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Parasympathetic Cholinergic Control of Cerebral
Blood Flow in Dogs

Louis G. D’ALEcYy AND CyYNTHIA J. ROSE

SUMMARY We studied the effects of cholinergic receptor activation on cerebral blood flow in dogs anesthetized
with chloralose. Continuous measurements of cerebral blood flow, arterial and cerebral spinal fluid pressure, heart
rate, and respiratory carbon dioxide tension were made during parasympathetic nerve stimulation and during intra-
arterial infusion of acetylcholine. Multiple samples of arterial and cerebral venous blood were taken before, during,
and after cholinergic vasodilation and analyzed for oxygen tension, carbon dioxide tension, and pH. Dose-response
curves obtained by intra-arterial infusion of acetylcholine at 0.27-1,080 pg/min and stimulation frequency-response
curves obtained by excitation of the major petrosal nerve at 2-40 Hz demonstrated a dose or frequency-dependent
cerebral vasodilation. The maximum cerebral vasodilation (171% of control flow) was obtained with an acetylcholine
infusion of 1,080 ug/min. During infusion of 27 ug of acetylcholine/min arterial blood gases showed little or no
change and thus could not have produced the observed change in cerebral blood flow. The changes in cerebral venous
blood were all consistent with the observed increase in cerebral blood flow; oxygen tension rose from 30.4 to 36.0 mm
Hg, carbon dioxide tension fell from 45.7 to 42.3 mm Hg, and pH rese from 7.342 to 7.360. Ipsilateral stimulation of
the major petrosal nerve at 10 Hz, with a 3-msec pulse duration and 60-second stimulation period, produced an
increase in cerebral blood flow to 111% of control flow. Chelinergic receptor blockade with atropine (1 mg/kg, i.v.)
completely eliminated the cerebral vasodilation produced by acetylcholine infusion at 27 ug/min and significantly
reduced the vasodilation resulting from major petrosal nerve stimulation. We conclude that the cerebral circulation
has the capacity for significant cholinergic vasodilation.

THE ABUNDANT anatomical evidence demonstrating
the existence of nerve fibers on the cerebral vessels has
recently been reviewed.! The sympathetic autonomic com-
ponent of this innervation has been shown to have the
capacity for marked cerebral vasoconstriction via an a-
adrenergic receptor mechanism.>3 A parasympathetic
cerebral vasodilator mechanism was suggested by early
workers when they observed pial vessel dilation in re-
sponse to cranial nerve stimulation.* More recently, in-
travertebral atropine was shown to suppress the dilation
resulting from inhalation of 5% CO,,* and intravertebral
neostigmine enhanced cerebral vasodilator reactivity to
CO,.% Atropine was also shown to eliminate ‘“‘autoregula-
tory dilation™ in unanesthetized rabbits.” Each of these
observations is consistent with a parasympathetic choliner-
gic vasodilator mechanism for the cerebral circulation.
None of these studies demonstrates a parasympathetic
cholinergic increase in cerebral blood flow. A cholinergic
vasodilator mechanism to compliment the adrenergic vas-
oconstrictor mechanism has, therefore, not been clearly
defined for the control of cerebral blood flow. In the
present study, parasympathetic nerve stimulation and in-
tra-arterial infusion of a cholinergic agonist, acetylcholine,
were used to test for a possible parasympathetic choliner-
gic cerebral vasodilator mechanism.

Methods

GENERAL PREPARATION

Adult male dogs weighing between 17.0 and 30.9 kg
were anesthetized with a-chloralose (100-120 mg/kg of
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body weight, iv), and anesthesia was maintained by con-
tinuous infusion (40 mg/kg per hour) or by hourly supple-
ments as required. Each dog was mechanically ventilated
(Harvard 607 respiration pump) via an intratracheal tube
at 15 breaths/min. The tidal volume was adjusted to give
an end-expiratory carbon dioxide tension between 4.5%
and 5.0%, as monitored by an infrared analyzer (Beck-
man LB-2). Esophageal temperature at the level of the
heart was monitored and used to control body tempera-
ture at 39°C with a heating pad and proportional control-
ler. Arterial pH was adjusted by intravenous infusion of
1.5% sodium bicarbonate to approximately 7.41. Central
arterial pressure was measured in the arch of the aorta
through a 75-cm polyethylene (PE 260 Intramedic) can-
nula passed from the femoral artery. Mean arterial pres-
sure and heart rate were electronically determined from
the arterial pressure pulse. Cerebrospinal fluid pressure
was measured through a 30-cm section of saline-filled
polyethylene tubing (PE 90 Intramedic) inserted into the
cisterna magna through a puncture of the atlantooccipital
membrane. Continuous recordings of cerebral blood flow,
mean arterial pressure, respiratory carbon dioxide ten-
sion, cerebrospinal fluid pressure, heart rate, and pulsatile
arterial pressure were made on a six-channel oscillograph
(Gould Brush 200).

CEREBRAL BLOOD FLOW PREPARATION

The cerebral venous outflow preparation used in this
study has been described for previous studies of the auto-
nomic control of the cerebral circulation.?* An uncontam-
inated measurement of cerebral blood flow is obtained
from the dorsal (cerebral) drainage system of the head
without compromising the ventral (extracerebral) drain-
age system. The sigmoid sinuses are occluded within the
occipital bone with heparinized cotton pellets without
opening the cranium. The occipital emmissary vein is cau-
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terized during the exposure of the bone over the sigmoid
sinuses. The right temporal sinus is occluded downstream
with pellets and cannulated toward the midline for with-
drawal of cerebral venous blood samples. The left tem-
poral sinus is exposed for transducer placement by thin-
ning the bone, with a No. 1 rotary bone file, at the
junction of the superior nuchal ridge and the dorsal margin
of the zygomatic arch. At this location the temporal sinus
is completely surrounded by bone as it forms the lateral
extension of the transverse sinus. We currently use an
ultrasonic flowmeter (American Ultrasonics Laboratories,
model 1012) rather than the electromagnetic flowmeter
used in previous studies. Doppler transmit and receive
crystals, mounted on a plastic block, are positioned over
the sinus and secured with stainless steel screws and suture
wire. Quick-cure acrylic is coated over the screws, suture,
and transducer. This is a unique application of Doppler
technology inasmuch as the angular relationships between
transmit-receive crystals and the axial flow of blood is
fixed in the bone. The dural lining of the sinus adheres to
the bone in the same way as periostium. Thus there is no
dimensional instability in this configuration; this allows
calibration of each preparation at the end of the experi-
ment by cannulation of the left temporal sinus and collec-
tion of a volume of blood for timed intervals. Four repre-
sentative calibration curves are presented in Figure 1, to
show the relationship between collected cerebral blood
flow (milliliters per minute) and the visually averaged
oscillograph record of flowmeter output (millivolts). Least
square regression analysis for each series of points was
used to compute the calibration factor, as the slope of the
regression line. The average 1 for 13 calibration lines was
0.992 + 0.003 sem.

The retrograde infusion of acrylic is the final verification
procedure which determines the completeness of the dor-
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FIGURE 1  Four individual plots of blood flow (ml/min) vs. flow-
meter output (mV); the lines represent a linear least squares regres-
sion analysis through zero. A calibration, plot, and regression
analysis were made for each dog from 4 or 5 data points taken just
before death, by collecting cerebral venous outflow for timed
intervals and noting flowmeter output in millivolis.

sal-ventral venous sinus separation and tests for the pres-
ence of the anastomotic branch of the dorsal petrosal
sinus. At the end of each experiment the dog was heparin-
ized (750 U/kg of body weight) for the calibration proce-
dure and then killed by iv infusion of 50 ml of saturated
potassium chloride. A thin mix (monomer to polymer
ratio, 1:1 by volume) of acrylic (Stratford Cookson Tra-
mix) was infused into the cerebral venous drainage system
through the calibration cannula in the left temporal sinus,
at a constant pressure of 25 mm Hg. The acrylic mixture
continued to flow for 15-20 minutes and was left to
harden for 30-40 minutes. Vessels as small as 125 um
regularly were found to have filled when dissected post
mortem. The head was removed from the atlas and the
occlusions of the right and left sigmoid and temporal
sinuses were examined. The cranium was opened and the
brain removed for examination of the uniformity of perfu-
sion. The perfused brain was weighed for calculation of
cerebral blood flow in ml/min per 100 g. The cavernous
sinuses were opened to check for the presence of acrylic in
the area of the sella turcica; this would indicate the exis-
tence of the anastomotic branch of the dorsal petrosal
sinus. In previous studies it was noted that one out of three
of the preparations had to be discarded because of the
existence of the anastomotic branch of the dorsal petrosal
sinus which communicates with extracerebral flow chan-
nels.? It was noted at that time that these dogs also had
“‘dew” claws on their hindlegs. In the present study dogs
with “dew” claws were avoided and none of the prepara-
tions was discarded because of the presence of anasto-
motic veins. In each dog the dura and bone in the area of
the sigmoid and temporal sinuses were removed from the
inside, to check for the adequacy of the occlusions in each
area. Data from dogs with incomplete occlusions (two
dogs) or anastomotic veins {(none) were excluded from this
study because in these cases cerebral blood flow may have
been contaminated.

INTRA-ARTERIAL INFUSION PREPARATION

The aortic arch was exposed by using a rib-spreader
placed in a left thoracotomy at the 3rd intercostal space.
The left subclavian artery was exposed by blunt dissection
and occluded with a bulldog clamp. The roots of the right
subclavian and common carotid arteries were exposed at
their origin from the brachiocephalic artery with the aid of
a thermal cautery and blunt dissection. The right subcla-
vian artery was occluded with a bulldog clamp so that only
the common carotid arteries received blood from the bra-
chiocephalic artery (Fig. 2). Any small branches of the
brachiocephalic artery were ligated. An 18-gauge needle,
bent into a fishhook shape, was connected to a 35-cm
section of polyethylene tubing (PE 100 Intramedic). The
needle, tubing, and connectors were siliconized (Siliclad,
1:100 dilution) to minimize clot formation. The fishhook
needle was inserted in the proximal portion of the brachi-
ocephalic artery and secured in place with a ligature to
maintain the needle paralled to the long axis of the vessel
and with the opening of the needle facing craniad. A loop
of the tubing was secured to the chest wall to minimize
disruption of the needle placement by manipulation of the
pump end of the tubing. The rib-spreader was then re-
moved and the lungs were reinflated. At the end of the
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FIGURE 2 A schematic representation of the arch of the aorta and
its major branches in the dog. The black bars on the roots of the
right and left subclavian arteries indicate the points of occlusion.
The right and left common carotid arteries were the only remaining
source of blood to the head. Infusate entered the circulation via
needle in brachiocephalic artery and was distributed 10 common
carotid arteries, thus avoiding dilution in general systemic circula-
tion and dilution by the vertebral arteries.

experiment the arterial occlusions were checked by dissec-
tion.

This preparation restricts the distribution of the infusate
to the head and neck and the infusate is not diluted by an
unpredictable fraction of blood from the vertebral or other
arteries. Minimal systemic effects of the infusate are thus
obtained. The infusion line was connected through a
three-way stopcock to a 10-mi glass syringe, mounted in
an infusion pump (Harvard 600). The infusion rates were
1.09 or 4.35 mi/min. Control infusions of saline at these
two infusion rates had no effect on cercbral blood flow.
Four different concentrations (0.25, 2.5, 25, 250 pg/ml)
of acetylcholine were used, thus providing infusion doses
of0.271,1.08,2.71,10.8,27.1, 108,271, and 1,080 ug/
min. A stock solution of acetylcholine chloride (1,000 ng/
ml) (Sigma) in normal saline was prepared by rapidly
weighing out the crystalline salt which had been stored
desiccated and below 0°C. The stock solution was stored at
0°C and samples were diluted daily for the required con-
centrations which in turn were kept in an ice bath until
placed in the infusion pump.

PARASYMPATHETIC NERVE STIMULATION
PREPARATION

The left major petrosal (greater superficial petrosal in
man) nerve was approached for stimulation by dissecting
along the course of the facial nerve (VII) through the
petrous portion of the temporal bone, to the medial aspect
of the middle ear. At the genu of the facial nerve the
major petrosal nerve courses anteromedially within the
bone is free from the facial nerve. The central and periph-
eral ends of the genu were sectioned thus leaving only the
genu connected to the major petrosal nerve. This was
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done to localize the stimulation pulses to the major pe-
trosal nerve. It was necessary to remove the stapedius
muscle and the tensor tympani muscle in order to gain
access to the nerve. This often resulted in bleeding which
was difficult to control with pressure or thermal cautery.
Great care was required to avoid fracture of the petrous
bone into the cranial cavity. These surgical complexities
often resulted in failure at this stage of the preparation.

Trains of rectangular stimuli, 3 msec in duration, at
frequencies of 2, 5, 10, 20, and 40 Hz and lasting 90
seconds were delivered by unipolar or bipolar concentric
platinum electrodes to the major petrosal nerve. The volt-
age was selected to give maximum response at a given
frequency (20 Hz) and then the same voltage was used for
all frequencies. Local bleeding or spinal fluid leakage
along the facial nerve often produced unacceptable cur-
rent spread as indicated by muscular twitching. Only re-
sponses with no twitching were analyzed.

BLOOD GAS DETERMINATIONS

Arterial and cerebral venous blood samples were ana-
lyzed at 39°C for oxygen and carbon dioxide tension and
for pH to determine whether blood gas changes could
account for the observed cerebral vasodilation. An acetyl-
choline infusion dose of 27 ug/min was selected for use in
the experiments in which blood gases were measured be-
cause preliminary dose-response data indicated this pro-
duced a near maximum dilation. A 1-minute infusion was
used for the arterial sampling sequence and a 2-minute
infusion was used for the cerebral venous sampling se-
quence. The longer infusion time for the venous sampling
sequence was chosen to facilitate obtaining a representa-
tive cerebral venous sample, by allowing for vascular tran-
sit time through the brain. Six infusion sequences, alter-
nating between the arterial and cerebral venous se-
quences, were performed approximately 11 minutes apart.
For each sequence, samples were taken approximately 3
minutes before infusion, 30 seconds before the end of the
infusion, and 3 minutes after the infusion.

A total of nine arterial and nine cerebral venous samples
were obtained from each dog. To facilitate arterial sam-
pling, a 3-cm section of heavy-walled silicone tubing was
substituted for a section of the femoral artery. The cere-
bral venous sample was taken from the right temporal
sinus by drawing blood through a 15-cm section of poly-
ethylene tubing (PE 260 Intramedic) into a 3-cm section
of heavy-walled silicone tubing. For each sample a 12-mm,
26-gauge needle was used to puncture the silicone tubing
and draw a 1.5-ml blood sample into a heparinized 2-ml
glass syringe. Within 10 seconds after sampling, the blood
was within the analysis cuvette. The oxygen, carbon diox-
ide, and pH determinations were completed within 2.5-3
minutes. Calibration of the blood gas electrodes was per-
formed just before, and checked immediately after, the
experimental sequences with two analyzed gases (10.00%
carbon dioxide in nitrogen and 5.00 % carbon dioxide with
12.00% oxygen in nitrogen). The pH electrode was cali-
brated with buffers prepared in accordance with the direc-
tives of the National Bureau of Standards at 6.84 and
7.381. Within 1 minute after calibration the first sample
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was introduced; after flushing, the calibration was
checked, and the test was accepted if the calibrations
changed by no more than 1.5 mm Hg for oxygen, =1.0
mm Hg for carbon dioxide, and +0.005 pH units.

DATA ANALYSIS

Blood Flow and Stimulation Frequency Curve

Analog records of mean cerebral blood flow were vis-
ually averaged by taking the value of a straight line
through the 1-minute period of the oscillograph record
prior to each stimulation and for approximately 1 minute
during the plateau of the response to stimulation. The
visual averaging procedure is shown to be accurate by the
average 1? value of 0.992 for the regression analysis done
for each calibration in vivo. The response to each stimula-
tion frequency was expressed as percent of the control
flow taken just prior to each stimulation

Dose-Response Curve

Analog records of mean cerebral blood flow were vis-
ually averaged for the 1-minute period prior to each infu-
sion and for approximately 30 seconds during the plateau
of the response. The calibration for each flow transducer
placement and the brain weight from the anterior cranial
fossa was used to express each flow in ml/min per 100 g.
Flow was also expressed as the percent of the correspond-
ing control flow for each infusion. Three tests were made
for each dose in each of five dogs (only four dogs were
used for the infusion doses of 271 and 1,080 wg/min).
Two composite dose-response curves were computed by
averaging 15 observations (12 for the two highest doses),
three observations per dose in each of five dogs, and
expressing the results as percent of control flow and as
flow in ml/min per 100 g.

Cholinergic Blockade

Analog records of mean cerebral blood flow were read
as described and cerebral blood flow expressed in ml/min
per 100 g. Control flow was compared to flow during
stimulation or infusion of acetylcholine at 27 ug/min be-
fore and after atropine sulfate, 1.0 mg/kg, iv.

Blood Gas Experiments

Analog records of cerebral blood flow, mean arterial
blood pressure, heart rate, and cerebrospinal fluid pres-
sure were read for 1 minute prior to infusion, the last 30
seconds during the infusion, and 1 minute following the
completion of the response. The average response for each
variable to six infusions in each dog was computed and
expressed in ml/min per 100 g, mm Hg, and beats/min for
each dog. A total of 30 observations (27 for cerebrospinal
fluid pressure) were made in five dogs for the preinfusion
period, the infusion period, and the postinfusion period.
During three of the infusion periods arterial samples were
taken and during the alternate three infusion periods cere-
bral venous samples were taken. A total of 15 arterial and
15 cerebral venous observations were made in five dogs
for the preinfusion period, the infusion period, and the
postinfusion period. Each arterial or cerebral venous sam-
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FiGURE 3 A graded vasodilation was observed with parasympa-
thetic stimulation. The vasodilation increased with the increase in
the frequency of stimulation from 0 to 40 Hz. The voliage, dura-
tion, and train duration were held constant for each of the six
stimulation frequencies (3-5 V, 3 msec, 90 seconds). Each point is
the average of four observations in three dogs (except 40 Hz, only
one observation). Dashes indicate standard error of the mean
based on n=3.

ple was analyzed for oxygen tension, carbon dioxide ten-
sion, and pH. The preinfusion and infusion periods were
compared by paired t-test with n = 5 and 4 degrees of
freedom.

Results

MAJOR PETROSAL NERVE STIMULATION

Stimulation of the major petrosal nerve produced a
frequency-dependent increase in cerebral blood flow that
reached a maximum of approximately an 11% increase in
flow (Fig. 3). The increase in cerebral blood flow was
statistically significant (n = 3) using the paired t-test (P <
0.009) at 10, 20, and 30 Hz. No change in respiratory
carbon dioxide tension was observed before, during, or
after stimulations.
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FiGURE 4  Intra-arterial infusion of acetylcholine (ACh) pro-
duced a dose-dependent increase in cerebral blood flow. The figure
shows a composite oscillograph tracing of the cerebral blood flow
response to four of the eight acetylcholine infusion doses given in
this experiment. Afier an initial delay cerebral blood flow increased
rapidly 10 a plateau and, when the infusion was stopped, the flow
slowly returned 1o conirol levels.
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ACETYLCHOLINE DOSE-RESPONSE CURVE

Intra-arterial infusion of acetylcholine in doses of
0.271-1,080 pg/min produced a statistically significant
dose-dependent increase in cerebral blood flow that
reached a maximum of 60% above control flow. The
average of all the control flow determinations for all doses
for all dogs was 34.48 = 2.66 (sem) mi/min per 100 g,
and the average maximum response to 1,080 ug/min was
64.6 = 4.27 ml/min per 100 g. A composite oscillograph
record from one dog is shown in Figure 4. Dose-response
curves in ml/min/100 g are shown in Figure 5, and on the
basis of percent of control flow in Figure 6.

CHOLINERGIC BLOCKADE WITH ATROPINE

The average control flow for 10 observations in five
dogs before atropine was 33.16 + 2.54 (sem) ml/min per
100 g. During infusion of acetylcholine (27 ng/min) cere-
bral blood flow increased to 48.76 * 2.94 ml/min per 100
g (10 observations in five dogs). After the administration
of atropine (1.0 mg/kg iv) control flow was essentially
unchanged at 34.12 + 2.88 ml/min per 100 g. During
infusion of acetylcholine in the presence of cholinergic
blockade cerebral blood flow averaged 34.12 + 2.88
(sem) ml/min per 100 g and indicated complete blockade
(Fig. 7). Six stimulations (four at 20 Hz and two at 30 Hz)
of the major petrosal nerve in three dogs produced an
increase of 8.95 * 1.08% in cerebral blood flow prior to
atropine and an increase of 2.30 = 1.97% after atropine;
these results indicate a statistically significant (paired ¢-
test, P < 0.014) blockade of the response to nerve stimu-
lation (n = 3).

BLOOD GAS RESULTS

The average of 30 observations (27 for cerebrospinal
fluid pressure), six in each of five dogs, of cerebral blood
flow, mean arterial pressure, heart rate, and cerebrospinal
fluid pressure before, during, and after infusion of acetyl-
choline (27 pg/min) are presented in Table 1. Cerebral
blood flow increased 54.8%, from 34.43 * 4.66 (SEM)
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FiGurRe 5 A graded cerebral vasodilation was observed with
intra-arterial infusion of acetylcholine. A suatistically significant
increase (P < 0.005) over control flow was observed for acetylcho-
line infusions of from 2.71 10 1,080 ug/min. Cerebral blood flow
was normalized to mlfmin per 100 gm, using individual calibration
curves and brain weight from the anterior cranial fossa. Dashes
indicate standard error of the mean.
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FIGURE 6 The data from Figure 5 are replotied by normalizing
cerebral blood flow to percent of control. The control flow was
computed as the average of the flow for 1 minute just before the
start of each infusion. Dashes indicate standard error of the mean.

ml/min per 100 g to 52.15 = 5.51 ml/min per 100 g. Mean
arterial pressure and cerebrospinal fluid pressure in-
creased very slightly (2.6 and 3.1 mm Hg, respectively),
and heart rate increased by 17 beats/min. Arterial oxygen
tension, carbon dioxide tension, and pH were essentially
unchanged. Cerebral venous oxygen tension increased by
18.4% (from 30.4 to 36.0 mm Hg), carbon dioxide ten-
sion decreased by 7.5% (45.7 to 42.3 mm Hg), and pH
increased from 7.342 to 7.360 units. The average of three
observations for each dog on arterial and cerebral venous

BEFORE ATROPINE AFTER ATROPINE
p<0.001 1.0 mg/Kg
50 T
N \\\
40~
T
g, T
S 30~
<
£
E
>
£
z 20
[¢]
p)
w
10 N:=5 N=S
0 CONTROL  INFUSION CONTROL  INFUSION
27 ug/min 27 ug/min
ACh ACh

FIGURE 7 Each bar represents the average of five observations
(one each in five dogs). The open bars represent the control flow
taken just before each infusion. The cross-hatched bars represent
cerebral blood flow during infusion of acetylcholine (27 pg/min).
The two bars on the left show a statistically significant increase
(P < 0.001) in cerebral blood flow during infusion, before atro-
pine. The two bars on the right show no change in control flow
(before or after atropine) or in flow during infusion after the
administration of atropine (1.0 mgjkg).
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TABLE 1 Overall Status in Blood Gas Experiments
No. of
obser- Differences (infu-
va- sion — pseinfu-
n tions Preinfusion Acetylcholine infusion sion) Postinfusion
Cerebral blood flow (ml/min per 5 30 34.43 = 4.66 52.15 £ 5.51 17.72* 34.06 = 4.44
100 g)
Mean arterial blood pressure 5 30 130.1 = 5.2 132.6 £ 3.3 2.6 1288 £ 5.6
(mm Hg)
Heart rate (beats/min) 5 30 157.5 = 7.7 1746 = 6.1 17.1% 1593 74
Cerebral spinal fluid pressure 5 27 5822 89+33 3.1 59+22
(mm Hg)
Arterial Po, (mm Hg) 5 15 80.3 3.6 83.5 + 3.7 3.33% 82.1 = 3.5
Arterial Pco, (mm Hg) 5 15 346 = 0.6 342 0.8 -0.406 33.9+0.6
Arterial pH 5 15 7.417 = 0.017 7.415 £ 0.018 0.00140 7.418 * 0.016
Cerebral venous Po, (mm Hg) 5 15 304 = 1.7 36.0 =29 5.58% 287+ 1.6
Cerebral venous Pco, (mm Hg) S 15 45.7 £ 0.9 42.3 0.6 -3.426* 457 1.2
Cerebral venous pH 5 15 7.342 £ 0.017 7.360 = 0.014 -0.01728t 7.345 £ 0.016

Results are expressed as mean * sem; n = number of dogs.

The averaged cardiovascular variables include the observations from both the arterial and cerebral venous sampling sequences (six observations in each of
five dogs) (except cerebrospinal fluid pressure, three observations in one dog missing). All standard errors were computed with 4 degrees of freedom (n = 5).
Statistical significance of differences was tested with the paired s-test. Unsymboled differences were not statistically significant (P > 0.06). Infusion of
acetylcholine (27 ug/min) produced a 54.8% increase in cerebral blood flow with little or no change in arterial blood gases.

*P<0.01.
t P <0.03.
t P < 0.06.

oxygen tension, carbon dioxide tension, and pH for the
blood samples taken before, during, and after infusion of
the acetylcholine (27 ug/min) are presented in Table 2.

Discussion

The existence of an autonomic sympathetic vasocon-
strictor mechanism for the cerebral circulation has been
demonstrated by several laboratories.> 8% In the coronary
vascular bed there exists, in addition to sympathetic con-
trol, a parasympathetic control mechanism'’- > which has
the opposite effect of the sympathetics on blood flow. The
present study clearly demonstrates the existence of cholin-
ergic receptors in the cerebrovascular tree. The existence
of these receptors is a necessary prerequisite for the opera-
tion of a parasympathetic cholinergic cerebral vasodilator
mechanism.

TaBLE 2 Individual Blood Gases and pH

Acetylcholine infusion produced a dose-dependent in-
crease in cerebral blood flow that occurred with little or no
change in arterial blood pressure, oxygen tension, carbon
dioxide tension, or pH. The increase in heart rate and
arterial blood pressure most likely is attributable to relaxa-
tion of the walls of the carotid sinus by the action of
acetylcholine (decreasing stretch) which would induce a
baroreceptor reflex to increase heart rate and blood pres-
sure. This response, if anything, would attenuate the ob-
served cerebral vasodilation by activating sympathetic vas-
oconstrictor fibers which have been shown to decrease
cerebral blood flow.? The cerebral vasodilation produced
by acetylcholine or nerve stimulation was blocked by atro-
pine (1.0 mg/kg); this defined the response as a muscarinic
cholinergic vasodilation and not a nonspecific dilation due
to choline or acetic acid.

Po, (mm Hg) Pco, (mm Hg) pH units
Pre inf Post Pre Inf Post Pre inf Post

Dog 1

Arterial 82.0 86.0 85.5 32.8 32.0 32.2 7.432 7.441 7.435

Cerebral venous 29.3 29.7 27.7 43.6 41.3 42.3 7.362 7.378 7.377
Dog 2

Arterial 80.9 86.2 81.5 333 32.5 329 7.473 7.467 7.471

Cerebral venous 25.8 28.2 24 44.0 42.0 44.0 7.394 7.407 7.387
Dog 3

Arterial 76.2 80.7 80.0 354 35.7 34.8 7.418 7.417 7.418

Cerebral venous 30.7 39.0 27.7 48.7 ,44.0 49.3 7.344 7.347 7.338
Dog 4

Arterial 92.0 93.3 92.4 35.8 35.2 349 7.380 7.371 7.384

Cerebral venous 36.3 40.8 34.7 46.5 43.5 47.0 7.307 7.340 7.317
Dog 5

Arterial 70.3 71.2 71.0 35.3 35.3 344 7.383 7.378 7.382

Cerebral venous 29.8 422 28.7 45.8 40.7 45.7 7.305 7.330 7.305

Arterial and cerebral venous values are the average of three observations per dog. Samples were taken 3 minutes before acetyicholine (27 ug/min) infusion
(Pre), 30 seconds before the end of the infusion (Inf), and 3 minutes after the end of the infusion (Post).
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The extent to which the cholinergic receptors on the
cerebral vessels are innervated by the parasympathetic
nervous system is more difficult to evaluate. Stimulation of
the left major petrosal nerve produced a maximal cerebral
vasodilation that was approximately one-sixth (10% vs.
60% increase in flow) that produced by acetylcholine.
This discrepancy is attributed, at least in part, to the
ipsilateral distribution of the left major petrosal nerve.
There are, however, three cranial nerves which distribute
parasympathetic fibers to the head (oculomotor, facial,
and glossopharyngeal). If one speculates that the total
parasympathetic innervation of the cerebral vessels is
evenly distributed among the right and left oculomotor,
right and left facial (major petrosal), and right and left
glossopharyngeal nerves, then the stimulation used in this
study activated only one-sixth the total parasympathetic
effector mechanisms on the cerebral vessels. If this esti-
mate of one-sixth for the parasympathetic contribution of
the left major petrosal nerve is accurate, then nearly all of
the cholinergic effectors are innervated. Early studies
would suggest, however, that the stimulation of the left
major petrosal nerve represented activation of half (right
plus left) the total innervation (i.e., no contribution from
the 3rd and 9th cranial nerves).? '* If this is the case then
the majority (four-sixths or 66 %) of the cholinergic effec-
tors in this bed are not innervated. This study can give
direct evidence only for the left major petrosal nerve as
contributing to an innervated cholinergic cerebral vasodi-
lator mechanism. Therefore, at least 33 % of the choliner-
gic receptors are innervated and as many as 100% of the
receptors could be innervated.

The observed vasodilation during cholinergic receptor
activation appears to be an active dilation rather than the
release of tonic vasoconstriction or facilitation of tonic
vasodilation. In a previous study using the same prepara-
tion, a-receptor blockade with dibozane (1 or 2 mg/kg) or
phentolamine (2 mg/kg) produced no change in resting
cerebral blood flow .2 This indicates that in this preparation
there is little or no tonic a-receptor vasoconstriction of the
cerebral vessels to be released by a-blockade. Likewise
there appears to be little parasympathetic tone to the
cerebral vessels. Cholinergic receptor blockade with atro-
pine (1 mg/kg) in this study produced no change in the
resting cerebral blood flow (Fig. 7), indicating a lack of
tonic cerebral vasodilator influence. In preliminary studies
(four observations in two dogs) using physostigmine for
reversal of atropine-induced cholinergic blockade of para-
sympathetic vasodilation (left major petrosal stimulation),
the resting flow stayed at control values and the response
to stimulation returned to preblockade levels. Although
preliminary, this observation is consistent with the idea
that there is, in this anesthetized preparation, little or no
resting parasympathetic vasodilator tone. It is, therefore,
concluded that the increase in cerebral blood flow seen in
this study was caused by an active cerebral vasodilation.

Alterations in cerebral metabolism and arterial blood
gas compaosition are known determinants of cerebral blood
flow. The observations made in this study of arterial and
cerebral venous oxygen tension, carbon dioxide tension,
and pH do not support the contention that the observed
increase in cerebral blood flow was produced by either
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changes in cerebral metabolism or arterial blood gas com-
position. There was little or no change in arterial blood gas
composition and pH before, during, or after cholinergic
cerebral vasodilation. Because there was little or no
change in arterial blood gas or pH these factors could not
have contributed to the increase in cerebral blood flow. If
cerebral blood flow was increased to a level above the
metabolic demands of the tissue one would predict that the
venous blood would contain more oxygen, less carbon
dioxide, and less hydrogen ion. In this study a 54.8%
increase in cerebral blood flow was accompanied by an
increase in venous oxygen tension (30.4 to 36.0 mm Hg),
a decrease in carbon dioxide tension (45.7 to 42.3 mm
Hg), and an increase in pH (7.342 1o 7.360 units). These
observations are consistent with an increase in cerebral
blood flow in excess of cerebral metabolic demands. An
increase in cerebral metabolism, if anything, would have
produced the opposite effect on cerebral venous blood
gases and pH. For example, if the cerebral metabolism
increased, then cerebral venous oxygen tension would
either remain the same (if the flow exactly matched the
metabolism) or would decrease (if the increased metabo-
lism exceeded the increase in flow). Recent studies of
intra-arterial infusion of atropine® and neostigmine® indi-
cate that cholinergic blockade or cholinesterase inhibition
do not alter cerebral metabolic rate for oxygen. It is
therefore unlikely that intra-arterial acetylcholine infusion
would increase the cerebral metabolic rate for oxygen. If
the acetylcholine caused a decrease in cerebral metabo-
lism, then this would indirectly cause a decrease in cere-
bral blood flow rather than the observed increase in flow.
In the absence of oxygen content measurements it cannot
be ruled out that cerebral metabolism changed slightly. If
cerebral metabolism increased, the change was not suffi-
cient to either decrease cerebral venous oxygen tension or
eliminate the observed increase in cerebral venous oxygen
tension. It is therefore concluded that the increase in
cerebral blood flow observed in this study was not caused
either by an increase in cerebral metabolism or by changes
in arterial blood gas and pH.

The basic argument and the essential observations in
this study were first presented nearly 50 years ago. The
evolution of a sealed, airtight cranial window' and the
unexplained dilation of pial vessels in response to stimula-
tion of the cephalic end of the sectioned vagus nerve'®
prompted Cobb and Finesinger* to explore the possibility
of a reflex vasodilator system for the pial vessels. In a
systematic study* of the pial vessel diameters in response
to stimulation of the cranial nerves (111, V, VII, VIII, IX,
X, XI, XII) they observed that a dilator pathway traveled
in the facial nerve. Chorobski and Penfield,'® in an elegant
series of anatomical studies, traced the vasodilator fibers
from the medulla along the facial nerve to the greater
superficial petrosal nerve which ultimately formed a
plexus on the internal carotid artery. Although their argu-
ments were strong and their observations sound, their
conclusions were not widely accepted. Pial vessel diame-
ters do not necessarily reflect cerebral blood flow, and
arterial carbon dioxide tension was not measured.

During the 1940s and 1950s most of the work on the
control of the cerebral circulation was restricted to studies
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in man, thus eliminating the possiblility of direct electrical
activation of the vasodilator mechanisms. More recently,
electrical stimulation of the bulbar vasomotor center in
cats produced either an increase or decrease in cerebral
blood flow.' Again no blood gas measurements were
made and cerebral blood flow was only qualitatively deter-
mined by a heated thermistor technique. In a study of
cerebral autoregulation, stimulation of the brainstem in
monkeys with sectioned spinal cords produced a 40%
increase in cerebral blood flow.'” Blood gases were moni-
tored and changes in arterial pressure were considered.
Biood flow, however, was measured in the common ca-
rotid arteries (with external carotid circulation eliminated)
‘and possible alterations in cerebral metabolism resulting
from the brainstem stimulation, although not likely, were
not completely ruled out. Stimulation of the distal end of
the sectioned 7th cranial nerve in two cats elicited an
increase in cerebral blood flow as indicated by *C-antipyr-
ine autoradiography.'® The hydrogen clearence technique
was used in rats to demonstrate an increase in local blood
flow in response to topical application of cholinomimetic
drugs.' In a microapplication study of pial vessel diame-
ters a carbachol-induced dilation was competitively antag-
onized by atropine.?® Intra-arterial infusions of acetylcho-
line produce dilation in the cerebral®' and renal® vascular
beds. A weak vasodilation in response to intra-arterial
methacholine was observed with a venous outflow tech-
nique in the dog.?* The abundant anatomical evidence for
cholinergic receptors has recently been reviewed.*® Al-
though each of these studies suggests a parasympathetic
vasodilator mechanism, the indirect methods used for
measurement of cerebral blood flow or the lack of control
studies of blood gases or cerebral metabolism precluded a
definitive conclusion concerning the existence of a para-
sympathetic cholinergic cerebral vasodilator mechanism.

The current demonstration of a parasympathetic cere-
bral vasodilator mechanism, in addition to supporting the
observation of several earlier workers in the field, more
clearly defines a reciprocal autonomic control capability
for the cerebral circulation. Previous studies from this
laboratory have demonstrated a sympathetic vasoconstric-
tor mechanism, and the present study describes a counter-
balancing parasympathetic vasodilator mechanism. A sim-
ilar dual autonomic control capability has been docu-
mented for the coronary circulation.!"-'? The reciprocal
nature of this autonomic control in both the cerebral and
coronary beds is analogous to the well documented recip-
rocal control of heart rate by the autonomic nervous sys-
tem. The extent to which this autonomic control capability
is involved in the normal and pathological regulation of
the cerebral circulation has not yet been defined. Applica-
tion of cholinergic blockade in pathological cerebral vaso-
dilation should be examined and the possibility of a thera-
peutic use for cholinergic cerebral vasodilators could be
considered. This study only demonstrates the capacity for
a cholinergic cerebral vasodilation and gives no evidence

for the role of this mechanism in the regulation of cerebral
blood flow.
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