Microvascular Adaptation in the Cerebral Cortex
of Adult Spontaneously Hypertensive Rats
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SUMMARY The purpose of this study was to determine the microvascular characteristics that cause
cerebral cortical blood flow autoregulation to shift to a higher range of arterial pressures during
established hypertension in spontaneously hypertensive rats (SHR). An open-skull technique with
constant suffusion of artificial cerebrospinal fluid (PO, = 40-45 mm Hg, pCO, = 40-45 mm Hg, pH
= 7.35-7.45) was used to view the parietal cortex of 18- to 21-week-old SHR ami Wistar Kyoto (WKY)
normotensive control rats. The resting inner diameters of first (1A)-, second (2A)-, and fourth (4a)-
order arterioles were significantly (p < 0.05) smaller, and the wall thickness/lumen diameter ratios
were significantly (p < 0.05) larger in SHR compared to WKY. Only 1A and 4A had significantly (p <
0.05) increased vessel wall cross-sectional area in SHR. At the resting mean arterial pressures of
WKY and SHR, the passive (10-* M adenosine, topical) diameters of comparable types of arterioles
were not significantly different (p > 0.05). At reduced arterial pressures, however, the arterioles in
SHR had smaller maximum diameters than in WKY. Cortical blood flow in WKY and SHR was
constant at arterial pressures from 70-150 mm Hg and 100-200 mm Hg, respectively. Resting
arteriolar pressuresin 1A, 2A, and 3A of SHR were substantially and significantly (p < 0.05) elevated,
although pressures in the smallest arterioles and venules of WKY and SHR were similar. Therefore, it
is possible that cerebral capillary pressure is only slightly elevated, if at all, in SHR as a result of the
vasoconstriction. The number of arterioles per unit area of brain surface at rest was equal in WKY
and SHR. In addition, the number of vessels was equal in WKY and SHR during maximal dilation,
and neither type of rat demonstrated an opening of previously closed vessels upon maximum dilation.
Therefore, the cerebral arteriolar constriction in SHR, which was probably potentiated by vessel wall
hypertrophy of the largest and smallest arterioles, was the major contributor to an upward shift in the
autoregulatory range, the protection of exchange vasculature pressures, and the increase in vascular

resistance. (Hypertension 6: 408419, 1984)
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sive rat (SHR) to increased systemic arterial

pressure must necessarily include mecha-
nisms to protect the exchange vasculature from elevat-
ed microvascular pressures and potential overperfu-
sion. This is especially important in the brain, where
overperfusion can lead to edema and encephalop-
athy.'? Some form of protection does exist in the SHR,
since it is well established that cerebral blood flow
(CBF) is maintained at normal or near normal levels in
SHR and vascular resistance is increased.>* Evidence
is available to support an upward shift in the CBF
autoregulatory range at the lower arterial pressure lim-

ﬁ DAPTATION of the spontaneously hyperten-
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its in hypertensive humans,® 7 baboon,® and SHR, *°
and the upper arterial pressure limit in hypertensive
baboons.? The increased cerebral vascular resistance
and shift in the autoregulatory range during hyperten-
sion may be affected by generalized large and small
vessel constriction, diminished capacity for maximum
vasodilation,® and increased wall/lumen ratio accom-
panied by vascular wall hypertrophy.’® There may also
be an overall decrease in the density of perfused ves-
sels, either on a temporary or permanent basis, as
occurs in skeletal muscle of the SHR.!'-1¢

We investigated the possibility that cerebral micro-
vascular pressures near capillaries are normal in adult
SHR as a result of increased resistance both of the large
vessels upstream from the microcirculation and vessels
comprising the microvasculature. It has been demon-
strated by Kontos et al.'” and Stromberg and Fox!'® in
cats, and by our laboratory" in normal Wistar rats, that
large arterial vessels preceding the microvasculature
provide a substantial portion of both the arterial pres-
sure dissipation and autoregulatory flow control. It is
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therefore reasonable to suspect that this large vessel
control could also be adapted to the hypertensive state.
If, as hemodynamic and anatomic’ studies indicate,
vascular hypertrophy is indeed present in cerebral ves-
sels, it would be of interest to study whether this hyper-
trophy resulted in significant mechanical constriction
and accentuated pressure dissipation across specific
sections of the vasculature. In addition, it is conceiv-
able that the lower end of autoregulation shifts to high-
er arterial pressures as a result of diminished capacity
for dilation secondary to hypertrophy, and the upper
end shifts because this same hypertrophy offers a me-
chanical advantage for supranormal constriction
against the increase in transmural pressure. Either per-
manent or temporary vessel closure, or a combination
thereof, may also simultaneously contribute to the in-
crease in vascular resistance and subsequent shift in
autoregulatory capabilities caused by vasoconstric-
tion. Consequently, the number of perfused microves-
sels per unit surface area of brain was counted at rest
and maximal vessel dilation to determine the relative
roles of vascular caliber and density in the cerebral
vascular adaptation to hypertension in SHR.

Methods

We studied 21 18- to 21-week-old spontaneously
hypertensive rats (SHR) weighing 319 + 41 (sp) g,
and 19 age-matched Wistar-Kyoto controls weighing
352 = 37 (sp) g. Animals were anesthetized with a
saline solution of Inactin (Byk Gulden Konstanz, West
Germany; 10 mg/100 g BW, i.p.), with supplemental
injections (2 mg/100 g BW) given at approximately
90-minute intervals. The trachea was intubated to en-
sure a patent airway, and the femoral artery and vein
were cannulated for measurement of systemic arterial
blood pressure and drug injection, respectively. The
rectal temperature was maintained at 37° = 1°Cwitha
heating mat.

The left parietal cortex was exposed by removing
virtually the entire parietal bone along its suture line
with a dental burr (0.5 mm), which was cooled by air
and saline during the surgery. The dura mater was cut
such that large vessels were not damaged and minimal
bleeding occurred. The brain surface was superfused
with a bicarbonate-buffered physiological solution®
with a Po, of 4045 mm Hg, PCO, of 38-43 mm Hg,
and pH of 7.35-7.45. The suffusate temperature was
maintained at 37° = 1° C, and the flow rate (3—4 ml/
min) was adjusted to minimize atmospheric gas con-
tamination of the fluid. This approach replenished the
suffusion solution over the tissue at least three times
per minute.

Systemic arterial blood pressure was measured in a
femoral artery with a Statham p23Db pressure trans-
ducer. Micropressures were measured with a servo-
null pressure measurement system (Instrumentation
for Physiology and Medicine, Inc., San Diego, Cali-
fornia), which was calibrated with a water manometer
and which employed sharpened micropipettes with tip

diameters less than 1.5 um. Vessel diameters were
measured from videotaped images with a video-split-
ting device (Indianapolis Center for Advanced Re-
search, Indianapolis, Indiana). A Nikon SKE micro-
scope was used to provide images for an RCA 1020
video camera, and images were videotaped for subse-
quent playback. Water immersion microscope objec-
tives (X 10, n.a. = 0.22; X 20, n.a. = 0.33) were
used to avoid resolution problems caused by the curved
air-water interface. A quartz-iodine, 100 watt lamp
powered by a precision-regulated DC power supply
(Hewlett Packard Model 62012G) was used as a light
source. A fiber optic bundle provided illumination of
the brain surface at an angle of 25°-35°. The angle of
incident illumination greatly enhanced the visual im-
age of the vessel wall whereas angles approaching 90°
to the brain surface prevented observation of the vessel
wall.

Blood flow velocity was measured in arterioles with
internal diameters between 25 and 60 xm, with an on-
line velocity tracking correlator (Instrumentation for
Physiology and Medicine, San Diego, California).
The system was calibrated using epiilluminated glass
capillaries (25-70 wm, inner diameter) pump-perfused
with whole blood. Details of this calibration procedure
have been published recently.? Recorded velocity was
divided by an empirically determined calibration fac-
tor of 1.2 to calculate mean blood flow velocity.®
Flow was calculated by multiplying the mean velocity
by the internal cross-sectional area of the vessel. Flow
(in mm?/sec) was then converted to the percentage of
control for presentation in the Results section.

Variations in systemic arterial blood pressure were
induced by: 1) hemorrhage into a heparinized syringe
to lower pressure; 2) infusion of the shed blood to raise
pressure; and 3) intravenous infusion of norepineph-
rine (25 ng/ml, Sigma Chemical Company, St. Louis,
Missouri) to raise arterial pressure. Norepinephrine
solutions were buffered to physiological pH and were
used on the day prepared. In all cases, the vascular
responses to a blood pressure change were allowed to
reach a steady-state before data were collected.

Photomicrographs of the cerebral surface at low
magnification (X 50) were obtained using a Nikon M-
35S film holder and a Nikon PFM photomicrographic
adapter. The illumination system remained essentially
unchanged, although light intensity was occasionally
adjusted to provide maximum contrast. Care was taken
to prevent suffusion fluid from welling up over the
preparation, since this would result in unpredictable
alterations in overall magnification. Using a X 4 ob-
jective to provide a large field of view, photographs
were taken of the visible brain surface in each animal at
rest and during maximum dilation induced by topically
applied adenosine (10~* M). Without changing any of
the system optics, a photograph was taken of a stage
micrometer (0.1 and 0.01 mm, Bausch and Lomb) to
provide a measure of distances. The negatives of both
the stage micrometer and the cerebral surface were
then projected at a set magnification for counting the
number of each type of vessel per unit surface area of
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brain tissue. The counting procedure was executed
blindly, without knowledge of the animal type (WKY
or SHR) to which each slide corresponded. The vessel
number data, together with the corresponding tissue
surface area measurements, were matched with the
appropriate animal group, and averages of the number
of vessels per square millimeter of brain surface were
calculated for each vessel type in WKY and SHR. Data
for surface area that corresponded to a given photo-
graph were obtained by tracing the particular area un-
der study on a computer digitizing pad (Apple 1I Plus
computing system). The numbers of vessels seen to
open with adenosine application for each animal type
were also compared.

In a typical experiment, the animal was allowed to
recover for a minimum of 30 minutes after all surgery
was completed. Evidence of damage to 5% or more of
the tissue, such as petechial hemorrhage or torn cortex,
or inability of the 2A and 3A arterioles to dilate at a
minimum by 50% when adenosine (10~* M) was topi-
cally applied was grounds for termination of the ex-
periment. Data collection was stopped if the control

-
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arterial pressure was not spontaneously recovered after
a series of pressure changes or after the vessel diame-
ters failed to return to normal.

Each experiment began with the photomicrograph
protocol, both in the resting state and after topical
adenosine. Following return to steady state, vessels
were selected randomly for resting micropressure
measurements. This step was followed by a study of
autoregulatory responses to changes in blood pressure
for randomly selected vessels, during which inner ves-
sel diameter and red cell velocity were simultaneously
recorded in first-order arterioles. Micropressures were
measured in the largest arterioles and venules during
blood pressure manipulations. Initial and subsequent
electrode penetrations were sufficiently downstream
(100-500 pm) from the point of observation that the
pipette did not disturb the section of vessel under
study.

Cerebral microvessels were grouped by hierarchical
branching pattern as shown in Figure 1. First-order
arterioles (1A) were defined as the largest arterioles
entering the operative field from beneath the skull and

FiGure 1. Scanning electron photograph of the rat cerebral cortical vasculature with all vessel types labeled. The spatial arrange-
ment of the vessels as seen in the photograph is identical to the in vivo appearance. Note that arterioles 4A, which are the small vessel
branches extending from the 3A, descend into the cortex and are not simply broken ( X 100). (Reproduced with the permission of Dr.
Andrew P. Evan, Department of Anatomy, Indiana University School of Medicine, Indianapolis, Indiana.)
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are the major branches from the middle cerebral artery.
These vessels are representative of the largest arteri-
oles on the brain surface except for a few short vessel
segments near the lateral base of the cortex which are
part of the middle cerebral artery. Second-order (2A)
arterioles branched at nearly right angles from 1A.
Likewise, third-order (3A) vessels branched similarly
from the 2A. The fourth-order (4A) arterioles
branched from 3A and either directly perfused surface
capillaries or descended into the cortical parenchyma.
That the cortical blood flow to superficial and deep
vascular beds is separated has been verified by observ-
ing that occlusion of 3A does not result in retrograde
flow in 4A. Therefore, measurements of flow in sur-
face vessels represent vascular behavior of the superfi-
cial cortical circulation.

Results are presented as means and standard devi-
ation or standard error of the mean, as indicated. Mul-
tiple comparison of means was executed using Dun-
can’s new multiple range test?' at a protection level of
0.05 in the evaluation of significant differences be-
tween WKY and SHR. Where appropriate, pairs of
means or pairs of slopes were compared using a two-
sample ¢ test at the 5% significance level. Multiple
linear regression analyses were executed with a com-
puter program based on Sokal and Rohlf.?

Results

Lowering arterial pressure by hemorrhage and rais-
ing arterial pressure by norepinephrine both will
change circulating norepinephrine concentrations and
possibly influence cerebral vascular behavior. Direct
suffusion of norepinephrine at a concentration equal to
that used for intravenous infusion (25 wg/ml) had no
effect on the resting diameters of arterioles and venules
of WKY and SHR. In a previous study'® of cerebral
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autoregulation in the Wistar rat, we developed a proto-
col to test the effect of intravenously infused norepi-
nephrine when the arterial pressure is held constant. In
brief, the vessel diameter at the resting arterial pressure
is measured and then norepinephrine is infused until at
least a 25 mm Hg increase in pressure occurs. While
the infusion continues, the mean pressure is restored to
the resting pressure by hemorrhage. The vessel diame-
ters at rest and during the combined norepinephrine
infusion with hemorrhage are equal in WKY or SHR.
Therefore, intravascular norepinephrine has minor, if
any, effects on cerebral microvessels so long as the
arterial pressure is held normal for a given strain of rat.

Figure 2 shows the percentage of control blood flow
measured in 1A as a function of: 1) the mean arterial
pressure; and 2) the percentage of control blood pres-
sure for both WKY (106 vessels in 19 animals) and
SHR (119 vessels in 21 animals). Each point repre-
sents the average (+ sem) of the steady-state percent-
age of control flow determinations in a 10 mm Hg
range of blood pressure, or a 10% of control blood
pressure interval, where 100% of control mean arterial
blood pressure for the data in this figure equals 122 +=
8 (sp) mm Hg in WKY and 173 = 14 (sp) mm Hg in
SHR. In WKY, the blood flow remained essentially
constant over a mean arterial pressure range of 70 to
150 mm Hg. Significant (p < 0.05) decreases and
increases in the percentage of control flow in WKY
occurred at 60 and 160 mm Hg, respectively. In SHR,
the percentage of control flow remained constant over
the pressure interval 100 to 200 mm Hg. Significant
{p < 0.05) decreases and increases in the percentage of
control flow in SHR occurred at 90 and 210 mm Hg,
respectively. The lower and upper limits for mainte-
nance of constant cerebral blood flow in SHR were
therefore shifted by increments of +30 mm Hg and
+50 mm Hg, respectively.
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FIGURE 2. Left: Percentage of control cerebral blood flow as a function of mean arterial pressure. Each point

represents the mean = sem ina 10 mm Hg pressure interval.
of the percentage of control mean arterial pressure. Each point represents the mean *
number of vessels studied).

interval. (Na = number of animals; Nv =

Right: Percentage of control blood flow as a function
sem in a 10% pressure
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The second portion of Figure 1 depicts the percent-
age of control blood flow as a function of the percent-
age of control blood pressure. This format removed the
differences in resting systemic pressure from analysis
and allowed us to compare blood flow autoregulation
for comparable proportional changes in systemic arte-
rial pressure. WKY and SHR demonstrated no differ-
ence in the percentage of control blood flow over a
systemic arterial pressure range of 50% to 120% of
control. In both WKY and SHR, flow was seen to
decrease significantly (p < 0.05) at 50% of control and
increase significantly (p < 0.05) at 130% of control
blood pressure.

Maximum flow during vessel dilation with adeno-
sine was measured in nine SHR and eight WKY, at the
respective resting mean arterial pressures for each spe-
cies. Expressed as the percentage of control flow, the
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Ficure 3. Upper: Microvascular pressure as a function of
vessel type. Lower: Normalized microvascular pressure (mi-
crovascular pressure divided by systemic pressure) as a func-
tion of vessel type. Errors are sem, and each point equals the
mean microvascular pressure or ratio, where n = number of
animals. MABP reported is mean * sp (*p < 0.05; **p <
0.01, WKY#SHR).
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values for maximum flow were 216.2% * 15.0% (SE)
and 201.1% = 12.1% for SHR and WKY, respective-
ly, and were not significantly different (p > 0.2, two-
sample test).

The resting cortical microvascular pressure distribu-
tions for WKY and SHR are illustrated in Figure 3.
Each point represents the average (% sem) of determi-
nations in a particular vessel type for the number of
animals shown at each point. Significant differences in
pressure (p < 0.05) existed between all comparable
arterioles in WKY and SHR. Average values for 3V,
or smallest venule, micropressure were not significant-
ly different in WKY (15.8 *+ 1.2 (se) mm Hg) and
SHR (18.7 = 1.5 mm Hg). Micropressures in inter-
mediate-sized venules, or 2V, were significantly
(p < 0.05) higher in SHR (16.3 * 0.5 mm Hg) com-
pared to WKY (13.8 = 1.0 mm Hg). Likewise, pres-
sures in the largest venules, 1V, were increased in
SHR (14.4 = 0.6 mm Hg) relative to WKY (12.2 =
1.0 mm Hg).

Surface capillary pressure measurements were ex-
tremely difficult to obtain due to the movement of the
brain caused by respiration and the arterial pulse pres-
sure. Consequently, cerebral cortical capillary pres-
sure was assumed to fall within the limits stipulated by
the 4A and 3V, the smallest visible arterioles that per-
fuse capillaries and the venules that drain capillaries,
respectively. The lower portion of Figure 2 expresses
the microvascular pressure as a fraction of the systemic
arterial pressure. Each value is equivalent to the per-
centage of systemic arterial pressure that remained at
the point of measurement in a particular vessel type.
The ratio of microvascular to systemic arterial pressure
was elevated significantly (p < 0.05) in the SHR 1A
compared to WKY 1A. This indicated that a propor-
tionately greater fraction of the systemic arterial pres-
sure was transmitted through the cerebral arteries to the
microvasculature in SHR (55.5%) compared to WKY
(46%). In effect, the large arterial vessels preceding
the 1A in WKY dissipated a larger fraction of the
arterial pressure than did similar vessels in SHR. The
microvascular to systemic pressure (Psys) ratio was
not significantly different at the level of the 2A, which
indicated that equivalent fractions of the arterial pres-
sure were dissipated by the 1A and branch section to
2A in both animal types. The 3A/Psys ratio was sig-
nificantly (p < 0.05) increased in SHR, but became
statistically equal to that of the WKY in all vessels
from the 4A (smallest arterioles) to the 1V (largest
venules), inclusive. The greatest pressure drop in the
microvasculature occurred between the 2A and 3A
(approximately 17 mm Hg) in WKY, and between the
3A and 4A in SHR (approximately 34 mm Hg).

Figure 4 shows the percentage of control resistance
as a function of the percentage of control arterial pres-
sure for both the microcirculation (RMC) and the arte-
rial vessels upstream from the microcirculation
(RLA), in both WKY and SHR. Each point represents
the mean (= sem) of resistance calculations in a 0%
pressure interval in 11 WKY and nine SHR. RMC was
calculated as shown in Equation 1. The resistance cal-
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culated was a relative index, since the percentage of
control flow rather than flow per mass tissue was used:

RMC = P1A — P1V/% control flow (0

where P1A and P1V are pressures in 1A arterioles and
1V venules, respectively, at each 10% interval of sys-
temic arterial blood pressure. RLA was calculated as

RLA = Psys — P1A/% control flow 2

where Psys and P1 A are systemic arterial and 1A arte-
riolar blood pressures at each 10% increment of sys-
temic arterial pressure. The percentage of control flow
terms in Equations 1 and 2 is equal for a given 1A
pressure. The percentage of control flow in the micro-
vasculature and arteries that precedes the microvascu-
lature must be equal, because these vascular segments
are in series. There is a possibility that this condition
can be disrupted if the number of microvessels in
which flow occurred is altered as Psys is changed.
However, we found no evidence of the opening of
previously closed vessels, or vice versa, in 1A, 2A,
3A, and 4A as the arterial pressure was changed. This
indicated that the number of microvessels opened to
flow was not altered as the arterial pressure was
changed. Thus, we can assume that the relative flow
changes in microvessels and upstream large arteries
are equal.

At arterial pressures from 40% to 160% of control in
both WKY and SHR (100% control pressure = 119 =
9 (sp) mm Hg in WKY and 168 + 10 (sp) mm Hg in
SHR), RMC changed by proportionately identical
amounts, as demonstrated by the superimposition of
the curves (Figure 3). Both WKY and SHR demon-
strated equivalent increases in RMC up to 120% of the
control mean arterial pressure, followed by a compar-
able fall in RMC per additional incremental increase in
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the percentage of control blood pressure above 120%
of control.

Although there were occasionally significant differ-
ences (p < 0.05) between large artery relative resis-
tances (RLA) within a given pressure interval, there
appeared to be no substantial difference over the entire
pressure range studied for WKY and SHR (Figure 4).
As seen in Figure 4, there may be an overall increase in
the percentage of control RLA for SHR above 110% of
control arterial pressure, even though the curves for
both WKY and SHR have qualitatively similar slopes
at high pressures. Regardless of animal type, RMC
decreased proportionately more (p < 0.05) than RLA
at pressures below 70% of control.

Linear regression analysis of the percentage of con-
trol resistance vs the mean arterial pressure (mm Hg)
was executed for both RLA and RMC in each animal
type for arterial pressures below 120% of the control
pressure. This was done to provide a measure of actual
change in relative resistance per incremental change in
mean arterial pressure (mm Hg). In the equations
below, Y = % of control resistance and X = mean
arterial pressure in mm Hg:

For RLA (errors are sem), WKY: Y = 0.62
(£0.03) X + 25.35(%3.26);r = 0.991; SHR: Y =
0.42 (=0.05) X + 32.92 (£5.41); r = 0.951. The
SHR slope is significantly less than the WKY slope
(p < 0.02).

For RMC (+ sem), WKY: Y = 0.81 (x0.03)X +
1.51 (£0.62); r = 0.996); SHR: Y = 0.52 (£0.03)
+ 10.38 (£2.49); r = 0.987). The SHR slope is
significantly less than the WKY slope (p < 0.001).

These results indicate that there is a smaller percent-
age of change in resistance in the SHR for equivalent
changes in mean arterial pressure (mm Hg) relative to

Rmc

| ] | | I — |

40 60 80 100 120

140

160 40 60

80 100 120 140 160

% CONTROL MAP

FiGURe 4. Percentage of control resistance (RLA or RMC) as a function of the percentage of control mean
arterial pressure. Each point represents the mean calculated relative resistance (errors are sem) in 11 WKY and
nine SHR. 100% of control mean arterial pressure = 119 * 9(sp)mm Hg in WKYand 168 + 10 mm Hg in SHR;
*p < 0.05, WKY+SHR.
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TABLE 1. Arteriolar Dimensions in 18 10 21-Week-Old WKY and SHR

Resting Passive Wall Wall

diameter diameter thickness thickness Wall area
Vessel type (w) () (®) (diameter) (n”)
1A-WKY (19) 51.2+33 71.2+x43 6.02+0.64 013x0.01 1126 =102
1A-SHR (21) 42.5x2.1* 66.5+5.8 7.74+0.94* 0.18+0.02* 1325 +90*
2A-WKY (19) 343+22 47.0x3.5 5.69x0.31 0.18+0.02 624 =44
2A-SHR (2D) 27.1£2.0* 45.2+3.1 5.81+£0.53 0.22+0.02* 71477
3A-WKY (19) 21.6x1.3 353%1.6 4.08=+042 0.19+0.01 32826
3A-SHR (2D 21.1+21.0 345x1.1 4.43+0.26 0.21£0.02 355+30
4A-WKY (19) 12.5+0.6 18.2+1.4 3.80+0.10 0.32+0.03 194 £ 16
4A-SHR (21) 9.4+0.4* 16.6+0.8 4.32+0.29* 0.46+=0.05* 255 +20*

All values are means = 1 seM. The number of animals studied is given in parentheses.

*p < 0.05, WKY vs SHR.

the WKY. As previously mentioned, if relative resis-
tance changes are compared on the basis of the per-
centage of control arterial pressure, the relationships
are essentially identical in WKY and SHR.

Table 1 presents data for both vessel wall parameters
and microvascular pressure parameters in WKY and
SHR in their respective resting states. The vessel wall
characteristics shown are from 122 vessels in 19
WKY, and 140 vessels in 21 SHR. Significant (p <
0.05) constriction of 1A, 2A, and 4A occurred at rest
in SHR compared to WKY, although passive diame-
ters were not different (p > 0.05) for any vessel type so
long as the animals were at their respective natural
resting arterial pressures. There was a significant (p <
0.05) increase in vessel wall thickness for 1A and 4A
in SHR, as well as an increase in wall thickness/lumen
diameter ratio for 1A, 2A, and4A.In 1A and 4A, there
was a significant (p < 0.05) increase in vessel wall
cross-sectional area which indicated hypertrophy of
these vessels. The increase in the ratio of wall thick-
ness/lumen diameter for 1A and 4A resulted from a
combination of both the decrease in resting diameter
and hypertrophy of the vessel wall. Resting diameters
(mean * seM) for venules were as follows: 3V (small-
est venules), WKY = 31.6 + 4.1 um, SHR = 34.2
* 5.0 um; 2V (intermediate), WKY = 76.2 + 8.1
pum, SHR = 81.9 = 6.8 um; 1V (largest), WKY =
160.6 = 10.7 um, SHR = 164.5 *= 10.9 um. These
data indicate that the diameters of comparable types of
venules in WKY and SHR are not different (p > 0.05)
at rest.

Table 2 shows major and significant (p < 0.01)
increases in resting microvascular pressures in the 1A,
2A, and 3A of SHR, with a small but significant (p <
0.05) increase in pressure evident in the 4A. In spite of
the increases in microvascular pressure, a significant
increase in resting wall stress (calculated as the product
of resting microvascular pressure and vessel radius
divided by vessel wall thickness) was found only in the
3A, with statistically equal (p > 0.05) wall stresses in
1A, 2A, and 4A of WKY and SHR.

The vascular density characteristics (Table 3)
showed no differences (p > 0.05) in vascular density

expressed as the number of vessels per square millime-
ter of cerebral surface tissue for 1A, 2A, or 3A in SHR
and WKY. In addition, there was no difference in
either WKY or SHR in the number of vessels (1A, 2A,
or 3A) counted before and after passive conditions
were initiated. These data for resting and passive con-
ditions indicated that there was no significant element

TABLE 2 Arteriolar Wall Stress in 18- 1o 21-Week-Old WKY and
SHR

Microvascular Resting
Vessel pressure wall stress
type No. (mm Hg) (x 10* dyn/cm?)
1A-WKY 16 556+5.0 29.8+2.4
1A-SHR 16 96.0+4.4% 35.5x44
2A-WKY 13 51.8%3.3 19.8+3.2
2A-SHR 11 79.8 4.0t 24.0x4.7
JA-WKY 12 34.6+3.1 11.9+0.6
3A-SHR 10 68.9+4.9t 19.7£2.9t
4A-WKY 9 27.2+1.0 5.1x0.2
4A-SHR 10 34.0x1.6* 5503

All values are means * 1 sem.
*p < 0.05, WKY vs SHR.
tp < 0.01, WKY vs SHR.

TaBLe 3. Cerebral Cortical Surface Vascularity Characteristics
of 18- 1o 21-Week-Old WKY and SHR

Vessel type WKY (n = 8) SHR (n = 8) p
1A/mm? tissue 0.30+0.04 0.26+0.04 NS
2A/mm? tissue 0.76x0.11 0.67+£0.07 NS
3A/mm? tissue

intact 1.78%0.14 1.61+0.10 NS
3A/mm? tissue

passive 1.82+0.14 1.64x0.11 NS
Tissue surface area

(mm?) 16.42+0.57 17.2820.66 NS

v

Values are means * | SEM.
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of temporary or permanent vascular closure in either
animal type.

Figure 5 presents the diameter responses of 122 ves-
sels in 19 WKY and 140 vessels in 21 SHR over the
arterial pressure range shown. Each point shown re-
flects the average of the diameter determinations in a
10 mm Hg steady-state pressure interval for a given
animal type. Multiple linear regression analysis?? of
the data for vessels produced second-order equations
for best-fit lines through each set of points correspond-
ing to a particular vessel and animal type. Resting
lumen diameter for arterioles are shown in Table 1. In
the 1A, the SHR exhibits smaller diameters than WKY
throughout the range of pressures studied. The 2A
demonstrated slightly smaller diameters in SHR than
in WKY at pressures below about 120 mm Hg. At
higher pressures, the 2A in SHR had diameters sub-
stantially less than those in WKY. The 3A vessels in
both SHR and WKY were similar in diameter at low
pressures (<90 mm Hg), although the SHR demon-
strated smaller diameters than WKY at higher pres-
sures (> 100 mm Hg). In the 4A, roughly similar diam-
eters were found for WKY and SHR in low pressure
ranges (<90 mm Hg), but diameters for SHR were
substantially less at midrange and high pressures. At

415

arterial pressures above 170 mm Hg, the WKY rat will
develop alternating areas of constriction and dilation
along the arterioles. The behavior typically subsides
when a normal arterial pressure is established; if the
behavior did not cease, the experiment was stopped.
The SHR did not display this behavior even at arterial
pressures of 250 mm Hg.

Figure 6 depicts the same data and relationships as
in Figure 5, except that the diameters and pressure
intervals are expressed as the percentage of control
values for each animal and vessel type. This type of
relationship allows one to compare relative diameter
changes in normal and hypertensive animals for pro-
portionately equal changes in arterial pressure. Thus,
100% of control mean arterial pressure equals 122 + 8
(sp) mm Hg in WKY and 173 + 14 (SD) mm Hg in
SHR for these data. Below 90% of control mean arteri-
al pressure, the percentage of increase in 1A diameter
was greater in WKY than SHR. Approximately equal
percentage changes in the diameter of 1A in WKY and
SHR occur at pressures above 30% of control. For 2A,
3A, and 4A, SHR and WKY showed similar percent-
age changes in diameter for equivalent percentage
changes in mean arterial pressure throughout the pres-
sure range studied.

T — T T T T T T

WKY; y = 97.2 - 0.79% + 0.003x?; r? = 938

T T T T T T T T
WKY; y = 74.7 - 0.68x + ,0028x2?; r? = ,950
4 SHR; y = 52.9 - 0.29x + .0008x?; r? = .876 455

70t
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FiGure 5.

Vessel diameter as a function of mean arterial blood pressure in 19 WKY and 21 SHR. Each point

represents the mean of all observations for a particular vessel type in a 10 mm Hg pressure interval. Equations are

Jor best-fit lines through the points shown.
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FIGURE 6. Percentage of the control vessel diameter as a function of the percentage of control mean arterial
pressure. Each point represents the mean of all observations for a particular vessel type in a 10% of control
pressure interval. Equations are for best-fit lines through the points shown.

Discussion

The results of this study indicate a resetting of the
cerebral blood flow (CBF) autoregulatory range to
substantially higher systemic arterial pressures in the
adult SHR (Figure 2). Even though arteriolar pressures
were elevated (Figure 3), the small venule and, pre-
sumably, capillary pressures were near normal despite
systemic hypertension. As will be subsequently dis-
cussed in detail, arteriolar constriction and related ves-
sel wall hypertrophy were the primary physical means
to both reset the autoregulatory pressure range
and protect microvascular pressures in the exchange
vasculature.

The mechanisms for increasing the vascular resis-
tance in SHR are generally considered to include: 1)
arteriolar constriction; 2) arteriolar wall hypertrophy,
which augments constriction; and 3) microvascular
rarefaction, or diminished numbers of arterioles open
to flow. There is substantial heterogeneity in the rela-
tive importance of the aforementioned mechanisms for
flow and resistance regulation in a variety of tissues,
which suggests that a universal format for microvascu-
lar adaptation to hypertension may not exist.

In the present study, we noted (Table 1) that the 1A
(largest), 2A, and 4A (smallest) arterioles in the cere-
bral cortex of SHR were significantly constricted com-
pared to similar vessels of WKY. Since microvascular
rarefaction was absent (Table 3), constriction was the
major cause of increased resistance in the cerebral vas-
culature. These observations of vessel constriction in
the SHR brain are similar to those by Bohlen? in the
small intestine of SHR, which also demonstrated con-
striction of largest and smallest arterioles and minimal
rarefaction. However, no vasoconstriction compared
to WKY was seen in studies of cremasteric,''-** graci-
lis,"* or spinotrapezius'® muscle vasculatures in SHR.
Thus, the vasculatures of the brain and intestine in the
adult SHR follow a very similar format of generalized
vasoconstriction to increase vascular resistance, al-
though neither vascular bed manifests the substantial
rarefaction found in the skeletal muscle vasculatures.

Folkow et al.** proposed that vascular wall hyper-
trophy and an associated increase in the wall thickness/
lumen diameter ratio were major elements in the
course of sustained hypertension. Hart et al.'® have
demonstrated substantial hypertrophy in cerebral pa-

Downloaded from http://hyper.ahajournals.org/ by guest on March 5, 2016


http://hyper.ahajournals.org/

CEREBROVASCULAR ADAPTATION IN ADULT SHR/Harper and Bohlen 417

renchymal arterioles (<35 um, internal diameter) of
the stroke-prone SHR. The present study corroborates
the findings of Hart et al.'® that cerebral vessels under-
go hypertrophy, with two important differences: 1) we
studied the stroke-resistant SHR rather than the stroke-
prone strain; and 2) our results reflect in vivo measure-
ments, while Hart et al.'° used a perfusion-fixation
technique with subsequent histological analysis. Al-
though our present study does not address the cause of
vasoconstriction, it may be partially based on the pres-
ence of vascular wall hypertrophy. The hypertrophy of
1A and 4A (Table 1) caused the ratio of wall thickness/
lumen diameter to increase such that wall stress was
normal in spite of increased microvascular pressure.
The 2A did not experience wall hypertrophy, but vaso-
constriction caused an increase in wall thickness/lu-
men diameter ratio such that wall stress in the 2A of
SHR was statistically equal to that found in WKY. The
resting wall stress in the 3A of SHR was significantly
elevated above that in WKY (Table 2). However, there
was an average 66% increase in wall stress of the 3A in
SHR, compared to an average 100% increase in 3A
intravascular pressure. The fact that wall stress in-
creased less, relative to the increase in microvascular
pressure, indicates that the slight wall hypertrophy and
constriction of 3A helped to maintain a normal wall
stress, just as in the 1A, 2A, and 4A of SHR.

The elevation of microvascular pressures in the ar-
terioles of the SHR, as shown in Figure 2, would be a
stimulus for vessel wall hypertrophy, if this hypothe-
sis? is correct. The vessel wall hypertrophy and vaso-
constriction may be important elements in the protec-
tion of cerebral exchange vessels against disruption of
the blood brain barrier, as suggested by Hart et al.'®
and Mueller et al.® Apparently, the combined effects
of arteriolar constriction and wall hypertrophy allow
the cerebral arterioles to operate in a normal wall stress
range, such that the vessels are not subject to overdis-
tension and potential damage and capillary pressure is
maintained near normal (Figure 3). In normal cats?*
and rats (present study) subjected to acute elevations in
arterial pressures, the arterioles develop a ‘‘sausage-
string’’ appearance due to alternating areas of constric-
tion and dilation along a segment of vessel. This sau-
sage-string pattern was never seen in the arterioles of
SHR in the present study, even when mean arterial
pressure was acutely elevated as high as 250 mm Hg.
The vessels have therefore adapted to chronic hyper-
tension so that they can withstand grossly elevated
microvascular pressures without overt physical evi-
dence of vessel wall damage. The arterioles of SHR
apparently adapt to elevated pressures by decreasing
passive vessel wall distensibility. Evidence supporting
a decreased passive distensibility is shown in Table 1,
which demonstrates normal passive (maximum) arte-
riolar diameters in SHR relative to WKY despite major
increases in resting microvascular pressures. If the
SHR arterioles did not have less distensible than nor-
mal walls during passive conditions (no muscle activ-
ity), then one would expect resting passive diameters
to be significantly greater in SHR due to the elevated

microvascular pressures. One would also expect diam-
eters in SHR at very low arterial pressures to be com-
parable to those in WKY, when in fact they are smaller
(Figure 4). The extent to which increased passive stiff-
ness in SHR is due to wall hypertrophy or connective
tissue proliferation is unknown. The cost of this pro-
tection from wall overdistention and disruption, how-
ever, is a smaller than normal diameter at low systemic
arterial pressures, such that CBF cannot be precisely
regulated at arterial pressures below 100 mm Hg
(Figure 1).

Very little data exist on the autoregulation of CBF in
the SHR compared to WKY. Fujishima and Omae’®
estimated an upward shift of 33 mm Hg in the lower
limit of CBF autoregulation in SHR, which is similar
to the 30-35 mm Hg shift seen in the present study
(Figure 2). The results of Barry et al.? in SHR and
those by Loomis? in renal hypertensive rats (RHR)
demonstrated a 20 mm Hg shift in the lower limit of
CBF autoregulation compared to WKY. Barry et al.?
suggest that structural adaptation, rather than sympa-
thetic or humoral factors, accounts for this shift, since
the same shift was seen in both SHR and RHR. Strand-
gaard et al.”® have demonstrated a shift in the upper
limit of autoregulation during hypertension in the ba-
boon and have suggested that this shift might be due to
preexisting vasoconstriction or sympathetic activity.
Our results (Figure 2) show upward shifts of both the
lower autoregulatory limit (+ 30 mm Hg) and the up-
per limit (+50 mm Hg) due to both active vasocon-
striction and decreased distensibility. Our study is the
first to quantify the shift in the upper autoregulatory
limit for the SHR relative to WKY . Further, our results
(Table 1) suggest that this shift is probably related to
vascular wall hypertrophy, since such a condition
would: 1) raise the lower limit of CBF autoregulation
in SHR by preventing normal vessel dilation at low
perfusion pressures; and 2) raise the upper limit of
autoregulation by potentiating the ability of SHR ves-
sels to constrict at higher perfusion pressures.

Our present study demonstrates that near normal
cerebral capillary pressures may exist in the SHR, de-
spite a gross elevation of systemic arterial pressure.
The exchange vasculature of the SHR brain is appar-
ently protected from high pressures by upstream vaso-
constriction, especially in the smallest precapillary
vessels (4A) (Figure 3). Similar circumstances have
been found in the intestinal microvasculature by Boh-
len® and the skeletal muscle vasculature by Zweifach
et al.,' in spite of the absence of microvascular wall
hypertrophy in the latter. Further, these studies's:?
suggest that the small arterioles, such as 3A and 4A,
are responsible for most of the protective effects seen
for capillary pressure. Thus, it appears that the very
smallest arterioles have the greatest responsibility in
assuring relatively normal capillary pressures. In spite
of tissue-related heterogeneity in hypertensive vascu-
lar adaptation (i.e., wall hypertrophy and/or rarefac-
tion vs lack thereof) the end result appears to be the
same: protection of the exchange vasculature from
high pressure and overperfusion.
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Microvascular rarefaction, whether due to a perma-
nent loss of arterioles, temporary closure of arterioles,
or a combination of these factors, is not evident in the
cerebral cortical circulation of the SHR (Table 3).
Thus, the increase in vascular resistance in the brain of
the SHR must be due primarily to vasoconstriction, as
previously discussed. Similar absences of rarefaction
of small arterioles have been noted in studies of the
intestinal microcirculation® and the renal microvascu-
lature.® However, rarefaction is present in various
skeletal muscle vasculatures during sustained hyper-
tension.!"-'* It is possible that the vascular architecture
in different tissues accounts for differences in vessel
rarefaction during hypertension. For example, the
muscle vasculature is generally arranged such that
multiple arterioles can perfuse an area of tissue, al-
though individual capillaries are usually perfused by
only one arteriole. By contrast, the brain, kidney, and
intestine appear to perfuse an area of tissue with a
single arteriole. Consequently, focal absence of tem-
porary closure of a small vessel in the brain, kidney or
intestine might result in infarcted or severely ischemic
tissue.

The vessels upsteam from the cerebral microcircula-
tion have been demonstrated to make significant con-
tributions to blood flow regulation in the cat'’ '® 3" and
rat.'” In WKY of the present study, vessels upstream
from the microcirculation contributed a significantly
greater percentage of total resistance (54%) than did
the large vessels in the SHR (45.5%), at resting mean
arterial pressures (Figure 3). This suggests that, in
order to keep capillary pressures in a normal range, the
SHR must manifest a greater portion of its total vascu-
lar resistance in the microcirculation. However, the
fact that the arterial vasculature of SHR contributed
proportionately less to vascular resistance than in
WKY does not imply that the large vessels in SHR fail
to adapt during hypertension.

As shown in Figure 4, RMC and RLA change by
proportionately similar amounts in SHR and WKY.
This indicates that the large vessels upstream from the
microcirculation in SHR retain their ability to contrib-
ute to autoregulation even though the pressures in these
vessels are increased by 40% to 45%. It is also interest-
ing to note that, regardless of animal type, RMC tends
to decrease more than RLA at low arterial pressures.
Thus, the microvessels make a greater contribution to
flow regulation at low arterial pressures. Perhaps the
most important implication of the data in Figure 4 is
that the upward shift in the autoregulatory range that
occurs in the SHR relative to WKY appears to involve
both the cerebral macro- and microvasculature. Even
though structural adaptation of the vessel walls is evi-
dent in SHR, the regulatory characteristics of the vas-
culature are similar to those in WKY. The response
patterns of flow (Figure 2), vessel diameter (Figure 6),
and relative resistance of large (RLA) and small
(RMC) vessels (Figure 4) overlap where differences in
mean arterial pressure are normalized. It is as if the
normal response pattern of WKY had been preserved
in SHR but adapted to a higher range of arterial pres-
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sures. For this to occur, the existing control mecha-
nism may experience a decreased gain; that is, the
relative resistances of microvessels (RMC) and arter-
ies (RLA) change by smaller amounts in SHR than
in WKY for equal changes in arterial pressure, as dem-
onstrated by the regression analysis in the Results
section.
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