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Cerebral blood flow (CBF) and consequently orthostatic tolerance when upright depends
on dilation of the cerebral vasculature in the face of reduced perfusion pressure asso-
ciated with the hydrostatic gradient. However, it is still unclear if cholinergic activation
plays a role in this dilation. To determine if enhancing central cholinergic activity with the
centrally acting acetylcholinesterase inhibitor, physostigmine would increase CBF when
upright compared to the peripherally acting acetylcholinesterase inhibitor, neostigmine,
or saline. We performed a randomized double-blind dose-ranging study that took place
over 3 days in a hospital-based research lab. Eight healthy controls (six women and two
men, mean age, 26 years; range 21-33) were given infusions of physostigmine, neostig-
mine, or saline on three different days. Five-minute tilts were repeated at baseline (no
infusion), Dose 1 (0.2 pg/kg/min physostigmine; 0.1 pg/kg/min neostigmine) and Dose 2
(0.6 pg/kg/min physostigmine or 0.3 pg/kg/min neostigmine), and placebo (0.9% NaCl).
Cerebral blood velocity, beat-to-beat blood pressure, and end-tidal CO, were continu-
ously measured during tilts. Physostigmine (0.6 pg/kg/min) resulted in higher cerebral
blood velocity during tilt (90.5 + 1.5%) than the equivalent neostigmine (85.5 + 2.6%) or
saline (84.8 + 1.7%) trials (P < 0.05). This increase occurred despite a greater postural
hypocapnia, suggesting physostigmine had a direct vasodilatory effect on the cerebral
vasculature. Cerebral hypoperfusion induced by repeated tilts was eliminated by infusion
of physostigmine not neostigmine. In conclusion, this study provides the first evidence
that enhancement of central, not peripheral, cholinergic activity attenuates the physio-
logical decrease in CBF seen during upright tilt. These data support the need for further
research to determine if enhancing central cholinergic activity may improve symptoms in
patients with symptomatic orthostatic intolerance.

Keywords: cerebral blood flow, cholinergic, autonomic, orthostasis, orthostatic intolerance

INTRODUCTION

Orthostatic intolerance, which includes symptoms of lightheadedness, weakness, dizziness and
presyncope, is a consequence of the inability to maintain cerebral perfusion when upright (1). While
the peripheral vascular responses to orthostatic stress are well characterized, the cerebrovascular
response is less clearly understood.
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The upright posture results in a reduction in cerebral perfu-
sion pressure due to the hydrostatic gradient (2), and thus
cerebral resistance vessels must dilate to maintain cerebral blood
flow (CBF). An inadequate dilatory response would impair flow.
In fact, healthy individuals that develop orthostatic intolerance
demonstrate greater decreases in CBF (3, 4), even when arterial
pressure is maintained (4), suggesting cerebral vasoconstriction
or inadequate cerebral vasodilation is present. The role of cer-
ebral hypoperfusion in orthostatic intolerance patients of diverse
causes remains unclear. Some studies have demonstrated greater
decreases in CBF (3, 5) while others have not (6).

Cerebral vessels are densely innervated by parasympathetic
nerves (7, 8) that could play a direct vasoregulatory role. Recently,
it has been proposed that cholinergic activation could play an
important role in control of the cerebral vasculature (9). Both
animal (wide range of quadrupeds), primate and human studies
have implicated parasympathetic nerves in cerebral vasodilation
(7, 10, 11). Although several neurotransmitters are involved,
there is evidence in humans that acetylcholinesterase inhibition
leads to an increase in CBF without a change in metabolism while
supine (12), supporting a direct vasodilatory role for cholinergic
nerves. However, there are no reports on the role of the choliner-
gic system on CBF when upright.

To examine the role of the cholinergic system in cerebral vaso-
dilation in healthy control participants during orthostatic stress,
we administered the centrally acting, tertiary amine, cholinest-
erase inhibitor, physostigmine to enhance central cholinergic
activity during orthostatic stress to determine if the CBF response
to upright tilt would be improved. To control for the effects of
increased peripheral cholinergic activity, we administered the
quaternary amine, cholinesterase inhibitor, neostigmine, which
does not cross the blood brain barrier. We hypothesized that
cholinergic cerebral vasodilation would increase CBF in the
upright posture.

MATERIALS AND METHODS

All procedures were approved by Beth Israel Deaconess Medical
Center Committee on Clinical Investigations. All participants
were consented by Dr. Jorge Serrador prior to participation in
the study. Participants were given the consent form and the
opportunity to read it. Then procedures were verbally explained
by Dr. Serrador, and they were asked if they had any questions
or concerns. After verbal confirmation was received that they
understand the procedures and risks, they signed the consent
form, and it was witnessed.

Participants

Participants had no history of cardiopulmonary, renal, neurologi-
cal or other systemic disease. Caffeine, alcohol, and heavy exercise
were prohibited for 24 h prior to testing. A medical history, physi-
cal exam, and pregnancy test were performed on all participants.

Drug Dosage

Testing was double blind with participants returning on three
separate occasions, with the drug received on each testing day
randomly determined (saline, neostigmine, and physostigmine).

Drugs were mixed at the research pharmacy and provided in an
unlabeled bag so that study staff and participants were blind to
what infusion was being performed. Each test day consisted of
baseline and three dosage levels: baseline (no infusion), Dose 1
(0.2 pg-kg™'-min~! physostigmine; 0.1 pg-kg~"-min~' neostigmine),
Dose 2 (0.6 pg-kg™'-min™' physostigmine or 0.3 pgkg™'-min~!
neostigmine), and Dose 3 (1.0 pg-kg™min™" physostigmine or
0.5 pg-kg™'min™" neostigmine) or placebo (0.9% NaCl) for all
three infusion levels (Figure 1).

Cerebrovascular Reactivity

Cerebrovascular reactivity was assessed while breathing 8% CO,,
21% O, balance nitrogen, and mildly hyperventilating for 2 min
each. Two minute periods were chosen since previous work
found the time constant for cerebral flow velocity responses to
changes in end-tidal CO, is ~45 s (13). Thus, the first 60 s allow for
adaptation to the stimulus, and the second 60 s can assess steady
state response. In addition, recent research has found that sus-
tained hypercapnia or hypocapnia can result in changes in MCA
diameter, but only after continual steady state periods longer than
2 min (14). Thus, using 2 min periods allows for assessing velocity
changes without associated diameter changes.

Tilt Testing

Each test session comprised four 5-min tilts (60°) preceded by
10 min supine rest and followed by 5 min of recovery. Following
each recovery period, the infusion was increased so that partici-
pants received a total of three dose levels and four tilts (Figure 1).
Participants remained upright for 5 min or until they developed
presyncopal symptoms. Five-minute tilts with a 15 min supine
recovery between tilts were used in order to complete all dosage
levels within one session and to minimize the effect of repeated
tilts on orthostatic tolerance. A prior report suggests that six
repeated 10 min tilts with 30 s supine in between results in reduced
orthostatic tolerance (15). Heart rate (HR) (Datex Cardiocap
II), beat-to-beat blood pressure (BP) (Finometer), cerebral flow
velocity in the middle cerebral (CFVwca), and anterior cerebral
(CFVaca) arteries (transcranial Doppler, Multi-Dop X4), and
end-tidal CO, (Datex-Ohmeda) was continuously recorded.

Data Analysis

Signals were sampled at 500 Hz and processed using data
acquisition (WinDaq) and analysis (MATLAB) software.
Cerebrovascular reactivity was determined by plotting cerebral
flow velocity vs end-tidal CO, during testing including a 6 s
delay between end-tidal and flow velocity changes. Plots were
created of breath-by-breath end-tidal CO, vs CFV was created
over both the baseline, hypercapnia and hypocapnia periods.
Cerebrovascular reactivity was determined as the linear best fit
for the data.

BPurain (BP at heart level minus hydrostatic gradient) was used
to reflect cerebral perfusion pressure since intracranial pressure
remains relatively unchanged (2). CFV was normalized to base-
line (supine rest prior to first tilt) to better reflect changes in CBF
(16). Estimated cerebrovascular resistance (CVR) was derived by
dividing BPyrin by CFV. To minimize probe placement effects,
TCD operators and probe depths were kept constant.
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FIGURE 1 | Protocol diagram for physostigmine, neostigmine, saline infusion. Protocol for each study session. Participants underwent four tilts consisting of
10 min supine, 5 min tilt, and 5 min recovery. Following each recovery period, infusion was started or increased (every 20 min). Participants were randomly assigned
to drug condition, and infusions were performed in a double-blind fashion. Infusion doses are shown for each drug condition (neostigmine and physostigmine) and
placebo control (saline).

Statistics

To examine the role of cholinergic activity on the cerebrovascular
response to tilt, comparisons were made between drugs as well
as dose and body position, i.e., supine vs upright. A three-way
repeated-measures ANOVA was performed (Drug X Dose X Tilt),
with a Bonferroni post hoc analysis. Mean values during last 3 min
of tilt were compared to baseline (mean of last 5 min supine prior
to tilt). Data are presented as mean + SEM, p < 0.05 considered
significant.

RESULTS

Participant Characteristics

Eight participants (6 women and 2 men, mean age, 26 years;
range 21-33 years, 67.7 + 15.2 kg, 166.7 + 4.7 cm, mean + SD)
completed 12 tilts over 3 visits without developing presyncope.

Effect of Repeated Orthostatic Stress

during Saline Infusion

Blood pressure while upright was similar during all tilts as was
HR (Figures 2 and 3, open circles). Repeated orthostatic stress
resulted in significantly reduced cerebral flow velocity while
upright during Tilt 3 (Figure 4). It also resulted in slightly
reduced end-tidal CO, during the third tilt compared to the first
(<1 mmHg difference), see Table 1.

Effect of Acetylcholinesterase Inhibitors

on the Orthostatic Response

Neostigmine

Supine BP and end-tidal CO, were unaffected by dosage level
during the 5 min prior to tilt (Table 1). In contrast, CFV in both
arteries demonstrated a small but significant increase at Dose 2
while HR decreased during the same supine period. During tilt

at Dose 2, neostigmine resulted in lower cerebral flow velocity
as well as lower HRs (Figure 2) and slightly lower end-tidal
CO: (<1 mmHg, Table 1). Lower cerebral blood flow velocity
and end-tidal CO, were also seen during the third tilt with
saline infusion, and thus these changes may be have been due
to repeated tilts rather than neostigmine. Mean arterial pressure
(MAP), when upright, was unaffected by dosage but diastolic BP
increased. During Dose 3, the trial was stopped in one participant
due to the development of nausea.

Physostigmine

Supine BP, end-tidal CO, and cerebral flow velocity were unaf-
fected by dose level during the 5 min prior to tilt (Figure 2 and
Table 1). In contrast, CFV and HR increased at Dose 2. During
tilt at Dose 2, cerebral flow velocity values were higher compared
to baseline tilt (Figure 2). This increased CBF velocity occurred
despite there being no difference between baseline and Dose 2
tilts in BP or HR. Similar to saline and neostigmine, end-tidal
CO, was slightly lower during Dose 2 compared to baseline tilt
(<1 mmHg, Table 1). The increase in CFV was present across
arterial territories (i.e., both middle and anterior cerebral arter-
ies) and during supine recovery (Figure 4).

Cerebrovascular resistance decreased during tilt in all condi-
tions (Table 1) but not sufficiently to maintain flow at baseline lev-
els. Since CVR changes are due to both autoregulatory responses
to pressure changes and neurogenic vasoregulation, we exam-
ined the non-autoregulatory component of the CVR response
(CVRa). This was determined by subtracting the autoregulatory
CVR (CVR necessary to maintain 100% of baseline flow during
pressure changes) from the actual CVR obtained during each
tilt. Since measures of autoregulation (transfer function gains)
demonstrated no changes with infusion (data not shown), we
assumed autoregulation was intact. Comparison of the upright
response during the first three tilts demonstrated that in contrast
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FIGURE 2 | Cardiovascular response to tilt during physostigmine, neostigmine, and saline infusion. Changes in mean cerebral flow velocity for both
arteries (CFV), blood pressure corrected to brain level (BPuain), and heart rate (HR) from supine (mean of 610 min) to 60° head up tilt during infusion of saline (white),
neostigmine (gray), or physostigmine (black) at Baseline (no infusion), Dose 1, and Dose 2. *A significant difference from baseline supine values (P < 0.05).
TSignificantly lower CFV while upright compared to Tilt 1 for saline and neostigmine only (P < 0.05). “Significant effect of drug at that dose (P < 0.05). Al tilt values

TILT

to the saline and neostigmine Dose 2 tilts where CVRyx was
greater, during Dose 2 physostigmine CVRnx was lower, sug-
gesting improved vasodilation, which would explain the better
maintenance of cerebral flow velocity (Figure 3). In addition
this would suggest that the physostigmine was able to counteract
the detrimental effect of repeated tilts that resulted in reduced
flow velocity and increased resistance during Tilt 3 in the saline
and neostigmine groups. Dose 3 of the physostigmine trial was
terminated in seven of eight participants due to the development
of nausea and thus was not included in the analysis.

Response of Regional CBF

Examination of middle cerebral and anterior cerebral artery
velocity demonstrated that both arteries had similar changes
associated with repeated tilt for both neostigmine and physostig-
mine (Figure 4). Decreases in middle cerebral artery velocity
tended to be greater than those seen in the anterior cerebral artery
during both repeated saline and neostigmine tilts, although this
trend did not reach significance. Interestingly, middle cerebral

artery velocity was improved during both Dose 1 and Dose
2 of physostigmine in the last minute of tilt (Figure 5). Probe
placement was consistent across days; no difference in cerebral
flow velocity during first baseline, regardless of trial (P = 0.80).
Cerebrovascular reactivity was not significantly different between
trials (P = 0.50) and did not differ between arteries (P = 0.70).

DISCUSSION

This study provides the first evidence that enhancement of
central, not peripheral, cholinergic activity attenuates the physi-
ological decrease in CBF seen during upright tilt. We also found
that enhancing central cholinergic activity (via physostigmine)
attenuates the decrease in CBF associated with repeated exposure
to short duration orthostatic stress.

Assumption of the upright posture is associated with
a number of adaptations to maintain arterial pressure in
response to translocation of blood in the dependent circula-
tion. Parasympathetic activity is attenuated, and sympathetic
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and end-tidal CO; (PrCO») response to 5 min of 60° head up tilt during infusion of saline (white), neostigmine (gray), or physostigmine (black) at Baseline, Dose 1, and
Dose 2. *Significantly higher CVRwa while upright compared to Tilt 1 for saline and neostigmine only (P < 0.05). “Indicates significant effect of drug at that dose (P < 0.05).
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FIGURE 4 | Regional cerebral blood flow response to infusion. Anterior
cerebral artery (ACA) and middle cerebral artery (MCA) cerebral flow velocity
(CFV) response during 5 min of 60° head up tilt during saline infusion and
during Dose 1 and Dose 2 infusion of either neostigmine or physostigmine.
There were no significant differences between arteries in responses to either
dosage or drug. *A significant difference from baseline tilt values (P < 0.05).
“Significant effect of drug at that dose (P < 0.05).

outflow increases, leading to increased HR and peripheral
vasoconstriction to maintain arterial pressure. In addition,
the cerebral vasculature is now above the heart, and perfusion
pressure is reduced ~20 mmHg (2). Thus, to maintain CBF in

the upright position, cerebral vessels must dilate. If cerebral
vessels are unable to dilate and cerebral hypoperfusion occurs,
syncope will result.

Several animal models provide evidence that parasympathetic
pathways are implicated in cerebral vasodilation (7, 10). Studies
document that parasympathetic activation causes increased CBF
independent of metabolism suggesting a direct vasodilatory role
(10, 17). Similarly removal of the pterygopalatine ganglion inter-
rupts parasympathetic pathways and causes reductions in CBF
in rats (18). In addition, enhancement of cholinergic activity
using physostigmine improves the functional increase in CBF
in the somatosensory cortex during vibrotactile stimulation
[determined by positron emission tomography (PET)] in elderly
monkeys (19). Similarly, in young-adult monkeys, impairing
cholinergic activity using scopolamine abolishes the functional
increase in CBF during vibrotactile stimulation and enhancing
cholinergic activity via physostigmine reinstates it. In humans,
several lines of evidence suggest a role for cholinergic inputs. For
example, regional CBF, as measured by PET or SPECT, increases
during stimulation of the vagus nerve (11, 20) or inhibition of
acetylcholinesterase with physostigmine (12, 21-24). While flow
increased with physostigmine in these studies, metabolism was
unchanged (12), further supporting a direct vasodilatory effect.
There is also evidence that administration of scopolamine causes
a decrease in CBF that is reversed by physostigmine but not
neostigmine, supporting a role for central cholinergic regulation
of CBF (25). Neostigmine, which does not cross the blood brain
barrier, also did not improve the CBF response in our studies.
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neostigmine or physostigmine. There were no significant differences between arteries in responses to either dosage or drug. “Significant effect of drug at that dose
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whether pyridostigmine affected CVR in these patients since
CBF was not measured. In contrast, we found no significant
change in BP or improvement in CBF during tilt in healthy
controls during peripheral cholinergic activity enhancement
with neostigmine.

Thus, the role played by cerebral cholinergic vasodilatory
mechanisms in the features of orthostatic tolerance in autonomic
failure patients is not known. The present data raise the possibil-
ity that cholinergic activation may enhance CBE. Whether this
enhancement of CBF could then improve symptoms of orthos-
tatic intolerance in this patient population needs to be examined.
Further work is required to confirm this in patients and determine
the dose-response given the narrow therapeutic window.

However, some support for a role for CBF in orthostatic
intolerance in these patients is provided by examining current
treatments. Midodrine, which has been found to be effective for
treating orthostatic intolerance, has also been shown to increase
CBF in patients with chronic hypotension (35) and spinal cord
injured patients (36). Similarly, dihydroxyphenylserine has also
been used to treat orthostatic intolerance and has also been
found to increase regional CBF (37). Other treatments, such as
pyridostigmine, a peripheral acetylcholinesterase inhibitor that
does not cross the blood brain barrier, have not been found to
affect CBF in animals (38). All of these treatments have also been
found to increase BP, which may also underlie the increase in CBE.
Thus, further work in orthostatic intolerance patients examining
many variables including BP, cardiac output, and CBF would be
necessary to better understand the role of CBF in orthostatic
intolerance.

It is interesting that Does 2 of physostigmine resulted in
higher HRs when upright. We would expect that physostig-
mine should reduce HR since it enhances cholinergic inputs
to HR control. However, previous work in humans has also
found that physostigmine infusion results in increased HRs
(39, 40). The presumed mechanism is central activation of the

hypothalamic-pituitary-adrenocortical axis as well as increased
sympathetic outflow to the heart.

Several other explanations for the increase in CBF can be con-
sidered. If participants had impaired autoregulation, an increase
in MAP during physostigmine infusion could have resulted
in increased cerebral flow; however, there was no significant
increase in pressure seen. Also, we did not find any indications
of impaired autoregulation, which is consistent with evidence
in primates where direct parasympathetic stimulation results in
cerebral vasodilation without affecting autoregulation (17).

In addition, middle cerebral artery flow was increased dur-
ing the last minute of tilt during the lowest physostigmine dose
(Figure 5), suggesting that lower doses of physostigmine could
be effective during longer periods of orthostatic stress. Further,
work during longer tilts and testing the effects of lower doses of
physostigmine on orthostatic tolerance is needed.

One limitation of this study is we were unable to assess sex
differences due to the small number of participants (six women
vs two men). Previous research has demonstrated CBF regulation
may differ between women and men with older women demon-
strating better cerebral autoregulation (41) and young women
showing greater CBF (42, 43). In addition, CBF appears to be
affected by time of cycle (44, 45). Since we did not control for time
of cycle, we cannot examine possible cycle effects on the response.
Further, work is needed to determine if sex differences and time
of cycle affect the response to physostigmine.

Summary

This work provides the first evidence that increasing central
cholinergic activity improves the maintenance of CBF in the
upright posture in healthy participants. These data raise the inter-
esting possibility that use of centrally acting acetylcholinesterase
inhibitors may improve symptoms in patients with symptomatic
orthostatic intolerance. Further, work in patient populations is
necessary to determine whether enhancing central cholinergic
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activity will improve CBF and if this could possibly reduce symp-
toms of orthostatic intolerance.

AUTHOR CONTRIBUTIONS

JS and RF conceived and designed the study, interpreted the
data, and wrote the manuscript. JS performed the study, analyzed
the data, had full access to all of the data in the study, and took
responsibility for the integrity of the data and the accuracy of the
data analysis.

REFERENCES

1. Kaufmann H. Neurally mediated syncope and syncope due to autonomic
failure: differences and similarities. ] Clin Neurophysiol (1997) 14(3):183-96.
doi:10.1097/00004691-199705000-00003

2. Dawson EA, Secher NH, Dalsgaard MK, Ogoh S, Yoshiga CC, Gonzalez-
Alonso J, et al. Standing up to the challenge of standing: a siphon does not
support cerebral blood flow in humans. Am J Physiol Regul Integr Comp
Physiol (2004) 287(4):R911-4. doi:10.1152/ajpregu.00196.2004

3. Jacob G, Atkinson D, Jordan J, Shannon JR, Furlan R, Black BK, et al.
Effects of standing on cerebrovascular resistance in patients with idiopathic
orthostatic intolerance. Am JMed (1999) 106(1):59-64. doi:10.1016/
$0002-9343(98)00364-7

4. Serrador JM, Shoemaker JK, Brown TE, Kassam MS, Bondar RL, Schlegel
TT. Cerebral vasoconstriction precedes orthostatic intolerance after parabolic
flight. Brain Res Bull (2000) 53(1):113-20.d0i:10.1016/S0361-9230(00)00315-4

5. Blaber AP, Bondar RL, Stein F, Dunphy PT, Moradshahi P, Kassam MS, et al.
Complexity of middle cerebral artery blood flow velocity: effects of tilt and
autonomic failure. Am ] Physiol (1997) 273(5:Pt 2):H2209-16.

6. Schondorf R, Benoit ], Stein R. Cerebral autoregulation is preserved in pos-
tural tachycardia syndrome. ] Appl Physiol (2005) 99(3):828-35. doi:10.1152/
japplphysiol.00225.2005

7. Sandor P. Nervous control of the cerebrovascular system: doubts and
facts. Neurochem Int (1999) 35(3):237-59. doi:10.1016/S0197-0186(99)
00067-4

8. Hotta H. Neurogenic control of parenchymal arterioles in the cerebral cortex.
Prog Brain Res (2016) 225:3-39. doi:10.1016/bs.pbr.2016.03.001

9. Roloft EV, Tomiak-Baquero AM, Kasparov S, Paton JE. Parasympathetic
innervation of vertebro-basilar arteries: is this a potential clinical target?
J Physiol (2016) 594(22):6463-85. doi:10.1113/]JP272450

10. Scremin OU, Sonnenschein RR, Rubinstein EH. Cholinergic cerebral
vasodilatation in the rabbit: absence of concomitant metabolic activa-
tion. ] Cereb Blood Flow Metab (1982) 2(2):241-7. doi:10.1038/jcbfm.
1982.24

11. Van Laere K, Vonck K, Boon P, Brans B, Vandekerckhove T, Dierckx R. Vagus
nerve stimulation in refractory epilepsy: SPECT activation study. ] Nucl Med
(2000) 41(7):1145-54.

12. Tune L, Brandt J, Frost JJ, Harris G, Mayberg H, Steele C, et al. Physostigmine
in Alzheimer’s disease: effects on cognitive functioning, cerebral glucose
metabolism analyzed by positron emission tomography and cerebral blood
flow analyzed by single photon emission tomography. Acta Psychiatr Scand
Suppl (1991) 366:61-5. doi:10.1111/].1600-0447.1991.tb03111.x

13. Poulin MJ, Liang PJ, Robbins PA. Dynamics of the cerebral blood flow
response to step changes in end-tidal PCO, and PO, in humans. ] Appl Physiol
(1996) 81(3):1084-95.

14. Coverdale NS, Gati JS, Opalevych O, Perrotta A, Shoemaker JK. Cerebral
blood flow velocity underestimates cerebral blood flow during modest
hypercapnia and hypocapnia. ] Appl Physiol (1985) (2014) 117(10):1090-6.
doi:10.1152/japplphysiol.00285.2014

15. Blaber AP, Bondar RL, Moradshahi P, Serrador JM, Hughson RL. Inspiratory
CO; increases orthostatic tolerance during repeated tilt. Aviat Space Environ
Med (2001) 72(11):985-91.

16. Serrador JM, Picot PA, Rutt BK, Shoemaker JK, Bondar RL. MRI mea-
sures of middle cerebral artery diameter in conscious humans during

ACKNOWLEDGMENTS

The authors would like to thank Karen Chase, RN; Elizabeth
Weir, BS; Dr. Gosala Gopalakrishnan, PhD; Laura Colburn, RN;
Elizabeth Devine, MS; and Anthony Pilowa, BS for their assis-
tance with data collection and analysis.

FUNDING

This work was funded through NIH HL059459 (Freeman).

simulated orthostasis. Stroke (2000) 31(7):1672-8. doi:10.1161/01.STR.
31.7.1672

17. McKee JC, Denn M], Stone HL. Neurogenic cerebral vasodilation from elec-
trical stimulation of the cerebellum in the monkey. Stroke (1976) 7(2):179-86.
doi:10.1161/01.STR.7.2.179

18. Boysen NC, Dragon DN, Talman WT. Parasympathetic tonic dilatory
influences on cerebral vessels. Auton Neurosci (2009) 147(1-2):101-4.
doi:10.1016/j.autneu.2009.01.009

19. Tsukada H, Sato K, Kakiuchi T, Nishiyama S. Age-related impairment
of coupling mechanism between neuronal activation and functional cerebral
blood flow response was restored by cholinesterase inhibition: PET study with
microdialysis in the awake monkey brain. Brain Res (2000) 857(1-2):158-64.
doi:10.1016/S0006-8993(99)02394-X

20. Henry TR, Bakay RA, Votaw JR, Pennell PB, Epstein CM, Faber TL,
et al. Brain blood flow alterations induced by therapeutic vagus nerve
stimulation in partial epilepsy: I. Acute effects at high and low levels of
stimulation. Epilepsia (1998) 39(9):983-90. doi:10.1111/j.1528-1157.1998.
tb01448.x

21. Geaney DP, Soper N, Shepstone BJ, Cowen PJ. Effect of central cholinergic
stimulation on regional cerebral blood flow in Alzheimer disease. Lancet
(1990) 335(8704):1484-7. doi:10.1016/0140-6736(90)93028-N

22. Mentis MJ, Sunderland T, Lai J, Connolly C, Krasuski J, Levine B, et al.
Muscarinic versus nicotinic modulation of a visual task. a pet study using
drug probes. Neuropsychopharmacology (2001) 25(4):555-64. doi:10.1016/
$0893-133X(01)00264-0

23. Freo U, Ricciardi E, Pietrini P, Schapiro MB, Rapoport SI, Furey ML.
Pharmacological modulation of prefrontal cortical activity during a working
memory task in young and older humans: a PET study with physostig-
mine. Am ] Psychiatry (2005) 162(11):2061-70. doi:10.1176/appi.ajp.162.
11.2061

24. Ricciardi E, Pietrini P, Schapiro MB, Rapoport SI, Furey ML. Cholinergic
modulation of visual working memory during aging: a parametric PET
study. Brain Res Bull (2009) 79(5):322-32. doi:10.1016/j.brainresbull.2009.
01.013

25. Prohovnik I, Arnold SE, Smith G, Lucas LR. Physostigmine reversal of scopol-
amine-induced hypofrontality. ] Cereb Blood Flow Metab (1997) 17(2):220-8.
doi:10.1097/00004647-199702000-00012

26. LiuP, Aslan S, Li X, Buhner DM, Spence JS, Briggs RW, et al. Perfusion deficit
to cholinergic challenge in veterans with Gulf War Illness. Neurotoxicology
(2011) 32(2):242-6. doi:10.1016/j.neuro.2010.12.004

27. Haley RW, Charuvastra E, Shell WE, Buhner DM, Marshall WW, Biggs
MM, et al. Cholinergic autonomic dysfunction in veterans with Gulf War
illness: confirmation in a population-based sample. JAMA Neurol (2013)
70(2):191-200. doi:10.1001/jamaneurol.2013.596

28. Sato MA, Morrison SE, Lopes OU, Colombari E. Differentiated hemodynamic
changes controlled by splanchnic nerve. Auton Neurosci (2006) 126-127:202—
10. doi:10.1016/j.autneu.2006.01.017

29. Ainslie PN, Ashmead JC, Ide K, Morgan BJ, Poulin MJ. Differential responses
to CO, and sympathetic stimulation in the cerebral and femoral circulations
in humans. JPhysiol (2005) 566(Pt 2):613-24. doi:10.1113/jphysiol.2005.
087320

30. Talman WT, Corr J, Nitschke Dragon D, Wang D. Parasympathetic stimula-
tion elicits cerebral vasodilatation in rat. Auton Neurosci (2007) 133(2):153-7.
doi:10.1016/j.autneu.2006.12.002

Frontiers in Neurology | www.frontiersin.org

March 2017 | Volume 8 | Article 103


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1097/00004691-199705000-00003
https://doi.org/10.1152/ajpregu.00196.2004
https://doi.org/10.1016/S0002-9343(98)00364-7
https://doi.org/10.1016/S0002-9343(98)00364-7
https://doi.org/10.1016/S0361-9230(00)00315-4
https://doi.org/10.1152/japplphysiol.00225.2005
https://doi.org/10.1152/japplphysiol.00225.2005
https://doi.org/10.1016/S0197-0186(99)
00067-4
https://doi.org/10.1016/S0197-0186(99)
00067-4
https://doi.org/10.1016/bs.pbr.2016.03.001
https://doi.org/10.1113/JP272450
https://doi.org/10.1038/jcbfm.
1982.24
https://doi.org/10.1038/jcbfm.
1982.24
https://doi.org/10.1111/j.1600-0447.1991.tb03111.x
https://doi.org/10.1152/japplphysiol.00285.2014
https://doi.org/10.1161/01.STR.
31.7.1672
https://doi.org/10.1161/01.STR.
31.7.1672
https://doi.org/10.1161/01.STR.7.2.179
https://doi.org/10.1016/j.autneu.2009.01.009
https://doi.org/10.1016/S0006-8993(99)02394-X
https://doi.org/10.1111/j.1528-1157.1998.
tb01448.x
https://doi.org/10.1111/j.1528-1157.1998.
tb01448.x
https://doi.org/10.1016/0140-6736(90)93028-N
https://doi.org/10.1016/S0893-133X(01)00264-0
https://doi.org/10.1016/S0893-133X(01)00264-0
https://doi.org/10.1176/appi.ajp.162.
11.2061
https://doi.org/10.1176/appi.ajp.162.
11.2061
https://doi.org/10.1016/j.brainresbull.2009.
01.013
https://doi.org/10.1016/j.brainresbull.2009.
01.013
https://doi.org/10.1097/00004647-199702000-00012
https://doi.org/10.1016/j.neuro.2010.12.004
https://doi.org/10.1001/jamaneurol.2013.596
https://doi.org/10.1016/j.autneu.2006.01.017
https://doi.org/10.1113/jphysiol.2005.
087320
https://doi.org/10.1113/jphysiol.2005.
087320
https://doi.org/10.1016/j.autneu.2006.12.002

Serrador and Freeman

Cholinergic Activity Increases CBF

31.

32.

33.

34.

35.

36.

37.

38.

39.

Talman W, Nitschke Dragon D. Neuronal nitric oxide mediates cerebral
vasodilatation during acute hypertension. Brain Res (2007) 1139:126-32.
doi:10.1016/j.brainres.2007.01.008

Hamel E. Cholinergic modulation of the cortical microvascular bed. Prog
Brain Res (2004) 145:171-8. doi:10.1016/S0079-6123(03)45012-7

Singer W, Opfer-Gehrking TL, McPhee BR, Hilz MJ, Bharucha AE, Low
PA. Acetylcholinesterase inhibition: a novel approach in the treatment of
neurogenic orthostatic hypotension. J Neurol Neurosurg Psychiatry (2003)
74(9):1294-8. doi:10.1136/jnnp.74.9.1294

Raj SR, Black BK, Biaggioni I, Harris PA, Robertson D. Acetylcholinesterase
inhibition improves tachycardia in postural tachycardia syndrome. Circulation
(2005) 111(21):2734-40. doi:10.1161/CIRCULATIONAHA.104.497594
Duschek S, Hadjamu M, Schandry R. Enhancement of cerebral blood flow
and cognitive performance following pharmacological blood pressure
elevation in chronic hypotension. Psychophysiology (2007) 44(1):145-53.
doi:10.1111/j.1469-8986.2006.00472.x

Wecht JM, Rosado-Rivera D, Handrakis JP, Radulovic M, Bauman WA. Effects
of midodrine hydrochloride on blood pressure and cerebral blood flow during
orthostasis in persons with chronic tetraplegia. Arch Phys Med Rehabil (2010)
91(9):1429-35. doi:10.1016/j.apmr.2010.06.017

Matsubara S, Sawa Y, Yokoji H, Takamori M. Shy-Drager syndrome. Effect
of fludrocortisone and L-threo-3,4-dihydroxyphenylserine on the blood pres-
sure and regional cerebral blood flow. ] Neurol Neurosurg Psychiatry (1990)
53(11):994-7. doi:10.1136/jnnp.53.11.994

Scremin OU, Shih TM, Huynh L, Roch M, Sun W, Chialvo DR, et al. Low-
dose cholinesterase inhibitors do not induce delayed effects on cerebral
blood flow and metabolism. Pharmacol Biochem Behav (2005) 80(4):529-40.
doi:10.1016/j.pbb.2004.12.013

Peskind ER, Raskind MA, Wingerson D, Pascualy M, Thal L], Dobie DJ, et al.
Enhanced hypothalamic-pituitary-adrenocortical axis responses to physostig-
mine in normal aging. ] Gerontol A Biol Sci Med Sci (1995) 50(2):M114-20.
doi:10.1093/gerona/50A.2.M114

40.

41.

42.

43.

44.

45.

Petrie EC, Peskind ER, Dobie DJ, Veith RC, Raskind MA. Plasma catechol-
amine and cardiovascular responses to physostigmine in Alzheimer’s disease
and aging. Psychoneuroendocrinology (2001) 26(2):147-64. doi:10.1016/
S0306-4530(00)00041-X

Deegan BM, Sorond FA, Galica A, Lipsitz LA, O’Laighin G, Serrador JM.
Elderly women regulate brain blood flow better than men do. Stroke (2011)
42(7):1988-93. d0i:10.1161/STROKEAHA.110.605618

Liu W, Lou X, Ma L. Use of 3D pseudo-continuous arterial spin labeling to
characterize sex and age differences in cerebral blood flow. Neuroradiology
(2016) 58(9):943-8. doi:10.1007/500234-016-1713-y

Rodriguez G, Warkentin S, Risberg J, Rosadini G. Sex differences in regional
cerebral blood flow. J Cereb Blood Flow Metab (1988) 8(6):783-9. d0i:10.1038/
jcbfm.1988.133

Krejza], Rudzinski W, Arkuszewski M, Onuoha O, Melhem ER. Cerebrovascular
reactivity across the menstrual cycle in young healthy women. Neuroradiol ]
(2013) 26(4):413-9. doi:10.1177/197140091302600406

Peltonen GL, Harrell JW, Aleckson BP, LaPlante KM, Crain MK, Schrage
WG. Cerebral blood flow regulation in women across menstrual phase: dif-
ferential contribution of cyclooxygenase to basal, hypoxic, and hypercapnic
vascular tone. Am J Physiol Regul Integr Comp Physiol (2016) 311(2):R222-31.
doi:10.1152/ajpregu.00106.2016

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Serrador and Freeman. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

March 2017 | Volume 8 | Article 103


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.brainres.2007.01.008
https://doi.org/10.1016/S0079-6123(03)45012-7
https://doi.org/10.1136/jnnp.74.9.1294
https://doi.org/10.1161/CIRCULATIONAHA.104.497594
https://doi.org/10.1111/j.1469-8986.2006.00472.x
https://doi.org/10.1016/j.apmr.2010.06.017
https://doi.org/10.1136/jnnp.53.11.994
https://doi.org/10.1016/j.pbb.2004.12.013
https://doi.org/10.1093/gerona/50A.2.M114
https://doi.org/10.1016/S0306-4530(00)00041-X
https://doi.org/10.1016/S0306-4530(00)00041-X
https://doi.org/10.1161/STROKEAHA.110.605618
https://doi.org/10.1007/s00234-016-1713-y
https://doi.org/10.1038/jcbfm.1988.133
https://doi.org/10.1038/jcbfm.1988.133
https://doi.org/10.1177/197140091302600406
https://doi.org/10.1152/ajpregu.00106.2016
http://creativecommons.org/licenses/by/4.0/

	Enhanced Cholinergic Activity Improves Cerebral Blood Flow during Orthostatic Stress
	Introduction
	Materials and Methods
	Participants
	Drug Dosage
	Cerebrovascular Reactivity
	Tilt Testing
	Data Analysis

	Statistics

	Results
	Participant Characteristics
	Effect of Repeated Orthostatic Stress during Saline Infusion
	Effect of Acetylcholinesterase Inhibitors on the Orthostatic Response
	Neostigmine
	Physostigmine

	Response of Regional CBF

	Discussion
	Summary

	Author Contributions
	Acknowledgments
	Funding
	References


