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Abstract

Astrocytic gap junctional communication is important in steroid hormone regulation of
reproductive processes at the level of the hypothalamus, including estrous cyclicity and sexual
behavior. We examined the effects of estradiol and progesterone on the abundance of the gap
junctional protein, connexin 43 (CX43), which is highly expressed in astrocytes. Gonadectomized
rats received hormone treatments that induce maximal sexual behavior and gonadotropin surges in
females (estrogen for 48 h followed by progesterone, estrogen alone or progesterone alone).
Control animals received vehicle (oil) injections. In the female rat preoptic area (POA), containing
the gonadotropin-releasing hormone (GnRH) cell bodies, treatment with estrogen, progesterone or
estrogen + progesterone significantly increased CX43 protein levels in immunaoblots. In contrast,
estrogen + progesterone significantly decreased CX43 levels in the male rat POA. This sexually
dimorphic hormonal regulation of CX43 was not evident in the hypothalamus, which contains
primarily GnRH nerve terminals. Treatment with estrogen + progesterone significantly decreased
CX43 levels in both the male and female hypothalamus. To examine the role of CX43 in female
reproductive function, we studied heterozygous female CX43 (CX43+/-) mice. Most mutant mice
did not show normal estrous cycles. In addition, when compared to wild type females, CX43+/-
mice had reduced lordosis behavior. These data suggest that hypothalamic CX43 expression is
regulated by steroid hormones in a brain-region-specific and sexually dimorphic manner.
Therefore, gap junctional communication in the POA and hypothalamus may be a factor
regulating the estrous cycle and sexual behavior in female rodents.
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1. Introduction

Gap junctions are membrane channels that permit direct electrical and biochemical
communication between adjacent cells. The extent of intercellular coupling and the
expression of gap junction proteins, known as connexins, are controlled by many factors,
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including neurotransmitters, protein kinases, growth factors and other endogenous
compounds [1,8,51]. Gap junctional communication and connexin expression are also
regulated by steroid hormones in gonadal tissue and play a role in various aspects of fertility
and reproduction [16,48,53,66,67].

Hormonal regulation of gap junctions also occurs in the brain [32,43,47], suggesting that
steroid hormone regulation of gap junctional communication may play a role in neural
processes important for reproductive physiology and behavior. Central control of
reproduction occurs in the hypothalamus, primarily via gonadotropin releasing hormone
(GnRH) neurons [36]. GnRH stimulates the release of pituitary gonadotropins, which
regulate the release of gonadal steroid hormones, including estradiol and progesterone.
These, in turn, act in the hypothalamus to control sexual behavior, such as lordosis, in
female mice and rats [12,20]. While estrogen is necessary for sexual behavior in female rats
and mice, the addition of progesterone to estrogen-primed females results in maximal sexual
receptivity and a full GnRH surge [12,38,54]. In contrast, male rodents do not exhibit surges
of GnRH, even if primed with estrogen and progesterone [13]. Such sex differences in
neuroendocrine function correlate with sex differences in hypothalamic neurons and glia,
including sexually dimorphic astrocyte number and morphology [2,7,10,24].

Several lines of evidence suggest that hormonal regulation of hypothalamic gap junctional
communication may be an important factor in regulating reproductive function. (1)
Synchronized exocytotic bursts in cultures of immortalized GnRH neurons are blocked by
inhibitors of gap junctions and are correlated with the extent of dye coupling between these
cells [22,34,41,60]. (2) The high levels of estrogen and progesterone during pregnancy
increase both connexin expression and dye coupling in the hypothalamus [32,43], and
estrogen increases the incidence of gap junctions in the arcuate hypothalamus of female rats
[47]. (3) Increases in dye coupling accompany high levels of hypothalamic peptide hormone
release in lactating and pregnant animals [32,49]. (4) A mutation in a human gap junction
protein can also result in hypogonadotropic hypogonadism [33].

Although these data suggest that steroid regulation of hypothalamic gap junction expression
might be important for reproductive competence, there is at present no definitive
ultrastructural evidence of gap junctions between GnRH neurons in adult brains. In fact,
GnRH cell bodies are dispersed widely in the basal forebrain and are few in number [3].
This raises the possibility that gap junctions in non-neuronal cells, specifically astrocytes,
could modulate synaptic transmission in the reproductive hypothalamus [5,15,23,37,52,69].
In fact, astrocyte morphology and protein expression in the hypothalamus are also regulated
by estrogen and progesterone [23,25,59]. Furthermore, rapid changes in astrocyte
morphology and protein expression occur in the hypothalamus during the estrous cycle,
pregnancy and lactation [9,26,32,50,58]. This is specifically true of astrocytes that are in
contact with cell bodies of GnRH neurons in the anterior hypothalamus [9], suggesting that
altered astrocyte structure and function may also play a role in the preovulatory surge of
GnRH [23,50,52,69].

We therefore investigated the potential role of gap junctions in neural control of
reproductive function at the level of the hypothalamus by examining the effects of estradiol
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and progesterone on expression of connexin 43 (CX43), a gap junctional protein highly
expressed in astrocytes. The hormone treatments included estradiol alone, which primes
sexual behavior and the GnRH surge in ovariectomized females, estradiol + progesterone,
which induce maximal sexual behavior and a full GnRH surge, or progesterone alone, which
does not affect sexual behavior or induce a GnRH surge. We hypothesized that the hormonal
effects on CX43 expression would be sexually dimorphic because male rats do not respond
to hormone priming with lordosis behavior or a surge of GnRH. We investigated both the
preoptic area (POA), which contains the majority of GnRH cell bodies, and the middle/
posterior hypothalamus (HYP), containing the GnRH nerve terminals. In addition, we used
heterozygous CX43 mice (CX43+/-) to determine if reduced CX43 expression affects the
estrous cycle and female sexual behavior.

2. Methods

2.1. Rats

Sprague-Dawley female and male rats (150-175 g) were purchased from Taconic Farms
(Germantown, NY) and housed two or three per cage on a 14/10 h light/dark cycle with ad
libitum access to food and water. Rats were anesthetized with ketamine/xylazine (Henry
Schein, Denver, PA) and bilaterally ovariectomized (OVX) in the case of females or
castrated (Cast) in the case of males. Animals were allowed to recover for 7-10 days before
injections began. All procedures involving animals were performed in accordance with NIH
guidelines and were approved by the Institutional Animal Care and Use Committee of the
Albert Einstein College of Medicine.

2.2. CX43+/- mice

Mating pairs of CX43 hemizygous mice (CGJA1M1) were obtained from Jackson
Laboratories (Bar Harbor, ME) and maintained in accredited animal facilities. Genotyping
was performed using PCR analysis as previously described [14]. Previously published
results demonstrate an approximately 50% reduction of CX43 protein expression in CX43+/
— mice when compared to wild type (WT) controls [14]. Females were 2—6 months old at the
time of testing.

3. Steroids and injections

The steroid hormones estradiol benzoate and progesterone were purchased from Steraloids,
Inc. (Newport, RI) and dissolved in peanut oil so that each hormone injection was given in a
volume of 100 ul. Gonadectomized rats received one of the following four hormone
treatments. Vehicle-injected controls received 100 pl peanut oil at 0, 24 and 48 h; estradiol
only rats received 2 pg estradiol benzoate at 0 and 24 h and oil at 48 h; estradiol +
progesterone rats received the same estrogen treatment plus 500 g of progesterone at 48 h;
progesterone only rats received vehicle (100 pl oil) at 0 and 24 h and progesterone at 48 h
(see Table 1). The animals were killed by decapitation at either 2 or 4 h after the final
injection, the brain dissected and the tissue frozen on dry ice. The hypothalamus was divided
into an anterior region (POA, containing the GnRH cell bodies) and a middle/posterior
region (HYP, containing the GnRH nerve terminals) by cutting through the optic chiasm.
The resulting POA sections thus include the suprachiasmatic nucleus and related septal
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regions containing GnRH cell bodies while the HYP sections include the median eminence.
There were no significant differences between the 2 h and 4 h time points in females;
therefore, these data are combined in the statistical analyses and figures. Males were all
sacrificed 2 h after the final injection. For experiments comparing CX43 protein levels in
gonadectomized and intact females, intact female rats were killed early in the morning
(between 8:00-11:00) and processed as described below.

4. Estrous cycle determination and sexual behavior

Estrous cycle stages were determined by vaginal lavage as described previously [6]. Female
mice (8 CX43+/- mice and 6 WT) were staged for 12 consecutive days. These
determinations were made by an experimenter blind to the condition of the animal. Normal
estrous cycle was defined as demonstrating at least of one full estrous cycle of 4-6 days,
including a proestrous phase demonstrating a high number of nucleated epithelial cells.

Several measures of sexual behavior were recorded in mice with an estrous or proestrous
smear starting at 1 h after lights out under red lights. These include sexual receptivity
(lordosis quotient) and proceptivity (time spent in female-initiated contact with the male).
Female mice were placed in a cage (19 cm x 30 cm) with a sexually active stimulus male.
Stimulus males were alternated to prevent fatigue in a randomized, matched-block design
such that equal humbers of WT and CX43+/- females were exposed to an individual male.
The test was conducted until males had mounted an individual female 10 times. The lordosis
quotient was defined as the number of times the female exhibited lordosis divided by the
number of mounts multiplied by 100. Due to the low incidence of proestrus in CX43+/-
females, the majority of these subjects were tested during vaginal estrus. Therefore, an
equivalent proportion of WT mice were also tested during vaginal estrus. The incidence of
female behaviors that were defensive or aggressive was also recorded. These included biting
or attempted biting, escape behaviors, scratching and distress vocalizations. The total time
spent in female-initiated contacted included any female-engendered grooming, sniffing,
following or tactile stimulation.

5. Western blots

Relative abundance of CX43-immunoreactive protein was quantified in 30 pg samples after
SDS-PAGE in 10% gels and standard Western blotting procedures with rabbit anti-CX43
(Zymed, South San Francisco, CA) at a 1:8000 dilution. The specificity of this antibody was
confirmed by analyzing protein expression using positive controls provided by Zymed
(lysate from a clonal cell line expressing CX43) and tissues known to contain high levels of
CX43 (e.g., heart) or to have little or no CX43 (e.g., liver) and by comparing this antibody to
a previously well-characterized antibody generously donated by Dr. E. Hertzberg (data not
shown) [63]. The single 43-44 kD band was visualized after incubating with a peroxidase-
conjugated anti-rabbit secondary antibody (Sigma, 1:5000) using enhanced
chemoluminescence (Perkin-Elmer, Boston, MA). Bands were analyzed with Kodak 1D
software and adjusted for total protein concentration based on the density of the 37 kD
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) band after stripping and reprobing
with anti-GAPDH, 1:5000 (Chemicon, Temecula, CA). Data from Western blots are
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presented as a ratio to controls (gonadectomized, vehicle-injected subjects) in the relevant
figures.

The experiments were done in blocks of 12—-14 animals each so that approximately equal
numbers of samples representing all treatment conditions were represented on a single blot.
Samples were not compared among individual blots but to the controls on an individual blot
within a single experimental block. Sample sizes for female HYP and POA were 15 in each
hormone treatment and, for males, sample sizes were 4-5 in each hormone treatment.

In experiments comparing intact and gonadectomized rats, data are presented as a ratio to
OVX females. Intact females were staged by vaginal smear through 2 full cycles to ensure
that they were undergoing normal 4-5 day estrous cycles. Animals in each stage (3 diestrus,
2 proestrus and 2 estrus) were killed in the early morning (between 8 and 11 AM). At this
time, rats in diestrus and estrus would have low to moderate estrogen levels, and rats in
estrus would have low to intermediate levels of progesterone. Rats in proestrus would have
high levels of estrogen but low progesterone because they are killed before the progesterone
surge. A previous pilot study did not indicate any significant differences in CX43 expression
among the stages of the estrous cycles when animals were killed at this time (data not
shown).

6. Statistics

7. Results

Data from Western blots were analyzed by ANOVA followed by a post-hoc Fishers PLSD.
Sample sizes for hormone and vehicle-treated female tissues are 6 at 2 h after the final
injection and 9 at 4 h after the final injection in each group. For male tissues, the sample
sizes is 4-5 for each hormone treatment. Sample sizes for the comparisons between
gonadectomized and intact animals are 57 in both females and males. The incidence of
normal estrous cycles in CX43+/- mice compared to WT was analyzed by a Chi square
because this is the appropriate non-parametric test of statistical significance for bivariate
analysis. Sexual behaviors, including lordosis quotient, defensive/aggressive behaviors and
amount of time spent in female-initiated contact were analyzed by unpaired t tests.

7.1. Connexin 43 expression is regulated in a brain-region- and sex-specific manner

Hormone treatments significantly modified CX43 immunoreactivity in the OVX female
POA (Figs. 1A and C, df 3,56; F = 4.19, P < 0.01). Progesterone alone ( P < 0.03), estradiol
alone ( P < 0.005) or estradiol in combination with progesterone ( P < 0.005) increased
CX43 immunoreactivity when compared to oil-injected OV X controls. Hormonal treatment
also regulated CX43 expression in the male POA (Figs. 2A and C, df 3,15; F =11.94, P<
0.01), but in contrast to the female POA, only the combination of estrogen + progesterone
altered CX43 expression ( P < 0.005), decreasing CX43 protein levels.

Steroid hormones also decreased CX43 immunoreactivity in the HYP of both female (Figs.
1D and 2D, df 3,56; F = 4.11, P < 0.01) and castrated male rats (Figs. 2B and C, df 3,15; F =
11.94, P < 0.01). In the female HYP, either estrogen alone ( P < 0.02) or the combination of
estrogen + progesterone ( P < 0.005) decreased CX43 expression while progesterone only
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injections were without effect. In the male HYP, only the combination of estrogen +
progesterone significantly decreased CX43 expression ( P < 0.02).

7.2. The effect of gonadectomy on CX43 expression in male and female rats

Female rats consistently had higher levels of CX43 immunoreactivity in the POA regardless
of gonadal status when compared to males (Figs. 3A and C, df 1,18; Fgex = 21.35, P <
0.001). Gonadectomy in either sex did not significantly alter CX43 levels in the POA when
compared to intact animals of the same sex. In contrast, there was both a main effect of sex
and an interaction between sex and gonadal status in the expression of CX43 protein in the
HYP (Figs. 2B and D, df 1,18 Fg. = 88.46, P < 0.001; interaction sex x gonadal status, F =
19.6, P < 0.001). Similar to the POA, females had higher levels of CX43 in the HYP than
males regardless of gonadal status. In addition, intact females had lower CX43 expression
than OV X females ( P < 0.01), and intact males had higher CX43 levels than castrated males
(P <0.005).

7.3. CX43+/- mice have reduced sexual receptivity and proceptivity and impaired estrous
cycles

Sexual receptivity was reduced in female CX43+/- mice as measured by a decreased
lordosis quotient (Fig. 4A; t = 3.667, P < 0.01). A reduction in female proceptivity was also
demonstrated by CX43+/- mice in that they spent significantly less time in female-initiated
contact as compared to WT mice (Fig. 4B; t = 4.036, P < 0.005). Further evidence of
reduced female receptivity was that female CX43+/- mice displayed a higher number of
defensive or aggressive acts during the testing period (Fig. 4C; t = 2.408, P < 0.05).

Estrous cyclicity was also impaired in female CX43+/- mice. A failure to exhibit normal
estrous cycles occurred in significantly more CX43+/- mice (1 out of 8 cycling) than in WT
(5 out of 6 cycling; ¥2 = 7.024, P < 0.005). Furthermore, CX43+/— mice entered proestrus
fewer times than WT mice during the 12-day observation period (t = 3.272, P < 0.01).
CX43+/- mice exhibited three patterns of abnormal cycles. The majority of the mice were in
constant estrus (5 of the 8 CX43+/- mice spent between 5-8 consecutive days in estrus).
One of the CX43+/- mice was in constant diestrus (9 consecutive days) and the remaining
mice alternated between estrus and diestrus, spending 2-5 days in each stage.

8. Discussion

These data demonstrate that ovarian steroid hormone regulation of CX43, a gap junctional
protein highly expressed in astrocytes, is sexually dimorphic and brain-region-specific.
Either estrogen or progesterone alone or the combination of estrogen and progesterone
increased CX43 levels in the POA of female rats. In contrast, estrogen alone or in
combination with progesterone decreased CX43 levels in the male rat POA, while
progesterone was without effect. The sexually dimorphic regulation of CX43 by hormones
in the POA may be important in mediating reproductive physiology, because this brain
region is important in the sex-specific estrogen-dependent induction of the preovulatory
GnRH surge [35,44]. In contrast to the POA, the HYP is thought to regulate the tonic
pulsatile GnRH secretion that is evident in both sexes. Accordingly, the hormonal regulation
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of CX43 was more similar between the sexes in this brain region. The combination of
estrogen and progesterone reduced CX43 levels in the HYP of both males and females.
However, there were still some sex differences; estrogen alone reduced CX43 expression in
the HYP of female but not male rats.

It is difficult to test the functional significance of steroid hormone regulation of
hypothalamic CX43 levels in rats. Some classes of gap junctional inhibitors, such as 18-
glycyrrhetinic acid, octanol and halothane [18], are unsuitable for prolonged (i.e., at least 48
h) in vivo use because of their additional actions at chloride channels. Furthermore, the
majority of gap junction inhibitors lack specificity for individual connexins [56,57].
Effective use of peptide inhibitors or antisense to suppress CX43 expression is also
hampered by the wide distribution and small number of GnRH neurons, making it difficult
to ensure accurate targeting of a designated cell population.

An alternate means of assessing the functional outcomes of reduced hypothalamic CX43
levels is the use of heterozygous CX43 mice. The murine CX43 gene also seems to be
modulated by estrogen [29,39]. We show here that female CX43+/- mice, in which CX43
levels are roughly half that of WT mice [14], have irregular estrous cycles and deficits in
sexual behavior. We cannot rule out the possibility that extrahypothalamic CX43 expression
also regulates reproductive physiology and behavior in these mice. Although hormone levels
were not assessed in CX43+/— mice, the altered estrous cycles and reduced receptivity/
proceptivity in the CX43+/- mice with estrous or proestrous smears would be consistent
with altered steroid hormone levels. Abnormal steroid hormone synthesis might reflect
altered hypothalamic drive to the pituitary and/or reduced pituitary or gonadal hormone
release, any of which could reduce sexual behavior. In fact, sexual behavior may be a more
sensitive assay of hypothalamic function than estrous cycle disruption, because even the
CX43+/- animals with normal cycles had lower lordosis quotients (roughly 40) and lower
levels of contact with males than WT females. In addition, when they do mate, female
CX43+/- mice have normal litter sizes and healthy pups (data not shown), suggesting that
there are no gross alterations in the pituitary, ovaries and uterus. Therefore, while not
discounting a role for CX43 in pituitary or gonadal function, our present data indicate the
importance of CX43 in gap junctional communication in hypothalamic regulation of
reproductive physiology and behavior.

Indeed, there is evidence documenting the participation of astrocytes in the regulation of
hypothalamic neuroendocrine function. Astrocytes facilitate sexual development (puberty)
in part by stimulating the release of GnRH [45]. Adult female mice that express mutant
tyrosine kinase receptors targeted specifically to astrocytes also have disrupted estrous
cycles and reduced gonadotropin levels [40], indicating that astrocytes are important not
only in the onset of puberty, but also for maintaining normal reproductive function in adults.
In fact, it has been suggested that non-neuronal elements may be important in regulating
estrogen sensitivity of the hypothalamus [15,62,69].

Neuronal—glial interactions in the hypothalamus may control neuroendocrine function by
several different mechanisms. Astrocytes may mediate hormonal effects on hypothalamic
neuronal connectivity by regulating the amount of neuronal membrane accessible to synaptic
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contacts and afferent input [19,49,62]. Furthermore, astrocytes may act as barriers to peptide
hormone release by preventing access to the portal circulation [37,64]. Astrocytes may also
regulate synaptic efficacy in the hypothalamus by altering the rates of glutamate clearance
[30,46,49] or by releasing soluble factors, such as glutamate and growth factors [42,65],
which promote neural plasticity and alter the sensitivity of hypothalamic neurons to their
afferent inputs [19,45,49,62]. Gap junctional communication between astrocytes could
potentially synchronize the release of such neuroactive compounds. Alternatively, hormone-
induced alterations in the efficacy of gap junction function could engender rapid, hormone-
dependent morphological changes in astrocytes via the rapid transfer of second messengers,
such as calcium and cAMP [4,21,28,61]. We can also not rule out a role of CX43 in
hypothalamic cells other than astrocytes, because CX43 is also expressed in other cell types,
including endothelial cells.

The sex dependence of hormonal regulation of hypothalamic CX43 expression has not
previously been reported. However, our data are consistent with studies demonstrating that
astrocyte number, morphology and sensitivity to stimulation by a range of compounds are
sex-dependent in rodents [2,7,27]. There is also a sex difference in the ability of estrogen to
stimulate signaling pathways, such as the MAP kinase pathway [68], and to regulate growth
factor receptors [17] in hypothalamic astrocytes. Our data are also consistent with reports
that several sexually dimorphic features of the hypothalamus correlate with the inability of
male rats and mice to respond to ovarian hormones with a surge of GnRH [2,10,24]. Such
sex differences are evident in both neurons and glia and include sexually dimorphic
astrocyte number and morphology [2,7,10,24].

Indeed, our present findings show that hypothalamic CX43 protein levels in rats differ
between the sexes, with females demonstrating higher CX43 levels in both regions of the
hypothalamus than males regardless of gonadal status. The effects of gonadectomy were
also sex-dependent in the HYP. The increased CX43 levels in the HYP of OVX compared to
intact females agree with our finding that treatment with estrogen or the combination of
estrogen and progesterone conversely reduced CX43 levels in this brain region. A similar
increase of CX43 levels after OV X was not observed in the female POA, perhaps because
the high levels of GnRH release caused by the loss of estrogen negative feedback maintain
high CX43 levels in the POA of OV X rats. The decreased levels of CX43 in the castrated
male HYP compared to intact males are probably due to the loss testicular androgens and are
consistent with studies indicating that testosterone increases gap junctional communication
in the male hypothalamus and pituitary [11,31,55].

In summary, these data demonstrate sex differences in CX43 protein levels in the HYP and
POA of adult rats and show that ovarian hormone regulation of CX43 levels is brain-region-
specific and sexually dimorphic. Furthermore, the fact that female CX43+/- mice rarely
display normal estrous cycles or sexual behavior suggests that gap junctions may be
important factors in hypothalamic regulation of normal reproductive physiology.
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Effects of steroid hormones on CX43 protein levels in the OV X female POA (A) and HYP

(B) expressed as a ratio to oil-injected controls (con, white bars). Hormone treatments

include estradiol benzoate for 48 h (E, gray bars), progesterone for 2 or 4 h (P, hatched bars)
or the combination of estradiol for 48 h followed by progesterone for 2 or 4 h (E + P, black

bars); n = 15 in each group. * Significantly different from control ( P < 0.05). Data are
expressed as means = standard error for this and the following graphs. (C and D)

Representative Western blots showing CX43 and GAPDH bands for the female POA and
HYP, respectively. The blank lane in the control condition contained molecular weight

markers.
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Effects of steroid hormones on CX43 protein levels in the castrated male POA (A) or HYP
(B) expressed as a ratio to oil-injected controls; n = 4-5 in each group. For abbreviations,

see Fig. 1. * Significantly different from control (P < 0.05). (C and D) Representative
Western blots showing CX43 and GAPDH bands for the male POA and HYP, respectively.
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Effects of sex and gonadectomy on CX43 levels, expressed as ratio to intact controls, in the
POA (A) and HYP (B). Groups include ovariectomized females (OVX-F, white bars), intact

females (Intact-F, black bars), castrated males (Cast-M, hatched bars) and intact males

(Intact-M, gray bars); n =5 — 7 in each treatment group. *Significantly different ( P < 0.05);
**significantly different from OVX-F ( P < 0.05); ***significantly different from Intact-M.
(C and D) Representative Western blots illustrating CX43 and GAPDH bands are shown for

the POA and HYP, respectively.
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Fig. 4.

Sexual behavior is disrupted in CX43+/- mice. (A) Lordosis quotient in CX43+/- mice
(black bars) compared to wild type mice (WT, white bars). (B) The total amount of female-
initiated contact. (C) The incidence of aggressive or defensive events initiated by female
mice during the mating test. *Significantly different from WT ( P <0.05), n=4 WT and n =
8 CX43+/-.
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