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ABSTRACT
Central oxytocin (OT) modulates many social behaviors,

including female rat sexual receptivity, quantified as the

copulatory stance known as lordosis. The expression of

the lordosis response is modulated by OT action in the

ventromedial nucleus of the hypothalamus (VMH), as

demonstrated by behavioral pharmacology experiments.

However, the subcellular localization of OT in this brain

region has been unclear. We tested the hypothesis that

ovarian hormones reorganize OT-labeled pre- or postsy-

naptic elements in the fiber complex lateral to the VMH

by using immunoelectron microscopy. OT immunolabel-

ing occurred in axonal boutons identified by the pres-

ence of small, clear synaptic vesicles and double

labeling with the presynaptic markers synaptophysin

and vesicular glutamate transporter 2. OT immunoreac-

tivity also was observed in dendritic profiles, verified

with double labeling for the dendrite-specific marker

microtubule-associated protein 2. Ovarian hormones did

not alter the density of axonal boutons; however, estra-

diol treatment reduced the density of dendritic profiles

by 34%. This effect was reversed when progesterone

was given subsequent to estradiol. The effect of estra-

diol treatment was specific to dendrites that lacked OT

immunostaining; the density of OT-labeled dendritic pro-

files remained constant during estradiol treatment. With

the estradiol-induced exit of non-OT-labeled dendritic

profiles, the remaining OT-labeled dendritic profiles

experienced an increase in their number of synaptic

contacts. Thus, hormone treatments that mimic the 4-

day rat estrous cycle provoke a chemically coded re-

organization of dendrite innervation in the fiber plexus

lateral to the VMH that may underlie the hormone-spe-

cific effect of OT on reproductive behavior. J. Comp.

Neurol. 518:4531–4545, 2010.
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Female rat reproductive behavior has been a useful

model for the study of neural circuits that mediate mam-

malian motivated behavior. This hormone-dependent

behavior is controlled by the ventromedial nucleus of the

hypothalamus (VMH) (reviewed in Flanagan-Cato et al.,

2001). Although the VMH is dense in neurons, very few

afferents penetrate the nucleus (Millhouse, 1973a,b).

Instead, axonal projections to the VMH from other brain

regions encapsulate the nucleus (Luiten and Room, 1980;

Kita and Oomura, 1982; Simerly and Swanson, 1988;

Fahrbach et al., 1989). These axons, along with VMH den-

drites, form a narrow shell around the VMH (Millhouse,

1973a). In addition, there is a lateral fiber complex

(VMHlfc) situated near the VMH, including axons labeled

for the neuropeptide oxytocin (OT) (O’Donohue et al.,
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1979; Joseph et al., 1981; Palkovits, 1982; Watts et al.,

1987; Daniels and Flanagan-Cato, 2000).

Activation of ovarian hormone receptors in the VMH

(Pfaff and Keiner, 1973; Simerly et al., 1990; DonCarlos

et al., 1991) exerts neurochemical changes that promote

mating behaviors in synchrony with ovulation (Pfaff,

1989). The behavioral significance of OT receptors in the

VMH was first suggested by the regulation of their

expression by ovarian steroids (De Kloet et al., 1986;

Coirini et al., 1989; Schumacher et al., 1990; Bale and

Dorsa, 1995; Quinones-Jenab et al., 1997). Treatments

that selectively disrupt OT receptor activity revealed that

endogenous OT acts in the VMH to promote female sex-

ual behavior in rats (Witt and Insel, 1991; McCarthy et al.,

1994). Conversely, central application of exogenous OT

enhances female receptivity (Arletti and Bertolini, 1985;

Caldwell et al., 1986; Gorzalka and Lester, 1987).

Although the regulation and function of the OT receptors

in the VMH has been described, the subcellular localiza-

tion of OT itself in the VMH is unclear.

At least three possible mechanisms have been pro-

posed to explain the endogenous delivery of OT to its

receptors in the VMH. First, OT may be released from the

dendrites of distant OT neurons in the PVN and supraoptic

nucleus (SON) and diffuse to the VMH (Morris and Pow,

1991; Sabatier et al., 2007). Dendritic release of OT in the

PVN has been well documented (Ludwig and Pittman,

2003; see Landgraf and Neumann, 2004 for review). How-

ever, it remains unclear whether or not dendritically

released OT sufficiently reaches receptors in the VMH.

Second, OT may be released en passage from neurohypo-

physeal axons in the VMHlfc and diffuse toward receptors

in the VMH. With these first two possible mechanisms, OT

receptors in the VMH could be activated by the array of

physiological stimuli that engage magnocellular OT neu-

rons. Third, OT may be released within the confines of syn-

aptic contact in the VMHlfc. Although the majority of

these axons terminate in the posterior pituitary, some

may form synapses in the fiber plexus. This third proposed

mechanism allows for the possibility of OT receptor activa-

tion based on input selectively stimulated by mating cues.

The present study determined the subcellular localiza-

tion of OT in the VMHlfc in adult ovariectomized rats

administered vehicle or ovarian hormones. Immunogold

labeling for OT was localized with electron microscopy

based on both structural features and chemical markers,

in particular, synaptophysin, vesicular glutamate trans-

porter 2 (VGLUT2), and microtubule-associated protein 2

(MAP2). We then tested the hypothesis that ovarian hor-

mones modulate the synaptic organization in the VMHlfc,

particularly with regard to OT-labeled synaptic elements.

The results confirm prior Golgi evidence that ovarian hor-

mones have dynamic effects on dendrites in the VMHlfc

(Griffin and Flanagan-Cato, 2008). In addition, we report

two novel results: 1) that OT itself is found in some VMH

dendrites; and 2) that the presence of OT in dendrites is

associated with a unique pattern of ovarian hormone-

induced synaptic reorganization.

MATERIALS AND METHODS

Animals
A total of nine adult Sprague-Dawley female rats

(Taconic, Hudson, NY) were group housed in plastic tubs

(41 � 21 � 22 cm) with standard bedding. Rat chow and

tap water were available ad libitum. The colony tempera-

ture was maintained at 22�C, with a 12/12-hour reverse

light/dark cycle, and with lights off at 1100 hours. After

they had acclimated to the colony for 1 week, animals

were bilaterally ovariectomized during general anesthesia

(90 mg/kg ketamine and 9 mg/kg xylazine, both i.p.).

Upon completion of the surgery, rats were given yohim-

bine (2.1 mg/kg, i.p.) to counteract the xylazine and, after

a period of observation, were returned to their home

cages. The Institutional Animal Care and Use Committee

of the University of Pennsylvania approved all animal pro-

cedures. Dr. W. Scott Young (National Institute of Mental

Health) generously provided brains from OT knockout

mice (n ¼ 2) and a wildtype littermate (n ¼ 1) for use as

controls for antibody labeling.

After 1 week of recovery from the ovariectomy, animals

were randomly assigned to one of three hormone treat-

ment groups: vehicle, estradiol benzoate (EB) alone, or EB

combined with progesterone (EBP). These hormone regi-

mens have been previously described (Griffin and Flana-

gan-Cato, 2008). Briefly, animals were administered two

daily subcutaneous injections of sesame oil (vehicle) or

10 lg of 17-b�estradiol benzoate (Sigma, St. Louis, MO;

both EB and EBP groups). Forty-eight hours later, the vehi-

cle and EB groups were administered vehicle and the EBP

group received 500 lg of progesterone (Sigma). All ani-

mals were deeply anesthetized 4 hours after the last

injection and transcardially perfused through the ascend-

ing aorta with a series of solutions: 10 ml heparinized sa-

line, 50 ml of 3.3% acrolein (Electron Microscopy Scien-

ces, Fort Washington, PA), and 200 ml of 2%

formaldehyde in 0.1 M phosphate buffer (pH 7.4). The

brains were removed immediately after the perfusion fixa-

tion, and postfixed in the same fixative overnight at 4�C.
Sections then were cut in the coronal plane (40 lm) by

using a Vibratome (Technical Product International, St.

Louis, MO) and collected into 0.1 M phosphate buffer.

Western blot
Thirty micrograms of protein from the rat cortex or medi-

obasal hypothalamus were loaded on a NuPAGE 4–12%
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Bis-Tris gel (Invitrogen, Carlsbad, CA) and subsequently

transferred to a polyvinylidene fluoride (PVDF) membrane.

Next, the membrane was blocked in 5% dry milk and

probed for VGLUT2 by using the mouse monoclonal anti-

VGLUT2 antibody (MAB5504, clone 8G9.2; Millipore, Biller-

ica, MA; 1:500 dilution). After a series of washes in phos-

phate-buffered saline (PBS), the PVDF membrane was then

placed into ECL anti-mouse secondary antibody (GE

Healthcare UK, Little Chalfont, UK; 1:3,000). Following

thorough washing of the membrane, reagents from the

Amersham ECL Plus Western Blotting Detection System

(GE Healthcare UK) were placed directly onto the blot.

Chemiluminescence was then detected by using the Image

Reader LAS 1000 Pro software (Fujifilm, Tokyo, Japan). All

samples were run in triplicate.

Antisera specificity
A list of all primary antibodies used is found in Table 1.

The immunoelectron microscopy study used a polyclonal

antibody generated in rabbit (T-4084; Bachem, King of

Prussia, PA; 1:1,000 dilution) raised against the nona-

peptide OT (H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2).

Radioimmunoassay data provided by the manufacturer

reported 100% and 0% cross-reactivity for OT and vaso-

pressin, respectively. We performed additional specificity

tests with light microscopy immunohistochemistry, as fol-

lows. Ovariectomized female rats were perfused, as previ-

ously described (Flanagan-Cato et al., 2006), and the

brains were sectioned coronally (40 lm) by using a Vibra-

tome. After incubation with the appropriate primary anti-

body, sections were placed in the following incubations,

alternating with washes: biotinylated secondary anti-rab-

bit antibody (1:500, Jackson ImmunoResearch, West

Grove, PA); avidin-biotin horseradish peroxidase (1:100,

Vector Elite ABC kit, Vector Labs, Torrance, CA); and 3,30-
diaminobenzidine (0.2%) with hydrogen peroxide (0.025%,

both from Sigma-Aldrich, St. Louis, MO).

OT-labeled fibers were easily discernable in the VMHlfc

(Fig. 1A). As a positive control, the Bachem OT antibody

provided robust labeling in the VMHlfc as well as the peri-

karya in the murine PVN, a known site of synthesis for the

peptide in mammals (Fig. 1B,C). Negative controls

included sections of the rat VMHlfc that underwent the

normal labeling protocol with the omission of the primary

antiserum. These sections exhibited no OT labeling in the

VMHlfc (Fig. 1D). Likewise, rat VMHlfc sections exposed

to OT antiserum preabsorbed with the OT peptide (2.5

mg/ml) also did not display OT labeling (Fig. 1E). Finally,

brain sections from OT knockout mice failed to display OT

immunoreactivity, unlike the sections from the wild-type

littermate stained in parallel (Fig. 1F). After these positive

and negative controls verified the specificity of the

Bachem anti-OT antibody in this tissue, immunoelectron

microscopy analysis of the rat VMHlfc was conducted

with this antibody. All sections were counterstained with

Cresyl Violet (Sigma).

The monoclonal primary antibody toward synaptophy-

sin (MAB329, clone SP15; Millipore) reacted with synap-

tophysin expressed in CHO cells (information from manu-

facturer). This primary antibody recognizes a single band

at the expected size of 38 kDa (Honer et al., 1993). Addi-

tionally, Navarro-Quiroga and colleagues (2006) demon-

strated that labeling due to this primary antibody was re-

stricted to synapses, the exclusive location of

synaptophysin. The mouse monoclonal VGLUT2 antibody

(MAB5504, clone 8G9.2; Millipore) recognized the

expected single 56-kDa band on a Western blot of mouse

brain lysates (10 lg of protein; information provided by

the manufacturer; also see Fig. 2). Also, Wong and col-

leagues (2008) reported that this anti-VGLUT2 primary

antibody revealed the known thalamocortical termina-

tions in layer 4 of the cortex. The mouse monoclonal

MAP2 antibody (M4403, clone HM-2; Sigma) was raised

against rat brain MAPs and does not cross-react with

other MAPs or tubulin (information provided by the manu-

facturer). Moreover, this primary antibody has been

shown to specifically label somatodendritic regions of dif-

ferentiated neurons (Lim et al., 2008) and detects dis-

crete 280-kDa (expected for MAP2a and MAP2b) and 70-

kDa bands (MAP2c; Cote et al., 1999).

TABLE 1.

Primary Antibodies Used in This Study

Primary antibody Immunogen Cat. no. Supplier Dilution

Rabbit polyclonal oxytocin Peptide sequence: H-Cys-Tyr-Ile-Gln-
Asn-Cys-Pro-Leu-Gly-NH2

T-4084 Bachem
(King of Prussia, PA)

1:1,000

Mouse monoclonal synaptophysin Full-length protein from crude human
synaptic immunoprecipitate

MAB329,
clone SP15

Millipore
(Billerica, MA)

1:500

Mouse monoclonal vesicular glutamate
transporter 2 (VGLUT2)

Whole recombinant VGLUT2 from rat MAB5504,
clone 8G9.2

Millipore 1:500

Mouse monoclonal microtubule-associated
protein 2 (MAP2)

Rat brain MAPs M4403,
clone HM-2

Sigma
(St. Louis, MO)

1:500

Ovarian hormones and oxytocin in VMH fiber plexus
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Immunoelectron microscopy
Coronal sections throughout the rostrocaudal extent of

the VMH were processed for electron microscopic analy-

sis after immunolabeling for OT only, or double labeling

for OT with synaptophysin, VGLUT2, or MAP2. In double-

labeled sections, immunoperoxidase labeling was used to

identify synaptophysin, MAP2, or VGLUT2, whereas sil-

ver-intensified immunogold labeling was used to identify

OT. Briefly, sections were placed for 30 minutes in 1% so-

dium borohydride in 0.1 M phosphate buffer (pH 7.4) to

reduce amine-aldehyde compounds. For all incubations

and washes, sections were continuously agitated with a

rotary shaker. The tissue sections then were incubated in

0.5% bovine serum albumin in 0.1 M Tris-buffered saline

(TBS; pH 7.6) for 30 minutes. After this incubation, thor-

ough rinses in 0.1 M TBS were performed. Subsequently,

sections were incubated in rabbit anti-OT (Bachem;

1:1,000 dilution) alone or in a cocktail containing mouse

anti-synaptophysin (1:500 dilution), mouse anti-VGLUT2

(1:500 dilution), or mouse anti-MAP2 (1:500 dilution) in

0.1% bovine serum albumin. Sections were incubated for

15–18 hours on a rotary shaker at room temperature.

The following day tissue sections were rinsed three times

in 0.1 M TBS and incubated in biotinylated donkey anti-

rabbit (1:400; Vector, Burlingame, CA) and biotinylated

donkey anti-mouse (1:400; Vector) for 30 minutes fol-

lowed by rinses in 0.1 M TBS. Next, sections were placed

in an avidin-biotin complex (Vector) for 30 minutes. This

antibody-enzyme complex was visualized by a 10-minute

reaction in 3,30-diaminobenzidine (0.22%; Sigma-Aldrich)

and hydrogen peroxide (0.3% ) in 0.1 M TBS.

After primary anti-OT incubations, sections were rinsed

three times with 0.1 M TBS, followed by rinses with 0.1 M

phosphate buffer and 0.01 M PBS, pH 7.4. Sections then

were incubated in a 0.2% gelatin-PBS and 0.8% bovine se-

rum albumin buffer for 10 minutes followed by incubation

Figure 1. Light-microscopic-level photomicrographs illustrating the specificity of the anti-OT primary antibody used in the electron micros-

copy study. A: A coronal section including the ventromedial nucleus of the hypothalamus (VMH) from an ovariectomized rat incubated

with the Bachem anti-OT antibody. Arrow indicates labeling of axonal fibers lateral to the VMH. B,C: A coronal section from a male wild-

type mouse illustrating OT labeling in fibers lateral to the VMH (B) and in the paraventricular nucleus (PVN; C). D: A section not exposed

to the Bachem primary antibody, but processed through all subsequent labeling steps, did not exhibit OT labeling adjacent to the VMH. E:

A section co-incubated with the primary antibody and OT (2.5 mg/ml) did not display labeling of fibers lateral to the VMH. F: A coronal

section from a male OT knockout mouse indicating a lack of OT labeling in the PVN. All sections were counterstained with Cresyl violet.

3V, third ventricle. Scale bar ¼ 100 lm in A–F.
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in goat anti-rabbit immunoglobulin conjugated with 1-nm

gold particles (Amersham Bioscience, Piscataway, NJ) at

room temperature for 2 hours. Sections then were rinsed

in buffer containing the same concentration of gelatin

and bovine serum albumin, as above. After rinses with

0.01 M PBS, sections then were incubated in 2% glutaral-

dehyde (Electron Microscopy Sciences) in 0.01 M PBS for

10 minutes. Next, sections were washed in 0.01 M PBS

and 0.2 M sodium citrate buffer (pH 7.4). A silver

enhancement kit (Amersham Bioscience) was used to in-

tensify the immunogold labeling. The optimal times for sil-

ver enhancement ranged between 10 and 15 minutes.

Some tissue sections incubated for the detection of OT

and synaptophysin or VGLUT2 were reverse-labeled such

that OT was labeled with immunoperoxidase, and synap-

tophysin or VGLUT2 were labeled with silver-intensified

immunogold to confirm a lack of cross-reactivity. After

intensification, tissue sections were rinsed in 0.2 M ci-

trate buffer and 0.1 M phosphate buffer and incubated in

2% osmium tetroxide (Electron Microscopy Sciences) in

0.1 M phosphate buffer for 1 hour, washed in 0.1 M phos-

phate buffer, dehydrated in an ascending series of etha-

nol followed by propylene oxide, and flat-embedded in

Epon 812 (Electron Microscopy Sciences) on aclar (Elec-

tron Microscopy Sciences). Sections from all three

groups were processed in parallel.

Coronal sections of the VMHlfc (Fig. 3) were cut with a

diamond knife (Diatome-US, Fort Washington, PA) by

using a Leica Ultracut ultratome at a thickness setting of

Figure 3. Diagram and photomicrograph illustrating the region

that was analyzed at the ultrastructural level. A: An atlas drawing

of the mediobasal hypothalamus, including the VMH. The trape-

zoid indicates the area that was analyzed with the electron micro-

scope. B: A corresponding 40-lm section, immunolabeled with

peroxidase for OT and treated with osmium tetroxide for ultra-

structural analysis. A trapezoid has been superimposed on the OT

fibers, indicative of the area of study. The approximate borders of

the dorsomedial ventromedial nucleus of the hypothalamus

(dmVMH) and ventrolateral VMH (vlVMH) are delineated. opt,

optic tract; 3V, third ventricle. Scale bar ¼ 100 lm in B.Figure 2. Western blot demonstrating the tissue specificity and

appropriate molecular weight detection of the anti-VGLUT2 pri-

mary antibody employed for immunoelectron microscopy. The

expected 56-kDa band was visualized from rat brain lysates from

the mediobasal hypothalamus (MBH) and cortex (Ctx). Protein

from the corpus callosum (CC) produced a faint band at the

expected size for VGLUT2. Molecular weight markers are demar-

cated to the left of the blot.
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74 nm to obtain ultrathin sections. Images of the selected

sections were compared with light microscopic images of

the block face before sections were taken. Ultrathin sec-

tions were collected on copper mesh grids, examined

with a Morgagni 268(D) transmission electron micro-

scope (FEI, Hillsboro, OR), and digital images were cap-

tured by using the Advanced Microscopy Techniques

(Danvers, MA) Advantage HR charge-coupled device

(CCD) camera system. Figures were assembled and

adjusted for brightness and contrast in Adobe Photoshop

(San Jose, CA).

Additional controls and data analysis
Several controls were performed for the double-label-

ing experiments. First, sections processed in parallel but

in the absence of the primary antibody directed against

synaptophysin, VGLUT2, or MAP2 did not exhibit any de-

tectable diaminobenzidine reaction product. Second, the

lack of cross-reactivity between the labeling of each pri-

mary antiserum and the secondary antisera directed

against the other concurrent primary antisera was veri-

fied by conducting the dual-labeling protocol but with the

omission of one of the primary antisera.

For image analysis, digital images were obtained

from the rostral and midrostral portions of the VMHlfc

from all brains, all with good preservation of ultrastruc-

tural morphology. For each animal, three distinct 40-lm
coronal sections were assayed. From each of these

sections, four copper grids, spaced three grids apart

and each containing three to four ultrathin sections,

were analyzed. For the occasional case in which the

appropriate grid was damaged, the next available grid

was analyzed. Thus, 12 copper grids were analyzed per

animal.

Images were captured with a range of objectives

(22,000–44,000�). Figures were assembled and

adjusted for brightness and contrast in Adobe Photoshop.

Experimenters, blind to the hormonal status of individual

animals, conducted the subcellular quantification. The

inter-rater reliability was 0.91.

The cellular elements were identified based on the

description of Peters and colleagues (1991). For example,

somata were identified by a nucleus, Golgi apparatus,

and smooth endoplasmic reticulum. Dendrites contained

endoplasmic reticulum, were postsynaptic to axon termi-

nals, and were larger than 0.7 lm in diameter. A terminal

was considered to form a synapse if it showed a junc-

tional complex or a restricted zone of parallel membranes

with slight enlargement of the intercellular space, and/or

was associated with postsynaptic thickening. Asymmetric

synapses were identified by thick postsynaptic densities

(Gray’s type I); in contrast, symmetric synapses had thin

densities (Gray’s type II) both pre- and postsynaptically

(Gray, 1959). The term ‘‘undefined’’ synaptic contact was

used to denote parallel membrane association of an axon

terminal plasma membrane juxtaposed to that of a den-

drite or soma that lacked recognizable membrane spe-

cializations in the plane of section analyzed, and with no

intervening glial processes.

Statistical analysis
For each animal, the quantification of ultrastructural

features reflected the average values from three 40-lm
sections, each of which included ultrathin sections from

four separate copper mesh grids. A one-way ANOVA was

used to compare the total area analyzed per animal. For

all other parameters measured, a two-way ANOVA tested

for a main effect and an interaction among hormone

treatment, subcellular compartment, or the presence of

OT labeling. If warranted, a Bonferroni-corrected t-test

was employed for post hoc comparisons. Data are

expressed as the mean (6SE). All statistical comparisons

were performed by using the Prism 4.0 statistical soft-

ware (GraphPad, San Diego, CA).

RESULTS

At the light microscopic level, a conspicuous stream of

parallel OT-immunoreactive fibers could be observed in

the VMHlfc (Fig. 1A). Given the proximity to the VMH, this

region was targeted for electron microscopy analysis, as

indicated by the trapezoid in Figure 3, to examine the

subcellular localization of OT.

At the ultrastructural level, the VMHlfc contained a

dense composition of intermingled unmyelinated axons,

myelinated axons, synaptic boutons, dendrites, and glial

processes. In a detailed analysis of micrographs from the

vehicle-treated animals, 243 myelinated axon profiles,

1,239 axonal bouton profiles, and 1,744 dendritic profiles

were analyzed. Cell bodies were sparse in this region, and

blood vessels occasionally traversed the fiber plexus

orthogonally, enveloped by endothelial cells. Gold/silver-

labeled profiles, indicative of OT localization, were readily

identified in single ultrathin sections. Consistent spatial

organization of OT labeling was confirmed in serial sec-

tions, which further indicates that the observed labeling

was not spurious.

As expected based on light microscopic level analysis,

OT was present in myelinated axons, identified by the

presence of microtubules, neurofilaments, and the char-

acteristic myelin lamellae (Fig. 4A). Myelinated axons

containing OT were common in areas of the VMHlfc that

were dense with myelinated axons. OT was not observed

in unmyelinated axons. Second, ultrastructural inspection

revealed OT labeling in axonal boutons. Structural attrib-

utes, such as the presence of neurofilaments and
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synaptic vesicles in the absence of microtubules, signi-

fied axonal boutons. Often, these boutons contained mi-

tochondria. Many axonal boutons made synaptic contact

with dendrites or other axonal boutons. OT-labeled bou-

tons were packed with small, clear synaptic vesicles;

however, OT labeling was usually segregated from these

vesicles (Fig. 4B). The occurrence of OT labeling in chemi-

cally defined boutons was confirmed with double labeling

for the presynaptic marker synaptophysin. It should be

noted that all boutons were immunopositive for synapto-

physin, but not all were labeled for OT. In contrast, all

structurally defined axonal boutons that were immunore-

active for OT also displayed concurrent synaptophysin

staining.

In many cases, OT-immunoreactive axonal boutons

could be observed to make asymmetric synaptic contacts

with dendrites, suggestive of excitatory neurotransmis-

sion. To refine our characterization of OT-labeled synap-

ses, double labeling with VGLUT2, a marker of glutama-

tergic vesicles, was performed (Fig. 4C,D). Only a subset

of boutons was immunopositive for VGLUT2, and of

these, only a subset was double-labeled with OT. How-

ever, OT labeling was only observed in boutons that also

were labeled for VGLUT2.

A marked presence of OT was observed in some den-

drites in the VMHlfc, recognized by the occurrence of

microtubules, ribosomes, and mitochondria. Oxytocinergic

labeling was found in both dendritic shafts and spines

Figure 4. Electron photomicrographs illustrating OT labeling in myelinated axons and synaptic boutons. A: Certain regions within the fiber

plexus were very dense in myelinated axons. Some of these myelinated axons contained marked amounts of immunogold particles, indica-

tive of OT. B: The electron micrograph shows one axonal bouton containing only synaptophysin (dark, diffuse labeling indicated by black

arrow). In the same micrograph, another bouton has labeling for OT (white arrow) in the midst of diffuse labeling for synaptophysin. The

asterisk indicates a symmetric, axoaxonic synapse near boutons that contain OT and/or synaptophysin. C: Axonal boutons did not always

contain VGLUT2 or OT. The white arrow indicates an OT-labeled immunogold particle whereas the black arrow denotes VGLUT2-labeled

3,30-diaminobenzidine precipitate. Dendrites were always absent of labeling for VGLUT2. D: This micrograph shows one bouton with only

VGLUT2 labeling (black arrow). Another axonal bouton is positive for both OT-labeled immunogold particles (white arrow) and VGLUT2-la-

beled 3,30-diaminobenzidine precipitate (black arrow). ax, axon; den, dendrite; MyA, myelinated axon; mit, mitochondria. Scale bar ¼ 500

nm in A–D.
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(Fig. 5). The occurrence of OT labeling in chemically

defined dendrites was confirmed with double labeling for

the dendrite-specific marker MAP2. Some dendrites dou-

ble-labeled for MAP2 and OT were positioned at the post-

synaptic side of asymmetric synapses.

Effect of ovarian hormones on general
ultrastructural pattern

To investigate the effects of ovarian hormones on the

synaptic organization of the VMHlfc, an average of 713.2

(680.3) mm2 were analyzed per animal, and the area

examined per animal was equivalent across the three

treatment groups (Fig. 6A). In all, 971 myelinated axons,

5,118 dendrites, and 3,858 axonal boutons were ana-

lyzed. Within this brain region, the density of dendritic

profiles was significantly greater than that of axonal bou-

tons or myelinated axons (F(2,18) ¼ 135.5; P < 0.0001);

and axonal boutons were present at a higher density than

myelinated axons (P < 0.0001). There was a marginally

significant interaction (F(4,18) ¼ 2.89; P¼ 0.052) between

hormone treatment and the density of these subcellular

compartments. Specifically, estradiol treatment caused a

marked reduction (34% ) in the density of dendrites com-

pared with vehicle-treated controls (P < 0.05). When the

estradiol treatment was supplemented with progester-

one, the dendrite density reverted to the level seen in ve-

hicle-treated controls within 4 hours (P < 0.05). The den-

sities of myelinated axons and axonal boutons were

unaffected by these ovarian hormone treatments (Fig.

6B).

Distribution of OT labeling
Labeling for OT accounted for approximately 5–20% of

axons, synaptic profiles and dendritic profiles, as

depicted in Figure 7. OT labeling was found in a higher

percent of axonal boutons and dendrites compared with

myelinated axons, regardless of hormonal condition

(F(2,18) ¼ 9.389; P < 0.0016; Fig. 6C).

In all treatment groups, the density of non-OT-labeled

axonal boutons was much greater than those with the

neuropeptide (F(2,12) ¼ 174.2; P < 0.0001). The density

of boutons, whether containing OT or not, was not

affected by hormone treatment (Fig. 7A). For axonal bou-

tons that could be further identified as having the struc-

tural features of synaptic contact, the density was equiva-

lent for synapses with and without OT labeling in the

presynaptic compartment. Furthermore, hormone treat-

ment did not affect the density of OT-positive or OT-nega-

tive synaptic profiles (Fig. 7B). Thus, for a bouton that did

not contain OT, there was only a �38% chance that it

could be confirmed to make synaptic contact. In contrast,

for a bouton that was immunopositive for OT, there was a

nearly 100% chance it could be identified as having a

postsynaptic partner.

The density of non-OT-labeled dendrites was markedly

greater than those labeled with OT, with a ratio of approx-

imately 7:1 (F(2,12) ¼ 239.9; P < 0.0001; Fig. 7C). As

mentioned above, estradiol treatment caused an overall

reduction in the density of dendritic profiles. There was a

significant interaction between hormone treatment and

the presence of OT in dendrites (F(2,12) ¼ 4.946; P <

0.05). In particular, hormone treatment had no effect on

the density of dendrites labeled with OT. In contrast, es-

tradiol treatment reduced the density of dendrites that

Figure 5. Electron photomicrograph of ultrathin sections immuno-

labeled for both OT and MAP2. OT-labeled immunogold particles

(white arrow) were localized to dendrites that were immunopositive

for MAP2 (black arrow, 3,30-diaminobenzidine precipitate). Axonal

boutons contained clear synaptic vesicles and were not labeled

with MAP2 immunoreactivity. A dendrite that was labeled for OT

and MAP2 received an asymmetric synapse (plus sign) from an axo-

nal bouton that was also immunolabeled with OT. Ax, axonal bou-

ton; den, dendrite; mit, mitochondria. Scale bar ¼ 500 nm.
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were not labeled for OT by 29% compared with vehicle (P

< 0.05). The administration of progesterone reversed this

decrease within 4 hours (P < 0.05).

It was intriguing that the density of dendritic profiles

was reduced by estradiol treatment, in particular, in those

without OT labeling, considering that the density of syn-

aptic profiles remained unchanged by hormone condition.

To better understand this result, the number of synaptic

profiles per dendrite was quantified for all groups, taking

into account whether or not the dendrite was labeled for

OT. As shown in Figure 8A, there was a main effect of the

presence of OT in the dendrite (F(2,12) ¼ 39.89; P <

Figure 6. Bar graphs summarizing the total area analyzed, the density of various subcellular compartments, and the percentage of profiles

that were immunolabeled for OT in each treatment group. A: The total area analyzed for each treatment group was similar. B: Within the

area examined, the density of myelinated axons was less than that for axonal boutons, which, in turn, was less than dendritic profiles. Ani-

mals in the EB group had significantly lower densities of dendritic profiles than those in the VEH and EBP groups (denoted by ‘‘a’’). C:

There was no effect of hormonal treatment on the percent of myelinated axons, axonal boutons, and dendritic profiles that were labeled

with OT. Overall, however, a higher percentage of axonal boutons and dendrites were immunolabeled for OT compared with myelinated

axons. Brackets indicate differences in density or proportion between the categories of subcellular compartments. Level of significance is

indicated by * (P < 0.05). Abbreviations: VEH, vehicle treatment; EB, estradiol benzoate treatment; EBP, estradiol benzoate and progester-

one treatment; MyA, myelinated axon.

Figure 7. Bar graphs summarizing the density of boutons, synaptic profiles, and dendritic profiles according to whether they were negative

or positive for OT immunolabeling. A: Ovarian hormone treatment had no effect on the density of axonal boutons, whether they were la-

beled with OT or not. There were significantly more unlabeled than OT-labeled axonal boutons. B: Of the subset of axonal boutons with

clear structural characteristics of synaptic contact, ovarian hormone treatment had no effect on their density of axonal boutons, whether

they were labeled with OT or not. There was an equivalent density of unlabeled and OT-labeled syanpses. C: There was an interaction

between ovarian hormone treatment and labeling for OT on the density of dendritic profiles. There was a main effect of OT labeling, with

unlabeled outnumbering OT labeled dendrites by approximately 7:1. Although ovarian hormone treatment had no effect on the density of

OT-labeled dendritic profiles, estradiol treatment reduced the density of unlabeled dendritic profiles. The effect of estradiol was reversed

by subsequent progesterone administration. Brackets indicate differences in density between the categories of subcellular compartments.

Level of significance between OT labeling status is indicated by * (P < 0.05) and the effect of estradiol treatment on dendritic profile den-

sity, compared with vehicle and estradiol plus progesterone treatments, is indicated by ‘‘a’’ (P < 0.05). Abbreviations: VEH, vehicle treat-

ment; EB, estradiol benzoate treatment; EBP, estradiol benzoate and progesterone treatment.
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0.0001) and a main effect of hormonal condition (F(2,12)
¼ 4.653; P ¼ 0.0319). More specifically, the dendritic

profiles labeled with OT received nearly twice as many

synapses than dendritic profiles that were absent OT

labeling. Furthermore, although estradiol treatment was

associated with the removal of many of these dendritic

profiles, the unlabeled dendrites remaining displayed no

change in their average synaptic input after ovarian hor-

mone treatment. For the OT-labeled dendritic profiles,

although estradiol treatment did not alter their density, it

increased the number of synaptic contacts per dendritic

profile by approximately 51% (P < 0.05). Figure 8B illus-

trates the distribution of the number of synaptic contacts

per dendritic profiles. A significantly higher proportion of

non-OT-labeled dendrites had zero synaptic contacts

compared with the OT-labeled dendrites (approximately

73% versus 54% overall [F(2,12) ¼ 36.93; P < 0.0001]).

Conversely, a significantly lower proportion of non-OT la-

beled dendrites had one (20% versus 27%), two (4% ver-

sus 12%), or three (0.5% versus 5%) synaptic contacts

compared with the OT-labeled dendrites (F(2,12) ¼ 5.018,

38.53, and 36.93, respectively (P ¼ 0.0448, <0.0001,

and <0.0001, respectively). Estradiol treatment further

increased the percent of OT-labeled dendritic profiles

that received three synaptic contacts compared with ve-

hicle treatment (P < 0.001).

Given the subjective observation that the location of

immunogold-labeled OT in synaptic boutons was segre-

gated from the small clear vesicles that aggregate near

the synaptic junction, the distance from the immunogold-

labeled OT to the nearest synaptic junctional membrane

versus the nearest plasma membrane was measured. As

shown in Figure 9, there was a main effect of subcellular

compartment (F(1,8) ¼ 16.41; P ¼ 0.0037), i.e., OT-conju-

gated immunogold particles were found closer to both

types of membranes in axonal boutons compared with

dendritic profiles. In addition, there was a main effect of

the membrane region (F(1,8) ¼ 183.8; P < 0.0001), with

the OT-conjugated immunogold particles situated sub-

stantially closer to a nonsynaptic region of membrane

compared with the nearest synaptic membrane. Ovarian

hormone treatment did not significantly alter the location

of OT-labeled particles within the axonal boutons. How-

ever, in dendrites OT-labeled particles were found closer

to a synapse in the progesterone-treated group compared

with the vehicle-treated group (P< 0.02).

DISCUSSION

This study had two major goals: 1) to localize OT within

subcellular compartments of the VMHlfc; and 2) to test

the hypothesis that ovarian hormones reconfigure the

synaptic organization in the VMHlfc, especially OT-labeled

elements. A solid body of literature demonstrates struc-

tural plasticity in the VMH itself (Carrer and Aoki, 1982;

Nishizuka and Pfaff, 1989; Frankfurt et al., 1990; Calizo

Figure 8. Bar graph and histogram summarizing the interaction

between the presence of OT in dendritic profiles, ovarian hormone

treatment, and the number of synapses per dendritic profile. A: There

was a main effect on the average number of synapses per dendritic

profile, with OT-labeled dendritic profiles receiving approximately

twice as many inputs as non-OT labeled dendritic profiles. Although

ovarian hormones did not alter the level of input to the non-OT labeled

dendritic profiles, estradiol treatment increased the number of synap-

tic contacts per OT-labeled dendritic profile by approximately 51%.

Progesterone treatment reversed the effect of estradiol. B: The histo-

gram illustrates that dendritic profiles with or without OT most com-

monly were observed to receive no synaptic terminals. OT-labeled

dendrites were less likely to have zero synaptic inputs, and more

likely to have two synaptic inputs, compared with unlabeled dendritic

profiles. Ovarian hormone treatment did not shift the distribution of

innervation density for unlabeled dendritic profiles. However, for the

OT-labeled dendritic profiles, estradiol treatment increased the per-

centage that received two or three synaptic contacts. Brackets indi-

cate a main effect of OT-labeled versus non-OT labeled dendrites.

Level of significance is indicated by * (P < 0.05). Significant effects

of ovarian hormones treatments compared with vehicle are indicated

by ‘‘a’’ (P< 0.05, less than vehicle) and ‘‘b’’ (P< 0.05, more than vehi-

cle). Abbreviations: VEH, vehicle treatment; EB, estradiol benzoate

treatment; EBP, estradiol benzoate and progesterone treatment.
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and Flanagan-Cato, 2000; Madiera et al., 2001); however,

the adjacent fiber field had not been investigated. This

first ultrastructural study of the VMHlfc detected OT in

axonal boutons, defined both structurally and with synap-

tophysin co-localization. OT-labeled axonal boutons were

also immunopositive for VGLUT2. Although this structural

study localized OT to boutons in the VMHlfc, we cannot

state that the OT was synaptic in nature. In fact, given the

distance over which OT-labeled immunogold particles

were noted in boutons, it is very likely that release of OT

is not occurring at the synapse. Unexpectedly, OT label-

ing was found in dendrites, as confirmed with co-localiza-

tion with MAP2. Estradiol treatment markedly decreased

the density of dendritic profiles in the VMHlfc. This effect

was reversed within 4 hours of progesterone exposure, in

striking accordance with Golgi impregnation analysis of

long primary dendrites that ramify from VMH neurons

(Griffin and Flanagan-Cato, 2008). This estradiol-induced

reduction in dendrite availability was specific to dendrites

that did not contain OT. Finally, estradiol treatment spe-

cifically increased the number of synapses per dendritic

profile for OT-labeled dendrites without changing the level

of input for unlabeled dendrites. These last two results

suggest that dendritic labeling for OT signifies a unique

dendrite function within the neural circuitry. Taken to-

gether, these results provide new clues about the synap-

tic organization of a behaviorally important peptide in the

VMHlfc.

Ultrastructure of the VMHlfc
This study demonstrates that OT is localized within

axonal boutons in the VMHlfc. Confocal microscopy anal-

ysis revealed that dendrites extending from the VMH

made close contact with OT-labeled fibers in the VMHlfc

(Daniels and Flanagan-Cato, 2000). Within OT-labeled

boutons, small clear vesicles were aligned with the junc-

tional zone, whereas OT was in proximity to a nonsynaptic

portion of the bouton membrane. This subcellular local-

ization provides structural evidence that OT, like other

neuropeptides, may be released parasynaptically (Magis-

tretti and Morrison, 1988; Conde, 1992; De-Miguel and

Trueta, 2005). This is also the first report to demonstrate

that axons in the fiber plexus form synapses with den-

drites likely extending from the VMH, as first suggested

by Millhouse based on Golgi analysis (Millhouse, 1973a).

Thus, parasynaptic release of OT from axonal boutons in

the VMHlfc may provide a temporally and spatially pre-

cise means for OT to regulate female sexual receptivity.

The presence of OT in boutons in the VMHlfc does not

preclude concomitant effects of more distant sources of

OT, such as dendritic release from the PVN and/or SON,

as proposed previously (Morris and Pow, 1991; Sabatier

et al., 2007). It is possible that background levels of

extracellular OT, triggered by various physiological stimuli

that cause dendritic release, affect OT receptors in con-

cert with locally released OT. Interactions between tonic

and phasic effects of OT in the VMH warrant further

study.

Figure 9. Bar graphs comparing the distance between OT-labeled

immunogold particles and the nearest synaptic membrane versus

nonsynaptic membrane in axonal boutons and dendritic profiles.

The OT-conjugated immunogold particles were situated substan-

tially closer to a nonsynaptic region of membrane compared with

the nearest synaptic membrane in both axonal boutons and den-

drites. In addition, OT-conjugated immunogold particles were

found closer to either type of membrane in axonal boutons com-

pared with dendritic profiles, as indicated by brackets. *, P <

0.05. ‘‘a’’ above bars, after progesterone treatment, OT labeling

was found closer to synaptic membranes in dendrites than those

in the vehicle condition (P < 0.05). Abbreviations: VEH, vehicle

treatment; EB, estradiol benzoate treatment; EBP, estradiol benzo-

ate and progesterone treatment.
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We have provided novel direct evidence that OT in the

VMHlfc is co-localized with glutamate (Gray, 1959). OT

and VGLUT2 have been co-localized in dendrites of neu-

rons in the SON, a site of OT synthesis and dendritic

release (Ludwig and Pittman, 2003; Ponzio et al., 2006).

Exogenous OT increases the firing rate of VMH neurons

(Kow et al., 1991). Endogenous OT may be released para-

synaptically to activate VMH dendrites; however, possible

interactions with glutamate in OT-induced excitability in

the VMH remain unexplored.

Ultrastructure and MAP2 labeling confirmed the pres-

ence of OT in dendrites in the VMHlfc. These dendrites

may arise from OT-producing neurons in the VMH. How-

ever, neither OT mRNA nor the peptide itself has been

reported in soma in the VMH, the present study included.

Second, dendrites from the SON and/or PVN, where OT

cell bodies reside, could extend into this region. OT is

trafficked into and released from dendrites, in conjunc-

tion with glutamate; thus the PVN and SON oxytocinergic

dendrites also express VGLUT2 (Ponzio et al., 2006). Den-

drites in the SON have been reported to be as long as

400 lm (Stern and Armstrong, 1998). However, this sce-

nario is contradicted by the lack of VGLUT2 labeling in

OT-containing dendrites in the VMHlfc. Thus, it seems

unlikely that the dendrites that exhibit OT labeling arise

from the PVN or SON.

A third scenario is that OT may be released from

nearby boutons and then transported into dendrites for

catabolism. Previous immunohistochemical work has

shown that a primary antibody directed against OT also

recognized the deamidated form of the peptide (Ivell

et al., 1983). Supporting this notion is the labeling of OT

in endosome-like vesicles in dendrites. The presence of

OT in these organelles in dendrites may indicate that the

peptide is internalized with the OT receptor. In HEK293T

cells, OT receptors did not enter lysosomes but were

packaged to be returned to the cellular membrane (Conti

et al., 2009). Thus, the labeling we observed in dendrites

may represent a combination of intact and partially

degraded OT along with its receptor waiting to be

recycled to the cell surface.

Beyond the VMH, OT receptors are found in a variety of

other brain regions (Elands et al., 1988; Freund-Mercier

et al., 1987; Tribollet et al., 1988; Yoshimura et al.,

1993). In most cases, OT fibers have been identified in

the same areas (Buijs, 1978; Swanson et al., 1980; Sofro-

niew and Schrell, 1981). In the well-studied dorsal vagal

complex, OT has been localized to presynaptic boutons

where it selectively increased the probability of glutamate

release (Peters et al., 2008). OT-glutamate co-transmis-

sion has been noted previously (Hrabovszky et al., 2006;

Ponzio et al., 2006). The fact that OT axonal projections

target multiple brain regions that express OT receptors

suggests that release from boutons may be a common

mechanism of OT delivery.

Effect of ovarian hormones on VMH
dendrites

The dendritic tree of VMH neurons includes a single

long primary dendrite (LPD) extending in the ventrolateral

direction to form a lattice with a lateral afferent fiber field

(Millhouse, 1973a,b; Calizo and Flanagan-Cato, 2000).

Ovarian hormones dynamically regulate these LPDs, with

an estradiol-induced retraction that is reversed with com-

bined progesterone treatment (Griffin and Flanagan-Cato,

2008). Taken together, these two studies suggest that

the shortened LPDs are vacating the VMHlfc.

Several other paradigms indicate the importance of the

LPD extension from the VMH into the VMHlfc in rats.

Food-deprived male rats displayed 31% reduction in LPD

length of their VMH neurons compared with ad libitum

fed controls (Flanagan-Cato et al., 2008). Likewise, rats

with a genetic tendency to gain weight on a high-energy

diet also exhibited shorter LPDs compared with rats that

resist such weight gain (LaBelle et al., 2009). The present

results suggest that physiological conditions that reduce

the LPD length of VMH neurons are associated with a

rewiring of synaptic inputs to the remaining dendrites in

the VMHlfc. However, the behavioral significance of the

dendrite retraction is not clear in these conditions, and it

may be that the re-partnering of the synaptic inputs is

more critical than the retreat of dendrites.

The underlying cellular mechanism that mediates the

estradiol-induced retraction, and progesterone-induced

restoration, of LPDs requires further study. Neurons that

express the nuclear estrogen receptor (ER)-a , and estra-

diol-induced progestin receptors are abundant in the

VMH (Pfaff and Keiner, 1973; Simerly et al., 1990; Don-

Carlos et al., 1991) and have well-documented geno-

tropic effects on mating behavior (Rainbow et al., 1982;

Glaser and Barfield, 1984; Meisel and Pfaff, 1984). In

addition, estradiol has membrane-directed effects in this

brain region (Kow and Pfaff, 2004). Furthermore, OT neu-

rons in the PVN express ER-b, especially the parvocellular
neurons in the medial subnucleus (Hrabovszky et al.,

1998, 2004). Sakamoto and colleagues (2007) demon-

strated that the G-protein-coupled membrane estrogen

receptor GPR30 was present in the neurosecretory axo-

nal swellings in the neurohypophysis. Thus, the site of

hormone action could be pre- or postsynaptic, or both,

and such action could occur through multiple receptor

mechanisms. An intriguing aspect of both the Golgi and

the ultrastructural analysis was that progesterone

returned dendrite parameters to their values during the

vehicle condition. This reversal by progesterone has been

Griffin et al.
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seen in other types of estradiol-induced neural plasticity

(Mills et al., 2004). The progesterone-induced proximity

of dendritic OT to the postsynaptic membrane may be in-

dicative of recent release and uptake.

A key finding in the current study was that ovarian hor-

mones caused a rearrangement of synaptic connections

in the VMHlfc. Estradiol treatment increased input to the

OT-containing dendrites. Thus, the overall level of synap-

ses remained constant in the face of retreating dendrites.

A question for future study is whether the new synapses

on the OT-labeled dendrites are inhibitory or excitatory.

Likewise, factors remain to be identified that are differen-

tially expressed in dendrites with and without OT that

allow for this synaptic reorganization.

In conclusion, this first ultrastructural analysis of the

VMHlfc characterized OT in glutamatergic boutons and

dendrites. Several aspects of the results were unex-

pected and warrant future studies. Given the structural

evidence that OT is released parasynaptically, it is unclear

whether the OT receptors are located on the post-bouton

dendrites and/or on other nearby dendrites. The biologi-

cal basis of ovarian hormone-dependent mating behavior

may include OT-mediated modulation of glutamate

action. Although the significance of OT immunoreactivity

in dendrites is not clear, it was indicative of dendrites

sparing the estrogen-induced dendrite exodus from this

region. The apparent lack of a hormone-induced change

in the average density of presynaptic terminals obscured

a rearrangement of connectivity, with OT-containing den-

drites partnering with additional terminals during estra-

diol treatment. Overall, these results set forth striking

new insights regarding the neural circuitry of the broader

VMH area, particularly with regard to the presence of the

behaviorally relevant neuropeptide OT.
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