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Botulinum toxin A inhibits salivary secretion of rabbit
submandibular gland

Xiao-Feng Shan1, Hui Xu1, Zhi-Gang Cai1, Li-Ling Wu2 and Guang-Yan Yu1

Botulinum toxin A (BTXA) has been used in several clinical trials to treat excessive glandular secretion; however, the precise

mechanism of its action on the secretory function of salivary gland has not been fully elucidated. In this study, we aimed to investigate

the effect of BTXA on secretion of submandibular gland in rabbits and to identify its mechanism of action on the secretory function of

salivary gland. At 12 weeks after injection with 5 units of BTXA, we found a significant decrease in the saliva flow from submandibular

glands, while the salivary amylase concentration increased. Morphological analysis revealed reduction in the size of acinar cells with

intracellular accumulation of secretory granules that coalesced to form a large ovoid structure. Expression of M3-muscarinic

acetylcholine receptor (M3 receptor) and aquaporin-5 (AQP5) mRNA decreased after BTXA treatment, and distribution of AQP5 in the

apical membrane was reduced at 1, 2 and 4 weeks after BTXA injection. Furthermore, BTXA injection was found to induce apoptosis of

acini. These results indicate that BTXA decreases the fluid secretion of submandibular glands and increases the concentration of

amylase in saliva. Decreased expression of M3 receptor and AQP5, inhibition of AQP5 translocation, and cell apoptosis might involve in

BTXA-reduced fluid secretion of submandibular glands.
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INTRODUCTION

Botulinum toxin type A (BTXA) is a protein that has been used for

the successful treatment of various neuromuscular and movement

disorders.1–4 Recently, BTXA is used to treat the excessive glandular

secretion such as hyperhidrosis, hyperlacrimation, allergic rhinitis and

drooling, and the results were encouraging.5–7 However, most of the

reports of BTXA-modulated secretion are from clinical trials.5–7

Morphological and immunohistochemical studies have revealed that

intraglandular BTXA application in rat submandibular gland (SMG)

leads to glandular atrophy and decreased expression of acetylcholine

esterase.8 The mechanism of decreased salivary secretion might be due

to glandular atrophy and denervation induced by the inhibition in

acetylcholine release at the neuroglandular junction.8

Salivary secretion is controlled by both sympathetic and parasym-

pathetic autonomic nerves. Fluid and electrolyte secretion from sali-

vary glands is primarily evoked by the action of acetylcholine on mus-

carinic receptors and norepinephrine on a-adrenoceptors, whereas

protein secretion is mainly evoked by isoproterenol on b-adrenocep-

tors.9–10 After the muscarinic cholinergic receptors are activated, the

formation of inositol 1,4,5-trisphosphate and the increased intracellu-

lar calcium (Ca21) level could subsequently induce the activation of

aquaporin-5 (AQP5), which in turn leads to transcellular secretion of

water.11–12 It remains unknown whether BTXA decreases the secretion

of salivary glands by inhibiting the function of muscarinic receptor

signaling pathway. In this study, we aimed to investigate the effect of

BTXA on secretion of SMG in rabbits and to identify its molecular

mechanism to regulate the secretory function of salivary glands.

MATERIAL AND METHODS

Experimental animals

Thirty healthy male New Zealand white rabbits (average weight:

(2.460.3) kg) were used in this study.13 All experimental procedures

were carried out in accordance with the guidelines of the Chinese

Ministry of Public Health for the care and use of laboratory animals.

The study was approved by the Institutional Ethics Committee of

Peking University Health Science Center (IRB 00001052-080-48).

Reagents and antibodies

BTXA was a gift from Lanzhou Institute of Biological Products, China.

The titer of 1 U BTXA (Hengli, Lanzhou, China) is equal to that of 1 U

BOTOX (Allergan, Irvine, CA, USA) or 3–4 U Dysport (Ipsen, Slough,

UK).14 Antibodies to M3-muscarinic receptor and AQP5, and horse-

radish peroxidase-, tetramethylrhodamine isothiocyanate- and fluor-

escein isothiocyanate (FITC)-conjugated secondary antibodies were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Other chemicals and reagents were of analytical grade.

Experimental groups

Thirty rabbits were randomly divided into normal control group

(n55, without any treatment) and BTXA-treated groups (n525).
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The 25 rabbits in BTXA-treated group were further divided in 10 U

group (n55, observed 1 week) and 5 U group (n520, observed 1, 2, 4

and 12 weeks, respectively). Rabbits’ primary information of different

groups is shown in Table 1. The animals were anesthetized with

sodium pentobarbital (20 mg?kg21 body weight) for the operation.

Local anesthesia was performed by 1% lidocaine, and glands on both

sides were exposed by a median cervical incision. The left SMG was

injected with BTXA, while the right SMG was injected with the same

volume of normal saline as the contralateral control. At 1, 2, 4 and 12

weeks after operation, a polyethylene tube was inserted into Wharton’s

duct from the mouth under anesthesia and left outside for measure-

ment and collection of saliva. The glands were then removed under

anesthesia, and weighed immediately. Animals were killed with an

overdose of barbiturate after removing the glands.

For the injections, BTXA was reconstituted using 2 mL of 0.9%

saline per 100 U, which means that the concentration of BTXA solu-

tion was 50 U?mL21. So the volume of 5 U BTXA is 0.1 mL and the

volume of 10 U BTXA is 0.2 mL.

Measurement of salivary secretion

Saliva flow was measured for 5 min each at 1, 2, 4 and 12 weeks after the

operation by the length of filter paper (3535 mm2) moistened by

saliva from the cannula inserted into the Wharton’s duct. All the

measurements were carried out between 8:00 a.m. and 10:00 a.m.,

while the rabbits were awake and at rest or during feeding. The col-

lected saliva samples were pooled for biochemical analysis of the con-

centrations of electrolytes and protein.

Light microscopy and transmission electron microscopy

The gland sections were stained with hematoxylin and eosin in order

to observe the morphological changes by light microscopy. The speci-

mens were fixed in 2% paraformaldehyde and 1.25% glutaraldehyde,

and then ultrathin sections were stained with uranyl acetate and lead

citrate and observed ultrastructure under a transmission electron

microscope (JEOL JEM-1400; HITA-CHI, Tokyo, Japan).

Terminal deoxynucleotidyl transferase-mediated deoxyuridine

triphosphate-biotin nick-end labeling staining

Frozen SMG sections were prepared for staining with deoxyuridine

triphosphate-biotin nick-end labeling (TUNEL). The in situ cell-death

detection kit (Roche Applied Science, Penzberg, Germany) was used

according to the manufacturer’s instructions. Briefly, tissue sections

were incubated with terminal deoxynucleotidyl transferase in a

humidified chamber at 37 6C for 1 h. A mixture of antidigoxigenin-

peroxidase and substrate-chromagen were used for visualization, and

the cells were counterstained with hematoxylin. The nuclei of the

apoptotic cells were stained dark brown.

Reverse transcriptase polymerase chain reaction

Total RNA from SMG was purified using Trizol reagent (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s instructions.

cDNA was prepared from 5 mg of total RNA with Moloney murine

leukemia virus reverse-transcriptase (Promega, Madison, WI, USA).

The sense and antisense primers for M3-muscarinic acetylcholine

receptor (M3 receptor) (NM_000740), AQP5 (AF_495879) and b-

actin were 59-CTT CTC CAA GCT TCC CAT CCA-39 and 59-TGA

CCG ACT GTC TCT GCT GGT-39, 59-GTT CCT GGC CAC CCT

CAT CT-39 and 59-ACA GAC AGG CCG ATG GAC AG-39, and 59-

ATC TGG CAC CAC ACC TTC TAC AAT GAG CTG GCG-39 and

59-CGC CAT ACT CCT GCT TGC TGA TCC ACA TCT GC-39, respect-

ively.15 b-actin was amplified as the internal standard. The amplifica-

tion products were visualized on 1.5% agarose gel with ethidium

bromide and sequenced to confirm their identities. The band densities

were quantified using a LEICA-550IW image analysis system (Leica,

Manheim, Germany).

Immunofluorescence

Frozen SMG sections were immunostained with anti-AQP5 antibody

at a 1 : 100 dilution, and incubated with FITC- or tetramethylrhoda-

mine isothiocyanate-labeled secondary antibodies as described pre-

viously.14 Nuclei were stained with 49,6 -diamidino-2-phenylindole

(Sigma-Aldrich, St Louis, MO, USA). Fluorescence images were cap-

tured under a confocal microscope (TCS SP5; Leica, Heidelberg,

Germany).

Statistical analysis

Data are presented as (mean6s.d.). Differences among groups were

analyzed by one-way analysis of variance, and then Bonferroni testing.

A value of P,0.05 was considered statistically significant.

RESULTS

BTXA decreased the secretion of SMGs at rest and after feeding

One week after intraglandular injection of BTXA, a statistically sig-

nificant decrease in rest saliva secretion was observed in the BTXA-

treated group at 5 U and 10 U ((1.760.4) mm and (1.060.3) mm in

5 min, respectively,) compared with the normal control group

((5.461.1) mm in 5 min, P,0.01). The rest saliva secretion of the

glands with 10 U of BTXA was significantly lower than that with 5 U

(P,0.05). Dysphagia occurred in three of five rabbits with 10 U of

BTXA, while no dysphagia was found in the five rabbits with 5 U of

BTXA. To minimize the risk of side effects, we chose 5 U as the optimal

dosage for BTXA intraglandular injection to investigate the long-term

effects.

There were no differences in rest saliva secretion of the saline-

injected SMGs (contralateral control group) and the normal control

group (P.0.05). At 1 and 2 weeks after BTXA injection, the volumes

of rest saliva in the injected SMGs decreased by 63% and 70% of the

normal control glands, respectively. At 4 and 12 weeks after BTXA

injection, the rest saliva secretion decreased by 54% and 38% of the

normal control group, respectively, suggesting partial recovery of

secretion. During feeding, the stimulated saliva secretion decreased

to 69%, 70% and 68% of the normal control group at 1, 2 and 4 weeks

after BTXA injection, respectively. The stimulated secretion recovered

partly at 12 weeks and showed a decrease of only 41% of the normal

control group (Figure 1a and 1b).

There were no significant differences between the weights of SMGs

injected with BTXA and the normal control glands. The weights of

SMGs was (0.4960.08) g, (0.5560.10) g, (0.5660.07) g and (0.566

0.08) g, respectively, in 1, 2, 4 and 12 weeks after BTXA injection

compared with the normal control group (0.5660.08) g.

Table 1 Rabbits’ primary information of different groups

Groups Weight/kg Age/week

Control 2.3260.15 16

10 U 2.2660.15 16

5 U, 1 Week 2.2860.11 16

5 U, 2 Week 2.2460.09 16

5 U, 4 Week 2.2860.08 16

5 U, 12 Week 2.3260.15 16
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Changes in the salivary electrolytes and proteins after BTXA

injection

Amylase concentrations in the rest saliva at 1 and 4 weeks after BTXA

administration were 55.2% and 131.3% higher than those in normal

control group; however, potassium, sodium and chlorine concentra-

tions remained unchanged. The sodium concentration in the stimu-

lated saliva collected during feeding at 1 and 4 weeks after BTXA

treatment increased to 133.7% and 159% of the normal control group

(P,0.05); however, the amylase, potassium, and chlorine concentra-

tions did not change (Figure 1c and 1d).

Histological changes after BTXA injection

Normal acinar and ductal cells could be observed in the normal con-

trol SMGs by light microscopy (Figure 2a). No morphological change

was found in the contralateral SMGs with normal saline injection. One

week after BTXA injection, the acinar and ductal cells in the glandular

lobules at the site of BTXA injection was replaced by fibrous tissue.

Acinar cells surrounding the injection point showed size reduction,

while ducts dilated slightly (Figure 2b and 2c). Four weeks later, the

morphological appearance of BTXA-injected SMGs recovered partly.

Twelve weeks later, the treated cells appeared morphologically similar

to the normal control glands (Figure 2d and 2e).

Transmission electron microscopy revealed that secretory granules

of low matrix density spread widely in the cytoplasm of acinar cells in

the normal control (Figure 3a), while irregular acinar cells were

observed in the glands at 1 and 2 weeks after BTXA injection.

Secretory granules were abundant in the secretory cells of BTXA-

injected glands, and some secretory granules coalesced to form a larger

ovoid structure, which resulted in decreased intercellular space

(Figure 3b and 3c). Four weeks later, the morphological appearance

of BTXA-injected glands recovered partly. Twelve weeks later, the

morphological appearance of the injected glands recovered to that

of the normal control glands (Figure 3d and 3e).

BTXA induced apoptosis in SMGs

We used TUNEL assays to investigate whether BTXA could induce

apoptosis in the SMGs. As shown in Figure 4a, few apoptotic cells were

shown in the normal control SMGs. Apoptotic cells appeared in some

glandular lobules 1 week after BTXA injection (Figure 4b), and more

ductal cells than acinar cells tended to show apoptosis. The apoptotic

ductal cells were mainly located in certain gland lobules, and only few

apoptotic cells were found in the adjacent lobules. Both acinar and

ductal cells showed apoptosis 2 weeks after BTXA injection (Figure 4c).

The number of apoptotic cells decreased 4 weeks later (Figure 4d)

and almost completely disappeared 12 weeks after BTXA injection

(Figure 4e).

BTXA inhibited the expression of M3 receptor

At 1 and 2 weeks after BTXA injection, the mRNA expression of M3

receptor decreased by 30% and 50% of that of the normal control

group, respectively, and it began to recover 4 weeks after BTXA injec-

tion. mRNA expression of M3 receptor was equal to those of the

normal control group at 12 weeks after BTXA injection (Figure 5a).

BTXA inhibited the expression and translocation of AQP5

At 1 and 2 weeks after BTXA injection, the mRNA expression of AQP5

decreased by 26% and 25.5% of the normal control group, respectively,

in the glands injected with BTXA, and this difference disappeared

at 4 weeks after BTXA injection (Figure 5b). Immunofluorescence ana-

lysis revealed that AQP5 was predominantly localized in the apical
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Figure 1 Secretion of SMG, and amylase, Na1, K1 and Cl2 concentrations in the saliva after BTXA injection. (a) Secretion of SMG at rest after BTXA injection. (b)

Secretion of SMG during feeding after BTXA injection. (c) Amylase, Na1, K1 and Cl– concentrations in the saliva at rest after BTXA injection. (d) Amylase, Na1, K1 and

Cl– concentrations in the saliva during feeding after BTXA injection. *P,0.05, **P,0.01 vs. control. BTXA, botulinum toxin type A; SMG, submandibular gland.
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Figure 2 Histological structure of submandibular glands under 3400 magnification. (a) Histological evaluation of a control submandibular gland. (b)

Submandubular gland at 1 week after BTXA injection. The normal structure of acinar and ductal cells in the gland lobule at the site of the injection disappeared

and was replaced by fibrous tissue. (c) Submandubular gland at 2 weeks after BTXA injection. Acinar cells showed a reduction in size, while the ductal cells expanded

slightly. (d) Submandubular gland at 4 weeks after BTXA injection. (e) Submandubular gland at 12 weeks after BTXA injection. The morphological appearance of

acinar cells recovered to the normal. Bar550 mm. BTXA, botulinum toxin type A.
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m

Figure 3 Ultrastructure of submandibular gland under 35 000 magnification. Ultrastructures of (a) control, (b) 1 week after BTXA injection, (c) 2 weeks after BTXA

injection, (d) 4 weeks after BTXA injection and (e) 12 weeks after BTXA injection. Bar52 mm. BTXA, botulinum toxin type A.
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Figure 5 The expression of M3 receptor and AQP5. The mRNA expression of M3 receptor (a) and AQP5 (b) were detected by RT-PCR. (c) Effect of BTXA on the

distribution of AQP5 in submandibular glands. Representative immunofluorescence images of AQP5 in the control gland, at 1, 2, 4 and 12 weeks after BTXA injection.

Magnification 31 200. Bar510 mm. Con, control; w, week; M3 R, M3 receptor, M3-muscarinic acetylcholine receptor; AQP5, aquaporin-5; BTXA, botulinum toxin type

A; RT-PCR, reverse transcriptase polymerase chain reaction; SMG, submandibular gland.
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Figure 4 TUNEL staining in SMG. (a) Very few cells were stained in the control SMG. (b) One week after BTXA injection, numerous typical densely stained

dark TUNEL-positive cell nuclei can be observed in ductal cells. (c) Two weeks after BTXA injection, apoptotic cells can be seen in the acinar and ductal cells. (d)

TUNEL-positive cells decreased at 4 weeks after BTXA injection. (e) TUNEL-positive cells almost disappeared in the glands at 12 weeks after BTXA injection.

Magnification 3400. Bar550 mm. BTXA, botulinum toxin type A; SMG, submandibular gland; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine

triphosphate-biotin nick-end labeling.
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membranes of acinar cells in the normal control glands, while in BTXA-

injected glands, AQP5 expression was diminished in the apical mem-

branes and dispersed in the cytoplasm. AQP5 relocalized in the apical

membranes of acinar cells at 12 weeks after BTXA injection (Figure 5c).

DISCUSSION

Drooling caused by cerebral palsy and Parkinson’s disease may be

disturbing, resulting in chronic irritation of the facial skin.16 Other

symptoms related to salivary secretion, such as salivary fistula and

epiphora after autologous SMG transplantation, also lead to decline

of quality of life and social embarrassment.17 Anticholinergic medica-

tion, surgery and other therapy have all been used to reduce excessive

secretion with various side effects. It is critical to find a safe and

effective therapy to treat these symptoms.

BTXA has been used to treat drooling with encouraging

results.5–7 Our study revealed that injection of 5 units BTXA in

the SMG decreased saliva secretion in rabbits significantly at rest

and during feeding without side effects, such as dysphagia, and the

secretary function partly recovered 4 weeks after the injection. The

salivary secretion remained lower at 12 weeks after the BTXA

injection than that in normal controls, indicating that BTXA has

a longer but reversible effect on the secretion of salivary gland. It

may be applied in the treatment of symptoms related to salivary

secretion such as drooling and epiphora after autologous SMG

transplantation.

It is noticeable that the compositions of saliva change after BTXA

treatment. The primary saliva secreted from acinar cells is a plasma-

like fluid containing high Na1 and low K1 concentrations. When the

saliva flows through the ductal system, its composition is greatly

modified by the ductal cells through re-absorption of Na1 and Cl–

and release of K1. Stimulation of the cholinergic receptors activates

these ion transporters in ductal cells.18 Our study showed increased

amylase concentrations in the rest and stimulated saliva after BTXA

treatment, while the K1 and Cl– concentrations did not change, which

may be related to a lack of acetylcholine by BTXA, causing decreased

fluid and ion secretion. Thus, the decreased fluid secretion and

unaltered protein secretion leads to the resultant high protein concen-

tration observed in the saliva.

It has been reported that BTXA treatment induced a decrease in

the glandular weight and reduction in the size of acinar cells in the

rats.19–20 The lumen of the granular striated ducts was found to be

wider following BTXA injection than that in the controls.21 In our

study, at 1 week after BTXA injection, destruction of the gland

lobule with dilated duct and hyperplastic connective tissue was

observed at the injection site. Acinar cells of the SMG lobules near

the injection site shrunk dramatically, while the acinar cells located

at a distance from the injection site showed only slight change in

size. Ultrastructure studies revealed old secretory granules in acinar

cells coalesced to form larger ovoid structures. Results of the his-

tological analysis revealed that the BTXA affected mainly those

acinar cells located around the site of injection, and decreased the

secretory function of these cells, but did not destroy the acinar

lobules away from the injection site.

The mechanism of decreased saliva secretion by BTXA treatment is

not clear. The release of acetylcholine from parasympathetic nerves

and its interaction with muscarinic acetylcholine receptors regulates

glandular fluid and ion secretion.22–23 Our study showed that the

expression of M3 receptor decreased at 1 week after BTXA injection

and began to recover at 4 weeks after the injection, and the levels

returned to 80% of the control at 12 weeks after the injection. It

indicated that BTXA-induced decreased salivary secretion is related

to decreased expression of M3 receptor.

BTXA can induce apoptosis in nasal glands of guinea pigs, and

apoptotic cells have been found up to three months after treatment

with BTXA.24–25 Intraprostatic injection of BTXA has been shown to

induce prostate apoptosis in dogs.26 In our study, apoptosis of the

SMG cells occurred 1 week after BTXA treatment, reached to the

maximum level 2 weeks after BTXA treatment, and the apoptotic cells

almost disappeared 12 weeks after the BTXA treatment. The change in

the number of apoptotic cells was parallel with changes in the secretion

of the SMG after BTXA injection, suggesting that the decreased saliv-

ary secretion might be related to cell apoptosis.

AQP5 plays a major role in salivary fluid secretion. Localization

of AQP5 is critical for regulating salivary fluid secretion.12,27

Interestingly, our study demonstrated that deactivation of M3

receptor by BTXA decreased mRNA expression of AQP5 and pre-

vented its translocation from the cytoplasm to the apical mem-

brane. This new finding suggests that the decreased saliva

secretion caused by BTXA may be mediated by the inhibition of

AQP5 expression and trafficking.

In summary, our study found that BTXA injection could rever-

sibly decrease the saliva secretion from SMGs. BTXA might be effec-

tively used to treat symptoms related to salivary secretion such as

drooling and epiphora after autologous SMG transplantation. BTXA

injection decreased expression of M3 receptor and AQP5, inhibited

redistribution of AQP5 and induced cell apoptosis in SMG. It indi-

cates that mechanism of BTXA-mediated decreased salivary secretion

might be related to change of M3 receptor signaling pathway and cell

apoptosis.
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