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Abstract

Background/Aims: Nociceptors detect noxious capsaicin (CAPS) via the transient receptor
potential vanilloid 1 (TRPV1) ion channel, but coding mechanisms for relaying CAPS
concentration [CAPS] remain obscure. Prolonged (up to 1h.) exposure to CAPS is used clinically
to desensitise sensory fibres for treatment of neuropathic pain, but its signalling has typically
been studied in cultures of dissociated sensory neurons employing low cell numbers and very
short exposure times. Thus, it was pertinent to examine responses to longer CAPS exposures in
large populations of adult neurons. Methods: Confocal fluorescence microscopy was used to
monitor the simultaneous excitation by CAPS of neuronal populations in intact L3/4 dorsal root
ganglia (DRG) explants from adult pirt-GCaMP3 mice that express a cytoplasmic, genetically-
encoded Ca?* sensor in almost all primary sensory neurons. Peak analysis was performed
using GraphPad Prism 9 to deconstruct the heterogenous and complex fluorescence signals
observed into informative, readily-comparable measurements: number of signals, their lag
time, maximum intensity relative to baseline (Max.) and duration. Results: Exposure for 5 min.
to CAPS activated plasmalemmal TRPV1 and led to increased fluorescence due to Ca?* entry
into DRG neurons (DRGNSs), as it was prevented by capsazepine or removal of extracellular
Ca?*.Increasing [CAPS] (0.3, 1 and 10 uM, respectively) evoked signals from more neurons
(123, 275 and 390 from 5 DRG) with shorter average lag (64 + 04,33 + 0.2 and 1.9 = 0.1
min.) and longer duration (1.4 = 0.2, 29 + 0.2 and 4.8 £ 0.3 min.). Whilst raising [CAPS]
produced a modest augmentation of Max. for individual neurons, those with large increases
were selectively expedited; this contributed to a faster onset and higher peak of cumulative
fluorescence for an enlarged responding neuronal population. CAPS caused many cells to
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fluctuate between high and low levels of fluorescence, with consecutive pulses increasing Max.
and duration especially when exposure was extended from 5 to 20 min. Such signal facilitation
counteracted tachyphylaxis, observed upon repeated exposure to 1 uM CAPS, preserving the
cumulative fluorescence over time (signal density) in the population. Conclusion: Individual
neurons within DRG differed extensively in the dynamics of response to CAPS, but systematic
changes elicited by elevating [CAPS] increased signal density in a graded manner, unveiling a
possible mechanism for population coding of responses to noxious chemicals. Signal density is
sustained during prolonged and repeated exposure to CAPS, despite profound tachyphylaxis
in some neurons, by signal facilitation in others. This may explain the burning sensation that

persists for several hours when CAPS is used clinically.

© 2021 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Pain poses a major challenge to modern medicine, with the prevalence of chronic pain
(all forms) estimated to be near 50% of the population and up to 14% of sufferers being
severely disabled [1]. It arises from activation of nociceptors, a subset of the peripheral
afferent sensory neurons in dorsal root ganglia (DRG) and trigeminal ganglia, that sense
potentially-damaging environmental conditions via membrane proteins capable of detecting
noxious chemicals, heat or mechanical force (reviewed by [2, 3]). Current models posit
that fibres projected from different sensory neurons (and ganglia) distribute into complex
arrangements in overlapping receptive fields, such that peripheral tissues are supplied with
fibres having various activation thresholds, some with a wide dynamic range of response
intensity [4]. Innocuous stimuli excite only the most sensitive fibres, but increasingly
noxious insults recruit more and more neurons with progressively intensifying signals [4, 5].
However, the molecular details of these processes remain unclear.

The best characterised nociceptive receptor is the transient receptor potential vanilloid
type 1 (TRPV1), identified as a non-selective cation channel activated by capsaicin (CAPS; the
active ingredient of chilli peppers), that acts as a polymodal integrator of noxious chemicals,
protons and heat [6, 7]. Its excitation by CAPS in vivo elicits a burning pain sensation
accompanied by local vasodilation and inflammation [8]; this is followed by hypersensitivity
to heat and touch. Mice genetically modified to ‘knock-out’ expression of TRPV1 exhibit little
of the pain behaviour evoked by CAPS in the wild-type, show depressed responses to noxious
heat and a near-complete loss of inflammation-induced thermal hyperalgesia [9, 10]. TRPV1
is found predominantly on unmyelinated, slowly-conducting C-fibres that express calcitonin
gene-related peptide (CGRP), substance P and neurokinin A [7]. CAPS and other particular
noxious stimuli open the non-selective cation pore in TRPV1, allowing entry of Ca?* and Na*.
The resulting depolarisation is sensed and amplified by voltage-gated Na* channels, thereby,
initiating action potentials that propagate pain signals to the dorsal horn of the spinal cord
(or brainstem in the case of craniofacial nerves); there, they are passed to ascending spinal/
brainstem neurons that carry the information to the brain. The Ca®" that enters through
TRPV1 acts locally as a second messenger to stimulate various intra-neuronal signalling
cascades via Ca?*-activated phospholipases, protein kinases and phosphatases [3, 11, 12].
It also triggers the fusion of neuropeptide-loaded large dense-core vesicles as well as the
exocytosis of other excitatory mediators. For example, released CGRP and substance P act
directly on endothelial and smooth muscle cells, causing the aforementioned vasodilation
and neurogenic inflammation that results from exposure to CAPS. Mediators released from
sensory neurons also attract and activate immune cells at sites of nerve insult or damage
[13]. Injured tissues and immune cells release cytokines and other pro-inflammatory factors
such as kinins, ATP and growth factors. They interact directly with receptors on sensory
neurons resulting in the hyper-sensitisation of nociceptors to environmental cues. Such
pro-inflammatory factors sensitise nociceptors by modifying the activity of plasmalemmal
ion channels so that the fibres become more easily excited. Many of the signalling cascades
they activate converge on nociceptive receptors such as TRPV1 and the structurally-related
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reactive chemical receptor and thermal sensor, transient receptor potential ankyrin 1
(TRPA1) [7,12, 14, 15].

Due to the aforementioned huge numbers of pain sufferers, and present treatments
being often ineffective, poorly tolerated or addictive, there is a pressing need for the
development of new effective, non-addictive analgesics free from unpleasant side-effects.
TRPV1 is considered a prime target for analgesic therapeutics because of being a multi-
modal integrator of noxious insult, implicated in inflammatory and neuropathic pain. As
assessment of TRPV1 antagonists by electrophysiological recordings or Ca®* imaging has
been hampered by its desensitisation and tachyphylaxis to agonists used such as CAPS
[16-18], pirt-GCaMP3 mice and confocal imaging of intracellular Ca** concentration [Ca®'],
were employed herein. These animals, which express the Ca?* sensor in virtually all their
primary sensory neurons but not other cells of DRG and trigeminal ganglia [19], facilitated
measurements of changes in [Ca®]. in large populations of DRGNs when subjected to
pertinent protocols for stimulation by CAPS (e.g. longer and repeated exposure to various
concentrations). Notably, topical application of CAPS has been proven beneficial for chronic
neuropathic pain e.g. associated with post-herpetic neuralgia and diabetic neuropathy
[20, 21]. This has been attributed to transient desensitisation of TRPV1 and much more
persistent, but ultimately reversible, denervation of TRPV1-expressing fibres [20, 21].
However, many of the mechanistic details have been deciphered from experiments using
rodent cultured sensory neurons and very short exposures to CAPS. Thus, it is necessary
to ascertain if the details of nociceptor signalling and desensitisation observed in cultured
cells faithfully represent processes occurring in tissues, and in response to mimics of pain-
inducing mediators. Hence, L3/L4 DRG explants with preserved structural integrity and
somatic organisation were utilised in this study. Using analytical tools to deconstruct the
complex, heterogeneous Ca?* signals observed during and following 5 or, in some cases, 20
min. exposure to CAPS, patterns have been deciphered in the responses from large cohorts
of neurons present in the DRG, shedding light on how primary nociceptors encode noxious
stimulus intensity. Hitherto unappreciated complexity was revealed, and mechanisms
uncovered for maintaining strong responses to CAPS in the neuronal population, despite
profound tachyphylaxis and desensitisation (reduced responses to repeated and prolonged,
respectively, agonist stimulation) in individual cells. The experimental system developed
offers the major advantage of providing robust internally-controlled assays for TRPV1
activity by repeated stimulation before and after experimental treatments.

Materials and Methods

Materials

The pirt-GCaMP3 mice were generated by Prof. X. Dong (Johns Hopkins University School of Medicine,
Baltimore, MD, USA). CAPS was purchased from Alomone Labs. (Jerusalem, Israel), and Liberase™ from
Roche Diagnostics (Mannheim, Germany). All other chemicals were obtained from Merck (Arklow, Ireland).

Confocal imaging of DRG explants

Heterozygous adult (6-8 weeks) male or female pirt-GCaMP3 mice were euthanised by cervical
dislocation and L3 or L4 DRG dissected, with a few mm of the ventral and dorsal roots plus peripheral nerve
trunk attached. Ganglia were collected in ice-cold dissection buffer (mM: CaCl,, 0.5; glucose, 11; KC], 2.5;
MgSO,, 10; NaHCO,, 26; NaH,PO,, 1.2; sucrose, 216) constantly gassed with a mixture of 95 % oxygen: 5
% carbon dioxide (0,/CO,). Within 10 min. of dissection, the DRG were rinsed with artificial cerebrospinal
fluid (aCSF; mM: CaCl,, 2; glucose, 11; KCl, 3.6; MgSO,, 1.2; NaCl, 117; NaHCO,, 25; NaH,PO,, 1.2) pre-
gassed as above. The ganglion sheath was gently removed mechanically and with 5 min. digestion at room
temperature by Liberase™ (13 units/ml in aCSF lacking the MgSO0,) before placing the DRG under a tissue
holder in a heated recording chamber (RC26GLP in PM1; Warner Instruments, Holliston, MA, USA; bath
volume ~ 1ml) connected to a digital DC power supply (72-13310, Tenma Corp., Tokyo, Japan); washing
ensued by superfusing at 2 ml/min. with normal aCSF containing 10 pg/ml bovine serum albumin and
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continuously gassed with 0,/CO, (aCSF-BOC) at ambient temperature (~ 22°C). After 30 min. the aCSF-BOC
was warmed to 32°C using a heated perfusion tube (HPT-2, ALA Scientific Instruments, Westbury, NY, USA)
with feedback control via a thermal probe linked to a thermal controller (S-PS-8*00 and LinLab2 software,
Scientifica Ltd., Uckfield, UK). Washing was continued for another 30 min. before starting the recordings.
All subsequent experimental procedures and washes were performed at 32°C superfusing with aCSF-BOC
continuously.

Confocal imaging was performed using a Zeiss Axio Examiner Z1 upright microscope with a 488 nm
laser, controlled by Zen 2008 (Carl Zeiss, Oberkochen, Germany), using a 10 x magnification water immersion
objective (NA 1.336). Z-stacks were configured to image the majority of the volume of each ganglion;
10-12 non-overlapping Z-planes of 25-30 um thickness. Each confocal plane was scanned once every 10-12
seconds, depending on stack size.

Image analysis

To identify regions of interest (ROIs) where detectable changes in the intensity of fluorescence
occurred, time-lapse Z-stacks were projected to a single plane using Fiji (sum slices option; imagej.net [22])
and converted to grayscale (Supplementary Movie 1); for simplicity and consistency, ROIs of a uniform
area were applied (Supplementary Movie 2) (for all supplementary material see www.cellphysiolbiochem.
com). Occasionally, large diameter cells were seen to fluoresce in a slow cyclical manner that was obviously
unrelated to DRG treatment protocols and these were not included as ROIs. Average pixel intensity was
measured in ROIs (using Image]) for each confocal plane of the original, non-projected time lapse movies
(Supplementary Movie 3), in segments of 20 min. (exceptinitial baseline [10 min.]). For each 20 min. segment,
ROI positions were adjusted for minor shifts in tissue position and orientation. The results were exported
to Microsoft Excel® (Office 365, Microsoft Corporation, St Redmond, WA, USA) for further processing. In
segments including experimental treatments (i.e. exposure to CAPS) the measurements made during the
initial 1.6 min. of each recording, representing a period just before CAPS washed-in, were averaged to obtain
base fluorescence values (F ) and standard deviation (s.d.). The intensity of emitted fluorescence (F) was
measured for each ROI in all subsequent movie frames for each confocal plane and the change in intensity
relative to base values calculated for every time point using the formula (F - F)/F,. ROIs were considered
to contain positive-responders if the averaged pixel intensity change, (F - F)/F, was greater than the
base, F, plus 10 x s.d. Only positive responders to each treatment were included in calculations of mean
(F-F,)/F,or summed (Z) (F - F ) /F. Where signals were detected for a single ROI in more than one confocal
plane, measurements were processed as follows: 1. signals in adjacent planes with similar time courses for
changes in fluorescence were assumed to have arisen from a single neuron and measured values from each
plane were averaged, 2. signals in non-adjacent confocal planes always showed distinct time courses and
so these were measured as separate individual neurons, 3. rarely, signals were detected in adjacent planes
but with obviously different time courses, so these were also measured as separate individual signals. To
estimate the fraction of excitable cells activated by 10 uM CAPS, in another set of experiments DRGs were
exposed sequentially to the vanilloid and to 60 mM KCI (in modified aCSF with NaCl reduced to 60.6 mM
to maintain osmolarity). Due to 60 mM KCl inducing Ca?* signals in a large number of cells with a high
degree of synchronicity, it was not possible to reliably segregate cells that span multiple confocal layers by
the method detailed above. Thus, for both 10 uM CAPS and 60 mM KCl, all above threshold signals in every
confocal layer were counted as individual responses and these numbers used to calculate the percentage
of excitable cells also activated by 10 uM CAPS. Notably, very similar values were obtained for the latter
if only the signals in every second confocal slice were used for the calculation; thus, the possible ‘double-
counting’ of cells in adjacent confocal layers does not seem to have skewed this measurement. In Fig. 1 H
and I, the ROIs identified as positive responders to CAPS, in the absence of capsazepine but presence of
Ca?, were used for the repeat measurements in the presence of capsazepine (Fig. 1H) or ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) without Ca?* (Fig. 1I), with all measurements
performed on flattened confocal stacks.

Performing measurements using the analysis toolbox

To simplify analysis of complex and heterogeneous fluorescent signals from individual DRG neurons
(DRGNSs), a toolbox for analysis of measurements was used (see Supplementary Fig. 1). Firstly, data sets were
purged of all data points below the positive response threshold; all excluded points were assigned a nominal
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value of zero (except where explicitly stated that sub-threshold values were included). The transformed
data sets were then subjected to peak analysis using GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA) to identify when signals start and finish and reach the maximum increase in intensity (Supplementary
Fig. 1A). The results were exported back to Microsoft Excel® to extract the following measurements: (1)
Number of responders, a count of all the ROIs that exhibited at least one signal of [Ca*"], above the threshold;
(2) Lag, the time between test samples reaching the DRG recording chamber and the first [Ca®*] signal above
threshold. Note thatall recordings started when the delivery line inlet was placed in the sample reservoir and
all lag measurements were adjusted for the time sample spent in the delivery line; (3) Max., the maximum
increase in (F-F )/F; (4) Duration, the period each signal remained above threshold (Supplementary Fig.
1A), calculated by subtracting the time point for the first [Ca*"], signal above threshold from that for the
last [Ca*] signal above threshold; (5) Number of events, a count of the discrete peaks in cases where [Ca*'],
was observed to fluctuate above and below threshold multiple times (e.g. Supplementary Fig. 1B). In such
instances, the duration and Max. intensity ratio of each individual peak was determined, and (6) £ Duration,
the sum of durations measured for each individual peak, added together in cases where more than one peak
was observed (see Supplementary Fig. 1B). Mean * s.e.m. values for each of these measurements, except the
number of responders, were determined by averaging the values from all ROIs that reached the responder
criterion. Note that for cells displaying multiple signals, only the largest Max. intensity ratios were included
in the calculations, but for duration an average was determined for each individual cell and these were used
to derive the mean for the population. Statistical tests were performed in Microsoft Excel®. All data were
plotted using GraphPad Prism 9.

Results

CAPS induces concentration-dependent increases in fluorescence signals that require

extracellular Ca* and are blocked by capsazepine

DRG explants were exposed sequentially to increasing CAPS concentration ([CAPS]) for
5 min. periods with 15 min. intervals of washing whilst monitoring fluorescence in neurons
throughout (Supplementary Movie 1). Cells were scored as responders if the increased
fluorescence (F) exceeded F, plus 10 times the s.d. in signals, measured over 1.6 min.
immediately prior to the stimulation. By this criterion, the lowest [CAPS] tested, 0.3 uM,
excited a total of 123 neurons in 4 recordings, from a total of 5 individual DRG. A larger
number (275) were stimulated by 1 pM and yet more (390) with 10 uM CAPS. The mean
number of neurons excited per DRG by 1 pM CAPS was significantly larger than by 0.3 uM
and the amount activated by 10 uM significantly greater again (Fig. 1A and Supplementary
Movie 1). The mean fluorescence change, as a fraction of initial intensity (F - F )/F, plotted
against time for a representative experiment in Fig. 1B, shows that [Ca*'], increased in DRGNs
within seconds of exposing DRGs to 0.3 pM CAPS and the average response continued to
rise steadily during the indicated exposure period, only declining during washout. On the
other hand, exposure to 1 uM yielded a higher peak, and an even greater level was achieved
more rapidly with 10 uM CAPS. Although fluorescence declined for all [CAPS] when washout
commenced, the times taken for mean intensity to drop were longer for 1 and, especially,
10 uM CAPS (Fig. 1B). As raising [CAPS] caused large increases in the number of DRGNs
excited, a more meaningful representation of the Ca** signals over time is obtained by
summing their intensities (Fig. 1C), rather than the mean values plotted in Fig. 1B, because
this embodies the cumulative response of a cell population. Notably, augmenting [CAPS]
resulted in progressive increases in the peak (Fig. 1D) and area under the curve (AUC) of
X(F - F,)/F, plotted against time (a measure of accumulated fluorescence intensity in the
neuronal population, also referred to as signal density; Fig. 1C, E), illustrating how DRGNs
may encode [CAPS] by the magnitude of cumulative signal across their population. In other
experiments, DRGs were exposed sequentially to 10 uM CAPS for 5 min. and 60 mM KCI. It
was determined that 24 + 6 % of the viable excitable cells were activated by the vanilloid
(n=3).
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Fig. 1. Dose-dependent increases in GCaMP3 fluorescence were evoked by CAPS in the presence of extracel-
lular Ca?* and blocked by the TRPV1 antagonist, capsazepine: increasing [CAPS] accelerates the excitation
of DRGNS, particularly those responding with relatively high Max. signals. Five DRG from 4 mice used in 4
independent experiments (one involving 2 DRGs) were exposed sequentially to 0.3, 1 and 10 uM CAPS for
5 min. each with 15 min. washout in between. (A) The number of cells (columns and error bars represent
mean * s.e.m. from 5 DRG; dots and connecting lines indicate values for individual DRG activated by each
[CAPS]), counted over 20 min. encompassing the respective treatments plus washout periods. (B) Repre-
sentative plots against time, for the recordings from one DRG, of the mean change in fluorescence intensity
relative to baseline (dotted line) in DRGNs that showed an increase >10 times the s.d. of the baseline. Black
bars indicate when the specified [CAPS] was applied. Dots above and below the trace represent s.e.m. (C)
The increase in fluorescence summed for all active cells plotted against time. (D) Peak values and (E) AUC
from the summed fluorescence traces during 20 min. after addition of each [CAPS]. Column heights and
error bars in (D) and (E) display mean # s.e.m., and black dots with connecting lines each represent the
values obtained from traces plotted as in (C) for each single DRG (N=5). (F) The number of neurons excited
by the indicated [CAPS] applied for 5 min. (shaded area below the black bar), counted for consecutive 1
min. periods and plotted against lag time (defined below in Fig. 2 legend). Note that 1.6 min. representing
the delay in the superfusate line was subtracted from every measurement. Neurons were only counted the
first time they were activated during each 20 min. recording. (F inset) Histogram showing the number of
DRGN s excited by 0.3, 1 and 10 uM CAPS within 5 min., each expressed as a % of the number activated over
20 min. (G) Max. (F-F )/F_ presented as the mean * s.e.m. for cells activated within each 1 min. period; note
that these are plotted according to the time when first excited and not upon reaching a maximum value. (H)
Overlaid traces for the mean intensity changes induced in DRGNs that were excited by 1 pM CAPS, firstly in
the absence (black) and then in the same cells in the presence (red) of 10 uM capsazepine and (1) for cells
activated by 10 uM CAPS in the presence of 2 mM extracellular Ca?* (black) and then in the same cells but
without Ca?* and including 5 mM EGTA (red). Asterisks (in A, D and E) represent Students’ t-tests; *p<0.05;
**p<0.01; ***p<0.001 and ****p<0.0001; only statistically significant differences are shown. Text beside as-
terisks indicate the comparator data set.
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Raising [CAPS] accelerates signals with relatively high Max. and long duration

The rate of neuron excitation peaked within minutes of exposing DRG to CAPS,
irrespective of the concentration, but 10 uM caused the fastest initial rate with a rapid
decline even in the continued presence of the vanilloid (Fig. 1F). Cell excitation by 1 uM CAPS
peaked at approximately half the initial rate of that triggered by 10 pM, whilst 0.3 uM evoked
the slowest excitation. However, there was only a relatively minor decrease in excitation rate
for 0.3 uM CAPS over the following minutes whereas an intermediate decline was observed
for 1 uM (Fig. 1F). Indeed, after washout of 0.3 and 1 pM CAPS had commenced, DRGNS still
continued to be excited for the first time for over 10 min. whereas the rate depreciated to a
negligible level within 5 mins. after washout of 10 uM CAPS. Consequently, of all the DRGNs
excited by 0.3 uM CAPS during the whole 20 min. recording period only just under 60 %
began signalling during the 5 min. the vanilloid was present, rising to 82 % and 93 % for 1
and 10 pM, respectively (Fig. 1F, inset). Thus, increasing [CAPS] not only excited more cells
but also accelerated their activation. Furthermore, it selectively hastened the recruitment
of DRGNS that yielded relatively high fluorescence intensity (Fig. 1G), which underlies the
rapid rise to a high peak of summed fluorescence noted above (Fig. 1C). Although the faster
activation of DRGNs by 10 uM CAPS could reflect more rapid penetration of the vanilloid
into the DRG at high concentration, the observation that excitation rates peaked well before
washout commenced, even for 0.3 pM CAPS, suggests that it readily permeated the tissue.
Furthermore, no association was found between the depth of neurons within the DRG and
any parameter of the [Ca®'] signals, in stark contrast to strong associations with [CAPS]
(Supplementary Fig. 2). With regard to the specificity of the agonist, it is noteworthy that
responses to 1 (Fig. 1H) and 10 pM CAPS (data not shown) were prevented by the inclusion
of a 10-fold molar excess of the CAPS receptor antagonist, capsazepine, or by the omission
of Ca** from the bathing solution with EGTA added to chelate any extracellular traces of the
cation (Fig. 11). The most parsimonious interpretation is that CAPS provokes the entry of
extracellular Ca?* into DRGNs that express TRPV1 on their surface membrane.

Characterisation of [Ca**]. changes in individual DRGNs reveals strong [CAPS]-dependent

associations with signal lag time and duration, but not Max. increases in fluorescence

intensity

It was observed that averaging the fluorescence of responding cells conceals extensive
heterogeneity between Ca?* signals recorded from individual DRGNs. These brightened at
different times, remained fluorescent for widely-varying periods and many flickered between
high and low intensity states, as exemplified in the analysis of images from representative
neurons (Supplementary Fig. 1). To simplify analysis, a created toolbox was utilised [23]
comprising straightforward informative measurements (see Materials and Methods) that
can be easily compared: 1. Number of responders, a count of all cells that produced a signal
greater than F plus 10 x s.d.; 2. Lag, in minutes, a simple way of quantifying and comparing
how quickly the DRGNs become excited; 3. Max., the largest increase in fluorescence ratio;
4. Duration of individual signals; 5. Number of discrete events, and 6. Summed (%) Duration,
which indicates the cumulative amount of time individual cells exhibit signals. Deconstructing
the cellular Ca?* signals in this way highlighted several features that were strongly related
to [CAPS] and others that were weakly or not associated. The lags were inversely associated
with the agonist concentration; cellular responses to 1 uM CAPS appeared sooner than those
elicited by 0.3 uM, whilst the delay with 10 uM was even shorter still (Fig. 2A). As noted above,
irrespective of the concentration used, most of the fluorescent signals appeared within the
5 min. exposure to CAPS and raising [CAPS] selectively increased the proportion of neurons
(note distribution of dots) displaying a short lag (Fig. 2A). By contrast, the Max. increase in
fluorescence intensity (Fig. 2B) did not change significantly upon raising [CAPS]. This lack
of change seems paradoxical given that raising [CAPS] elicited higher mean signals when
plotted against time (Fig. 1B), but this latter average also depends on temporal properties
of individual cell responses; these include time of activation (Fig. 2A) and signal duration
(Fig. 2C) that proved more dependent on [CAPS]. Moreover, whilst raising [CAPS] skewed
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Fig. 2. CAPS induces concentration-dependent increases in [Ca®'] : speed of onset and duration are strongly
enhanced but intensity and multiplicity of response are only weakly augmented. Measurements of [Ca®'],
from each responder identified in Fig. 1. (A) Lag time, the average time between applying CAPS and the first
increase in fluorescence above threshold (see Materials and Methods). Each grey dot signifies the lag in an
individual cell; the width of each stack is indicative of frequency distribution. (B) Max. (F-F )/F, the maxi-
mum increase in fluorescence intensity. (C) Duration, the period each Ca?* signal remained above threshold.
Note that for many cells the intensity flickered above and below threshold several times and each was con-
sidered to be a discrete Ca? signal (see Supplementary Fig. 1B). (D) The average number of discrete Ca?*
signals evoked per cell. (E) Each signal event was assigned to 1 min. bins according to its duration (0-1 min.
=1, >1-2 mins. = 2, etc.). The number of events in each bin was counted and plotted against duration using
log-log axis. (F) Frequency distribution for cells (summed from 5 DRG in 4 experiments) displaying different
amounts of discrete Ca? signals plotted on a semi-log axis and fit with Y=1Q®lopeX+Yintereep (G Frequency plot
for cells continuing to be active over time. Statistical analysis is displayed as detailed in Fig. 1. legend.

the temporal distribution of signals with high Max. (Fig. 1G), resulting in higher peaks earlier
in the mean and summed fluorescence time courses (Fig. 1B, C), the data plotted in Fig. 2B
are means of the Max. for all DRGNs excited over 20 min., including slow responders with
relatively small changes in fluorescence intensity that reduce the average Max. (Fig. 1G).
Unlike Max., raising [CAPS] caused progressive and significant increases in the mean
duration of signals (Fig. 2C). There was no significant [CAPS]-dependentincrease in the mean
number of signals evoked per cell (in fact, 1 pM CAPS elicited slightly less than 0.3; Fig. 2D),
so raising [CAPS] likewise extended the total time cells exhibited fluorescence (a product of
the duration of individual events x the number of events) above threshold. Such increases
can be attributed specifically to higher numbers of signals with duration > 5 min. as these
were very rarely induced by 0.3 uM CAPS, more often by 1 uM and frequently with 10 uM
(Fig. 2E). By contrast, the frequency of shorter duration signals increased proportionally
with [CAPS], as shown by parallel power relationships for signals up to 5 min. long (straight
lines on log-log plots; Fig. 2E), which would not (by itself) alter mean signal duration. These
parallel relationships reflect increases in the number of responding cells without changes
in the frequency of occurrence for signals < 5 min. duration, whilst the deviations observed
for those > 5 min. indicates a [CAPS]-dependent increase in the frequency of longer duration
signals. On the other hand, the frequency distribution for cells with increasing numbers of
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signals, fit with single exponential regressions on a semi-log plot (Fig. 2F), revealed a slight
tendency towards an increased number of events as [CAPS] was raised (manifested as slopes
with decreasing gradients; -0.25, -0.21 and -0.16 for 0.3, 1 and 10 uM CAPS, respectively).
The latter relationships were too weak to cause any significant change in the mean number
of events per cell (Fig. 2D) because the majority of DRGNs produced 3 events or less per cell,
where the relationships converged, but very few showed > 7 events where they diverged.

In summary, exposure to any [CAPS] elicited a mixture of responses similar to those
shown in Supplementary Fig. 1, and raising its concentration increased the total number of
cells that met the response criterion (Fig. 1A), accelerated responses (Fig. 1F, 2A), particularly
those exhibiting high Max. intensity (Fig. 1G), and escalated the proportions of cells having
either multiple discrete signals (Fig. 2F) or a few long events (Fig. 2C, E). The consequence
of these changes in Ca? signals induced by increasing [CAPS] is that more neurons are
activated with a faster onset and, due to a slower decline in signal intensity, they also remain
active for longer (Fig. 2G). These features underlie the relatively steep initial slope, high peak
and slow decline of cumulative fluorescence signal in the DRGN population induced by high
(10 uM) [CAPS] (Fig. 1C).

The intensity and duration of Ca?* signals are inversely related to the number of events in

individual cells but increase with successive events in a series

The analytical tools were next used to investigate whether the consecutive signalling
events observed during continuous exposure to CAPS remained constant or changed
systematically (Fig. 3). As the majority of DRGNs excited by CAPS began signalling within the
5 min. application period (Fig. 1F), and to exclude changes in signal properties that might
be attributable to lowering [CAPS] during the subsequent washout (Supplementary Fig. 3),
only signals that initiated within this 5 min. period were subjected to analysis. However,
measurements were continued for a further 15 min. for these signals that had started before
the 5 min. cut-off point. DRGNs were categorised according to [CAPS] and the number of
events in each cell’s response. Max. intensity responses were compared between (1) neurons
displaying different number of events and (2) individual peaks within trains of events (Fig.
3A-C). Remarkably, this unveiled that signals tended to be more intense (Fig. 3A-C) and
longer-lasting (Fig. 3E-G) in cells with fewer discrete events. Moreover, these trends became
stronger as [CAPS] was raised because this selectively promoted single events of extended
duration. In response to 0.3 uM CAPS, there were no significant differences detected for Max.
signal intensity or duration between DRGNs exhibiting one discrete signal and those that
signalled twice. However, the Max. intensity was lower in cells showing three events and
more significantly reduced in those with four (Fig. 3A; #p<0.05, ###p<0.001), although no
significant reduction in duration was seen (Fig. 3E). These trends were strengthened upon
stimulation with 1 uM CAPS; the Max. intensity (Fig. 3B) was lower in DRGNS that signalled
twice compared to once (#p<0.05), and even more significantly decreased in cells that
responded with a series of three or four events (####p<0.0001). Moreover, for 1 uM CAPS,
an equivalent trend was also detected for durations (Fig. 3F). Increasing [CAPS] to 10 uM
further strengthened these trends for both Max. intensity (Fig. 3C) and duration (Fig. 3G). In
contrast, comparisons between events in the same series revealed that consecutive signals
tended to increase in Max. intensity and duration. These trends were more significant for
responses to 1 or 10 than 0.3 uM CAPS (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
Moreover, the facilitation of signals’ intensities and durations was strongest for the second of
two events and progressively weakened for DRGNs showing series of three and four events,
respectively.

Extending the period of exposure to CAPS strengthens the facilitation of consecutive signals
The changes induced by prolonging exposure to CAPS were examined next. DRG were
stimulated with 1 uM CAPS for 20 min. followed by 20 min. washout. Unlike increasing
[CAPS], this did not accelerate cell activation and although a small increase in the number of
neurons activated was observed these, unsurprisingly, were late responders. Consequently,
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A 0.3 uMCAPS (5min);N=6 B 1uMCAPS (5min);N=6 C 10 uM CAPS (5 min.); N=4 D 1 uM CAPS (20 min.); N =1
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Fig. 3. Max. and duration of responses are inversely proportional to the number of events in individual DR-
GNs and increase for consecutive signals in series. Mean # s.e.m. of Max. (A-D) and duration (E-H) of signals
evoked during 5 min. exposure to 0.3 (AE), 1 (B,F) or 10 pM CAPS (C,G), with recording continued for 15
min. of washout, or 1 pM CAPS over 20 min. with a subsequent 20 min. washout (D,H); these signals were
sub-categorised in order of appearance (labelled below individual columns, normal text) after being prima-
rily assigned to groups based on the number of events in the cells (indicated below horizontal bars, bold
text). Numbers in brackets indicate the quantity of DRGNs assigned to each of the latter groups. Asterisks
above columns indicate significance (Student’s t-test, paired samples; values as defined in Fig. 1. legend)
relative to the first response in each series of consecutive signals. Hash tags indicate significance for compa-
risons (Student’s t-test, unpaired, unequal variance) between DRGNs showing a single event and all signals
in neurons with multiple events.

prolonging 1 pM CAPS does not produce a big spike of summed fluorescence for the DRGN
population like that evoked by 10 uM (Fig. 1C, Supplementary Fig. 4). but, rather, prolongs
signalling in the smaller population of DRGNs that do respond to the lower concentration
(Supplementary Fig. 4). All signals that started during this longer exposure to CAPS were
analysed. The mean Max. was a little low (Fig. 3D c.f. B) because these DRG had been exposed
previously to 1 uM CAPS for 5 min. (Supplementary Fig. 4), a phenomenon examined in more
detail later. Otherwise, the Max. of responses to 20 min. CAPS was similar to that for 5 min.,
including the facilitation of signals in series of 2 or 3 events (Fig. 3D c.f. B). More obvious
changes were observed for signal duration (Fig. 3H; note the altered scale). The mean duration
in cells showing one event quadrupled, from 2.9 + 0.4 (5 min. with 1 uM CAPS; Fig. 3F) to 13
+ 3 min. (20 min. with 1 uM CAPS Fig. 3H). Likewise, the duration of the second of two events
extended from 3.0 + 0.4 to 14 + 3 min., and the third of three from 1.3 + 0.2 to 11 + 3 min,,
whereas much more modest changes were observed for the first of two (0.8 + 0.1 to 2.1 £ 0.5
min.) or three events (0.7 £ 0.1 to 0.8 = 0.2 min.). Thus, extending the period of exposure to
1 uM CAPS strongly enhanced the facilitation of consecutive signals in DRGNs that responded
with a series of events, starting with short, relatively low intensity signals and progressing
towards much longer duration fluorescence of higher intensity. The prolonged exposure
to 1 uM CAPS also increased the proportion of neurons with 5 or more events (within 20
min.) from 14 % of responders to 5 min. CAPS / 15 min. washout to 35 % of the DRGNs
excited during 20 min. with CAPS. Accordingly, unlike raising [CAPS], extending exposure
time produced a significant increase in the mean number of events per cell in 20 min. (from
2.9 £ 0.2 to 3.6 £ 0.3; *p<0.05). As prolonged exposure to CAPS increased the mean number
of [Ca*], fluctuations and enhanced signal facilitation (Fig. 3H), TRPV1 is required for the
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latter. By contrast, Ca?* release from internal stores does not seem to be involved because
thapsigargin, an inhibitor of the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA), did not
reduce fluctuations of [Ca*] induced by 10 uM CAPS (Supplementary Fig. 5A, B). On the
contrary, it enhanced single signals and the first in a series of 2-4 events, suggesting that
removal of Ca** from the cytoplasm by the SERCA might limit gains in cytoplasmic [Ca*'].

Repeated stimulation with 1 uM CAPS faithfully elicits [Ca®’] signals with apparently weak

tachyphylaxis

It is well established that nociceptors exhibit reduced responses upon repeated
application of CAPS, a process termed tachyphylaxis (see Introduction). To investigate how
this phenomenon impacts responses across DRGN populations, DRG were exposed thrice
to 1 uM CAPS for 5 min. each time with 15 min. washouts in-between (Fig. 4A; one example
of three recordings). Applying the threshold criterion used before, the number of DRGNs
excited by each successive stimulus (in total from 3 DRG recordings; Fig. 4B) fell slightly,
from 185 for the first (Set 1) to 174 the second (Set 2) and 153 the third time (Set 3). The
Max. summed fluorescence showed no consistent change (data not shown) but the mean
AUC progressively declined for each successive stimulation (Fig. 4C), so the analysis tools
were employed to investigate a basis for this. Surprisingly, there was a slight reduction in
lag time (Fig. 4D), indicating that cells seemed to respond faster, on average, the second
and third time the DRG were exposed to CAPS. However, activation rates were similar all
three times (Fig. 4E, dotted lines) and, hence, active DRGNs numbers accumulated at almost
identical rates during exposure to CAPS (Fig. 4E, solid lines in the shaded area). Thus, the
shorter average lag times for the second and third stimulations seems to be due, in part at
least, to fewer cells with long lag periods. Notably, the Max. fluorescence ratio did not change
significantly for successive stimulations (Fig. 4F). By contrast, there was a progressive
reduction in individual signal duration (not shown) and Z duration (Fig. 4G), which reached
significance for the third stimulation. The consequence of reduced durations is a more rapid
decline in the number of active cells after the removal of CAPS for the second and, faster
again, third stimulations (Fig. 4E). Moreover, because Max. did not change significantly,
the progressive reduction in signal density in the DRGN population (AUC, Fig. 4C) can be
attributed to the reduced cumulative time DRGNs were active during the recording period
(Fig. 4G).

In subsets of CAPS-excited DRGNs reductions in signal intensity, indicative of tachyphylaxis,

were observed to variable extents

The ability of CAPS to repeatedly induce [Ca*], of similar mean Max. was unexpected,
as reductions in current amplitude are a defining characteristic of CAPS tachyphylaxis [11,
18, 24] and, as demonstrated above (Fig. 1H, I) and in previous reports, CAPS-induced [Ca®'],
signals are completely dependent on the entry of extracellular Ca?* [17] through TRPV1
channels [25]. This apparent discrepancy warranted further investigation. Prior studies
[11, 18, 26] into tachyphylaxis have typically used the first exposure to CAPS as a screening
step to identify neurons that are excited by this algogen. Only those that satisfied a defined
response criterion were used for comparison of signals evoked by repeated stimulations;
thus, such a protocol was replicated here. DRG were consecutively stimulated with 1 uM
CAPS and each time distinct, but overlapping, sets of neurons, defined herein as Sets 1, 2 and
3 (represented in a Venn diagram in Fig. 4B by blue, green and pink circles, respectively) were
activated. DRGNs that met the response criterion (>F  + 10 x s.d.) upon the first stimulation
were assigned to Set 1 (Fig. 5A). The Max. amplitude of neurons in Set 1 was measured for
the first, second and third stimulation; each value is represented by a dot in the scatter plot
(Fig. 5A). Note that not all the DRGNs in Set 1 met the response criterion for the second and
third stimulation (Fig. 4B); e.g. 21 neurons (11 % of 185) failed to respond to either of the
latter, 34 (18 %) were excited the second time but not the third, 31 (17 %) the third time
but not the second and 99 (54 %) DRGNs were excited all three times. As reductions in Max.
are indicative of tachyphylaxis, sub-threshold Max. values were included in this analysis for
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Fig. 4. Repeated stimulation of DRG with 1 uM CAPS reliably excites DRGNs with only weak tachyphylaxis,
attributable to shorter signal durations but not reduced Max. DRG (N=3) were exposed three times to 1 pM
CAPS for 5 min. each (A, black bars) separated by 15 min. washout in between. (A) Representative trace
of the summed increments in fluorescence, (F-F)/F, above the threshold plotted against time. (B) Venn
diagram showing the number of cells activated above threshold by the 1%, 2" and 3™ stimulation (defining
Set 1, 2 and 3, respectively), and how these different sets intersect. (C) Averages of the peak AUC for the
summed fluorescence calculated using the traces of £ (F-F )/F, from 3 experiments; dots and connecting
lines represent results from each replicate experiment (N=3). (D) Mean lag, (F) Max. (F-F)/F and (G) sum-
med duration were calculated, as described in Fig. 2. legend. (E) Overlaid plots of the rates of cell activation
(open symbols connected with broken lines) and the numbers of continuously active cells (solid symbols
and lines) counted for 1 min. intervals during (shaded area under the black bar) and after exposure to CAPS
for the first (circles), second (squares) or third time (triangles). Symbols in panels (D) and (G) show results
of t-tests for comparisons with the first (asterisks) or second stimulation (hash tags); statistical analysis is
displayed as detailed in Fig. 1. legend. Symbols are only shown where significant differences were detected.

stimulations two and three (Fig. 5A; note the accumulation of low values for the second and
third rounds, whereas small values are sparse for the first stimulation due to the threshold
criterion). Notably, applying this refined analysis revealed significant tachyphylaxis of Max.
amplitude in the DRGNs of Set 1 by the third stimulation (Fig. 5A). However, the 99 DRGNs
of Set 1 that responded to CAPS all three times (the intersect of Sets 1, 2 and 3; Set 1n2N3)
actually increased average Max. for the second stimulation and remained elevated for the
third (Fig. 5B). By contrast, the other 86 DRGNs of Set 1 [Set 1 - (1n2N3)] displayed extensive
reductions in Max. for consecutive stimulations (Fig. 5C). Thus, the DRGN population consists
of neurons displaying distinct responses to repeated chemical stimulation; facilitation (Fig.
5B) and tachyphylaxis (Fig. 5C). Moreover, the latter group can be further sub-divided into
neurons that responded twice to CAPS (Fig. 5D) and those that were excited only once (Fig.
5E). One-time responders displayed particularly extensive tachyphylaxis whereas smaller,
though still highly significant, reductions in Max. occurred in two-time responders. Thus,
tachyphylaxis was observed in GCaMP3 DRGNs exposed repeatedly to CAPS but varied
in extent from near complete (Fig. 5E) to none / facilitation (Fig. 5B). Moreover, the high
content screening facilitated by Ca** imaging of whole DRG revealed that suppression of cell
signalling due to tachyphylaxis was extensively compensated in consecutive stimulations
by the recruitment of new cohorts of CAPS-excitable neurons, which would not have been
detected by electrophysiological recordings of one cell at a time. Nevertheless, analysis of
all responders (i.e. every DRGN that was excited at least once upon any of three consecutive
stimulations, Set 1U2U3; Fig. 5F) revealed a slight, but highly significant, tachyphylaxis of
consecutive responses integrated for the ‘whole’ 1 pM CAPS-excitable population.
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Fig. 5. Distinct sets of DR-
GNs exhibit CAPS tachyphy-
laxis to different extents.
Mean of Max. signals evoked
by the 1%, 2" and 3 stimula-
tion, respectively, with 1 pM
CAPS in neurons assigned
to different sets: (A) excited
by the first stimulation, Set
1; (B) activated every time
they were stimulated; (C)
excited by the first stimulati-
on excluding those activated
every time; (D) excited duri-
ng the first stimulation and
one other time only, during
either the second or third;
(E) activated during the
first stimulation, but not the
second or third and (F) all
DRGNs that were excited at
least once during any of the 3
stimulations. Venn diagrams
are provided as visual aids,
with coloured areas repre-
senting the Set analysed in
each panel and figures to the
left indicating the number of
cells contained within each
Set. Asterisks above columns
for the second and third sti-
mulation represent results
from Student’s t-test for
comparisons with the first

stimulation; p values are as
defined in Fig.1 legend.

Repeated stimulation with CAPS selectively depressed high-intensity, long duration signals

To further elucidate the changes underlying tachyphylaxis, the effect of repeated
stimulation on the relationships between Max., or duration, and event sequence were
investigated for signals that were initiated within the 5 min. of exposure to CAPS before
washout. This revealed that repeated stimulation resulted in a selective reduction in Max.
and duration in DRGNs exhibiting only one signal (Fig. 64, D). By contrast, in DRGNs that
responded with 2 or more events, no significant changes were observed in the average Max.
(Fig. 6A) and duration (Fig. 6D), or the first event Max. (Fig. 6B) and duration (Fig. 6E). As
noted earlier (Fig. 3), the Max. and duration tended to facilitate for consecutive signals in
neurons that responded with a series of 2 - 4 events. Accordingly, the Max. and duration of
the last event in each of series was consistently greater than the first event (Fig. 6C [c.f. B] and
Fig. 6F [c.f. E]; hash tags indicate the significance of enhancements between the first and last
signal for series evoked during the 1%, 2" and 3" stimulations). Notably, repeated stimulation
had no impact on the facilitation of signals (Fig. 6E, F; the extents of enhancement were
similar for the first, second and third stimulation). This means that tachyphylaxis occurred
predominantly in DRGNs exhibiting one strong event (higher Max. and longer duration than
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Fig. 6. Repeated stimulation with 1 uM CAPS selectively suppresses long duration, high intensity signals.
DRGNs were stimulated 3 times consecutively with 1 uM CAPS and their responses analysed, as described
in Fig. 4. Neurons were assigned to 1 of 4 groups according to how many signalling events (1, 2, 3 or 4) initi-
ated during the 5 min. exposure to the agonist. The number of DRGNs in each group, for the first, second and
third stimulation, are detailed in the inset Table in panel (D) alongside the symbol key. The Max. [A-C] and
duration [D-F] of every discrete signal were measured, and used to calculate their respective mean * s.e.m.
for all events in each series (A,D); first signal in each series (B,E); and the final signal in each series (C,F).
Symbols represent mean values from the first (circles), second (squares) and third (triangles) stimulations.
In (A-C), simple linear regressions were fitted to data from the first (solid line), second (dashes) and third
stimulation (dotted line).

average), whilst there was no evidence of tachyphylaxis in neurons that initially displayed
weak signals (relatively low Max. and short duration) but facilitated in the continued
presence of CAPS. Thus, recruitment and facilitation of initially weak responders mitigates
signal depression due to tachyphylaxis, so this sustains communal responses in DRGN
populations. These results provide a possible explanation for clinical experience that CAPS
nociception is sustained far beyond the timescale of acute desensitisation and tachyphylaxis
observed in vitro.

Discussion

To successfully perform the critically important task of detecting hazards in the
environment, nociceptors must not only detect dangerous conditions but also need to relay
information on threat severity. This necessitates initiating signalling that culminates in
an appropriate level of pain; the greater its intensity, the more compelling the message to
avoid a noxious source. Whilst the central division of the sensory nervous system is critical
in shaping how nociceptor signals are translated into pain, message coding by peripheral
nociceptors is a crucial process. This study has exploited the pirt-GCaMP3 mouse to monitor
Ca?* signals exclusively and broadly over large populations of sensory neurons, which have
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somatic organisation preserved within acutely-removed DRG explants. Utilising increments
in [CAPS] to represent a noxious stimulus of increasing intensity, it was found that groups
of primary nociceptors respond with a spectrum of sensitivity thresholds, as well as
different signals having requisite features. Relationships have been deciphered between
agonist concentration plus exposure time and both neuron activation plus desensitisation/
tachyphylaxis. [CAPS] is signified by the number of cells that become activated and the
subsequent alterations in signal density in the DRGN population. Persistent responses by
a uniform number of cells at the same signal density symbolises the presence of CAPS at a
fixed concentration. In the latter case, maintenance of signal density involves facilitation in
DRGN sub-populations that compensates for desensitisation of others. These novel findings
establish a patterned basis for the heterogeneity in the responses across the population
of CAPS-excitable cells, providing new insights into encoding by primary nociceptors of
information on both the presence and level of a pain inducer. This significant outcome accords
with reports that pain signalling involves population encoding via co-ordinated activation of
groups of sensory neurons [4, 5] to communicate information on environmental hazards
based on both the numbers of neurons activated and their discharge frequencies. Knock-out
of TRPV1 from pirt-GCaMP3 mice is known to prevent Ca?* signals being induced in their DRG
by CAPS injections into their hind-paw [25]; accordingly, the TRPV1 antagonist capsazepine
prevented the excitation of DRGNs by CAPS (Fig. 1H), demonstrating its specificity. Entry of
Ca** through voltage-gated Ca®* channels (Ca ) is likely to contribute to increases in [Ca*'],
because CAPS depolarises the cell membrane via the TRPV1 Na* / Ca?* channel and initiates
the firing of action potentials [27]. However, the relationship between the fluctuating/
extended increases in [Ca®'], reported here and membrane depolarisation have yet to be
resolved.

Variations in [CAPS], repeated stimulation and exposure time altered the signals
induced in receptive DRGNs in different ways, providing insight into how responses to these
distinct features of the noxious chemical may be transduced. A crucial step in deciphering the
latter was the development of an analytical toolbox employing popular software programs
[23] to deconstruct complex [Ca*'] signals into simple metrics that allow straightforward
comparisons. This important advance greatly expands the sorts of experimental protocols
that can be employed, thereby, affording a more comprehensive representation of natural
environments encountered. Whilst short stimulations with CAPS (10 - 30s) have typically
been applied in Ca?*-imaging studies on cultures of sensory neurons or TRPV1-transfected
HEK 293 cells [16, 24, 28, 29], a major attraction being the simple single peaks of fluorescence
elicited, they do not match typical exposure routes such as gustatory, pepper spray or clinical
application. For example, treatment of neuropathic pain involves dermal exposure to a
high dose of CAPS for 30-60 min., but a major impediment to its more widespread use is
procedure-associated burning pain that is largely refractory to the best, currently-available
anaesthesia (topical lidocaine) [21]. Furthermore, such extended exposure to CAPS changes
the conductivity and Ca?*/Na* selectivity of TRPV1, which has been attributed to dynamic
structural changes that widen its pore and alter access to selectivity filters deep within
the channel [30]. Another improvement introduced herein for deciphering how DRGN
populations reflect different forms of CAPS stimulation was the categorisation of signals
according to whether neurons responded to CAPS with one single burst of fluorescence or
with a series of two or more discrete pulses separated by intervals of dimness. This advance
was only made possible by the relatively long exposure times to CAPS used, because no
DRGNs responded with more than one pulse of fluorescence within 30 sec. and less than
1 % within 1 min., but by 5 min. the proportions had risen to 40, 43 and 48 % for 0.3, 1 and
10 uM CAPS, respectively. Raising [CAPS] incrementally excited progressively larger numbers
of DRGNs (Fig. 7A), accelerated their activation (Fig. 1F) and preferentially promoted long
duration signals with modestly increased Max., such that many displayed one very long
burst of fluorescence (Fig. 7A). The relatively muted changes in Max. seem not to be due to
saturation of the GCaMP3 sensor because de-energisation of the tissue caused much larger
increases in fluorescence intensity than 10 uM CAPS (Supplementary Fig. 6). Moreover, the
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Fig. 7. Population coding of a chemical hazard by DRGNs; different changes in the properties of CAPS stimu-
lus produce distinctive effects on Ca** signalling. All the histograms show representative plots (signal dura-
tion was used as it showed more extensive changes than Max.), categorised according to number of events
and order in series. Symbols above each group of columns indicate the direction and extent of changes
observed for the number of DRGNs excited (black), mean Max. (red) and duration (blue). Up arrows indicate
increases, down decreases and horizontal bars represent no change. Bold arrows signify extensive changes,
thin lines for moderate differences and arrowheads with broken lines represent small effects. The data plot-
ted were obtained from 35 min. recordings of experiments performed as follows: (A) 5 min. exposure to 10
MM CAPS then 30 min. washout, for a DRG that had previously been exposed three times to 1 uM CAPS, (B)
5 min. exposure to 1 pM CAPS then 30 min. washout, for a DRG that had previously been exposed two times
to 1 pM CAPS, and (C) 20 min. exposure to 1 uM CAPS then 15 min. washout, for a DRG that had previously
been exposed three times to 1 uM CAPS. Note that (B) indicates a minimal reduction in cell number upon
repeated stimulations because only cells activated within 5 min. of CAPS stimulation were counted. By con-
trast, Fig. 4B shows a reduction in the number of cells activated upon repeated stimulation, because DRGNs
activated after 5 min. were additionally included in this count and a high proportion of the latter failed to
respond multiple times.

sensor clearly had a sufficiently dynamic range to detect important trends, such as facilitation
of consecutive signals in series (Fig. 3) and the skewed acceleration of DRGNs with high
Max. (Fig. 1G) when [CAPS] was raised. In DRGNs exhibiting 2 or more fluorescence pulses,
smaller increases occurred in cell numbers and signal duration (specifically, for the last
event, i.e second of two, third of three, Fig. 7A) and Max. actually decreased (Fig. 7A, red
arrows). A likely reason for these phenomena is that increasing [CAPS] causes more Ca* to
enter cells, so those that respond to low [CAPS] with several short pulses reply to elevated
[CAPS] with more sustained bouts of higher intensity. Moreover, neurons that displayed
weak single signals are boosted to longer high intensity signals and/or multiple pulses;
also, many that failed to respond to low [CAPS] are raised above threshold with high [CAPS].
Thus, as [CAPS] increases more cells are recruited overall, whilst those with short signals
are extended until more and more neurons are signalling for longer times, culminating in an
accumulation of a relatively large number with long duration signals (Fig. 2E, Fig. 7A). The
fraction of excitable cells activated by 10 uM CAPS, 24 + 6 %, is near the low end of estimates
for the fraction of DRG neurons expressing TRPV1 in rodents (32-58 %) derived from in situ
mRNA hybridisation / immunohistochemistry [31]. Such variation can be attributed, at least
in part, to differences in (and subjectivity of) the scoring methods used. Herein, a relatively
high response threshold likely contributes to under-estimation of the CAPS-excitable
neurons by excluding weaker responders.
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The shorter average lag for [Ca®'] toreach the detection threshold at higher [CAPS] is
likely to be due to a higher rate of Ca? influx, in accordance with patch-clamp recordings in
cultured DRGNs that showed raising [CAPS] increases current amplitude [18, 32]. Note that
because it takes time for [Ca*"].to accumulate, cells reach a fluorescence threshold slower than
the rapid inward currents detected by sensitive electrophysiological recording. Moreover,
fluorescence intensity does not peak until well after current amplitude [32] because Ca?*
continues to enter DRGNs even after inward currents have peaked and are declining;
presumably, [Ca*"]. continues to accumulate for as long as the inward flow of this cation
exceeds the rate of its extrusion by pumps. Here, mean fluorescence continued to increase
during 5 min. exposure to 1 or 0.3 uM CAPS, due to more cells becoming (and remaining)
active consecutively and, in part, by the recruitment of slowly-activating DRGNs. These slow
responders, particularly to 0.3 pM CAPS, contribute to the long average lag times observed
here butwould nothave been recruited by the very brief exposuresto CAPSused by others [16,
32], so under the latter conditions lag times appear to be much shorter. Although differences
in the rate of sample mixing in the recording chamber could contribute to prolonged lags, the
application protocols used here are standard. For example, the perfusion rate (2 ml/min.)
was equivalent to that used by Masuoka et al. [32], who recorded currents within seconds
of CAPS application. Importantly, increased [Ca*"]. was detected in the present study within
seconds (Fig. 1B and Supplementary Movies 1-3) in accordance with Ca*-imaging results
reported [32] utilising the same perfusion protocol as they employed for recording inward
currents. The major difference herein is that fluorescence was observed to continue rising
for 5 min. due to the prolonged presence of CAPS. Thus, the long mean lag times measured
here reflect how populations of DRGNs respond to extended exposures to CAPS rather than
slow penetration of the intact ganglion by the vanilloid.

Repeated stimulation with 1 uM CAPS reliably evoked increases in [Ca*"]. with moderate
reductions in signal density (Fig. 4A, C), attributable to some shortening in mean signal
duration (Fig. 4G, 7B) and a small decrease in the number of neurons excited (Fig. 4B); the
latter was unexpected given previous reports of extensive CAPS-induced tachyphylaxis [11,
16, 18]. Notably, the extent of tachyphylaxis varied greatly across the DRGN population,
from no reduction (Fig. 5B) to extensive drops to below threshold for the second and third
responses (Fig. 5E). Even in cells that responded to CAPS all three times, the occurrence of
single long duration signals was selectively reduced (Fig. 6D, E, F), coupled with a modest
reduction in Max. (Fig. 6A-C). However, such signals accounted for just ~ 25 % of the cells;
hence, for the whole population there were small reductions only in Max. (Fig. 4F) and
¥ duration (Fig. 4G). Remarkably, the number of DRGNs activated within 5 min. changed
very little upon repeated stimulation (137, 140, 132 for the first, second and third time,
respectively; not plotted), whereas there were big reductions in the number of DRGNs with
lag times greater than 5 min. (48, 34 and 21 for the 1%, 2", and 3" stimulations; not plotted);
this explains the shorter mean lag times for the second and third stimulations relative to the
first (Fig. 4D) and also the reductions in total number of responders (Fig. 4B). Importantly,
for reasons that will be developed below, the facilitation of consecutive responses in DRGNs
that signalled 2 or 3 times was not reduced by repetitive CAPS stimulation. It seems that
repetitive stimulation has the opposite effect to increasing [CAPS]. Due to lowering Ca?
entry, the duration and intensity of signals are reduced, so that long signals are replaced
by either one (Supplementary Fig. 1A) or several short pulses (Supplementary Fig. 1B) of
fluorescence; note more clustering of short events (Fig. 7B, grey dots). In extreme cases,
Ca® entry is reduced to such an extent that they fail to register any signal, resulting in a
reduction in the number of responders (Fig. 4B). According to this hypothesis, protocols
that promote Ca?* entry should overcome tachyphylaxis and, indeed, this was observed; for
example, Supplementary Fig. 4A shows how large signals are evoked by 10 pM CAPS even
after three prior stimulations with 1 pM CAPS.

Reasoning that an alternative way to increase Ca?* entry is to prolong exposure to CAPS,
the stimulation period with 1 uM was extended to 20 min. Whilst this caused only moderate
changes in Max. or the number of cells excited (but note that those with multiple signals were
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disproportionately increased), the average duration of Ca®* signals was extended greatly (Fig.
7C). This resulted, in large part, from even more facilitation of signals (for 20 min. compared
to 5 min. stimulation) in DRGNs showing 2 or more bouts of fluorescence (Fig. 7C, c.f. Fig.
3F). Thus, prolonging exposure to CAPS escalated signals in DRGNs that initially responded
weakly. This counteracted the depressive effects of tachyphylaxis, thereby, maintaining signal
density across the DRGN population (Supplementary Fig. 4B). As noted above, very brief
pulses of CAPS elicit only short flashes of fluorescence [16] without any of the facilitating
series of signals that mitigate tachyphylaxis; thus, protocols utilising short CAPS pulses
exaggerate the impact of tachyphylaxis on the ability of CAPS to generate [Ca*'] signals in
TRPV1 expressing neurons. Although it is possible that trans-genetically expressed GCaMP3
might buffer [Ca?']. [33] and, thereby, attenuate tachyphylaxis like the membrane permeable
Ca?* chelator BAPTA-AM [17, 18, 26], this seems unlikely because pirt-GCaMP3 mice display
no pain phenotype that would be expected if GCaMP3 were to interfere with sensory neuron
function [19, 34]. TRPV1 desensitisation and tachyphylaxis had been thought to contribute
to successful clinical relief of chronic pain with CAPS [11, 18, 35], but these processes were
difficult to reconcile with patients’ experiences of intense burning pain during and for hours
after its application [20]. A compelling alternative view is that extended exposure to CAPS
causes fine nerve fibre atrophy due to excitotoxicity, possibly involving [Ca*"]. overload.
Indeed, the slow onset (days to weeks) of high dose (8%) CAPS correlates temporally with
a reversible ablation of fine sensory fibres in treated tissues, whilst the extended duration
of pain relief achievable (weeks to months) reflects a protracted timescale for sensory fibre
re-innervation [20, 35, 36].

Striking similarities are recognisable between the demonstrated ability of increasing
[CAPS] to produce graded responses, in the number of nociceptors excited and their ([Ca®'])
levels, and the patterns shown for rodent paw heating [5]. This is remarkable because
TRPV1, as well as being the unique CAPS receptor [9], is also a thermo-sensor implicated in
body temperature regulation [37], detection of innocuous warmth [38] and, together with
TRPM3 (transient receptor potential melastatin 3) and TRPA1, it mediates acute noxious heat
sensation in mice [15]. Antagonists of TRPV1 cause hyperthermia in rodents and humans
[39], agonists cause hypothermia, and ablation of this channel abolishes CAPS-induced
hypothermia and responses to innocuous warmth in mice, in addition to drastically reducing
inflammatory thermal hyperalgesia [9, 10, 38]. Furthermore, TRPV1 can be sensitised by
a variety of post-translational modifications so that its activation threshold is reduced for
different modalities (heat, pH and chemicals) [7, 12, 40]. Collectively, these findings strongly
suggest that sensitisation of TRPV1 is a key determinant of both innocuous and noxious
heat thresholds in healthy and inflamed tissues. In view of the spectrum of responses to
CAPS reported here, it seems feasible that differential tuning of TRPV1 sensitivity across
nociceptor populations could be a key molecular mechanism for population encoding of
graded responses to chemicals as well as temperature [5, 38], though involvement of other
tuneable molecular sensors is not excluded [38].

Conclusion

Imaging of [Ca*] in intact DRG explants revealed heterogeneous signal patterns that
change systematically with increasing [CAPS] or exposure time. Heterogeneity arises from
differences in activation and desensitisation for individual neurons within the population in
DRG, but the cumulative signal density of the receptive cohort changes in a graded manner
with rising noxious stimulus strength. Sustained signalling is achieved during prolonged
and repeated exposure to CAPS, despite pronounced tachyphylaxis in some neurons, by the
facilitation of weak short bouts of fluorescence to become longer and stronger. Our findings
suggest encoding of noxious chemical concentration by populations of primary nociceptors,
in accordance with the models proposed for thermo-sensation [5, 38], and demonstrate how
prolonged signalling can be sustained by functionally-diverse subsets of neurons. This could
aid the development of antagonists for procedural and inflammatory pain.
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Abbreviations

aCSF (Artificial cerebrospinal fluid); AUC (Area under the curve); CAPS (capsaicin);
Ca, (voltage-gated Ca** channels); CGRP (Calcitonin gene-related peptide); DRG (Dorsal
root ganglia); DRGNs (DRG neurons); EGTA (ethylene glycol-bis(3-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid); F (fluorescence intensity); F, (baseline fluorescence intensity);
Max. (maximum increase in [F-F ]/F ); ROI (Region of interest); SERCA (sarco-endoplasmic
reticulum Ca-ATPase); TRPA1 (Transient receptor potential ankyrin 1); TRPM3 (Transient
receptor potential melastatin 3); TRPV1 (Transient receptor potential vanilloid 1); [CAPS]
(capsaicin concentration); [Ca*], (Intracellular Ca** concentration).
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