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Neuropathic pain involves complex cortical mechanisms, yet the role of the medial secondary visual
cortex (V2M) remains poorly understood. We hypothesized that glutamatergic neurons in V2M (V2M®")
contribute to pain modulation and explored their functional involvement in both normal and
neuropathic pain states. Here, we found that V2M®" could be activated by peripheral stimulation under
normal conditions. Optical inhibition or activation of unilateral V2M®" respectively decreased or
increased bilateral nociceptive sensitivity, with activation also inducing aversive emotions. Tracing
experiments revealed that V2M®" sends dense synaptic projections to the lateral posterior thalamic
nucleus (LP) and lateral dorsal thalamic nucleus (LD). Notably, only optical manipulation of V2M®"
terminals in LP, rather than LD, affected bilateral pain perception. Following partial sciatic nerve
ligation (PSL), V2M®" exhibited hyperactivity, including increased spontaneous spike frequency and
heightened responses to stimulation. Inhibiting V2M®" alleviated PSL-induced mechanical allodynia,
thermal hyperalgesia, and negative affective states related to pain. Inhibition of V2M®" terminals in LP
mitigated neuropathic pain. Here, we identified V2M®" and its circuits to LP as part of the endogenous
pain modulatory network, hyperactive after peripheral nerve injury and contributing to neuropathic
pain. Our findings support targeting V2M®" and related circuits as potential therapeutic strategies for
neuropathic pain.

Neuropathic pain, a chronic condition stemming from damage to the
somatosensory nervous system, affects a substantial segment of the
population™”. Characterized by spontaneous pain, dysesthesia, hyperalgesia,
and allodynia, it often coexists with anxiety and depression, severely com-
promising patients’ quality of life*. Conventional analgesics frequently
provide limited relief and can produce intolerable side effects’. Consequently,
deeper insights into the pathogenic mechanisms of neuropathic pain to
identify new strategies and therapeutic targets are ungently demanded.
Extensive research has revealed that neuronal sensitization in the
peripheral and central nervous system (CNS) contributes to the develop-
ment of neuropathic pain. Within the CNS, nerve injury-induced plasticity
changes always occur in cortical and subcortical regions, affecting diverse

neural circuits that are involved in the initiation, maintenance and mod-
ulation of pain. For instance, studies have identified that specific modulation
of different subregions within the midcingulate cortex (MCC) can bidir-
ectionally regulate pain sensitivity”. Nuclei, located in the prefrontal cortex
and posterior insular cortex, are believed to participate in the spatial dis-
crimination and intensity encoding of pain perception”®. Moreover, mag-
netic resonance imaging has shown significantly enhanced activity in the
somatosensory cortex and cingulate cortex in patients with neuropathic
pain’. Beyond the nociceptive aspect, persistent pain also induces negative
emotions and comorbid affective disorders, such as anxiety and depression,
which are also connected to the function of anterior cingulate cortex and

anterior insular cortex'®".
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Recent research has broadened to sensory-processing regions like the
visual cortex as potential targets for non-invasive pain therapies. Photo-
therapy, particularly green light exposure, has relieved pain in fibromyalgia
and migraine patients'". Bright light treatment exhibits antinociceptive
effects in mice by activating the retina-vLGN/IGL-1/vIPAG pathway". Our
previous work established that the ventral lateral geniculate nucleus (VLGN)
differentially modulates neuropathic pain: green light-activated VLGN
glutamatergic neurons produce analgesia, while red light-activated
GABAergic neurons induce hyperalgesia”’. Based on these findings, we
hypothesize that the visual cortex and its associated neural circuits play a
significant role in pain modulation. In addition, studies report enlarged V2
volumes and enhanced nociceptive-driven blood flow in neuropathic
models, as well as stronger connectivity between V2 and somatosensory
areas. In non-human primates with trichromatic vision, neuron clustering is
more pronounced in V2 than the primary visual cortex (V1), suggesting a
peak density of cells responsive to green hues'. In migraine patients, V2
shows significantly stronger connectivity with the primary (S1) and sec-
ondary (S2) somatosensory cortices'’. Additionally, the medial area of V2
(V2M) is involved in translating visual input into motor actions, and its
functional connectivity with the periaqueductal gray (PAG) increases
during visual-induced analgesia, hinting at its modulatory role in pain'®".
Despite these observations, the precise role of V2M and its circuits in the
modulation of neuropathic pain remains largely unexplored. This study
aims to investigate the functional involvement of glutamatergic neurons in
V2M, focusing on their contribution to pain perception and emotional
responses to pain, and to elucidate the underlying neural mechanisms that
may offer new therapeutic targets for neuropathic pain.

In this article, we report that V2M®" becomes hyperactive following
peripheral nerve injury, contributing to neuropathic pain. These neurons
facilitate pain perception through corticothalamic projections to the LP, but
not the LD. This finding clarifies the role of V2M (V2M®") in neuropathic
pain and provides new potential targets for precise clinical interventions.

Results

Nerve injury activates glutamatergic neurons in the V2M

To investigate whether V2M are involved in pain processing, we examined
the c-Fos expression, a well-validated marker of neuronal activation”, in the
visual cortical regions, including the V1, the lateral and medial of V2 (V2L
and V2M), and the retrosplenial agranular cortex (RSA) on day 14 after
sham or PSL surgery. The results showed a pronounced upsurge of c-Fos
expression within the V2M, compared to the sham group, but no significant
change in the V1, V2L, or RSA in the PSL group (Fig. 1A-C). Intense c-Fos*
neurons identified in the V2M were highly overlapped with CaMKIIa
(Fig. 1D, E), indicating that the majority of nerve injury-activated neurons in
V2M are glutamatergic neurons (V2M®"). Then, we have conducted in vivo
single unit recording of V2M®" in anesthetized mice, with or without a
pinch stimulus to the hind paw of mice. Characteristic neuronal discharge
was used to distinguish glutamatergic neurons (Fig. 1F). The recording
results showed that the spontaneous spikes firing rates of V2M™ were
increased following PSL surgery (Fig. 1G). Three distinct response patterns-
activating, inhibiting, and no response of V2M" to noxious pinch stimu-
lation were observed. As for the sham group, around half of the V2M® were
activated by pinch stimuli, resulting in a heightened average firing rate of all
recorded V2M" during noxious stimulation (Fig. 1H-]). Notably, a greater
proportion ( ~ 67%) of recorded V2M®" neurons were activated by pinch
stimuli in PSL mice, leading to a significant elevation of the average spike-
firing frequency during noxious stimulation (Fig. 1H-J). These findings
suggest that V2M® is responsible and sensitive to peripheral noxious sti-
muli under both physiological conditions and chronic pain. Following
sciatic nerve injury, V2M®" behave hyperactivated and exhibit an enhanced
responsiveness to noxious stimuli.

To further determine whether V2M®" is involved in pain processing,
we examined the activity of V2M" by fiber photometry, between control
and PSL animals. We microinjected AAV-CaMKIIa-GCAMP6s-eYFP into
the V2M and used a calcium imaging fiber recording system to monitor the

real-time neuronal activity of V2M®" in the awake C57BL/6 mice
(Fig. 2A, B). In the PSL group, the calcium signal of V2M® showed a
pronounced elevation in response to hind paw pinch, von Frey hairs and
hargreaves stimulations (Fig. 2C-H). In contrast, unlike the results from
single-cell recordings, the V2M® from sham group did not exhibit any
evident changes in calcium signaling with peripheral noxcious stimuli.
These results indicate that after nerve injury induced by PSL surgery, V2M®"
becomes hyperactivated, with responding to noxious stimuli, including
mechanical and thermal stimuli, and may play a vital role in neuro-
pathic pain.

Selective activation of V2M®" promotes pain under physiological
conditions

Next, optogenetic modulation was used to investigate the regulation of
V2M® activity on abnormal nociception. AAV-CaMKIla-eArch3.0-eYFP
virus selectively targeting glutamatergic neurons was infused into the V2M
(Fig. 3A). The functional transduction of virus in these neurons was verified
by the co-localization of eYFP with CaMKIIa and the reduction of firing by
yellow laser illumination (Fig. 3B, C). The results showed that selective
inhibition of V2M ™ with yellow light significantly increased the mechanical
withdrawal threshold and thermal withdrawal latency of the bilateral hind
paw of intact naive mice (Fig. 3E, F). However, in the RTPP test, there was no
different of the time that mice spent between the yellow light-paired and
unpaired box (Fig. 3G, H). These results indicates that the inhibition of
V2M" activity suppressed the nociceptive perception in naive animals, but
does not induce any place preference (rewarding) or avoidance (aversive)
emotions.

Then, we examined the effect of V2M®" activation on pain and mood
status by using AAV-CaMKIIa-ChR2-eYFP virus, which was verified by the
increase of neuronal firing on blue laser illumination (Fig. 3D). As expected,
the results showed that optical activation of V2M™ decreased the
mechanical withdrawal threshold and thermal withdrawal latency of the
bilateral hind paw (Fig. 31, J), indicating a pain facilitation in naive mice.
Moreover, different from the effect of inhibition by yellow light, activation of
these neurons by blue light induced place avoidance to the light-paired
chamber (Fig. 3K, L), supporting that V2M™ activation induced pain-
associated negative mood under physiological conditions.

Selective inhibition of V2M®" relieves neuropathic pain

As mentioned above, the firing rate of V2M® significantly, as well as cal-
cium signaling, responsively increased, and more V2M" was activated by
noxious stimuli in the PSL mice, indicating a hyperactivity of V2M®" after
nerve injury (Fig. 1). To determine the role of hyperactive V2M®" in neu-
ropathic pain, we further investigated the effect of specific manipulation of
V2M® on neuropathic pain. First, AAV-CaMKIIa-eArch3.0-eYFP virus
was injected into the V2M where the soma of V2M® located, and PSL
surgery was performed three weeks later (Fig. 4A, B). Yellow light was
appliecated into the V2M and the behavioral results showed that, in com-
parison to the control group, light-induced inhibition of V2M® activity
reduced mechanical allodynia and thermal hyperalgesia, evidenced by a
notable rise in mechanical withdrawal threshold and thermal withdrawal
latency in both hind paws on D7 and D14 (Fig. 4C, D), which indicates that
hyperactive V2M® following nerve injury contribute to neuropathic pain,
and thus their inhibition has a therapeutic effect. Notably, in the CPP test, we
observed that optical inhibition of V2M®" induced place preference in
neuropathic mice (Fig. 4G-I), suggesting hyperactive V2M®" neurons may
be involved in the negative emotions that are associated with continuous
spontaneous pain after sciatic nerve injury.

Conversely, further experiments showed that activation of V2M™
using blue laser light did not affect bilateral mechanical withdrawal
threshold and thermal withdrawal latency in neuropathic mice treated with
AAV-CaMKIla-ChR2-eYFP virus that targeting glutamatergic neurons
(Fig. 4E, F). Similarly, the CPP test revealed no changes either in the time
spent in the chamber associated with blue light (Fig. 4G-I). These findings
suggest that optical activation of hyperactive V2M" following nerve injury
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Fig. 1 | The V2M®" is hyperactive following PSL. A Timeline of experimental
procedure. B Photomicrographs showing c-Fos™ expression in the visual cortex.

C The number of c-Fos™ cells in RSA, V2M, V1 and V2L in sham and PSL mice.n =6
mice. D Photomicrographs showing the co-localization of c-Fos* with CaMKIla
(left) and GABA (right) in the V2M. E Percentage of c-Fos* neurons co-labeled with
CaMKIla or GABA. n = 5 mice. F Schematic drawing of the electrode placement
(left) in the left V2M and the waveform and autocorrelation of a representative
glutamatergic neuron (right). G Firing rates of spontaneous firing in sham and PSL
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mice. 7 = 40 from 10 mice. H Proportion of V2M®" that showed increase, decrease
and no change in firing frequency upon hind paw pinch stimulation in sham and PSL
mice. I The heatmaps of firing frequency in sham or PSL mice pre, during and post
pinch stimuli. J Firing frequency of V2M" pre and during pinch stimulation in
sham and PSL mice. n = 48-51 from 10 mice. Significance was calculated by means of
t-test in C, E, G; one-way ANOVA with Tukey’s post hoc test in J. *p < 0.05,

**p < 0.01and ***p < 0.001, respectively, sham versus PSL, pre or post versus pinch.
#p < 0.05, sham pinch versus PSL pinch. All data are presented as mean + SEM.

with the current parameters neither exacerbate pain-like behiviours, nor the
associated aversions.

Projection to the LP mediate the pain modulatory role of V2M®"

Numerous studies have reported that projections from the cortex to the
thalamus are involved in the modulation of pain**>. We then set out to
determine whether the pain modulatory role of V2M®" is fulfilled by any of
these corticothalamic projections. Anterograde virus AAV-CaMKIla-
Arch-EYFP was first injected into the V2M. Three weeks later, EYFP
were observed in the thalamus, including LD and LP (Fig. 5), indicating a
glutaminergic innavation from V2M to both LD and LP.

Considering the key position of LP and LD in pain signals transmission
and modulation, we postulated that V2M®" might modulate pain by pro-
jecting to the LP and/or LD. Therefore, we selectively manipulated the
glutamatergic circuits from the V2M to LP and LD, respectively, to dissect
their roles in pain modulation. AAV-CaMKIla-eArch3.0-eYFP or AAV-
CaMKIIa-ChR2-eYFP virus that selectively targeting glutamatergic neu-
rons was infused into the V2M and the optical fibers were implanted into LP
and LD to selectively manipulate the V2M®"-LP (Fig. 6) and V2M““-LD
circuits in naive animals (Fig. 7). As expected, the results showed that
selective optical inhibition of glutamatergic axon terminals from V2M to LP
significantly elevated the mechanical pain threshold and thermal
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Fig. 2 | The V2M®" is excited by peripheral noxious stimulation. A Schematic
drawing of the fiber photometry setup and different kinds of stimuli applied on the
hind paw. B Schematic and photomicrograph showing of the AAV-CaMKIIa-
GCaMP6s-EYFP injection in V2M. Bar = 500 um. C Peri-event plot and heatmaps of
GCaMP6s AF/F after hind paw pinch stimuli. D Peak AF/F while pinch stimulation
delivered of sham and PSL mice. n = 4. E Peri-event plot and heatmaps of GCaMP6s
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AF/F after hind paw von Frey stimulation. F Peak AF/F while von Frey stimulation
delivered of sham and PSL mice. n = 4. G Peri-event plot and heatmaps of GCaMP6s
AF/F after hind paw hargreaves stimulation. H Peak AF/F while hargreaves stimu-
lation delivered of sham and PSL mice. n = 4. Significance was calculated by means of
t-testin D, F, H. **p < 0.01 and ***p < 0.001, respectively, sham versus PSL. All data
are presented as mean + SEM.

withdrawal latency of the bilateral hind paws in naive mice (Fig. 6A-C). By
contrast, selective optical activation of glutamatergic axon terminals from
V2M to LP significantly reduced the mechanical pain threshold and thermal
withdrawal latency, indicating that activation of the glutamatergic circuit
from the V2M to LP facilitates nociception (Fig. 6D, E). As for RTPP tests,
contrast ot the effect of inhibition by yellow light, activation of V2M““-LP by
blue light induced place avoidance to the light-paired chamber (Fig. 6F, G),
supporting that V2M™ activation induced negative mood status under
physiological conditions. These results demonstrate that the pain mod-
ulatory role of V2M" is mediated by projections to the LP.

However, in another downstream regulatory loop of V2M involving
LD, we discovered that neither yellow light nor blue light manipulation of
V2M® at LD that activated the V2M®™ terminals affected any of the
bilateral hind paw mechanical pain withdrawal threshold or thermal pain
withdrawal latency in mice (Fig. 7). This finding suggests that the mod-
ulation of V2M nociceptive sensitivity under physiological conditions is not
mediated through the LD downstream pathway.

Selective inhibition of the V2M®" to LP attenuates

neuropathic pain

To further examine whether hyperactive V2M" contributes to the neu-
ropathic pain through the same corticothalamic circuits as that in physio-
logical condition, we optically inhibited the terminals of V2M® in the LP
and LD in neuropathic mice, respectively (Fig. 8A, B). We found that
photoinhibition of the terminals in the LP alleviated the mechanical and
thermal pain, as well as associated aversive emotions (Fig. 8C-E). In the

contrary, selective inhibition of glutamatergic nerve terminals from V2M to
LD neither affected mechanical pain threshold, thermal withdrawal latency
(Fig. 8F, G), nor induce preference in the CPP test (Fig. 8H) of PSL mice.
These results demonstrate that the projections from V2M to the LP, but not
to the LD, mediate the promotive role of hyperactive V2M®" in neuropathic
pain. The above results suggest that V2M" is involved in pain regulation
under both physiological conditions and neuropathic pain, and this reg-
ulation is achieved through its neural circuitry connections to the LP.

Discussion

In this study, we demonstrated that peripheral noxious mechanical stimuli
could activate approximately half of the glutamatergic neurons in the V2M
area of the visual cortex under physiological conditions. Both of the excit-
ability and responsive population of V2M®" significantly increased under
neuropathic conditions. Using optogenetic techniques, we further demon-
strated that inhibition of V2M%" raised, while activation lowered, the
nociceptive and neuropathic pain threshold to mechanical and thermal
stimuli. Additionally, activating V2M®" activity induced pain-associated
aversive emotions in the RTPP test. These results collectively suggest that
V2M actively participates in the modulation of pain perception and
associated emotional states. To our knowledge, this is the first experimental
evidence of V2M®s role in pain modulation.

Recently, the roles of auditory, olfactory, and visual stimuli in pain
generation have become focal research topics. Studies have shown that
specific sound frequencies, such as Mozart’s symphonies, can modulate pain
by altering excitability in the auditory cortex-to-thalamus pathway’.
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Fig. 3 | Selective manipulation of V2M" modulates nociception. A Timeline of
the experimental procedure. B Representative photomicrograph showing virus
carrying eYFP and targeting glutamatergic neurons (CaMKIIa) were expressed and
optical fiber was implanted in the V2M. (C) Example V2M® with Arch virus that
inhibited its firing frequency in response to yellow laser stimulation. D Example
V2M®" with ChR?2 virus that increased its firing frequency in response to blue laser
stimulation. Optical inhibition of unilateral V2M“" inhibited bilateral mechanical
(E) and thermal (F) nociception. n = 10. G Heatmaps of pre-, post- and during
stimulation in RTPP. H The percentage of time spend (left), and average percentage

of time spend (right) in yellow light paired, unpaired and neutral box. n = 10. Optical
activation of unilateral V2M®" induced bilateral mechanical (I) and thermal (J)
nociception. n = 10. K Heatmaps of pre-, post- and during stimulation in RTPP.

L The percentage of time spend (left), and average percentage of time spend (right) in
blue light paired, unpaired, and neutral box. n = 10. Significance was calculated by
means of t-testin E, F, I, ], L and two-way ANOV A with Bonferroni’s post hoc test in
L. *p <0.05, ¥*p < 0.01 and ***p < 0.001, respectively, laser on versus laser off or
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Pleasant scents can alleviate negative emotions caused by pain, and migraine
sufferers display enhanced sensitivity to olfactory stimuli mediated through
the piriform cortex”**. As for visual stimuli, as early as in 1992, scientists
noted that observing the healthy arm through a mirror could relieve
phantom limb pain®. Virtual reality, derived from visual stimuli, has been
explored for treating conditions such as phantom limb pain and complex
regional pain syndrome, suggesting that visual stimulation may have a pain
modulatory effect and serve as an effective method for treating neuropathic
pain27. In particular, the V2M, a crucial subregion within the visual cortex,
has been implicated in analgesic treatments through enhanced effective
connectivity between the V2 area and the PAG, a classical pain-related
nucleus™. Although clinical imaging studies have reported activity changes
across multiple cortical nuclei in neuropathic pain states’, the involvement
and disease relevance of V2M™ and their downstream circuits remain
unclear. Our in vivo electrophysiological experiments revealed that, com-
pared to physiological conditions, V2M®" in anesthetized mice post-PSL

surgery exhibited hyperactivity and an increased activated response pro-
portion to peripheral mechanical stimulation. Given that optical activation
or inhibition of V2M® respectively facilitated nociception or produced
analgesic effects, it is reasonable to speculate that increased activity of
V2M® following nerve injury contributes to the abnormal pain sensitivity
in PSL. This is supported by findings that optical inhibition of V2M®"
alleviated bilateral mechanical allodynia and thermal hyperalgesia in PSL
mice. Moreover, unlike what underphysiological conditions, the inhibition
of V2M® in the CPP test induced place preference, indicating that
hyperactivity of V2M®" under neuropathic conditions might lead to
spontaneous pain and/or pain-associated aversion. Although less promi-
nent than in neuropathic conditions, approximately half of the V2M®"
neurons can still be activated by peripheral noxious mechanical stimuli
under physiological conditions. This finding suggests that V2M® may
enhance pain perception by increasing neuronal excitability. Under phy-
siological conditions, the activity of these neurons helps maintain a normal
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Fig. 4 | Selective inhibition of V2M®" alleviates neuropathic pain. A Timeline of
experimental procedure. B Representative photomicrograph showing virus carrying
eYFP and optical fiber was implanted in the V2M. C, D Withdrawal thresholds and
withdrawal latency to mechanical and thermal stimulation of bilateral hind paw
during optical inhibition of unilateral V2M®. n = 11. E, F Withdrawal thresholds
and withdrawal latency to mechanical or thermal stimulation of bilateral hind paw
during optical activation of unilateral V2M“". n = 10. G Representative heat maps in

the CPP test. Time spends (H) and preference (I) by the mice in the laser off and laser
on paired boxes in pre- and post-conditioning phases of Sham/PSL+ Arch/ChR2.
n = 10. Significance was calculated by means of t-test in H and two-way ANOVA
with Bonferroni’s post hoc test in C-F and I. **p < 0.01 and ***p < 0.001, respec-
tively, laser on versus laser off in C-F and H, PSL+ Arch versus PSL+ ChR2 in I.
##p < 0.01 and ###p < 0.001, respectively, sham versus laser off in (C-F). All data are
presented as mean + SEM.

B Virus injection site :: V2M

Output of V2M®v:: LD+LP

EYFP

AAV-CaMKIla-Arch-

Bregma: -2.54 mm

Fig. 5 | V2M®" projects to the thalamus. A Schematic of sites for anterograde trace
virus injection in V2M. B Photomicrograph showing virus carrying eYFP and tar-
geting glutamatergic neurons were infused in the V2M. C Photomicrographs

Bregma: -1.94 mm

Bregma: -0.94 mm

showing axon terminals labeled with eYFP in the thalamus. LD laterodorsal thalamic
nucleus, LP lateral posterior thalamic nucleus.

pain threshold. Moreover, our results also indicate that inhibition of these
neurons under physiological conditions can upregulate pain thresholds and
alleviate pain perception. Therefore, these findings highlight the important
role of V2M® in the endogenous pain modulatory network, where it
exhibits bidirectional modulation properties, capable of both enhancing
pain signals and alleviating pain through inhibition of its activity.

It is well established that projections from the cortex to the thalamus
are extensive, even surpassing those from the thalamus to the cortex™”.

Research also indicates that these cortico-thalamic projections can sig-
nificantly modulate the thalamic neurons’ responses to peripheral
stimulation’””. Our anterograde tracing experiments confirmed that
V2M® sends dense monosynaptic projections to the ipsilateral thala-
mus, specifically to the LP and the LD, which are pivotal in pain pro-
cessing. Further behavioral tests revealed that optogenetic inhibition of
V2M®" terminals in LP suppressed, activation-facilitated, neuropathic
pain. In contrast, manipulation of V2M®™ in LD did not affect the pain
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Fig. 6 | Selective inhibition of V2M"-LP inhibited nociception. A Timeline of
experimental procedure (upper), schematic of sites for virus injection and optical
fiber implantation (middle) and photomicrograph showing the expression of eYFP
and optical fiber implantation in the LP (lower). B, C Withdrawal thresholds and
withdrawal latency to mechanical and thermal stimulation of bilateral hind paw
during optical inhibition of terminals from V2M®" in LP. 1 = 8. D, E Withdrawal
thresholds and withdrawal latency to mechanical and thermal stimulation of
bilateral hind paw during optical activation of terminals from V2M®" in LP. 1 = 10.

F The percentage of time spend (left), and average percentage of time spend (right) in
yellow light paired, unpaired, and neutral box. G The percentage of time spend (left),
and average percentage of time spend (right) in blue light paired, unpaired and
neutral box. n = 10. Significance was calculated by means of t-test in B-E and two-
way ANOVA with Bonferroni’s post hoc test in G. *p < 0.05, **p < 0.01 and

*#%p < 0.001, respectively, laser on versus laser off in B-E, unpaired box versus
paired box in G. All data are presented as mean + SEM.

threshold. Although LP and LD are subregions of the thalamic nuclei,
their location, upstream and downstream circuit connections, and their
roles in physiological and pathological conditions differ™. LD were
found to be important in learning and memory functions. For example, it
has been noted that damage to LD affects pattern learning, leading to
amnesia. LD neurons depend on visual cues to provide spatial posi-
tioning information to the hippocampus, playing a crucial role in spatial
learning and memory™. Conversely, LP is closely associated with non-
visual processing functions, including handling visual stimuli, executing
visually guided behaviors, and eliciting reflex responses to threat/fear-
related stimuli’*”’. Functional abnormalities in LP can cause brain
overexcitation, impacting parasympathetic and sympathetic nerve out-
put, thereby contributing to systemic abnormal pain and photophobia
during migraines™. Additionally, bilateral damage to LP in rat models
significantly increases seizure frequency”. We found that selective inhi-
bition of V2M®" nerve terminals in LP relieved contralateral neuropathic
pain, suggesting that this neural circuit is activated following nerve injury
and promotes neuropathic pain. The above indicates that the circuitry
from V2M®" to LP mediates, at least in part, the pain modulatory
function of V2M®. Therefore, V2M® and its pathways to the LP may
serve as potential targets for the treatment of neuropathic pain, with the
former being particularly effective due to its anti-aversive and bilateral
analgesic effects.

Previously, we demonstrated that following nerve injury, glutamatergic
neurons in the secondary somatosensory cortex, exhibit hyperactivity,
which contributes to the development of neuropathic pain®. Similarly, the
involvement of multiple cortical areas in neuropathic pain has been cor-
roborated by other studies™". Taken together with these findings, we
conclude that the cortex plays a dynamic role in pain modulation through
descending pathways, with nerve injury inducing distinct changes in neu-
ronal activity across specific subregions. These alterations collectively con-
tribute to the underlying mechanisms of neuropathic pain. Preclinical
research has consistently shown that adjusting neuronal activity in targeted
nuclei using optogenetic techniques can alleviate neuropathic pain and its
associated negative states. Clinical applications such as repetitive tran-
scranial magnetic stimulation (rTMS) and transcranial direct current sti-
mulation (tDCS) non-invasively modulate cortical neuron excitability and
have been used to treat some neuropsychological disorders'"*”. Given the
varied changes and roles of different cortical areas in neuropathic pain,
stimulation parameters, based on the specific functions of different cortex,
should be relatively adjusted. Therefore, elucidating the role of the cortex in
neuropathic pain and its associated circuitry may help identify precise
targets and optimize stimulation parameters for rTMS and tDCS treat-
ments. This study further provides a basis for the modulation of neuropathic
pain via V2M-encoded visual stimuli. We propose that cortical nuclei may
play a crucial role in pain modulation and the development of neuropathic
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conditioning phases in CPP tests. n = 8. F Schematic of sites for virus injection in the
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pain post-nerve injury via their descending projections to the thalamus.
Interventions targeting these nuclei and their pathways may show great
potential in the treatment of neuropathic pain. Our research provides direct
preclinical evidence supporting the value of non-invasive stimulation of
V2M for further clinical trials.

In conclusion, this study unveils, for the first time, the significant role of
V2M™ in intrinsic pain modulation. V2M® becomes more active fol-
lowing nerve injury, contributing to the maintenance of neuropathic pain.
Targeting the V2M“"-LP circuit for inhibition may represent a potential
therapeutic avenue for addressing neuropathic pain.

Methods

Animals

Animals used in this study were male C57BL/6] mice aged 8-12 weeks. Mice
were obtained from the Shanghai Slack Laboratory Animal Center and
housed in the animal facility of the Zhejiang Chinese Medical University
with controlled humidity (45-65%) and room temperature (22-24°C) on a
standard 12 h light/dark cycle (lights on from 8:30 to 20:30). Standard
rodent food and water were available ad libitum. We have complied with all
relevant ethical regulations for animal use. This study received ethical
approval from the guidelines of the International Association by the Zhe-
jiang Chinese Medical University Animal Experimentation Committee.
Efforts were made to ensure minimal animal use and suffering.

Partial sciatic ligation surgery

Partial sciatic ligation (PSL) surgery was performed according to Seltzer
et al.” Briefly, under isoflurane anesthesia (4% for induction and 2% for
maintenance), the right sciatic nerve trunk was surgically exposed under the
operating microscope in sterile conditions. An 8-0 thread with a 3/8 curved,
reverse-cutting suture needle was inserted into the back of the nerve and
bound the thread tightly, ensuring that 1/3 to 1/2 of the nerve on the dorsal
side of the nerve trunk was bound in the knot. The sham group exposed the
nerve but did not ligate it. Sutured the wound layer by layer. After the
procedure, the mice were returned to their cages after recovering from
anesthesia.

Delivery of viruses and agents

Mice were anesthetized by sodium pentobarbital (50 mg/kg, ip.) and
mounted on a stereotaxic apparatus. The bregma was exposed by removing
the connective tissues from the skull surface. Small craniotomies were then
made with a dental drill over the target brain regions. The coordinates
relative to bregma for immediate microinjection of virus solution or
implantation of fiber optic cannula [core diameter: 200 um, 0.22 mm
numerical aperture (NA); Newdoon, China] into the target brain regions
were as follows according to the Paxinos and Franklin (2001) atlas: left V2M
(AP: —2.5 mm, ML: +1.2 mm, DV: —0.8 mm), left LP (AP: —1.9 mm, ML:
+1.3mm, DV: —2.5mm), left LD (AP: —9mm, ML: +1.4mm, DV:
—2.5 mm). The cannula was implanted in the target nuclei 3 weeks after
virus injection and held in place by dental acrylic, and the patency was
maintained with an occlusion stylet. For intracerebral microinjection, a thin
glass capillary connected to a 1 mL micro-syringe mounted on an Ultra
Micro Pump (World Precision Instruments, USA) was slowly lowered into
the target sites. For optical activation or inhibition of V2M glutamatergic
neurons and terminals, pAAV-CaMKIIa-hChR2(H134R)-eYFP (1.7 x 10"
vg/ml, 200nl; OBIO, China;) or pAAV-CaMKlla-eArch3.0-eYFP
(1.3 x 10** vg/m, 200 nl; OBIO) was infused into the target areas 10 nL/
minute of C57BL/6] mice. The glass capillary was left in place for an
additional 5-min post-injection to facilitate virus particle diffusion and
minimize reflux along the injection track. Animals were kept for 3 to 4 weeks
after virus injection to allow maximal viral expression before subsequent
experiments. Cannula placement and sites of viral expression were histo-
chemically verified on cryogenic brain sections at the conclusion of each
experiment. The core of viral expression was expected to reside within the
target nuclei, as per the brain atlas, and align with the cannula tips. Animals
exhibiting misaligned sites were excluded from all analyses. To observe the

instant effect of optical activation or inhibition of neurons, persistent laser
stimulation at 473 nm (blue, power 5 mW, frequency 20 Hz, pulse width
10 ms) or 594 nm (yellow, 5 mW, direct current) was supplied by BL473T3-
050 laser or YL589T3-050 laser during the behavioral testing. For activating
local glutamatergic neurotransmission, 0.5 uL mixed solution containing
AMPA (a glutamate AMPA receptor agonist, 0.5 pug; Sigma-Aldrich) and
NMDA (a glutamate NMDA receptor agonist, 0.5 pg; Sigma-Aldrich), was
infused into LP slowly over a period of 2 min via a 33-gauge needle that fits
the guide cannula. Behavioral tests were performed 15 min later after drug
administration.

Behavioral assessments

All behavioral tests were carried out by a blinded examiner in a sound-proof
room. Mice were allowed to habituate to the environment in the testing
apparatus or room for at least 30 min before behavioral assessment.

Von Frey tests were used to test the noxious mechanical stimulus-
evoked pain-like behavior of the hind paw, the mice were placed in a test
cage with a metal mesh bottom (8 cm in diameter and 9 cm in height). A set
of von Frey filaments (North Coast Medical, Gilroy, CA) numbered 2 to 9
(bending force from 0.02 g to 1.4 g) was applied to deliver mechanical sti-
mulation on the sole surface of the hind paw for 3 s. Tests started with the
filament number 5 (0.16 g) and progressed according to the up-down
method. Each test constituted a constant number of 5 trials with an interval
of at least 5 min between adjacent trials. Sharp withdrawal or immediate
flinch of the hind paw indicated a positive reaction. The paw withdrawal
threshold (PWT) was calculated using the value of fiber filament sequenced
for the fifth stimulation, adding the adjustment factor (+0.5) in each test.
The adjustment factor was positive if there was no response to the fifth
filament and negative if there was a response. Convert the serial number of
the fiber to the corresponding number to force (F) and calculate PWT by
substituting the following formula: PWT = 10 “***2), as described in the
previous study™.

Hargreaves tests were used to test the noxious thermal stimulus-evoked
pain-like behavior of the hand paw, the mice were placed in a transparent
Plexiglas chamber with a glass bottom (20 x 20 x 14 cm’). A radiant heat
source (Ugo Basile, Italy) with an intensity of 20 W was positioned
underneath the bottom of the glass and aligned with the plantar surface of
the hind paw. The paw withdrawal latency (PWL) to a withdrawal response
such as licking, flicking, or lifting the hind paw evoked by thermal stimu-
lation was automatically recorded. The minimum and maximum latencies
were set to 1 and 20s, respectively. Each hind paw was repeated at least
15 min apart, and the average of the two trails was used as the final PWL to
heat stimulation.

Real-time place preference (RTPP) is an experiment that measures the
effects of optogenetic manipulation based on the subjective behavior of mice
approaching or avoiding. Mice were placed in a custom-made three-
chamber apparatus that had distinct stripe patterns. Each mouse was placed
in the center and allowed to explore all chambers without light stimulation
for 5min recorded as the pre-stimulation phase. After exploration, the
mouse indicated a small preference for one of the two chambers. Subse-
quently, light stimulation was delivered whenever the mouse entered or
stayed in the preferred chamber, and the light was turned off when the
mouse moved to the other chamber (stimulation phase) for 5 min recorded
as the stimulation phase. Finally, the mouse was allowed to freely explore
both chambers without light stimulation for 5min recorded as a post-
stimulation phase. The RTPP location plots and total time on the stimulated
side were recorded and counted with the ANY-maze software via a digital
camera (Logitech, Switzerland).

Conditioned place preference (CPP) was utilized to evaluate the effect
of photogenetic modulation to mice after PSL surgery. The CPP apparatus is
a standard three-box apparatus comprising two chambers of equal size but
with different interior decorations, connected by an intermediate area.
During the habituation phase for two days, the mice were placed in the
apparatus for 30 min each day and were allowed to move freely with access
to all three boxes. On the second day, the movements of each animal in the
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first 15 min were recorded and analyzed with ANY-maze to verify the
absence of preference for each box. Animals spending > 80% or < 20% of the
total time in any box were excluded from further testing. Then, a two-day
conditioning experiment was then performed. On the morning of the third
day, the mice were placed into the chamber on one side and paired without
laser stimulation. After 4 h, they were transferred to the other chamber and
exposed to laser stimulation. On the morning of the fourth day, the mice
were placed in the chamber associated with laser stimulation, followed by a
transfer to the chamber without laser stimulation after 4 h. Each pairing
phase lasted 30 min, and the mice were not allowed to access other chambers
in the meantime. Finally, on the fifth day, the mice were placed in the
interconnecting area with unrestricted access to both boxes, while their
movements were recorded for 15 min and analyzed with ANY-maze soft-
ware. The time that the animal spent in each box and the percentage
occupancy (preference) and shifts in occupancy for one side were analyzed
by ANY-maze and compared with that on the second day.

In vivo single-unit recordings

Mice anesthetized with 20% urethane (1.4 g/kg i.p., Sigma-Aldrich, Ger-
many) were mounted on a stereotactic frame. A small craniotomy was
performed over the left V2M. To investigate the effect of nerve injury on the
activity of V2M glutamatergic neurons, a recording microelectrode bundle
consisting of 8 channels of wires (diameter 25 mm, A-M systems, Sequim,
WA) with impedances of 1-2 M(Q) was slowly lowered to the target region by
a micromanipulator, recording the spontaneous and stimulus-induced fir-
ing of V2M glutamatergic neurons after PSL. Acquisition and analysis of
data from single-unit recordings were conducted as previously described®.
In short, signals were acquired by a multichannel acquisition system
(Blackrock Microsystems, Canada) with a sampling rate of 30 kHz and were
high- and low-passed at 250 Hz and 7.5 kHz, respectively. Units were
selected if the signal-to-noise voltage threshold was 3:1. Recordings were
analyzed by Offline Sorter (Plexon, USA) and NeuroExplorer 4.0 (NEX,
Colorado Springs). Putative glutamatergic neurons were identified by their
wide spike waveform (full width at half maximum 0.30 ms) and sharp
autocorrelation®*”, The spontaneous and evoked firing of left V2M™ was
recorded 14 d after sham or PSL operation. The spontaneous firing was
recorded for 2 min before recording the evoked firing by noxious pinch
stimulation. Pinch stimulation was applied by clipping the paw for 30s
using a toothed plastic clip. The firing frequency was recorded both before
and during stimulation, and responses were categorized into three distinct
types: increase, decrease, or no change. An increase or decrease was defined
as a change in firing frequency of at least 20% during stimulation compared
to the baseline period. In each stimulation trial, the brush was applied
initially, and only after the firing frequency returned to baseline was the
pinch applied. When multiple trials were conducted on a single animal, a
minimum interval of 15 min was maintained between trials.

Fiber photometry recordings

The calcium activity detecting virus AAV2/8-mCaMKIla-GCAMP6s-
WPRE-pA (7.05 x 10"* vg/ml; 200 nl; Taitool, China) was infused into the
left V2M. Three weeks later, an optic fiber placed in a ceramic ferrule was
inserted into the V2M. The mice were housed individually for at least 1 week
for recovery. For the fiber photometry recording system (Thinkertech,
China), the excitation light (488 nm) emitted by the light source was
reflected through a dichroic mirror, which was focused with a 10x objective
lens (NA = 0.3; Olympus, Japan) and then coupled to the core face of the
optical fiber jumper (core diameter 220 um, numerical aperture 0.37, Inper,
China). GCaMP fluorescence was filtered using a GFP bandpass filter and
collected using a photomultiplier tube (R3896, Hamamatsu, Japan). The
amplifier converted the PMT current output into a voltage signal that was
further filtered by a low-pass filter (4 Hz cutoff; Brownlee, USA). The analog
voltage signals were digitized at 500 Hz and recorded. The mice were con-
nected to a fiber photometry recording system after being acclimated in a
test cage with a wire mesh at the bottom. After the baseline signals were
stabilized and recorded for 30 s, mechanical stimulation (1.0 g von Frey

filaments, 2s), thermal stimulation (Hargreaves apparatus, 1s), and
notional stimulation (pinch, 5s) was given to the ipsilateral hind paws to
observe the change of calcium signal. Photometry data were exported as
MATLAB files for further analysis. We derived the values of fluorescence
change (AF/F) by calculating (F-F0)/F0, where FO is the averaged fluores-
cence over the 30 s baseline period. AF/F values for each mouse were pre-
sented as heatmaps, and the averaged values were presented in plots with the
SEM indicated by a shaded area.

Immunohistochemistry

Mice were deeply anesthetized with pentobarbital sodium (100 mg/kg, i.p.),
and perfused with ice-cold PBS, followed by 4% paraformaldehyde (PH 7.4).
The brain was postfixed overnight in the same fixation conditions and
dehydrated in 30% sucrose for 48 h at 4 °C. Coronal brain slices (30 um) were
cut with a cryostat (Thermo, USA) and stored in a —80°C freezer. To
visualize viral expression, brain slices were washed three times with PBS for
5min each and mounted with DAPI (36308ES20, Yeasen, China). Fluor-
escent images were observed and captured by a fluorescence microscope
(Olympus, Japan). To determine c-fos expression and assess co-localization
with glutamate/ GABAergic neurons, brain slices were first incubated with
0.1% Triton X-100 for 15 min at room temperature (RT) and then incubated
with 5% donkey serum albumin for 2 h. Next, the slices were incubated with
mouse anti-c-Fos (1:800, Abcam, catalog #ab208942) and rabbit anti-
glutamate (1:1000, Sigma-Aldrich, catalog #G6642)/rabbit anti-GABA (1:100,
Sigma-Aldrich, catalog #A2052) overnight at 4 °C, then with donkey anti-
mouse IgG-Alexa 488 (1:800, Abcam, catalog #ab150105) or donkey anti-
rabbit IgG-Alexa-647 (1:800, Abcam, catalog #ab150075) for 2 h at RT. After
several wash steps with PBS, slides were mounted with DAPI, and images
were captured by a confocal laser scanning microscope (Leica, Germany).

Statistics and Reproducibility

All data are presented as mean + SEM. Statistical analysis was conducted by
GraphPad Prism 8 (GraphPad Software, USA). Shapiro-Wilk test was used
to assess whether the data followed a normal distribution. Two-tailed paired
or unpaired Student’s ¢-tests were used to compare two groups normally
distributed, whereas a Mann-Whitney test was used instead of those not
normally distributed. One-way analysis of variance (ANOVA) with Dun-
nett or Tukey or Kruskal-Wallis post hoc tests were used while the Dunn’s
post hoc was used for the comparison of more than two groups with one
factor. When comparing thresholds to thermal or mechanical stimulation
among groups, a two-way ANOVA with Bonferroni post hoc multiple
comparisons test was used. The significance level was set at P <0.05.
Experiments were repeated three times to ensure reproducibility of results.
Biological replicates were defined as independent animals or separate
neurons. The number of biological replicates (#) is indicated in the figure
legends. Data were considered reproducible when similar results were
obtained across different replicates.

Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information. The datasets have been deposited in the
Zenodo (https://doi.org/10.5281/zenodo.14942249) (ref. 48).
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