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Asymmetric Effects of Acute Hemiovariectomy
on Steroid Hormone Secretion by the In Situ Ovary
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The acute effects of hemiovariectomy on progester-
one, testosterone, estradiol, and luteinizing hormone
(LH) concentrations in serum were studied in rats under
the following experimental conditions: control, sham-
operated (left or right), hemiovariectomized, bilateral
adrenalectomized, and hemiovariectomized plus bilat-
eral adrenalectomized. One-hour after surgery, the con-
centration of progesterone and testosterone in the serum
of right-side sham-operated rats was significantly higher
than in control animals. Testosterone concentration
in serum in rats with the right ovary in situ was higher
than in sham-operated animals; injecting atropine sul-
fate 1 h before surgery blocked such increase, while the
same treatment to rats with the left ovary remaining
in situresulted in a significant increase of testosterone
concentration. Adrenalectomy resulted in an increase
of testosterone concentration, which was higher when
atropine sulfate was injected before surgery. Our results
support the idea that left and right ovaries play differ-
ent roles in the regulation of hormone secretion, and
that such differences are related to ovarian innervation.

Key Words: Asymmetry; estrus day; hemiovariectomy;
adrenalectomy; steroid secretion.

Introduction

Hemiovariectomy is a time-honored procedure that has
been useful in elucidating the follicular kinetics of differ-
ent species. The effects of hemiovariectomy in mammals
can be analyzed in terms of compensatory hypertrophy of
the contralateral ovary (i.e., increased weight), enhanced
follicular activity, and an increase in both the number of
ova shed and the number of corpora lutea. The mechanisms

Received February 6, 2003; Revised April 7, 2003; Accepted April 7, 2003.

Author to whom all correspondence and reprint requests should be addressed:
Dr. Maria Esther Cruz, Laboratorio de Neuroendocrinologia, Unidad de
Investigacién en Biologia de la Reproduccién, FES Zaragoza, A.P. 9-020.
CP 15000. México D.F. México. E-mail: mecbloy @yahoo.com.mx

209

involved in compensatory ovarian hypertrophy and com-
pensatory ovulation in hemiovariectomized rats have been
analyzed through changes in pituitary gonadotrophin secre-
tion and ovarian steroids secretion (/).

Many of the results obtained from hemiovariectomized
rats cannot be solely explained on an endocrinological basis.
For instance, compared to control values, follicle-stimulat-
ing hormone (FSH) concentration in plasma of 4-d cyclic
rats increased during the first 6-12 h after hemiovariec-
tomy, regardless of whether hemiovariectomy was performed
before or after 08:00 h on the day of diestrus 2. In addition,
in rats subjected to hemiovariectomy after 17.00 h of dies-
trus d 2, compensatory ovulation did not occur on the fol-
lowing day of estrus (2). Another study comparing the effects
of right- vs left-hemiovariectomy in rats showed that the
ovulation rate diminished when the left ovary was left in
situ (right hemiovariectomized rats), but remained normal
inrats whose right ovary had been left in situ (lefthemiovar-
iectomized rats) (3).

Sectioning both vagus nerves to right hemiovariecto-
mized rats reduced compensatory ovarian hypertrophy. In
turn, sectioning the left vagus nerve only induced different
effects, depending on which ovary remained in situ. For
instance, in right hemiovariectomized rats (left ovary in
situ), the ovulation rate, the compensatory ovarian hyper-
trophy, and the number of ova shed increased after left-side
vagotomy. In turn, the same procedure to left hemiovari-
ectomized rats showed a decrease in all the enumerated
parameters (3).

The mammalian ovary is innervated by sympathetic and
parasympathetic fibers, as well as by afferent sensory neu-
rons whose perikarya are located in the lower thoracic and
upper lumbar dorsal ganglia root (4), as well as in the nodose
ganglion of the vagus nerve (5). According to Klein and
Burden (5), the right ovary receives a larger supply of sym-
pathetic afferent fibers than the left one does. In human
fetuses, as the gonads descend, the number of extra organic
nerves increases, and so does innervation asymmetry between
the right and left ovary. In addition, the number of neural
fibers and trunklets in the plexus around the left ovarian
artery are greater than on the right ovarian artery (6).
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Table 1
Progesterone (P4), Testosterone (T), Estradiol (E),
and LH Concentration in Serum of Control Rats and Rats
Anesthetized with Ether, Sacrificed 1 h after Anesthesia®

P4 T E LH
Treatment (ng/mL)  (pg/mL) (pg/mL) (ng/mL)
Control 1046 £2.37 <2.0 16.03+3.35 1.66+0.24
Ether 757159 <20 10.86%+2.12 0.41 £0.10*
anaesthesia

“Data are represented by means £ SEM. Student’s # test. *p < 0.05
compared to control group.

Mammal species show side predominance of gonad func-
tions (7—11). To our knowledge, no data on steroid secre-
tion differences between ovaries of hemiovariectomized rats
have been reported. The aim of this work was to determine
whether the acute changes in gonad steroid-hormone con-
cen-trations after hemiovariectomy are dependent on the
remaining ovary. Since evidence of the role played by cho-
linergic ovarian innervation in the regulation of ovarian
functions has been reported (/2), the effects of cholinergic
blockade by atropine sulfate, applied 1 h before experimen-
tal surgery, were also analyzed.

Results

Effects of Ether Anesthesia and Sham
Operation on Hormone Concentration in Serum

Compared to the control group, the ether anesthesia group
showed a decrease in luteinizing hormone (LH) serum con-
centration (p < 0.05). No apparent effects on progesterone,
estradiol, or testosterone concentration in serum were ob-
served. The concentration of testosterone in the serum of
untouched control rats was below radioimmunoassay (RIA)
sensitivity of 2.0 pg/mL (Table 1).

Table 2 presents the effects of sham operations (left side-
or right side-) surgery on progesterone, testosterone, estra-
diol, and LH concentration in serum. Progesterone and tes-
tosterone concentration in serum of rats with right-sham
operation was significantly higher (p < 0.05) than in con-
trol rats. The concentration of estradiol in rats submitted to
left-sham operation was significantly higher than in rats with
aright-sham operation (p < 0.05). A significant decrease in
LH concentration in serum of rats with a left-sham opera-
tion (p < 0.05) was observed.

Because all sham operation treatments had an effect on
progesterone, testosterone, estradiol, and LH concentration
in serum, the effects of hemiovariectomy, with or without
bilateral adrenalectomy, and atropine sulfate injection, were
compared with the proper sham-operated group.

Table 2
Progesterone (P4), Testosterone (T),

Estradiol (E), and LH Concentration in Serum of Control Rats,
and Left-Side-Sham-Operated (L-sham), Right-Side-Sham-
Operated (R-sham), and Bilateral-Sham-Operated Rats
(B-sham), Killed 1 h after Treatment?

P4 T E LH
Group (ng/mL) (pg/mL) (pg/mL) (ng/mL)
Control  10.46 *+ 2.38 <2.0 16.03+34 1.67+0.2
L-sham 11.32+29 <2.0 26.79 £5.2% 0.66 +0.1*

R-sham 20.31 £4.2% 131.6 £4.6* 1632+3.8 2.74+0.6

“Data are represented by means £ SEM. ANOVA followed by
Tukey’s test. *p < 0.05 compared to control group.

Effects of Atropine Sulfate Injection

Compared to untouched-control rats, injecting atropine
sulfate caused a significant increase (p < 0.05) in proges-
terone, testosterone, and estradiol concentrations (Fig. 1,
panel A).

Effects of Adrenalectomy

Compared to control rats, bilateral adrenalectomy resulted
in a decrease (p < 0.05) in progesterone concentration in
plasma and a significant increase (p < 0.05) in testosterone
and estradiol serum concentrations (Fig. 1, panel B).

Effects of Left Hemiovariectomy
(Rats with the Right Ovary Left In Situ)

Compared to left-sham operated rats, left hemiovariec-
tomy caused no apparent changes in progesterone concen-
tration. In turn, testosterone serum concentration increased,
and estradiol concentration in plasma diminished signifi-
cantly (p < 0.05) (Fig. 1, panel C).

Effects of Right Hemiovariectomy
(Rats with the Left Ovary In Situ)

Compared to right-sham operated rats, no changes in pro-
gesterone, testosterone, or estradiol concentration in serum
were observed (Fig. 1, panel D).

Effects of Atropine Sulfate Injection
to Left-Hemiovariectomy Rats (Right Ovary In Situ)

Compared to rats injected with atropine sulfate and sub-
mitted to a left-sham operation, left-hemiovariectomized
rats exposed to cholinergic blockade showed higher proges-
terone concentrations, a significant reduction of testoster-
one levels, and a non significant reduction in estradiol con-
centration in serum (p < 0.05) (Fig. 2, panel A).

Effects of Atropine Sulfate Injection
to Right-Hemiovariectomized Rats
(Rats with the Left Ovary In Situ)

The right-hemiovariectomized group of rats with a cho-
linergic blockade had similar progesterone concentration
in serum (p < 0.05), and showed a significant increase in
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Fig.1.(A) Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL) serum concentration in control and atropine (ATR)-treated
rats, killed 1 hr after treatment. (B) Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL) serum concentration in control
and adrenalectomized (ADX) rats, killed 1 h after treatment. (C) Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL)
serum concentration in sham-operated and hemiovariectomized (hovx) rats with the right ovary in situ, killed 1 h after treatment. (D)
Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL) serum concentration in sham-operated and hemiovariectomized
(hovx) rats with the left ovary in situ, killed 1 h after treatment. *p < 0.05 in comparison with proper control (Sudent’s 7 test).

testosterone and estradiol concentration in serum, compared
to rats submitted to right-sham surgery and injected with
atropine sulfate (Fig. 2, panel B).

Effects of Adrenalectomy to Rats
with the Left Ovary Extirpated (Right Ovary In Situ)

In comparison to rats with bilateral adrenalectomys, left-
hemiovariectomy resulted in a decrease of progesterone and
testosterone concentration in serum (p < 0.05), without sig-
nificant changes in estradiol serum concentration (Fig. 2,
panel C).

Effects of Adrenalectomy to Rats
with the Right Ovary Extirpated (Left Ovary In Situ)

In comparison to rats with bilateral adrenalectomy, right-
hemiovariectomy resulted in a decrease in progesterone
serum concentration, a significant increase in testosterone
serum concentration (p < 0.05) and no apparent changes in
estradiol serum concentration (Fig. 2, panel D).

Effects of Hemiovariectomy
in LH Concentration in Serum

Hemiovariectomy did not have an apparent effect on LH

concentration in serum, while all other treatments resulted
in a significant decrease of LH (p < 0.05) (Table 3).

Discussion

The results presented herein support the idea that ova-
rian innervation modulates steroid secretion in a selective
way, and that both ovaries have different capacities to react
to the same type of stimuli (3).

The increase in progesterone and testosterone concen-
tration seems to be partially induced by an adrenal stress
response, plausibly caused by the perforation to the perito-
neum. We presume the existence of two different neural
pathways: one, controlling the secretion of progesterone by
the adrenals originating from the right side; and the other,
originating from the left side, controlling secretion of estra-
diol from the left ovary.

This interpretation is based on the observed estradiol
level increases in rats with left sham-surgery, and the ab-
sence of estradiol concentration increase in plasma when
the left ovary was removed. These differences suggest the
presence of a neural signal that reaches the left ovary and
stimulates the secretion of estradiol. In this regard, it has
been reported that pinching the adrenal pedicle stimulates
DNA synthesis in the contralateral gland, concluding that
an autonomic neural reflex mediate this rapid proliferative
response (13).
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Fig. 2. (A) Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL) serum concentration in sham-operated rats injected with
atropine sulfate and hemiovariectomized (hovx) rats with the right ovary in situ treated with atropine sulfate, killed 1 h after treatment.
(B) Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL) serum concentration in sham-operated rats injected with atropine
sulfate and hemiovariectomized (hovx) rats with the left ovary in situ treated with atropine sulfate, killed 1 h after treatment. (C)
Progesterone (ng/mL), testosterone (pg/mL), and estradiol (pg/mL) serum concentration in adrenalectomized (ADX) and adrenal-
ectomized+hemiovariectomy (ADX+hovx) rats with the right ovary in situ, killed 1 h after treatment. (D) Progesterone (ng/mL),
testosterone (pg/mL), and estradiol (pg/mL) serum concentration in adrenalectomized (ADX) and adrenalectomized+hemiovariectomy
(ADX+hovx) rats with the left ovary in situ, killed 1 h after treatment.

Table 3
LH (ng/mL) Concentration in Serum
of Control Rats, and Hemiovariectomized (Hovx), Bilateral
Adrenalectomized (ADX), Injected with Atropine Sulfate
(ATR) and Bilateral Adrenalectomy in Hemiovariectomized
(ADX+hovx) Rats, Treated or Not with Atropine
Sulfate (ATR), Killed 1 h after Treatment®

Left side Right side
Group (right ovary in situ) (left ovary in situ)
Control 1.66 £ 0.24 1.66 £0.24
Hovx 1.29£0.10 1.39£0.15
ADX 0.56 £ 0.09* 0.56 £ 0.09*
ADX + Hovx 0.62 £ 0.07* 0.57 £0.12%
ATR 0.63 £ 0.04* 0.63 +0.04*
ATR + Sham 0.47 £ 0.06%* 0.44 +0.05%
ATR + Hovx 0.46 £ 0.06* 0.49 +0.04*
ATR + ADX 0.35 £ 0.04* 0.35 £ 0.04*

“Data are represented by means + SEM. MANOVA followed

by Tukey’s test. *p < 0.05 compared to control group.

The proposed neural pathway between the peritoneum
and the adrenals, and/or ovaries, seems to be very specific
to the control of progesterone and testosterone secretion.
One of the pathways involved in the regulation of progester-
one secretion could not be mediated by muscarinic receptors,
while the pathways mediating the regulation of testoster-
one secretion must have a muscarinic receptor linked to an
inhibitory pathway. Itis also possible that ovarian innerva-
tion participates in blood-flow regulation. There is evi-
dence of both, an immediate and a delayed neural-mediated
component that are influenced by adrenal medullar secretion
while regulating testicular blood flow (/4). According to
Klein et al. (15), blood flow to the ovaries is not modified
after stimulation of the superior ovarian nerve.

We think that these neural pathways, reaching the ovary
and/or the adrenals, play significant roles in steroidogen-
esis regulation; thus, differences in progesterone serum
concentration between left- and right-hemiovariectomized
rats may be explained on the basis of differences in ovarian
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innervation (5). Consequently, we propose that the right
ovary sends inhibitory regulatory stimuli through the secre-
tion of testosterone to the left ovary.

Because bilateral adrenalectomy significantly reduced
the concentration of testosterone in serum, it is possible that
the concentration of testosterone, measured in unilaterally
ovariectomized rats (left ovary in situ), was influenced by
the secretion of testosterone from the adrenals.

According to D’ Albora et al. (16), some of the neurons
in the rat’s ovary may be catecholaminergic and others neu-
ropeptide Y immune-reactive. Some of the neurotransmit-
ters (norepinephrine and vasoactive intestinal peptide) deliv-
ered to the ovary, via the extrinsic innervation of the gland,
are involved in the regulation of ovarian steroidogenesis
(17). In addition, evidence that the ovaries receive cholin-
ergic innervation has been reported (12,18), as well as the
existence of muscarinic receptors in the ovaries of primates,
and the synthesis of acetilcholine by granulose cells (/9).
Therefore, the observed effects on progesterone concentra-
tions in plasma, caused by injecting atropine sulfate before
hemiovariectomy (extirpation of the right or left ovary), sup-
port the idea of differences in the participation of the cho-
linergic innervation regulating hormonal secretion by the
ovaries and/or adrenals.

The existence of two cholinergic pathways (one stimu-
latory, another inhibitory) to the adrenals and/or ovaries is
suggested by both: the increase in testosterone concentra-
tion in plasma, observed in rats with an induced cholinergic
blockade by atropine sulfate injection before unilateral-sham
operation; and, by the “mirror” differences in testosterone
concentration between left and right sham-operated rats
treated with atropine sulfate before sham-surgery procedures.

Cholinergic innervation of the right ovary seems to play
astimulatory role in hormonal regulation and, because cho-
linergic blockade by atropine sulfate resulted in a signifi-
cantincrease in testosterone and estradiol serum concentra-
tion, cholinergic innervation of the left ovary seems to play
an inhibitory regulatory role.

Compared to control rats, the increase of testosterone
concentration observed in adrenalectomized rats suggests
that the ovaries are the origin of such testosterone secretion.
Our results suggest that under normal conditions, the ova-
rian cholinergic innervation regulates the secretion of both
hormones in an inhibitory way. This conclusion is based on
the increases in testosterone and estradiol concentration in
plasma observed in rats subjected to cholinergic blockade
by atropine sulfate injection. The idea of two cholinergic
regulatory effects on each ovary is supported by the decrease
in testosterone and estradiol serum concentration in rats
with the right ovary in situ, and sustains the hypothesis of
the asymmetric ability to secrete estrogens by the ovaries.
The increase of estradiol concentration in plasma, observed
in rats with bilateral adrenalectomy, agrees with the find-
ings and conclusions of Cardenas (20) and Shors etal. (21).

Both groups of researchers reported that exposure to rela-
tively acute stressful events enhances estra-diol concentra-
tion in an immediate and persistent fashion, and that the
effects of stress on hormone concentration vary according to
the type of stressor used. Because in our study exposure to
ether stress did not modify estradiol concentration in serum,
we presume that the peritoneum perforation elicited the
necessary signals for such “stressful” response.

According to Puder et al. (22), in the presence of suffi-
cient estrogens, activation of the hypothalamic-pituitary-
adrenal axis leads to the stimulation of LH release. Since
left side sham surgery did not cause apparent changes in pro-
gesterone and testosterone serum concentration, we sug-
gest the existence of an asymmetric neural component link-
ing the central nervous system with the ovaries. It seems that
at least two different neural pathways related to the regu-
lation of gonadotropin release exist, one stimulatory and
the other inhibitory.

Hemiovariectomy blocked the effects of sham-opera-
tion on LH concentration in serum, observed 1 h after sur-
gery. Such results suggest that the left ovary is the origin of
the stimulatory signal, while the right ovary is influenced by
aclue thatinhibits LH secretion. LH concentration decreases
in adrenalectomized rats could be explained through an in-
hibitory action of corticotrophin-releasing factor on gona-
dotropin-releasing hormone (GnRH) (23), because 24 h after
adrenalectomy this effect was still observed (unpublished
results).

According to Gerendai et al. (24), there is a multisynap-
tic neuronal pathway between the ovary and the central ner-
vous system. The vagus nerve is the most probable neural
link, because the peritoneum is a vagal-innervated structure.
According to Chen et al. (25), neurons containing neuroki-
nin B receptor in the nucleus tractus solitarius are involved
in the integration of noxious afferent information from the
peritoneum in the rat. Evidence that vagotomy decreases
steroid secretion (26), reduces the number of ova shed (27),
and inhibits the development of compensatory ovarian hyper-
trophy (28) has been reported. Based on morphological
studies, Gerendai et al. (29) suggest that several brain struc-
tures are involved in the control of ovarian function, and act
via the vagus or sympathetic nerves. Therefore, the differ-
ential effects on steroid and LH secretion observed on uni-
laterally sham-operated rats could be based on asymmetric
cues carried by parasympathetic fibbers originating in the
central nervous system, as proposed by Frankel et al. (30).

Taken together, the results presented in this study sup-
port the idea that left and right ovaries play different roles
in the regulation of hormone secretion, and that such differ-
ences are related to ovarian innervation (9). Furthermore,
the idea of a possible relation between the hormones of the
hypothalamic—pituitary—adrenal axis, and those of the hypo-
thalamic—pituitary—gonadal axis (23), is supported by the
results presented herein.
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Fig. 3. A possible explanation for the participation of the innervation in the regulation of ovarian hormone secretion. The central nervous
system sends different neural signals to the right and left ovaries. The final common pathway for each ovary is the superior ovarian nerve
(SON). It also sends and receives neural asymmetric information from each adrenal and the peritoneum. In the ovary such innervation
modulates the response of the follicles to the gonadotropins via the release of neurotransmitters, mainly norepinephrine, and by acting
on the neurons of the ovary; it is also possible that it affects the non-neuronal cholinergic system of the ovary. To close the loop, some
of the neurons on the ovary register changes in several parameters of the ovarian function and such changes are sending to the central
nervous system via the vagus nerve, the paravertebral ganglia, and the intermediolateral column, and the contralateral ovary via sympa-

thetic nerves (ovarian plexus?).

Fig. 3 represents a possible explanation on the interplay
between the ovaries and adrenals via their innervation.

Materials and Methods

The study was conducted with virgin adult female rats
of the CIIZ-V strain from our own stock, with 195-225 g
body weight. Animals were kept under controlled lighting
conditions (lights on from 05:00 to 19:00 h), with free access
to food (Purina S.A., Mexico) and tap water, following the
parameters of the NIH Guide. The experiments were approved
by the Committee of the Facultad de Estudios Superiores
Zaragoza. Estrus cycles were monitored by daily vaginal
smears. Only rats showing atleast two consecutive 4-d cycles
were used in the experiment. All surgeries were performed
under ether anesthesia, between 13:00 and 13.15 h on the
day of estrus.

Rats were randomly allotted to each of the experimental
groups (8-10 rats by group). Rats of different groups were
treated simultaneously and sacrificed 1 hour after surgery.
Experimental Groups
Control Group

Nontreated cyclic rats sacrificed at 14:00 h on the day of
estrus.
Sham-Operated Group

Rats were submitted to a unilateral incision in the back,
2 cm below the last rib. The incision affected skin, muscle,
and peritoneum, but the ovary was not touched. After this
procedure the wound was sealed.
Hemiovariectomy

The right or left ovary was extirpated and the wound
sealed afterward.
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Ether Anesthesia

Rats were anesthetized during 10 min and sacrificed 1 h
later.

Bilateral Adrenalectomy

A bilateral incision below the last rib, including skin
and muscle, was performed, the adrenals were subsequently
re-moved, and the wound sealed.

Bilateral Adrenalectomy in Hemiovariectomized Rats

Groups of rats were hemiovariectomized (right or left
ovary), the adrenals were extirpated, and the wounds sealed.

Atropine Sulfate-Treated Groups

Sham-operated, bilateral adrenalectomized and hemi-
ovariectomized rats were subcutaneously injected with 300
mg/kg of atropine sulfate (Sigma Chemical Co., St. Louis,
MO, USA) 1 h before surgery, and were sacrificed 1 h after
surgery. For control purposes, a group of untouched rats
was injected with the same amount of atropine sulfate at
13.00 h and sacrificed 1 h later.

Autopsy Procedure

All rats were sacrificed by decapitation. The blood of
the trunk was collected, allowed to clot at room tempera-
ture for 30 min, and centrifuged at 3000 rpm during 15 min.
The serum was stored at —20°C, until estradiol-17f, testos-
terone, progesterone, and LH concentration were measured.

Hormone Assay

LH concentration was measured by specific radioimmu-
noanalysis (RIA), using the double-antibody technique, with
reagents and protocol supplied by the National Hormone
and Pituitary Program (Baltimore, MD). Intra- and inter-
assay variation coefficients were 5.1% and 6.5%, respec-
tively. Results are expressed in ng/mL, based on LH-RP-3.
The concentration of estradiol, testosterone and progester-
one in serum were measured by RIA, using a kit purchased
from Diagnostic Products (Los Angeles, CA). The Intra-
and interassay variation coefficients were 6.9% and 10.8%
for estradiol, 5.3% and 9.87% for progesterone, and 5.6%
and 8.7 for testosterone, respectively. Results are expressed
inng/mL (progesterone concentration) or pg/mL (testoster-
one and estradiol concentration).

Statistics

Data on hormonal concentrations in serum were ana-
lyzed using multivariate analysis of variance (MANOVA)
followed by Tukey’s test. The differences in hormone serum
concentration between the control group and the ether-anes-
thesia-treated group were analyzed by Student’s ¢ test. A prob-
ability value of less than 5% was considered significant.
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