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Layer-specific pain relief pathways originating from

primary motor cortex

Zheng Gan', Vijayan Gangadharan't, Sheng Liu®, Christoph Kérber?, Linette Ligi Tan', Han Lit,
Manfred Josef Oswald®, Juhyun Kang?, Jesus Martin-Cortecero®, Deepitha Mannich®, Alexander Groh®,

Thomas Kuner?, Sebastian Wieland?*, Rohini Kuner'*

The primary motor cortex (M1) is involved in the control of voluntary movements and is extensively
mapped in this capacity. Although the M1 is implicated in modulation of pain, the underlying circuitry and
causal underpinnings remain elusive. We unexpectedly unraveled a connection from the M1 to the
nucleus accumbens reward circuitry through a M1 layer 6-mediodorsal thalamus pathway, which
specifically suppresses negative emotional valence and associated coping behaviors in neuropathic pain.
By contrast, layer 5 M1 neurons connect with specific cell populations in zona incerta and periaqueductal
gray to suppress sensory hypersensitivity without altering pain affect. Thus, the M1 employs distinct,
layer-specific pathways to attune sensory and aversive-emotional components of neuropathic pain,

which can be exploited for purposes of pain relief.

he primary motor cortex (M1) controls

voluntary motor behaviors and has been

extensively studied with respect to the

physiological processes and neuronal cir-

cuitry underlying initiation of movement
(1). Unexpectedly, the percept of pain also evokes
responses in the human primary motor cortex
in intracortical recordings and functional neuro-
imaging studies (2). The M1 undergoes plasticity
in chronic pain (3) and interactions between
pain and motor functions are exploited in exer-
cise therapies. However, very little is known
about the neurobiological basis for this puta-
tive, unconventional role for the M1 in modulat-
ing pain perception. Neurostimulation therapies
involving transcranial magnetic stimulation or
transcranial direct current stimulation (tDCS)
over primary motor areas are emerging as at-
tractive alternatives to drug therapy (4). How-
ever, these are limited in clinical utility by high
variability in efficacy, which has been ascribed
to a fundamental lack of understanding of
the underlying circuitry (5, 6). As observed in
human studies, application of anodal tDCS
over the M1 alleviates neuropathic hyper-
sensitivity in mice (fig. S1, A and B) (7), but does
so in a broad manner because diverse adjoining
sensory and prefrontal cortical areas that are
implicated in pain are also vividly coactivated
(fig. S1C).
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With the goal of specifically dissecting the
role of the M1 in pain relief and elucidating its
neurobiological underpinnings, we employed
layer- and cell type-specific optogenetic (8)
and chemogenetic approaches (9) for tempo-
rally controlled and reversible manipulation of
M1 microcircuitry. In mice virally expressing
either the excitatory chemogenetic Designer
Receptor Exclusively Activated by Designer
Drugs (DREADD) hM3Dq (Gq) or mCherry (as
control), the DREADD-stimulating ligand
Clozapine-N-oxide (CNO) (9) was applied be-
fore or after induction of neuropathic pain
in the spared nerve injury (SNI) model (10)
(Fig. 1A and fig. S2A; validation and specificity
of M1 activation shown in Fig. 1B and fig. S2B).
Spatially restricted activation of the M1 hind-
limb cortex across all cellular layers, driving
hM3Dq expression from the murine synapsin
promoter, significantly suppressed peak noci-
ceptive hypersensitivity toward non-noxious
mechanical stimulation (0.07 to 0.6 g; mechan-
ical allodynia, Fig. 1C), whereas similar manip-
ulations in non-neuropathic mice led to no
changes in nociception (fig. S2C, left panel).
Chemogenetically stimulating M1 excitatory
neurons specifically, using the murine Camkllx
promoter (validation of specificity and efficacy
shown in fig. S2, D and E, respectively), reca-
pitulated the specific and beneficial effects on
mechanical allodynia and alleviated hypersen-
sitivity toward 5°C cooling, another hallmark
of neuropathic pain disorders (70) (Fig. 1D and
fig. S2F) without affecting motor behaviors
(fig. S2, G and H). Suppression of mechanical
allodynia was robustly preserved when neu-
ropathic pain was chronically maintained at
8 weeks post-SNI (Fig. 1D). By contrast, chemo-
genetically stimulating the adjoining somato-
sensory hindlimb cortex (STHL) had no impact
on neuropathic pain-related behavior (fig. S3A).

Whether M1 stimulation operates through
modulation of excitatory or inhibitory neu-
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rons has been a topic of much debate (71). Signal
processing and output of cortical microcircuits
is determined by the interplay between excit-
atory pyramidal neurons and diverse classes of
GABAergic interneurons. Parvalbumin-expressing
neurons (PV), the largest class of neocortical
GABAergic neurons, inhibit deep pyramidal
cell layers at the soma, while their distal den-
drites are inhibited by Somatostatin-type
(SOM) GABAergic neurons that also limit the
activity of PV neurons (12). Using cell type-
specific transgenic mouse lines, we observed
that chemogenetic activation of PV neurons
in the M1 markedly exacerbated neuropathic
hypersensitivity (Fig. 1E and fig. S3, B and C),
whereas chemogenetically activating SOM neu-
rons significantly reduced mechanical allody-
nia (Fig. 1E and fig. S3, B and D). Because
DREADD-based cortical activation spans sev-
eral hours at a time and could thus potentially
lead to widespread downstream changes, we
also performed temporally restricted optoge-
netic manipulations using Camkll promoter-
driven expression of Channelrhodopsin (ChR2)
(Fig. 1F). Blue light-induced activation of ex-
citatory M1 neurons precisely coinciding with
the time frame of sensory stimulation acutely
suppressed both mechanical and cold allodynia
in neuropathic mice (Fig. 1F and fig. S4A). Tem-
porally limited optogenetic activation of the M1
also enabled us to conduct experiments in a
real time paradigm in which different operant
chambers with contextual cues were longitu-
dinally paired with either M1 or sham stimu-
lation (fig. S4B). Neuropathic—but not naive—
mice showed real-time conditioned place pre-
ference (CPP) for the chamber paired with M1
stimulation (Fig. 1F, bottom panels). Locomo-
tion was not hampered by Mi-specific manip-
ulations (fig. S3C).

Which M1 cortical layers deliver the re-
quired excitatory output? By employing trans-
genic mice for layer-specific chemogenetic
manipulations, we observed that selective
activation of neither layer 2/3 (Fig. 1G and
fig. S4D) or layer 6 (Fig. 1H and fig. S4E) in-
fluenced nociceptive behaviors in neuropath-
ic mice. By contrast, selectively activating
M1 layer 5 recapitulated the anti-hyperalgesic
effects seen with whole M1 activation (Fig. 11
and fig. S4F). No sex differences were observed
with anti-hyperalgesic effects of activation of
M1 or of the individual layers or downstream
pathways.

We studied acute changes in expression of
the activity marker Fos in neuropathic mice
upon chemogenetic activation of M1 excitatory
neurons (fig. S5A) and matched this information
to the known salient projections of the M1
(13, 14). Amongst the 15 pain-related target
regions analyzed, the periaqueductal gray
(PAG) and the zona incerta (ZI) stood out.
Although the midcingulate and prelimbic cor-
tices also showed changes in Fos, we observed
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Fig. 1. Ml-restricted activation leads to pain relief in neuropathic mice and
reversal of allodynia occurs through layer 5. (A) Chemogenetic activation
strategy for the M1 cortex through hM3Dq (Gq) expression and Clozapine-N-oxide
(CNO) application with spared nerve injury (SNI). (B) M1 chemogenetic targeting
(left) and activation (right; anti-Fos immunohistochemistry). SIHL, primary
somatosensory hindlimb cortex. (C) Mechanical hypersensitivity to von Frey filament

Gan et al., Science 378, 1336-1343 (2022) 23 December 2022

Filament strength (g) Filament strength (g)

force at 4 weeks (4 w) post-SNI (n = 10 mice per group) in CNO-treated Gg- or
mCherry-injected mice (control). (D) Chemogenetic activation strategy for M1
excitatory neurons (left) and reversal of mechanical allodynia (middle) (at SNI

4 w, mCherry: n = 8, Gg: n = 10 mice; at SNI 8 w: n = mCherry: n = 3, Gq:

n =6 mice) and cold allodynia (mCherry: n = 3, Ga: n = 6 mice, F = 1.268,

P = 0.0362). (E) Chemogenetic activation strategy for M1 GABAergic populations
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(left) and effect on mechanical allodynia (right) upon activation of PV neurons
(n = 11 mice per group) or SOM neurons (mCherry: n = 10, Gg: n = 12 mice).
(F) Optogenetic activation strategy for M1 excitatory neurons (left), reversal of
mechanical allodynia (top middle; YFP: n = 6, ChR2: n = 6 mice) and cold
allodynia (top right; n = 8 mice per group); CPP to a chamber paired
with optogenetic stimulation (bottom), shown as heat plots (bottom left,
below) and cumulative time (bottom right; YFP: n = 6, ChR2: n = 8 mice).
(G, H, and I) Layer-specific chemogenetic M1 activation using transgenic

in anterograde viral tracing experiments that
they do not receive direct projections from the
M1 (fig. S5B), suggesting indirect downstream
modulation. We therefore first expressed ChR2
in all excitatory neurons of the hindlimb M1
cortex and optogenetically stimulated M1 pro-
jections to the ZI (electrophysiological valida-
tion in Fig. 2A and fig. S6, A and B) or the
lateral and ventrolateral PAG (IPAG/VIPAG,
electrophysiological validation in Fig. 2B and
fig. S6, C and D), and observed that each can
significantly—but only partly—suppress neuro-
pathic allodynia. Moreover, each was weaker
than stimulation of either the whole M1 or
layer 5 alone, suggesting that these two path-
ways act independently and additively. The ZI
is a subthalamic nucleus that receives dense
nociceptive input through the spinothalamic
tract (15). However, very little is known about
the underlying cellular circuitry and modula-
tion of the ZI by the M1 remains largely un-
explored. ZI neurons are not homogenous in
function but show a high level of specificity
in modulating defensive behaviors, binge eating,
hunting, and sleep, depending upon their neuro-
chemical identity and subdivision into distinct
anatomical sectors (16, 17). We observed that
hindlimb M1 neurons project to the dorsal
(Z1d) and ventral (ZIv) sectors (Fig. 2A), but
not to the rostral and caudal sectors. Tracing
analyses using layer-specific transgenic mice
revealed that hindlimb M1 layer 5 but not
layer 6 neurons project to the ZI (fig. S7, A
and B), consistent with dye labeling analyses
in vibrissae M1 (I7). Keeping tracer bias and
limitations related to viral tropism in mind, we
performed retrograde labeling with Fluorogold
(fig. S7B) or retrograde AAV-YFP virus (Fig. 2C)
injected in the ZI and found labeled layer 5, but
not layer 6, neurons in the M1. The dorsal sec-
tor of the ZI predominantly harbors excitatory
neurons, e.g., nNos-expressing neurons, that
send excitatory projections to the midbrain and
brainstem nuclei, such as the PAG and raphe
nuclei, which gate the modulation of pain. By
contrast, ZIv is overwhelmingly GABAergic in
nature, including PV, SOM, and Tacl subclasses,
and exerts feedforward inhibition in projection
areas, particularly the thalamus (15, 18). A
number of our observations collectively re-
vealed that M1 activation preferentially fosters
output of the ZI to the midbrain and brain-
stem. First, employing a viral strategy that
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specifically enables trans-synaptic labeling of
projection targets with a fluorescent reporter
(validated in fig. S8A) in combination with
viral labeling of GABAergic neurons (Fig. 2D),
we observed that most ZI neurons receiving M1
monosynaptic inputs comprise non-GABAergic
neurons. Coimmunohistochemistry with mark-
er proteins for the PV, SOM, and Tacl popu-
lations further revealed that most of the
neurons receiving M1inputs in the ZId and
ZIv, respectively, do not belong to the afore-
mentioned GABAergic neuron categories (Fig.
2E). Second, optogenetic M1 stimulation in
mice with SNI increased the activity marker
Fos in neurons of the ZId but not in the ZlIv,
and this increase was specific to non-GABAergic
neurons (Fig. 2F). GABAergic neurons overall—
particularly the PV-type GABAergic neurons—
showed a decrease in Fos expression upon M1
stimulation post-SNI (Fig. 2G), suggesting mod-
ulation within local ZI microcircuits.

The PAG has been linked with motor cortex
stimulation-induced analgesia (6). However,
neither causality nor cellular connectivity has
been addressed. We observed that the hind-
limb M1 neurons project densely to the upper
segment of the ventrolateral column (VIPAG)
and the lower segment of the lateral column
(IPAG) (Fig. 2B), but not the dorsal and medial
columns of the PAG. Retrograde labeling from
the 1IPAG and vIPAG using viral transfer- or
Flurogold-labeled M1 neurons (Fig. 2H and
fig. S8B, respectively) only in layer 5 and not
layer 6, which was further validated through
anterograde viral tracing in layer-specific
transgenic mice (fig. S7A). Optogenetically
activating projections of layer 5 M1 neurons
to the IPAG and VIPAG robustly attenuated
mechanical allodynia in neuropathic mice (Fig.
21 and fig. S9A). Optogenetic stimulation of the
M1 layer 5-PAG pathway increased Fos expres-
sion significantly in both GABAergic neurons
(fig. S9B) and non-GABAergic neurons (Fig. 2J)
of the IPAG-VIPAG. Trans-synaptic labeling (see
Fig. 2D) revealed that more than 80% of the
IPAG-VIPAG neurons receiving direct synaptic
inputs from the M1 are non-GABAergic in
nature in SNI mice (Fig. 2K). In the VIPAG,
chemogenetic activation of excitatory neurons
inhibits nociception, whereas activation of
GABAergic neurons facilitates nociception (19).
Our data thus suggest that M1 layer 5 activa-
tion shifts the neuronal excitation-inhibition
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mice targeting layer 2/3 [(G) Cux2-Cre, n = 8 mice per group], layer

6 [(H) Ntsrl-Cre, n = 10 mice per group), and layer 5 [(I) Rbp4-Cre,

n =10 mice per group], expression areas [(left panels in (G) to ()] and
mechanical allodynia [(right panels in (G) to (I)]; P < 0.05 for Gq curves
for layer 5 versus layer 2/3 and layer 6. Analysis of variance (ANOVA) for
random measures followed by post-hoc Sidak's test. * represents P < 0.05;
exact F and P values for all groups are given in table S1. Data are shown as
mean + standard error of the mean (SEM).

balance in the vIPAG toward increased activa-
tion. Optogenetic activation of the M1 layer
5-PAG pathway or the M1 layer 5-ZI pathway
did not affect motor behaviors in neuropathic
or uninjured mice (fig. S9, C to E, and movies
S1to S3) or elicit CPP in uninjured mice (fig.
S9G). Retrograde viral labeling with dual con-
structs revealed that most M1 projections to
the ZI and vIPAG are collaterals (fig. SI0OA) and
transsynaptic anterograde tracing showed
that both 1PAG/VIPAG neurons and ZI neu-
rons that receive M1 inputs project to areas
such as the locus coeruleus (LC) and rostral
ventromedial medulla (RVM) that are involved
in descending modulation of spinal nocicep-
tion, in addition to diverse other functions (fig.
S10, B and C). It has been proposed that the
PAG-RVM pathway enhances descending inhi-
bition of nociception, whereas PAG neurons
projecting to the locus ceruleus—which can be
specifically identified through expression of the
signaling enzyme PLCP4—suppress descend-
ing analgesic pathways (20) (Fig. 2L, left panel).
Although PLC[4-expressing neurons were abun-
dant in IPAG-VIPAG, they constituted less than
10% of neurons that were trans-synaptically
labeled from incoming M1-PAG projections
(Fig. 2L, middle and right panels). Further-
more, whereas optogenetic M1 stimulation in
neuropathic mice led to a significant increase
in Fos expression in PAG neurons receiving
direct synaptic inputs from the M1 (Fig. 2J),
the proportion of PLCp4-expressing neurons
showing Fos expression decreased significantly
(Fig. 2M).

How does M1 activation reduce negative
emotional valence in neuropathic pain? Opto-
genetic activation of the M1-ZI, M1-PAG, or M1
layer 5-PAG pathways did not reproduce the
CPP phenotype (Fig. 3A) displayed by neuro-
pathic mice with optogenetic stimulation of
the entire hindlimb M1 (see Fig. 1F). Layer 6 of
the M1 densely projects to diverse thalamic nuclei
(13), and the mediodorsal thalamus (MD) is an
important station that relays ascending sen-
sory inputs related to the aversive component
of pain to prefrontal and limbic cortices (2I).
We therefore studied M1 connectivity with the
MD in detail using anterograde (Fig. 3B and
fig. S11A) viral tracing experiments and noted
that layer 6 of hindlimb M1 predominantly
targets the lateral domain of the MD (MDy). By
contrast, the MDy, does not receive inputs from
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Fig. 2. M1 layer 5 projections to specific neuronal populations in the ZI
and PAG inhibit neuropathic mechanical allodynia. (A and B) Optogenetic
stimulation of M1 excitatory neuron projections to ZI dorsal (ZId) and ventral
(ZIv) domains (A) or to PAG lateral (IPAG) and ventrolateral (VIPAG) columns
(B). Shown are schematics (left panels), labeled projections (middle panels),
and impact on mechanical allodynia (right panels) for the ZI [(A) YFP: n =9,
ChR2: n = 13 mice] and PAG [(B) YFP: n = 5, ChR2: n = 7 mice]. (C) Strategy
(left) for retrograde labeling of M1 layer 5 neurons (right) after injection

in ZI (middle). (D) Strategy (left) for viral trans-synaptic YFP labeling of ZI
neurons receiving M1 afferent projections (middle) and analysis of non-
GABAergic neurons [(right) (n = 3 mice per group)]. (E) Immunohistochemical
characterization of trans-synaptically YFP-labeled ZI neurons receiving M1
afferent inputs (n = 3 mice per group). (F) Fos expression in GABAergic neuron
reporter mice in ZI domains (right) upon optogenetic activation of M1 excitatory
neurons [(left) (n = 3 mice per group]. (G) Fos expression upon optogenetic

layer 5 of the M1 (fig. S11B). Upon expressing
ChR2 in either the entire hindlimb M1 (Fig. 3C
and fig. S1IC) or selectively in layer 6 using a
specific transgenic mouse line (Fig. 3D) and
optogenetically activating projections specifically
in the MDy, (electrophysiological validation in
fig. S11D), neuropathic mice developed significant
CPP without any change in sensory hyper-
sensitivity (Fig. 3, C and D, and fig. S11, E and F).

Given that the rostral anterior cingulate
cortex (rACC) plays a role in the aversive com-
ponent of pain (21), it was reasonable to expect
that the layer 6-MD;, pathway targets the rACC
to alleviate pain affect in neuropathic mice.
However, a number of observations revealed
that this is unlikely to be the case. First, dual
multisite labeling revealed that the M1 layer
6 projection zone in the MD and the MD
domains retrogradely labeled from the rACC
do not overlap with each other (Fig. 3E and
fig. S12A). Secondly, anterograde labeling re-
vealed that the MD;, domain of the MD makes
denser connections with other neocortical do-
mains, such as the M2, as compared with the
rACC (fig. S12B). Third, trans-synaptic tracing
in mice with virally labeled GABAergic neu-
rons revealed that MD;, neurons receiving direct
inputs from M1 layer 6 are almost exclusively
non-GABAergic (Fig. 3F); in support, Fos map-
ping experiments indicated that optogenetic
activation of M1 layer 6 enhances activity in
non-GABAergic neurons of the MDy, (fig.
S12B). However, optogenetic activation of
excitatory connectivity from the MD to the
rACC evokes aversion (22), as opposed to the
anti-aversive effects upon activating M1 layer
6-MD connectivity.

We therefore further studied the projections
emerging from the MD; and found sparse
termination zones in the prelimbic cortex and
the basolateral amygdala (fig. S12C) and dense
terminations in the nucleus accumbens (NAc)
(Fig. 4A). In Fos labeling experiments, the NAc,
but not the prelimbic cortex or basolateral
amygdala, demonstrated changes upon opto-
genetic stimulation of layer 6 M1 neurons
(fig. S12D). Thalamic control of the NAc from
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the paraventricular thalamus represents one
of the most salient and functionally well-
characterized input pathways into the NAc,
which is linked to expression of aversive beha-
viors (23). By contrast, although large scale
connectivity analyses on the NAc include inputs
from the MD, they have not been functionally
interrogated thus far. Our anterograde tracing
experiments demonstrated that the MD;, robustly
targets the core region of the NAc (NAcC) (Fig.
4A), with sparser connections to the shell (INAcSh)
also noted in more medial areas (fig. S12E).
More than 90% of NAc neurons are GABAergic
medium spiny neurons (MSNs), with a much
smaller proportion of local cholinergic inter-
neurons. Using a combination of trans-synaptic
viral labeling in transgenic mice with labeling of
dopamine receptor D1- or D2-types of GABAergic
MSNs using specific transgenic mouse lines
(Fig. 4B and fig. S13A), we observed that the
MD;, targets both D1- and D2-types of MSNs
in the NAc, with a higher density of D2-type
MSNs receiving MDy, inputs being observed
(Fig. 4B). In patch clamp recordings on MSNs
in NAcC, optogenetic terminal stimulation of
MD;-NAcC projections in the NAcC evoked
excitatory glutamatergic currents, which are
consistent with direct synaptic input (Fig. 4C),
thus demonstrating that MD;-NAcC connec-
tions are functional and capable of modulating
the activity of NAcC MSNs. In vivo evidence for
functionality of this pathway was given by fiber
photometry imaging experiments, in which
were expressed the genetically encoded cal-
cium indicator GCaMP7.0f in NAc and red-
shifted excitatory opsin ChrimsonR in the MDy,
(Fig. 4D, left panel). In vivo optogenetic stimu-
lation of MD;, neurons in awake mice induced
acute bulk calcium transients in NAc (Fig. 4D,
middle panel, and fig. S13B). Upon longitudinal
testing, all tested mice demonstrated a trend
for decreased bulk calcium transients evoked
by MD; -NAc pathway stimulation 1-week post-
SNI, when peak neuropathic pain is estab-
lished. However, reduction in peak amplitude
did not reach statistical significance (Fig. 4D, right
panel). Finally, to test the in vivo functional sig-
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stimulation of the M1-ZI projections (n = 3 to 4 mice per group). (H) Strategy
[left for labeling of M1 layer 5 neurons (example on right)] retrogradely

after viral injection in IPAG/VIPAG (example in middle). (I and J) Strategy [(1)
(left)] for optogenetic stimulation of excitatory M1-IPAG/vIPAG projections

and impact on mechanical allodynia [(1), right; YFP: n = 10, ChR2: n = 8 mice]
and on Fos expression in IPAG/VIPAG [(J) n = 3 mice per group]. (K) Strategy
[(left) viral trans-synaptic YFP labeling of PAG neurons receiving M1 afferent
projections (middle) and proportion of non-GABAergic neurons (right)] (n =

4 mice per group). (L and M) Further characterization of trans-synaptically
labeled PAG neuron populations receiving M1 afferent input using anti-PLCB4
immunohistochemistry [(L) n = 3 mice per group] and Fos expression upon
optogenetic stimulation of the M1-PAG pathway [(right) n = 3 mice per group].
In statistical analyses for [(A), (B), and (I)]: ANOVA for random measures followed
by post-hoc Sidak's test was performed, for [(F), (G), (J), and (M)]: a two-tailed
unpaired t test was performed. * represents P < 0.05.

nificance of the MD; -NAc pathway—particularly
its relevance to alleviation of neuropathic pain
upon M1 activation—we performed behavioral
experiments integrating a trans-synaptic opto-
genetic approach enabling specific activa-
tion of terminations in the NAcC of only MDy,
neurons receiving direct inputs from the M1
(scheme shown in Fig. 4E, left panel, and fig.
S13C). Activating this novel M1-MD;-NAcC
pathway led to CPP in neuropathic mice (Fig. 4E,
middle panels), but not in baseline conditions
in uninjured mice (fig. S13D), without affect-
ing neuropathic sensory hypersensitivity (Fig.
4F, right panel, and fig. S1I3E) or motor be-
haviors (fig. S13, F and G). To consolidate these
findings with additional analyses of pain-
related negative valence, we performed pro-
longed application of a strong pinch stimulus
in uninjured mice (Fig. 4F) (24) and studied
coping behaviors comprising attending and
escape-related behaviors in video monitor-
ing experiments (movie S4). Chemogenetic
activation of whole M1 or optogenetic activa-
tion of the M1 pathways to ZI, PAG, or MD; -
NAcC did not alter coping behavior during
pinch application (clip on, Fig. 4F, left panel),
whereas only activation of the M1-MD;-NAcC
pathway significantly reduced ongoing pain-
related coping behaviors persisting after re-
moval of the noxious stimulus (clip off, Fig.
4F, right panel, and movies S5 to S7). In mice
with nerve injury, only activation of the M1-
MD; -NAcC significantly reduced cold allodynia-
related coping behaviors to a 3°C cold stimu-
lus (Fig. 4G and movies S8 to S10). Analysis
of baseline and noxious stimulus-induced
Fos expression in conjunction with cell type-
selective neuronal markers (24, 25) revealed
that neurons involved in ascending relay of
noxious information or descending modu-
lation of spinal nociception are differentially
affected by activation of the individual M1 path-
ways projecting to the ZI, PAG, or MD;-NAcC
(see Supplementary note 1 for details; figs. S14¢
and S15).

These results uncover a notable functional
dichotomy of circuit connectivity of layer 5 and
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Fig. 3. Activation of M1 layer 6 neurons specifically reduces negative
affective valence in neuropathic pain through projections to the mediodorsal
thalamus. (A) Lack of CPP following optogenetic stimulation of M1-ZI
projections, M1-PAG projections, or layer 5 M1-PAG projections. Shown are
heat plots of time spent in an optogenetic stimulation-paired chamber (top) and
the respective quantitative summary (bottom) [(left) YFP: n =9, ChR2: n =

13 mice, (middle) n = 9 mice per group, (right) n = 7 mice per group).

(B) Strategy (left) for viral anterograde tracing of M1 layer 6 projections to the
lateral mediodorsal thalamus [MD, (middle)] using Ntsrl-Cre mice. (C and D)
Impact of optogenetic stimulation of M1 projections to the MD (C) or specifically
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of M1 layer 6 projections to the MD, (D) on neuropathic mechanical allodynia
(n =810 9 mice per group) and CPP (YFP: n = 5 to 7, ChR2: n = 8 mice).

(E) Schematic (left) and examples (right) demonstrating lack of convergence
within the MD, (middle) of M1-MDy afferents labeled anterogradely from M1 layer
6 neurons (red in left image) and efferents from the MD to the rACC labeled
retrogradely from the rACC (green in right image) (n = 4 mice). (F) Viral
trans-synaptic YFP labeling of MD neurons receiving M1 afferent projections
(middle) and analysis of non-GABAergic neurons [(right) n = 3 mice per group);
AAV-BFP was injected as a local targeting control. ANOVA for random measures
was performed followed by post-hoc Sidak’s test. * represents P < 0.05.

layer 6 pyramidal neurons of the hindlimb
M1 in regulating two distinct components
of pain (fig. S16). The study identifies the ZI
as an important target of M1-mediated corti-
cal control of nociceptive hypersensitivity,

Gan et al., Science 378, 1336-1343 (2022)

particularly by strengthening excitatory out-
puts to the descending nociceptive modu-
latory centers, such as raphe nuclei and the
PAG. Neuropathic pain involves both a deple-
tion of ZI activity (26) and a loss of descending

23 December 2022

bulbospinal inhibitory control of nocicep-
tion through the PAG. The implication of our
findings is that in neuropathic conditions M1
activation can restore balance in the ZI and
the PAG through layer 5 pathways and thus

6 of 8



RESEARCH | REPORT

A M1-MDL-NAc afferents

B AAV-DIO-mCherry

MD-NAc trans-synaptically labeled neurons

m D1+
AAV-FlIp AAV-mDIx-mRuby AAV-DIO-YFP _ AAV-Flp 100 1 = D2+
. 9
v 5% 75
j=ye)
¢ . £ 3 50
& , gc
,, : <] 8 25
| v o =
NA Sh b2 S8 [m]
N c 100 pm 4 A i 0 © o8
= . : m VFP maDi+ =mYFP mmD2r F
WT mice D1/D2-Cre mice
C MDL-NAcC projections D MDL-NAc fiber photometry P=0.0609
AAV-CamKlla-ChR2-YFP Fiber e light -
AAV-DIO- Blue light CNQX 150 photometry e °3
mCherry z o light 15 B gog o
o =
y 21001 o, 32 \
y e ©
/ sl T s
= c
& i MDL g 50 S
\ sopAl__ < | .
= 100 ms 0 GCaMP7f ChrlmsonR (,\\&o f'oe\
GAD-Cre mice WT mice Time (s) &

E M1- MDL-NAcC projections Mechanical sensitivity CPP == = Basal
AAV-Cre  AAV-DIO-ChR2-YEP 100- SNI 4 w Blue light-paired chamber B = Post-test
AAV-BFP  or AAV-DIO-YFP Basal Post-test 1200 *

. Bluelight & 807 B B
= m}
£ 601 n.s. o § 8oy i
) = = n
: 8 401 > £e g o
5 S 3 400
5 @ 201 o YFP 2 E
// K o ChR2 o £ 5 2007
T 0 A o> © O < £
RS
Q =
. S QQQ NN ) = o-
WT mice Filament strength (g) YFP  ChR2
F Pinch-induced coping behavior mm mCherry/YFP =8 Gg/ChR2 G Cold allodynia-related coping behavior
During acute pain with clip on Tonic onging pain after clip off 601 * n.s n.s *
307 N.S. Ns. . ns. ns. 154 Ns. ns. ns. X < ° °
—_ ° —_ o o o
2 @ o S 40- . ©
g oo ° 5 5 c , m mCherry/YFP
2 20 - o0 <104 0 5 5 3 m Gg/ChR2
(] © a] o o ]
< 5 o o o € 204
g g Q u] 3 DDD 8-
2 10' ﬁ 2% i S
a Q 0-
o Q i N
O & Q

o 0- 0. - . N4 & ,\> X o ﬁ S

o e % O & & &8 & S

Q\ Q\ ﬂ) V‘\Q‘?‘ \,@ Q\ @N f\> @\Q‘?Q \,@ YS'Q
N SRR SNI1w

Fig. 4. Unraveling of a functional M1-MD, -nucleus accumbens (NAc) pathway
alleviating negative affective valence in neuropathic pain. (A) A trans-synaptic
viral labeling approach for identifying efferent connections of MD, neurons
receiving direct input from M1 layer 6 neurons (schematic on the left), which reveal
the NAc core (NAcC) as a major target and parts of the NAc shell (NAcSh) (example
image on right). (B) Virally mediated trans-synaptic YFP labeling of neurons in the
NAcC and NAcSh receiving afferent projections from the MDy_ (left) and their
subdivision into D1- and D2-expressing populations using D1-Cre and D2-Cre mice
(middle) and quantification [(right) n = 5 sections per group]. (C) Patch clamp
recordings of activity of NAc GABAergic MSNs in brain slices upon optogenetic
stimulation of MD_-NAcC projections with strategy (left), example traces [(middle)
blocked by glutamate receptor channel antagonist CNQX] and quantification [(right)
n = 8 cells from 3 mice.] (D) In vivo fiber photometry recordings of calcium

Gan et al., Science 378, 1336-1343 (2022) 23 December 2022

transients through GCaMP7f imaging in the NAc upon ChrimsonR-mediated
optogenetic stimulation of MD_-NAc projections longitudinally across baseline
(control) and post-SNI conditions with strategy (left), example traces (middle), and
quantification [(right) n = 4 mice)]. (E) Optogenetic stimulation of MD_-NAcC
efferent projections specifically originating from MD, neurons receiving M1 afferent
inputs (left) and impact on mechanical allodynia (n = 7 mice in the YFP group and
9 mice in the ChR2 group) and CPP in neuropathic mice (YFP: n =7, ChR2: n =9 mice).
AAV-BFP: injection control. (F and G) Changes in coping behaviors during [(F) left]
and after [(F) right] prolonged pinch in uninjured mice and in relation to cold
allodynia in neuropathic mice (G) upon chemogenetic M1 activation or optogenetic
stimulation of M1 pathways as indicated. In [(E), (F), and (G)], ANOVA for random
measures followed by post-hoc Sidak's test was performed; for (D), a one-tailed
paired t test was performed. * represents P < 0.05.
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aid in regaining normal nociceptive sensi-
tivity by controlling both ascending and de-
scending information flow in somatosensory
nociceptive pathways (fig. S16). Confound-
ing motor effects upon activation of M1 layer
5-corticospinal projections, which activate
spinal motor neurons, are unlikely given lack
of changes in motor behaviors in optogenetic/
chemogenetic experiments and lack of effect
on baseline paw withdrawal in the absence
of neuropathy.

The elucidation of a previously unknown
M1 layer 6-MD; -NAcC pathway in this study
demonstrates that modulation by the pri-
mary motor cortex is not restricted to sensory-
motor circuitry controlling spinally mediated
nociceptive reflexive behaviors but is also a
major regulator of emotional processing. Al-
though the classical view postulates antago-
nistic roles for D1 and D2 neurons in reward
and aversion, more recent studies have re-
vealed a more complex role for both D1 and
D2-expressing NAc neurons in motivated be-
haviors depending upon context, early ver-
sus persistent phases, and type or origin of
afferent input (27, 28). D2-expressing MSNs
undergo long-term depression through de-
pletion of excitatory inputs in neuropathic
pain conditions (29). There is mounting evi-
dence for depletion of dopamine as well as
disbalance between D1- and D2-MSN activ-
ity in the NAc in chronic pain states (30).
Our observation that MDy, neurons receiving
excitatory inputs from the M1 can stimulate D1
and D2 neurons through glutamatergic trans-
mission thus opens up the possibility that M1
activation can bypass the accumbal dopamine
deficit and restore balance in the dysregulated
MSN circuitry in neuropathic pain conditions,
a hypothesis which requires detailed testing.
Both layer 5- and layer 6-derived pathways
to the ZI/PAG or MD; -NAcC did not impact
normal nociception in the absence of injury,
suggesting that this level of control specifi-
cally emerges in neuropathic pain conditions

Gan et al., Science 378, 1336-1343 (2022)

and will not hamper the protective function
of physiological pain. These insights, coupled
with our observation that chronically estab-
lished neuropathic pain can be reversed by
activation of layer 5/layer 6-dependent path-
ways, will help provide insights for developing
and improving neurostimulation therapies for
optimal pain control.
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Layer-specific pain relief pathways originating from primary motor cortex
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Motor cortex modulates pain perception

The main function of the primary motor cortex is to initiate movements and to control voluntary motor behavior.
Unexpectedly, the perception of pain also evokes motor cortical responses. However, very little is known about

the neurobiological basis for this unconventional role of the motor cortex in modulating pain perception. Gan et al.
investigated the neuronal pathways and mechanisms involved in the modulation of sensory and affective components
of pain after selective stimulation of the mouse motor cortex. Extensive viral tracing and mouse genetics, combined
with chemo- and optogenetic approaches, revealed that although activation of layer 5 neurons reversed allodynia

in neuropathic mice, the specific activation of neurons in layer 6 of the primary motor cortex reduced the aversive
component of pain. —PRS
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