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Abstract
Both glutamate and nitric oxide (NO) may play an important role in cardiovascular reflex and
respiratory signal transmission in the nucleus tractus solitarii (NTS). Pharmacological and
physiological data have shown that glutamate and NO may be linked in mediating cardiovascular
regulation by the NTS. Through tract tracing, multiple-label immunofluorescent staining, confocal
microscopic, and electronic microscopic methods, we and other investigators have provided
anatomical evidence that supports a role for glutamate and NO as well as an interaction between
glutamate and NO in cardiovascular regulation in the NTS. This review article focuses on
summarizing and discussing these anatomical findings. We utilized antibodies to markers of
glutamatergic neurons and to neuronal NO synthase (nNOS), the enzyme that synthesizes NO in
NTS neurons, to study the anatomical relationship between glutamate and NO in rats. Not only were
glutamatergic markers and nNOS both found in similar subregions of the NTS and in vagal afferents,
they were also frequently colocalized in the same neurons and fibers in the NTS. In addition,
glutamatergic markers and nNOS were often present in fibers that were in close apposition to each
other. Furthermore, N-methyl-D-aspartate (NMDA) type glutamate receptors and nNOS were often
found on the same NTS neurons. Similarly, alpha-amino-3-hydroxy-5-methylisoxozole-proprionic
acid (AMPA) type glutamate receptors also frequently colocalized with nNOS in NTS neurons. These
findings support the suggestion that the interaction between glutamate and NO may be mediated both
through NMDA and AMPA receptors. Finally, by applying tracer to the cut aortic depressor nerve
(ADN) to identify nodose ganglion (NG) neurons that transmit cardiovascular signals to the NTS,
we observed colocalization of vesicular glutamate transporters (VGluT) and nNOS in the ADN
neurons. Thus, taken together, these neuroanatomical data support the hypothesis that glutamate and
NO may interact with each other to regulate cardiovascular and likely other visceral functions through
the NTS.

Keywords
aortic depressor nerve; glutamate; nodose ganglion; neuronal nitric oxide synthase; vesicular
glutamate transporters; N-methyl-D-aspartate; alpha-amino-3-hydroxy-5-methylisoxozole-
proprionic acid

1. Introduction
Numerous neurotransmitters and modulators are present in the nucleus tractus solitarii (NTS),
which plays a major role in regulation of many physiological functions that include
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cardiovascular, gustatory, respiratory, hepatic and renal function in several mammalian species
(Lawrence and Jarrott, 1996; Bradley et al., 1996). Among neurotransmitters and modulators,
the excitatory amino acid glutamate is considered to be a neurotransmitter at cardiovascular,
respiratory and gustatory afferent terminals in the NTS (Talman, 1994; Lawrence and Jarrott,
1996; Bradley et al., 1996). Some studies also suggest that nitric oxide (NO), which produces
depressor and bradycardia responses similar to those elicited by glutamate, may also participate
in cardiovascular and respiratory signal transduction in the NTS (Machado and Bonagamba,
1992; Ogawa et al., 1995). Furthermore, these two neurotransmitters may interact with each
other to modulate cardiovascular function and gastrointestinal functions in the NTS, as
suggested by many pharmacological studies (Di Paola et al., 1991; Krowicki et al., 1997; Lo
et al., 1997; Lin et al., 2000a; Talman et al., 2001; Matsuo et al., 2001; Yamanashi et al.,
2002; Dias et al., 2003; Talman and Lin, 2006). The suggestion that NO and glutamate may
interact in the NTS is also supported by some neuroanatomical studies. This article will focus
on reviewing these chemical neuroanatomical data from our own studies as well as from other
laboratories that support the role of glutamate and NO and their interaction in signal
transmission in the NTS. Most of these studies were performed in anesthetized rats, unless
indicated otherwise.

2. Physiological and pharmacological support for actions and interactions of
NO and glutamate in the NTS

Many studies have focused on identification of neurotransmitters involved in mediating
physiological functions controlled by the NTS and on interactions between numerous putative
transmitters found in the NTS of several mammalian species (Lawrence and Jarrott, 1996;
Bradley et al., 1996; Jordan, 2005; Potts, 2006). Studies of the excitatory amino acid glutamate
and its role in cardiovascular regulation through the NTS have demonstrated that glutamate is
present in the NTS and the NG, the site of neurons that give rise to vagal afferents that terminate
in the NTS of rats, cats and lambs (Takayama and Miura, 1992; Sweazey, 1995; Sykes et al.,
1997). Electrical or natural stimulation of baroreceptor afferents may cause release of glutamate
from transmitter stores in the NTS of rats and cats (Granata and Reis, 1983; Meeley et al.,
1989; Gordon and Talman, 1992; Lawrence and Jarrott, 1994; Allchin et al., 1994; Ohta and
Talman, 1996) where it may bind to glutamate receptors and evoke cardiovascular responses
like those produced by activation of cardiovascular reflexes (Talman et al., 1980; Gordon and
Talman, 1992). Furthermore, glutamate receptor antagonists block cardiovascular reflexes
after their injection into the rat NTS (Ohta and Talman, 1994). Therefore, it is apparent that
glutamate plays a critical role in cardiovascular reflex transmission as it may for other visceral
reflex transmission within the NTS.

Nitric oxide (NO), like glutamate, may also participate in cardiovascular and respiratory signal
transduction in the rat NTS (Machado and Bonagamba, 1992; Ogawa et al., 1995).
Microinjection of S-nitrosocysteine, an NO donor, or L-arginine, an NO-precursor, into the
NTS produces hypotension and bradycardia in both anaesthetized and conscious rats (Lewis
et al., 1991; Machado and Bonagamba, 1992). L-nitro-arginine methyl ester (L-NAME), an
NO synthase (NOS) inhibitor, evokes opposite responses (Harada et al., 1993). Thus, NO or
NO donors may play a role in transmission of cardiovascular reflex signals in the NTS. The
role of NO in the NTS is likely not restricted to cardiovascular control but may include other
regulatory functions as well. For example, NO may also participate in gastrointestinal control
given that microinjection of L-arginine into the NTS decreases intragastric pressure and
microinjection of L-NAME produces an opposite response (Krowicki et al., 1997).

Reports suggest a relationship between actions of glutamate and NO in some regions of brain.
For example, activation of glutamate receptors in the cerebellum leads to synthesis and release
of NO (Garthwaite et al., 1988; Garthwaite et al., 1989) that in turn activates soluble guanylate
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cyclase (sGC) to increase cGMP in rats (Garthwaite and Garthwaite, 1987). L-NG-
monomethylarginine (L-NMMA), which blocks NO synthesis from L-arginine, inhibits
increases of cGMP induced by N-methyl-D-aspartic acid (NMDA), a glutamate receptor
agonist (Garthwaite et al., 1989). Through these and other interactions glutamate and NO may
jointly play a role in such critical activities as long term potentiation in the hippocampus (Izumi
et al., 1992) and long term depression in the cerebellum (Shibuki and Okada, 1991). Similar
to these areas of the brain, interactions between glutamate and NO may also exist in the NTS.
It was reported that NO release may be linked to glutamate receptor activation in the NTS (Di
Paola et al., 1991; Wang et al., 2007) and that NO in the NTS may lead to release of glutamate
(Lawrence and Jarrott, 1993). Depressor and bradycardia effects of glutamate or NMDA
microinjected into the NTS were blocked by prior administration of NO synthase (NOS)
inhibitors, while NMDA and non-NMDA receptor antagonists attenuated depressor and
bradycardic effect of NO precursor L-arginine (Lo et al., 1997). Furthermore, an increase in
NO production, indexed by the levels of nitrite and nitrate in dialysate, has been observed after
injection of NMDA into the NTS (Matsuo et al., 2001) and release of glutamate was inhibited
by a NOS inhibitor introduced into the NTS (Matsuo et al., 2001). Thus, these pharmacological
data indicate that NO and glutamate may interact with each other in the NTS, as was found in
the hippocampus and the cerebellum, in modulating cardiovascular regulation.

3. Anatomical support for interaction between NO and glutamate in the NTS
3.1. Distribution of glutamate in the NTS

We have used immunofluorescent staining to study the distribution of glutamate in the rat NTS
(Lin et al., 2000b). Although the antibody we used has been demonstrated to be very specific
by immunoblot analysis and immunoadsorption studies (Hepler et al., 1988), we recognized
that it may stain both metabolic pools, as well as neurotransmitter pools of glutamate (Fonnum,
1984). However, while it is not possible to identify conclusively the metabolic pool of
glutamate in the tissue, it has been assumed that neurons and fibers that are enriched with
glutamate when compared with background labeling represent those utilizing glutamate as a
neurotransmitter (Saha et al., 1995b). Consistent with other reports in rats (Dun et al., 1994;
Krowicki et al., 1997), our study showed that glutamate is present in many fibers and neurons
in all NTS subnuclei throughout the NTS. The central subnucleus contained a very high density
of glutamate-containing neurons while the dorsolateral, medial and interstitial subnuclei
contained a moderate density of glutamate-containing neurons.

3.2. Distribution of nNOS in the NTS
Nitric oxide (NO) is formed via the oxygenation of L-arginine by the catalytic enzyme NOS.
There are three isoforms of NOS: neuronal NOS (nNOS), endothelial NOS (eNOS) and
inducible NOS (iNOS) (Moncada and Higgs, 1991; Knowles and Moncada, 1994). While iNOS
is scarcely present in the rat NTS (Lin et al., 2007), the two constitutive forms of NOS, nNOS
and eNOS, have been documented to be present in the rat NTS (Dun et al., 1994; Krowicki et
al., 1997; Lin et al., 1998; Lin et al., 2007). Using antibodies generated against nNOS,
immunofluorescent staining of the rat NTS has shown that nNOS is present in neurons and
fibers of all NTS subnuclei (Dun et al., 1994; Krowicki et al., 1997; Lin et al., 1998). Consistent
with immunofluorescent staining findings, nNOS mRNA is also observed in the NTS via in
situ hybridization (Lin et al., 1997). Variations in the intensity of nNOS immunoreactivity and
density of stained neurons among different NTS subnuclei suggest that the amount of nNOS
varies from one subnucleus to another. In general, more nNOS containing neurons and fibers
are observed in the rostral rat NTS than in the caudal rat NTS (Dun et al., 1994; Krowicki et
al., 1997; Lin et al., 1998). The highest density of nNOS containing fibers and neurons is found
in the central subnucleus, an area that receives visceral afferents from the stomach, mouth and
esophagus in several mammalian species that include rat, cat and monkey (Hamilton and
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Norgren, 1984; Gwyn et al., 1985; Altschuler et al., 1989). This finding may suggest a role for
NO in gustatory regulation through the central subnucleus. Other subnuclei, for example the
dorsolateral, commissural, medial and interstitial subnuclei, demonstrate a moderate density
of nNOS containing neurons and fibers. These subnuclei receive visceral afferents from
baroreceptors and the carotid body (Ciriello, 1983; Housley et al., 1987). Finding nNOS in
neurons in these areas supports pharmacological findings that NO may be involved in
regulation of blood pressure and heart rate (Lewis et al., 1991; Machado and Bonagamba,
1992).

3.3. Colocalization of nNOS and glutamate in the NTS
We used confocal laser scanning microscopy to examine the distribution of glutamate and
nNOS in the rat NTS after brain stem sections had undergone immunofluorescent labeling for
glutamate and nNOS (Lin et al., 2000b). Glutamate-immunoreactive (IR) and nNOS-IR cells
and fibers were distributed in homologous regions of the NTS and proximate to each other. In
addition, many neurons and fibers throughout all subnuclei of the NTS were both glutamate-
IR and nNOS-IR (representative subnuclei are shown in Fig. 1, panels A1-3, B and E). Similar
results have been reported in the gustatory region of the NTS when nicotinamide adenine
dinucleotide phosphate (NADPH) diaphorase was used as a histochemical marker of NOS and
was combined with glutamate immunohistochemistry (Maqbool et al., 1995).

We further analyzed the percentage of glutamate-IR cells that were additionally stained for
nNOS in rat NTS subnuclei (Lin et al., 2000b). We observed that 86 ± 7% of glutamate-IR
cells also nNOS-IR in the central subnucleus (Fig. 1B). This subnucleus not only receives
projections from the stomach, mouth and esophagus, as mentioned earlier, but also nNOS
neurons in this subnucleus may act as interneurons in a central pathway connecting esophageal
afferents and efferents (Gai et al., 1995). Based on the observation that a high percentage of
neurons in the central subnucleus contain both nNOS and glutamate, we conjecture that this
subnucleus may mediate gustatory functions through an intracellular interaction between
glutamate and NO. However, to date, there are no pharmacological data available regarding
an interaction between NO and glutamate in mediating gustatory functions by the NTS.

The percentages of glutamate-IR cells that were also nNOS-IR were 19% to 28% in other rat
NTS subnuclei except the medial subnucleus where a lower percentage (10 ± 7%) was found.
We also analyzed the percentage of nNOS-IR cells that were additionally stained for glutamate
in NTS subnuclei. The central nucleus again had the highest percentage (83 ± 13%) of nNOS-
IR neurons that were also glutamate-IR. The percentages of nNOS-IR neurons that were also
glutamate-IR were 20% to 64% in the other subnuclei except the commissural subnucleus
where a lower percentage (9 ± 8%) was found. Although lower percentages of double-labeled
neurons were present in the dorsolateral and commissural subnuclei potential contacts between
glutamate-IR fibers/perikarya and nNOS-IR fibers/perikarya were often observed. Therefore,
interaction between glutamate and NO may exist in subregions of the NTS even when
colocalization of nNOS and glutamate may be infrequent.

4. Additional anatomical support: Colocalization of nNOS and vesicular
glutamate transporters (VGluT) in the NTS

Because glutamate immunohistochemistry cannot distinguish the metabolic pool of glutamate
from the neurotransmitter pool; a better marker for glutamatergic neurotransmission was
desired. Vesicular glutamate transporters (VGluT) have been identified and have been
recognized as markers (Fremeau et al., 2001; Fujiyama et al., 2001; Stornetta et al., 2002) for
glutamatergic neurons and their axon terminals (Takamori et al., 2000). They are considered
better markers of glutamatergic processes than glutamate, glutaminase, or plasma membrane
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excitatory amino acid transporters, which have also been used to identify glutamatergic neurons
(Kaneko et al., 2002). Currently 3 types of VGluT are recognized: VGluT1, VGluT2 and
VGluT3 (Takamori et al., 2000; Fremeau et al., 2001; Fujiyama et al., 2001; Gras et al.,
2001; Stornetta et al., 2002; Fremeau et al., 2002). Immunohistochemical studies revealed that
all three forms of VGluT are present in the rat NTS (Kaneko et al., 2002; Stornetta et al.,
2002; Lin et al., 2004; Lin and Talman, 2005a) and that some of them colocalize with nNOS
in the rat NTS as detailed below (Lin et al., 2004; Corbett et al., 2005; Lin and Talman,
2005a).

4.1. Distribution of VGluT1 and VGluT2 in the NTS
Our study showed that the rat NTS contained lower levels of VGluT1-IR in neuronal processes,
but VGluT1-IR was not present in the cell bodies or primary dendrites. Finding VGluT1 in
neuronal processes and not in the cell bodies in the NTS is consistent with results from other
areas of rat brain (Fremeau et al., 2001; Fujiyama et al., 2001). A very high level of VGluT1
immunoreactivity was present in dense fibers in the gracilis and cuneatus nuclei, especially at
the level of and caudal to the area postrema (Lin et al., 2004). VGluT1-IR fibers were present
in moderate density in the lateral and interstitial subnuclei of the NTS. A low density of
VGluT1-IR fibers was found in the rest of the subnuclei that included dorsolateral, medial and
central subnuclei. As was seen with VGluT1-IR, VGluT2-IR structures also exhibited a
punctate pattern of fluorescein staining in fibers. That observation replicates results from
studies in other areas of the rat brain (Fremeau et al., 2001; Fujiyama et al., 2001). While
VGluT1-IR was absent from some subnuclei, VGluT2-IR was present in all subnuclei.
VGluT2-IR was found in subnuclei that receive cardiovascular afferents, such as the
dorsolateral, commissural and subpostremal subnuclei, as well as those that receive gustatory
afferents, such as the central, lateral and interstitial subnuclei of rat and cat (Kalia and Mesulam,
1980; Kalia et al., 1980; Kalia and Sullivan, 1982). These results provide immunohistochemical
support for the suggestion that glutamate is one of the neurotransmitters that participate in
regulation of numerous physiological functions mediated by the NTS (Talman et al., 1980;
Lawrence and Jarrott, 1996; Bradley et al., 1996).

Because both VGluT1-IR and VGluT2-IR were present in some subnuclei of the NTS, we
performed double-label immunofluorescent staining for VGluT1 and VGluT2 to examine their
relationship in the NTS. Subnuclei of the NTS that contained both VGluT1-IR and VGluT2-
IR included the dorsolateral, lateral, ventral, intermediate and interstitial subnuclei. Although
both VGluT1 staining and VGluT2 staining were observed in these subnuclei, VGluT1 staining
and VGluT2 staining rarely colocalized in any fiber in these subnuclei. For example, the
dorsolateral subnucleus contained both VGluT1-IR fibers and VGluT2-IR fibers, but only very
rare fibers were positive for both VGluT1 and VGluT2. Therefore, it seems that there is a
population of glutamatergic fibers that contain only VGluT2 and another population that
contains only VGluT1. The physiologic relevance of this finding requires further investigation,
but it is noteworthy that VGluT1 and VGluT2 are often distributed in a complementary fashion
in the central nervous system in rat (Herzog et al., 2001; Ziegler et al., 2001; Kaneko and
Fujiyama, 2002). This complementary localization of VGluT1 and VGluT2 is found at the
axon terminal level in several rat brain regions where both VGluT1 and VGluT2 are present
(Kaneko and Fujiyama, 2002). Contrary to these results, VGluT1-IR terminals located in the
lateral half of the rat NTS have been reported to display VGluT2-IR (Lachamp et al., 2006).
The explanation for this discrepancy is not clear, but it may be due to differences in tissue
fixation or antibody dilution between our study and that of Lachamp et al. (Lachamp et al.,
2006).
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4.2. Colocalization of VGluT2 and nNOS in the NTS
Our double-label immunofluorescent staining of VGluT2 and nNOS revealed that that the
density of VGluT2-IR fibers in a rat NTS subnucleus often matched that of nNOS-IR fibers
(Lin et al., 2004). For example, the subpostremal and gelatinosus subnuclei, which contained
a high density of nNOS-IR fibers, also contained a high density of VGluT2-IR fibers. The
ventral, intermediate, interstitial and commissural subnuclei, which contained a low density of
nNOS-IR fibers, also contained a low density of VGluT2-IR fibers. On the other hand, there
was no such relationship between nNOS-IR fibers and VGluT1-IR fibers in these NTS
subnuclei. At high magnification, we found that VGluT2-IR, but not VGluT1-IR, and nNOS-
IR colocalized in some fibers in NTS subnuclei (Fig. 1, panels H1-H4). In addition, VGluT2-
IR fibers were seen apposed to nNOS-IR fibers. These observations provide additional
anatomical support for the hypothesis that glutamate and NO may interact in different
subregions of the NTS that are implicated in mediating various gastrointestinal or
cardiorespiratory functions.

Finding nNOS as well as vesicular glutamate transporters in presynaptic fibers in the NTS
would support potential simultaneous release of NO and glutamate from those same fibers. It
would also support potential modulation of glutamate receptors or glutamate-mediated signal
transduction by NO acting at the postsynaptic neuron. NO formed in the presynaptic neuron
could diffuse into the target (postsynaptic) cell and act directly on sGC to increase levels of
cyclic GMP (Southam and Garthwaite, 1993). The finding that nNOS and sGC colocalize in
cells and fibers in the rat NTS (Lin and Talman, 2005b) supports such possible interaction
between nNOS and sGC in the NTS. Similar modulation of signal transduction through actions
of NO could also be effected through actions of glutamate alone released from terminals
(VGluT2 positive) in the NTS. Glutamate, thus released, could then act on postsynaptic neurons
that express nNOS. On the other hand, NO could also feed back to the presynaptic site to inhibit
glutamate release from terminals. Such an intercellular interaction between NO and glutamate
has been shown to involve postsynaptic formation of NO triggered by increased levels of
intracellular calcium (Knowles et al., 1989; Wang et al., 2006; Wang et al., 2007).

4.3. Distribution of VGluT3 in the NTS
VGluT3 staining in the rat NTS was weaker than in many other brain stem structures such as
the gracilis nucleus, hypoglossal nucleus, dorsal motor nucleus of vagus and nucleus ambiguus.
In the rat NTS, the densities of cells and processes stained for VGluT3 were higher in the
intermediate, medial and interstitial subnuclei than those in the central, dorsolateral, ventral,
and commissural subnuclei (Lin and Talman, 2005a). While VGluT1 and VGluT2 staining
were observed only in processes, VGluT3 staining was observed in processes as well as cell
bodies in the rat NTS (Lin and Talman, 2005a). In fact, staining in cell bodies was often more
prominent than in processes. Our observation that VGluT3 was present in the rat NTS is
consistent with a previous publication that shows VGluT3 mRNA in the rat NTS (Schafer et
al., 2002). In addition, VGlulT3 staining was noted not only in neurons, as demonstrated by
its colocalization with a neuronal marker, neuronal nuclear antigen (NeuN) (Fig 2. panelsA2-
A3), but also it was seen in glial structures, as demonstrated by its colocalization with a glial
marker, glial fibrillary acidic protein (Lin and Talman, 2005a). This observation is in line with
findings from other laboratories that show the presence of VGluT3 in axons, dendrites, neurons,
astrocytes and glial end feet (Fremeau et al., 2002). In addition, VGluT3 is expressed not only
in excitatory, typically glutamatergic, neurons but also at inhibitory synapses and neurons in
rat (Gras et al., 2001; Fremeau et al., 2002).

Because VGluT1, VGluT2 and VGluT3 were found in the same rat NTS subnuclei, we
performed additional double-labeling immunofluorescent staining to examine their
relationship in the NTS. Immunoreactivity of VGluT3 never colocalized with either that of
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VGluT1 or VGluT2 in fibers or cells in NTS subnuclei. The segregation of VGluT3 staining
and VGluT1 staining was observed even in areas where the density of VGluT3-IR processes
and the density of VGluT1-IR fibers were relatively high, such as the intermediate subnucleus.
This can be expected since VGluT3 is found in axons, dendrites, neurons, astrocytes and glial
end feet, while VGluT1 and VGluT2 are present solely in axonal terminals in rat (Fremeau et
al., 2002). Another report has also shown that VGluT3 was not found in VGluT1 or VGluT2
synapses in the rat neocortex (Schafer et al., 2002). Therefore, although VGLUT3 is
structurally and functionally closely related to VGluT1 and VGluT2, the distinct distribution
of VGluT3 has prompted the suggestion that the VGluT3 system is a distinct glutamatergic
marker of its own and that VGluT3 is neither a part of the VGluT1 nor the VGluT2 system
(Schafer et al., 2002). Investigators have suggested that VGluT3 might contribute to exocytotic
release of glutamate by non-neural cells (Fremeau et al., 2002).

4.4. Colocalization of VGluT3 and nNOS in the NTS
Our immunofluorescent staining showed that cells stained for both VGluT3-IR and nNOS-IR
were observed in all subnuclei of the rat NTS although some subnuclei contained more double-
labeled neurons than did others (Lin and Talman, 2005a). Among rat NTS subnuclei, the central
subnucleus contained the highest percentage (77 ± 9%) of VGluT3-IR cells that also was
nNOS-IR. The percentages of VGluT3-IR cells that also were nNOS-IR in the dorsolateral and
medial subnuclei were 42 ± 8% and 48 ± 9%, respectively. On the other hand, the majority of
the nNOS-IR neurons, ranging from 80% to 90%, in NTS subnuclei contained VGlu3-IR. These
double-labeled cells in the rat NTS likely were neurons because they were additionally stained
for NeuN (Fig. 2, panels A1-4). We also noted that some nNOS-IR fibers also were VGluT3-
IR in some rat NTS subnuclei. These double-labeled processes likely were fibers because nNOS
is found in axons and dendrites, but not in glial processes, in the rat NTS (Lin et al., 1998).
Therefore, although VGluT3 is not specifically associated with neurons, the VGluT3-IR fibers
that also contain nNOS staining in the NTS likely were of neuronal origin. If that is the case,
these data would provide useful information for the hypothesis that glutamate and NO in the
NTS may interact in different subregions that are implicated in mediating physiologic
functions.

5. Additional anatomical support: Colocalization of nNOS and NMDA
receptors in the NTS
5.1. Distribution of NMDA receptors in the NTS

Glutamate receptors may be categorized as ionotropic and metabotropic (Hollmann and
Heinemann, 1994; Dingledine et al., 1999). Based on agonist preferences, three classes of
ionotropic receptors are recognized: NMDA and two non-NMDA classes, α-amino-3-
hydroxy-5-methylisoxozole-proprionic acid (AMPA) and kainic acid (Dingledine et al.,
1999). NMDA glutamate receptors in the NTS are capable of modulating the aortic
baroreceptor heart rate reflex in rat (Andresen and Kunze, 1994; Ohta and Talman, 1994). They
may also participate in the NTS in regulating ventilation (Mizusawa et al., 1994) and
swallowing (Kessler and Jean, 1991).

We have studied the distribution of NMDA receptors in the rat NTS by immunofluorescent
staining using antibody made against NMDA receptor subunit 1 (NMDAR1), the fundamental
subunit of NMDA receptor (Lin and Talman, 2000). The NMDAR1 antibody that we used
recognized all splice variants. Consistent with findings in the cat NTS (Ambalavanar et al.,
1998), we observed NMDAR1-IR neurons and fibers in all NTS subnuclei, with the highest
density of NMDAR1-IR cells being found in the central subnucleus. The medial, dorsolateral,
ventral and interstitial subnuclei contained a moderate density of NMDAR1-IR cells. The
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presence of NMDAR1-IR in these subnuclei supports pharmacological findings that NMDA
receptors may play a role in glutamate-mediated functions.

5.2. Colocalization of NMDA receptors and nNOS in the NTS
Our previous reports showed that NMDA-induced depressor responses are attenuated by the
nNOS inhibitor 7-nitroindazole and sGC inhibitor in rat (Talman et al., 2001; Chianca, Jr. et
al., 2004). Other investigators have found that prior administration of the NMDA receptor
antagonist MK-801 significantly attenuated depressor and bradycardiac effects of L-arginine,
a precursor of NO in rat (Lo et al., 1997). Because these pharmacological data suggest that
NMDA receptors may be involved in the interaction of NO and glutamate, we hypothesized
that nNOS and NMDA receptors are colocalized or are found on neuronal structures that lie
in close proximity in the NTS. We tested that hypothesis by performing double-label
immunofluorescent staining for nNOS and NMDAR1 receptor in the rat NTS (Lin and Talman,
2000). Analysis of confocal microscopic images of the immunofluorescent labeled NTS
showed that NMDAR1-IR and nNOS-IR colocalized in neurons and fibers in almost all rat
NTS subnuclei (see Fig. 1C and 1F for examples). In addition, NMDAR1-IR cells and fibers
were often apposed to nNOS-IR neurons and fibers. While almost all nNOS-IR neurons were
NMDAR1-IR, the percentages of NMAR1-IR cells that also were nNOS-IR varied among NTS
subnuclei. The central subnucleus contained the highest percentage (94 ± 2%) of double-
labeled NMDAR1-IR cells. The percentages of NMDAR1-IR cells that were double-labeled
in the other NTS subnuclei ranged from 13% – 34%. Colocalization of NMDA receptors and
NOS in the central subnucleus of rat NTS was reported in a previous study, although NADPH
diaphorase was used as a marker for NOS (Broussard et al., 1995). Thus, results from our
NMDAR1 and nNOS double-labeling study supported the hypothesis that potential
interactions between NO and glutamate in the NTS may involve NMDA receptors.

The exact mechanism of NO and glutamate interaction is not known. The interaction may be
intercellular and involve formation of NO triggered by increased levels of calcium (Knowles
et al., 1989; Wang et al., 2006) as a result of the activation of NMDA type glutamate receptor
(Garthwaite et al., 1988). NO may inhibit NMDA receptor-mediated increases in intracellular
calcium and calcium current and act as a feedback regulator of the calcium-calmodulin
dependent production of NO (Manzoni et al., 1992; Wang et al., 2006). On the other hand, the
interaction between glutamate and NO in the NTS may be intracellular and effected through a
common transduction pathway that involves sGC (Garthwaite and Garthwaite, 1987; Bredt
and Snyder, 1989).

6. Additional anatomical support: Colocalization of nNOS and AMPA
receptors in the NTS
6.1. Distribution of AMPA receptors in the NTS

In addition to NMDA receptors non-NMDA glutamate receptors may also play important roles
in the cardiovascular regulation in the NTS (Ohta and Talman, 1994; Yen et al., 1999). For
example, microinjection of a non-NMDA receptor antagonist blocks depressor responses
produced by electrical simulation of the aortic depressor nerve (ADN) in rat (Gordon and
Leone, 1991). Likewise the sensitivity of baroreceptor reflex is decreased by introduction of
a non-NMDA receptor antagonist into the rat NTS (Ohta and Talman, 1994). Non-NMDA
receptors may not only participate in cardiovascular regulation, they may also contribute to
responses elicited by stimulation of gustatory afferents as was observed in goldfish and hamster
(Smith et al., 1998; Smeraski et al., 1999).

There are 4 types of AMPA-selective glutamate receptor subunits (GluR): GluR1, GluR2,
GluR3 and GluR4. Combination of different subunits into hetero-oligomeric complexes
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contributes to the functional diversity of AMPA receptors (Gasic and Hollmann, 1992). We
studied the distribution of AMPA receptors in the rat NTS (Lin and Talman, 2001) using
antibody against GluR1. The rat NTS exhibited moderate staining for GluR1 in perikarya,
proximal dendrites and processes in all of its subnuclei. A moderate density of stained cells
was present in the interstitial, intermediate, dorsolateral, ventral, medial and commissural
subnuclei. Although a higher density of GluR1-IR cells was present in the central subnucleus,
these cells contained a low level of GluR1-IR. These observations are consistent with studies
using immunohistochemical methods (Petralia and Wenthold, 1992; Kessler and Baude,
1999) and in situ hybridization techniques (Sato et al., 1993) to examine the distribution of
AMPA receptors in the rat NTS.

6.2. Colocalization of AMPA receptors and nNOS in the NTS
Prior administration of the non-NMDA receptor antagonist, 6,7-dinitroquinoxaline-2,3-dione,
significantly attenuated depressor and bradycardiac effects of L-arginine (Lo et al., 1997).
Therefore, it is possible that the interaction between NO and glutamate in the NTS may be
mediated through AMPA-selective glutamate receptors as well as NMDA receptors. This
suggestion is supported by the presence of both nNOS and AMPA-selective glutamate
receptors in the NTS (Lin et al., 1998; Ambalavanar et al., 1998; Lin and Talman, 2001). To
further delineate the anatomical relationship between nNOS containing neurons and those with
AMPA receptors, we performed double-label immunofluorescent staining in the rat NTS (Lin
and Talman, 2001). Confocal analysis showed that immunoreactivity of GluR1 and
immunoreactivity of nNOS colocalized in neurons and fibers of the rat NTS (see Fig. 1D and
1G for examples). In addition, GluR1-IR cells and fibers were often apposed to nNOS-IR
neurons and fibers. While almost all nNOS-IR neurons were also GluR1-IR, only a portion of
GluR1-IR cells were nNOS-IR. The central subnucleus had the highest percentage (91 ± 3%)
of GluR1-IR cells that also were nNOS-IR, the dorsolateral and medial subnuclei contained
44 ± 9% and 43 ± 5%, respectively.

The high percentages of double-labeled neurons found in the dorsolateral and medial subnuclei
suggest that AMPA receptors may be important in putative interactions between NO and
glutamate in these subnuclei. Our data are consistent with the hypothesis that the interaction
between NO and glutamate may involve non-NMDA receptors (Lo et al., 1997). As discussed
earlier, the interaction between NO and glutamate in the NTS may go through NMDA receptors
and this interaction may involve formation of NO triggered by increased levels of calcium
(Knowles et al., 1989; Wang et al., 2006) as a result of the activation of NMDA type glutamate
receptors (Garthwaite et al., 1988). Interestingly, it is now known that non-NMDA receptors
can also induce the generation of NO through a calcium-mediated process (Gunasekar et al.,
1995; Yamada and Nabeshima, 1997; Wang et al., 2006). Our finding that calcium permeable
GluR1 subunit and nNOS are colocalized or apposed to each other in the NTS is consistent
with this observation. Similarly, results from this study also suggest that the putative interaction
between glutamate and NO in the central subnucleus may in part involve AMPA receptors,
even though the level of GluR1-IR is low in neurons of this subnucleus. However, as mentioned
before, there are no pharmacological data available to support an interaction between NO and
glutamate in mediating gustatory functions by the NTS. Future studies are required to support
this hypothesis.

7. Relationship of eNOS and nNOS in the NTS
The role of eNOS in cardiovascular regulation in the NTS has been implicated in recent studies
that utilized gene transfer methodology. Researchers have shown that spontaneous
baroreceptor reflex gain was increased, while the heart rate was decreased, in rats that had
received an adenoviral vector that expresses a dominant negative mutant of eNOS to down-
regulate eNOS expression in the NTS (Waki et al., 2003; Waki et al., 2006). In addition, the
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dominant negative mutant of eNOS also prevented angiotensin II-induced baroreflex
attenuation (Paton et al., 2001). While these studies have suggested that NO derived from eNOS
has an inhibitory effect on baroreflex transmission in the NTS, results of other studies may
suggest a different role for NO from eNOS. For example, increasing NO production in the NTS
with an adenoviral vector encoding eNOS caused hypotension and bradycardia in conscious
rats (Sakai et al., 2000; Hirooka et al., 2001; Hirooka et al., 2003). Although the authors of the
latter studies utilized eNOS as a tool for synthesis of NO in the NTS, their results suggest that
NO may be excitatory in the NTS.

While one report briefly mentioned that eNOS positive neurons were not detected by
immunohistochemistry in the medulla (Hirooka et al., 2001), another report showed that eNOS
staining was found in neurons of the NTS where it colocalized with angiotensin II-IR (Paton
et al., 2001). Our own study demonstrated that many brain stem areas, including the NTS, area
postrema, nucleus ambiguus, hypoglossal nucleus and dorsal motor nucleus of vagus, exhibited
eNOS staining (Lin et al., 2007). However, none of the eNOS-IR structures were neuronal in
nature, based on the observation that none of these structures was positive for neuronal marker
(Lin et al., 2007). In contrast, nNOS-IR cells always stained for neuronal marker (Lin and
Talman, 2005a). Double-label immunofluorescent staining of eNOS and nNOS showed that
the two isoforms never colocalized in the NTS although both were abundant in the nucleus
(Lin et al., 2007). Therefore, eNOS and nNOS appear to be expressed in different types of cells
in the NTS. Different cellular compartmentalization of eNOS-IR and nNOS-IR in the NTS is
similar to that described in other central sites. For example, nNOS has been localized mainly
in neurons in the suprachiasmatic nucleus, whereas eNOS has been found in other type of cells
in the nucleus (Caillol et al., 2000). The differential localization of eNOS and nNOS may
suggest that eNOS and nNOS mediate different functions in the NTS. This suggestion was
supported by investigators who demonstrated that the angiotensin II-induced baroreceptor
reflex depression can be prevented by eNOS specific inhibitors, but not by an nNOS specific
inhibitor (Paton et al., 2001). On the other hand, although eNOS and nNOS are present in
different compartments in the NTS, they are often found less than 1–2 μm of each other.
Considering the close proximity of these point sources of NO and the highly diffusible nature
of the molecule (Garthwaite, 1995), it is difficult to reconcile how the same compound released
at nearly the same site may lead to such different physiological effects. The observation again
raises the possibility that NO may be a component of a larger biologically active compound,
which could effect more complex, receptor mediated functions (Ohta et al., 1997; Lipton et
al., 2001).

8. Glutamate and nNOS in the NG and vagal afferents
8.1 Expression of glutamate, glutamate markers and glutamate receptors in the NG and vagal
afferents

The NG contains cell bodies of vagal afferents, which carry visceral information to the NTS
(Kalia and Mesulam, 1980). It has been shown that a fraction of NG neurons was labeled after
injection of 3H-asparate into the NTS, indicating that primary vagal afferent fibers may utilize
glutamate as a neurotransmitter (Schaffar et al., 1990). Supporting that finding, injection of
horseradish peroxidase into the NG anterogradely labeled numerous axon terminals that
contained glutamate (Saha et al., 1995a; Sykes et al., 1997) and removal of the NG resulted in
reduction of glutamate release in the NTS (Meeley et al., 1989). In addition, investigators also
reported that vagal afferents contain glutamate (Lawrence, 1995; Schaffar et al., 1997) and the
R1 subunit of NMDA receptors (Aicher et al., 1999). Recently, VGluT1 and VGluT2 have
been identified in vagal afferents in the NTS when cholera toxin B-subunit was use as
anterograde tracer (Lachamp et al., 2006). Because vagal afferent fibers from the NG also
transmit visceral signals other than those from cardiovascular receptors, those data did not
provide a definitive neuroanatomical link between cardiovascular afferents and glutamate as
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a neurotransmitter of cardiovascular transmission. Injecting cholera toxin B-subunit into the
pericardial sac or the aortic nerve of the rat, some investigators showed specifically that cardiac
vagal afferents expressed VGluT1 and VGluT2, and provided direct evidence that cardiac vagal
axons release glutamate as neurotransmitter (Corbett et al., 2005).

8.2. Expression of nNOS in the NG and vagal afferents
It has been reported that NG neurons express nNOS (Nozaki et al., 1993; Lawrence et al.,
1996). There is also indirect evidence that NOS containing neurons in the NG contribute to
NOS positive terminals in the NTS in that NOS positive NG neurons can be retrogradely labeled
from the NTS (Ruggiero et al., 1996). In addition, the rat vagus nerve appears to bidirectionally
transports nNOS, indicated by accumulation of NADPH-diaphorase reactivity proximal to the
proximal ligature and distal to the distal ligature (Fong et al., 2000). Therefore, we sought to
provide direct evidence that vagal afferents to the NTS contained nNOS by combining
degeneration of vagal afferents after removal of the NG with nNOS immunoelectron
microscopy (Lin et al., 1998). We identified degenerating axonal terminals by the presence of
highly clustered clear vesicles in the terminal axoplasm (Knyihar-Csillik et al., 1982; Lapa and
Bauer, 1992). Axons in the NTS that exhibited features of degeneration were considered to
have arisen from pseudounipolar NG neurons that had been removed with the nodose
ganglionectomy. We noted 67% of degenerating axon terminals were nNOS-IR fibers. These
nNOS-IR fibers formed synaptic contact with dendrites that were either nNOS-IR or not nNOS-
IR. The observation that the majority of vagal afferents contained nNOS-IR indicates that NO
may play an important role in this pathway. In contrast to our results, a lack of nNOS in vagal
afferent terminals in the NTS when tracers were injected to the NG or the heart has been
reported by other investigators (Atkinson et al., 2003). The reason for the discrepancy between
that report and ours is not clear, although it is possible that the neuronal tracers used in the
latter study may have been preferentially accumulated in a different subcellular compartment
(for example, endosomes) than that in which nNOS is localized (for example, synaptic active
zone) in these terminals. In that case, even if the tracer and nNOS were present in the same
axon, their colocalization might not be demonstrable because sections through the axon could
cut through only one compartment at a time. Such limitations on the ability to demonstrate
colocalization have been inferred from another study in which differential
compartmentalization has been shown for cholera toxin B-subunit and VGluT1 (Corbett et al.,
2005). On the other hand, it is also possible that an up-regulation of nNOS following nerve
damage may have occurred in our degeneration study. However, our suggestion that nNOS is
presence in presynaptic terminals innervating the NTS from the NG cell bodies is strengthened
by studies that demonstrated reduction in nNOS ipsilateral to nodose ganglionectomy
(Ruggiero et al., 1996; Lawrence et al., 1998).

8.3. Colocalization of VGluT and nNOS in aortic depressor neurons
The ADN conveys information predominantly from aortic baroreceptors to the NTS (Kalia and
Welles, 1980; Ciriello, 1983; Mendelowitz et al., 1992). Cell bodies of ADN afferent fibers
are located in the NG (Kalia and Welles, 1980; Donoghue et al., 1982). An increase in efflux
of glutamate in the NTS was observed after applying high potassium containing Krebs solution
during stimulation of the ADN (Kubo and Kihara, 1988). Glutamate and glutamate agonists
produce responses in baroreflex-related NTS neurons during ADN stimulation (Zhang and
Mifflin, 1997). These data suggest that ADN neurons in the NG are glutamatergic and therefore
should contain glutamate or markers for glutamatergic transmission. To support that
hypothesis, we applied a fluorescent tracer, tetramethyl rhodamine dextran (TRD), to the rostral
end of the cut ADN in rats to identify ADN neurons and then performed immunofluorescent
staining for glutamatergic markers in the NG (Lin and Talman, 2006). Our results showed that
many NG neurons were VGluT2-IR or VGluT3-IR. In contrast, the majority of NG neurons
were not VGluT1-IR. Of the NG neurons that were TRD positive (i.e. ADN neurons), 8 ± 8%
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were VGluT1-IR, 40 ± 9% were VGluT2-IR, and 40 ± 9% were VGluT3-IR. In addition, we
found that the percentage of ADN neurons that were VGluT2-IR was significantly higher than
that of non-ADN neurons. The percentage of ADN neurons that were VGluT3-IR was
significantly higher than that of non-ADN neurons. These data suggest that ADN neurons are
more likely to be glutamatergic than those that transmit other visceral information.

Using similar methods to test if ADN neurons express nNOS, we found that 38% of ADN
neurons were nNOS-IR (Lin and Talman, 2006). Therefore, the ADN may use NO to transmit
cardiovascular signals. This suggestion is in line with our previously discussed EM data that
show the presence of nNOS in degenerating vagal terminals. In contrast to what we observed
for VGluT2-IR ADN neurons and VGluT3-IR ADN neurons, we found that the percentage of
TRD positive neurons that were nNOS-IR was not significantly different from that of TRD
negative neurons. This may indicate that ADN neurons are as likely to use NO as a
neurotransmitter as are NG neurons that transmit other visceral signals. In fact, a number of
studies have provided support for a role of NO in gastric regulation and respiratory control
(Ogawa et al., 1995; Krowicki et al., 1997; Lipton et al., 2001).

We also performed double-label immunofluorescent staining for nNOS and glutamate markers
in the NG after its ADN neurons had been labeled with TRD (Lin and Talman, 2006). Neurons
triple labeled for TRD, nNOS and VGluT2 were noted in the NG (Fig. 2, B1–B4). Among all
ADN neurons counted, 27 ± 9% were both nNOS-IR and VGluT2-IR. These observations
provide neuroanatomical support for the hypothesis that glutamate and NO may interact in
transmitting aortic afferent signals from ADN neurons to NTS neurons. They are also consistent
with the finding that VGluT2 and nNOS are colocalized in neurons and fibers in the NTS (Lin
et al., 2004). Furthermore, we also noted that VGluT3 and nNOS were colocalized in 21 ± 7%
TRD neurons and some NG fibers (Fig. 2, C1-C4), a finding that is also consistent with our
earlier observation that VGluT3-IR and nNOS-IR colocalize in neurons and fibers in the NTS
(Lin and Talman, 2005a). Taken together, these neuroanatomical data support the hypothesis
that NO and glutamate may interact in mediating cardiovascular function at the level of the
NTS. Our observation that VGluT2 and nNOS colocalized and that VGluT3 and nNOS
colocalized in ADN neurons suggest that there is a cellular framework for simultaneous release
of NO and glutamate in cardiovascular afferents in the NTS. The observation would also
support potential modulation of glutamate receptors or glutamate-mediated signal transduction
by NO acting at the postsynaptic neuron. Of course, glutamate may be released from terminals
that contain VGluT2 or VGluT3 and act upon postsynaptic glutamate receptors to activate
nNOS. Such a mode of action is supported by our data that showed VGluT2-IR fibers and
VGluT3-IR fibers closely apposed to nNOS-IR containing fibers in the NTS (Lin et al.,
2004; Lin and Talman, 2005a). As discussed earlier, NO formed and released by terminals
could also diffuse into the postsynaptic cell to modulate glutamate receptor mediated cellular
activities such as intracellular calcium levels and calcium currents (Southam and Garthwaite,
1993; Wang et al., 2006).

9. Summary
Glutamate and NO may mediate similar physiological responses in the NTS and may interact
to modulate cardiovascular and respiratory functions. In addition to pharmacological studies
that support their roles as neurotransmitters in the NTS and their interaction with each other
there, chemical neuroanatomical studies also provide an anatomical basis for a potentially
relevant physiological link between glutamate and NO in the NTS. Neurons or fibers containing
glutamate, glutamate neuronal markers or glutamate receptors have been shown to colocalize
with, be in close apposition to, or even make synaptic contact with neurons or fibers expressing
nNOS in the NTS (summarized in Table 1), NG, vagal afferents and ADN neurons.
Mechanisms underlining the interaction in the NTS appear to be similar to those in other areas
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of the brain. In the NTS, NO produced by nNOS may affect glutamate release in the presynaptic
site via sGC activation as a result of activated NMDA receptors or AMPA receptors. NO
formed in the presynaptic neuron may also diffuse into the target (postsynaptic) cell and act
directly on sGC to modulate NMDA receptors and AMPA receptors. Glutamate release from
presynaptic sites may act on postsynaptic NMDA receptors and AMPA receptors to increase
calcium levels that lead to the activation of nNOS and enhanced NO production. NO produced
at the postsynaptic site may inhibit NMDA receptors or AMPA receptors and act as a feedback
regulator of NO production. One of the most intriguing questions regarding the glutamate-NO
interaction in the NTS is how NO modulates glutamate signal transduction. Indeed, how does
NO participate both in stimulation and inhibition of glutamate receptors? It will be interesting
to know if NO induces release of glutamate by stimulating VGluTs trafficking in the NTS, and
if it does, how? Are metabotropic glutamate receptors or kainate receptors involved in this
interaction? Future studies designed to answer these questions could clarify glutamate-NO
interactions in regulation of cardiovascular as well as non-cardiovascular systems both in health
and in disease.
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ADN  

aortic depressor nerve

AMPA  
alpha-amino-3-hydroxy-5-methylisoxozole-proprionic acid

ce  
central subnucleus

eNOS  
endothelial nitric oxide synthase

GluR  
glutamate receptor subunit

GluR1  
glutamate receptor subunit type 1

iNOS  
induciable nitric oxide synthase

IR  
immunoreactive
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L-nitro-arginine methyl ester

me  
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NeuN  
neuronal nuclear antigen

NMDA  
N-methyl-D-aspartate

NMDAR1  
NMDA receptor subunit 1

NO  
nitric oxide

NOS  
nitric oxide synthase

nNOS  
neuronal nitric oxide synthase

NG  
nodose ganglion

NTS  
nucleus tractus solitarii

PBS  
phosphate buffered saline

sGC  
soluble guanylate cyclase

TRD  
tetramethyl rhodamine dextran

VGluT  
vesicular glutamate transporter

VGluT1  
vesicular glutamate transporter 1

VGlu2  
vesicular glutamate transporter 2

VGluT3  
vesicular glutamate transporter 3
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Fig. 1.
Pseudo-colored confocal images showing multiple-label immunofluorescent staining of NTS
cells, fibers, and subnuclei. A1–A3: A merged image (A3) of NTS cells demonstrates
glutamate-IR cells (red, A1) and nNOS-IR neurons (green, A2). The arrow in A1–A3 indicates
an NTS neuron that is double-labeled for glutamate and nNOS and appears yellow. B–D: The
central subnucleus (ce) contains many neurons that are double-labeled (examples are indicated
by arrows) for glutamate (red) and nNOS (green) (B), for NMDAR1 (red) and nNOS (green)
(C), and for GluR1 (red) and nNOS (green) (D). E–G: The dorsolateral subnucleus (dl) contains
neurons that are double-labeled (examples are indicated by arrows) for glutamate (red) and
nNOS (green) (E), for NMDAR1 (red) and nNOS (green) (F), and for GluR1 (red) and nNOS
(green) (G). H1–H4: A merged image (H4) of the dl at a high magnification demonstrates fibers
labeled for VGluT1 (blue, H1), VGluT2 (red, H2), nNOS (green, H3). Fibers that are double-
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labeled with nNOS (red) and VGluT2 (green) appear yellow (indicated by arrows). Scale bar
= 5 μm in H1–H4, 20 μm in other panels. Data were extracted from previous publications (Lin
et al., 1998; Lin and Talman, 2000; Lin et al., 2000b; Lin and Talman, 2001; Lin and Talman,
2002; Lin et al., 2004) with permission.
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Fig. 2.
Pseudo-colored confocal images showing multiple-label immunofluorescent staining of NTS
cells in the dorsolateral subnucleus (dl) subnucleus of the NTS and the NG. A1–A4: A merged
image (A4) of the dl demonstrates cells labeled for nNOS (red, A1), VGluT3 (green, A2),
NeuN (blue, A3). Neurons that are triple-labeled appear white, as indicated by arrows. B1–B4:
A merged image (B4) showing NG cells triple-labeled (indicated by arrows) for TRD (red,
B2), VGluT2 (green, B2) and nNOS (blue, B3). C1–C4: A merged image (C4) demonstrating
NG cells triple-labeled (indicated by arrows) for TRD (red, C1), VGluT3 (green, C2) and nNOS
(blue, C3). Scale bar = 20 μm. Data were extracted from previous publications (Lin and Talman,
2005a; Lin and Talman, 2006) with permission.
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Table 1
Anatomical Relationships between nNOS and glutamate, VGluTs, glutamate receptors, and sGC in the rat NTS.

nNOS colocalize
nNOS appose*

cell body fiber

Glutamate + + +

VGluT1 − − −

VGluT2 − + +

VGluT3 + + +

NMDAR1 + + +

GluR1 + + +

sGC + + +

*
Fiber to fiber or fiber to cell body apposition.

"+" indicates the presence of specified relationship.

"−" indicates the lack of specified relationship.
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