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VMH
edial nucleus (VMH) displays sexual dichotomies in its overall size, neurochem-
istry, and neuronal morphology. These differences may underlie the sex differences observed in functions
mediated by the VMH, such as reproductive behaviors and energy balance. A previous Golgi impregnation
analysis of VMH dendrites reported sex differences in total dendrite length in the ventrolateral region of the
VMH. The present study tested the hypothesis that this sex difference is localized to a specific dendrite type.
VMH neurons were visualized with Golgi impregnation. Overall, male rats displayed significantly longer
dendrites than females for VMH neurons. This sex difference was apparent in both the dorsomedial and the
ventrolateral subdivisions of the VMH. When dendrites were classified based on dendrite type, namely long
primary, short primary and secondary dendrites, the increased length for males was observed for all dendrite
types. Furthermore, when long primary dendrites were categorized according to whether they extended in
the dorsomedial, ventrolateral, ventromedial or dorsolateral direction, the sex difference in length occurred
for all directions. These results indicate that the previously identified dendrite categories for VMH neurons
are integral to VMH circuitry for both males and females. Given that the sex difference in dendrite length
applied to all dendrite types, the elongated male VMH dendrites may provide additional sites to process
input from both local interneurons and extranuclear afferents.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Various behaviors and brain functions manifest sexual dichoto-
mies and estrous cycle fluctuations, including ingestive behaviors,
emotion, and cognitive functions [1]. A well-studied example is
female rodent sexual behavior, in which striking effects of both
gender and phase of the estrous cycle are seen. During the hours
before and after ovulation, a female rodent becomes sexually
receptive. At this time, courting males trigger the receptive posture
in females, termed the lordosis reflex, which is gated by the ovarian
hormone estradiol as ovulation approaches. Ovariectomy prevents
the display of the lordosis reflex, and this effect is reversed by
estradiol replacement. The lordosis response is not exhibited by
intact males or even by adult castrated males treated with ovarian
hormones [22]. Therefore, this behavior has provided a model
system to examine the cellular mechanisms underlying sex-specific
behaviors. The brain region targeted by estradiol to control this
behavior is the ventromedial nucleus of the hypothalamus (VMH).
Interestingly, the VMH has also been implicated in male mating
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behavior [10,11,27]. Therefore, a better understanding of VMH
neural circuitry would assist in explaining the neural basis of
sexually dimorphic, hormone-gated behaviors.

Structural sex differences in the adult VMH have been observed,
based on a variety of methodological approaches. Based on analysis of
Nissl stain, the volume of the adult VMH is approximately 25% larger
in males compared with females [4,5,15,18]. This difference in volume
cannot be explained by differences in the total number of neurons
[15]. Instead, neuronal soma size contributes to differential VMH size,
with males exhibiting larger neurons than females [5,15]. In addition,
the amount of neuropil in the VMH is greater in males than females
[15]. At the ultrastructural level, the literature is less consistent. In
some cases, a higher density of spine and shaft synapses has been seen
in males than females [14,17,23]. However, it also has been reported
that females have a greater density of dendritic synapses and spines
than males [15,24]. This discrepancy may relate to the sex-specific
synaptic connectivity on different dendrite types, which was not
accounted for in prior studies.

The synaptic organization of the VMH is not well understood
compared with some other brain regions, making it difficult to
interpret changes in synapse number or spine density. Previous work
in our laboratory has categorized VMH dendrites as follows: a single
very long primary dendrite, a fewmuch shorter primary dendrites, and
a few secondary dendrites. We have proposed that the long primary
dendrite may be uniquely positioned to contact afferents terminating
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in the fiber plexus surrounding the VMH. We have shown that the
length of these long primary dendrites can change, based on ovarian
hormone conditions and food availability [6,9]. The short primary
dendrites, in contrast, may be situated to receive input from local
interneurons. The spine density on these dendrites, but not other
dendrite types, is affected by estradiol treatment, possibly via afferent
input from nearby estradiol receptor-containing interneurons [2].
Given the notion that VMH dendrites are differentiated to process
different classes of input, the goal of the present analysis was to test the
hypothesis that sex differences in the dendritic arbor of VMH neurons
pertain to specific elements of the dendritic tree. Golgi-impregnated
VMH neurons from intact male and hormone-treated ovariectomized
females were compared for dendrite number, type, length, and
direction.

2. Methods

2.1. Animals

The Institutional Animal Care and Use Committee of the University
of Pennsylvania pre-approved all procedures with animals. Seven
adult male and 38 adult female Sprague–Dawley rats (Taconic,
Hudson, NY) were housed in a temperature-controlled room
(22 °C), with a 12:12 light/dark cycle, with lights on at 12 am. Food
(Purina rat chow) and tap water were continuously available. Animals
were allowed at least one week to acclimate to the colony, and during
the subsequent 17 days, males were weighed daily, and their food
intake was monitored in individual wire mesh cages.

Females were group-housed in plastic tubs (41 cm×21 cm×22 cm)
with standard bedding. After the one-week acclimation period, females
were bilaterally ovariectomized. The ovariectomy was performed under
general anesthesia (90 mg/kg ketamine and 9 mg/kg xylazine, both i.p.).
After the ovariectomy was completed, rats were given yohimbine
(2.1 mg/kg, i.p.) to counteract the anesthesia produced by xylazine.
One week after surgery, animals were assigned to a vehicle control
group or one of two hormone treatment groups. The hormones, 17-β
estradiol benzoate (EB;10 µg in100µL sesameoil, s.c.) andprogesterone
(P; 500 µg in 100 µL propylene glycol, s.c.), were given in a specific
regimen across four days. The vehicle control group (n=8) received
injections of sesame oil (100 µL, s.c.) on Days 1 and 2 followed by
propylene glycol (100 µL, s.c.) on Day 4 between 0800 and 0900 h.
Animals in the vehicle groupwere sacrificed 4 h (1200–1300h) after the
propylene glycol administration. The two other treatment groups were
primed with EB on Days 1 and 2. On Day 4, they received either vehicle
(EB group,n=10) or P (EBP group,n=5). Animals in the EB groupwere
sacrificed 4 or 24 h after the vehicle injection (i.e., 48 or 96 h after the
first administration of estradiol). Animals in the EBP group were
sacrificed 4 h after the progesterone injection of Day 4.

2.2. Golgi impregnation and morphological analysis

Animals were deeply anesthetized with ketamine and xylazine
(100 mg/kg and 9 mg/kg, respectively, both i.p.). Brains were quickly
removed and prepared for Golgi impregnation using the FD Rapid
Golgi Stain kit (FDNeurotechnologies; Ellicot City, MD). In brief, brains
were incubated in a potassium dichromate, mercuric chloride, and
potassium chromate solution for two weeks. After this incubation,
hypothalamic sections including the VMH were obtained using a
vibratome (200 µm, Vibratome Series 1000). The sections were
mounted onto gelatinized slides and cover-slipped. Individual
neurons (n=4–7 per animal) and their processes were visualized at
1000× using camera lucida. Soma area and dendrite length were
measured in triplicate using NIH Image 1.62. The location of the
neurons within the VMH, i.e., within the dorsomedial versus
ventrolateral subdivision, was charted.
Several additional features of the dendrites were noted, as
described previously [2,3]. First, the type of dendrite was categorized
as either primary or secondary, based onwhether it emerged from the
cell body or another dendrite, respectively. The primary dendrites
were further classified according to their length. For each neuron, the
longest primary dendrite was assigned as the “long primary dendrite”
and all other primary dendrites were referred to as “short primary
dendrites”. In the present study, the direction of the long primary
dendrites was classified as one of the four mutually exclusive
categories: dorsolateral, dorsomedial, ventromedial, or ventrolateral
based on dorsal–ventral and medial–lateral axis bisections of each
neuron in the coronal plane. An experimenter blind to the treatment
groups conducted all morphological analyses.

2.3. Statistical analysis

For each neuron, dendrite length was calculated for each of the
three dendrite types, which required the averaging when there were
multiple short primary dendrites and secondary dendrites. For each
animal, mean dendrite length for each dendrite type was calculated as
the averages for each of all its neurons. Statistical comparisons
between the two sexes, across the dorsomedial versus ventrolateral
VMH subdivisions, were performed by two-way ANOVA and Bonfer-
roni-corrected t-test post-hoc comparisons. The distribution of
dendrites extending in each of the four possible quadrants in the
coronal plane was assessed with a chi-square analysis. Data are
expressed as the mean and standard error (SE). Significancewas set at
pb0.05. The statistical software used was Prism 4.0 (GraphPad, San
Diego, CA).

3. Results

The females in this study were included in a previous report that
focused on the effects of ovarian hormone treatments [9]. Effects of
ovarian hormones on the dendritic arbor in the female VMH will not
be discussed in the current report, although they are apparent in the
figures. The present study focuses on sex differences, and therefore,
the females are combined in a single group for statistical comparison
with males.

3.1. Dendrite number

Dendrite number was compared based on the two factors of sex
and VMH subdivision (Fig. 1). There was a main effect of sex [F=81.57
(df 1, 46), pb0.0001], but not a main effect of VMH region, nor an
interaction between these two factors. When the dorsomedial and
ventrolateral VMH were pooled, males exhibited more dendrites per
neuron than females. In particular, male VMH neurons had approxi-
mately 5.0 dendrites per neuron, whereas for females the average was
approximately 3.5 dendrite per neuron. This sex difference was based
on more short primary dendrites and secondary dendrites in males
[F=41.71 (df 1, 46), pb0.0001 and F=29.46 (df 1, 46), pb0.0001,
respectively].

3.2. Dendrite length

Dendrite length was compared across two factors, namely, sex and
VMH subdivision, for each of the three dendrite categories (Fig. 2). For
the long primary dendrites, therewas amain effect of sex [F=111.22 (df
1, 46), pb0.0001], but nomain effect of VMH region, and no interaction
between these two factors. For the short primary dendrites, there was a
main effect of sex [F=62.20 (df 1, 45), pb0.0001], and nomain effect of
VMHregion, but an interactionbetween these two factors [F=7.18 (df 1,
43), pb0.0103]. For the secondary dendrites, there was a main effect of
sex [F=38.73 (df 1, 45), pb0.0001], and borderline main effect of VMH
region [F=3.77 (df 1, 43), pb0.0588], and an interaction between these



Fig. 2. Bar graph comparing the length of dendrites of hypothalamic ventromedial
nucleus (VMH) neurons in the dorsomedial and ventrolateral VMH in male and female
rats. All females were ovariectomized and treated with either vehicle, estradiol
benzoate (EB), or estradiol plus progesterone (EBP). In the present analysis, females
were combined in a single group. Groups that are significantly different are denoted
with different letters above the bars. Panel A: The length of long primary dendrites.
Panel B: The length of short primary dendrites. Panel C: The length of secondary
dendrites.

Fig. 1. Bar graph comparing the number of dendrites on hypothalamic ventromedial
nucleus (VMH) neurons in the dorsomedial and ventrolateral VMH in male and female
rats. All females were ovariectomized and treated with either vehicle, estradiol
benzoate (EB), or estradiol plus progesterone (EBP). In the present analysis, females
were combined in a single group. Groups that are significantly different are denoted
with different letters above the bars. Panel A: The total number of dendrites per neuron.
Panel B: The number of short primary dendrites per neuron. Panel C: The number of
secondary dendrites per neuron.
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two factors [F=4.22 (df 1, 43), pb0.0461]. However, post-hoc
comparisons did not indicate any significant group differences except
the sex differences within each VMH.

Thus, males exhibited strikingly longer dendrites than females for
all three dendrite types. The difference was most marked for the long
primary dendrites, which were approximately 150 µm longer in the
males compared with the females. However, both the short primary
and secondary dendrites were also significantly longer in males,
approximately 50 µm and 35 µm longer, respectively.
3.3. Dendrite direction

The proportion of long primary dendrites extending in each of four
possible directions was compared between the two sexes in both VMH
subdivisions (Fig. 3). A regional difference was noted in both sexes.
Specifically, in the dorsomedial subdivision of both sexes, the
proportion of long primary dendrites extending in each of the possible



Fig. 4. Bar graph comparing the length of long primary dendrites that extend in each
quadrant for hypothalamic ventrolateral nucleus (VMH) neurons in the dorsomedial
and ventromedial VMH in male and female rats. All females were ovariectomized and
treated with either vehicle, estradiol benzoate (EB), or estradiol plus progesterone
(EBP). In the present analysis, females were combined in a single group. Groups that are
significantly different are denoted with different letters above the bars. Panel A: The
length of long primary dendrites extending in each direction in the dorsomedial VMH.
Panel B: The length of long primary dendrites extending in each direction in the
ventrolateral VMH. Abbreviations: DM, dorsomedial; VM, ventromedial; DL dorsolat-
eral; VL, ventrolateral.

Fig. 3. Bar graph comparing the percentage of long primary dendrites that extended
in each quadrant for hypothalamic ventrolateral nucleus (VMH) neurons in the
dorsomedial and ventromedial VMH in male and female rats. All females were ova-
riectomized and treated with either vehicle, estradiol benzoate (EB), or estradiol plus
progesterone (EBP). In the present analysis, females were combined in a single group.
Panel A: The percent of long primary dendrites extending in each direction in the
dorsomedial VMH. Panel B: The percent of long primary dendrites extending in each
direction in the ventrolateral VMH. Abbreviations: DM, dorsomedial; VM, ventrome-
dial; DL dorsolateral; VL, ventrolateral.
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four directions is not significantly different from chance (chi-square
test, pN0.05). However, in the ventrolateral subdivision of both sexes,
dendrites were significantly more likely to extend in the ventrolateral
direction than the other three possible directions (chi-square,
pb0.0001 for both sexes).

Lastly, the length of long primary dendrites was compared across
two factors, namely, sex and the quadrant in which that dendrite
extended (Fig. 4). In the dorsomedial VMH, a main effect of sex was
observed (pb0.0001), but no main effect of dendrite direction or
interaction between these two factors was apparent. In post-hoc
comparisons, males had significantly elongated long primary den-
drites in the dorsomedial VMH for all directions except the
dorsomedial direction (Bonferroni-corrected t-tests, all pb0.01). In
the ventrolateral VMH, a main effect of sex was observed (pb0.0001),
but nomain effect of dendrite direction or interactionwas apparent. In
post-hoc comparisons, males had significantly elongated long primary
dendrites in the ventrolateral VMH for all dendrite directions
(Bonferroni-corrected t-tests, all pb0.01).

4. Discussion

This study tested the hypothesis that the previously observed sex
difference in dendrite length in the VMH was localized to specific
dendrite types of VMH neurons. The present results are consistent
with previous evidence that males have more dendrite surface than
females, as measured here by the number and length of VMH
dendrites [23]. A trend for longer dendrites in males also has been
reported in neonatal rats [26]. In addition, these results make the
novel observation that the lengthening of dendrites in males is
generalized to all dendrite types, including long primary dendrites,
regardless of the directionality of the long primary dendrites. Thus,
the hypothesis that a sex difference in VMH dendrites is dendrite-
specific was not supported. The differences observed here represent a
true dichotomy between males and females, and not simply an
ovarian hormone modulation that results in females oscillating
around the values obtained from males [19].

Asmentioned in the Introduction, previous studies have found that
males have a larger volume of the VMH than females [5,15,18]. This sex
difference is based on larger neurons and more neuropil [5,15];
however, the number of neurons in the VMH is not sexually dimorphic
[15]. A functional significance for this larger soma may be to provide
biosynthetic and metabolic support for the larger dendritic tree in
males. The larger dendritic arbor in males, in turn, may contribute to
the sex difference in neuropil volume within the VMH. An expanded



Fig. 5. Schematic summarizing the pattern of dendritic branching for hypothalamic
ventromedial nucleus (VMH) neurons during different conditions, based on this and
previous studies [6,9,13]. The left panel illustrates the typical dendritic arbor in
ovariectomized females treated with either vehicle, estradiol benzoate (EB), or EB and
progesterone (EBP). The right panel depicts the typical dendritic arbor in intact males
fed ad libitum diet, food deprived, or selectively bred to exhibit diet-induced obesity.
Overall, the difference between the sexes appears more striking than the differences
produced within each sex caused by ovarian hormones or energy balance signals.
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dendritic arbor in males is also consistent with the finding that males
have more dendritic synapses, which may be a consequence of having
additional dendrite surface [23].

The present results run counter to a previous report, also based on
Golgi impregnation, which did not find shorter dendrites in the VMH
for females compared with males [15]. The female groups differ
somewhat between the two studies, with the present study having
used ovariectomized females and hormone replacement, whereas
Madiera et al. used intact cycling females. A possible temporally
dynamic effect of estradiol on dendrite length, obscured by the time
points used in each study, may account for the disparate results.
Another methodological difference between these two studies was
that in the present report brains were obtained during the dark phase
of the light/dark cycle, whereas Madiera et al. collected brains in the
light phase. A possible sex-specific effect of circadian rhythm on VMH
dendrite length has not been studied. Other studies in the literature do
not fully clarify the discrepancy. For example, one study [24] used
electron microscopy to compare synapse density in male and female
VMH. The results, although not directly assessing dendrite length,
suggest a modest cycle-dependent difference, with females displaying
somewhat more dendritic synapses per neuron than males. These
animals were also killed in the light portion of the light/dark cycle. In
contrast, another study [23], also using electron microscopy, found
that males exhibit nearly twice as many dendrite synapses as intact
females in the VMH. That study is strikingly consistent with the
present results. Here, we explored the hypothesis that the discrepan-
cies may be accounted for based on dendrite-specific sex effects.
However, the pattern of sex differences was similar in all dendrite
types in this study.

In the present study, the sex difference in dendritic tree was
apparent in both the dorsomedial and ventrolateral VMH. This is
consistent with previous reports that found sex differences in soma
size and overall volume in both the dorsomedial and ventrolateral
regions [5,15]. Although sex differences are apparent in both of these
regions of the VMH, some neuronal morphological distinctions exist
between them. For example, the dendritic arbor is more complex in
the ventrolateral compared with the dorsomedial region [15]. Our
laboratory previously reported that there are more and longer
secondary dendrites in the ventrolateral region of the VMH than the
dorsomedial in females [9]. However, in males, the length of the long
primary dendrites was equivalent in the dorsomedial and ventrolat-
eral VMH.

Previous studies have explored the developmental mechanisms
that give rise to various levels of sex differences in the VMH. Tobet
et al. have described the embryonic timeline for VMH differentiation
in the developing hypothalamus [20]. Neonatal manipulation of testos-
terone and estrogen exposure can reverse sex differences in the VMH
[18,23]. Recent work has sought to distinguish the roles of estrogen
receptor subtypes in VMH sexual differentiation [7,12,28]. However, in
addition to a role for estrogen receptors [29], androgen action also
contributes to the sexual differentiation of the VMH, perhaps by
controlling the expression of aromatase, and in turn, estradiol
production [5,16]. A postnatal time course analysis has indicated
that the adult pattern of sex-specific connectivity is established by
postnatal Day 45, but not at postnatal Day 20 [23]. Avery recent study
employed cultured slices of neonatal VMH to demonstrate that the
masculinizing effect of estradiol on dendritic spines is dependent on
glutamate activity [25]. Consistent with the present findings that
males have longer VMH dendrites than females, that study also
observed that estradiol treatment was associated with longer
dendrites. However, the neurochemical mechanisms that mediate
the organization of sex differences in dendrite length in the VMH
were not explored.

Our laboratory has investigated the regulation of VMH dendrites in
a variety of conditions. The length of the long primary dendrites
appears to be particularly variable. In adult females, ovarian hormone
treatment causes rapid and reversible changes in long primary
dendrite length, without affecting short primary dendrites [9].
Likewise, in adult males, long primary dendrites are shortened by
food restriction [6], although they are not changed bymaintenance on
a high-energy diet [13]. In addition to their regulation by hormonal
and energy balance cues, the long primary dendrites are affected by
genotype. In particular, rats with a genetic propensity to gain weight
on a high-energy diet exhibit shorter long primary dendrites than rats
bred to resist weight gain [13]. Based on their extreme length, long
primary dendrites may be positioned to receive extranuclear inputs.
Thus, male rats, having a larger VMH to traverse, may require added
length on the long primary dendrites to perform the function of
receiving extranuclear input [21]. Fig. 5 illustrates the dendritic arbors
observed for VMH neurons across a variety of conditions.

While a larger VMH in males may explain the need for elongated
long primary dendrites to traverse to the afferent shell, it does not
necessarily explain the increase in the number and length of short
primary dendrites. Furthermore, the sex difference in VMH connec-
tivity may be more than a quantitative difference in the number of
synaptic connections, but also qualitative difference in the types of
synaptic wiring. Qualitative differences may be based on excitatory
versus inhibitory activity [8].

In conclusion, the VMH has been implicated in a variety of
functions, most notably sexually dichotomous mating behavior. The
present study examined structural differences in the neuronal tree of
VMH neurons, and although sex differences were observed, the basic
characteristics of the VMH dendritic arbor were similar between the
two sexes. Thus, sex differences in VMH function may be largely
determined by differences in its sources of afferents and/or projection
targets [27], with males having more dendrite surface to integrate a
wider array of local and extranuclear input.
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