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Abstract

Perivascular adipose tissue (PVAT) contributes to vasoregulation. The role of this adipose tissue bed in pregnancy has not been
examined. Here, we tested the hypothesis that PYAT in pregnant rats decreases resistance artery tone. Mesenteric arteries
from nonpregnant (NP) and late pregnant (LP) rats were exposed to phenylephrine (PHE) or KCl in the presence (+) versus
absence (—) of PVAT. The LP PVAT(+) vessels showed a 44% decrease in sensitivity to PHE in the presence of PVAT. There
was no attenuation of the contractile response to KCl when PVAT was present. The LP arteries perfused with LP or NP PVAT
underwent vasodilation; unexpectedly, NP vessels in the presence of PVAT from LP rats sustained a 48% vasoconstriction. The
PVAT attenuates vasoconstriction by a mechanism that involves hyperpolarization. The vasoconstriction observed when
nonpregnant vessels were exposed to pregnant PVAT suggests pregnant vessels adapt to the vasoconstricting influence of

pregnant PVAT.
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Introduction

Perivascular adipose tissue (PVAT; Figure 1) is a functionally
unique and specialized adipose tissue depot, which surrounds
most blood vessels throughout the body, and is particularly
evident in the splanchnic circulation. Under normal physiolo-
gical conditions, PVAT has been found to decrease vascular
tone in animals'* and humans.>

Modulation of vascular tone by PVAT has been attributed
to the release of adipokines that act in a paracrine manner on
the underlying vascular smooth muscle and/or endothelium.®
These adipokines promote vasorelaxation in a healthy state or
vasoconstriction in pathological states.””'> Although the exact
mechanism of action has yet to be elucidated, it has been
hypothesized that there may be a PVAT-derived relaxing fac-
tor such as adiponectin, angiotensin;_;, or hydrogen sulfide
that when released acts in an endothelium-dependent and/or
independent manner (depending on the species and vascular
bed) resulting in vasodilation through the activation of vascu-
lar smooth muscle K* channels.**>"

Alterations in PVAT structure and function have been
demonstrated in several vascular disease states including
hypertension,'®'* diabetes,'* and atherosclerosis.'>'® How-
ever, to date no studies have examined whether or how PVAT
affects vascular function in pregnancy, although pregnancy is
associated with a significant alteration in lipid metabolism

and reduction in systemic vascular resistance and vascular
tone. The reduction in vascular tone is most often attributed
to an increase in endothelial-derived vasodilators (nitric oxide
[NO], prostacyclin, and endothelium-derived hyperpolariza-
tion [EDH]), sometimes combined with a reduction in vascu-
lar smooth muscle sensitivity to vasoconstrictor agonists such
as phenylephrine (PHE) and angiotensin II."7

Here, we hypothesize that PVAT will have a significant
vasodilatory effect on mesenteric resistance arteries from
pregnant animals and that this influence will be modified
relative to PVAT from nonpregnant (NP) animals. We tested
this hypothesis with the following objectives: (1) determine
whether PVAT has a vasorelaxing effect on mesenteric resis-
tance vessels from pregnant animals; (2) determine whether
hyperpolarization is necessary for PVAT’s vasodilatory
effect; and (3) evaluate the effect of pregnancy on mesenteric
vascular reactivity by examining the effects of fat from NP
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Figure 1. Perivascular adipose tissue (PVAT) in the mesenteric circu-
lation. The superior mesenteric artery (black arrow) and its branches
surround by adipose tissue (white arrow).

versus late pregnant (LP) rats on vessels obtained from each
type of animal.

Methods

Animals

Female Sprague-Dawley rats at 13 to 14 weeks of age were pur-
chased from Charles River, Canada, in either a nonpregnant or
a pregnant state. Pregnant animals were studied during LP, on
day 20 of a 22-day gestation. This study conforms with and was
approved by the guidelines of University of Vermont Animal
Care Committee. Animals were anesthetized on day 20 by iso-
flourane (3%) and killed by decapitation.

Isolated Mesenteric Artery Preparation

A segment of the gut approximately 5 cm distal to the pylorus
was excised from the abdominal cavity and pinned in a
Sylgard-coated Petri dish filled with physiological saline solu-
tion (PSS; Figures 1 and 2). Third-order branches of the super-
ior mesenteric artery (mean diameter 240 pm) were dissected
and quickly transferred to a pressure arteriograph that contained
oxygenated PSS. For the PVAT+ arteries, PVAT was carefully
removed from 1 side of the vessel (and left intact on the contral-
ateral side) using fine scissors under a dissecting microscope
being careful not to damage the underlying adventitial layer.

A 2- to 3-mm segment of artery was cannulated at each end
onto a glass micropipette. The proximal end was secured with a
nylon ligature and gently flushed of residual blood. The distal
end was then secured in a similar fashion and thereafter under
no-flow conditions at an intraluminal pressure of 50 mm Hg
using a pressure servo system with an in-line pressure transdu-
cer (Living Systems Instrumentation, Vermont). A 37°C circu-
lating reservoir of PSS was maintained at pH 7.4 by bubbling
with a gas mixture of 10% O,, 85% N,, and 5% CO,. The

chamber was set on the stage of an inverted microscope with
a video camera attached to the viewing cylinder. Lumen dia-
meter was measured by transilluminating each vessel segment
and using a video dimension analyzer system (VDA; Living
Systems Instrumentation). Signals from the pressure servo sys-
tem and VDA were simultaneously collected by a computer
data acquisition system (DATAQ); Akron, Ohio) and recorded.

All drugs were added to a buffer reservoir that allowed for
continuous recirculation. Vessels were allowed to equilibrate
for 30 to 45 minutes prior to the beginning of an experiment.
At the end of each experiment, 10~° mol/L acetylcholine was
added to each vessel to confirm the presence of viable endothe-
lium. Vessels that did not dilate to within 10% of their initial
baseline were excluded from the analysis.

Functional Assessment of PVAT Effects on Isolated
Mesenteric Arteries (Experiments | and 2)

For the first series of experiments, vessels with and without
PVAT from LP and NP rats were exposed to cumulative con-
centrations of PHE (10~% to 10™> mol/L for 3 minutes at each
concentration) or KCl (LP rats only; 5-60 mmol/L) to deter-
mine the influence of perivascular PVAT on vasoconstrictor
sensitivity. Different vessels were used for PHE and KCI.

In a second series of studies, solution transfer experiments
(Figure 2) were performed in the following manner. Prior to
starting the experiment, 0.2 g of PVAT from an LP mesenteric
artery was placed in a continuously warmed (37°C) beaker
containing 5 cm® PSS and allowed to equilibrate for 1 hour.
Vessels were primed with a concentration of PHE that would
cause maximal constriction, followed by a wash out with PSS.
Vessels were then preconstricted with PHE to obtain a 30% to
50% reduction in artery diameter. Once constriction stabilized
(~10 minutes), 5 cm® of the total 50 cm® of circulating PSS was
removed and replaced with a 5-cm® PVAT/PSS solution that
contained an equivalent concentration of PHE. Lumen diameter
was measured after 30 minutes, as this time was found to be the
optimal period for the vessel to develop a stable diameter.

Crossover Study: Vascular Reactivity Effects of
Nonpregnant versus Pregnant PVYAT (Experiment 3)

For these studies, the solution transfer paradigm described
previously was used with the following changes. The PVAT
was removed from an LP or NP artery and the artery was
mounted and cannulated in an arteriograph as described
earlier. After the 10-minute stabilization period, the 5 cm?®
PVATY/PSS aliquot from an NP or an LP rat was added to the
reservoir with the PVAT(—) mounted vessel from a pregnant
or nonpregnant rat (eg, each type of vessel was exposed to
both kinds of fat). In order to account for time-dependent
changes that occur with PHE, after the 10-minute stabilization
period, each vessel was also exposed to PHE only and the
lumen diameter was measured after 30 minutes. This value
was then subtracted from the 30-minute lumen diameter that
was obtained in the presence of PVAT.
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Figure 2. Representative picture demonstrating pressure arteriograph methodology. (1) Appearance of third-order branches of the superior
mesenteric artery with (PVAT+) and without PVAT (PVAT —). (2) Arteries were mounted in a pressure arteriograph (37° C, pH 7.4). The blue
arrow indicates where the artery is mounted. (3) Depending on the protocol, drugs (phenylephrine [PHE], acetylcholine [Ach], and KCI) were

added to the reservoir. For solution transfers studies, PYAT was added to the reservoir. PVAT indicates perivascular adipose tissue.

Chemicals. The composition of PSS was 115 mmol/L NaCl, 4.6
mmol/L KCI, 1 mmol/L CaCl,, 25 mmol/L NaHCO; 1.2
mmol/L KH,POy,, 1.2 mmol/L MgS0,4, 0.01 mmol/L EDTA,
and 11 mmol/L glucose (Fisher Scientific, Hampton, New
Hampshire). Potassium concentration response curves were
generated by the cumulative addition of KC1 (0.5 mol/L stock).
The PHE and acetylcholine (Sigma, St Louis, Missouri) were
administered from prepared stock solutions dissolved in deio-
nized water.

Statistical analysis. All values are presented as mean + standard
error of the mean. Half-maximal effective concentration (ECsg)
values (concentration of drug required to produce a half-
maximal response) were calculated as percentage of the
maximum response obtained with each drug, determined by
no additional change in diameter following the addition of
more drug. The ECsy value was obtained from a plot of the
concentration-dependent response (GraphPad Prism version
5.00 for Windows). Individual ECsy values (pmol/L) and
maximal constrictor responses (percentage change from baseline
at highest concentration) were determined for PHE and KCI to
provide measures of sensitivity and efficacy, respectively, and
averaged values were compared using a ¢ test. For the crossover
studies, the time-related changes in vessel diameter with PHE
only were subtracted at 30 minutes and were analyzed with a
2-way analysis of variance and Tukey test for multiple compar-
isons. P < .05 was considered statistically significant.

Results
Pressure Myography: PVAT Has an Anticontractile Effect
on LP Mesenteric Arteries

The LP arteries with PVAT (PVAT+) were significantly less
sensitive to PHE as revealed by the right shift of the

concentration response curve and the reduction in ECsq of ves-
sels with versus without PVAT (4.7 + 07 vs 2.8 + 0.4 umol/L;
P < .03; Figure 3A). The presence of PVAT had no effect on
efficacy as the mean response was 68% + 3%. In order to
determine whether hyperpolarization was necessary for
PVAT-mediated relaxation, we examined the response of
arteries in the presence of KCl and found that the contractile
responses to increasing concentrations of KC1 were no differ-
ent for PVAT— versus PVAT+ vessels (Figure 3B) as both
ECso (31.3 + 2.3 vs 30.1 + 3.9 pmol/L) values and efficacy
(68% =+ 3%) were similar. The NP arteries with PVAT also
had a reduction in sensitivity when exposed to increasing con-
centrations of PHE (Table 1).

Solution Transfer Studies Demonstrate That Pregnant
PVAT Releases a Vasorelaxing Factor

After the addition of the 0.2 g PVAT/PSS solution (containing
the same concentration of PHE), PHE-preconstricted arteries
underwent significant vasodilation (36% + 9%, P < .03)
in comparison to the baseline derived from time controls
(Figure 4), which were exposed to PHE without PVAT.

Perivascular Adipose Tissue From LP Rat Has a
Vasoconstrictor Effect on NP Mesenteric Artery

The LP vessels showed a 34% + 13% increase in lumen dia-
meter in response to the 0.2 g PVAT/PSS solution from NP
animals (Figure 5). On the other hand, although LP vessels
relaxed to PVAT derived from either NP or pregnant animals,
exposure of vessels from NP rats to LP adipose tissue resulted
in significant vasoconstriction (—48% =+ 9%, P <.03) in com-

parison to LP vessels perfused with LP fat (Figure SA and B).



Mann et al 805
A 5 60 | - |
70 |
60 40
c
2
. 50 s
L o
2 40 = 20
@
f=
8 30
= © LP PVAT-
20 ® LP PVAT+ 0 -
PHE only 30 min
10
Figure 4. Response of preconstricted late pregnant vessel to pheny-
0 lephrine (30%-50% resting diameter) after addition of 0.2 g PVAT. Phe-
-7.0 -6.5 -6.0 -5.5 -5.0 nylephrine (PHE) represents the response of the vessel after 30
log [Phenylephrine], M minutes with PVAT solution added the circulating bath (n=9). *P <
.03. PVAT indicates perivascular adipose tissue.
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Figure 3. Constriction of vessel with PVAT (PVAT+) and without
PVAT (PVAT—) to increasing concentrations of phenylephrine (A) and
KCI (B). A, PVAT+ (n = 14) and PYAT— (n = 11). B, PVAT+ (n = 5)
and PVAT— (n = 5). PVAT indicates perivascular adipose tissue.

Table I. Half-maximal effective concentration (ECsq; pmol/L)
Calculated From Concentration Response to Phenylephrine for
Mesenteric Arteries With (4) and Without (—) Perivascular Adipose
Tissue (PVAT) From Late Pregnant (LP) and Nonpregnant (NP) Rats.

PVAT— PVAT+
LP 28+ 04(n=1l) 47 + 07 (n = 14)
NP ®43 1 0.6 (n = 10) 19.7 + 6.3(n = 10)

2LP— versus LP+; P < .03.
PLP— versus NP—; P < .04.
°NP— versus NP+; P < .007.

Discussion

The present investigation evaluated the effects of pregnancy on
PVAT-mediated changes in mesenteric resistance artery reac-
tivity. There were 3 major findings, that is, (1) this study is the

The mesenteric circulation undergoes changes in reactivity
to accommodate the increased cardiac output and vascular
volume characteristic of mammalian pregnancy.'® One of the
adaptations that facilitates this change is a reduced pressor
response of the mesenteric arteries to receptor-mediated vaso-
constrictor agonists.'” Here, we demonstrate that PVAT from
third-order mesenteric arteries of LP rats can further attenuate
the contractile response when these vessels are preconstricted
with PHE, presumably via the release of vasodilatory adipo-
kines such as adiponectin or angiotensin;_;.>” Specifically,
the presence of PVAT was associated with a 50% reduction
in sensitivity to PHE. We hypothesize that PVAT’s attenua-
tion of vasoconstriction may facilitate the increased plasma
volume that is necessary for a healthy pregnancy and con-
tribute to the reduction in blood pressure observed during
pregnancy.

Role of Vascular Smooth Muscle K™ Channels in
PVAT-Mediated Vasodilation

In the healthy nonpregnant rat, PVAT’s vasorelaxing effect has
been attributed to the action of a PVAT-derived relaxing factor
that causes hyperpolarization of the underlying smooth muscle
cells by activation of hyperpolarizing K channels.**¢ The
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Figure 5. Effects of NP versus LP adipose tissue on vascular reactivity.
Percentage change (from baseline) in vessel diameter by different ves-
sel type when exposed to pregnant fat. A, Effect of late pregnant (LP)
adipose tissue on reactivity in mesenteric arteries from nonpregnant
(NP) rats (n = 10-14) *P < .001. B, Effect of nonpregnant fat on LP
arteries (n = 10-14; P < .05).

elimination of PVAT’s anticontractile effects in the presence of
KCl suggests that the pathway associated with PVAT-mediated
vasodilation does not interfere with the vascular contraction
induced by the Ca®" entry through voltage-dependent calcium
channels but is more likely due to inactivation of K™ conduc-
tance channels. Although our study did not address the
mechanism of PVAT-mediated vasorelaxation, we speculate
that the loss of PVAT’s anticontractile effect in the presence
of high external K" concentrations can be attributed to K*
channel inactivation.'® Since mesenteric arteries are more
hyperpolarized in pregnancy,? it is possible that the adipose
tissue that surrounds these blood vessels may contribute to the
hyperpolarized resting membrane potential present in preg-
nancy. Additional electrophysiological studies will be neces-
sary for direct measurement of the resting membrane
potential in intact mesenteric arteries as well pharmacologic
studies to investigate the mechanism of PVAT-mediated K*
channel activation (eg, NO and/or EDH factor).

teric arteries responded to adipose tissue from LP rats. When NP
vessels were exposed to pregnant PVAT, the NP vessel constricted;
this constriction is in contrast to the dilation that occurred when a
pregnant vessel was perfused with pregnant adipose tissue. This
finding suggests that PVAT takes on a more vasoconstrictive phe-
notype during pregnancy that is attenuated as a result of pregnancy-
related adaptations in vascular smooth muscle and/or endothelium.

Although the mechanism is unclear, we speculate that inflam-
matory changes that normally occur in visceral adipose tissue
during pregnancy may also occur in the PVAT. Studies of PVAT
in an inflammatory milieu have shown that PVAT will promote
vasoconstriction in this environment.>'** Therefore, it appears that
pregnancy produces a vascular adaptation that counteracts the
vasoconstricting properties acquired by pregnant adipose tissue
such that the mesenteric arteries from LP rats undergo an adapta-
tion that results in the pregnant vessel being more vasorelaxed in
a healthy pregnant state. The above-mentioned finding is also con-
sistent with the greater reduction in sensitivity to PHE in nonpreg-
nant vessels than in LP vessels. Clearly, PVAT undergoes changes
in pregnancy that attenuates its vasorelaxing effect. Future studies
are needed to investigate the mechanism underlying these changes.

The demonstration of PVAT-mediated anticontractility in
late gestation rat mesenteric resistance arteries adds to the
growing body of literature supporting the critical vasoregula-
tory role of PVAT. The findings from this study open up a
new area of exploration for understanding how vascular con-
tractility is regulated during pregnancy. Future studies are
necessary to determine the specific role of PVAT in preg-
nancy vasoregulation, that is, is PVAT the primary regulator
of blood flow distribution and vascular tone or does it play
a more passive role in responding to endothelial cell release
of vasoregulatory molecules? Additionally, the mechanism of
this effect with respect to the interaction between the PVAT and
endothelial cells will be important as well as how PVAT contri-
butes to the NO-dependent and -independent components of
vasoregulation in pregnancy. Although our focus in this study
was the mesenteric circulation, future studies that examine other
vascular beds and conduit vessels will be important to enhance
our understanding of vasoregulation in pregnancy.

In summary, our results support the hypothesis that adipose
tissue around mesenteric resistance vessels contributes to the
reduction in vascular tone that occurs in pregnancy. Expand-
ing our understanding of PVAT not only in the mesenteric cir-
culation but also in other vascular beds and conduit vessels
will be important to our understanding of vasoregulation in
pregnancy. Studies have already shown that PVAT contri-
butes to an increase in vascular tone in hypertension'® and
that PVAT-mediated vasodilation is impaired in diabetes
and obesity.?*° Therefore, we hypothesize that alterations
in PVAT function may be part of the pathophysiology of
pregnancy-related vascular diseases such as preeclampsia and
gestational diabetes. Future studies will be needed to under-
stand this important adipose tissue bed.
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Perspectives and Clinical Significance

Vascular dysfunction in pregnancy has many etiologies. One
area that has yet to be investigated is the role of PVAT, the adi-
pose tissue depot that surrounds most systemic blood vessels.
The results from this study suggest that it is not just the
endothelium and vascular smooth muscle that impact vascular
contractility in pregnancy; the adipose tissue bed surrounding
blood vessels is also important. Although it has been estab-
lished that adipose tissue in pregnancy releases factors that
impact insulin resistance and vascular function, this study sug-
gests that the PVAT also impacts vascular contractility in preg-
nancy. With this information, there is the potential for an
exciting new avenue of investigation that will not only enhance
our understanding of vasoregulation in pregnancy but also may
facilitate our understanding how PVAT changes in conditions
such as maternal obesity and how PVAT may play a role in vas-
cular diseases such as preeclampsia and diabetes.
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