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SUMMARY

 

The innervation of the uterus is remarkable in that it exhibits physiological
changes in response to altered levels in the circulating levels of sex hormones. Previous
studies by our group showed that chronic administration of estrogen to rats during the in-
fantile/prepubertal period provoked, at 28 days of age, an almost complete loss of norepi-
nephrine-labeled sympathetic nerves, similar to that observed in late pregnancy. It is not
known, however, whether early exposure to estrogen affects uterine cholinergic nerves.
Similarly, it is not known to what extent development and estrogen-induced responses in
the uterine cholinergic innervation are affected by the absence of sympathetic nerves. To
address this question, in this study we analyzed the effects of infantile/prepubertal chronic
estrogen treatment, chronic chemical sympathectomy with guanethidine, and combined
sympathectomy and chronic estrogen treatment on developing cholinergic nerves of the
rat uterus. Cholinergic nerves were visualized using a combination of acetylcholinesterase
histochemistry and the immunohistochemical demonstration of the vesicular acetylcholine
transporter (VAChT). After chronic estrogen treatment, a well-developed plexus of cholin-
ergic nerves was observed in the uterus. Quantitative studies showed that chronic exposure
to estrogen induced contrasting responses in uterine cholinergic nerves, increasing the
density of large and medium-sized nerve bundles and reducing the intercept density of
fine fibers providing myometrial and perivascular innervation. Estrogen-induced changes
in the uterine cholinergic innervation did not appear to result from the absence/impair-
ment of sympathetic nerves, because sympathectomy did not mimic the effects produced
by estrogen. Estrogen-induced responses in parasympathetic nerves are discussed, consid-
ering the direct effects of estrogen on neurons and on changes in neuron–target
interactions.

 

(J Histochem Cytochem 50:839–850, 2002)

 

S

 

everal studies have shown

 

 that the innervation of
the uterus is dynamic and demonstrates considerable
remodeling during puberty (Brauer et al. 1992), es-
trous cycle (Adham and Schenk 1969; Marshall 1981;
Traurig and Papka 1992; Melo and Machado 1993;

Zoubina et al. 1998), and pregnancy (Stjernquist et al.
1985; Owman and Stjernquist 1988; Haase et al.
1997), and after manipulations such as ovariectomy
and/or exogenous sex hormone administration (Mc-
Kercher et al. 1973; Juorio et al. 1989; Zoubina et al.
2001).

Previous studies by our group showed that hor-
mone-induced plasticity of uterine nerves is not re-
stricted to the mature state. Chronic administration of
estrogen to rats during the infantile/prepubertal pe-
riod provokes, at 28 days of age, an almost complete
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loss of norepinephrine histofluorescent-labeled sympa-
thetic nerves and reduces by 80% the total content of
norepinephrine (NE) in the uterine horn (Brauer et al.
1995,1999). It is not known, however, whether chronic
exposure to estrogen affects the development of uter-
ine cholinergic nerves.

Considering that sympathetic nerves appear to ex-
ert either positive effects (Sharp and Smith 1992; Smith
and Marzban 1998) or negative effects (Aberdeen et
al. 1992) on parasympathetic nerve outgrowth, and
taking into account that trophic interactions may ex-
ist between parasympathetic and sympathetic nerves
(Hasan and Smith 2000), we analyzed whether devel-
opment and estrogen-induced responses in uterine
cholinergic innervation are affected by sympathec-
tomy.

In this study we analyzed the effects of infantile/
prepubertal chronic estrogen treatment, chronic chem-
ical sympathectomy with guanethidine, and combined
chronic sympathectomy and chronic estrogen treat-
ment on the development of the cholinergic innerva-
tion of the rat uterus. Cholinergic nerves were demon-
strated using a combination of acetylcholinesterase
(AChE) histochemistry and the immunohistochemical
demonstration of the specific cholinergic marker vesic-
ular acetylcholine transporter (VAChT) (Arvidsson et
al. 1997; Schäfer et al. 1998). Because AChE his-
tochemistry has been considered to be a nonspecific
marker for cholinergic nerves (Papka et al. 1981,1999;
Garfield 1986) a comparative assessment of the pat-
tern of labeling given by both techniques was carried
out on selected uterine tissue sections.

 

Materials and Methods

 

Animals and Treatments

 

Forty-two female Wistar-derived albino rats from the breed-
ing colony held at the Instituto de Investigaciones Biológicas
Clemente Estable (Montevideo, Uruguay) were used in this
study. Animals were sexed at birth, weaned at 3 weeks, and
maintained under controlled conditions of temperature and
illumination, with water and food ad libitum.

Females were injected daily (Monday to Friday) with 50
mg/kg of guanethidine monosulfate (Sigma; St Louis, MO)
from 8 days after birth and for 3 weeks (Brauer et al. 1994).
Guanethidine was dissolved to appropriate doses with
0.1 M PBS and was administrated SC. Control animals from
matched litters were injected with the vehicle.

Chronic estrogen treatment was performed with 

 

�

 

-estra-
diol 17-cypionate (Laboratorios Köning; Buenos Aires, Ar-
gentina), diluted to appropriate doses with peanut oil
(Sigma) to a final volume of 0.1 ml per dose. Intact and sym-
pathectomized animals were injected SC with four doses of
10 

 

�

 

g estrogen on Days 10, 15, 20, and 25 of postnatal de-
velopment. Control animals from matched litters were in-
jected with 0.1 ml of peanut oil per dose. All animal groups
were sacrificed at 28 days of age (Brauer et al. 1995,1999).

 

Histochemistry and Immunohistochemistry

 

Animals were terminally anesthetized with sodium pento-
barbital (50 mg/kg IP; Sigma) and perfused via the left ven-
tricle with 25 ml of heparinized saline solution (NaCl 0.9% 

 

�

 

50 IU/ml of Liquemine; Roche, Montevideo, Uruguay). Sur-
gical procedures were conducted in accordance with the
international guidelines for animal care approved in 2000 by
the Instituto de Investigaciones Biológicas Clemente Estable,
Montevideo, Uruguay.

For preparation of whole mounts, the uterine horns were
removed, cut in 1-cm-long segments, and opened longitudi-
nally along their parametrial border. The endometrium was
carefully removed and the width of the isolated myometrium
was measured before and after stretching. Stretched whole
mounts were fixed in buffered 4% paraformaldehyde (PFA)
(Sigma) for 25 min at 4C and then processed for histochemi-
cal demonstration of AChE. In view of the irregular penetra-
tion of VAChT antiserum and the high background ob-
served in whole-mount preparations of estrogen-treated
animals, immunostained whole mounts were not employed
for quantitative studies.

For cryostat sections, animals were anesthetized and
perfused transcardiacally with 25 ml of heparinized saline
solution followed by 25 ml of PFA. The uterine horns were
removed and fixed by immersion in 4% PFA for 1.5 addi-
tional hr at 4C. Tissues were washed in PBS, stored in 20%
sucrose in PBS overnight at 4C, and embedded in tissue
freezing medium (Shandon; Pittsburgh, PA). Cryostat sec-
tions (12 

 

�

 

m thick) were mounted on gelatin-subbed glass
slides and processed for histochemical demonstration of
AChE or immunohistochemical localization of VAChT. The
quality of sympathectomy was assessed on adjacent sections
immunostained for tyrosine hydroxylase (TH) (Brauer et al.
1999).

For demonstration of AChE activity, whole-mount prep-
arations and cryostat tissue sections were incubated for 2 hr
at 37C in a medium containing acetylthiocholine iodide
(Sigma) as substrate (Karnovsky and Roots 1964) and 10

 

�
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 M
tetraisopropyl phosphoramide (iso-OMPA; Sigma) as non-
specific cholinesterases inhibitor. Preparations were exam-
ined with a Nikon E800 microscope and micrographs were
taken with Ilford PAN F, 50 ASA film.

For immunohistochemistry, sections were incubated over-
night in a humid chamber at room temperature (RT) with
goat anti-rabbit VAChT (1:1000 final dilution; Chemicon,
Temecula, CA) or rabbit anti-tyrosine hydroxilase (1:200;
Affinity Research Products, Exeter, UK). At the end of the
incubation period, sections were washed in PBS, incubated
with donkey anti-goat (for VAChT) or goat anti-rabbit (for
TH) conjugated with Alexa-Fluor 488 (final dilution 1:400;
Molecular Probes, Eugene, OR) for 1.5 hr at RT, washed in
PBS, and mounted in antifade mountant (Citifluor; London,
UK). Sections were examined with a Nikon E800 micro-
scope equipped with epifluorescence and fitted with the ap-
propriate filters. Micrographs were taken with Ilford HP5,
400 ASA film.

For double-labeling experiments, sections were stained
first for AChE, mounted in Citifluor, and photographed un-
der the microscope. After removing the coverslips, sections
were washed in PBS and processed for immunohistochemis-
try as described above. Digital images were captured using a
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CoolSNAP-Pro Monochrome Digital Kit (Media Cybernet-
ics; Silver Spring, MD), processed with the Image-Pro Plus
software (Media Cybernetics), and printed on Hewlett Pack-
ard HP Premium Inkjet glossy paper using a Hewlett Pack-
ard Deskjet 840C printer.

 

Nerve Diameter and Nerve Density Measurements

 

Nerve diameter and nerve density measurements were car-
ried out on whole-mount stretch preparations stained for
AChE. Whole-mount preparations rather than cryostat tis-
sue sections were selected for quantitation because they al-
lowed more accurate discrimination between perivascular
and myometrial nerve fibers. Because of the uneven regional
distribution of AChE-positive nerves in the rat uterus (see
Results), measurement studies were restricted to the caudal
region of the uterine horn. Two to four whole-mount prepa-
rations per animal were used for quantitation. For all pa-
rameters and areas analyzed, data recorded from each ani-
mal were averaged and the resulting number was used to
calculate mean values.

The diameter of nerve bundles and of myometrial and
perivascular nerve fibers was assessed directly under the mi-
croscope using an ocular scale and a 

 

�

 

40 objective lens. An
average of 100 nerves per animal were measured.

The intercept density of nerve bundles and myometrial
nerve fibers was estimated directly under the microscope us-
ing a 1-mm-long ocular scale set perpendicular to the uterine
long axis and a 

 

�

 

10 objective lens (Brauer et al. 1992,1995).
This orientation of the counting line ensured a comparable
sampling because most of the non-vascular nerve fibers in
the longitudinal myometrial layer run parallel to the uterine
long axis. However, fine focus adjustments were required to
count all the nerves located at different depths, particularly
in estrogen-treated animals, although even in the hyper-
trophic preparations careful checking showed that nerves
were visible at all depths of the preparations, i.e., there was
no significant attenuation of signal with depth. The number
of nerve bundles and fibers that intersected the ocular scale
was counted in five areas regularly distributed along each
whole-mount preparation. To standardize the degree of
stretching, a factor was calculated for each whole-mount
preparation by dividing the myometrium stretched width by
the original unstretched width and the intercept density mea-
surements were then corrected by this factor (Brauer et al.
1992). The intercept density of innervation is given as the
mean number of nerves per millimeter of unstretched tis-
sue. Considering that estrogen treatment provokes major
changes in the size of the uterus, corrections for changes in
the target size were carried out to obtain an estimation of
the total nerve density. To achieve this aim, the intercept
density per mm, estimated through the full depth of the
preparation, was multiplied by the total width of the un-
stretched myometrium to give a figure proportional to the
nerve density in the caudal region of the organ.

The density of innervation and diameter of blood vessels
were estimated using a 

 

�

 

40 objective lens and an ocular
scale set perpendicular to the long axis of the vessel. Three
measurements per blood vessel were performed and an aver-
age of 10 vessels per animal were measured. The density of
perivascular innervation is given as the mean number of fi-
bers per millimeter of tissue and as the mean total number of

 

nerves per vessel. Considering that blood vessels are not visi-
ble in the fresh tissue, no corrections for the degree of
stretching were attempted.

 

Statistical Analysis

 

Results are expressed as the mean 

 

�

 

 SEM. Data were com-
pared using a one-way analysis of variance followed by the
Tukey–Kramer multiple comparison test. Values of 

 

p

 

�

 

0.05
were considered statistically significant.

 

Results

 

AChE Histochemistry

 

In prepubertal controls, cryostat tissue sections showed
that AChE-positive (AChE-p) nerves penetrated into
the uterus at the level of the mesometrial triangle (Fig-
ure 1A). In the caudal region of the uterine horn,
AChE-p fibers were distributed in both the circular
and longitudinal myometrial layers and around blood
vessels located at the intramyometrial compartment
(Figure 1C). Occasionally AChE-p fibers were ob-
served in the endometrium in association with blood
vessels and endometrial glands. In the cephalic region
of the uterine horn, AChE-p nerves were extremely
sparse and were mainly confined to the intramyome-
trial vascular compartment (not shown). The pattern
of distribution and regional variation of AChE-p
nerves observed in controls was unaffected by sympa-
thectomy (Figure 1E), chronic estrogen treatment (Fig-
ures 1B and 1D), or combined sympathectomy and es-
trogen treatment (Figure 1F). However, a generalized
increase in nerve diameter was observed in both intact
and sympathectomized estrogen-treated animals (Fig-
ures 1B, 1D, and 1F).

In whole-mount preparations (Figures 2A–2D),
uterine AChE-p nerves were organized as large indi-
vidual nerve bundles (Type A) and medium-sized
paravascular and free-running nerve bundles (Type B),
from which thinner fibers branched toward the myo-
metrium (Type M) and blood vessels (Type V). Mea-
surement studies (Table 1) showed that the diameter
of all these nerve types was unchanged by sympathec-
tomy but that it was significantly increased after estro-
gen treatment of both intact and sympathectomized
animals.

Nerve density measurements (Table 2) showed that
sympathectomy did not affect the intercept density or
the total density of AChE-p nerve bundles (Types A

 

�

 

B).
In contrast, a 57% increase in the intercept density of
these larger nerve bundles was observed in intact es-
trogen-treated animals. This increase was even more
pronounced when results were corrected for changes
in the width of the uterus, which showed a 1.7-fold in-
crease after estrogen treatment (Table 2). Thickness of
the estrogen-treated samples also increased substan-
tially (data not shown). Similar increases were ob-
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served after chronic estrogen treatment of sympathec-
tomized animals.

The intercept density and total density of myome-
trial AChE-p nerves (Type M) were unaffected by
sympathectomy. After chronic estrogen treatment of
intact and sympathectomized animals, a 50% reduc-
tion in the intercept density of AChE-p myometrial fi-
bers was observed. This reduction, however, did not
persist when intercept values were corrected for changes
in the myometrium width, i.e., an apparent reduction
in density was due to a “dilution effect” of estrogen-
induced myometrial hypertrophy.

At the vascular level (Table 3), quantitative mea-
surement showed that both the intercept density and
the total number of AChE-p fibers per blood vessel
were unchanged by sympathectomy. Similarly, chronic
estrogen treatment of intact animals (Figures 2C and
2D) resulted in no significant changes in the total

 

Figure 1

 

Transverse cryostat tissue sections of the caudal region of the uterine horn, showing the pattern of distribution of acetylcho-
linesterase-positive nerves in prepubertal rat controls (

 

A,C

 

) and after sympathectomy (

 

E

 

), prepubertal chronic estrogen treatment (

 

B,D

 

), and
combined sympathectomy and chronic estrogen treatment (

 

F

 

). (

 

A,B

 

) The mesometrial triangle in control and estrogen-treated animals, re-
spectively. (

 

C–F

 

) Pattern of distribution of intrauterine acetylcholinesterase-positive nerves in the different animal groups. Note the changes
in innervation density and the increased nerve diameter in both intact and sympathectomized estrogen-treated animals (arrows). C, circular
myometrial layer; E, endometrium; L, lumen; LM, longitudinal myometrial layer; M, mesometrium; MT, mesometrial triangle; V, blood ves-
sels. Bar 

 

	

 

 100 
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m.

 

Figure 2

 

Whole-mount stretch preparations illustrating the differ-
ent types of acetylcholinesterase-positive nerves present in the rat
uterus of control (

 

A

 

) and estrogen-treated animals (

 

B

 

). a, thick
bundles (Type A); b, medium-sized bundles (Type B); m, myometrial
nerve fibers (Type M); v, perivascular nerve fibers (Type V). Note
the marked estrogen-induced increase in the diameter of different
nerve types as well as changes in their relative density. Bar 

 

	

 

 200

 

�

 

m. (

 

C,D

 

) Estrogen-induced changes in the diameter and density of
perivascular nerve fibers. Bar 

 

	

 

 100 
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m.

 

Table 1

 

Quantitative assessment of the effects of chemical 
sympathectomy with guanethidine (GTD), infantile/
prepubertal chronic estrogen treatment and combined 
sympathectomy and estrogen treatment (GTD 

 

�

 

 EST) on the 
diameter (

 

�

 

m) of the different AChE-positive nerve types in 
the rat uterus

 

a,b

 

Control GTD Estrogen GTD 

 

�

 

 EST

A 36.5 

 

�

 

 1.6 (6) 34.0 

 

�

 

 0.9 (3) 55.8 

 

�

 

 1.6 (6)

 

c,d

 

48.2 

 

�

 

 1.8 (3)

 

c,d,e

 

B 17.2 

 

�

 

 1.5 (6) 16.7 

 

�

 

 0.7 (3) 29.0 

 

�

 

 1.5 (6)

 

c,d

 

26.6 

 

�

 

 0.3 (3)

 

c,d

 

M 3.1 

 

�

 

 0.5 (6) 2.3 

 

�

 

 0.1 (3) 5.8 

 

�

 

 0.3 (6)

 

c,d

 

4.7 

 

�

 

 0.5 (3)

 

d

 

V 3.0 

 

�

 

 0.3 (6) 1.9 

 

�

 

 0.2 (3) 4.8 

 

�

 

 0.4 (6)

 

c,d

 

5.4 

 

�

 

 0.2 (3)

 

c,d

 

a

 

A, thick bundles; B, medium-sized paravascular and free-running bundles; M,
myometrial fibers; V, perivascular fibers.

 

b

 

For each nerve type, data recorded from individual animals were averaged
and the resulting number used to calculate mean values. An average of 100
nerves per animal were measured. Results are given as the mean 

 

�

 

 SEM. The
number of animals used for each determination is given in parentheses. Data
were compared using a one-way ANOVA followed by the Tukey–Kramer mul-
tiple comparisons test. Values of 

 

p

 

�

 

0.05 were considered statistically signifi-
cant.

 

c

 

Significant difference from control.

 

d

 

Significant difference from GTD.

 

e

 

Significant difference from estrogen.
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number of nerves per vessel. However, because the di-
ameter of blood vessels was twice that measured in
controls, a 46% reduction in the intercept density per
millimeter of tissue was observed. After combined
sympathectomy and chronic estrogen treatment, both
the intercept density and the total number of AChE-p
fibers per blood vessel were significantly reduced.

 

TH and VAChT Immunohistochemistry

 

In guanethidine-treated animals, no TH-immunoreac-
tive fibers were observed in the uterus (not shown).
Combined guanethidine and estrogen treatment did
not alter the quality of sympathectomy.

The pattern of distribution and regional variation
shown by VAChT-immunoreactive nerves (VAChT-ir)
closely resembled that of AChE-positive nerves. More-
over, double-labeling experiments carried out on the
same cryostat tissue sections showed that, in all ani-
mal groups, most of the nerve bundles and the
perivascular and myometrial nerve fibers revealed by
AChE staining were also labeled with VAChT (Figures
3A–3E). Nevertheless, varicosities appeared to be more
successfully labeled with VAChT than with AchE and,

very occasionally, some VAChT-ir terminal fibers were
not visualized by AChE histochemistry (Figures 3D
and 3F).

In both prepubertal controls and sympathecto-
mized animals, VAChT-ir bundles and fibers were rec-
ognized in the caudal region of the uterine horn, but
they were extremely rare in the cephalic region (not
shown). In the caudal region (Figure 4A), VAChT-ir
fibers formed a well-developed varicose plexus around
blood vessels and in association with both myometrial
layers. VAChT-ir fibers were particularly abundant in
the circular muscle layer and in the anti-mesometrial
border of the longitudinal myometrium.

After chronic estrogen treatment of intact and
sympathectomized animals, several VAChT-ir bundles
were recognized in the longitudinal myometrial layer
and in the intramyometrial vascular space (Figures 4B
and 4D). VAChT-ir varicose fibers were seen around
the enlarged blood vessels and in association with
both myometrial layers (Figure 4E). Examination of
nerve bundles at higher magnifications showed that
VAChT immunoreactivity was uneven and displayed
intensely fluorescent enlargements. In controls (Figure

 

Table 2

 

Quantitative assessment of the effects of chemical sympathectomy with guanethidine (GTD), infantile/prepubertal 
chronic estrogen treatment, and combined sympathectomy and estrogen treatment (GTD 

 

�

 

 EST)

 

a

 

Control GTD Estrogen GTD 

 

�

 

 EST

Myometrium Width (mm)

2.52 

 

�

 

 0.09 (6) 2.92 

 

�

 

 0.30 (3) 4.37 

 

�

 

 0.04 (6)

 

b,c

 

4.25 

 

�

 

 0.01 (3)

 

b,c

 

Intercept Density (nerves/mm of unstretched myometrium)

A 

 

�

 

 B 22.7 

 

�

 

 1.2 (6) 15.1 

 

�

 

 5.9 (3) 35.5 

 

�

 

 2.7 (6)

 

b,c

 

30.5 

 

�

 

 2.5 (3)

 

c

 

M 139.8 

 

�

 

 11.8 (6) 146.6 

 

�

 

 12.2 (3) 66.6 

 

�

 

 7.8 (6)

 

b,c

 

74.5 

 

�

 

 4.9 (3)

 

b,c

 

Total Density (total number of nerves per myometrium unstretched width)

A 

 

�

 

 B 57 

 

�

 

 3 (6) 42 

 

�

 

 13 (3) 155 

 

�

 

 12 (6)

 

b,c

 

130 

 

�

 

 11 (3)

 

b,c

 

M 351 

 

�

 

 33 (6) 421 

 

�

 

 14 (3) 291 

 

�

 

 35 (6) 317 

 

�

 

 21 (3)

 

a

 

Measurements were carried out on five areas regularly distributed along each whole-mount stretch preparation. Two to four whole-mount preparations per an-
imal were measured. Data recorded from each animal were averaged and the resulting number used to calculate mean values. Results are given as the mean 

 

�

 

SEM. The number of animals used for each determination is given in parentheses. Data were compared using a one-way ANOVA followed by the Tukey–Kramer
multiple comparisons test. Values of 

 

p

 

�

 

0.05 were considered statistically significant. Abbreviations as in Table 1.

 

b

 

Significant difference from control.

 

c

 

Significant difference from GTD.

 

Table 3

 

Quantitative assessment of the effects of chemical sympathectmy with guanethidine (GTD), infantile/prepubertal chronic 
estrogen treatment, and combined sympathectomy and estrogen treatment (GTD 

 

�

 

 EST) on the blood vessel diameter (

 

�

 

m), 
perivascular intercept nerve density (fibers/mm), and total number of AChE-positive nerve fibers per vessel in the rat uterus

 

a

 

Control GTD Estrogen GTD 

 

�

 

 EST

Vessel diameter 167 

 

�

 

 4 (6) 165 

 

�

 

 18 (3) 367 

 

�

 

 7 (6)

 

b,c

 

395 

 

�

 

 12 (3)

 

b,c

 

Fibers/mm 27. 4 

 

�

 

 0.9 (6) 27.2 

 

�

 

 2.2 (3) 14.8 

 

�

 

 0.8 (6)

 

b,c

 

7.7 

 

�

 

 0.1 (3)

 

b,c,d

 

Fibers/vessel 4.5 

 

�

 

 0.2 (6) 4.3 

 

� 0.2 (3) 5.0 � 0.2 (6) 2.9 � 0.1 (3)b,c,d

aThree measurements per blood vessel were performed and an average of 10 vessels per animal were measured. Data recorded from each animal were averaged
and the resulting number used to calculate mean values. The density of perivascular innervation is given as the total number of nerves per vessel and as the num-
ber of fibers per millimetre of tissue. Results are given as the mean � SEM. The number of animals used for each determination is given in parentheses. Data
were compared using a one-way ANOVA followed by the Tukey–Kramer multiple comparisons test. Values of p�0.05 were considered statistically significant.
bSignificant difference from control.
cSignificant difference from GTD.
dSignificant difference from estrogen.
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4C), these structures were slightly larger than varicosi-
ties and were only occasionally recognized. In estro-
gen-treated animals (Figure 4F), intensely inmunofluo-
rescent enlargements were much more prominent and
abundant than in controls.

Discussion
Several studies have led to the concept that AChE
staining is not a reliable marker for cholinergic nerves
(Garfield 1986; Papka et al. 1999), because AChE his-
tochemistry has also been shown to stain sympathetic
(Haase et al. 1997) and primary afferent sensory nerve
fibers (Papka et al. 1981). In addition, it has been
demonstrated that, in several target organs, postgan-
glionic sympathetic and parasympathetic nerve fibers
run closely juxtaposed within a common Schwann cell
sheath (Ehinger and Falk 1966; Ehinger et al. 1970;
Elbadawi 1984; Levi 1990). Our current studies showed
that neither the diameter nor the density of AChE-p
nerves was affected by chronic guanethidine treat-
ment, indicating that, in the rat uterus, AChE-p nerves
are not sympathetic. The possibility that, in the caudal
region of the uterine horn, some AChE-p bundles could
also contain sensory nerves cannot be completely dis-
regarded at present.

The recent generation of antibodies against the
vesicular acetylcholine transporter (VAChT) has al-
lowed specific recognition of the pattern of distribu-
tion of cholinergic nerves in different peripheral tar-
gets (Arvidson et al. 1997; Schäfer et al. 1998),
including the uterus (Papka et al. 1999; Prud’homme
et al. 2000). VAChT immunoreactivity appears exclu-
sively associated with synaptic vesicles containing ace-
tylcholine (Gilmor et al. 1996), and it has been dem-
onstrated that VAChT is not expressed in dorsal root
ganglia sensory neurons (Arvidson et al. 1997). In the
present study, by double-labeling uterine cryostat tis-
sue sections for AChE and VAChT, we observed a
high degree of identity between bundles and fibers la-
beled by both markers. Nevertheless, it was noted that
VAChT immunohistochemistry was a better marker
for varicosities than AChE histochemistry. Similar dif-
ferences were observed after the immunolabeling of
cholinergic nerve fibers with specific antibodies against
choline acetyltransferase (ChAT) and vesicular acetyl-
choline transporter (Papka et al. 1999). Taken to-
gether, these results indicate that, in the rat uterus,
AChE staining is a good indicator of the cholinergic
phenotype.

In agreement with previous studies (Adham and
Schenk 1969; Moscarini et al. 1982; Papka et al. 1985;
Garfield 1986; Mustafa et al. 1987; Prud’homme et al.
2000), we observed that cholinergic nerves were ex-
tremely sparse in the cephalic portion of the uterine
horn but were concentrated in the caudal region,

where they formed a well-developed plexus in associa-
tion with blood vessels and myometrial smooth mus-
cle. This regional pattern of distribution clearly con-
trasts with that shown by sympathetic (Adham and
Schenk 1969; Houdeau et al. 1998; Zoubina et al.
1998) and sensory nerve fibers (Zoubina et al. 1998),
which appear more concentrated in the cephalic por-
tion of the uterine horn. This differential pattern of
distribution also argues against the possibility that
uterine AChE-p nerves could represent sympathetic or
primary afferent sensory nerve fibers.

In marked contrast to our previous findings on
sympathetic nerves (Brauer et al. 1995,1999), a well-
developed plexus of cholinergic nerves was observed
in the rat uterus after infantile/prepubertal chronic es-
trogen treatment, suggesting that developing cholin-
ergic fibers are less affected by estrogen than sympa-
thetic nerves. Similar results were seen in the rat
during the natural estrous cycle (Zoubina et al. 1998).
Moreover, our current studies showed that estrogen
induced a marked increase in the diameter of cholin-
ergic nerve bundles and fibers. It is not known, how-
ever, whether this increase in nerve size is due to an in-
crease in the diameter of individual axons or to the
recruitment of an increased number of axons per bun-
dle. Electron microscopic studies will be required to
distinguish among these and other possibilities.

Nerve density measurements showed a substantial
increase in both the intercept and total density of large
and medium-sized cholinergic bundles in estrogen-
treated animals, suggesting that chronic exposure to
estrogen during postnatal development promotes the
growth of cholinergic nerves to the uterus. This in-
crease does not appear to result from a competition
with sympathetic nerves (Dahlström 1978; Aberdeen
et al. 1992), because sympathectomy did not mimic
the effects provoked by estrogen. Similarly, combined
sympathectomy and chronic estrogen treatment did
not alter the pattern of changes induced by estrogen
alone.

Surprisingly, our quantitative studies demonstrated
that the estrogen-induced increase in the density of
large and medium-sized cholinergic nerve bundles was
not reflected by a parallel increase in the intercept
density of finer myometrial nerve fibers. Considering
that the reduced intercept density of these nerve fibers
did not persist after correction for changes in the tar-
get, it might be suggested that estrogen provoked the
“dilution” of those cholinergic fibers by its hyper-
trophic effects on the myometrium. Dilution of the
sympathetic myometrial nerve fibers that fail to keep
pace with the size of the uterus was also seen in the rat
during puberty (Brauer et al. 1992) and after acute
(Brauer et al. 1995) and chronic exposure to estrogen
of young adult rats (Chávez-Genaro et al., In press).
This unusual behavior of uterine sympathetic nerves
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Figure 3 Digital images of uterine cryostat tissue sections of control (A–C) and estrogen-treated animals (D,E) labeled consecutively with
AChE and VAChT. Note the great similarity in the pattern of labeling given by both techniques in nerve bundles, perivascular (V), and myo-
metrial fibers associated with the circular (CML) and longitudinal (LML) myometrial layers. (E) A myometrial nerve fiber labeled with VAChT
is observed (double arrow). However, this fiber is not revealed by AChE histochemistry (D). Bars: A,B,D,E 	 200 �m; C 	 100 �m.

Figure 4 Transverse cryostat tissue sections showing the pattern of distribution of VAChT-immunoreactive nerves in prepubertal controls
(A,C) and after prepubertal chronic estrogen treatment (B,D–F). (E) An “estrogen-resistant” VAChT-immunoreactive varicose fiber in the cir-
cular myometrial layer. (C,F) The different sizes and fluorescence intensities of VAChT immunofluorescent enlargements (arrows) is shown
respectively in control and estrogen-treated animals. Bars 	 100 �m.
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clearly contrasts with the responses of similar nerves
in other hypertrophic target tissues, including muscu-
lar visceral organs, in which changes in target size in-
duce coordinated changes in their innervating neurons
(Gabella 1984; Steers et al. 1990).

Although the “dilution” explanation could account
for the estrogen-induced reduction in the intercept
density of myometrial nerve fibers, additional expla-
nations can be proposed. One possible explanation is
that chronic exposure to estrogen provokes the retrac-
tion or degeneration of some myometrial terminal fi-
bers. This possibility appears to be supported by the
presence of large numbers of intensely fluorescent en-
largements in the VAChT-ir nerve bundles of estro-
gen-treated animals. These structures resemble the re-
traction balls observed in axons after trauma (Imajo
and Roessman 1984; Emery et al. 1987; Toupalik et
al. 2000), as well as the swollen varicosities observed
in adrenergic (Lincoln et al. 1984), vasoactive intesti-
nal polypeptide-immunoreactive (Belai et al. 1985),
and calcitonin gene-related peptide-immunoreactive
(Belai and Burnstock 1987) enteric nerve fibers of
streptozotocin-induced diabetic rats. In line with this
idea, it is possible that swollen or detached axons
could account for the increased diameter of nerve fi-
bers observed in estrogen-treated animals.

At the vascular level, measurement studies showed
that, in intact animals, the total number of nerves per
vessel was unaffected by chronic estrogen treatment.
However, because the diameter of blood vessels was
doubled, a 46% reduction in the density per millime-
ter of tissue was observed. As in the myometrium, this
decrease in the intercept density of perivascular nerve
fibers appears to be the result of the “dilution” of a
constant number of perivascular nerve fibers over the
enlarged blood vessel wall. Conversely, chronic estro-
gen treatment of sympathectomized animals resulted
in a significant reduction in both the intercept density
and the total number of AChE-p nerves per vessel, in-
dicating that combined sympathectomy and estrogen
treatment causes an actual loss of perivascular AChE-p
fibers. This result suggests that, at the vascular level,
degeneration of sympathetic nerves increases the ef-
fects induced by estrogen on cholinergic fibers.

The factors that prevent the coordinated growth
between cholinergic terminal fibers and their target
smooth muscle are not clear at present. However, it
can be suggested that the growth rate of cholinergic
terminal fibers is affected by estrogen-induced changes
in the target tissue. This possibility is supported by
our recently reported intraocular transplantation stud-
ies showing that both estrogen (Brauer et al. 2000a)
and pregnancy (Brauer et al. 1998) affect the receptiv-
ity of the myometrial tissue to sympathetic nerve fi-
bers. Although the nature of the signals produced by
the target has not yet been elucidated, it is possible

that sex hormones affect the pattern of growth of
uterine projecting neurons via changes in the produc-
tion of target-derived neurotrophic factors (Thoenen
1995; Cowen and Gavazzi 1998; Gallo and Letour-
neau 1998; Naves et al. 1998; Baloh et al. 2000;
Brauer et al. 2000b,c; Varol et al. 2000), changes in
signals provided by the extracellular matrix (de Curtis
1991; Gavazzi et al. 1995; Tessier–Lavigne and Good-
man 1996), or changes in the receptivity of neurons to
the signals produced by the target (Toran–Alleran
1996).

Estrogen-binding sites have been demonstrated in
several neuron types of the central nervous system,
where estrogen can mediate opposite effects such as
neuron growth and neuroprotection (Behl and Hols-
boer 1999; Gibbs 2000) as well as axon atrophy
(Kritzer and Kohama 1999). Alpha and beta estrogen
receptor immunoreactivity and mRNA have been
shown in uterine-projecting preganglionic and post-
ganglionic parasympathetic neurons of the rat para-
cervical ganglia (Williams and Papka 1996; Papka et
al. 1997,2001; Williams et al. 1997), which repre-
sent the main source of cholinergic nerves to the rat
uterus (Papka and Traurig 1992; Papka et al. 1999;
Prud’homme et al. 2000). In this context, it can be
suggested that the dynamic responses induced by es-
trogen on developing uterine cholinergic nerves could
be initiated by more than one mechanism, including a
direct effect of estrogen on parasympathetic pregangli-
onic and postganglionic neurons as well as by estro-
gen-induced changes in neuron–target interactions.

Our present studies indicate that chronic exposure
to estrogen during the infantile/prepubertal period ini-
tiates differential responses in cholinergic and sympa-
thetic nerves to the rat uterus. Work is in progress to
elucidate the cellular and molecular mechanisms that
control differential susceptibility of uterine nerves to
estrogen.
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