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Intraluminal Pressure Modulates
Vascular Contractility of Perfused Mesenteric

Resistance Arteries

Altered Response in Hypertension
Michael A. Thiel, Andreas H. Bock, Fritz R. Biihler, and Thomas F. Liischer

Intraluminal pressure may affect vascular contrac-
tility in both normotension and hypertension. To
test this hypothesis, we studied mesenteric resist-
ance arteries from normotensive humans as well as
normotensive (WKY) and spontaneously hyperten-
sive (SHR) rats (internal diameter 214 + 27, 201 * 6,
and 172 + 6 yum, mean + SEM at 10 mm Hg). Ves-
sels were mounted on glass cannulas and perfused
in organ chambers filled with buffer solution at in-
traluminal pressures of 10 to 120 mm Hg; vasomo-
tion was measured using a video dimension ana-
lyzer. Under baseline conditions (10 mm Hg), wall
thickness was 36 = 4 yum in humans, 32 + 4 ym in
WKY, and 47 £ 2 yum in SHR (P < .001). With in-
creasing pressure, the diameter of human vessels
increased up to 25 mm Hg and remained constant at
higher pressures. In contrast, resistance arteries of
normotensive and hypertensive rats exhibited an
almost linear increase in diameter over the whole

pressure range. In SHR, the pressure-diameter rela-
tionship was much flatter than that of WKY, indi-
cating reduced compliance. In human arteries, the
contraction to KCl was maximal at 25 mm Hg and
averaged 40 % 6%. Both above and below 25 mm
Hg, the response declined to a minimum of 17 + 2%
at 120 mm Hg (P < .01). Similar results were ob-
tained in WKY rats. In contrast, the contractile re-
sponse in SHR remained maximal over the entire
pressure range studied (65 * 5%). Thus, intralumi-
nal pressure profoundly affects vascular reactivity
of resistance arteries; low pressure augments and
high pressure reduces the contractile response in
normotensive human and rat resistance arteries,
whereas this pressure-dependent modulation of
vascular reactivity is lost in the SHR. Am J Hyper-
tens 1992;5:542 - 547
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n vivo arteries are exposed to various intraluminal
pressures and flow rates. These mechanical forces
have profound effects on the function of vascular
smooth muscle cells and the endothelium.’-* In hy-
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pertension, these forces are increased and may impor-
tantly contribute to the altered vascular reactivity asso-
ciated with the disease.®

In hypertension research, the influences of autacoids,
hormones, and endothelium-derived substances on vas-
cular reactivity have been measured as changes in the
isometric tension of isolated rings of vascular smooth
muscle, or as changes in intraluminal diameter of per-
fused arteries. However, the effects of basal tension or
perfusion pressure on contractile responses have rarely
been considered.

This study was designed to investigate whether and
how intraluminal pressure affects the passive and active
vascular properties of perfused mesenteric resistance ar-
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teries of humans and the rat, and whether alterations of
pressure-dependent vascular responses occur in hyper-
tension.

MATERIALS AND METHODS

Sources of Vascular Tissue We obtained human mes-
enteric tissue during abdominal surgery in patients with
normal blood pressure (= 140 /90 mm Hg) and taking no
antihypertensive drugs when admitted (four cases of
cancer of the colon and three cases of abdominal adhe-
sions).

Male, 20- to 28-week-old Wistar-Kyoto (WKY) and
spontaneously hypertensive (SHR) rats were obtained
from Madorin (Frenkendorf, Switzerland). We mea-
sured blood pressure in conscious rats with the tail cuff
method and averaged 148 + 3 mm Hg in Wistar-Kyoto
and >200 mm Hg in spontaneously hypertensive rats.
The rats were anesthetized with sodium pentobarbital
(50 mg/kg, intraperitoneally). Through an abdominal
incision, we removed the mesentery and placed it.into
cold (4°C) modified Krebs-Ringer solution of the follow-
ing composition (mmol/L): NaCl 118, KCl 4.7, CaCl,
2.5, MgS0, 1.2, KH,PO, 1.2, NaHCO; 25.0, Na,Ca
EDTA 0.026, glucose 11.1, vigorously bubbled with
95% O, and 5% CO,. Small mesenteric resistance ar-
teries (193 £ 10 um, n = 19) were carefully dissected
free from surrounding connective tissue under a dissec-
tion microscope and 3 to 5-mm-long segments were
mounted on a perfusion system.

Experimental Setup Details of the perfusion setup
have been previously described.”8 In brief, the proximal
end of the arterial segment was slipped onto a micro-
cannula (outer diameter 150 um) and fixed by a surgical
suture no. 11 (25 um). The distal end of the vessel was
sucked into the end of an efferent glass cannula. To
apply a distal resistance, the inner diameter of the effer-
ent cannula was slightly smaller than the inner diameter
of the afferent cannula plus twice the thickness of the
vessel wall. This allowed a pressure dependent perfu-
sion rate of 0.2 to 0.9 mL /min with a calculated pressure
drop along the vessel length of only 2 to 6 mm Hg. An
almost constant lumen diameter observed over the
whole vessel length indicated the absence of a consider-
able pressure drop caused by a hidden leak.

The arteries were perfused at a constant pressure with
Krebs-Ringer solution containing 1% albumin from bo-
vine serum. Perfusion pressure was measured directly at
the proximal end of the arterial segment by a microcath-
eter connected to a Statham (Cleveland, OH) transducer
system. Both afferent and efferent cannula were im-
mersed in a chamber filled with circulating (37°C)
Krebs-Ringer solution. This chamber was subsequently
placed on a Leitz inverted microscope with an RCA
television camera attached to the viewing tube. We con-
tinuously measured the inner diameter and wall thick-
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ness of the resistance arteries with a video dimension
analyzer (Living Systems Instrumentation, Burlington,
VT). Contractions were elicited by adding KCl to the
extraluminally circulating Krebs-Ringer solution (100
mmol /L).13

Experimental Protocols After equilibrating the vessels
for 1 h at a constant perfusion pressure (10 mm Hg), we
started the experiment with a contraction at the same
pressure. After washout, perfusion pressure was in-
creased stepwise to 120 mm Hg, and the arteries were
allowed to equilibrate again at each new pressure step
for another 20 min before the next contraction. To en-
sure an intact contractility at the end of the whole ex-
periment, an additional contraction was elicited at the
pressure where the maximal response had been ob-
served. We excluded experiments in which these con-
tractions were not comparable to the previously
recorded ones.

Calculations and Statistical Analysis Contractions
are expressed as the percentage decrease of the initial
inner diameter. Data are expressed as mean + SEM; n
refers to the number of patients or rats studied. For
statistical analysis, Mann-Whitney test was used to
compare vascular dimensions (Figure 1). To compare
the effects of increasing intraluminal pressure on inter-
nal vascular diameter in WKY and SHR (Figure 2), a
combined analysis of variance and covariance was
used.” To compare contractility between various pres-
sure levels (Figures 3 and 4), a two-way analysis of var-
iance followed by the least significant difference test
was used.
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FIGURE 1. Dimension of mesenteric resistance arteries ob-
tained from normotensive humans, WKY, and SHR under baseline
conditions (10 mm Hg). *P <.001.
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FIGURE 2. Effects of intraluminal pressure on internal vascu-
lar diameters in mesenteric resistance arteries obtained from nor-
motensive humans, WKY, and SHR. The increase in diameter in
SHR arteries was significantly flatter compared with arteries from
WKY (P <.001).

Vascular Dimensions Under baseline conditions (10
mm Hg), the internal diameter of human mesenteric
resistance arteries averaged 214 £ 27 um and the wall
thickness 36 + 4 um, (Figure 1, n = 7). The WKY ar-
teries had a comparable inner diameter of 201 £ 6 um
and a wall thickness of 32 =4 um (n = 7). The SHR
vessels of the same type showed a slightly smaller
lumen diameter (172 + 6 um) and exhibited a signifi-
cant increase in wall thickness (47 £ 2 yum; n=6; P <
.001, Figure 1). Hence, the internal radius/wall thick-
ness ratio was comparable in human and WKY arteries
(3.39 = 0.88 and 3.39 * 0.41), but significantly smaller
in the SHR (1.95 £ 0.11; P <.01).

Effects of Intraluminal Pressure on Internal Vascular
Diameter With perfusion pressure increasing from 10
to 120 mm Hg, unstimulated vessel diameter increased
in all three groups studied (Figure 2). Human resistance
arteries showed a steep increase of internal diameter in
response to the increase of pressure from 10 to 25 mm
Hg. Above 25 mm Hg, inner diameter remained almost
constant. In contrast, the WKY arteries had a flatter and
more linear pressure-diameter relationship over the
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FIGURE 3. Contractions in response to 100 mmol /L KCI in
mesenteric resistance arteries obtained from normotensive
humans. Maximal contraction occurred at a perfusion pressure of
25 mm Hg. In the higher pressure range, the response decreased
significantly (P < .01 with a pressure of >35 v 25 mm Hg).

whole pressure range. In SHR vessels, tbe pressure-dis-
tension relationship was significantly flatter than that in
WKY (P <.001, Figure 2).

Contractile Properties At a perfusion pressure of 10
mm Hg, KCl (100 mmol/L) evoked a contraction of
34 £ 3% of the baseline diameter of human resistance
arteries (n = 7). With increasing intraluminal pressure,
the contractile response of the human arteries increased
up to a maximum of 40 + 5% at 25 mm Hg. Above 25
mm Hg, the contractions declined to a minimum of
13 £ 7% at 100 mm Hg (P < .01 in the pressure range
over 35 mm Hg, compared with 25 mm Hg, Figure 3).

Compared with human arteries, vessels obtained
from WKY showed an augmented contractility in the
entire pressure range (63 * 3% at 10 mm Hg; n=6;
P <01, Figure 4). The contractile response increased
with increasing intraluminal pressure and reached a
maximum at 25 mm Hg (72 £ 4%). As in human ar-
teries, a high-pressure range was associated with a de-
crease in contractility to a minimum at 120 mm Hg
(45 % 5%). In contrast to human arteries, in which we
noted the decrease in the pressure range above 35 mm
Hg, in WKY this decrease only reached statistical signifi-
cance in the pressure range over 80 mm Hg (P <.01)
compared with 25 mm Hg (Figure 4).
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SHR

FIGURE 4. Contractions in re-
sponse to 100 mmol /L KCl in mesen-
teric resistance arteries obtained
from WKY and SHR. In WKY, the
contractions showed a pressure-de-
pendent increase and decrease (P <
.01 at pressures <15 and >80 mm
Hg v 25 mm Hg). In contrast to the
WKY, the contractions in SHR resist-
ance arteries were similar over the
entire pressure range studied, but
tended to be maximal at 120 mm Hg.

Intraluminal Pressure (mmHg)

In contrast to the resistance arteries of normotensive
humans and WKY rats, the contractions of SHR vessels
were not influenced by intraluminal pressure, at least up
to a pressure of 120 mm Hg. On the contrary, contrac-
tions in SHR tended to be higher at a perfusion pressure
of 120 mm Hg (64 + 4% at 120 mm Hg v 59 * 4% at 10
mm Hg; P = NS; Figure 4).

DISCUSSION

This study demonstrates that perfusion pressure pro-
foundly affects passive and active vascular properties of
perfused isolated mesenteric resistance arteries of
humans and normotensive rats. In hypertensive mesen-
teric resistance arteries, the pressure-dependent modu-
lation of vascular activity is lost.

In human arteries, increasing intraluminal pressure
was associated with a nonlinear increase in intraluminal
diameter. Although the diameter increased steeply in
the lower pressure range (up to 25 mm Hg), vascular
dimensions remained almost constant in the upper
pressure range. Although the vascular dimensions (ie,
lumen/wall ratio) were comparable in human and WKY
mesenteric resistance arteries, the pressure-diameter re-
lationship differed. In particular, in the low pressure
range, compliance of human arteries tended to be
greater than in WKY, whereas in the upper pressure
range—where the diameter of human arteries re-
mained almost constant —rat resistance arteries still ex-
hibited an approximately linear distension behavior.
The different passive behaviors of human and rat ar-
teries to increasing intraluminal pressure in the lower
range are most likely related to different elastic proper-
ties of the vessel wall, although a small active compo-
nent cannot be excluded. The composition of matrix
substances in the media or adventitia may differ among
the two species.!® However, the difference in the upper

pressure range with an almost constant diameter despite
increasing intraluminal pressure in human arteries, but
a near-linear distension behavior of rat arteries, must be
related to different contractile properties in response to
increasing intraluminal pressure. These functional dif-
ferences may be species-specific or related to different
anatomic locations of rat and human arteries. Indeed,
mesenteric arteries with a diameter of 200 um in
humans may represent blood vessels of the fourth or
fifth order in the mesenteric vascular bed, whereas ar-
teries of the same size obtained form the rat were of the
third order and thus may still have some conduit func-
tion. This could explain why human arteries exhibited a
different distension behavior in the higher pressure
range. o ' ,

Compared with WKY, the SHR arteries of the same
branch had a reduced internal diameter and an in-
creased wall thickness. This increased of wall thickness
has been shown to result mainly from medial hyper-
trophy, increased cell volume and/or remodeling.!!
This may explain the flatter pressure-diameter relation-
ship in SHR compared with WKY as also observed by
others.’? Indeed, according to the Laplace law, medial
hypertrophy is associated with reduced wall tension at
any given pressure level, particularly with a decreased
internal diameter.

To assess contractile responses of mesenteric resist-
ance arteries, we used potassium chloride in a concen-
tration (100 mmol /L) previously shown to be maximal
for this agonist in this preparation.’

The contractility of human and WKY arteries was
markedly influenced by intraluminal pressure suggest-
ing that—as in the heart!4!®>—stretch exerted to the
smooth muscle cells of the vascular media determined
their contractile response. In human mesenteric resist-
ance arteries, the highest contractions to KCl occurred at
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an intraluminal pressure of 25 mm Hg. Between 30 and
80 mm Hg, their contractile capacity decreased mark-
edly. To our knowledge, blood pressure has never yet
been measured directly in human mesenteric resistance
arteries with a diameter of 200 um. As judged from the
rat, and taking into account the much longer distance
between the aorta and resistance arteries of that size in
man, blood pressure has been estimated to be in the
range of 40 to 60 mm Hg.!¢ This corresponds well to the
pressure range where the contractility of human mesen-
teric arteries was most sensitive to small changes of in-
traluminal pressure. Thus, this pressure dependence of
the contractile behavior of mesenteric resistance arteries
may represent a regulatory mechanism of this circula-
tory bed to protect systemic hyper- and hypotension. A
similar pressure-dependent modulation of the contrac-
tility was found in WKY. The pressure range where the
most effective modulation of the contractility occurred
was shifted to a higher level (ie, 60 to 120 mm Hg),
which corresponds well to the physiologic blood pres-
sure in these rat resistance arteries.

Traditionally, vascular reactivity of resistance arteries
has been determined in myograph systems'” with mea-
surement of isometric tension rather than active
changes in vascular diameter (ie, vasomotion), as in the
arteriograph system used in this study. In isolated rings
suspended in myograph systems under no-flow condi-
tions, optimal isometric responses are obtained at a pas-
sive tension in the range of 100 mm Hg.!” In the arterio-
graph system, it appears that the contractile responses
reached their optimal levels at a much lower pressure,
most likely because of the presence of flow and different
vascular geometries of perfused and pressurized ar-
teries. In addition to the pressure-dependent modula-
tion of vascular reactivity observed in our study, physi-
cal forces, in particular flow-dependent vasodilation
and myogenic responses, also contributed to the regula-
tion of resistance artery tone.!~* Indeed, shear forces
exerted by the circulating blood or perfusion solution
activate both the endothelium and vascular smooth
muscle, respectively, an effect which must be absent in
rings stretched in myograph systems. This makes it dif-
ficult to compare directly results obtained in arterio-
graphs and myographs. It is obvious that in perfused
and pressurized resistance arteries, multiple mecha-
nisms take part in the regulation of vascular diameter.
Indeed, during the course of active contraction vascular
diameter flow decreases and, as a consequence, shear
forces must change, although pressure remains con-
stant. On the other hand, at different pressures flow
changes even without alterations in vascular diameter.

In hypertensive resistance arteries with increased
wall thickness, pressure-dependent modulation of vas-
cular contractility was lost. In fact, SHR resistance ar-
teries exhibited maximal contractility at a perfusion
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pressure of 120 mm Hg. In SHR arteries of this size,
blood pressure has been estimated to be in the range of
80 to 110 mm Hg.’¢ The loss of pressure-dependent
modulation of vascular contractility in SHR may be
caused by the increased wall thickness with decreased
vascular compliance and a marked shift of the active
force-distension relationship to higher pressure. This
would result in a lower wall stress at each pressure level,
which in turn would limit the modulatory effects of
intraluminal pressure.

Thus, our study underscores the importance of an
increased wall thickness in hypertension and demon-
strates that structural changes markedly alter the pres-
sure-dependent modulation of vascular diameter and
contractility. Especially in experiments with human re-
sistance arteries, this influence of pressure-dependent
modulation on results must be considered carefully. In
addition, these results demonstrate that, in experimen-
tal studies, differences in contractility between -WKY
and SHR may be present or absent depending on the
intraluminal pressure used. Indeed, SHR mesenteric re-
sistance arteries may surpass the contractility of the
WKY in experiments with high intraluminal pressure,
whereas in the lower pressure range, the WKY arteries
exhibit a greater contractility.
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