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Agronomique 1147, 13397 Marseille, Cedex 20, France, and 2Laboratoire de Génétique et Physiologie du
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Here we report that synapses in the adult dorsal vagal complex,
a gateway for many primary afferent fibers, express a high level
of the polysialylated neural cell adhesion molecule (PSA-
NCAM). We show that electrical stimulation of the vagal affer-
ents causes a rapid decrease of PSA-NCAM expression both in
vivo and in acute slices. Inhibition of NMDA receptor activity
completely prevented the decrease. Blockade of calmodulin
activation, neuronal nitric oxide (NO) synthase, or soluble gua-

nylyl cyclase and chelation of extracellular NO mimicked this
inhibition. Our data provide a mechanistic framework for un-
derstanding how activity-linked stimulation of the NMDA–NO–
cGMP pathway induces rapid changes in PSA-NCAM expres-
sion, which may be associated with long-term depression.
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The polysialylated form of the neural cell adhesion molecule
(PSA-NCAM) has been implicated in many aspects of cell–cell
interactions. The carbohydrate polysialic acid (PSA), which is
specifically attached to NCAM through a regulated process, can
attenuate adhesion forces and modulate cell surface interactions.
It thereby orchestrates dynamic changes in the shape and move-
ments of cells and their processes. A convergent set of data
suggests that PSA-NCAM supports structural plasticity in the
developing and in the adult nervous system (for review, see
Rutishauser and Landmesser, 1996; Kiss and Rougon, 1997). In
the adult, PSA-NCAM expression is retained only in certain
brain areas that undergo structural reorganizations and synaptic
plasticity, such as the hypothalamus, the olfactory bulb, and the
hippocampus (Seki and Arai, 1993). In the adult hippocampus,
selective removal of PSA has been associated with functional
modifications because it totally suppresses the induction of long-
term potentiation (LTP) or long-term depression (LTD) (Muller
et al., 1996). Furthermore, LTP is perturbed in mice lacking
NCAM and consequently PSA (Muller et al., 1996; Cremer et al.,
1998).

The dorsal vagal complex (DVC) located in the dorsal medulla
comprises three structures, namely the nucleus of the solitary
tract (NST), the area postrema (AP), and the dorsal motor
nucleus of the vagus nerve (DMX). The DVC is a gateway for
many primary afferents from cardiovascular, respiratory, gastro-

intestinal, and other visceral sensory receptors (Jean, 1991; Bar-
raco, 1994). The central control of autonomic function is far from
well understood, but neuronal mechanisms for the processing and
integration of visceral afferent signals may possess plastic prop-
erties similar to those described in the higher brain regions
(Miles, 1986; Glaum and Brooks, 1996; Zhou et al., 1997). Syn-
apses afferent to the DVC exhibit both short- and long-term
plasticity. Repetitive stimulation of afferent fibers leads to short-
or long-term depression of excitatory synapses while inhibitory
inputs are potentiated (Miles, 1986; Glaum and Brooks, 1996;
Zhou et al., 1997). In adult animals, the DVC also expresses high
levels of neuromodulin [ growth-associated protein-43 (GAP-43)]
(Kruger et al., 1993) and PSA-NCAM (Bonfanti et al., 1992) that
could subserve structural reorganizations and synaptic plasticity
in response to afferent activity. In the present study, we have
combined in vivo and slice work to examine how synaptic activity
modulates expression of PSA-NCAM.

MATERIALS AND METHODS
In vitro experiments
Transverse brainstem slices (300 mm) from the level of the obex were
prepared from 4- to 6-week-old Sprague Dawley rats, as described pre-
viously (Vincent and Tell, 1997). Briefly, the animal was craniotomized
under pentobarbitone sodium anesthesia; the brainstem and upper cer-
vical spinal cord were removed rapidly and glued to the cutting stage of
a vibratome. Throughout the surgical and sectioning procedure, the
brainstem was immersed in chilled cutting saline saturated with carbogen
(95% O2 and 5% CO2) and contained (in mM): 60 NaCl, 3 KCl, 0.5
CaCl2, 28 NaHCO3, 7 MgCl2, 1.25 Na2HPO4, 5 D-glucose, 110 sucrose,
and 0.6 L-ascorbate. After stabilization at 32°C in carbogenated artificial
CSF (ACSF) [containing (in mM): 130 NaCl, 3.3 KCl, 2.45 CaCl2, 25.6
NaHCO3, 2.4 MgCl2, 1.25 KH2PO4, 10 D-glucose, 0.4 L-ascorbate, 2
pyruvate, and 3 myo-inositol], the brainstem slice was transferred to a
recording chamber on a microscope stage (Axioskop; Zeiss,
Oberkochen, Germany), secured with a nylon mesh, and superfused at a
constant rate of 3 ml/min with carbogenated ACSF at 32°C. A bipolar
electrode was positioned under visual control onto the solitary tract (ST)
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for electrical stimulation. In all studies, the ST was stimulated with a
source of constant current using pulses 500 mA intensity and 200 msec
duration. In most studies, our protocol was a train of pulses at 30 Hz
(train duration of 5 sec; train period of 10 sec) for 5, 10, or 15 min. In
another series, one to three high-frequency pulse trains (100 Hz) were
applied to the tract. Each train was separated by a 5 min period. Slices
were dissected 5 min after the end of the last train; the two halves of the
DVC were separated with microscissors and stored in two different
microtubes. Samples were stored at 280°C until processing for immuno-
blotting. Test stimuli (100 msec) were delivered every 20 sec through
bipolar tungsten electrodes placed onto ST, as described previously
(Zhou and Poon, 2000). Field potentials (FPs) were recorded using glass
microelectrodes (10–20 mm tip diameter). The current intensity of test
stimuli (200–300 mA) was set to produce 40–50% of the maximum
evoked response. The baseline was recorded for at least 10 min to ensure
the stability of the response. LTD was induced using three high-
frequency pulse trains. LTD was always attempted in the presence of 20
mM bicuculline. At the end of experiments, tetrodotoxin (TTX) (3 mM)
was routinely added into the perfusion saline. Before the analysis, the
raw FPs were corrected for by subtracting the electrode artifacts recorded
in TTX-containing saline, as described previously (Zhou and Poon,
2000). FPs were typically biphasic with an early and late component
corresponding to the presynaptic fiber volley and excitatory postsynaptic
response, respectively (Zhou and Poon, 2000). Amplitude of the early
phase and the slope of the late phase were measured as an index of the
stimulus efficacy on presynaptic fibers and of the postsynaptic responses,
respectively.

In vivo experiments
Rats weighing 200–300 gm were anesthetized with pentobarbitone so-
dium (50 mg/kg, i.p.) The trachea and the jugular vein were cannulated.
One cervical vagus nerve was dissected free from the surrounding tis-
sues. Bipolar silver electrodes were placed on the intact nerve, secured in
the muscles, and isolated with Vaseline. Rectal temperature was main-
tained between 36 and 38°C. The nerve was stimulated with a repetitive
train at 30 Hz (train duration of 5 sec; train period of 10 sec) for 15 min.
The intensity was set at a level such that breathing was markedly
inhibited during the first second of stimulation. Nitroarginine (100 mg/kg
in normal saline) was injected intraperitoneally 1 hr before surgery. Rats
were injected with (1)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5,10-imine maleate (MK-801) (2 mg/kg) intravascularly in
normal saline 5 min before the onset of the stimulation. Control animals
received corresponding injections of normal saline. Animals were decap-
itated at the end of the stimulation period. Brainstem slices were pre-
pared as described above and then rapidly processed for immunoblotting.
For immunohistochemistry experiments, rats were perfused through the
heart with 4% paraformaldehyde in phosphate buffer before processing.

Immunohistochemistry
The brains were immersed in fixative (4% paraformaldehyde in phos-
phate buffer; 3–5 hr; 4°C). The fixed tissues were sectioned coronally (50
mm thickness) with a vibratome. Free-floating sections were permeabil-
ized in PBS–0.3% Triton X-100 [15 min at room temperature (RT)] and
then incubated (1 hr) with 5% goat serum in 0.1 M PBS, pH 7.4. Tissue
sections were treated with primary antibody (overnight at 4°C). After
washing, sections were incubated with biotinylated goat anti-mouse an-
tibody (1:200; Jackson ImmunoResearch, West Grove, PA), washed in
PBS, and developed using the Vectastain ABC kit and DAB kit (Biosys
Inc.). Sections were examined with an Axiophot microscope (Zeiss).
Control sections treated with secondary antibodies alone showed no
staining.

Frozen section immunohistochemistry. Fixed brains were immersed in
PBS containing 30% sucrose. The brainstems were sectioned coronally
(20 mm thickness) using a cryostat. Sections were incubated first with
0.01% digitonin (20 min at RT) and then (1 hr) with 15% fetal calf serum
in 0.1 M PBS, pH 7.4. Tissue sections were treated with primary antibody
(overnight at 4°C). After washing, sections were incubated with FITC-
conjugated goat anti-mouse IgM (PSA) or Texas Red-conjugated anti-
mouse IgG [GAP-43, synaptophysin, and glial fibrillary acidic protein
(GFAP); 1:4000; Jackson ImmunoResearch) antibodies. In double-
immunolabeling experiments, the use of only one primary antibody
followed by the addition of both anti-mouse IgM FITC-conjugated and
anti-mouse IgG Texas Red-conjugated antibodies resulted in only single
labeling.

Antibodies. The following antibodies were used: mouse monoclonal

(IgM) anti-PSA antibody [1:2000; (Rougon et al., 1986)], mouse mono-
clonal (IgG) anti-GAP-43 antibody (1:20,000; Roche Products, Hertfor-
shire, UK), mouse monoclonal (IgG) anti-synaptophysin antibody (1:
200; Roche Products), mouse monoclonal (IgG) anti-GFAP antibody
(1:8,000; Sigma, St. Louis, MO), and rabbit anti-NCAM antibody [1:1000
(Rougon and Marshak, 1986)].

Quantitative analysis. PSA immunoreactivity (IR) was quantified using
densitometric measurements. Image recording was performed at low
magnification using a Zeiss stereomicroscope equipped with a CCD
camera. All images were taken with constant field illumination using
identical camera settings. For each region of interest, average gray levels
were measured using a computer-assisted image analysis system (NIH
Image). Confocal images were obtained by using a Zeiss Axiovert
microscope 135M with 633 oil objective and a Zeiss laser-scanning
confocal imaging system (LSM 410).

Protein gel electrophoresis and immunoblots
Brain tissues were homogenized in 2% Nonidet P-40 and 0.2 M Tris-HCl
buffer, pH 8, containing protease inhibitors. The homogenates were
centrifuged at 50,000 3 g (1 hr at 4°C). The supernatants were collected,
and protein concentrations were determined. In some instances, a treat-
ment with endoneuraminidase N purified in our laboratory (0.2 U/mg
protein; 1.5 hr at RT) was performed on homogenates in the presence of
2% Nonidet P-40. The samples were mixed with SDS sample buffer, and
equal amounts of proteins were fractionated by electrophoresis in 7.5%
polyacrylamide gels containing SDS. Each sample was run twice to verify
the absence of an internal variation in the assay. After transfer onto
nitrocellulose, PSA or NCAM were revealed by incubation with anti-PSA
mouse IgM monoclonal or anti-NCAM rabbit IgG polyclonal antibodies,
followed by rabbit anti-mouse IgM (only for PSA), and horseradish
peroxydase-conjugated goat anti-rabbit IgG. IR was detected with a
chemiluminescence system. A calibration curve was established using
purified recombinant fragment constant-PSA-NCAM (data not shown).
Results were quantified by imaging densitometry (Bio Image IQ). The
minimum amount of PSA-NCAM detectable in the assay was 5 pmol, and
the minimum statistically significant difference between two samples was
5%.

Drugs
Drugs added to the ACSF were as follows: D-2-amino-phosphonovalerate
(APV) (50 mM); 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) (20 mM);
NMDA (50 mM); 4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) (3
mM); 7-nitroindazole monosodium salt (7-NI) (100 mM); N v-nitro-L-
arginine (NNA) (1 mM); sodium nitroprusside (SNP) (100 mM); S-nitroso-
N-acetylpenicillamine (SNAP) (100 mM); phenylarsine oxide (PAO) (50
mM); sucrose (0.45 M); bicuculline (25 mM); 1H-[1,2,4] oxadiazolo [4,3,-a]
quinoxalin-1-one (ODQ) (10 mM); and calmidazolium (200 nM).

RESULTS
PSA-NCAM and GAP-43 expression in the dorsal
vagal complex
A first set of experiments was performed on tissue sections
prepared from rats (Fig. 1A,B,D). Figure 1 shows strong expres-
sion of both PSA (Fig. 1C) and GAP-43 (Fig. 1E) in the DVC, in
contrast with the neighboring areas, which were negative. At a
regional level, staining for the two molecules appeared to be
superimposed. Staining was limited to the AP, the medial part of
the NST (mNST), and the DMX throughout the rostrocaudal
axis. Staining was weak or virtually absent in the other brainstem
regions, including the inferior olive, the nucleus ambiguus, and
the spinal trigeminal nucleus. Interestingly, staining for GFAP
was also stronger in the DVC than in the other parts of the section
(Fig. 1F).

Because the punctuate PSA labeling (Fig. 1G–I) was suggestive
of a synaptic or perisynaptic localization, we compared the pat-
tern of PSA IR with that of GAP-43 (Fig. 1G) and synaptophysin
(Fig. 1H), a marker for presynaptic structures. The vast majority
of PSA-positive dots were closely apposed to GAP-43- and
synaptophysin-positive dots. To determine whether glial cells also
expressed PSA, double-labeling experiments were performed
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with anti-PSA and anti-GFAP antibodies. Cells positive for
GFAP exhibited a network-like organization, whereas PSA-
positive elements were punctiform, and confocal laser microscopy
indicated little if any overlap between GFAP and PSA-NCAM
staining (Fig. 1 I).

Effects of electrical stimulation on
PSA-NCAM expression
In vivo experiments
In vivo experiments were performed on anesthetized adult rats.
Stimulation of the cervical vagus nerve (30 Hz, 15 min) induced
a substantial decrease in PSA staining in the DVC on the stimu-
lated side compared with that in the contralateral DVC (Fig.
2A,B). Such differences were not detected in control experiments

in which the nerve was not stimulated. Levels of PSA IR under
control or stimulated conditions were recorded and quantified in
different nuclei of the DVC (Fig. 2A,B). Vagus nerve stimulation
induced a significant decrease in PSA levels in DMX and mNST
of the stimulated side compared with their contralateral counter-
parts, and measurements of PSA IR revealed no significant
changes in control experiments (Fig. 2B).

The decrease in PSA staining after electrical stimulation of the
vagus nerve could result from either a rapid degradation of the
molecule or a change of its subcellular localization, which might
modify the access of the epitope to the antibody. To discriminate
between these two hypotheses, we measured the amount of PSA
IR in detergent-solubilized tissue samples. To this end, the DVC

Figure 1. Localization of PSA in the dorsal vagal
complex. A, Schematic drawing of a sagittal view of
the brain showing the localization of the DVC. B,
Schematic drawing of a dorsal view of the dorsal vagal
complex with transverse sections of the brainstem
throughout the rostrocaudal axis. The three sections
identify the region of the brainstem selected for the
quantitative analysis of modulation of PSA expres-
sion. C, Transverse section of rat caudal medulla
showing distribution of PSA immunolabeling. D,
Schematic transverse section of the brainstem at the
intermediate level of the DVC. E, F, GAP-43 and
GFAP labelings, respectively. G, Double-staining with
anti-PSA ( green) and anti-GAP-43 (red) antibodies.
H, Double-staining with anti-PSA ( green) and anti-
synaptophysin (red) antibodies. I, Confocal observa-
tion of double staining with anti-PSA ( green) and
anti-GFAP (red) antibodies. lNST, Lateral NST; XII,
hypoglossal nucleus; SpV, spinal trigeminal nucleus;
NA, nucleus ambiguus; IO, inferior olive.
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was dissected from brainstem slices, at the end of the in vivo
stimulation session, and each half was separately collected. Indi-
vidual DVC halves were then processed for immunoblotting under
strictly the same conditions. First, we examined PSA and NCAM
IR partitioning in the detergent-soluble (supernatant) and
detergent-insoluble (pellet) fractions. Virtually all (.95%) of the
IR was recovered in the supernatant fraction. We also verified that
stimulation did not influence the relative distribution of PSA IR
between the two fractions (data not shown). Therefore, for all
experiments, data shown are those for the soluble fractions (Fig.
2C–E). As expected, anti-PSA and anti-NCAM antibodies revealed
a broad band migrating above 180 kDa. Removal of PSA using
endoneuraminidase N (Fig. 2D) showed that PSA was mainly
linked to the 180 kDa NCAM isoform. Under both stimulation and
control conditions, PSA and NCAM IR were always detected in
both halves of the DVC, in contrast with neighboring areas, which
were negative for PSA (Fig. 2C) but positive for NCAM (data not
shown). We then compared the quantity of PSA IR in both DVCs.
In control experiments, when the vagus was not stimulated, PSA
IR levels did not differ between the DVCs. In contrast, vagus nerve
stimulation (30 Hz, 15 min) induced a strong decrease in the PSA
(;32%) and NCAM-180 (;25%) contents of the ipsilateral DVC
compared with the DVC on the nonstimulated side (Fig. 2C–E).
These data indicate that vagus nerve stimulation resulted in a rapid
decrease in the amount of the 180 kDa PSA-NCAM isoform in the
DVC. These low PSA levels persisted for at least 5 hr and then
recovered gradually (Fig. 2E).

In vitro experiments
To determine the molecular mechanisms controlling this rapid
modulation of PSA expression, our experimental protocols were
adapted for an in vitro preparation. Fresh brainstem slices were
kept in a standard perfusion chamber, and fibers afferent to DVC
were stimulated with a bipolar electrode placed on the ST (Fig.
3A). Changes in PSA expression, detected on immunoblots, were
expressed as the ratio of ipsilateral /contralateral IR. Controls
were performed as for the in vivo experiments (see above).

We verified that mechanical stress from the stimulation elec-
trode did not influence PSA IR levels by showing that placing the
electrode onto the ST of one hemi-slice for 15 min without
stimulation caused no differences between the two sides (Fig.
3B,C).

ST stimulation (30 Hz for 15 min) in vitro as in vivo induced a
decrease in PSA expression (Fig. 3B). The clear downregulation
of PSA IR in the ipsilateral side in 31 of 36 slices tested averaged
23% when ipsilateral and contralateral sides were compared 15
min after the end of the stimulation (Fig. 3B,C). We then inves-
tigated the effects of stimulation duration. For 30 Hz stimulation,
PSA IR decreased as a function of time. The decrease reached
15% after 5 min and 20% after 10 min of stimulation (Fig. 3B,C).
A single high-frequency (100 Hz) short-duration (1 sec) stimula-
tion train also induced a significant decrease in PSA IR as soon as
5 min after the end of the stimulation (Fig. 3D). A greater
reduction was induced by additional second or third trains applied
5 and 10 min, respectively, after the first. Thus, the decrease in

Figure 2. Quantitative analysis of regulation of PSA expression. A, Enlarged section showing PSA immunoreactivity in the DVC after stimulation of
the cervical vagus nerve (15 min, 30 Hz). The arrow shows the stimulated side. B, Levels of PSA IR were quantified on sections throughout the
rostrocaudal axis in three selected structures: the AP, the DMX, and the mNST. The results were analyzed by calculating the ratio of the IR level
recorded in the stimulated side over that of the contralateral, nonstimulated side and expressed as a percentage of increase or decrease (ipsilateral side
IR/contralateral side IR). C, Example of a typical Western blot showing the expression of PSA in control and in stimulated adult rat in the DVC and
in the hypoglossal nucleus (XII ). D, Example of a Western blot revealed with anti-PSA (lanes 1–4 ) and anti-NCAM (lanes 5–8) antibodies in stimulated
adult rat. The homogenates were incubated with endoneuraminidase N (Endo N; lanes 3, 4, 7, 8) to remove PSA and visualize NCAM proteins (lanes
7, 8). E, Quantification of PSA IR (black bars) and NCAM IR (white bar; n 5 15) on Western blots after electrical stimulation of the vagus nerve. Rats
were stimulated (15 min, 30 Hz) and killed just after the end of the stimulation (t 5 0; n 5 21), 5 hr (t 5 5 hr; n 5 5), or 24 hr later (t 5 24 hr; n 5
8). Mean 6 SEM of the data. *p , 0.05; Wilcoxon test; stimulated versus contralateral side for each time considered; ns, not significant. **p , 0.05;
ANOVA; stimulated side at the end of stimulation (15 min, 30 Hz) versus stimulated side 5 and 24 hr after stimulation. ip, Ipsilateral side to the
stimulation; ct, contralateral side to the stimulation.

4724 J. Neurosci., July 1, 2001, 21(13):4721–4730 Bouzioukh et al. • Regulation of PSA-NCAM by NMDA Receptor and NO



PSA IR occurs rapidly (,5 min) and is sensitive to the number
and duration of the stimulation trains.

Activation of NMDA receptors is a prerequisite to
PSA decrease
Peripheral information conveyed by vagal afferent fibers activates
predominantly glutamate receptors (Saha et al., 1995; Schaffar et
al., 1997). Using a pharmacological approach, we investigated the
role of glutamate receptor subtypes in the regulation of PSA
expression on brainstem slices. All drugs were tested using the 15
min duration, 30 Hz frequency stimulation paradigm. Figure 4A
shows that coapplication in normal saline of CNQX, an AMPA
receptor antagonist, and APV, an NMDA receptor (NMDAR)
antagonist, inhibited the stimulation-induced PSA IR decrease;
the IR ratio from the two DVCs was similar to that of unstimu-
lated controls. When used separately in normal saline, the drugs
yielded similar results. However, in a magnesium-free medium,
which removes the magnesium blockade of NMDA receptors at
resting potential (Nowak et al., 1984), ST stimulation induced a
reduction in PSA IR that was insensitive to CNQX but sensitive
to APV. In normal saline, blockade of NMDA receptors by APV
also blocked the decrease in PSA IR induced by three trains of
stimulation at high frequency (Fig. 4A).

The involvement of NMDA receptors in the reduction of PSA
expression was further confirmed by direct NMDA receptor
stimulation. Medullary slices were cut into two halves along the
midline. One half was perfused with ACSF containing NMDA
and the other with normal saline. The PSA IR of the half
superfused with NMDA was always lower than that in the control
hemi-slice (Fig. 4A). In similar experiments raising K1 concen-
tration to 30 mM in the ACSF for 7.5 min also downregulated
PSA IR. This effect completely vanished when APV was added to
the high-K1 saline (Fig. 4B). The effect of ST stimulation on PSA
(Fig. 4B) was not abolished by addition of bicuculline to the
perfusing saline, suggesting that GABAA receptors do not con-
tribute to PSA regulation.

Nitric oxide–cGMP pathway regulates the expression
of PSA-NCAM
Activation of NMDA receptors may cause nitric oxide (NO)
release and cGMP formation (East and Garthwaite, 1991). We
therefore tested whether the PSA IR decrease induced by ST
stimulation was dependent on the activation of the NO pathway.
All drugs were tested as previously with stimuli at 30 Hz applied
for 15 min. In a first series of experiments, we used NNA, an
inhibitor of both neuronal NO synthase (nNOS) and endothelial
NOS. Incubation of the slices in the presence of NNA prevented
the stimulation-induced decrease in PSA IR (Fig. 5A,B). A
similar result was obtained with 7-NI. To further confirm the role
of NO in the reduction of PSA IR, we checked on halves sepa-
rated from their control counterparts whether NO donors mim-
icked ST stimulation. As shown in Figure 5B, bath application of
SNP or SNAP for 7.5 min reproduced the decrease in PSA IR
seen after ST stimulation.

In NOS-containing neurons, glutamate-induced elevations of
Ca21 activate calmodulin and induce NO production by activat-
ing NOS (Snyder, 1992). Blockade of calmodulin by perfusion of
slices with calmidazolium prevented the decrease in PSA IR
induced by ST stimulation (Fig. 5C,D). NOS activation induces
cGMP production in the hippocampus (East and Garthwaite,
1991). Thus, we asked whether production of cGMP via activa-
tion of soluble guanylyl cyclase was involved in the pathway

Figure 3. Effects of electrical stimulation of the solitary tract on PSA
expression in slices. A, Schematic representation of transverse section of
brainstem at the level of the AP. The box shows the medial NST and the
arrangement of the stimulating electrode. B, Typical Western blot showing
PSA IR decrease in the ipsilateral side to the stimulation. This decrease was
a function of time after the stimulation. C, Quantification of PSA on
Western blots after electrical stimulation at 30 Hz during 5 (n 5 5), 10 (n 5
5), or 15 (n 5 36) min (lef t to right). Mean 6 SEM of the data. No statistical
significant difference in PSA IRs between the two sides of the DVC was
observed for the sham (n 5 7). *p , 0.05; Wilcoxon test; stimulated side
versus contralateral side for a given experimental condition. **p , 0.05;
ANOVA; sham versus stimulated sides for 5, 10, and 15 min of stimulation.
D, Quantification of PSA IR on Western blots after electrical stimulation of
the ST with one (n 5 6), two (n 5 6), or three (n 5 20) high-frequency (100
Hz) short-duration (1 sec) stimulation trains applied every 5 min. Mean 6
SEM of the data. *p , 0.05; Wilcoxon test; stimulated side versus contralat-
eral side for a given condition. **p , 0.05; ANOVA; sham versus stimu-
lated sides for one, two, and three stimulation trains.
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regulating PSA expression. Bath application of ODQ, a potent
and selective inhibitor of this enzyme (Garthwaite et al., 1995),
suppressed the effects of ST stimulation (Fig. 5C,D).

Because NO can act as a transcellular messenger, we chelated
extracellular NO using PTIO (Fig. 5C,D) or carboxy-PTIO (data
not shown), two membrane-impermeable NO scavengers (Ko and
Kelly, 1999), to test whether NO diffusion was involved. We
verified that, in the absence of stimulation, the PSA IR of PTIO-
treated and untreated separated halves was not statistically dif-
ferent (data not shown). In the presence of the NO scavengers,

the ST stimulation resulted in an increase in PSA IR. Further-
more, in all experiments, NO chelation caused instead an increase
of PSA IR on the stimulated side (Fig. 5C,D). This result suggests
that diffusible and intracellular NO may have opposing influences
on the changes on PSA expression induced by ST stimulation. To
further ascertain that NMDA receptor activation occurred up-
stream of NOS activation in the pathway, we tested the effects of
NMDA addition in the presence of PTIO. For these experiments,
DVCs were separated in two halves, one side being used as
control. Here again, PSA-NCAM expression was upregulated in
the NMDA–PTIO-treated half compared with the control hemi-
slice (Fig. 5C,D).

This decrease in PSA IR is rapid and probably involves syn-
aptic endocytosis of PSA, followed by its degradation. PAO and
sucrose, two reagents reported to interfere with mechanisms
involved in clathrin-dependent endocytosis (Frost and Lane,
1985; Heuser and Anderson, 1989), strongly reduced the decrease
in PSA IR resulting from stimulation with the NO donor SNAP
(Fig. 5E,F).

The stimulation-induced PSA IR decrease is
associated with NMDAR-dependent LTD
To search for a possible link between the modulation of PSA
expression by stimulation and plasticity occurring in the DVC, we
recorded extracellular FPs in adult rat brainstem slices within the
mNST. We showed (Fig. 6A,B) that a 100 Hz stimulation, which
induced a PSA IR decrease, also induced LTD. The slope of field
potentials was maximally reduced within 20 min after stimulation
and remained depressed for the duration of the experiment. The
100 Hz stimulation did not change the amplitude of the presyn-
aptic volley recorded extracellularly (100 6 1% of control value;
n 5 6), indicating that the stimulation excites the same number of
fibers during the experiment (Fig. 6C). Twenty minutes after the
100 Hz stimulation, the average depression was 28 6 3% (n 5 8;
p , 0.001; Mann–Whitney U test). We further demonstrated that
NMDAR activation was required during the induction by apply-
ing the NMDAR antagonist APV. Loading slices with APV
blocked the ability to induce LTD (9 6 5%; n 5 5) (Fig. 6A) and
in addition revealed a nonsignificant increase in the response.
Therefore, NMDARs are likely to be involved in both triggering
this form of synaptic plasticity and regulating PSA-NCAM ex-
pression, suggesting a link between LTD and PSA-NCAM
endocytosis.

The NMDA–NO pathway regulates PSA-NCAM
expression in vivo
We confirmed the physiological relevance of the activation of the
NMDA–NO pathway after ST stimulation by showing that it was
also functional in vivo. Cervical vagus nerve stimulation in anes-
thetized rats induced an ipsilateral reduction in PSA IR (Fig. 2).
When the rats received systemic injections of MK-801 to block
NMDA receptors or intraperitoneal injections of NNA to inhibit
NOS activity, the stimulation-induced PSA IR decrease was
significantly lower than it was in untreated animals (Fig. 7A,B).

DISCUSSION
The first finding of this study is that the expression of PSA-
NCAM within the DVC of adult rats is dynamic and controlled by
synaptic activity. Our study extends a previous report (Bonfanti et
al., 1992) on mapping of PSA expression in adult rats by demon-
strating a precise regional and cellular localization. Interestingly,
PSA-NCAM expression is not observed in all NST subregions but
only in the medial part of the NST, which is implicated in the

Figure 4. Regulation of PSA expression requires NMDA receptors. A,
Glutamate receptor antagonists affect the percentage decrease of PSA IR
after 30 Hz stimulation (15 min) or a high-frequency stimulation (100 Hz,
1 sec, 5 min). Preincubation of slices with both CNQX (20 mM, 10 min)
and APV (50 mM, 10 min) together (n 5 10) or separately (n 5 10) inhibits
the decrease in PSA IR. ST stimulation of slices perfused with CNQX
(n 5 5) in a magnesium-free ACSF (60 min), which removes the magne-
sium blockade of NMDA receptors, still induces a reduction of PSA IR
but not in the presence of APV (n 5 5). Bath application of NMDA (50
mM, 7.5 min) (n 5 8) results in a similar PSA IR downregulation. Mean 6
SEM of the data. *p , 0.05; Wilcoxon test; stimulated side versus con-
tralateral side for a given condition. **p , 0.05; ANOVA; stimulated side
(30 Hz, 15 min) versus stimulated and treated sides according to described
experimental conditions. B, Addition of bicuculline (25 mM, 10 min; n 5
4) does not prevent the effects of ST stimulation. High-K 1 ACSF (30 mM,
7.5 min; n 5 10) results in a decrease of PSA IR that is sensitive to APV
(n 5 6). Mean 6 SEM of the data. *p , 0.05; Wilcoxon test; stimulated
side versus contralateral side for a given condition. **p , 0.05; ANOVA;
stimulated side (30 Hz, 15 min) versus stimulated and treated sides
according to described experimental conditions.
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regulation of visceral function. We show that, in the DVC, PSA
is mainly associated with the NCAM 180 kDa isoform, which is
often expressed in postsynaptic membranes (Persohn et al., 1989;
Persohn and Schachner, 1990). In agreement, PSA labeling was

Figure 5. The nitric oxide–cGMP pathway regulates PSA expression. A,
Typical Western blots probed with anti-PSA antibody. B, Preincubation of
slices with NNA (1 mM, 60 min; n 5 6) or 7-NI (100 mM, 10 min; n 5 6),
two inhibitors of NOS, prevents stimulation-induced PSA IR decrease.

4

Application of the two NO donors SNP (100 mM, 7.5 min; n 5 9) and
SNAP (100 mM, 7.5 min; n 5 6) mimics the PSA IR decrease observed
after ST stimulation. Mean 6 SEM of the data. *p , 0.05; Wilcoxon test;
stimulated side versus contralateral side for a given condition. **p , 0.05;
ANOVA; stimulated side (30 Hz, 15 min) versus treated and stimulated
sides according to described experimental conditions. C, Typical Western
blot probed with anti-PSA antibody. D, Blockade of calmodulin with
calmidazolium (200 nM, 20 min; n 5 8) or soluble guanylyl cyclase with
ODQ (10 mM, 60 min; n 5 6) inhibits the stimulation-induced PSA IR
decrease. Chelation of diffusible NO with PTIO (3 mM, 5 min) results in
an increase in PSA IR after ST (n 5 9) or NMDA (n 5 5) stimulation.
Mean 6 SEM of the data. *p , 0.05; Wilcoxon test; stimulated side versus
contralateral side for a given condition. **p , 0.05; ANOVA; stimulated
side (30 Hz, 15 min) versus stimulated and treated sides according to
described experimental conditions. E, Typical Western blot probed with
anti-PSA antibody. F, Incubation of slices with PAO (50 mM, 10 min; n 5
6) or sucrose (0.45 M, 20 min; n 5 6) reduces PSA IR decrease after
stimulation with the NO donor SNAP. Mean 6 SEM of the data. *p ,
0.05; Wilcoxon test; side treated with NO donor versus contralateral side
for a given condition. **p , 0.05; ANOVA; NO donor-stimulated side
versus corresponding sides treated according to described experimental
conditions.

Figure 6. NMDAR-dependent LTD. A, Time course of changes in FP
slope after 100 Hz stimulation. LTD is induced by 100 Hz stimulation (F;
n 5 8), and 50 mM APV blocks LTD (E; n 5 5). The arrow indicates the
time of stimulation. FPs are normalized to baseline set at 100% 6 SEM.
B, No presynaptic changes could be detected. The amplitude of the
presynaptic volley remained stable for the duration of the experiment.
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punctuate and closely apposed to synaptophysin- or GAP-43-
immunoreactive dots. However, this analysis did not allow us to
determine the precise localization of PSA within the synapse. In
the DVC, PSA did not colocalize with the astrocyte marker
GFAP. This contrasts with its expression in axons and glia of the
adult hypothalamo-hypophyseal system, a structure that under-
goes profound structural remodeling after physiological stimula-
tion (Theodosis et al., 1991). The PSA expression pattern in the
DVC is reminiscent of that reported in the striatum and hip-
pocampus. In the adult striatum, electron microscopy showed that
PSA expression is confined to presynaptic and postsynaptic sites
(Uryu et al., 1999). In the hippocampus, PSA-positive small
boutons were found to make synaptic contacts with PSA-positive
dendrite outgrowths (Seki and Arai, 1999). Such a localization
strongly suggests that, in the DVC, PSA could contribute to
structural remodeling of synapses.

Activity-dependent regulation of adhesion molecules has been
reported previously in several systems (Fields and Itoh, 1996).
The anatomy of the DVC, which allowed both access to slice
preparations and the comparison of PSA IR levels in treated and
control hemi-slices, was particularly suitable for experiments on
the regulation of PSA expression. We provide here the first
evidence for a rapid downregulation of PSA-NCAM levels in-
duced by synaptic activation. Although in vivo stimulation prob-
ably activated both afferent and efferent fibers of the vagus nerve,
it is unlikely that the decrease in PSA resulted from an antidromic
activation of dorsal motor vagal neurons. Immunohistological
observations showed that PSA IR was decreased throughout the
DVC. In addition, in vitro stimulations of the ST (which contains
only afferent fibers) gave similar results, and our pharmacological

data strongly suggest that synaptic activation was crucial to induce
changes in PSA expression. The modulation of PSA expression in
the NST likely depends on ST stimulation, and those observed in
the DMX may be attributable to the activation of local circuit
interneurons and collaterals of second-order NST neurons, which
establish local reflex arc with the DMX (Whitehead, 1988). In-
deed, visceral afferent inputs have their first synaptic relay in the
NST. There is some evidence that the first-order afferents make
some monosynaptic contacts on the dorsally directed dendrites of
the DMX (Rinaman et al., 1989).

Our evidence suggests that changes in PSA expression (1)
resulted from increases in intracellular Ca21, (2) required acti-
vation of NMDA receptors, and (3) involved the NO–cGMP
signaling pathway. Downregulation of PSA was more pronounced
when the duration of the 30 Hz stimulation or the number of
high-frequency trains were increased. A 100 Hz frequency stim-
ulation for 1 sec was as efficient as 30 Hz frequency stimulation
for 5 min. High-frequency stimulation is likely to cause a rapid
depolarization of the postsynaptic membrane, allowing a brief
but intense Ca21 influx.

The vast majority of vagus nerve sensory afferents liberate
glutamate (Sykes et al., 1997). Accordingly, we observed that
blockade of glutamate but not GABA receptors prevented the
stimulation-induced PSA IR decrease. The effects of glutamate
may depend on actions at different ionotropic receptors. Iono-
tropic receptor subtypes have been described within the DVC
and can be activated by ST stimulation on brainstem slices (Tell
and Jean, 1991; Travagli et al., 1991; Yen et al., 1999). In our
model, activation of NMDA receptors is required to produce the
observed PSA IR decrease. Finally, exogenous application of
NMDA resulted in a decrease in PSA IR. Under physiological
conditions, extracellular Mg21 blocks the NMDA receptor chan-
nel at the resting membrane potential. High-frequency stimula-
tion of presynaptic fibers should activate non-NMDA receptor
channels sufficiently to depolarize the postsynaptic cell, remove
the Mg21 blockade, and permit Ca21 entry via NMDA receptor
channels (Nowak et al., 1984). Experiments with a high-K1 saline
further confirm the pivotal role of NMDA receptors. In this
protocol, the decrease in PSA IR was entirely suppressed by
APV, suggesting a negligible role in this effect for Ca21 influx
through voltage-dependent Ca21 channels.

We examined the possible involvement of NO and cGMP, one
of several signaling pathways that might be activated by a postsyn-
aptic rise in Ca21. Activation of NMDA receptors causes NO
release in the cerebellar cortex and formation of cGMP through
activation of NOS in hippocampus (East and Garthwaite, 1991).
NOS is present in presynaptic and postsynaptic sites and cell
bodies within the DVC of adult rats (Krowicki et al., 1997; Lin et
al., 1998). In addition, NMDA-induced depolarization on DVC
neurons is partly mediated by the activation of the NO–cGMP
pathway (Travagli and Gillis, 1994). Our data clearly indicate that
the decrease in PSA IR by afferent stimulation involves NO
production and cGMP synthesis. Alteration of PSA expression
was reproduced by directly adding NO donors into the perfusion
medium. Interfering with NO production by blocking NOS activ-
ity with NNA and 7-NI prevented changes in PSA IR. Activation
of nNOS requires activation of calmodulin by Ca21 (Moore and
Handy, 1997). Accordingly, inhibition of calmodulin suppressed
the effects induced by ST stimulation. Finally, blockade of the
soluble form of guanylyl cyclase by ODQ also suppressed the
decrease in PSA IR. These conclusions are not limited to the slice
preparation, because we confirmed in vivo that blockade of

Figure 7. The NMDA–NO pathway regulates PSA expression in vivo. A,
Typical Western blot. B, In anesthetized rats, systemic injection of MK-
801 (2 mg/kg, 5 min before stimulation; n 5 9) or intraperitoneal
injections of NNA (100 mg/kg, 60 min before stimulation; n 5 8) reduces
the stimulation-induced PSA IR decrease. Mean 6 SEM of the data. *p ,
0.05; Wilcoxon test; stimulated versus contralateral side for a given con-
dition. **p , 0.05; ANOVA; stimulated side at the end of stimulation (15
min, 30 Hz) from control rats versus corresponding stimulated sides from
treated rats.
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NMDA receptors by MK-801 and interfering with NO produc-
tion with NNA prevented the decrease in PSA IR.

Interestingly, scavenging diffusible NO by PTIO or carboxy-
PTIO had an effect opposite to afferent stimulation or to NMDA
application on PSA IR, whereas blocking NO synthesis simply
prevented its occurrence. In the DVC, NO may act primarily as a
transcellular messenger, inducing a strong endocytosis of PSA
through production of cGMP. The increase in PSA IR upon
extracellular application of NO scavengers may result from the
postsynaptic action of NO and cGMP. Indeed, we observed that
NOS or guanylyl cyclase inhibition prevented changes in PSA
expression. A recent study on hippocampal synaptic transmission
demonstrated that NO may serve as both a retrograde messenger
and a postsynaptic intracellular signaling molecule (Ko and Kelly,
1999). However, our results also suggest that another mechanism
not involving NO could participate in the regulation of PSA
expression after ST stimulation.

PSA expression can be controlled at both transcriptional and
post-transcriptional levels (Bruses et al., 1995; Bruses and Rut-
ishauser, 1998), and differential regulation of PSA expression by
activity is not unprecedented. During development, activity in-
creases PSA expression in muscle but decreases it in nerve (Rut-
ishauser and Landmesser, 1996). In addition, PSA can be exter-
nalized on the cell surface by differential delivery of intracellular
stores in response to changes in intracellular Ca21. Indeed, Ca21

influx induces PSA-NCAM exocytosis in pancreatic cells (Kiss et
al., 1994), whereas intracellular Ca21 rise triggered by NMDA
receptor activation have similar effects in oligodendrocyte pre-
cursors (Wang et al., 1996). Exocytosis and endocytosis are two
complementary mechanisms suited to perform regulations in
defined, restricted areas, such as synaptic sites. Here, we provide
the first evidence for a rapid downregulation of PSA at central
synapses. Both the kinetics of the changes in expression and their
sensitivity to endocytosis blockers strongly support an involve-
ment of PSA-NCAM endocytosis and rapid degradation of PSA.
Our experimental conditions produced a strong and global de-
crease in PSA IR, which might obscure more subtle variations
occurring at the synaptic level. Nevertheless, we have provided
evidence that PSA expression in the DVC is synaptically regu-
lated and that this event might be linked to LTD.

This rapid modulation of adhesion molecule expression at the
cell surface is reminiscent of that reported for the NCAM ho-
molog (apCAM) in Aplysia, fasciclin II in Drosophila (Schuster et
al., 1996), and the mammalian neural cell adhesion molecule L1
(Kamiguchi et al., 1998).

PSA-NCAM, as well as NO, has an important role in synaptic
plasticity in the mature brain. NO is required for the NMDA-
dependent form of synaptic plasticity in different brain regions
(Lev-Ram et al., 1997; Calabresi et al., 1999). Removal of PSA
from NCAM impairs long-term changes in synaptic efficacy in
hippocampal organotypic slice cultures (Muller et al., 1996).
Similar results were obtained by using antibodies raised against
NCAM on acute hippocampal slices (Luthl et al., 1994). Our
study has identified a functional link between NO production and
PSA-NCAM regulation, integrating several observations on the
involvement of NO and PSA-NCAM in synaptic plasticity. In
Aplysia, serotonin-induced retrieval of apCAM from the presyn-
aptic membrane, which should promote a less adhesive environ-
ment, is linked to LTP and synaptogenesis (Bailey et al., 1992;
Mayford et al., 1992). If PSA has an anti-adhesive function
(Rutishauser and Landmesser, 1996), then in our model it might
facilitate morphological changes, whereas its endocytosis should

increase adhesion and stabilize the synapses. Several experiments
have failed to demonstrate LTP at excitatory synapses within the
DVC (Glaum and Brooks, 1996). Recently , Zhou et al. (1997)
presented instead direct evidence for LTD in 3- to 21-d-old NST
neurons, dependent on activation of NMDA receptors, and a rise
in intracellular Ca21. Here, we also observed an NMDAR-
dependent synaptic plasticity in the adult NST neurons with the
same stimulation as the one used to induce a decrease in PSA-
NCAM expression. Although other experiments are needed to
demonstrate it, these results suggest that these two events may be
linked.

In conclusion, our data provide strong evidence for a rapid
modulation of PSA by synaptic activation in a mammalian model.
The dynamic of PSA expression suggests that it plays a finely
tuned role in the integration of afferent information within the
DVC and so participates in the cellular mechanisms by which this
structure contributes to the homeostatic regulation of visceral
function.
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