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Abstract

Neuropathic pain in rodents can be driven by ectopic spontaneous activity (SA) generated by
sensory neurons in dorsal root ganglia (DRG). The recent demonstration that SA in dissociated
human DRG neurons is associated with reported neuropathic pain in patients enables detailed
comparison of pain-linked electrophysiological alterations driving SA in human DRG neurons

to alterations that distinguish SA in nociceptors from SA in low-threshold mechanoreceptors
(LTMRS) in rodent neuropathy models. Analysis of recordings from dissociated somata of patient-
derived DRG neurons showed that SA and corresponding pain in both sexes were significantly
associated with the three functional electrophysiological alterations sufficient to generate SA

in the absence of extrinsic depolarizing inputs. These include enhancement of depolarizing
spontaneous fluctuations of membrane potential (DSFs), which were analyzed quantitatively for
the first time in human DRG neurons. The functional alterations were indistinguishable from SA-

*Corresponding author: Dr. Edgar T. Walters, Department of Integrative Biology and Pharmacology, McGovern Medical School at
UTHealth, Houston, Texas 77030, Tel: 713-500-6314, Fax: 713-500-7444, edgar.t.walters@uth.tmc.edu.

These authors contributed equally to this work.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest statement
The authors have no conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

North et al. Page 2

driving alterations reported for nociceptors in rodent chronic pain models. Irregular, low-frequency
DSFs in human DRG neurons closely resemble DSFs described in rodent nociceptors while
differing substantially from the high-frequency sinusoidal oscillations described in rodent LTMRs.
These findings suggest that conserved physiological mechanisms of SA in human nociceptor
somata can drive neuropathic pain despite documented cellular differences between human and
rodent DRG neurons.

Perspective: Electrophysiological alterations in human sensory neurons associated with patient-
reported neuropathic pain include all three of the functional alterations that logically can promote
spontaneous activity. The similarity of distinctively altered spontaneous depolarizations in human
DRG neurons and rodent nociceptors suggests that spontaneously active human nociceptors can
persistently promote neuropathic pain in patients.

Keywords

Spontaneous pain; Neuropathic pain; Ectopic activity; Hyperexcitability; Depolarizing
spontaneous fluctuation

Introduction

Most people with neuropathic pain experience spontaneous pain?’. Both spontaneous and
evoked neuropathic pain result from dysregulation of neuronal activity within central

and peripheral somatosensory pathways!”:27. Alterations in primary afferent neurons are
prominent in neuropathic conditions and offer promise as therapeutic targets that may
minimize central side-effects of treatment21:60.69 Neuropathic pain has been linked to

a persistent conversion of electrically silent sensory neurons into a state of spontaneous
activity (SA), observed both in low-threshold mechanoreceptor neurons (LTMRs)?21:2472.80
and in primary nociceptors. Because activation of nociceptors produces conscious pain in
humans®?, sufficient SA in nociceptors would be expected to promote spontaneous pain.
Nociceptor SA recorded microneurographically from nociceptors of patients correlates
with reported neuropathic pain3857.67 and phantom limb pain®®. Experimental blockade
of ongoing activity (from both nociceptors and LTMRS) in a neuropathic nerve3# or in

a DRG that had innervated an amputated limb”3 dramatically reduced patients’ ongoing
pain. Persistent SA recorded from probable nociceptors in vivo or in vitro also occurs

in diverse animal models of neuropathic pain®10.12.:22.23,70,71,75.82 'Nociceptor SA can
originate in peripheral terminals378, and ectopically along axons at sites of damage or
inflammation1130, or in cell somata within a DRGE.

The most extensive mechanistic analysis of SA%048:64 has been on somal SA induced
acutely by axonal injury in large A DRG neurons, most of which in rodents are LTMRs25.
In contrast, little is known about how electrophysiological alterations in nociceptors produce
SA. Spontaneous generation of action potentials (APs) requires that membrane potential
exceed AP threshold. Assuming that AP generation is critical for DRG neuron function,
only three intrinsic functional alterations directly related to membrane potential can lead

to spontaneous generation of APs in a previously silent neuron: depolarization of resting
membrane potential (RMP), lowering (hyperpolarization) of AP threshold, and enhancement
of DSFs to transiently exceed AP threshold. A rat model of chronic neuropathic pain
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(spinal cord injury, SCI) revealed that all three of these functional electrophysiological
alterations were associated with SA in dissociated neurons exhibiting properties of primary
nociceptors such as capsaicin sensitivity®®. The same SA-driving alterations were found in
dissociated mouse DRG neurons after SCI° or cisplatin treatment*L. SA and slow, irregular
DSFs described in somata of probable nociceptors in these neuropathy models showed
striking differences from the SA and rapid, subthreshold sinusoidal oscillations of membrane
potential investigated in AP neurons (largely LTMRS).

SA in dissociated DRG neurons was associated recently with self-reported neuropathic pain
in human patients caused by tumors compressing a spinal nerve or DRG>°. While some
similarities in the electrophysiological alterations in human and rodent sensory neurons were
noted®*5, major questions remained about how closely electrophysiological alterations
supporting pain-linked SA in human DRG neurons parallel those reported in rodent DRG
neurons, and whether the human alterations are more like those described in LTMRs or
nociceptors of rodents. These questions are important because, while rodent sensory neurons
have provided nearly all the existing mechanistic information about SA generation in DRG
neurons, emerging findings of cellular differences between rodent and human DRG neurons
raise the possibility of divergent SA mechanisms across these taxal®33:54.65.66,68.84 Here
we show that multiple hyperexcitable alterations in DRG neuron somata linked to SA and
neuropathic pain in human patients more closely parallel those previously described in
primary nociceptors than in LTMRs of rodents.

General design and premise

The experimental design derived from the availability of electrophysiological recordings
from dissociated DRG neurons harvested from patients with self-reported pain in
dermatomes corresponding to receptive fields of many of the recorded neurons. Using
dissociated neuronal somata trades off the inevitable cellular complications of surgical
isolation and culturing against the unique advantages of whole-cell patch recording to reveal
details of electrophysiological alterations that might be correlated with human pain. A major
premise was that useful information about mechanisms driving ongoing human pain could
be extracted from neuronal somata removed from their natural environment and damaged
by experimental procedures needed to gain access for recording. Encouraging this premise
were a previous report that somal generation of neuropathy-induced SA was preserved after
recording from a DRG neuron in vivo and then after it was isolated®2, and a report showing
a remarkable parallel in the pattern and discharge frequency of SA generated in the somata
of probable nociceptors in vivo and after dissociation®. Our design centered on planned
comparisons of electrically silent neurons versus neurons exhibiting SA, and of neurons
from DRGs corresponding to dermatomes without reported pain versus those with pain.
The current study design differed from previous designs®#>® by 1) including quantitative
analysis of DSF incidence and patterns plus automated measurement of RMP, 2) applying
more rigorous electrophysiological criteria for accepting sampled neurons for analysis, 3)
increasing the number of patients providing DRG neurons to sample, and 4) explicitly
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comparing detailed properties of the sampled human DRG neurons to corresponding
properties of probable LTMRs and probable nociceptors described in rodents.

Study approval

Written informed consent for participation, including use of tissue samples, was obtained
from each patient prior to inclusion in the study. The protocol was reviewed and approved
by the M.D. Anderson Institutional Review Boards and all experiments conform to relevant
guidelines and regulations.

Clinical data collection

Clinical data were collected as described previously®®. Data from 27 patients are included
in this analysis, 16 from the study by North ef a/>® and 11 added later. All patients (19
males and 8 females, ranging in age from 41 to 71) received treatment at MD Anderson
Cancer Center for malignant tumors involving the spine. Data came from retrospective
review of medical records plus medical history and symptoms reported at the time of study
enrollment.®> Preoperative MRI was evaluated for radiographic evidence of spinal cord or
nerve root compression. Evidence of compression was found in all but one of the patients
accepted for intensive neurophysiological analysis, and axial spine pain was present in all of
these patients. Therefore, the pain analyses here did not include compression or axial pain
as analytic factors, focusing exclusively on radicular neuropathic pain determined for the
dermatomes associated with each DRG3. Pain was deemed present within the peripheral
receptive field of a DRG taken from an included patient if symptoms of spontaneous

pain, paresthesia, dysesthesia, hyperalgesia, or allodynia were documented in an ipsilateral
distribution within two classically defined dermatomes of the harvested ganglion. The

most common complaint, occurring in a majority of the patients, was spontaneous pain.
Neuropathic pain was considered absent from that distribution if the patient had no history
of relevant symptoms in those dermatomes or if the ganglion came from a patient having
only contralateral symptoms. Although some patients had a history of chemotherapy, the
peripheral fields of the DRG investigated were distant from dermatomes affected by length-
dependent neuropathy.

Human DRG neuron preparation

DRG neuron somata were prepared and recorded electrophysiologically as described3:46:55,
based on earlier studies’-19. Briefly, Spinal roots were ligated proximal to the DRG, the
spinal root sharply cut both proximal and distal to the DRG, and excised DRG were
transferred immediately into sterile balanced salt solution (~4°C) containing nutrients. DRG
were transported to the laboratory on ice in a sterile, sealed 50-mL centrifuge tube. In the
laboratory, each ganglion was carefully dissected from the surrounding connective tissue and
sectioned into three to four parts. One or two sections of DRG were further cut into several
1-2 mm pieces and prepared for recording by digestion in 2 mL of (w/v, final concentration)
0.1% trypsin (Sigma, T9201), 0.1% collagenase Sigma, C1764), and 0.01% DNase (Sigma,
D5025) diluted in DMEM/F12. The pieces were transferred to a 37°C rotator to shake with
speed 124-128/min. Every 20 min, the pieces were allowed to settle and the supernatant
containing dissociated cells was collected and transferred to F12/DMEM with trypsin
inhibitor. Supernatant was replaced with 2 mL fresh digestion solution. The tissue was
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returned to the 37°C rotator and this process was repeated until tissue fragments were well
digested. Dissociated cells were centrifuged at 180 g for 5 minutes, supernatant removed,
and gently resuspended in culture medium with DMEM/F12 supplemented with 10% horse
serum, 2 mM glutamine and 25 ng/ mL hNGF. Cells were plated onto poly-lysine-coated
cover slips and cultured at 37°C with 5% CO, for 24-48 hours prior to electrophysiological
experiments.

Whole-cell patch recording from dissociated DRG neurons

Whole-cell patch recordings from dissociated somata were made at room temperature within
24-48 hours of plating using a Multiclamp 700B amplifier and Digidata 1550 interface
controlled by pClamp 11 software (Molecular Devices, San Jose, CA). Borosilicate glass
pipettes (World Precision Instruments; Sarasota, FI) were pulled on a P-97 micropipette
puller (Sutter Instrument; Novato, CA). DRG neurons were perfused with extracellular
solution containing (in mM) 117 NaCl, 3.6 KCI, 25 NaHCO3, 1.2 NaH,POy4, 1.2 MgCl,, 2.5
CaCly, and 30.5 Glucose (adjusted to pH 7.3 with NaOH) at 34°C and constantly bubbled
with O,. The recording electrode was filled with a solution containing 135 mM K-gluconate,
5 mM KCI, 5 mM Mg-ATP, 0.5 mM Na2GTP, 5 mM HEPES, 2 mM MgCI2, 5 mM EGTA,
and 0.5 mM CaCl, adjusted to pH 7.4 with KOH. Similar pipette solutions have been

used in various studies of DRG neurons, including human DRG neurons®, but the low CI~
concentration may result in a more negative CI~ equilibrium potential and potentially more
negative membrane potentials and lower excitability than normal for DRG neurons82:76,

Series resistance was compensated to above 70%. Whole cell mode was established under
voltage clamp, during which membrane capacitance was measured. The recording mode
was switched to current clamp. To determine rheobase (the minimum current required

to initiate an AP) and the properties of single APs (Fig 1), a series of incremental 300-
400 ms depolarizing current steps (10 to 100 pA) were injected at 5-s intervals until AP
threshold was reached. AP voltage threshold was estimated from the largest subthreshold
depolarization during the depolarizing steps at or below rheobase (e.g.,28:28). This usually
occurred at the beginning of the step (Fig 1) but could also occur during a DSF later in the
step, as observed previously in dissociated rodent nociceptors®8. As shown in Figure 1, the
first AP at rheobase was used to measure AP amplitude (relative to AP voltage threshold),
AP overshoot, AP rise time (from the point where AP threshold was reached), AP fall
time (from the AP peak back to the threshold value), AP duration at half amplitude, and
afterhyperpolarization (AHP) amplitude (relative to AP threshold).

Following the rheobase tests, spontaneous fluctuations of membrane potential and any SA
were recorded for 2 minutes. A 30-second segment starting at or shortly after 60 seconds
into this period was selected for intensive electrophysiological analysis. SA was defined
as the spontaneous occurrence during this segment of one or more rapidly depolarizing
spikes that reached 0 mV or above. This segment also was used to measure DSFs,

as previously described®®. DSFs were quantified with the electrophysiological analysis
program, FIBSI.py24, written with the Anaconda v2019.7.0.0 (Anaconda, Inc, Austin,
TX) distribution of Python v3.5.2, and the matplotlib.pyplot and NumPy libraries. Briefly,
FIBSI.py reads time and voltage coordinate data extracted from pClamp and calculates
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slow changes in RMP using a sliding median function (with a 1-second window for

these analyses). This sliding median was used to compute the mean RMP during the
segment. Using the sliding median as the reference, FIBSI.py quantifies all depolarizing
spontaneous fluctuations (DSFs) and hyperpolarizing spontaneous fluctuations (HSFs)
exceeding user-defined minima (1.5 mV amplitude and 10 ms duration in this study). Output
includes time and voltage coordinates for each spontaneous fluctuation. Amplitudes of DSFs
suprathreshold for triggering APs were calculated conservatively as the difference between
RMP (sliding median) at the computed start of a suprathreshold DSF and the amplitude of
the largest DSF measured during the entire 30-second sample.

Inclusion criteria for all 133 neurons from 27 patients used for intensive analysis were

the following: known donor sex, known source DRG level and side, reported presence or
absence of neuropathic pain in the dermatomes corresponding to the excised DRG, SA
status determined during a = 3-minute observation period, negative AP voltage threshold,
positive AP overshoot, and a = 30-second recording period with sampling rate of 1-10
KHz (usually 10 KHz) for DSF analysis randomly selected during the SA observation
period. In addition, a measured RMP < —40 mV 2 min after beginning current clamp

was demanded for continued testing of a neuron, while a RMP < —35 mV measured
during the later DSF analysis segment was required for inclusion in the final dataset (as
explained in the next section, the actual RMPs were up to ~15 mV more negative than

the measured values). Inclusion decisions for patients and DRG neurons were made by
an investigator blinded to the pain association and SA status of the neurons. For 10 of

27 patients, the neurosurgeon performing the surgery and harvest of DRGs (R.Y.N.) also
conducted the electrophysiological recordings, making blind data collection impossible in
these cases. However, no significant differences were found in the data collected by this
investigator and the other electrophysiologist (.L.), who was fully blinded. Furthermore,
possible unconscious bias in some of the electrophysiological measurements was avoided by
using the automated FIBSI program.

Uncertainties in membrane potential measurements

Whole-cell patch experiments involve uncertainties in the measurement of membrane
potential because of the liquid junction potential at the pipette tip, which is zeroed out prior
to breaking into a cell. The magnitude of the liquid junction potential changes with time
after break-in as the contents of the pipette and cell meet and mix, and the mixing will take
longer for cells with larger volumes. Given sufficient time for equilibration after break-in,
the liquid junction potential during recording can be estimated approximately®, which would
be ~15 mV with our solutions. However, we chose to trade off the significant times likely to
be needed for pipette equilibration in recordings from relatively large human DRG neurons
against the need to sample sufficiently large numbers of these neurons (which represent a
rare opportunity because they came from patients with documented pain conditions) in order
to detect statistically significant differences in electrophysiological properties across the
neuronal groups of interest. Thus, we tested electrophysiological properties rapidly (within
~5 minutes of break-in), making liquid junction potential estimates highly uncertain, and

we report the uncorrected values for all membrane potential measurements, as done in the
preceding study®® and another study on human DRG neurons using similar intracellular and
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extracellular solutions9. This means that the actual membrane potentials were up to 15 mV
more negative than the values reported in this paper, and that the RMP inclusion cutoffs
may have been closer to =55 mV (testing criterion early in the recordings) and =50 mV
(DSF analysis criterion later in the recording) than the measured —40 and —35 mV criterion
values. While the absolute membrane potential values are uncertain, this uncertainty should
not affect the differences found between groups (i.e., neurons with SA versus without SA,
and neurons associated with pain versus without pain) in RMP, AP threshold, AP overshoot,
and other measured or derived membrane potentials.

Characterization of DSF irregularity

Following the quantitative DSF analysis with the automated FIBSI program, inter-event
intervals (IEI) between the DSF peak-to-peak time points in each neuron were measured to
determine whether groups of neurons (i.e., with SA and without SA, having dermatomes
with and without pain) exhibited preferred IEI values. To identify the dominant frequencies
of voltage fluctuations in neurons, the voltage time series of each neuron was normalized

to its sliding median (an optional output of the FIBSI program that eliminates linear trends)
and analyzed using the periodogram function (TSA: Time Series Analysis package v1.3)

in R statistical software v4.0.2 (R Foundation for Statistical Computing, Vienna, Austria).
Finally, autocorrelations of each neuron with up to a 5 s lag were used to assess randomness
(cyclic periods of high and low correlation would suggest that non-random components exist
within the signal). The normalized time series of each neuron was analyzed using the acf
(autocorrelation) function in R. Default settings for the periodogram and acf functions were
used.

Statistical analysis

Normality was assessed using the D’ Agostino & Pearson omnibus and Shapiro-Wilk tests.
Normally distributed data are presented as means + standard error of the mean (SEM), and
other data as medians with interquartile range. Incidence of SA or DSFs (% of neurons
sampled) is also reported as the absolute number of neurons with SA or DSFs over the
sample total. Comparisons between groups were performed using an unpaired t-test with
Welch’s correction or Mann-Whitney U test, and incidence measures were compared using
Fisher’s exact test. Statistical significance was set at £< 0.05 and all reported values are
two-tailed.

Data Availability

The neurophysiological data can be shared on request. The FIBSI.py source code and a
detailed tutorial for using our Frequency-Independent Biology Signal Identification analysis
program are available on a Github repository titled “FIBSI Project” by user rmcassidy
(https://github.com/rmcassidy/FIBSI_program).
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Results

Spontaneous activity in dissociated human DRG neurons is irregular and more likely in
smaller neurons

All neurons sampled after dissociation appeared clear under bright-field illumination, they
sometimes exhibited perinuclear brown pigment, they had a smooth membrane surface, and
they often had small adherent cells, which probably included satellite glial cells (Fig 2A).
Nearly all neurons sampled exhibited neurites, sometimes with complex branching (Fig
2B). Diameters of the recorded neuronal somata ranged from 23 to 65 um, corresponding
to previously described small to medium-sized human DRG neurons!®. Within this range,
neurons with SA had significantly smaller soma diameters than neurons without SA (Fig.
2C; mean diameter, 35.8 versus 43.2 um, respectively; £< 0.0001, unpaired t test).
Membrane capacitance, which has been weakly correlated with soma diameter in dissociated
human DRG neurons!9, was also found to be significantly lower in neurons with SA than
those without SA (Fig 2D; median capacitance, 88 versus 164 pF, respectively; £< 0.0001,
Mann-Whitney U test). The association of SA with smaller DRG neuron somata cannot

be explained by faster equilibration of CI~ between smaller cells and the pipette because a
more rapid equilibration could potentially reduce excitability more rapidly (by more rapidly
hyperpolarizing Ec| and thereby enhancing inward diffusion of CI~ through any open CI~
channels in the soma membrane) but not increase excitability. In 26 of 27 of the small

to medium-sized neurons exhibiting SA, the discharge pattern was clearly irregular and
low in frequency, as illustrated in Figure 2E. Only 1 of these 26 neurons exhibited bursts
(Fig. 2F), which were prolonged (sometimes >20 s) and composed of irregular discharge
at <2Hz, in marked contrast to the high frequency (10-250 Hz), regular discharge in

the brief bursts often seen in rodent LTMRSs under neuropathic conditions236.7°, Because
we did not sample DRG neurons >65 um in diameter, the possibility remains that larger
neurons, which may be more likely to be LTMRs, exhibit high frequency bursting like

that in rodent LTMRs. The 27t neuron with SA had a regular (tonic) pattern of discharge,
firing constantly at the highest rate observed in our samples (4.3 Hz, not shown). The
irregular, low-frequency discharge we found in 97% of the neurons with SA38:67 is typical
of patterns recorded both in vivo and in vitro from rodent nociceptors in neuropathic and
postsurgical models#8:23.70.83  As reported earlier for human DRG neurons with small- to
medium-sized diameters9, most of the DRG neurons sampled (88%, 117/133 neurons)
exhibited a distinct inflection or shoulder that prolonged the falling phase of the AP (Fig
1). In rodent DRG neurons, such inflections and long AP durations are associated with
nociceptors (e.g.,2942:53),

Spontaneous activity is associated with neuropathic pain but not with donor sex

Before proceeding with intensive electrophysiological analysis, we asked whether expanding
our set of potential donors and making our inclusion criteria more restrictive than used
previously altered the significant association that had been found earlier between SA and
neuropathic pain®°. Most patients (22 of 27) reported pain in a dermatome corresponding to
at least one of the excised DRGs. Similar to the prior results, the proportion of neurons with
SA during the 30-second period of intensive electrophysiological analysis was significantly
greater when the source DRG corresponded to dermatomes reported by the donor to
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exhibit neuropathic pain (26 of 103 neurons sampled, 25.2%) than for neurons without
corresponding dermatomal pain (1 of 30 neurons sampled, 3.2%) (Fig 3A; £=0.0085
Fisher’s exact test). The discharge frequency was low, ranging from 0 to 4.3 Hz and, and
was higher in neurons with corresponding dermatomal pain (Fig 3B; 2= 0.0224, Welch’s
unpaired t test). While the overall mean firing rate of neurons corresponding to painful
dermatomes was 0.15 Hz (including the silent neurons, Fig 3B), it was 0.96 Hz for the
subset of neurons exhibiting SA. In contrast, the firing rate was 0.11 Hz for the single SA
neuron without a pain association. No significant differences were found in the incidence of
SA in neurons taken from male versus female donors (Fig 3C), or in the median discharge
frequency of those neurons that exhibited SA from male (0.30 Hz) versus female (0.10 Hz)
donors. This similarity suggests that alterations promoting nociceptor SA under our in vitro
conditions and associated with neuropathic pain in vivo might be clinically important in both
Sexes.

Spontaneous activity is associated with multiple electrophysiological alterations that
promote action potential generation and function

What are the functional electrophysiological alterations underlying the observed SA? In
terms of membrane potential, SA can be generated or initiated in isolated sensory neuron
somata by any or all of only three potentially independent alterations: depolarization

of RMP to reach AP threshold, hyperpolarization of AP threshold to reach RMP, and
enhancement of transient DSFs that bridge the gap between RMP and AP threshold®8. At
higher SA frequencies, properties related to the aftereffects of each AP (including AHP, any
depolarizing afterpotentials, and inactivation properties of channels contributing to each AP)
can also contribute to SA, but SA with the low discharge frequencies observed in this study
and in rodent nociceptors (usually <1 Hz) should show little dependence on AP aftereffects.
Previously, some of us®® had shown that AP threshold was significantly more hyperpolarized
in human DRG neurons associated with dermatomal pain than in neurons without a pain
association, but no significant difference was found in RMP. Large DSFs were noted only in
SA neurons, not silent neurons, but the DSFs were not quantified. More recently, these data
were combined with other published data?>46 to reveal apparently more depolarized RMP
in SA neurons associated with pain, and apparent restriction of large DSFs to SA neurons®?.
However, neither these publications nor others reported statistically significant associations
of RMP, AP threshold, or DSF amplitude with SA in human DRG neurons. Using rigorous
neuronal inclusion criteria (see Methods) and quantification of DSFs, we now show that all
three of these electrophysiological alterations are significantly associated with SA in human
DRG neurons isolated from patients with neuropathic pain. First, RMP was depolarized in
neurons with SA compared with those without SA (Fig 4A; median RMP, —46.4 versus
-59.0 mV, respectively; £< 0.0001, Mann-Whitney U test). Second, the voltage threshold
for AP generation was hyperpolarized in neurons with SA versus those without SA (Fig 4B;
median threshold, —37.2 versus —28.2 mV, respectively; £< 0.0001, Mann-Whitney U test).

The third alteration was an enhancement of DSFs, which have not been quantified
previously in human DRG neurons. Our DSF analysis program enabled automated
measurement of DSFs relative to the sliding median value computed for RMP as shown
in Figure 4C. DSFs >1.5 mV (red) were common in most of the sampled DRG neurons,
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and large DSFs (defined as those >3 mV) sometimes triggered APs (see the yellow

DSF in Figure 4C). The amplitude of DSFs was larger in neurons with SA than those
without SA (Fig 4D; median amplitude, 2.7 versus 1.8 mV, respectively; £< 0.0001,
Mann-Whitney U test). Furthermore, the frequency of large DSFs (Fig 4C) was higher

in neurons with SA versus those without SA (Fig 4E; mean frequency of large DSFs,

0.38 versus 0.02 Hz, respectively; £< 0.0001, Welch’s unpaired t test). An important
question was whether the DSFs observed in the small and medium-sized human DRG
neurons in the present study exhibit properties more similar to previously described
fluctuations in rodent LTMRs or to those in rodent nociceptors. In rodent large-diameter
LTMRs, spontaneous subthreshold fluctuations of membrane potential exhibit regular,
high-frequency, sinusoidal oscillations12:48.52.79 whereas rodent small-to-medium diameter
nociceptors exhibit stochastic, low-frequency patterns of irregular DSFs.%8 Simple plots of
the intervals between DSFs >1.5 mV revealed a large range of intervals across neurons,
with the mean interval being ~2 s for neurons without SA and a tendency for the

intervals to be somewhat lower in neurons with SA (Fig 4F). The range of intervals within
individual neurons was also large (Fig 4G). A Fourier analysis similarly revealed a large
range of frequency peaks, with the highest peaks <1 Hz, which presumably correspond to
DSFs. Representative neurons exhibited dominant frequencies of ~0.2-0.3 Hz (Fig 4H).
Autocorrelation analysis on data from the same neurons revealed few or no correlations at
lag periods where we would expect autoregressive patterns due to any regular oscillations

in membrane potential at the dominant DSF frequencies implicated by our Fourier analysis
(or by the much higher dominant frequencies reported for sinusoidal oscillations in probable
LTMRs), indicating very little temporal correlation between the occurrence of each DSF
and subsequent DSFs (Fig 41). These analyses confirm that the DSFs in the small and
medium-sized human DRG neurons sampled in this study exhibit ~100x lower frequency
and much less regularity in pattern of occurrence than the subthreshold oscillations analyzed
in rat LTMRs1:248,

No statistically significant sex differences were found among silent (SA-) or spontaneously
active (SA+) DRG neurons in the functional electrophysiological alterations: median RMP
(male vs female: SA+, —47.1 vs —45.8 mV; SA-, —59.0 vs —59.0), median AP threshold
(male vs female: SA+, —36.7 vs —37.7 mV; SA-, —26.2 vs -23.3), and median frequency
of large DSFs (male vs female: SA+, 0.32 vs 0.47 Hz; SA-, 0.00 vs 0.00 Hz). Thus,

all three of the functional electrophysiological properties related to membrane potential
that might promote SA were altered in the hyperactive direction in dissociated human
DRG neuron somata, and these effects were the same in neurons from male and female
donors. Intrinsic changes in RMP, AP threshold, and irregular DSFs could by themselves
drive low-frequency, irregular SA generated in the soma and/or peripheral terminals
(promoting spontaneous pain)®8. In addition, they might enhance excitatory effects of
extrinsic influences such as cross-excitation through satellite glial cells, or excitation by
humoral factors (e.g., cytokines, amines, damage-associated molecular patterns [DAMPs])
that access the DRGs and peripheral terminals to further drive SA20.37.74,

Other electrophysiological properties that were altered in neurons with SA also demonstrate
a multi-faceted, hyperexcitable neuronal state, as summarized in Table 1. The minimum
current (rheobase) required to generate an AP was lower in neurons with SA than those
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without SA, as was the amplitude of the afterhyperpolarization (AHP) following each

AP. Multiple properties of individual APs (Fig 1) also were altered in neurons with SA.
The AP rise time was significantly prolonged. AP amplitude (relative to AP threshold)
was unaltered, but AP overshoot was significantly reduced. AP fall time and duration

at half amplitude were significantly prolonged. Both the decrease in rheobase and the
prolonged AP rise time are likely to represent, in part, effects of the hyperpolarized AP
threshold, which should enable smaller depolarizing currents to slowly reach threshold with
less accommodation than occurs with larger depolarizations. The prolonged AP duration/
fall time, if it also occurs in vivo at sites of neurotransmitter release in the spinal cord
and/or peripheral terminals, might enhance neurotransmitter release3°. The decrease in

AP overshoot was likely a result of the large depolarization of RMP (mean change 12.6
mV) causing steady-state inactivation of some of the voltage-gated Na* channels in SA
neurons®®. This modest decrease in overshoot, combined with the lack of a significant
alteration in somal AP amplitude (which falls within the large range of AP amplitudes
reported for different types of DRG neuron in diverse species) (e.g.,25), seems unlikely to
have significant functional consequences.8 If these SA-promoting alterations in the soma
also occur in spike initiation zones within a nociceptor’s peripheral terminals, they and the
decreases observed in rheobase and AHP amplitude might also enhance bursts of activity
and consequent pain evoked by sensory generator potentials.

Each functional electrophysiological alteration is associated with neuropathic pain

Given our finding that SA in human DRG neuron somata is associated with all three

of the functional electrophysiological alterations that might generate low-frequency SA,

and evidence that this SA is associated with neuropathic pain®® (see also Figure 3A

and®), we tested the prediction that each of the functional SA-driving alterations is also
significantly associated with patient-reported pain. Although only one of these alterations
(reduced AP threshold) was found to be significantly altered in the previous study®>, we
wondered whether a larger patient sample size and more stringent inclusion criteria would
demonstrate additional hyperexcitable alterations associated with reported pain. Indeed,
RMP was depolarized in neurons isolated from DRG corresponding to painful regions of the
body compared with those without corresponding pain (Fig 5A; median RMP, —56.4 versus
-59.8 mV, respectively, £=0.0099 Mann-Whitney U test); AP threshold was hyperpolarized
in the pain-associated neurons relative to those without pain association (Fig 5B; median
threshold, —33.1 versus —22.4 mV, respectively; £< 0.0001, Mann-Whitney U test); and
DSF amplitude was larger in the pain-associated neurons than those without pain association
(Fig 5C; median amplitude, 2.2 versus 1.9 mV, respectively; £< 0.0001, Mann-Whitney

U test). As previously reported®®, rheobase was lower in the pain-associated neurons than
those without pain association, while no difference in AP amplitude was found (Table 2).

In contrast to initial findings®®, pain-associated DRG neurons exhibited significantly lower
AHP amplitudes and AP overshoot, longer AP rise and fall times, and longer AP durations
(Table 2, see also Fig 1). Thus, multiple electrophysiological alterations were significantly
associated with neuropathic pain, including all three of the functional electrophysiological
alterations of membrane potential that are in principle sufficient to generate low-frequency
SA.
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Discussion

A necessary step towards linking molecular mechanisms to neuronal hyperactivity that
drives neuropathic pain is to define the critical electrophysiological alterations underlying
SA. The importance of this step was highlighted recently by demonstrations of unexpected
differences in pain-related features of human and rodent DRG neurons1:3354.65,66,68.84 For
example, use-dependent inactivation of tetrodotoxin-resistant currents is nearly absent in
human DRG neurons, which may promote their sustained activity84. Such differences raise
the possibility that critical cellular mechanisms promoting neuropathic pain have diverged
across mammalian species. As most mechanistic information about neuropathic pain has
come from rodents, such divergence might explain some of the failure to translate promising
preclinical treatments to clinical application (e.g.,>*). At the functional electrophysiological
level, however, we now demonstrate that the alterations underlying pain-associated SA in
DRG neurons are the same in humans (male and female) and rodents. Moreover, these
alterations more closely parallel those previously reported for primary nociceptors than
LTMRs of rodents.

SA in human DRG neurons is associated with the functional hyperexcitable alterations that
drive SA in rodent DRG neurons

In terms of membrane potential, the only electrophysiological alterations sufficient to
generate or initiate SA in the absence of transient depolarizing inputs such as sensory
generator potentials or preceding APs are a prolonged depolarization of RMP, lowering of
AP threshold, and enhancement of DSFs, all of which correlated with SA in human DRG
neurons. While earlier papers®*:° reported associations of SA and reduced AP threshold
(plus lowered rheobase) with patient-reported pain, they did not document statistically
significant associations of SA with specific excitability properties. Moreover, unlike the
current study, the initial study®® did not measure DSFs and it failed to find a significant
association between pain and depolarized RMP. The earlier lack of an RMP association may
be explained by the smaller patient sample and less stringent neuronal inclusion criteria.

We have now excluded neurons with unusually positive AP thresholds, which may represent
the initiation of APs in a small neurite (see Fig 2B) when the recorded soma is relatively
inexcitable (perhaps because of somal damage). Larger depolarizations in such somata
would reflect the larger current injections needed to reach threshold in excitable membrane
outside the soma.

The same functional SA-driving alterations and lowered rheobase have been shown in
dissociated DRG neurons in rodent neuropathy models, including a rat spinal cord injury
(SCI) model®58, a mouse SCI model®, and a mouse chemoneuropathy model4. While the
incidence of DRG neurons with pain-associated SA was somewhat lower here than reported
for rodent nociceptors®41:58, our recording conditions may have reduced excitability and
SA. Specifically, the lower CI~ concentration in the recording pipette would increase any
background hyperpolarizing CI~ currents, thereby reducing excitability®2:76. Nevertheless,
qualitatively identical findings across species and conditions indicate that all three functional
electrophysiological alterations for driving SA in DRG neurons may often be recruited to
promote ongoing pain.
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SA and DSF properties in human DRG neurons resemble those described in rodent
nociceptors rather than LTMRs

Mechanisms of SA in DRG neurons have been studied most extensively in large A-fiber
neurons in rodents, a large majority of which are LTMRs21:26. Normally, SA in probable
LTMRs and nociceptors is not generated in the soma. After axotomizing injury (spinal nerve
ligation, SNL), SA developed in ~35% of rat A-fiber neurons sampled 1 day after the injury,
and then declined to control values within about a week?9. This period of SA generation

in previously axotomized A-fiber neurons is much briefer than SA in rat nociceptors after
SCI (most of which, like the human DRG neurons described here, are unlikely to be
axotomized in vivo, and exhibit SA for months®). SA in rodent LTMRs often manifests

as either regular tonic firing or periodic bursts of regularly spaced APs, in which reported
discharge rates are relatively high: 10-70 Hz in vivo?-3¢, 60-250 Hz in excised ganglial,
and 75-130 Hz in dissociated neurons*8. In contrast, the SA we observe in human DRG
neurons is low frequency (usually <1 Hz) and is almost always irregular without regular

bursts. This parallels the SA exhibited by dissociated nociceptors in rodent neuropathy
models8:9-41,44-46,58,70,77

In LTMRs with uninflected APs, repetitive discharge is driven by high-frequency, sinusoidal
oscillations of membrane potential, which show a marked voltage dependence and are rarely
observed at RMP1:249.64 |ndeed, experimental depolarization into the range of —40 to —20
mV is typically used to reveal the oscillations and generate discharge. In contrast, the

DSFs we find associated with SA in human DRG neurons occur in neurons with inflected
APs, they are prominent across the full range of RMPs in our samples (=35 to —=74 mV
without correction for the liquid junction potential), their frequency is low, their patterns

of occurrence and individual waveforms are highly irregular, and the waveforms are more
prolonged than the individual oscillations in rodent LTMRs. These DSF properties are the
same in rat nociceptors?41.44.50.58,

In rodent nociceptors, the complex mechanisms underlying enhanced DSFs remain
undefined, but are under investigation. Both an increase in background inward currents

at RMP, including Nav1.8 current8!, and an increase in membrane resistance® (suggesting
reduced K* conductance) have been implicated. In rodent LTMRs and nociceptors,
published SA-related mechanistic investigations have focused largely on changes in ion
conductances that promote sinusoidal oscillations at depolarized potentials’:16:25.40.48 gr that
produce a switch in AP initiation dynamics that enables repetitive firing and sinusoidal
oscillations during prolonged extrinsic depolarization®1:64, Two of the SA-associated
hyperexcitable alterations described here have been reported in probable LTMRs after
dissociation: depolarized RMP and decreased rheobase following axotomizing SNL48,
However, neither alterations of RMP nor AP voltage threshold have received much attention
as mechanisms of SA in LTMRs (e.g.,2140.64),

Four lines of evidence suggest that many of the sampled human neurons were nociceptors.
First, the SA patterns and DSF properties in hyperactive human DRG neurons appear
identical to those reported in hyperactive rodent nociceptors. Second, as in rat nociceptors
(e.g.,26:29.39.53) 'SA \was largely expressed in human neurons having inflected APs, whereas
APs in rat LTMRs with SA have uninflected APs.! Third, SA occurred more often in

J Pain. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

North et al.

Page 14

human DRG neurons with smaller somata, paralleling observations that rodent nociceptors
usually have smaller somata (e.g.,2942), although this correlation may be weaker in
humans84. Fourth, substantial fractions of human DRG neurons with small- to-medium-
sized somata express classical markers for nociceptors, including TrkA, TRPV1, TRPAL,
CGRP, substance P, Nav1.7, Nav1.8, and Nav1.9 (reviewed by32:54).

Clinical and biological implications of hyperexcitable alterations underlying SA in human
DRG neurons

Our demonstration that pain-associated SA in human DRG neurons is linked to multiple
electrophysiological alterations that can generate SA extends prior evidence for multiple
mechanisms promoting hyperactivity in rodent DRG neurons. In probable LTMRs,
degeneracy of SA mechanisms (i.e., multiple different mechanisms) was shown by the
sufficiency of different ion conductance alterations to enable sinusoidal oscillations of
membrane potential and repetitive firing during sustained depolarization4. A clinical
implication of multiplicity and degeneracy of hyperactivity mechanisms both in LTMRSs
and nociceptors is that effective pharmacological targeting of one or a few of the different
mechanisms may not block hyperactivity to alleviate neuropathic pain®3:64.74,

An interesting biological question is why nociceptors would display multiple mechanisms
for generating SA in their somata under neuropathic conditions. One possibility is that
somal SA results pathologically from dysregulated control of complex hyperexcitability
mechanisms that normally function at injury sites to produce protective sensitization during
healing (with somal dysregulation potentially amplified by dissociation). A complementary
possibility is that persistent nociceptor SA in the soma is a physiological specialization

that promoted survival during evolution, and which also can be recruited in some disease
states. Strong evolutionary selection pressures for a function often result in multiple
underlying mechanisms3. One proposed function for persistent SA in nociceptors and some
LTMRs is to promote painful hypervigilance long after injury severe enough to produce
substantial nerve damage’. Severe injury such as amputation can cause lasting physical
impairment that increases vulnerability to attack by predators or competitors. Injury-
induced hypervigilance associated with nociceptor SA has been shown to increase survival
in squid18, and persistent hypervigilance to predator cues has also been demonstrated

in neuropathic mice*’. Thus, degenerate mechanisms could function to enable SA in
nociceptors that promotes hypervigilance when severe injury persistently increases an
animal’s risk of being assaulted”. A corollary is that ectopic generation of persistent

SA within anatomically protected DRGs could have been adaptive when deep tissue

injury disconnected DRGs from peripheral tissue’. This adaptive possibility encourages
human microneurography studies utilizing appropriate nerve blocks (e.g.,’3) to determine
whether ganglionic generation of pain-linked C-fiber SA occurs in vivo in some neuropathic
conditions. Such conditions, including the tumor-induced compression of spinal nerve roots
in this study, may sometimes mimic SA-triggering features of traumatic nerve injury.
Therapeutically, an important question is how conserved the molecular mechanisms are
that underlie the shared electrophysiological alterations that can persistently drive somally
generated SA in rodent and human nociceptors.
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Highlights

Spontaneous activity in dissociated human sensory neurons correlates with
reported pain

Multiple features promote irregular ongoing discharge in sensory neuron
somata

Irregular spontaneous depolarizing fluctuations pattern low-frequency
spontaneous activity

Hyperexcitable alterations closely resemble alterations reported in rodent
nociceptors

Human nociceptor somata have electrophysiological specializations that may
promote ongoing pain
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Figure 1.
Representative action potential (AP) evoked at rheobase depicting AP measurements used in

this study. Rheobase was defined as the minimal current required to evoke an AP during an
incrementing series of 300—400 ms pulses (see lower traces). AP voltage threshold (dashed
red line) was defined as the largest subthreshold depolarization recorded at rheobase (solid
black trace) or during (solid red trace) the last subthreshold depolarizing step. AP rise time,
AP amplitude, AP fall time, and afterhyperpolarization (AHP) were measured relative to
AP threshold. AP duration at half the AP amplitude captured part of the shoulder (note
inflection) typically seen in the falling phase of the AP in the tested neurons.
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Figure 2.

Spontaneous activity (SA) occurs preferentially in smaller dissociated human DRG neurons.
(A) Human DRG neuron during whole cell patch recording one day after dissociation,
showing the patch pipette, neurites, probable satellite glial cells (and possibly other cell
types), and cellular debris. Calibration bar is 50 pm. (B) Example of a recorded neuron
with extensive growth of neurites by the second day after dissociation. Calibration bar is
50 um. (C) Neurons with SA had smaller soma diameter (unpaired t test) as well as lower
membrane capacitance (D) (Mann-Whitney U test) compared with other neurons sampled.
(E) SA recorded from a dissociated human DRG neuron illustrating the low-frequency,
irregular discharge pattern and irregular, subthreshold DSFs between APs. (F) The only
sampled neuron to show a bursting pattern during SA. The pattern of bursting and burst
durations were irregular throughout the recording (6 min shown).
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Figure 3.

1
Male Female
Patient sex

SA is associated with neuropathic pain but not with patient sex. (A) The incidence of
neurons with SA was higher for neurons from DRG associated with painful dermatomes
compared with other neurons (Fisher’s exact test). (B) Although discharge frequencies were
low, they were higher during SA in neurons from DRG associated with painful dermatomes
than in other neurons (Welch’s unpaired t test). Red lines indicate means £ SEM. (C) The
incidence of neurons with SA did not differ significantly for neurons from male and female

patients (Fisher’s exact test).
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Figure 4.

SA is associated with all three of the functional electrophysiological alterations that can
initiate APs. (A) RMP was depolarized in neurons with SA compared with other neurons
(Mann-Whitney U test). (B) AP threshold was reduced (hyperpolarized) in neurons with SA
(unpaired t test). RMP and AP threshold measurements were not corrected for the liquid
junction potential, so actual values might be up to 15 mV more negative (see Methods).

(C) Examples of DSFs during SA. 30-s recordings (C1) were fit using a running median
(red dashed line in C2) for RMP. Residual data were used to analyze subthreshold (red) and
suprathreshold (yellow) DSFs as shown in C3. Large DSFs are defined as those depolarized
>3 mV relative to the median RMP. (D) Amplitudes of all DSFs = 1.5 mV were larger

in neurons with SA (Mann-Whitney U test). (E) The frequency of large DSFs (= 3.0 mV)
was higher in neurons with SA (Welch’s unpaired t test). (F) Mean interevent intervals
(IEIs) between DSFs = 1.5 mV across neurons without SA or pain association (SA-, pain-),
without SA but with associated pain (SA-, pain+), and with SA and a pain association
(SA+, pain+). Horizontal lines indicate 0.5, 5, and 25 s on the y-axis. (G) Large range of
IEIs within individual neurons representing each group (same group colors as in panel F).
(H) Distributions of frequencies within the 30-s recordings found by Fourier analysis for
each neuron in panel G, revealing low dominant frequencies. (I) Autocorrelation analysis for
the neurons in panels G-H, showing little temporal correlation between the occurrence of
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each presumptive DSF and subsequent DSFs. No prominent peaks were found at lag times
greater than those plotted.
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Figure 5.

All three of the functional electrophysiological alterations that might produce SA are
associated with patient-reported pain. Neurons from DRGs associated with dermatomal
pain had depolarized RMP (A) (unpaired t test), hyperpolarized AP threshold (B) (Mann-
Whitney U test), and increased DSF amplitude (C) (Mann-Whitney test) compared with
other neurons. RMP and AP threshold measurements were not corrected for the liquid
junction potential, so actual values might be up to 15 mV more negative (see Methods).

J Pain. Author manuscript; available in PMC 2023 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

North et al.

Table 1.

Page 28

Action potential properties of human DRG neurons with (SA+) and without (SA-) spontaneous activity

Property SA N Median Mean SD Silent vs SA
- 106 435 657 745
Rheobase(pA) MW: U= 315, P<0.0001

27 20 89 194
- 93 87.7 85.7 121

AP amplitude (mV) MW: U= 888.5, P=0.5238
+ 21 88.3 879 129
- 93 63.0 621 133

AP overshoot (mV) Unpaired t test: t = 3.651 2= 0.0004

+ 21 52.0 50.6 118
- 93 6.7 26.2 47.9

AP rise time (ms) MW: U= 284, P<0.0001
21 56.8 68.0 46.7
- 93 4.8 5.6 3.7

AP fall time (ms) MW: U= 219, P<0.0001
+ 21 10.7 12.2 6.8
- 93 3.2 3.7 21

AP half-amplitude duration (ms) MW: U= 274, P<0.0001
21 6.6 7.1 2.8
- 93 -159 -162 55

AHP amplitude (mV) Unpaired t test: t = 3.415 2= 0.0009

+ 21 -109 -11.7 51

AP, action potential; AHP, afterhyperpolarization potential; MW: Mann-Whitney U test; SD, standard deviation; t, the t ratio — the difference
between sample means divided by standard error of the difference; U, the U value in the Mann Whitney test — the smaller of two calculations
counting the number of times that an observation in group A is larger than B, or number of times that an observation in group B is larger than A.
Membrane potential measurements are not corrected for the liquid junction potential, so actual values might be up to 15 mV more negative (see

Methods).
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Action potential properties of DRG neurons corresponding to dermatomes with (Pain+) and without (Pain-)

pain
Property Pain N Median Mean SD Pain vs no pain
- 30 600 718 654
Rheobase (pA) MW: U=971.5, P=0.0018

+ 103 180 490 718
- 27 83.8 832 142

AP amplitude (mV) MW: U= 1018, P=0.2980
+ 87 88.5 87.0 11.4
- 27 63.9 641 104

AP overshoot (mV) Unpaired t test: t =1.768 A= 0.798

+ 87 59.7 58.8 14.4
- 27 34 121 383

AP rise time (ms) MW: U= 418, P<0.0001
+ 87 17.9 40.7 51.7
- 27 3.7 4.1 25

AP fall time (ms) MW: U= 594, P<0.0001
+ 87 6.4 1.7 5.4
- 27 24 3.0 2.0

AP half-amplitude duration (ms) MW: U= 640, P=0.0003
87 4.2 4.7 2.6
- 27 -193 -19.1 43

AHP amplitude (mV) Unpaired t test: t = 4.128 £< 0.0001

87 -14.1 -14.2 5.6

AP, action potential; AHP, afterhyperpolarization potential; MW: Mann-Whitney U test; SD, standard deviation; t, the t ratio — the difference
between sample means divided by standard error of the difference; U, the U value in the Mann Whitney test — the smaller of two calculations
counting the number of times that an observation in group A is larger than B, or number of times that an observation in group B is larger than A.
Membrane potential measurements are not corrected for the liquid junction potential, so actual values might be up to 15 mV more negative (see

Methods).
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