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Abstract

Accumulating observations suggest that peripheral somatosensory ganglia may regulate pain
transmission, yet direct evidence is sparse. Here we show that the peripheral afferent nociceptive
information undergoes dynamic filtering within dorsal root ganglia (DRG) and suggest that this
filtering occurs at the axonal bifurcations (t-junctions). Using simultaneous in vivo
electrophysiological recordings from the peripheral (spinal nerve) and central (dorsal root)
aspects of rodent spinal nerves, ganglionic transplantation of GABAergic progenitor cells, and
optogenetics we demonstrate tonic and dynamic filtering of action potentials traveling through the
DRG. Filtering induced by focal application of GABA or optogenetic GABA release from the DRG-
transplanted GABAergic progenitor cells was specific to nociceptive fibers. Light-sheet imaging
and computer modeling demonstrated that, compared to other somatosensory fiber types,
nociceptors have shorter stem axons, making somatic control over t-junctional filtering more
efficient. Optogenetically-induced GABA release within DRG enhanced filtering and reduced both
acute and chronic inflammatory and neuropathic pain in vivo. These findings support the potential
gating of pain information within the somatosensory system, and suggests new therapeutic
approaches for pain relief.

Significance Statement

We show that the ascending somatosensory information undergoes dynamic filtering within the
dorsal root ganglia (DRGs). Filtering (i.e. failure of action potentials to propagate through the
axonal bifurcation or ‘t-junction’) is predominant in nociceptive nerve fibers and can be scaled up
or down by the activity of GABAergic inhibitory system within the ganglia. Thus, spinal ganglion
represents an intrinsic filtering device within the peripheral branch of somatosensory system.
These findings may identify new strategies for pain relief.
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Introduction

Current understanding of the somatosensory information processing largely assumes that
peripheral nerves faithfully deliver peripherally-born action potentials to the spinal cord. The first
synapse in the dorsal horn of the spinal cord is assumed to be the first major integration point for
action potentials generated at the periphery. Such a view is represented by the Gate Control
Theory of pain (1) and its subsequent refinements and modifications (2-4). Yet, it has long been
recognised that information processing is more efficient the earlier it begins within the sensory
pathway (5-7). Nevertheless, the absence of true synaptic connections or interneurons within
peripheral somatosensory nerves and ganglia reasonably led researchers to dismiss them as
possible information processing sites. Despite this, growing evidence suggests that a degree of
crosstalk between the peripheral fibers (8, 9) or sensory neuron somata (10-12) might exist.
Indeed, recent work suggests that action potentials propagating from the peripheral nerve
endings of nociceptive nerve terminals to the spinal cord can fail (or be ‘filtered’) at axonal
bifurcation points (t-junctions) within the spinal ganglia (13-19). An intrinsic GABAergic signalling
system within spinal ganglia was recently identified as a mechanism responsible for ganglionic
filtering and, potentially, for a cross-talk between the individual sensory neurons (15). Yet, direct
evidence for how ascending information can be modified within spinal ganglia is sparse. Here we
aimed to obtain direct in vivo evidence for ganglionic filtering mediated by the GABA signalling
system and assess if such filtering can be targeted to control pain. Using in vivo
electrophysiological recordings from the peripheral and central aspects of the rodent spinal nerve,
optogenetic manipulations, stem axon morphometry, and biophysical modelling we demonstrate
that the spinal ganglion is a bona fide processing device controlling and modifying nociceptive
signalling into the CNS. These findings support the existence of a ‘peripheral gate’ in
somatosensory system and suggest new ways of how sensory ganglia can be targeted for pain
relief.

Results

Action potentials induced by the excitation of peripheral nerve endings are filtered within
the DRG. We first developed a method for in vivo electrophysiological recording of extracellular
spiking activity from both the peripheral and central branches of the L5 spinal nerve of a rat.
Spinal nerve (SN), DRG, and dorsal root (DR) nerves were surgically exposed in anesthetized rat
(Fig. 1A, B). SN and DR were then individually suspended on fine hook electrodes, while the
DRG was exposed to direct drug application. This preparation allows i) synchronous
measurement of the firing rates in the peripheral and central aspects of the spinal nerve (before
and after the DRG); ii) sensory stimulation of the hind paw; iii) direct application of compounds or
light to the DRG.

In our recordings both the SN and DR usually displayed spontaneous firing activity (Fig. 1C-H),
consistent with earlier reports (20, 21). Intraplantar injection of algogenic compounds, capsaicin
(a TRPV1 agonist; CAP, 10 uM, 50 pl; Fig. 1C, D) or bradykinin (BK, 100 uM, 50 ul; Fig. 1E, F),
significantly increased firing frequency in both SN and DR branches of the nerve, consistent with
the evoked nociceptive inputs being transmitted from the peripheral nerve towards the spinal
cord. Capsaicin injection increased firing rates to 288% and 295% of basal values in SN and DR
nerves, respectively; BK injection increased firing rates in SN and DR to 166% and 246%,
respectively.

Recent studies suggest there is a GABAergic inhibition at the DRG, in addition to the well-
accepted spinal GABAergic inhibitory network (15, 22, 23). We thus tested how exogenous
application of GABA to the DRG would affect the propagation of peripherally-induced nociceptive
signals through the ganglion. Direct injection of GABA (200 uM, 3 pl) into the DRG significantly
reduced capsaicin- or BK-induced firing rates specifically in the DR aspects of the nerve, having
no effect on the firing rates in the peripheral branches (Fig. 1C-F). Thus, GABAergic inhibition at
the DRG can induce a prominent filtering of the throughput conduction.
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Interestingly, application of the GABAA receptor antagonist, bicuculline (BIC; 200 uM, 3 pl) to the
DRG during continuous recording of tonic activity in both SN and DR (in the absence of any
peripheral stimulation) significantly increased firing rate in the DR but not in the SN aspect of the
nerve (Fig. 1G, H). This finding is consistent with our previous observation that application of BIC
via the L5-DRG-implanted cannula in vivo induces nocifensive behavior towards the hind paw
(15). Thus, BIC is likely to attenuate tonic filtering in nociceptive fibers passing through the DRG.

The interpretation of experiments presented in Fig. 1 could be complicated by the presence of the
ventral root. Even though the experiments were conducted on immobile animals under deep
anesthesia, the presence of intact motor fibers in the SN allows for execution of the flexor reflex
which could contribute to SN activity via the efferent and re-afferent discharge. To account for
such an eventuality, we evaluated the effect of ventral root (VR) transection on the spontaneous
and evoked activity in SN and DR (Suppl. Fig. 1A). VR transection had no noticeable effect on
either the SN or DR spontaneous activity (Suppl. Fig. 1B, C). Capsaicin, GABA (Suppl. Fig. 1D,
E) and BIC (Suppl. Fig. 1F, G) produced effects qualitatively identical to these presented in Fig.1:
capsaicin increased firing rate in both SN and DR and GABA reduced this induced firing rate in
DR but not SN. BIC increased firing rate in DR but not in SN. Interestingly, when GABA was
DRG-injected on its own, without noxious stimulation of the paw, it failed to produce a significant
effect on firing rate in both the SN and DR (Suppl. Fig. 1H, I). Another important observation from
the experiments presented in Fig. 1 and Suppl. Fig. 1 was that firing rates in the SN were
consistently higher than in the DR. Importantly, this was also true for preparations with VR
transection (summarized in Suppl. Fig. 1J). Together with the fact that BIC consistently increased
firing rates in the DR (with or without VR transection) these findings support the hypothesis for
tonic filtering at DRG.

While VR transection eliminated the efferent input, it did not eliminate efferent fibers themselves
from the spinal nerve, thus, any spurious activity in those fibers could have contributed to the SN
activity and may have contributed to higher firing rates in the SN, as compared to DR. In order to
eliminate efferent fibers we took advantage of the fact that VR injury causes progressive
degeneration of the motoneurons and preganglionic parasympathetic neurons (PPN)(24). Thus,
we performed VR transections (Suppl. Methods) and allowed animals to recover; two weeks after
VR transections the recordings similar to these shown in Fig. 1 and Suppl. Fig 1 were repeated.
The motor and PPN fiber degeneration was confirmed by almost complete loss of their marker,
Choline acetyltransferase (ChAT)(24) at two weeks after VR transection (Suppl. Fig. 2A). Despite
the removal of efferent fibers, tonic firing rate in the DR was still significantly lower, as compared
to SN; GABA still significantly reduced the capsaicin-induced firing rate in DR but not SN, while
BIC increased firing rate in DR but not in SN (Suppl. Fig. 2B-E). Thus, under our experimental
conditions, motor neuron input had no significant contribution to either spontaneous or to evoked
activity in SN or DR.

When we tested the effects of GABA on the capsaicin-induced firing and of BIC on spontaneous
activity in SN and DR in female rats (Suppl. Fig. 3) and on male rats anesthetized with different
anesthetic (isoflurane; Suppl. Fig. 4), we obtained results qualitatively identical to these shown in
Fig. 1 and Suppl. Fig. 1-2. Thus, GABA-mediated modulation of ganglionic filtering is a
phenomenon reliably observed under a variety of experimental conditions in animals of either
Sex.

In order to better understand filtering of specific spikes in the recordings shown in Fig. 1 and
Suppl. Fig. 1 we developed a spike-matching method allowing to correlate SN and DR spikes
(Fig. 2A; Suppl. Fig. 5A). This method proved accurate (80 — 100 %) in Poisson-generated spike
trains up to 100 Hz; the accuracy was inversely proportional to firing frequency (Suppl. Fig. 5B).
Spike sorting extracellular SN waveforms using the WaveClus implementation of super-
paramagnetic clustering allowed us to isolate distinct spike clusters (units) and match these
between SN and DR recordings. To rule out contamination of DR units with synchronized firing of
another fibre, we calculated the mean deviation (represented as a z score) of each waveform in
the unit from the mean waveform of the unit (Suppl. Fig. 5C). Any spikes originating from another
fibre firing in a temporally correlated way should exhibit a different waveform shape and thus be
recognised as an outlier (> 3 z score). The large majority of spikes were within a z score of 3 from
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the unit means, suggesting our matching protocol identified homogenous and distinct DR firing
units.

A representative experiment capturing the firing activity of four distinct units is shown in Fig. 2B-
D. Capsaicin-evoked spike units were clearly identifiable, noted by the onset of activity during
application of capsaicin (Fig. 2C, D); these were characterized by a larger amplitude on average
(CAP-insensitive units: 14.5+1.5 yV; CAP-sensitive units: 19.61£0.9 pV; p<0.01). However,
capsaicin-sensitive units could not be well distinguished by latency and spike width in this way.
The mean drop in spiking units between SN and DR was significantly greater with GABA
administration after CAP (Fig. 2E, F). To understand how features of the spike waveform predict
spike failure when passing through the t-junction, we performed multiple linear regression
analysis of spike width and amplitude. Spike amplitude was a significant predictor of filtering in
the dorsal root with a coefficient of 1.908 (p<0.01), indicating that larger amplitudes but not width
corresponded with a greater probability of failure to propagate to the DR during baseline
conditions. During administration of CAP, spike units with smaller widths (coefficient of -23.35,
p<0.001) and a trend of larger amplitudes (coefficient of 1.29, p=0.0825) were more likely to be
filtered. We further characterized spike units as either A-fibre or C-type based on conduction
velocity (<1.2 m/s; presumably C-type; >1.2 m/s, presumably A-fibers (25)). Interestingly, this
revealed that C-type fibres were indeed significantly more filtered during application of GABA
(Fig. 2G).

Taken together, data presented in Fig. 1, 2 and Suppl. Fig. 1-5 suggest: i) there is a basal activity
in the SN and DR even in the absence of peripheral stimulation; ii) the firing rates in the SN are
higher than these in DR, suggesting ‘tonic filtering’ of this basal activity at the DRG. iii) DRG-
applied GABAA antagonist (BIC) increased basal firing in the DN but not in the SN, possibly
suggesting removal of ‘tonic’ GABAergic inhibition in DRG. iv) Noxious stimulation increases firing
rate in both aspects of the nerve, either sides of the DRG (SN and DR), but the DRG-applied
GABA reduced firing in the DN specifically, thus enhancing GABAergic filtering in the nociceptive
fibers. Exogenous GABA did not affect the basal firing rate (either in the SN or DR) indicating that
there might be GABA-dependent and GABA-independent filtering mechanisms.

Transplantation of forebrain GABAergic neuron precursors into the adult mouse DRG in
vivo delivers an analgesic mechanism. To test how GABAergic filtering of nociceptive
transmission at the DRG can be exploited in vivo, we adopted an approach developed by
Basbaum’s group, who were able to transplant and functionally integrate into dorsal spinal cord,
embryonic GABAergic progenitor cells from the medial ganglionic eminence (MGE). Transplanted
MGE cells were able to compensate for the loss of spinal GABAergic inhibitory system observed
in neuropathic pain models (26, 27). We transplanted embryonic MGE cells derived from VGAT-
ChR2-eYFP into the L4 DRG of WT C57 mice. L4 DRG was chosen in this case as it is the major
contributor to the sciatic nerve in mice (28). At four weeks after the DRG injection we observed
numerous YFP-positive cells in the DRG sections (Fig. 3A), fluorescent cells were entirely absent
in vehicle-injected control animals.

In order to confirm that transplanted MGE cells can function as GABAergic neurons within DRG,
we performed patch-clamp recordings from the DRG neurons juxtaposed to the MGE cells (Fig.
3B-D) using ‘loosened’ whole L4 DRGs from mice pre-injected (4 weeks) with the VGAT-ChR2-
eYFP-expressing MGE (see Methods). Stimulation of the ganglion with the 473 nm blue light
induced inward currents in 9/9 DRG neurons, which were in close juxtaposition with MGE cells
(Fig. 3B-D). These same neurons also responded to perfusion of 200 uM GABA with very similar
inward currents. In contrast, DRG neurons from vehicle-injected mice never responded to blue
light (0/8 neurons) but these did respond to GABA (Fig. 3C, D). These results suggest that i)
implanted MGE progenitor cells can survive and maturate to produce GABA-releasing neurons in
DRG,; ii) stimulus-induced release of GABA by resident neurons can induce a response in
neighboring neurons.

Next, we tested if optogenetic release of GABA from the implanted MGE cells can alleviate
chronic pain. In these experiments a fiber-optic light guide was implanted into the DRG
immediately after the MGE cells transplantation (Fig. 3E; Methods). Chronic inflammation with
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hind paw injection of complete Freund’s adjuvant (CFA, 20 ul) induced significant mechanical and
thermal hyperalgesia (Fig. 3F-H). We then performed mechanical (Fig. 3G) or thermal (Fig. 3H)
sensitivity tests while stimulating ipsilateral L4 DRG with blue light. Optical stimulation significantly
reduced both types of hyperalgesia in MGE-injected mice. Interestingly, starting from the second
week after the CFA injection, both mechanical and thermal hyperalgesia in the MGE-implanted
mice started to recover even in the absence of optogenetic stimulation and by the 3@ week after
the CFA injection blue light stimulation no longer produced any additional analgesic effect (Fig.
3G, H). We hypothesized that a buildup of tonic GABA release from the transplanted MGE cells in
DRG could be responsible for the light-stimulation-independent recovery of the CFA-induced
hyperalgesia. This hypothesis was corroborated in experiments, similar to the ones presented in
Fig. 3G, H, but in which no optogenetic stimulation was used, to avoid inducing any stimulus-
induced GABA release (Suppl. Fig. 6A, B). We also utilized a chronic constriction injury (CCI)
model of neuropathic pain in similar experiments (Suppl. Fig. 6C, D). In both models hyperalgesia
developed in control (vehicle-injected) and MGE-implanted mice. However, the latter group
displayed significantly quicker and better recovery. Collectively, these data suggest that DRG-
implanted MGE cells can be stimulated to release GABA locally in vivo and that such release
produces analgesic effect.

Optogenetic release or direct injection of GABA to the DRG enhances filtering of spikes
triggered by noxious but not innocuous stimuli. We hypothesized that the analgesic effect of
MGE cells transplanted into the DRG is mediated by GABAergic filtering of pro-nociceptive spikes
at the DRG. To test this we used an approach similar to that used in Fig. 1 and Suppl. Fig 1-5, but
instead of applying GABA, we stimulated L4 DRG with blue laser light (Fig. 4A). Optogenetic
DRG stimulation (3 - 4 weeks after MGE transplantation) gave rise to qualitatively very similar
effects to these produced by application of GABA. Firing induced by the hind paw injections of
capsaicin (10 pM, 20 pl, Fig. 4B, D) or BK (100 uM, 20 ul, Fig. 4C, E) was significantly inhibited
by the light stimulation in DR but not SN. The optogenetic suppression of firing in DR was evident
immediately upon application of blue light (Fig. 4B, C; lower right panels).

Application of noxious heat (60° C water; Suppl. Fig. 7A, B) and noxious cold (ice; Suppl. Fig. 7C,
D) induced a significant increase of firing frequencies in both SN and DR and optogenetic DRG
stimulation significantly inhibited firing rates in DR but not in SN aspects of the nerve. We then
tested innocuous and noxious mechanical stimulation. Air puffs and subthreshold (4g) von Frey
filament stimulation (Suppl. Fig. 7E-H) increased firing in both SN and DR, presumably via the
activation of low threshold mechanoreceptors in the skin (29, 30). Interestingly, optogenetic
stimulation of DRGs did not significantly affect the firing frequency in either SN or DR in these
experiments (Suppl. Fig. 7E-H). Noxious mechanical stimulation of the paw with a blunt glass
needle also significantly increased firing frequencies in both SN and DR. But in this case
optogenetic stimulation substantially inhibited firing in DR, but not in SN (Suppl. Fig. 71, J). Thus,
it appears that GABAergic filtering in DRG predominantly exists in nociceptive fibers.

Next, we performed a set of experiments, similar to that shown in Suppl. Fig. 7 but in naive rats
and with the direct injection of GABA into the DRG instead of optogenetic stimulation (Suppl. Fig.
8). There was a pattern similar to that observed with optogenetic stimulation of MGE cells in mice.
Firing induced by noxious heat (Suppl. Fig. 8A, B) and noxious cold (Suppl. Fig. 8C, D) was
selectively inhibited in the DR but not in the SN by the DRG-applied GABA. No significant effects
of DRG-applied GABA were seen when firing was induced by innocuous air puffs or subthreshold
von Frey hairs (Suppl. Fig. 8E-H). In contrast, firing induced by the noxious needle prick was
reduced in the DR but not in the SN (Suppl. Fig. 8l, J). Striking similarity of the effects of
exogenous GABA and optogenetic GABA release in DRG strongly suggest that i) the GABAergic
system controls filtering efficacy of the ganglia; ii) the filtering is most efficient in nociceptive fibers
and iii) such filtering is the most plausible explanation of the analgesic effect of MGE cells
transplanted to the DRG; iv) GABAergic filtering exists in both rats and mice.

To test this further we performed single-unit recordings (Fig. 5A); firing was induced by a
stimulating electrode placed in SN and recordings were made from the mechanically isolated
single DR fibers. A-type and C-type fibers were distinguished by the conduction velocity (A fibers
>1.2 m/s; C fibers <1.2 m/s (25)). The firing in both fiber types was blocked by 1 uM TTX applied
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to the DRG (Suppl. Fig. 9). Evoked stimuli propagated reliably in both fiber types under control
conditions with only occasional failures (basal failure rate in A fibers: 6.3+2.6%, n=8; C fibers:
16.3+2.6%, n=8; Fig. 5B, C), which is consistent with earlier report (18). DRG-applied GABA
significantly increased failure rate in C fibers (to 63.8+3.24%, p<0.001) but had no significant
effect in A fibers (Fig. 5B, C). Due to technical difficulties of these recordings not all of these were
long enough to reliably analyze failure rate but amongst all the recordings made, 89% (34/38) of
C fibers and only 24% (11/45) of A-type fibers displayed GABA-induced t-junctional spike failure,
while in 100% of both fiber types failure was induced by TTX (Fig. 5D, Suppl. Fig. 9). Taken
together, single-unit recordings revealed that DRG application of GABA selectively increases
filtering of C-fiber activity.

Soma has more influence over t-junctional filtering in C-type as compared with A-type
fibers. DRG neurons are pseudo-unipolar and axonal bifurcation (t-junction) is potentially a major
site of spike filtering in DRG due to impedance mismatch (13, 15-17, 31-33). Why is GABA-
induced filtering more efficient in the C-fibers, as compared to A-fibers? One possibility is the
different length of the stem axon (from the soma to the t-junction) and, thus, the electrotonic
influence of the soma on the t-junction and spike propagation: the longer the stem axon, the
poorer the coupling (14, 15, 17). To our knowledge, there has been no systematic analysis of
stem axon lengths in mammalian DRG neurons, although drawings by Ramon y Cajal depict
much shorter stems in small-diameter neurons, as compared to larger ones (34). In addition,
larger neurons are often displayed having stems with a glomerular section, extending the length
(34, 35). In order to assess stem length in C-type vs. A-type fibers we cleared (36) rat whole DRG
mounts and immunostained them with the C-fiber marker, peripherin, and A-fiber marker,
neurofilament-200 (NF-200). We then performed light-sheet microscopy of entire ganglia (Movie
S1) and measured the stem axon lengths of peripherin-positive and NF-200 positive neurons
(Movie S2; Fig. 6A-B). Consistently, peripherin labelled neurons with much smaller somatic
diameter, as compared to NF-200 positive neurons (26.1+0.4 um vs. 42.4+0.8 um, p<0.001; Fig.
6A, E; Suppl. Fig. 10). Stem axon diameters of peripherin-labelled neurons were also consistently
smaller (1.34+0.03 pum vs. 2.1+0.1 um, p<0.001; Fig. 6D; Suppl. Fig. 10). Peripherin labelled
neurons displayed much shorter stems, as compared to NF-200 positive neurons (60.7+4.2 um
vs. 232.5+£22.9 um, p<0.001; Fig. 6C; Suppl. Fig. 10). While for all peripherin-positive neurons
analyzed in Fig. 6C and Suppl. Fig. 10, the t-junction was reliably identified (Movie S2), it was
often impossible to confidently locate the t-junctions of NF-200 positive neurons as these were
too far away from the cell body; in these instances stem length was recorded as the longest
traceable distance and, hence, it is an underestimation of the real stem length.

We hypothesized that GABAergic control of DRG filtering is less effective in A-fibers compared to
C-fibers due to differences in stem axon length. Our previous computational modeling suggested
that in a C-fiber with 75 um stem axon, activation of somatic GABAA channels can indeed cause a
failure of action potential to propagate through the t-junction due to a combination of the
impedance drop and sodium channel inactivation (15). But even though data presented in Fig.
6A-C indicate that the stem axon of C-fibers is, on average, at least 3 times shorter than that of A-
fibers, myelination could possibly compensate for the longer distance. Using a computational
model of an A-fiber neuron, we examined the relationship between somatic conductance and
stem axon length. We constructed a minimal model of an A-type neuron (see Suppl. Methods)
containing a limited repertoire of voltage-gated channels and a geometry consistent with the
parameters obtained from the light-sheet morphometry of the NF-200 positive neurons and
compared it to a model with a C-fiber morphology (15).

We first examined the influence of changes in membrane potential at the soma on the t-junction.
We calculated the voltage transfer ratio, the fractional potential reaching the t-junction by a
potential generated at the soma, as a function of stem axon length (Fig. 6F). In C-fibers, the
transfer ratio was greater than 0.75 for a physiological range of stem lengths, while it was less
than 0.6 for stem axon lengths measured from A-type neurons. For A-fibers, similar results were
obtained by either adjusting the number of internode/node pairs or internode distance. Thus, the
modeling predicts that the soma of a C-fiber neuron should have more influence on the t-junction
than an A-type neuron soma.
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In A-fiber with stem axon of 400 um, propagating spikes at the nodes of Ranvier were 78-102 mV
in amplitude (Gna = 0.5-1 mS/cm?) and had conduction velocities of 11 m/s for Gna 2 1 S/cm?.In a
C-fiber with a stem axon of 75 um, propagating spikes were 94-101 mV in amplitude with a
maximum conduction velocity of 0.4 m/s (Fig. 6G, left). Through-conduction across a wide range
of physiologically-relevant parameter space was not influenced by firing at the soma, consistent
with the earlier model (37). To assess the potential effect of GABAA receptor activation on spike
propagation through the DRG, we introduced a chloride conductance (Gci) in the soma that
depolarized the t-junction and reduced local spike amplitude (Fig. 6G, right). The threshold Gc for
blocking spike propagation in the C-fiber model was approximately 10-fold lower than for the A-
fiber model. We next systematically examined the relationship between somatic Geiand Gna (Fig.
6H) and found that spike propagation in this A-fiber model could only be blocked when Gna was
less than 0.8 mS/cm? and the minimum chloride conductance needed was ~10-fold higher than
for the C-fiber model, which was sensitive up to a Gna of 1 mS/cm?. Taken together, the
morphometry of DRG neuron axons and our biophysical model supports the hypothesis that the
longer stem axons of A-fibers limit the influence of somatic GABAa conductances on spike
filtering.

Evidence for tonic release of GABA within the DRG. Our paired recordings from SN and DR
suggest the existence of tonic filtering at the DRG. There appears to be at least two different
types of tonic filtering: in nociceptive fibers it appears to be GABAergic since BIC increases firing
rate in the DR (Fig. 1G, H; Suppl. Fig. 1-4) and, when injected to the DRG in vivo, induces pain-
like behavior (15)). In non-nociceptive fibers it is likely to be mediated by a different mechanism
since i) poor electrotonic coupling between soma and t-junction (Fig. 6) and ii) lack of effect of
DRG-applied GABA on basal firing rate in the DR (Suppl. Fig. 1H, I). Here we focused on the
GABAergic mechanism; our previous data suggested that some DRG neuron cell bodies are
capable of releasing GABA upon stimulation (15). Another recent study reported robust activity-
dependent somatic vesicle release from DRG neurons (38). To investigate mechanisms of GABA
release by DRG neurons we developed a method for measuring exocytosis of GABA-containing
vesicles based on the live uptake of luminal (C-terminal) antibody against vesicular GABA
transporter VGAT (Fig. 7A). N-terminus of VGAT, inserted in the neurotransmitter vesicle
membrane, faces the cytoplasm while the C terminus resides in the vesicle lumen (39). During
exocytosis and subsequent recycling of a vesicle, luminal VGAT epitopes are temporarily
exposed to the extracellular milieu. During such an exposure, antibodies that recognize these
epitopes can bind to these and become trapped and subsequently internalized by endocytosis
(Fig. 7A; (39)). Antibodies against the N-terminus of VGAT should not be entrapped in this way as
N-terminus of VGAT remains cytosolic at all times. Depolarization of cultured DRG neurons with
extracellular solution containing 100 mM KCI induced robust uptake of C-terminal (luminal) but
not N-terminal (cytosolic) VGAT antibody by DRG neurons (Fig. 7B, C; quantified as proportions
of neurons stained with the C-terminal VGAT antibody). The depolarization-induced C-terminal
VGAT antibody uptake was significantly reduced (but not abolished — in good agreement with
(38)) by the removal of extracellular Ca2* (Fig. 7B, C). Interestingly, even in the absence of
depolarization, there was a significant number of neurons that took up C-terminal VGAT antibody
(Fig. 7B top panel; C), hinting at spontaneous exocytosis of VGAT-containing vesicles. The N-
terminal VGAT antibody was not taken up by DRG neurons (Fig. 7B, bottom panel; C), even
though this same antibody labeled permeabelized DRG neurons well (15).

Additionally, we used live imaging to optically monitor GABA release from the DRG neurons in
culture. We transfected HEK293 cells with a1, B2, and y2 GABAAa subunits and a halide-sensitive
EYFP mutant (H148Q/1152L; EYFP-QL). The fluorescence of EYFP-QL is quenched by iodide
and since CI- channels (e.g. GABAA) are permeable to this anion, EYFP-QL fluorescence
quenching by I- can be used to monitor CI- channel activation (40-43). We co-cultured these
‘GABA indicator HEK293 cells with DRG neurons and measured EYFP-QL fluorescence
quenching induced by the addition of 5 mM Nal to the extracellular solution (Fig. 7D). Nal induced
robust EYFP-QL fluorescence quenching only when the indicator cells were co-cultured with
DRG, not in the monoculture (Fig. 7E). Moreover, this quenching in the DRG/indicator cell co-
culture was significantly reduced in the presence of 50 uM BIC (Fig. 7E, F). BIC also significantly
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slowed down the kinetics of the EYFP-QL fluorescence intensity decay (Fig. 7G). These data
further support existence of GABA tone in DRG.

Discussion.

There is substantial evidence indicating that spinal ganglia regulate the flow of sensory
information through to the CNS and that this processing can be modulated by GABAergic
signalling. Thus, it was shown that DRG neurons can produce and release inhibitory
neurotransmitter GABA (15, 23), GABA delivered specifically into the DRG has prominent
analgesic action (15, 22) and that electrical stimulation of DRGs provides strong analgesia even
to the most intractable types of chronic pain in humans (44-46). Experimental measurements (13,
14, 18, 19, 47-49) and simulations (14-17, 50) suggested axonal t-junctions as biophysically
amenable sites for peripheral filtering/gating and modulation by intrinsic GABA signalling.

Our main findings here are twofold. First, we demonstrate that the DRG exerts a dynamic control
over the throughput conduction via GABA receptor activation. Second, we show that this control
is much more efficient in the C-fibers, as compared to A-fibers. Thus, we demonstrate that an
intrinsic GABAergic inhibitory system can be engaged to scale the filtering of spikes passing
through the DRG up or down, modulating nociceptive input to the CNS. Indeed, focal application
of GABA, or optogenetic stimulation of GABA release from the DRG-transplanted MGE cells,
specifically reduced stimulus-induced firing frequencies in the DR but not the SN aspects of the
nerve in various experimental settings.

The t-junction, where the stem axon bifurcates into SN and DR axons, are expected to have a
lowered safety factor for AP propagation due to the impedance mismatch (13-15, 32, 48, 51). Our
earlier biophysical model of a C-fiber predicted that opening of somatic/peri-somatic GABAa
channels promotes failure of action potential propagation through the t-junction due to a
combination of input impedance drop, GABA conductance shunting, and voltage-gated sodium
channel inactivation (15). Here we provide strong experimental support to these predictions. We
show that GABA receptor activation within the DRG reduces the evoked firing rate recorded at a
point immediately after the t-junction, and has no effect on spikes entering the DRG. The most
straightforward interpretation of these observations is that evoked spikes in peripheral axons fail
to propagate through the DRG into DR axons when GABA system is activated in the DRG.

Another striking finding is that DRG filtering is much more robust in C-, as compared to the A-
fibers. As a consequence, optogenetic GABA release (Suppl. Fig. 7) or DRG injection of GABA
(Suppl. Fig. 8) specifically inhibited firing produced by noxious but not innocuous stimuli.
Interestingly, a recent study used single unit recordings from the DR to demonstrate that electric
field stimulation of the DRG in rats increases t-junctional filtering mostly in C-fibers, with little
effect in A-type fibers (19). These findings are in good agreement with our results and likely to
represent a related phenomenon. We propose that the induced filtering is more efficient in the C-
fibers because these have a shorter stem axon. Electrotonic coupling of the soma to the t-junction
depends on the stem axon length (15, 17). Drawings by Ramon y Cajal indeed suggested much
shorter stems in small-diameter DRG neurons, as compared to the larger ones (34). Our light-
sheet imaging of cleared DRG with labelled C- and A-type fibers established that stem axon is
indeed over 3 times shorter in C fibers (Fig. 6). Our new biophysical model of an A-fiber suggests
that when a stem axon is longer than 200-300 um, opening of somatic GABAAa channels has
minimal effect on the action potentials propagating through their t-junctions. Thus, this
investigation may have revealed a simple but elegant principle of differential filtering of spikes that
depends on the modality-specific fiber morphology. It has to be acknowledged that other
mechanisms, e.g. differential ion channel densities (including but not limited to GABAA) at the t-
junctions or stem axon of different fiber types could also contribute to the differential filtering.

Two consistent, but yet to be fully understood, observations reported here require further
consideration. First, there was considerable basal activity under control (no peripheral
stimulation) conditions. This was unexpected and may arise from the preparation-specific injury.
However, our previous observation that DRG-injected GABA antagonists in freely behaving
animals induced pain-like paw flinching in the absence of noxious input (15) may suggest that
there is indeed some tonic activity in the peripheral nerve which is failing to reach spinal cord.
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Second, basal firing rates in the DR were almost invariantly about 50% lower, as compared to
these in SN, even under conditions where efferent fibers were either cut (Suppl. Fig. 1) or
physically destroyed (Suppl. Fig. 2). Single-unit recordings (Fig. 5) revealed that evoked spikes in
C and A fibers do fail occasionally under basal conditions (at a rate of ~16% in C and ~6% in A
fibers), which was consistent with a recent report (18). Thus, basal filtering does exist but when
measuring evoked single-unit spikes it is much lower than ~50% mismatch seen in our multi-unit
SN/DR recordings. While GABAA antagonist BIC significantly reduced this mismatch indicating
that at least part of it is due to tonic GABAergic inhibition, we cannot exclude that other factors
may contribute to the mismatch, including e.g. some back-propagation in the SN. It is important to
note however that regardless of the nature of this mismatch in basal firing, the sensory
stimulation of the paw (noxious or innocuous) is seen in our SN/DR recordings as a consistent
increase in the firing rates in both compartments (SN and DR). Moreover, we were able to identify
individual capsaicin-induced units using our spike matching algorithm (Fig. 2, Suppl. Fig. 5).
Thus, the activity induced by noxious stimulation is reliably detectable on the background of the
basal activity. Importantly, it is this induced noxious activity, which is specifically filtered at the
DRG by the GABAergic system.

Another important question - is the intrinsic GABAergic system in the DRG sufficient to impose
filtering in vivo? Strong expression of functional GABAA receptors in DRG is well recognized
(reviewed in (52)) but the ability of DRG to produce and release GABA is less well documented
(although see (15, 23). Transcript levels of enzymes (GAD65, GAD67) and transporters (VGAT)
needed to synthesize and package GABA into vesicles are low according to transcriptomic
studies (53, 54). Yet functional proteins are detectable (15, 23, 55), as is tonic and induced GABA
release (Fig. 7 and (15)). It has to be pointed that a non-vesicular mechanism for GABA release
that does not require VGAT also exists (i.e. via LRRC8 channels (56)). Another important
evidence for endogenous GABA tone is the in vivo studies that demonstrated that GABA
reuptake inhibitor, NO711, produced analgesic effect when delivered to the DRG in vivo (15, 22).
DRG-applied GABAA antagonists, on the other hand, exacerbated peripherally-induced pain and
even produced a pain-like behaviour (15). Hence, there must be sufficient amount of endogenous
GABA in the DRG to control the filter’.

A major causative factor of neuropathic pain is a loss of dorsal horn GABAergic inhibitory system
(57). GABAergic progenitor cells implanted into adult spinal cord survive and integrate into the
spinal inhibitory circuit (27, 58, 59), reducing neuropathic pain severity (26, 60). We found the
MGE cells transplanted into the DRG of adult mice also survive there and can release GABA (Fig.
3). Optogenetic stimulation of MGE-transplanted DRG significantly alleviated chronic
inflammatory hyperalgesia (Fig. 3). Importantly, even without optogenetic stimulation, MGE cell
transplantation accelerated the recovery from both inflammatory and neuropathic types of
hyperalgesia (Suppl. Fig. 6). This, together with observed higher efficiency of GABAergic filtering
at the C, as compared to A fibers could have a therapeutic significance as it suggests that
GABAergic system in DRG could be targeted for pain relief without significantly compromising
other haptic sensations. In the spinal cord MGE cells maturate into interneurons and integrate
into the existing spinal inhibitory system (26, 27). For the case of the DRG transplant, the direct
analogy is unlikely as there are no ‘classical’ interneurons in DRG. The most straightforward
explanation for the anti-nociceptive effect of MGE cells in DRG is a ‘GABA pump’ mechanism,
whereby MGE cells simply leak GABA into the extracellular space. Recent years saw increasing
success in using stem cells as a chronic pain therapy (61, 62) and GABAergic progenitor cells
can be generated from human stem cells (63) and integrated into the pain pathways (64). Thus,
targeting GABAergic system with the DRG-directed stem cell therapy or GABA-mimetics tailored
to reduce their CNS permeability could open up avenues for analgesic strategies with reduced
CNS side effects.
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Materials and Methods

All animal experiments were performed with the approval of the Animal Care and Ethics
Committee of Hebei Medical University under the International Association for the Study of Pain
guidelines.

In vivo recording of peripheral nerve activity. All surgical procedures were performed under
deep anesthesia with an i.p. injection of pentobarbital sodium (60 - 80 mg/kg) in accordance with
the Animal Care and Ethical Committee of Hebei Medical University under the International
Association for the Study of Pain guidelines. In one set of experiments (Suppl. Fig. 4)
pentobarbital was replaced by isoflurane (4% for induction, 2% for maintenance). Laminectomy
was performed to expose right L5 DRG of adult rat (Sprague-Dawley, 180-200 g) or L4 DRG of
adult C57BL/6J mice. Male animals were used in experiments, except where stated otherwise.
Dorsal root (DR), spinal nerve (SN) and DRG were exposed by removal of both spinous and
transverse processes of the vertebra bone; the DR and SN were then suspended on the hooked
stainless-still recording electrodes connected to BL-420F biological data acquisition and analysis
system (Chengdu Techman Software Co., Ltd. China). The wound was filled with paraffin in order
to stabilize preparation. The right hindpaw was used for the injection of capsaicin (10 uM; 50 pl
for rat; 20 pl for mouse) or Bradykinin (100 uM, 50 pl for rat; 20 pl for mouse), or the stimulation
with hot water (~60°C), ice, air puffs (using aurilave), von Frey filaments (4 g for rat; 0.4 g for
mouse) or needle prick (glass electrode). GABA (200 uM; 3 pl for rat; 2 yl for mouse) or
Bicuculline (200 uM; 3 pl for rat; 2 yl for mouse) was accurately delivered to DRG by
micropipettor.

For the single unit recording in rats, dorsal root and spinal nerve were exposed and covered with
paroline. A single fiber was teased away from dorsal root by microscopic tweezer and placed on
nerve fiber electrode for electrophysiological recording. The stimulus current delivered to the
spinal nerve was gradually raised (10 Hz, 2 - 5 mA). Conduction velocity of fiber was determined
by dividing conduction distance by response latency to electrical stimulus. GABA (200 pM, 3 pl)
or Tetrodotoxin (TTX, 1 uM, 3 pl) was accurately delivered to DRG by micropipettor.

Spike sorting. Electrophysiological recordings of both the spinal nerve and dorsal root were
imported into Python and high pass filtered at 60 Hz using a digital Butterworth filter from the
Scipy module (65). Extracellular spike times and waveforms were extracted using an absolute
median deviation of between 5 and 6 from the median of the signal. Extracted spike waveforms
were sorted using the WaveClus program (66) in Matlab to define individual neuronal units
underlying the extracellular signal. Matching of spikes in the dorsal root to an origin spike in the
spinal nerve was achieved by finding the minimum latency (within a tolerance window of the
slowest theoretical fibre conduction velocity of 0.1 m/s) between spikes in the spinal nerve and
dorsal root. Propagation failure was defined when a spinal nerve spike did not have a matching
dorsal root spike within the tolerance window.

MGE cells transplantation. The female VGAT-ChR2-EYFP mice (Jackson Laboratory) with
embryos between E12.5 and E13.5 were anesthetized with an intraperitoneal injection of
pentobarbital sodium (60-80 mg/kg). All the embryos were removed via abdominal incision and
placed into a 10 cm Petri dish containing ice-cold HBSS. The mice were humanely sacrificed. The
gestational sac of each embryo was removed using forceps under the stereo microscope (SZX7,
Olympus). The embryonic brain was extracted and cut along the sagittal plane to separate two
hemispheres. Medial ganglionic eminence (MGE) on each hemisphere was then removed with a
scalpel. MGE tissue was put in a 1.5 ml collection tube containing 500 0 DMEM/10% FBS
(Sigma) and triturated into a single cell suspension as described (67). The final cell density in the
suspension of embryonic stem cells was measured with hemocytometer. Adult (5-6 weeks) male
C57BL/6J mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (60 -
80 mg/kg). L4 DRG was exposed by removal of both spinous and transverse processes of the
vertebra bone. The microinjector (Hamilton Co.) loaded with a suspension of MGE cells (3 pl;
~1x107/ml) was inserted into the ganglion to a depth of 200 um from the exposed surface. The
cell suspension was injected slowly, and the needle was removed 3 minutes after the injection.
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The muscles overlying the spinal cord were loosely sutured together, and the wound was closed.
Animals developing signs of distress were humanely sacrificed. In order to verify that the DRGs
were transplanted with MGE cells successfully, the L4 DRGs were excised, submerged in Tissue-
Tek O.C.T. (Sakura, Alphen aan den Rijn, The Netherlands), frozen, and sectioned (10 ym) using
a freezing microtome (CM1950, Leica Microsystems). Slices were then analyzed for the EYFP
fluorescence using confocal microscopy (TCS SP5 I, Leica Microsystems).

Chronic pain models and Behavioral tests. Chronic constriction injury (CCI) and mechanical
and thermal sensitivity tests were performed as described previously (15), further details are
provided in Supplementary Methods.

In vivo optogenetic stimulation. Adult male C57BL/6J mice were L4 DRG transplanted with
MGE cells from VGAT-ChR2-EYFP mice 3-4 weeks before experiments. Recordings of DR and
SN activity was performed as described above in combination with laser stimulation (473 nm, 3
mW, 30 Hz for 10 seconds with 20-second interval) of DRG using an MLL-FN-473-50 unit
(Changchun New Industries Optoelectronics Technology Co., Ltd.) controlled by a pulsing set
(S48 Stimulator, Grass Technologies, An Astro-Med, Inc. Product Group). In the behavioral tests
on freely moving animals, a stainless steel cannula guide (RWD Life Science Co. Ltd., China;
diameter 0.64 mm) was implanted the L4 DRG, the cannula was firmly fixed in place with dental
cement, and the optical fiber (RWD Life Science Co. Ltd., China; diameter 0.2 mm, length 1 m)
was inserted through the guide; a more detailed description is provided in (15).

Patch clamp recording from DRG neurons. Patch clamp recording from DRG neurons.
DRG dissection and recording were performed as described previously (68), further details are
provided in Supplementary Methods.

VGAT antibody uptake. DRG neurons were dissociated and cultured as described previously
(68). DRG neurons were incubated for 15 min in either normal or ‘high K*' extracellular (EC)
solution supplemented with either C-terminal (luminal) N-terminal (cytosolic) VGAT antibodies.
Normal EC solution contains (in mM): 144 NacCl, 5.8 KClI, 1.3 CaClz, 5.6 D-glucose, 0.7
NaH2PO4, 0.9 MgCl2 and 10 HEPES (all from Sigma). In high K* EC solution NaCl concentration
was lowered to 49.8 mM and KCI concentration was raised to 100 mM. Ca?*-free EC solution was
also used; in this solution CaClz was omitted. After incubation cell cultures were washed 3 times
with PBS and fixed using 4% paraformaldehyde, followed by permeabilization with 0.05% tween
20 and 0.25% triton-X 100 (with donkey serum) for 1 hr. Cells were then labelled with secondary
antibody, washed three times with PBS, mounted on coverslips and imaged using Zeiss LSM880
confocal microscope. The following antibodies were used: VGAT C-terminal antibody (rabbit
polyclonal #AB-N44, Advance Targeting System; 1:200); VGAT N-terminal antibody (rabbit
polyclonal 131002, Invitrogen, Eugene, Oregon, USA; 1:1000); secondary antibody: alexafluor
donkey anti-rabbit 488 (Invitrogen, Eugene, Oregon, USA; 1:1000).

lodide imaging. HEK293 cells were co-transfected with cDNA encoding human a1, 32 and y2
subunits of GABAa receptors (gift of David Weiss, Department of Physiology, University of Texas
Health Science Center, San Antonio, Texas, USA) together with the halide-sensitive EYFP
mutant (H148Q/1152L; EYFP-QL) using FUGENE® HD transfection reagent. Transfected cells
were co-cultured for 24 hrs with DRG neurons isolated as described above (see also (15)).
Extracellular solution consisted of (mM): NaCl (160); KCI (2.5); MgClz (1); CaClz (2); HEPES (10)
and Glucose (10); pH adjusted to 7.4 with NaOH (All from Sigma). I- containing solution was
produced by equimolar substitution of 5 mM NaCl with Nal. I imaging was performed using Nikon
TE-2000 E Swept Field Confocal microscope using 488nm argon laser as excitation light source.
Images were recorded and analyzed using Nikon Elements software.

Dorsal root ganglia clearing, staining and morphometry. DRGs tissue clearing was performed
using the iDISCO+ protocol (36). Cleared DRG samples were imaged using Ultramicroscope |l
(LaVision BioTech) Images were analyzed using the simple neurite tracer in FIJI. Using this semi-
automatic method of tracing (Movie S2), stem axons were measured from origin at peripherin and
NF-200-positive somata through the image stack until clear bifurcation or in the case of NF-200-
positive cells, loss of a clear signal. Further details are provided in Supplementary Methods.
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Computer modelling. All simulations were performed using NEURON (69) on an Intel-based
Macintosh computer (http://neuron.yale.edu) and analyzed using Python scripts; further details
are provided in Supplementary Methods.

Statistics. All data are given as mean + SEM. Paired or unpaired t-test was used to compare the
mean of two groups when the data were normally distributed. Multiple groups were compared
using ANOVA (one-, two- or three-factor) or repeated-measures ANOVA, depending on
experimental setup; Bonferroni post-hoc test was used for comparison between groups; for data
failing normality test Kruskal-Wallis ANOVA with Mann-Whitney post-hoc test was used.
Statistical analyses were performed using IBM SPSS Statistics 21, GraphPad Prism or Origin.
Statistical parameters are given in the figure legends.
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Figure 1. GABAergic filtering of nociceptive signals at the DRG. (A) Schematic of surgical
exposure of the L5 spinal nerve (SN, left), L5 DRG and the dorsal root (DR, middle) in an
anesthetized rat. Parts of the vertebra that are surgically removed are shown in orange. SN and
DR are then individually suspended on fine hook electrodes; DRG is exposed to direct drug
application. (B), schematic of the electrode placement. (C) Hindpaw injection of Capsaicin (CAP,
10 uM, 50 pl) increased firing frequency in both SN and DR branches of the nerve (middle traces,
as compared to basal activity shown in the upper traces). Application of GABA (200 uM, 3 pl) to
DRG reduced CAP-induced firing frequency in DR but not SN (bottom traces). (D) Summary of
panel C. Two-factor repeated measures ANOVA, with factors of nerve site (SN, DR) and drug
treatment (Control, CAP, CAP+GABA) revealed main effects associated with nerve site
[F(1,5)=15.1; p<0.05] and drug application [F(2,4)=12.8; p<0.05], and there was significant
interaction between these factors [F(2,4)=7.9; p<0.05]. Bonferroni post-hoc test: *significant
difference from control (p<0.05); #significant difference from CAP (p<0.01). (E), similar to C, but
Bradykinin (BK, 100 uM, 50 ul) was hindpaw injected, instead of CAP. (F) Summary of panel E.
Two-factor repeated measures ANOVA: main effect associated with drug application
[F(2,4)=12.0; p<0.05]; significant interaction between nerve site and drug application
[F(2,4)=11.5; p<0.05]. Bonferroni post-hoc test: **,***significant difference from control (p<0.01,
p<0.001); ##significant difference from BK (p<0.01). (G) GABAa antagonist bicuculline (BIC, 200
uM, 3 pl) was applied to DRG instead of GABA; hindpaw was not stimulated. (H) Summary of
panel G. Two-factor repeated measures ANOVA: main effects associated with nerve site
[F(1,10)=7.7; p<0.05), drug application [F(1,10)=12.0; p<0.01), significant interaction between
nerve site and drug application [F(1,10)=18.7; p<0.01]. Bonferroni post-hoc test: **significant
difference from control (p<0.01).
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Figure 2. Spike analysis confirms GABAergic filtering. (A) Latencies between the SN and DR
spikes were measured; the minimum latency defined the SN origin of a DR spike. (B)
Extracellular spike waveforms extracted from a spinal nerve recording and clustered using
WaveClus. (C) Raster plot for each clustered waveform (denoted as Unit) under control, CAP and
CAP+GABA conditions after matching the DR spikes with these in the SN. Note: capsaicin
induced firing of specific units. (D) Firing rates of individual units identifies capsaicin-sensitive
units. (E) Firing rates (matched spikes only) in SN and DR under control, CAP and CAP+GABA
conditions. Two-factor (nerve site, drug application) repeated measures ANOVA: main effects
associated with drug application [F(2,10)=6.38; p<0.05], significant interaction between factors
[F(2,10)=10.74; p<0.01]. Bonferroni post-hoc test: *significant difference from control (p<0.05). (F)
Propagation failure (%) of all matched spike units under control, CAP and CAP+GABA conditions.
One-way ANOVA: [F(2,117)=17.7; p<0.001]; Tukey post-hoc test: ***significant difference from
CAP, p<0.001. (G) Units were divided into ‘C-type’ and ‘A-type’ based on the SN-DR latency (C:
<1.2 m/s; A: >1.2 m/s) and propagation failure rate analyzed as in (F). Two-factor (fiber type, drug
application) mixed-effects ANOVA: main effect associated with drug application [F(2,70)=34.82,
p<0.001], significant interaction between factors [F(2,72)=4.712, p<0.05]. Sidak post-hoc test:
*significant difference between CAP+GABA and CAP, significant difference between A and C
fibers (p<0.05).
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Figure 3. Transplantation of forebrain GABAergic neuron progenitor cells into the adult
mouse DRG in vivo delivers an analgesic mechanism. (A) Fluorescence micrographs of DRG
sections of mice DRG 4 weeks after the injection with a suspension of medial embryonic
eminence (MGE) cells derived fromVGAT-ChR2-eYFP mice. Control mice (right images) received
vehicle injections. (B) Bright-field and overlaid fluorescence images of ‘loosened’ DRG
preparation used for patch clamp recording. The whole L4 DRG transplanted with VGAT-ChR2-
eYFP MGE cells mice was extracted 4 weeks after transplantation. Recording was made from a
DRG neuron juxtaposed to fluorescent MGE cell (top image) using whole-cell voltage clamp. (C)
Top: example trace of continuous current recording (-60 mV) from the cell shown in B; stimulation
with 473 nm blue laser (3 mV) induced inward current, similar in amplitude and kinetics to the
current induced by perfusion of GABA (200 uM). Bottom: similar recording from a DRG of a
vehicle-injected mice. (D) Summary for panel C; one-way ANOVA: F(2,6)=5.9; p<0.01; Bonferroni
post-hoc test: ***significant difference between +MGE vs. -MGE (p<0.001). (E) Schematic of the
in vivo optogenetic DRG stimulation. (F) Timeline of the in vivo behavioral testing after the MGE
cell transplantation and hindpaw injection of CFA. (G, H) Mechanical (G) and thermal (H)
hyperalgesia caused by hindpaw injection of CFA 2 weeks after MGE cells transplantation into L4
DRG of mice. At a time of MGE transplantation, mice were also implanted with the fiberoptic light
guide. Mechanical and thermal sensitivity was measured using the von Frey and Hargreaves
methods, respectively. Starting at one week after the CFA injection measurements were
performed while stimulating the L4 DRG with 473nm laser. Black and blue symbols denote
control mice DRG-injected with vehicle without and with optogenetic stimulation, respectively.
Red and green symbols denote MGE-transplanted mice without and with optogenetic stimulation,
respectively. BL1: baseline before transplantation; BL2: baseline after transplantation; CFA: 1 day
after the plantar injection of CFA. G, Three-factor (MGE vs vehicle, time after CFA, laser
stimulation) ANOVA: main effects associated with MGE transplantation [F(1,4)=50.9; p<0.001],
time after CFA [F(2,3)=6.6; p<0.01]; laser stimulation [F(1,4)=8.9; p<0.01]. Bonferroni post-hoc
test: red* indicate the difference between MGE group and vehicle group within the corresponding
time point; green* indicate the difference between MGE with laser stimulation group and vehicle
with laser stimulation group; *p<0.05, **p<0.01. H, Three-factor (MGE vs vehicle, time after CFA,
laser stimulation) repeated measures ANOVA: main effects associated with MGE transplantation
[F(1,4)=37.4; p<0.001], time after CFA [F(2,3)=6.1; p<0.01]. Bonferroni post-hoc test: red*
indicate the difference between MGE group and vehicle group within the corresponding time
point; green* indicate the difference between MGE with laser stimulation group and vehicle with
laser stimulation group; *p<0.05, **p<0.01.
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Figure 4. Optogenetic activation of MGE cells in DRG reduces frequency of firing induced
by CAP or BK in the DR but not in the SN aspect of the nerve. (A) Schematic of the recording
paradigm: mice were DRG-transplanted with VGAT-ChR2-eYFP MGE cells 3-4 weeks before
recordings; recordings were done as shown in Fig. 1B, supplemented with optical stimulation of
the exposed DRG. (B) Hindpaw injection of CAP (10 yM, 20 ul) increased firing frequency in both
SN and DR branches of the nerve (onset of the bottom traces, as compared to basal activity
shown in the upper traces). Application of 473 nm laser light to DRG acutely reduced CAP-
induced firing frequency in DR but not SN (bottom traces). (C) Experiment similar to A, but BK
(100 uM, 20 pl) was hindpaw injected, instead of CAP. (D) Summary of panel B. Two-factor
(nerve site, drug application) repeated measures ANOVA: main effect associated with drug
treatment [F(2,4)=11.4; p<0.05] and significant interaction between nerve site and treatment
[F(2,4)=7.6; p<0.05]. Bonferroni post-hoc test: **significant difference from control (p<0.01);
#significant difference from CAP (p<0.05). (E) Summary of panel C. Two-factor (nerve site, drug
application) repeated measures ANOVA: main effect associated with nerve site [F(1,5)=6.7;
p<0.05] and significant interaction between nerve site and treatment [F(2,4)=9.5; p<0.05].
Bonferroni post-hoc test: *significant difference from control (p<0.05); #significant difference from
BK (p<0.05).
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Figure 5. Single-unit recordings: DRG application of GABA induces spike failure at the
DRG, which is specific to C fibers. (A) Schematic of the single unit recording paradigm. (B)
Example traces of in vivo single unit recording from the DR aspect of a rat C fiber (top) or A fiber
(bottom); stimulus electrode is placed in the spinal nerve. Parameters of stimulation and
conduction velocity are indicated above the trace. GABA (200 uM, 3 ul) was applied to the DRG
during period indicated by blue bar. Stimulus artifacts are indicated by black arrows. Black circles
indicate failed spikes. Spike waveform is shown on the extended time scale on the right. (C).
Spike failure rate before and during application of GABA is analyzed for C and A fibers (8-12
stimulations for each, the control period and during GABA application); n=8 for both fiber types;
Two-factor (fiber type, drug application) repeated measures ANOVA: main effect associated with
drug application [F(1,7)=289.0; p<0.001] and significant interaction between fiber type and drug
application [F(1,7)=134.2; p<0.001]. Bonferroni post-hoc test: ***significant difference from control
(p<0.001). (D) Pie charts summarize the percentage of C and A fibers in which TTX or GABA
produced a conduction block. Examples of TTX recordings are given in Suppl. Fig. 9. Number of
experiments is indicated within each chart.
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Figure 6. Initial axon morphology defines the efficiency of filtering in DRG. (A-B) Light-sheet
microscopy of cleared rat DRG (see also Movie S1). C-fibers are labelled with peripherin and A-
fibers are labelled with NF-200. Stem axons were traced until bifurcation point using simple
neurite tracer in FIJI (Movie S2). White arrowheads indicate t-junctions, red arrowhead point at
glomerular region of A-fiber stem axon which increases the length. Quantification of the stem
axon lengths (C), stem diameter (D) and somatic diameter (E) of the peripherin- and NF-200-
labelled fibers is shown. Data are from 10 lumbar DRGs (peripherin) and 7 lumbar DRGs (NF200)
from three rats; n number is given within each bar. Unpaired t-test: 1(85)=9.8, p<0.001 (C);
1(85)=9.8, p<0.001 (D); t(681)=21.6, p<0.001 (E). Per-animal analysis of data in C-F are shown in
Suppl. Fig. 10. (F-H) Biophysical model of rat A-type fiber. (F) Voltage transfer ratio (potential at
the t-junction produced by a potential generated at the soma) as a function of stem length. For A-
fibers, this was achieved by varying the number of internode/node pairs. Arrows indicate the
typical stem lengths used when simulating spike propagation through the DRG. (G) In the
absence of somatic Gei (left traces), spike elicited in the spinal nerve (SN) section of the model
propagate through the t-junction (TJ) and into the dorsal root (DR) in both C-fiber and A-fiber
models. With a somatic Gei (right traces), the threshold for blockade in C-fibers is lower. Note that
greater Gciin the A-fiber model produces less depolarization at the soma compared with the C-
type model. (H) Minimum somatic Ggi for blocking spike propagation is plotted against Na*
conductance (Gna). For Gna greater than 0.7 mS/cm?, somatic Geci was unable to block spike
propagation.
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Figure 7. Activity-dependent and spontaneous GABA release of GABA from DRG neurons.
(A-C) Vesicular GABA release from DRG neurons studied with luminal VGAT antibody uptake.
(A) Schematic of activity-dependent uptake of luminal (C-terminal) VGAT antibody. (B) Bright-
field (left), fluorescence (middle) and overlaid images of DRG culture incubated in the presence of
either a luminal VGAT antibody (C-term; three upper rows) or a cytoplasmic (N-term; bottom row)
antibody. Cells were incubated in the control extracellular solution (upper row) or depolarized by
extracellular solution containing 100 mM KCI (second from the top and the bottom rows). In the
second from the bottom row Ca?* was excluded from the extracellular solution. (C) Summary of
experiments like these shown in B (N=3-5, number of neurons is indicated within the columns);
quantified is the percentage of stained neurons **p<0.01, ***p<0.01 (Fisher’s exact test with
Bonferroni correction). (D-G) GABA release from DRG investigated with the use of indicator
HEK293 cells. (A) Schematic of the experiment: HEK293 cells transfected with a1, 2 and y2
subunits of GABAa receptors and a halide-sensitive EYFP mutant (H148Q/I152L; EYFP-QL) are
co-cultured with DRG neurons and imaged in the presence of 5 mM extracellular iodide. When
GABA is present in the extracellular solution, GABAA channel opening causes |- influx and EYFP-
QL fluorescence quenching. (E) Application of Nal induced bicuculline-sensitive EYFP-QL
quenching only when indicator HEK293 cells are co-cultured with DRG but not in monoculture;
representative traces are shown for each experimental condition. (F) Summary for panel E;
normalized fluorescence intensity is quantified at 200 s of each recording. Kruskal-Wallis ANOVA:
H(2)=33.6, p<0.001; Mann-Whitney post-hoc test: significant difference between indicated
groups, **p<0.01, ***p<0.001 (G) Quantification of the kinetics of the EYFP-QL fluorescence
quenching in experiments shown in E; individual recordings were fit with exponential function and
time constants (t) of the fluorescence decay were analyzed. Mann-Whitney test: U=786, p<0.01.
In E-F, data from three independent experiments for each condition are shown, number of cells
analyzed is indicated above each trace in panel E.
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