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Abstract

The present study was undertaken to examine the factors that regulate rat serum (RS)- and nerve growth factor (NGF)-induced
differentiation in a rat parotid acinar cell line. RS elicited extracellular signal-regulated kinase (ERK1/ERK?2) activation within 5 min,
while cyclic AMP (cAMP) levels transiently rose after 6 hr. RS also elicited a rise in amylase mRNA levels within 30 min, which preceded
the rise in amylase protein levels. A possible role for NGF was suggested by the findings that parotid cells express both TrkA and p75
receptors. The immunoreactivity of these NGF receptors was reduced during exposure to RS. Following prolonged incubation in RS when
ERK activity subsided to near basal levels, NGF restored ERK1/ERK?2 activity to the elevated level initially observed in RS. NGF was
ineffective when cells were incubated in fetal bovine serum. NGF, when incubated in combination with the cAMP-generating
neuropeptides, calcitonin gene-related peptide and vasoactive intestinal peptide, markedly enhanced the cellular amylase content
produced by RS. We conclude that parotid cell differentiation arises from an activation of cell surface receptors by humoral factors in

combination with NGF and cAMP-generating neuropeptides.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Differentiation is a complex, integrated biological pro-
cess involving a number of different mediators. The para-
sympathetic and sympathetic nerves of the autonomic
nervous system are generally considered to be key reg-
ulatory factors in salivary gland development (see Ref.
[1]). The parotid gland of the rat also receives nerve fibers
containing the neuropeptides CGRP and VIP [2]. These
cAMP-generating neuropeptides have been implicated in
salivary secretion [3-5] and in non-adrenergic, non-choli-
nergic salivary secretion in response to parasympathetic
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nerve stimulation [6]. Furthermore, VIP exerts general
trophic effects in rat parotid glands [7], and, like other
neuropeptides, induces neuronal differentiation in cell
lines [8,9].

To create an experimental model for long-term studies on
differentiation, proliferation, and functional maturation, we
developed a clonal rat parotid acinar cell line (3-9 cells)
[10]. Using biochemical, immunological, and morphologi-
cal markers, we found that parotid cells cultured in medium
containing 10% RS undergo morphological and biochem-
ical changes resulting in differentiation to a parotid acinar
cell-like phenotype. In response to RS, parotid cell cultures
divide more slowly, acquire secretory organelles, and
express parotid-specific proteins in greater abundance, par-
ticularly secretory proteins. Moreover, exposure to RS
unmasked the ability of receptor agonists to elicit a rise
in cytoplasmic Ca®" and promote amylase secretion [10].
The ability of RS to promote a more differentiated pheno-
type in transformed parotid cells suggests that certain com-
ponents of RS regulate the expression of specific gene
products that are involved in differentiation.
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Murine salivary glands also synthesize large quantities
of NGF [11,12], which is a member of a family of growth
factors (neurotrophins) important for the differentiation
and survival of neuronal and non-neuronal cells [11,13].
NGF binds to two receptors, a high-affinity site with
tyrosine kinase activity (p140trk), also known as TrkA,
and p75N°™R (p75), which possesses a lower affinity for
NGEF [14]. Activation of TrkA by NGF triggers a signaling
cascade that includes the stimulation of MEK (MAPK or
ERK) kinase [15,16]. Although differentiative responses
are generally attributed to TrkA receptors, p75 receptors
are likely to interact, either physically and/or functionally,
to transduce widely divergent NGF signals [17].

NGF has potentially important effects on the rat parotid
gland. For example, the administration of NGF in vivo
induces a proliferative effect on the rat parotid gland that is
equivalent to that elicited by the [-adrenergic agonist
isoproterenol and is mediated mainly through the auto-
nomic nervous system [18-20]. Still, there has been a lack
of specific information concerning the presence of NGF
receptors on parotid acinar cells and the nature of their role
in cell differentiation. In addition, since cCAMP enhances
NGF-induced neurite formation and can convert EGF from
a proliferative factor to a differentiating one [21-23],
cAMP may be implicated in the action of NGF on parotid
cells.

Differentiation of parotid acinar cells has been studied
only sporadically owing to the lack of convenient models.
In the present investigation, we used RS and NGF to
promote the differentiation of parotid (3-9) cells as
assessed by the expression of the phenotypic marker
amylase at the mRNA and protein levels. We demonstrated
that RS-induced activation of MAPK is an early step in the
integrative processes associated with parotid cell differ-
entiation, while MAPK is a later target for NGF action. The
experiments also provide evidence of temporally disparate
actions of NGF- and cAMP-dependent signaling pathways
on parotid cell differentiation.

2. Materials and methods
2.1. Preparation of the parotid cell line

Acinar cells were prepared from male Sprague—Dawley
rat parotid glands by a previously described procedure
using trypsin and collagenase digestion [24]. A parotid
acinar cell line was then prepared as described previously
in detail [10]. In brief, primary cultures of parotid cells
were grown for 3 days at 35° before transfection using
pSV-neo plasmid vectors containing SV40 promoter and
large T antigen. Two neomycin-resistant genes were used
to immortalize the cells by DNA transfection using lipo-
fectamine. Although three clones were isolated, the 3-9
clone became the focus of our studies because of its more
differentiated phenotype. The optimum temperature for the

cell culture, which was generally maintained in FBS, was
33°. Substances including NGF (prepared from salivary
glands as previously described [25]), VIP (Calbiochem),
and CGRP (Sigma) were added directly to the culture
medium as 100-1000x stock solutions in physiological
salt solution or DMSO. The DMSO concentration never
exceeded 0.1% (v/v) in the culture medium and was
ineffective by itself in altering the parameters under study.
To avoid cell density-dependent responses to RS, NGF, or
neuropeptides, all experiments were initiated by plating
cells at a density of 750,000/100-mm culture dishes. All
other cell culture conditions were similar to those
described by Zhu et al. [10], which were consistent with
the induction of a differentiated phenotype.

2.2. Amylase assay

For the measurement of amylase, an aliquot (450 pL)
derived from approximately 10° parotid cells was treated
with 0.2% Triton X-100 and analyzed for total cell content
of amylase. For measurement of amylase release, cells
were centrifuged (12,000 g for 10 min at room tempera-
ture) through Nyosil oil in a microfuge, and the supernatant
was analyzed for a-amylase activity [10]. Amylase activity
was defined as micrograms of maltose formed/milligram
protein/unit time. Results for amylase release were con-
verted to relative stimulation (% total tissue content) after
subtraction of basal activity.

2.3. Western blot analysis for Trk proteins

For Western blotting of NGF receptors (anti-TrkA and
anti-p75~N9 ) in 3-9 cells, 75 pg protein of total cell
extract was loaded on 7.5 and 10% gels for the high-
and low-affinity receptors, respectively. The proteins were
transferred to PVDF membranes and blocked for 60 min
with 5% dry milk protein in PBS. The blots were incubated
overnight with anti-TrkA (Santa Cruz) (1:1000) or anti-p75
(Chemicon) (1:1000), which is a well characterized mouse
monoclonal antibody [26]. After incubation with a sec-
ondary antibody (anti-rabbit IgG), immunoreactivity was
detected by chemiluminescence (ECL, Pierce) and quan-
titated by densitometric scanning using Molecular Analyst
software.

2.4. Measurement of ERKI and -2 activity

Extracts were obtained from 3-9 cells that were grown
in either 10% FBS for 3 days or 10% RS for various time
periods. Equal amounts of protein (100 pg) were subjected
to western blot analysis using polyclonal antibodies for
active, phosphorylated ERK (1:2500) (Promega) and total
ERK enzyme (1:2000) (Santa Cruz). For these studies, a
125]-anti-rabbit detection system based on X-ray film auto-
radiography was used to measure activated, phosphory-
lated ERK and total ERK expression.
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The quantitative scale of this detection system was
calibrated with serially diluted radiolabeled protein and
was linear over an 18-fold range.

2.5. Measurement of amylase gene expression

Amylase gene expression was measured by the RNase
protection assay. pcXP101, a full-length amylase cDNA
clone, was prepared by fusing pcXP38 and pcXP101
(provided by Dr. Raymond MacDonald of Southwestern
Medical Center). A 381-bp fragment of the amylase cDNA
was obtained by EcoRI digestion of the clone. The fragment
was subcloned into a pBSK (+/—) plasmid (Stratagene) for
making the cRNA probe. In vitro transcription using T3
RNA polymerase (Ambion) yielded an antisense cRNA
probe that protects a 381-bp amylase fragment. Total RNA
was prepared using TRIzol reagent (GIBCO-BRL) accord-
ing to the instructions of the manufacturer. Total RNA
(10 pg) was subjected to overnight hybridization with
[*>P]JUTP antisense probes. Following RNase A and T,
treatment to digest the unhybridized RNA and cRNA probe,
the protected double-stranded RNA fragments were heat-
denatured at 95° and resolved on a gel composed of 5%
acrylamide/8 M urea in a mixture of 100 mM Tris, 100 mM
borate, and 2 mM EDTA. After separation of the protected
bands, they were visualized by autoradiography and quan-
tified using a Phosphoimage Scanner. -Actin mRNA was
used as an internal control for normalizing the amount of
sample loading. For this purpose, a rat B-actin riboprobe
(giving one protected band of 126 bases) was obtained from
Ambion and labeled in a similar fashion to the amylase
riboprobe. Total RNAs from each sample were hybridized
overnight at 45° with 2 fmol of labeled amylase antisense
RNAs and 5 fmol of labeled B-actin antisense RNAs.

2.6. Measurement of cAMP levels

Cells were cultured for 1 hr to 4 days in the presence of
RS. One hour before the experiment was terminated, 3-
isobutyl-1-methylxanthine (IBMX) (0.1 mM) was added.
The reaction was stopped by the addition of 100 uL. HCI1
(I N) to 1 mL of culture medium, and the samples were
frozen at —70°. The samples were subsequently thawed and
microcentrifuged (1600 g for 30 min at 4°), and 50-pL.
aliquots were neutralized with 25 puL sodium acetate
(250 mM) and diluted to 250 pL. with deionized H,O.
Samples and cAMP standards were acetylated and then
assayed by radioimmunoassay as described previously [27].

3. Results
3.1. Identification of high- and low-affinity Trk receptors

To investigate the effects of NGF on acinar cells, we first
determined whether neurotrophin receptors are expressed
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Fig. 1. Western blot analysis of TrkA and p75 receptor expression in
parotid cells. Extracts obtained from parotid (3-9) cell cultures grown in
either 10% FBS or 10% RS and PC12 (neuronal) cells grown in RPMI-1640
were analyzed by SDS—PAGE and immunoblotting. In both experiments,
rabbit polyclonal antibodies (1:1000) against (A) the TrkA receptor
(140 kDa) or (B) the p75 receptor (75 kDa) were incubated at 4° overnight,
and a secondary antibody (anti-rabbit IgG, 1:1000) was incubated for 1 hr at
room temperature. In (A), the PVDF membranes were blocked with 14%
milk, and a 150-pg aliquot of protein was applied to a 7.5% SDS—
polyacrylamide gel in lane designated 3-9 FBS and lane designated 3-9 RS
and 75 pg protein was loaded in lane designated PC12. In (B), the PVDF
membranes were blocked with 8% milk, and cell extracts were analyzed
using a 10% gel by loading equal amounts of protein in each lane (25 pg/
lane). The protein bands representing both NGF receptors expressed in
parotid cells migrated with mobilities similar to those expressed in PC12
cells. Data are representative of three separate experiments.

by our parotid cell model. Indeed, Fig. 1 shows that parotid
cells express both TrkA (high affinity) and p75 (low
affinity) receptors. The mobility patterns of the high and
low molecular weight forms of the proteins that cross-
reacted with anti-TrkA and -p75 antibodies were compar-
able to those detected in PC12 cells, a neuronal model of
NGEF action [14,28] (Fig. 1). The immunoreactivity for p75
receptors in cells incubated in FBS was much more intense
than that for TrkA receptors (Fig. 1).

Prolonged exposure of cells to RS produced a decrease
in TrkA and p75 immunoreactivity, with immunoreactive
p75 displaying a greater loss of intensity than TrkA (Fig. 1).

3.2. Functional activity of NGF receptors

In certain cells, sustained activation of MAPK is not
only required but is sufficient to induce differentiation
[13,15]. We conducted further experiments to assess a
possible role for the MAPK pathway in 3-9 cell differ-
entiation. ERK1/ERK?2 activation was monitored by wes-
tern blot analysis using a phospho-specific ERK antibody
that only recognizes activated, phosphorylated ERK.
As shown in Fig. 2A, cells incubated in RS elicited a
time-dependent ERK activation. The activation was rela-
tively rapid and transient, peaking at 30-60 min (Fig. 2A,
upper panel), and decreasing by 3 days to low levels that
were comparable to those detected in FBS-treated cells
(Fig. 2B, upper panel). Blotting for total ERK protein
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Fig. 2. Activation of ERK1 and -2 by rat serum and NGF. In (A), extracts obtained from parotid cells were grown in either 10% FBS for 3 days or 10% RS for
5 min to 4 hr at 37°. Equal amounts of protein (100 pg) were subjected to SDS-PAGE and blotted for active, phosphorylated ERK (upper panel). In (B),
extracts were incubated in FBS and then transferred to RS for 5 min to 3 days. NGF (10 ng/mL) was added after 3 days in RS. Equal amounts of protein were
subjected to SDS-PAGE and blotted for phosphorylated ERK (upper panel). Western blotting with an antibody against total ERK protein is shown in the
lower panels of (A) and (B) to document equivalent loading. Data depicted in (A) and (B) are representative of three or more separate experiments.

showed similar sample loading for each time point (Fig. 2A
and B, lower panel).

Binding of neurotrophins to TrkA receptors leads to the
recruitment of adaptor proteins that couple the receptors to
intracellular signaling cascades, including the Ras/ERK
pathway. This pathway is essential for differentiation of
PC12 cells, neurons, and diverse cell types [16,29]. Hence,
the ability of NGF to modify this signaling pathway was
investigated in parotid cells. After prolonged RS treatment
(3 days), when ERK activity had fallen to levels that were
comparably low to those observed in FBS (cf. Fig. 2A), the
subsequent addition of NGF for 5-30 min restored ERK
activation to a level that was observed during the initial
period of RS incubation (Fig. 2B, upper panel). Blotting for
total ERK protein showed equivalent sample loading for
each treatment (Fig. 2B, lower panel). Prior to RS-induced
differentiation, NGF was incapable of activating ERKs
(data not shown).

To provide additional evidence that the NGF receptors
on differentiated parotid cells are functional, the effect
of NGF on amylase release (measured enzymatically)
was investigated. After basal secretion was subtracted, a
30-min exposure to 10 ng/mL of NGF stimulated amylase
output relative to non-stimulated cells incubated in
RS by an average of 48% in two separate experiments
(54 and 42%). By comparison, the potent secretagogue
isoproterenol, at a maximal stimulatory concentration
(10 uM), augmented secretion in two experiments by an
average of 124% (138 and 109%). Parotid cells cultured
in FBS failed to display NGF-stimulated amylase release
(data not shown).

3.3. Measurement of mRNA levels in differentiating
parotid cells

To establish that changes in amylase protein levels
during exposure to RS were a response to events at the
transcriptional or translational level, amylase gene expres-
sion was monitored in 3-9 cells incubated in FBS or RS
using the RNase protection assay (see ‘“Section 2”"). Figure
3 reveals that cells incubated in FBS exhibited a low level
of amylase mRNA that increased within 30 min following

20,
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Fig. 3. Time dependence of the effect of RS on amylase gene expression
during RS-induced differentiation. Totals RNAs (10 pg/lane) from parotid
cells were subjected to the RNase protection assay by being hybridized to
the 3?P-labeled amylase probe or the B-actin cRNA probe as described in
“Section 2.” The protected amylase fragment was quantitated by
densitometry and normalized to B-actin message. Although they are not
shown, actin levels were invariant. The figure shows the results taken from
one of three separate experiments.
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Fig. 4. Stimulatory effect of the neuropeptides CGRP and VIP on cell
amylase content. Amylase activity was measured in parotid cells grown for
4 days in 10% RS alone or together with the following additions: 10 ng/mL
of NGF; 100 nM CGRP plus 10 nM VIP (NP); or NGF plus NP. Amylase
activities are expressed as a percentage of the activity measured in cells
incubated in RS alone. Results shown are means £ SEM of 4-5
independent experiments. Key: (*) P < 0.05 as compared to control values
in RS alone (Student’s unpaired z-test).

exposure of the cells to RS. Peak amylase mRNA levels
were attained within 4 hr. These findings taken together
with our previous work [10] demonstrate that RS induces
an early rise in mRNA levels that precedes the elevation in
protein levels.

3.4. Promotion of cellular amylase levels by
neuropeptides

The fact that the rat parotid gland receives nerve fibers
containing the cAMP-generating neuropeptides CGRP and
VIP led us to investigate the contribution of neuropeptide
signaling to parotid cell differentiation. CGRP and VIP
elicited small and variable increases in cellular amylase
levels (~10%). NGF alone induced a modest but signifi-
cant (~20%) increase in cellular amylase content (Fig. 4).
However, when CGRP and VIP were added together to
cells incubated in RS plus NGF, a 57% increase in cellular
amylase content relative to cells incubated in RS alone was
observed (Fig. 4). These findings are reminiscent of those
obtained in PC12 cells in which neuropeptides acting as
cAMP agonists in combination with NGF induce a level of
neurite outgrowth (differentiation) that greatly exceeds the
effect of NGF or neuropeptide alone [23]. By contrast, cells
incubated in RS plus a combination of CGRP/VIP in the
absence of NGF elicited a smaller and more variable
increase in cellular amylase levels (11%) (Fig. 4). The
selectivity of CGRP/VIP action was demonstrated by the
inability of substance P, in combination with either CGRP
or VIP, to mimic the synergistic effect with NGF (data not
shown). Thus, the combined presence of NGF and cAMP
appears to regulate the developmental expression of par-
otid acinar cells.

To determine whether cAMP plays a role in RS-induced
differentiation, we measured cAMP levels following expo-

sure of parotid cells to RS. Following incubation in FBS,
cells treated with RS exhibited a 25-fold rise in cAMP levels
(from 8 to 200 fmol/ug protein) after 6 hr, which subse-
quently returned to basal levels by 24 hr (mean from two
independent experiments). These low levels were main-
tained during the remainder of the 4-day incubation period.

4. Discussion

The present work extends our previous analysis of RS-
induced differentiation of parotid cells to include more
rapid cellular responses than those documented previously
[10]. Because of its relative abundance and prominent
functional role in salivary acinar cells, cell amylase levels
serve as a specific marker of differentiation [30]. Thus, we
have established that changes in amylase protein levels
during exposure to RS are a response to changes in parotid
amylase gene expression by demonstrating a rapid rise in
amylase RNA levels (within 30 min). RS also produced a
rapid stimulation of ERK activation (within 5 min), sug-
gesting that this signaling pathway represents a key ele-
ment in regulating parotid cell development (see Fig. 2).
The fact that the rapid rise in ERK activity is followed by a
time-dependent increase in amylase message provides
support for the idea that the MAPK pathway is involved
in parotid cell differentiation.

Although NGF is a key factor in neuronal cell differ-
entiation, targets of NGF include cells of non-neuronal
origin, such as pancreatic [ cells, ovary cells, and pituitary
cells [31,32]. Since the physiological significance of
NGF in salivary glands is not well established, one of
the goals of this study was to gain knowledge of the
functional role of NGF on parotid cells. While there is
abundant evidence that mouse submandibular and submax-
illary salivary glands store and excrete large quantities of
NGF [11,12], to our knowledge there is no documented
evidence for the localization of TrkA or p75 receptors in rat
parotid gland. Potential insight into this problem was
established by our findings that undifferentiated parotid
acinar cells (incubated in FBS) express both TrkA and p75
protein. Since TrkA and p75 receptors are key elements
required for the transmission of NGF signals, our findings
strongly implicate these receptors as effectors of NGF
actions in parotid cells. The relatively high levels of p75
protein compared to TrkA protein detected in non-differ-
entiated cells and the differential decrease in p75 expres-
sion observed during differentiation prompt speculation
that during exposure to RS the loss of p75 activity facil-
itates the generation of a differentiation signal through the
TrkA receptor pathway. In contrast to p75, RS-induced
parotid cell differentiation is generally associated with an
increase in the levels of specific proteins, including amy-
lase and proline-rich protein (PRP) [10].

The cooperative interaction of TrkA and p75 receptors
has also been proposed in other cell types to modulate
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certain neurotrophin responses, including cell differentia-
tion and survival [33-35].

Our finding that NGF is capable of activating ERK in
parotid cells coincides with other work demonstrating that
NGF triggers a signaling cascade resulting in the activation
of the ERK pathway in neuronal cells [15,16,29]. Whether
the action of NGF to activate the ERK pathway leads to
parotid cell development will require further study. In
addition to demonstrating that components in RS enable
NGEF to express its stimulatory action on ERK, the results
of the present study also show that NGF is able to synergize
with neuropeptides in promoting amylase content. Further-
more, the fact that NGF was able to modestly stimulate
amylase release from parotid cells treated with RS, but not
with FBS, provides further support for the notion that
parotid acinar cells are NGF sensitive.

The diverse effects of NGF on parotid cells treated with
RS to promote the development of a more differentiated
phenotype and enhance amylase secretion as reported
herein are in accord with the ability of transient versus
prolonged stimulation by NGF to produce diverse effects
on a given cell [29]. However, it should be noted that since
NGF is unable to augment amylase content in parotid cells
incubated with FBS (data not shown), it is not responsible
for RS-induced parotid cell differentiation. This supposi-
tion is supported by the following pieces of evidence: (a)
the concentration of NGF in 10% RS (<0.5 ng/mL), rela-
tive to the concentrations used in our studies (10 ng/mL), is
much too low to be biologically active [36]; and (b) RS is
unable to duplicate the effects of NGF on the differentia-
tion of sympathetic neurons [37].

The additional finding of an early rise in cAMP levels
(within 6 hr) during RS-induced cell differentiation also
suggests a role for cAMP in parotid cell development.
Additionally, the fact that NGF enhanced the responses of
the cAMP-generating neuropeptides VIP and CGRP in
augmenting cellular amylase content reveals that the com-
bined presence of NGF and cAMP regulates the develop-
mental expression of parotid acinar cells. The original
concept that NGFs and neurotransmitters function in con-
cert with neuropeptides was first proposed more than a
decade ago [38]. This concept was predicated upon the
knowledge that autonomic and sensory nerves innervating
the parotid gland contain several neuropeptides that could
serve complementary roles in acinar cell development and
functional maturation.

The interaction between NGF and the cAMP-generating
neuropeptides as demonstrated in this study is reminiscent
of the synergism exhibited in PC12 cells by a combination
of NGF and agents that elevate cAMP levels to promote
neuronal differentiation [8,9,21]. However, while NGF can
induce arise in cAMP levels, the cyclic nucleotide does not
serve as a second messenger for NGF-induced differentia-
tion in neuronal cells [23]. One target of signaling path-
ways mediated by NGF is the cAMP response element-
binding protein CREB [39], which may be one possible site

of the convergence of the NGF- and cAMP-mediated
pathways in PC12 cells and perhaps in parotid cells as well.

Differentiation is likely expressed through integrated
responses involving ERK and cAMP. However, results
from different laboratories have shown that depending
upon the cell type, cAMP can either activate or inhibit
the ERK pathway [40,41]. Our findings that RS induced
ERK1/ERK2 activation within 5 min, while a rise in cAMP
was observed only after 6 hr, indicate that activation of the
MAPK pathway is not dependent upon the cAMP-protein
kinase A signaling pathway. However, the cAMP pathway
may play an inhibitory role in a later phase of the differ-
entiation process, with MAPK serving as a downstream
target of the cAMP signaling pathway.

In conclusion, the present study has developed a new
paradigm of cell differentiation by demonstrating that the
NGEF receptor system is expressed in parotid cells and its
differentiative effects are enhanced by the physiologically
relevant co-transmitters CGRP and VIP through receptor-
specific signal transduction mechanisms. The fact that the
effects of NGF and the neuropeptides are observed only in
cells differentiating in response to RS and are not detectable
when the cells are incubated in FBS indicates that compo-
nents present in RS are obligatory for cell differentiation
induced by neurotrophins and neuropeptides. While the
parotid cell line utilized in this study may not duplicate
all of the cellular events that take place in vivo, further ex-
perimentation utilizing this cell line will facilitate a greater
understanding of the processes that control the development
and functional maturation of parotid acinar cells.
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