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FARACI, FRANK M., WILLIAM G. MAYHAN, AND DONALD D.
HEISTAD. Segmental vascular responses to acute hypertension
in cerebrum and brain stem. Am. J. Physiol. 252 (Heart Circ.
Physiol. 21): H738-H742, 1987.—The goal of this study was to
examine hemodynamic mechanisms that contribute to regional
differences in autoregulation during acute hypertension. We
measured blood flow (microspheres) and pressure in pial arter-
ies (~160 pm) of anesthetized cats and calculated resistance of
large and small vessels in cerebrum and brain stem. Moderate
elevation of aortic pressure increased resistance of both large
and small vessels in cerebrum but only small vessels in brain
stem. During severe hypertension, resistance of both large and
small vessels in cerebrum decreased and blood flow increased
markedly. In contrast, in the brain stem large artery resistance
did not change, small vessel resistance increased, and blood
flow increased only modestly during severe hypertension. Pial
artery pressure was 20 mmHg higher in brain stem than cere-
brum during control conditions and 30-50 mmHg higher during
moderate and severe hypertension. We conclude that resistance
of large arteries is less and thus pial artery pressure is higher
in brain stem than cerebrum under control conditions. More
effective autoregulation in the brain stem than cerebrum during
severe hypertension is due to greater resistance of small, not
large, cerebral vessels.
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THE CEREBRAL CIRCULATION is characterized by very
effective autoregulation of blood flow during changes in
perfusion pressure (2, 9, 12, 14). During moderate in-
creases in aortic pressure, cerebral vessels constrict and
blood flow throughout the various brain regions is main-
tained near normal levels (2, 6). In contrast, there are
important regional differences in autoregulation during
severe hypertension (2). For example, during severe hy-
pertension autoregulatory capacity is exceeded at a lower
level of pressure in the cerebrum than in the brain stem
(2).

Mechanisms that account for these regional differ-
ences in autoregulation are not known. Differences be-
tween the brain stem and cerebrum in responsiveness to
acute hypertension apparently are not due to regional
differences in the ratio of gray to white matter, vasocon-
strictor or vasodilator capacity, or amount of sympa-
thetic innervation to vessels that supply these regions
(2).

2I‘o examine hemodynamic mechanisms that contrib-
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ute to regional differences in autoregulation in the brain,
we determined segmental vascular responses to moderate
and severe increases in aortic pressure in the cerebrum
and brain stem. In both the cerebrum (1, 9, 12, 16) and
the brain stem (7), resistance of large arteries is a signif-
icant portion of total vascular resistance. We considered
two possible mechanisms that might account for more
effective autoregulation in the brain stem.

One possibility was that, during increases in systemic
pressure, large artery resistance might increase more in
the brain stem than cerebrum and attenuate increases in
pial artery pressure. Attenuation of increases in pial
artery pressure could extend the upper limit of autoreg-
ulation in the brain stem compared with the cerebrum,
even if the autoregulatory response of small vessels were
similar in the two regions.

An alternative hypothesis was that the autoregulatory
response of small vessels is different in the two regions
of the brain. Recent measurements indicate that during
normotension pial artery pressure (in similar-sized ves-
sels) is higher in brain stem than cerebrum (13). Chronic
exposure to a higher arteriolar pressure could result in
altered vascular responses. Thus we considered the pos-
sibility that small vessels in the brain stem autoregulate
more effectively than small vessels in the cerebrum.

METHODS

Animal preparation. Nineteen cats (1.9-3.0 kg) were
used in these experiments. Cats were anesthetized with
pentobarbital sodium (35 mg/kg ip) supplemented at 5-
10 mg-kg™'-h™" as needed. After a ventral midline inci-
sion, the trachea was cannulated and animals were ven-
tilated with air and supplemental O,. Paralysis of skeletal
muscle was produced with gallamine triethiodide (5 mg/
kg). A catheter was inserted into a femoral artery and
advanced until the tip was in the thoracic aorta for
pressure measurement. A femoral vein was cannulated
for infusion of drugs. Catheters were placed in both
axillary arteries for withdrawal of reference blood sam-
ples during microsphere injection and into the left atrial
appendage for injection of microspheres. A ligature was
placed around the descending thoracic aorta below the
tip of the arterial catheter for partial aortic occlusion
(see Experimental protocol). Rectal temperature was con-
tinually monitored with a telethermometer and was
maintained between 37 and 38°C with a heating pad.

Measurement of cerebral blood flow. Cerebral blood flow
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was measured using radioactive microspheres (15 um)
labeled with either *6Sc, ®®Nb, 8°Sr, '3Sn, or *!Ce. After
vigorous shaking for several minutes, 0.4-1.6 X 10° mi-
crospheres were injected slowly (15-20 s) into the left
atrium, followed by a saline flush. Beginning 15 s before
injection of microspheres and continuing for 60 s after
the saline flush, reference arterial blood samples were
withdrawn from both axillary arteries at 1.03 ml/min.

At the end of the experiment, the animal was killed
with an intravenous injection of KCl, and the brain was
removed and placed in buffered Formalin for 1-3 days
before dissection into regional samples. Tissue samples
and reference arterial blood samples were counted using
a 3-in. Nal well-type gamma counter (Beckman 300).
Isotope separation was performed using standard tech-
niques (11). Cerebral blood flow (CBF; ml-min~*-100
g™') was calculated as CBF = (C, X 100 X Q,)/C,, where
Q;, is the reference sample flow rate and C, and C, are
counts in tissue and reference samples, respectively.

Measurement of pial artery pressure and venous pres-
sure. After insertion of all catheters, the animal was
placed in a head holder. A craniotomy was made to
expose vessels that supply either the cerebrum or the
brain stem as described previously (1, 7). In 11 cats, we
studied vessels that supply the cerebrum. In eight cats,
we studied vessels that supply the brain stem.

Among animals in which we studied the cerebrum, the
scalp and temporalis muscle were removed on the left
side. With the use of an air-cooled dental drill, a crani-
otomy was made over the parietal cortex. A dam made
of bone wax and equipped with inlet and outlet lines was
constructed around the craniotomy. Artificial cerebro-
spinal fluid (CSF) was equilibrated with gas mixtures,
warmed to 37°C, and continuously suffused over the
exposed portion of brain. The dura was incised with
ophthalmic scissors to expose pial vessels over the cere-
brum. A small burr hole was made over the midline, and
a 24-gauge catheter was inserted into the dorsal sagittal
sinus to measure venous pressure in the cerebrum.

Among cats in which we studied the brain stem, the
larynx and esophagus were retracted laterally and ros-
trally, and the muscle covering the basioccipital bone
was removed. A craniotomy was made in the base of the
skull between the tympanic bullae using an air-cooled
dental drill. With the use of inlet and outlet lines, arti-
ficial CSF was continually suffused over the exposed
portion of brain stem. The dura was incised with oph-
thalmic scissors to expose the ventral medulla. In both
groups of cats, CSF sampled from the craniotomy had a
Pco, of 42 + 1 mmHg, a Po, of 67 = 4 mmHg, and a pH
of 7.33 = 0.02.

Pial artery pressure (PAP) was measured using
sharpened micropipettes (2-5 um tip diameter) filled
with 1.5 M NaCl and coupled to a servo-null pressure-
measuring device (model 4A, Instruments for Physiology
and Medicine). The tip of the micropipette was inserted
into the lumen of pial arteries that supply the cerebrum
or medulla using a Leitz micromanipulator. Vessels were
observed using a trinocular stereomicroscope (Wild)
equipped with a television camera coupled to a video
monitor and video recorder. Vessel diameter was mea-
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sured using either an image analyzer or video monitor
and stage micrometer.

Experimental protocol. In one group of animals, we
measured PAP and venous pressure (sagittal sinus) in
the cerebrum. In the second group of animals, we mea-
sured PAP and venous pressure in a large surface vein
(268 * 58 um) on the ventral medulla. Similar-sized pial
arteries were selected in cerebrum and brain stem.

Moderate increases in systemic pressure in the upper
portion of the body were produced by partial aortic
occlusion. After release of partial aortic occlusion and
before induction of severe hypertension, systemic pres-
sure returned to control levels. Severe increases in sys-
temic pressure were produced using aortic occlusion in
combination with intravenous infusion of norepineph-
rine (5-10 wg/min). Regional CBF and arterial blood
gases were measured during normotension, after 1-2 min
of moderate hypertension, and after 1-2 min of severe
hypertension.

Large artery resistance was calculated as (aortic pres-
sure — PAP)/blood flow to either the cerebrum or me-
dulla. Small vessel resistance was calculated as (PAP —
venous pressure)/blood flow. Thus small vessel resist-
ance includes small pial arteries and arterioles, capillar-
ies, and venules.

Statistics. Statistical analysis was performed using
paired ¢ tests to compare control and intervention values.
An unpaired ¢ test was used to compare values between
different groups of animals (brain stem vs. cerebrum).
Bonferroni correction was used for multiple comparisons.
A P value <0.05 was considered significant.

RESULTS

Control conditions. During control conditions, blood
flow to the cerebrum and brain stem was similar in the
two groups of animals (Table 1). Pial artery diameter
was 164 * 10 in the cerebrum and 161 + 11 (SE) um in
the brain stem, but PAP was 20 mmHg higher in the
brain stem than the cerebrum (Table 1). Large artery
resistance (vessels >~160 um) was 47 + 4% of total
resistance in cerebrum and only 25 + 3% of total resist-
ance in brain stem (P < 0.05 vs. cerebrum). Thus resist-
ance of large arteries is a significant portion of total
resistance in both regions of the brain, but the relative
contribution to total resistance is greater in large arteries
that supply the cerebrum.

Responses to moderate hypertension. During moderate
hypertension, systemic pressure was increased by ~40
mmHg in both groups of animals (Fig. 1). Total vascular
resistance increased, and blood flow to both the cerebrum
and brain stem was maintained near control levels (Table
1).

In the cerebrum, resistance of both large and small
vessels increased during moderate hypertension, but the
increase in resistance was greater in small vessels (Fig.
2).

In the brain stem, large artery resistance decreased
significantly during moderate hypertension (Fig. 2). In
contrast to large arteries, resistance of small vessels in
the brain stem increased during moderate hypertension.
Thus, during moderate hypertension, large artery resist-
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TABLE 1. Effects of acute hypertension on cerebral blood flow and segmental resistances in cerebrum and brain stem

Cerebrum Brain Stem
Moderate Severe Moderate Severe
Control hypertension hypertension Control hypertension hypertension
Blood flow, ml-min™*-100 g™! 30+2 3442 101+18* 27+4 31+3 54+9*t
Aortic pressure, mmHg 89+6 133+4* 200+5* 93+7 134+5* 204+5*
Pial artery pressure, mmHg 517 81+5* 117+5* T1+67 113+£5*F 169+£6*1
Venous pressure, mmHg 41 5+1 17+4* 3+1 4+1 8+1*F
Resistance, mmHg-ml™! - min-100 g
Total 3.0+0.2 4.0+0.3* 2.2+0.3 3.9+0.5 4.6+0.5* 4.9+0.8*t
Large arteries 1.420.1 1.6£0.1* 0.9+0.1* 1.0£0.11 0.7+0.1*% 1.0+0.2
Small vessels 1.6+0.2 2.4+0.2* 1.3+0.2 2.940.41 3.9+0.4*t 3.940.6*t
Arterial Pco,, mmHg 311 321 33+2 30+1 30+1 29%1
Arterial PO,, mmHg 151+10 145+13 148+14 162+15 156+15 172+10
Arterial pH 7.35+0.01 7.32+0.02 7.27+0.02 7.36+0.02 7.3520.02 7.35+£0.02
n 11 11 8 8 8 8

Values are means *+ SE; n, no. of cats. * P < 0.05 vs. control. P < 0.05, brain stem vs. cerebrum.

sAortic Pressure aPial Pressure aFlow
(mmHg) (mmHg) (mlemin’' «100g™")
120 — 120 — 90
*
60 60 & a5 |- *
0 ...EL
Moderate  Severe Moderate  Severe Moderate  Severe

FIG. 1. Changes (A) in aortic pressure, pial artery pressure, and
blood flow in the cerebrum (open bars) and brain stem (closed bars)
during moderate and severe hypertension. Values are means + SE. * P
< 0.05, brain stem vs, cerebrum.

ALAR
(mmHg/miemin'+100g ™" )

ASVR
(mmHg/ mlemin"+100g ")

B B *
1.0 - 1.0
0 0
*
-10 = -1.0 =
Moderate Severe Moderate Severe

FIG. 2. Changes in large artery (ALAR) and small vessel resistance
(ASVR) in cerebrum (open bars) and brain stem (closed bars) during
moderate and severe hypertension. Values are means + SE. * P < 0.05,
brain stem vs. cerebrum.

ance is lower and small vessel resistance is higher in the
brain stem than in the cerebrum (Table 1).

Responses to severe hypertension. The autoregulatory
capacity of vessels that supply the cerebrum was ex-
ceeded during severe hypertension. Resistance of large
arteries decreased significantly and small vessel resist-
ance tended to decrease during severe hypertension (Ta-
ble 1). PAP on the cerebrum was more than twice the
normal level. Cerebral venous pressure also increased
significantly.

In contrast to the cerebrum, the autoregulatory capac-
ity of brain stem vessels was not exceeded during severe
hypertension. Resistance of large arteries was main-
tained at control levels and small vessel resistance in-
creased during severe hypertension (Fig. 2). Conse-
quently, the change in blood flow during severe hyper-
tension was less in brain stem than in cerebrum (Fig. 1).
PAP increased more in the brain stem than in the
cerebrum (Fig. 1). Venous pressure increased during se-
vere hypertension, but the increase was less than in the
cerebrum (Table 1).

Thus, during severe hypertension, resistance of large
and small vessels in cerebrum failed to increase. In
contrast, in the brain stem large artery resistance was
not changed and small vessel resistance increased.

DISCUSSION

There are three major new findings in the present
study. First, under control conditions, resistance of large
arteries is a more important determinant of blood flow
in the cerebrum than in the brain stem. Second, moderate
elevation of arterial pressure, within the range of auto-
regulation, increases resistance of both large and small
vessels in the cerebrum but exclusively small vessels in
the brain stem. Third, resistance of large and small
vessels in the cerebrum decreases during severe hyper-
tension. In contrast, resistance of small vessels increases
in the brain stem during severe hypertension.

Consideration of methods. In this study we used pen-
tobarbital for anesthesia and gallamine triethiodide for
paralysis. In previous studies, we observed a similar
pattern of regional differences in autoregulation during
severe hypertension in animals that received different
combinations of anesthesia and paralytic agents (chlor-
alose with gallamine and chloralose-urethan with deca-
methonium bromide) (2, 10). Thus vascular responses to
acute hypertension are comparable under different anes-
thesic regimens.

Norepinephrine was used to induce severe hyperten-
sion in this study. Intravascular infusion of norepineph-
rine has no direct effect on diameter of cerebral vessels
(12) and does not affect cerebral blood flow or resistance
of large or small cerebral vessels (16) when blood pressure
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is maintained constant. In addition, the pattern of
changes in regional cerebral blood flow during severe
hypertension induced by norepinephrine is similar to
those induced by angiotensin alone and by aortic occlu-
sion alone (2). Thus, in these studies, norepinephrine
appears to be an appropriate agent to induce acute hy-
pertension.

We have previously measured pial artery pressure and
cerebral blood flow and examined the regulation of seg-
mental resistance in the cerebrum (1, 16, 17) and the
brain stem (7). We have demonstrated that blood flow
to the region within the craniotomy responds normally
to vasoactive stimuli and that insertion of a micropipette
into a vessel does not impair the response of the region
supplied by that vessel (1, 7, 17).

In this study we calculated resistance of large and
small vessels from values for blood flow to the entire
cerebrum or medulla and pressure in a single pial artery.
This approach (using a global measurement of blood flow
and a local measurement of pressure) could reduce the
precision of our calculation of segmental resistance. We
have previously measured blood flow to the region per-
fused by the artery in which pressure was measured in
both the cerebrum and brain stem (7, 17). Blood flow to
this smaller region and the remainder of the cerebrum
or medulla was similar under a variety of conditions (1,
7, 17). Thus we suggest that this method provides a valid
estimate of segmental resistance in both the cerebrum
and brain stem.

Small vessel resistance was calculated from the de-
crease in pressure from pial artery to vein divided by
blood flow. Resistance of this segment includes the ef-
fects of both small precapillary vessels and postcapillary
vessels, so that changes in resistance in either of these
vascular segments may contribute to changes in small
vessel resistance. We measured venous pressure for the
cerebrum in the sagittal sinus and for the brain stem in
large pial veins on the surface of the ventral medulla.
Values for venous pressure were used in the calculation
of resistance of small vessels. If venous pressure had
been measured in a pial vein on the cerebrum that was
similar in size to that on the brain stem, the value for
venous pressure that we measured might have been
higher because these veins are smaller than the sagittal
sinus and they are upstream from the sinus. If the
increase in venous pressure in the cerebrum were greater
than the increase in pressure that we measured in the
sagittal sinus, the decrease in small vessel resistance
during severe hypertension would be even greater than
calculated. Thus measurement of pressure in different-
sized veins in cerebrum and brain stem would not alter
our conclusions about responses of small vessels during
hypertension.

Segmental resistance under control conditions. Pressure
in pial arteries ~160 um in diameter on the cerebrum
averaged 55% of aortic pressure in this study. This
finding indicates that almost half of total resistance in
the circulation to the cerebrum resides in large arteries
>160 um. In similar-sized arteries on the brain stem, pial
artery pressure was higher than in the cerebrum, and
resistance of large arteries was only 25% of total resist-
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ance. These measurements suggest important regional
differences in the distribution of vascular resistance be-
tween large and small vessels in the cerebral circulation.
Both the relative caliber and the length of large arteries
upstream from the point of measurement of microvas-
cular pressure may contribute to differences in large
artery resistance in cerebrum and brain stem.

Segmental vascular responses to moderate hyperten-
sion. When aortic pressure was increased from ~90 to
130 mmHg, both large and small vessels that supply the
cerebrum constricted and contributed to the increase in
total resistance. Kontos et al. (12) have emphasized the
contribution of large arteries to autoregulation of blood
flow to cerebrum during somewhat greater increases in
aortic pressure.

In the brain stem circulation, resistance of large arter-
ies decreased during moderate hypertension, which in-
dicates that this vascular segment dilated passively in
response to the increase in pressure. Constriction of
small vessels in the brain stem accounted for the entire
increase in vascular resistance. Our initial hypothesis
was that large arteries in the brain stem constrict in
response to increases in systemic pressure and thus at-
tenuate increases in arteriolar pressure. Instead, passive
dilatation of large arteries resulted in greater transmis-
sion of pressure to the pial circulation of the brain stem.
Thus, with the same increase in aortic pressure, pial
artery pressure increased more in the brain stem than in
the cerebrum.

Segmental vascular responses to severe hypertension.
During severe hypertension, PAP was 50 mmHg higher
in the brain stem than in the cerebrum. These results
suggest that attenuation of increases in microvascular
pressure by constriction of large arteries is not a mech-
anism that accounts for more effective autoregulation in
the brain stem during acute hypertension.

It is unlikely that neural mechanisms could account
for regional differences in autoregulation under the con-
ditions of these studies. Activation of sympathetic nerves
attenuates increases in blood flow during acute hyperten-
sion (6, 10). If sympathetic tone were withdrawn during
severe hypertension, predominantly in the cerebrum,
then increases in blood flow could be greater to the
cerebrum than to the brain stem. However, there appears
to be little if any resting tone of sympathetic nerves on
cerebral vessels (10). The alternative neural mechanism,
activation of a dilator pathway to the cerebrum, seems
unlikely but cannot be excluded.

One mechanism that might contribute to regional var-
iations in autoregulation is regional differences in my-
ogenic responses of cerebral vessels to increases in pres-
sure. Myogenic responses have been observed in isolated
cerebral vessels (3) and in pial arteries on the cerebrum
(5, 18). We are not aware of any data that suggest that
there are regional differences in myogenic responses of
blood vessels in the brain. We speculate that myogenic
mechanisms may be more effective in small vessels in
the brain stem, which constrict during severe hyperten-
sion, than in small vessels of the cerebrum, which dilated
passively in response to the same increase in systemic
pressure.
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Metabolic mechanisms appear to play an important
role in autoregulatory responses of cerebral vessels (19).
Regional differences in metabolism have been observed
during acute hypotension (15). It is possible that regional
differences in metabolism may contribute to heteroge-
nous changes in cerebral blood flow during acute hyper-
tension.

A third mechanism that may account for regional
differences in autoregulation relates to the vasomotor
tone of small vessels in the brain stem. Small vessel
resistance is greater in the brain stem than the cerebrum
under control conditions, which suggests that these ves-
sels are constricted and have smaller diameters compared
with small vessels in the cerebrum, or that there are
fewer vessels in the brain stem. Considering the first
possibility, the law of LaPlace (wall tension = transmural
pressure X radius) predicts that, with a smaller resting
radius, a smaller increase in tension is required for a
small vessel in the brain stem to withstand the same
increase in pressure. If small vessels in the cerebrum
have a greater resting diameter, they would have to
constrict more vigorously in response to the same in-
crease in pressure to maintain normal levels of blood
flow. A similar difference in resting vasomotor tone has
been proposed to explain differences in autoregulation
in the subendocardium and subepicardium during acute
hypertension (4). The second possibility, that there are
fewer vessels in the brain stem, seems unlikely because
maximal dilator capacity is not impaired (2).

Small vessels are exposed to higher levels of arteriolar
pressure under normal conditions in the brain stem than
in the cerebrum, and thus vessels in the brain stem may
be hypertrophied compared with vessels in the cerebrum.
Such a structural change would enhance the ability of
the vessel to constrict, but also would impair its ability
to dilate if the hypertrophy encroached on the lumen (8).
Hypertrophy with encroachment on the vessel lumen
does not seem likely, because dilator responses to hyper-
capnia are similar in cerebrum and brain stem (2).

Functional implications. The available data support
our initial hypothesis that chronic elevation of arteriolar
pressure may lead to altered autoregulatory responses of
small vessels in the brain stem. As discussed above, we
speculate that an increase in smooth muscle mass in
vessels of the brain stem may occur but may not encroach
on the vessel lumen. Such nonencroaching hypertrophy
may allow selective increases in effectiveness of autoreg-
ulation during increases in arterial pressure, by facilitat-
ing vasoconstriction, without impairment of vasodilator
responses. Our data indicate that small vessels in the
brain stem autoregulate more effectively than small ves-
sels in the cerebrum during acute hypertension. More
effective autoregulation in the brain stem appears to be
a mechanism that protects the blood-brain barrier from
disruption during acute hypertension (13).
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