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Newberry K, Wang S, Hoque N, Kiss L, Ahlijanian MK,
Herrington J, Graef JD. Development of a spontaneously active
dorsal root ganglia assay using multiwell multielectrode arrays. J
Neurophysiol 115: 3217-3228, 2016. First published April 6, 2016;
doi:10.1152/jn.01122.2015.—In vitro phenotypic assays of sensory
neuron activity are important tools for identifying potential analgesic
compounds. These assays are typically characterized by hyperexcit-
able and/or abnormally, spontaneously active cells. Whereas manual
electrophysiology experiments provide high-resolution biophysical
data to characterize both in vitro models and potential therapeutic
modalities (e.g., action potential characteristics, the role of specific
ion channels, and receptors), these techniques are hampered by their
low throughput. We have established a spontaneously active dorsal
root ganglia (DRG) platform using multiwell multielectrode arrays
(MEAs) that greatly increase the ability to evaluate the effects of
multiple compounds and conditions on DRG excitability within the
context of a cellular network. We show that spontaneous DRG firing
can be attenuated with selective Na™ and Ca®>" channel blockers, as
well as enhanced with K* channel blockers. In addition, spontaneous
activity can be augmented with both the transient receptor potential
cation channel subfamily V member 1 agonist capsaicin and the
peptide bradykinin and completely blocked with neurokinin receptor
antagonists. Finally, we validated the use of this assay by demonstrat-
ing that commonly used neuropathic pain therapeutics suppress DRG
spontaneous activity. Overall, we have optimized primary rat DRG
cells on a multiwell MEA platform to generate and characterize
spontaneously active cultures that have the potential to be used as an
in vitro phenotypic assay to evaluate potential therapeutics in rodent
models of pain.
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NEW & NOTEWORTHY

This paper describes the development and use of an in vitro
spontaneously active embryonic rat dorsal root ganglia
(DRG) assay, as measured by multiwell multielectrode
arrays. The authors have demonstrated that these cells can
be cultured to promote high levels of intrinsic excitability
that can be attenuated with clinically effective analgesics.
With the development of a higher throughput, the func-
tional DRG assay allows for identification and character-
ization of potential pain therapeutics in a manner condu-
cive to translational drug discovery.

DORSAL ROOT GANGLIA (DRG) are clusters of neuronal sensory
cell bodies located outside of the central nervous system along
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the spinal cord that conduct sensory signals originating from
the periphery to the spinal cord. Under normal physiologic
conditions, they exhibit limited spontaneous activity in vitro
(Ma and LaMotte 2007; Xie et al. 2010) and in vivo (Djouhri
et al. 2015; Weng 2012). However, following nerve injury or
inflammation, DRG cells have been shown to become hyper-
excitable (Djouhri et al. 2015; Study and Kral 1996; Weng
2012) and therefore, thought to play a major role in generating
and maintaining chronic pain states (Djouhri et al. 2006; Xie et
al. 2005).

The limited spontaneous activity under physiological condi-
tions, together with the low throughput of manual electrophys-
iology recordings, has made it difficult to screen compounds
for the ability to attenuate DRG hyperexcitability and by
extension, potential efficacy in in vivo pain models. Multielec-
trode arrays (MEAs) are a useful tool for monitoring the
functional activity of several individual, electrically excitable
cells within a larger population. MEA platforms allow for the
noninvasive, longitudinal monitoring of cellular networks over
weeks and months to evaluate activity patterns during devel-
opment, as well as any functional effects of acute and chronic
treatment paradigms (Massobrio et al. 2015). Recently, the
availability of multiwell MEA plates has allowed for increased
throughput, offering the ability to perform complete concentra-
tion-effect curves of several compounds on cell populations that
have been exposed to the same culture conditions (McConnell et
al. 2012).

To date, only one attempt to establish an in vitro pain
phenotype in either DRG or nociceptor neurons using MEAs
has been reported (Wainger et al. 2015). Whereas these authors
were able to demonstrate increased sensitization to capsaicin-
induced activity in oxaliplatin-treated nociceptors, spontaneous
DRG or nociceptor activity has yet to be demonstrated with
MEA recordings in vitro. The establishment of a phenotypic
DRG assay comprising substantive and persistent spontaneous
activity would therefore provide a valuable in vitro model of
hyperexcitability.

In this study, we demonstrate the optimization of primary rat
DRG cells on a multiwell MEA platform to generate sponta-
neously active DRG cultures that can be used to assess both
inhibitory and excitatory drug effects. This assay can be used
to characterize activity patterns from hyperexcitable DRG
populations with greater throughput than manual electrophys-
iology and single-well MEA platforms, making it useful for in
vitro evaluations of a compound’s potential efficacy in ame-
liorating pain-like states.
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METHODS

Dissection. Sprague-Dawley rats (Charles River Laboratories, Wil-
mington, MA) were used in accordance with the guidelines of the
Animal Care and Use Committee of Bristol-Myers Squibb and the
guidelines published by the National Institutes of Health, “Guide for
the Care and Use of Laboratory Animals,” including measures to
eliminate suffering and to reduce animal numbers to a minimum.
Research protocols were approved by the Bristol-Myers Squibb An-
imal Care and Use Committee. Briefly, cells were prepared from
embryonic day 15 pregnancy-staged rats (embryonic day 0 = first day
following mating). Rats were euthanized with CO,, the uterus was
removed, and under a dissection microscope, embryos were removed
and placed in a petri dish filled with HBSS, supplemented with
HEPES (1%) and glucose (2%) on ice. With the use of microscissors,
the head and posterior parts were cut away, and tissue on both sides
of the spinal cord was removed. The meninges were removed, and
individual ganglia were dissected from the entire length of the verte-
bral column and placed in ice-cold HBSS.

Cell isolation. All steps were performed under sterile conditions in
a tissue-culture hood. Fresh medium and freshly thawed supplements
and reagents were used. The dissociation and trituration steps were
performed in Ca/Mg-free HBSS (Thermo Fisher Scientific Life Sci-
ences, Waltham, MA). DRG cells were isolated using the Papain
Dissociation System (Worthington Biochemical, Lakewood, NJ), fol-
lowing the manufacturer’s instruction.

Multiwell MEA preparation. MEA plates were composed of 12 or
48 wells, with each well containing an array of 64 or 16 embedded
gold electrodes, respectively (12-well: ~30 wm diameter, 200 wm
center-to-center spacing; 48-well: ~40-50 wm diameter, 350 wm
center-to-center spacing), with integrated ground electrodes, for a
total of 768 channels (Cat. #M768-KAP; Axion BioSystems, Atlanta,
GA). The day before dissection, MEA wells were coated with a
50-ug/ml solution of poly-p-lysine (Sigma, St. Louis, MO) for 2 h in
a 37°C cell-culture incubator. Plates were rinsed with sterile, deion-
ized water four times and air dried in a biological safety cabinet
overnight.

Cell plating. DRG cells were cultured in medium containing the
following: Neurobasal medium L-glutamine (Thermo Fisher Scientific
Life Sciences), supplemented with GlutaMAX (1%; Thermo Fisher
Scientific Life Sciences), PenStrep (1%; Thermo Fisher Scientific Life
Sciences), B27 (2%; Thermo Fisher Scientific Life Sciences), NaCl
(5 mg/ml; Sigma), nerve growth factor (NGF) 2.5S (100 ng/ml; BD
Biosciences, San Jose, CA), uridine (17.5 wg/ml; Amresco, Solon,
OH), and 5-fluoro-2'-deoxyuridine (7.5 wg/ml; Sigma). On the day of
culture, laminin (Sigma) was prepared in cell-culture medium without
antimitotics (20 wg/ml), and with the use of the dotting method,
recommended by Axion BioSystems, a 5-ul droplet was placed in the
center of each well over the MEA electrodes. The plates were
incubated for 1 h at 37°C, after which the laminin was removed,
leaving only a coating in the wells. Before the laminin was allowed to
dry, a 5-ul drop of media containing DRG cells was placed over the
laminin coating. The cells were allowed to attach to the substrate in a
cell-culture incubator for 1 h, and then 750 ul culture medium was
added to the wells. Cells were grown at 37°C in a humidified 5%
CO,/95% O, incubator. To maintain the culture, a 50% medium
change with fresh 37°C culture medium was performed every 3—-4
days.

Compound addition. Compounds were dissolved in either DMSO
or sterile, distilled water as a 10-mM stock and then diluted further in
their respective solvents or in water, if soluble, to reach a 100X stock
concentration. Compounds were then diluted 1:100 directly into the
culture (7.5 wl in 750 wl culture medium volume). Of note, there was
an acute effect of DMSO when final concentrations as low as 0.13%
were introduced into the culture, showing a significant increase in
DRG spontaneous activity (baseline: 10.07 % 2.449 spikes/min;
0.13% DMSO: 47.32 = 13.92 spikes/min, n = 6). This effect lasted
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up to 30 min, after which, the spontaneous activity levels returned to
baseline. This increase was not observed when a similar volume of
water was introduced into the cultures. Additionally, serial additions
of 0.13% DMSO were added up to five times in the same well for a
cumulative concentration of 0.65%, with all DMSO-induced increases
in activity returning to baseline levels within the 30-min interval after
each DMSO addition. This allowed for the possibility of five-point
concentration response curves within each well.

Data acquisition. Spontaneous network activity from DRG cultures
grown on MEA plates was recorded using hardware and software
from Axion BioSystems. The hardware consisted of the Maestro 768
channel amplifier, Middle-man data acquisition interface, and a per-
sonal computer. Data were acquired using Axion BioSystems’ Inte-
grated Studio (AxIS) software. Channels were sampled simultane-
ously with a gain of 1,200X and a sampling rate of 12.5 kHz/channel.
All recordings were conducted at 37°C [with the exception of 1 of the
experiments (see Fig. 2A), which was recorded at 42°C]. Plates
containing the cultures were placed into the Maestro, and spontaneous
activity of each well was recorded. For recordings, a Butterworth
band-pass filter (with a high-pass cutoff of 200 Hz and a low-pass
cutoff of 3,000 Hz) was applied, along with a variable threshold spike
detector set at 6 SD of the root mean squared of the noise on each
channel. Recordings (~5 min) were taken, and data were saved to two
different file types simultaneously: a raw data file (*.raw file) that
included all recorded data and an AxIS Spike file (*.spk file) that
includes time stamps and waveforms for all detected spikes.

Data analysis. Time-stamp and waveform data for all spikes were
processed through a custom-analysis program written in MATLAB
(MathWorks, Natick, MA; Fig. 1A) to sort all spikes into their
respective wells and to calculate well-wide averages for various spike
and burst metrics. Spikes from each electrode were first sorted based
on amplitude by fitting a spike-amplitude histogram with a probability
distribution curve using the MATLAB function fitdist. The MATLAB
function findpeaks was then used to group binned spikes according to
the number of peaks. An example trace and fitted histogram showing
two groups of recorded spikes with different amplitudes are shown in
Fig. 1, B and C. All electrodes with recorded activity of five spikes/
min or greater were considered active and included in the analysis.
Following the spike-sorting process, some electrodes had up to three
separate active units. On average, each well had approximately eight
active units (Table 1). Individual bursts were detected using a rank
surprise method [see Gourevitch and Eggermont (2007) for explana-
tion and MATLAB code]. Functional connections between individual
units were determined by a statistically significant correlation coeffi-
cient generated by the MATLAB function corrcoef (P < 0.01). A flow
chart summarizing the overall analysis is shown in Fig. 1D.

All data reflect well-wide averages, with reported n representing
the number of wells per condition. Data were exported to an Excel
worksheet and then imported into Spotfire (Tibco Software, Palo Alto,
CA) for visualization and GraphPad Prism (GraphPad Software, La
Jolla, CA) for analysis. Normalized data were determined by normal-
izing to within-well baseline or pretreatment conditions and then
normalizing to the mean of all vehicle-treated control wells. This type
of analysis was able to control for any nontreatment changes in DRG
spontaneous activity through the experiment. All statistics are re-
ported as *SE.

Substance P ELISA. The concentration of substance P was mea-
sured using a commercially available substance P ELISA kit, as per
the manufacturer’s protocol (#KA0302; Thermo Fisher Scientific Life
Sciences). Briefly, DRG cells were plated and cultured on 96-well
plates under the same conditions used for plating and culturing on
multiwell MEA plates. After 2 wk in culture [14 days in vitro (DIV)],
cells were treated with compound, and then all media were removed
5 min post-treatment. The intracellular contents of the adherent cells
were then extracted using radioimmunoprecipitation assay lysis buf-
fer, according to the manufacturer’s protocol (Sigma).
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Fig. 1. Analysis of spontaneous DRG activity using MATLAB. A: custom graphical user interface (GUI) for analyzing and visualizing Axion BioSystems’ MEA
data. B: example trace recorded from an individual electrode showing extracellular potentials (spikes) from 2 putatively different DRG cells. C: spike-amplitude
histogram generated in MATLAB for recorded electrode shown in B, with a fitted probability distribution curve (black line). D: flow chart summarizing the
overall analysis in MATLAB.

RESULTS cultures after the addition of 1 wM capsaicin or 200 uM

Culture optimization. To create a higher throughput func- menthol (data not shown).
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tional DRG assay in vitro, we attempted to optimize the overall
activity using multiwell MEA plates. Early attempts displayed
negligible, spontaneous DRG activity at various plating densi-
ties (50,000, 100,000, 150,000, and 200,000) using a standard
Neurobasal culture medium. Although no spontaneous activity
could be seen, transitory activity could be evoked in these

To facilitate spontaneous DRG activity, we supplemented
the culture media with 100 ng/ml NGF. Chronic NGF treat-
ments have been shown to produce hyperexcitable adult DRG
neurons in vitro (Kayano et al. 2013; Kitamura et al. 2005; Zhu
et al. 2004) and to increase substance P release significantly in
rat embryonic DRG cultures (Yang et al. 2007). The supple-
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Table 1. DRG 14 DIV functional metrics
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Spike Metrics Value = SE (n)

Burst Metrics Value = SE (n)

# of Active electrodes, out of 16
Spike rate, Hz

Spike amplitude, uV

Spike duration, ms

Interspike interval, s

Interspike interval CV
Crosscorrelation probability

# of Functional connections/well

8.50 = 0.57 (46)
1.14 + 0.12 (46)

27.95 + 0.92 (46)
1.20 + 0.01 (46)
0.86 = 0.03 (46)
0.91 =+ 0.05 (46)

0.011 =+ 0.001 (46)
2.00 *+ 0.26 (25)

Bursts/min

Burst length, s

Interburst interval, s

# of Spikes/burst

Spike frequency in burst, Hz

% of Total spikes within a burst

2.97 £ 0.32 (44)
1.09 = 0.12 (44)
8.85 £ 0.67 (44)
5.37 = 0.12 (44)
21.08 = 3.16 (44)
23.18 = 0.45 (44)

CV, coefficient of variation.

mentation with NGF, along with the addition of the anti-
mitotic agents uridine and 5-fluoro-2'-deoxyuridine to the
culture medium, 24 h after seeding, led to a noticeable increase
in the number of spontaneously active electrodes in each well.
The addition of uridine and 5-fluoro-2’-deoxyuridine is needed
if culturing beyond 4 DIV to prevent Schwann cell prolifera-
tion and DRG detachment from the substrate (Liu et al. 2013).
Finally, by increasing the NaCl concentration in the Neuro-
basal medium from 50 mM to a more physiologically relevant
concentration of 140 mM, we were able to produce signifi-
cantly increased levels of spontaneous DRG firing within the
majority of wells. This increase in activity is illustrated in
Fig. 2. At 7 DIV, DRG cultures grown in 140 mM NaCl
exhibited a nearly threefold increase in the rate of spontaneous
activity compared with DRG cells cultured in 50 mM NaCl
(Fig. 2A; 50 mM NaCl: 12.8 = 4.6 spikes/min, n = 4 wells;
140 mM NaCl: 34.9 = 8.2 spikes/min, n = 4 wells; P < 0.05
unpaired z-test). In addition, higher rates of DRG activity could
be evoked by increasing the temperature of the cultures (Fig.
2A; 50 mM NaCl at 37°C: 34.9 = 8.2 spikes/min, n = 4 wells;
140 mM NaCl at 42°C: 58.4 = 11.7 spikes/min, n = 4 wells;
P < 0.05, paired t-test) or with the addition of the transient
receptor potential cation channel subfamily V member 1 ago-
nist capsaicin (Fig. 2B; 2.3 *£ 0.4-fold increase at 1 uM, n =
8). These culture conditions therefore provided increased lev-
els of spontaneous activity, resulting in the ability to assess
both inhibitory and excitatory pharmacological treatments.
After establishing the preferred culture conditions that in-
cluded 100 ng/ml NGF and 140 mM NaCl, we next assessed
the effects of cell density on spontaneous DRG activity. As can
be seen in Fig. 3, the higher densities of DRG cells plated onto

the MEA resulted in higher rates of activity (Fig. 3B). The rate
of spontaneous DRG activity was also dependent on the time in
culture, with lower levels of activity recorded after 5 days in
culture, followed by a steady increase in firing rates up to 2 wk
after plating. This time-dependent increase in activity was not
seen with higher plating densities (100,000 cells/well) that
exhibited higher initial activity rates that remained stable or
decreased over time. Figure 3A shows a representative screen
shot of real-time, spontaneous activity recorded with Axion
BioSystems’ acquisition software AxIS. A heat map depicting
spontaneous firing rates for each electrode in each of the 12
wells is shown with DRG densities of 25,000, 50,000, and
75,000 cells/well plated in a 12-well MEA plate. In addition, a
representative image is shown depicting the distribution and
morphology of DRG neurons plated on an MEA at a density of
50,000 cells/well after 11 days in culture. Groups of DRG cells
and processes can be seen surrounding the electrodes.

For all subsequent experiments, a plating density of 50,000
cells/well was used, along with culture media, supplemented
with 100 ng/ml NGF and 140 mM NaCl. Peak activity levels
occurred between 11 and 14 DIV. The firing, network, and
burst properties of these cultures at 14 DIV are shown in Table
1. On average, approximately one-half (8.5 * 0.6) of all
available electrodes per MEA was active, with an average
firing rate of 1.14 = 0.12 Hz. A majority of the spontaneous
activity was in the form of tonic firing. A relatively low burst
rate was observed (2.97 £ 0.32 bursts/min), with 23.18 =
0.45% of total recorded spikes occurring within a burst. Ad-
ditionally, whereas DRG processes are evident during the
second week of culture, very few of the spontaneously active
cells formed functional connections, as defined by statistically
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Fig. 2. NaCl, heat, and capsaicin increase spontaneous DRG activity. A: a significant increase in spikes per minute in response to higher concentrations of NaCl
in the culture medium is shown in the light gray bars (*P < 0.05, unpaired z-test). Heat application (42°C; dark gray bars) significantly increases the amount
of spikes per minute only in DRG cultures exposed to higher concentrations of NaCl (*P < 0.05, paired #-test). B: concentration response curve for
capsaicin-induced increases in activity. Spike rate is normalized to the average spontaneous spike rate of untreated control wells.
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Fig. 3. Density-dependent increases in overall spontaneous activity. A: image of real-time firing rate heat map generated by AXIS software showing greater
well-wide DRG activity as the density of plated cells over the MEA grid is increased. Inset: image of DRG cells and electrodes (black circles) on an MEA plated
at 50,000 cells/well. B: spontaneous DRG activity plotted as spikes per minute over the first 2 wk in culture.

significant correlated activity. This is in contrast to hippocam-
pal and cortical neurons, which tend to exhibit synchronous
bursting patterns as a result of the presence of functional
synapses (Chiappalone et al. 2007). Approximately one-half of
the wells (25 out of 46) exhibited at least one functional
connection, with an average of 2.00 = 0.26 connections per
MEA (Table 1).

As a proof-of-concept experiment, we attempted to culture
adult mouse DRG cells on our multiwell MEA plates under the
same conditions used for our embryonic rat DRG preparations.
These adult DRG cells were significantly less active than
embryonic rat DRG cells (0.41 = 0.12 Hz) and exhibited a
lower burst rate (1.03 £ 0.28 bursts/min). However, individual
spike characteristics were similar (mean spike amplitude: 24.6 *
1.5 wV; mean spike duration: 1.27 * 0.06). These data indicate
that recording spontaneous activity from adult rodent DRG
cells is possible and that further optimization is necessary to
produce cultures with activity levels similar to the embryonic
rat DRG cultures described here.

Culture characterization. Once the DRG cell cultures were
optimized for spontaneous activity, the identity of the ion

channels and receptor systems that were either contributing to
this activity or could be targeted to evoke further DRG excit-
ability was determined. DRG neurons have been shown to have
both TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) Na™
channels. Therefore, the effects of TTX on spontaneous DRG
activity on our MEA system were examined. At both 7 and 14
DIV, TTX was able to abolish spontaneous activity fully at 1
pM (Fig. 4A); however, the potency of TTX was lower at 7
DIV (IC5, = 0.072 uM) compared with 14 DIV (IC5, = 0.011
uM). To validate the inhibitory effects of TTX on spontaneous
activity, we performed whole-cell current-clamp recordings
from a DRG neuron near an active electrode from a 12-well
MEA plate. As can be seen in Fig. 4B, we were able to record
spontaneous action potentials from this cell that could be
blocked with 1 uM TTX (13 DIV, capacitance: 19.8 pF). To
identify further which voltage-gated Na™ channel (Nay,) sub-
types contribute to this spontaneous activity, we used Protoxin
II (ProTx-II), a tarantula peptide toxin selective for the TTX-S
Na,, 1.7 channel at low nanomolar concentrations (Schmalhofer
et al. 2008). At 10 nM, a concentration reported to be selective
for Nay1.7, ProTx-II was much more potent at inhibiting

J Neurophysiol » doi:10.1152/jn.01122.2015 « www.jn.org

o me www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (060.224.235.191) on June 14, 2018.

Copyright © 2016 American Physiological Society. All rights reserved.



RIGHTS LI N K4 ymwww.physiology.org

3222

=
w»
1

. . 1.0
Fig. 4. Nay, channels contribute to spontane-

ous DRG activity. A: concentration response
curves for TTX on spontaneously active
DRG cultures at 7 DIV (light gray circles)
and 14 DIV (dark gray circles). ICs, values

Normalized Spike Rate >
(Norm to Control)

SPONTANEOUS DRG MEA ASSAY

B

O TIX(7DIV)

ICso=0.072uM

@ TTX(14DIV)

1C5=0.011pM Baseline

v

1uM TTX

are shown on the graph. B: whole-cell cur-
rent-clamp recording of spontaneous action
potentials from a DRG cell cultured on an
MEA grid at 14 DIV (top trace) that have
been abolished following application of 1
uM TTX (bottom trace). C: effect of 10 nM
ProTx-II on spontaneously active DRG cul-
tures at 7 DIV (light gray bar) and 14 DIV
(dark gray bar). D: concentration response
curves for A-803467 on spontaneously ac-
tive DRG cultures at 7 DIV (light gray cir-
cles) and 14 DIV (dark gray circles). 1Cs,
values are shown on the graph.

-10 -9 -8

()

Norm to Control)

Normalized Spike Rate

spontaneous DRG activity at 14 DIV compared with 7 DIV
(Fig. 4C; 7 DIV: 18 = 11% inhibition, n = 6; 14 DIV: 79 *
7%, n = 4). In addition, A-803467, a selective inhibitor of the
TTX-R Nay, 1.8 channel (Jarvis et al. 2007), was able to block
spontaneous DRG activity at both 7 and 14 DIV; however, the
potency was 10-fold greater at 7 vs. 14 DIV (Fig. 4D). Taken
together, these data indicate that both TTX-S and TTX-R
channels contribute to the spontaneous firing of DRG cells
recorded on our MEAs in a DIV-dependent manner. TTX-R
Na,, channels predominate at 7 DIV, whereas TTX-S Na,,
channels predominate as the cultures mature. Further valida-
tion of Na™ channel involvement in DRG excitability is illus-
trated in Table 2 by the inhibitory effect of two other general
Na™ channel blockers, lidocaine and mexiletine.
Voltage-gated Ca>* channels (Cay) play an important role
in DRG excitability and neurotransmitter release and therefore,
are key regulators of both normal and pain-related signaling
(Zamponi et al. 2009). Therefore, we next investigated the
effects of Cay, channel inhibitors on DRG activity to determine
the contribution to spontaneous firing (Table 2). Both N- and
L-type Cay channels have been reported to play a role in
mediating neurotransmitter release from rat sensory neurons
(Heinke et al. 2004; Perney et al. 1986). As can be seen in Fig.
5A, nifedipine, an L-type Cay, channel blocker, was able to
inhibit spontaneous DRG activity at 10 uM (67.1 = 10.5%
inhibition of control, n = 7) but had no effect at 3 uM (117.2 =
26.5% of control, n = 6). Additionally, w-conotoxin MVIIA,
an N-type Ca®" channel blocker that has been demonstrated to
be effective in models of chronic pain (Hama and Sagen 2009),
had no effect on spontaneous activity at concentrations up to 1
M and produced modest inhibition at 3 uM (74.4 £ 16.4% of
control, n = 8; Fig. 5A). Similarly, SNX-482, a tarantula toxin
and selective inhibitor of R-type Cay, channel (Newcomb et al.
1998), also failed to attenuate spontaneous firing in our DRG
cultures at concentrations up to 1 uM (Fig. 5A). In contrast to
the high-threshold L-, N-, and R-type Ca,, channels that me-
diate neurotransmitter release, low-threshold (T-type) Cay,
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channels are important regulators of DRG intrinsic excitability
(Zamponi et al. 2009) and have also been implicated in pain
transmission (Jevtovic-Todorovic and Todorovic 2006; Todo-
rovic and Jevtovic-Todorovic 2006). Mibefradil, a selective
T-type Cay channel at low micromolar concentrations (Clozel
et al. 1997), demonstrated near-complete inhibition of DRG
spontaneous activity at 10 uM. Whereas mibefradil has been
shown to block L-type Cay, channel as well at high concentra-
tions (Bezprozvanny and Tsien 1995; Mishra and Hermsmeyer
1994), the concentration-response curve for mibefradil in Fig.
5B demonstrates an ICs, of 1.16 uM—a value similar to a
previously reported ICs, of ~3 uM on rat DRG T-type Ca**
currents (Todorovic and Lingle 1998)—thus indicating a prom-
inent role for T-type Cay, channels in spontaneous DRG activ-
ity. NiCl, another selective T-type Ca,, channel inhibitor (Lee

Table 2. DRG ion channel pharmacology

Compound (Na,, channels) Effect at 14 DIV

TTX ICs, = 0.011 uM (0.072 uM at 7 DIV)
Lidocaine ICy, = 48 uM

Mexiletine IC5, = 0.52 uM

Protoxin II IC5y = 0.007 uM

A-803467 IC5o = 1.4 uM (0.14 uM at 7 DIV)

Compound (Ca,, channels)

Nifedipine 67% Inhibition of activity at 10 uM
Conotoxin MVIIA 26% Inhibition of activity at 3 uM

SNX-482 No effect =1 uM

NiCl 34% Reduction in bursts at 100 uM
Mibefradil IC5, = 1.16 uM

Compound (K, channels)

Linopirdine ECsy = 0.4 uM

4-AP Increased spontaneous activity at 3 and 10 uM
Retigabine IC5y = 0.43 uM

Compound (Other)

Capsaicin ECso = 0.19 uM
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et al. 1999), significantly decreased spontaneous bursts within
the DRG culture at a concentration of 100 uM (66.2 = 4.4%
of control, n = 3; P < 0.05, Mann-Whitney test; Fig. 5C). This
inhibition of bursting activity agrees with a previous study
showing a suppression of action potentials in DRG neurons by
Ni*" (Abdulla and Smith 1997) and is in line with the reported
role of T-type Ca,, channels in generating bursts of action
potentials (Huguenard 1996). Since NiCl has been shown to be
selective for the Ca,3.2 T-type isoform over Cay3.1 and
Cay3.3 (Lee et al. 1999), these data suggest that Ca,;3.2 may
play a more prominent role in spontaneous DRG burst firing,
whereas the other T-type isoforms contribute more to tonic
DRG activity. However, further studies are needed to confirm
this hypothesis. Overall, these findings indicate that T-type
Ca?" channels are the primary Ca, channels contributing
spontaneous rat DRG activity in our embryonic cultures.
Voltage-gated K* channels (K,) are also expressed in DRG,
and previous studies have demonstrated that K, currents are
reduced following nerve injury, resulting in hyperexcitability
and hyperalgesia (Everill and Kocsis 2000). K, channel sub-
family KQT member 4 subunits are expressed in DRG, and the
underlying M-current that these channels conduct is known to
regulate excitability in a variety of central and peripheral
neurons (Passmore et al. 2003). For this reason, we tested the
M-channel blocker linopirdine and the K,7 channel activator
retigabine for effects on DRG spontaneous activity. The block-
ing of M-channels with linopirdine significantly enhanced
DRG spontaneous firing (6.4 = 1.1-fold over control at 10
pM) with an ECyy of 0.4 uM (Table 2). Conversely, the
activation of K7 channels with retigabine abolished activity

with an ICs of 0.43 uM (Table 2). The relatively nonselective
K, inhibitor 4-aminopyridine was also tested, resulting in
modest increases in spontaneous activity at both 3 uM (2.0 =
0.3-fold over control, n = 2) and 10 uM (2.5 = 0.2-fold over
control, n = 2) concentrations (Table 2). These results dem-
onstrate the functional presence of K* channels in our rat
embryonic DRG cultures and their role in spontaneous activity.

In addition to probing ion channels, identification of the
neurotransmitter systems involved in generating spontaneous
DRG firing was examined. As can be seen in Fig. 6A, appli-
cation of the major inhibitory and excitatory neurotransmitters
GABA, glutamate, and N-methyl-p-aspartate (NMDA) had
little, if any, effect on baseline activity rates. Correspondingly,
picrotoxin (GABA, antagonist), 2,3-dihydroxy-6-nitro-7-sul-
famoyl-benzo[f]quinoxaline-2,3-dione (NBQX; AMPA antag-
onist), and (2R)-amino-5-phosphonovaleric acid (APV;
NMDA antagonist) also did not significantly alter baseline
firing rates, indicating that these neurotransmitter systems do
not contribute significantly to the spontaneous activity re-
corded in these DRG cultures (Fig. 6B and Table 3). We also
investigated the role of L.-732,138 [a highly potent and selec-
tive neurokinin 1 (NK1) receptor antagonist] and GR 159,897
(a selective NK2 receptor antagonist) in driving DRG sponta-
neous activity. Both 10 uM L-732,138 and 10 uM GR 159,897
completely abolish DRG spontaneous activity (Fig. 6). Further
investigation demonstrated that GR 159,897 was much more
potent at inhibiting activity, with an ICs, of 0.18 uM compared
with L-732,138, which had an ICy, of 1.5 uM. Whereas
L-732,138 has been shown to be a potent and selective inhib-
itor of the human NKI1 receptor, it has been demonstrated to be

J Neurophysiol » doi:10.1152/jn.01122.2015 « www.jn.org

I B q}:m www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (060.224.235.191) on June 14, 2018.

Copyright © 2016 American Physiological Society. All rights reserved.



3224 SPONTANEOUS DRG MEA ASSAY

% 81 * % 2.04

o % 1 [-'4 %

g “:'-' 6 g ,.;:_', 1.51

&8 &8

-9, 1l T 9 1.0

SN S E

® & 14 . ® 6

£ 2 £ 2

] 1 S

2 0- 2

3 o Q R
& o&v & & & &
& N S 2 N
$ & § &
TS TS
» S S

C Post 1pM Bradykinin D E Substance P ELISA

= - @l Control
v © - _ @ Fresh Media . El Control
® £ g o 15 EA 1uMmsp — 100 B pmsp
c: 8 o ° [ 1uMBK E 75+
= 3 3 £ 10 =
& E; »wo Q254
o5 g2 S -
NS N E (5] g
® o ® 5 2

- [74]
£t £ .
o = o =
z 23 2 0.0- (7]

Fig. 6. Profile of ligand-gated receptors contributing to spontaneous DRG activity. A: effect of varying concentrations of neurotransmitters and peptides on
spontaneously active DRG cultures at 14 DIV. Only bradykinin was able to alter spontaneous activity levels significantly (*P < 0.05, one-way ANOVA with
Bonferroni post-test). B: effect of varying concentrations of receptor antagonists on spontaneously active DRG cultures at 14 DIV. Only the NK1 antagonist
(L-732,138) and NK2 antagonist (GR-159,897) were able to fully inhibit spontaneous DRG activity (¥*P < 0.05, one-way ANOVA with Bonferroni post-test).
C: effect of varying concentrations of receptor antagonists on bradykinin-induced DRG activity at 14 DIV. Retigabine and TTX are able to prevent both
spontaneous and bradykinin-induced DRG activity, whereas the bradykinin B2 receptor antagonist WIN-64338 is only able to prevent bradykinin-induced DRG
activity. D: the replacement of the cultures with fresh media (gray bars) results in a decrease in activity compared with control wells, where the media have not
been replaced (black bars). Following treatment with 1 uM bradykinin (BK; hatched bars), DRG activity is increased compared with the untreated wells with
fresh media, whereas 1 uM substance P (SP; checkered bars) has no effect. E: substance P ELISA showing no detectable levels of substance P in the media in
the control condition and following application of either 1 uM bradykinin or capsaicin (CAP). Substance P was detected in the cell extract; however, this level
remained unchanged following bradykinin or capsaicin treatment.

equipotent at both rat NK1 and NK2 receptors, with an IC5, of B2 receptor antagonist, did not significantly inhibit spontane-
0.3 and 0.4 uM, respectively (Cascieri et al. 1994; MacLeod et  ous DRG activity, indicating little, if any, endogenous brady-
al. 1994). This, along with the potent nature of GR 159,897,  kinin release in the DRG cultures. The augmentation in activity
indicates that NK2 receptors are potentially the predominant produced by bradykinin can be prevented by either the K,
NK receptor subtype expressed in our DRG cultures. Along  activator retigabine or TTX (Fig. 6C), suggesting that brady-
with NK receptors, functional bradykinin receptors are eX-  kinin is unable to evoke activity once spontaneous firing has
pressed within the cultures, as the addition of 1 uM bradykinin  peep gignificantly inhibited, regardless of mechanism. The lack
significantly increased DRG spontaneous activity (Fig. 6, A of endogenous bradykinin in our culture was further demon-
and €). However, addition of 10 uM WIN-64338, a bradykinin  gy0ieq by showing that WIN-64338 was able to attenuate

Table 3. DRG receptor pharmacology partially the bradykinin-induced increase in activity at 1 uM
and fully inhibit the bradykinin-induced increase at 10 uM

Compound Effect at 14 DIV without affecting baseline spontaneous activity (Fig. 6C), as

N well as by replacing the culture media with fresh media and
Glutamate No effect =25 uM . imilar i . ivity followi h
NBQX No effect =20 uM seeing a similar increase in spontaneous activity following the
NMDA No effect =25 uM addition of 1 uM bradykinin (an approximate fourfold increase
APV No effect =50 uM over control; Fig. 6D). As can also be seen in Fig. 6D, the
GABA No effect =100 nM replacement of the media with fresh media resulted in a
Picrotoxin No effect =100 uM ionifi d . . diately fol
Bradykinin ECy, = 0.017 uM significant decrease in spontaneous activity immediately fol-
WIN-64338 No effect =10 uM lowing the replacement. Furthermore, both under control con-
Substance P No effect =1 pM ditions (Fig. 6A) and following fresh media replacement (Fig.
L-732,138 IC5o = 1.5 uM 6D), substance P did not evoke increases in spontaneous
GR 159,897 IC5o = 0.18 uM

activity, suggesting that another unidentified tachykinin recep-
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Fig. 7. Effect of clinically validated pain therapeutics on spontaneous DRG
activity. A: concentration response curves for carbamazepine, amitriptyline,
and duloxetine on spontaneously active DRG cultures at 14 DIV. ICs,
values are given in Table 4. Cmpd, compound. B: effect of 300 uM (dark
gray bars) and 1 mM (light gray bars) gabapentin at both 1 and 4 days
post-treatment of spontaneously active DRG cultures on 14 DIV compared with
control (black bars; *P < 0.05, two-way ANOVA with Bonferroni post-test).

tor ligand may be driving the NK2 receptor-dependent spon-
taneous activity. This was verified further through a substance
P-specific ELISA assay, which showed no detectable levels of
substance P in the media (Fig. 6F). There was, however, a
relatively low level detected within the cell (~1 nM) that most
likely represents a pool of unreleased substance P, since
increasing DRG activity with either capsaicin or bradykinin did
not lead to detectable levels of substance P in the media,
whereas the intracellular levels remained unchanged (Fig. 6F).

To validate our spontaneously active rat DRG culture as a
potential in vitro screening assay, we tested compounds from
different drug classes commonly used in the treatment of
neuropathic pain for their efficacy in reducing spontaneous
firing rates. Figure 7A shows the concentration response curves
for the anticonvulsant carbamazepine and two antidepres-
sants—amitriptyline, a tricyclic antidepressant, and the sero-
tonin-norepinephrine reuptake inhibitor duloxetine. All three
compounds were able to reduce spontaneous DRG activity
significantly, with duloxetine (IC5, = 0.62 uM) and amitrip-
tyline (IC5, = 1.3 uM) exhibiting greater potency than carba-
mazepine (IC5, = 16.1 uM). Additionally, 1 mM of the Cay,
channel ligand gabapentin produced a significant reduction in
DRG firing rates, beginning 24 h after treatment on 14 DIV (24
h: 66.0 = 24.0% inhibition; 4 days: 74.8 = 20.1% inhibition,
n = 7; two-way ANOVA with Bonferroni post-test; Fig. 7B).
At 300 uM, gabapentin produced modest inhibition of activity
that was not statistically significant (24 h: 23.6 = 14.7%
inhibition; 4 days: 44.5 * 19.7% inhibition, n = 15; two-way
ANOVA with Bonferroni post-test; Fig. 7B). In contrast, mor-
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phine at 5 uM had no effect on DRG spontaneous activity, 1 h
post-treatment (Table 4; data not shown). These data illustrate
that these spontaneously active rat DRG cultures can be used to
demonstrate the efficacy of select neuropathic pain drugs on
reducing DRG hyperexcitability.

DISCUSSION

In this report, a functional in vitro rat DRG assay, using a
multiwell MEA platform that records spontaneous activity
from several DRG cells within multiple cultures simultane-
ously, is described. Optimal culture conditions, resulting in
robust, spontaneous DRG firing to assess the ability of differ-
ent compounds to augment or attenuate the activity recorded in
our cultures, were determined. Pharmacological validation of
this system was achieved by demonstrating that clinically
effective anti-pain therapeutics produced the expected inhibi-
tion of electrical activity in the cultures. The development of
this platform will allow for identification and characterization
of potential pain therapeutics in a manner conducive to trans-
lational drug discovery.

Previous studies have shown that under typical culture
conditions, adult rat DRG cells, isolated from noninjured
animals, exhibit little or no spontaneous firing in vitro, unless
they are treated chronically with NGF and incubated with more
physiologic extracellular concentrations of NaCl (Kayano et al.
2013; Kitamura et al. 2005). We have extended these results to
embyronic rat DRG cultures, a preparation more favorable to
the large cell yields needed for multiwell MEA experiments.
Since both spontaneous DRG activity and DRG NGF levels
have been shown to be increased significantly in rat chronic
pain models (Herzberg et al. 1997; Kajander et al. 1992), it has
been suggested that chronic NGF-treated, hyperexcitable DRG
cells could be used as an in vitro model of pain (Kitamura et al.
2005). Therefore, in these NGF-treated cultures, it was impor-
tant to characterize the ion channels and receptors contributing
to the underlying excitability to determine potential viable pain
targets within this system. The results demonstrate that Nay,,
K,, and T-type Ca,, channels all play a role in modulating the
spontaneous activity of our rat DRG cultures. Interestingly,
there was little effect of high-threshold Cay, channel blockers
with our data, indicating that N- and R-type Cay, channels do
not contribute to spontaneous firing and that only a high
concentration of the L-type Ca,, channel antagonist nifedipine
was able to reduce activity. The inhibitory effects of 10 uM
nifedipine could alternatively be due to activity at T-type Ca>"
channels, since nifedipine has been shown to inhibit T-type
channels in the low micromolar range (Shcheglovitov et al.
2005). Furthermore, since high-threshold P/R-type Ca,, chan-
nels are typically involved in fast neurotransmitter release
(e.g., glutamate), our results demonstrating the absence of both
a glutamateric and a GABAergic drive within the DRG cul-

Table 4. Clinically used compounds

Compound Effect at 14 DIV
Morphine No effect =5 uM
Duloxetine IC5, = 0.62 uM
Anmitriptyline IC5o = 1.3 uM
Gabapentin Decreased spontaneous activity at 1 mM
Carbamazepine IG5y = 16.2 uM
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tures align with the limited participation of high-threshold Cay,
channel activity in spontaneous DRG firing. Additionally, the
firing properties detailed in Table 1 indicate a predominantly
asynchronous firing pattern with relatively few functional con-
nections between cells, suggesting that the spontaneous DRG
activity that we recorded was driven by high intrinsic excit-
ability rather than synaptic activity.

In contrast, both neurokinin and bradykinin receptor ligands
do appear to influence DRG excitability in our cultures.
Whereas substance P specifically does not play a role in DRG
activity in our cultures, antagonism of the NK2 receptor
completely abolishes spontaneous DRG firing, suggesting that
a different, as-yet unidentified NK ligand may be present in the
extracellular medium. This conclusion is in contrast to a
previous study showing that chronic NGF treatment increases
substance P release in embyronic rat DRG cultures (Yang et al.
2007). Additionally, application of bradykinin produced a
robust increase in DRG firing rates, whereas a bradykinin
receptor antagonist had limited effects, indicating the presence
of functional bradykinin receptors but little, if any, bradykinin
present in the extracellular medium.

The proposal that this platform is translational as an in vitro
pain model is supported by the ability of commonly used
neuropathic pain therapeutics to suppress the spontaneous
DRG activity recorded on the MEAs. The antiepileptic carba-
mazepine and the antidepressants duloxetine and amitriptyline
all significantly reduced DRG firing. Carbamazepine stabilizes
the inactivated state of Na,, (Rogawski and Loscher 2004) and
has been shown to inhibit Na™* currents in DRG cells (Rush
and Elliott 1997). Duloxetine is a serotonin-norepinephrine-
reuptake inhibitor and has been purported to be efficacious in
neuropathic pain through this mechanism (Alba-Delgado et al.
2012). However, duloxetine has also been shown to be a potent
inhibitor of Na,, (Wang et al. 2010), suggesting that this may
be the mechanism by which it was able to suppress spontane-
ous DRG activity. Similarly, the tricyclic antidepressant ami-
triptyline, which also modulates biogenic amine neurotrans-
mission, has also been shown to inhibit Na,, (Pancrazio et al.
1998). The hypothesis that these compounds are active in this
assay due to effects on Na* channels, rather than biogenic
amines, is further supported by the lack of effect of analgesics
that are believed to work by reducing synaptic neurotransmitter
release. Both the centrally acting compound morphine
(Homma et al. 1983) and ziconotide, a synthetic form of the
w-conotoxin MVIIA toxin and selective inhibitor of N-type
Cay, channels (Bowersox et al. 1996), were not effective in
reducing DRG firing. However, gabapentin, which has been
purported to work through inhibiting high-threshold Cay, chan-
nels (Hendrich et al. 2008; Sutton et al. 2002), was able to
reduce spontaneous DRG activity significantly, albeit at a very
high concentration (1 mM). This observed inhibitory effect of
gabapentin on spontaneously firing DRG cells could alterna-
tively be due to effects on membrane excitability, since gaba-
pentin has been reported to reduce persistent Na* currents
recorded from injured DRG neurons in vitro (Yang et al. 2009).
Taken together, these data indicate that this platform may repre-
sent an effective in vitro pain model for predicting efficacy of
compounds that target intrinsic excitability rather than neurotrans-
mitter release from sensory neurons in the dorsal horn of the
spinal cord. Future assay development using cocultures of DRG
and dorsal horn spinal cord neurons may provide a path to

SPONTANEOUS DRG MEA ASSAY

evaluate the action of compounds on intrinsic excitability and
neurotransmitter release within the central nervous system.

Whereas this assay does have the potential as a functional
phenotypic screen for analgesics, it is worth pointing out
several caveats. As mentioned, this assay, as is, would not
identify novel compounds that work by modulating central
synaptic transmission within the dorsal horn of the spinal
cord. Furthermore, in this preparation, we have used em-
bryonic rat DRG to increase throughput; however, the com-
plement of ion channels and receptors in embryonic DRG
does not fully recapitulate the expression profile found in
adult DRG (Zhu and Oxford 2011). The predictive validity
of this embryonic rat DRG MEA assay would therefore
depend on the target of interest being expressed in both
NGF-treated embryonic DRG and DRG from in vivo adult
pain models. Finally, it is of note that whereas we have
demonstrated efficacy in this assay with multiple therapeu-
tics used to treat chronic pain, other compounds shown to
reduce spontaneous rat DRG activity, such as NK1 antagonists,
have shown limited clinical efficacy in humans. Whereas there is
debate as to why preclinical data with NK1 antagonists have not
been able to translate to the clinic (Hill 2000; Urban and Fox
2000), this does indicate that a spontaneously active rat DRG
MEA assay may also be subjected to the same translational
challenges seen in many other preclinical rodent pain models
(Berge 2011; Percie du Sert and Rice 2014).

In summary, we have characterized an in vitro spontane-
ously active rat DRG assay using a multiwell MEA plat-
form. We have demonstrated substantial and persistent
spontaneous DRG activity that can be either suppressed or
enhanced by targeting several different ion channels and
receptors associated with generating or maintaining pain-
like states. Finally, the throughput and phenotypic nature of
this assay make it a useful in vitro model for evaluating the
potential of many different mechanisms for the amelioration
of chronic pain.
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