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Abstract
Background: Maintenance of ovarian blood flow (OBF) is suggested to be important for regular ovulation
in women with polycystic ovaries (PCO). The purpose of the present study was to investigate whether
electro-acupuncture (EA) of different frequencies and intensities can improve the OBF of anaesthetized
rat in the animal model of PCO.

Methods: PCO was experimentally induced by a single intramuscular (i.m.) injection of estradiol valerate
(EV) in rats. Control rats were given i.m. injection of oil. The involvement of the two ovarian sympathetic
nerves; superior ovarian nerve (SON) and plexus ovarian nerve (OPN), in OBF responses was elucidated
by severance of SON and OPN in both control and PCO rats. How systemic circulatory changes affect
OBF was evaluated by continuous recording of the blood pressure. OBF was measured on the surface of
the ovary-using laser Doppler flowmetry. Acupuncture needles were inserted bilaterally into the
abdominal and hind limb muscles and connected to an electrical stimulator. Two frequencies – 2 Hz (low)
and 80 Hz (high) – with three different intensities – 1.5, 3, and 6 mA – were applied for 35 s.

Results: Low-frequency EA at intensities of 3 and 6 mA elicited significant increases in OBF in the Control
group compared to baseline. In the PCO group the increases in OBF were significant only when stimulating
with low-frequency EA at 6 mA. After severance of the ovarian sympathetic nerves, the increased
response of OBF that had been induced by low-frequency EA in both the Control and PCO group was
abolished, indicating that the OBF response is mediated via the ovarian sympathetic nerves. High-
frequency EA at 6 mA significantly decreased OBF and mean arterial blood pressure (MAP) in the Control
group compared to baseline. In the PCO group, the same stimulation produced similar decreases in MAP,
but not in OBF.

Conclusion: Low-frequency EA stimulation with a strong intensity (6 mA) increases OBF in rats with
steroid-induced PCO whereas less strong intensity (3 mA) induces similar changes in control rats.
Severance of the ovarian sympathetic nerves, abolish this OBF increase in both study groups, which
suggests that the responses of OBF to EA are mediated via the ovarian sympathetic nerves.
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Background
Polycystic ovary syndrome (PCOS) is a complex endo-
crinological disorder, associated with ovulatory dysfunc-
tion and infertility [1], hyperandrogenism,
hyperinsulinemia and insulin resistance [2-4], and pro-
gression to type II diabetes [4,5]. The underlying mecha-
nisms are still unclear, but there are indications that
human PCOS is associated with hyperactivity in the sym-
pathetic nervous system. For example, women with PCOS
develop cardiovascular abnormalities such as hyperten-
sion [5]. That the sympathetic nervous system is involved
in the pathophysiology of PCOS is supported by the fact
that the innervation of the catecholaminergic nerve fibers
in the polycystic ovaries of women with PCOS is more
dense than in normal ovaries [6,7]. In addition, the effec-
tiveness of ovarian wedge resection [8] or laparoscopic
laser cauterization [9] to increase ovulatory response in
women with PCOS raises the possibility that increased
sympathetic input to the ovary may play a role in the
development of polycystic ovaries observed in women
with PCOS.

It has recently been shown that polycystic ovaries (PCO)
in rats, induced by a single i.m. injection of estradiol valer-
ate (EV), develop an anovulatory state that shares many
endocrinological and morphological characteristics of
human PCOS, and it is assumed that the activity of the
ovarian sympathetic nerves in PCO rats is higher than in
normal rats [10-12]. This is evidenced by an increase in
tyrosine hydroxylase enzyme activity, an increase in nore-
pinephrine (NE) content and down regulation of β2-
adrenoceptors in the ovaries of rats with PCO [10-12]. The
innervation of the rat ovary involves two sources; superior
ovarian nerve (SON) in the suspensory ligament, and via
the ovarian plexus nerve (OPN) along the ovarian artery.
The restoration of estrous cyclicity and ovulatory capacity
after transection of the SON confirms the involvement of
sympathetic nerves in the development of PCO [10]. It
seems that the higher activity of the ovarian sympathetic
nerves in rats with steroid-induced PCO is related to an
augmented production of ovarian nerve growth factor
(NGF) [12]. Blocking ovarian NGF action with an antise-
rum to NGF and an antisense oligodeoxynucleotide to
NGF receptors restores estrus cyclicity and ovulatory
capacity. Even if it is impossible to exactly reproduce the
human PCOS using a rat model, the present model has
many similarities with the human PCOS and may provide
important leads about the disease.

We recently showed that treatment with electro-acupunc-
ture (EA) of low frequency (2 Hz) induced regular ovula-
tion in more than one-third of the women with PCOS
anovulation [13]. It is possible that the EA effects on ovu-
lation in women with PCOS are mediated via inhibition
of the ovarian sympathetic nerve activity since EA is

known to modulate various autonomic functions [14]. In
line with these findings, we have recently reported that
repeated treatment with low-frequency EA in rats with
PCO significantly reduced elevated concentrations of
ovarian NGF [15,16]. The results suggest that low-fre-
quency EA has an inhibitory effect on the activity of the
ovarian sympathetic nerves in rats with PCO. However,
the exact impact of different stimulation frequency and
intensities on sympathetic activity in rats with PCO
remains to be elucidated.

The ovary is a highly vascularized organ and maintenance
of high blood flow is important for the ovulatory process
in both humans and animals [17,18]. The sympathetic
nerves appear to be distinctly involved in the control of
ovarian secretory activity and are important for the regu-
lation of ovarian function [19]. Furthermore, ovarian
sympathetic nerves are important regulators for ovarian
blood flow (OBF) [20].

In this investigation, we aimed to study the effect of EA on
OBF in order to elucidate the role of ovarian sympathetic
nerves and the most optimal stimulation parameters in
the rat model of PCO. We employed high and low fre-
quencies of EA at different intensities and compared the
OBF responses between rats with normal ovaries and rats
with steroid-induced PCO ovaries. The involvement of the
ovarian sympathetic nerves was elucidated by severance of
the ovarian sympathetic nerves. In addition, the contribu-
tion of systemic circulatory changes to OBF was evaluated
by continuous recording of the blood pressure.

This study highlights the crucial role of the sympathetic
nervous system on OBF responses in rats with EV induced
PCO.

Materials and methods
The experiments were carried out according to the princi-
ples and procedures outlined in the NIH Guide for the
Care and Use of Laboratory Animals and were approved
by the animal ethics committee of International Univer-
sity of Health and Welfare, Otawara, Tochigi, Japan. Four-
teen female Sprague-Dawley rats (235 – 281 g) were
obtained from Japan SLC Inc., Shizuoka, Japan. The rats
were housed two per cage and fed ad libitum. The ambi-
ent room temperature was 23 ± 1°C with illumination
(12-h light: 12-h dark cycle). Thirty days before the exper-
imental procedure, seven rats were each given a single
intra muscular (i.m.) injection of 4 mg EV (Riedeldehaen,
Germany) in 0.2 ml oil in order to induce PCO (PCO
group) [15]. Seven control rats were each given a single
i.m. injection of 0.2 ml oil only (Control group). Estrous
cyclicity was monitored daily by vaginal smear obtained
between 9.00–11.00 am. In the Control group, experi-
ments were performed during estrus in 2 rats, during met
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estrus in 3 rats and during diestrus in 2 rats. In the PCO
group experiments was performed during estrus in 3 rats
and in a pseudoestrus (as described by Barria et al. [10])
state in 4 rats. In the analysis on OBF responses, no con-
sideration was taken to cycle day.

Experimental conditions
Rats were anaesthetized with intra peritoneal (i.p.) injec-
tion of urethane (1.1 g·kg-1, Wako, Tokyo, Japan) and
placed on a heating pad under an infrared lamp (ATB-
110, Nihon-Kohden, Tokyo) to maintain constant body
temperature at 37.0 ± 0.1°C, monitored in the rectum.
The trachea was cannulated and respiration was artificially
maintained using a ventilator (Model SN-480-7, Shinano,
Tokyo, Japan). Mean arterial blood pressure (MAP) was
continuously recorded from a catheter in the right femoral
artery and was maintained above 90 mm Hg (systolic) by
administration of 4% Ficoll 70 (Pharmacia Fine Chemi-
cals, Uppsala, Sweden). The depth of anesthesia was con-
tinuously monitored by observing movements, blood
pressure and heart rate. When needed, additional ure-
thane (0.1 g·g-1) was administered through a catheter in
the femoral vein.

Recording of OBF
Animals were placed in supine position. Midline incision
(~40 mm in length) was then performed and the left ovary
was identified and care was taken not to directly manipu-
late the ovary [21]. To avoid movement of the muscles in
response to EA, the abdominal wall was fixed by several
rods and the ovary itself was gently placed on a small
plate. OBF was measured using a laser Doppler flow
meter. The optical output power of the He – Ne laser
beam in the laser Doppler flow meter used in this study
(ALF 21, Advance, Tokyo, Japan) was 2 mW at the probe
at a wavelength of 780 nm. For measurement of OBF the
probe (Type H, 6-mm diameter, Advance, Tokyo, Japan)
was gently placed on the left ovarian surface devoid of any
larger vessels. The OBF and MAP signals were continu-
ously recorded in a computer, and the data were analyzed
by measuring them once a minute (1 s record) between 1
min before and 10 min after the onset of EA. The response
magnitude is expressed as percentage of the pre-stimulus
control value (1 s before the onset of stimulation). A sta-
ble blood flow signal was recorded, at least 2 min prior to
the stimulation. Absolute basal value of OBF cannot be
reliably determined with the present laser Doppler flow-
metry method. For that reason, the responses of OBF to
EA were expressed as percentage of the pre-stimulus value,
i.e. baseline, and compared the response between the
PCO and Control groups. For comparison with the
responses of OBF, responses of MAP were also expressed
as percentage of the pre-stimulus value.

Severance of the sympathetic nerves innervating the ovary
Denervation of the left ovary was performed under a bin-
ocular microscope, in order to determine contribution of
the ovarian sympathetic nerves, the superior ovarian
nerve (SON) and ovarian plexus nerve (OPN), to OBF
responses. The left SON was denervated by severing the
entire bundle of the suspensory ligament of the ovary and
the left OPN was cut about 2 cm from the ovary after care-
ful dissection from the ovarian artery and vein. The sever-
ance procedure took about 60 minutes to perform.

EA stimulation
Acupuncture needles of 0.3 mm diameter stainless steel
(Xeno Hegu, Svenska AB, Landsbro, Sweden), were
inserted about 10–12 mm perpendicularly into the bilat-
eral muscle biceps femoris and about 6–8 mm obliquely
into the bilateral muscle oblique externa and interna.
Needles from each side were then connected to an electri-
cal stimulator (CEFAR ACUS 4, Cefar, Lund, Sweden) and
were electrically stimulated with square wave pulses (0.18
ms duration) with alternating polarity. The effect of two
different stimulation frequencies were evaluated in both
the Control group and the PCO group in the following
order; 1) low frequency of 2 Hz with burst pulses (a burst
length of 0.1 s and a burst frequency of 80 Hz), 2) high
frequency of 80 Hz. Three different intensities, 1.5, 3, and
6 mA, were applied in each frequency before severance of
the ovarian sympathetic nerves. After severance of the
ovarian sympathetic nerves, the stimulation at 3 and 6 mA
was repeated at each frequency. The duration of the stim-
ulation was 35 s, but it took 1.5 s to reach 1.5 mA, 3 s to
reach 3 mA and 6 s to reach 6 mA, giving the accurate
stimulus period for 1.5 mA was 33.5 s, 3 mA was 32 s and
6 mA was 29 s.

Statistical analysis
Data were expressed as mean ± SEM. All group compari-
sons were made using two-way analysis of variance
(ANOVA) followed by Dunnett's multiple post hoc com-
parison tests when appropriate. The changes over time
within each group were analyzed by repeated measures
with one-way ANOVA followed by Dunnett's multiple
range tests for post hoc comparisons. P values less than
0.05 was considered significant.

Results
MAP and OBF in the resting state in PCO and Control rats
In a resting state, MAP was higher in the PCO group (95 ±
6 mmHg) than in the Control group (84 ± 4 mmHg),
however, the difference did not reach statistical signifi-
cance (p = 0.1290).
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Effects of low-frequency (2 Hz) EA stimulation on OBF and 
MAP in PCO and Control rats
Responses of OBF to low-frequency (2 Hz) EA were inves-
tigated in control rats as well as in rats with steroid
induced PCO. Fig. 1 summarizes the OBF and MAP
responses to low-frequency EA at different stimulus inten-
sities. Values during stimulus were excluded because of
muscle contractions in response to EA sometimes caused
artifacts that would lead to misinterpret the OBF
recordings.

Low-frequency EA at 1.5 mA had no significant influence
on either OBF or MAP in both the Control group and the
PCO group compared to baseline (Fig. 1A and 1B).

In the Control group, low-frequency EA at 3 mA elicited a
significant increase in OBF 1–4 min after the onset of
stimulation and return to pre-stimulus control levels 5
min after the stimulation, without affecting MAP (Fig. 1C
and 1D). The PCO group showed a similar pattern in OBF
response, but the increase was not significant (Fig. 1C and
1D).

In the Control group, low-frequency EA at 6 mA caused a
longer lasting increase in OBF, i.e., OBF significantly
increased 4–10 min after onset of stimulation (Fig. 1E).
When stimulating with the same intensity in the PCO
group, the OBF showed similar increases as in the Control
group with significance at 4–8 min after onset of stimula-
tion and returned to pre-stimulus control levels 9 min
after onset of stimulation (Fig. 1E). In the Control group,
MAP responded with a significant short-lasting decrease,
and returned to the pre-stimulus control level 4 min after
the stimulation (Fig. 1F). On the other hand, MAP had no
significant responses to EA at 6 mA in the PCO group.
There were no significant group differences between PCO
and control rats in any parameters.

OBF and MAP responses to low-frequency (2 Hz) EA 
stimulation after severance of the ovarian sympathetic 
nerves in PCO and Control rats
The OBF responses to low-frequency EA stimulation were
investigated after severance of the ovarian sympathetic
nerves, the SON and OPN, to determine contribution of
the ovarian sympathetic nerves to OBF responses in the
Control group and the PCO group. After severance of the
SON and OPN, the increased responses of OBF to low-fre-

2 Hz EA – OBF and MAPFigure 1
2 Hz EA – OBF and MAP Summarized OBF (A, C, E) and MAP (B, D, F) responses in both the control rats and the PCO 
rats when stimulating with low-frequency (2 Hz) EA. Changes in OBF and MAP were calculated every minute (1 s record), and 
response magnitude is expressed as percentage of the pre-stimulus value at the time point 0 min. The vertical lines and thick 
horizontal bar indicate the time of stimulation. The onset of stimulation is indicated as zero. The data is expressed as mean ± 
SEM. †p < 0.05, ††p < 0.01 (control rats) * p < 0.05, **p < 0.01 (PCO rats), compared with the pre-stimulus control value.
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quency EA at 3 and 6 mA were totally abolished in both
the Control and the PCO group compared to baseline
(Fig. 2A and 2C).

Responses of MAP after severance of the SON and OPN in
both the Control and the PCO groups were similar to
those in rats with intact ovarian sympathetic nerves, when
stimulating with an intensity of both 3 and 6 mA (Fig. 2B
and 2D). Stimulation with an intensity of 6 mA in the
Control group resulted in a significant decrease in MAP at
1 and 2 min after the onset of stimulation (Fig. 2D). The
response of MAP returned to the pre-stimulus control
level after 3 min.

Effects of high-frequency (80 Hz) EA stimulation on OBF 
and MAP in PCO and Control rats
Responses of OBF to high-frequency (80 Hz) EA were
investigated in control rats as well as in rats with steroid
induced PCO. Fig. 3 summarizes the OBF and MAP
responses to high-frequency EA at different stimulus
intensities.

At 1.5 and 3 mA, there was no significant influence on
either OBF or MAP in any of the study groups (Fig.
3A,3B,3C,3D). In the Control group, at 6 mA OBF
responded with a significant decrease 1 and 2 min after
the onset of stimulation and gradually returned to pre-
stimulus control level (Fig. 3E). In the PCO group OBF
showed a similar pattern, but the decrease was not signif-
icant (Fig. 3E). MAP significantly decreased 1–4 min after
the onset of stimulation in the PCO group and at 2–4 min
in the Control group compared to baseline (Fig. 3F).
There were no significant group differences between the
PCO and the Control group in any parameters.

OBF and MAP responses to high-frequency (80 Hz) EA 
stimulation after severance of the ovarian sympathetic 
nerves in PCO and Control rats
The OBF responses to high-frequency EA stimulation were
also investigated after severance of the ovarian sympa-
thetic nerves, the SON and OPN, in the Control group and
the PCO group.

OBF and MAP response to high-frequency EA at 3 mA did
not show any significant response, same as those rats with

2 Hz EA – OBF and MAP after sympathetic denervationFigure 2
2 Hz EA – OBF and MAP after sympathetic denervation Summarized OBF (A, C) and MAP (B, D) responses after sev-
erance of the ovarian sympathetic nerves in both the control rats and the PCO rats when stimulating with low-frequency (2 
Hz) EA. See Fig. 1 for other details.
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intact sympathetic nerves (Fig. 4A and 4B). The OBF
responses to high-frequency EA at 6 mA after severance of
the sympathetic nerves did not differ from those in rats
with intact sympathetic nerves in both the Control and
the PCO group. In the Control group OBF significantly
decreased 1 and 2 min after the onset of stimulation and
gradually returned to pre-stimulus control levels, whereas
there were no significant decreases of OBF in the PCO
groups (Fig. 4C). In both Control and the PCO group,
MAP responses to EA with high frequency at 6 mA also
showed similar decreases as those in rats with intact sym-
pathetic nerves. Significant decreases were observed at 1,
2 and 3 min after onset of stimulation in both the Control
and PCO groups (Fig. 4D).

Discussion
The present study demonstrates that anaesthetized rats
with steroid-induced PCO have similar OBF responses to
EA stimulation as control rats when measured 30 days
after EV injection. The OBF responses in both Control and
PCO rats were dependent on the frequency of the EA stim-
ulation; that is, stimulation with a low frequency
increased OBF, while stimulation with a high frequency
decreased OBF in control rats. The increase of OBF in
response to low-frequency EA was abolished after sever-
ance of the ovarian sympathetic nerves in both study
groups, which suggests that the responses of OBF to EA are

mediated via the ovarian sympathetic nerves. These results
confirmed the previous findings that EA of low-frequency,
2 Hz, increased OBF as a reflex response via ovarian sym-
pathetic nerves in rats with normal ovaries [22].

Fibers innervating the ovary through SON appear to be
more related with the regulation of steroidogenic activity
of the ovary, whereas the fibers coming from the plexus
(OPN) appear to be more involved in the control of the
vascular tone [19,20]. In the present study, all experi-
ments were conducted interrupting all sympathetic inner-
vation by severance of both SON and OPN. Therefore, the
relative contribution of each of the nerves to OBF remains
to be investigated by severance of each one of the nerve
sources separately.

The OBF response to low-frequency EA was less pro-
nounced in the PCO rats, compared with the control rats.
The increase of OBF in response to low-frequency EA in
the PCO rats was only significant when stimulations with
a strong intensity, 6 mA, were used, whereas stimulation
at 3 mA produced a significant increase in OBF in the con-
trol rats. This indicates that PCO rats are less sensitive to
the ability of low-frequency EA to elicit sympathetically
mediated OBF increases than control rats. It is well known
that ovarian sympathetic nerves take part in the regulation

80 Hz EA – OBF and MAPFigure 3
80 Hz EA – OBF and MAP Summarized OBF (A, C, E) and MAP (B, D, F) responses in both the control rats and the PCO 
rats when stimulating with high-frequency (80 Hz) EA. See Fig. 1 for other details.

70

80

90

100

110

120

Control

PCO

70

80

90

100

110

-2 -1 0 1 2 3 4 5 -2 -1 0 1 2 3 4 5 -2 -1 0 1 2 3 4 5 6 7 8 9 10

OBF

MAP

%
1.5 mA 3.0 mA 6.0 mA

80 Hz (Symp. N. Intact)

Stim.Stim.

Time  (min) Time  (min) Time  (min)

A

B

C

D

E

F

Stim.

† Control

* PCO

† Control

* PCO
Page 6 of 9
(page number not for citation purposes)



Reproductive Biology and Endocrinology 2004, 2 http://www.rbej.com/content/2/1/16
of OBF [20]. One plausible explanation to the resistance
to sensory stimulation might be that rats with EV induced
PCO have increased ovarian sympathetic nerve input [10-
12].

Recently, electrical stimulation of the splanchnic nerve
was shown to decrease OBF via activation of α adrenocep-
tors of the ovarian blood vessels [23]. Increase in ovarian
sympathetic tone in rats with PCO has been evidenced by
an increase in tyrosin hydroxylase enzyme activity, an
increase in NE content, and down regulation of β2-
adrenoreceptors in the ovaries [10-12]. Although the
number of β- adrenoceptors in rats with PCO has not
been investigated, these receptors can be assumed to be
down or up regulated because of the high sympathetic
activity in the ovaries of PCO rats. A disturbed number of
β- adrenoceptors might be one cause of the resistance in
the OBF response following EA stimulation in rats with
PCO. It is also possible that the less pronounced effect of
low-frequency EA on OBF might depend on the stronger

excitatory drive of the sympathetic nerves to the ovary in
rats with PCO.

After undergoing strong stimulation with high-frequency
EA at 6 mA, control rats experienced a significant decrease
in OBF. The OBF in the PCO rats, on the other hand,
tended to decrease, but the decrease was non-significant,
despite significant decreases in MAP. These results further
indicate that OBF in PCO rats is resistant to systemic cir-
culatory changes.

Interestingly, basal MAP were higher in the PCO rats than
the control rats which support an general higher sympa-
thetic tone in PCO animals [24]. Women with PCOS are
known to be candidates for increased cardiovascular risk,
and it has recently been shown that they have diastolic
dysfunction, an early indicator of hypertension [25]. Fur-
thermore, enhanced sympathetic and adrenal medullar
activities are important links between development of
hypertension and also defects in insulin action [24].

80 Hz EA – OBF and MAP after sympathetic denervationFigure 4
80 Hz EA – OBF and MAP after sympathetic denervation Summarized OBF (A, C) and MAP (B, D) responses after 
severance of the ovarian sympathetic nerves in both the control rats and the PCO rats when stimulating with high-frequency 
(80 Hz) EA. See Fig. 1 for other details.
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The findings in the present study are of importance in
future studies evaluating the effect of EA in EV induced
PCO. The fact that the present rat PCO model has a high
sympathetic activity in the ovaries, render support that
low-frequency EA (2 Hz) with stimulation intensity over
3 mA should be used in future experiments. In our previ-
ous EA studies on the present rat PCO model we used
repeated low-frequency EA with an intensity of 1.5 mA.
That stimulation protocol resulted in reduction of high
ovarian NGF, corticotrophin releasing factor as well as
endothelin concentrations, indicating a decreased ovarian
sympathetic activity [15,16,26]. Furthermore, repeated
low-frequency EA treatments significantly increase low
hypothalamic β-endorphin concentrations [27]. How-
ever, we have not been able to identify any substantial
influence in ovarian morphology with that study protocol
[15,16]. The results in the present study confirm our pre-
vious reports that low-frequency EA modulates sympa-
thetic activity, but indicate that further studies have to be
done with more intensive stimulation in order to deter-
mine if that would initiate estrus cyclicity and ovulation
in rats with EV induced PCO.

Conclusion
The present study shows that low-frequency EA at strong
intensities can increase OBF via the ovarian sympathetic
nerves in rats with steroid-induced PCO. The response
patterns of the control and the PCO rats were similar, but
the OBF responses of PCO rats seem to be less sensitive to
EA.
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