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Abstract

Increasing evidence indicates that cerebrovascular compliance contributes to the dynamic regulation of cerebral blood flow but
the mechanisms regulating cerebrovascular compliance in humans are unknown. This retrospective study investigated the
impact of neural, endothelial, and myogenic mechanisms on the regulation of vascular compliance in the cerebral vascular bed
compared with the forearm vascular bed. An index of vascular compliance (Ci) was assessed using a Windkessel model applied
to blood pressure waveforms (finger photoplethysmography) and corresponding middle cerebral artery blood velocity or brachial
artery blood velocity waveforms (Doppler ultrasound). Data were analyzed during a 5-min baseline period (10 waveforms) under
control conditions and during distinct sympathetic blockade (experiment 1, phentolamine; 10 adults), cholinergic blockade (experi-
ment 2, glycopyrrolate; 9 adults), and myogenic blockade (experiment 3, nicardipine; 14 adults). In experiment 1, phentolamine
increased Ci similarly in the cerebral vascular bed (131 ± 135%) and forearm vascular bed (93 ± 75%; P = 0.45). In experiment 2,
glycopyrrolate increased cerebrovascular Ci (72 ± 61%) and forearm vascular Ci (74 ± 64%) to a similar extent (P = 0.88). In experi-
ment 3, nicardipine increased Ci but to a greater extent in the cerebral vascular bed (88 ± 88%) than forearm vascular bed (20 ±
45%; P = 0.01). Therefore, adrenergic, cholinergic, and myogenic mechanisms contribute to the regulation of cerebrovascular
and forearm vascular compliance. However, myogenic mechanisms appear to exert more specific control over vascular compli-
ance in the brain relative to the forearm.

NEW & NOTEWORTHY Vascular compliance represents an important determinant in the dynamics and regulation of blood flow
through a vascular bed. However, the mechanisms that regulate vascular compliance remain poorly understood. This study
examined the impact of neural, endothelial, and myogenic mechanisms on cerebrovascular compliance compared with forearm
vascular compliance. Distinct pharmacological blockade of a-adrenergic, endothelial muscarinic, and myogenic inputs altered
cerebrovascular and forearm vascular compliance. These results further our understanding of vascular control and blood flow
regulation in the brain.

glycopyrrolate; nicardipine; phentolamine; vascular compliance; vascular resistance

INTRODUCTION

A combination of steady-state and pulsatile flow mechanics
is involved in the control of blood flow through a vascular bed
(1). The human cerebral circulation requires precise regulation
of blood flow to ensure adequate perfusion and oxygen deliv-
ery while defending against microvasculature damage caused
by unduly high blood pressure (BP). Historically, studies inves-
tigating cerebral blood flow regulation in humans have focused

on modifications to vascular resistance, which affects the
steady component of flow (1). The importance of considering
vascular compliance in cerebrovascular adjustments was first
recognized through the use of Windkessel models, incorporat-
ing both vascular resistance and compliance, whichmore accu-
rately described cerebral blood velocity responses during BP
alterations compared with single-resistance models (2) or BP
alone (3). Using a modified Windkessel approach, our recent
investigation demonstrated that increases in cerebrovascular
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compliance contributed to the preservation of systolic blood
velocity during transient reductions in BP (4). However, the
mechanisms governing cerebrovascular compliance and the
pulsatile component of cerebral blood flow remain unstudied.

In contrast, the mechanisms governing vascular compli-
ance in the peripheral circulation have been explored
including neural and myogenic inputs. For example, sym-
pathoexcitation by lower body negative pressure and a
cold pressor test, reduced forearm vascular compliance
while elevation of the arm above the heart, changing fore-
arm perfusion pressure and eliciting myogenic responses,
produced an increase in forearm vascular compliance (1).
Furthermore, phentolamine infusion increased forearm
vascular compliance when the arm was elevated above the
heart but not when the arm was below the heart, suggest-
ing a dominant impact of myogenic regulation over vascu-
lar compliance in the forearm vascular bed (5). These
studies suggest that processes affecting vascular contract-
ile state inversely affect vascular compliance.

Studies regarding vascular compliance in the forearmmay
not translate well to the brain because of the difference in
baseline contractile state, neural innervation, and intracra-
nial pressure. Specifically, relative to the forearm, the cere-
bral vascular bed is chronically dilated, the impact of
adrenergic sympathetic neural innervation differs, and the
rigid cranium produces a state of elevated extramural pres-
sure for the brain’s circulation. These conditions are
expected to influence the stiffness of the cerebral vascular
bed relative to the peripheral vascular bed. Therefore, this
study aimed to gain new insight to the mechanisms govern-
ing cerebrovascular compliance by comparing the mecha-
nisms regulating vascular compliance in the cerebral and
forearm vascular beds.

The present study used a pharmacological approach to
study the impact of neural, endothelial, and myogenic
mechanisms on cerebrovascular compliance. Specifically,
we examined the impact of a-adrenergic receptors, endothe-
lial muscarinic receptors, and vascular smooth muscle cal-
cium (Ca2þ ) channels (involved in the myogenic response)
on vascular compliance in healthy humans. We applied a
Windkessel modeling approach to calculate cerebrovascular
and forearm vascular compliance under control conditions
and during distinct drug infusions of phentolamine (nonse-
lective a-adrenergic receptor blockade), glycopyrrolate (en-
dothelial muscarinic receptor blockade), and nicardipine
(vascular smoothmuscle Ca2þ channel blockade). On the ba-
sis that vascular contractile state can limit the expression of
vascular compliance, the present study tested the hypothesis
that sympathetic blockade would increase cerebrovascular
compliance because of smooth muscle cell relaxation. On
the basis that endothelial muscarinic receptors exert a vaso-
dilatory effect, the present study tested the hypothesis that
cholinergic blockade would reduce cerebrovascular compli-
ance because of greater smooth muscle cell activation. On
the basis that vascular smooth muscle Ca2þ channels are
involved in myogenic responses; the present study tested
the hypotheses that their blockade would increase cerebro-
vascular compliance through smooth muscle cell relaxation.
Concurrent measures in the forearm assessed the systemic
versus localized cerebral effects of these pharmacological
agents.

MATERIALS AND METHODS

The present study involves retrospective analysis of data
derived from three experiments separately performed and
previously reported (6–8).

Ethical Approval

The studies were approved by the Institutional Review
Boards of the Hebrew Rehabilitation Center for Aged and
Spaulding Rehabilitation Hospital. The studies conformed to
the standards of the Declaration of Helsinki, and partici-
pants provided written informed consent.

Participants

Experiment 1 was performed in 11 healthy adults aged 21–
40 yr (4 females). Experiment 2 was performed nine healthy
adults aged 21–30 yr (5 females). Experiment 3 was per-
formed in 16 healthy adults aged 21–30 yr (7 females). Before
all experiments, participants were asked to abstain from caf-
feine consumption for at least 12 h, alcohol consumption for
at least 24 h, and physical exercise for at least 24 h.

Experimental Protocol

As previously reported (6–8), participants were instru-
mented with an electrocardiogram (lead II; Dash 2000, GE
Medical Systems, Waukesha, WI) to measure heart rate (HR),
a finger photoplethysmograph (Portapres, Ohmeda, Finapres
Medical Systems, Enschede, The Netherlands) to measure ar-
terial blood pressure (BP), Doppler ultrasound (MultiDop T2,
DWL Elektronische Systeme, Singen, Germany) to measure
peak middle cerebral artery blood velocity (MCAv; 2 MHz
probe) and mean brachial artery blood velocity (BAv; 4 MHz
probe), and a nasal cannula tomeasure end-tidal carbon diox-
ide partial pressures (PETCO2 ; infrared CO2 analyzer, Model
17515, VacuMed, Ventura, CA). All signals were collected and
stored for offline analysis with data acquisition systems
(Windaq, DATAQ Instruments, Akron, OH, for experiment 1
and PowerLab, ADInstruments, Colorado Springs, CO, for
Experiments 2 and 3). A 20-guage catheter was inserted into
an antecubital vein for drug infusion.

The protocol involved 5 min of supine baseline under con-
trol conditions and following drug infusion. In experiment 1, a
0.14 μg/kg bolus followed by a 0.014 μg/kg/min infusion of
phentolamine adequately blocks a-adrenergic effects on the
vasculature and reduces total peripheral resistance (9). In
experiment 2, stepwise infusions of 0.2 mg glycopyrrolate
over 20–30 min to achieve a target HR > 100 beats/min, sug-
gesting adequate cerebral endothelial muscarinic receptor
blockade (10). In experiment 3, a 3-mg bolus infusion of nicar-
dipine hydrochloride over 8–10 min to block L-type calcium
channels on the vasculature. This represents an overall mod-
est clinical dose for acute outcomes and similar doses of nicar-
dipine reducedmean arterial pressure in humans (11, 12).

Data Analysis

Analysis was completed on n = 10 participants (4 females)
for experiment 1, n = 9 participants (5 females) for experiment
2, and n = 14 participants (6 females) for experiment 3. A total
of three participants were excluded from analysis (n = 1 in
experiment 1, n = 2 in experiment 3) as they did notmeet signal
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quality required for the analysis. Analysis was completed on a
selection of 10 cardiac cycles during steady-state conditions of
both the control and drug infusion periods. The individual BP
and corresponding MCAv and BAv waveforms were extracted
in an alternating pattern (i.e., every second cardiac cycle) to
capture 4 ± 1 respiratory cycles. Previously, we have shown
strong reproducibility between separate baseline selections
using 10 cardiac cycles (4). To account for temporal delays
between pressure pulse arrival at the brachial andmiddle cere-
bral arteries, the BP waveform was shifted to align with the
foot of the corresponding MCAv waveform before extraction.
Once extracted, the waveforms were input into a four element
lumped parameter modified Windkessel model (custom soft-
ware, previously described in detail) (13). For each beat
extracted, the model calculated an index of cerebrovascular
compliance (Ci) and forearm vascular Ci. Previously, using a
similar analytical approach, we demonstrated strong reprodu-
cibility between baseline conditions separated by 5–10min (4).
In addition, an index of vascular resistance (Ri) was calculated
for the cerebral and forearm vascular beds as the quotient of
mean BP over mean MCAv and BAv, respectively. For each
beat extracted and input into the model, additional hemody-
namic measures were analyzed, including HR, systolic BP
(SBP), diastolic BP (DBP), pulse pressure (PP), systolic MCAv,
diastolic MCAv, systolic BAv, and diastolic BAv. For each mea-
sure, averages were calculated across the 10 values at baseline.
PETCO2 was assessed for the selection of beats analyzed.

Statistical Analysis

A two-way repeated-measures ANOVA evaluated the effect
of drug infusions (control vs. drug) and vascular bed (cerebral
vs. forearm) on Ci and Ri. Post hoc paired t tests were per-
formed to evaluate simple main effects of drug in each vascu-
lar bed. Paired t tests evaluated differences in the absolute
and percent change in Ci between the cerebral and forearm
vascular beds. The agreement of change in Ci with each drug
between the cerebral vascular and forearm vascular beds was
evaluated by Pearson’s product moment correlations or
Spearman’s correlations where noted. Paired t tests evaluated

the effect of drug infusions (control vs. drug) on hemody-
namic variables and PETCO2 . Outliers were identified using the
ROUT method. Outliers did not affect statistical results and
therefore were included in statistical analysis. Statistical analy-
ses were performed using SPSS Statistics 25 (SPSS, Chicago, IL)
and GraphPad Prism 9 (GraphPad Software, San Diego, CA).
Effect sizes were calculated with G�Power 3.0.10 (14).
Statistical significance was defined as P < 0.05, and data are
presented asmeans (SD).

RESULTS

Figure 1 displays representative systemic BP, BAv, and
MCAv before and during drug infusions in experiment 1 (Fig.
1A; phentolamine), experiment 2 (Fig. 1B; glycopyrrolate),
and experiment 3 (Fig. 1C; nicardipine).

The Effect of Vascular Bed on Compliance and
Resistance during Control Conditions

When considering data from the control conditions (i.e.,
before drug infusion) in experiments 1, 2, and 3, there was a
significant effect of vascular bed on vascular Ci and Ri.
Forearm vascular Ci was four to five times greater than cere-
brovascular Ci (vascular bed, P < 0.001 in all experiments;
Figs. 2A, 4A, and 6A) and forearm vascular Ri was 13–24
times greater than cerebrovascular Ri (vascular bed, P <
0.001 in all experiments; Figs. 3, 5, and 7).

Experiment 1: Sympathetic Blockade with Phentolamine

Phentolamine infusion increased Ci in both the cerebral
and forearm sites (drug, P < 0.001; vascular bed, P < 0.001;
and drug-by-vascular bed interaction, P = 0.053; Fig. 2A).
When compared with the control condition, phentolamine
increased Ci in the cerebral vascular bed (Ppost hoc = 0.01, d =
1.1) and forearm vascular bed (Ppost hoc = 0.01, d = 1.0). The
absolute increase in Ci during phentolamine infusion was
not different between the two vascular beds (cerebral vascu-
lar bed, D 3.8e�4 ± 3.6e�4 cm/s/mmHg; and forearm vascular
bed, D 11.5e�4 ± 11.2e�4 cm/s/mmHg; P = 0.08, d = 0.8).
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Figure 1. Representative blood pressure (BP), brachial artery blood velocity (BAv), and middle cerebral artery blood velocity (MCAv) waveforms from one
individual in experiment 1 (A; phentolamine infusion), experiment 2 (B; glycopyrrolate infusion), and experiment 3 (C; nicardipine infusion).
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Phentolamine infusion increased Ci by 131 ± 135% in the cere-
bral vascular bed and 93 ± 75% in the forearm vascular bed
(P = 0.45; Fig. 2B). The increase in cerebrovascular Ci during
phentolamine infusion was not related to the increase in
forearm vascular Ci when assessed with absolute change
(Pearson’s correlation, P = 0.62) or percent change (Pearson’s
correlation, P = 0.98).

When compared with the control condition, phentola-
mine differentially affected Ri by vascular bed (drug, P =
0.004; vascular bed, P < 0.001; and drug-by-vascular bed
interaction, P = 0.004; Fig. 3). When compared with the
control condition, forearm vascular Ri was reduced during
phentolamine infusion (Ppost hoc = 0.01, d = 1.0) whereas
cerebrovascular Ri remained unchanged (Ppost hoc = 0.64,
d = 0.1). Phentolamine infusion did not affect mean BP (P =
0.20; Table 1) or PP (P = 0.51; Table 1), yet a large increase
in HR was observed (Table 1). Phentolamine infusion did
not impact PETCO2 (control, 37 ± 4 mmHg; and phentola-
mine, 35 ± 5 mmHg; P = 0.40).

Experiment 2: Cholinergic Blockade with Glycopyrrolate

When compared with the control condition, glycopyrrolate
increased Ci though its affect differed by vascular bed (drug, P =
0.001; vascular bed, P < 0.001; and drug-by-vascular bed inter-
action,P =0.01; Fig. 4A). Glycopyrrolate increased cerebrovascu-
lar Ci (Ppost hoc = 0.04, d = 1.1) and forearm vascular Ci (Ppost hoc =
0.01, d = 1.2) but the absolute change in Ci between control con-
ditions and glycopyrrolate infusion was greater in the forearm
vasculature compared with the cerebral vasculature (D 8.5e�4 ±
7.4e�4 vs. D 1.4e�4 ± 1.3e�4 cm/s/mmHg; P = 0.01). However,
given the difference in control Ci between the cerebral vascular
bed (2.8e�4 ± 1.4e�4 cm/s/mmHg) and the forearm vascular bed
(12.2e�4 ± 2.8e�4 cm/s/mmHg; P < 0.001), the percent change
was not different between the vascular beds (brain, 72 ± 61%;
and arm, 74 ± 64%; P = 0.88; Fig. 4B). Furthermore, the absolute
change in cerebrovascular Ci was positively associated with the
absolute change in forearm vascular Ci (Spearman’s correlation,
P = 0.02, r = 0.77). A similar relationship was observed with the
percent change in Ci between the cerebral and forearm vascular
beds (Pearson’s correlation, P = 0.01, r = 0.78).

Glycopyrrolate infusion did not affect cerebrovascular or
forearm vascular Ri (drug, P = 0.25; vascular bed, P < 0.001;
and drug-by-vascular bed interaction, P = 0.22; Fig. 5).
During glycopyrrolate infusion, mean BP was increased (P =
0.03; Table 1) whereas PP was decreased (P = 0.01; Table 1). A
significant relationship was observed between the change in
PP and the change in Ci (brain, P = 0.003, r = �0.86; and
arm, P = 0.02, r = �0.77). A marked increase in HR was also
observed following glycopyrrolate infusion (Table 1).
Notably, glycopyrrolate did not affect PETCO2 (control, 38 ± 5
mmHg; and glycopyrrolate, 37 ± 7mmHg; P = 0.09).

Experiment 3:Myogenic Blockade with Nicardipine

When compared with the control condition, nicardipine
infusion increased Ci in both vascular beds (drug, P = 0.02;
vascular bed, P< 0.001; and drug-by-vascular bed interaction,
P = 0.78; Fig. 6A). The absolute change in Ci between control
conditions and nicardipine infusion was not different
between the cerebral vascular bed (D2.1e�4 ± 2.2e�4 cm/s/
mmHg) and forearm vascular bed (D1.6e�4 ± 4.8e�4 cm/s/
mmHg; P = 0.76). However, the percent increase in Ci with ni-
cardipine was greater in the cerebral vascular bed (88 ± 88%)
compared with the forearm vascular bed (20 ± 45%; P = 0.01;
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Fig. 6B), and there was no relationship between the percent
increase in the two vascular beds (Pearson’s correlation, P =
0.35). This was also true when evaluating the relationship
between the absolute change in cerebrovascular Ci and the
absolute change in forearm vascular Ci (Pearson’s correlation,
P = 0.89). In addition, as further support for differential effects
of nicardipine on cerebrovascular Ci and forearm vascular Ci,
post hoc analysis of simple main effects revealed a significant
increase in cerebrovascular Ci (Ppost hoc = 0.002) but no change
in forearm vascular Ci (Ppost hoc = 0.23) with nicardipine.

Nicardipine infusion did not alter cerebrovascular or fore-
arm vascular Ri (drug, P = 0.92; vascular bed, P < 0.001; and

drug-by-vascular bed interaction, P = 0.84; Fig. 7). Mean BP
and PP were not altered with nicardipine infusion (mean BP,
P = 0.69; and PP, P > 0.99; Table 1), but an increase in HR
was observed (Table 1). PETCO2 was not impacted by nicardi-
pine infusion (control, 36 ± 4 mmHg; and nicardipine, 35 ± 4
mmHg; P = 0.33).

DISCUSSION

There are four major findings of the present study. First,
across all three experiments, Ci was four- to fivefold
greater in the forearm vascular bed than the cerebral vas-
cular bed during control conditions. Second, nonselective
a-adrenergic blockade with phentolamine increased Ci

similarly in the cerebral and forearm vascular beds. Third,
endothelial muscarinic receptor blockade with glycopyrro-
late produced similar effects on cerebrovascular Ci and
forearm vascular Ci. Fourth, blockade of L-type Ca2þ chan-
nels with nicardipine induced a significant increase in
cerebrovascular Ci but no difference in forearm vascular
Ci. Therefore, these data suggest that cerebrovascular Ci

is affected by a-adrenergic, endothelial, and myogenic
mechanisms with regionally specific differences of L-type
Ca2þ channels.

Factors Affecting Vascular Compliance

A few key factors should be considered when interpret-
ing the findings from this study. The load-bearing func-
tion of elastin is greater at low pressures or unstretched
vessels, producing highly compliant conditions, whereas
collagen exerts proportionately greater support of wall
tension with progressive distension leading to a curvilin-
ear relationship between pressure and diameter (15–17).
Also, the active contractile element of smooth muscle cells
affects wall tension regardless of pressure and vessel di-
ameter (17, 18). For example, sympathoexcitation reduced
vascular compliance (1, 5, 19–21) whereas sympathoinhibi-
tory conditions of brachial plexus blockade or radial artery
denervation increased vascular compliance (22–24) in
human peripheral conduit arteries. However, the original
state of vessel dilationmay affect the impact of modifying the
contractile element on vascular compliance. In this scenario,
the low compliance of a dilated vascular segment, due to

Table 1. Hemodynamic variables under control condi-
tions and during drug infusion in all three experiments

Control Drug Infusion P Value

Experiment 1 - phentolamine
MAP, mmHg 94 (9) 90 (11) 0.20
SBP, mmHg 134 (18) 129 (22) 0.07
DBP, mmHg 77 (8) 74 (10) 0.34
PP, mmHg 57 (12) 55 (18) 0.51
HR, beats/min 60 (10) 75 (12) <0.001
Mean MCAv, cm/s 79 (21) 75 (17) 0.28
Mean BAv, cm/s 4 (2) 7 (3) 0.003

Experiment 2 - glycopyrrolate
MAP, mmHg 85 (6) 96 (11) 0.03
SBP, mmHg 124 (9) 127 (11) 0.57
DBP, mmHg 68 (6) 82 (11) 0.01
PP, mmHg 56 (9) 45 (5) 0.01
HR, beats/min 66 (10) 103 (7) <0.001
Mean MCAv, cm/s 66 (7) 66 (8) 0.68
Mean BAv, cm/s 5 (2) 6 (2) 0.25

Experiment 3 - nicardipine
MAP, mmHg 82 (11) 81 (12) 0.69
SBP, mmHg 116 (14) 115 (14) 0.84
DBP, mmHg 67 (10) 66 (11) 0.75
PP, mmHg 49 (9) 49 (10) >0.99
HR, beats/min 58 (8) 70 (11) <0.001
Mean MCAv, cm/s 54 (13) 51 (15) 0.01
Mean BAv, cm/s 5 (2) 5 (3) 0.78

Values are means (SD); n, number of participants: n = 10 (4 females)
in experiment 1, n = 9 (5 females) in experiment 2, and n = 14 (6 females)
in experiment 3. BAv, brachial artery blood velocity; DBP, diastolic
blood pressure; HR, heart rate; MAP, mean arterial pressure; MCAv,
middle cerebral artery blood velocity; PP, pulse pressure; SBP, systolic
blood pressure. Boldface indicates significance.
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collagen supporting wall tension, may be reversed by actively
constricting this segment and reducing circumferential wall
length so that elastinmay support wall tension (18).

Effect of Vascular Bed under Control Conditions

In all three experiments, performed in the supine posture,
forearm vascular Ci was four- to fivefold greater than cere-
bral vascular Ci during control conditions. This may be
expected based on several factors. For example, compared
with systemic arteries, the cerebral arteries lack an external
elastic lamina and exhibit fewer elastic fibers in the tunica
media (25). Also, intracranial pressure (ICP) uniquely affects
cerebrovascular Ci whereby the pressurized cranium restricts
the cerebral vessels from expressing their elasticity in the
supine posture (13). Furthermore, compared with the fore-
arm vascular bed, the cerebral arteries exist in a highly
dilated state at baseline where collagen may predominate
over elastin in supporting wall tension (18). As expected
(26), given the differences in vascular contractile state at
baseline, Ri was greater in the forearm than the cerebral
vascular bed.

Sympathetic Blockade with Phentolamine

The present finding of increased Ci following phentol-
amine infusion supports the hypothesis that a-adrener-
gic mechanisms regulate human vascular compliance.
Phentolamine increased Ci to a similar extent in the cere-
bral and forearm vascular beds. Since activation of
smooth muscle cells reduces vascular Ci at a given diam-
eter (1, 5, 19–21), we speculate that the augmented Ci with
phentolamine relates to relaxation of smooth muscle
cells following a-adrenergic receptor blockade. This ob-
servation aligns with previous reports of increased
brachial or radial vascular compliance following brachial
plexus blockade or radial artery denervation in humans
(22–24). We anticipate that the large cerebral arteries
contributed importantly to this outcome given the rela-
tively larger sympathetic innervation of the intracranial
arteries than parenchymal segments (27).

Importantly, phentolamine increased Ci similarly in the
cerebral and forearm vascular beds while exerting differen-
tial effects on Ri. Cerebrovascular Ri was unaltered following
phentolamine infusion, supporting earlier observations in
pigs (28, 29). The present finding of unaltered cerebrovascu-
lar Ri and increased cerebrovascular Ci aligns with previous
reports where brachial plexus blockade or radial artery de-
nervation did not alter vessel diameter yet increased vascu-
lar compliance (22–24). In contrast to the cerebral vascular
bed, phentolamine imposed large reductions in forearm vas-
cular Ri in the present study in line with earlier reports (9).
The finding of reduced forearm vascular Ri and increased
forearm vascularCi aligns with a previous report where nitro-
glycerin administration concomitantly increased brachial ar-
tery cross-sectional area and compliance (21). Importantly,
these data suggest that sympathetic inputs differentially affect
vascular mechanics (compliance vs. resistance) between the
two vascular beds.

Passive pressure-dependent mechanisms, such as changes
to intra-arterial or extravascular pressure must be considered
to explain the current observations. However, phentolamine
augmented Ci in both vascular beds independent of changes
in mean BP and PP. Also, specific to the brain, earlier studies
suggest that phentolamine infusion in healthy adults did not
affect ICP (30). Therefore, the current changes in Ci are not
explained by changes in the transmural pressure gradient.
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Cholinergic Blockade with Glycopyrrolate

The present finding of augmented Ci following glycopyrro-
late supports a role for endothelial muscarinic mechanisms
in the regulation of vascular compliance. Although glycopyr-
rolate imposed a larger absolute increase in forearm vascular
Ci than cerebral vascular Ci, this effect was not present when
examining changes relative to control Ci. Also, the change in
Ci, whether absolute or relative, was positively related
between the two vascular beds providing further support
that glycopyrrolate imposed similar effects on cerebrovascu-
lar and forearm vascular Ci. The present observation con-
trasts with the hypothesis that glycopyrrolate would reduce
Ci. This hypothesis was formed on the basis that endothelial
muscarinic receptors elicit vasodilation through smooth
muscle relaxation and by blocking these receptors, glycopyr-
rolate would produce smooth muscle activation, reducing
vascular compliance at a given diameter.

The mechanisms mediating this outcome are not clear.
The changes in vascular Ci with glycopyrrolate were inde-
pendent of any changes in vascular Ri. Furthermore, glyco-
pyrrolate does not cross the blood-brain barrier (31)
suggesting the outcomes related to glycopyrrolate’s blockade
of muscarinic receptors are independent of effects on the
central nervous system. Furthermore, through its effects on
muscarinic receptor subtypes M1 to M5 (32), glycopyrrolate
can affect the action of acetylcholine on the heart (M2), in
addition to endothelial muscarinic receptors (M3). However,
the rise in heart rate would be expected to reduce Ci (33, 34),
not the increase observed here.

However, pressure-related mechanismsmay have contrib-
uted to the increased Ci during glycopyrrolate infusion.
When compared with control conditions, glycopyrrolate
infusion increased mean BP, as previously observed (10, 35),
due largely to elevated diastolic BP that, in turn, produced a
reduction in PP. Based on the curvilinear pressure-diameter
relationship, it can be assumed that glycopyrrolate caused a
compression of the pressure-diameter curve to higher

diastolic but similar systolic pressure. In this scenario, the
calculated Ci could be affected by the compressed oscillatory
pressure and the steeper rise in pressure and flow at the
onset of systole, but confirmation of this speculation
requires additional study.

Myogenic Blockade with Nicardipine

The increase in Ci during nicardipine infusion supports
the hypothesis that a mechanism related to L-type Ca2þ

channels regulate human vascular compliance. Although ni-
cardipine produced similar absolute increases in Ci between
the cerebral and forearm vascular beds, the percent increase
in Ci was larger in the cerebral vascular bed than the forearm
vascular bed. Also, the increase in Ci was not related between
the two vascular beds whether assessed as the absolute or
percent increase. Therefore, the greater increase in cerebro-
vascular Ci compared with forearm vascular Ci suggests a
greater sensitivity to L-type Ca2þ channels (myogenic mech-
anisms) in the brain’s circulation.

Nicardipine infusion did not alter Ri in the present
study. This observation was unexpected as nicardipine
reduces systemic vascular resistance and BP in hyperten-
sive populations (36–38). In addition, studies investigating
the cerebral vascular bed have demonstrated vasodilation
of the cerebral arteries following nicardipine infusion in
patients with cerebral vasospasm (39) or in healthy older
men (40). However, studies in younger, healthy adults
report increased plasma norepinephrine (41, 42) and vaso-
constriction of the cerebral vascular bed (43) following
nicardipine infusion. Thus, although speculative, the he-
modynamic observations herein may be due to modest
dose of nicardipine in the present study (3 mg infused over
8–10 min) and concurrent reflexive autonomic adjust-
ments to defend blood pressure. Nonetheless, it is possible
that nicardipine, through its mechanism to relax smooth
muscle cells, imposed an increase in vascular Ci without
any changes to vascular Ri as has been demonstrated in
previous studies where smooth muscle relaxation did not
affect vessel diameter but did increase vascular compli-
ance (22–24).

Pressure-related mechanisms, such as changes to intra-
arterial or extravascular pressure, are not expected to have
contributed to the increase in Ci with nicardipine infusion
as mean BP and PP were not altered. Previous literature
regarding ICP during nicardipine administration have pro-
duced conflicting results with some studies showing no
change in ICP (40, 44, 45), and others showing an increase
or decrease in ICP (39, 46). Although reductions in ICP
may have contributed to the present results, given the
highly variable ICP response to nicardipine, we suspect
the effect likely would have been small. Despite these
uncertainties, the current results point to a myogenic
mechanism that operates with high sensitivity within the
cerebrovascular bed to regulate Ci.

Methodological Considerations

First, all drug interventions increased HR which reduces
vascular elasticity (33, 34). Therefore, in the current ob-
servation of increased Ci despite concurrent tachycardia,
the impact of a-adrenergic, endothelial muscarinic and

0

25

50

R
i(

m
m

H
g/

cm
-1

/s
-1

)

Brain Control
Brain Nicardipine
Arm Control
Arm Nicardipine

0

2

4

Drug: P = 0.915
Vascular Bed: P < 0.001
Interaction: P = 0.843

Brain Arm

Figure 7. Vascular resistance (Ri) in the cerebral vascular bed and forearm
vascular bed before (control) and after nicardipine infusion (nicardipine)
under baseline conditions. Inset: cerebrovascular Ri shown on a smaller
scale. Means (SD) (error bars) and individual data (solid lines) are pre-
sented. A two-way repeated-measures ANOVA examined the effect of
drug (control vs. nicardipine) and vascular bed (cerebral vs. forearm) on Ri

(n = 14, 6 females).

REGIONAL REGULATION OF VASCULAR COMPLIANCE

H106 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00377.2022 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Univ Twente (130.089.003.019) on February 7, 2023.

http://www.ajpheart.org


Ca2þ channel blockades on Ci may be underestimated.
Second, because the pharmacological agents were infused
systemically, we cannot eliminate the contribution of
integrative physiological mechanisms to changes in Ci.
For example, baroreflex-mediated vasoconstrictor adjust-
ments may have influenced our results. However, this
effect would be expected to reduce Ci. Therefore, although
the studies remain to be performed, we expect that the
reflexive responses to phentolamine and nicardipine led
to a possible underestimation of Ci. Third, measures of
vessel cross-sectional area were not available in the cur-
rent analysis. Therefore, BV waveforms, collected with
Doppler ultrasound, were used in the Windkessel model
in place of blood flow waveforms resulting in scaled val-
ues of compliance. This is justified because the model
uses waveform harmonics and not the absolute value of
blood flow. Fourth, brachial artery BP waveforms were
used in the absence of access to MCA BP measures. This is
reasonable given modeled outcomes of similar waveforms
and absolute blood pressures in both vessels (47). Finally,
the Windkessel model is self-validating in that the BV
waveform derived by the model is matched to the meas-
ured waveform.

Conclusions

This study provides novel insight into neural, endothelial,
and myogenic mechanisms that regulate vascular compli-
ance in both the cerebral and forearm vascular bed. The
present study also highlights diverging neural (a-adrenergic)
regulation of vascular resistance between the forearm circu-
lation and cerebral circulation and also differing myogenic
regulation of vascular compliance between the two sites. The
observation of augmented Ci during a-adrenergic, endothe-
lial muscarinic, and myogenic blockade broadens our under-
standing of the control of blood flow through a vascular bed,
particularly, the cerebral vascular bed where precise regula-
tion of blood flow is critical.
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