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Patients with Sjogren's syndrome, an autoimmune disease affecting the exocrine glands, develop salivary gland inflammation and have
reduced saliva production. Similarly, saliva production is severely compromised in patients receiving radiation treatment for head and neck
cancers. Rodent models, developed to mimic these clinical conditions, facilitate an understanding of the disease pathogenesis and allow for the
development of new therapeutic strategies. Therefore, the ability to accurately, reproducibly, and repeatedly measure salivary gland function

in animal models is critical. Building on procedures previously described in the literature, a method was developed that meets these criteria

and was used to evaluate salivary gland function in mice. An additional advantage of this new method is that it is easily mastered, and has little
inter-operator variation. Salivary gland function is evaluated as the amount (weight or volume) or rate (mL/min) of saliva produced in response
to pilocarpine stimulation. The collected saliva is a good source for the analyses of protein content, immunoglobulin concentrations, and other
biomolecules.

Video Link

The video component of this article can be found at https://www.jove.com/video/57203/

Introduction

The salivary glands produce saliva in response to a variety of neurological and mechanical stimuli’. The stimuli are carried through the
sympathetic and parasympathetic nervous system to the adrenergic and cholinergic receptors in the gland. Pilocarpine is a cholinergic, para-
sympathomimetic agent that acts predominantly on muscarinic receptors. In the salivary gland, it induces the production of saliva by acting
on the muscarinic acetylcholine receptor M3'. Saliva production following pilocarpine administration is an indicator of the ability of the salivary
glands to respond to stimulation and is commonly used as a measure of salivary gland function.

Accurate measurement of saliva production is critical in the study of salivary gland diseases including Sjoégren's syndrome2 and radiation injury
following head and neck cancer treatment®. Several different methods have been developed to measure saliva production in rodents. These
include direct cannulation of the excretory salivary duct4, the collection of saliva from the oral cavity under vacuum®, and collection using glass
capillaries6 ora micropipette7’8’9. Direct cannulation of the salivary duct provides the most accurate and pure saliva. However, this is a technically
challenging procedure, and the potential for causing ductal injury precludes repetitive saliva collections from the same animal. Collecting saliva
under vacuum can lead to variable results due to drying of the saliva from the tube. This loss is further exaggerated in mice with reduced
salivation. Glass capillaries allow the collection of saliva for subsequent analyses, however, changes in viscosity of the saliva secreted in the
diseased state prevents efficient filling of the capillary. Further, attempts to sweep the oral cavity to collect residual saliva can lead to injury. The
pipet method allows for complete collection, and for the same operator, it is remarkably consistent between experiments. However, for unknown
reasons, this method shows significant variation between different operators. Therefore, to allow appropriate comparisons, it becomes imperative
that the same operator performs all the experiments related to a specific project. Clearly, this represents a major disadvantage for a laboratory.

To overcome these issues, a procedure was developed that combines saliva collection methods used for humans and rodents. The swab
method, described below for measuring pilocarpine-induced saliva volume is simple, reproducible, not influenced by the operator, and can be
performed repeatedly in the same animal. In addition, it allows collecting the saliva for subsequent analyses of proteins, immunoglobulins, or
other biomolecules.

Protocol

The protocol described below was approved by the Institutional Animal Care and Use Committee and it follows the ethical guidelines established
by the National Institutes of Health. All data presented in this report were generated by using female mice that were 10-12 weeks of age. The
following strains of mice were used: C57BL/6, BALB/c, DBA1, 129S, and (B6XA/J) F1. All mice were housed in barrier cages (5 animals per
cage) in specific pathogen-free conditions and provided feed and water ad libitum.
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1. Preparation

To prepare a stock solution of pilocarpine hydrochloride, weigh 10 mg of the compound and dissolve it in 1.776 mL of sterile isotonic saline by
vortexing, to give a stock solution of 5.63 mg/mL. There is no need to sterilize this solution. But if desired, filter it through a 0.2 pM filter. Store
this stock solution in multiple aliquots in a -80 °C freezer for up to 3 months. Each frozen stock is for single use. Once thawed, do not refreeze
the pilocarpine solution.

Take 0.6 mL microfuge tubes and carefully punch a small hole in the bottom of each tube with a heated 18-gauge needle. Set these tubes
into 2 mL tubes. The tubes need not be sterile.

Using a sharp, sterile razor blade, cut cylindrical absorbent swabs into pieces about 2 cm in length. Cut each 2 cm piece diagonally to give 2
conical shaped swabs. Place one swab in each of the 0.6 mL microfuge tubes.

Weigh the 0.6 mL microfuge tube containing the dry swab.

Transfer the mice to be studied into a new clean cage with water bottles. Keep the mice without food for at least 2 h prior to the start of saliva
collection to prevent food particles from contaminating the saliva collected.

NOTE: It is not necessary to keep 1 mouse per cage for this procedure. However, the number of mice placed in each cage depends on the
specific institution's rules and regulations for animal use.

Just before the end of 2 h, prepare the working pilocarpine solution (0.0563 mg/mL) by diluting the stock solution 100x in sterile saline. It is
not necessary to further filter sterilize this solution. Always keep the working pilocarpine solution on ice.

NOTE: Table 1 gives the amount of pilocarpine to be injected for a range of mouse body weights to give a final dose of 0.375 mg/kg body
weight.

2. Procedure

8.

Weigh each mouse and determine the dose of the anesthetic mix for each mouse using Table 1. Inject the first mouse with the appropriate
volume of the anesthetic mix by the intraperitoneal route. Set the timer for 2 min (most mouse strains tested in this protocol go to sleep by 2
min). Ensure that the mouse is properly anesthetized by lack of walking when placed on a flat surface. If the mouse is still walking, wait for
additional 2 min before proceeding to the next step. Apply a drop of lubricant ophthalmic ointment to both eyes to prevent drying.

NOTE: In Table 1, the dose of the anesthetic mix is 0.007 mL/g body weight. The optimal range for this procedure is 0.006 to 0.008 mL/g
body weight. However, after 4 min, if the mouse is still walking or exhibiting jerky movements, consult with the institutional veterinarian for
appropriately increasing the dose of the anesthetic.

Determine the dose of pilocarpine for the mouse using Table 1 and inject the appropriate amount by intraperitoneal route. Set the timer for 2
min and insert the mouse into the 50 mL restrainer tube until the head and ears stick out of the cut end. Place the tube at a 45 degree angle,
with the head down, and the ventral surface facing upward. Tape the tube to the procedure board to keep it from moving.

NOTE: Table 1 provides dosage for mice more than 17 g, as this procedure has not been attempted on mice weighing below 17 g.

At the end of 2 min, gently insert a closed pair of micro dissecting forceps into the mouth and lift the lower jaw upwards to open the mouth.
Push the forceps 1-2 mm further into the mouth, making sure that the tongue is seen resting on the top arm of the forceps. With another pair
of fine forceps, hold the pre-weighed dry swab close to its conical tip.

Gently slide the conical tip of the swab into the mouth. Withdraw the forceps while leaving the tip of the swab in the oral cavity.

Grasp the wider end of the swab extending outside of the mouth and rotate it to allow the maximum area of contact with the mouth. Keep the
swab in this position for 15 min.

NOTE: This ensures that the swab remains in the mouth for the duration of the collection. Note that the conical tip of the swab acts as a wick
and the wider portion of the swab remains outside the mouth.

At the end of 15 min, gently rotate the swab to collect any saliva that has not been absorbed and place the wet swab in the 0.6 mL microfuge
tube. Close the tube and set it in the 2 mL tube placed on ice.

NOTE: At this time, the oral mucosa will appear completely dry. The mouse can now be moved back into its cage for recovery from
anesthesia.

Transfer the mouse in the cage. Place moistened food pellets in the cage after saliva collection to help faster rehydration.

NOTE: The mice wake up within 10 min after the end of the collection. Subcutaneous injection of 0.2 mL pre-warmed isotonic saline may also
be given to accelerate recovery.

Proceed to the next mouse. All the mice should be monitored until they have completely recovered and are ambulatory.

3. Measurements

1.

2.

3.

At the end of all collections, weigh the 0.6 mL tubes with the wet swab. Calculate the difference between the wet weight and dry weight to get
the weight of saliva produced. Place the 0.6 mL tube with saliva back into the 2-mL tube.

Cut off the caps of the 2 ml tubes. Then, centrifuge the 2 mL tubes for 2 min at 7500 x g, at 40C in a micro centrifuge to recover the saliva.
Measure the volume of saliva obtained using a micropipette.

Express the results as saliva weight (mg)10 over 15 min or as a ratio of saliva weight (mg)/mouse body weight (g).

NOTE: If the volume of saliva extracted out of the swab has been measured, express the results as the volume of saliva recovered (mL) or
the ratio of saliva volume (mL)/mouse body weight (g).
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Representative Results

In the experimental mouse model systems, the ability to produce saliva in response to pilocarpine stimulation is used as an indicator of salivary
gland function. Saliva production was measured in 11-week-old C57BL/6 female mice by the swab method. In Figure 1A, the results are
expressed as the amount of saliva (mg) collected following increasing doses of pilocarpine. At the dose of 1 mg/kg body weight, some of the
mice started exhibiting distress (involuntary shaking and shivering). Hence higher doses of pilocarpine, beyond 1 mg/kg body weight were not
tested in this study. In Figure 1B, the results are represented as the ratio of saliva weight (mg) to the mouse body weight (g). Collectively, these
data show a good dose response relationship between pilocarpine amount and saliva production. The volume of saliva recovered from the swab
was also measured. As shown in Figure 1C, there is a significant concordance between saliva weight and volume where 1 mg of saliva equals
0.001 mL.

The results obtained with the swab method are similar to those obtained with the pipette collection method. Figure 2A shows that the mean
amount of saliva collected by the swab method and the pipet method is very similar and the differences are statistically not significant. Figure
2B, 2C and 2D show that the swab method did not impact estimation of biomolecules in saliva. In fact, in comparison with the pipet method, the
swab method showed an overall higher trend in the mean levels of total salivary protein (Figure 2C), salivary lysozyme activity (Figure 2D) and
salivary IgA (Figure 2E). However, these differences were statistically not significant.

The saliva collection method described here is able to detect differences in the amount of saliva produced by different mouse strains (Figure

3) and salivary gland hypofunction induced by different disease conditions (Figure 4). Figure 3A shows results of pilocarpine induced saliva
production from 10-12-week-old female C57BL/6, BALB/c, DBA1/J and 129S6 mice. The 129S6 mice produced the lowest amount of saliva
compared to the other strains. It should be noted that the differences in the body weights of these mice were not significantly different (Figure
3B). Next, the swab method was used to detect salivary gland hypofunction, and two examples are shown in Figure 4. Figure 4A shows a
representative result of salivary gland hypofunction induced by the activation of innate immunity following injection of lipopolysaccharide (LPS)
(10 pg/mouse, intraperitoneally). Control mice were injected with saline’". LPS-treated mice show a significant drop in saliva compared to
controls. Passive transfer of antibodies reactive with Sjégren's syndrome antigen A/Ro52 induces salivary gland hypofunction, and this model
mimics certain aspects of Sjogren's syndromeg. As shown in Figure 4B, mice injected with adjuvant alum plus anti-Ro52 antibodies together had
significantly lower saliva production compared to untreated mice or mice treated only with alum.

The swab method is simple to implement and operator independent. Figure 5 shows saliva production from 10-13-week-old female C57BL/6
mice, in experiments performed at 6 different time points by 2 different operators. Operator | started with only 2 months of mouse handling
experience while Operator Il had 6 months of prior mouse handling experience, but was only introduced to the saliva collection method for one
week. These data were generated in experiments carried out almost one year apart, using 0.375 mg/kg pilocarpine dose. The saliva ratios
obtained by both operators show a range of readings (1.84 to 5.87). Operator I's experiments spanned a period of 10 weeks while Operator II's
experiments were carried out over 3 consecutive days almost one year later (Figure 5A). Notably, the saliva ratios obtained over time were not
significantly different (p=0.064; Kruskal-Wallis test). To further compare inter-operator variations, the ratios of saliva weight per g body weight
from 3 experiments for each operator were pooled and are shown in Figure 5B. Saliva ratios obtained by Operator | (mean + SEM; 4.45 + 0.152,
n=38) are not significantly different from Operator 2 (mean + SEM; 4.21 + 0.169; n=25; p=0.296 by Mann Whitney test).
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Figure 1: Saliva production is dependent on pilocarpine dose. C57BL6/J mice (11-week-old females, 5 per group) were injected with
different doses of pilocarpine (0.25 mg/kg, 0.5 mg/kg and 1.0 mg/kg body weight) and saliva production was measured for 15 min. (A) Results
are represented as mg saliva amount (mean + SEM). (B) Data are represented as mean saliva ratio (mg saliva per g mouse body weight).
(C) Saliva from 11-week-old female C57BL/6 mice (n=5) was collected by the swab method. Pilocarpine was used at a dose of 0.375 mg/kg
body weight. The wet swabs were weighed to measure the amount of saliva produced in mg. The saliva in the swabs was then recovered by
centrifugation, and the volumes of the recovered saliva were measured. The significant agreement is seen between the saliva weight in mg and
saliva volume in uL. Please click here to view a larger version of this figure.
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Figure 2: The swab method does not impact the analysis of biomolecules in saliva. Saliva from 2 groups of 11-week-old female C57BL/6
mice, (n=5 mice per group), was collected either by the swab method or by the micropipet method. The differences in mean volumes of saliva
(A), mean amounts of protein (B), mean amounts of lysozyme activity (C), and mean amounts of IgA between the 2 groups are statistically not

significant. Please click here to view a larger version of this figure.

100 25
A B
S go p=0.000 T2 =— — _
E- - p=0.0471 )] ==
S 60 T £ 151
o e ‘D
= 40 2 10-
2 )
— h—— (=]
S 204 o 51
0 0

(n=8)

Dunn's multiple comparisons test. A p<0.05 was considered significant. Please click here to view a larger version of this figure.
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Figure 3: The swab method of saliva collection detects differences in base line saliva production by different strains of mice. (A) Saliva
from female (10-12-week-old) mice were collected for 15 min by using a pilocarpine dose of 0.375 mg/kg body weight. (B) The mean body
weights between the groups of mice were not significantly different. Statistical significance was analyzed by the Kruskal-Wallis test, followed by

C57BL/6 BALB/C DBA1/J 12956

{(n=8)

(n=5) (n=5) (n=5)

Copyright © 2018 Journal of Visualized Experiments

January 2018 | 131 | e57203 | Page 5 of 8


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://cloudflare.jove.com/files/ftp_upload/57203/57203fig2large.jpg
https://cloudflare.jove.com/files/ftp_upload/57203/57203fig3large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

150 100
_ p=0.0079 A B
5 _P = p=0.0003
2 120- 80-
= £ = Lo 50%
£ 90 60% -g, 60+ drop
% drop 5
= 60- = a0
3 2
(g 304 g 20+
0 =T & &
o "
E 5 s 2 8
S (n=5) - - L
(&} (n=20) (n=7) E
tn=5) ©
+
£
=
<
(n=6)

Figure 4: Swab method detects salivary gland hypofunction. (A) (B6 X A/J) F1 female mice were injected with either LPS solution (0.1
mg/mL, 0.1 mL per mouse, intraperitoneally) or saline, and saliva was measured 26 h later. A representative experiment shows a significant
(p=0.0079) drop (60%) in saliva production in mice treated with LPS. (B) Salivary gland hypofunction was measured in an experimental mouse
model system for Sjogren's syndrome. The previously published passive transfer model for induction of glandular dysfunction was used* with few
modifications. Female C57BL/6 mice (10-12 weeks old) were injected with alum adjuvant. On days 14 and 20 mice were injected with 0.05 mL
of rabbit anti-Ro52 serum and saliva production was measured after 24 h. Note a significant (p=0.0003) drop (50%) in saliva production in mice
treated with alum and anti-Ro52 serum. Statistical significance was analyzed by the Kruskal-Wallis test, followed by Dunn's multiple comparisons
test. A p<0.05 was considered significant. Please click here to view a larger version of this figure.
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Figure 5: The swab method yields reproducible results over time (A) and between operators (B). The swab method shows comparable
results between two operators with different lengths of mouse handling experience in experiments carried out over one year. Baseline saliva
production in C57BL/6 female mice (10-13 weeks of age) was measured by each operator. Results are expressed as weight of saliva produced
(mg/g body weight). Dates of saliva collection are on the X-axis and the results from data collected over time are shown (A). Each data point
represents one mouse, and the number of mice analyzed at each time is shown in parenthesis. Baseline saliva ratios (mean + SEM) pooled from
3 experiments are shown (B), and are not significantly different between operators. Please click here to view a larger version of this figure.

Saliva production is a complex process and is influenced by many factors. Therefore, measuring salivary gland function in laboratory animals can
be a challenge. An additional challenge is that repeated measurements of salivary gland function in the same animal are required to establish the
onset of disease or to demonstrate recovery following treatment.

The swab method described in this report is technically simple to perform with multiple options to represent the data. The results obtained
are reproducible, with little inter-operator variation. The method can detect a reduction in saliva production in different models of salivary
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gland dysfunction. A significant advantage is the use of inert, highly absorbent polymers and efficient recovery of the saliva collected, allowing
measurement of salivary biomolecules. Another advantage of this method is that it is possible to carry out this procedure simultaneously in up to
2 mice at a time by a single operator. This is significantly more efficient than some of the other methods, where it is performed in a single mouse
at a time.

The variability in saliva production measurements have been the bane of all saliva measurement techniques. To minimize variability, it is
important to adhere strictly to the protocol. Critical steps include: selecting the same time of the day for fasting the mice and collecting saliva,
appropriate dosing of anesthetic and pilocarpine (table 1), and accurate weight records of dry and wet swabs. Careful time management is
required to set up to 2 mice at a time for saliva collection.

As shown in Figure 3, the amount of saliva produced by mice is strain dependent. Thus, appropriate strain, age, and sex matched mice

should be used as controls. Titration of the pilocarpine dosage, for the specific strain and the experimental condition being investigated, is

highly recommended. Although a higher dose of pilocarpine beyond 0.5 mg/kg induces increased production of saliva, to evaluate glandular
hypofunction, it is recommended to use a lower dose. This allows for the identification of even minor differences in saliva production between the
diseased and control mice. Doses of 0.5 mg/kg body weight and 0.375 mg/kg body weight have been used successfully to demonstrate salivary
gland hypofunction. However, it should be noted that certain experimental model systems may require shorter or longer periods of collection than
that described in this protocol. This should be tested by each laboratory.

A limitation of this method, and most saliva measuring methods is the need for anesthesia. The report with the vacuum method does not

include the use of anesthetic®. However, the absence of anesthesia induces varying levels of anxiety in the mice. They tend to struggle and

bite the tubing, and that in turn, can influence saliva output and collection efficiency. Isoflurane anesthesia in rats induces a drog-in pilocarpine
induced saliva production12. In contrast, ketamine increases bronchial and salivary secretions through sympathetic stimulation'. We and others
have successfully used the ketamine and xylazine mixture as an anesthetic for measuring pilocarpine induced saliva production4'7'8'9. The
recommended range for surgical anesthesia is 100-200 mg/kg of ketamine and 5-16 mg/kg of xyIazineM. The dose of 0.006-0.008 mL/g body
weight used in this method (corresponds to 60-80 mg/kg of ketamine and 6-8 mg/kg of xylazine) falls in the lower end of the recommended range
and is sufficient for providing a consistent level of immobilization without deep anesthesia.

The swab method was established as an alternative to the routinely used micropipet method. The major disadvantage of the pipet method was
the high inter-operator variability and the need to collect saliva from one mouse at a time. The swab method addresses both these problems. The
benefits include limiting the number of animals needed to achieve power in statistical analyses and increased efficiency. Replacing cotton swabs
with inert polymer swabs offer a better option since cotton swabs are known to impact quantitation of biologically active molecules .

Given the simplicity of the swab method and its high reproducibility between different individuals, it is hoped that the swab method will facilitate
better comparisons of mouse models between researchers in different laboratories and institutions.
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