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The increased threshold for initiation of cutaneous vasodilation with AChE inhibition by
PYR suggests that the drug activates central modulation of thermoregulation. One of
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ABSTRACT

Five subjects exercised on a cycle ergometer for 30 min at 55% peak YO, on two
occasions in a slightly warm environment (T,=29°C; T,=10°C). Pyridostigmine bromide
(PYR).lan acetylcholinesterase (AChE) inhibitor, was ingestéd (30 mg) approximately 150 min
before one experiment, and no drug was administered duﬁng the otlier experiment (control).
Rcd cell AChE inhibition averaged 40(+7)% during PYR treatment. Esophageal tcmpcrat&c
T, ;n 8-site derived mean skin temperature, foﬁm blood flow (venous occlusion
plethysmography), cutaneous perfusion (laser doppler ve'locimctry; LDF). and metabolic rate
. (;hdircct calorimetry) were measured. Cutaneous perfusion &ccreased '3‘7%“ after PYR treatment
corﬁparcd to control (p<0.05). The T, threshold for initiation of cutaneous perfusion was
"36.84(20.3)°C for the control group anci 37.03(20.3)°C for the PYR group (ps0.01). The slope
of . the LDF:T_ relationship was decreased 35% with PYR treatment (p=().22)‘.k Forearm blood
flow, which included inactive muscle, skin, fat and bone tissue, was not different between
trcaﬁnems, which implies that blood flow to one of those tissues may have increased while
skin blood flow decreased during PYR treatment. The increased threshold for initiation of
cutaneous vasodilation with AChE inhibition by PYR suggests that the drug activaics‘ central
modulation of thermoregulation. One of several possible mechanisms activated may be through
increased ACh accumulation at pnganglionic sites.  This could pdtenti.ate adrenergic

transmission to cutaneous blood vessels, and enhance vasoconstrictor tone. - -

Index Terms: body ternperature regulation, sweating, vasoconstrictor tone, anticholinesterase,

pyridostigmine +. - . - . et T e
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Sympathetic nervous control of cutaneous blood flow in humans is thought to occur
as a dual control éystcm consisting of adrenergic vasoconstrictor fibers (2,25,26) and active

| vasodilator fibers (8,9,14,24,25,26). During rest in a thcrmoncutrai_ environmcqt, both

vasoconstrictor and vasodilatory fibers to'thc skin are inactive (2,37). In 5 cool environment,
when skin tempcramfc is‘.cool. cutaneous blood flow is decreased, perhaps as the result of an
increase in release of norepinephrine (NE) from the symparhetic nervous system. NE triggers
smooth muscle contraction of the blood vessels by 'acting‘ on a-adrenoreceptors (24). During
warming, there is initially a small,'passivc vasodilation which is thought to occur from release
of sympéthetic vasoconstrictor activity. Subsequently, a much greater vasodilatibn occurs
(8,26,27), which is thought to he mediated by ‘sympathctic vasodilatory fibers (26,37). The
evidence supporting the: hypothcsis.:hatA there are active vasodilatory fibers' came from
éxpcrimcnts during which the syrﬁpathctic nervous system in the arm was blocked. Indirect
body heating after sympathetic blockade did not provoke active vasodilation, but did result in
passive vasodilation (3,8,14,26,40).

The evidence for the cholinergic nature of the sympathetic vasodilatory fibers to the
human skin started to accumulate more than ﬁft_v years ago when it was reported that intra-
arterial infusion of acetylcholine (ACh) caused the skin of the arm to become intensely flushed |
(5,7). Intravenous infusion of ACh caused the upper body and face to flush and skin
temperature to increase. The effects of ACh infusion subsided several minutes after infusion.
Later, mecholyl i‘ontophoresis was used to study the effect of an acct);lcholiné agonist on

human forearm blood flow (1). . It was concluded from that study that the acetylcholine

! Vasodilatory fiber activity has not been directly measured in human skin nerves, but it
has been suggested that efferent sudomotor activity is consonant with reflex vasodilatory
activity, at least ir. the posterior antebrachial nerve (2).




agonist significantly increased forearm blood flow. ‘

Roddie ¢t al. (26) reported that the intra-arterial infusion of awropine, an anticholinergic
agent, was associated with a delayed increase in forearm blood flow in response to whole-
body heating, and that the magnitude of the vasodilation was reduced as compared to the
control arm. It was suggested that this finding was consistent with a cholinergic mechanism
of cutancous vasodilation (26)." More recently, the cholin;:i'gic nature of active cutanedus
vasodilation has been questioned. (4,17). How;vcr, in vitro experiments on isolated mammalian )
blc‘»od‘vcsscls supported the theory that the ncurotransmittcrl which controlled vasodila;ionbf _
cutaneous vessels with intact endothelium (10) was ACh, because the concentration of ACh
perfused was directly related to the degree of relaxation of the isolat‘eci blood vessel.

dm experiments (20) on the effect of systemic atropine administration on cutaneous
blood flow' in Vexcrcising men strongly suggested that ACh was hot the specific
neurotransmitter involved in reflex cutaneous vasodzlauon Specifically, systemic atropine
admxmstcrcd 30 min before .exercise was assocxatcd with a lower esophageal temperature
threshold for the initiation of cutaneous vasodilation during exercise. The dramatic increase
in forearm blood flow after systemic étropine administration indicated that competitive
. inhibition of ACh had the opposite effect than would be postulated if ACh causéd increased
forearm blood flow as Roddie reported (26); We nggcsu:d that some ygsoactive agent other
than ACh was responsible for the observed atropine-induced cutaneous vnsodilau'on (20). We
further speculated that those data might be cxplamcd by the co—neummsmmcr theory of
release at the eccrine sweat gland as had been suggcsted by Lundberg ¢t al. (21) for salivary
glands.  Also, atropine-induced cutancous vasodilation may have been achieved via an

endot.clium-independent mechanism.
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The curmn'; investigation was done to determine whether inhibition of
acetylcholinesterase, and the resultant accumulation of acetylcholine, would affect reflex
cutaneous vasodilation in humans during exercise. We report that acute oral treatment with
pyridostigmine bromide was associated with decreased slcin‘ blood flow as cstirﬁated from laser
doppler .velocimetry. ' |
METHODS |
Seven subjects (six male_s and one female) volunteered to ;érvc as subjects after they
were verbally apprised of the nature'and risks of the study. However, the critica! skin blood
flow data was accurately measured in five subjects (four males and one female) and the data
~ from those ﬁl':c' subjects are rcportéd here. The physical characteristics (mean £ §tandard
deviation) are as follows: age: 25.8(£6.9) years; height: 1.74(20.9) m; weight: 72.2(27.0) kg;
body surface area: 1.86(20.12) m? and peak oxygen consumption: 3.38(10.5) L-mig". |
The subjects were completely familiar with all laboratory techniques and practiced those
| techniques on at least thrcc separate occasions before the study &gan. Prior to the study, a
peak %0, test, consisting of a graded increase in workload every two minutes, was done by
each subject during cycle exercise until .thc cycling rate was not maintained or he/she quit
pedallipg. Each subject’s peak %0, was used to ca]cuiatc the individual’s workload necessary
to elicit 55% peak {0,
There were two c‘xpcrimc"nts per squect in this study and both experin.ents were done
at the same time of day in the fall. Subjects were tested twice in an ambient temperature (T,

of 29°C with an ambient water vapor pressure (P,) equal to 1 kPa; once 150 min® after the

*Peak plasma levels of pyridostigmine bromide and AChE inhibition in humans after
ingestion of 30 mg pyridostigmine bromide occur between 2 and 3 hours (23).
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- ingestion of"30 mg pyi.- .timine bromide (PYR, Roche, UK, Lot BK94626) and once when
no drug was giveh. Experiments were conducted between 0900 and 1200 h and each subject
was studied at the. same time of day (33).

Each subj;ct feported to the environmental test chamber dressed in 'shorts,.shoc.s. and
socks for the experiment. (The woman was studjcd in‘vthc ‘folllicular phase of her menstrual
- cycle during which time the control of thermoregulation is most like men (32). She wore
shorts, a slccvclésS shirt, socks and shoes.). After body weight was determined, each subject
sat in' a chair which was attached behind a c;lrclc ergometer. A copper-constantan
thermocouple encapsulated in a catheter was swallowed for the measurement of' esophageal
temperature and thermocouples (coppper-cox'xst'aman) were anachéd to the skin at eight sites
(.13,22). Venous occlusion plethysmography (VOP) was used to measure fomarml blood flow
(FBF) (16,39) and laser doppler ycl&imcw (LDF) wa§ used as an index of skin 'blood flow -
(SKBF) on the forearr (19,30,36). | : -

After all instruments were attaclied to the subject, a 15 min resting period was initiated.
During this period, esophageal and skin temperatures, forearm blood flow and §kin blood flow
were measured every 30 sec. Metabolic heat production (M) was measured by op;:n circuit
 spirometry (Sensor Medics) at 7 to 12 min of rest. Exercise at 55% peak Y0, began after 15
min of rest and continued for 30 min. All measurements were continued during exercise as
| ~ described for rest, except that metabolic rate was measured once during exercise at 16 to 20
min. |

A 5 ml venous blood samplc'was drawn before and 150 mm after drug treatment and
red blood cell acetylcholinesterase (AChE) wa§ determir ~ . Technicon analyzer (15).

The inhihition of AChE in the red blood cell is approximately in parallel with that of the




nerves, muscle and glands and h'as been justified as an index of tissue inhibition (6).

. The T, threshold for’cutanco'us vasodilation was calculated for each experiment by
analyzing the exercise transient phase of the skin blood flow (LDF) to T, .felationshib. The
excrcis; transient phase is that time of lexerclise during which T,, skin blood flow and sweating
rate rapidly increased. A regression equation was calculated for each subject during the
exercise transient for LDF to T,. During the first several min of ckcrcise LDF usually
decreased when T, was increasipg. These data, an& the data after T, reached a steady state,
were not included in the linear regression equation. The T, threshold for initiation of
cutaneous vasodilation was calculated from the regression equation from the individual’s
average resting skin blood flow for the control experiment. |

| ‘Most data were imaly:zcd by a two way -analysis of variance with repeated measures,
with the two facltors being rest/exercise and control/pyridostigmine treatment. The effcct of
the drug on whole body sweating rate, change in esophageal temperature during exercise, T,
threshold for onset of cutaneous vasodilation and slope of the SkBF to T. relationship was -
analysed using one way analysis of variance with repeated measures. Post hoc tests (Tukeys)
were performed when appropriate. |
RESULTS

Red cell AChE Was inhibited by 40(x7)% at 150 mm after pyridostigminlc\ bromide
ingestion. Metabolic rate was not different between the two experiments, but heart rate was
significantly decreased (p<0.01) by an average of 6 beatsemin™ at rest and 9, beatsemin® during
. exercise (Table 1), | - |
Mean thermoregulatory data are presented in Table 1. Esophageal temperature

~ increased more during exercise with PYR treatment than during the control experiment
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(p<0.05). Whole body sweating rate during exercise was increased during PYR by an average
of 15.7% (p = 0.08). | In order to determine whether whole body sweating sate during c*crcise
was significantly increased, the sweating data from the two other male volunteers were
included in the statigtical analysis 'to increase thé number of observations in regard to the
sweating data. When the whole body sweating rate data were analysed for seven subjects,
there was a significantly increased whole body sweating rate during exercise which averaged
12.7% (p = 0.01). Fprearm blood flow, as measured by venous occlusion plethysmography,

wa§ not different between the control and PYR experiments. However, skin blood flow, as

estimated from lasvcr oppler velocimetry, was significantly decreased both at rest and during
exercise with PYR treatment (p<0.05).

Fig. 1 shows e mean SkBF as estimated from LDF, T, and T, as a function of
exercise time in the two experiments. The reduction in SkBF averaged 36.8% (Fig 1). Fig.
2 shows mean fore blood flow as a function of exercise time in the two experiments.
There was no significant difference in FBF between the control and pyridostigmine esperiments
(Table 1). FBF was not analyzed as a- thermoregulatory effector because the. FBF
measurement included|muscle blood flow which was probably increasing while skin blood flow -
was decreasing. In this situation, FBF was not proportionally related to T, so ihc FBF to T,
relationship was not ? alyzed. The T, thresholds for bnsct of cutaneous vasodilation and
slopes of the SkBF to T.y relationship generated from the linear regression equations describing
the exercise transient data for each experiment are shown’ in Table 2. The SkBF to .T,,
relétionéhip during the exercise transient phase is shown for the subject who had the largest
threshold change in Fig. 3. The T, threshold for onset of cutaneous vasodilation was

significantly increased| (p<0.01) during PYR compared to control experiments. The slope of
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the SkBF to T, mlaﬁoﬂship was reduced by 35% curing PYR as compared to the control
experiment, but the slopes in tﬁe two experiments were not significantly different (p=0.22) due
to the highly variable responses of the individuals.

_DISCUSéION |

Since FBF included not only skin blood flow, but also Blood flow to the muscle,
subcutaneous fat and bone, we interpreted ’the lack of difference between the two conditions
as the PYR treatment haviné §ppositc effects in' at least two of ‘the compartments in which
blood flow could be chahging. Since ILDF measures blood ﬂdw only to an approximate depth
of 1 mm (30), it seems reasonable to conclude that only skin blood flow was measured with ‘
this method ('_18,19,30,36). Since skin blood flow was dec;‘cascd with PYR tréacmc‘nt at rest,
then muscle (or some other tissue) blood flow may have increased to give an unchanged FEF.
During exercise, FBF did increase in both experiments which reflected the inc;easing skin
blood flow in response to increas;iﬁg internal tenyperature (Fig. 2) | However, ¥BF during
exercise was not significantly different between cxpcﬁménts.

| Pyridostigmine treatment may result in excessive stimulation of cholinergic receptors

as shown by reports that pyridostigmine tr’éatmcnt increases muséarinic and aicotinic
'cholincrgic‘ncurpu'ansmi'ssion in humans (35). In fact, the principal clinical use of reversible
ﬁmi-ChE agents is to prolbng nicotinic cholinergic neurotransmission at the skeletal
neuromuscular junction in myasthenia gravis (35). Accumulation of ACh should occur at si;cs
of neurotransmission where ACh is a neurotransmitter. If ACh is the neurotransmitter involved
in reflex cutaneous vasodilation, acetylcholincstcfasc inhibit_iori should incrcase. the magnitude
. of reflex cutaueous vasodilation. This experimental approach is quite different from inéreasing

ACh in the arterial biood as was done in the cxp_crimcnts of Roddie ¢t al. (26) because ACh
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should not accumulate at the vascular endothelium and prompt vasodilation through the action
of endothelium-derived relaxing factor. |

Pyridostigmine binds reversibly to AChE and the reversible nature of this bond makes
the drug an aitractive prophylactic agent against & class of other anti-ChE agents uscd as
pesticides or chemical warfare agents which bind irreversibly to AChE. In these experiments,
we wanted to determine how acute treatment with the reversible anti-AChE, pyridostigmine
'~ affected thermoregilation in humans Juring exercise. Pyn'dosﬁgminc effectively inhibited
acetylcholinesterase in these subjects and we presumed that there was greater accumtlation of
free ACh'at cholinergic receptor sites (34,35,38). That presumption” appeared justified as
heart rate was significantly decreased during rest and exercise (TaBlc 1) and whole body
sweating rate was inbrcascd with PYR treatment. Thess changes can be explained by
increased accumulation of ACh at the cholinergic receptor sites of each orga:.'. The effects
of PYR treatment on heart rate and whole body sweating rate. have been reported before
| (11,35). |

The observation that acute pyridostigmine treatment resulted in decreased skin blood
flow in humans during rest and exercise is new and may provide additional information about
the control of skin blood flow. Since the sweating and heart rate msponseS in these subjects
after acute PYR tn".atmcnt were consistent with an incrcasea accumulation of ACh or a direct
agonistic action of PYR on cholinergic receptors on the sweat gland and heart, it could
logically be expected that this treatment should also result in increased ACh accumulation at
those cholinergic neuronal sitez which affest skin blood flow. If cholinergic m.ncwaddn of
vasodilatory fibers to the cutaneous vessels is the major component of the control of skin

blood flow, it could then be expected that PYR treatment would cause increased skin blood
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flow. The observation that cutanequs blood flow was reduced requires that an alternative
explanation be formulated.
Rowell (27.28,29) has pointed out that existence of specific vasodilatory nerves is still
not proven, and active cutancous vmodilatioh could be through mediation of the cholinergic
neurotﬁnsmission to the sweat glands. The data from the cument study appear 10 be
inconsistcnf with chblincrgic activation of reflex cutaneous vasodilation.  Increased
accumulation of ACh at the paravericbral sympathetic ganglion could be one site where
“enhanced cholinergic receptor stimuldtion could promote increased vasoconstrictor *~ne. This
possibility is consistent with the observation of decreased skfn blood flow at rest and during
exercise. It is also consistcnt‘\‘vith thq:. observation that the T, threshold for ‘onsct of cutaneous
vasodilation was increased with FYR|treatment as a shift in the threshold has been classicaliy
interpreted as 'a central modulation of the thermoreguly >ry system (4). If increased
accurnulation of ACh at the pre-ganglionic cholinergic sy..pathetic receptors resulted from
PYR treatment, then the relative vasoconstriction observed would be a mnﬁa)ly mediated
event. |
Pyridostigmine itself has been reported to affect nice inic cholinergic receptors ix;a an
'in vigo preparation of the rat foi=brain (12), although it is not known whether pyridostigmine -
directly affects these méptm in humans. It is thought that the drug is impcdcd by the
| blood-brain barrier (35), but these ig a possibility that the drug will cross the blood-brain
barrier if in sufficiently high conccncmidn. In any case, the accumulation of ACh resulting
from PYR mcat;ncm could cross the blood-brain barrier to act on the brain.
The acute treatment of | volunteers with the anticholinesterase, pyridostigmine bromide,

increased the esophageal temperature thresheld for the onset of cutaneous vasodilation by
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approximately 0.2°C (Fig. 3). An increased T, threshold for onset of a thermoregulatory
effector ﬁas generally been interpreted as a central modulation in the thermc-egulatory system
(4), although it is possible that a change in threshold xhighx be the result of a alteration at the
site of the effector (periphery). Pyridostigmine bromide should not cross the blood-brain
barrier (35), at least in the lqw concentration used in these experiments. However,
accumulated ACh, which results frorﬁ PYR treatment, could be acung centrally. But, ACh
would be limited by irs diffusion from sites of neurotransmission. .'nmre is also a possibility
that there is increased vasomotor tone caused by accumulation of ACh at the auanomic
ganglion which in turn may result in the increased T, threshold for onset of cutaneous
vasodilation with PYR treatment thmugh‘ increased sympathetic release of norepinéphrine. In
this case, the mo‘dif'xca;tion in thermoregulatory control would sdil be in the nervous system,
although not in the brain. Another possible explaﬁa(ion for the increased T, threshold for
cutancous. vasodilation during PYR is the local effect on skin blood flow by the slighdy
reduced mean skin temperature. The average mean skin temperature was 0.2-0.3°C less during
PYR treatment, but such an insignificant difference in mean skin temperature should not affect
the T, threshold for onset of cutaneous vasodilation (18). It is also possible that bradycﬁrdia
caused by PYR treatmant initiated 8 baroreflex which reduced cutaneous blood flow.

In summary, this investigation reported that acute administration of pyridostigmine
bromide in humanls resulted in decreased .hcan rate and skin blood flow at rest and durinj
exercise and an increased sweating rate during exercise. The observed heart rate and sweating
rate msponsci to the drug were reported before (11,35), but the reduction in skin blood flow

is a new observation. Some possible mechanisms for the reduced skin tlood flow which was

observed with PYR treatment may be: 1) ircreased vasomotor tone in the skin resulting from
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ACh accumulation at the autonomic ganglion; 2) excessive accumulation of ACh at cholinergic
vasodilatory fibers to cause autoinhibition (31); 3) bradycardia resulting f.mm PYR treatment
may promote relative vasoconstriction through a baroreflex; or 4) the accumulation of ACh
to a great enough extent to diffuse into the brain to cause a central effect. Clearly, future
studies, pcrhabs in_vo!vihg the measurement of sympathciic nervous activity to the skin during
reflex cutaneous vasodilation, are required to determine the mechanism causing the observed

reduction in cutancous blood flow during pyridostigmine treatment.
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TABLE 1. Mean (£SD) resting and exercise (25th min) temperature data for control and followmg pyndosngmmc

(PYR) treatment.

REST
Control - PYR
Esophageal temperature (°C) : 36.58 (0.3) 36.58 (0.3)

Change in T, (“C)
Mean weighted skin temperature (*C~ 33.7 (0.4) 33.5 (0.3)

Whole body sweating rate (gemin™)

Forearm blood flow (mi+100 ml'emin™) 2508 1807

Skin blood flow (mV) 31.8 (13) 180 (8)"
Metabolic rate (Wem?) 498 (6)  49.8 (6)
Heart rate (beatsemin™) | 63 (8) 56 (6)°

;Diffcrcnt from control (p<0.01)
p=0.08. When an additional two subjects were added, p=0.01
" Different from control (p<0.05)

EXERCISE

Control . PYR

37.29 (0.3) 37.44 (0.3)

07 (02) 09 (0.1y°
33.3 (0.7) 33.0 (0.6) -
102 (2.4) 1.8 23)*
15.4 (5.9) 139 (59)
114.4 (37) 84.8 (41)"
321.9 (56) 337.1 (65)
134 (10) 125 9)°
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TABLE 2. T, thresholds for initiation of cutaneous vasodilation and slopes (SkBF to T,) of the individual linear »

regression equations generated frora each subject’s transient response to exercise.

* Subject | T, Threshold (C) Slope (mV+°C")

| ool PYR ontrol PYR
1 | 36.71 684 190 81.1
2 36.61 36.81 298.7 1333
3 36.59 36.86 ms 649
4 | 37.11 W32 1394 1537
5 ' a9 3730 447 747
X - 36.84 37.03° 1549 1015

(S.D.) 029 026 93.1 39.4

T., esophageal temperature

“Significantly different from control (ps0.0l) |
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FIGURE LEGENDS

Figure 1. Mean (£SD) skin blood flow (SkBF;1a), esophageal temperature (1b) and mean skin
temperature (Ic) as a function of exercise time during the control and pyridostigmine
experiments. Resting data are presented at time = -5 min. °All data different between

treatments.

Figure 2. Mean (£SD) forearm blood flow as a function of exercise time for the control and

pyridostigmine experiments. Resting data are presented at time = -5 min.

| Figure 3. Individual skin blood flow data from a single subject (#3) plotted as a function of

esophageal temperature data from the exercise transient period during the g:ontrol and

pyridostigmine experiments.
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