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Abstract

The vagus nerve contains primary visceral afferents that convey sensory information from
cardiovascular, pulmonary, and gastrointestinal tissues to the nucleus tractus solitarii (NTS). The
heterogeneity of vagal afferents and their central terminals within the NTS is a common obstacle
for evaluating functional groups of afferents. To determine if different anterograde tracers can be
used to identify distinct subpopulations of vagal afferents within NTS, we injected cholera toxin B
subunit (CTb) and isolectin B4 (IB4) into the vagus nerve. Confocal analyses of medial NTS
following injections of both CTb and 1B4 into the same vagus nerve resulted in labeling of two
exclusive populations of fibers. The ultrastructural patterns were also distinct. CTb was found in
both myelinated and unmyelinated vagal axons and terminals in medial NTS, while 1B4 was found
only in unmyelinated afferents. Both tracers were observed in terminals with asymmetric
synapses, suggesting excitatory transmission. Since glutamate is thought to be the neurotransmitter
at this first primary afferent synapse in NTS, we determined if vesicular glutamate transporters
(VGLUTS) were differentially distributed among the two distinct populations of vagal afferents.
Anterograde tracing from the vagus with CTb or 1B4 was combined with immunohistochemistry
for VGLUT1 or VGLUT2 in medial NTS and evaluated with confocal microscopy. CTb-labeled
afferents contained primarily VGLUT2 (83%), while 1B4-labeled afferents had low levels of
vesicular transporters, VGLUT1 (5%) or VGLUT2 (21%). These findings suggest the possibility
that glutamate release from unmyelinated vagal afferents may be regulated by a distinct, non-
VGLUT, mechanism.
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INTRODUCTION

The vagus nerve contains primary visceral afferents that convey sensory information from
cardiovascular, pulmonary, and gastrointestinal tissues to the nucleus tractus solitarii (NTS)
(Kalia and Mesulam, 1980; Kalia and Sullivan, 1982; Andresen and Kunze, 1994). These
afferents are a mixed population of myelinated and unmyelinated fibers that carry a wide
variety of information centrally (Mei et al., 1980). Recent studies indicate that the function
and signaling of myelinated and unmyelinated vagal afferents may be quite distinct (Peters
et al., 2010). Therefore, we first sought to determine if vagal afferents could be parsed into
myelinated and unmyelinated afferents with neuroanatomical tract tracing techniques.
Cholera toxin B (CTb) has been used to label select afferent populations (Okada et al.,
1982). The ganglioside GM1 on neuronal membranes has been shown to be the site of CTh
binding and is responsible for facilitating transmembrane movement of CTb (Fishman,
1982). Based on somatic size within peripheral ganglia, as well as ultrastructural analysis,
CThb has been shown to be an effective transganglionic tracer that reliably labels primarily
medium to large myelinated afferents, but has been reported to occasionally also label a
small subset of unmyelinated afferents (Sugimoto et al., 1997; Corbett et al., 2005). In
contrast, isolectin B4 (IB4), another transganglionic anterograde tracer, has been shown to
bind specifically to alpha-D-galactose groups, allowing for identification of a subpopulation
of unmyelinated primary afferents (Kitchener et al., 1993; Wang et al., 1994; Corbett et al.,
2005). IB4 is believed to label primarily non-peptidergic unmyelinated c-fibers in somatic
nerves (Ambalavanar and Morris, 1993; Caterina and Julius, 1999). In contrast to somatic
afferents, the distribution of these two tracers with respect to visceral vagal afferents and the
capacity to utilize them to label distinct populations of vagal afferents is unknown. Using
confocal and ultrastructural analyses we determined that these two tracers label largely
different populations.

Vagal afferents form primarily asymmetric synapses with neuronal targets in the NTS
(Aicher et al., 1999), suggestive of excitatory neurotransmission, and glutamate is thought to
be the primary excitatory neurotransmitter at the first primary afferent synapse in NTS
(Talman et al., 1980). Vesicular glutamate transporters (VGLUTS) are believed to be located
on synaptic vesicles and play a role in the transport of glutamate into these vesicles (Renick
etal., 1999; Bellocchio et al., 2000; Varoqui et al., 2002; Fremeau, Jr. et al., 2004). It has
been suggested that VGLUTSs may be required for functional vesicular glutamate release
from central axon terminals (Varoqui et al., 2002). Three glutamate transporters have been
identified; VGLUT1, VGLUTZ2, and VGLUT3, and are generally expressed in non-
overlapping populations in the CNS (Fremeau, Jr. et al., 2004). VGLUT1 and VGLUT2
share sequence similarity and are generally found in a complementary distribution
throughout the brain and spinal cord (Fremeau, Jr. et al., 2004). VGLUT3 does not share
sequence similarity with the other 2 transporters, exhibits a much more variable localization,
has been found in cholinergic as well as glutamatergic neurons (Gras et al., 2002; Fremeau,
Jr. et al., 2004; Takamori, 2006), and has not been reported in primary afferent fibers.
Therefore, we confined our analysis to VGLUT1 and VGLUT2 which have been found in
distinct populations of somatic afferents to dorsal horn (Todd et al., 2003; Alvarez et al.,
2004). By combining immunohistochemistry for the two vesicular glutamate transporters
with CTb and I1B4 tract tracing we attempted to determine if there was a differential
distribution of glutamate transporters to myelinated or unmyelinated vagal afferents
projecting to NTS.
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MATERIALS AND METHODS

Animals and Surgery

Male Sprague-Dawley rats (n = 9, 250-430 g; Taconic Farms, Germantown, NY) were
utilized for these experiments and all protocols were in accordance with the Institutional
Animal Care and Use Committee at Oregon Health & Science University. Vagal afferents
were identified using anterograde tracing following injection of Cholera Toxin B Subunit
(CTh; 1 -2 ul; 1% in dH,0; List Biological Laboratories, Campbell, CA) or lectin from
Bandeiraea Smplicifolia (1B4, 1-2 ul; 4% in dH,0; Sigma-Aldrich, St. Louis, MO) into the
left vagus nerve. Each rat was given atropine (0.1 mg/ml s.c.; Sigma-Aldrich) fifteen
minutes prior to surgery (to reduce bronchial and salivary secretions during surgery), laid
supine, and the left vagus nerve was isolated from surrounding tissues. A small piece of
parafilm was placed under the cervical vagus to prevent leakage of the injectate into
surrounding tissues. A glass micropipette (20 — 40 pm tip size) was inserted under the sheath
of the left cervical vagus and tracer was pressure injected using a picospritzer (General
Valve Inc., Fairfield, NJ). Six rats received injections of either IB4 or CTb, and three rats
received injections of both IB4 and CTb into the same nerve. Following the injection, the
parafilm was removed and surgical wounds were sutured. The rat was monitored during
recovery from anesthesia then returned to the colony.

Perfusion and Immunocytochemistry

Seven days after injections, rats were overdosed with sodium pentobarbital (150 mg/kg) and
perfused transcardially with the following solutions: (1) 10 ml heparinized saline; (2) 50 ml
3.8% acrolein in 2% paraformaldehyde; and (3) 200 ml 2% paraformaldehyde (in 0.1 M
phosphate buffer (PB; pH 7.4)). The medulla was sectioned (40 um) on a vibrating
microtome (Leica, Malvern, PA) and collected into 0.1 M PB. Alternate sections from 1B4
or CTh injected cases were processed using immunoperoxidase detection for EM analysis.
Sections were immersed in cryoprotectant solution (25% sucrose, 3% glycerol in 0.05 M
PB) for 30 min and then briefly immersed in Freon followed by liquid nitrogen. This
“freeze-thaw” method increases penetration of antibodies into the surface of the tissue with a
minimal disruption of morphology (Aicher et al., 1997; Aicher et al., 1999). Tissue sections
were then incubated for 30 minutes in a polyclonal goat primary antibody directed against
either IB4 (1:1000; Vector Laboratories, Burlingame, CA) or CTh (1:25000; List Biological
Laboratories) for 40 hours at 4°C. Sections were rinsed and incubated with a biotinylated
horse anti-goat 1gG (1:400; Vector Laboratories) for 30 minutes at room temperature which
was visualized with DAB precipitate. All incubations, except the primary antibody
incubation, were carried out at room temperature with continuous agitation and sections
were rinsed between incubations in 0.1 M Tris-saline, pH 7.6, (3x5 min). The primary
antibody incubation buffer also contained 0.1% BSA.

Following the immunoperoxidase procedure, tissue sections were fixed for 1 hour in 2.0%
osmium tetroxide in 0.1 M PB, washed for 10 min in 0.1 M PB, dehydrated through a
graded series of ethanols, then propylene oxide, and then propylene oxide:EMBed (1:1)
solution overnight. Sections were then incubated in EMBed for 2 hours, embedded between
two sheets of Aclar plastic, and placed in an oven for 48 h at 60°C.

Remaining NTS sections were processed for combined immunofluoresence of both tracers
in dual injected animals, or the appropriate tracer and either VGLUT1 or VGLUT2. Sections
were incubated first in 1% sodium borohydride solution for 30 minutes to increase
antigenicity, and then in 0.5% bovine serum albumin (BSA) for 30 minutes to reduce non-
specific binding. Tissue sections were incubated in polyclonal guinea pig primary antibodies
directed against transporter specific peptides for either VGLUT1 (1:5000; Chemicon,
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Temecula, CA) or VGLUT2 (1:2500; Chemicon) for 40 hours at 4°C. Bound antibodies
were visualized with donkey secondary antibodies conjugated to either Alexa 488, Alexa
546, (1:800; Molecular Probes, Eugene, OR) or Cy5 (1:800; Jackson ImmunoResearch,
West Grove, PA). For dual anterograde labeling cases, CTh was detected using a rabbit
primary antibody (1:10,000; Novus Biologicals, Littleton, CO). Both the rabbit and goat
primary CTb antibodies exhibited very similar patterns of labeling. All incubations, except
the primary antibody incubation, were carried out at room temperature with continuous
agitation and sections were rinsed between incubations in 0.1 M Tris-saline (3x5 min). The
primary antibody incubation buffer also contained 0.1% BSA. Sections were mounted onto
gelatin-coated slides, coverslipped with Prolong™ Antifade Media (Molecular Probes) and
stored at —20°C.

Antibody characterization

Commercially available antibodies were used for this study (Table 1). The goat anti-CTb
antibody was generated with purified cholera toxin beta subunit as the immunogen (per
manufacturer specification) and has been previously utilized in other studies (Lefler et al.,
2008; Hegarty et al., 2010). Preadsorption with 1 pg/ml and 5ug/ml of CTb abolished all
immunostaining of this antibody (Llewellyn-Smith et al., 1995). Per the manufacturer’s
specifications, the rabbit anti-CTb antibody was generated using purified choleragenoid as
the immunogen. Following injections of CTb into the cervical vagus, CTh-immunoreactivity
of both the goat and rabbit anti-CTb antibodies was identified in the brainstem within the
nuclei of the solitary tract (NTS) as well as the dorsal motor nucleus of the vagus (DMV).
The antigen was not detected in cases without injections or in brain regions contralateral to
the injection site. The distinct, specific, immunoreactive pattern demonstrated by both CTh
antibodies suggests that it is unlikely these antibodies bound nonspecifically to endogenous
epitopes in the brainstem.

Per the manufacturer’s specification, the IB4 antibody was raised in goat against the
immunogen Griffonia (Bandeiraea) simplicifolia lectin (GSL) 1. This antibody has been
widely characterized and cited in prior publications (Shehab, 2009; Starkey et al., 2009).
The antigen was not detected in tissues lacking tracer injections or in brain regions
contralateral to the injection site. Tissue sections incubated in primary antibodies directed
against either CTb or I1B4 without prior tracer application did not exhibit immunoreactivity.

Both VGLUT antibodies were raised in guinea pig against immunogens specific to each
transporter. The immunogen for anti-VGLUT1 was a peptide corresponding to amino acid
residues 542 through 560 of rat VGLUT1 (Melone et al., 2005; Ramer, 2008a) and the
immunogen for anti-VGLUT2 was a peptide corresponding to amino acid residues 565
through 582 of rat VGLUT2 (Schnell and Wessendorf, 2008; Ramer, 2008b). The specificity
of these antibodies has been previously validated and these antibodies have also been widely
utilized (Chomsung et al., 2008; Hegarty et al., 2010). Immunoreactivity was absent from
control experiments with either no primary antibody or mismatched primary and secondary
antibodies. The specificity of the secondary antibodies was confirmed by incubating sections
of brainstem with a particular primary antibody (for example, guinea pig anti-VGIuT1)
followed by a mismatched secondary antibody (for example, Alexa Fluor 488 conjugated
donkey anti-goat). There was no immunoreactivity in any of the mismatch combinations
tested.

Electron Microscopy

Regions of NTS at the level of the area postrema that contained labeling were glued to
plastic blocks formed in Beem capsules (Pickel, 1981) and ultrathin sections (75 nm) were
selected from an area just below the surface of the tissue at the tissue/plastic interface, where
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the penetration of antibodies is optimal (Aicher et al., 1995; Aicher et al., 1999) and
collected onto copper grids. The thin sections were counterstained with uranyl acetate and
Reynolds lead citrate and images were captured on a Tecnai 12 TEM (FEI, Hillsboro, OR)
using a digital camera (Advanced Microscopy Techniques, 2.6Kx2.6 K, Danvers, MA).
Labeled structures and their contacts were classified based on morphological features (Peters
etal., 1991; Aicher et al., 1999). Myelinated axons were identified by multiple layers of
myelin sheath, while unmyelinated axons typically were found in bundles and lacked a
myelin sheath. Axon terminals contained small clear vesicles as well as mitochondria and
often formed appositions with dendrites. Synapses were classified as asymmetric if vesicles
were clustered near the presynaptic membrane and a prominent density was present on the
postsynaptic side of the contact. Electron micrographs used for publication were adjusted for
optimal brightness and contrast in Adobe Photoshop (CS5) and figures were created in
Adobe Illustrator (CS5).

Confocal Imaging

Z stacks bounded by the vertical extent of the labeling within NTS were captured using the
single pass, multi-tracking format on an LSM 510 confocal microscope (Zeiss, Thornwood,
NY). A 488 nm laser (Argon/2), a 543 nm (HeNe1l) laser, and a 633 nm laser (HeNe2) were
used to excite AlexaFluor 488, AlexaFluor 546 and Cy5 respectively. Emitted wavelengths
passed through an HFT UV/488/543/633 nm dichroic mirror and then the appropriate band
pass filter sets; 500-550nm for AlexaFluor 488, 565—-615nm for AlexaFluor 546, and 650—
710nm for Cy5 before collection. Control images were captured with excitation parameters
for the fluorophores on the tissue sample not of interest, with the collection parameters for
the AlexaFluor of interest to assess bleed through the channels. All controls were blank.
Consecutive optical sections (optical thickness, 0.9 um) were separated by an interval of 0.5
pum. Confocal micrographs used for publication were adjusted for optimal brightness and
contrast utilizing the Zeiss ZEN software and figures were created in Adobe Illustrator
(CS5).

Quantification and Analysis

To determine if CTb and 1B4 were colocalized, 20 1B4-labeled varicosities and segments of
fibers within each vibratome section of medial NTS per rat (n = 3, total of 60 IB4-labeled
varicosities) were examined. In the same area, of the same sections, 50 CTh-labeled
varicosities per rat (n = 3, total of 150 CTh-labeled varicosities) were examined. Varicosities
were operationally defined as a discrete region, twice the diameter of the fiber of origin
(Bailey et al., 2006). For these studies we defined colocalization as overlapping morphology
of the varicosity with labeling for the other tracer in at least 2 adjacent optical sections. Each
identified varicosity was evaluated for colocalization by two independent observers.

A similar design was used for determining co-localization between VGLUT1 and VGLUT 2
with either IB4 or CTb. Fibers and varicosities containing the anterograde tracer were
examined by confocal microscopy. In each animal, 50 varicosities of each tracer were
evaluated in medial NTS in a single section to avoid duplicate counting of fibers extending
through multiple tissue sections (n=3 animals per tracer; total of 150 varicosities each for
VGLUT1 and VGLUT?2 analyses). Localization of VGLUT immunoreactivity in each
identified fiber and varicosity was determined by consensus between two independent
observers.
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CTb and IB4-ir afferents in NTS

Both CTh and 1B4 were effective transganglionic anterograde tracers of vagal afferents to
the ipsilateral NTS (Figure 1). CTb injections into the vagus nerve resulted in anterograde
labeling within NTS ipsilateral to the injection (Figure 1A, B). Anterograde labeling was
visible as fibers and punctate structures throughout NTS and weakly within the solitary tract
(Figure 1B). Following vagal injections of CTb, retrograde labeling was seen in neurons
within the dorsal motor nucleus of the vagus (Figure 1B) and in the nucleus ambiguous,
particularly the rostral pole (not shown). IB4 injections into the vagus nerve resulted in
ipsilateral anterograde labeling of small diameter fibers, most notably within the medial, and
dorsomedial subnulcei of NTS with some punctate labeling as well (Figure 1C, D).
Retrograde labeling was not seen following 1B4 injections (Figure 1D).

While these two anterograde tracers showed distinct labeling patterns in NTS (Figure 1),
there was some overlap in the distribution of fibers within medial NTS. To determine if
these two transganglionic tracers were labeling distinct or overlapping populations of vagal
afferents, varicosities and fibers within medial NTS were evaluated following dual
injections of both 1B4 and CTb into the left cervical vagus (Figure 2). The tracers labeled
distinct populations of fibers. CTB-containing fibers form large varicosities (Figure 2B),
while 1B4-containing fibers were more abundant and had less prominent varicosities (Figure
2C). Fibers did not show co-localization of the two anterograde tracers (Figure 2D).
Quantitative analyses confirmed the lack of co-localization of these tracers. We examined
segments of non-varicose lengths of fibers (IB4, length 1473 um; CThb, length 964 pm) and
found no co-localization. Separate analyses of varicosities showed minimal co-localization:
3% (2/60) of 1B4 varicosities contained CTh; and 1% (1/150) of CTh varicosities contained
IB4 suggesting that these two tracers identify distinct populations of vagal visceral afferents
to NTS.

Ultrastructural Localization of CTb and I1B4

While the confocal analyses indicate that CTb and 1B4 label distinct populations of vagal
afferents, we conducted ultrastructural analyses to verify the types of fibers labeled with
each tracer (Figure 3). Injections of 1B4 into the cervical vagus produced labeling in
unmeylinated axons (Figure 3A), as well as axon terminals forming asymmetric synapses
(Figure 3B). IB4 labeling was associated with the plasma membrane and was detected in
only some segments of the membrane at the axon terminal (Figure 3B). CTb labeling was
found in myelinated axons (Figure 3E), unmyelinated axons (Figure 3C,E) and axon
terminals forming asymmetric synapses (Figure 3D). Within axons, CTb labeling was found
within the cytoplasm (Figure 3C,E), in contrast to I1B4 labeling which was confined to the
plasma membrane (Figure 3A). As seen with 1B4, CTb-labeled axon terminals often formed
asymmetric synapses and displayed membranous labeling that was largely excluded from
the synaptic contact (Figure 3D). Finally, CTb was found in dorsal motor nucleus of the
vagus perikarya (Figure 3F) where the tracer was largely confined to lysosomes and
multivesicular bodies (Figure 3F).

VGLUTs in NTS

We examined the distribution of VGLUT1- and VGLUT2-immunoreactive (-ir) profiles
within regions of NTS that receive vagal afferents as described above (Figure 4). In
agreement with prior research (Lin et al., 2004; Corbett et al., 2005; Lachamp et al., 2006),
VGLUTI1-immunoreactivity was punctate and sparse throughout NTS with the most
abundant immunoreactivity seen within the interstitial and lateral subnuclei as well as within
the gracilis nucleus adjacent to NTS (Figure 4A, B). In contrast, VGLUT2-ir fibers and
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punctate profiles were detected throughout most subnuclei of NTS with weaker
immunoreactivity seen within the solitary tract (Figure 4C, D).

Colocalization of VGLUTs in CTb and IB4 labeled afferents

To determine which vesicular glutamate transporters were localized to the distinct
populations of CTh- and IB4-labeled vagal afferents, we combined immunohistochemistry
for either VGLUT1 or VGLUT2 with injections of either CTb or 1B4 into the vagus
(Figures. 5, 6). Both transporters were found in CTb-labeled vagal afferents (Figure 5) with
VGLUT2 being much more abundant (Figure 5D — E). VGLUT1-ir was found in only a
small portion of CTb varicosities (Figure 5A — C; Figure 7), while VGLUT2-ir was found in
most CTh-labeled vagal afferents (Figure 5D — E; Figure 7). In contrast, neither of the
vesicular glutamate transporters was very abundant in 1B4-labeled afferents. Very rarely 1B4
fibers contained VGLUT1-ir (Figure 6A-C; Figure 7), while more 1B4-labeled vagal
afferents contained VGLUT2-ir (Figure 6D-E; Figure 7). In summary, the majority of CThb-
labeled vagal afferents contained VGLUTS, but most 1B4-labeled afferents did not contain
detectable levels of either VGLUT (Figure 7). These findings demonstrate differential
localization of VGLUT in anatomically distinct populations of vagal afferents and also
suggest that other molecular mechanisms may regulate glutamate release from 1B4-
containing afferents.

DISCUSSION

The present studies show that CTb and I1B4 can be used as transganglionic anterograde
tracers to label distinct populations of vagal afferents, and injections can even be combined
in the same animal. Furthermore, the present studies show that CTb and I1B4 vagal afferents
have distinct vesicular glutamate transporters, suggesting that these two populations may
contain distinct molecular mechanisms regulating glutamate release.

In somatic nerves, cholera toxin B subunit (CTb) and isolectin B4 (1B4) label myelinated
and unmyelinated fibers, respectively (Todd et al., 2003), although this may not be the case
for visceral afferents (Wang et al., 1998). IB4 has also been purported to label only non-
peptide containing c-fibers, but this premise has been disputed in the rat (Price and Flores,
2007). In the present study we found that both IB4 and CTb label unmyelinated vagal
afferents, with CTb also labeling myelinated afferents. These findings suggest that CTb and
IB4 may detect overlapping populations of unmyelinated axons, but in our dual tracing
study we rarely found the two tracers co-localized. This could reflect the fact that CTb is
only found in a small number of unmyelinated axons. Our results suggest that CTb and I1B4
may be useful tools for identifying distinct populations of primarily myelinated and
unmyelinated vagal afferents, respectively.

The subcellular distribution of the tracers was also distinct at the ultrastructural level. In
axons, CTb was found within the cytoplasm, while 1B4 appear to be confined to the plasma
membrane. At axon terminals, both CTb and 1B4 were found associated with portions of the
plasma membrane away from the synaptic junction. This localization makes identification of
axon terminals more difficult to assess than anterograde tracers that fill the cytoplasm and
axon terminal (Aicher et al., 2000), but also leaves the axon terminals available for ready
visualization. Retrograde transport of CTh was largely confined to lysosomes and dense core
vesicles, as we have seen previously with ultrastructural analysis of other retrograde tracers
(Aicher et al., 1995).

VGLUT1 and 2 are generally found in a complementary distribution throughout the CNS

and have been assumed to be present in all axon terminals that use glutamate as a
neurotransmitter. Both somatic and visceral primary afferents are thought to use glutamate
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as a neurotransmitter, and therefore these afferents would be expected to contain a VGLUT.
The distribution of vesicular glutamate transporters in different populations of afferents has
been extensively studied and analyses have examined distributions on the basis of fiber type,
afferent function, and colocalization with other neurotransmitters (Lachamp et al., 2006; Lin
and Talman, 2006; Brumovsky et al., 2012). VGLUT1 has been reported to be most
abundant in mechanosensory/proprioceptive primary spinal afferents (Landry et al., 2004)
and absent from nonpeptidergic (1B4) and peptidergic (SP, or somatostatin) spinal primary
afferents (Todd 2003). However, these latter findings conflict with other studies that report
the presence of VGLUTSs in IB4 and peptidergic (CGRP) fibers (Alvarez et al., 2004). Some
myelinated afferents (identified with CTb) in deeper spinal dorsal horn laminae (Todd
2003), as well as some trigeminal afferents (Li et al., 2003), have been reported to contain
both VGLUT1 and VGLUT2.

Autonomic afferents from most visceral organs terminate in the nucleus tractus solitarius
(NTS). Although most glutamatergic synapses in the NTS have been reported to contain
VGLUTZ2, VGLUT1 terminals have also been reported (Lachamp et al., 2006). Corbett and
colleagues (2005) demonstrated that cardiac afferent neurons (both myelinated and
unmyelinated) labeled with CTb injected into the pericardial sac predominantly contained
VGLUT1-ir, and only rarely contain VGLUT2-ir or VGLUT3-ir. In contrast, most other
vagal afferents, identified with CTb injections into the aortic nerve, stomach or nodose
ganglion, more frequently contained VGLUT2-ir than VGLUT1-ir (Corbett et al., 2005). A
recent study of bladder sensory afferents whose cell bodies are located in the dorsal root
ganglia (Brumovsky et al., 2012) showed that these visceral afferents also primarily
contained VGLUT2. These results are consistent with our results showing that CTb-labeled
visceral vagal afferents primarily contain VGLUT2. However, our findings with 1B4 suggest
that another population of vagal afferents which are unmyelinated and are not detected with
CTb may have VGLUT1, as well as other mechanisms for releasing glutamate.

Recent studies have demonstrated that glutamate release may be regulated by a variety of
molecular mechanisms and even within the same axon terminals, different populations of
vesicles may be released under different conditions (Chung and Kavalali, 2006). To date, the
function underlying the segregation, or co-localization, of different vesicular glutamate
transporters in different types of afferents is unclear. It has been speculated that isoforms of
VGLUT may produce varying rates of vesicle refilling and thus lead to different levels of
synaptic plasticity (Takamori, 2006). Vesicular glutamate transporters have also been
implicated in vesicular synergy (El et al., 2011), leading to modulation of neurotransmission
for other molecules that are co-localized with glutamate.

In light of recent insights into the complex regulation of glutamate release and its potential
modulation by other molecules, such as TRPV1 (Peters et al., 2010), the current findings
suggest that distinct populations of vagal afferents may possess multiple molecular
mechanisms for the regulation of neurotransmitter release and these molecules may undergo
complex interactions which may also be altered under pathological conditions (Brumovsky
et al., 2007; Llewellyn-Smith et al., 2007). The work of Andresen and colleagues (Andresen
et al., 2012) opens the intriguing possibility that glutamate release from primary visceral
vagal afferents may be directly modulated by temperature-induced opening of TRPV1
channels which act as cation channels and can independently cause glutamate release. There
is conflicting evidence in the literature as to whether distinct neurotransmitter transporters
are localized to individual synaptic vesicles or if distinct populations of vesicles exist within
the same axon terminal (El et al., 2011). Further studies are needed to determine the
subcellular localization of various molecules that may modulate the release of glutamate
from vagal afferents in the NTS. Our studies suggest that distinct molecular mechanisms
may exist for myelinated and unmyelinated afferents.
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Figurel
. CTb and 1B4 label distinct populations of vagal afferents and motor neurons. CTh

produced both anterograde and retrograde labeling ipsilateral to the injection (A, B).
Anterograde labeling with CTb was visible as fibers and puncta within the solitary tract (st)
and throughout NTS (B). Retrograde labeling was seen in the somata of neurons in the
dorsal motor nucleus of the vagus (DMV) (B). In contrast, B4 injections resulted in only
anterograde labeling of small diameter fibers and puncta (C, D), most notably within the
medial (SolM) and dorsomedial subnulcei (SolIDM) of the ipsilateral NTS (D). AP = area
postrema. cc = central canal. SolVL = ventrolateral subnucleus of NTS. Gr = Gracile
nucleus. Scale bar for A and C =1 mm, and 250 um for B and D.
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Figure 2.

CTb and 1B4 label distinct populations of vagal afferents. A: Schematic illustration showing
region of medial NTS included in analysis at level of area postrema (AP). Confocal
micrographs of a single optical section (0.9 pm Z thickness) illustrating anterograde labeling
within NTS following microinjections of CThb (B; green) and IB4 (C; magenta) into the
cervical vagus. CTb labeling was seen in large varicosities (open arrow), and occasionally
within axonal fibers. IB4 labeling was more abundant and was seen predominantly in fibers
(arrowhead) and smaller varicosities. In the overlay (D) it is apparent that the two tracers are
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not co-localized. Scale bar for panel A = 1mm; B-D =5 um. st=solitary tract, V = Spinal
trigeminal nucleus, X = dorsal motor nucleus of the vagus, XIl = Hypoglossal nucleus
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Figure 3.
Ultrastructural distributions of IB4 and CTb are distinct. A,B: 1B4 labeling was only seen in

unmyelinated vagal afferents. IB4 labeling was confined to the plasma membrane (open
arrows) of axons (IB4-a) and terminals (1B4-t), but was largely excluded from synapses
(curved arrow). ua = unlabeled axon. ud = unlabeled dendrite. C,D: CTb labeling was
cytoplasmic in axons (CTh-a), and confined to the plasma membrane (open arrows) of
terminals (CTh-t). Labeled terminals often formed asymmetric synapses (curved arrows),
consistent with glutamatergic afferents. E: In addition to unmyelinated axons (CTh-a), CTh
also labeled myelinated axons (CTh-ma). An unlabeled myelinated axon (ma) is seen in
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close proximity. F: Retrograde CTb labeling was also seen in the perikarya of motor neurons
(CTb-p). CThb labeling (open arrows) was cytoplasmic and was often confined to organelles
including lysosomes (L). n = nucleus. Scale bars for panels A-D =250 nm; E = 100 nm; F =
2 ym.
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Figure 4.
Immunohistochemistry for VGLUT1 and VGLUT?2 resulted in complementary labeling

patterns throughout NTS. A,B: VGLUT1-immunoreactivity was punctate and sparse
throughout NTS. In agreement with other studies the most abundant immunoreactivity was
seen within the interstitial (Soll) and the ventrolateral (SolVVL) subnuclei of NTS, as well as
within the gracilis nucleus (Gr). C,D: VGLUT2-immunoreactivity was punctate and dense
throughout the medial (SolM), dorsomedial (SolDM) and most other subnuclei of NTS with
much weaker labeling seen within the solitary tract (st), and outside NTS. AP = area
postrema. cc = central canal. Scale bar for panels A, C =1 mm; B, D =250 um.
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Figureb5.
CThb-labeled vagal afferents frequently contain VGLUT2. Localization of VGLUT1 and

VGLUT?2 in vagal afferents detected with CTh. A — C: CTb afferents (magenta) rarely (9%,
13/150) contained VGLUT1-ir (green) as shown in the overlay (C) as white (arrows). D — F:
In contrast, many (83%, 124/150) CTb afferents (D, magenta) contained VGLUT2-ir (E,
green) which are seen as white (arrows) in the overlay (F). Each series of confocal
micrographs are Z-projections of 3 consecutive overlapping optical sections for a total Z
thickness of 1.8 um. Assessments of co-localization were conducted on single optical
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sections and Z stacks were used only for illustration purposes as single optical sections
rarely reveal continuous fibers. Scale bars = 5 pm.
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Figure6.
IB4-labeled vagal afferents only occasionally contained VGLUT1 or VGLUT?2. IB4

afferents (magenta) are found in regions containing VGLUT1 (green, A —C) and VGLUT?2
(green, D — F). Only 5% (7/150) of I1B4 afferents (A, magenta) contained VGLUT1-ir (B,
green) as indicated in the overlay (C). IB4 afferents (D, magenta) were more likely (21%,
31/150) to contain VGLUT2-ir (E, green) as indicated (white, arrows) in the overlay (F).
Scale bars =5 pm.
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Summary graph illustrating the percentage of anterograde labeled vagal afferent varicosities
that also contained either VGLUT1 or VLGUT2-immunoreactivity. VGLUT1
immunoreactivity was co-localized with 9% of CTb-ir varicosities (13/150), and only 5% of
IB4 varicosities. VGLUT2 immunoreactivity was colocalized with 83% of CTb-ir
varicosities (124/150), and only 21% of I1B4 varicosities (31/150).
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Antibodies used in study.

TABLE 1
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Host Antibody Source Immunogen

Goat anti-Isolectin B4 (1:1000) | Vector Laboratories, Griffonia (Bandeiraea) simplicifolia lectin (GSL) |
Burlingame, CA (AS-2104)

Goat anti-CTb (1:25,000) List Biological Laboratories, Purified cholera toxin beta subunit
Inc., Campbell, CA (703)

Rabbit anti-CTb (1:10,000) Novus Biologicals, Littleton, Purified choleragenoid
CO (ab13612)

Guinea pig | anti-VGIuT1 (1:5,000) Millipore, Billerica, MA Synthetic peptide corresponding to amino acid residues 542 —
(ab5905) 560 of rat VGLUT1 (GATHSTVQPPRPPPPVRDY)

Guinea pig | anti-VGIuT2 (1:2,500) Millipore, Billerica, MA Synthetic peptide corresponding to amino acid residues 565 —

(ab5907)

582 of rat VGLUT2 (VQESAQDAYSYKDRDDYS)
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