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Abstract
Activation of histamine H3 receptors (H3Rs) reduces inflammation and nociception, but the existence
of H3Rs on peripheral innervation has never been demonstrated. Here we use antibodies to locate
H3Rs in whisker pads, hairy and glabrous hind paw skin, dorsal root ganglia (DRGs), and spinal
cords of rats, wild-type mice, and H3R knockout (H3KO) mice. Although H3Rs have been
hypothesized to be on C and sympathetic fibers, H3R-like immunoreactivity (H3R-LI) was only
detected on presumptive periarterial Aδ fibers and on Aβ fibers that terminated in Meissner’s
corpuscles and as lanceolate endings around hair follicles. The H3R-positive periarterial fibers were
thin-caliber and coexpressed immunoreactivity for calcitonin gene-related peptide (CGRP),
substance P, acid sensing ion channel 3 and 200kD neurofilament protein (NF). H3R–LI was also
detected on epidermal keratinocytes and Merkel cells, but not on Merkel endings, C fibers, any other
Aδ fibers, or sympathetic fibers. In DRGs, H3R-LI was preponderantly on medium to large neurons
coexpressing NF-LI and mostly CGRP-LI. In dorsal horn, CGRP-positive fibers with and without
H3R-LI ramified extensively in lamina II; many of the former formed a plexus in lamina V. Low
levels of H3R-LI were also present on Aβ fibers penetrating superficial and into deeper laminae. The
distribution of H3R-LI was similar in rats and wild-type mice, but was eliminated or strongly reduced
in Aδ fibers and Aβ fibers, respectively, in H3KO mice. Taken with recently published behavioral
results, the present findings suggest that periarterial, peptidergic, H3R-containing Aδ fibers may be
sources of high threshold mechanical nociception.
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INTRODUCTION
Histamine is a chemical messenger that is released by neuronal and non-neuronal sources
(Hough and Leurs, 2006). Histamine can act at four known types of histamine receptors,
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including H3 receptors (Hough, 2001). Although H3 receptors (H3Rs) were originally reported
to exist in the CNS as presynaptic inhibitory autoreceptors (Arrang et al., 1983;Arrang et al.,
1987), lesion studies have revealed that a large fraction of brain H3Rs exist as postsynaptic
inhibitory heteroreceptors (Pollard et al., 1993). Subsequently, pre- and postsynaptic
expression of H3Rs has been detected throughout the CNS. Detailed H3R radioligand binding
in rat brains revealed high densities of binding sites in the cerebral cortex, striatum, and
olfactory tubercles (Pollard et al., 1993). In agreement with this distribution, in situ
hybridization studies showed strong H3R mRNA signals in the cerebral cortex, thalamus, and
striatum of the rat (Lovenberg et al., 1999;Drutel et al., 2001). Although the majority of H3Rs
are located in the brain, H3R mRNA is also found in various non-brain tissues, including skin,
dorsal root ganglia, stomach, intestines, and brown adipose tissue (Heron et al., 2001;Karlstedt
et al., 2003).

Administration of H3R agonists has been shown to inhibit neuropeptide release from sensory
fibers in the heart, lung, and skin, leading to the hypothesis that H3Rs are located on peptidergic
C fibers (Dimitriadou et al., 1994;Ohkubo et al., 1995;Delaunois et al., 1995;Imamura et al.,
1996;Dimitriadou et al., 1997;Nemmar et al., 1999). Consistent with this hypothesis, recent
studies revealed that H3R agonists have anti-inflammatory as well as some antinociceptive
properties (Rouleau et al., 1997;Rouleau et al., 2000;Cannon et al., 2003;Cannon and Hough,
2005). Other studies suggest that H3Rs are located on sympathetic efferents (Ishikawa and
Sperelakis, 1987;Molderings et al., 1992;Koss, 1994;Godlewski et al., 1997a;Godlewski et al.,
1997b). However, no immunohistochemical studies have been performed to determine the
precise localization H3Rs on either sensory or sympathetic fibers. Thus, the present study has
performed the first investigation of the distribution of H3R immunofluorescence on nerve cells
and fibers in skin, dorsal root ganglia, and spinal cords of rats and mice.

MATERIALS AND METHODS
Specimens

The subjects were 6 rats, 6 wild type mice, and 6 H3KO mice. Animal housing and procedures
were approved by the Institutional Animal Care and Use Committee of Albany Medical
College. Male Sprague-Dawley rats (300–350 g, Taconic Farms, Germantown, NY), housed
in groups of two or three per cage, and female wild type or H3KO mice (10–14 weeks old, 20–
30 g), housed up to seven per cage, were maintained on a 12 h light/dark cycle (lights on from
7:00 to 19:00 h). Food and water were provided ad libitum.

H3KO mice, kindly provided by Millennium Pharmaceuticals, Inc. (Cambridge, MA), were
generated by targeted deletion of exon 3 of the mouse H3R gene (Cannon et al., 2003). H3KO
mice showed no detectable histamine H3R mRNA in the brain or the spinal cord by in situ
hybridization (Cannon et al., 2003). Brains from these subjects also had no detectable histamine
H3R binding (Mobarakeh et al., 2003). Following an overdose of sodium pentobarbital, the
animals were transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde in
0.1M phosphate-buffered saline (PBS, pH 7.4, 4°C). Immediately after perfusion, the tissues
were dissected and post-fixed at 4°C in perfusion fixative for 4 hours. Following post-fixation,
the tissues were rinsed several times in PBS and stored in 0.1% sodium azide PBS. The
following tissues were taken from each animal: 1) lumbar spinal cord, 2) lumbar dorsal root
ganglia (DRG), 3) superior cervical ganglia (SCG), 4) glabrous and hairy skin from hind paws,
and 5) whisker pads. The forebrains were removed from some rats, wild type mice and H3KO
mice for control purposes.

For cryostat sectioning, tissues were cryoprotected by overnight immersion in PBS containing
30% sucrose at 4ºC. Serial sections (14μm-thick) were cut on a cryostat and thawed in
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sequential order onto and rotating across 5–15 gelatinized slides. The slides were air dried
overnight and processed for single or double immunolabeling.

Production and characterization of H3R antibodies
Our study used two different rabbit polyclonal antibodies for H3R: one produced by Chazot et
al. (2001) and the other obtained commercially (AB5660P, Chemicon, see Table 1). The Chazot
antibody was directed against residues 349–358 of the human and rat H3R, which is identical
in the mouse sequence. Western blots on P2 membranes taken from wild type and H3KO
forebrains were performed with this antibody as previously described (Chazot et al., 2001).
Proteins (30 μg) were extracted using the chloroform/methanol precipitation method, and the
precipitate subjected to SDS-PAGE under reducing conditions, using 7.5% (v/v) acrylamide
slab gels. Proteins were transferred onto nitrocellulose, probed with the H3R antibody (2 μg/
ml), and detected using an ECL PLUS system (Amersham, UK). The Chemicon antibody was
targeted against an 18 amino acid sequence in the C-terminus region of rat H3R. This sequence
is 100% identical in mouse, 88% conserved in guinea pig, and 82% in human H3R.

Immunofluorescence preparation and observation
As previously described (Rice et al., 1997;Pare et al., 2002), serial 14μm sections were prepared
for single or double labeling with the antibodies listed in Table 1. Antibodies were diluted in
a PBS solution containing 1% bovine serum albumin (BSA) and 0.3% Triton X-100.
Appropriate species of secondary antibodies were raised in donkey or goat and conjugated with
either Cy3 (1:250; Jackson ImmunoResearch Laboratories, Inc.), Cy2 (1:500; Jackson
ImmunoResearch Laboratories, Inc.), or Alexa 488 (1:500; Molecular Probes, Inc.).

Slides were first preincubated in PBS containing 1% BSA and 0.3% Triton X-100 for 30
minutes, then incubated overnight at 4ºC in primary antibody under high humidity. Following
a 30 min rinse in PBS, slides were incubated under the appropriate secondary antibody for 2
hours at room temperature then rinsed for 30 min in PBS. For double labeling, the sequence
was repeated with the desired additional primary antibody and its appropriate secondary
antibody. After the final rinse, slides were coverslipped with 90% glycerin/10% PBS solution.
If the two primary antibodies were raised in different species, then the double labeling revealed
by Cy3 and Cy2 (or Alexa 488) was clearly separate. In some cases, double labeling
combinations were desired where only two rabbit primary antibodies (A and B) were available
or optimal. After verifying that separate single labeled preparations with each antibody labeled
similar innervation in a specific anatomical location, some slides were incubated first with
antibody A followed by anti-rabbit Cy3, then incubated with antibody B followed by anti-
rabbit Cy2 or Alexa 488. Other slides with alternating tissue sections were processed with the
sequence of primary antibodies reversed (i.e., first B, then A). The validity and limitations of
this double labeling method have been discussed in detail (Rice et al. 1997). For example, if
fibers and endings labeled with A are a subset of those labeled with B, then the first sequence
will have some fibers and endings that will be double labeled both with Cy3 and Cy2, whereas
additional fibers and endings will only be labeled with Cy2. In the reverse sequence, all fibers
and endings will be double labeled, and none will be only labeled with Cy2.

Immunochemical specificity and fiber classification
As shown in previous studies, protein gene product 9.5 (PGP) is a pan-neuronal cytoplasmic
enzyme (Rice et al., 1997). As such, anti-PGP labels all types of normal cutaneous innervation
in rats and mice including sympathetic fibers and various types of sensory fibers (i.e. Aβ, Aδ
and C fibers), as well as their terminations (Rice et al., 1997;1998;Fundin et al.,
1997a,b;Fünfschilling et al., 2004;Zylka et al., 2005). Other antibodies directed against 200kD
neurofilament (NF), CGRP, substance P (SP) and neuropeptide Y (NPY) discriminate between
specific types of innervation. The previous studies on rat skin cited above demonstrated that
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NF-LI was present on all thick-caliber and many thin-caliber sensory fibers. The anti-NF
labeling in the rat was consistently coexpressed with myelin basic protein (MBP) LI indicating
that these thick and thin fibers are Aβ and Aδ fibers respectively. NF-positive fibers with thick
and thin calibers that have similar distributions and types of endings are also present in mouse
skin. Based upon their morphologically distinct endings, the thick caliber fibers are the clear
equivalent of the Aβ fibers in the rat. The thin NF-positive caliber fibers in the mouse are
presumably the equivalent Aδ fibers, although in attempting to directly confirm this
presumption we haven’t found an antibody that effectively reveals myelin basic protein in
sections of mouse skin. CGRP-LI and SP-LI are vasodilatory neuropeptides commonly
coexpressed in subsets of Aδ and C “peptidergic” fibers in mouse and rat skin. Likewise, in
mouse and rat skin, NPY is a neuropeptide normally expressed mostly in adrenergic
sympathetic fibers that also are immunoreactive for tyrosine hydroxylase and are implicated
in vasoconstriction.

Three experiments were performed to control for nonspecific labeling. First, incubations were
conducted without the primary antibody to observe immunofluorescence provided by the
secondary antibody alone. Second, slides were incubated under primary antibodies that had
been preincubated with their specific blocking peptide to observe any nonspecific interactions
of the primary antibody. Blocking peptide was added to the H3R antibody at 1000-fold molar
excess and was allowed to sit at room temperature for one hour prior to application to tissue
sections. Third, immunolabeling was assessed in H3KO mice. To recognize the possibility that
an antibody made against a particular antigen might label a different, albeit antigenically similar
molecule, all detectable immunofluorescence will be referred to as a particular antigen-like
immunoreactivity (LI), for example H3R-LI. For simplicity, structures having LI for a
particular antigen will also be referred to as positive for that antigen, for example H3R–positive.

Sections were analyzed with an Olympus Provis AX70 microscope equipped with conventional
fluorescence: 1) Cy3 filters (528–553 nm excitation, 590–650 nm emission), and 2) Cy2 filters
(460–500 nm excitation, 510–560 nm emission). Fluorescence images were captured with a
high resolution (1280 × 1024 pixels) three chip color CCD camera (Sony, DKC-ST5) interfaced
with Northern Eclipse software (Empix Imaging, Inc., Mississauga, ON).

Since the intensity of immunolabeling for the numerous antibodies used in the present study
is attributed to many variables that cannot be individually quantified, this study does not attempt
to quantify the relative amounts of labeled antigens. These variables include: 1) true differences
in the presence and quantity of the antigen, 2) whether the antibody is monoclonal or polyclonal,
3), background labeling, 4) antibody concentration, 5) efficacy of the antibody, and 6) location
of the antigen (i.e. membrane or cytosol). Because the labeling intensities differed between the
various types of antibodies, the photomicrographs compiled for illustrative purposes were
adjusted using Northern Eclipse, Adobe Photoshop (San Jose, CA), and Microsoft Powerpoint
(Redmond, WA) software so that the maximum labeling contrast and intensity were similar
for each antibody.

Dorsal root ganglia quantifications
Analyses of the double labeling combinations in DRGs and SCGs were performed with
Neurolucida software (MicroBrightField, Inc., Willston, VT). Analyses were conducted for
sections spaced at least 100μm apart from three L4 or L5 DRGs double-labeled with antibodies
for 1) H3R and calcitonin gene-related peptide (CGRP), 2) H3R and substance P (SP) and 3)
for H3R and 200kD neurofilament protein (NF). The H3R and CGRP antibodies were raised
in rabbit and guinea pig (respectively), allowing for distinct detection of single or double
labeling. The H3R and NF antibodies were both made in rabbit. Single labeling with anti-
H3R or anti-NF revealed that many neurons expressed H3R-LI and/or NF-LI. Sequential
incubations first with anti-H3R followed by anti-rabbit Cy3, then in anti-NF followed by anti-
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rabbit Cy2 revealed that many neurons had NF-LI without H3R-LI. Sequential incubations first
with anti-NF followed by anti-rabbit Cy3, then anti-H3R followed by anti-rabbit Cy2 revealed
that virtually all the anti-H3R labeled neurons coexpress NF-LI. Interestingly, since anti-H3R
labeling was much less robust than anti-NF labeling, when H3R antibodies were used first in
the double labeling sequence the subsequent binding of the first anti-rabbit secondary antibody
effectively blocked any erroneous cross labeling by the anti-rabbit secondary antibody used in
the second round of incubations.

In order to standardize assessment of labeling, digital images of double labeled ganglion
sections were captured separately for the red (Cy3) and green (Cy2 or Alexa 488) fluorescent
channels, using camera settings that produced a comparable range of low fluorescence
intensities in each channel. The lowest fluorescence intensities captured for each antibody were
set to levels comparable to the fluorescence captured from sections processed only with the
secondary antibodies. Next, the range of fluorescence intensities in each channel was adjusted
linearly so that many cells remained barely evident, and the most brightly fluorescing cells had
a comparable intensity in both channels. The resultant images in the red and green channels
were merged by Boolean addition and the double labeled images were stored. A copy of each
double labeled image was purposefully extremely enhanced so that contours of even the most
faint cell profiles in the background could be delineated. Using these extremely enhanced
images, the contours of all visible cells were circumscribed to calculate the area of each cell
for as many cells as possible. The contour outlines obtained in the enhance images were then
superimposed onto separate copies of the unenhanced red and green images. In each channel,
the labeling of the cell underlying each contour was subjectively rated as: 1) blank, 2) very
weak, 3) weak, 4) moderate or 5) strong. The independent results from each channel were then
combined to conclude which cells had labeling for either or both antibodies. Only those cells
regarded as weak, moderate, or strong in each channel were regarded as “labeled” for the
antibody corresponding to the particular channel. The Abercrombie correction (1946) was used
to compensate for the progressive under representation of cells that occurs in proportion to
decreasing diameter.

RESULTS
Characterization of the H3R antibody

In order to more fully characterize the H3R antibody first developed by Chazot et al. (2001),
this antibody was used to detect H3R-LI in coronal brain sections of rats, wild type mice and
H3KO mice. In rats and wild type mice, pronounced H3R-LI was observed in several brain
regions known to contain moderate to high levels of H3R mRNA in rats (Pollard et al.,
1993;Heron et al., 2001;Pillot et al., 2002). For example, in both species we found robust
H3R-LI in the striatum (Fig. 1A), consistent with the previous detection in rats of H3R mRNA
in the striatum and H3R-LI on striatal, medium spiny neurons of rats. H3R-LI was also observed
in the cingulate cortex, substantia nigra pars reticulata, and cerebral cortex of rats and wild
type mice (data not shown). In contrast, the medial septal regions and hippocampal pyramidal
layers of rats and wild type mice contained little to no H3R-LI (data not shown), consistent
with the published paucity of H3R mRNAs in these locations (Pollard et al., 1993;Heron et al.,
2001;Pillot et al., 2002). Analysis of brain sections taken from H3KO mice revealed a virtually
complete absence of H3R-LI in most brain regions examined, including the striatum (Fig. 1C).
However, a weak residual H3R-LI remained in the cerebral cortex and cingulate cortex of
H3KO mice (data not shown).

In Western blots performed on membrane extracts from the forebrains of wild type mice (Fig.
1D), two major H3R-related species were detected (Mr 93,000 and Mr 68,000), as previously
seen in the rat (Chazot el al., 2001). These immunoreactive species were eliminated in H3KO
forebrain extracts (Fig. 1D). The two species are likely to represent dimeric mouse H3R
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isoforms as has been suggested using cross-linking strategies (Shenton et al., 2005). A third,
previously unknown species (Mr 95,000) was faintly labeled in wild type extracts and persisted
at lower levels in H3KO extracts (Fig. 1D), which might account for weak residual
immunolabeling in H3KO tissues. The residual labeling may be due to an H3R-like protein or
protein fragment, or to a protein completely unrelated to H3Rs. However, a Genbank BLASTp
search of the H3R antibody peptide sequence revealed no similarities to any other known
vertebrate protein. Although several H3R isoforms have been proposed to exist (Coge et al.,
2001;Wellendorph et al., 2002;Drutel et al., 2001;Tardivel-Lacombe et al., 2000;Rouleau et
al., 2004), the H3KO gene construct eliminated the sequences encoding the epitopes used to
make both of the H3R antibodies.

In other control experiments, brain sections as well as hind paw and whisker pad skin sections
from rats, wild type mice, and H3KO mice were examined after incubation with H3R antibody
serum that had undergone preabsorption with the specific blocking peptide. The preabsorbed
serum failed to label any components in all three types of animals (e.g. Fig. 2J–L). Finally,
immunofluorescence studies of brain, skin, and spinal cord were repeated in rats, wild type
mice, and H3KO mice using a commercially-available H3R antibody (see Table 1) that targeted
a different portion (C-terminus) of the H3R protein sequence. In all cases, results with the
commercially-available H3R antibody yielded comparable H3R-LI patterns in rat, wild type
mouse and H3KO mouse tissues similar to the labeling patterns observed with the Chazot anti-
H3R (e.g. Figs. 1B, 4A–C). However, the Chazot antibody produced consistently more robust
labeling and was used for most of the double labeling analyses (e.g. compare Figs. 3A–C and
Figs. 4A–C).

Anti-H3R labeling in skin
In order to determine specifically which types of cutaneous innervation express H3Rs, sections
of glabrous and hairy hind paw skin and of whisker pad skin from rats, wild type mice and
H3KO mice were processed for immunofluorescence with the two H3R antibodies in
combinations with antibodies for several other neuronal antigens (Table 1). As expected, anti-
PGP labeled all types of previously known sensory and sympathetic innervation in our skin
specimens, including all the types labeled with the other antibodies. The anti-PGP-labeled
innervation consisted of numerous thin-caliber fibers that ramify and terminate as free nerve
endings (FNEs) in the epidermis and superficial dermis (Fig. 2). Virtually all of the thin-caliber
epidermal and superficial dermal innervation lacked H3R-LI in rats and wild type mice (Fig.
2A–F). This included all combinations of CGRP, SP and NF-positive and negative fibers
indicative of peptidergic and nonpeptidergic Aδ and C fibers. Surprisingly, H3R-LI was
detected on thick-caliber Aβ fibers that terminated as lanceolate endings around hair and
whisker follicles and as endings in Meissner corpuscles located in the dermal papillae of
glabrous skin (Figs. 2A–F; D–F inset). Likewise, the H3R antibodies labeled the more proximal
portions of these Aβ fibers passing through large nerves in the deep dermis (Figs. 3, 4). As has
been published previously, all of the Aβ fibers labeled with anti-NF (not shown). H3R-LI was
also detected on Merkel cells located in lamina basalis of the glabrous epidermis and in the
outer root sheath of whisker follicles (Figs. 2D–F), but H3R-LI was not definitively evident
on the Aβ fibers that innervate the Merkel cells. Finally, H3R-LI was detected on keratinocytes
of the epidermis, with the strongest expression in the stratum granulosum and stratum spinosum
(Figs. 2A–F). Anti-H3R labeling in H3KO mice was severely reduced but faint labeling
persisted on the Aβ fibers, Merkel cells and keratinocytes (Figs. 2G–I).

Although the H3R antibodies failed to label thin-caliber fibers of the epidermis and upper
dermis, H3R-LI was detectable on a subset of thin-caliber fibers affiliated with arteries and
arterioles deep in the dermis of rats (Figs. 3A–C) and mice (Figs. 3D–F). However, unlike the
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faint residual labeling on Aβ fibers, H3R-LI was completely absent on these deep dermal,
periarterial fibers of H3KO mice (Figs. 3G–I).

Next we sought to determine the identity of these fibers. Previous studies in rats and mice
demonstrated that the cutaneous periarterial innervation consists of thin-caliber sensory and
sympathetic fibers (Fundin et al., 1997b;Fünfschilling et al. 2004). In the rat, all of the sensory
innervation labels with anti-CGRP and anti-SP. Some of it also labels with anti-NF, and anti-
MBF, and is presumptively classified as Aδ. The sensory innervation is relatively sparse and
is located primarily in the tunica adventitia (Fundin et al., 1997b;Fünfschilling et al. 2004).
Other peptidergic periarterial sensory fibers in mouse and rat lacked NF-IR and MBP-IR,
indicating that they are C fibers. In contrast to the sensory innervation, virtually all of the
normal periarterial sympathetic innervation coexpresses tyrosine hydroxylase and NPY, and
distributes as a dense plexus at the border between the tunica adventitia and tunica media. Thus,
both the anatomical localization of the innervation, and the immunochemical characteristics
of the periarterial innervation permit a clear classification of these fibers as either Aδ, C, or
sympathetic.

As seen in our anti-PGP double labeled preparations, virtually all of the anti-H3R labeled
periarterial fibers were located in the tunica adventitia on a subset of fibers within the small
vascular nerves and on some of the individual fibers (Figs. 3A–F). Moreover, the anti-H3R
labeled fibers consistently colabeled with anti-CGRP (Figs. 4D–F), anti-SP (Fig. 4G–I) and
anti-NF (Fig. 4J–L) indicating that the H3R-LI was primarily if not exclusively on the
presumptive Aδ fiber innervation. The remaining CGRP/SP-positive fibers, which lack NF-
LI, were virtually all H3R-negative indicating that most if not all of the C fibers were H3R-
negative. Although some C fibers could potentially be H3R–positive, H3R–LI was never
detectable unless some NF-LI was also present. Unfortunately, the H3R–LI was not sufficiently
intense for capture by confocal microscopy at a resolution that was any better than that achieved
by epifluorescence, especially since the sections were only 14 μM thick. In a study of vascular
innervation in muscle (Molliver et al., 2005), the Aδ vascular fibers were also found to label
with antibodies against the acid sensing ion channel 3 (ASIC3). Likewise, we found that the
H3R-positive periarterial fibers also colabeled with anti-ASIC3 in the skin (Figs. 4P–R).

Our double label assessments with anti-PGP revealed very little H3R-LI among the dense
plexus of fibers that ramify at the tunica media and adventitia border. H3R-LI was especially
absent in this location in the rat (Figs. 3A–C), but barely detectable H3R-LI was present on
some fibers in this location in wild type mice (Figs. 3D–F). Double labeling assessments with
anti-NPY revealed no co-labeling with H3R-LI (Figs. 4M–O), thereby supporting the
observations indicating that the detectable anti-H3R labeling was restricted to the Aδ sensory
innervation. H3R-LI was also absent among the sweat glands of the glabrous skin that are the
site of dense cholinergic sympathetic terminations (data not shown).

Anti-H3R labeling in DRG cell bodies
Our immunochemical localization of H3Rs on some cutaneous innervation was consistent with
previously detected moderate levels of H3R mRNA in DRGs (Heron et al., 2001). However,
as noted above, our assessments of cutaneous innervation indicated that H3R-LI was
definitively detectable only on Aβ fibers that terminated as lanceolate endings and Meissner’s
corpuscles, and on CGRP/SP-positive Aδ fibers that innervate arteries and arterioles.
Therefore, our next objective was to assess the size and immunochemical characteristics of
neurons in rat lumbar DRGs. Consistent with a general relationship between DRG neuronal
diameter and fiber caliber (McCarthy and Lawson, 1990), virtually all neurons less than
25μm in diameter were NF-negative, about 20–30% of neurons from 25 to 35 μm were NF-
positive, and virtually all larger neurons were NF-positive (Fig. 6A). Although there are known
to be exceptions to this correlation, smaller neurons are typically the source of C fibers and
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larger neurons the source of Aβ fibers (McCarthy and Lawson, 1990). Aδ fibers presumably
arise mostly from medium sized neurons.

Depending upon whether anti-H3R treated DRG sections were double labeled with anti-NF or
anti-CGRP, a considerable discrepancy was evident between the percentage of total neurons
that were initially judged as H3R-positive: i.e. 33% in section double labeled with anti-NF vs.
55% with anti-CGRP. Presumably the percentage of H3R-LI neurons should be the same in
both types of preparations. An assessment of the overall distribution of all labeled and unlabeled
cells revealed that the discrepancy was among the cells less than 25μm in diameter, where a
much greater total number of cells regarded as unlabeled were detected in anti-H3R/anti-NF
treated sections than in anti-H3R/CGRP treated sections. Thus, unlabeled cells were over-
represented in the former and/or under-represented in the latter. This may have been due to the
potential additive effect of background levels of cross labeling among the primary and
secondary antibodies raised in the same species. Based on prior assessments of the proportion
of CGRP-positive and negative small cells and of NF-positive and negative small cells in DRGs
(e.g. Zylka et al., 2005), it was evident that the discrepancy in small cell counts was primarily
due to a lack of overall unlabeled small cell detection in our anti-CGRP labeled specimens.
Therefore the graphs in Figure 6B were normalized to the small cell counts in Figure 6A.
Independent of the small cell discrepancy, it must be emphasized that H3R-LI in the DRG was
detected primarily on medium to large cells equal to or greater than 25μm in diameter. Among
cells of this size, 33–55% are H3R positive.

In DRG sections taken from H3KO mice, H3R-LI was virtually eliminated on the small and
medium size neurons, but some weak residual labeling persisted on large neurons (Fig. 5B).
Consistent with our peripheral innervation double labeling results, about two-thirds of the
neurons with H3R-LI also coexpressed anti-CGRP labeling (Figs. 5C, D and Figs. 6B, C), and
nearly all H3R-LI cells (97%) co-labeled with anti-NF (Figs. 5G, H and Figs. 6D, E). In
comparison to CGRP/H3R co-localization, about half as many small, medium and large H3R-
positive neurons also coexpressed SP-LI (Fig. 5E, F). This is consistent with previous
observations that SP is present in about half of the neurons that contain CGRP (Ju et al., 1987;
Lawson et al., 1995), although SP has previously been shown to have nearly complete co-
localization with CGRP in cutaneous fibers (Fundin et al., 1997a,b;Rice et al., 1997). At least
some of the medium-sized neurons that are positive for CGRP, SP, NF and H3R (approximately
25–35 μm) may be the source of the vascular Aδ fibers that express the same immunolabeling
characteristics. Likewise, the larger-sized neurons (greater than 35 μm) with H3R-LI may be
the source of the H3R-positive Aβ fibers seen in the skin that supply lanceolate or Meissner
endings (Figs. 2D–F). Interestingly, many if not most of the large neurons with H3R-LI also
expressed CGRP and SP-LI. This is consistent with previous observations of low levels of
CGRP and SP-LI in lanceolate and Meissner endings, even though the peptide
immunoreactivity was usually below detectable levels in their Aβ source axons (Fundin et al.,
1997a;Rice et al., 1997; Paré et al., 2001).

A bimodal distribution was observed among H3R-negative/NF-positive, medium- and large-
sized neurons (Fig. 6A). The larger of these neurons may give rise to Aβ fibers that innervate
Merkel endings. As noted above, the Merkel cells in the epidermis of the glabrous skin and
outer root sheath of whisker follicles expressed H3R-LI, but this labeling was not definitively
evident on the Aβ fibers that form endings on the Merkel cells. The more medium-sized H3R-
negative/NF-positive neurons may be the source of Aδ fibers that have been shown to innervate
the epidermis, upper dermis and hair follicles where no anti-H3R labeling was detected among
thin-caliber fibers (Fundin et al., 1997a;Rice et al., 1997;Fünfschilling et al., 2004). Likewise,
about one-third of the small- to medium-sized anti-CGRP labeled neurons lacked H3R-LI (Fig.
6B). These cells may be sources of peptidergic C fibers (some of which terminate on arteries)
and non-arterial peptidergic Aδ fibers that also lacked immunodetectable H3R in the skin
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(Fundin et al., 1997a,b;Rice et al., 1997). Regardless of some discrepancy in the detection of
unlabeled small neurons in anti-CGRP as compared to anti-NF double labeled section, most
small neurons in both types of preparations lacked immunodetectable CGRP, SP, NF or H3R.
This is consistent with the lack of anti-H3R labeling on any C fibers in the skin of which most
are non-peptidergic (Fundin et al., 1997a,b;Rice et al., 1997;Zylka et al., 2005).

Anti-H3R labeling in superior cervical ganglia
Although many previous functional studies suggested that the H3R may be located on
sympathetic innervation (Ishikawa and Sperelakis, 1987;Molderings et al., 1992;Koss,
1994;Godlewski et al., 1997a;Godlewski et al., 1997b), we rarely detected H3R-LI on any
NPY-positive fibers or on fibers in sites where sympathetic fibers are known to terminate on
arteries. Therefore, we assessed anti-H3R labeling in superior cervical ganglia of rats in double
label combination with an antibody against NPY which is widely expressed among adrenergic
sympathetic neurons. These results revealed a heterogeneous mix with some neurons
coexpressing NPY-LI and H3R-LI and others expressing only NPY-LI or H3R-LI (Fig. 5I–J).

Anti-H3R labeling in dorsal horn
Consistent with the characteristics of H3R-positive cutaneous fibers, our immunofluorescence
assessments of rat and wild type mouse spinal cords revealed H3R-LI on several thick and thin-
caliber axons entering the superficial dorsal horn via dorsal roots (Figs. 7A–L). The thick-
caliber, H3R-LI axons passed through laminae I and II and penetrated at least as far as lamina
III in both species (Figs. 7G–I, J–L) Although a few cases were found in which thick-caliber,
H3R-LI axons were also faintly labeled with anti-CGRP, most of the thick-caliber, H3R-LI
axons were CGRP-negative (Figs. 2G–L). In contrast, thin-caliber, H3R-LI axons consistently
co-expressed anti-CGRP labeling (Fig. 7D–L). Many of these thin-caliber fibers ramified
extensively in lamina II, and some extended to and ramified in lamina V (Figs. 7D–F, J–L).
These observations suggest that the thin-caliber, H3R-LI fibers synapse on neurons in both
locations. Interestingly, CGRP and H3R-LI was coexpressed on most of the fibers ramifying
in lamina V, whereas lamina II also had many CGRP fiber ramifications that lacked H3R-LI.
In general, CGRP-positive fibers that lacked H3R-LI were thinner than those that expressed
H3R-LI. Superficial (i.e. laminae I-III) dorsal horn neurons appeared to lack H3R-LI. Sparsely
scattered neurons in the deep dorsal horn and ventral horn were faintly labeled with anti H3R
(insert, Fig. 7E) and lacked CGRP-IR making it unlikely that they were the source of any
H3R/CGRP-positive fibers in the dorsal horn. Moreover, the sparsely scattered locations of
these neurons did not correlate with the concentrated sites of H3R-LI fibers in the dorsal horn.
In spinal sections from H3KO mice, H3R-LI was completely absent on thin-caliber axons in
the superficial and deep dorsal horn (Figs. 7M–O). Although the labeling intensity was
drastically reduced, faint detectable H3R-LI was observed in H3KO mice on thick-caliber
afferents found in the lumbar dorsal roots as well as thick-caliber fibers that passed through
laminae I-II and entered into laminae III-V (Figs. 7M–O).

DISCUSSION
Functional studies have suggested that H3Rs exist on sensory peptidergic C-fibers and on
sympathetic efferents, but no previous immunochemical experiments have been reported. The
present work has not confirmed these suggestions. Results with various combinations of double
labeling found that H3R-LI was detectable only on 1) peptidergic presumptive Aδ fibers that
innervate cutaneous arteries and on 2) Aβ fibers that terminate in Meissner corpuscles in
glabrous skin and as lanceolate endings in hairy skin. H3R-LI was also present on epidermal
keratinocytes, which contain H3R mRNA (Heron et al., 2001), as well as on Merkel cells in
lamina basalis of the epidermis and the outer root sheath of whisker follicles. All of these
H3R-positive structures contain CGRP-LI. Low levels of this labeling in keratinocytes was
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seen previously but disregarded as nonspecific (Rice et al., 19974; Rice and Rasmussen, 2000;
Paré et al., 2001; Khodorova et al., 2004; Fünfschilling et al., 2004). H3R–LI was not
definitively evident on 1) peptidergic C fibers, non-peptidergic C fibers, or Aδ fibers that
innervate the epidermis or hair follicles; 2) peptidergic C fibers or any sympathetic fibers that
innervate vasculature; or 3) Aβ-fibers that innervate Merkel cells. Our use of two antibodies
from the same species, and the absence of confocal microscopy for double-labeling leave open
the possibility that false positive colocalizations were observed. However, the use of two
different H3R antibodies, and the extensive control procedures employed minimize this
possibility.

The present findings strongly support the hypothesis that the H3R-LI labels the H3R. All present
results were verified with two different antibodies targeted against different domains of the
H3R. Both antibodies labeled CNS regions known to express this receptor (e.g. striatum,
cerebral cortex, Pollard et al., 1993). All of the H3R-LI was eliminated or severely attenuated
in H3R knockout skin, DRGs and CNS. We previously showed that the H3KO mice used
presently lack H3R radioligand binding, and lack responses to H3R agonists (Cannon et al.,
2003). Although H3R isoforms may exist (Coge et al., 2001;Wellendorph et al., 2002;Drutel
et al., 2001;Tardivel-Lacombe et al., 2000;Rouleau et al., 2004), the H3KO gene construct
eliminated the coding for both antigenic epitopes used presently.

In situ hybridization studies found moderate levels of H3R mRNA in rat DRGs (Heron et al.,
2001), but the characteristics of the positive neurons were not elucidated. Although our
methods cannot determine which DRG neurons are the source of particular sensory fibers and
endings, the size and immunochemical characteristics of the H3R-positive neurons are
consistent with the caliber and immunochemical characteristics of the H3R-positive cutaneous
innervation. These neurons were primarily medium to large DRG cells that coexpressed NF
and CGRP-LI, consistent with our observation that H3R –LI was expressed on particular types
of peptidergic Aδ and Aβ fibers. In contrast, the large neurons that lacked H3R-LI as well as
CGRP-LI are consistent with the characteristics of Aβ fibers that are the source of Merkel
endings. Many of the medium size neurons with and without CGRP-LI were also NF-positive,
but lacked H3R-LI. This is consistent with the presence of peptidergic and nonpeptidergic
Aδ fibers in the upper dermis that innervate hair follicles and the epidermis (Fundin et al.,
1997a;Rice et al., 1997;Fünfschilling et al., 2004). Importantly, most of the small DRG neurons
lacked H3R-LI. These include CGRP-positive and negative neurons that are the source of
peptidergic and nonpeptidergic C fibers. Cumulatively, our data indicate that, at least for
cutaneous innervation, H3R functions previously attributed to sensory peptidergic C fibers are
most likely to be mediated through peptidergic periarterial Aδ-fiber endings and perhaps Aβ-
fiber lanceolate and Meissner endings.

Although functional studies suggest that H3Rs exist on sympathetic innervation, H3R-LI was
not detected on cutaneous sympathetic NPY-expressing fibers in the rat, and only a few double
labeled fibers were seen in the mouse. Some NPY-positive/H3R-negative neurons were
observed in the SCG which could be a source for the sympathetic cutaneous arterial innervation.
However, most of the SCG neurons co-expressed H3R-LI and NPY-LI, implying an H3R
localization on sympathetic neurons. Apparent mismatches between ganglion cell and axon
immunochemistry have been noted previously (Fundin et al., 1997a;Rice et al., 1997). The lack
of detectable H3R-LI on the arterial sympathetic fibers may be due to a diffuse distribution
among their extensive terminal arborizations. Alternatively, the SCG may contain H3R-
positive sympathetic neurons that innervate structures other than the skin.

Functional roles for the H3R
H3R agonists are known to inhibit neuropeptide release from presumed sensory fibers in the
heart, lung, and skin. Consistent with this, H3R agonists have some anti-inflammatory and
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antinociceptive properties (Rouleau et al., 1997;Rouleau et al., 2000;Cannon et al.,
2003,Cannon and Hough, 2005). The present results show that periarterial Aδ fibers possess
the H3R and are likely to be a site of H3 agonist action. However, some Aβ fibers, as well as
keratinocytes also have both H3R-LI and CGRP immunoreactivity, and therefore may also
have functional signficance.

H3R antagonists have been reported to produce pruritus-like effects in mice, possibly mediated
by C fibers (Schmelz et al., 1997;Hossen et al., 2003;Sugimoto et al., 2004). Because H3R–LI
is present on keratinocytes but not on epidermal endings, the former may participate in these
effects of H3R antagonists. Recently, keratinocytes have been shown to be critical mediators
following the activation of endothelin B (Khodorova et al., 2003) and cannabinoid CB2
receptors (Ibrahim et al., 2005).

Although the lanceolate and Meissner endings that are supplied by H3R positive Aβ-fibers are
thought to be rapidly adapting low threshold mechanoreceptors, the Meissner endings express
a wide range of immunochemical properties associated with nociception (Paré et al., 2001).
Both types of endings are also intimately affiliated with several types of C fibers (Fundin et
al., 1997a; Paré et al., 2001). The functional importance of these chemical characteristics and
potential interactions with the affiliated C fibers in the skin have not been investigated.
However, modulation of Aβ fiber activity is known to afffect pain sensations that have typically
been attributed to C fiber and/or Aδ fiber activity. Peripheral, as well as central mechanisms
could account for these observations.

We recently reported that pharmacological activation of spinal H3Rs inhibits mechanical
nociceptive responses to tail pinch in wildtype, but not H3KO mice (Cannon et al., 2003). This
effect is both modality- and intensity- specific (Cannon et al., 2003;Hough and Cannon,
2005). For example, noxious thermal responses are unaffected. The intensity of the mechanical
stimulus needed to elicit these responses suggests that the relevant fibers are high threshold
mechanoreceptors (HTM) (Burgess and Perl, 1967;Beck et al., 1974;Szolcsanyi et al.,
1988;Yeomans and Proudfit, 1996;Ringkamp et al., 2001). Consistent with the spinal H3R
inhibition of mechanical nociception, we detected H3R-LI on small caliber CGRP-positive
fibers ramifying in the superficial laminae of the dorsal horn, as well as in lamina V, which
are known sites of HTM termination (Light and Perl, 1979). We hypothesize that these HTMs
are the periarterial Aδ fibers. Consistent with this, Aδ HTMs in the deep dermis of guinea pigs
were shown to be CGRP-immunoreactive (Lawson et al., 2002). We also found that these
periarterial Aδ fibers coexpressed immunoreactivity for ASIC3, a channel which has been
implicated in mechanical nociceptive transmission (Price et al., 2001). Conceivably, the high
intensity mechanical stimulus needed to activate HTMs and the lack of thermal responsiveness
may not be an inherent property of the fiber, but may be due to their relatively deep disposition
in the skin. The close proximity of these fibers to blood vessels and their probable
mechanosensitivity suggest the possibility that vasodilation could provide local mechanical
forces to activate these fibers.

The H3R-mediated inhibition of neuropeptide release in skin may be an important mechanism
to control the extent of inflammation that occurs during or following injury. CGRP and SP,
released during tissue damage, produce vasodilation and plasma extravasation (Brain et al.,
1992;Brain and Williams, 1989;Lembeck and Holzer, 1979;Saria, 1984), which, in turn, allow
the infiltration of additional inflammatory mediators (Bar-Shavit et al., 1980;Hartung et al.,
1986;Helme and Andrews, 1985; Payan et al., 1984; Saito et al., 1986). Peptide release also
activates mast cells to release histamine (Johnson and Erdos, 1973;Owen et al., 1980;Owen
and Woodward, 1980). Subsequent activation of H1 receptors on nociceptive fibers results in
sensitization and increased pain (Mobarakeh et al., 2000;Owen et al., 1980;Owen and
Woodward, 1980), but activation of H3Rs can inhibit further peptide release from such endings
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as the periarterial Aδ fibers, thereby limiting subsequent inflammatory events (Dimitriadou et
al., 1994;Ohkubo et al., 1995;Delaunois et al., 1995;Imamura et al., 1996;Dimitriadou et al.,
1997;Nemmar et al., 1999). Consistent with this, several studies have demonstrated that
systemic administration of the H3R agonist immepip significantly attenuates formalin-induced
paw swelling (Imamura et al., 1996; Cannon et al., manuscript submitted). Thus, the injury-
induced release of histamine may play a pronociceptive, pro-inflammatory role through H1
receptors, and/or an anti-inflammatory, antinociceptive role via H3Rs (Imamura et al., 1996).
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Figure 1. Characterization of anti H3R labeling
A–C. Digital images of punctate anti-H3R labeling among the neurons in the striatum as seen
in coronal sections from wildtype (A, B) and H3KO mice (C). Scale bar, 25 μm. Comparable
labeling was obtained with anti-H3R antibodies produced independently by Chazot et al.
(2001) (A) and Chemicon (B). Virtually all labeling is absent in the striatum of H3KO mice
prepared with the Chazot antibody (C). D. A Western blot with the Chazot antibody reveals
two dense bands (solid arrowheads) in the wildtype mice that are eliminated in H3KO mice,
and a faint band (open arrowheads) that is reduced but still persists in the H3KO mice.
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Figure 2. H3R -LI is absent on thin caliber innervation to the epidermis and upper dermis, but is
present on some Aβ fiber innervation, Merkel cells and keratinocytes
Digital images of glabrous hind paw sections from rats (A–C), wild type mice (D–F, J–L), and
H3KO (G–I) mice double labeled with anti-PGP (left panels) and anti-H3R (middle panels).
Merged double labeled images are shown in the right panels. Insets in D–I show labeling in
whisker follicles from mystacial pads. Scale bars = 25 μm (50μm for insets). In this and
subsequent figures, green (Cy2 or Alexa 488) and red (Cy3) symbols indicate single labeled
structures; yellow symbols indicate double labeled structures. A–F: As seen in rat and wildtype
mouse skin, thin caliber innervation labeled with anti-PGP (green arrowheads) in the epidermis
or upper dermis is not labeled with anti-H3R. This includes all C-fiber and Aδ-fiber innervation.
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Anti-PGP and anti-H3R double labeling was present on some large caliber Aβ fibers (yellow
curved arrows), and on Aβ-fiber endings in Meissner corpuscles (yellow chevrons with
asterisks) and Aβ-fiber endings on whisker follicles (yellow chevrons) and hair follicles (not
shown). H3R-LI is also present on keratinocytes in the epidermis (red stars) as well as on anti-
PGP labeled Merkel cells (yellow straight arrows) in lamina basalis of the epidermis and the
outer root sheath of whisker follicles. H3R-LI was not evident on the Aβ fibers that innervate
the Merkel cells. G–I: In H3KO mice, H3R-LI is drastically reduced but faint residual Cy3
labeling was detected on keratinocytes in the epidermis (red stars), some Aβ fibers (yellow
curved arrows), Meissner corpuscles (yellow chevrons with arrowheads), lanceolate endings
(yellow chevrons) and Merkel cells (yellow straight arrows). All thin caliber innervation was
Cy3 negative (green arrowheads). J–L. Images of wildtype glabrous mouse skin double labeled
with anti-PGP and peptide preabsorbed anti-H3R. None of the innervation (green arrowheads
and curved arrows) nor cells in the epidermis were labeled with the preabsorbed anti-H3R.
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Figure 3. H3R-LI on periarterial innervation in the deep dermis
Digital images of glabrous hind paw sections from rats (A–C), wildtype mice (D–F), and
H3KO mice (G–I) double labeled with anti-PGP (A, D, G) and anti H3R revealed with Cy3 (B,
E, H). Scale bars, 25 μm. L = arterial lumens, TM = tunica media. A–F. Double labeling is
present among individual axons and bundles of axons (yellow straight arrows) which are
located in the tunica adventitia (which surrounds the tunica media) and have previously been
shown to be mostly CGRP-positive presumptive C fibers and Aδ fibers (see also Fig. 4). Thin-
caliber fibers that ramify at the interface between the tunica adventitia and tunica media have
previously been shown to be NPY and TH-positive and are presumptive sympathetic
innervation. They were entirely labeled only with anti-PGP (green arrowheads) in the rat, but
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some double labeled with anti-H3R in the mouse (yellow arrowheads). Many Aβ fibers in large
deep dermal nerves were double labeled (yellow curved arrows). G–I. No H3R-LI was present
among sensory (green arrows) and sympathetic (green arrowheads) periarterial fibers in H3KO
mice, but faint residual labeling was detected on Aβ fibers (yellow curved arrows).
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Figure 4. Co-localization of H3 receptors with CGRP, SP, NF, and ASIC3, but not NPY on deep
dermal, peptidergic, arterial innervation
Digital images of glabrous hind paw sections from rats double labeled with antibodies against
H3R (middle panels) and against several other neuronal antigens (left panels). Merged images
are in the right panels. The Chemicon anti-H3R used in B (yellow arrows) did not label
innervation as intensely as the Chazot antibody used in all the other middle panels (red and
yellow arrows). Scale bar, 25 μm. L = lumen of arteries. A–C. H3R-LI was expressed almost
entirely among the anti-PGP individual fibers and bundles of fibers (yellow arrows) located in
the tunica adventitia which surrounds the tunica media. Anti-PGP labeled fibers that ramify at
the interface between the tunica adventitia and tunica media lack H3R-LI (green arrowheads).
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D–F. CGRP-LI was expressed in the periarterial innervation that is presumably sensory (yellow
and green arrows). A subset of this innervation co-expresses H3R–LI (yellow arrows). G–I.
SP-LI was also expressed in periarterial fibers that are presumably sensory (yellow and green
arrows). H3R-LI was expressed on a subset of this innervation (yellow arrows). J–L. H3R–LI
was expressed on periarterial fibers that co-labeled with anti-NF. Previous studies showed that
the NF-positive fibers are a subset of those that label with anti-CGRP. M–O. H3R-LI was only
expressed on fibers (red arrows) that were distinct from those that label with anti-NPY (green
arrowheads). P–R. H3R-positive fibers also labeled with anti-ASIC3 (yellow arrows).
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Figure 5. Immunochemical characterization of H3R expressing neurons in lumbar dorsal root
ganglia (DRG) and superior cervical ganglia (SCG)
Sections of ganglia were all labeled with anti-H3R (red) and some sections were double labeled
with another antibodies (green). Small size neurons are indicated by arrowheads, medium size
neurons by straight arrows and large size neurons by curved arrows. Red indicators show
neurons only labeled with anti-H3R, green indicators only neurons labeled with other
antibodies, and yellow indicators neurons that are double labeled. Empty indicators show
neurons that were regarded as having only background fluorescence. Scale bar = 25μm. A, B.
Images from mouse DRG sections. Anti-H3R labeled many of the small (red arrowhead),
medium (red arrow) and large (red curved arrow) DRG neurons from a wildtype mouse (A).
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Anti-H3R is virtually eliminated in DRG neurons from a H3KO mouse (B) except for very low
residual leveling on some relatively large neurons (red curved arrow). C–H. Images from rat
lumbar DRG sections. C, D. Small neurons double labeled with anti-CGRP and anti-H3R
(yellow arrowheads), only labeled with anti-CGRP (green arrowhead), or only labeled with
anti-H3R (red arrowhead). Some small neurons were not labeled with either antibody (unfilled
arrowheads). Most medium size neurons expressed both CGRP-IR and H3R-IR (yellow straight
arrows). Large neurons were typically immunolabeled for both CGRP and H3R (yellow curved
arrows) or were negative for both (unfilled curved arrows). E, F. Overall, fewer neurons label
with anti-SP than with anti-CGRP. Some small neurons were double labeled with anti-SP and
anti-H3R (yellow arrowheads), only labeled with anti-SP (green arrowhead), or only labeled
with anti-H3R (red arrowhead). Some small neurons were not labeled with either antibody
(unfilled arrowheads). Most medium size neurons were immunolabeled for both SP and H3R
(yellow arrows) or negative for both (unfilled arrow). The green straight arrow indicates a
relatively rare medium size neuron that only expressed SP-IR. Some large neurons were double
labeled with anti-SP and anti-H3R (yellow curved arrows), some were labeled only with anti-
H3R (red curved arrow), and others were not labeled with either antibody (unfilled curved
arrows). G, H. Virtually all small neurons were NF-negative, whereas virtually all medium and
large neurons were NF-positive. Small neurons were H3R-positive (red arrowheads) or
negative (unfilled arrowheads). Medium and large neurons were H3R-positive (yellow straight
arrows and curved arrows) or H3R -negative (green straight arrows and curved arrows). I, J.
Double labeling of rat superior cervical ganglia revealed neurons that coexpressed anti-NPY-
IR and anti-H3-IR (yellow arrows) or that are positive only for NPY (green arrow) or H3R (red
arrow).
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Figure 6. Quantification of anti-H3R labeling in rat dorsal root ganglia
Distribution of cell sizes and labeling characteristics in rat lumbar DRG neurons as assessed
in sections double labeled with anti-H3R and anti-NF (A) or with anti-H3R and anti-CGRP
(B). Data were normalized from measurements of 758 cells in three L4 and L5 rat DRGs and
the proportions were corrected for cell size. A. After double labeling with anti-H3R and anti-
NF, 33% of all presumptive neurons had H3R–LI. Most of these H3R–LI neurons were NF-
positive (30% vs. 3%) and had medium to large diameters. 17% of all detected neurons were
NF-positive and H3R-negative and had a bimodal distribution among medium and large cells.
50% of presumptive neurons were negative for both H3R-LI and NF-LI, and most had relatively
small diameters. B. After double labeling with anti-H3R and anti-CGRP, the actual detected
proportions of H3R-positive and negative neurons are shown in the solid line enclosed bars
and pie chart sectors. The actual percentages of double-labeled, single-labeled and unlabeled
neurons are shown by the numbers without brackets in the pie chart sectors. The proportion of
anti-H3R labeled neurons in B was much higher (55%) than in A (33%), but presumably should
be the same. This was most likely due to a failure to detect many unlabeled cells in the anti-
H3R and anti-CGRP labeled sections (see Methods and Results). To correct for this likely lack
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of detection, the total % of H3R–LI neurons observed in the anti-H3R and anti-CGRP (B) was
normalized to 33% by adjusting the proportion of H3R-negative/CGRP-negative cells to reflect
the level of H3R-negative neurons observed in the anti-H3R and anti-NF labeled sections (A).
The adjusted increase is indicated by broken line bars and pie sectors, and the adjusted
percentages are the numbers shown in brackets in B. With or without this adjustment, neurons
with H3R–LI had predominantly medium to large diameters, with a 3:1 ratio of CGRP-positive
to CGRP-negative neurons (24% vs 9% in adjusted percentages). Based on adjusted
percentages, 12% of the neurons were H3R-negative and CGRP-positive and had a bimodal
distribution among small and medium diameters. Even without an adjustment, the neurons that
lacked both H3R–LI and CGRP-LI were skewed towards smaller diameters (white bars and
white pie sector within solid lines).
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Figure 7. Anti-H3R labeling in the dorsal horn of rats, wild type mice, and H3KO mice
Digital cross sectional images of lumbar spinal cords from rats (A–I), wild type mice (J–L),
and H3KO (M–O) mice. The sections are double labeled with anti-CGRP revealed by Cy2 or
Alexa 488 conjugated secondary antibodies (left panels) and with the Chazot anti-H3R revealed
by Cy3 conjugated antibodies (middle panels). Merged images are shown in the right panels.
Fibers definitively labeled with only anti-CGRP are denoted by green indicators; with only
anti-H3R by red indicators, and with both antibodies by yellow indicators. Scale bars, 25μm.
Anti-CGRP and anti-H3R labeling is shown at low magnification in the rat dorsal horn (A–C).
Areas in A–C that include lamina V (white broken line boxes) and laminae I-III (white solid
line boxes) are shown at higher magnification in D–F and G–I respectively. Comparable high
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magnification images of the superficial dorsal horn are shown for WT (J–L) and H3KO (M–
O) mice. High magnification images from lamina V of mice are shown in insets in J–O. As
shown in D–F and in the insets in J–L, most of the CGRP-positive fibers that ramify in lamina
V coexpress H3LI (yellow arrows), whereas few fibers only express CGRP-LI (green
arrowheads). As shown in the inset in E, some dorsal horn neurons deep to lamina II have faint
levels of H3R-LI detectable primarily over the cell body. As shown in G–L, anti-CGRP labeled
fibers ramify extensively in superficial lamina and include fibers that express H3R-LI (yellow
arrows) and those that lack H3R-LI (green arrows). Some individual CGRP-positive fibers
express H3R-LI (yellow arrowheads) and others lack H3R-LI (green arrowheads). Some thick-
caliber Aβ fibers passing through the superficial laminae have low levels of H3R-LI (red curved
arrows). As seen in M-O, H3R-LI is absent on the CGRP-positive innervation in H3KO mice
(green arrows and arrowheads), but very faint residual labeling persists on some Aβ fibers (red
curved arrows).
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Table 1
List of Antibodies Used for Immunofluorescence Studies

Antigen Antibody (dilution) Source
Protein gene product 9.5 PGP) Rabbit polyclonal (1:800) UltraClone Ltd. (Wellow, Isle of Wight, UK)
Calcitonin gene-related peptide (CGRP) Guinea pig polyclonal (1:400) Peninsula Laboratories Inc. (San Carlos, CA)
Neurofilament 200kD (NF) Rabbit polyclonal (1:800) Chemicon International Inc. (Temecula, CA)
Substance P (SP) Guinea pig polyclonal (1:400) Research Diagnostics Inc. (Flanders NJ)
Neuropeptide Y (NPY) Sheep polyclonal (1:800) Chemicon International Inc.
Acid-sensing ion channel 3(ASIC3) Guinea Pig (1:500) Neuromics Antibodies Northfield, MN)
Histamine H3 receptor (H3R):
1) Intracellular loop 31 rat and human)
2) C-terminus2 (rat)

Rabbit polyclonal (1:50–500)
Rabbit polyclonal (1:50–500)

Chazot et al., 2001
Chemicon International Inc.

1
This antibody was raised against a 10 amino acid peptide sequence found in intracellular loop 3 of the rat and human H3R protein.

2
This commercial antibody was raised against the C-terminus of rat H3R.
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