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Summary. Uterine innervation undergoes substantial
reorganization associated with changes in reproductive
status. Nerves innervating the uterus are decreased in
pregnancy and puberty, and even the normal rodent
estrous cycle is characterized by fluctuations in numbers
of myometrial nerve fibers. During the follicular
(proestrus/estrous) phase of the estrous cycle, intact
nerves are rapidly depleted and then return over the next
2-3 days in the luteal (metestrus/diestrus) phase. We
hypothesize that uterine nerve depletion is initiated by
increased circulating estrogen in the follicular phase.
However, studies have not shown whether estrogen can
reduce uterine innervation and, if so, whether the time
course is compatible with the rapid changes observed in
the estrous cycle. These questions were addressed in the
present study. Mature ovariectomized virgin rats
received 17-B-estradiol as a single injection (10 ug/kg
s.c.) or chronically from timed-release pellets (0.1
ugf/pellet for 3 weeks sustained release). Total (protein
gene-product 9.5-immunoreactive) and sympathetic
(dopamine B-hydroxylase-immunoreactive) uterine
innervation was assessed quantitatively. Both total and
sympathetic innervation was abundant in uterine
longitudinal smooth muscle of ovariectomized rats.
However, following acute or chronic estrogen
administration, total and sympathetic fiber numbers were
markedly decreased. This was not due to altered uterine
size, as reductions persisted after correcting for size
differences. Our results indicate that sympathetic nerves
are lost from uterine smooth muscle after estradiol
treatment in a manner similar to that seen in the intact
animal during estrus and pregnancy. This suggests that
the rise in estradiol prior to estrus is sufficient to deplete
uterine sympathetic innervation.
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Introduction

Sympathetic innervation of the mammalian uterus is
characterized by a high capacity for plasticity. From
birth through puberty, uterine sympathetic nerves density
increases progressively. However, at the time of the first
ovulation, the number of nerves displaying
noradrenergic markers decreases markedly (Brauer et al.,
1992). Similarly, pregnancy is associated with reductions
in uterine sympathetic axon markers, including
norepinephrine and its biosynthetic enzymes (Sjoberg,
1968). This is due to an actual reduction of nerve
numbers in pregnancy, as confirmed by immunostaining
for the pan-neuronal marker, protein gene product (PGP)
9.5 (Lundberg et al., 1988; Haase et al., 1997) and by
electron microscopic ultrastructural analysis (Owman,
1981; Sporrong et al., 1981). Therefore, uterine
innervation is altered markedly as a function of
development and pregnancy.

Although the mechanisms governing these
alterations are unclear, changes in levels of ovarian
steroids have been implicated. In the pregnant guinea pig
uterus, implantation of porcelain pellets to mimic
concepta can elicit uterine nerve degeneration if
conducted in the presence of high levels of endogenous
(Lundberg et al., 1989) or exogenous (Owman, 1981)
ovarian sex steroids. Intra-uterine implantation of
progesterone-containing pellets in guinea pigs can
induce a local loss of uterine sympathetic nerve
fluorescence, possibly as a result of inhibition of
noradrenaline biosynthesis (Bell and Malcolm, 1978,
1988). Estrogen is also implicated in sympathetic nerve
remodeling, as its administration to prepubertal rats
prevents the normal developmental increase in uterine
norepinephrine content (Brauer et al., 1995, 1999a,b).
Moreover, because chronic estrogen also prevents the
developmental increase PGP 9.5-immunoreactive (ir)
nerve density, it has been suggested that this hormone
may inhibit normal developmental increases in nerve
density or possibly induce degeneration (Brauer et al.,
1999a,b). Accordingly, ovarian steroid hormones are
strongly implicated as determinants of uterine nerve
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status in pregnancy and development.

In addition to puberty and pregnancy, uterine
innervation also varies as a function of the normal sexual
cycle. In the rat, fertility is governed by the estrous
cycle, which is similar to the menstrual cycle of primates
but lasts only 4-5 days. The proestrus and estrus phases,
which correspond to the follicular phase of the human
menstrual cycle, are characterized by reductions in
uterine sympathetic dopamine B-hydroxylase (DBH)-ir
nerves, as well as total PGP 9.5-ir innervation (Zoubina
et al., 1998). These depletions coincide with dramatic
reductions in structurally intact myometrial axons and
increases in degenerating axon remnants. The presence
2-3 days later of growth cones and increased fiber
numbers indicates rapid regeneration of uterine
innervation during metestrus and diestrus (Zoubina and
Smith, 2000). These findings therefore indicate that
cyclical degenerative and regenerative processes occur
normally to sympathetic innervation during the rodent
estrous cycle.

Estrogen may be important for the cyclical changes
in innervation seen during the estrous cycle.
Degeneration during proestrus and estrus is preceded by
increasing plasma estrogen, which begins in late diestrus
(Freeman, 1988). However, it has not been determined
whether either acute or chronic estrogen administration
can elicit depletion of innervation of the adult virgin
uterus. Moreover, unlike pregnancy and puberty where
the decrease in nerve density apparently occurs over the
course of at least several days (Owman et al., 1986;
Brauer et al., 1992), degeneration of sympathetic nerves
during the estrous cycle apparently begins within 24
hours of the rise in plasma estrogen, and it is not clear
whether this hormone can induce such dramatic effects
on uterine innervation within such a short time frame.

The present study was conducted to determine if
exogenous estrogen modulates uterine nerve density of
adult virgin rats deprived of endogenous estrogen by
ovariectomy (OVX). In addition, short-term and long-
term estrogen supplementations were compared to
determine whether the actions of this steroid are
consistent with changes in the intact animal during the
estrous cycle, pregnancy, and puberty.

Materials and methods

Animals and surgical ovariectomy

Female virgin 2-3 month old Sprague-Dawley
(Harlan) rats were housed 2-3 per cage in a climate-
controlled room with a 12h light-dark cycle starting at &
S.Zm. and received food and water ad libitum. A total of
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were made aseptically midway between lower ribs and
crest of ileum, and both ovaries were isolated and
removed. The incision was closed with suture clips (Fine
Science Tools Inc., Foster City, CA, USA) and rats were
allowed to recover before being returned to the animal
facility. All experimental protocols adhered to NIH
guidelines for laboratory animal care and were approved
by the University of Kansas Medical Center Animal
Care and Use Committee.

Estrogen treatments

For long-term estrogen treatment, rats were assigned
randomly to receive 17-8-estradiol or placebo (7 rats per
group). One week after OVX, rats were anesthetized as
described above and a small incision was made in the
nape of the neck. Pellets containing either placebo or 0.1
mg 17-B-estradiol (Innovative Research of America,
Toledo, OH) were implanted subcutaneously. These
pellets provide sustained release for 3 weeks, achieving
plasma estradiol levels comparable to those during the
later stages of pregnancy (Bridges, 1984; Conrad et al.,
1994). Incisions were closed with suture and rats were
allowed to recover before being returned to the animal
facility. Two weeks later animals were sacrificed by
decapitation and uterine tissues were harvested.

In the acute treatment protocol, 4 rats each were
randomly assigned to treatment or control groups. Seven
days after OVX, animals received a single subcutaneous
injection of either 17-B-estradiol (10 ug/kg, Sigma, St.
Louis, MO, USA) or sesame oil vehicle alone. This dose
of estradiol in OVX rats produces plasma estradiol levels
similar to those during normal estrus (Medlock et al.,
1991; Viau and Meaney, 1991). Rats were killed by
urethane overdose 24 hours following the injection and
uterine tissues were collected.

Serum estradiol determination

In the chronic treatment group, trunk blood was
collected for serum estradiol determination at the time of
sacrifice. In the acute group, blood was collected from
femoral vein under inhalation anesthesia with isoflurane
at 30 minutes and 1 hour after injection of 17-B-
estradiol or vehicle.

Blood samples were collected in Eppendorf tubes
and immediately centrifuged at 10,000 rpm for 5
minutes. Serum was transferred (o separate tubes and
stored at -20 °C for 1-2 weeks prior to assay. A solid-
phase 1251 radioimmunoassay kit (Diagnostic Products

Corporation, Los Angeles, CA) was Used (o meaguse
csierum estradiol. This assay had a lower limit of reliable
ctection of 38 pg/ml and shows negligible cross-
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Zamboni’s solution (Stefanini et al., 1967) for 3 hours,
washed for 1 week in phosphate-buffered saline at 4 °C,
embedded in gelatin-albumin mixture and frozen. Fresh
tissue was also obtained from rats receiving estradiol or
vehicle injection 1 week after OVX. Fifteen um
transverse sections were cug from the ovarian region of
the uterus, since previous studies have shown that this is
where changes in innervation during the normal estrous
cycle are most prominent (Zoubina et al., 1998; Zoubina
and Smith, 2000). Sections were thaw-mounted onto
Colorfrost Plus microscope slides (Fisher), air-dried and
fixed for 5 minutes in 100% methanol at -20 °C.

Slides were rinsed in phosphate-buffered saline
containing 0.3% Triton X-100, blocked for 20 minutes
with 5% normal goat serum and 1% bovine serum
albumin, and incubated overnight at 4 °C with primary
rabbit polyclonal antisera to PGP 9.5 (1:400, Biogenesis)
or DBH (1:400, Eugene Tech). Both fixation methods
yield satisfactory DBH immunostaining though the
signal is stronger in fresh-frozen tissue with methanol
fixation. Antibodies were previously characterized in
this laboratory (Simons and Smith, 1994; Smith and Fan,
1996) and specificity controls included omission of
primary antisera and antigen preadsorption. Primary
antibodies were visualized with goat anti-rabbit IgG
conjugated to CY3 (1:400, Jackson ImmunoResearch).
Slides were coverslipped with Fluoromount G and
viewed with epifluorescence microscopy. Images were
captured digitally with a DAGE 72 CCD camera and
NIH Image software.

Quantitative analysis of innervation

PGP 9.5-ir and DBH-ir innervation was measured in
longitudinal smooth muscle from transverse sections
through the entire uterine horn 5-7 mm from the tubo-
uterine junction, where cyclical changes are most
prominent (Zoubina et al., 1998). Slides were coded and
evaluated blindly. In each section, 4 quadrants located
equidistant from each other and including the
mesometrial, antimesometrial and intermesometrial
regions were selected under brightfield illumination.
Under epifluorescence illumination, images of these
selected regions were captured digitally, and a stereology
grid with an area corresponding to 0.25 mm? and line
intersects at 20 um intervals (NIH Image software) was
superimposed randomly over the selected muscle field.
The apparent percentage area of PGP 9.5-ir or DBH-ir
nerves within the captured images was estimated by
dividing all grid intersects overlying fluorescent nerve
profiles by total grid intersects over the longitudinal
smooth muscle, thus providing an index of nerve density.
To determine the extent to which target size varied as a
result of OVX and hormone treatments, smooth muscle
area was measured planimetrically by tracing around the
perimeters of the entire longitudinal muscle profile in
brightfield images in the sections from which nerve
density was determined. All values for target size
presented refer to measurements from immersion-fixed

tissue, which were slightly but not significantly lower
than the fresh-frozen samples. To normalize innervation
measurements for changes in target size, nerve density
(i.e. nerve area percentage measured above) was
multiplied by the target area to provide an index of the
total innervation. Data were compared using one-way
analysis of variance with post hoc analysis by Student
Newman-Keuls test. A probability of <0.05 was taken to
indicate a statistically significant difference.

Results
Ovariectomized animals

Plasma estrogen levels at one and three weeks after
OVX were below the limit of reliable detection. At one
week following OVX, uteri appeared pale and small.
Cross-sectional area of immersion-fixed longitudinal
smooth muscle was 1.08+0.07 mm2. At three weeks
post-OVX, the morphological appearance and size of the
uterus were similar to those at one week post-OVX.
Longitudinal smooth muscle cross-sectional area was
1.17 = 0.04 mm? (not significant versus 1 week post-
OVX).

Nerve fibers immunoreactive for PGP 9.5 were most
abundant within the longitudinal smooth muscle and
around uterine blood vessels of OVX rats (Fig. 1a). In
longitudinal smooth muscle, they occupied 15.1+1.4%
of the smooth muscle sectional area at one week post-
OVX and 13.9+1.4% at three weeks post-OVX
(difference not significant). Total nerve area, as
determined by multiplying longitudinal muscle cross-
sectional area by percentage occupied by PGP-ir fibers,
was 0.1620.01 mm?2 at one week post-OVX, and
0.17+0.02 mm? at three weeks (not significantly
different).

DBHe-ir fibers were distributed similarly to PGP 9.5-
ir fibers. These nerves occupied 9.820.5% of the smooth
muscle area at one week post-OVX (Fig. 1d), and
5.3+0.4% three weeks post-OVX. Total area of DBH-ir
profiles in the longitudinal smooth muscle was
0.1320.01 mm? at one week post-OVX, and 0.06+0.01
mm? at three weeks post-OVX. No statistical
comparisons were made between groups because of
differences in fixation methods.

Acute estradiol treatment

In rats 1 week after OVX, a single subcutaneous
injection of 10 ug/kg 17-B-estradiol raised serum levels
to 738 =151 pg/ml at 30 minutes and 749+75 pg/ml at 1
hour after injection. At 24 hours after injection, uteri
were enlarged and hyperemic, and longitudinal smooth
muscle cross-sectional area in Zamboni-fixed tissue had
increased to 1.74+0.15 mm? (p<0.001 vs. vehicle).

PGP 9.5-ir nerve density of longitudinal smooth
muscle at this time was reduced by 72% relative to
vehicle injection (Figs. 1b, 2a, p<0.001) and total PGP-ir
nerve area was decreased by 56% relative to placebo-
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treated animals (Fig.2b, p<0.001). There was no
discernible change in numbers of perivascular nerves
relative to untreated ovariectomized specimens.

Changes in longitudinal muscle innervation were
even more pronounced for DBH-ir fibers. In rats treated
acutely with estrogen, DBH-ir fiber density was
2.2+0.6%, which represents an 85% reduction relative to
that of placebo-injected controls (Fig. le, 2a, p<0.001).
Total DBH-ir nerve area was reduced by 69%
(0.04+0.01 mm?) relative to placebo-injected controls
(Fig. 2b, p=0.002). Perivascular DBH-ir innervation
appeared largely to be preserved.

Chronic estradiol treatment

In rats receiving estradiol-releasing pellets, serum
estradiol was 22033 pg/ml 2 weeks after the
implantation. Uteri of these animals were enlarged and
hyperemic, and longitudinal smooth muscle cross-
sectional area had increased to 2.48+0.21 mm? (p=0.001
vs. OVX with placebo pellets and p=0.004 vs. acute
estradiol).

Density of PGP-ir fibers in longitudinal smooth
muscle after 2 weeks of sustained estrogen
administration was 1.720.7%, or 12% of density in rats
receiving placebo pellets (Figs. 1c, 3a, p<0.001). Total
area of PGP-immunoreactive nerve profiles was reduced
by 76% to 0.0420.01 mm? (Fig. 3b, p<0.001). There was
no significant difference in total PGP-ir area between the
two treatment protocols. In contrast to the longitudinal

muscle, vascular innervation density appeared to be
essentially unchanged.

DBH-ir uterine nerves after chronic estrogen
treatment occupied 0.920.2% of the longitudinal smooth
muscle, which represents an 83% decrease relative to
placebo-treated controls (Figs.1f, 3a, p<0.001). After
normalizing for changes in the muscle size, total area of
DBH-ir was decreased by 67% relative to vehicle-treated
rats to 0.022+0.004 mm? (Fig. 3b, p=0.002).
Perivascular DBH-ir nerves did not appear to be
significantly reduced relative to placebo-implanted OVX
rats.

Discussion
Uterine innervation after ovariectomy

Ovariectomy for one to three weeks rendered serum
estradiol levels to below the lower limit of reliable
detection by our assay. Under these conditions, the
uterus had undergone appreciable atrophy, as typically
occurs following withdrawal of steroid support (Johnson
and Everitt, 1988). Because longitudinal smooth muscle
cross-sectional area was similar at one and three weeks,
maximal atrophy apparently is achieved within one week
of steroid withdrawal, with little or no additional change
for at least 2 weeks thereafter.

Despite their small size, uteri of OVX animals were
well endowed with nerves. Dopamine B-hydroxylase, a
key enzyme in norepinephrine biosynthesis, is a

Fig. 1. Uterine innervation expressing immunoreactivity for the pan-neuronal marker Protein Gene Product (PGP) 9.5-ir (a-c) and the sympathetic
neuronal marker dopamine 8-hydroxylase (DBH, d-f). Staining was performed on transverse sections of uteri from rats 1 week folfowing ovariectomy (a
and d), 1 week ovariectomy plus a single injection of 17-B-estradiol 24 hours prior to harvesting tissue (b and e) and 3 weeks following ovariectomy
and 2 weeks of chronic estrogen treatment (¢ and f). Arrows in b, d, and f indicate DBH-ir staining of perivascular nerve fibers. Bar: 50 um.
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selective and reliable marker commonly used to identify
sympathetic innervation (Smith and Fan, 1996), and an
abundance of fibers displaying this marker implies high
numbers of sympathetic nerves and robust enzyme
expression. On the other hand, PGP 9.5, a ubiquitin
carboxyl-terminal hydrolase present in essentially all
neural and neuroendocrine cells (Wilkinson et al., 1989),
is expressed in all structurally intact axons (Lundberg et
al., 1988; Haase et al., 1997; Li et al., 1997). Since the
density and area of DBH-ir nerves at 1 week post-OVX
was nearly 80% of that of PGP 9.5-ir nerves, it appears
that the vast majority of nerves innervating the ovarian
region of the uterine horn under low estrogen conditions
derives from sympathetic neurons. It is also pertinent to
note that the total uterine area occupied by nerves
following ovariectomy for 1 week (0.16+0.01 mm?2) or 3
weeks (0.17+0.02 mm?) are essentially identical to that
measured previously in intact rats at diestrus (0.15+0.03
mm?) (Zoubina et al., 1998) when plasma estrogen is at
its nadir in the estrous cycle. This suggests that the
reduced estrogen level during diestrus is sufficient to
induce maximal myometrial innervation which is not
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Fig. 2. Quantitative analysis of uterine innervation in uteri from rats 1
week following ovariectomy (OVX, N=4) and following a single injection
of 17-B-estradiol 24 hours (acute E2, N=4) prior to harvesting tissue.
PGP 9.5-ir and DBH-ir innervation is quantified as the percentage of
sectional area occupied by immunoreactive fibers (Nerve Density) in
panel a. In panel b, nerve density was multiplied by the total sectional
area (mm?2) to yield an estimate of total Nerve Area.

further increased by prolonged estrogen deprivation. It
also implies that the surgical procedure for ovariectomy
did not substantially or persistently interrupt major
neural pathways traveling to this portion of the uterus.

Effect of chronic estradiol treatment upon uterine
innervation

Estrogen supplementation by continuous release
pellets increased plasma estradiol levels to values similar
to those reported for mature rats during estrus (Cheng
and Johnson, 1974; Viau and Meaney, 1991) and
pregnancy (Bridges, 1984; Conrad et al., 1994). The
efficacy of this treatment regimen was verified by
observations that uteri were enlarged and hyperemic, and
longitudinal smooth muscle cross-sectional area was
increased.

These changes in uterine morphology were
accompanied by altered innervation. Estrogen
supplementation for 2 weeks led to a substantial
reduction in longitudinal smooth muscle DBH-ir
sympathetic fibers. This reduction is consistent with
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Fig. 3. Quantitative analysis of uterine innervation in uteri from rats at 3
weeks following ovariectomy (OVX, N=7) and following 2 weeks of 17-63-
estradiol supplementation (chronic E2, N=7) prior to harvesting tissue.
PGP 9.5-ir and DBH-ir innervation was quantified as the percentage of
sectional area occupied by immunoreactive fibers (Nerve Density) in
panel a. Nerve density was muitiplied by the total sectional area (mm?)
to yield an estimate of total Nerve Area in panel b.
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declines reported for norepinephrine and its biosynthetic
enzymes after chronic estrogen treatment of prepubertal
rats (Brauer et al., 1999ab), and is reminiscent of the
depletion of noradrenergic fibers seen in the pregnant
uterus (Thorbert, 1978; Sporrong et al., 1981; Haase et
al., 1997). In contrast to myometrial innervation,
perivascular DBH-ir fibers seemed largely to be spared,
a finding consistent with previous observations
(Corbacho et al., 1997; Brauer et al., 1999a,b).

The lower number of myometrial DBH-ir fibers in
OVX rats receiving chronic estrogen replacement is
attributable to an actual reduction in nerves rather than
simply enzyme depletion. Hence, the abundant total
innervation revealed by PGP 9.5 immunostaining at 1
week post-OVX was dramatically reduced by 2 weeks of
estrogen supplementation, and this decrease cannot be
accounted for simply by increased uterine size. The
present study did not investigate the cellular mechanisms
leading to the loss of intact nerve fibers, but it is
reasonable to suggest that terminal axonal degeneration
must have played a role in the loss of these fibers, as
occurs in pregnancy (Sporrong et al., 1978; Thorbert et
al., 1978) and during the estrous cycle (Zoubina et al.,
1998). Accordingly, while multiple factors including
elevated local progesterone levels (Bell and Malcolm,
1978, 1988) and mechanical stretch (Lundberg et al.,
1989) are likely to contribute to uterine nerve
degeneration in pregnancy, our observations support the
notion that rising estrogen levels may also play a critical
role in this process. They also suggest estrogen-induced
reductions in uterine nerve density in prepubertal rats
may be due, at least in part, to degenerative changes
(Brauer et al., 1999a,b). The present findings therefore
implicate estrogen as a mediator of the relatively long-
term reductions in uterine sympathetic innervation seen
in pregnancy and pubescence.

Effect of acute estradiol treatment on uterine innervation

While long-term estrogen administration leads to
changes in uterine sympathetic innervation similar to
those of pregnancy and puberty, the estrous cycle is
characterized by much more rapid variations in uterine
innervation. Marked axon degeneration and loss of
sympathetic nerves occur over the course of 1-2 days
(Zoubina et al., 1998; Zoubina and Smith, 2000) and is
preceded by a relatively brief increase in plasma
estrogen (Freeman, 1988). If the short-term increase in
estrogen during the estrous cycle is responsible for nerve
degeneration, it should be possible to initiate a similar
decrease in sympathetic innervation using a treatment
regimen that simulates the normal physiological rise
during proestrus. Our measurements confirmed that a
single injection of 10 ug/kg estradiol increases plasma
estrogen within 30 minutes to levels approximating
those seen in the estrous cycle (Medlock et al., 1991;
Viau and Meaney, 1991), and studies by others have
shown that this peak is followed by a substantial decline
at 6 hours and a return to baseline within 24 hours

(Cheng and Johnson, 1974; Medlock et al., 1991).

This treatment regimen produced rapid changes in
uterine size, confirming that effects on uterine
morphology are manifest within 24 hours. Moreover, at
this time numbers of both PGP 9.5-ir and DBH-ir nerves
per uterine section were reduced by 56% and 69%,
respectively, to a level comparable to that measured
previously during estrus (Zoubina et al., 1998). These
findings therefore confirm that an acute rise in estrogen
induces myometrial nerve depletion with a timeframe
similar to that occurring normally during the estrous
cycle (Zoubina et al., 1998; Zoubina and Smith, 2000)
and in the early stages of pregnancy (Sporrong et al,,
1981).

In addition to showing that estrogen produces
uterine nerve degeneration with a rapid time course,
these findings argue against a role of several other
hormones that also vary as a function of the estrous
cycle. The estrous cycle rise in estrogen is followed by
increased levels of luteinizing hormone, follicle
stimulating hormone, progesterone and prolactin in late
proestrus and estrus, and these might also act to decrease
innervation density during estrus. However, in contrast
to diestrus, ovariectomy is characterized by markedly
elevated levels of luteinizing hormone and follicle
stimulating hormone (Johnson and Everitt, 1988),
indicating that high uterine nerve density is maintained
despite increased levels of these hormones. Similarly,
while prolactin and progesterone plasma levels are low
after ovariectomy, acute estradiol treatment similar to
that employed in this study is not accompanied by
significant increases in these hormones (Johnson and
Everitt, 1988; Viau and Meaney, 1991; Conrad et al.,
1994). Therefore, our findings support the idea that
circulating estrogen is the primary determinant of
variations in uterine sympathetic innervation during the
estrous cycle.

Estrogen as a neurodegenerative agent

The findings of the present study provide evidence
that estrogen induces degeneration of terminal
sympathetic fibers within the myometrium. This
conclusion stands somewhat in contrast to literature
showing that estrogen can protect central neurons from
injury (Behl et al., 1997; Weaver et al., 1997; Sawada et
al., 1998; Culmsee et al., 1999; Singer et al., 1999; Pike,
1999) and promote axonal outgrowth (Kow and Pfaff,
1973; Matsumoto and Arai, 1981; McEwen et al., 1991;
Chowen et al., 1992; Honjo et al., 1992; Cambiasso et
al., 1995; Tanzer and Jones, 1997; Toran-Allerand et al.,
1999). However, estrogen does induce death of some
central neurons (Brawer et al., 1993), and in findings
reminiscent of the present study, DBH-ir fibers in the
primate prefrontal cortex are increased by ovariectomy
and decreased by exogenous estrogen (Kritzer and
Kohama, 1999). Therefore, estrogen can exert varied
effects on different neuronal populations. Moreover,
because estrogen causes myometrial sympathetic
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innervation to degenerate while uterine perivascular
innervation is spared, the effects of this hormone may
differ with respect to homologous neurons projecting to
different targets.

These varied effects may be ascribed to estrogen’s
manifold actions, particularly with regard to
neurotrophic factors and their receptors. Sympathetic
nerves depend upon neurotrophic factors for survival
and outgrowth, and it is well established that estrogen
can modulate neurotrophin synthesis (Siminoski et al.,
1987; Sohrabiji et al., 1995; Gibbs, 1998), although the
extent to which this occurs in the uterus during
pregnancy is at present uncertain (Naves et al., 1998;
Brauer et al., 2000; Varol et al.; 2000). Importantly,
estrogen may also affect neuronal neurotrophin receptor
expression (Sohrabji et al., 1994), thereby altering
neuronal responsiveness to neurotrophins independent of
changes in their absolute target levels. Consistent with
this concept, neurotrophin receptor expression has been
shown to decrease in humans during pregnancy (Naves
et al., 1998). Although the mechanism by which
estrogen can induce selective degeneration of
myometrial sympathetic innervation remains unresolved,
hormone-induced modifications of neurotrophic proteins
and their neuronal receptors would seem to be plausible
candidates.
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