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Abstract

The expression of sodium channels (NaCh(s)) change after inflammatory and nerve lesions and this
change has been implicated in the generation of pain states. Here we examine NaCh expression within
nerve fibers from normal and painful extracted human teeth with special emphasis on their
localization within large accumulations, like those seen at nodes of Ranvier. Pulpal tissue sections
from normal wisdom teeth and from teeth with large carious lesions associated with severe and
spontaneous pain were double-stained with pan-specific NaCh antibody and caspr (paranodal protein
used to visualize nodes of Ranvier) antibody, while additional sections were triple-stained with NaCh,
caspr and myelin basic protein (MBP) antibodies. Z-series of images were obtained with the confocal
microscope and evaluated with NIH ImageJ software to quantify the density and size of NaCh
accumulations, and to characterize NaCh localization at caspr-identified typical and atypical nodal
sites. Although the results showed variability in the overall density and size of NaCh accumulations
in painful samples, a common finding included the remodeling of NaChs at atypical nodal sites. This
remodeling of NaChs included prominent NaCh expression within nerve regions that showed a
selective loss of MBP staining in a pattern consistent with a demyelinating process.
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Perspective

This study identifies the remodeling of NaChs at demyelinated sites within the painful human dental pulp and suggests that the contribution
of NaChs to spontaneous pulpal pain generation may not only be dependant on total NaCh density but may also be related to NaCh
expression at atypical nodal sites.
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Introduction

The activation of voltage-gated sodium channel(s) (NaCh(s)) play an essential role in neuronal
excitability, including the initiation and propagation of action potentials.2! Experimental
animal studies and fewer human studies have shown that NaChs change their expression in
sensory neurons following inflammatory and nerve lesions, and these changes may contribute
to the activation of pain pathways leading to the development of increased pain states.*11712

The dental pulp is a rich source of pain fibers and represents a valuable system to study
peripheral pain mechanisms.8 Additionally, there is an abundant supply of both extracted
normal wisdom teeth and painful teeth with known pain levels that are available for study. We
are using the human extracted tooth as a model system to evaluate human peripheral pain
mechanisms and are applying quantitative methods that allow an objective comparison of NaCh
expression in normal and painful samples. The purpose of this study was to quantify the density
and size of significant NaCh accumulations within the pulpal nerve fibers from normal wisdom
teeth and from carious molar teeth that were characterized by the presence of severe and
spontaneous pain. Furthermore, we used an antibody against caspr (a paranodal protein) to
characterize the expression of NaCh accumulations at typical and atypical nodal sites, and
myelin basic protein (MBP) antibody to evaluate these expressions relative to state of
myelination. The results of this study will further our understanding of how NaCh expressions
are changed within painful human peripheral tissues and how these changes may contribute to
the constant, increased evoked and spontaneous pain responses that characterize the pain
associated with toothache. Part of this research was presented in Abstract form at an American
Pain Society annual meeting.28

Materials and Methods

Human dental pulp collection and preparation

This study was approved by the University of Colorado Human Subjects Institutional Review
Board and informed consent was obtained from each subject. Teeth were obtained from patients
presenting to the University of Colorado School of Dental Medicine Clinics for the extraction
of either a normal third molar (“wisdom” tooth that was erupted with fully developed apices)
or a painful molar tooth diagnosed with irreversible pulpitis (n = 10 in each group; normal
group included 7 males and 3 females with an average age of 24.4 +/—2.0 and with an age range
of 18 to 36; painful group included 4 males and 6 females with an average age of 29.0 +/— 1.9
and with an age range of 20 to 42). The painful samples were limited to those with a large
carious lesion that extended well into the pulpal tissues and that were associated with pain that
was described as constant in character, that included the presence of sharp, shooting
spontaneous pain episodes, and that was as rated as severe in intensity over the 24 hour time-
period preceding the extraction. Additionally, all painful teeth showed transient or prolonged
pain responses to cold, hot or electric pulp testing, thus demonstrating the presence of viable
nerves. The extracted teeth were collected in 0.1 M phosphate buffer (PB) and a bur in a high-
speed dental handpiece was used to place a groove around the tooth, while avoiding penetration
into the pulpal tissues. The teeth were split, the pulpal tissues removed and fixed in 4%
paraformaldehyde in 0.1 M PB for 20 minutes. The pulpal tissue was rinsed in 0.1 M PB and
then placed in 30% sucrose in 0.1 M PB overnight at 4°C. The next day the pulp was placed
in Neg-50 (Richard-Allan Scientific; Kalamazoo, MI) and stored at —80 °C. Pulpal samples
were thawed and embedded in Neg-50, with a normal sample next to a painful sample, and
serially sectioned with a cryostat at 30 ums in the longitudinal plane. Sections were placed
onto Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA), air dried and then stored at —20°
C.
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Immunocytochemistry

Assingle slide was selected from each of the 10 different sample pairs and consisted of sections
where the coronal and radicular pulpal regions were fully present. All sample pairs were then
double-stained with a pan-specific NaCh antibody (rabbit polyclonal antibody used at 1:100)
that identifies a conserved epitope located within the alpha subunit of all NaCh isoforms!2 and
antibody against caspr (mouse monoclonal antibody kindly provided by Dr. Peles and used at
1:500) which is highly expressed in the paranodal region of myelinated axons and is used to
identify nodes of Ranvier2®, with the use of the indirect immunofluorescence method as
previously described.3:24 Species-specific secondary antibodies (Molecular Probes, Eugene,
OR) were used to visualize caspr (Alexa Fluor 488) and NaCh (Alexa Fluor 568)
immunofluorescence. The tissue sections that were double-stained were examined with a
Nikon PCM-2000 laser scanning confocal microscope. A z-series of optical images (0.8 um
increments) were separately obtained of NaCh and caspr immunofluorescence in nerve fibers
within the upper and lower radicular pulp from each sample. All images were obtained with a
40x oil immersion objective lens at a 1024 x 1024 pixel resolution, where each pixel is 0.3 um
in length with an area of 0.09 um?2, and with identical laser power settings that allowed the
identification of multiple pixels with a maximum 255 intensity (8 bit images) in most nodes
of Ranvier, while still allowing an obvious gradation of immunofluorescence staining
intensities of NaChs present within accumulations.

One section from four normal samples and four painful samples were triple-labeled with
antibodies against NaCh, caspr, and myelin basic protein (MBP; Chemicon, Temecula, CA,
catalog # MAB386, rat monoclonal used at 1:200 and visualized with Alexa Fluor 633 from
Molecular Probes). These triple-labeled specimens were examined with a Nikon C1si confocal
microscope and representative images obtained.

Control sections were processed as above except NaCh antibody was mixed with peptide
antigen (approximately 30:1 peptide to antibody molar concentration ratio) for a minimum of
four hours before application to tissue sections and images were obtained with the same laser
gain settings used to visualize NaCh immunofluorescence in the experimental specimens.
Other sections were processed identical to experimental sections but with the omission of
primary antibodies.

All images were processed for illustration purposes with Adobe Photoshop CS2 (Adobe
Systems, San Jose, CA) and CoreIDRAW 12 (Corel Corporation, Ottawa, Canada).

Quantitative analysis to determine density and average size of significant NaCh
accumulations

Every sixth slice (representing a distance interval of 4.8 um) within the NaCh only z-series
was evaluated with NIH ImageJ software?8 to determine the area occupied by nerves, and the
density and average size of significant NaCh accumulations within the nerve area as previously
described.20 Briefly, this involves an outlining of nerve fiber to determine nerve area, a
threshold step to remove lower intensity pixels (including those that may represent nonspecific
staining) and that limits the NaCh analysis to pixels with a maximum intensity of 255, and then
an analyze step that determines the total count and average size of NaCh accumulations with
four or more contiguous pixels with maximum intensity within the nerve area. The results from
this analysis that was performed on separate images of axon bundles located in the upper and
lower radicular region from each sample were then combined to determine density and size of
significant accumulations in each individual normal and painful sample.
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Analysis to characterize NaCh accumulations at typical and atypical nodal sites

The NaCh-only z-series from select normal and painful samples (see below) was combined
with the corresponding caspr-only z-series with ImageJ and each viewed as a maximum
intensity collapsed z-projection. A threshold of 255 was applied to the NaCh-only z-series used
here so as to limit this analysis to only those pixels with maximum NaCh immunofluorescence
intensity, as was done in the density analysis (see above). This thresholded maximum intensity
collapsed z-projection was then used to characterize the expression of NaCh accumulations at
nodal sites that were classified as either typical or atypical as based on caspr relationships in
image stacks obtained from the radicular region of five normal samples and five painful
samples. This analysis was limited to those NaCh accumulations that were totally contained
within the z-dimension of the stack. The NaCh accumulations that were adjacent to caspr-
positive sites were classified as either; (1) typical nodes — NaCh staining fills the gap at the
node of Ranvier as identified by the paranodal staining of caspr seen on both sides of the node,
(2) split nodes — two distinct NaCh accumulations, separated by a gap in the NaCh staining
within the same fiber and with each NaCh accumulation flanked on only one side with caspr
staining, or (3) heminodes — caspr staining located on only one side of a contiguous NaCh
accumulation or two bands of caspr staining present on both sides of a contiguous NaCh
accumulation but where the area of caspr staining was greatly diminished on one side to less
than 50% of that seen on the side with more extensive caspr. Those NaCh accumulations that
lacked an association with caspr and that had four or more contiguous pixels with a maximum
255 NaCh-immunofluorescence intensity were classified as “naked” accumulations. The
analysis of NaCh accumulations at caspr-identified sites was limited to those NaCh
accumulations that contained four or more pixels with a maximum 255 NaCh-
immunofluorescence intensity. The location of the pixels(s) was confirmed to be at a nodal site
by navigation through the various levels of each combined and non-thresholded NaCh and
caspr z-stack to verify the presence of other pixels with NaCh immunofluorescence in a pattern
consistent with that seen at nodal sites. The heminodes and split-nodes were then considered
as a group and classified as atypical nodal sites, whereas the NaCh accumulations that were
not associated with caspr were identified as naked accumulations and classified as a separate
group. In addition, the width of caspr staining within the paranodal region of every caspr-
identified typical and atypical NaCh accumulation present in the area imaged in the upper
radicular region of one painful sample was measured to determine axon diameter.

Statistical analysis

Results

Significant differences were determined with the use of the unpaired Student’s t-test and
standard error of the mean (S.E.M.). The “n” used in these tests equaled the number of image
slices evaluated in each sample for the NaCh accumulation size and density analysis, whereas
in the evaluation to characterize NaCh accumulations at typical and atypical sites “n” equaled
the total number of different samples evaluated in each normal and painful group.

Qualitative description of NaCh localization within normal and painful samples

Evaluation of normal and painful samples showed prominent NaCh expression within large
accumulations that were most commonly seen at caspr-identified nodal sites. Many of the
painful samples showed extensive carious lesions that involved much of the coronal pulp. The
nerve fiber bundles located within the coronal pulp of some of these samples appeared
fragmented and associated with this fragmentation was a lack of NaCh expression and a loss
of structured caspr staining that is typically restricted to the paranodal region of myelinated
normal fibers. In contrast, most of the painful samples showed more intact fibers within
radicular areas than seen in the coronal area and so the quantification of NaCh expression was
limited to these radicular areas.
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Quantitative analysis of NaCh accumulation density and size

A comparison of the NaCh accumulation density (hnumber of accumulations/nerve area in
mm?) seen in the radicular pulp showed a wide range of densities within the individual samples
of both the normal and the painful groups (Fig 1). Although the mean density of the painful
group was less than the normal group, there was no significance difference in the mean density
between these two groups (normal- 971.4 + 192.9; painful- 560.3 £ 155.9; p = 0.115). The total
number of accumulations evaluated among all of the normal samples was 610 (range 31-109),
while 349 were evaluated in the painful samples (range 1-143). In contrast, a comparison of
the mean size of NaCh accumulations showed less variation among the individual samples of
the painful group and especially the normal group (Fig 2), and no significance difference
between the mean calculated for each group (normal- 10.54 + 0.75; painful- 10.17 + 1.04; p =
0.77). The limitation of this analysis to only those pixels with a maximum 255 NaCh
immunofluorescence intensity and the lack of these pixels in the peptide-blocked control
preparations (see below) minimized the chance for the inclusion of non-specific
immunofluorescence signal into the results of this analysis.

Quantitative analysis shows increased ‘atypical’ nodal NaCh accumulations in the painful

dental pulp

Examination of the peptide-blocked control preparations showed a lack of NaCh staining
within axons and no pixels with a 255 immunofluorescence staining intensity (Fig 3A). In
contrast, samples stained with NaCh and caspr antibodies showed a typical pattern of staining
relationships in normal samples and variations from this pattern among the different painful
samples (Fig 3B-E). In general, NaCh accumulations were most common at caspr-identified
typical nodes within the normal samples (Fig 3B), whereas NaCh accumulations were more
commonly seen at atypical nodal sites in painful samples with various accumulation densities
(Figs 3C-E). Since the NaCh and caspr relationships appeared to vary between normal and
painful samples, an analysis was done that characterized NaCh accumulation expression at
caspr-identified typical and atypical nodal sites (includes heminodes and split nodes) and
within naked accumulations in five normal samples (sample #'s 2, 3, 5, 9 and 10 as identified
in Fig 1-Fig 2) and in five painful samples (sample #’s 5-7, 9 and 10 as identified in Fig 1—
Fig 2). The results of this analysis are displayed in Table 1 and revealed a significant decrease
in the number of NaCh accumulations associated with typical nodes (from 85.8% +2.4 to
64.1.% +4.8; p<0.01) and an increase in the number of NaCh accumulations associated with
atypical nodes (5.7%% +1.0t0 20.0.% +5.0; p<0.05) and an insignificant increase in the number
of naked accumulations (8.6% 2.4 to 15.9% 5.2) in the painful dental pulps when compared
to those seen in the normal samples (Fig 4). Most accumulations in normal samples were seen
at intact nodes of Ranvier, as defined by the paranodal staining of caspr seen on both sides of
the node (Fig 5A). Occasionally, NaChs were seen within accumulations that lacked an
association with caspr or that showed alterations in caspr relationships such as caspr expression
on only one side of the accumulation, but in general these altered relationships were less
common in normal samples. In contrast, alterations in NaCh and caspr relationships were more
common in painful samples. These alterations included typical nodes with an increased nodal
area showing NaCh-immunofluorescence (Fig 5B), and broadened NaCh accumulations that
were associated with decreased caspr staining on one or both sides (Figs 5C-F). At times, two
closely spaced NaCh accumulations were located within the same fiber and these were
separated by single or multiple discrete regions that showed caspr expression (Figs 5G, H).
Other altered relationships showed the presence of two closely spaced typical nodes within the
same fiber, while other large NaCh accumulations lacked caspr associations altogether (Fig
51). The results of the size analysis that measured the width of caspr staining within the
paranodal region of each caspr-identified NaCh accumulation within the upper radicular region
of painful sample #9 found no significant difference between the 1.79 pm average axon
diameter for typical nodes (n=24; size range of 1.01-2.95 ums) when compared to the 1.59
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pm average axon diameter for atypical nodes (n=15; size range of 0.9-2.82 um). These results
show that the expression of NaCh accumulations at atypical nodal sites within small-diameter
axons with a size range consistent with A-delta fibers are commonly seen within painful
samples.

Axonal demyelination in painful dental pulps

The increased occurrence of NaCh accumulations at atypical nodal sites seen in the painful
dental pulp might reflect a disorganization of normal myelin structure since these forms have
been observed during the demyelination-remyelination process.® To test for this possibility,
the expression of MBP, a protein that exists abundantly in the compact myelin sheath,18 was
examined in normal and painful dental pulps. Most large nerve fibers in normal specimens
were associated with bright and continuous MBP immunofluorescence and the NaCh
accumulations seen within these fibers were usually seen at typical nodal sites (Fig 6A). In
contrast, the MBP staining was less intense, and sometimes focally or even totally absent within
nerve fibers in the painful dental pulp samples. The large fibers with these changes in MBP
staining at times also showed alterations in NaCh-caspr relationships (Fig 6B). These included
the presence of large NaCh accumulations at heminodes, where MBP staining was present
along the fiber next to the caspr staining, but where MBP staining was absent in the area of the
NaCh accumulation and beyond (Figs 6C-E). Thus, the maintenance of typical nodal NaCh
clusters appeared to rely on the existence of normal myelin structures.

Discussion

The results of this study show that the density and size of NaCh accumulations within the
radicular regions of painful teeth with large carious lesions varied widely among the different
samples when compared to expressions seen in normal teeth. This variation suggests that there
is no correlation of overall NaCh density and size of accumulations with the severe and
spontaneous pain characteristics that were described by the subjects that provided the painful
samples. In contrast, a common finding among the painful samples was the increased
occurrence of NaCh accumulations at atypical nodal forms. These atypical nodal forms have
been previously observed during the demyelination-remyelination process®13 and together
with the loss of MBP staining seen in the painful samples, these findings suggest that axonal
demyelination within the painful dental pulp is a common event. Given that peripheral nerve
demyelination can induce neuropathic painl933 and that spontaneous pain is an important
characteristic of neuropathic pain, it is possible that this remodeling of NaChs at these atypical
demyelinated nodal sites may contribute to the spontaneous pain paroxysms that were reported
by all subjects included in the painful sample group. Therefore the results of our study suggest
that one possible contribution of altered NaCh expression to acute pulpal pain mechanisms
may relate more to the quality of expression at single sites rather than the overall NaCh axonal
content.

Action potential generation and propagation involves the activation of voltage-gated NaChs
and changes in expression may contribute to both inflammatory and neuropathic pain
mechanisms.# The specific NaCh isoforms that are most commonly implicated in this process
include the Na,1.7, 1.8 and 1.9 isoforms that are preferentially expressed in the peripheral
nervous system and seen in a subset of nociceptors2:17:31 and Na, 1.3 that is reexpressed after
injury.” Although many animal studies have evaluated changes in NaCh expression after nerve
and inflammatory lesions?, studies that have evaluated expressions within axons located in
normal and painful human peripheral tissues are fewer. Most of these human studies have
evaluated isoform specific changes in expression after nerve injury and in neuropathic pain
conditions,9710:23,29,35 yhereas studies that have specifically evaluated NaCh expression with
the use of a pan-specific antibody that identifies all isoforms is limited to a single study that
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evaluated painful neuromas.16 This lack of knowledge of pan-specific NaCh expression in
human inflammatory conditions contrasts sharply with the many studies that have been
performed in experimental animals.

Others have used the human dental pulp to evaluate changes in isoform-specific NaCh
expression that include the Na,1.7,%* Na,1.8%7 and Na,1.93* isoforms, whereas studies that
have evaluated overall NaCh expression with a pan-specific antibody are lacking. In contrast
to the highly variable NaCh expression identified in the present study, these isoform-specific
studies showed an increased expression of each isoform in the dental pulp from painful teeth.
Even though this difference may result from a possible difference in isoform-specific verses
pan-specific expression, a more likely explanation involves differences in the extent of the
carious lesion and the possible influence of this variable on axon viability and subsequent
axonal NaCh expression. Axon degeneration appears to be more extensive within the pulp of
teeth with large carious lesions than in teeth with smaller lesions, like the samples evaluated
in our Nay1.7 study.?* So, even though important differences in NaCh expression may result
from possible degenerative influences, the qualitative differences in expression seen at isolated
sites may be just as important as the total overall and isoform-specific NaCh expression that
has typically been the focus of most other studies.

The variable NaCh expression identified within our painful samples is different from the one
other human study that evaluated axonal NaCh expression with the use of a pan-specific
antibody and that identified an increased expression within painful neuromas when compared
to that seen within normal sciatic nerves.16 Differences between the neuroma study and the
present study may relate to basic differences between neuropathic and pulpal pains. Pulpal pain
secondary to a carious lesion is typically considered an inflammatory pain condition with
important influences provided by bacteria,8 and the progression of the carious lesion may result
in significant pulpal necrosis, associated with an initial remodeling and ultimately a
degeneration of nerves within the necrotic zone. These inflammatory and degenerative
influences help to differentiate pulpal pain from neuropathic pain and may be related to the
decreased NaCh expression seen in some painful samples.

Even though obvious differences exist between pulpal pain and neuropathic pain, nerve
involvement represents a feature common to both conditions. One possible consequence of
nerve involvement could relate to the presence of spontaneous pain that is considered a
hallmark feature of neuropathic pain39 and that was an inclusion criteria for painful samples
included in our study. In this regard, spontaneous pain may represent a neuropathic pain
component of pulpal pain. Although the mechanism that produces spontaneous pain is
unknown, ectopic discharge at isolated sites with high NaCh density, like the ones commonly
seen in the painful samples, is one possibility.12 These large NaCh accumulations were
common in small-diameter myelinated fibers, where their activation could contribute to the
sharp, shooting characteristics of spontaneous pulpal pain that originates from A-delta fibers.
1 Other evidence that supports a possible neuropathic pain component associated with
toothache is the common occurrence of atypical nodal forms seen in our painful samples that
are also encountered at the site of injury produced by chromic suture in the chronic constriction
injury model for neuropathic pain.29 The chromic suture injury produces a robust inflammatory
cell infiltrate, somewhat like that seen within the dental pulp. The frequent occurrence of
atypical nodal forms and of inflammatory cells in both suggests important peripheral neuro-
glial-immune interactions that may be involved in the production of specific pain
characteristics such as spontaneous pain that are common to both pulpal pain and
neuroinflammatory neuropathic pain conditions.

Atypical nodal forms were common in our painful samples and these forms are seen during
the demyelination-remyelinating process.®3 Additionally, the loss of MBP staining observed
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in our painful samples suggests that demyelination influences are prominent within the painful
dental pulp. Others have shown a similar loss of myelin staining within demyelinating lesions
with antibodies against MBP,32 myelin oligodendrocyte glycoprotein?? and myelin-associated
glycoprotein.® Furthermore, the identification of single fibers with multiple nodes that are
separated by short distances is the same as those seen within remyelinating lesions of patients
with multiple sclerosis22 and their presence suggests previous demyelinating influences.
Previous studies have shown that the disruption of myelin results in profound changes in NaCh
expression in axons!3~16:20 similar to the changes identified in the present study. The
remodeling of NaChs within demyelinating fibers described here follows our previous
description of the same process in a study that evaluated human Na,1.7 pulpal expression and
these findings suggest demyelination as a basic pulpal pain mechanism.

Even though our study was limited to NaCh expression within nodal-like accumulations,
expressions in unmyelinated fibers are also important since pulpal pain mechanisms involve
the activation of both myelinated and unmyelinated axons.® Future studies are needed to further
evaluate the expression of overall NaCh and isoform specific NaCh expressions within
myelinated and unmyelinated fibers and to correlate such changes with the presence or absence
of specific pain characteristics such as those toothaches characterized by only dull toothache
pain as compared to those with sharp, shooting spontaneous pain. These future evaluations
may provide important findings that may correlate specific NaCh changes with certain pain
characteristics.

One of the challenges encountered when studying pain mechanisms from dental pulp samples
is the identification of those critical events that are most closely linked with the transition from
a hyperalgesic state to an acute and severe pain state. Many individuals who opt for tooth
extraction due to pain have experienced a gradual escalation in pain responses following
sensory stimulation, but tolerate these hyperalgesic responses and only seek care when the pain
worsens. One pain characteristic that often times prompt immediate care is the presence of
sharp, shooting spontaneous pain. The study of such samples may provide important
information regarding changes that may correlate with this important transition from a
hyperalgesic to an acute and severe pain condition. While the findings of our study describe a
wide range in the density and size of NaCh accumulations located within the radicular pulp of
painful samples, we found that atypical nodal forms are significantly more common in these
same samples. Altogether, these findings suggest that a contribution of altered NaCh expression
to pulpal pain mechanisms may relate to the quality of such changes at individual sites rather
than to the overall changes in expression and point to the importance of studies that evaluate
specialized subcellular domains within individual fibers.
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The density of NaCh accumulations (number of accumulations/mm? nerve area) seen within
the radicular region of both normal (grey bars) and painful (black bars) samples varies widely
among the different individual samples within each group and statistical analysis showed no
significant difference in density between the normal and painful groups. The number above
each bar represents the total number of accumulations identified within the upper and lower
radicular areas in one section from each of the ten normal and ten painful samples evaluated

in the study.
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Figure 2.

The average size (in number of pixels) of NaCh accumulations seen within the radicular region
of both normal (grey bars) and painful (black bars) samples varies among the different
individual samples within each group and statistical analysis showed no significant difference
in accumulation size between the normal and painful groups.

J Pain. Author manuscript; available in PMC 2010 July 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Henry et al.

Page 13

Painful medium densi’fy ‘

Painful low density

Figure 3.

The expression of NaCh accumulations is variable in painful samples. Confocal micrographs
(collapsed z-projection images of five separate image slices separated by 1 um increments)
demonstrate NaCh (red) and caspr (green) staining relationships in a normal peptide-blocked
control sample (A), a normal sample (B; from normal sample #5) and in three different painful
samples (C-E). The peptide-blocked control sample shows a lack of NaCh staining within
caspr-identified axons (A). The NaCh accumulations within the normal sample are most
common at caspr-identified typical nodal sites (B), while NaCh accumulations at atypical nodal
sites are common in painful samples with high (C; from painful sample #8), medium (D; from
painful sample #4) and low (E; from painful sample #3) densities. Scale bars = 20 um.
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Figure 4.

Characteristics of NaCh accumulations at caspr-associated nodal sites change in painful pulp.
Results show a significant increase in the proportion of NaCh accumulations at atypical nodal
sites (heminodes and split nodes) and a significant decrease at typical nodes in the painful
dental pulp when compared to the proportions seen in normal samples. Although naked
accumulations were more common in painful samples than in normal samples, the difference
was not significant. * = p < 0.05; ** = p < 0.01.
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Figure 5.

NaCh and caspr relationships at nodal sites are altered in painful dental pulp. Confocal
micrographs of individual image slices show NaCh (red) and caspr (green) staining
relationships in a normal (A) and painful (B-I) samples. The NaChs are located in the narrow
nodal gap and are flanked by dense paranodal caspr staining in a typical node from a normal
sample (A), whereas deviations from this relationship are seen in NaCh accumulations
identified in painful samples. These deviations include enlarged NaCh accumulations that show
a decreased intensity or even an elimination of caspr staining on one side of the NaCh
accumulation (B-F), while other single fibers show multiple NaCh accumulations (arrows)
separated by short distances that show atypical (G-H) and typical (I) caspr relationships. Some
NaCh accumulations lacked associations with caspr (arrowhead). Scale bar = 10 pm.
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Figure 6.

Painful samples show NaCh expression in fibers with decreased staining for myelin basic
protein (MBP). Confocal micrographs of collapsed z-projection images (A, B; five separate
image slices separated by 1 pm increments) and single image slices (C-E) show NaCh (red),
caspr (green) and MBP (blue) staining relationships within a normal sample (A) and variations
from this pattern in painful samples (B-E). Myelinated fibers within the normal dental pulp
(A) show prominent surface staining for MBP (arrowheads) and NaCh accumulations at caspr-
identified typical nodal sites (arrows). In contrast, the painful sample (B) shows generalized
and focal areas of decreased MBP staining (arrowheads) and prominent NaCh accumulations
at sites that lack caspr (small arrows) and at other sites that show alterations in caspr
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relationships (large arrows). The remodeling of NaChs at caspr-identified atypical nodal sites
within single fibers that show decreased staining for MBP is shown in C-E. This remodeling
includes prominent NaCh expression within axon segments that are flanked by caspr and that
lack MBP staining (C-E; arrows). These findings are consistent with the remodeling of NaChs
at demyelinated sites within the painful dental pulp. Scale bars = 10pum.
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