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Visual Abstract

C-LTMR

Low-threshold mechanosensitive C fibers (C-LTMRs) that express the vesicular glutamate transporter VGLUT3
are thought to signal affective touch, and may also play a role in mechanical allodynia. However, the nature of the
central termination of C-LTMRs in the dorsal horn remains largely unexplored. Here, we used light and electron
microscopy in combination with VGLUT3 immunolabeling as a marker of C-LTMR terminations to investigate this
issue. VGLUT3� C-LTMRs formed central terminals of Type II glomeruli in the inner part of lamina II of the dorsal
horn, often establishing multiple asymmetric synapses with postsynaptic dendrites but also participating in
synaptic configurations with presynaptic axons and dendrites. Unexpectedly, essentially all VGLUT3� C-LTMR

Significance Statement

Here, we show that low-threshold mechanosensitive C fibers (C-LTMRs) form central terminals of a certain
class of synaptic glomeruli, where they are subject to presynaptic inhibition and establish synapses onto
distinct populations of excitatory and inhibitory interneurons in the dorsal horn. These results prompt a
revised interpretation of dorsal horn ultrastructure, and provide a basis for ultrastructural identification of
C-LTMRs in future studies of the role of these fibers in somatosensation. Furthermore, our observations
indicate that C-LTMR terminations are subject to complex regulation and are well positioned to participate
in integration of afferent signals that lead to percepts of affective touch and pain.
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terminals showed substantial VGLUT1 expression in the rat, whereas such terminals in mice lacked VGLUT1.
Most VGLUT3� C-LTMR terminals exhibited weak-to-moderate VGLUT2 expression. Further, C-LTMR terminals
formed numerous synapses with excitatory protein kinase C� (PKC�) interneurons and inhibitory parvalbumin
neurons, whereas synapses with calretinin neurons were scarce. C-LTMR terminals rarely if ever established
synapses with neurokinin 1 receptor (NK1R)-possessing dendrites traversing lamina II. Thus, VGLUT3� C-LTMR
terminals appear to largely correspond to neurofilament-lacking central terminals of Type II glomeruli in inner
lamina II and can thus be identified at the ultrastructural level by morphological criteria. The participation of
C-LTMR terminals in Type II glomeruli involving diverse populations of interneuron indicates highly complex
modes of integration of C-LTMR mediated signaling in the dorsal horn. Furthermore, differences in VGLUT1
expression indicate distinct species differences in synaptic physiology of C-LTMR terminals.
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Introduction
Unmyelinated C fibers that are activated by innocuous

mechanical stimuli of the hairy skin were discovered in the
cat nearly 80 years ago (Zotterman, 1939) and were later
characterized in a number of mammalian species, includ-
ing humans (Douglas and Ritchie, 1957; Iggo, 1960;
Kumazawa and Perl, 1977; Lynn and Carpenter, 1982;
Nordin, 1990; Leem et al., 1993; Vallbo et al., 1993; Fang
et al., 2005; for review, see McGlone et al., 2014). The
sensory modality subserved by such C fiber low-threshold
mechanosensitive receptors (C-LTMRs) long remained
enigmatic, but in the last 15 years, psychophysical and
functional neuroimaging evidence have emerged indicat-
ing that C-LTMRs (commonly called C-tactile fibers in
humans; here we will refer to these fibers as C-LTMRs
regardless of species) signal pleasant, affective touch in
response to slow brushing of the skin (Olausson et al.,
2002; Björnsdotter et al., 2009; Löken et al., 2009).
C-LTMRs have also been proposed to contribute to me-
chanical allodynia in rodents and humans (Seal et al.,
2009; Nagi et al., 2011), although such a role remains
contentious (Liljencrantz et al., 2013; Lou et al., 2013).
Notably, activation of C-LTMRs may also have analgesic
effects (Delfini et al., 2013; Liljencrantz et al., 2017), pos-
sibly through the inhibition of nociceptive C fiber input (Lu
and Perl, 2003).

The terminations of several different populations of pri-
mary afferent nerve fiber in the superficial dorsal horn
have been extensively investigated (Maxwell and Réthelyi,
1987; Todd, 2010). For instance, a major group of non-
peptidergic nociceptive C fiber that bind the isolectin B4

terminate in the middle third or inner half of lamina II
(lamina IIi), where they form central terminals of Type I

glomeruli (Ribeiro-da-Silva and Coimbra, 1982; Gerke and
Plenderleith, 2004). Type II glomeruli, a group of glomeruli
in lamina IIi-III morphologically distinct from Type I glomeruli,
is thought to be formed by terminals originating from my-
elinated A fibers (Réthelyi et al., 1982; Ribeiro-da-Silva and
Coimbra, 1982). By contrast, although C-LTMRs are known
to terminate in lamina IIi in the mouse (Seal et al., 2009; Li
et al., 2011; Abraira et al., 2017), the terminal morphology
and synaptology of this class of primary afferent fiber in the
dorsal horn remains unknown. Moreover, whereas some
interneuronal populations have recently been shown to re-
ceive C-LTMR input in the mouse (Abraira et al., 2017), the
postsynaptic targets of C-LTMRs remain incompletely char-
acterized. Here we used Vesicular glutamate transporter 3
(VGLUT3) as a marker for C-LTMR terminals, taking advan-
tage of the unique expression of this transporter in C-LTMRs
among primary afferent fibers in the adult animal (Seal et al.,
2009; Li et al., 2011; Usoskin et al., 2015), to examine the
ultrastructure and synaptic organization of these fibers in rat
and mouse dorsal horn.

Materials and Methods
Animals and tissue preparation

Six adult male Sprague Dawley rats were anaesthetized
with sodium pentobarbital (50 mg/kg; i.p.) and transcar-
dially perfused with Phosphate-buffered saline (PBS) (300
mOsm, �30 s) followed by PBS containing 4% parafor-
maldehyde (�1 l, 30 min). In addition, six adult C57BL/6
mice of either sex were anaesthetized with sodium pen-
tobarbital (200 mg/kg; i.p.) and transcardially perfused
with PBS followed by PBS containing 4% paraformalde-
hyde and (for preembedding and postembedding immu-
noelectron microscopy; two mice) 1% glutaraldehyde.
After perfusion, the spinal cord (thoracic, lumbar, and
sacral segments) was removed. Spinal cord pieces were
either cryoprotected in 30% sucrose and cut into 40-�m-
thick transverse sections on a freezing microtome (for light
microscopy) or 100- to 250-�m-thick transverse sections
using a Vibratome (for electron microscopy). Sections were
stored in anti-freeze solution (30% glycerol and 30% ethylene
glycol in PBS) at –20°C until use. All animal experiments were
approved by the local Animal Care and Use Committee.

Antibodies
Primary antibodies used are outlined in Table 1. One of

three antibodies raised in mouse, rabbit or guinea pig was
used to detect VGLUT3. To validate their specificity, dif-

Received January 8, 2019; accepted January 16, 2019; First published
February 01, 2019.
The authors declare no competing financial interests.
Author contributions: M.L. and J.B. designed research; M.L. performed

research; M.L. analyzed data; M.L. wrote the paper.
This work was supported by the Linköping Centre for Systems Neurobiology

and the Medical Faculty at Linköping University.
Acknowledgements: We thank Dr. Maria Ntzouni for technical assistance.
Correspondence should be addressed to Max Larsson at max.larsson@

liu.se.
https://doi.org/10.1523/ENEURO.0007-19.2019

Copyright © 2019 Larsson and Broman
This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International license, which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is
properly attributed.

New Research 2 of 17

January/February 2019, 6(1) e0007-19.2019 eNeuro.org

mailto:max.larsson@liu.se
mailto:max.larsson@liu.se
https://doi.org/10.1523/ENEURO.0007-19.2019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


ferent combinations of VGLUT3 antibodies were used for
double immunofluorescence labeling of spinal cord sec-
tions. Furthermore, the rabbit anti-VGLUT3 antibody has
been validated for immunohistochemistry using knockout
mice (Stensrud et al., 2013). The guinea pig, mouse, and
rabbit Vesicular glutamate transporter 1 (VGLUT1) anti-
bodies used here showed identical immunolabeling in the
spinal cord and in accordance with previous descriptions
in rat and mouse spinal cord using other antibodies (Todd
et al., 2003; Alvarez et al., 2004; Persson et al., 2006;
Brumovsky et al., 2007). Similarly, guinea pig and rabbit
antibodies against Vesicular glutamate transporter 2
(VGLUT2) yielded immunolabeling of the spinal cord in
line with previous studies (Todd et al., 2003; Alvarez et al.,
2004; Persson et al., 2006; Brumovsky et al., 2007). The
Homer1 antibodies used showed a distribution similar to
what has been described in the dorsal horn (Gutierrez-
Mecinas et al., 2016b), and labeled puncta apposed to
VGLUT3� terminals. Importantly, Homer1 immunolabel-
ing has been shown to mark nearly all excitatory synapses
in the superficial dorsal horn (Gutierrez-Mecinas et al.,
2016b). The antibody against protein kinase C� (PKC�)
yielded immunolabeling of cells and processes in the
dorsal horn in accordance with previous descriptions

(Polgár et al., 1999). Antibodies directed toward calretinin
and parvalbumin were previously used in the rat spinal
cord (Larsson, 2018) and produced immunolabeling pat-
terns similar to other antibodies (Antal et al., 1990; Ren
and Ruda, 1994). The neurokinin 1 receptor (NK1R) anti-
body produces no labeling in the spinal cord of mice
lacking the receptor (Ptak et al., 2002). The tyrosine hy-
droxylase (TH) antibody yielded immunolabeling of spinal
cord as described, including that of a strong innervation of
the intermediolateral nucleus (IML; Fuxe et al., 1990; Bru-
movsky et al., 2006).

Immunofluorescence
Thoracic or lumbar spinal cord were incubated in PBS

containing 3% normal goat serum, 0.5% bovine serum
albumin (BSA), and 0.5% Triton X-100 (blocking solution),
before being incubated in primary antibody solution at
room temperature overnight. The primary antibody solu-
tion contained mixtures of antibodies as detailed in
Table 1. In some experiments, biotinylated isolectin B4

(IB4) (Life Technologies, catalog #I21414) was used to
label non-peptidergic C fiber terminations in the dorsal
horn. After rinsing, sections were incubated in a cocktail
of secondary antibodies (Table 2) diluted 1:500 in block-

Table 1. Primary antibodies used in this study

Antigen Host, isotype Clone Immunogen Supplier Catalog # RR_ID Concentration
Calretinin Guinea pig Polyclonal Mouse protein Synaptic Systems 214 104 AB_10635160 1:500
Homer1 Rabbit Polyclonal Human aa 1–186 Synaptic Systems 160 002 AB_2120990 1:250
Homer1 Rabbit Polyclonal Human aa 1–186 Synaptic Systems 160 003 AB_887730 1:250
Neurokinin 1 receptor Rabbit Polyclonal Rat aa 393–407 Sigma S8305 AB_261562 1:100,000
Parvalbumin Guinea pig Polyclonal Rat protein Synaptic Systems 195 004 AB_2156476 1:500
Protein kinase C� Guinea pig Polyclonal Mouse aa 684–697 Frontier Institute PKCg-GP-Af350 AB_2571826 1:500
Tyrosine hydroxylase Rabbit Polyclonal Rat protein Thermo Fisher Scientific P21962 AB_2539844 1:200
VGLUT1 Guinea pig Polyclonal Rat aa 456–560 Synaptic Systems 135 304 AB_887878 1:1000
VGLUT1 Mouse, IgG2b CL2754 Human aa 264–293 Atlas Antibodies AMAb91041 AB_2665777 1:1000
VGLUT1 Rabbit Polyclonal Rat aa 456–460 Synaptic Systems 135 003 AB_2315552 1:2000 (immunogold)
VGLUT2 Guinea pig Polyclonal Rat aa 510–582 Synaptic Systems 135 404 AB_887884 1:500
VGLUT2 Rabbit Polyclonal Rat aa 510–582 Synaptic Systems 135 402 AB_2187539 1:500
VGLUT3 Guinea pig Polyclonal Rat aa 566–588 Frontier Institute VGLUT3-GP-Af300 AB_2571855 1:100
VGLUT3 Mouse, IgG2a 57A8 Mouse aa 583–601 Synaptic Systems 135 211 AB_2636917 1:250–500, 1:1000

(immunoperoxidase)
VGLUT3 Rabbit Polyclonal Mouse aa 543–601 Synaptic Systems 135 203 AB_887886 1:500

Concentrations specified are for immunofluorescence unless otherwise noted.

Table 2. Secondary antibodies used in this study

Host Target Conjugate Supplier Catalog # RR_ID Concentration
Donkey Rabbit Brilliant Violet 421 Jackson ImmunoResearch 711-675-152 AB_2651108 1:200
Goat Guinea pig Alexa Fluor 568 Thermo Fisher Scientific A11075 AB_2534119 1:500
Goat Guinea pig Alexa Fluor 647 Thermo Fisher Scientific A21450 AB_141882 1:500
Goat Rabbit 10 nm gold British Biocell EM.GFAR10 1:20
Goat Mouse Biotin Vector Laboratories BA-9200 AB_2336171 1:400
Goat Mouse IgG2a Alexa Fluor 488 Thermo Fisher Scientific A21131 AB_2535771 1:500
Goat Mouse IgG2a Alexa Fluor 568 Thermo Fisher Scientific A21134 AB_2535773 1:500
Goat Mouse IgG2a Alexa Fluor 647 Thermo Fisher Scientific A21241 AB_2535810 1:500
Goat Mouse IgG2b Alexa Fluor 647 Thermo Fisher Scientific A21242 AB_2535811 1:500
Goat Mouse IgG3 Alexa Fluor 488 Thermo Fisher Scientific A21151 AB_2535784 1:500
Goat Rabbit Alexa Fluor 488 Thermo Fisher Scientific A11034 AB_2576217 1:500
Goat Rabbit Alexa Fluor 568 Thermo Fisher Scientific A11036 AB_10563566 1:500
Goat Rabbit Alexa Fluor 647 Thermo Fisher Scientific A21245 AB_2535813 1:500
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ing solution. In experiments where biotinylated IB4 was
used, streptavidin-Alexa Fluor 405 (Life Technologies,
catalog #S32351) was added to the secondary antibody
solution at a 1:500 dilution. Primary antibodies against
NK1R and Homer1 were both raised in rabbit; therefore,
to perform NK1R/Homer1/VGLUT3 immunofluorescent
labeling, sections were first incubated in NK1R antibody
at a low concentration. After incubation in biotinylated
goat anti-rabbit secondary antibody (1:200; Vector Labo-
ratories) and streptavidin-horseradish peroxidase (1:100;
Life Technologies), the sections were subjected to tyra-
mide signal amplification with Alexa Fluor 568 tyramide
(Life Technologies). After this, the sections were sub-
jected to immunolabeling of Homer1 and VGLUT3 using
the standard immunofluorescence protocol as above. In
all experiments, sections were mounted on slides and
coverslipped with Prolong Diamond or SlowFade Dia-
mond (Life Technologies).

Confocal microscopic analysis
Immunolabeled sections were imaged using a Zeiss

LSM700 confocal microscope. For quantitative analysis,
z-stacks were obtained of select regions of lamina II
throughout the section thickness using a 63�/1.4 oil im-
mersion objective. All image analysis was performed us-
ing ImageJ. For analysis of the colocalization of VGLUT3
with VGLUT1, VGLUT2, and IB4, a variant of the optical
disector (Polgár et al., 2004) was used to obtain samples
of VGLUT3� terminals in lamina IIi. In each of six animals
(three rats and three mice), z-stacks of optical slices at
1-�m separation of 113 � 113-�m regions encompassing
inner lamina II were obtained in dorsal horns of two lum-
bar spinal cord sections. The band of VGLUT3� terminals
in lamina IIi was outlined and a 50 or 75 �m stretch along
this band selected for analysis. An optical slice n was
chosen as the reference section (based on abundance of
VGLUT3� terminals), and the slice n � 5 as the lookup
section. All VGLUT3� terminals visible in the region of
interest in the reference section or the following four
sections but not in the lookup section were selected for
analysis without reference to the VGLUT1 or VGLUT2
channels. Each terminal was outlined in the slice in which
it had the largest cross-sectional area and subsequently
assessed for immunoreactivity for VGLUT1 or VGLUT2. In
the rat sections, a similar analysis was made with respect
to VGLUT3 and VGLUT2 immunolabeling of VGLUT1�

terminals in the same regions of interest. to estimate the
relative abundance of VGLUT3� and VGLUT1� terminals
in lamina IIi in the mouse, the VGLUT3 band was outlined,
after which a gray scale lookup table was applied to both
the VGLUT3 and VGLUT1 channels, which were subse-
quently overlaid. In this manner, VGLUT3� and VGLUT1�

terminals could not be distinguished from each other in
the resulting composite image. After random selection of
50 large (more than �1.5 �m in diameter along the lon-
gest axis) immunoreactive terminals in each dorsal horn
(two dorsal horns in three mice, yielding 300 terminals in
total), the channels were alternately switched off to deter-
mine whether each terminal was immunoreactive for
VGLUT1 or VGLUT3.

For analysis of the size of VGLUT3� terminals and the
number of Homer1� puncta associated with such terminals,
z-stacks (optical slice separation 0.35 �m, pixel size 42–50
nm) were acquired of sections double immunolabeled for
VGLUT3 and Homer1. A 50 � 50-�m region of interest was
centered over lamina IIi on the micrograph. As above, the
optical disector was used to sample VGLUT3� terminals
within this region; here, an optical slice n was selected as
reference section and n � 15 as lookup section. A few
terminals were not associated with any discernible Homer1�

puncta and were discarded from analysis. Each terminal
was outlined in the optical section in which it had its largest
cross-sectional area and the maximum Feret diameter mea-
sured. Subsequently, all optical slices occupied by the ter-
minal were scanned for apposing Homer1� puncta.

Preembedding immunoperoxidase labeling
Lumbar or sacral mouse or rat spinal cord sections

were used for preembedding immunoperoxidase labeling
of VGLUT3. Mouse tissue sections were initially incubated
in 1% NaBH4 in PBS for 30 min to quench free aldehyde
groups. After permeabilization in 50% ethanol for 30 min
and incubation in PBS with 1% BSA for 1 h, the sections
were incubated in primary antibody solution (mouse anti-
VGLUT3, 1:1000 in PBS with 1% BSA) at room tempera-
ture overnight or for 72 h. After rinsing, the sections were
subsequently incubated in biotinylated goat anti-mouse
secondary antibody (Vector Laboratories) in PBS with 1%
BSA and in Vector ABC (Vector Laboratories) for 2–3 h
each. Peroxidase activity was visualized by incubation in
ImmPACT DAB (Vector Laboratories) for 30 s to 2 min.
Sections thus labeled for VGLUT3 were rinsed briefly in
PB (0.1 M; pH 7.4), incubated in 0.5–1% OsO4 in PB for
10–30 min (depending on section thickness), dehydrated
in graded series of ethanol and embedded in Durcupan
(Electron Microscopy Sciences). Ultrathin sections of em-
bedded tissue were counterstained using 2% uranyl ac-
etate (15 min) or UranyLess (2 min; Electron Microscopy
Sciences) followed by 0.4% lead citrate before examina-
tion in a JEOL 1230 electron microscope.

rabbit guinea pig composite

rabbit mouse composite

Figure 1. Validation of VGLUT3 antibodies for immunofluorescence.
Antibodies raised in rabbit, guinea pig, and mouse label the same
terminal-like structures in inner lamina II in the rat spinal cord. The
micrographs are single deconvolved optical sections acquired with a
63�/1.4 oil immersion objective. Scale bar, 5 �m, valid for all panels.
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Postembedding immunogold labeling
Vibratome sections of lumbar mouse spinal cord were

freeze-substituted and embedded in Lowicryl HM20
Monostep (Electron Microscopy Sciences) as previously
described (Larsson et al., 2001). Ultrathin sections (70 nm)
collected on single slot Ni grids were subject to VGLUT1
postembedding immunogold labeling. Sections were in-
cubated in Tris-buffered saline [5 mM (pH 7.4) and 0.3%
NaCl] with 0.1% Triton X-100 (TBST) and 50 mM glycine
to remove free aldehyde groups. After rinsing in TBST and
blocking in TBST with 2% human serum albumin (TBST-
HSA), sections were incubated in rabbit anti-VGLUT1 (1:
2000) in TBST-HSA at room temperature for 2 h. After
rinsing, sections were incubated in goat F(ab)2 anti-rabbit
conjugated to 10 nm gold (British Biocell; Table 2) in
TBST-HSA for 1 h. The sections were rinsed in H2O,
counterstained with uranyl acetate and lead citrate, air
dried and examined in the electron microscope.

Experimental design and statistical analysis
For quantitative analysis of terminal size and number of

associated Homer1� puncta, terminals were selected by
a stereological technique (see above) from two or three
micrographs from two lumbar spinal cord sections each
from two rats and mice, respectively (50–59 terminals per
animal). Kolmogorov–Smirnov test (terminal size) or two-
tailed Mann–Whitney U test (Homer1� puncta) were per-
formed using GraphPad Prism 7 to test for differences
between species.

Results
General distribution of VGLUT3 immunolabeling

Three different antibodies against VGLUT3 were used in
this study. To confirm that they all yield specific labeling in
mouse and rat spinal cord, we performed double immu-
nofluorescent labeling using different combinations of

VGLUT3 / IB
4

ratmouse

VGLUT3 / PKCγ

ratmouse

A

B
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t

m
o

u
se

Figure 2. Laminar distribution of VGLUT3 immunolabeling in the rat and mouse dorsal horn. A, VGLUT3 immunofluorescence
(magenta) alone (left panels) or superimposed over darkfield micrographs of the labeled sections (right panels). In both mouse and rat
spinal cord, a band of VGLUT3� terminal-like structures is evident in the inner part of lamina II. The dashed lines indicate the border
between lamina II and III, as assessed from the darkfield micrographs. Note that in these sections, which are from the L4 segment,
the band is absent from the medial part of the dorsal horn. The micrographs were obtained with a 10�/0.3 objective. Scalebar, 100
�m, valid for all panels. B, VGLUT3 immunofluorescence relative to IB4 binding (left panels) and PKC� immunolabeling (right panels)
in mouse and rat dorsal horn. In mouse dorsal horn, the VGLUT3� band is immediately ventral to the plexus of IB4 binding terminals,
whereas in the rat, the VGLUT3� band overlaps with the ventral, most intensely labeled part of the IB4 band. By contrast, in both
mouse and rat dorsal horn, the VGLUT3� band overlaps with the plexus of PKC�� processes marking lamina IIi. All panels are single
optical sections obtained using a 40�/1.3 oil immersion objective. Scale bar, 20 �m, valid for all panels.
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pairs of VGLUT3 antibodies in rat and mouse spinal cord
sections. Indeed, in rat spinal cord, the immunolabeling
produced by the antibodies showed essentially identical
patterns and near-complete co-localization (Fig. 1), apart
from a weak labeling of cell bodies by the rabbit antibody
(data not shown). Similar observations were made in the
mouse spinal cord except that the guinea pig antibody,
which was raised against rat VGLUT3, yielded no immu-
nolabeling.

The distribution of VGLUT3 immunoreactivity in the
mouse superficial dorsal horn was as expected from pre-
vious observations (Seal et al., 2009); scattered immuno-
reactive fibers and puncta were present throughout the
superficial laminae, while such fibers were sparser in the
deep dorsal horn (Fig. 2A). However, the most conspicu-
ous immunolabeling was that of a band of immunoreac-
tive profiles in the ventral part of lamina II. In the rat dorsal
horn, a similar plexus of VGLUT3� structures in ventral
lamina II was present, although this band showed some-
what weaker immunoreactivity than in the mouse. Fur-
thermore, fewer immunoreactive fibers were present in
lamina I, dorsal lamina II, and lamina III in the rat as
compared to the mouse. Notably, in both rat and mouse
sections from L4 and L5 segments, the band of VGLUT3
immunolabeling in lamina II was restricted to the lateral
and intermediate parts of this lamina (Fig. 2A), whereas in
sections from thoracic, sacral or other lumbar segments
the VGLUT3� band extended throughout the mediolateral
axis of lamina II (data not shown). This pattern of immu-
noreactivity is consistent with the projection of C-LTMRs
to hairy but not glabrous skin, and is further evidence that
the observed VGLUT3 immunolabeling corresponds to
the nerve endings of C-LTMRs.

To further characterize the laminar location of VGLUT3�

presumed C-LTMR terminations in mouse and rat spinal
cord, VGLUT3� immunolabeling was combined with IB4

binding or PKC� immunolabeling, two widely used mark-
ers of lamination in the superficial dorsal horn (Silverman

and Kruger, 1990; Polgár et al., 1999; Woodbury et al.,
2000). In the mouse, the VGLUT3� band was located
immediately ventrally to the IB4 band and overlapped with
the PKC� plexus (Fig. 2B), as previously described (Seal
et al., 2009). In rat dorsal horn, however, the VGLUT3�

band localized to the ventral part of the IB4 band; the
ventral border of the VGLUT3� band closely matched the
ventral border of the IB4 band. Closer inspection showed
that the VGLUT3� profiles intermingled with IB4� struc-
tures, but colocalization was never observed. The
VGLUT3� band overlapped with the PKC�� band, as in
the mouse. Comparison with darkfield micrographs sug-
gested that the ventral aspect of the VGLUT3 band coin-
cided with the border between lamina II and III (Fig. 2A).
Thus, VGLUT3� presumed C-LTMRs terminate in lamina
IIi in both rat and mouse spinal cord, but in the rat, IB4�

binding C fiber terminals terminate more ventrally than in
the mouse and partly intermingle with terminals formed by
presumed C-LTMRs.

TH in C-LTMR terminals
C-LTMRs that express VGLUT3 also strongly express

TH (Li et al., 2011; Usoskin et al., 2015), suggesting that
TH may be a marker of C-LTMR terminals in the spinal
cord. However, whether TH is transported to the central
terminals of C-LTMRs is not known. To investigate this
issue, we used double immunofluorescent labeling of
VGLUT3 and TH in spinal cord sections. TH� fibers were
scattered throughout the gray matter of the spinal cord.
However, in neither rat (Fig. 3) nor mouse (data not shown)
dorsal horn did TH colocalize with VGLUT3� terminals,
indicating that TH is not present in C-LTMR terminals in
the dorsal horn. This is in accordance with previous ob-
servations that dorsal rhizotomy does not reduce TH im-
munoreactivity in the dorsal horn (Brumovsky et al., 2006).
In thoracic spinal cord sections, both VGLUT3� and TH�

fibers were found in the IML. However, no colocalization

VGLUT3 TH composite

la
m

in
a

 I
I

VGLUT3 TH composite

IM
L

Figure 3. Lack of colocalization of VGLUT3 and TH immunofluorescence in the rat spinal cord. TH immunoreactive processes are
found throughout the spinal gray matter, including in lamina II. TH� processes never colocalize with VGLUT3� terminals in lamina II
or in the IML in thoracic spinal cord. All panels are single deconvolved optical sections obtained using a 63�/1.4 oil immersion
objective. Scale bar, 10 �m, valid for all panels.

New Research 6 of 17

January/February 2019, 6(1) e0007-19.2019 eNeuro.org



VGLUT1

VGLUT3
IB

4

ra
t

m
o

u
se

IB
4

VGLUT3

VGLUT1VGLUT3

VGLUT2 VGLUT3
VGLUT1
VGLUT2

VGLUT2

ra
t

m
o

u
se

A

B
VGLUT1VGLUT3 VGLUT3

VGLUT1

VGLUT1VGLUT3 VGLUT3
VGLUT1
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Figure 4. Colocalization of VGLUT3 with VGLUT1 and VGLUT2 in the dorsal horn. A, In the rat spinal cord, VGLUT3� terminals in lamina IIi are
also immunoreactive for VGLUT1 and, sometimes weakly, for VGLUT2. VGLUT3� terminals intermingle with IB4 binding terminals but never bind
IB4 themselves. In the mouse, VGLUT3� terminals are not VGLUT1 immunoreactive but exhibit weak-to-moderate VGLUT2 immunolabeling.
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63�/1.4 objective. Scale bar, 1 �m, valid for all panels. B, Overview of VGLUT3� and VGLUT1� immunofluorescence in rat and mouse superficial
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Scale bar, 20 �m, valid for all panels in B.
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were found between VGLUT3� and TH� fibers in this
nucleus (Fig. 3).

Vesicular glutamate transporters in C-LTMR
terminals

C-LTMR terminals were reported to not express
VGLUT1 or VGLUT2 in the mouse (Seal et al., 2009). Using
triple immunofluorescent labeling for VGLUT1, VGLUT2,
and VGLUT3, we indeed observed that VGLUT3� termi-
nals never co-localized with VGLUT1 immunoreactivity in
mouse spinal cord (Fig. 4; Table 3). By contrast, 80.4 �
2.6% (mean � SD; n � 3 mice) of VGLUT3� terminals did
exhibit VGLUT2 immunoreactivity, although this immuno-
reactivity in most instances was weak (Fig. 4A). Surpris-
ingly, unlike in the mouse, in the rat spinal cord,
essentially all (99.4 � 0.5%; n � 3 rats) VGLUT3� termi-
nals showed VGLUT1 immunolabeling (Table 4); this la-
beling was generally moderate-to-strong. Most (95.1 �
7.7%) VGLUT3� terminals also showed VGLUT2 immu-
noreactivity, which ranged from weak to moderate. As
VGLUT3� C-LTMR terminals appear to constitute a sub-
set of VGLUT1� terminals in lamina IIi in the rat, we
determined the proportion of VGLUT1� terminals in this
sublamina that express VGLUT3. In fact, a majority of
VGLUT1� terminals (77.9 � 5.8%; Table 5), were
VGLUT3� in lamina IIi. While VGLUT3� presumed
C-LTMRs did not express VGLUT1� in the mouse, we
assessed the proportions of VGLUT3� and VGLUT1�

terminals in the joint set of VGLUT3� terminals and
VGLUT1� terminals in lamina IIi. VGLUT3� terminals con-
stituted 78.0 � 6.2% of this set of terminals (Table 6), thus
in close alignment with the proportion of VGLUT3� termi-
nals among VGLUT1� terminals in the rat. Indeed, we
noted that substantially fewer VGLUT1� terminals were

present in lamina IIi in the mouse compared to the rat (Fig.
4B). Furthermore, VGLUT1� terminals were scarce in me-
dial lamina IIi in sections from the rat lumbar enlargement,
where VGLUT3� terminals were absent (data not shown).

Number of synapses formed by C-LTMR terminals
VGLUT3� terminals in lamina IIi were medium-to-large

in size, which may suggest that C-LTMRs form multisyn-
aptic boutons. To investigate this, we performed double
immunofluorescent labeling of VGLUT3 and Homer1, a
general marker of excitatory synapses in the dorsal horn
(Gutierrez-Mecinas et al., 2016b). In transverse sections
of rat and mouse spinal cord, VGLUT3� C-LTMR termi-
nals had a median maximum Feret diameter of 2.1 �m (n
� 109 terminals) and 2.0 �m (n � 100 terminals), respec-
tively (Fig. 5). The median number of Homer1� puncta
was 3 for both rat and mouse terminals, although some
terminals were associated with up to 10 puncta (Fig. 5C).
Only Homer1� puncta clearly associated with the terminal
were included; for instance, puncta situated below or
above the terminal in the z-axis were excluded. The num-
ber of associated Homer1� puncta is therefore likely a
lower estimate of the number of excitatory synapses
formed by these terminals.

Ultrastructure of C-LTMR terminals
The light microscopic observations described above

suggest that C-LTMRs may form central terminals of syn-
aptic glomeruli, like many other primary afferent fibers
(Maxwell and Réthelyi, 1987; Todd, 2010). We therefore
performed preembedding immunoperoxidase labeling
and used electron microscopy to examine the ultrastruc-
ture of VGLUT3� presumed C-LTMR terminals. In rat
dorsal horn, peroxidase-labeled terminals were common
in lamina IIi. Many of these could be readily identified as
central terminals of Type II glomeruli, as described by
Ribeiro-da-Silva and Coimbra (1982), by having light ax-
oplasm, generally loosely packed small and clear vesicles
that did not fill the entire axoplasm, at least two asym-
metric synapses with postsynaptic dendrites, often sev-
eral mitochondria, and a relatively round outline (Fig. 6).
Neurofilaments were never identified in peroxidase-
labeled terminals. Asymmetric synapses were established
by labeled terminals with postsynaptic dendrites that
lacked vesicles, but also with vesicle-containing dendrites
(V1 profiles, per the terminology of Ribeiro-da-Silva and
Coimbra), most of which likely originate from GABAergic
neurons (Todd, 1996). Moreover, peripheral presumed
inhibitory V2 axons formed symmetric synapses onto the
central peroxidase-labeled terminals as well as onto post-
synaptic dendrites, thus forming both synaptic dyads and

Table 3 Immunolabeling of VGLUT2 and VGLUT3 in VGLUT3�

terminals in inner lamina II of mouse dorsal horn

Animal n % VGLUT1� % VGLUT2�

1 117 0 % 81 %
2 80 0 % 78 %
3 86 0 % 83 %

n , Number of terminals analyzed in each animal.

Table 4 Immunolabeling of VGLUT1 and VGLUT2 in VGLUT3�

terminals in inner lamina II of rat dorsal horn

Animal n % VGLUT1� % VGLUT2� % VGLUT1�/VGLUT2�

1 117 99 % 99 % 98 %
2 96 100 % 100 % 100 %
3 102 99 % 86 % 85 %

n, Number of terminals analyzed in each animal.

Table 5 Immunolabeling of VGLUT2 and VGLUT3 in VGLUT1�

terminals in inner lamina II of rat dorsal horn

Animal n % VGLUT2� % VGLUT3� % VGLUT2�/VGLUT3�

1 106 91 % 85 % 82 %
2 90 83 % 73 % 73 %
3 140 76 % 78 % 71 %

n, Number of terminals analyzed in each animal.

Table 6 Percentage of VGLUT3� terminals among all
VGLUT1� and VGLUT3� terminals in inner lamina II of mouse
dorsal horn

Animal n % VGLUT3�

1 100 76 %
2 100 85 %
3 100 73 %

n, Number of terminals analyzed in each animal.
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triads (Ribeiro-da-Silva and Coimbra, 1982; Ribeiro-da-
Silva et al., 1985) with the central VGLUT3� terminals. As
expected, given that each terminal was examined in at
most three serial sections, some peroxidase-labeled ter-
minals were relatively small and formed only one synapse
in the sections examined. In addition, small immunoreac-
tive vesicle-containing nonsynaptic profiles, presumably
preterminal axons, were occasionally observed. Notably,
although peroxidase-labeled terminals were intermingled
with Type I glomeruli in lamina IIi in the rat dorsal horn,
central terminals of Type I glomeruli were never immuno-
reactive for VGLUT3 (Fig. 6E).

In the mouse, VGLUT3� peroxidase-labeled terminals,
as in the rat, could often be identified as central terminals
of Type II glomeruli (Fig. 7A,B). In this species, however,
such terminals were found ventrally to Type I glomeruli
rather than being intermingled with them, in accordance
with the location of VGLUT3� terminals ventral to IB4

binding sites as observed by fluorescence microscopy
(Fig. 4B). As VGLUT3� terminals did not exhibit VGLUT1
immunoreactivity in the mouse, we reasoned that many

central terminals of Type II glomeruli in lamina IIi, but not
those in lamina III, should lack VGLUT1. To test this,
we performed postembedding immunogold labeling of
VGLUT1 of mouse dorsal horn sections. Indeed, unlike
what has been reported for the rat spinal cord (Alvarez
et al., 2004), many central terminals of Type II glomeruli in
Lamina IIi were devoid of immunogold labeling, or exhib-
ited levels similar to or below those of surrounding tissue
(Fig. 7C). Central terminals of Type II glomeruli strongly
immunogold labeled for VGLUT1 were occasionally found
in lamina IIi (Fig. 7D), and were common in lamina III.

Postsynaptic targets of C-LTMRs
Next, we performed triple immunofluorescence labeling

of VGLUT3, Homer1 and markers of specific dorsal horn
neuronal populations in lumbar rat spinal cord sections to
assess whether C-LTMRs establish excitatory synapses
with neurons from these populations. C-LTMRs have
been shown to provide synaptic input to neurons express-
ing PKC� in the mouse (Abraira et al., 2017), but whether
such connections are present also in the rat is contentious
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Figure 5. Size and synapse number of VGLUT3� C-LTMRs. A, Examples of VGLUT3� presumed C-LTMRs in lamina IIi in spinal cord
sections co-immunolabeled for the excitatory synaptic marker Homer1. Each terminal is apposed to several Homer1� puncta. Note
the incomplete filling of the terminals with VGLUT3 immunofluorescence, partly attributed to a high prevalence of axoplasmic
mitochondria. The micrographs are single deconvolved optical sections acquired with a 63�/1.4 objective. Scale bar, 1 �m, valid for
all panels. B, Frequency distribution of the maximum Feret diameter of VGLUT3� terminals in lamina IIi. Mouse and rat distributions
were compared using the Kolmogorov–Smirnov test. C, Histogram of the number of associated Homer1� puncta per VGLUT3�

terminal, as assessed from all optical sections occupied by a terminal. Statistical significance of the difference between mouse and
rat distributions was tested using Mann–Whitney U test.
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(Peirs et al., 2014; Andrew and Craig, 2016). Here, we
observed that numerous Homer1� puncta in PKC�� den-
drites were associated with VGLUT3� terminals (Fig. 8).
Indeed, most VGLUT3� terminals were associated with at
least one, and often several, Homer1� puncta in PKC�
dendrites.

In sections immunolabeled for parvalbumin together
with VGLUT3 and Homer1, we observed that VGLUT3�

terminals often apposed parvalbumin� processes, and
many of these appositions were associated with Homer1�

puncta (Fig. 9). These parvalbumin� processes often
showed moderate-to-strong immunoreactivity for parval-
bumin; as we have shown that excitatory parvalbumin
neurons only weakly express parvalbumin in the rat
(Larsson, 2018), this indicates that some of the synapses
were onto inhibitory parvalbumin neurons.
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Figure 6. Ultrastructural identification of C-LTMR terminals in the rat. A–E, Examples of terminals showing preembedding immuno-
peroxidase labeling for VGLUT3 in lamina IIi. Each terminal shows characteristics of central terminals of Type II glomeruli, including
a generally round outline, light axoplasm, loosely packed clear small-diameter synaptic vesicles and several mitochondria. The
terminals form multiple asymmetric synapses with postsynaptic dendrites, some of which contain vesicles that likely store GABA and
thus originate from inhibitory neurons. Peripheral axons form inhibitory symmetric synapses onto either the central terminal (E) or a
dendrite, or both (B). In E, a Type Ia glomeruli is adjacent to a VGLUT3� terminal. Note that the central terminal of the Type I glomeruli
(CIa), presumably originating from a non-peptidergic IB4 binding C fiber, exhibits no peroxidase labeling. D, postsynaptic dendrite
lacking vesicles; V1, postsynaptic vesicle-containing dendrite; V2, vesicle-containing presynaptic axon. Black and white arrowheads
indicate the postsynaptic aspect of asymmetric and symmetric synapses, respectively. Dashed line in C outlines the terminal for
clarity. Scale bars, 500 nm (A, B, D, E) and 1 �m (C).
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Calretinin immunoreactive processes were abundant
throughout lamina I and II, including in lamina IIi. How-
ever, appositions between VGLUT3� and calretinin�

processes were relatively scarce (Fig. 10). Neverthe-
less, some Homer1� puncta associated with calretinin�

processes were juxtaposed to VGLUT3� terminals, in-
dicating a sparse input from C-LTMRs to calretinin�

neurons.
While neurons expressing NK1R are rare in lamina II,

some NK1R� neurons in laminae I, III, and IV have den-
drites that extend into lamina II (Bleazard et al., 1994;
Brown et al., 1995; Littlewood et al., 1995), and might
therefore conceivably be targets of C-LTMR terminals. In
fact, terminals labeled by transganglionically transported
cholera toxin B (CTb) have been shown to contact NK1R�

dendrites in lamina IIi (Naim et al., 1998), and because
C-LTMRs, unlike other C-fibers, transport CTb (Li et al.,
2011), some of those terminals might have originated from
C-LTMRs. In lumbar spinal cord sections immunolabeled
for NK1R, VGLUT3 and Homer1, numerous NK1R� den-
drites of varying thickness traversed lamina II, as ex-
pected. Some of the dendrites were spiny, and many
Homer1� puncta dotted dendritic shafts, in accordance
with previous observations of primary afferent synapses

onto NK1R� dendrites in lamina II (Naim et al., 1997,
1998). However, VGLUT3� terminals rarely apposed
NK1R� dendrites (Fig. 11). In a few instances, Homer1�

puncta overlapping with NK1R� dendrites apposed
VGLUT3� terminals in a single optical section, but careful
examination through the z-stack indicated that such
puncta were not confined to the dendrites (Fig. 11E).
Although we cannot exclude that some of these apposi-
tions represented actual synaptic contacts between
VGLUT3� terminals and NK1R� dendrites, no unequivo-
cal contacts could be identified in z-stacks encompassing
�30,000 �m2 of lamina IIi.

Discussion
Here, we have shown that C-LTMR terminals, identified

by their expression of VGLUT3, form central terminals of
Type II glomeruli in the innermost part of lamina II, where
they establish frequent synaptic contacts with PKC� neu-
rons and parvalbumin neurons, more infrequently contact
calretinin neurons and rarely if ever form synapses with
NK1R expressing neurons. We have also observed in-
triguing species differences between rats and mice with
respect to coexpression of VGLUT1.
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Figure 7. Ultrastructural identification of C-LTMR terminals in the mouse. A, B, Examples of terminals showing preembedding
immunoperoxidase labeling for VGLUT3 in lamina IIi of the mouse. As in the rat, peroxidase-labeled terminals were morphologically
identical to central terminals of Type II glomeruli. C, D, Lowicryl-embedded dorsal horn section labeled for VGLUT1 using
postembedding immunogold labeling. In C, a central terminal of a Type II glomeruli (CII) in lamina IIi devoid of VGLUT1 immunolabeling
above background levels is shown. In D, another central terminal of a Type II glomeruli in lamina IIi exhibits strong VGLUT1
immunogold labeling. D, postsynaptic dendrite lacking vesicles; V1, postsynaptic vesicle-containing dendrite; V2, vesicle-containing
presynaptic axon. Black and white arrowheads indicate the postsynaptic aspect of asymmetric and symmetric synapses, respec-
tively. Scale bars, 500 nm (A, B) and 500 nm (C, D).
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VGLUT3 as a marker of C-LTMR terminals
In our preparations, three different VGLUT3 antibod-

ies produced weak labeling of a distinct population of
terminals in lamina IIi, similar to previous descriptions
of the pattern of C-LTMR termination (Seal et al., 2009;
Li et al., 2011). Our identification of these terminals as
central terminals of synaptic glomeruli confirms their
primary afferent origin (Maxwell and Réthelyi, 1987;
Ribeiro-da-Silva, 2004; Willis and Coggeshall, 2004).
Among primary afferent fibers, only C-LTMRs express
VGLUT3 in the mouse (Seal et al., 2009; Li et al., 2011;
Usoskin et al., 2015). Given the identical distribution
and morphology of VGLUT3� terminals in lamina IIi in
the rat as compared to the mouse, it appears highly
likely that C-LTMRs exhibit a similar selective expres-
sion of VGLUT3 also in the rat. Thus, the medium-to-
large diameter VGLUT3� terminals in lamina IIi can be
concluded to originate from C-LTMRs in either spe-
cies. Notably, however, scattered VGLUT3� processes
and terminal-like profiles were found throughout the
gray matter, and the origins of those remain to be
elucidated.

VGLUTs in C-LTMR terminals
As previously reported (Seal et al., 2009), we found that

C-LTMRs did not express VGLUT1 in the mouse. Surpris-
ingly, however, in the rat, these terminals exhibited strong
VGLUT1 expression. In addition, weak-to-moderate VGLUT2
expression was found in the majority of C-LTMRs in the rat,
and, generally more weakly, in the mouse. Low levels of
VGLUT2 protein in mouse C-LTMR terminals and the use of
different antibodies may contribute to the discrepancy with
the previous study by Seal and co-workers, who did not find
VGLUT2 in such terminals (Seal et al., 2009). Notably, a
transcriptomic study found that mouse C-LTMRs express
the Slc17a6 gene that encodes VGLUT2 (Usoskin et al.,
2015), supporting the present observations. Although the
expression of VGLUTs is mostly segregated, co-expression
of VGLUT1 and VGLUT2 has been reported (Boulland et al.,
2004; Herzog et al., 2006), including in the dorsal horn (Todd
et al., 2003; Alvarez et al., 2004; Persson et al., 2006; Bru-
movsky et al., 2007). VGLUT3 is generally not co-expressed
with other VGLUTs but is instead usually associated with
non-glutamatergic neurons or glia (Fremeau et al., 2002;
Gras et al., 2002; Schäfer et al., 2002; Boulland et al., 2004;
Stensrud et al., 2013). Rat C-LTMRs to our knowledge con-
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Figure 8. Synaptic connections between VGLUT3� C-LTMRs
and PKC� neurons in rat dorsal horn. A, Overview of a portion
of Lamina IIi from a lumbar spinal cord section immunolabeled
for VGLUT3, PKC�, and the excitatory synaptic marker
Homer1. Many VGLUT3� terminals are adjacent to PKC��

dendrites, and often apposed to Homer1� puncta associated
with such dendrites. Roman numerals denote Rexed’s lami-
nae. Dashed line indicates border between Lamina II and III.
Scale bar, 5 �m. B–F, Examples at higher magnification of
VGLUT3� terminals apposed to PKC�� dendrites. Arrow-
heads indicate Homer1� puncta associated with PKC�� den-
drites. Arrows indicate Homer1� puncta associated with the
VGLUT3� terminals but not with PKC�� dendrites. Asterisk in
e indicates a transversely cut dendritic shaft. Scale bar, 1 �m
(B–F). All micrographs are single deconvolved optical sections
obtained with a 63�/1.4 objective.
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Figure 9. Synaptic connections between VGLUT3� C-LTMRs
and parvalbumin neurons in rat dorsal horn. A, A portion of lateral
Lamina IIi from a lumbar spinal cord section immunolabeled for
VGLUT3, parvalbumin, and Homer1. Many VGLUT3� terminals
are apposed to parvalbumin� processes with Homer1� puncta.
Roman numerals denote Rexed’s laminae. Dashed line indicates
border between lamina II and III. Dashed frame indicates the
region magnified in B. Scale bar, 5 �m. B–F, Examples at higher
magnification of VGLUT3� terminals apposed to parvalbumin
processes. Arrowheads indicate Homer1� puncta, associated
with parvalbumin processes, apposed to the VGLUT3� termi-
nals. Arrows indicate Homer1� puncta associated with the
VGLUT3� terminals but not with parvalbumin� processes. Scale
bar, 1 �m (B–F). All micrographs are single deconvolved optical
sections obtained with a 63�/1.4 objective.
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stitute the first reported neuronal population that expresses
all three VGLUTs.

The functional consequence of the co-expression of
multiple VGLUTs in the same terminal is unclear. Whereas
transport kinetics are similar between isoforms, VGLUT1
is associated with lower release probability and short-
term depression compared to VGLUT2 and VGLUT3, by
virtue of its unique binding to endophilin A1 (Weston et al.,
2011). Thus, the differential VGLUT1 expression in rat and
mouse C-LTMRs observed here may indicate species
differences in release probability and short-term plasticity
at C-LTMR synapses.

Morphology of C-LTMR terminals
By confocal microscopy, we observed that VGLUT3�

C-LTMRs form medium-to-large-sized terminals each es-
tablishing multiple synaptic connections with postsynap-
tic neurons, indicating a glomerular organization of such
terminals. Preembedding immunoperoxidase labeling and
electron microscopy confirmed that C-LTMRs form cen-
tral terminals of synaptic glomeruli, like many other pri-
mary afferent fibers (Maxwell and Réthelyi, 1987; Ribeiro-
da-Silva, 2004; Willis and Coggeshall, 2004). Two major
types of glomeruli have been identified in the rat spinal
cord: Type I glomeruli, associated with non-peptidergic
nociceptive C fibers, and Type II glomeruli, which are
attributed to myelinated A fibers (Ribeiro-da-Silva and
Coimbra, 1982; Ribeiro-da-Silva et al., 1985). Similar syn-
aptic glomeruli are found in primates (Knyihar-Csillik et al.,
1982), and the synaptic integration afforded by such com-
plexes is thus likely a general characteristic of mammalian
somatosensory signaling. Type II glomeruli were further
divided into Type IIa and IIb; the latter have central termi-
nals containing neurofilaments, presumed to correspond

to thick myelinated A� fibers, whereas Type IIa glomeruli
without neurofilaments are thought to originate from thin
A� fibers (Ribeiro-da-Silva, 2004). Of these, Type IIa glom-
eruli predominate in lamina IIi. Here we found that
C-LTMRs establish central terminals of Type IIa glomeruli.
Remarkably, the ratio of VGLUT3� terminals to those that
only express VGLUT1 in lamina IIi of both mouse and rat
was �4:1, identical to the ratio of Type IIa to Type IIb
glomeruli in this region (Ribeiro-da-Silva and Coimbra,
1982). This is indeed consistent with the selective lack of
neurofilament proteins in C fibers, including C-LTMRs
(Usoskin et al., 2015). Thus, we propose that most, if not
all, Type IIa glomeruli in lamina IIi associate with C-LTMRs
rather than A� fibers, whereas myelinated A fibers form
Type IIb glomeruli. Furthermore, lack of VGLUT1 expres-
sion can be used in the mouse (but not in the rat) to
conclusively differentiate C-LTMR terminals from A fiber
terminals.

Synaptic partners of C-LTMRs
C-LTMRs were found to form presumed synaptic connec-

tions with parvalbumin neurons in the rat, in agreement with
recent observations (Abraira et al., 2017). Whereas we did
not directly assess whether the postsynaptic parvalbumin
neurons were inhibitory or excitatory, we have recently
shown that excitatory parvalbumin neurons invariably exhibit
weak parvalbumin immunoreactivity (Larsson, 2018). Many
parvalbumin� dendrites receiving contacts from VGLUT3�

terminals were strongly parvalbumin immunoreactive, and
these therefore likely originate from inhibitory neurons. This
contrasts with recent observations in the mouse, where
parvalbumin� cells postsynaptic to C-LTMRs were judged,
based on morphology, to be excitatory (Abraira et al., 2017).
Further studies using selective markers to differentiate be-
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Figure 10. Synaptic connections between VGLUT3� C-LTMRs and calretinin neurons in rat dorsal horn. A, A view of lateral lamina
IIi from a lumbar spinal cord section immunolabeled for VGLUT3, calretinin and Homer1. Although calretinin� processes are abundant
in lamina IIi, few VGLUT3� terminals are in close proximity to such processes. Roman numerals denote Rexed’s laminae. Dashed line
indicates border between lamina II and III. Scale bar, 5 �m. B, A VGLUT3� terminal apposed to a Homer1� puncta associated with
a calretinin� process (arrowhead). C, A VGLUT3� terminal apposed to several Homer1� puncta, none of which is associated with the
surrounding calretinin� processes. Scale bar, 1 �m (B, C). Micrographs in A–C are deconvolved single optical sections obtained with
a 63�/1.4 objective.
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tween inhibitory and excitatory parvalbumin neurons are
needed to assess whether this discrepancy is attributed to
species differences.

While neurons possessing NK1R are rare in lamina II,
NK1R� neurons in adjacent laminae, including laminae
III-IV but also, less prominently, lamina I, have dendrites
that extend into this lamina in the rat spinal cord (Bleazard
et al., 1994; Brown et al., 1995; Littlewood et al., 1995).
Thus, primary afferent fibers that terminate exclusively in
lamina II could still contact NK1R� dendrites from neu-
rons in laminae I, III, and IV. Indeed, some lamina III-IV
neurons with dendrites in lamina II receive input from

nociceptive fibers (Naim et al., 1997). However, the pres-
ent results showing few if any synaptic connections be-
tween VGLUT3� terminals and NK1R� dendrites argue
against direct synaptic input to locally or supraspinally
projecting NK1R� neurons. Nevertheless, some projec-
tion neurons in laminae I, III, and IV lack the NK1R (Todd
et al., 2000; Cameron et al., 2015), and some of these
could conceivably receive monosynaptic input from
C-LTMRs.

The present observations of a considerable synaptic
input from VGLUT3� C-LTMRs to PKC�� neurons are in
line with a previous study in the mouse (Abraira et al.,
2017). PKC�� neurons have recently been shown to ex-
hibit considerable heterogeneity with respect to neuro-
peptide expression (Gutierrez-Mecinas et al., 2016a).
Whether different subpopulations of PKC�� neurons
show differential connectivity with C-LTMRs and other
primary afferent classes is a topic for further study.

We found restricted synaptic connections between
VGLUT3� terminals and calretinin� neurons. As the
calretinin� population of neurons shows considerable
heterogeneity with respect to transmitter phenotype,
morphology and electrophysiology (Smith et al., 2015;
Larsson, 2018), it is possible that certain subpopula-
tions of calretinin� neuron are preferentially innervated
by C-LTMRs.

Functional considerations
That C-LTMRs participate in synaptic glomeruli where

both the central terminal and postsynaptic dendrites are
subject to inhibition, indicates that C-LTMR-mediated sig-
naling is locally regulated at the first synapse, including
via primary afferent depolarization (PAD). One role of PAD
in cutaneous afferent fibers has been proposed to be to
increase spatial discrimination by lateral inhibition (Ru-
domin, 2009), but given the extremely poor spatial reso-
lution of C fiber-mediated touch (McGlone et al., 2014),
this appears unlikely to be a major function for PAD in the
case of C-LTMR signaling. Another possible role for PAD
may be to prevent hyperactivity of low-threshold afferent
systems (Orefice et al., 2016).

The synaptic connections of C-LTMR terminals re-
vealed here and elsewhere (Abraira et al., 2017) indicate
that activation of C-LTMRs engage both excitatory and
inhibitory pathways in the dorsal horn. C-LTMR-mediated
inhibition of nociceptive signaling could tentatively
provide a basis for slow brush-mediated analgesia (Liljen-
crantz et al., 2017); conversely, disruption of such inhibi-
tion may contribute to tactile allodynia. Moreover, the
extensive synaptic connections between C-LTMRs and
PKC� neurons, which have been implicated in mechanical
allodynia (Todd, 2017), indicate a potential mechanism by
which C-LTMR activation could lead to pain under certain
conditions.

Wide dynamic range lamina I neurons that project to the
lateral parabrachial nucleus are activated by slow brush-
ing, and thus likely receive C-LTMR input (Andrew, 2010).
The present observations are in alignment with previous
electrophysiological evidence (Andrew, 2010) that such
input is not monosynaptic but is instead relayed via in-
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Figure 11. Lack of synaptic connections between VGLUT3�

C-LTMRs and NK1R� dendrites in Lamina IIi of the rat dorsal
horn. A, A micrograph of an intermediate part of the superficial
dorsal horn from a lumbar spinal cord section immunolabeled for
VGLUT3, NK1R, and Homer1. Numerous thick and thin NK1R�

dendrites traverse Lamina II, but VGLUT3� terminals are rarely
juxtaposed to such dendrites. Roman numerals denote Rexed’s
laminae. Dashed line indicates border between Lamina II and III.
The micrograph is a maximum intensity projection of seven
deconvolved optical sections obtained at 0.35-�m separation
with a 63�/1.4 objective. Scale bar, 5 �m. B–D, Examples of
VGLUT3� terminals in the proximity of, but not apposed to,
NK1R� dendrites. Arrows indicate Homer1� puncta apposed to
VGLUT3� terminals. Double arrowheads indicate examples of
Homer1� puncta associated with NK1R� spines or dendritic
shafts. Scale bar, 1 �m (B–D). Micrographs are single decon-
volved optical sections obtained with a 63�/1.4 objective. E,
Orthogonal views of a Homer1� punctum apposed to a
VGLUT3� terminal and overlapping with a NK1R� dendritic
spine. In the xy plane, the Homer1� punctum appears interior to
the spine, but sections in the yz and xz planes shows that the
punctum extends outside the spine, indicating that it does not
represent a synapse formed by the VGLUT3� terminal on the
spine. Scale bar, 500 nm.
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terneurons. One class of interneurons which may have
such a role is the PKC�� population (Andrew and Craig,
2016). Intriguingly, a morphologically distinct class of ex-
citatory interneuron known as vertical cells has been
shown in rats to receive contacts in lamina IIi from
VGLUT1� primary afferent fibers that transport CTb (Ya-
saka et al., 2014). As C-LTMRs express both VGLUT1 (in
the rat; present study) and transport CTb (Li et al., 2011),
some of these contacts may be from C-LTMRs rather than
from A fibers. Indeed, vertical cells may be activated by
slow brushing (Light et al., 1979). Because vertical cells
establish synapses with spinoparabrachial lamina I neu-
rons (Cordero-Erausquin et al., 2009), these cells could be
one possible route by which slow brushing and C-LTMRs
activate lamina I projection neurons.
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