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ABSTRACT

Although an ovariectomy is the routine approach used
to study the role of ovarian hormones on respiratory
control, the results have often been contradictory. We
tested the hypothesis that the ventilatory response to
hypoxia is modified by the age at which the ovariec-
tomy is performed. Female rats were ovariectomized
either atan early (3 weeks old, i.e, prepubertal) or
late (10 weeks old, i.e., adult) stage, and ventilation
was then assessed at 12 weeks of age using whole-
body plethysmography. The control group included
sham-operated rats that had undergone the same sur-
gical procedure but were not ovariectomized. Inde-
pendent of the age at which surgery was performed,
ovariectomy significantly decreased circulating pro-
gesterone and 17-b-estradiol levels without reducing
them below their detection threshold. Despite that de-
crease, there was no difference in baseline minute
ventilation or in the ventilatory response to hypoxia
(FiO, = 12%, 20 min; expressed as the percentage of
increase from baseline) between ovariectomized and
sham-operated rats. These results suggest that ova-
riectomy at either a young or at an adult age is insuf-
ficient to completely suppress circulating hormones
and disrupt theregulation of ventilation.
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1. INTRODUCTION

In adult mammals, including humans, an important body
of evidence shows that the ovarian hormones progester-
one and estradiol are potent respiratory stimulants [1,2].
Both hormones act on peripheral (via carotid body chemo-
receptors) and central respiratory control systems (viathe
medullary nucleus) to increase breathing in response to
either hypoxiaor hypercapnia[2,3]. Indeed, these hormones
are considered to have a protective role against disrupted
bresthing during deep in females before the menopausal
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period [1,2,4]. Ovariectomy is a standard approach used
to study the effect of ovarian hormones on the hypoxic
ventilatory response. However, the results obtained with
this approach have often been contradictory [1,5]. That con-
tradiction may partly depend on the delay between the
surgery modulating the level of circulating ovarian hor-
mones and the assessments of ventilation. In this regard,
we tested the hypothesis that performing ovariectomy at
an early age and not at an adult age disrupts the hypoxic
response in rats. Ventilation at rest and in response to
hypoxia was measured in adult female rats (12 weeks old)
that were ovariectomized either at 3 (young rats, prepu-
bertal) or 10 weeks old (adult). Concomitantly, the plasma
levels of ovarian hormones were assessed to evaluate the
potential relationship between hormone levels and venti-
lation.

2. MATERIALSAND METHODS
2.1. Animalsand Ventilatory Recording

Experiments were performed on 12-week-old female
Sprague-Dawley rats (n = 41) born and raised in our
animal care facilities. The animals originated from 6 dif-
ferent litters to reduce litter-specific effects. Rats were
supplied with food and water ad libitum and maintained
under standard animal care conditions (21°C, 12 h:12 h
dark:light cycle, lights on at 8:00 A.M. and off at 8:00
P.M.). Mating, litter manipulation, surveillance and ven-
tilatory recording using whole body, flow-through ple-
thysmography were all performed according to our stan-
dard procedures, which have been previously described in
detail [6,7]. Ventilatory parameters were first recorded
under baseline ventilation (FiO, = 21%) for 10 min, and
rats were then exposed to moderate hypoxia (FiO, = 12%)
for 20 min. On the day of the experiment, each rat was
acclimated to the plethysmographic chamber (model PLY
3223, Buxco Electronics, Sharon, CT) for approximately
30 min before the baseline recording. Body temperature
was measured rectally at the end of the basdline recording
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and hypoxic exposure using a thermocouple for rodents
(Harvard, Halliston, MA, USA). Baseline measurements
were made when the animal was quiet but awake and
ventilatory activity was stable. Breathing frequency (fr/
min) and tidal volume (Vt ml BTPS/100 g) were meas-
ured using data acquisition software (I0OX, EMKA Te-
chnologies, Falls Church, VA, USA) and were used to
calculateminute ventilation (Ve = fr x V¢ ml/min/100g).
Barometric pressure, chamber temperature, and humidity
were measured to correct V1 as previously described [6,
7]. The flow of gas into the plethysmography chamber
was maintained constant at 2.0 L/min. The oxygen con-
centration flowing in and out of the chamber was con-
tinuously measured (Oxygen analyzer model S-3A, Ame-
tek, Pittsburgh, PA, USA) and used for subsequent cal-
culations of oxygen consumption (VO, = ml/min/100 g)
[6,7]. Oxygen consumption was assessed at baseline and
at the end of the hypoxic exposure. All experiments were
performed between 9:00 and 12:00 A.M.

All protocols were in accordance with the Canadian
Council on Anima Care Guidelines and were approved
by the Laval University Animal Protection Committee.

2.2. Surgery

Rats underwent sham surgery (intact) or ovariectomy
(OVX) under isoflurane anesthesia (2% - 2.5% in air) at
3 (young rats, prepubertal) or 10 weeks (adult) of age.
Briefly, a small midline abdominal incision was made,
the adipose tissue containing the ovaries was gently pulled,
the ducts and blood vessels connected to the ovaries were
sutured and then cut, and the ovaries were removed. Sham-
operated rats underwent an identicd intervention but with-
out blood vessel ligation or ablation of the ovaries. Each
rat received standard post-surgical care, which included
buprenorphine (5 mg/kg, subcutaneoudy), 5 ml of Ringer’s
lactate (subcutaneously; only for adult rats) and an anti-
biotic (Baytril: 5 mg/kg/d, for atotal of 3 d). In al rats,
the hypoxic response was then evaluated at 12 weeks of
age, independent of surgery time.

2.3. Plasma Hormones

To exclude any possible effects of hypoxia on steroid
levels, progesterone and estradiol were assessed in rats (5
- 6 in each group) issued from 3 other litters not used for
the hypoxic response experiments described above. Rats
were deeply anesthetized with isoflurane (~5%), and blood
was taken by cardiac puncture.The samples were centri-
fuged immediately and stored at —20°C until analysis.
Progesterone and estradiol levels were assessed using stan-
dard chemiluminescence kits (Roche Diagnostics, Laval,
QC, Canada) as previously described [7]. All ventilatory
measurements and plasma hormone samplings were per-
formed between 9:00 and 12:00 A.M.
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2.4. Data Analyses and Statistic

Respiratory frequency, tidal volume, and minute ventila-
tion were first calculated on a minute-by-minute basis
using data anaysis software (Data anayst, EMKA Tech-
nologies). The baseline value represents the mean of 5
consecutive min of steady respiration before exposure to
hypoxia. The temporal dynamics of the ventilatory vari-
ables in response to hypoxia were averaged every 2 min
over the first 10 min of exposure (early phase), while the
last 10 min were averaged in 5-min epochs (late phase)
and expressed as the percent (%) change from baseline.
An ANOVA for one or multiple factors, including the age
at the time of surgery (young vs. adult), type of surgery
(sham vs. OV X), and condition (hypoxia), was used (Stat
View 4.5). A p < 0.05 was considered statistically sig-
nificant. Data are expressed as the mean + SEM.

3.RESULTS

3.1. Ovariectomy Does Not Affect the Baseline
Variables

Table 1 shows the baseline variables measured in sham
(intact) or ovariectomized (OVX) rats. Body weight and
body temperature were comparable in al groups inde-
pendent of their age when surgery was performed (i.e., 3 or
10 weeks old) (Table 1). The basdine ventilatory variables
and oxygen consumption were also similar between all
groups of rats (Table 1).

3.2. Ovariectomy Decreased Plasma Hormone
Levels

Ovariectomy significantly reduced the progesterone and
estradiol levels whether it was performed at 3 or 10 weeks
of age (Table 2). Interestingly, the progesterone and es-
tradiol levels were lower and higher, respectively, in rats
ovariectomized at 10 weeks than at 3 weeks of age, sug-
gesting that the hormone levels were dependent on the
age when surgery was performed.

Table 1. Body weight, body temperature and baseline ventila-
tory parameters in adult female intact (sham-operated) or ova-
riectomized (OVX) rats.

OVX at 3weeks OVX at 10 weeks
sham oVvX sham OVX
n 11 10 8 12
BW (g) 273+6 305+11 300+17 307+14
Tb (°C) 379+£02 378+02 382+03 37.9+03
fr (/min) 7312 80+2 71+4 74+ 4
V1 (ml/100g) 0.72+0.03 0.67+£0.04 0.74+0.04 0.72+0.04
Ve (ml/min/100g) 51+4 53+3 52+ 4 51+3
VO,(ml/min/100g) 3.2+02 33+02 30+03 3.0+01

BW: Body weight; Th: Body temperature; fr: Breathing frequency; Vt:
Tidal volume; Ve: Minute ventilation; VO,: Oxygen consumption.
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Table 2. Steroid hormone levels in adult female intact (sham)
or ovariectomized (OV X) rats.

OVX at 3weeks OVX at 10 weeks
sham OVX sham OoVX
Progesterone 72+12 21+3 35+8 727
(nmol/l) (35-108) (14-36) (10-65) (3-14)
17 p-estradiol  284+25 82+12°  291+40 1424137
(pmol/l) (224-366) (24-105) (178-444) (103-170)

*p < 0.01 vs. sham; Tp < 0.01vs. OVX at 3 weeks old. Data are the mean +
SEM. Each group contained 5 - 6 rats that were not subjected to the hypoxic test.

3.3. Ovariectomy Does Not Affect the Hypoxic
Response

The dynamic changes in ventilatory variables in response
to hypoxia (% changes from baseline) are shown in Fig-
ure 1. Exposure to hypoxia significantly increased min-
ute ventilation compared to baseline in either the sham-
orovariectomized rats. This response was not influenced
by the agewhen surgery was performed (Figure 1(a), hy-
poxia effect: p < 0.001; hypoxia x age at surgery x type
of surgery: p = NS). This increase in minute ventilation
was due to an increase in breathing frequency (Figure 1(b))
but not in tidal volume (Figur e 1(c)). There was no statis-
tical interaction between surgery and hypoxia (p = NS) for
either respiratory frequency or tidal volume (Figures 1(b)
and (c)). Oxygen consumption was similar between sham
and ovariectomized rats (Figur e 2), independent of their
age at the time of surgery.

4. DISCUSSION

The findings observed in this study clearly show that the
hypoxic ventilatory response remains unaffected in adult
female rats (12 weeks old), independent of the age at which
the ovariectomy was performed (3 or 10 weeks), despite
a significant decrease in plasma estradiol and progester-
one levels. These results suggest that the ovarian hor-
mones remaining after an ovariectomy are sufficient for
the hypoxic chemoreflex.

4.1. Ovariectomy and Hormone L evels

The significant decrease observed in estradiol and pro-
gesterone levels confirmed that the surgery was ade-
guate and efficient. However, it is possible that the
capacity of extra-ovarian organs to synthesize proges-
terone and estradiol prevented the ovariectomy from
reducing both hormones to below their detection thre-
sholds, despite these surgeries having been performed
at an early age. In addition to the gonads, progester-
one is synthesized from cholesterol in the adrenal
glands [1,8-10]. Unfortunately, specific antagonists to
progesterone receptors are lacking, and the widely
used drug mifepristone (RU486) has antiglucocorti-
coid activity. Using such tools in the presence or ab-
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sence of an adrenalectomy may be more useful [10]
for identifying the role of ovarian hormones on venti-
lation than the ovariectomy aone.

4.2. Ovarian Hormones and Ventilation

It is clear that progesterone and estradiol are well-known
actorsin respiratory control in adult [1,2] and developing
rats [11], athough their proposed role has been contro-
versial [5]. In fact, hyperventilation during pregnancy
and the efficiency of hormone replacement therapy for re-
ducing the apnea/hypopnea index in postmenopausal wo-
men with sleep-disrupted breathing have been taken as
evidence of a stimulatory role of ovarian hormones on
breathing [1,2]. Both phases of the hypoxic response, the
early increase (mainly related to peripheral carotid body
chemoreceptor activation) and the late steady state (mainly
related to central integration), were not affected by ova
riectomy and were independent of the age at which the
surgery was performed. The absence of a difference be-
tween sham-operated and ovariectomized rats does not
support the notion that ovarian hormones modulate res-
piratory activity. The present work corroborates a study
by Mortola [5] in which female rats were ovariectomized
at 2 to 3 weeks of age, and measurements were per-
formed at approximately 2 months of age. However, it is
noteworthy that, in Mortola' s study, ovarian steroids were
not assessed and his conclusion was based only on the
differences in the magnitude of hypoxic chemoreflexes
between sham-operated and ovariectomized female rats.
Our study shows that an ovariectomy reduces but does not
completely eliminate these hormones from circulation. It
is therefore possible that ovariectomy had no effect on
the parameters measured, either in Mortola's study [5] or
in the present study, due to the persistence of circulating
hormones, which may explain, at least in part, the conflict-
ing results reported in the literature [1,2,5]. Interestingly,
our study, which measures both plasma hormones and the
hypoxic response, suggests: 1) That a concentration of
progesterone as low as 7 nmol/L is sufficient to influence
ventilation and 2) That this progesterone-related increase
in hypoxic chemosensitivity is aso potentiated by estradiol
[1,2]. Thus, although the circulating levels of progester-
one and estradiol were reduced ~2 - 3-fold by ovariectomy,
such concentrations may likely be sufficient to ensure an
adequate response to hypoxia. Finaly, the central nerv-
ous system synthesizes “centrd neurosteroids’, including
progesterone, independently of circulating hormones [12],
which interact at the brain stem or on the motor neuron
level [1]. The central neurosteroids might play an impor-
tant role in the hypoxic response, at least during the late
phase, which is primarily related to central (brain stem)
activation of respiratory control. In this regard, it may be
relevant to mention that hypoglossal nerve activity differs
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Figure 1. Time course of respiratory variables in response to hypoxia (FiO, = 12% O,) in intact (sham) or
ovariectomized (OV X) adult female rats at early (3 weeks) and late (10 weeks) ages. Each time point of min-
ute ventilation is significantly different from baseline in all groups studied; labels were not added to the fig-

ures for clarity purposes. Data represent the mean + SEM.
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Figure 2. Oxygen consumption at the end of hypoxic exposure
in intact (sham) or ovariectomized (OVX) adult female rats at
early (3 weeks) and late (10 weeks) ages. Data represent the
mean + SEM.

in the estrus and diestrus cycles [13] and that the proges-
terone and estrogen receptors are expressed in brain stem
respiratory nuclei [14,15]. Additionaly, locd infiltration
of progesterone into the nucleus tractus solitarius enhances
phrenic nerve activity [16].

In conclusion, ovariectomy at either a young or an
adult age is insufficient to completely suppress circu-
lating hormones and disrupt the regulation of ventila-
tion. A transgenic model lacking the progesterone re-
ceptor gene may be a promising aternative for as-
sessing the involvement of ovarian hormones in the
control of breathing.
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