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Abstract
During baroreceptor unloading, sympathoexcitation is attenuated in near-term pregnant compared
with nonpregnant rats. Alterations in balance among different excitatory and inhibitory inputs within
central autonomic pathways likely contribute to changes in regulation of sympathetic outflow in
pregnancy. Both baroreflex-dependent and baroreflex-independent GABAergic inputs inhibit
sympathoexcitatory neurons within rostral ventrolateral medulla (RVLM). The present experiments
tested the hypothesis that influence of baroreflex-independent GABAergic inhibition of RVLM is
greater in pregnant compared with nonpregnant rats. Afferent baroreceptor inputs were eliminated
by bilateral sinoaortic denervation in inactin-anesthetized rats. In pregnant compared with
nonpregnant rats, baseline mean arterial pressure (MAP) was lower (pregnant = 75 ± 6 mmHg,
nonpregnant = 115 ± 7 mmHg) and heart rate was higher (pregnant = 381 ± 10 beats/min, nonpregnant
= 308 ± 10 beats/min). Pressor and sympathoexcitatory [renal sympathetic nerve activity, (RSNA)]
responses due to bilateral GABAA receptor blockade (bicuculline, 4 mM, 100 nl) of the RVLM were
greater in pregnant rats (ΔMAP: pregnant = 101 ± 4 mmHg, nonpregnant = 80 ± 6 mmHg; ΔRSNA:
pregnant = 182 ± 23% control, nonpregnant = 133 ± 10% control). Unexpected transient
sympathoexcitatory effects of angiotensin AT1 receptor blockade in the RVLM were greater in
pregnant rats. Although excitatory responses to bicuculline were attenuated by prior RVLM AT1
receptor blockade in both groups, pressor responses to disinhibition of the RVLM remained
augmented in pregnant rats. Increased influence of baroreflex-independent GABAergic inhibition in
RVLM could contribute to suppressed sympathoexcitation during withdrawal of arterial baroreceptor
input in pregnant animals.
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Pregnancy is characterized by increased blood volume and cardiac output, mild tachycardia,
and decreased arterial blood pressure due to a significant decrease in total peripheral resistance
(21,47). Pregnant women and animals are more susceptible to orthostatic (3) and hemorrhagic
hypotension (6,8). Although decreased vascular sensitivity to endogenous vasoconstrictors
likely contributes to decreased compensatory responses (21), there is evidence that alterations
in central nervous system (CNS) autonomic control mechanisms play a major role in regulation
of sympathetic outflow and blood pressure during pregnancy.
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Attenuated arterial baroreflex control of heart rate (HR) has been reported in pregnant animals
(5,50) and women (28,49) and is partly due to suppression of the sympathetic component of
the reflex. Direct assessment of arterial baroreflex control of renal sympathetic nerve activity
(RSNA) in near-term pregnant rats (14,43,51) and rabbits (7,54,55) revealed that maximum
baroreflex gain is decreased, largely due to an attenuated ability to increase RSNA above
baseline levels in response to a hypotensive challenge. However, arterial baroreflex
sympathoinhibitory responses are well maintained (14) or augmented (43,51) in pregnant rats.
Although adaptation of afferent baroreceptor discharge during prolonged pressure stimuli (10
min) appears to be more pronounced in pregnant rats (33) when afferent arterial baroreceptor
discharge is assessed by using methods similar to those used in the above-mentioned baroreflex
studies, the gain of arterial baroreceptor afferent discharge is not altered by pregnancy (33,
43). Therefore, it is likely that alterations in central autonomic integration contribute to the
suppressed baroreflex sympathoexcitation that has been reported in pregnant animals.

Using c-fos immunoreactivity as an indicator of neuronal activation, our laboratory
demonstrated that arterial baroreflex-mediated activation of the rostral ventrolateral medulla
(RVLM) in response to a hypotensive challenge is attenuated in near-term pregnant rats (17).
Tonically active sympathetic premotor neurons located in the RVLM project to the
intermediolateral cell column of the spinal cord and provide an essential excitatory input to
preganglionic sympathetic neurons (29). Although synaptic input appears to provide tonic
excitation of RVLM neurons (48,66), the source of this input and the transmitters involved are
not thoroughly characterized. Under certain experimental conditions, a role for excitatory
amino acid inputs to the RVLM has been demonstrated (37,53). In addition, there is evidence
for a nonexcitatory amino acid excitatory influence in the RVLM (67). Angiotensin II (ANG
II)-type 1 (AT1) receptors are present (36,70), and most studies support an overall excitatory
effect of ANG II in the RVLM (19,36,68).

The major source of baseline inhibition of the RVLM is through GABAergic projections from
the caudal ventrolateral medulla (CVLM) (60), although other GABAergic influences
including GABA interneurons within the RVLM may also contribute (19,29). In regard to
arterial baroreflex-mediated sympathoinhibition, baroreceptor afferent nerves project to and
excite second order neurons in the nucleus tractus solitarius (NTS), which ultimately results
in inhibition of presympathetic neurons in the RVLM through an obligatory synapse in the
CVLM and release of GABA in the RVLM (29,60). In addition to baroreflex-dependent
inhibition of the RVLM, a substantial baroreflex-independent inhibition of the RVLM has been
described (15,16,60). When arterial pressure is low and therefore arterial baroreceptor input is
minimal, iontophoretic application of the GABAA antagonist bicuculline results in increased
firing of spinally projecting RVLM neurons (65). Following elimination of arterial
baroreceptor input, either by NTS lesions or sinoaortic denervation (SAD) (18,61),
microinjection of bicuculline into the RVLM results in large sympathoexcitiatory responses.
In sinoaortic-denervated rats, neuronal blockade of the CVLM results in increased arterial
pressure and sympathetic nerve activity (15,61). Taken together, these data indicate that there
is a substantial baroreflex-independent inhibitory influence mediated by GABAA receptors in
the RVLM.

The difference in arterial baroreflex-mediated sympathoexcitation in pregnant rats is most
evident at low arterial pressures, when baroreceptor input is minimal. One possible explanation
for this observation is that in the absence of baroreceptor input baroreflex-independent GABA
influences result in decreased activation of RVLM presympathetic neurons. The present
experiments were performed to test the hypothesis that the influence of arterial baroreflex-
independent GABAergic inhibition of the RVLM is greater in near-term pregnant compared
with nonpregnant rats. In addition, since an interaction has been shown between ANG II and
GABA in the RVLM (63,68) and pregnancy is associated with a generalized up-regulation of
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the renin-angiotensin system (47), the potential contribution of AT1 receptor activation in the
RVLM to differences between pregnant and nonpregnant rats was evaluated.

MATERIALS AND METHODS
Animal Model and Surgical Preparation

Experiments were performed in 26 SAD female Sprague-Dawley rats (Harlan, Indianapolis,
IN). Nonpregnant rats 3 to 5 mo of age were monitored for at least two regular 4-day estrous
cycles before they were entered into an experiment. Stage of the cycle was determined by daily
vaginal smear cytology. To avoid confounding effects of fluctuating hormone levels,
experiments in nonpregnant rats were performed in the estrus stage of the cycle when
circulating levels of ovarian hormones (estrogen and progesterone) were consistent and low
(11). Timed, pregnant Sprague-Dawley rats were purchased from Harlan. Presence of a vaginal
plug in the cage was defined as day 1 of pregnancy and experiments were performed on day
21 in near-term pregnant rats. Rat gestation is ~22 days. All surgical procedures and
experimental protocols were performed according to the guidelines of the American
Physiological Society for research involving animals (1) and were approved by the Institutional
Laboratory Animal Care and Use Committee at the University of Missouri.

General Surgical Procedure
Rats were initially anesthetized with inactin (100 mg/kg ip). Depth of anesthesia was evaluated
periodically, and supplemental doses of inactin (10 mg/kg iv) were administered as needed to
maintain blockade of the pedal and palpibral reflexes and to block changes in mean arterial
pressure (MAP) and HR during tail pinch. Our laboratory has found that arterial baroreflex
sympathoexcitatory responses are well maintained with inactin anesthesia. Compared with
chloralose-anesthetized rats (14), baroreflex responses in nonpregnant and pregnant inactin-
anesthetized rats (43) more closely resemble responses seen in conscious rats (51). Rectal
temperature was monitored (telethermometer, Yellow Springs Instruments) and maintained at
37–38°C with a water-circulating heating pad beneath the animal. Catheters were implanted
in a femoral artery and vein for measurement of arterial pressure and injection of drugs. The
trachea was cannulated, and the rats were artificially ventilated with oxygen-enriched room air
by using a small animal ventilator (Harvard Apparatus, South Natick, MA). A renal
sympathetic nerve was isolated retroperitoneally, placed on a bipolar platinum electrode, and
sealed with dental impression material (Coltene President polyvinylsiloxane) for measurement
of RSNA. The nerve signal was monitored on a dual-beam oscilloscope (Hitachi VC-6523)
and audio amplifier (Winston Electronic). A band-pass filter of 30 Hz-3 KHz was used, and
the signal was amplified 5,000 –10,000 with a RPS 107 amplifier (Grass Instruments, Quincy,
MA). Nerve activity was converted from an analog to a digital signal with Powerlab Data
Acquisition System (ADInstruments) and stored on a computer hard drive along with arterial
blood pressure. MAP and HR were calculated by Powerlab software. The raw nerve activity
signal was rectified, integrated (time constant = 28 ms), and smoothed using Powerlab software.
Electrical noise was determined by measuring the signal 30–60 min after euthanasia (0.25 ml
beuthanasia solution intravenously: 97 mg/kg pentobarbital + 12.5 mg/kg phenytoin sodium)
and this value was subtracted from all nerve activity values. Nerve activity was standardized
as a percent of the initial baseline value preceding initiation of the protocol.

SAD
Afferent input from arterial baroreceptors was eliminated by surgical SAD as described
previously (40,62). Briefly, following a midline incision, we sectioned bilaterally the superior
laryngeal nerves as they merge with the vagi, the sympathetic nerve trunks immediately caudal
to the superior cervical ganglia, and the aortic depressor nerves. Carotid sinus baroreceptor
input was eliminated by stripping the carotid bifurcation regions of connective tissue and then
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painting the area with 10% phenol in ethanol. Reflex responses to an increase in MAP
(phenylephrine, 5 µg iv) were tested before and after SAD. Following SAD surgery, an animal
was accepted as baroreceptor denervated if the decrease in RSNA was no more than 20% and
the decrease in HR was no more than six beats/min in response to phenylephrine.

Drugs and Solutions
Inactin, L-glutamic acid, bicuculline methiodide, ANG II, and gallamine triethiodide were
purchased from Sigma (St. Louis, MO). L-158,809 was kindly provided by Merck Research
Laboratories (Rahway, NJ). Phenylephrine hydrochloride was purchased from Baxter
Healthcare (Irvine, CA). Inactin and gallamine triethiodide were dissolved in sterile isotonic
saline. All other chemicals were dissolved in PBS. Beuthanasia-D solution was purchased from
Schering Plough Animal Health (Canada).

Brain Stem Microinjections
Following catheter and nerve electrode placement, anesthetized animals were positioned prone
in a stereotaxic frame (David Kopf). Rats were paralyzed with gallamine triethiodide (25
mg·kg−1 ·h−1 iv). A dorsal skin incision was made, the muscle was blunt dissected, occipital
craniotomy was performed, and the dura was cut and retracted laterally to expose the brain
stem. The rat’s head was deflected downward until the tip of calamus scriptorius was positioned
2.4 mm caudal to the intra-aural line (39).

Triple-barrel microinjection pipettes were used for microinjections into the RVLM. The tip
diameter of pipettes was ~10 µm per barrel. Depending on the protocol, each of three individual
barrels contained one of the following: L-glutamate (10 mM), bicuculline (4 mM), ANG II (20
µM), or the AT1 receptor antagonist L-158,809 (10 mM). The pipette barrels were connected
with silicone tubing to pressure injection modules of a custom-built micropressure control unit.
Volume of microinjections was determined by observing movement of the solution meniscus
in the pipette barrel with a × 175 microscope supplied with a scaled reticule (Rolyn Optics,
Germany). Relative to calamus scriptorius, the stereotaxic coordinates for the RVLM were
anterior-posterior = 0.7 mm, medial-lateral = 2.00 mm, and dorsal-ventral =−3.6 –3.7 mm.
These coordinates are within the range reported in other studies that used a similar method for
positioning the rat in the stereotaxic frame and subsequently identified the RVLM (30,39,44).
At the time of the experiment, the RVLM was functionally defined as the site that produced
an increase in MAP ≥ 15 mmHg and an increase in RSNA in response to microinjection of L-
glutamate (10 mM, 30 nl). The RVLM was identified within one to two penetrations (2 to 6
injections) per side.

At the end of all experiments, the injection site was marked by microinjection of Chicago Sky
Blue dye (2%, 100 nl), and the site within the RVLM was verified by standard histological
evaluation. Location of injection sites was estimated by comparison to a rat brain atlas (57).
Following euthanasia, the number of fetuses was counted in the pregnant rats. Three to four
fetuses were randomly selected, weighed, and an approximate average fetal weight was
determined for each pregnant rat to verify normal pregnancy.

Control Experiments in Nonpregnant Rats
Preliminary experiments were performed in 11 nonpregnant SAD rats (227 ± 4.3 g). SAD was
performed, and the RVLM was functionally identified as described above. In six nonpregnant
rats, responses to unilateral injection of ANG II (20 µM, 50 nl) into the RVLM were
determined. In three of these rats, two injections of ANG II were separated by 50 min. In the
other three rats, 30 min after the first ANG II injection, the AT1 receptor antagonist L-158,809
(10 mM, 100 nl) was microinjected into the ipsilateral RVLM, and 20 min later responses to
microinjection of ANG II in the RVLM were tested again. In five additional nonpregnant rats,
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responses to repeated bilateral microinjections of bicuculline (4 mM, 100 nl) in the RVLM
were determined to test for effects of time. To approximate the time course of the experimental
protocol in which AT1 receptor blockade was performed, 70–90 min were allowed before
responses to bilateral bicuculline in the RVLM were again determined.

Experimental Protocol: Effects of Pregnancy and AT1 Receptor Blockade on Baroreflex-
Independent GABAA Inhibition of the RVLM

Approximately 1 h following SAD, in nine estrus-stage nonpregnant and six pregnant rats, a
triple-barrel glass micropipette, filled with L-glutamate, the GABAA receptor antagonist,
bicuculline, and the AT1 receptor antagonist (AT1X) L-158,809 in separate barrels was used
for microinjections into the RVLM. The RVLM was functionally identified bilaterally based
on pressor and sympathoexcitatory responses to L-glutamate (10 mM, 30 nl). Stereotaxic
coordinates were noted and 10–15 min after MAP, HR, and RSNA had returned to control
levels, bicuculline (4 mM, 100 nl) was first injected into the right RVLM and then within 5
min into the left RVLM. Following a 45- to 50-min recovery period, L-158,809 (10 mM, 100
nl) was microinjected into the RVLM bilaterally. After 20 min, bilateral disinhibition of the
RVLM with bicuculline (4 mM, 100 nl) was repeated.

Statistical Analysis
Student’s t-tests were used to compare baseline MAP and HR between nonpregnant and
pregnant rats. Paired t-tests were used to compare values before and after intravenous
phenylephrine or microinjection of L-glutamate, bicuculline, and ANG II into the RVLM,
changes due to the first and second ANG II injection into the RVLM, and changes to the first
and second microinjection of bicuculline in the RVLM in time control experiments. Responses
to phenylephrine before and after SAD and responses to microinjection of bicuculline into the
RVLM before and after RVLM AT1X in nonpregnant and pregnant rats were compared by
two-way ANOVA with repeated measures on one factor. Student-Newman-Keuls post hoc test
was performed following ANOVA. P ≤ 0.05 was considered significant. Values are presented
as means ± SE.

RESULTS
Control Experiments in Nonpregnant Rats

Baseline hemodynamic values for 11 nonpregnant female rats in which preliminary
experiments were performed are in Table 1. Phenylephrine increased MAP and reflexly
decreased RSNA and HR prior to SAD (Table 2). Shortly after SAD (10–15 min) both MAP
and HR were elevated, and reflex responses to phenylephrine-induced increases in MAP were
attenuated by 90% (Table 1 and Table 2). Following surgical exposure of the brain stem, the
RVLM was identified bilaterally with microinjections of L-glutamate, which significantly
increased MAP, HR, and RSNA (Table 3). Immediately prior to the experiment (90–120 min
after SAD), baseline MAP and HR had decreased to levels not different from pre-SAD values
(Table 1).

AT1 Receptor Blockade in RVLM
MAP, RSNA, and HR responses to repeated microinjection of ANG II into the RVLM with
and without AT1 receptor blockade (AT1X) are shown in Table 4. In the control group,
unilateral injection of ANG II into the RVLM resulted in significant increases in MAP, RSNA,
and HR. Responses to the first and second ANG II microinjection 50 min later were not
different. In the AT1X group (n = 3), microinjection of ANG II prior to AT1X increased MAP
and RSNA. Microinjection of L-158,809 (AT1X) in the RVLM resulted in an initial increase
in MAP, HR, and RSNA, but these parameters returned to levels not different from baseline
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values within 20 min at which time ANG II was administered a second time. Following
AT1X changes in MAP and RSNA in response to microinjection of ANG II in the RVLM were
not statistically significant. Microinjection of ANG II into the RVLM did not significantly
change HR either before or after AT1X in this group of rats. These data verified that the dose
of L-158,809 used in these experiments significantly attenuated responses to AT1 receptor
activation in the RVLM.

Bicuculline Time Control Experiments: Responses to Repeated Bilateral GABAA Receptor
Blockade in the RVLM

In five rats, bilateral microinjection of bicuculline into the RVLM significantly increased MAP,
RSNA, and HR. Left and right bicuculline injections were separated by less than 5 min and
responses were maximal within 1 to 2 min following the last injection. All values returned to
control levels within 30–45 min. Mean responses to bilateral bicuculline in the RVLM are
shown in Fig. 1. Seventy to ninety minutes after the first bicuculline response (Bic1),
bicuculline was again microinjected into the RVLM bilaterally (Bic2) and increases in MAP,
RSNA, and HR were not different from the initial response. Thus excitatory responses to
disinhibition of the RVLM were reproducible for the length of the experimental protocol.

Experimental Protocol: Effects of Pregnancy and AT1 Receptor Blockade on Responses to
Bilateral GABAA Receptor Blockade in the RVLM of SAD Rats

Animals—Pregnant rats (n = 6, 348 ± 8 g) weighed more than nonpregnant rats (n = 9, 238
± 7 g) and had 13 ± 1.0 fetuses with an average weight of 4.6 ± 0 g.

Effects of SAD in nonpregnant and pregnant rats—MAP was lower and HR was
higher in pregnant compared with nonpregnant rats both before and after SAD (Table 1). Ten
to fifteen minutes after SAD, MAP and HR were elevated above pre-SAD values in both
groups. RSNA was also elevated above pre-SAD values (pregnant = 156 ± 13; nonpregnant =
191 ± 20% control), and the increases were not significantly different between groups. Arterial
baroreflex responses to intravenous phenylephrine were tested before and 10–15 min after SAD
surgery. Mean data for changes in MAP, RSNA, and HR are shown in Table 2. Phenylephrine
significantly increased MAP in both nonpregnant and pregnant rats before and after SAD. Prior
to SAD, pressor responses to phenylephrine were greater in nonpregnant compared with
pregnant rats. Following SAD, the relationship between nonpregnant and pregnant groups was
reversed so that pressor responses to phenylephrine were greater in pregnant compared with
nonpregnant rats. Maximum MAP with phenylephrine was higher in nonpregnant (178 ± 4
mmHg) compared with pregnant rats (155 ± 6 mmHg), which could have limited the increase
in MAP in nonpregnant rats. Before SAD, baroreflex-mediated decreases in RSNA were
significant and not different between groups, while baroreflex-mediated decreases in HR were
attenuated in pregnant compared with nonpregnant rats. SAD attenuated arterial baroreflex
decreases in RSNA by 92 and 94% in nonpregnant and pregnant rats, respectively. Baroreflex
bradycardia was not significant in pregnant rats either before or after SAD and was not
significant after SAD in nonpregnant rats (Table 2). Following SAD, MAP and HR slowly
decreased to stable levels over the next hour. Immediately prior to the experimental protocol
(90–120 min), HR was not different from pre-SAD values in either pregnant or nonpregnant
rats. MAP decreased in both nonpregnant and pregnant rats, but remained greater than pre-
SAD values in nonpregnant rats (Table 1). RSNA was not recorded continuously, and the value
for integrated nerve activity at the beginning of an experimental protocol after all surgical
preparation was completed was defined as 100%.

Functional identification of the RVLM—Following surgical exposure of the brain stem,
the RVLM was identified bilaterally based on excitatory responses to microinjected L-
glutamate. Responses were not different between the left and right RVLM, and these values
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were averaged to obtain one value for the response to RVLM microinjection of L-glutamate for
each animal. Table 3 contains group means for responses to L-glutamate in the experimental
protocol. L-Glutamate increased MAP and RSNA similarly in nonpregnant and pregnant
groups. Although the modest increase in HR due to RVLM L-glutamate was significant in
nonpregnant but not pregnant rats, changes in HR were not different between groups (Table
3).

Effects of pregnancy and AT1 receptor blockade on responses to bilateral
injection of bicuculline in the RVLM—Responses to bilateral bicuculline before and after
AT1 receptor blockade in one nonpregnant rat are shown in Fig. 2. Mean data for the
nonpregnant and pregnant groups are shown in Fig. 3. Pressor and sympathoexcitatory
responses to bilateral blockade of GABAA receptors in the RVLM (Bic1) were greater in
pregnant compared with nonpregnant rats. The tachycardic response to bicuculline (Bic1) was
less in pregnant animals.

The immediate response to bilateral AT1 receptor blockade in the RVLM was excitatory and
peak responses were observed within 1 to 2 min. Figure 4 is an example of an original record
from one nonpregnant SAD rat showing increases in arterial pressure, HR, and RSNA
following bilateral AT1 receptor blockade (AT1X) and subsequent return to baseline values.
Mean peak increases in MAP (nonpregnant = 47 ± 4 mmHg; pregnant = 72 ± 12 mmHg), HR
(nonpregnant = 25 ± 2 beats/min; pregnant = 25 ± 6 beats/min), and RSNA (nonpregnant = 38
± 5% control; pregnant = 54 ± 18% control) were significant in both nonpregnant and pregnant
rats. Two-way ANOVA on absolute values of MAP revealed a significant interaction, such
that AT1X had a greater initial excitatory effect in pregnant compared with nonpregnant rats.
Twenty minutes after bilateral AT1 receptor blockade, all values had returned to levels not
different from control. In the presence of L-158,809, increases in MAP and RSNA due to
bilateral injection of bicuculline in the RVLM (Bic2) were attenuated in both nonpregnant and
pregnant rats. However, in the presence of AT1X, responses to RVLM bicuculline remained
augmented in pregnant compared with nonpregnant rats. AT1X attenuated the bicuculline-
induced increase in HR only in nonpregnant rats (Fig. 3).

Histological identification of injection sites—Figure 5 contains estimated locations for
the center of microinjection sites in all rats used in these experiments. Bicuculline injections
were performed bilaterally, but for clarity the location within the RVLM is marked only on
one side of the diagrams. Injection sites for nonpregnant rats are indicated on the left side of
the diagrams, and sites for pregnant rats are indicated on the right side. All microinjections
were estimated to be within 11.6 to 11.96 mm caudal to bregma and within the ventral-lateral
region defined as the RVLM (Fig. 5, A–C). Fig. 5D is an original photomicrograph from one
nonpregnant rat, showing bilateral dye spots marking the injection sites.

DISCUSSION
Previously our laboratory demonstrated that arterial baroreflex sympathoexcitation due to
baroreceptor unloading is attenuated in near-term pregnant compared with nonpregnant rats
(43,51). In response to a hypotensive challenge, fos expression is less in pregnant compared
with nonpregnant rats, suggesting that neuronal activation of the RVLM during baroreceptor
unloading is suppressed in pregnant rats (17). These observations could be explained by either
decreased excitation or increased inhibition of the RVLM when baroreceptor input is minimal.
A major finding of the present study is that the influence of baseline baroreflex-independent
GABAA inhibition of the RVLM appears to be increased in pregnant rats. When this inhibition
was removed (bilateral injection of bicuculline in the RVLM of SAD rats), sympathoexcitatory
responses were greater in pregnant compared with nonpregnant rats. Thus, rather than a deficit
in baseline excitatory drive to the RVLM, a greater influence of arterial pressure independent
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GABAergic inhibition of the RVLM is implicated in pregnancy. Prior blockade of AT1
receptors within the RVLM attenuated excitatory responses to disinhibition of the RVLM in
both groups. However, ANG II mechanisms alone cannot account for differences between
nonpregnant and pregnant rats. Another interesting and unexpected observation in the present
experiments is that the initial response to bilateral blockade of AT1 receptors in the RVLM of
SAD rats was transient sympathoexcitation, which was greater in pregnant animals.

Responses to Unilateral Activation of the RVLM
Pressor and sympathoexcitatory responses to unilateral activation of the RVLM with L-
glutamate were not different between pregnant and nonpregnant rats. If, as we hypothesized,
the RVLM was under greater baseline inhibition in pregnant animals, we might have expected
decreased responses to an excitatory stimulus. The dose of L-glutamate used to activate the
RVLM was relatively high (10 mM, 30 nl), and it is likely that near-maximum responses were
achieved, which could have masked subtle differences between nonpregnant and pregnant rats.
However, pilot experiments in baroreceptor-intact rats, revealed that the dose-response
relationship for increased MAP and RSNA due to microinjection of L-glutamate into the RVLM
(30 nl, 1–100 mM) was not attenuated in pregnant compared with nonpregnant rats (41). In
addition, in the present experiments, excitatory responses to bilateral GABAA receptor
blockade in the RVLM of pregnant rats were substantial and greater than those in nonpregnant
rats, suggesting that tonic endogenous sympathoexcitatory drive to the RVLM is well preserved
in pregnancy.

GABAA receptor blockade in the RVLM: baroreflex-independent inhibition—The
present experiments demonstrated that in the absence of arterial baroreflex afferent input,
pressor and sympathoexcitatory responses to GABAA receptor blockade in the RVLM were
greater in pregnant compared with nonpregnant rats. Thus, the influence of pressure-
independent GABAergic inhibition of the RVLM appears to be augmented by pregnancy. In
these experiments in SAD rats, the vagi, and therefore afferent inputs from cardiopulmonary
receptors, were intact. Therefore one possible explanation for differences between pregnant
and nonpregnant rats could be differences in cardiopulmonary reflex inhibition. However,
sympathoinhibition through cardiopulmonary reflexes is attenuated rather than enhanced in
pregnancy. Cardiopulmonary reflex-mediated diuresis, natriuresis, and inhibition of RSNA are
all blunted in pregnant rats (34,38,56). In addition, pregnancy reduces afferent information
from cardiopulmonary receptors by increasing the stimulus threshold for low-frequency units
and selectively inactivating high-frequency discharging receptors (33,64). Since pregnancy is
associated with decreased afferent input from cardiopulmonary receptors and blunted
cardiopulmonary reflex responses, differences in cardiopulmonary inhibitory input could not
account for our observation of augmented GABAergic inhibition of the RVLM in pregnant
rats.

The apparent potentiation of baroreflex-independent GABAA inhibition of the RVLM in
pregnancy could be due to an actual increase in GABAergic inputs, increased release of GABA
from nerve terminals within the RVLM, or enhanced postsynaptic responsiveness to GABA
in the RVLM. Potential sources of arterial baroreflex-independent inhibitory input to the
RVLM include the caudal midline medulla (58), paraventricular nucleus (PVN) of the
hypothalamus (71), the CVLM (15,16,18,60), and GABA interneurons within the RVLM
(19). The caudal midline medulla does not appear to be tonically active (58), and most studies
suggest that sympathoinhibition from the PVN is related to decreased excitatory input from
the PVN to RVLM and involves GABA within the PVN rather than the RVLM (29). Therefore
any increase in GABAergic input to the RVLM would likely involve regions other than the
PVN.
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The CVLM is tonically active and is required for baroreflex-dependent inhibition of RVLM
sympathoexcitatory neurons and also accounts for a substantial baroreflex-independent
GABAergic input to the RVLM (19,29,60). In addition, GABAergic interneurons within the
RVLM have been reported to provide tonic inhibition of sympathetic outflow (19). The
physiological stimulus for activating baroreflex-independent inhibitory pathways is not
known. However, it is possible that pregnancy could be associated with an increase in
baroreflex-independent GABAergic input onto RVLM presympathetic neurons, and this could
originate from sources within or outside of the RVLM. Future studies are needed to determine
whether this is the case and to determine which brain regions might be involved.

Another possibility that could explain our results would be increased sensitivity of RVLM
GABAA receptors to endogenously released GABA in pregnant compared with nonpregnant
rats. Ovarian hormones and their metabolites are known to influence CNS GABAergic
mechanisms. The major metabolite of progesterone, 3α-hydroxy-dihydroprogesterone (3α-
OH-DHP), belongs to a class of endogenous compounds termed neurosteroids or neuroactive
steroids, which mediate rapid nongenomic membrane effects. 3α-OH-DHP binds to a unique
site on the GABAA receptor complex and is a potent endogenous positive modulator of
GABAA receptor function (4). The ovarian hormones estrogen and progesterone, which are
elevated in near-term pregnant rats (27), participate in brain region-specific regulation of
GABAA receptor subunit composition, regulation of enzymes involved in neurosteroid
metabolism, and phosphorylation of synaptic GABAA receptors (4,52,59). These genomic and
posttranslational effects of ovarian hormones can modulate the efficacy of neurosteroid
interaction with GABAA receptors in a brain region and cell type specific manner (4).

Importantly, both plasma and CNS concentrations of 3α-OH-DHP are elevated during
pregnancy (13,25,26,59). Reports differ on how gestational day is defined in rats, which has
created confusion in interpretation of the literature regarding neurosteroid levels in pregnancy,
and this issue warrants clarification. For example, our laboratory defines the day following
mating as day 1 of pregnancy. Concas et al. (13) define the day following mating as day 0 of
pregnancy. These investigators measured cerebrocortical concentrations of 3α-OH-DHP at
several time points during gestation and reported the highest brain concentrations of 3α-OH-
DHP on day 19 (our day 20) and levels not different from control at the next time point
measured, day 21 (our day 22), which is immediately prior to delivery. Similar to our
laboratory, Frye and colleagues (25,26) define the day following mating as day 1 of pregnancy
and reported increased brain concentrations of 3α-OH-DHP both on day 18 (26) and day 21
(25), the day the present experiments were performed. Therefore, available data indicate that
brain levels of 3α-OH-DHP are elevated on day 21 of pregnancy, as defined by our laboratory.

Because CNS concentrations of 3α-OH-DHP appear to be elevated, positive modulation of
GABAA receptor function is a possible mechanism for augmented GABAergic inhibition in
the RVLM of near-term pregnant rats. Previously our laboratory demonstrated that depressor
and sympathoinhibitory responses due to activation of GABAA receptors in the RVLM of
nonpregnant female rats are potentiated when preceded by RVLM microinjection of 3α-OH-
DHP (32). In the presence of increased circulating levels of 3α-OH-DHP, inhibition of spinally
projecting RVLM neurons in response to a pressor stimulus is augmented in female
nonpregnant rats (44). Acute administration of 3α-OH-DHP, either intravenously (32,51) or
microinjected into the RVLM (31), but not into the NTS or CVLM (23) of nonpregnant female
rats, mimics the effects of pregnancy on arterial baroreflex control of efferent sympathetic
nerve activity. Thus, similar to the effects of pregnancy, arterial baroreflex-mediated increases
in sympathetic nerve activity are reduced and baroreflex-mediated inhibition of neurons in the
RVLM is increased by 3α-OH-DHP.
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It is important to consider that GABAA receptors in the RVLM mediate both baroreflex-
dependent and baroreflex-independent sympathoinhibition (19,29,60). Therefore, if elevated
3α-OH-DHP in pregnant rats positively modulates postsynaptic GABAA receptors in the
RVLM, whether baroreflex-independent or due to increased arterial baroreflex input,
potentiated responses to endogenously released GABA would be expected. We previously
demonstrated potentiated inhibition of RSNA due to increased arterial baroreceptor input
during elevated arterial pressure in pregnant compared with nonpregnant rats (43,51). Prior to
SAD in the present experiments, although pressor responses to intravenous phenylephrine were
significantly smaller in pregnant rats, reflex decreases in RSNA were similar to nonpregnant
rats. Although indirect, this observation is consistent with previous observations of potentiated
sympathoinhibition when arterial blood pressure is increased in pregnant rats (43,51).

On the other hand, baroreflex sympathoexcitation is mediated by withdrawal of baseline
baroreflex GABAergic tone in the RVLM. If all else was equal between pregnant and
nonpregnant rats, we might predict potentiated sympathoexcitatory responses upon removal
of baseline baroreflex input during hypotension in pregnant rats. However, responses to
baroreceptor unloading are attenuated in pregnant animals (7,14,43,51,55). The exact nature
of the interaction between baroreflex-dependent and baroreflex-independent influences on
sympathetic outflow is not known. It is possible, and even likely, that the effects of these two
types of GABAergic sympathoinhibition are not simply additive. Electrophysiological
recording experiments indicate that there are individual RVLM-projecting GABAergic
neurons within the CVLM that can be driven by both baroreflex-dependent and baroreflex-
independent inputs (60). Likewise, in the RVLM, an individual presympathetic neuron can
receive both baroreflex-dependent and baroreflex-independent GABAergic input (60,65). The
connectivity is such that baroreflex-dependent and baroreflex-independent RVLM GABAergic
pathways could interact so that their combined effects are occlusive. In other words, one input
could compensate for the absence of the other in certain situations. Combined interpretation
of results from previous studies (42,51) and the present data are consistent with occlusive
summation of GABAergic inputs on presympathetic neurons in the RVLM. In baroreflex-intact
pregnant rats, if GABAA receptors are sensitized to endogenous GABA within the RVLM,
during a hypotensive stimulus pressure-independent inhibition of the RVLM may be sufficient
to maintain inhibition of presympathetic neurons that receive both inputs, despite withdrawal
of baroreflex inhibition. Such an interaction could explain reduced sympathoexcitatory
responses during arterial baroreceptor unloading in pregnant animals (7,14,51,55). Similarly,
in SAD rats, potentiation of responses to endogenous GABA (baroreflex independent) in
pregnant rats could compensate for the loss of baroreflex-dependent GABAergic inhibition in
the RVLM. Subsequent sympathoexcitatory responses to removal of baroreflex-independent
GABAergic inhibition would then be greater in pregnant compared with nonpregnant animals
(present results).

Although the present experiments suggest that the influence of baroreflex-independent
GABAergic sympathoinhibition is potentiated in pregnancy, and results are consistent with
sensitization of GABA receptors in the RVLM, other mechanisms could certainly contribute.
For example, a recent study by Daubert et al. (20) proposed that impaired baroreflex control
of HR in near-term pregnant rabbits is related to insulin resistance and decreased cerebrospinal
fluid concentrations of insulin. Whether this applies to control of efferent sympathetic nerve
activity or might involve GABAergic mechanisms remains to be tested. However, it is
intriguing to consider that a rat model of metabolic syndrome that exhibits insulin resistance
(69) is characterized by increased expression of the GABA synthesizing enzyme GAD 65 in
the RVLM (10).

Effects of RVLM AT1 receptor blockade in the RVLM—AT1 receptors have been
described on catecholamine-containing, glutamate and GABA neurons within the RVLM
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(36). In addition, presynaptic AT1 receptors have been identified and proposed to modulate
both glutamate and GABA release (12,22,36,45,46). Thus, AT1 receptor activation has the
potential of being either excitatory or inhibitory within the RVLM, and the overall effect of
endogenous ANG II in the RVLM is likely dependent on (and possibly modulates) the balance
between excitatory and inhibitory inputs to presympathetic neurons (36,63).

Endogenous ANG II, or ANG II peptides, appear to contribute to tonic activity of RVLM
sympathoexcitatory neurons under certain physiological conditions (1a,68). In regard to
pregnancy, there is indirect evidence that sympathoexcitatory effects of angiotensin may be
augmented (9,14,35,55). In addition, an interaction between GABA and ANG II has been
demonstrated within the RVLM (63,68) and in other brain regions associated with
cardiovascular function (1a,19,45). Results of the present experiments indicate that prior
blockade of AT1 receptors in the RVLM attenuated bicuculline-induced increases in MAP and
RSNA to a similar degree in pregnant and nonpregnant rats. Reduced responses to bicuculline
after AT1 receptor blockade in both groups could be due to elimination of an excitatory effect
of ANG II which is unmasked by GABAA receptor blockade (68). Alternately, AT1 receptor
blockade could attenuate responses to bicuculline by blocking an effect of ANG II to enhance
GABA release within the RVLM (22,45). Regardless of the mechanism for effects of AT1
receptor blockade. pressor and sympathoexcitatory responses to bicuculline remained
augmented in pregnant compared with nonpregnant rats in the absence of AT1 receptor
activation. Therefore, differences in ANG II actions within the RVLM alone cannot account
for differences between pregnant and nonpregnant rats.

An interesting observation in these experiments is that, although 20 min after L-158,809 MAP,
RSNA, and HR were no different from control values, the initial effects of bilateral AT1
receptor blockade in the RVLM of SAD rats were excitatory. Previous studies in male rats
have reported excitatory responses to RVLM AT1 receptor antagonists (2,24), although other
studies have reported no baseline effects of AT1 receptor blockade in the RVLM of normal
rats (1a,63).

In conscious rats, microinjection into the RVLM of losartan or L-158,809 (the AT1 receptor
antagonist used in the present experiments) increased MAP (24). In urethane-anesthetized
hypoxic, but not normoxic rats, microinjection of the AT1 receptor antagonists, candesartan
or L-158,809, into the RVLM increased MAP and RSNA, suggesting that endogenous ANG
II was providing baseline inhibition of the RVLM. This excitatory effect of AT1 receptor
blockade was reversed to sympathoinhibition in the presence of bicuculline in the RVLM
(63). The relationship whereby excitatory effects of endogenous ANG II are unmasked by prior
blockade of GABAA receptors in the RVLM has also been demonstrated in normal anesthetized
rats (68). Regarding potential mechanisms, since AT1 receptors have been identified on GABA
neurons within the RVLM (36), endogenous ANG II could be activating sympathoinhibitory
GABAergic interneurons. Another possible explanation could be ANG II mediated
potentiation of GABA release in the RVLM, similar to mechanisms proposed for inhibitory
actions of ANG II in the PVN of the hypothalamus (22,45).

In the present experiments, the initial pressor response to blockade of AT1 receptors in the
RVLM was greater in pregnant compared with nonpregnant rats. Considering that excitatory
responses to GABAA receptor blockade were also greater in pregnant rats, involvement of a
GABAergic mechanism in the apparent inhibitory effects of ANG II seems likely. Although
responses to exogenous ANG II were blocked, MAP, RSNA, and HR stabilized to values not
different from control after the initial excitation due to AT1 receptor blockade. This return to
control levels most likely represents the overall balance between excitatory and inhibitory
effects of ANG II in the RVLM. Similar to studies discussed above, in the absence of
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GABAergic influence, the predominant effect of ANG II was likely sympathoexcitatory in
both nonpregnant and pregnant rats.

Perspectives and Significance
These experiments in SAD rats suggest that independent of arterial baroreflexes, the influence
of GABAergic sympathoinhibition in the RVLM was greater in near-term pregnant compared
with nonpregnant rats. Endogenous ANG II likely contributed to the excitatory response
following disinhibition of the RVLM in both groups, but ANG II mechanisms alone cannot
account for the effects of pregnancy. Although multiple mechanisms probably contribute to
CNS adaptations during pregnancy, one possible mechanism consistent with present results is
positive modulation of GABAA receptors in the RVLM of pregnant rats by the neurosteroid
metabolite of progesterone, 3α-OH-DHP, which is increased in pregnancy. Functionally,
potentiation of GABAergic influences at the level of the RVLM could serve as a protective
mechanism during pregnancy to limit abrupt increases in sympathetic nerve activity in response
to a variety of stimuli.
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Fig. 1.
Responses to repeated bilateral GABAA receptor blockade in the rostral ventrolateral medulla
(RVLM). Bilateral microinjection of bicuculline (Bic1; 4 mM, 100 nl) into the RVLM of 5
nonpregnant (NP) sinoaortic denervatied (SAD) rats significantly increased mean arterial
pressure (MAP), renal sympathetic nerve activity (RSNA), and heart rate (HR). All values
returned to baseline within ~45 min (not shown). Bic was microinjected again into the RVLM
(Bic2) 70–90 minutes after Bic1, and responses were not different from Bic1. Values are means
± SE; bpm, beats per min.
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Fig. 2.
Responses to bilateral Bic in the RVLM of 1 NP SAD rat. Two minutes after bilateral
microinjection of Bic into the RVLM (Bic1, 4 mM, 100 nl) increases in arterial pressure (AP),
heart rate (HR), and RSNA were maximal. Following recovery (~50 min), the angiotensin II
type 1 receptor blocker (AT1X) L-158,809 (10 mM, 100 nl), was microinjected bilaterally into
the RVLM. Baseline values were stable 20 min after AT1X. In the presence of AT1X, responses
to bilateral microinjection of Bic (Bic2) were maximal within 2 min and were attenuated
compared with Bic1. Int NA, rectified, integrated, and smoothed RSNA.
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Fig. 3.
Baroreflex-independent GABAergic inhibition of RVLM is potentiated in pregnant (P) rats.
In SAD rats, bilateral RVLM GABAA receptor blockade (Bic1, 4 mM, 100 nl) increased MAP,
RSNA, and HR in both NP and P groups. Pressor and sympathoexcitatory responses were
potentiated in P compared with NP rats (main effect of pregnancy). In contrast, the increase in
HR following Bic1 was less in P rats. Bilateral blockade of AT1X in the RVLM with L-158,809
(10 mM, 100 nl) attenuated pressor and sympathoexcitatory responses to bilateral Bic (Bic2).
However, increases in MAP and RSNA due to blockade of GABAA receptors in the RVLM
remained potentiated in P compared with NP rats. AT1X attenuated tachycardic responses in
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NP rats only. Values are means ± SE. *P different from NP; †main effect of AT1X; ‡Bic1
different from Bic2; P ≤ 0.05.
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Fig. 4.
Initial response to bilateral AT1X in the RVLM of 1 NP rat. AT1X receptor blocker L-158,809
(10 mM, 100 nl) was microinjected first into the right and then 2.5 min later into the left RVLM
(arrows). AP, HR, and RSNA increased to maximal levels within ~2 min. Over the next 20
min, all values returned to control levels.
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Fig. 5.
RVLM injection sites. Approximate centers of injection sites are indicated on adapted diagrams
from a standard rat atlas (57). A: bregma, −11.6 mm. B: bregma, −11.8 mm. C: bregma, −11.96
mm. Injection sites for NP rats are shown left: closed triangles are for data shown in Table 4,
open circles are for data shown in Fig. 1, closed circles are for data shown in Fig. 3. Injection
sites for P rats (Fig. 3) are shown right (X). D: coronal section of brain stem from 1 NP rat
showing bilateral Chicago Sky Blue dye spots in the region of the RVLM.
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Table 1

Baseline values

Initial SAD, 10–15 min SAD, 90–120 min

Control Experiments

NP (n = 11)

 MAP, mmHg 101±2 147±6* 109±6†

 HR, beats/min 296±8 392±8* 289±11†

Experimental Protocol

NP (n = 9)

 MAP, mmHg 99±4 139±5* 115±7*†

 HR, beats/min 307±12 383±9* 308±10†

P (n = 6)

 MAP, mmHg‡§ 86±3 107±5* 75±6†

 HR, beats/min‡§ 354±12 451±10* 381±10†

Values are means ± SE; n = number of rats. SAD, sinoaortic denervation; NP, nonpregnant; MAP, mean arterial pressure; HR, heart rate; P, pregnant.

*
Within group, different from initial;

†
within group, different from SAD (10–15 min);

‡
main effect of pregnancy;

§
main effect of SAD.
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Table 2

Response to intravenous phenylephrine

ΔMAP, mmHg Δ RSNA, %control Δ HR, beats/min

Control Experiments

NP (n = 11)

 Before SAD 46±2 −68±2 −31±6

 After SAD 36±2* −7±2* −3±0*

Experimental Protocol

NP (n = 9)

 Before SAD 49±3 −52±8 −30±3

 After SAD 40±2* −4±2* −3±1*

P (n = 6)

 Before SAD 32±2† −64±6 −8±2†

 After SAD 48±2*‡ −4±1* −3±0

Values are means ± SE; n = number of rats. RSNA, renal sympathetic nerve activity.

*
Within group, different from before SAD;

†
different from NP before SAD;

‡
different from NP after SAD.
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Table 4

Response to ANG II in the RVLM

Control Group, n =3 AT1X Group, n = 3

ANG II-1 ANG II-2
ANG II

Before AT1X
ANG II

After AT1X

Δ MAP, mmHg 29±3 32±2 37±4 5±3*

Δ RSNA. %control 116±40 107±33 141±29 21±8*

Δ HR, beats/min 10±0 9±0 8±2 2±0

Values are means ± SE; n = number of rats. AT1X = L-158,809 in RVLM.

*
Different from ANG II response before AT1X.
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