PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 174, 198-204 (1983)

Ovarian Blood Flow in the Rat: Association with Body Weight,
the Estrous Cycle, and Pseudopregnancy' (41725)

DAVID R. GARRIS aAND THOMAS E. CURRY, Jr.

Department of Anatomy, East Carolina University School of Medicine, Greenville, North Carolina 27834

Abstract. The relationships of ovarian blood flow (OBF) to ovarian function, body weight,
cyclic state, and age of the corpus luteum were studied in aging rats with acutely implanted
electromagnetic blood flow probes. Ovarian function was monitored by estimation of serum 17-
B-estradiol (E;) and progesterone (P) levels during (i) different stages of body maturation as
indexed by body weight, and (ii) various stages of the estrous and pseudopregnancy (PSP) cycles.
A distinct elevation in basal OBF rates was observed to occur in relation to body weight/age.
Basal OBF rates and body weight exhibited a near linear correlation (r = 0.985; P < 0.001)
between 200 and 260 g, with a rise in mean basal OBF rates from 1.1 to 3.2 ml/min occurring
in Day-8 PSP rats (Day 0 = ovulation). In weight-regulated (=250 g) cycle rats, OBF increased
in parallel with serum E, levels during the proestrus-estrus period in association with ovulation,
and subsequently declined to basal levels on diestrus. In PSP rats, OBF remained elevated between
Days | and 8, during the period of peak luteal function. Between Days 8 and 12, both OBF and
luteal function declined in a parallel manner as the ovary prepared for the subsequent ovulatory
period. These results indicate that during the estrous cycle, OBF rates and serum E, levels rise
in a parallel manner, whereas during PSP, serum P levels and OBF are positively correlated.
The parallel decline in OBF and serum P during luteolysis suggest that both parameters are
functionally related and may be regulated by either a systemic or intraovarian controlling mech-

anism.

Ovarian blood flow (OBF) has been impli-
cated in the regulation of growth, differentia-
tion and endocrine function of the ovary (1,
2). Cyclic and growth-related changes in ovar-
ian vascularization parallel biologial param-
eters, such as follicular maturation, corpus lu-
teum formation, and luteolysis (2-8). Several
reports have indicated that changes in OBF
during the luteal phase of the reproductive
cycle have a direct, regulatory role in deter-
mining the duration of luteal progesterone se-
cretion (2, 5, 6, 8, 9). Ovarian hyperemia has
been suggested to be supportive of luteal func-
tion and that a decline in OBF precedes, and
may initiate, luteolysis (2). In conflict with
these findings are reports indicating that luteal
function declines prior to a detectable fall in
OBF (6, 10, 11). However, most reports do
indicate a positive correlation between ele-
vated OBF rates and serum progesterone (P)
levels during the luteal phase of the repro-
ductive cycle (2, 5, 6). Thus, while causal re-
lationships between OBF and luteal function
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during peak functional periods have been es-
tablished, the role of OBF in initiating and
terminating cyclic phases remains unresolved.

Previous studies have indicated that sys-
temic blood volume increases with age in the
rat (12). In females, a positive relationship
between body weight/age and reproductive
performance has also been established (13).
Preliminary studies have indicated that OBF
1s affected by each of these parameters (14),
and a general elevation in basal OBF rates and
vascularization (15) during the midluteal
phase of the reproductive cycle has been dem-
onstrated to be directly related to the matu-
ration of ovarian function. Thus, the altera-
tions in basal OBF rates as related to changes
in age/weight of an animal could influence
the interpretation of the measurements. With
respect to the conflicting reports concerning
these parameters, it was deemed essential to
examine the relationship between ovarian
function and vascular dynamics in animals
with an established OBF rate.

The present studies were undertaken in or-
der to determine (i) the relationship between
OBF and body weight during the midluteal
period of pseudopregnancy in the rat, (ii) the
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relationship between OBF and cyclic state in
normal and pseudopregnant rats of established
age/weight, and (iii) the relationship between
OBF and serum estradiol and progesterone
levels in rats with established and stable OBF
rates.

Materials and Methods. Animals. Adult,
female Sprague-Dawley rats weighing between
160 and 340 g were utilized in these studies.
All animals were maintained under controlled
environmental conditions, with a photoperiod
of 12 hr/day (light on: 0600 hr). Food and
water were available ad /libitum and body
weights were recorded on a weekly basis.

Each animal was inspected daily for vaginal
cyclicity, and all females exhibited at least two
normal estrous cycles prior to use. Pseudo-
pregnancy (PSP) was induced by cervical
stimulation on the afternoon of proestrus and
the morning of estrus. Day 0 of PSP was de-
noted as the last day of vaginal cornification.

Experimental procedures. All surgical pro-
cedures were performed using aseptic tech-
niques with methoxyflurane and/or Innovar
(Parke-Davis) employed as anesthetics.

The ovaries were exposed through a mid-
ventral laparotomy with care taken not to dis-
turb the vascular supply to the reproductive
tract. The ovarian branch of the uteroovarian
artery was isolated by blunt dissection from
the surrounding fat pad at a point just prox-
imal to its entry into the ovarian hilus. In
instances where an ovarian plexus of vessels
entered the hilus, the most distal point along
the artery where an identifiable segment could
be visualized was isolated. In each case, OBF
was subsequently monitored as previously de-
scribed for uterine blood flow (16, 17). In brief,
a properly sized, precalibrated (0-10 ml/min)
blood flow probe was placed around the ex-
posed arterial segment. The probe was con-
nected to a precalibrated, electromagnetic
blood flow monitor (Carolina Medical Elec-
tronics) corrected for blood hematocrit. Each
animal was electrically grounded. The monitor
was connected to a potentiometric recorder
with a 1:1 outout ratio to the monitor. In this
manner, a 10- to 20-min recording or monitor
reading of OBF was collected, with the mean
flow rate expressed as milliliters per minute.
Failure of vascular clamping to induce an im-
mediate drop to baseline on the monitor or
failure of the probe to recalibrate to within
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0.1 ml/min of the initial reading were used as
criteria for discarding a measurement from
analysis.

Subsequent to OBF measurements, blood
samples were collected by intracardiac punc-
ture or decapitation. The ovaries were re-
moved, cleaned, blotted, and weighed to the
nearest 0.1 mg.

Hormone analysis. Blood samples were al-
lowed to clot at 5°C and serum collected fol-
lowing centrifugation and stored at —20°C
until assayed. Serum progesterone (P) and es-
tradiol (E,) levels were estimated as previously
described (16, 18), except that pooled, ethyl
ether-extracted E, samples were not subjected
to column chromatography. Intraassay vari-
ability approximated 10% in both cases, and
all values were corrected for procedural loss.

Experimental protocol. In order to examine
the relationship between body weight/age and
basal OBF rates as they relate to reproductive
performance, Day 7-8 PSP rats between 160
and 300 g were utilized for OBF measure-
ments. Each animal was anesthetized, lapa-
rotomized, and OBF monitored during this
specific period of the luteal phase when en-
docrine fluctuations are minimal and luteal
function is maximal. Subsequently, OBF rates
were correlated with body weight changes
during this specific stage of PSP to determine
when OBF rates become stable (i.e., =250 g).
All subsequent studies were performed with
rats of this body weight range.

Mature, cyclic rats weighing =250 g were
subsequently used to determine the relation-
ship between basal OBF rates and ovarian
condition/function. All studies were per-
formed between 0800 hr and 1100 hr on the
respective day of the reproductive cycle or
PSP. Cyclic rats were subjected to OBF mea-
surements on either the day of estrus, metes-
trus, proestrus or diestrus. Serum samples were
analyzed for P and E, levels and ovarian
weights recorded. In a similar manner, PSP
rats were monitored for OBF on either Day
1, 2,4, 6, 8, 10, or 12. Serum samples were
analyzed for steroid concentrations and ovar-
ian weights were collected.

Statistical analysis. All values were ex-
pressed as group means (=SEM) according to
the respective reproductive state. Intergroup
differences were analyzed using multiple ¢ test
analysis, with a P < 0.05 established as sig-
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nificant. Regression analysis was used to es-
tablish correlation coeflicients.

Results. Relationship between basal OBF
rates and body weight in the PSP rat. Changes
in rat body weight had a direct influence on
basal OBF rates during the midluteal phase
in PSP rats. Body weights below 200 g were
associated with OBF rates in the range 0.8-
1.1 ml/min (Fig. 1). However, between 200
and 250 g, basal OBF rats rose from approx-
imately 1.0 ml/min to peak rates of approx-
imately 3.0 ml/min. Little change in this basal
OBEF rate was observed in rats weighing more
than 250 g (Fig. 1). The relationship between
body weight of the rat and basal OBF rates
was correlated and regarded as a reflection of
general body maturation (Table I). All sub-
sequent studies utilized rats weighing =250 g.

Relationship between OBF and ovarian
cyclic state. Basal OBF rates fluctuated during
the rat estrous cycle (Fig. 2). On diestrus, OBF
was low but rose to peak levels on proestrus.
Flow rates remained relatively constant be-
tween proestrus and estrus before declining to
lowest levels on metestrus. No significant
changes in ovarian weight were observed to
parallel the cyclic fluctuations in OBF (Fig.
2). Serum E, levels tended to parallel the OBF
changes, with a peak in E, observed between
proestrus—estrus and basal levels observed on
diestrus. Serum P levels were significantly (P
< (.05) elevated on diestrus as compared to
the relatively constant levels estimated for the
remainder of the cycle.

Relationship between OBF and luteal func-
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TABLE 1. CORRELATION BETWEEN OVARIAN AND
BODY WEIGHT AND OVARIAN BLOOD FLow (OBF)
ON DAY 8 OF PSEUDOPREGNANCY IN THE RAT

Comparisons Correlation r Significance
Ovarian wt vs body wt 0.6021 P <0.05
Ovarian wt vs No. of

corpora lutea 0.9858 P < 0.001
Ovarian wt vs OBF 0.5087 NS
Body wt (172-318)

vs OBF 0.9466 P <0.01
Body wt (200-270)

vs OBF 0.9858 P < 0.001

Note. All values are represented as group means for ten
to fourteen determinations, each grouped to the nearest
5 g of body weight on Day 8 of PSP.

tion in the PSP rat. Marked changes in basal
OBEF rates were observed to occur in relation
to luteal function in PSP rats (Fig. 3). Between
Days 1 and 8 of PSP, OBF rates were at max-
imal levels. Subsegently, OBF levels dropped
significantly to basal levels on Day 12 just
before reinitiation of the next estrous cycle.
Ovarian weight remained relatively constant
throughout PSP. Serum P levels rose and re-
mained elevated between Days 1 and 8 of PSP
before declining rapidly through Days 10 and
12 to basal levels. Serum E, levels exhibited
a characteristic midluteal elevation between
Days 4 and 6, but remained constant between
Days 1-4 and 8-10 before rising on Day 12
in association with the subsequent ovulatory
cycle.
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FI1G. 1. Correlation between rat body weight (g) and ovarian blood flow on Day 8 of PSP. A correlation
coefficient of r = 0.9858 was calculated for these parameters in rats weighing 200-270 g (solid line).
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FIG. 2. Relationship between serum E, and P levels and ovarian weight and blood flow during the estrous
cycle. All values are expressed as group means (+SEM). Diestrus (D), proestrus (P), estrus (E), and metestrus
(M) periods are denoted. a vs b, P < 0.05;a vs ¢, P < 0.01.

Discussion. The present studies detail the
temporal relationships which exist between
OBF rates in rats adjusted for body weight
(maturation) influences and ovarian function
during the estrous cycle and PSP. While a
close association between OBF and serum E,
levels was observed in cyclic rats, a parallelism
between OBF and P levels appeared during
PSP. In each case, OBF rates began to decline
before the respective systemic drop in either
steroid was observed. The obvious association
between ovarian hyperemia and the timing of
ovulation and luteal formation in the present
study, coupled with the gradual decline in OBF
accompaning luteal regression (Days 10-12),
suggest a causal relationship exists between
these ovarian parameters in the rat.

Previous reports have indicated that total
body blood volume changes with age in the
rat (12) and that OBF rates and reproductive
performance change along a similar time
course (14, 19). The use of animals in which
basal OBF rates were recognized to be constant
aided in eliminating experimental variability
which could have compromised the result. Al-
though all measurements were collected in
anesthetized animals, the obvious correlations
existing between reproductive state and OBF
rates indicated that the fluctuations were a
reflection of ovarian steroid influences and
allowed for cycle-related comparisons to be
made. The absolute OBF rates are in close
agreement with previous reports in the PSP
rat (6) in which the microsphere method for
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FiG. 3. Relationships between OBF, ovarian weight, and serum P and E, levels during PSP in the rat.
All values are represented as group means (£SEM). avs b, P<0.05;a vsc, P<0.01.
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OBF estimation was used. The use of the non-
invasive blood flow probes has several advan-
tages over this other technique, several of
which have been previously expressed (2).
Most important, however, is the fact that a
longer monitoring time of OBF is possible
with flow probes than with microspheres
which reduces transient, vascular fluctuations
from interfering with the results. In addition,
the ability to monitor electrode functioning
in situ and to establish constant BF rates with-
out concern for particle size (20) or distri-
bution dynamics (21) has distinct advantages
over other techniques. Since total OBF was
monitored in the present study, compart-
mental distribution was not analyzed. How-
ever, it has previously been documented that
the maturing follicular compartment receives
and accounts for the changes in OBF during
the estrous cycle (4, 7, 22) and the luteal com-
partment accounts for the hyperemia which
occurs during PSP (6) or pregnancy (23, 24).
Thus, the cyclic and luteal fluctuations ob-
served in the present study may be regarded
as reflecting the changes in vascular dynamics
associated with ovulation and luteal mainte-
nance in the rat.

The results of the present study are in tem-
poral and quantitative agreement for OBF
fluctuations during the rat estrous cycle with
other reports, when corrected for body weight
(7, 25). The present studies extend these ob-
servations by indicating the temporal associ-
ation between elevated E, levels during the
proestrus period and OBF rates. Although the
recognized peak in E, levels associated with
ovulation in the rat was not measured in the
present studies, the elevation in E, levels be-
tween proestrus and estrus periods and the
parallel rise in OBF suggest a causal relation-
ship between these events. In the mouse, OBF
rates were suggested to decrease slightly just
prior to ovulation (9); however, studies using
rabbits indicate that an ovulation-associated
ovarian hyperemia (26, 27) occurs as it does
in the rat. In the ewe, OBF rises rapidly
through the proestrus period (22) and may be
associated with the process of ovulation. In a
similar manner, the primate ovary exhibits a
marked increase in vascularization around the
preovulatory follicles, an event which has been
postulated to preferentially bathe these sites
with elevated gonadotrophin concentrations
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(4). While a similar phenomenon may be oc-
curring in the rat, the observation (Garris, un-
published) that OBF does not increase in uni-
lateral-ovariectomized rats, even though the
number of ovulation sites increase, suggests
that this mechanism is not active in this spe-
cies.

During PSP, elevated OBF rates are in tem-
poral relation to elevated serum P levels
through Day 8 in the rat. Subsequently, a
gradual decline in OBF is accompanied by
diminished luteal function. Similar observa-
tions have been forwarded in the ewe (2, 8,
28), mouse (9), rabbit (3), and pig (29). Pro-
gesterone secretion has been demonstrated to
be positively correlated to OBF rates in the
PSP rat (6). However, the role of OBF in the
termination of luteal function has been dis-
puted (2, 5, 11). In sheep, OBF rates decline
prior to luteolysis (2) whereas studies in
PMSG-treated, immature rats (5) and adult,
PSP rats (6) suggest that OBF declines sub-
sequent to the onset of luteolysis. The present
studies indicate that OBF and serum P levels
actually decline in a relatively parallel manner
between Days 8 and 12 of PSP, suggesting that
both may be directly regulated by either a
systemic or intraovarian mechanism (30). The
parallel decline in OBF and luteal function
mimic the similar decline in uterine blood
flow rates and related uterine parameters in
the PSP rat (16, 17).

In conclusion, the present studies indicate
that temporal relationships exist between OBF
and ovarian function in both cyclic and PSP
rats. The similar elevations in OBF and serum
E, levels during the preovulatory period sug-
gest a functional relationship exists between
follicular maturation and ovarian vascular
dynamics. In addition, the elevated OBF rates
observed during the period of peak luteal
function suggests a dependency by the corpus
luteum on the intrinsic vascular supply. The
decline in OBF and luteal function over a
similar time course at the end of PSP suggest
that a systemic or intraovarian regulatory
mechanism (30) directs ovarian preparation
for the subsequent ovulatory cycle.
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