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Abstract
The mechanisms underlying trigeminal pain conditions are incompletely understood. In vitro animal
studies have elucidated various targets for pharmacological intervention; however, a lack of clinical
models that allow evaluation of viable innervated human tissue has impeded successful translation
of many preclinical findings into clinical therapeutics. Therefore, we developed and characterized
an in vitro method that evaluates the responsiveness of isolated human nociceptors by measuring
basal and stimulated release of neuropeptides from collected dental pulp biopsies.

Informed consent was obtained from patients presenting for extraction of normal wisdom teeth.
Patients were anesthetized using nerve block injection, teeth were extracted and bisected, and pulp
was removed and superfused in vitro. Basal and capsaicin-evoked peripheral release of
immunoreactive calcitonin gene-related peptide (iCGRP) was analyzed by enzyme immunoassay.
The presence of nociceptive markers within neurons of the dental pulp was characterized using
confocal microscopy.

Capsaicin increased the release of iCGRP from dental pulp biopsies in a concentration-dependent
manner. Stimulated release was dependent on extracellular calcium, reversed by a TRPV1 receptor
antagonist, and desensitized acutely (tachyphylaxis) and pharmacologically by pretreatment with
capsaicin. Superfusion with phorbol 12-myristate 13-acetate (PMA) increased basal and stimulated
release, whereas PGE2 augmented only basal release. Compared with vehicle treatment, pretreatment
with PGE2 induced competence for DAMGO to inhibit capsaicin-stimulated iCGRP release, similar
to observations in animal models where inflammatory mediators induce competence for opioid
inhibition.

These results indicate the release of iCGRP from human dental pulp provides a novel tool to
determine the effects of pharmacological compounds on human nociceptor sensitivity.
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Introduction
Although acute and chronic pain disorders involving the trigeminal system afflict literally
millions of patients [53], the precise mechanisms for many of these pain conditions and targets
for effective therapeutics remain incompletely understood. Various pain signal transduction
cascades have been elucidated in trigeminal neurons using very elegant in vitro animal studies;
however, the translation of these findings into diagnostic and pharmacological tools in the
clinic has been limited by the paucity of clinical models which allow extraction of viable
innervated tissue from humans.

Human dental pulp is composed of multiple cell types, including but not limited to
odontoblasts, fibroblasts, inflammatory cells, vascular cells, and sensory and sympathetic
neurons. The pulp is innervated densely by unmyelinated C fibers and lightly myelinated Aδ-
fibers, both of which contain the putative nociceptive neuropeptides, substance P (SP) and
calcitonin gene-related peptide (CGRP) [11,13,14,51,77]. Noxious mechanical and thermal
stimulation, as well as chemical activation of sensory neurons, evokes peripheral and central
release of SP and CGRP [34,40,48,50,59], while treatment with antagonists to the receptors
for SP and CGRP attenuates capsaicin-evoked allodynia [25,74]. These findings suggest that
the release of SP and/or CGRP from sensory nerve terminals is a physiological indicator of
nociceptive signaling and can be used to determine the effects of inflammatory mediators and
pharmacological agents on the basal and stimulated activity of sensory neurons in vitro. A
subclass of peptide-containing sensory neurons innervating the dental pulp also express the
transient receptor potential channel type 1 (TRPV1), a ligand-gated ion channel activated by
capsaicin, the pungent ingredient in chili peppers, which also mediates neuronal activation by
other chemical and thermal stimuli [1,83].

In the present study, we hypothesized that the release of neuropeptides from human dental pulp
can serve as an in vitro model system to determine the effects of putative algesic and analgesic
compounds on the responsiveness of a subset of trigeminal nociceptive neurons. To address
this hypothesis, dental pulp collected from extracted third molar teeth of normal healthy
patients was superfused to characterize the exocytosis of CGRP in the absence and presence
of experimental pharmacological compounds. Confocal microscopy experiments were
performed to identify localization of nociceptive modulators on sensory neurons innervating
the dental pulp.

Methods
Materials

Capsaicin (Sigma, St. Louis, MO), capsazepine (Tocris, Ellisville, MO), prostaglandin E2
(PGE2; Cayman Chemical, Ann Arbor, MI), and phorbol 12-myristate 13-acetate (PMA;
Sigma, St. Louis, MO) were dissolved in 1-methyl-2-pyrrolidinone (MPL) and then diluted in
buffer. The final concentration of MPL (<0.1%) was shown not to affect basal or stimulated
CGRP release [31]. The mu-opioid agonist, (D-Ala2,N-Me-Phe4,glycinol5)-enkephalin
(DAMGO; Bachem, King of Prussia, PA), was dissolved in water and diluted in buffer. All
clinical studies were approved by the UTHSCSA Institutional Review Board and patients
provided written informed consent to participate in the study.

Recruitment of patients and in vitro superfusion of human dental pulp for this study
Patients presenting to the Oral Surgery Clinics at the University of Texas Health Science Center
at San Antonio School of Dentistry were consented to participate in this study. Included in the
study were males or non-pregnant premenopausal females between the ages of 18 and 45 who
had already elected to have two to four third molars (“wisdom teeth”) extracted. Teeth used in
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this study had a clinical diagnosis of a normal pulp since they lacked caries or restorations,
displayed normal responsiveness to testing and had no periapical radiolucencies upon
radiographic evaluation. All teeth used in the study showed fully developed roots to ensure
that the innervation of the pulp was complete. All patients were anesthetized using nerve block
injection consisting of 2% lidocaine with epinephrine, with 57.9% of patients also receiving
intravenous fentanyl and midazolam (50-100μg and 5mg respectively) during extractions. A
total of 214 teeth from 62 patients were used to complete the experiments in this study.
Following extraction, the teeth were bisected and coronal pulp tissue was removed and placed
into wells containing Hanks buffer (138 mM NaCl, 5.3 mM KCl, 0.5 mM MgCl2, 0.4 mM
MgSO4, 0.3 mM NaH2PO4, 0.4 mM KH2PO4, 4.0 mM NaHCO3, 1.26 mM CaCl2, 15.5 mM
dextrose, 10 mM HEPES, and 0.1% BSA, pH 7.4). To determine capsaicin responsiveness,
the pulpal tissue (1 sample per well; 16 ± 2 mg of tissue) was initially incubated with buffer
alone for 20 min (basal sample) and then subsequently exposed to selected concentrations of
capsaicin with measurement of calcitonin gene related peptide (CGRP) released into the media
as the outcome measure. To characterize the capsaicin-stimulated release, pulpal tissue was
exposed to buffer alone for 20 min (basal), vehicle, capsazepine (100μM), or calcium-free
buffer containing EGTA (10mM) for 20 min and then stimulated with capsaicin (60μM) in the
presence or absence of these modulators for 20 min. To determine effects of pretreatment with
the phorbol ester, phorbol 12-myristate 13-acetate (PMA), PGE2 or the mu opioid agonist,
DAMGO, the pulp tissue was exposed to buffer alone for 20 min (basal), vehicle, PMA
(100nM), PGE2 (10μM), DAMGO (1μM) or PGE2 and DAMGO for 20 min, and then
stimulated with capsaicin (30μM) in the presence or absence of these modulators for 20 min.
Upon completion of the superfusion experiments, tissue samples were lysed to release total
cellular stores of iCGRP by freeze/thawing the sample. The release of iCGRP, measured by
an enzyme immunoassay (SPI-BIO, Montigny le Bretonneux, France), was expressed as both
% of basal release and as % of total content (data not shown).

Immunohistochemistry
Tissue Processing—Extracted third molars (n = 6) were placed in phosphate buffer (PB;
0.1M), split longitudinally, and the pulpal tissues were carefully removed and fixed in 4%
paraformaldehyde in PB (pH 7.4) for 30 min. The tissue was rinsed three times in PB for 10
min each and placed in PB with 30% sucrose overnight at 4°C. Samples were placed in cryo-
medium, Neg-50 (Richard-Allan Scientific, Kalamazoo, MI), and stored at −80°C until ready
for sectioning. Samples were thawed, embedded in Neg-50, serially sectioned in a longitudinal
plane at 30 μm with a cryostat, sections placed onto Superfrost glass slides (Fisher Scientific,
Pittsburgh, PA), allowed to dry, and stored at −20°C.

Tissue Staining—Tissue sections were removed from the freezer and stained as previously
described [2,55]. This includes PB rinses, incubation in blocking solution (PB with 0.3% Triton
X-100, 2% bovine γ-globulin, and 4% normal goat serum (Sigma-Aldrich, St. Louis, MO)) for
90 min, and then incubation overnight with primary antibodies diluted in blocking solution.
The primary antibodies used included guinea pig anti-human CGRP (Bachem, King of Prussia,
PA; 1:100 dilution), rabbit anti-human TRPV1 (Affinity Bioreagents, Golden, CO; 1:100
dilution), rabbit anti-rat MOR (Immunostar, Hudson, WI; 1:100 dilution), and mouse anti-
human N52 (Sigma, St. Louis, MO; 1:2000 dilution). The next day the tissue was rinsed in PB
followed by incubation in species-specific Alexa Fluor secondary antibodies (Invitrogen; 488,
568, and 633 nm, diluted 1:100 in blocking solution) for 90 min in a humidifier protected from
light. Tissues were rinsed in PB, then water, allowed to dry, coverslipped with Vectashield,
(Vector Labs, Burlingame, CA) and stored at 4°C. Tissue specimens were evaluated with a
Nikon Eclipse 90i microscope with Nikon C1si confocal laser scan head (Nikon Instruments,
Melville, NY) and representative images obtained. EZ-C1 v3.20 (Nikon) was used for
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acquisition of all images. Final image processing for illustration purposes was done with Adobe
Photoshop 7.0.

Data analysis—All experiments were conducted with n = 6 or more. Data are presented as
release (fmol/pulp; mean ± SEM) and as percentage of basal release (mean ± SEM). Data were
analyzed using GraphPad Prism, version 4 (San Diego, CA). Analysis to determine the
concentration of capsaicin necessary to elicit a 50% increase in stimulated release was
performed by fitting the concentration responses (0-60μM) to a nonlinear curve (sigmoidal)
using GraphPad Prism version 4 to identify the EC50. A one-way ANOVA with Tukey's
posttest (p < 0.05) was used to determine significant differences in evoked iCGRP release at
increasing concentrations of capsaicin. The effects of treatment with capsazepine, PGE2, PMA,
and DAMGO and performing experiments in calcium-free buffer on release of iCGRP were
analyzed using one-way ANOVA with Tukey's posttest to identify differences between groups.
The statistical significance was tested with p < 0.05.

Results
CGRP and TRPV1 are coexpressed on sensory nerve fibers innervating human coronal pulp

Previous studies have established the presence of TRPV1 receptor immunoreactivity in human
dental pulp [57,65], however coexpression of the receptor with CGRP has not been examined.
Human coronal pulp (area highlighted in red in the inset of Figure 1A) was examined for
immunoreactivity to TRPV1, CGRP, and N52 (as a marker for nerve fibers) in the dental pulp
[2,51,55]. As shown in Figure 1, a subpopulation of the many N52-identified nerve fibers
located within the coronal pulp also expressed TRPV1 and CGRP. These findings provide an
anatomical substrate for interpreting the modulation of CGRP release from capsaicin-sensitive
fibers as evaluated below.

Capsaicin elicits release of iCGRP in a concentration-dependent manner
Stimulation of bovine and rat dental pulp with capsaicin elicits the release of iCGRP from this
peripheral tissue [37,38]. However, this method has not been applied to peripheral human
tissue. Consequently, we examined the release of iCGRP from human pulp biopsies collected
from patients. Capsaicin (1–300μM) elicited a concentration-dependent increase in iCGRP
release, expressed as fmol of iCGRP from each sample (Figure 2A). Clinical studies are, by
their very nature, subject to variance due to differences in gender, age, racial composition,
pathology, etc. Therefore, subset analyses were subsequently performed to identify the minimal
variance (defined by smallest coefficient of variation) when released levels of iCGRP were
either not normalized (eg., fmol/ml; CVEC50: 49.5% and CVpeak: 78.5%), normalized to basal
levels of release (% of basal release; CVEC50: 31.6% and CVpeak: 43.2%), or normalized to
total tissue content (% of total CGRP content; CVEC50: 75.4% and CVpeak: 50.0%). Although
all of the calculations displayed similar results for peak release and EC50 values, the
normalization to “% of basal release” yielded the most consistent reduction in CV and
accordingly will be used as the outcome measure. As can be seen in Figure 2B, capsaicin
produced a concentration-dependent increase in release of iCGRP, with maximal release
stimulated by 60μM capsaicin eliciting an almost 4-fold increase in iCGRP release compared
to basal release. Because capsaicin induces desensitization of neuronal responses at higher
concentrations [21], the concentration-response curve resembles a bell-shaped curve. Based
upon these findings, the calculated EC50 for capsaicin-evoked iCGRP release (% of basal) is
19.8 ± 1.9μM.
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Capsaicin-stimulated release is dependent on extracellular calcium, is reversed by
capsazepine, and is desensitized by prior application of capsaicin

To determine whether basal or capsaicin-evoked iCGRP release from dental pulp was calcium-
dependent, calcium in the buffer was replaced with EGTA (10mM). The use of calcium-free
buffer completely abolished the ability of capsaicin (60μM) to stimulate release of iCGRP
(310.1 ± 35.4% vs 82.7 ± 5.7 % of BL in the presence and absence of calcium, respectively,
p<0.001; Figure 3A).

Capsazepine (300μM), a competitive capsaicin receptor antagonist, did not have an effect on
basal rates of spontaneous secretory activity (Figure 3A). However, capsazepine completely
inhibited the evoked release of iCGRP compared to capsaicin treatment alone (33.5 ± 3.4%
vs. 310.1 ± 35.4% of BL, respectively, p<0.001).

The TRPV1 channel can be desensitized by acute (continued exposure to an agonist) and by
pharmacological methods (repeated administration of compounds) [42,49,54,63]. However,
comparatively few studies have evaluated this effect using human TRPV1 expressed in native
tissue. As seen in Figure 2B, capsaicin-evoked tachyphylaxis was evident at concentrations
above 60μM. Similarly, Figure 3B indicates pharmacological desensitization of TRPV1 with
repeated administrations of capsaicin (100μM). These studies suggest that human TRPV1
undergoes similar processes of desensitization when expressed at physiologic levels in native
tissue.

Capsaicin-stimulated release is not dependent on tooth, clinical status, anesthesia, or
patient sex

The effects of several variables on the stimulated release of iCGRP from human dental pulp
biopsies were analyzed. As indicated in Table 1, stimulated neuropeptide release from the
individual third molars (teeth ID number 1, 16, 17, and 32) was not statistically different. In
addition, release from erupted teeth was not different from non-erupted teeth. Release from
pulpal biopsies collected from patients undergoing surgery with local nerve block in the
absence or presence of intravenous fentanyl/midazolam was similar, suggesting that any opioid
effects from fentanyl administration to the patient were washed out by the time the superfusion
experiment was performed. Finally, we did not observe a statistically different amount of
stimulated release or iCGRP content (361.5 ± 30.9 fmol in males vs. 352.3 ± 23.7 fmol in
females) between patient sexes.

The Human Mu Opioid Receptor (MOR) is expressed on peripheral afferent fibers
Although several studies have evaluated MOR expression in human tissues, comparatively
little is known about the expression of this opioid receptor on CGRP-containing afferent fibers.
As shown in Figure 4, sensory neurons expressing N52 (blue) express both MOR (red) and
CGRP (green). These data provide an anatomical substrate for interpreting mu opioid receptor
agonist modulation of peptidergic afferent fibers in human tissue.

Capsaicin-stimulated release is sensitized by the phorbol ester, phorbol 12-myristate 13-
acetate

Numerous reports have demonstrated sensitization of neuropeptide release by the prostanoid,
PGE2, and by phorbol esters [3,18,30,35,36,68,72,80,81]. To demonstrate that this model of
human nociceptor physiology is sensitive to phorbol esters, we determined the capsaicin-
stimulated release of iCGRP in the absence and presence of PMA (100nM) for 20 minutes
prior to and throughout capsaicin stimulation. As demonstrated in Figure 5, PMA had a direct
excitatory effect on sensory neurons as determined by an increase in the basal iCGRP release.
Treatment with PMA also enhanced the stimulated release of iCGRP; capsaicin (30μM) elicited
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a 2.6-fold increase in iCGRP release over basal levels, whereas PMA augmented this release
to 3.7-fold over basal release.

Capsaicin-stimulated release is not sensitized by PGE2, however, pretreatment with PGE2
enables inhibitory effects of DAMGO on release

As observed with PMA, the application of PGE2 (10μM) also had a small excitatory effect on
iCGRP release; the white columns of Figure 6 demonstrate that PGE2 elicited a relative 25%
enhancement of basal iCGRP release (96.6 ± 2.9% vs. 125.5 ± 6.1% of BL, respectively,
p<0.05). However, in contrast to the sensitization observed with PMA, pretreatment with
PGE2 did not augment the capsaicin-stimulated release of iCGRP (Figure 6; black columns).

Previous reports indicate that agonists at the mu-opioid receptor inhibit the stimulated release
of iCGRP from sensory neurons [12,18,71]. To determine the inhibitory effects of a mu-opioid
agonist, we measured basal and capsaicin-stimulated release in the absence and presence of
the MOR agonist, [D-Ala2,N-Me-Phe4,Gly5-ol]-Enkephalin (DAMGO; 1μM) for 20 minutes
prior to and throughout capsaicin stimulation. By itself, DAMGO enhanced the release of
iCGRP to 161.7 ± 20.2% of basal release (white columns of Figure 6). The capsaicin-stimulated
release was 314.6 ± 30.7% and 371.6 ± 44.3% of basal release in the absence and presence of
the mu-opioid agonist, respectively (black columns of Figure 6). Previous studies have
demonstrated that the antinociceptive effects of opioids are more pronounced during
inflammation, where expression of the mu-opioid receptor and the TRPV1 is enhanced [43,
45,64,67]. In addition to increased expression of the opioid receptor, there is acute sensitization
of neuropeptide release mediated through an increase in inflammatory mediators. This
laboratory and others have demonstrated inhibitory effects of opioid agonists on the capsaicin-
stimulated release of iCGRP potentiated by bradykinin or forskolin, but not on unpotentiated
release [8,62,63,82], suggesting that acute modulation by inflammatory mediators is necessary
to produce inhibitory effects of opioids. Therefore, we next examined whether DAMGO
inhibits capsaicin-stimulated release in the presence of PGE2. In these experiments, basal
release of iCGRP was collected from pulp biopsies after which the tissue was incubated with
buffer containing both PGE2 and DAMGO. Subsequently, the tissues were exposed to
capsaicin (30μM) in the presence of PGE2 and DAMGO. Although PGE2 did not sensitize the
release of iCGRP, pretreatment with the prostanoid did enable DAMGO to have an inhibitory
effect on both baseline and stimulated release of iCGRP. Basal release enhanced by DAMGO
alone (161.7 ± 20.2%) was reduced to 96.5 ± 7.1%. In addition, the stimulated release in the
presence of DAMGO (371.6 ± 44.3%) was reduced by nearly 50% (to 188.0 ± 17.1%) by
PGE2 pretreatment (Figure 6). These findings agree with previous reports which demonstrate
inhibitory effects of opioid agonists following activation of PKA or PKC [8,15,62,63,82].

There are mixed reports in the literature regarding sex differences in opioid analgesia. Although
some reports claim that females require higher doses of morphine to achieve analgesia
comparable to males [4,17,56], other reports claim the reverse is true [20]. We performed a
subset analysis of our data to determine whether a sex-difference in peripheral mu-opioid
mediated inhibition exists in the dental pulp. We examined the inhibitory effect of DAMGO
in the presence of PGE2 by normalizing the stimulated release elicited by DAMGO with
PGE2 pretreatment to release in the absence of DAMGO. Interestingly, we observed a greater
ability of DAMGO to reduce release in pulpal biopsies contributed by males (54.4%) than
those from females (25.1%). The release of CGRP in the presence of PGE2 from female
biopsies in the absence and presence of DAMGO was 288.8 ± 44.6 and 216.3 ± 24.4% of
baseline, respectively, whereas the release from male biopsies was reduced from 350.0 ± 54.8
to 159.8 ± 20.2 in the absence and presence of DAMGO, respectively (Figure 7).
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Discussion
The present findings provide a model for evaluating mechanisms regulating the release of
neuropeptides from isolated peripheral terminals of human sensory neurons innervating dental
pulp. Unlike many other surgical procedures in humans, this elective procedure occurs with
high frequency suggesting that this method might have wide application in studies evaluating
peripheral mechanisms of analgesic drugs or nociceptor activity. In these experiments, we used
capsaicin to evoke neuronal activity. Capsaicin has been used extensively in vivo to induce
experimental pain in humans by producing neurogenic inflammation and primary and
secondary hyperalgesia [5,60,75,76]. The ion channel activated by capsaicin, TRPV1, is a
ligand-gated channel activated by noxious heat (≥ 43°C), low pH, and polyunsaturated fatty
acids [46] and is essential for the development of inflammatory hyperalgesia [16,26]. The
TRPV1 is expressed on both peptidergic and nonpeptidergic sensory neurons innervating
human tooth pulp (Figure 1). Capsaicin concentration-dependently elicits the release of
iCGRP: in the present study, we observed an EC50 of ∼20μM, which is consistent with other
studies requiring micromolar capsaicin concentrations to elicit release of neuropeptides from
acutely isolated and perfused tissues [28,34,48,66,78]. Capsaicin-induced activation of the
TRPV1 in sensory neurons results in an influx of ions, including in particular, calcium [10].
Increases in intracellular calcium trigger exocytosis of transmitters, including CGRP, into the
extracellular space. In this study, we demonstrate that treatment with capsaicin in calcium-free
buffer containing EGTA (10mM) prevents the stimulated release of iCGRP from nerve
terminals in the dental pulp, suggesting that iCGRP release is mediated through a calcium-
dependent exocytotic mechanism. Likewise, pretreatment of dental pulp tissue with
capsazepine, a TRPV1 antagonist [9,79], also inhibits the capsaicin-stimulated release of
iCGRP, suggesting that the release we observe is mediated through capsaicin activation of
TRPV1 channels and subsequent activation of exocytosis. We also demonstrated that TRPV1
desensitization by pretreatment with an equimolar concentration of capsaicin ameliorates the
release of iCGRP elicited by capsaicin. This finding is consistent with previous reports by our
laboratory and others which demonstrate homologous desensitization of the receptor [27,66].
Calcium-dependent desensitization of capsaicin-induced nociception occurs in vivo [66], thus
a strength of this model is that in vivo properties of the TRPV1 can be replicated in this in
vitro assay evaluating physiologic expression levels in native tissue.

An important property of the TRPV1 channel is that it can be sensitized, and thus can alter the
threshold for activation of sensory neurons in the presence of inflammatory mediators such as
bradykinin, prostaglandins, nerve growth factor, serotonin, and ATP [22,39,58,73]. We
examined the ability of this assay to detect excitatory and sensitizing effects of
proinflammatory mediators using a direct activator of the PKC signaling cascade (PMA) and
observed both stimulatory and sensitizing effects of PMA. Receptors for PGE2 are expressed
in human dental pulp [19], thus we also examined the effects of PGE2 on iCGRP release.
Although we observed a small direct stimulation with PGE2 treatment, we did not detect
sensitization of capsaicin-stimulated release by PGE2 as observed from sensory neurons in
culture and from spinal cord [39,69,80]. The muopioid receptor (MOR) is also present on nerve
fibers in the dental pulp [41], therefore we examined the ability of our assay to detect inhibition
of capsaicin-stimulated iCGRP release with the MOR agonist, DAMGO. In contrast to previous
reports which demonstrate morphine inhibition of neuropeptide release upon depolarization
with high extracellular potassium or electrical stimulation [12,18,71], we did not observe a
DAMGO-mediated attenuation of neuropeptide release upon stimulation with capsaicin. Our
results parallel in vivo findings that morphine does not cause inhibition of thermal or
mechanical hyperalgesia in vivo in the absence of an inflammatory stimulus [45,70]. The lack
of observable opioid inhibition may be because the opioid receptors are not competent to signal
and attenuate neuropeptide release. Previous studies in this laboratory have demonstrated that
mu- and delta-opioid receptor competence, established via pretreatment with bradykinin or an
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agonist at the PAR-2 receptor, enables inhibitory signaling via an opioid agonist while the
agonist in the absence of this priming has no effect on release [8,62,63]. Although we did not
demonstrate inhibition of capsaicin-stimulated release with the mu-opioid agonist alone,
pretreatment with PGE2 did induce an inhibitory effect of DAMGO, demonstrating that the
mu-opioid receptor is present and functional on nerve terminals in the dental pulp. These
observations parallel in vivo findings that morphine reverses prostaglandin-induced
hyperalgesia via peripheral opioid receptors [32].

Numerous researchers have demonstrated higher potency of mu-opioid agonists in male
compared to female rats [7,23,24,44,47,61], however this trend is not as consistent in clinical
studies [17,33,56]. To date, most behavioral and psychophysical studies have examined the
central effects of opioids on nociception or pain, yet it is known that morphine has an
antinociceptive role in the periphery [32,45,52,70]. There are few studies which have examined
sex-dependent differences in peripheral mu-opioid inhibition and these studies have generated
mixed results. Barrett and colleagues found that a mu-opioid agonist had greater analgesic
effects on tonic pain in female rats [6], whereas Ji and colleagues found that a peripherally
restricted mu-opioid agonist had greater potency in male rats in a model of visceral pain [44].
We examined only one concentration of DAMGO, however the concentration that was used
was near the Emax of the agonist (1μM) [84]. The data generated using this novel in vitro assay
demonstrates greater DAMGO inhibition in biopsies from males compared to females and
suggests that sex differences in analgesia may originate in the periphery.

In the present study, we have described a novel in vitro method for determining excitatory and
inhibitory effects of pharmacological compounds on the sensitivity of isolated peripheral
human trigeminal nociceptors. Despite patient heterogeneity, the variability in the capsaicin-
stimulated release of iCGRP from the dental pulp was relatively low. The discovery and
development of clinical therapeutics and diagnostics has diminished since basic science
methods shifted away from whole animal physiology towards molecular and genetic based
approaches [29]. The utilization of cell expression systems and genetic manipulation has driven
the understanding of microcellular components and enabled the development of a wide array
of pharmacological tools, however these tools do not necessarily lead to successful therapeutics
[29], in part because the cellular conditions of expression systems may not adequately model
native tissue. Integration of the knowledge obtained using molecular biology into more
physiologically relevant mechanistic research in intact human tissues has been restricted
because of availability of viable innervated human tissue. In this model, we are able to examine
sensory nerve function in human tissue from patients who are healthy and have minimal to no
concurrent medications, an important consideration for the design of clinical research into pain
mechanisms in humans. In addition, our model also allows for collection of multiple samples
of clinically healthy tissue from the same patient, allowing for paired studies examining the
effects of pharmacological tools on samples from genetically identical tissues. In summary,
we believe that this will serve as a valuable tool to study the effects of candidate drugs or drug
combinations without risk of in vivo treatment of human patients.
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Figure 1.
A representative confocal image evaluating the expression patterns of CGRP and TRPV1 in
nerve fibers located in the human coronal dental pulp. The inset indicates the area of the pulp
represented by the image in panel A. Panels B-D are magnified images from the area enclosed
by the white square in panel A. TRPV1 (red) and CGRP (green) immunoreactivities were often
coexpressed in the same nerve fibers (Figure 1C). Nerve fibers containing N52 are represented
in blue.
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Figure 2.
Concentration-response curve of capsaicin-induced iCGRP release from human dental pulp.
A. Basal (first column of each pair) and stimulated release of iCGRP in response to capsaicin
application (1–300μM, n = 10). Release of iCGRP is expressed as fmol/pulp biopsy. B. Release
of iCGRP normalized to the basal release for each biopsy (One-way ANOVA with Tukey's
posttest: *p<0.05, **p<0.001). Each datapoint represents the mean ± SEM.
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Figure 3.
Effect of calcium-free buffer and the capsaicin receptor antagonist capsazepine on basal and
capsaicin-evoked iCGRP release and pharmacological desensitization of iCGRP release. A.
The first pair of columns represents basal and stimulated release elicited by capsaicin (60μM).
The second pair of columns corresponds to basal and capsaicin-stimulated release in calcium-
free buffer containing EGTA (10mM). The last pair of columns represents basal and stimulated
release in the presence of capsazepine (300μM). An asterisk indicates a statistically significant
difference between BL and stimulated release (One-way ANOVA with Tukey's posttest:
*p<0.001; n=6) whereas a cross indicates statistically significant differences between control
cap-stimulated release and release in the absence of calcium and presence of capsazepine,
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respectively (One-way ANOVA with Tukey's posttest: †p<0.001; n=6). B. The first two
columns represent basal and stimulated release elicited by capsaicin (100μM). The third
column represents basal release from the same pulpal biopsies subsequent to capsaicin
stimulation and the fourth represents release from a second capsaicin stimulation. An asterisk
indicates a statistically significant difference between BL and stimulated release (One-way
ANOVA with Tukey's posttest: *p<0.01; n=3). Data are presented as the mean % of basal
CGRP release ± SEM.
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Figure 4.
Evaluation of the expression patterns of CGRP and MOR in nerve fibers located in the human
coronal dental pulp. Panels B-D are magnified images from the area enclosed by the white
square in panel A. MOR (red) and CGRP (green) immunoreactivities were often coexpressed
in the same nerve fibers. Nerve fibers containing N52 are represented in blue.
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Figure 5.
Effects of PMA (100nM) on iCGRP release stimulated by capsaicin (30μM). The white
columns represent basal release, whereas the black columns correspond to stimulated release
in the absence or presence of PMA. Asterisks indicate a statistically significant difference
between BL and stimulated release (One-way ANOVA with Tukey's posttest: **p<0.001;
n=12-13) whereas a cross indicates statistically significant differences between basal and cap-
stimulated release in the absence and presence of PMA (One-way ANOVA with Tukey's
posttest: †p<0.05; n=12-13). Data are presented as the mean % of basal iCGRP release ± SEM.
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Figure 6.
Effects of PGE2 (10μM) and DAMGO (1μM) on basal and capsaicin-stimulated (30μM)
iCGRP release. The white columns on the left represent basal release in the absence and
presence of PGE2 and DAMGO as indicated, whereas the black columns correspond to
stimulated release in the absence or presence of the modulators. An asterisk indicates a
statistically significant difference between vehicle and experimental release, whereas a cross
indicates a statistically significant difference in the release after DAMGO treatment in the
absence and presence of PGE2 (One-way ANOVA with Tukey's posttest: *p<0.05 and
†p<0.001; n=14-29 as indicated in the basal release columns). Data are presented as the mean
% of basal iCGRP release ± SEM.
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Figure 7.
Effects of patient sex on the inhibition of stimulated (30μM capsaicin/10μM PGE2) iCGRP
release by DAMGO (1μM). The white columns represent stimulated release in the presence
of PGE2, whereas the black columns correspond to stimulated release in the presence of
PGE2 and DAMGO. An asterisk indicates a statistically significant difference in the release
from male biopsies in the absence and presence of DAMGO (Two-way ANOVA with
Bonferroni posttest, *p<0.05; n=7-18 as indicated in the columns). Data are presented as the
mean % of basal iCGRP release ± SEM.
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Table 1
Data are presented as the mean % of basal CGRP release ± SEM.
Effects of patient variables on the release of iCGRP from dental pulp (% basal release) stimulated by 30μM capsaicin

Tooth

1 16 17 32

257.2 ± 21.7 256.5 ± 20.2 345.4 ± 74.4 252.1 ± 26.3

n=21 n=17 n=6 n=10

Clinical status

Erupted Non-erupted

278.4 ± 27.8 n=37 238.5 ± 19.7 n=17

Anesthesia

Nerve block Nerve block & IV sedation

264.3 ± 21.6 n=17 266.6 ± 18.5 n=37

Sex

Male Female

288.9 ± 23.2 n=23 248.7 ± 17.5 n=31
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