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Cholinergic- rather than adrenergic-induced sweating
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Abstract: Both cholinergic and adrenergic stimulation can induce sweat secretion in human eccrine sweat glands,
but whether cholinergic and adrenergic stimulation play same roles in rat eccrine sweat glands is still controversial.
To explore the innervations, and adrenergic- and cholinergic-induced secretory response in developing and
developed rat eccrine sweat glands, rat hind footpads from embryonic day (E) 15.5-20.5, postanal day (P) 1-14,
P21 and adult were fixed, embedded, sectioned and subjected to immunofluorescence staining for general fiber
marker protein gene product 9.5 (PGP 9.5), adrenergic fiber marker tyrosine hydroxylase (TH) and cholinergic fiber
marker vasoactive intestinal peptide (VIP), and cholinergic- and adrenergic-induced sweat secretion was detected
at P1-P21 and adult rats by starch-iodine test. The results showed that eccrine sweat gland placodes of SD rats
were first appeared at E19.5, and the expression of PGP 9.5 was detected surrounding the sweat gland placodes
at E19.5, TH at P7, and VIP at P11. Pilocarpine-induced sweat secretion was first detected at P16 in hind footpads
by starch-iodine test. There was no measurable sweating when stimulated by alpha- or beta-adrenergic agonists
at all the examined time points. We conclude that rat eccrine sweat glands, just as human eccrine sweat glands,
co-express adrenergic and cholinergic fibers, but different from human eccrine sweat glands, cholinergic- rather
than adrenergic-induced sweating plays a role in the developing and developed rat eccrine sweat glands.
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Introduction

In humans, skin and its appendages, including eccrine
sweat glands, hair follicles, and sebaceous glands, play
important functions to protect our body from harmful
things in the outside world such as the hot, sun rays,
germs and toxic substances [1, 2]. Eccrine sweat gland
is one of the important appendages and is distributed
almost all the skin [1]. The main function of eccrine
sweat gland is to regulate body temperature through
sweat secretion [1-3]. Human eccrine sweat glands are

innervated by large numbers of cholinergic fibers and a
few adrenergic fibers [1, 4, 5]. Both in vivo and in vitro
studies demonstrated that cholinergic agonist methacho-
line, alpha-adrenergic agonist phenylephrine, and beta-
adrenergic agonist isoproterenol all can induce sweat
secretion of human eccrine sweat glands [6—8].

In patients with hypohidrosis or anhydrosis, by in-
herit or skin injury or nerve damage, their eccrine sweat
glands are no longer functioning properly, which cause
overheating of their body, and lead to heat cramps, heat
exhaustion or even heatstroke [2, 9]. Therefore, it is
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RAT SWEATING IS CHOLINERGIC

necessary to repair the damaged eccrine sweat glands
and their nerves, and regenerate the lost ones. To study
on the repair and regeneration of the eccrine sweat glands
and dwell on the underlying mechanisms, laboratory
animals are often used. Among the laboratory animals,
rat and mouse, are the widely used rodents. Different
from humans, the eccrine sweat glands of rat/mouse, are
concentrated in footpads, and their primary functions are
to increase friction and enhance grip rather than cool
body temperature [ 10—13]. However, the innervation of
rat/mouse sweat glands, and whether cholinergic and
adrenergic stimulation both play roles in rat/mouse ec-
crine sweat glands are still controversial [14—16]. To
explore the question, the innervations and adrenergic-
and cholinergic-induced secretory response in develop-
ing and developed rat eccrine sweat glands were inves-
tigated.

Materials and Methods

Rat experiments

Virgin female and male Sprague-Dawley (SD) rats,
weighing 180-200 g, were obtained from the Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China), and maintained on a 12 h light/dark cycle with
food and tap water ad libitum. The room was maintained
at 22 + 1°C with low humidity. One week later, females
were caged with males (ratio 4:1) at night. Pregnancy
was confirmed by the formation of a copulatory plug and

Table 1. The number and sex of rats used

the first morning after getting pregnant was designated
as embryonic day (E) 0.5. Once the female rats were
demonstrated to be pregnant, they were caged sepa-
rately. Parturition typically occurred at E21.5 days of
gestation. Rat hind footpads from E15.5-20.5, postanal
day (P) 1-14, P21 and adult were collected, convention-
ally fixed in 4% paraformaldehyde, embedded in paraf-
fin, and cut for immunofluorescence staining. The num-
ber and sex of the rats used was shown in Table 1. Sweat
test was performed by iodine-starch method before
footpads were collected in postnatal rats. At each time
point, at least three rats from different litters were tested
or collected, and the specific number and sex of the rats
used was showed in Table 1. The number of rats and
procedures used in this study were in accordance with
the guidelines for Ethical Conduct in the Care and Use
of Animals, and all animal study protocols were ap-
proved by the Hubei University of Medicine-Animal
Care and Use Committee (The approval number: 2020-
007).

Tyramide signal amplification (TSA) for
immunofluorescence nerve staining

The procedure of TSA immunofluorescence staining
was as previously reported [5]. Briefly, sections were
conventionally dewaxed and rehydrated, and treated with
3% hydrogen peroxide to block endogenous peroxidase.
Second, the slides were heated to 95°C in a Citric Buffer
(0.01 M, pH 6.0) (ZSGB-BIO, Beijing, China) for 15

Sex
Time points Number
Male Female

El15.5 6 from 3 different litters, 2 in each litter NA

El6.5 6 from 3 different litters, 2 in each litter NA

El17.5 6 from 3 different litters, 2 in each litter NA

E18.5 6 from 3 different litters, 2 in each litter NA

E19.5 6 from 3 different litters, 2 in each litter NA

E20.5 6 from 3 different litters, 2 in each litter NA
Pl 6 from 3 different litters, 2 in each litter 3 3
P2 6 from 3 different litters, 2 in each litter 3 3
P3 6 from 3 different litters, 2 in each litter 3 3
P4 6 from 3 different litters, 2 in each litter 3 3
P5 6 from 3 different litters, 2 in each litter 3 3
P6 6 from 3 different litters, 2 in each litter 3 3
P7 3 from 3 different litters 2 1
P8 3 from 3 different litters 2 1
P9 3 from 3 different litters 2 1
P10 3 from 3 different litters 2 1
P11 3 from 3 different litters 2 1
P12 3 from 3 different litters 2 1
P13 3 from 3 different litters 2 1
P14 3 from 3 different litters 2 1
P21 3 from 3 different litters 2 1
Adult 3 from 3 different litters 2 1

NA, not applicable.
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min, then slowly cooled to room temperature for antigen
retrieves, and incubated with 10% normal goat serum
(C0265, Beyotime, Jiangsu, China) in 37°C PBS for 30
min to block non-specific sites. Subsequently, the sec-
tions were incubated respectively with the following
primary antibodies: mouse anti-PGP9.5 (ab8189, 1:100
dilution, Abcam, Cambridge, MA, USA), rabbit anti-TH
(T8700, 1:1,000 dilution, Sigma, St. Louis, MO, USA)
and rabbit anti-VIP (1:1,000 dilution, 20077, Immuno-
star, Hudson, WI, USA), at 4°C overnight, followed by
incubation with HRP-labeled goat anti-rabbit secondary
antibody (A0208, Beyotime) or HRP-labeled goat anti-
mouse secondary antibody (A0216, Beyotime) for 1h at
room temperature, and then incubation with fluorescein
isothiocyanate (FITC)-labeled tyramide (1:50) in a 1x
amplification solution (Perkin Elmer, Wellesley, MA,
USA) for 10 min in the dark at room temperature. Fi-
nally, sections were counterstained with 5 ug/ml 4°,
6-diamidino-2-phenylindole (DAPI, Beyotime) for 10
min at room temperature in the dark and mounted with
antifade mounting medium (Beyotime). Normal rabbit
or mouse isotype IgG instead of the primary antibody
was used as the negative control. Sections were washed
three times with PBS between steps.

Sweat tests

The iodine-starch sweat test was carried out in P1-21,
and adult rats as follows. Iodine/alcohol solution at 2%
was applied to rat palmar surface of the restrained rats.
After the alcohol evaporated, a suspension of 1 g starch/1
ml castor oil was applied. Subsequently, cholinergic
agonist pilocarpine (0.2 mg/kg body weight) [17], and
adrenergic agonists adrenaline hydrochloride, isoprena-
line hydrochloride or noradrenaline bitartrate, at the
doses of 0.01 mg/kg body weight, 0.1 mg/kg body
weight, 0.2 mg/kg body weight, or 1 mg/kg body weight,
were injected intraperitoneally to individual rat and
sweating was recorded [16]. Rats injected with 0.9%
saline intraperitoneally was used as negative controls.
Fine black dots appeared on footpads and at the toe tips
indicating actively sweating.

Eccrine gland placodes were not found at E15.5-18.5
(Figs. 1A and B) [18]. Epidermal basal cells in footpads
begn to invaginate into the dermis at E19.5, indicating
the formation of sweat bud placodes (Fig. 1C) [18]. With
time progressed, cells at the tip of the sweat gland buds
grew downwards and differentiated into duct cells (Figs.

Negative control
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Fig. 1. Immunofluorescence staining for protein gene product 9.5 (PGP 9.5) at different development time point of rat eccrine sweat
glands. Expression of PGP 9.5 in rat eccrine sweat glands at E17.5 (A), E18.5 (B), E19.5 (C), E20.5 (D), P1-P14 (E-R), P21 (S),
adult (T) and negative control (U). From the time of rat sweat bud placodes formation at E19.5 to adulthood, PGP 9.5 was de-
tected surrounding the eccrine sweat glands (C—T). Normal mouse isotype IgG instead of the primary antibodies was used as the
negative control, and there was no positive staining in negative control (U). The eccrine gland structures were labeled by aster-

isk. Scale bar is 20 ym.
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1D-F) [18]. As the straight duct proceeded, it formed an
early coiled gland from its tip at about postnatal day 3
(P3) (Fig. 1G) [18].

The immunostaining results of different samples at the
same time point were consistent, and no staining was
observed in negative control (Figs. 1U, 2N and 3H). At
E17.5 and E18.5, general sympathetic fiber marker PGP
9.5 was detected at dermal-epidermal junction (Figs. 1A
and B). At E19.5, a time point of sweat bud placodes
formation, general sympathetic fibers were detected sur-
rounding the placodes (Fig. 1C). As morphogenesis
proceeded, general sympathetic fibers embraced the
developing and developed eccrine sweat glands sweat
glands (Figs. 1D-T). The expression of adrenergic fiber
marker TH was undetectable until P7 in sweat glands of
rat hind footpads (Figs. 2A—F), and pronounced from
P10 on (Figs. 2G—M). VIP-positive fibers were visible,
for the first time, at P11 in eccrine sweat glands of rat
hind footpads (Fig. 3B), and the immunoreactivities of
VIP were unequivocally detectable at P12 (Fig. 3C).
From P12 on, VIP-positive fibers were appeared readily
surrounding eccrine sweat glands (Figs. 3C-G).

Secretion response was detected by classic starch-
iodine method. Control injections of 0.9% saline had no
positive sweating dots (data not shown). Pilocarpine-
induced sweat secretion was not detected in hind foot-
pads until P16, indicating cholinergic-induced actively
sweating (Figs. 4A—H and 5L). No black dots appeared
on footpads after the injection of adrenaline hydrochlo-

ride, isoprenaline hydrochloride or noradrenaline bitar-
trate at varied dose, as well as at any tested time points,
including adulthood, which suggested that alpha- and

beta-adrenergic agonists could not induce active perspi-
ration or adrenergic agonists play no role in sweat secre-
tion in rats (Figs. SA-K).

Rat eccrine sweat glands were present exclusively in
footpads. In the study, single immunofluorescence stain-
ing showed that the innervations of rat eccrine sweat
glands varied with development. In early postnatal de-
velopment, rat eccrine sweat glands expressed adrener-
gic phenotype fibers, but from late development to adult-
hood, rat eccrine sweat glands expressed both adrenergic
and cholinergic fibers. When the sympathetic fibers are
generated during development in laboratory rodents had
been studied and debated extensively. In our study, rat
sweat gland innervations initially displayed adrenergic
properties at P7, and faint cholinergic activity was de-
tected at P11 in developing hind footpads of rats. A study
by Landis showed that the fibers innervating rat sweat
glands possessed catecholamine immunofluorescence at
P7, and pronounced acetylcholinesterase (AChE) and
VIP by P14 [19]. The distribution of VIP and cholinergic
nerves were the same, and cholinergic receptor inhibitors
can inhibit the secretion response induced by VIP, so
VIP was often used as a marker associated with cholin-
ergic phenotype in neurons supplying sweat glands
[19-21]. Another study by Schiitz ef al. showed that an
adrenergic-specific TH was detectable at P1 and a cho-
linergic-specific vesicular acetylcholine transporter
(VAChKT) was visible at P3 in eccrine sweat glands of
mouse forepaws [22]. Further studies showed that cho-

Fig. 2. Immunofluorescence staining for tyrosine hydroxylase (TH) at different development time point of rat eccrine sweat glands.
Expression of TH in rat eccrine sweat glands at P4-P14 (A-K), P21 (L), adult (M) and negative control (N). At P4, P5 and P6,
the expression of TH was detected in footpads, but not in eccrine sweat glands (A—C). The expression of TH began to appear
surrounding the eccrine sweat glands at P7 (D). From P8 on, TH protein was detected steadily surrounding the eccrine sweat
glands (E-M). Normal rabbit isotype IgG instead of the primary antibodies was used as the negative control, and there was no
positive staining in negative control (N). The eccrine gland structures were labeled by asterisk. Scale bar is 20 ym.
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Fig. 3. Immunofluorescence staining for vasoactive intestinal
peptide (VIP) at different development time point of rat
eccrine sweat glands. Expression of VIP in rat eccrine
sweat glands at P10-P14 (A-E), P21 (F), adult (G) and
negative control (H). At P10, no VIP staining was de-
tected in footpads (A). The expression of VIP began to
appear surrounding the eccrine sweat glands at P11 (B).
From P12 on, VIP was expressed steadily in surrounding
the eccrine sweat glands (C—H). Normal rabbit isotype IgG
instead of the primary antibodies was used as the negative
control, and there was no positive staining in negative
control (H). The eccrine gland structures were labeled by
asterisk. Scale bar is 20 ym.

linergic fiber markers VAChT, choline acetyltransferase
(ChAT) and calcitonin gene-related peptide (CGRP) ap-
peared at different time points [23]. Discrete VAChT-
immunoreactivities were present at P1, sparse ChAT
immunoreactivity was detected at P8, and unequivo-
cally detectable CGRP appeared at P14 in forepaw sweat
glands of Wistar rats [23]. A study by Guidry et al.
showed that TH-positive fibers were readily detected
surrounding the developing sweat at P5, and weak cho-
line transporter (CHT) expression appeared in the fibers
innervating sweat gland anlagen at P7 in mouse and P10
in rat gland anlages of hind footpads [24]. Therefore,
species, forepaws or hind paws, and different markers
might account for the discrepancies of the initially de-
tected time point of sweat gland innervations. Nonethe-
less, cholinergic fibers appeared slightly later than ad-
renergic fibers in the developing rat/mouse footpads, and
the co-expression of adrenergic and cholinergic fibers in
adult rat/mouse eccrine sweat glands were consistent in
most studies [4, 16, 19, 22-25].

Subsequently, we examined sweat response of adult
rats to alpha- and beta-adrenergic agonists, including
adrenaline hydrochloride, isoprenaline hydrochloride
and noradrenaline bitartrate, and cholinergic agonist
pilocarpine. The results showed that the secretory re-
sponse of eccrine sweat glands was cholinergic rather
than adrenergic for cholinergic stimulation can elicit
sweating but adrenergic cannot. However, it was not

222 | doi: 10.1538/expanim.20-0144

Fig. 4. Pilocarpine-induced sweat secretion detected by starch-
iodine test. Pilocarpine-induced sweat secretion was de-
tected by starch-iodine test on rat footpads at P12 (A), P13
(B), P14 (C), P15 (D), P16 (E), P17 (F), P21 (G) and adult
(H). Fine black dots appeared on footpads represent func-
tional sweat glands (arrows).

Fig. 5. No adrenaline-induced perspiration was detected by starch-
iodine test. None of the three adrenergic agonists, namely
adrenaline hydrochloride, isoprenaline hydrochloride and
noradrenaline bitartrate, at the doses varying from 0.01
mg/kg body weight to 1 mg/kg body weight, can induce
perspiration on rat footpads by starch-iodine test (A-K).
The presentative pictures of beta-adrenergic agonist iso-
prenaline hydrochloride (0.01 mg/kg body weight) -in-
duced perspiration at P7 (A), P9 (B), P11 (C), P13 (D),
P15 (E), P17 (F), P21 (G) and adult (H). The presentative
images of alpha-adrenergic agonist adrenaline hydrochlo-
ride-induced perspiration at the dose of 0.01 mg/kg body
weight (I), 0.1 mg/kg body weight (J) and 0.2 mg /kg body
weight (K). Pilocarpine-induced positive secretory re-
sponse by starch-iodine test (L); Fine black dots represent
functional sweat glands (arrows).

clear whether the adrenergic mechanisms contributed to
sweating at some stage in the development of rat eccrine
sweat glands, or it never did. To answer the question, we
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studied the sweat response of developing footpads to
adrenergic and cholinergic agonists. The results showed
that pilocarpine-induced secretory response was de-
tected in both the developing and developed footpads,
indicating cholinergic-induced actively sweating. There
was no measurable adrenergic sweating when stimu-
lated by alpha-/beta-adrenergic agonist adrenaline hy-
drochloride, beta-adrenergic agonist isoprenaline hydro-
chloride and alpha-adrenergic agonist noradrenaline
bitartrate, at all examined postnatal days, suggesting that
adrenergic transmitters played no roles in sweating. The
results in our study were consistent with the study by
Weihe et al., but a slightly different from the study by
Stevens & Landis [4, 16]. The study by Stevens & Lan-
dis showed that adult sweat glands were responsive to
both cholinergic agonist acetylcholine and alpha- and
beta-adrenergic agonists 6-fluoronorepinephrine and
isoproterenol, although the response to adrenergic ago-
nists was relatively infrequently and with reduced sweat
volumes of sweat compared with cholinergic agonist
[16]. In immature rats, neither the alpha-adrenergic
agonists, clonidine and 6-fluoronorepinephrine, nor the
beta-adrenergic agonist, isoproterenol, could elicit
sweating, even the concentrations as high as 50 uM [16].
As for the disagreement between our current study and
the study by Stevens & Landis in the response of devel-
oped eccrine sweat glands to adrenergic agonists, it was
difficult to explain. In Stevens & Landis’ study, the su-
domotor function was detected by silicon impression
molds, while in our study, iodine-starch test was used
[16]. Starch-iodine sweat test and impression mold tech-
nique are two methods used to detect the direct sweat
response, which had similar sensitivity and limitation
[26]. Therefore, the two different sweating detection
methods cannot account for the divergence.

The cholinergic secretion mainly depends on the ac-
tivation of Ca**-dependent K* conductance and Cl~ con-
ductance, whereas the beta-adrenergic secretion mainly
involves the activation of cystic fibrosis transmembrane
conductance regulator (CFTR) CI™ conductance [8, 27,
28]. In humans, both adrenergic and cholinergic mecha-
nisms were involved in sweating, with cholinergic
mechanisms playing primary roles and beta-adrenergic
mechanisms playing a role in the habitually trained males
during incremental exercise [6—8, 16]. Unlike rat/mouse
and human eccrine sweat glands, beta-adrenergic sweat-
ing played predominant roles in equine sweat glands
[29]. Adrenergic agonists, epinephrine and norepineph-
rine, beta 2-adrenergic agonist terbutaline, and alpha-
adrenergic agonists, phenylephrine and methoxamine,
all could evoke moderate to maximal sweating, but
cholinergic agonists were ineffective in stimulating sweat

secretion [29]. The sweat responses evoked by beta 2-ad-
renergic and alpha-adrenergic agonists could be blocked
by nonselective beta-adrenergic blocker propranolol
[29]. However, neither the muscarinic blocker atropine
nor the alpha-adrenergic antagonist phentolamine inhib-
ited any of the pharmacologically induced sweat re-
sponses [29]. Therefore, the neuromodulation mecha-
nisms of sweating varied with species of mammal.
Weihe et al. dwelt on the differences in sudomotor
mechanisms between rodents and humans [4]. Their
study showed that adult human sweat gland innervations
expressed all the proteins required for full noradrenergic
function, including tyrosine hydroxylase, aromatic
amino acid decarboxylase, dopamine beta-hydroxylase,
and the vesicular monoamine transporter VMAT2, but
rodent sweat gland innervations lack vesicular mono-
amine transporter which renders them functionally non-
noradrenergic [4].

In summary, in the study we demonstrated that rat
eccrine sweat glands co-express adrenergic and cholin-
ergic fibers, and cholinergic- rather than adrenergic-in-
duced sweating plays a role in the developing and de-
veloped rat eccrine sweat glands; adrenergic innervations
never play roles in either the developing or the developed
rat eccrine sweat glands.
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