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Abstract

The importance of nitric oxide (NO) in regulating cerebral blood flow (CBF) remains unresolved,
due in part to methodological approaches, which lack comprehensive assessment of both global
and regional effects. Importantly, NO synthase (NOS) expression and activity appear greater in
some anterior brain regions, suggesting region-specific NOS influence on CBF. We hypothesized
that NO contributes to basal CBF in healthy adults, in a regionally distinct pattern that
predominates in the anterior circulation. 14 healthy adults (7 females; 24+5 years) underwent
two magnetic resonance imaging (MRI) study visits with saline (placebo) or the NOS inhibitor,
L-NMMA, administered in a randomized, single-blind approach. 4D Flow MRI quantified

total and regional macrovascular CBF, whereas arterial spin labeling (ASL) MRI quantified

total and regional microvascular perfusion. L-NMMA (or volume-matched saline) was infused
intravenously for 5 minutes prior to imaging. L-NMMA reduced CBF (L-NMMA: 722+100

vs. placebo: 771+£121 mL/min, p = 0.01) with similar relative reductions (5-7%) in anterior

and posterior cerebral circulations, due in part to reduced cross sectional area of 9 of 11 large
cerebral arteries. Global microvascular perfusion (ASL) was reduced by L-NMMA (L-NMMA:
4247 vs. placebo: 4748 mL/100g/min, p = 0.02), with 7-11% reductions in both hemispheres of
frontal, parietal, and temporal lobes, and in the left occipital lobe. We conclude NO contributes to
macrovascular and microvascular regulation including larger artery resting diameter. Contrary to
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our hypothesis, the influence of NO on cerebral perfusion appears regionally uniform in healthy
young adults.

Graphical Abstract
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EC, endothelial cell; L-arg, L-arginine; L-NMMA, AVC-monomethyl-L-arginine; NO, nitric oxide;
NOS, nitric oxide synthase. NO contributes to the maintenance of resting brain blood flow in
humans. Inhibition of nitric oxide synthase by L-NMMA in endothelial cells leads to reduced bulk
flow and regional perfusion.

Introduction

Adequate blood flow to the brain is key to support the complex processes crucial for daily
life. Conversely, diminished basal cerebral blood flow (CBF) is linked to chronic disability
(Martin et al. 2002; O’Brien et al. 2003), lower cognitive function (Pohjasvaara et al. 1998,
O’Brien et al. 2003; Reitz et al. 2008; Kitagawa et al. 2009; Wolters et al. 2017; Leeuwis
et al. 2017), lower quality of life (O’Brien et al. 2003; Dabrowska-Bender et al. 2017) and
is a key characteristic of several neurological disorders (Johnson et a/. 2005; Dai et al.
2009; Kitagawa et al. 2009; Chao et al. 2010; Bangen et al. 2012; Binnewijzend et al. 2013;
Binnewijzend et a/. 2016; Love and Miners, 2016; Gao 2013), which are the 2" |eading
cause of mortality worldwide (Feigin et al. 2019). Lower basal CBF has been demonstrated
in older adults (Bangen et al. 2003; Asllani et al. 2009; Lee et al. 2009; Chen et al. 2011;
Bangen et al. 2012; Wagner et al. 2012, Amiri et al. 2014), adults with insulin resistance
(Harrell et al. 2012; Rusinek et al. 2015; Hoschdeit et al. 2017; Bangen et al. 2018),
cardiovascular disease (Muller et al. 2012; Roy et al. 2017; lordanova et al. 2017; Leeuwis
et al. 2020), and cerebrovascular disease (Johnson et a/. 2005; Dai et al. 2009; Kitagawa et
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al. 2009; Chao et al. 2010; Bangen et al. 2012; Binnewijzend et al. 2013; Binnewijzend et
al. 2016; Love and Miners, 2016; Gao et al. 2013). Reduced basal CBF suggests a change
or loss in mechanisms responsible for resting CBF control, but the predominant mechanisms
regulating CBF in health are not clearly delineated.

Basal CBF appears regulated by multiple, redundant signaling pathways including
cyclooxygenase (COX), endothelial-derived hyperpolarizing factor (EDHF), and nitric oxide
synthase (NOS). Indeed, studies have demonstrated inhibition of COX with indomethacin
decreases middle cerebral artery velocity (MCAv) from 25-41% (Fan et al. 2011; Barnes et
al. 2012; Harrell et al. 2014; Lewis et al. 2014; Peltonen et al. 2015; Hartley et al. 2016;
Hoiland et a/. 2016), and Kellawan et al. observed an ~44+5% decrease in resting total

CBF (2020). These studies indicate a prominent role for COX signaling in regulating resting
CBF but suggest other signaling pathways are unresolved. Animal studies demonstrate a
minor role for EDHF in regulating CBF through major cerebral vessels compared to the
cerebral microcirculation (Shimokawa et a/. 1996; Urakami-Harasawa et al. 1997; Luksha et
al. 2009; Jiang et al. 2016). To date, there is currently no safe way to assess EDHF in the
human cerebral circulation. Finally, basal NOS activity is another mechanism implicated in
the regulation of resting CBF.

While the role of NOS in maintaining resting blood flow is established in the peripheral
circulation (Gardiner et al. 1990; Imig et al. 1993, Lefroy et al. 1993; Huang et al. 1995;
Shesely et al. 1996; Duffy et al. 1999; Heinonen et al. 2011; Heinonen et al. 2017; Heinonen
et al. 2018), studies of the cerebral circulation report contradictory findings. For example,
inhibition of NOS using AC-monomethyl-L-arginine (L-NMMA) decreased CBF through

a single internal carotid artery by 16% (White et a/. 1998) and reduced global CBF by

20% (White et al. 1999). Conversely, other studies have found no effect of NOS inhibition
(Schemetterer et al. 1997; Van Mil et al. 2002; Lassen et al. 2003; Lassen et al. 2003;
Kamper et al. 2004; 1de et al. 2007; Hoiland et al. 2020). One possible explanation for

this controversy is pressor response to NOS inhibition confounds data interpretation. For
example, blood flow vs. vascular conductance may lead to different conclusions. Another
reason for discrepant findings may be differential techniques as most studies that used
transcranial Doppler ultrasound (TCD) found no change in CBF with NOS inhibition except
for one (Kiss et al. 1999) and MRI studies report mixed results. To date, only three studies
(White et al. 1999; Joshi et al. 2000; Lassen et al. 2004) have investigated the contributions
of NOS to regional CBF, without comprehensive assessment of global and regional CBF.
White et al. investigated regional CBF to the bilateral frontal, occipital, and temporal lobes
and found CBF was reduced only in the right frontal lobe during NOS inhibition (White et
al. 1999). Joshi et al. (2000) found a 13-20% decrease in regional CBF through the MCA
territory during NOS inhibition but did not explore the posterior circulation. Lassen et al.
(2004) found a 6.8% reduction in CBF through the MCA distribution during NOS inhibition
as well as decreased perfusion in the left MCA territory and bilateral ACA territories. A
recent paper in humans (O’Gallagher et a/. 2020) demonstrated a 4% decrease in global
CBF as well as region-specific reductions in the right hippocampus, parahippocampal gyrus,
and medial temporal lobe using a neuronal NOS (nNOS) specific inhibitor. Importantly data
from human and animal studies suggest nNOS and endothelial NOS (eNOS) expression
and/or activity varies by brain region (Kovach et al. 1992; Pelligrino et al. 1993; Northington
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et al. 1997; Blum-Degen ef al. 1999; Liu et al. 2003). Conceptually, lower CBF in the
anterior circulation of during neurological disease progression (Johnson et a/, 2005; Dai et
al. 2009; Okonkwo et al. 2014) may be explained by a larger anterior influence of NOS.
Therefore, it is important to determine whether NOS impacts CBF regionally as well as
globally in healthy populations to better understand cerebrovascular pathologies linked to
reduced CBF.

Given the controversy surrounding NOS in regulating CBF and the lack of detailed
knowledge on potential regional differences in NOS control, the purpose of our study was
to quantify global and regional CBF effects of NOS inhibition at the macrovascular and
microvascular levels using complementary MRI approaches. We hypothesized that: 1) NO is
responsible, in part, for regulating basal CBF in healthy adults; and 2) NOS plays a larger
role in regulating basal CBF in anterior versus posterior brain regions.

Fourteen young volunteers participated in the study (7 females, 24+5 years). Written
informed consent was obtained before study participation. All procedures conformed

to the standards set forth by the Declaration of Helsinki, including registration in the
ClinicalTrials.gov database (ClinicalTrials.gov ID: NCT02936687) and were approved by
the University of Wisconsin-Madison Health Sciences Institutional Review Board.

Subjects performed an initial screening visit to determine eligibility that included a health
history questionnaire, physical activity questionnaire, and MRI safety questionnaire. All
subjects were healthy 18-45 years old, sedentary (< 90 minutes vigorous exercise per
week), free of overt disease and not currently taking any cardiovascular or metabolic
medication. Waist circumference, hip circumference, height, and weight were measured,
and body mass index (BMI, kg/m?) was calculated. Brachial artery blood pressure was
measured in triplicate using an automated sphygmomanometer (Datex Ohmeda) and the
lowest of three blood pressure readings was used to assess eligibility. A fasted (= 10 hours)
venous blood sample was obtained, and plasma glucose and lipids were measured (Table
1). Exclusion criteria included smoking, overweight/obesity (BMI > 25), blood pressure >
125/80 mmHg, fasting glucose > 100 mg/dl, LDL > 130 mg/dl, triglycerides > 150 mg/dL,
or contraindication for MRI. Women were not pregnant or lactating and were studied during
the early follicular phase of the menstrual cycle (cycle days 1-5) or low hormone phase of
birth control (self-report) except for one female subject who was studied outside cycle days
1-5.

Subjects were instructed to report to the laboratory on all study days having fasted for
> 10 hours and abstained from vigorous exercise, alcohol, caffeine, and non-steroidal anti-
inflammatory drugs for = 24 hours.
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Instrumentation

Subjects completed two MRI study visits in a randomized, counter-balanced, single-blinded,
placebo-controlled design separated by at least 24 hours. MRI scanning was performed
using a clinical 3 Tesla MRI system (Discovery MR750, GE Healthcare, Waukesha, WI,
USA) and a 32-channel head coil (n = 9) or a 48-channel head coil (n = 5). A study

team member visually monitored heart rate (HR; pulse oximeter), arterial oxygen saturation
(SpOy; pulse oximeter), and breath-by-breath end-tidal CO, (ETCO,; capnography through
nasal cannula) for data stability as well as subject safety. Systolic, diastolic, and mean blood
pressure (MABP;automated sphygmomanometer) and hemodynamics (HR, SpO,, ETCO»)
were recorded ~5 minutes into structural scanning and after conclusion of MRI imaging with
an MRI compatible system (Fig 1; Medrad Veris MR Vital Signs Patient Monitor, Bayer
Healthcare, Whippany, NJ, USA).The exception was the measurement of HR during the
PCVIPR scan, which was averaged over the scan period (~5.5 min).

Experimental Protocol (Figure 1)

Subjects reported to the MRI facility and an intravenous (1V) catheter was placed in the
antecubital fossa. Subjects then underwent baseline structural scanning for ~15 minutes.
Structural scans included: T1-weighted image set, T2-weighted image set, and a 3D
Time-of-Flight angiogram of the Circle of Willis. Baseline heart rate, ETCO, and blood
pressure were measured. Next, the non-selective NOS inhibitor AG-monomethyl-L-arginine
(L-NMMA; Bachem) was administered intravenously at 0.6 mg/kg/min for 5 minutes
followed by a maintenance infusion at 1 mg/kg/min for 10-11 minutes (during MRI
scanning) to determine the effect of NOS inhibition on basal CBF. This dose was based

on work by White et. al. (1998) demonstrating ~12% decrease in internal carotid artery
flow and that a higher dose increased blood pressure and decreased heart rate while only
modestly reducing internal carotid artery flow further (~16%). Placebo (saline) infusion was
determined using the same formula for L-NMMA infusion and was infused at the same

rate and quantity as during the subject’s L-NMMA visit. One male subject was enrolled

in a different experimental arm of the study and received a lactose (435.53 mg) pill for
their placebo visit for comparison to the drug given in that arm. Blinding procedures were
maintained for this participant. The mean dose of L-NMMA was 200+24 mg.

4-Dimensional Flow Magnetic Resonance Imaging (PC VIPR)

Phase-contrast vastly undersampled isotropic projection reconstruction (PC VIPR) was used
to obtain 4D flow MRI measurements and quantify blood flow concurrently in eleven
separate cerebral conduit arteries. PC VIPR (Gu et a/. 2005; Johnson et a/. 2008) is a
validated MRI sequence (Schrauben et al. 2015; Vikner et al. 2020) to simultaneously assess
cerebrovascular flow and vessel lumens in multiple vessels and used in various applications,
including Alzheimer’s Disease (Rivera-Rivera et al. 2016), insulin resistance (Hoschdeit et
al. 2017), and hypoxia challenges (Kellawan et a/. 2017). The following scan parameters
were utilized: imaging volume = 22 x 22 x 22 cm3, acquired isotropic spatial resolution =
(0.69 mm3), scan time = 5 min 38 seconds, velocity encoding (Venc) = 100 cm/s, flip angle
= 8°, repetition time TR/echo time TE = 6.7/2.8 ms (20 reconstructed cardiac time frames
using retrospective cardiac gating and temporal view sharing) (Liu et a/. 2013).
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Pseudo-Continuous Arterial Spin Labeling (pcASL)

Cerebral perfusion was assessed using a background-suppressed pseudo-continuous ASL
sequence (pcASL). The pcASL sequence featured a 3D fast spin-echo spiral readout
utilizing a stack of variable-density 5 ms readout and eight interleaves. Scan parameters
were: TR = 4.9 ms; TE = 10.5 ms; FOV = 240 mm; slice thickness = 4 mm no gap;

matrix size = 128 x 128; number of excitations (NEX)=3; and labeling RF amplitude =
0.24 mG. The post-labeling delay was 2025 ms. During the same imaging sequence / image
slab location as the pcASL, we acquired a fluid-suppressed proton density (PD) scan but
without RF labeling preparation. This scan was used for cerebral perfusion flow and image
registration.

Data Processing

4D flow data was processed using custom in-house centerline processing software developed
in Matlab (Matlab, The Mathworks, Natick, MA, USA), which provides a reliable
measurement of cerebral artery blood flow (Schrauben ef a/. 2015). Centerline processing
software segments individual vessels in a plane perpendicular to the vessel path, one voxel
in width (0.69 mm). At each voxel plane, multiple measurements including time averaged
velocity, cross sectional area (CSA), and flow measures for the vessel are collected. For
each vessel segment, three to five consecutive cross sections were analyzed and averaged
for measures of flow, velocity, and CSA. 11 cerebral conduit arteries were assessed: left
and right internal carotid arteries (L-ICA, R-ICA), left and right middle cerebral arteries
(L-MCA, R-MCA), left and right anterior cerebral arteries (L-ACA, R-ACA), basilar (BA),
left and right vertebral arteries (L-VA, R-VA), and left and right posterior cerebral arteries
(L-PCA, R-PCA). To maintain consistency in data analysis and acquire vessel regions with
laminar flow, the following locations served as standard sites for data collection: ICA was
measured in the straight portion of the C4 segment (Bouthillie ef al. 1996); ACA and

MCA were measured 4-5 mm from their junction with the ICA (A1 and M1 segments,
respectively), VA was measured 4-5 mm from the junction with the BA; BA was measured
4-7 mm from the junction with the VA; and PCA was measured 4-5 mm from the junction
with the BA. Total CBF was calculated as the sum of the L-ICA, R-ICA, and BA. Total
anterior CBF was calculated as the sum of the L-ICA and R-ICA. Total posterior CBF was
represented by CBF through the BA.

Cerebral pcASL perfusion images were processed using AFNI, SPM (version 12), and FSL
(Bangen et al. 2012; Binnewijzend et al. 2013; Binnewijzend et al. 2016; Hoschdiet et al.
2016). First, a set of DICOM images was generated from pcASL CBF weighted images
(quantitative CBF image) and PD weighted reference images (PD image) using AFNI.
SPM was used to segment gray matter from the T1-weighted images, which was then
smoothed using an 8 mm full-width at half-maximum Gaussian kernel and co-registered

to the quantitative ASL data (Hoschdeit ef a/. 2016). The co-registered ASL images were
normalized to subject head space and a global cerebral perfusion value was calculated using
FSL. Cerebral perfusion for bilateral frontal lobe, occipital lobe, parietal lobe, and temporal
lobe was determined using FSL. Cerebral perfusion for the pooled vascular territories and
bilateral MCA territories, ACA territories, and PCA territories were also determined using
FSL.
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Statistical Analysis

Results

Subjects.

All data are expressed as mean + standard deviation (SD). R (R Foundation for Statistical
Computing, Vienna, Austria) was used for statistical analysis. The main outcome variable
was the resting CBF response to NOS inhibition. To assess the contribution of NOS to basal
CBF comprehensively, data were expressed as an absolute change in CBF (ACBF) and a
percent change in CBF (%ACBF) from placebo. Region-specific contribution of NOS was
determined by calculating total, anterior, and posterior CBF. The basal effect of L-NMMA
on resting total and regional (anterior and posterior) CBF was determined with paired
t-tests (placebo vs. L-NMMA). A Bonferroni correction was used to determine significance
when multiple comparisons were made. Due to technical difficulties, we were unable to
obtain ETCO, measurements for all participants at all timepoints. Importantly, all subjects
demonstrated normal levels during their other study visits and the randomization should
minimize this impact; however, it is important to note that an ETCO, value outside the
normal range heavily influences CBF (Hoiland et a/. 2020). Therefore, a general linear
mixed effects model with random effects for subjects was used to assess the available
ETCO, data. One sample ftests were used to determine if basal changes in CBF with L-
NMMA were less than zero. Significance of systemic hemodynamic variables in response to
treatment (NOS inhibition) were determined with paired t-tests. Effect size was determined
by calculating Cohen’s d using means and standard deviations of the two conditions
(placebo vs. L-NMMA) according to the following equation: Cohen’sd = My - My +
V[(c12 + 0,2) =+ 2], where M is the mean for the placebo condition, M5 is the mean for the
L-NMMA condition, o is the standard deviation for the placebo condition, and o5 is the
standard deviation for the L-NMMA condition.

Subject characteristics are summarized in Table 1. Overall, subjects were normal weight,
young, displayed healthy blood values and were free of disease. All subjects completed both
study visits.

Systemic hemodynamics.

Baseline heart rate, systolic blood pressure, diastolic blood pressure, MABP, and ETCO, are
summarized in Table 2. During MRI scanning, heart rate decreased 8+3 BPM (P < 0.001;
Cohen’s d = 2.6; —14+5%) from baseline with L-NMMA and 4+5 BPM (P = 0.001; Cohen’s
d = 0.9; -6+£7%) from baseline with placebo, and the relative change in heart rate from
baseline to MRI scanning (post-drug infusion) was greater with L-NMMA vs. placebo (P =
0.001; Cohen’s d = 1.3). Systolic blood pressure (P = 0.013; Cohen’s d = 0.4), and diastolic
blood pressure (P = 0.022; Cohen’s d = 0.4) and MABP (P = 0.009; Cohen’s d = 0.5) were
elevated post-scan with L-NMMA (Table 2). ETCO, was not different by time (baseline

vs. post-scan; P = 0.166) or condition (placebo vs. L-NMMA,; P = 0.911) nor was there a
significant interaction (P = 0.594). These results were not altered when the female who was
studied outside of follicular days 1-5 was removed from the dataset.
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Total and regional macrovascular blood flow.

Macrovascular flow and vessel-specific cerebrovascular responses are summarized in
Figures 2 and 3 and Tables 3 and 4. Total CBF was lower with L-NMMA when compared to
placebo (Table 3; Fig 2 and 3; P = 0.011; Cohen’s d = 0.4). The absolute difference in total
CBF with L-NMMA infusion was -49+64 mL/min (Table 3; P = 0.007; Cohen’s d = 0.8);

a relative decrease in total CBF of 6+8% (Figure 3A; Table 3; P =0.012; Cohen’s d = 0.7).
Further, L-NMMA lowered anterior CBF 35£51 mL/min (Table 3; P =0.013; Cohen’s d =
0.7); a relative decrease in anterior CBF of 5+9% (Figure 3B; P = 0.024; Cohen’s d = 0.6).
Similarly, Posterior CBF was lowered by L-NMMA ~14+18 mL/min (Table 3; P = 0.006;
Cohen’s d = 0.8) which constitutes a ~7+9% decrease (Fig 3C; P = 0.005; Cohen’s d = 0.8).
When comparing changes in CBF following L-NMMA infusion between the anterior and
posterior circulations, the relative change in CBF was not different (P = 0.228).

Blood vessel structural and hemodynamic characteristics.

To help interpret the effects of NOS inhibition on cerebral blood flow, structural and
hemodynamic characteristics of the 11 major cerebral conduit arteries were analyzed. CBF
through the L-ICA, R-ICA, L-VA, R-VA, BA, and L-PCA were lower with L-NMMA
treatment compared to placebo (Table 4). L-NMMA also lowered cross sectional area in 9 of
the 11 large cerebral arteries examined: R-ICA, L-MCA, R-MCA, L-ACA, R-ACA, L-VA,
R-VA, BA, and R-PCA (Table 4). Conversely, the mean blood velocity was similar in all
blood vessels.

Global and regional microvascular blood flow.

Microvascular flow data are summarized in Table 5 and Figure 4. To explore the role of
NOS inhibition on microvascular blood flow in a region-specific manner, we determined
total and regional cerebral perfusion using ASL MRI imaging. Perfusion was normalized
to gray matter volume, which was not different between study days (L-NMMA: 796+63 vs
placebo: 796+£70 mL, P = 0.970). L-NMMA reduced total perfusion by 5+7 mL/100g/min,
a relative decrease of 10+14% (Table 5; Figure 4A; P = 0.009). Regionally, perfusion was
lower in the left and right frontal (P = 0.024, Cohen’s d = 0.5; P = 0.012, Cohen’s d = 0.7),
left occipital (P = 0.022, Cohen’s d = 0.6), left and right parietal (P = 0.004, Cohen’s d =
0.7; P =0.018, Cohen’s d = 0.7), and left and right temporal (P = 0.005, Cohen’s d = 0.6;
P =0.003, Cohen’s d = 0.6) lobes (Figure 4; Table 5) with L-NMMA. Relative decreases in
perfusion were observed regionally in the left and right frontal, left occipital, left and right
parietal, and left and right temporal lobes (Table 5).

Exploratory analysis of vascular territory perfusion.

We also explored changes in perfusion through brain territories typically served by well-
established arterial networks. The perfusion through pooled vascular territories was lower
with L-NMMA (Table 6; 41+7 mL/100g/min, P = 0.009; Cohen’s d = 0.8) compared to
placebo (47+8 mL/100g/min). Perfusion was decreased in the right (P = 0.021; Cohen’s

d =0.7) and left (P = 0.011; Cohen’s d = 0.7) ACA territory, right (P = 0.025; Cohen’s

d =0.7) and left (P = 0.025; Cohen’s d = 0.6) MCA territory, and right (P = 0.043;
Cohen’s d = 0.6) and left (P = 0.028; Cohen’s d = 0.7) PCA territory with L-NMMA. The
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absolute change in perfusion following L-NMMA was significantly different for all vascular
territories examined and the relative change was significantly different for all vascular
territories except the right and left PCA territory (Table 6).

Anatomical variations.

The following anatomical variation was noted: one participant had a R PCA that originated
from the R ICA; the R VA was anatomically absent in two participant; one participant

was missing the L VA and their R and L PCA was connected to the R ICA and L ICA,
respectively, as well as the BA; two participants had a R PCA that connected to the R ICA
and BA,; one participant had a dominant L VA and the L ACA was anatomically absent;
one participant had a R PCA that connected to the R ICA and BA and their L ACA was
anatomically absent; one participant had a R and L PCA that was connected to the R ICA
and L ICA, respectively, as well as the BA.

Discussion

The aim of this investigation was to examine the contribution of NOS to basal CBF from
both macrovascular and microvascular perspectives, on a total and region-specific basis.
This systematic approach led to several novel findings: 1) CBF was lower with L-NMMA
due to decreases in CBF in major anterior and posterior arteries, 2) CSA was lower with
L-NMMA in several major arteries while mean velocity did not change, and 3) global
microvascular perfusion was also lower with L-NMMA in most brain regions. These data
clearly demonstrate NOS signaling contributes to basal CBF and perfusion and offer a more
complete view into total and region-specific contribution of NOS to basal CBF regulation in
healthy adults.

Effects of NOS inhibition on basal macrovascular blood flow.

In agreement with our hypothesis, healthy adults exhibited a 6£8% decrease in basal total
CBF during L-NMMA infusion (Table 3, Fig 2 and 3). Prior work investigating the impact
of NOS inhibition on basal macrovascular CBF reported conflicting results, ranging from

no effect to 16% reductions. Of the studies that observed no change in macrovascular CBF
after L-NMMA, five used TCD (Schemetterer et al. 1997; Lassen et al. 2003; Lassen et al.
2003; Lassen et al. 2004; Ide et al, 2007) and two used phase contrast MRI (Van Mil et al.
2002; Kamper et al. 2004). Interestingly, White et al. (1998) detected a 12% decrease in ICA
flow with L-NMMA, but no change in CBF velocity through the MCA (TCD). Similarly,
recent data from Hoiland et a/. using TCD of the MCA and PCA found no change in CBF
velocity or global CBF (Doppler ultrasound) with intravenous infusion of L-NMMA (5
mg/kg), however they did detect a 6.5% decrease in global cerebrovascular conductance with
L-NMMA (Hoiland et a/. 2020), which supports the current macrovascular findings. Our
results are consistent with the findings that NOS inhibition does not change CBF velocity in
MCA or PCA and data in Table 4 expand this concept to nearly all major cerebral arteries.
Specifically, L-NMMA decreased CSA in MCA, ACA, VA, BA and one ICA (Table 4).
Taken together, studies using TCD of MCA or most other large cerebral arteries appear
unlikely to detect changes in CBF during NOS inhibition as CBF changes were driven by
changes in artery CSA (Table 4).
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CBF is inherently variable between subjects, and this variability is exemplified by left-right
differences in CBF (Table 4). This inherent variability may lend to the disagreement between
CBEF studies and the L-NMMA effect. For example, Hoiland et a/. (2020) calculated global
CBF as twice the sum of the unilateral ICA blood flow and VA blood flow values, which
assumes flow is the same through both ICAs and VAs. This assumption may not hold true
as anatomical variation may lead to a dominant ICA or VA and some individuals lack two
VA (Friend et al. 2021). It is also possible left-right variability response to L-NMMA limits
prior consensus, as current data in Table 4 indicate left ICA demonstrates half the decrease
in CBF due to L-NMMA compared to the right ICA. Van Mil et al. (2002) and Kamper

et al. (2004) measured CBF using gradient echo phase contrast MRI in both ICAs and the
BA during intravenous infusion of L-NMMA, and both studies report infusion of L-NMMA
did not affect global CBF. These two studies used comparable doses (3 mg/kg) to White

et al. (1998) who reported L-NMMA decreased flow in the right ICA by ~12%. Finally,
Van Mil et al. (2002) and Kamper et al. (2004) report total flow (the sum of blood flow
through the left and right ICAs and the BA), while White et al. (1998) report flow through
a single ICA. Without reporting CSA and velocity of each artery, or by not interrogating

all cerebral arteries, it is difficult to make conclusions about the regional effects of NOS
inhibition on the macrovascular cerebral circulation. Data in Figs 2-3 and Table 4 address
these prior research limitations and lead us to the conclude L-NMMA does indeed decrease
CBF primarily through reduced CSA, albeit not uniformly at the macrovascular level.

Animal studies (Kovach et a/. 1992; Northington et al. 1997; Liu et al. 2003; Campese et al.
2007) and one human study (Blum-Degen et al. 1999) indicate NOS expression or activity
is non-uniform across the brain, demonstrating the need to assess whether CBF control by
NOS varies between brain regions. Contrary to our hypothesis, the decrease in total CBF
was not preferentially directed toward the anterior circulation (Fig 3). A novel aspect of this
study was the ability to assess CBF simultaneously in all major cerebral arteries, rather than
previous work in 1-2 single vessels (Schemetterer et al. 1997; White et al. 1998; Kiss et

al. 1999; Joshi et al. 2000; Lassen et al. 2003; Lassen et al. 2003; Lassen et al. 2004; lde

et al. 2007; Hoiland et a/. 2020). The change in CBF in most arteries was significant, but
modest (4—7%, Table 4) indicating other signaling (e.g., cyclooxygenase) provides greater
vascular support of basal brain perfusion (Markus et al. 1994; Gjedde et al. 2005; Barnes

et al. 2012; Beaudin et al. 2014; Harrell et al. 2012; Harrell et al. 2014; Peltonen et al.
2015; Bain et al. 2016; Hoiland et a/. 2016; Peltonen et al. 2016; Harrell et al. 2019;
Kellawan et al. 2020; Rocha et al. 2020). These more complete macrovascular measures,
along with ASL measures (Fig 4) discussed below suggest the functional role of NOS is
similar anterior versus posterior in healthy humans despite the potential for differential NOS
protein expression profiles (Kovach et al. 1992; Northington et al. 1997; Blum-Degen et al.
1999; Liu et al. 2003; Campese et al. 2007).

Effects of NOS inhibition on basal microvascular blood flow.

While large cerebral arteries can contribute substantial cerebrovascular resistance (Willie et
al. 2014), the microcirculation plays a key role in final determination of meeting metabolic
demand due to neurovascular coupling. To address the role of NOS in microcirculation,
we measured CBF using ASL, a non-invasive and well-validated MRI technique used to
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assess blood flow both globally and to specific brain regions. Data summarized in Table

5 and Fig 4 indicate that perfusion is reduced during NOS inhibition. In agreement with
our hypothesis, healthy adults exhibited a 10% decrease in basal global perfusion during
L-NMMA infusion and a 7-11% decrease in regional perfusion. However, contrary to

our hypothesis regional decreases in perfusion during L-NMMA administration did not
predominate in anterior regions. The unchanged velocity data in large arteries (Table 4)

is consistent with our microvascular findings, but also suggests arterioles of intermediate
size are playing a role in NOS regulation of CBF. Unfortunately, this speculation cannot be
confirmed because current MRI methods do not allow us to measure CBF in that region of
the vascular tree.

Present ASL results do agree with a relatively mild to moderate L-NMMA effect previously
reported in the literature. Depending on the protocol, White et a/. (1999) observed an 11—
20% decrease in global perfusion during NOS inhibition, while Joshi et a/. (2000) observed
a 12-20% decrease in global perfusion during NOS inhibition. White et a/. (1999) used

high resolution PET MRI, while Joshi et a/. (2000) used the 133Xenon injection technique
with CBF probes positioned over the MCA distribution to measure changes in perfusion.
White et al. used an intravenous bolus infusion of L-NMMA at 10 mg/kg (estimated mean
total dose: 853mg), while Joshi et a/. (2000) used an intraarterial infusion of L-NMMA at
50mg/min for 5 min (total dose: 250mg). Taken together, the range in CBF reductions (11—
20%) are likely not due to route or dose of L-NMMA administration. Rather, small sample
sizes (n=5-8), middle-aged subjects (45+ years), inclusion of subjects with comorbidities

or cerebrovascular malformations, and use of sedation may contribute more to variability

in global perfusion changes during NOS inhibition. In fact, Kamper et a/. (2004) reported
an effect of L-NMMA in older but not younger subjects, which appears counterintuitive to
most aging literature in peripheral circulations. Current ASL data disagrees with White ef al/.
(1999) who reported no effect of NOS inhibition in the right and left frontal, occipital, and
temporal lobes, or the right and left motor cortex. The 10-11% reduction in global perfusion
(Table 5) is slightly more than Lassen et a/. (2004) reporting a 6.8% lower perfusion in the
right MCA territory as well as the left MCA territory and both ACA territories, although
perfusion values and L-NNMA effects of these 3 regions were not reported and likely
modest. Taken together, the bulk of prior ASL studies, and present data (Table 5 Fig 4),
support the conclusion that NOS is responsible for 7-12% of basal microvascular perfusion
depending on region, with many regions demonstrating roughly 11% reductions. Finally,
our exploratory analysis of cerebral perfusion to different vascular territories fed by major
arteries (Table 6) supports this conclusion, with a 9-10% decrease in cerebral perfusion from
L-NMMA in both hemispheres of the MCA, ACA, and PCA territories.

Vessel-Specific Effect of NOS Inhibition—This is the first study to show how the
major cerebral arteries of the Circle of Willis are affected during NOS inhibition. Previously,
data was limited to CBF changes in a select few cerebral vessels, lacked CSA measures,

and provided little insight to whether NOS was affecting downstream resistance arteries or
the conduit arteries themselves. Data summarized in Table 4 indicate that cross-sectional
area was reduced with NOS inhibition in the basilar artery, right ICA, right PCA, and

the right and left MCAs, ACAs, and VAs, while mean blood flow velocity remained

J Physiol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carter et al.

Page 12

unchanged. Despite changes in CSA, CBF only decreased in the basilar artery, left PCA,
and right and left ICAs and VAs, while CBF through the MCAs and ACAs remained
unaffected. These data suggest that intravenous infusion of 3 mg/kg of L-NMMA over

5 minutes leads to vasoconstriction of the cerebral conduit arteries and the downstream
cerebrovasculature. Furthermore, our global and regional perfusion data indicate L-NMMA
decreased microvascular CBF (Table 5-6). Unfortunately, current technology limits our
ability to determine where these changes are occurring in distal cerebral vessels smaller than
~1.5 mm in diameter.

Experimental Considerations—This study is not without its limitations. First, one
female was studied outside of her early follicular phase, but statistical analysis with this
female removed did not change any primary outcomes. However, a few secondary outcomes
stayed quantitatively similar despite becoming only trending in significance. Specifically,
the A%CBF in the left frontal lobe became non-significant (with female: —7+15%, p =
0.044 vs. without female: —8+16%, p = 0.054) and the ACBF in the right occipital lobe
became significant (with female: —5+11 mL/100g/min, p = 0.058 vs. without female: -6+12
mL/100g/min, p = 0.047; Table 5). Similarly, some secondary measures in Table 4 and Table
5 gained or lost significance (indicated by italics) but remained quantitatively similar with
trending significance, so her data were included in the analyses. Second, due to technical
difficulties we were unable to measure ETCO in five participants during baseline placebo
(n =9), four participants during post-scan placebo (n = 10), one participant during baseline
L-NMMA (n = 13), and one participant during post-scan L-NMMA (n = 13). Importantly
all subjects demanstrated normal levels on their other scan visits and the randomization
should minimize this impact; however, it is important to note that an ETCO,, value outside
the normal range heavily influences CBF (Hoiland ef a/. 2019). Third, we did not measure
blood pressure during infusion of L-NMMA, such that we may have missed a larger pressor
effect of L-NMMA (White et al. 1998; Schemetterer ef al. 1997; Kiss et al. 1999; White et
al. 1999; Joshi et al. 2000; Lassen et al. 2003 Kamper et al. 2004; Lassen et al. 2004; Ide

et al. 2007). Along these lines, current results may slightly underestimate NOS contribution,
as higher dosing demonstrated up to 20% reductions in CBF (ASL), but the same studies
showed subgroups with results similar to current findings. However, the decrease in heart
rate (Table 2) and the increased blood pressure post-scanning suggest that we used an
adequate dose of L-NMMA to sufficiently inhibit NOS. Fourth, we did not test for an
independent effect of elevated MABP; however, previous studies using a blood pressure
control (White et al. 1998; Joshi et al. 2000; Ide et al. 2007; Hoiland et a/. 2020) have
shown that elevated MABP alone does not account for the decrease in CBF during NOS
inhibition. Fifth, L-NMMA is a non-specific NOS inhibitor. Therefore, we cannot determine
which NOS isoforms (eNOS vs. nNOS) play a predominate role in CBF control. Data
recently published by O’Gallagher ef a/. demonstrate an ~4% decrease in resting global
microvascular CBF with nNOS blockade (2021). This does not completely account for the
10% decrease in global perfusion we report here, which may suggest both nNOS and eNOS
play an important role in regulating resting CBF. Sixth, we do not assess the efficacy of NOS
inhibition, although bradycardia effects suggest NOS was significantly inhibited. Seventh,
we did not perform MRI scanning prior to infusion to determine how placebo or NOS
inhibition affects resting CBF, which makes it impossible to assess between-day or within-
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subject variance in our data; however, 4D flow MRI has demonstrated low (<12%; typically,
6-8%) coefficient of variances for measurements taken at the same scanning facility on
different days and good test-retest reliability (r = 0.75-0.94) for CBF (Wen et a/. 2019).
Furthermore, pcASL has also demonstrated good reproducibility (intraclass correlation
coefficient <0.6) and low coefficient of variances (<10% when n>6) for measurements taken
on different days (Chen et al. 2011; Almeida et al. 2018). We agree that the L-NMMA
effect is within these ranges but given the random treatment order of placebo and L-NMMA,
we propose this does not significantly impact interpretation. Finally, the relative importance
of NOS signaling on CBF regulation may differ at rest compared to environmental stress
(Hoiland et al. 2020).

The strengths of this study include a randomized, single-blind crossover design, a larger
cohort than most previous CBF studies manipulating NOS signaling, large effect sizes

to increase confidence in data interpretation, and rigorously screened healthy young

adults (half female) while controlling for age, BMI, and key cardiovascular risk factors.
The combined use of non-invasive MRI to assess global and regional macrovascular

and microvascular blood flow which provided data on hemodynamic and structural
characteristics of 11 major cerebral conduit arteries, led to the most comprehensive study to
date on the impact of NOS on global and regional CBF at macro and microvascular levels.

Summary and Conclusion—In conclusion, we show that total macrovascular CBF is
reduced with L-NMMA due similar relative decreases (5-6%) in anterior and posterior
CBEF in healthy adults. Furthermore, both global and regional perfusion is reduced with
L-NMMA by ~10%. These data suggest that NOS signaling is key to overall macrovascular
and microvascular CBF control in healthy younger adults, with a fairly uniform impact

in several brain regions. Future studies should investigate how NOS signaling is impacted
in conditions such as aging, insulin resistance, and diabetes or the importance of other
signaling pathways such as endothelial-derived hyperpolarizing factors—which play a key
role in microcirculatory signaling—on total and regional CBF regulation.
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Refer to Web version on PubMed Central for supplementary material.
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. Cerebral blood flow (CBF) is vital for brain health, but the signals key to

. Nitric oxide (NO) is produced in the brain, but its importance in regulating

. Using modern MRI approaches, a drug that inhibits enzymes that make NO

. NO helps maintain proper CBF in healthy adults. These data will help us

Key points summary

regulating CBF remain unclear.

CBF remains controversial since prior studies have not studied all regions of
the brain simultaneously.

(L-NMMA) reduced CBF up to 11% in different brain regions.

understand if reductions in CBF which occur during aging or cardiovascular
disease are related to shifts in NO signaling.
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Figure 1: Experimental protocol timeline.
Participants reported to the MRI, and an 1V catheter was placed in one arm for drug

infusion. Participants then underwent MRI imaging for ~30 minutes. Structural scans
included localizations and a T1-weighted image for ASL co-registration. Drug infusion
occurred over the last 5 minutes of structural scanning, and then PCVIPR and ASL images

were then taken. Vertical arrows (1) indicate where blood pressure and hemodynamics (HR,

SpO,, ETCO,) were measured.
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Figure 2: Total and regional cerebral blood flow.
Statistical comparison was made using a paired T-test or Wilcox test if appropriate, n = 14.

A, Total cerebral blood flow (CBF) was calculated as: CBFr_jca + CBF__ica + CBFga.
B, Anterior CBF was calculated as: CBFgr_jca + CBF_jca. C, Posterior CBF was defined
as CBFga. The asterisk (*) symbol indicates a significant difference in the CBF response
between placebo and L-NMMA trials, A< 0.05.
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Figure 3: %A Total and regional cerebral blood flow.
Statistical comparison was made using a paired one-way T-test or Wilcox test if appropriate,

n=14. A, %A total flow. B, %A anterior flow. C, %A posterior flow. The dagger (T) symbol

indicates a significant effect of L-NMMA that is different than 0.

J Physiol. Author manuscript; available in PMC 2022 November 01.

C
20

15

-10
-15
-20
-25

Page 23

Posterior'f‘

L-NMMA




1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Carter et al.

N

Page 24
Global B C Occipital _
70 70 70 Left Right
*
L=
~e0| L ~60 ~60
< " i i
_E50 ~ _E50 _E50
T, . . . T,
Zol ¥ 2 2
S4of| i g4 g4
a - g
E30 E30 E 30
S S S
@ 20 @ 20 g20
= = 2
[ [ [
& 10 & 10 & 10
Placebo L-NMMA 0 Placebo L-NMMA Placebo L-NMMA 0 Placebo L-NMMA Placebo L-NMMA
D Parietal E Temporal
- Left Right - Left Right
S %k %k
—~ 60 ~601 o
€ < & T 4
£ 50 £ 50 ﬁ ﬁ\%
E S R
o o
S Sw | o -
o i Lo ==
E 30 E 30
S S
3 20 3 20
2 =
[ [
& 10 & 10
0 Placebo L-NMMA  Placebo L-NMMA 0 Placebo L-NMMA  Placebo L-NMMA

Figure 4: Global and regional perfusion with placebo and L-NMMA infusions.
Statistical comparison was made using a paired T-test or Wilcox test if appropriate, n=14.

A, global perfusion. B, left and right frontal lobe perfusion. C, left and right occipital lobe
perfusion. D, left and right parietal lobe perfusion. E, left and right temporal lobe perfusion
The asterisk (*) symbol indicates a significant difference between placebo and L-NMMA
trials, < 0.05.
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Subject characteristics

n
Age, yr

Height, cm

Weight, kg

BMI, kg/m?

Waist, cm

Hip, cm

Glucose, mg/dL

Total cholesterol, mg/dL
HDL, mg/dL

LDL, mg/dL
Triglycerides, mg/dL
SBP, mmHg

DBP, mmHg

MABP, mmHg

14 (7 Male, 7 Female)
24+5
172+8
65+8
22%2
74+6
96+ 6
84 £17
146 + 37
71+18
67 +20
71+£19
112+8
69 £5
83+7

Table 1.

Page 25

Values are means + SD. BMI, body mass index; DBP, diastolic blood pressure; HDL, high density lipoprotein; LDL, low density lipoprotein;

MABP, mean arterial blood pressure; SBP, systolic blood pressure.
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Systemic hemodynamics at baseline and post-MRI scanning

Placebo L-NMMA

Heart rate, beats/min

Baseline 59+8 577

Post-Drug Infusion 55 + 5% 49 + 6%

Post-Scan 62+10§8 56 *6§
SBP, mmHg

Baseline 114 +10 113+ 7

Post-Scan 114+9 116 £ 7*
DBP, mmHg

Baseline 67+8 63+6

Post-Scan 65+ 10 66 + 9*
MABP, mmHg

Baseline 88+8 85+7

Post-Scan 86 + 10 89 + 8*
ETCO,, mmHg

Baseline 36+3 36+3

Post-Scan 35+4 35+3

Values are presented as means + SD, n = 14 except for ETCO2 (range is n = 9-13); see discussion. DBP, diastolic blood pressure; ETCO2,

Page 26

end-tidal carbon dioxide; MABP, mean arterial blood pressure; SBP, systolic blood pressure. The double dagger (1) symbol indicates a difference
between baseline and post-drug infusion within a condition; the section sign (8) symbol indicates a difference between post-drug infusion and
post-scan within a condition; the asterisk (*) symbol indicates a difference between baseline and post-scan within a condition. Significance was set

at P < 0.017 for heart rate, P < 0.05 for ETCO2, and P < 0.025 for all other measures.
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Table 3.

Basal cerebral blood flow under placebo and L-NMMA conditions

Total Anterior Posterior

Flow, mL/min
Placebo 771 +£121 597 £ 121 174 + 36
L-NMMA 722 £100* 562+ 103* 160+ 30*

AFlow, mL/min

L-NMMA -49+64t -35+51t -14+18%
%AFlow
L-NMMA -6+ 8t -5+ 9t -7+9t

Values are presented as means + SD, n = 14. The asterisk (*) symbol indicates a significant difference in the CBF response between from placebo
and L-NMMA trials. The dagger (1) symbol indicates a significant basal effect of NOS inhibition. P < 0.05.
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