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The non-obese diabetic (NOD) mouse model of autoim-
mune sialadenitis offers the possibility of studying the
L-arginine/nitric oxide signaling pathway in salivary

lands in basal and neurotransmitter-stimulated condi-
ions and, thus, of analyzing the neural control of the
ecretory process in the target organ. The purpose of
his study was to explore putative alterations in the
ctivity and expression of nitric oxide synthase (NOS) in
ubmandibular glands of NOD mice in relation to pa-
otid glands and unrelated tissues. Here we report that
OD mice with incipient signs of secretory dysfunction
resented a marked decrease in basal and vasoactive

ntestinal peptide (VIP)-stimulated NOS activity and a
ifferential expression of NOS I in submandibular
lands compared to control BALB/c mice. Similar alter-
tions in NOS I were found in parotid glands but not in
rain or spleen of NOD mice. No differences between
OD and controls appeared in NOS II and NOS III ex-
ression in any of the tissues studied. © 2001 Academic Press

Key Words: nitric oxide synthase; NOD; VIP; salivary
glands; autoimmune sialadenitis; NOS isoforms.

INTRODUCTION

Sjögren’s syndrome (SS) is a chronic autoimmune
disorder characterized by histological and functional
alterations of exocrine glands that result in a severe
dryness of mouth and eyes (1–3). Though it has been
proposed that secretory dysfunction is due to struc-
tural damage of acinar cells in salivary glands, the
focal and sparse distribution of lymphomononuclear
infiltrates in glands of patients correlates poorly with
the marked impairment of saliva flow (3). This obser-
vation has prompted the authors to suggest that glan-
dular infiltration cannot fully account for SS symptoms
and that alterations in neural regulatory pathways
may have a role in the pathogenesis of sicca syndrome.
In support of this hypothesis, evidence of a diminished
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innervation of salivary glands has been reported in
patients with Sjögren’s syndrome (4, 5), and we have
previously shown that autoantibodies from Sjögren’s
syndrome patients interacted with muscarinic acetyl-
choline receptor signaling pathways in exocrine
glands, modifying normal physiologic responses (6–8).

The non-obese diabetic (NOD) mouse represents one
of the best models for studying autoimmune sialadeni-
tis resembling some features of Sjögren’s syndrome,
especially SS associated with other connective tissue
diseases (secondary SS) (9–11). Of note is that a poor
correlation between lymphomononuclear infiltrates
and a reduction in saliva secretion was found in parotid
glands of these mice (12), indicating that functional
rather than structural changes lead to secretory dys-
function in NOD mice, similarly to SS patients.

Among the various signaling pathways involved in
the nervous control of saliva flow, nitric oxide might be
assigned a critical role based on its dual behavior as a
physiological messenger of several neurotransmitter
receptors (13) and as an inflammatory mediator in a
growing variety of diseases (14). In this regard, it has
been documented that the nitric oxide signaling path-
way is involved in salivary secretion (15–17), but its
participation in autoimmune sialadenitis still remains
unclear. Nitric oxide is synthesized from L-arginine by
a family of nitric oxide synthase (NOS) enzymes that
occur in three different isoforms in mammalian tis-
sues, each subject to fine transcriptional, posttran-
scriptional, and/or posttranslational regulation (18,
19). The NOD mouse model offers the possibility of
studying the L-arginine/nitric oxide signaling pathway
in basal and neurotransmitter-stimulated conditions,
thus allowing to analysis of neural control of the secre-
tory process in the target organ. Therefore, the purpose
of this study was to explore putative changes in the
activity and expression of nitric oxide synthase in sub-
mandibular glands of NOD mice at an early stage of
disease. Here we report that NOD mice with incipient
signs of secretory dysfunction presented a marked de-
crease in basal and stimulated nitric oxide synthase

activity and a differential expression of the neural iso-
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form of the enzyme (NOS I) in submandibular glands
with respect to control BALB/c mice. Similar alter-
ations were found in parotid glands but not in brain or
spleen of these mice. On the other hand, there were no
changes in the expression of NOS II and NOS III be-
tween NOD and control mice, neither in salivary
glands nor in the other tissues studied.

MATERIALS AND METHODS

Animals

Female NOD and BALB/c mice were bred and main-
tained under specific pathogen-free conditions in the
Central Animal Care facility at the University of Bue-
nos Aires (Ciudad Universitaria, Buenos Aires). NOD
mice (12–14 weeks old) were routinely tested for blood
glucose levels using the glucose oxidase method in 20
ml samples of NOD and control sera (Wiener Lab, Ro-
sario, Argentina). NOD mice used were considered pre-
diabetic, as their values of glucose (140 6 9 mg/dl, n 5
) did not significantly differ from those of control mice
129 6 9, n 5 5). Salivary glands from NOD mice used
hroughout showed no signs of histological damage or
ononuclear cell infiltration, as found on slices from

lands embedded in paraffin and stained with haema-
oxylin–eosin and reported previously (20). Also, NOD
ice did not present circulating antibodies against sal-

vary gland proteins assessed by immunoblotting as
reviously described (7). All studies were conducted
ccording to standard protocols of the Animal Care and
se Committee of the Facultad de Ciencias Exactas y
aturales, University of Buenos Aires.

alivary Flow Rates and Amylase Secretion

Total saliva was collected after stimulation of secretion
ith either the muscarinic agonist pilocarpine (Sigma
hemical Co., St. Louis, MO) (50 mg pilocarpine/100 g

weight) injected intraperitoneally in mice fasted over-
night or pilocarpine plus VIP (Sigma) (10 mg vasoactive
intestinal peptide (VIP)/100 g weight). By means of a
micropipette, saliva accumulated in the oral cavity was
driven through microtubes in ice for 12 min following
injection. The flow rate was calculated as the volume of
saliva collected, measured by weighing tubes before and
after collection, in microliters per minute and per 100 g
body wt. The concentrations of protein and amylase in
saliva were determined in an aliquot of the fluid collected
from each mouse by the methods of Lowry (21) and Bern-
feld (22), respectively. The results were expressed in mi-
crograms protein/ml of saliva collected per minute per
100 g body wt or amylase units/ml of saliva/min/100 g
body wt. One unit of amylase was defined as the activity
of amylase that released 1 mg of maltose per minute at

20°C (22).
Nitric Oxide Synthase Activity

NOS activity was measured in submandibular and
parotid glands from fasted mice using L-[U-14C]argin-
ine as substrate as described earlier (8, 23). Whole
glands were incubated with 0.2 mCi L-[U-14C]arginine
(Amersham Pharmacia Biotech, Buckinghamshire,
England; about 300 mCi/mmol) in 500 ml of Krebs–
Ringer–bicarbonate (KRB) solution, pH 7.4, gassed
with 5% CO2 in O2 for 30 min at 37°C. Specific NOS
activity was calculated as total activity minus that
measured in the presence of 50 mM L-NG-monomethy-
larginine (L-NMMA) (Sigma), and the activity of con-
stitutive isoforms (calcium-dependent) was assessed by
incubating the tissues in KRB without calcium and
with 5 mM EGTA. When used, inhibitors were in-
cluded from the beginning of the incubation time, and
stimuli (VIP or carbachol, Sigma) were added at the
final concentrations indicated for the last 15 min.

Immunoblotting

Submandibular and parotid glands, cerebral cortex,
and spleen from fasted mice were excised and immedi-
ately homogenized at 4°C in 50 mM Tris–HCl buffer,
pH 7.5, with 0.15% Triton X-100 and protease inhibi-
tors as previously reported (7, 23). Once centrifuged at
5000g for 10 min at 4°C, supernatants were frozen at
280°C until used, and an aliquot of each sample was
separated for protein determination. Extracts (100 mg
protein/lane), positive controls for each isoform of NOS
(Transduction Labs, KY), and molecular weight stan-
dards (Amersham Pharmacia Biotech) were subjected
to 7.5% SDS–PAGE, transferred to nitrocellulose mem-
branes, and revealed with specific monoclonal antibod-
ies against NOS I, II, and III (Transduction Labs)
using an alkaline-phosphatase conjugate (Sigma), as
we have described earlier (7).

Statistical Analysis

Statistical significance of differences was deter-
mined by the two-tailed t test for independent popula-
tions. When multiple comparisons were necessary, the
Student–Newman–Keuls test was used after analysis
of variance. Differences between means were consid-
ered significant at P , 0.05.

RESULTS

Basal and Stimulated Nitric Oxide Synthase Activity
in Submandibular Glands of NOD and Control
Mice

Figure 1 shows the activity of total nitric oxide syn-

thase in submandibular glands from NOD and control
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BALB/c mice. A significant decrease in total NOS ac-
tivity could be seen in NOD compared with BALB/c
mice. Total NOS activity includes the activity of the
three isoforms; thus, to further explore whether this
marked decrease in NOS activity was due to constitu-
tive (calcium-dependent) or inducible (calcium-inde-
pendent) isoforms, we carried out the assays in the
absence of calcium. As can be seen in Fig. 1, constitu-
tive isoforms are predominant in submandibular
glands of BALB/c mice, as EGTA completely inhibited
specific NOS activity. In contrast, NOS activity in NOD
mice showed no difference whether in the presence or
absence of calcium, indicating either altered expres-
sion of constitutive isoforms or a strong posttransla-
tional down-regulation of constitutive NOS, as that
mediated by protein kinase C (PKC) in submandibular
glands, which we have previously reported (23). Pa-
rotid glands of NOD mice showed diminished NOS
activity in basal conditions similar to submandibular
glands (Table 1). Again, the NOS isoforms active in
parotid glands of BALB/c mice and affected in NOD
mice seemed to be constitutive isoforms, as derived
from EGTA assays (Table 1).

In order to see whether the low basal activity of NOS
observed in salivary glands of NOD mice was sensitive
to neurotransmitter receptor-coupled activation, we in-
cubated the glands with VIP and carbachol, both stim-
uli responsible for saliva secretion, and determined
NOS activity. As shown in Figs. 2A and 2B, NOS in
submandibular glands from NOD mice was unrespon-
sive to increasing concentrations of VIP or carbachol at
the concentrations tested, in contrast to that in normal

FIG. 1. NOS activity in submandibular glands of NOD and contro
with L-[U- 14C]arginine and the activity of NOS was determined as d
absence (—) and presence of 50 mM L-NG-monomethylarginine (LNMM
the means 6 SEM of at least five experiments. * Significantly diffe

ifferent from basal BALB/c without additions, P , 0.01.
BALB/c glands. Similarly, parotid glands from NOD
mice also failed to respond to stimuli as did the glands
from control mice (Table 1).

Expression of NOS Isoforms in Submandibular
Glands of NOD and Control Mice

To investigate whether the lack of specific basal NOS
activity in NOD submandibular glands was associated
with an altered expression of the enzyme and to iden-
tify which particular isoform was involved, we carried
out immunoblotting assays with antibodies specific for
NOS I, II, and III on extracts of submandibular glands
from both NOD and control BALB/c mice. Figure 3

TABLE 1
Basal and Stimulated Activity of NOS

in Parotid Glands of NOD Mice

NOS activity (pmol/g)

BALB/c NOD

asal 852 6 78 431 6 50*
-NMMA 395 6 72* 294 6 33
GTA 613 6 34* 310 6 81
IP (1 nM) 1351 6 53* 446 6 42
arbachol (10 mM) 452 6 51* 511 6 36

Note. Parotid glands of NOD and BALB/c mice were incubated
ith L (U- 14C)-arginine and the activity of NOS was determined as

described in Materials and Methods. Assays were carried in the
absence (basal) and presence of 50 mM L-NG -mono-methyl arginine
(L-NMMA), 5 mM EGTA, VIP or carbachol as indicated. Values
represent the mean 6 SEM of at least 3 experiments.

ice. Submandibular glands of NOD and BALB/c mice were incubated
ribed under Materials and Methods. Assays were carried out in the
) or 5 mM EGTA (EGTA) as indicated in the graph. Values represent
t from basal BALB/c without additions, P , 0.05; ** significantly
l m
esc

A
ren
* Significantly different from basal BALB/c, P , 0.05.
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shows the bands corresponding to NOS I, II, and III in
submandibular glands of BALB/c and NOD mice. The
expression pattern of NOS I in control BALB/c sub-
mandibular glands showing a prominent band at a Mr
lower than 150 kDa has been already described (24).
Expression of the neural isoform in submandibular
glands of NOD mice differed from that in controls, with
no changes in the other two isoforms. In order to ex-
amine whether this effect was exclusive to submandib-
ular glands or could be found in other salivary glands,
in nervous tissue, or in less-innervated tissues, we
prepared extracts of parotid glands, cerebral cortex,
and spleen from NOD and control mice. As shown in
Fig. 3, while a similar alteration of NOS I appeared in
parotid glands, there were no modifications in this
isoform in brain or spleen. To assess whether this
alteration of NOS I in salivary glands was paralleled
by an altered expression of the other two isoforms of
the enzyme, we investigated the expression of NOS II
and III in the same tissues; Fig. 3 shows that there
were no changes in NOD and BALB/c mice in NOS II
and III expression in both salivary glands and unre-
lated tissues.

Saliva Flow Rates and Amylase Secretion in NOD
and BALB/c Mice

In order to investigate the current secretory function
of prediabetic NOD mice, we determined saliva flow

FIG. 2. Effect of VIP and carbachol on NOS activity in subman-
dibular glands of NOD and control mice. Submandibular glands of
NOD (F) and BALB/c (‚) mice were incubated with the substrate
and increasing concentrations of either VIP (A) or carbachol (B) for
subsequent determination of NOS, as indicated under Materials and
Methods. Values are the means 6 SEM of at least five experiments.

Significantly different from the basal value (0, the absence of VIP
r carbachol) of the corresponding curve, P , 0.05.
rate and protein and amylase secretion under basal
and stimulated conditions, as described under Materi-
als and Methods. Figure 4 shows that NOD mice pre-
sented a lower saliva flow rate than BALB/c control
mice when stimulated with both pilocarpine and VIP,
while no significant differences could be detected in the
rate between NOD and control mice stimulated with
pilocarpine alone. On the other hand, the concentra-
tions of both protein and amylase in saliva were not
reduced in NOD mice by either pilocarpine or the mix
of pilocarpine and VIP at this early stage of disease.

DISCUSSION

Here we present evidence indicating that both the
activity and the expression of nitric oxide synthase are
altered in submandibular glands of NOD mice com-
pared to in those of control BALB/c mice. The activity
of total NOS was strongly diminished in NOD subman-
dibular glands at basal conditions, with calcium-de-
pendent isoforms contributing prominently to the ef-
fect, as revealed when this cation was absent. The lack
of activity of constitutive NOS in NOD submandibular
glands was also evidenced following muscarinic acetyl-
choline or VIP receptor activation, known as the most
relevant nervous stimuli for saliva secretion, and pro-

FIG. 3. Expression of NOS isoforms in submandibular glands
and other tissues of NOD and BALB/c mice. Tissue extracts from
control BALB/c mice and from NOD mice were obtained as described
under Materials and Methods. Extracts from submandibular glands
(SM), parotid glands (P), cerebral cortex (Brain), and spleen (Spleen)
(100 mg protein/lane) and positive controls for each isoform (1) were
subjected to 7.5% SDS–PAGE and then to immunoblotting assays
with specific monoclonal antibodies against NOS I, III, and II iso-
forms. The arrows indicate the bands corresponding to each isoform,
with the relative molecular weights in kDa. Results shown are rep-

resentative of at least five similar experiments.
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vided the fact that both signal through nitric oxide-
mediated pathways involving constitutive isoforms of
NOS (23, 25). Certainly, both carbachol and VIP failed
to modify NOS activity in NOD mice as they did in the
BALB/c controls, confirming the constitutive nature of
the isoforms of NOS affected in these glands. Interest-
ingly, the effect was also observed in another salivary
gland, the parotid gland of NOD mice, with constitu-
tive isoforms involved.

The observations described above suggested that
submandibular glands from NOD mice presented a
defective NOS, and this could be explained by either an
altered expression of one or more isoforms or an almost
complete down-regulation of constitutive isoforms as,
for instance, that reversed by PKC inhibitors reported
previously in another model (23). In this regard, it is
interesting to note that PKC-sensitive NOS present in
the submandibular glands referred to above appeared
to be a neural isoform that displayed lower basal and
stimulated activity than it did in other tissues (23), but

FIG. 4. Salivary flow rate, protein secretion, and amylase secre-
ion of NOD and control mice. NOD and BALB/c mice fasted over-
ight were injected with pilocarpine (Pilo) or a mixture of pilocarpine
nd VIP (Pilo 1 VIP), and saliva was collected for 12 min following

injection, as indicated under Material and Methods. Results shown
are the means 6 SEM of at least five experiments. * Significantly

ifferent from Pilo 1 VIP in BALB/c mice, P , 0.05.
not the absence of NOS-specific activity as that ob-
served in NOD submandibular glands reported here.
On the basis that both neural and endothelial NOS
(NOS I and III) are expressed in submandibular glands
and that the “inducible” NOS II isoform is also consti-
tutively expressed in some mammalian tissues, includ-
ing these glands (16, 26, 27), we decided to investigate
whether any of the three isoforms of NOS was abnor-
mally expressed in NOD submandibular glands. The
results argue for differential expression of NOS in
NOD submandibular glands, since there were clear
differences in the pattern of one isoform, the neural
NOS, and no changes could be stated in the expression
of the other two. Though we cannot rule out that a
posttranslational down-regulatory effect was affecting
NOS activity, the altered expression of NOS I in NOD
submandibular glands assessed by immunobloting
suggests that mechanisms affecting the integrity
and/or stability of this isoform at other transcriptional
and posttranscriptional levels may also be taking place
in this model. Altered synthesis and secretion of sev-
eral salivary proteins has already been reported in
NOD mice, including diminished amylase and EGF
concentrations and an aberrant expression of PSP in
submandibular glands (28, 29). Based on those results
and on studies of PSP mRNA and protein expression in
parotid glands of normal neonate mice, it has been
hypothesized that changes in protein expression may
be due to a rapid turnover of PSP transcripts in the
cytoplasm or to the activity of the appropriate cytoplas-
mic factors for processing and posttranslational modi-
fications (28–30). In order to see whether the effect on
NOS I was a hallmark of submandibular glands or a
more general effect that affected other salivary glands
and tissues, we tested the expression of the three iso-
forms in parotid glands, brain, and spleen of NOD and
control mice. Interestingly, altered expression of NOS I
was also found in parotid glands but not in cerebral
cortex and spleen of NOD and BALB/c mice. The fact
that different salivary glands of NOD mice presented
altered expressions of NOS I with either a lower mo-
lecular weight or a lower expression of the correspond-
ing band, but in both cases displaying no significant
specific activity, strongly supports the need of both
assays—activity and expression—run in parallel to as-
sess an altered function of this enzyme in one tissue.

Regarding the expression of the other two isoforms,
both NOS II and III were similarly expressed in NOD
and BALB/c mice in salivary and nonsalivary tissues
tested. Again, though NOS III was apparently nor-
mally expressed in NOD with respect to controls, it
seemed not to be active, as shown in activity assays
with EGTA, in either NOD glands or BALB/c. Cer-
tainly, we have recently shown by pharmacological
means the predominance of neural rather than endo-
thelial origin of constitutive NOS activity in normal

submandibular and parotid glands (23, 31). Thus, the
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altered expression of NOS I shown here appeared not
only specific for submandibular and parotid glands but
also for this isoform, an interesting result considering
the proposed functional/neural origin of the secretory
dysfunction found in NOD mice and in Sjögren’s pa-
tients discussed earlier. The fact that the alteration of
NOS expression involved only one isoform, likely the
neural isoform, seems attractive not just for this mouse
model of autoimmune sialadenitis or the sicca syn-
drome accompanying other autoimmune rheumatic
diseases, but also for other nonimmune diseases that
course with xerostomia, most of them secondary to
chronic drug treatments. NOS expression in labial mi-
nor salivary glands of Sjögren’s patients has been stud-
ed previously (26). By means of immunocytochemical
nalysis of these glands, the authors reported on a very
parse distribution of NOS I-containing nerve fibers,
ainly localized around acini and ducts with no immu-
oreactive fibers in inflammatory cell foci, and parallel
hanges in NOS III expression, but the endothelial
soform did show a strong immunoreactivity in focal
nflammatory infiltrates of SS labial salivary glands.
egarding NOS II, it was detected in SS salivary
lands, but also to some extent in healthy controls (26).
hese results are in accordance with those described
ere for NOD mice and point to the potential role of

mpaired neurotransmitter receptor signaling in the
lterior salivary dysfunction.
Finally, the altered expression and function of
OS I in submandibular and parotid glands de-

cribed in this study occurred with a concomitant
ecrease in salivary flow rate, as found in NOD mice
timulated with pilocarpine plus VIP compared to
ontrols; the effect was even higher than that with
ilocarpine alone in these mice, suggesting a pro-
ressive loss of salivary gland autonomic function. In
upport of this, VIP-stimulated amylase and protein
oncentrations in saliva of NOD mice were not sig-
ificantly decreased with respect to control mice,
onfirming that different signaling pathways medi-
te the effect of VIP on either watery or protein-
ceous secretions. We cannot rule out that, in addi-
ion to VIP’s direct effect in this model of
ialadenitis, it could also exert an indirect influence
n secretion by influencing the release of autacoids,
onsidering its role as a scavenger of reactive oxygen
adicals (32). These observations are similar to those
reviously reported by other groups working with
rediabetic NOD mice in which decreased levels of
aliva production were found in response to musca-
inic plus VIP receptor activation (33), although, in
ur hands VIP-mediated salivary flow was by far
ore affected than muscarinic secretion in subman-

ibular glands of NOD mice. The possibility that a
reexisting defect in hormone-receptor signaling in

he target organ preceded structural damage in the
development of an autoimmune response has already
been discussed for the Obese strain chicken model of
spontaneous autoimmune thyroiditis (34). Similarly,
we have shown previously, in an experimental model
of autoimmune myocarditis, that neurotransmitter-
stimulated contractile dysfunction preceded histo-
logical lesions of cardiac tissue (20). Although addi-
tional studies are required to demonstrate whether
this is the case in autoimmune sialadenitis, the fact
that NOS from neural origin was altered in subman-
dibular and parotid glands of an experimental model
of sialadenitis (with only incipient signs of xerosto-
mia, as reported here) and that nitric oxide-mediated
signaling has a role in saliva secretion strongly sug-
gest that such alteration of NOS I, with the subse-
quent impairment of neurotransmitter signaling,
might be one of the earliest changes to occur in the
gradual loss of saliva secretion. Evidence of reduced
responses to either b-adrenergic or muscarinic ace-
tylcholine receptor activation has been presented in
salivary glands of NOD mice (12, 35); however, the
mechanisms underlying these alterations remain to
be elucidated. Certainly, it has been hypothesized
that serum autoantibodies from primary Sjögren’s
syndrome patients could promote abnormal signal-
ing in salivary and lacrimal glands by interacting
with neurotransmitter receptors (6 – 8), and similar
observations have been reported for NOD mice (36),
as well as for other human and murine autoimmune
responses (37, 38). In addition to antibodies, cyto-
kines found in salivary glands of patients (3) and
models (11) are also good candidates for mediating
some of the changes referred to above, either directly
or through the activation of common signaling cas-
cades and cross talk (reviewed in 39). The possibility
that neuropeptide levels in affected organs were
modified has also been analyzed elsewhere (33). Nev-
ertheless, as reported for other autoimmune re-
sponses and autoimmune-based disorders, the symp-
toms and signs observed are usually the result of a
complex series of events, which might even include
more than one of the hypotheses proposed above.
Therefore, the challenge is to find suitable experi-
mental approaches that allow us to gain more insight
into the intracellular mechanisms underlying auto-
immune diseases and shed light on ways by which
autoimmune damage can be reduced.
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Sjögren’s syndrome criteria, clinical features and disease activ-
ity. J. Rheumatol. 24(Suppl. 50), 8–11, 1997.

5. Fox, R. I., and Maruyama, T., Pathogenesis and treatment of
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