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Biological differences in sensory processing between human and model organisms may present signifi-
cant obstacles to translational approaches in treating chronic pain. To better understand the physiology
of human sensory neurons, we performed whole-cell patch-clamp recordings from 141 human dorsal
root ganglion (hDRG) neurons from 5 young adult donors without chronic pain. Nearly all small-diameter
hDRG neurons (<50 lm) displayed an inflection on the descending slope of the action potential, a defining
feature of rodent nociceptive neurons. A high proportion of hDRG neurons were responsive to the algo-
gens allyl isothiocyanate (AITC) and ATP, as well as the pruritogens histamine and chloroquine. We show
that a subset of hDRG neurons responded to the inflammatory compounds bradykinin and prostaglandin
E2 with action potential discharge and show evidence of sensitization including lower rheobase.
Compared to electrically evoked action potentials, chemically induced action potentials were triggered
from less depolarized thresholds and showed distinct afterhyperpolarization kinetics. These data indicate
that most small/medium hDRG neurons can be classified as nociceptors, that they respond directly to
compounds that produce pain and itch, and that they can be activated and sensitized by inflammatory
mediators. The use of hDRG neurons as preclinical vehicles for target validation is discussed.

� 2014 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction

Cultures of rodent dorsal root ganglion (rDRG) neurons are use-
ful for studying the molecular and cellular mechanisms underlying
sensory transduction of painful stimuli, but notable translational
failures have raised questions about the wisdom of developing
drugs for pain relief in rodents for eventual use in humans
[34,53]. Biological differences between rodent and human physiol-
ogy may present significant obstacles to translation, but are rarely
considered [32,38,42,51]. One strategy to minimize this risk is to
confirm observations made in rodents directly in viable human
sensory neurons. However, obtaining healthy hDRG from adult
donors has been a limiting factor. Instead, sensory neurons
retrieved primarily from ganglionectomized chronic pain patients
or fetuses have been studied [1,6,7,31,37,41,49]. Consequently,
little is known about membrane properties and chemosensitivity
of adult hDRG neurons from individuals without chronic pain.

Increasing evidence suggests that the repertoire of channels,
receptors, and signaling molecules expressed in hDRG differ criti-
cally from those of model organisms, and even homologous proteins
can exhibit altered ligand binding affinities, functional properties,
and accessory protein interactions. For example, voltage-gated
sodium channels produce a unique tetrodotoxin-resistant current
in hDRG neurons not previously identified in rodents [18]. Addition-
ally, GABAA receptor–evoked currents in rodent DRG are effectively
blocked by picrotoxin and bicuculline, but neither antagonist
blocked GABAR currents from hDRG neurons, suggesting funda-
mental functional differences in human sensory neurons [50].
Genetic differences of homologous receptors between human and
model organisms have also been identified. For instance, mouse
DRG express a large family of more than 30 genes encoding mas-
related G-protein-coupled receptors (Mrgprs), several of which
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are involved in nociception and pruriception, compared with only 4
types of Mrgprs in human [20,30,56]. These observations of critical
variations in protein expression and function between rodent and
hDRG neurons may render physiological mechanisms identified in
rodent as invalid targets for therapeutic studies aimed at humans.
To enhance target validation and translational potential of novel
analgesics, these variations must be identified and functionally
characterized. Currently, scant evidence exists on the sensitivity
of hDRG neurons to directly applied chemical stimuli used in studies
of rodent nociceptors.

Sensitization of primary afferent neurons is thought to be a
major contributor to ongoing pain, and compounds that block or
reverse sensitization are attractive targets for analgesic drug devel-
opment [5,55]. Rodent studies support the concept that blocking
the signal initiated by mediators of sensitization reduces neural
hyperexcitability and nocifensive behaviors [9]. However, little is
known about whether inflammatory mediators directly sensitize
or activate human sensory neurons.

Here, we establish the electrophysiological profile of hDRG
neurons from 5 donors without chronic pain. A high proportion
of tested neurons responded to the chemical algogens AITC and
ATP, as well as to the itch-producing compounds histamine and
chloroquine. We also show that human sensory neurons can be
sensitized by the inflammatory mediators bradykinin and PGE2.
Our results take an important step toward closing the translational
gap between studies in model organisms and effective therapeutic
development in humans.

2. Methods

2.1. Donors

Human DRGs were isolated from U.S. organ donors (mean age
18.2 years) with full legal consent for use of tissue for research
(Table 1).

2.2. DRG preparation

DRGs from the second thoracic vertebra (T2) through the 12th
thoracic vertebra (T12) were used in the present study. The DRGs
were dissected to remove all connective tissue and fat. Subse-
quently, the ganglia were enzymatically digested at 37�C for 2 h
using AnaBios’ proprietary enzyme mixture. Samples were then
centrifuged for 2 min at 200�g, solution was gently removed,
and tissue was washed 3 times, followed by resuspension in
DMEM/F12 (Lonza; Allendale, NJ) containing 1% horse serum
(Thermo Fisher Scientific; Rockford, IL). Ganglia were mechanically
dissociated by gentle trituration through the fire-polished tip of a
sterile glass Pasteur pipette. Dissociated cells were seeded on glass
coverslips that had been precoated with poly-D-lysine. Cells were
maintained in culture at 37�C with 5% CO2 in DMEM/F12 supple-
mented with 10% horse serum (Thermo Fisher Scientific), 2 mM
glutamine, 25 ng/mL hNGF (Cell Signaling Technology, Danvers,
MA), 25 ng/mL GDNF (Peprotech, Rocky Hill, NJ), and penicillin/
streptomycin (Thermo Fisher Scientific). Half of the culture media
was replaced with fresh media every 3 days.
Table 1
Donor information.

Donor no. Age, y Sex BMI, kg/m2

1 21 Male 22.9
2 13 Male 20.0
3 19 Male 26.9
4 19 Female 26.1
5 19 Male 25.3

BMI, body mass index.
2.3. Electrophysiological recordings

Human DRG neurons were incubated in culture at least 3 days
before recording. This time was necessary to allow satellite glial
cells surrounding the soma to move down onto the coverslip, thus
exposing the plasma membrane to permit pipette access and sub-
sequent formation of a tight seal. During the course of preliminary
experiments, it was determined that aggressive enzymatic cell
dissociation could provide DRG neurons completely stripped of
satellite glial cells. While these preparations provided immediate
access to patch clamp–based electrophysiology recordings, those
treatments appeared to compromise cell health (depolarized
Vm < �40 mV and survival in culture <24 h). Cells exhibited a wide
range of diameters, and both small and large neurons were healthy
and patchable; however, we chose to focus on smaller cells as
presumptive nociceptive neurons for this study. Neurons that
exhibited a resting membrane potential more depolarized than
�40 mV were considered unhealthy and were not analyzed.

Whole-cell recordings were made in current clamp using
pipettes pulled from thick-walled borosilicate glass (Warner
Instruments; Hamden, NJ), with open tip resistances ranging from
2 to 4 MX using a P-97 horizontal puller (Sutter Instrument;
Novato, CA). The extracellular solution contained (in mM): 145
NaCl, 3 KCl, 2.5 CaCl2, 1.2 MgCl2, 10 HEPES, 7 glucose, adjusted to
pH 7.4 with NaOH, and was warmed to 32�C. The intracellular solu-
tion contained (in mM): 130 K-gluconate, 5 KCl, 5 NaCl, 3 Mg-ATP,
0.3 EGTA, 10 HEPES, adjusted to pH 7.3 with KOH and 294 mOsm
using sucrose. Following gigaseal formation, it was often necessary
to combine a 300 to 500 mV zap pulse with negative pressure to
achieve whole-cell configuration in these cells. After whole-cell
access and nulling the slow transients with the capacitance-
compensation circuit of the amplifier, cells were dialyzed for a
minimum of 2 min while holding at �60 mV. Neurons were
recorded using Patchmaster software (Heka Instruments; Bell-
more, NY) controlling an EPC10 USB amplifier (Heka). Data were
sampled at 20 kHz and analyzed off-line.

All recordings were performed with continuous whole-bath
perfusion. Gravity-fed solution flow and exchange were controlled
with a 16-channel valve controller (PC-16, Bioscience Tools), and
flow rates were �1 to 2 mL/min. This resulted in a void time of
15 to 20 s between the time solutions were switched and when
they first entered the bath. The temperature was maintained at
32�C with a heated chamber stage (TC-E35, Bioscience Tools),
controlled using a 2-channel bipolar temperature controller (TC2-
80-150, Bioscience Tools) and monitored constantly with a feed-
back thermistor positioned in the bath.

Chemicals (Sigma Aldrich, St. Louis, MO) bradykinin (100 nM),
PGE2 (1 lM), AITC (30 lM), ATP (100 lM), histamine (100 lM),
and chloroquine (100 lM) were prepared in external solution.

2.4. Analysis and statistics

All recordings were performed within 9 days of dissociation; over
this period, hDRG neurons did not exhibit any differences in cell size,
whole-cell capacitance, or membrane excitability, indicating
biophysical stability over the duration of the experiments.
Ethnicity Cause of death Neurons recorded

White Anoxia 38
White Head trauma 36
Asian Head trauma 38
White Stroke 21
Hispanic Stroke 8
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Fig. 1. Physical characteristics and capacitance of hDRG neurons. (A) Phase-contrast images depicting dissociated hDRG neurons illustrating neurons that are suitable for
patch-clamp recordings. Scale bar = 50 lm. (B) Histogram summarizing the range of hDRG soma diameters from a subset of recorded neurons. Diameters were determined
using a calibrated ocular eyepiece. (C) Histogram of whole-cell capacitance from recorded hDRG neurons. (D) Summary graph of the whole-cell capacitance from all donors
and across time in vitro. Number of neurons indicated in parentheses: 3 DIV (6), 4 DIV (21), 5 DIV (16), 6 DIV (35), 7 DIV (21), 8 DIV (11), 9 DIV (19). n.s., not significantly
different. (E) Plot of whole-cell capacitance vs soma diameter indicating a linear relationship between these 2 measurements. R2 = 0.336; Y = 4.84x + 23.0 (P < .0001). Dotted
lines represent 95% confidence interval.
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Additionally, numerous biophysical properties including resting
membrane potential, action potential (AP) amplitude, and rheobase
between the 5 donors examined showed no differences. The record-
ings were therefore pooled across donors and days in vitro for
analyses of action potential waveforms and measures of sensitization.

Membrane properties were calculated using several protocols in
current clamp mode. Input resistance was determined with a
hyperpolarizing current injection of 50 to 100 pA. Action potentials
were elicited by a series of either 800 ms step current injections or
during a 500 ms ramp, and increased by 50 to 100 pA per sweep
until cells reached threshold. Intersweep intervals were 3 to 5 s.
Chemical applications were monitored in gap-free recording mode.

Data were analyzed off-line with Igor Pro (WaveMetrics, Port-
land, OR) using custom-written macros and the NeuroMatic
plug-in (v2.00). Data organization and statistical analysis were
performed by Microsoft Excel and Prism 5 (GraphPad, La Jolla,
CA). Linear regression was performed to determine covariation.
One-way ANOVA was used to determine differences in multiple
groups. Student’s t test was used to test for significance between
2 groups, except for bradykinin-treated cells, where paired t tests
were used to compare neurons before and after chemical applica-
tion. All data are presented as mean ± standard error of the mean.

3. Results

3.1. Physical appearance and capacitance of human DRG neurons
in vitro

Whole-cell patch clamp recordings were performed in vitro over
a range of 7 days on 141 hDRG neurons from 5 donors. Examples of
hDRG neurons isolated in culture are shown in Fig. 1A. Neuronal
membranes generally appeared clear in bright-field illumination,
with a subset of cells exhibiting brown lipofuscin deposits in the
membranes surrounding the nucleus. The mean diameter mea-
sured from a representative subset of recorded neurons was
42.8 ± 0.8 lm (Fig. 1B, n = 69). A population of cells was observed
in culture with diameters over 60 lm, but we chose to focus on
small- to medium-size cells, which are more likely to represent
the slower-conducting Ad- and C-fiber nociceptors. After break-in,
whole-cell capacitance ranged from 16.8 to 248.9 pF, with an aver-
age of 106.3 ± 5.1 pF (Fig. 1C, n = 118). Neither the mean diameter
nor whole-cell capacitance differed between donors or days
in vitro, indicating consistency between individuals and repeatabil-
ity for the isolation and culturing techniques (Fig. 1D). A weak
linear correlation was found between whole-cell capacitance and
soma diameter, suggesting that while capacitance scales with
diameter in human neurons, nonspherical soma morphology or
process growth may limit our accuracy in assessing the degree of
correlation (Fig. 1E).

3.2. Action potential parameters from naïve hDRG neurons

Naïve hDRG neurons had a resting membrane potential of
�62.4 ± 2.0 mV (n = 133), which did not differ across days in cul-
ture or by donor (Fig. 2C). To investigate hDRG excitability, action
potentials (APs) were evoked with current injections using both a
ramp and a step protocol. Most neurons fired only a single spike
to current injection; when multiple action potentials were evoked,
analyses were performed on the first spike (Fig. 2A). To calculate
the voltage threshold of activation, the first derivative of the action
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potential waveform was plotted, and the value at which the rate of
voltage change exceeded 5 volts/s was taken as the threshold
(Fig. 2A, inset). Overall, action potential threshold varied from
donor to donor (1-way ANOVA, P < .05); however, no pairwise
comparisons between donors were significantly different from
one another (Tukey’s multiple comparison test). Over the course
of 7 days in vitro, no significant differences in action potential
threshold were observed (Fig. 2D). Rheobase, the step current
required to evoked an action potential, was 1.44 ± 0.11 nA
(n = 110) and did not vary from donor to donor or across days
in vitro (Fig. 2B, E). The mean action potential peak amplitude
(from 0 mV) was 64.6 ± 0.9 mV and did not differ between donors
or with extended time in culture. Additional features of naïve
hDRG membrane properties are documented in Table 3. These data
show little variability in parameters of membrane excitability
between donors and preparations, and they indicated that hDRG
neurons remain stable across several days in vitro.

3.3. Action potential ‘‘shoulder’’ of hDRG neurons

Further inspection of hDRG action potentials showed that 97%
(73 of 75) of recorded cells exhibited a ‘‘shoulder’’ on the falling
phase of the action potential. Representative examples of action
potentials with a large and small shoulder are shown (Fig. 3A,
insets). The change in voltage with respect to time is indicated in
phase-plane plots, which illustrate the distinct components of
the action potential, including the rapidly accelerating/decelerat-
ing rising phase and the slower, dynamic, falling phase, which
includes the shoulder (Fig. 3A, shaded). We were curious whether
shoulder size was indicative of any specific cellular signatures, and
used the first derivative of the action potential waveform to
establish shoulder onset and offset times (the inflection point on
either side of the shoulder peak). Shoulder size was plotted on a
frequency histogram (Fig. 3B). Shoulder areas exhibited a range
of values from 0 to 186 mV�ms with a mean of 41.6 ± 3.7 mV�ms
(n = 75). No significant correlation was detected between shoulder
size and the mean slope of the rising phase, or the maximum and
minimum rates of change in membrane voltage over time (data not
shown). We also did not find a significant correlation between
shoulder size and measurements of physical cell size or excitability
(Fig. 3C).

3.4. Afterhyperpolarization kinetics of hDRG action potentials

After the shoulder, hDRG neurons exhibited an afterhyperpolar-
ization (AHP), a component of the action potential that could act as
a modulator of interspike intervals and firing frequency. We
noticed that these AHP decays exhibited a wide range of durations.
To quantify this, we calculated the mean weighted tau values from
single or double exponential fits of the voltage decay. Examples of
a range of fast and slower waveforms are shown in Fig. 4A. The
mean amplitude and tau values for naïve hDRG neurons are listed
in Table 3. Tau values ranged from 2.8 to 88 ms and AHP kinetics
for each cell are shown in a frequency histogram (Fig. 4B). Tau val-
ues strongly correlated with action potential width (measured
across the AP from a 5 mV/ms threshold), but they did not correlate
with cell capacitance or action potential peak (Fig. 4C, D; AP peak
data not shown). These data demonstrate that hDRGs exhibit a
wide range of AHP kinetics, which may impart unique firing char-
acteristics to individual neurons.

3.5. Activation of hDRG by chemical algogens and pruritogens

Ganglionectomized hDRG neurons from pain patients have
been shown to respond to the algogens capsaicin and acidic pH
[3,6,7], but the effects of many commonly used algogens in rodent
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studies have never been demonstrated on human sensory neurons.
To test whether naïve hDRG neurons respond directly to sub-
stances that produce pain and itch, we bath-applied AITC, ATP,
histamine, or chloroquine onto a subset of recorded neurons
(Fig. 5A–D). Only a single substance was delivered to each neuron.
A high proportion of cells (14 of 25, 56%) discharged in response to
one of these algogenic or pruritogenic substances, suggesting that
hDRG likely possess considerable overlap in their capability to
respond to a variety of chemical stimuli.

3.6. Modulation of hDRG excitability by the inflammatory compounds
bradykinin and PGE2

Inflammatory mediators such as bradykinin and prostaglandin
E2 (PGE2) can activate and sensitize nociceptors from model organ-
isms, but whether hDRG neurons respond directly to these media-
tors has not been tested. Therefore, we examined ongoing activity
and membrane excitability of hDRG neurons exposed to bradyki-
nin. Twenty-seven hDRG neurons were bath-exposed to 100 nM
bradykinin, and 13 of these (48%) responded by discharging action
potentials (total BK-evoked APs, Table 2). Examples of bradykinin-
evoked discharge are in Fig. 6A. In a few cases, cells would undergo
spontaneous discharge followed by a return to a quiescent state,
with single ectopic action potentials occurring at random times fol-
lowing the initial barrage. To test whether these effects were
unique to bradykinin in human DRG, we applied PGE2 (1 lM) to
a subset of naïve neurons and observed similar effects (Fig. 6B).
Bradykinin and PGE2 both enhanced the response to a step current
injection with the rheobase often evoking multiple action poten-
tials after exposure (Fig. 6C, D). These findings demonstrate that
human sensory neurons can be sensitized by inflammatory media-
tors; however, we focused our analysis on cells exposed solely to
bradykinin to quantify this sensitization.

We first examined the rheobase after bradykinin application
and found a significant reduction in the current required to evoke
an action potential (Fig. 6E, Table 3). The voltage threshold for
initiation of stimulus-evoked action potentials did not change after
bradykinin. However, we noticed that after bradykinin, ‘‘spontane-
ous’’ discharge of action potentials were generated at a signifi-
cantly more hyperpolarized membrane potential compared to
electrically evoked action potentials (Fig. 6F, Table 3). A phase-
plane plot of overlapping traces from a single representative
neuron before and after exposure to bradykinin is shown in
Fig. 6G, illustrating the slower rise time and rates of change in
membrane voltage summarized in Table 3. The graph illustrates
similar AP thresholds but also shows several bradykinin-induced
changes to the action potential waveform, which are described in
Table 3. Before bradykinin treatment, step-evoked action poten-
tials were elicited immediately (‘‘start’’) or were delayed by
>10 ms from the onset of the stimulus. Neurons exhibiting this
delay were significantly more likely to discharge spontaneously
during bradykinin application (78% vs 33%; Table 2; Fisher’s exact
test, P < .05). Interestingly, neurons that discharged spontaneously
after bradykinin exhibited significantly longer duration AHPs, mea-
sured from step current injections, compared to neurons that did
not discharge after bradykinin (mean weighted tau values: depo-
larize, 16.7 ± 3.7 ms; fire action potential, 45.0±7.2 ms; n = 14 and
13, respectively; P = .0014; Fig. 6H).

The differences between electrically and chemically evoked
action potentials are shown in Table 3. Most notable are the
differences in threshold for action potential activation, which
was significantly hyperpolarized for bradykinin-induced firing
(electrically evoked, �18.1 ± 4.4 mV; bradykinin induced, �45.5 ±
3.8 mV; n = 11, paired comparison, P < .001). AHP amplitude and
tau values were also significantly altered between electrically
and chemically evoked AP discharges in the presence of bradyki-
nin. These results confirm that human sensory neurons respond
directly to the inflammatory compounds bradykinin and PGE2

and that exposure can enhance neuronal excitability leading to
peripheral sensitization.
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4. Discussion

Clinical trials for pain relief have not replicated many of the
findings from studies in animal models, leading to considerable
debate on the reasons behind the lack of translational success.
Much of the focus has been on the possibility that reflexive behav-
ioral tests of hyperalgesia and sensitization in rodents may not
reflect the ongoing nature of human chronic pain [8,34,53]. How-
ever, it must not be overlooked that biological differences between
model organisms and humans may account for much of the diffi-
culty with translation [16]. Here, we characterized the membrane
properties and functional responses to algogens, pruritogens, and
inflammatory mediators. Our results show the first demonstrations
of activation by itch-producing compounds and membrane sensiti-
zation by inflammatory mediators in naïve hDRG neurons.

4.1. Electrophysiology of human sensory neurons

Young adult hDRG neurons in our cultures ranged in diameter
from �30 to 90 lm, consistent with observations from histological
sections of whole ganglia and cultures of avulsed ganglia [2,26].
This indicates that our cultures reasonably reflect the total popula-
tion of hDRG neurons. In rodent models, small-diameter somata
(<30 lm) have been linked to slowly conducting axons and are
more likely to serve as nociceptors [23,25]. In this study, we
focused on the subset of relatively small/medium hDRG neurons
between 30 and 60 lm in diameter that are likely to represent
the C-fiber and Ad populations.
Ninety-seven percent of recorded human sensory neurons
exhibited a shoulder on the descending phase of the action poten-
tial, similar to what has been reported for small-diameter nocicep-
tors from rodents [23,33,39]. These inflections are thought to be
the result of a combination of calcium and sodium influx through
voltage-gated ion channels and act to prolong AP duration [10].
One consequence of this is increased intracellular calcium in axon
terminals, which may enhance neurotransmitter release. Broad-
ened APs in sensory neurons have been correlated with binding
of isolectin-B4 (IB4), a marker for nonpeptidergic, small-diameter
nociceptors, which possess relatively high thresholds for activation
in rodents [22,45]. Given the prolonged shoulder observed in our
recordings and the high response rate of tested neurons to various
nociceptive stimuli, most small-diameter hDRG neurons are likely
to be nociceptors. However, unlike rodent sensory neurons, we
found that cultured hDRG neurons do not bind IB4 (unpublished
observations), nor did we find that neurons with the largest shoul-
ders correlate with cell size or higher rheobase. Our observation
that hDRG do not bind IB4 is consistent with the suggestion that
human versican lacks the IB4 binding epitope. Further anatomical
and physiological classification of hDRG neurons will, we hope,
lead to a clearer delineation of their roles in sensory information
processing.

After the inflection, the falling phase of the AP leads to an AHP.
A methodological consideration in the present experiments is that
AHPs were measured during step current injection, which neces-
sarily interfered with the AHP profile. Nevertheless, a wide range
of AHP durations was observed that correlated positively with AP
width. Longer-duration AHPs recorded from rodent sensory neu-
rons in vivo have been considered to be an indicator of nociceptors,
while shorter AHPs correlate with low threshold mechanorecep-
tors [11,19,54]. We found that hDRG neurons exhibiting longer
duration AHP kinetics in response to electrical stimulation were
more likely to fire APs during exposure to bradykinin, suggesting
that longer duration AHPs in hDRG neurons are also indicative of
nociceptors. We tested the idea that bradykinin could alter AHP
kinetics and contribute to sensitization as has been suggested in
rodents [29]. Human DRG neurons were resistant to bradykinin-
induced changes in AHP amplitude or decay kinetics. The AHPslow,
a many-seconds-long AHP evoked by a high-frequency stimulus
and inhibited by bradykinin [15,48], was not examined in the pres-
ent study, but this might serve as a useful parameter for further
classification of these neurons.

4.2. Differences between humans and other animals

Among the many differences between humans and most model
organisms is the large discrepancy in life spans. For practical rea-
sons, rodent models of persistent and chronic pain are typically
measured in the span of days or weeks, whereas human chronic
pain conditions are experienced over months and years. In addition
to these temporal differences in modeling human pain conditions,
distinctions in gene expression and protein function of sensory
neurons have been recently identified between humans and other
species. For instance, monkey and human DRG neurons express lit-
tle if any P2X2, an ATP-activated receptor robustly expressed in
rodents and involved in rodent models of chronic pain [43]. Addi-
tionally, human P2X3 receptors in heterologous cells exhibit
greatly reduced antagonist potency relative to P2X3 receptors from
nonhuman species [43]. Such functional differences are not limited
to purinergic receptors; heterologously expressed human TRPA1
channels exhibited sensitivity to acidic pH. However, both rodent
and monkey TRPA1 were insensitive to low pH, highlighting
important functional differences even between primate species
[13,17]. These examples suggest important evolutionary diver-
gence in the function of hDRG signaling that emphasize the need
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Table 2
Neuronal responses to BK based on their latency to fire an AP in response to current
injection.a

AP type Naïve BK-evoked APs

Start 18/27 (67%) 6/18 (33%)
Delayed 9/27 (33%) 7/9 (78%)*

AP, action potential; BK, bradykinin.
a BK-treated neurons with delayed firing were more likely to spontaneously

discharge after treatment. ‘‘Start’’ refers to neurons that fired immediately during
step current injections; ‘‘delayed’’ describes neurons that fired >10 ms after a
depolarizing pulse. ‘‘Naïve’’ summarizes the proportion of naïve neurons that
exhibited either a ‘‘start’’ or ‘‘delayed’’ firing pattern with depolarizing current
injection. A significantly higher proportion of neurons with delayed responses to
electrical stimulation exhibited BK-evoked firing.

* Statistically significant (P < .05, Fisher’s exact test).
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for continued characterization of receptor and channel properties
in human cells. Given the increasing observations documenting
the differences between hDRG and those from model organisms,
defining the differences between human and model physiology is
increasingly important.

4.3. Chemosensitivity

We tested naïve hDRG neurons for sensitivity to several algo-
gens or pruritogens and found a high proportion of chemosensitive
cells compared to rodent studies. For example, the TRPA1 receptor,
which has been linked to pungent, cold, and mechanical sensation,
is activated by the agonist AITC in only about 25% of rodent DRG
neurons [4,28,44]. However, we observed responses to AITC in 4
out of 5 hDRG neurons. Similarly, peripheral application of brady-
kinin elicits acute pain behaviors in both rodents and humans
[21,40] and activates 15% to 20% of total mouse DRG in vitro
[4,24]. When applied to hDRG neurons, we observed a discharge
in 13 of 27 cells (48%). In addition to algogens, we tested the
sensitivity of hDRG neurons to the itch-producing compounds
histamine and chloroquine. Histamine activated 6 of 12 hDRG
neurons in this study, but elicited responses in only �15% of rodent
sensory neurons [24,36]. Similarly, the antimalarial drug chloro-
quine activates only 4% to 13% of rodent sensory neurons [30,47]
but produced responses in 2 out of 6 (33%) hDRG neurons tested.
Previous studies of cultured monkey trigeminal neurons likewise
showed a high response rate to the algogen capsaicin (9 of 14 cells,
64%) [27], and a similarly large proportion (�65%) of human
sensory neurons from ganglionectomized DRG of chronic pain
patients were responsive to capsaicin [6,7]. Taken together, these
results show a pattern of observations suggesting that humans
and nonhuman primates may possess a relatively higher propor-
tion of chemosensitive sensory neurons than rodents. Because of
the potential differences in culturing and chemical concentrations
between the current study and the wide range of experimental
conditions in rodent studies, direct comparisons are difficult and
require caution. Further examination of hDRGs using higher-
throughput methods such as calcium imaging is needed to clarify
the nature of human chemosensitivity.

4.4. Sensitization

Human DRG neurons exposed to bradykinin and PGE2 exhibited
increased discharge to electrical stimulation and lowered rheo-
base, which outlasted the acute effects of chemical application. In
addition, resting membrane potential was depolarized after brady-
kinin and AP upstroke exhibited slowed kinetics. In rodents, brady-
kinin-induced sensitization lowers the threshold temperature for
heat activation of TRPV1, resulting in enhanced responses to capsa-
icin and noxious heat [12,14,46,52]. We did not test heat-induced
activation in this study; however, our results support the idea that
bradykinin-induced sensitization of hDRG neurons may involve
functional modulation of membrane excitability. In rodents, PGE2

sensitizes neurons by lowering the AP threshold and increasing
stimulus-evoked discharge by modulating membrane excitability
through effects on voltage-gated sodium and potassium channels
[23,35]. Further work can determine the nature of the intracellular
signaling cascade involved in sensitization of hDRG neurons by
these inflammatory mediators.

4.5. Chemically vs electrically evoked action potentials

We observed that hDRG neurons responding to chemical
activation produced action potentials with significantly lower AP
thresholds than those from current injections. Although current
injections typically evoked a single or a few APs, chemically evoked
discharge produced multiple action potentials at much higher
frequencies. It is possible that current injection into the soma fails
to effectively activate the presumed sodium channel-rich areas
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Table 3
Membrane and action potential parameters, BK sensitization, and comparison of chemical vs electrical excitability.a

Parameter All naïve neurons BK effect Electrical vs chemical AP

Naïve (evoked) After BK (evoked) After BK (evoked) BK (spontaneous)

Resting potential, mV �62.36 ± 2.02 (133) �60.6 ± 1.5 (21)b �58.3 ± 1.9 (21)*,b . . . . . .

Input resistance, MX 97.51 ± 10.09 (122) 63.90 ± 13.96 (23) 73.16 ± 20.61 (23) . . . . . .

Ramp AP, nA 2.45 ± 0.24 (87) 1.96 ± 0.33 (13)b 1.56 ± 0.35 (13)***,b . . . . . .

Step rheobase, nA 1.43 ± 0.11 (111) 1.24 ± 0.12 (22)b 0.97 ± 0.15 (22)***,b . . . . . .

Threshold, mV �15.73 ± 1.12 (80) �16.32 ± 1.70 (24) �19.02 ± 2.24 (24) �18.1 ± 4.4 (11)b �45.49 ± 3.77 (11)***,b

AP peak, mV 64.64 ± 0.89 (111) 65.89 ± 1.88 (25) 63.03 ± 1.92 (25) 65.04 ± 3.19 (11) 60.53 ± 1.59 (11)
AP rise time, ls 528.4 ± 40.2 (80) 380.4 ± 33.9 (25)b 502.9 ± 50.7 (25)**,b 552.9 ± 83.6 (11) 536.8 ± 74.2 (11)
AP slope, max, mV/ms 326.9 ± 18.6 (83) 395.2 ± 29.5 (25)b 314.4 ± 27.1 (25)* 281.9 ± 37.6 (11)b 204.7 ± 6.0 (11)*,b

AP slope, min, mV/ms �100.2 ± 8.6 (83) �101.6 ± 10.0 (25) �88.33 ± 9.12 (25)*,b �70.51 ± 13.31 (11) �71.58 ± 6.83 (11)
AP width, full, ms 4.92 ± 0.42 (79) 5.11 ± 1.05 (24) 4.93 ± 0.69 (24) 6.41 ± 5.69 (12) 5.68 ± 0.74 (12)
AHP amplitude, mV �52.66 ± 1.21 (52) �53.66 ± 1.82 (25) �53.37 ± 1.55 (25) �51.48 ± 2.52 (12) �73.07 ± 1.32 (12)***,b

AHP kinetics, tau, ms 26.67 ± 2.38 (86) 30.01 ± 5.02 (25) 31.26 ± 4.94 (25) 45.46 ± 6.99 (12)b 75.89 ± 10.52 (12)**,b

AP, action potential; BK, bradykinin. a Data are presented as mean ± standard error of the mean (no. of cells); b Significantly different by paired t test;
*

P < .05;
**

P < .01;
***

P < .001.
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within the axon, although our preliminary observations of isolated
sodium currents demonstrates evoked currents in the tens of nano-
amperes, arguing against this hypothesis. It is possible, however,
that the larger size and membrane surface area of hDRG neurons,
compared to rDRG, may cause space-clamp issues in these distal
processes. Chemical stimulation of these small-diameter axons
may therefore be more effective in eliciting localized membrane
depolarization. Alternatively, the increased chemical excitability,
relative to electrically evoked APs, could be the result of recep-
tor-induced enhancement of voltage-gated ion channels.
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