part of a continuous structure (e.g., connected
through the stria terminalis and substantia innominata) known as the extended amygdala
(de Olmos and Heimer, 1999). The BNST and medial amygdala share characteristics
including reciprocal connections, outputs and inputs to and from similar regions, and
similar neurochemical cell phenotypes (Cooke and Simerly, 2005; de Olmos and Heimer,
1999; De Vries et al., 1994; Wang and De Vries, 1995). In addition, recent fate-mapping
studies have shown that in fact neurons in the central and medial amygdala and BNST
derive from similar regions during development (Bupesh et al., 2011). Although it is
unlikely that all projections of the AVP-ir neurons of the BNST and medial amygdala
share the same destinations, these cell groups are likely to be functionally linked.
In the present study, we gonadectomized mice and then waited 15 weeks for
AVP-IR to disappear entirely from potential sites of innervation (Mayes et al., 1988).
Because AVP-IR appears unchanged in cells of the PVN, SON, SCN and accessory
nuclei, we interpret the loss of AVP-IR to be due to the loss of expression in the BNST
and MeA. In further support of this interpretation, AVP-IR in known projections of the
BNST / MeA AVP system such as the lateral septum and lateral habenula disappeared
following gonadectomy, whereas AVP-IR in known projections of the PVN, SON, and
SCN did not.

John Wiley & Sons

Journal of Comparative Neurology

Numerous regions throughout the telencephalon, diencephalon, and
mesencephalon lost AVP-IR following gonadectomy in both male and female mice (see
Fig 1). Some of these regions such as the lateral septum and medial amygdala have
become classic examples of the sexually dimorphic AVP system and numerous reviews
on the functional implications of these regions have been published (Caldwell et al.,
2008; Dantzer and Bluthe, 1992; de Vries and Miller, 1998; De Vries and Panzica, 2006;
Kalsbeek et al., 2010). In considering the group of brain regions in which AVP-IR is
affected by gonadectomy, we have chosen to discuss the observed overlap between AVP
and the midbrain dopamine and serotonin systems, which has thus far received little
attention in the literature. First, gonadal-steroid sensitive AVP-ir fibers are found in the
ventral tegmental area (VTA) and interfascicular region (IF) and the median and dorsal
raphe; each of these innervations is sexually dimorphic as well. The VTA and IF
constitute the dopamine production site for the midbrain dopaminergic system (Swanson,
1982), and the dorsal and median raphe constitute the serotonin production site for
forebrain projecting serotonin system (Azmitia and Segal, 1978). Steroid-sensitive AVPir fibers are not found in other dopamine and serotonin producing regions such as the
substantia nigra pars compacta or hindbrain raphe nuclei, although AVP-ir fibers from
other sources are. Although AVP-ir fibers are observed in regions that contain
monoaminergic neurons, there is currently no published evidence for an interaction
between these systems. Thus any link between AVP and dopamine or serotonin remains
speculative. Second, dense and sexually dimorphic AVP-ir fibers are found in the lateral
habenula. The lateral habenula serves as a major regulatory site of both the midbrain
dopamine and dorsal raphe serotonin systems in multiple species by integrating
information from the hypothalamus and relaying that information to the dorsal raphe and
ventral tegmental area (Christoph et al., 1986; Hikosaka et al., 2008; Lecourtier and
Kelly, 2007; Reisine et al., 1982). Third, AVP-ir fibers are found in a number of
projection sites of the dopamine and serotonin systems. In particular, serotonin neurons
of the dorsal raphe project to the lateral hypothalamus, lateral septum, amygdala, BNST,
and preoptic area among others (Azmitia and Segal, 1978). In all of the named regions,
steroid-sensitive AVP-ir fibers are found typically in a sexual dimorphic distribution as
well.
The link between serotonin and AVP has not gone unnoticed in the literature.
The AVP and serotonin systems have been discussed in parallel regarding both
aggressive and affiliative behaviors (Insel and Winslow, 1998; Veenema and Neumann,
2007), but few examples of a direct interaction exist. What has been shown is that
intracerebroventricular injection of selective serotonin agonists (e.g., for 5-HT2c, 4, and 7
receptors) increase peripheral release of AVP (Jorgensen et al., 2003), and serotonin
fibers are found in close apposition to AVP neurons in the nucleus circularis and
supraoptic nucleus in the hypothalamus (Ferris et al., 1997). Conversely, in slice culture
bath application of AVP augments synthesis and release of serotonin in the dentate gyrus
(Auerbach and Lipton, 1982). Finally, serotonin agonists and drugs that increase
serotonin such as fluoxetine block the increases in aggression and territorial marking
behavior observed following microinjections of AVP into the anterior hypothalamus
(Albers et al., 2002; Delville et al., 1996; Ferris et al., 1984; Ferris et al., 1997).
In contrast to areas innervated the dorsal raphe, AVP-ir fibers do not directly
innervate the major targets of the VTA and IF (e.g., the nucleus accumbens) but rather
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innervate nuclei further downstream including the ventral pallidum, which receives
projections from the nucleus accumbens, and the mediodorsal thalamus, which receives
projections from the ventral pallidum (Everitt and Wolf, 2002; Swanson, 1982). The
interaction between these AVP and dopamine systems has not been studied extensively,
although some evidence exists that dopamine and AVP interact in controlling pairbonding in the male prairie vole (Aragona et al., 2003; Insel, 2003; Wang and Aragona,
2004).
The projections discussed above come from just two small groups of neurons in
the bed nucleus of the stria terminalis and the medial amygdala. Because these two
nuclei form a node from which all steroid sensitive AVP-ir fibers originate and projection
sites of these nuclei are involved in circuits that regulate behavioral and emotional state,
we hypothesize that, in addition to more well documented roles, this particular AVP
system is part of a stimulus-response system that organizes the behavioral and emotional
state of an animal in response to specific sensory cues. This hypothesis fits well with the
current notion that AVP is involved in social behavior and may help to guide research
into the mechanisms of this involvement. This hypothesis is supported by evidence from
gene manipulation studies. Disruption via gene-knockout of the AVP V1a receptor
results in changes to both social behavior, a disruption, and anxiety-related behavior, a
decrease (Egashira et al., 2007). Second, in a clever study, the V1a receptor gene of the
socially monogamous prairie vole was inserted into the genome of a mouse changing the
distribution of the V1a receptors to resemble that of a prairie vole; these altered mice
showed increased levels of affiliative behavior (Young et al., 1999). A final piece of
evidence linking social behavior and AVP comes from a study of neural activation in
which male mice that engaged in mating behavior had increased Fos expression in BNST
AVP-ir cells, whereas males subjected to a resident intruder situation expressed Fos in
hypothalamic AVP-ir neurons, but not BNST AVP-ir neurons (Ho et al., 2010).
The AVP system discussed above is sexually dimorphic. Innervation to regions
such as the lateral septum, lateral habenula, dorsal raphe, interfascicular region, and
mediodorsal thalamus are almost twice as dense in males as in females and more modest
sex differences are observed in other regions. While the exact impact of this sex
difference is not known, it is possible that AVP plays a larger role in the regulation of
male-specific behavior. In rats, this appears to be the case. For example, male rats have
an increase in AVP release in the ventral septal area following prostaglandin E2 induced
fever, whereas females do not, and an AVP-V1a receptor antagonist enhances fever
response in male but not female rats (Chen et al., 1997). Further the AVP antagonist
dPTyr(Me)AVP is able to block social recognition memory in male but not female rats,
although AVP itself can facilitate memory in both males and females (Bluthe and
Dantzer, 1990). Interestingly, not all brain regions that were dependent on gonadal
steroid hormones were sexually dimorphic in the current study suggesting similar
functionality between males and females for some parts of the BNST / MeA AVP
system. Learning the functional implications of AVP action in the many regions
innervated by the BNST and MeA at the cellular and behavioral level is one of the next
great challenges of the field.

SCN projections
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We compared gonadectomized animals with or without a lesion of the SCN.
Gonadectomy eliminates AVP expression in the BNST and MeA causing a subsequent
decrease in AVP immunoreactivity within the projections of those nuclei (de Vries et al.,
1984; DeVries et al., 1985; Mayes et al., 1988; Miller et al., 1992). This eliminates much
of the clutter of fibers throughout the brain leaving behind projections from the SCN,
SON, PVN, and accessory nuclei. By lesioning the SCN and observing the resulting loss
of AVP-IR, which was observed both qualitatively and quantitatively, we were able to
identify a subset of AVP-ir fibers that appear to originate from this nucleus. Such AVP-ir
fibers were observed entirely within the diencephalon and did not stray far from the
midline. Most of the innervation deriving from the SCN appears to end in the regions
just dorsal and caudal to the SCN in the subparaventricular zone and in the
periventricular nucleus. More moderate projections travel caudally to the dorsomedial
hypothalamus, rostroventrally to the anteroventral periventricular nucleus, rostal and then
dorsally to the anterior paraventricular thalamus continuing into the more caudal
paraventricular thalamus, and dorsally into the paraventricular hypothalamus and xiphoid
thalamus.
Our observations are similar to those made in other species. Lesion of the SCN in
rats leads to a decrease in fibers in the paraventricular thalamus and dorsomedial
hypothalmaus as well as the vascular organ of the lamina terminalis (VOLT; (Hoorneman
and Buijs, 1982). In the current study, the scattered distribution of fibers in the OVLT
remained following SCN lesion. However, AVP-ir fibers disappeared from rostral parts
of the periventricular region including the anteroventral periventricular nucleus caudal to
the OVLT. A number of regions containing SCN-dependent AVP-ir fibers were
observed in the mouse brain that were not described in rat lesion studies including the
xiphoid nucleus, arcuate nucleus, and paraventricular nucleus of the hypothalamus,
although it is not clear whether these nuclei were merely not mentioned in the
aforementioned study or do not exist. SCN lesions in golden hamsters affect patterns of
AVP-ir innervation similar to the current study (Delville et al., 1998). AVP-ir fibers
were present in intact hamsters and disappeared in lesioned hamsters from all the same
nuclei as reported here. Finally, our results contradict the previous descriptions of AVPir projections of the SCN for mice (Abrahamson and Moore, 2001; Castel and Morris,
1988). Through the use of castration followed by SCN lesions, we have unequivocally
determined which AVP-ir fibers derive from the SCN, whereas in the aforementioned
study, the authors based the site of origin on fiber size and morphology and consequently
misjudged the site of origin for some brain regions including the lateral septum and
lateral habenula, which our data suggest derive from the BNST or MeA agreeing with
previous research in the rat (Caffe et al., 1987; De Vries and Buijs, 1983).
The SCN has been known as the master pacemaker of the biological clock since
the early 1970's (Stephan and Zucker, 1972), and the presence of AVP in the SCN has
been known for almost as long (Vandesande and Dierickx, 1975). The function of AVP
in the SCN has recently been examined in a number of studies as AVP is a likely
neurotransmitter in the function of the biological clock (Bittman, 2009). The anatomical
data from the mouse suggest that AVP-ir fibers are well placed to affect neuroendocrine
rhythms given the dense innervation of the periventricular region. In fact, AVP-ir fibers
appear to innervate kisspeptin expressing neurons in the anteroventral periventricular
nucleus (AVPe) of female mice and AVP injections into the preoptic area adjacent to the
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AVPe increase levels of luteinizing hormone in the periphery (Palm et al., 1999; Vida et
al., 2010). Projections to the paraventricular thalamus may be involved in rhythms in
arousal and behavioral state as this area receives multiple other inputs from various
monoaminergic cell groups involved in these functions (Van der Werf et al., 2002).
Projections to the subparaventricular zone and dorsomedial hypothalamus are likely
involved in regulating a large number of behavioral processes including sleep, food
intake, locomotor activity, and circadian regulation of corticosterone release (Chou et al.,
2003; Kalsbeek et al., 1996; Kalsbeek et al., 2008; Saper et al., 2005). Lesions of the
dorsomedial hypothalamus lead to decreased circadian rhythms of wakefulness, food
intake, locomotor activity, and glucocorticoid levels (Chou et al., 2003; Kalsbeek et al.,
2008). Further, V1a receptor mRNA was shown to be expressed under circadian control
in the SCN even under constant darkness (Jin et al., 1999; Li et al., 2009). V1a receptor
knock-out, but not wild type, mice lose periodicity in home cage activity levels and wheel
running during constant darkness (Li et al., 2009). These data suggest a role of AVP in
the regulation of circadian rhythms, although the actual circuitry and circuit level
mechanism of action have yet to be identified.

Non-SCN Hypothalamic Projections
Having eliminated AVP-ir fibers originating in the BNST / MeA by
gonadectomizing mice and the SCN by lesioning the SCN itself, we isolated the
complement of AVP-ir fibers that most likely originate in the PVN, SON, and accessory
nuclei. Our study shows that non-steroid responsive, non-SCN dependent AVP-ir fibers
have the most widespread distribution through the mouse brain, with projections ranging
from the frontal cortex to the hindbrain. However, in this study, we are unable to
differentiate between fibers that derive from the PVN, SON, and accessory, although it is
known that all three project to the posterior pituitary (Buijs, 1978; Buijs et al., 1978;
Sawchenko and Swanson, 1982; Swanson and Sawchenko, 1980; Taniguchi et al., 1988).
As with the case of the BNST and medial amygdala, these AVP producing cell groups
share structural and functional attributes that differ from AVP neurons in the SCN,
BNST, and medial amygdala (De Vries et al., 1992; Fujio et al., 2006; Ludwig and
Landgraf, 1992; Ueta et al., 2005). Despite the similarities, we expect that differences in
AVP-ir projections will be present between the various nuclei. In the rat, lesion and
tract-tracing evidence suggests that the PVN may actually be the source of most of these
non-steroid responsive, non-SCN dependent projections, most notably within the PAG
and hindbrain nuclei (De Vries and Buijs, 1983; Sawchenko and Swanson, 1982).
However, we cannot at presently conclude that this is the case in the mouse brain.
Further, our AVP-IR does not differentiate axons from dendrites Given the role of
dendritic release of AVP in the hypothalamus (Ludwig and Leng, 2006; Pow and Morris,
1989), delineating the distribution of dendrites from AVP-ir cells in the hypothalamus
will be important for generating hypotheses as to the function of specific hypothalamic
AVP cell groups
The largest of the projections from the PVN, SON, and accessory nuclei,
specifically the nucleus circularis, is the well-known pathway to the median eminence
and posterior pituitary, where AVP is released into the median eminence portal system or
into the peripheral blood circulation (Ginsburg, 1968). The pathway ending in the
median eminence regulates the release of adrenocorticotropic hormone (Yates et al.,
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1971), and the pathway ending in the posterior pituitary is crucial for peripheral AVP
release, which affects distal target organs such as the liver, kidney, heart, and blood
vessels (Lolait et al., 1992; Morel et al., 1992; Ostrowski et al., 1992; Ostrowski et al.,
1994; Ostrowski et al., 1993; Saito et al., 1995). Besides this prominent pathway,
gonadectomized and SCN-lesioned mice still have AVP-ir fibers in many regions of the
brain including the frontal cortex, dorsal lateral septum, nucleus accumbens,
hippocampus, BNST, amygdala, and lateral hypothalamus. Although, many of these
regions contain only sparse fibers there also numerous regions that contain denser
plexuses of fibers such as select areas of the BNST, median preoptic area, ventrolateral
PAG, midbrain reticular formation, lateral parabrachial nucleus, and solitary nucleus.
Still other regions contain moderate innervations such as the hindbrain raphe nuclei and
paraventricular thalamus.
Many of the hindbrain regions innervated by the hypothalamic AVP neurons are
involved in homeostatic processes that regulate the internal physiological state. For
example the solitary nucleus and lateral parabrachial nucleus are involved in integration
of visceral sensory stimuli that regulate heart rate and blood pressure (Andresen and
Kunze, 1994; Menani et al., 1996). The projection to the ventrolateral PAG has been
implicated in the modulation of opioid responses to pain (Yang et al., 2007; Yang et al.,
2008). A function for the many sparse fibers located throughout the brain has not been
determined, but it is possible that these fibers are involved in a more widespread action
perhaps used as an arousal mechanism. Interestingly, the brain regions innervated by
fibers from the non-SCN hypothalamic neurons tend to be associated with function such
as control of blood pressure, water balance, and stress response (Andresen and Kunze,
1994; Menani et al., 1996; Sawchenko and Swanson, 1982). Thus the function of these
pathways may be to coordinate the neural responses to stimuli that evoke peripheral
release of AVP such as under physiological or psychological stress. Interestingly, in our
analysis of sex differences, several regions innervated by non-steroid-dependent and nonSCN-dependent AVP-ir fibers were sexually dimorphic. However, in each case females
had more AVP-ir fibers than males, which contrasts with BNST / MeA innervated areas
where males had more AVP-ir fibers than females. The fact that these sex differences
were not altered by gonadectomy suggests that the differences did not depend on
circulating gonadal steroids. To our knowledge no such sex differences in hypothalamic
dependent AVP projections have been reported, and as such a role for such differences
has never been suggested. Given the nature of brain regions innervated and their role in
physiological responses to stress, it may be that the modestly larger AVP innervation in
females plays out in stress responses. In rodents such as rats, females typically have a
more pronounced response to stress, and many parts of the stress response system are
sexually dimorphic (Bangasser et al., 2010; Chisari et al., 1995). Thus the female
dominant sex differences in AVP innervation may be especially relevant given that
females appear to be particularly vulnerable to stress related disorders (Kessler et al.,
1993; Kessler et al., 1995; Young and Altemus, 2004).

Species Comparison
The distribution of AVP-ir fibers has been studied in a number of species, and the
similarity between species has been discussed elsewhere (De Vries and Panzica, 2006;
Rood and De Vries, 2011). However, the site of origin of AVP-ir fibers has been
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addressed primarily for rats. The distribution of AVP-ir fibers is quite similar to that of
the rat. Both species have dense AVP-ir innervation in the lateral septum, lateral
habenula, and medial amygdala among other areas (DeVries et al., 1985; Rood and De
Vries, 2011). Perhaps the biggest difference between rats and mice is the dense
innervation of the mediodorsal thalamus and lateral hypothalamus by small fibers and
puncta, which is found in mice but not in rats (DeVries et al., 1985; Rood and De Vries,
2011). However, innervation to other parts of the brain including the midbrain and
hindbrain appear to be similar. In addition, the gonadal steroid dependent nature appears
to be similar as well. Gonadectomy decreased vasopressin in many of the same areas of
the rat brain as we observed in the mouse brain with a few exceptions (DeVries et al.,
1985). In the rat, AVP-IR disappeared following gonadectomy from the locus coeruleus
(DeVries et al., 1985), which did not happen in the mouse. In contrast, AVP-IR
decreased in the mediodorsal thalamus, medial preoptic area, and lateral hypothalamus in
the mouse, but not in the rat (DeVries et al., 1985). SCN lesions eliminated AVP-ir
fibers in many of the same areas observed in the rat including the subparaventricular
zone, anteroventral periventricular area, paraventricular thalamus, and dorsomedial
hypothalamus (Hoorneman and Buijs, 1982). Finally, lesions of the PVN of rats
eliminated AVP-IR in hindbrain nuclei such as the nucleus of the solitary tract and
nucleus ambiguus, (De Vries and Buijs, 1983) and tract tracing studies identify the PVN
as the source of AVP innervation in the nucleus of the solitary tract region (Sawchenko
and Swanson, 1982), which is consistent with innervation in these areas remaining
unaffected by gonadectomy and SCN lesions in the mouse in this mauscript. In the
current study, we examined sex differences in many more regions than have previously
been examined in any other species. However, available results from the rat tend to agree
with our results. For example, as in mice, male rats have more AVP-IR than females in
the lateral septum, lateral habenula, central periaqueductal gray (i.e., dorsomedial PAG),
and medial amygdala (De Vries and al-Shamma, 1990). In contrast to the rat literature,
we found a number of sex differences in which females had more AVP-IR than males, for
example the dorsomedial hypothalamus, where no differences were found in the rat (De
Vries and al-Shamma, 1990). Nevertheless, apart from these differences, the distribution
of AVP innervation of the brain of mice and rats are more similar than different.

Future Directions
Although our results outline major delineations between steroid-dependent AVPir projections of the extended amygdala, SCN-dependent projections, and non-SCN
hypothalamic neuron projections, there remain several anatomical questions. In
particular, how do AVP-ir projections from the BNST and MeA differ? Second, do the
multiple hypothalamic nuclei have different AVP-ir projections? Finally, for each AVPproducing nucleus what is the topography of projections; do neurons have collaterals that
target multiple brain regions? Future studies using tract tracing and double label
immunohistochemistry may help to address these questions. Such studies in the rat
suggest that the PVN is responsible for most if not all of the AVP-ir projections to the
hindbrain such as those in the lateral parabrachial nucleus, solitary nucleus, and spinal
cord (De Vries and Buijs, 1983). Anterograde tracer injections into the medial amygdala
label AVP-ir fibers in the lateral septum as do tracer injections into the BNST, although
AVP neurons also project to the ventral hippocampus whereas BNST projections do not
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(Caffe et al., 1987). However the contribution, if any, of the MeA and BNST to the
ventral pallidum, hypothalamic regions, lateral habenula, and midbrain regions is unclear.
Alternative strategies for dissecting the anatomy of various AVP systems may come with
the advent of transgenic animal models in which fluorescent proteins can be expressed
under the AVP promoter. By altering the promoter sequence site specific expression may
be achieved. However, site-specific expression using the AVP promoter has yet to be
achieved for all AVP-producing regions.

Conclusions
We have delineated the subset of AVP-ir projections that derive from gonadal
steroid-dependent AVP neurons in the BNST and MeA, from the SCN, and from the nonSCN hypothalamic AVP neurons. Steroid-dependent AVP-ir projections are found
throughout the telencephalon, diencephalon, and mesencephalon and are particularly
abundant in brain regions that are integral to the midbrain monoamine systems, including
the dorsal raphe, median raphe, ventral tegmental area, interfascicular nucleus, lateral
habenula, lateral septum, ventral pallidum, and medial dorsal thalamus. Projections from
the SCN remain within the diencephalon. The densest projection sites are the
subparaventricular zone and periventricular nucleus just dorsal to the SCN, although
modest projections are also found in the dorsomedial hypothalamus caudally, the
anteroventral periventricular nucleus rostrally, and the paraventricular thalamus dorsally.
The contribution of other hypothalamic AVP neurons includes AVP-ir projections to the
hindbrain, a dense innervation traversing the hypothalamus to the pituitary, and a broad
but scattered distribution of AVP-ir fibers to many regions of the forebrain, midbrain, and
hindbrain. In all, our results suggest that the different AVP systems have distinct
projections, which likely underlay multiple different and mutually exclusive functions.
Future anatomical studies should further differentiate the projections of the BNST versus
the medial amygdala and the various projections of the PVN, SON, and accessory nuclei.
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Table 1. Quantitative analysis of SCN lesions. AVP-IR was quantified in 4 regions
where SCN lesions cause a noticeable reduction and one region, the medioventral BNST,
that appears unaffected by SCN lesions (see bottom panels in Fig 1 for locations).
Subjects were gonadectomized male mice with (n=4) or without (n=4) a lesion of the
SCN. In each area thought to receive innervation from the SCN, AVP-IR was
significantly lower (2-tailed T-test, p < 0.05) in SCN-lesioned animals compared to
animals with an intact SCN. As expected there was no significant difference in the
medioventral BNST, which is thought to receive AVP-ir innervation from a source other
than the SCN. Data are listed by bregma location and list the mean number of
thresholded pixels (divided by 100) ± SEM and p-values.
Table 2. Quantitative analysis of sex differences and gonadectomy. AVP-IR was
quantified in 85 regions (see top panels in Fig 1 for locations) throughout the brains of
male and female mice that were gondectomized (GDX) or sham operated. GDX reduced
AVP-IR in numerous regions. In many of these regions, males had more AVP-IR than
females. In contrast, females had more AVP-IR in several regions that were not affected
by GDX. Data were analyzed using separate 2-way ANOVAs (significance at p < 0.05),
are listed from rostral to caudal by bregma location, and list the mean number of
thresholded pixels (divided by 100) ± SEM. Color coding is used to indicate sex
differences in AVP-IR; blue represents male > female, and pink represents female >
male. Gray shading indicated an effect of gonadectomy. Letters are used to indicate
group differences when an interaction was present (Fisher's LSD; P < 0.05). Numbers in
parentheses indicate number of samples.
Figure 1. Photomicrographs of SCN lesions at bregma -0.70. A: A representative
section of a GDX male mouse brain without SCN lesion shows AVP-ir cells within the
SCN with a dense cloud of immunoreactivity spreading dorsally. B: In Subject 1, the
lesion was complete on the right side, whereas some cells and fibers were spared on the
left. C-D: In subject 2, some cells and fibers were spared on the left, but the lesion
destroyed nearly all cells on the right. Although some fibers appear to be spared at
bregma -0.70 (D), a more rostral section at bregma -0.46 (C) illustrates the extent of fiber
loss on the right side. E-F: Subjects 3 (E) and 4 (F) had bilateral lesions of the SCN
with near complete loss of AVP-ir in the subparaventricular zone. Filled arrows indicate
the dense AVP-ir innervation of the subparaventricular zone, and open arrows indicate
the much less dense innervation following SCN lesion.
Figure 2. Illustrations depicting the location of AVP-ir fibers are shown for Bregma
locations from 1.54 mm rostral to -6.72 mm caudal to Bregma. Each illustration was
drawn from a 30µm coronal brain slice from a sham castrated male and was chosen for
its similarity to the corresponding atlas panel in The mouse brain in stereotaxic
coordinates (Franklin and Paxinos, 2008). It should be noted that the angle of sectioning
in the illustrations is slightly different than that shown in The mouse brain in stereotaxic
coordinates. Color shading is used to indicate the location of AVP-ir fibers that disappear
following SCN lesion suggesting an SCN site of origin (BLUE), disappear following
gonadectomy suggesting a BNST or medial amygdala site of origin (RED), or remain
following both gonadectomy and SCN lesion suggesting a PVN, SON, or accessory
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nuclei site of origin (GREEN). The relative density of AVP-IR is indicated by color
shade; lighter shades indicate sparse and scattered innervation, while darker shades
indicate moderate to dense innervation. Sparse (a) indicates that only a very as few AVPir fibers or puncta were found, scattered (b) indicates that several fibers are present but
can still be resolved as individual fibers, moderate (c; left side) indicates that there many
fibers often forming clusters that cannot be resolved as individual fibers, and dense (c;
right side) means there are many fibers forming clusters that cannot be resolved. Such
distinctions were made based on observations from 11 sham males, 12 gonadectomized
males and 4 gonadectomized males with SCN lesions. Labeled red boxes in the upper
panel of Bregma 1.42 correspond to photomicrographs below. The dotted line in 2c
corresponds to density divisions in drawings. Otherwise, red boxes indicate brain regions
for which a quantitative analysis of fiber density was carried out. Red boxes in the
bottom panels (BLUE) refer to the analysis of the effects of SCN lesions displayed in
Table 1, and red boxes in the upper panels (GREEN) refer to the analysis of sex
differences and effects of gonadectomy displayed in Table 2.
Figure 3. Represented examples of AVP-IR in male mice that had received a sham
operation, gonadectomy (GDX), or GDX as well as an SCN lesion. A-C: AVP-ir fibers
were located in discreet medial and lateral clusters in the PVA (Bregma -0.34) of shamoperated animals (A). GDX alone eliminated AVP-IR in the lateral region (adjacent to
the sm), but not the medial region (B). SCN lesion eliminated AVP-ir in the medial
region (C). D-F: AVP-ir fibers were found throughout the DM (Bregma -1.70), but
staining was denser and more punctate in the medial half (adjacent to 3V) of the nucleus
in sham and GDX animals (D and E). GDX did not appear to alter AVP-IR, but SCN
lesion eliminated the punctate staining in the medial half of the DM (F). G-I: Dense and
punctate AVP-IR was observed in the DRD (Bregma -4.72) and more sparse elongated
AVP-ir fibers were observed in the nearby VLPAG in sham animals (G). GDX alone
eliminated the dense, punctate AVP-ir staining in the DRD (H). The moderate
innervation of the VLPAG and sparse AVP-ir fibers in the DR remained following GDX
and did not appear to be affected by SCN lesion (I). J-L: A moderate to dense
innervation of AVP-ir fibers was observed in the LPB (Bregma -5.20) and a sparse to
scattered innervation of the MPB in sham animals (J). This innervation did not appear to
be affected by either GDX (K) or SCN lesion (L).
Figure 4. Bar graphs are shown to illustrate the typical patterns observed in AVP-IR
data when comparing sham-operated and gonadectomized (GDX) male and female mice
(see Table 2 for the full data set). Each graph shows the average amount of AVP-IR
(error bars depict SEM) represented as number of pixels above background threshold in
select locations of the midbrain. Many brain regions had a significant decrease in AVPIR following GDX as illustrated in the dorsal and dorsolateral parts of the dorsal raphe.
In a subset of these regions males had more AVP-IR than females as seen in the dorsal
part of the dorsal raphe. Other brain regions such as the middle ventrolateral PAG and
lateral parabrachial nucleus did not lose AVP-IR following GDX. In several of these
regions females had more AVP-IR than males as in the lateral parabrachial nucleus.
Significant values (p < 0.05) from two-factor ANOVAs are depicted with bars formain
effects or with letters for more complex interactions. Different letters indicate
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significantly different values using Fisher's LSD posthoc tests. Anatomical locations of
the regions analyzed are shown in Fig 2.
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Abbreviations
3Cb
3n
3N
3V
4n
4N
4V
5N
7n
7N
8n
AA
aca
ACo
acp
AcbC
AHA
AHC
AHiAL
AHiPM
Amb
Aq
Arc
ATg
AVPe
BLP
BLV
BMA
BNST
BSTLD
BSTLV
BSTMA
BSTMPI
BSTMPL
BSTMPM
BSTMV
CA1
cc
CeC
Cg2
CIC
Cl
CLi
CM
cp
CPu
csc
D3V
DEn
dhc
DIEnt
DLEnt
DM
DMPAG
DP
DR
DRC
DRD
DRI
DRL
DRV
DTM
DTT
EA
f

lobule 3 of the cerebellar vermis
oculomotor nerve
oculomotor nucleus
3rd ventricle
trochlear nerve
trochlear nucleus
4th ventricle
motor trigeminal nucleus
facial nerve
facial nucleus
vestibulocochlear nerve
anterior amygdaloid area
anterior commissure, anterior part
anterior cortical amygdaloid area
anterior commissure, posterior nerve
accumbens nucleus, core
anterior hypothalamic area, anterior part
anterior hypothalamic area, central part
amygdalohippocampal area, anterolateral part
amygdalohippocampal area, posteromedial part
ambiguus nucleus
aqueduct
arcuate hypothalamic nucleus
anterior tegmental nucleus
anteroventral periventricular nucleus
basolateral amygdaloid nucleus, posterior part
basolateral amygdaloid nucleus, ventral part
basomedial amygdaloid nucleus, anterior part
bed nucleus of the stria terminalis
BNST, lateral division
BNST, lateral division, ventral part
BNST, medial division, anterior part
BNST, medial division, posterior intermediate part
BNST, medial division, posterolateral part
BNST, medial division, posteromedial part
BNST, medial division, ventral part
field CA1 of the hippocampus
corpus callosum
central amygdaloid nucleus, capsular part
cingulate cortex, area 2
central nucleus of the inferior colliculus
claustrum
caudal linear nucleus of the raphe
central medial thalamic nucleus
cerebral peduncle
caudate putamen (striatum)
commissure of the superior colliculus
dorsal 3rd ventricle
dorsal endopiriform claustrum
dorsal hippocampal commissure
dorsal intermediate entorhinal cortex
dorsolateral entorhinal cortex
dorsomedial hypothalamic nucleus
dorsomedial periaqueductal gray
dorsal peduncular cortex
dorsal raphe nucleus
dorsal raphe nucleus, caudal part
dorsal raphe nucleus, dorsal part
dorsal raphe, interfascicular part
dorsal raphe nucleus, lateral part
dorsal raphe nucleus, ventral part
dorsal tuberomammillary nucleus
dorsal tenia tecta
extended amygdala
fornix

fi
fr
GiA
GiV
hbc
HDB
ic
icp
IF
IL
IMD
IPR
IRt
LC
lfp
LH
LHb
ll
lo
LPAG
LPB
LPGiA
LPO
LSI
LSD
LSV
LV
m5
mcp
MD
ME
MeAD
MeAV
MEnt
MePD
MePV
mfb
MiTg
ml
ml
mlf
MnPO
MnR
mp
MPA
MPB
MPOM
mRt
MS
mt
MTu
Nv
opt
PAG
PBP
pc
Pe
PeF
PeFLH
PF
PH
PHD
PIF
PLCo
PLH
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fimbria of the hippocampus
fasciculus retroflexus
gigantocellular reticular nucleus, alpha part
gigantocellular reticular nucleus, ventral part
habenular commissure
nucleus of the horizontal limb of the diagonal band
internal capsule
inferior cerebellar peduncle
interfascicular nucleus
infralimbic cortex
intermediodorsal thalamic nucleus
interpeduncular nucleus, rostral subnucleus
intermediate reticular nucleus
locus coeruleus
longitudinal fasciculus of the pons
lateral hypothalamic area
lateral habenular nucleus
lateral lemniscus
lateral olfactory tract
lateral periaqueductal gray
lateral parabrachial nucleus
lateral paragigantocellular nucleus, alpha part
lateral preoptic area
lateral septal nucleus, intermediate part
lateral septal nucleus, dorsal part
lateral septal nucleus, ventral part
lateral ventricle
motor root of the trigeminal nerve
middle cerebellar peduncle
mediodorsal thalamic nucleus
median eminence
medial amygdaloid nucleus, anterodorsal
medial amygdaloid nucleus, anteroventral part
medial entorhinal cortex
medial amygdaloid nucleus, posterodorsal part
medial amygdaloid nucleus, posteroventral part
medial forebrain bundle
microcellular tegmental nucleus
medial lemniscus
medial lemniscus
medial longitudinal fasciculus
median preoptic nucleus
median raphe nucleus
mammillary peduncle
medial preoptic area
medial parabrachial nucleus
medial preoptic nucleus, medial part
mesencephalic reticular formation
medial septal nucleus
mammillothalamic tract
medial tuberal nucleus
navicular postolfactory nucleus
optic tract
periaqueductal gray
parabrachial pigmented nucleus of the VTA
posterior commissure
periventricular hypothalamic nucleus
perifornical nucleus
perifornical part of lateral hypothalamus
parafascicular thalamic nucleus
posterior hypothalamic nucleus
posterior hypothalamic area, dorsal part
parainterfascicular nucleus of the VTA
posterolateral cortical amygdaloid area
peduncular part of lateral hypothalamus
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Abbreviations Continued
pm
PMD
PMV
Pn
PnC
PnO
PP
Pr
PS
PSTh
PT
PTg
PV
PVA
PVN
PVP
py
RCh
Re
RIP
RLi
RMg
RML
RMM
ROb
RPa
RRF
Rt
s5
SCN
scp
SFi
SFO
SHy

principal mammillary tract
premammillary nucleus, dorsal part
premammillary nucleus, ventral part
pontine nuclei
pontine reticular nucleus, caudal part
pontine reticular nucleus, oral part
peripeduncular nucleus
prepositus nucleus
parastrial nucleus
parasubthalamic nucleus
paratenial thalamic nucleus
pedunculotegmental nucleus
paraventricular thalamic nucleus
paraventricular thalamic nucleus, anterior part
paraventricular hypothalamic nucleus
paraventricular thalamic nucleus, posterior part
pyramidal tract
retrochiasmatic area
reuniens thalamic nucleus
raphe interpositus nucleus
rostral linear nucleus (midbrain)
raphe magnus nucleus
retromammillary nucleus, lateral part
retromammillary nucleus, medial part
raphe obscurus nucleus
raphe pallidus nucleus
retrorubral field
reticular nucleus (prethalamus)
sensory root of the trigeminal nerve
suprachiasmatic nucleus
superior cerebellar peduncle
septofimbrial nucleus
subfornical organ
septohypothalamic nucleus

SIB
sm
SM
SNC
SNR
Sol
SON
sp5
Sp5C
SPa
SPTg
st
STh
StHy
STr
SubB
SubCV
Tu
TuLH
Tz
VIEnt
VLPAG
VLPO
VMH
VMPO
VOLT
VP
VS
VSA
VTA
VTM
xscp
Xi
ZI
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substantia innominata, basal part
stria medullaris
nucleus of the stria medullaris
substantia nigra, compact part
substantia nigra, reticular part
solitary nucleus
supraoptic nucleus
spinal trigeminal tract
spinal trigeminal nucleus, caudal part
subparaventricular zone of the hypothalamus
subpeduncular tegmental nucleus
stria terminalis
subthalamic nucleus
striohypothalamic nucleus
subiculum, transition area
subbrachial nucleus
subcoeruleus nucleus, ventral part
olfactory tubercle
tuberal region of lateral hypothalamus
nucleus of the trapezoid body
ventral intermediate entorhinal cortex
ventrolateral periaqueductal gray
ventrolateral preoptic nucleus
ventromedial hypothalamic nucleus
ventromedial preoptic nucleus
vascular organ of the lamina terminalis
ventral pallidum
ventral subiculum
ventral septal area
ventral tegmental area
ventral tuberomammillary nucleus
decussation of the superior cerebellar peduncle
xiphoid thalamic nucleus
zona incerta
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Loc.
0.14
0.02
-0.34
-0.70
-1.70

Brain Region
ventral BNST
anteroventral periventricular n.
anterior paraventricular n.
xiphoid nucleus
dorsomedial hypothalamus

GDX /
SHAM

GDX /
SCNX

P-value

285±65
374±61
290±55
200±43
557±73

266±42
151±34
95±28
90±11
215±27

0.819
0.019
0.020
0.046
0.005
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Loc.

Brain Region

Telencephalon
0.50
anteromedial BNST
0.50
lateral septum, intermediate
0.50
ventral lateral septum
0.50
medioventral BNST, rostral
0.14
lateral septum, caudal
0.14
medioventral BNST, caudal
0.02
lateroventral BNST
-0.10
posteromedial posterior BNST
-0.22
posterolateral posterior BNST
-0.34
nucleus of the stria medullaris
-0.46
extended amygdala, rostral
-0.58
anterior cortical amygdala, rostral
-0.58
anterodorsal medial amygdala, rostral
-0.58
extended amygdala, caudal
-1.06
anterior cortical amygdala, caudal
-1.06
anterodorsal medial amygdala, caudal
-1.06
anteroventral medial amygdala
-1.06
basomedial amygdala
-1.34
posterodorsal medial amygdala, rostral
-1.34
posteroventral medial amygdala
-1.34
ventral basolateral amygdala
-1.70
posterodorsal medial amygdala, middle
-2.18
posterior basolateral amygdala
-2.18
posterodorsal medial amygdala, caudal
Diencephalon
0.50
medial preoptic area
0.50
median preoptic nucleus
0.50
vascular organ of the lamina terminalis
0.14
medial preoptic nucleus, rostral
0.14
parastrial nucleus
0.02
medial preoptic nucleus, middle
-0.10
medial preoptic nucleus, caudal
-0.22
anterior paraventricular thalamus, rostral
-0.34
anterior paraventricular thalamus, c. d.
-0.34
anterior paraventricular thalamus, c. v.
-0.34
paratenial nucleus
-0.34
mediodorsal thalamus, rostral
-0.46
anterior hypothalamus, anterior
-0.46
lateral hypothalamus, rostral
-0.58
central anterior hypothalamus, rostral
-0.58
central medial nucleus, rostral
-0.58
lateral hypothalamus, rostral middle
-0.58
mediodorsal thalamus, middle
-0.58
paraventricular thalamus, rostral
-0.58
subparaventricular zone
-0.70
central anterior hypothalamus, caudal
-0.70
mediodorsal thalamus, caudal
-0.70
central medial nucleus, middle
-0.70
caudal paraventricular thalamus
-0.70
lateral hypothalamus, caudal middle
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Sham

GDX

Male
33±3 (11)
113±16 (11)
261±31a (11)
37±4b (11)
537±68a (11)
198±16 (11)
78±6a (11)
167±13a (11)
81±9a (11)
88±10a (11)
72±9a (11)
20±2 (11)
60±5 (11)
67±7 (11)
43±7 (10)
67±8 (11)
19±2 (11)
35±5 (11)
73±6a (11)
51±5a (11)
14±3 (11)
105±11a (11)
42±6a (10)
132±16a (10)

Female
41±6 (7)
77±18 (5)
106±8b (5)
77±9a (7)
255±42b (7)
202±29 (7)
42±3b (6)
59±14b (6)
39±10b (7)
51±6b (7)
50±9b (7)
20±6 (6)
55±12 (6)
54±4 (6)
31±2 (4)
52±5 (5)
15±3 (5)
27±3 (4)
53±8b (5)
24±4b (4)
13±4 (5)
37±2b (4)
15±4b (4)
35±5b (4)

Male
25±3 (12)
10±2 (12)
21±3c (12)
50±6b (12)
5±1c (11)
180±16 (11)
39±3b (12)
27±4c (11)
15±2c (12)
26±4c (12)
14±2c (12)
3±0.5 (11)
134±2 (12)
10±2 (12)
2±0.3 (10)
12±2 (11)
10±2 (10)
3±0.9 (11)
8±1c (11)
2±0.7c (11)
1±0.2 (11)
6±0.7c (10)
0.6±0.2c (9)
14±6b (9)

Female
26±4 (9)
11±6 (10)
23±6c (8)
45±4b (9)
6±1c (10)
187±29 (9)
37±5b (9)
33±3c (9)
16±2c (11)
28±3c (11)
20±2c (11)
3±0.8 (10)
19±4 (8)
16±2 (10)
4±0.7 (11)
22±3 (11)
8±1 (11)
7±2 (11)
7±1c (10)
4±0.8c (10)
1±0.5 (10)
9±2c (11)
1±0.5c (8)
9±2b (8)

107±10a (11)
110±8 (11)
55±6 (11)
97±9 (11)
205±14a (11)
179±17a (11)
192±8a (11)
212±13 (11)
104±7 (11)
98±8 (11)
90±13 (11)
84±4a (11)
119±10a (11)
177±20a (11)
188±23 (11)
64±10a (11)
154±21 (11)
383±39a (11)
85±6 (11)
1384±90 (11)
276±13 (11)
409±49a (11)
52±4 (10)
41±5 (10)
235±13 (11)

71±9b (5)
94±13 (6)
56±6 (6)
64±8 (7)
93±7b (7)
109±17b (5)
106±15b (4)
190±10 (6)
103±6 (6)
102±13 (7)
61±13 (7)
53±650b (7)
103±7ab (6)
110±16b (6)
214±34 (6)
24±5b (7)
128±33 (6)
243±49b (6)
74±11 (7)
1441±104 (5)
328±39 (7)
196±43b (7)
39±8 (7)
49±5 (7)
238±18 (7)

55±8b (8)
76±10 (9)
43±4 (9)
68±10 (11)
47±7c (11)
100±11b (11)
100±8b (11)
137±19 (12)
78±7 (12)
87±9 (12)
36±6 (12)
24±4c (12)
63±7b (12)
12±2c (12)
155±22 (11)
12±2c (11)
49±29 (11)
16±4c (12)
80±7 (11)
1201±69 (11)
285±13 (12)
15±3c (12)
6±1 (12)
47±6 (11)
165±26 (12)

71±12b (5)
87±11 (8)
54±7 (8)
67±9 (9)
47±8c (10)
96±10b (8)
113±10b (10)
155±12 (11)
107±8 (11)
109±9 (11)
32±5 (11)
33±5c (11)
115±22a (10)
18±3c (10)
212±28 (10)
14±2c (11)
37±5 (10)
23±5c (11)
95±7 (10)
1278±91 (9)
308±23 (10)
41±5c (11)
8±1 (11)
56±4 (11)
197±23 (10)
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Brain Region

Diencephalon (Continued)
-0.94
periventricular nucleus, caudal
-0.94
retrochiasmatic nucleus
-0.94
tuberal lateral hypothalamus, rostral
-1.22
central medial nucleus, caudal
-1.22
lateral habenular nucleus, rostral
-1.22
tuberal lateral hypothalamus, caudal
-1.34
dorsomedial hypothalamus, rostral
-1.34
lateral habenular nucleus, middle
-1.70
dorsomedial hypothalamus, caudal
-1.70
lateral hypothalamus, caudal
-1.70
medial tuberal hypothalamus
-1.82
lateral habenular nucleus, caudal
-2.54
perifornical lateral hypothalamus
-2.54
retromammillary nucleus, rostral
-2.54
ventral premammillary nucleus
-2.80
retromammillary nucleus, middle
-2.80
ventral tuberomammillary nucleus
-3.08
retromammillary nucleus, caudal
Mesencephalon and Myelencephalon
-3.08
interfascicular nucleus, rostral
-3.08
substantia nigra, pars reticulata
-3.08
ventral tegmental area
-3.52
dorsomedial PAG
-3.52
interfascicular nucleus, middle
-3.52
parainterfascicular nucleus
-3.64
interfascicular nucleus, caudal
-3.64
midbrain reticular formation
-4.36
anterior tegmental nucleus
-4.36
dorsal raphe, dorsolateral
-4.36
ventrolateral PAG, rostral
-4.72
dorsal raphe, dorsal
-4.72
median raphe
-4.72
ventrolateral PAG, middle
-5.02
dorsal raphe, caudal
-5.02
lateral parabrachial nucleus
-5.02
medial parabrachial nucleus
-5.02
ventrolateral PAG, caudal

Sham

GDX

Male
379±64 (11)
43±5 (11)
598±39 (11)
107±19a (11)
93±10a (11)
726±38 (11)
85±10 (10)
329±14a (11)
169±17 (11)
56±6 (11)
201±18 (11)
78±8 (10)
121±11 (11)
38±3ac (11)
26±4a (10)
48±4 (10)
160±17 (10)
46±4a (6)

Female
476±98 (6)
75±18 (6)
687±57 (6)
51±14b (7)
47±9b (7)
831±39 (7)
141±18 (7)
159±23b (7)
244±22 (7)
85±10 (7)
240±24 (7)
94±36 (7)
125±40 (5)
45±7a (5)
21±4ab (5)
39±5 (5)
139±26 (5)
24±5b (4)

Male
296±30 (11)
42±5 (10)
562±35 (12)
6±2c (12)
1±0.3c (12)
761±53 (12)
81±12 (12)
2±0.4c (12)
145±11 (12)
59±8 (12)
208±28 (12)
6±1 (12)
17±3 (9)
24±1b (10)
13±1b (9)
27±3 (10)
36±5 (9)
15±3c (6)

Female
500±49 (11)
63±6 (11)
602±53 (11)
8±2c (11)
2±0.8c (11)
855±49 (11)
127±14 (10)
9±6c (9)
213±14 (11)
84±6 (11)
188±17 (11)
8±2 (10)
27±3 (8)
34±3c (8)
26±3a (8)
30±4 (10)
48±7 (11)
18±3c (8)

63±5a (10)
14±2 (10)
47±3a (10)
71±6a (11)
43±5a (11)
69±8a (11)
30±3a (11)
22±3 (11)
14±2a (10)
88±10 (10)
77±10 (10)
324±34a (10)
32±6a (10)
78±8 (10)
121±20a (11)
81±11 (11)
15±3 (11)
82±5 (11)

28±5b (7)
12±1 (7)
35±3b (7)
31±4b (7)
30±3b (7)
44±5b (7)
37±6a (7)
33±5 (7)
5±1b (7)
79±11 (7)
84±11 (7)
181±21b (7)
16±3b (6)
75±1 (6)
51±12b (7)
125±11 (7)
32±4 (7)
108±15 (7)

10±2c (9)
3±0.4 (9)
11±0.01c (9)
12±2c (11)
6±1c (12)
10±2c (11)
12±1b (12)
23±2 (12)
1±0.2c (12)
21±2 (12)
48±5 (12)
34±4c (12)
1±0.4c (12)
76±6 (12)
20±5b (12)
85±10 (11)
1677±252 (11)
72±7 (12)

14±2c (10)
5±0.7 (11)
17±2c (11)
15±1c (11)
10±1c (11)
19±3c (11)
21±4c (11)
33±5 (11)
8±0.2c (11)
30±3 (11)
56±5 (11)
39±7c (10)
1±0.3c (11)
71±10 (11)
19±5b (10)
116±14 (10)
27±5 (10)
86±11 (8)
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Figure 1. Photomicrographs of SCN lesions at bregma -0.70. A: A representative section of a GDX male
mouse brain without SCN lesion shows AVP-ir cells within the SCN with a dense cloud of immunoreactivity
spreading dorsally. B: In Subject 1, the lesion was complete on the right side, whereas some cells and
fibers were spared on the left. C-D: In subject 2, some cells and fibers were spared on the left, but the
lesion destroyed nearly all cells on the right. Although some fibers appear to be spared at bregma -0.70
(D), a more rostral section at bregma -0.46 (C) illustrates the extent of fiber loss on the right side. EF: Subjects 3 (E) and 4 (F) had bilateral lesions of the SCN with near complete loss of AVP-ir in the
subparaventricular zone. Filled arrows indicate the dense AVP-ir innervation of the subparaventricular zone,
and open arrows indicate the much less dense innervation following SCN lesion.
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Figure 2. Illustrations depicting the location of AVP-ir fibers are shown for Bregma locations from 1.54 mm
rostral to -6.72 mm caudal to Bregma. Each illustration was drawn from a 30µm coronal brain slice from a
sham castrated male and was chosen for its similarity to the corresponding atlas panel in The mouse brain
in stereotaxic coordinates (Franklin and Paxinos, 2008). It should be noted that the angle of sectioning in
the illustrations is slightly different than that shown in The mouse brain in stereotaxic coordinates. Color
shading is used to indicate the location of AVP-ir fibers that disappear following SCN lesion suggesting an
SCN site of origin (BLUE), disappear following gonadectomy suggesting a BNST or medial amygdala site of
origin (RED), or remain following both gonadectomy and SCN lesion suggesting a PVN, SON, or accessory
nuclei site of origin (GREEN). The relative density of AVP-IR is indicated by color shade; lighter shades
indicate sparse and scattered innervation, while darker shades indicate moderate to dense innervation.
Sparse (a) indicates that only a very as few AVP-ir fibers or puncta were found, scattered (b) indicates that
several fibers are present but can still be resolved as individual fibers, moderate (c; left side) indicates that
there many fibers often forming clusters that cannot be resolved as individual fibers, and dense (c; right
side) means there are many fibers forming clusters that cannot be resolved. Such distinctions were made
based on observations from 11 sham males, 12 gonadectomized males and 4 gonadectomized males with
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SCN lesions. Labeled red boxes in the upper panel of Bregma 1.42 correspond to photomicrographs
below. The dotted line in 2c corresponds to density divisions in drawings. Otherwise, red boxes indicate
brain regions for which a quantitative analysis of fiber density was carried out. Red boxes in the bottom
panels (BLUE) refer to the analysis of the effects of SCN lesions displayed in Table 1, and red boxes in the
upper panels (GREEN) refer to the analysis of sex differences and effects of gonadectomy displayed in Table
2.
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Figure 3. Represented examples of AVP-IR in male mice that had received a sham operation, gonadectomy
(GDX), or GDX as well as an SCN lesion. A-C: AVP-ir fibers were located in discreet medial and lateral
clusters in the PVA (Bregma -0.34) of sham-operated animals (A). GDX alone eliminated AVP-IR in the
lateral region (adjacent to the sm), but not the medial region (B). SCN lesion eliminated AVP-ir in the
medial region (C). D-F: AVP-ir fibers were found throughout the DM (Bregma -1.70), but staining was
denser and more punctate in the medial half (adjacent to 3V) of the nucleus in sham and GDX animals (D
and E). GDX did not appear to alter AVP-IR, but SCN lesion eliminated the punctate staining in the medial
half of the DM (F). G-I: Dense and punctate AVP-IR was observed in the DRD (Bregma -4.72) and more
sparse elongated AVP-ir fibers were observed in the nearby VLPAG in sham animals (G). GDX alone
eliminated the dense, punctate AVP-ir staining in the DRD (H). The moderate innervation of the VLPAG and
sparse AVP-ir fibers in the DR remained following GDX and did not appear to be affected by SCN lesion
(I). J-L: A moderate to dense innervation of AVP-ir fibers was observed in the LPB (Bregma -5.20) and a
sparse to scattered innervation of the MPB in sham animals (J). This innervation did not appear to be
affected by either GDX (K) or SCN lesion (L).
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Figure 4. Bar graphs are shown to illustrate the typical patterns observed in AVP-IR data when comparing
sham-operated and gonadectomized (GDX) male and female mice (see Table 2 for the full data set). Each
graph shows the average amount of AVP-IR (error bars depict SEM) represented as number of pixels above
background threshold in select locations of the midbrain. Many brain regions had a significant decrease in
AVP-IR following GDX as illustrated in the dorsal and dorsolateral parts of the dorsal raphe. In a subset of
these regions males had more AVP-IR than females as seen in the dorsal part of the dorsal raphe. Other
brain regions such as the middle ventrolateral PAG and lateral parabrachial nucleus did not lose AVP-IR
following GDX. In several of these regions females had more AVP-IR than males as in the lateral
parabrachial nucleus. Significant values (p < 0.05) from two-factor ANOVAs are depicted with bars for a
single main effects or with letters for more complex interactions. Different letters indicate significantly
different values using Fisher's LSD posthoc tests. Anatomical locations of the regions analyzed are shown in
Fig 2.
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The neuropeptide vasopressin is produced in multiple distinct neuronal populations implicated in a wide
variety of functions. Our study identifies, in the mouse, the unique pathways of steroid-sensitive
vasopressin projections implicated in social behavior; the suprachiasmatic nucleus (SCN) derived
projections involved in circadian rhythms; and the non-SCN hypothalamic projections that help regulate
physiological homeostasis. This vasopressin roadmap will provide direction to future researchers in the
quest to understand the unique neural mechanisms involved in complex behavioral and physiological
processes.
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