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Abstract. Activation of glutamate metabotropic recep-
tors (mGluRs) in nodose ganglia neurons has previously
been shown to inhibit voltage-gated Ca++ currents and
synaptic vesicle exocytosis. The present study describes
the effects of mGluRs on depolarization-induced phos-
phorylation of the synaptic-vesicle-associated protein
synapsin I. Depolarization of cultured nodose ganglia
neurons with 60 mM KCl resulted in an increase in syn-
apsin I phosphorylation. Application of mGluR agonists
1-aminocyclopentane-1s-3r-dicarboxylic acid (t-ACPD)
and L(+)-2-Amino-4-phosphonobutyric acid (L-AP4)
either in combination or independently inhibited the de-
polarization induced phosphorylation of synapsin I. Ap-
plication of the mGluR antagonist (RS)-a-Methyl-4-
carboxyphenylglycine (MCPG) blocked t-ACPD-
induced inhibition of synapsin phosphorylation but not
the effects of L-AP4. In addition, application of either
t-ACPD or L-AP4 in the absence of KCl induced depo-
larization had no effect on resting synapsin I phosphor-
ylation. RT-PCR analysis of mGluR subtypes in these
nodose ganglia neurons revealed that these cells only
express group III mGluR subtypes 7 and 8. These results
suggest that activation of mGluRs modulates depolariza-
tion-induced synapsin I phosphorylation via activation of
mGluR7 and/or mGluR8 and that this process may be
involved in mGluR inhibition of synaptic vesicle exocy-
tosis in visceral sensory neurons of the nodose ganglia.
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Introduction

Identification of the mechanisms regulating neuronal
transmission is central to the understanding of the physi-

ological and pathophysiological modulation of central
nervous system function. Metabotropic glutamate recep-
tors (mGluRs) are a heterogeneous class of G-protein-
coupled receptors known to be important in glutamate
neurotransmission [4]. Activation of presynaptic mGluRs
have been suggested to modulate synaptic transmission
and to inhibit the release of neurotransmitters in a num-
ber of different neuronal cell types. While the mecha-
nisms underlying these effects of mGluRs on synaptic
transmission are still unknown, it has been hypothesized
that activation of these receptors may inhibit voltage-
gated calcium channels and synaptic protein phosphory-
lation, both of which are critical for effective neurotrans-
mission [4, 15].

The nucleus of the solitary tract (NTS) receives vis-
ceral afferent input via sensory neurons whose cell bod-
ies are located in the nodose ganglia. Activation of
mGluRs in the NTS have been shown to presynaptically
inhibit solitary tract and baroreceptor-evoked NTS re-
sponses through an undetermined mGluR subtype [8, 9].
Whole-cell patch-clamp studies from nodose ganglia
neurons have shown that activation of mGluRs inhibits
the activity of the N-type voltage-gated Ca++ channels
[16]. Furthermore, activation of L-AP4-sensitive mGluRs
has been found to inhibit synaptic vesicle exocytosis in
visualized boutons from nodose ganglia and baroreceptor
neuronal terminals in culture [15].

Synaptic protein phosphorylation plays an important
role in the regulation of neuronal synaptic transmission
[12, 18, 23, 25]. Synapsins, which represent the most
abundant protein in synaptic vesicles, are a family of
synaptic proteins that have been suggested to be impor-
tant in sustaining synaptic transmission [11, 28]. Synap-
sin I has a high affinity for the synaptic vesicle mem-
brane and possesses specific domains which facilitate
crosslinking of synaptic vesicles to the actin cytoskeleton
in the nerve terminal [12, 13]. The phosphorylation state
of synapsin I is increased by factors that increase Ca++-Correspondence to:M. Hay
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dependent exocytosis such as action potential generation,
high potassium-induced depolarization and veratridine.
Phosphorylation of synapsin I by Ca++/calmodulin-
dependent kinase (CaM kinase II) or cAMP-dependent
protein kinase occurs during increased neuronal activity
and results in a decrease in the affinity of synapsin I for
the synaptic vesicle membrane. Further, the phosphory-
lation of synapsin I has been shown to potentiate the
release of neurotransmitter [3, 28].

Since mGluR agonists inhibit visceral sensory neu-
ronal voltage-gated Ca++ channels and synaptic vesicle
exocytosis, we hypothesized that activation of mGluRs
may regulate synapsin I phosphorylation. The purpose
of this study was to determine the effects of mGluR
activation on resting and depolarization-induced in-
creases in synapsin I phosphorylation in nodose ganglia
neurons. Our results clearly demonstrate that mGluR ac-
tivation inhibits depolarization-induced synapsin I phos-
phorylation in visceral sensory neurons. This attenuation
of synapsin I phosphorylation is consistent with the in-
hibition of synaptic vesicle exocytosis observed during
activation of mGluR receptors.

Materials and Methods

CELL CULTURE

Nodose neurons were isolated and cultured as described previously [15,
20]. Briefly, nodose ganglia from 18–21-day-old Sprague-Dawley rats
were isolated and collected in cold Neuron Complete Medium (NCM)
containing Eagle’s Minimum Essential Medium with 5% Fetal Bovine
Serum (Hyclone), Serum Extender, 8 ng/ml 2.5S Nerve Growth Factor
(Collaborative Research). The tissue was then incubated at 37°C in
Earl’s Balanced Salt Solution (EBSS) with 0.1% Collagenase, Type II
(Sigma) for 30 min with gentle agitation every 10 min. Papain, 50
U/ml (Worthington Biochemical), was then added and the tissue was
incubated at 37°C for an additional 30 min with gentle agitation every
10 min. The tissue was allowed to settle, the supernatant removed and
the tissue was gently triturated in NCM with 0.5% Bovine Serum
Albumin (BSA) using fire-polished Pasteur pipettes until most of the
tissue was dissociated. The solution containing the dissociated cells
was then underlayed with an equal volume of MEM with 4% BSA,
centrifuged, resuspended in NCM and finally plated on poly-d-lysine
coated 25 cm2 tissue culture flasks (T25) and maintained in a humidi-
fied, 37°C, CO2 incubator. Following 3 days in culture the antimitotic
agent 5-fluoro-28-deoxyuridine was added to inhibit non-neuronal cell
proliferation. Neurons were maintained for 10–14 days prior to use in
order to maximize the number of synaptic contacts within the culture.
Due to the small amount of tissue obtained from each animal, 30
animals (60 nodose ganglia) were utilized to seed six T25 tissue culture
flasks. Therefore, each flask contained pooled neurons equivalent to
that from 5 animals (10 nodose ganglia), resulting in a plating density
of approximately 1600 neurons/cm2. Cell density was not significantly
different from flask to flask. Each lane represents the contents of one
T25 flask. A total of 137 T25 flasks were used in these experiments.

PROTEIN PHOSPHORYLATION AND IMMUNOPRECIPITATION

OF SYNAPSIN I

Assays were performed according to Nah et al. [22] with some modi-
fications according to Fukunaga and colleagues [6]. Cells were washed
three times with phosphate free DMEM. After 20 min at 37°C in the
same medium,32P orthophosphate, carrier-free, (Amerisham, 0.15
mCi/ml final) was added and cells were incubated for 5 hr at 37°C, 5%
CO2, 95% O2. Cells were then washed 2 times in CaCl2-free Krebs-
Ringers-HEPES buffer (KRH) (in mM): (128 NaCl, 5 KCl, 1 Na2HPO4,
1.2 MgSO4, 10 Glucose and 20 HEPES). After 30 min in the same
solution, the cells were incubated with metabotropic receptor ligands
(Tocris Cooksin) in KRH with 2 mm CaCl2 for 15 min followed by a
1 min depolarization with KCl, 60 mM final concentration. Control
flasks received vehicle additions of KRH with 2 mm CaCl2. All su-
pernatant was then aspirated and cells were snap frozen using a dry
ice/methanol bath. Cells were solubilized with the addition of 1 ml of
solubilization buffer (0.5% SDS, 2.5% (vol/vol) Nonidet P-40, 150 mM

NaCl, 35 mM NaF, 2 mM EGTA, 10 mM HEPES, 1 mg/ml Pefabloc, 10
mM Leupeptin, and 5mg/ml A Protinin, pH 7.4). The mixture was then
thawed and placed on a rocking tray for 5 min. Contents were trans-
ferred to a microcentrifuge tube and centrifuged at 14,000 ×g for 15
min to remove insoluble material. The supernatant was transferred to
a new tube, 4ml of synapsin I IgG (Chemicon, 0.2mg/ml) was added
and the samples were incubated overnight at 4°C. Prewashwed protein
A-Sepharose (30ml packed beads/sample) in solubilization buffer was
added and the samples were incubated for 4 hr at 4°C. The beads were
washed three times with 1 ml solubilization buffer, suspended in
Laemmli (2% SDS, 6M urea, 62.5 mM Tris, pH 6.8) buffer and heated
to 70°C for 5 min. The supernatant was subjected to SDS-PAGE using
4–20% Tris-HCl precast gels (Bio-Rad). The synapsin I band was
identified by Coomassie staining and autoradiography. Each experi-
ment shown was preformed at least three times using separate prepa-
rations.

For quantification of phosphate incorporation in synapsin I sepa-
rated by electrophoresis, computer images of films were taken with a
CCD camera. Individual bands in the images were quantified by using
a computer program for image analysis (NIH Image, version 1.6).
Band densities were within the linear range of the camera sensitivity.
All measurements are normalized to a percentage of control, baseline
synapsin I phosphorylation. Averaged data are presented in the text as
means ±SE. The statistical significance of observed differences was
determined using two-tailed Student’st tests, withP < 0.05 as minimal
level of significance.

Due to the small amount of protein loaded in each lane, the
absolute amount of protein was not determined. To compare relative
levels of protein loaded in each lane, Coomassie Blue staining of the
gels was performed and resulted in a single band between 80–86 kDal
with similar levels of Coomassie Blue staining intensity in each lane
(Fig. 2E).

IMMUNOCYTOCHEMISTRY

For immunocytochemical localization of synapsin I in the visceral af-
ferent neurons, cultured nodose neurons were fixed in 4% paraformal-
dehyde for 30 min and processed as follows: (i) rinsed in 0.1M phos-
phate-buffered saline (PBS) for 30 min; (ii) permeabilized with 0.3%
hydrogen peroxide for 30 min at room temperature; (iii) rinsed in 0.1
M PBS for 30 min; (iv) blocked with PBS with 3% normal goat serum
and 0.25% triton X-100 (Sigma, St. Louis) for 2 hr; (v) rinsed in 0.1M

PBS three times; (vi) incubated in primary antibody for 24 hr at 4°C;
(vii) rinsed three times in 0.1M PBS; (viii) incubated with biotinylated
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antirabbit immunoglobulin (IgG) for 2 hr; (ix) rinsed in 0.1M PBS 3
times; (x) placed in Texas-Red Avidin D for 1 hr (Vector Laboratories);
(xi) rinsed in 0.1M PBS 3 times; (xii) dehydrated and coverslipped.
Negative controls included omission of primary antibody and omission
of secondary antibody. Slides were then imaged with fluorescent mi-
croscopy using a rhodamine filter cube set. Photomicrographs were
obtained with a CCD camera. The sources and dilutions for the pri-
mary antibodies and antiserum used are as follows: rabbit anti-synapsin
I (1:2000, Chemcon), biotinylated goat anti-rabbit IgG (1:200, Vector
labs).

PATCH-CLAMP TECHNIQUES

All experiments were performed on isolated nodose neurons following
24–36 hr in culture. This relatively short culture period did not allow
for extended neurite growth and ensured adequate space clamp.
Whole-cell currents were recorded using perforated patch-clamp tech-
niques with polished glass electrodes (1–3MV resistance). Reference
electrode was an Ag-AgCl plug immersed in a 150 mM KCl agar bridge
that was placed in the bath. Recordings were made at room tempera-
ture using a Axopatch 1D patch clamp amplifier and filtered at 3 kHz
using a 4-pole Bessel filter. Currents were digitized on line at 10 kHz
and stored for analysis. Leak currents were determined by applying
hyperpolarizing pulses from −80 to −90 mV. Linear scaling of the leak
current observed at −90 mV resulted in less than a 1.8 pA leak current
were peak Ca++ currents were measured (near 0 mV) and thus were not
subtracted. Typical values for series resistance in the perforated patch
with the solutions described below were 10–12MV. Currents were
analyzed using the Axograph data analysis program (Axon Instruments,
Foster City, CA).

Solutions

To isolate calcium currents, the following solutions were used: Bath;
(in mM): 140.0 tetraethylammonium (TEACl), 5.0 4-aminopyridine,

15.0 glucose, 10.0 HEPES, 2.0 CaCl2, pH 7.38. Pipette; (in mM): 124.0
CsCl, 11.0 EGTA, 1.0 CaCl2, 2.0 MgCl2, 10.0 HEPES, and 258 U/ml
nystatin, pH 7.3.

RT-PCR

From nodose neurons in culture as described above, mRNA was iso-
lated using Dynal’s mRNA Isolation Micro Kit as per manufacturer’s
protocol. First strand cDNA synthesis and PCR were performed using
Stratagene’s RT-PCR kit. First strand cDNA synthesis was performed
as per the manufacturer’s protocol. The PCR reaction was performed
by mixing 5ml of the cDNA template with 5ml of 10× PCR buffer, 0.5
ml 100 mM dNTPs, and 20 pmol of each oligonucleotide primer in a
thin-walled 0.2ml PCR tube. The reaction was then brought up to 49.5
ml using DEPC-treated H2O. Subsequent incubation at 90°C for 5 min
then 54°C for 5 min was followed by the addition of 0.5ml Taq
polymerase into these reaction tubes.

The PCR reaction initiated with a denaturation step at 94°C (5
min). This was followed by 30 cycles at 95°C (15 sec), 52°C (1 min),
and 72°C (2 min). The PCR reaction was terminated with a final step
at 72°C (7 min). The PCR amplified products were electrophoresed on
a 2.0% agarose gel and visualized with ethidium bromide staining.
All mGluR and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
primer sequences are listed in the Table.

Rat cerebellum, olfactory bulb and cerebral cortex served as posi-
tive controls for the mGluR primers due to each tissue’s prominent
expression of different mGluR subtypes. Cerebellum served as posi-
tive control tissue for mGluRs 1, 2 and 4 while the olfactory bulb
prominently expresses mGluRs 6, 7 and 8. The cerebral cortex served
as positive control tissue for mGluRs 3 and 5. Adult, male Sprague-
Dawley rats were anesthetized with halothane and decapitated. Tissues
of interest were removed then frozen under liquid nitrogen. mRNA
isolation and subsequent RT-PCR were performed as described above.
To confirm that the PCR reaction did not amplify genomic DNA,

Table 1. Metabotropic glutamate receptor and control primer sets used for the PCR ampli-
fication of cDNAs

Gene Primers PCR
product size

mGluR11 Forward 58 CCAGTGATGTTCTCCATACC 38 361
Reverse 58 CACTCTGGGTAGACTTGAGTG 38

mGluR21 Forward 58 TTTAGGTCAGAAGCCAGAGT 38 250
Reverse 58 CAGTAACCATCCTCTCTATCC 38

mGluR31 Forward 58 TATTCTCAGTCCTCTGCAAG 38 261
Reverse 58 TTGTAGCACATCACTACATACC 38

mGluR41 Forward 58 TCATTTTCTCTTCTGTTCCC 38 340
Reverse 58 GACATGCTACACATCAGAGAC 38

mGluR51 Forward 58 CCCCAAACTCTCCAGTCT 38 210
Reverse 58 ATTTTTCACCTCGGGTTC 38

mGluR61 Forward 58 CAAGTAGCAAGGTTGAGTGT 38 363
Reverse 58 GGTTGTAGTGTTGGATCAAG 38

mGluR71 Forward 58 GAACTCTGTGAAAATGTAGACC 38 321
Reverse 58 TTAGGGAGTCCAGAATTACAG 38

mGluR81 Forward 58 CGAGGGTTATAACTACCAGGT 38 440
Reverse 58 TAGGTGCTGTGACAGATTTCT 38

GAPDH Forward 58 CATAGACAAGATGGTGAAGGTCGG 38 550
Reverse 58 GCCAAAGTTGTCATGGATGACC 38

1 Similar to those previously published in Ghosh et al., 1997.
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mRNA underwent reverse transcriptase in the absence of MMLV-RT.
Products from this reaction were then used in the PCR amplification of
GAPDH. Evaluation of PCR products were performed as described
above.

Results

IMMUNOFLUORESCENTLOCALIZATION OF SYNAPSIN I IN

NODOSE GANGLIA NEURONS

The expression of synapsin I in nodose ganglia neurons
was evaluated using affinity-purified antibodies that spe-
cifically recognize synapsin I. Figure 1A is a bright-field
photomicrograph of a nodose neuron in culture for 14
days. Figure 1B–D are fluorescent photomicrographs.

Synapsin I immunoreactivity was present in nodose neu-
ron soma (Fig. 1B), processes and terminals (Fig. 1C and
D). Synapsin I immunoreactivity was observed in virtu-
ally all nodose neurons in the culture.

mGluR AGONIST INHIBITION OF VOLTAGE-GATED

CALCIUM CHANNELS

Phosphorylation of synapsin I is known to be increased
by depolarization activation of voltage-gated calcium
channels and the subsequent activation of Ca++/
calmodulin-dependent kinases [12]. If mGluR activation
inhibits depolarization-induced synapsin I phosphoryla-
tion, this may be due to mGluR inhibition of voltage-
gated Ca++ currents. Previous studies have shown that in

Fig. 1. (A) A brightfield micrograph of a nodose neuron following 14 days in culture. (B) Fluorescent illumination with a rhodamine filter revealing
the presence of synapsin I immunoreactivity in the cell soma (white arrow). Bar4 30 mm. (C andD) Synapsin I immunoreactivity in processes
and terminals of nodose neurons in culture. Bar4 5 mm.
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visceral sensory neurons of the nodose ganglia the chan-
nel responsible for approximately 70% of the total
Ca++ current has been shown to be a N-type,v-conotoxin
GVIA sensitive Ca++ channel [20]. In addition, we
have previously reported that mGluRs partially inhibit
the N-type calcium current in nodose ganglia neu-
rons [16]. Figure 2A–D illustrate the dose-dependent
effects of the broad spectrum mGluR agonist 1-amino-
cyclopentane-1s-3r-dicarboxylic acid (t-ACPD,n 4 13)
and the mGluR group III agonist L(+)-2-amino-4-
phosphonobutyric acid (L-AP4,n 4 8) on evoked
calcium currents in nodose ganglia neurons. Calcium
currents were evoked by a step depolarization to 0 mV
from a −80 mV holding potential. Application of 1 mM
t-ACPD and 1 mM L-AP4 inhibited the calcium cur-
rent evoked current by 29 ± 11% and 42 ± 3%, respec-
tively.

mGluR AGONIST INHIBITION OF

DEPOLARIZATION-INDUCED SYNAPSIN

I PHOSPHORYLATION

To determine if these same concentrations of t-ACPD
and L-AP4 could also modulate depolarization-induced
phosphorylation of synapsin I, we measured the incor-
poration of32P phosphate into synapsin I following KCl
induced depolarization in the absence and presence of
t-ACPD and L-AP4. Due to the nature of our prepara-
tion and the number of animals required for each experi-
ment, dose-response relationships for the mGluR effects
on synapsin I phosphorylation were not performed. Fol-
lowing immunoprecipitation, SDS-PAGE and autoradi-
ography, radiolabeled synapsin I appeared as a band be-
tween 80 and 86 kilodaltons representing Ia and Ib iso-
forms. In most gels, we were unable to distinguish

Fig. 2. (A–D) illustrate the inhibitory effects
of t-ACPD and L-AP4 on nodose ganglia
evoked calcium currents. (A) Calcium currents
evoked by 0 mV step depolarizations from a
−80 mV holding potential before, during and
following exposure to 100mM t-ACPD. (B)
Averaged response (mean ±SEM) of evoked
peak calcium current to varying concentrations
of t-ACPD (1.0mM, n 4 3; 10.0mM, n 4 4;
100 mM, n 4 9; 500mM, n 4 8; 1000mM, n
4 5). (C) Calcium currents evoked by 0 mV
step depolarizations from a −80 mV holding
potential before, during and following
exposure to 100mM L-AP4. (D) Averaged
response (mean ±SEM) of evoked peak
calcium current to varying concentrations of
L-AP4 (1.0 mM, n 4 3; 10.0mM, n 4 9; 100
mM, n 4 4; 500mM, n 4 4; 1000mM, n 4

4). (E) Coomassie Blue stained gel illustrating
the relative amounts of protein loaded in each
lane. Similar results were obtained in all other
gels stained. (F) Effects of 1.0 mM ACPD +
1.0 mM L-AP4 on high-K+-induced
phosphorylation of synapsin I. Molecular mass
given in kDa. Shown is an autoradiogram from
a 10-day exposure at −70°C. (B) Quantification
of radioactive phosphate incorporation into
synapsin I. Values represent mean ±SE

percentage change from control
phosphorylation (n 4 5). * 4 P < 0.05.
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between the two isoforms of synapsin I. Depolarization
of nodose neurons with 60 mM KCl increased phosphor-
ylation of synapsin I relative to control by 104 ± 26%
(Fig. 2F andG, n 4 5). Following treatment of nodose
neurons with a combination of mGluR agonists consist-
ing of 1.0 mM t-ACPD and 1.0 mM L-AP4 for 15 min
prior to KCl depolarization, depolarization increased
synapsin I phosphorylation relative to control by only
10.0 ± 10%, which was not significantly different (Fig.
2F andG, n 4 5). Coomassie Blue staining of the gels
revealed no observable difference in relative amounts of
protein in each lane (Fig. 2E).

Application of the broad spectrum mGluR antago-
nist (S)-a-Methyl-4-carboxyphenylglycine (1 mM
MCPG) effectively blocked the inhibitory effects ob-
served with t-ACPD (Fig. 3), but had no significant ef-
fect on the inhibitory response observed with L-AP4
(Fig. 4). Furthermore, application of (S)MCPG alone
had no effect on resting levels of synapsin I phosphory-
lation (n 4 4, data not shown).

Given that in some regions of the central nervous
system activation of mGluRs can increase postsynaptic
function and activate neurons [4], we examined the abil-
ity of mGluR agonists t-ACPD and L-AP4 to alter the
phosphorylation state of synapsin in nodose neurons in
the absence of KCl induced membrane depolarization.
In the absence of KCl-induced depolarization, neither

application of t-ACPD (n 4 8) or L-AP4 (n 4 3) alone
altered baseline synapsin I phosphorylation relative to
control (Fig. 5).

IDENTIFICATION OF mGluR RECEPTOREXPRESSION IN

NODOSENEURONS

Due to the extremely large number of animals that would
be required to complete agonist-selective dose-response
studies, we utilized RT-PCR methodology to identify the
mGluR receptors expressed in nodose neurons. All
mGluR primers were similar to those previously pub-
lished [11].

Each mGluR primer was cycled in reaction tubes
containing either experimental cDNA template or posi-
tive control cDNA template. Positive control cDNA
template for mGluRs 1, 2 and 4 originated from mRNA
isolated from the cerebellum. Positive control templates
for mGluRs 3 and 5 originated from mRNA isolated
from the cerebral cortex while positive control cDNA
templates for mGluRs 6, 7 and 8 originated from
mRNA isolated from the olfactory lobe. All tissue were
isolated from adult, male S/D rats. To test if isolated
mRNA samples contained genomic DNA contamination,
experimental mRNA in the absence of RT was added to
a PCR reaction tube containing a primer set for the

Fig. 3. (A) SDS-PAGE of phosphorylated synapsin I from nodose neurons illustrating the effects of 1.0 mM t-ACPD on 20 mM KCl induced
phosphorylation of synapsin I in the absence and presence of MCPG. Molecular mass given in kDa. (B) Averaged effects of t-ACPD induced
inhibition of 20 mM KCl induced phosphorylation of synapsin I and 1.0 mM MCPG blockade of this effect. Solid black bar4 control; hatched bar
4 20 mM KCl (n 4 6); white bar4 10 mM KCl + 1.0 mM t-ACPD (n 4 3), Solid gray bar4 20 mM KCl + 1.0 mM t-ACPD + 1.0 mM MCPG
(n 4 3); * 4 P < 0.05.
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housekeeping gene GAPDH while another amplified the
same primers only in the presence of experimental
cDNA.

Using primers selective for group I and group II
mGluRs, positive control PCR product was observed in
isolated cerebellum tissue and no PCR product could be
detected in nodose ganglia neurons for mGluR1,
mGluR2, mGluR3 or mGluR5 (Fig. 6A). Likewise, no
PCR product was detected for group III mGluR4 or
mGluR6. However, primers for group III mGluR7 and
mGluR8 revealed that nodose neurons strongly express
mGluR7 and show light expression of mGluR8 (Fig. 6B).

These results suggest that the mGluR subtypes respon-
sible for inhibition of synapsin phosphorylation are most
likely mGluR7 and mGluR8.

Discussion

Neurotransmitter exocytosis is known to be dependent
on the influx of extracellular Ca++ [23, 24]. Neurotrans-
mitter exocytosis is also known to involve a complex
interaction among proteins that are associated with syn-
aptic vesicles, some of which are modulated by protein
kinase activation. Phosphorylation of synapsin I has

Fig. 4. (A) SDS-PAGE of phosphorylated synapsin I from nodose neurons illustrating the effects of 1.0 mM L-AP4 on 60 mM KCl induced
phosphorylation of synapsin I. Molecular mass given in kDa. (B) Averaged effects of L-AP4 induced inhibition of 60 mM KCl-induced phosphor-
ylation of synapsin I and the effect of 1.0 mM MCPG. Molecular mass given in kDa. Solid black bar4 control; hatched bar4 60 mM KCl (n 4

3); white bar4 60 mM KCl + 1.0 mM L-AP4 (n 4 3), Solid gray bar4 60 mM KCl + 1.0 mM L-AP4 + 1.0 mM MCPG (n 4 3); * 4 P < 0.05.

Fig. 5. (A) Effects of 1.0 and 0.1 mM t-ACPD on
baseline phosphorylation of synapsin I. Similar
results were obtained in 8 experiments. Molecular
mass given in kDa. (B) Effects of 1.0 and 0.1 mM
L-AP4 on baseline phosphorylation of synapsin I.
Molecular mass given in kDa. Similar results were
obtained in 3 experiments.
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been shown to be increased by depolarization induced
Ca++ influx and the subsequent activation of Ca++/
calmodulin kinases in a number of different neuronal
preparations [3]. It has been hypothesized that the regu-
lation of neurotransmitter release is brought about by
activation of intracellular second-messenger systems and
consequent protein kinase activation. It is this cascade of
events which ultimately may independently or interde-
pendently modulate the function of both voltage-gated
Ca++ channels and/or synaptic proteins. The ability of
presynaptic mGluRs to modulate neurotransmitter re-
lease has been hypothesized to be due to mGluR inhibi-
tion of voltage-gated Ca++ channels as well as modula-
tion of the phosphorylation of some synaptic vesicle-
associated proteins [4]. Results from the present study

suggest that phosphorylation of synapsin I can be regu-
lated by agonists of mGluR receptors. Treatment of no-
dose ganglia neurons with mGluR agonists t-ACPD and
L-AP4 reduces voltage-gated Ca++ currents and depolar-
ization induced synapsin I phosphorylation. This result
is consistent with our previous findings that application
of mGluR agonists decrease in measured synaptic vesicle
exocytosis in aortic baroreceptor neurons [15].

Metabotropic glutamate receptors (mGluRs) are a
heterogeneous class of G-protein coupled receptors that
have been found to be important in glutamatergic neu-
rotransmission. At least 8 different subtypes have been
characterized. Each of the subtypes has a distinct amino
acid sequence, pharmacology, and signal transduction
pathway [4, 24] and as a result, three major groups are
recognized: Group I, which includes mGluR1 and
mGluR5, is coupled to inositol triphosphate production
and is activated by 3,5-dihydroxyphenylglycine (3,5-
DHPG) and by the nonselective agonist (±)-1-Amino-
cyclopentate-trans-1,3-dicarboxylic acid (t-ACPD);
Group II, which includes mGluR2 and mGluR3, is acti-
vated (by 2S,18R,28R,38R)-2-(2,3-dicarboxycyclopropyl)
glycine (DCG-IV) and t-ACPD and are thought to be
coupled to the inhibition of cAMP formation. Group III,
which includes mGluR 4,6,7,8 is also coupled to the
inhibition of cAMP and is selectively activated by L-2-
Amino-4-phosphonobutyric acid (L-AP4) and also acti-
vated by higher concentrations of t-ACPD [27]. Both
t-ACPD and L-AP4 were effective at attenuating depo-
larization induced synapsin I phosphorylation in the pre-
sent study. However, the inhibitory effects of t-ACPD,
but not L-AP4, were blocked by (S)MCPG. Further-
more, analysis of mGluR expression in these nodose gan-
glia neurons by RT-PCR suggests that only mGluR7 and
mGluR8 are expressed in these cells. Thus, together,
these data would suggest that mGluR7 and mGluR8 are
involved in eliciting mGluR inhibition of synapsin I
phosphorylation.

Under our test conditions, neither t-ACPD or L-AP4
had any effect on the phosphorylation of synapsin I un-
der basal conditions. In addition, application of mGluR
antagonist MCPG was without effect on baseline synap-
sin I phosphorylation. These results suggest that (i) the
mechanisms governing resting synapsin I phosphoryla-
tion in nodose ganglia neurons may not be affected by
mGluR activation; and (ii) there is no tonic, resting level
of MCPG-sensitive mGluR activation altering synapsin I
phosphorylation in these culture conditions. However,
as described above, treatment with mGluR agonists does
inhibit phosphorylation of synapsin I induced by depo-
larization. These results would suggest that in nodose
ganglia neurons, the mechanisms underlying mGluR in-
hibition of synapsin I phosphorylation most likely in-
volve interference with the transduction systems evoked
by membrane depolarization and the subsequent Ca++

Fig. 6. RT-PCR analysis of mGluRs expressed in nodose ganglia. CB
4 cerebellum, ND4 nodose ganglia, CC4 cerebral cortex, OL4
olfactory bulb. PCR products were visualized by ethidium bromide
staining. Molecular size markers (in bp) are indicated on the right. (A)
RT-PCR analysis of group I and group II mGluRs. Predicted PCR-
products from the CB and CC for each mGluR are as follows: mGluR
1 at 361 bp, mGluR 5 at 210 bp, mGluR 2 at 250 bp, and mGluR 3 at
261 bp. The ND did not express any of these subtypes. (B) RT-PCR
analysis of group III mGluRs. Predicted PCR-products from the CB
and OL for each mGluR are as follows: mGluR 4 and 340 bp, mGluR
6 and 363 bp, mGluR 7 at 321 bp, and mGluR 8 at 440 bp. The ND
expresses mGluRs 7 and 8.
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signaling pathways required for increased synapsin I
phosphorylation.

PERSPECTIVES

Visceral sensory afferents and baroreceptor afferents in
particular, ascend centrally and synapse on medullary
neurons within the nucleus of the solitary tract (NTS)
where their combined information is integrated. Activity
and time-dependent integration of this baroreceptor in-
formation is the first step in the normal regulation of
cardiovascular reflex function. Alteration of the synaptic
transmission between the baroreceptor afferents and
NTS neurons has been suggested to contribute to inap-
propriate reflex control of sympathetic outflow.
Although high-frequency stimulation of baroreceptor af-
ferents has been shown to decrease evoked NTS excit-
atory potentials [2, 21] and results in a rightward shift in
the baroreceptor reflex [1, 17], the cellular mechanisms
underlying activity-dependent alterations in the signal
transduction between baroreceptor afferents and NTS
neurons are unknown. One potential mechanism that
may be important in the modulation of baroreceptor af-
ferent synaptic efficacy is an alteration in transmitter
release from the presynaptic terminal. It has been sug-
gested that the maintenance of synaptic transmission
over a wide range of frequency stimulations requires that
nerve terminals maintain pools of synaptic vesicles in
reserve which can be recruited to active zones during
periods of intense activity [23, 25, 26]. Thus, the mecha-
nisms governing synaptic turnover at the baroreceptor
terminals may serve as a common site for the regulation
of baroreflex function. In the case of the baroreceptor/
NTS synapses, failure to recruit vesicles to the barore-
ceptor exocytosis zones during periods of high activity
could reasonably be hypothesized to lead to decreased
synaptic efficacy, decreased NTS postsynaptic activation
and ultimately allowing an increase in sympathetic out-
flow. Metabotropic glutamate receptors are known to
play an important role in the regulation of neurotrans-
mitter function at the level of the NTS [5, 8, 9, 10, 19].
Vesicle exocytosis is known to be regulated by calcium
influx dependent second messenger systems and the
phosphorylation and dephosphorylation of synaptic ter-
minal associated proteins. Results from the present
study may offer a mechanism by which activation of
mGluRs on presynaptic baroreceptor afferents may in-
hibit synaptic transmission. The working hypothesis is
that mGluR activation inhibits depolarization induced
phosphorylation of synapsin I, thus decreasing the avail-
ability of synaptic vesicles from the reserve pool. This
inhibition may be involved in the inhibition of transmit-
ter release from baroreceptor afferent terminals during
high frequency stimulation. Future studies will deter-

mine if other synaptic proteins are also modulated by
mGluR activation and if these effects are involved in
frequency dependent suppression of baroreceptor/NTS
synaptic function.
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