Peer Review File

Midbrain glutamatergic circuit mechanism of resilience to
socially transferred allodynia in male mice

Open Access This file is licensed under a Creative Commons Attribution 4.0

International License, which permits use, sharing, adaptation, distribution and

reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. In the cases where the authors are anonymous, such as is the case for the reports of
anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear
attribution to the source work. The images or other third party material in this file are included in the
article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.




REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Thanks for inviting me to review this interesting manuscript entitled "Midbrain glutamatergic circuit
mechanism of resilience to pain" (NCOMMS-23-36972-T). This manuscript touches on a midbrain
glutamatergic circuit for resilience to pain, which is an important continuum of the lab’s previous
studies concerning midbrain and limbic mechanisms of pain. With an exquisite experimental design,
solid evidence was procured via a combination of chemogenetics, FOS staining, and behavioural tests.
The scientific merits of this manuscript are exemplified in following three aspects. First, the authors
established a novel behavioral paradigm that addressed an important question, inter-individual
difference in pain response; Second, a specific cluster of midbrain neurons is identified to mediate this
phenomenon; Third, related downstream circuitry for the development and maintenance of this
phenomenon is further identified. The manuscript has a good logic, is well-written, and thus meets the
criteria of publication in this honored journal. However, a minor revision should be performed before
acceptance.

Several important issues should be critically considered:

1. The rationale of the establishment of the novel behavioral model should be clarified. The authors
utilized a STA paradigm, and it reflects the ability of animals to develop empathetic pain. In my
opinion, it may better fall into the category of psychology concerning one’s psychological trait of
emotional indifference. What about traditional nerve injury or inflammatory pain model? In our
experience, some rodents recovered quickly from initial hyperalgesia induced by these treatments.

2. Pain resilience may not only be exemplified in the sensory aspect pain. The resilience to pain-
related emotional disorders should not be overlooked.

3. The authors examined the PWT of the observers after STA paradigm. In my opinion, using pain
threshold test to reflect empathetic pain sometimes carries subjective errors. Have the authors noticed
interactive behaviors exerted by the observers to the sufferers, such as allo-grooming, licking, and
caress in this process?

4. Current neurobiological mechanisms underlying pain resilience, from genetic or imaging view of
points, should be elaborated in detail in the part of Introduction. This will allow a better understanding
of study background for readers interested in this topic.

5. This study highlight the role of VTA glutamatergic neurons (but not dopaminergic neurons) in
empathetic pain. Would the authors compare these two clusters of cells in the VTA, from the aspects
of neurochemical anatomy, inputs and outputs, neurobiological functions in the Discussion? These
knowledge may help readers better comprehend the discrete roles of these neurons in pain
modulation.

6. The authors identified VTA(glu)-NAc and VTA(glu)-LHb projections involved in pain resilience,
however, the postsynaptic neurons of these pathways remain unknown. Whether they share the same
neurochemical features with their dopaminergic counterparts?

Reviewer #3 (Remarks to the Author):

‘Midbrain glutamatergic circuit mechanism of resilience to pain’ by Han et al. utilized a socially
transferred allodynia (STA) paradigm and divided STA-treated mice into pain susceptible and resilient
subgroups. By mapping the different fos expression and utilizing chemogenetic manipulation, they
found that VTA-glu neurons are important for the regulation of pain resilience. Finally, VTA-NAc and
VTA-LHb pathways are confirmed to respectively regulate the development and maintenance of pain
resilience.

The subject of pain resilience and susceptibility is an interesting and important topic in the field of pain
research, and it has been observed in clinical cases. However, given that pain is a basic innate
response in animals, it is challenging to establish a pain model where some animals experience pain



while others do not. In this experiment, by establishing an observation pain model, the authors have
successfully solved this problem. This is a delicate design, and it is obvious innovative.

In total, the experiments were well performed. The experimental results are reliable. The manuscript
is well written in general. However, I have several concerns need to be addressed. I think those should
be helpful to improve the quality of the work.

Major:

1. Inhibition of the VTA-glu neurons increases the observational pain susceptibility. However, it also
induced CFA-induced allodynia. Therefore, it's naturally to ask whether inhibition of glutamate neurons
lead to body pain sensitivity or weaken the resistance to pain? In fact, if the activation of glutamate
produces an analgesic-like effect, then the results in the study are consistent with this observation. I
think confirming the VTA-glu neurons also regulate the resilience for other stress-stimulation may be
helpful. Whether this is true or not, the meaning and topic of the work should be slightly modified.
They should explain the meaning of choosing the observational pain model in the Introduction and
thoroughly discuss this point.

2. Fos mapping data show that the Fos expression in the VTA is increased due to the enhanced Glu
activities in the resilience group. However, why is the Fos expression in the NAc and LHb (the two
main downstream targets of VTA-Glu neurons) decreased?

3. In this study, the authors proved that activation of VTA-NAc glu neurons induced analgesic effect.
However, a previous study from the same group finds an opposite results, showing that inhibition of
the VTA-NAc glu projections relieved neuropathic pain and inflammatory pain (Front Mol Neurosci.
2022; 15: 1083671).

Minor:

1. Page 3, line 5, '*~70% of BY mice displayed decreased PWTs, and the rest of the ~30% animals
exhibited comparable PWTs with the control mice (Fig. 1c¢)". Fig. 1c should be changed to Figs. 1c and
e, since the percentage (~70%) is the valuation from the two figures.

2. What do the arrows indicate to in Figs. 2f, h and j? Please explain that in the figure legend. I also
noticed that many arrows are not indicating any neurons. The sharpness of Fig. 2d is not satisfied too.
3. In Fig. 5i, it’s indicated that chemogenetic inhibition of the VTA-NAc shell glutamatergic projection
‘induced more BY-S individuals’ . However, from the figure , it should be all mice are BY-S mice.

Reviewer #4 (Remarks to the Author):

The manuscript by Han et al. investigated inter-individual differences in pain response, especially pain
resilience, by establishing two independent cutoffs to separate the susceptible and resilient sub-
populations in a social transfer pain model. The behavioral tests provided solid evidence to support
that the susceptible and resilient behavioral phenotypes are stable. Further functional studies revealed
VTA glutamatergic neurons as a cellular target for pain resilience and identified the VTA-NAc shell and
the VTA-LHb projections as two independent circuitry mechanisms for the development and
maintenance of pain resilience, respectively. The manuscript defined and separated the susceptible
and resilient individuals in the social transfer model of pain, thus providing an animal model tool to
investigate inter-individual differences in pain response. The mechanism study illuminates a
comprehensive picture describing the important role of mesolimbic reward system in pain resilience.
Overall, this study provides a conceptual advance for pain research field, the experiments are well
designed and data are well presented.

I have a few comments for the authors to further improve the manuscript.

1. The C57BL/6] bystander (BY) mice displayed different pain behaviors after a brief social interaction
with CFA age mates. Is the inter-individual difference in pain responses from the difference in social
interaction behaviors? Would the susceptible mice spend more time interacting with CFA tool mice?

2. c-Fos expression was used to examine VTA glutamatergic neuron activity in control, BY-S, and BY-R
mice. Their results suggested an elevated c-Fos expression only in the VTA glutamatergic neurons of



BY-S mice. Other cell-type-specific approaches, such as electrophysiology, will provide more direct
evidence to support their findings further.

3. The authors also touched on the behavioral outcomes in female mice exposed to this STA paradigm.
Can female mice share exact cellular and circuitry mechanisms for their inter-individual difference in
pain behaviors? It would be helpful to provide direct evidence or more discussions.

4. VTA glutamatergic neurons were activated in BY-R mice, and chemogenetic activation of the VTA-
NAc shell glutamatergic projection promotes resilience. However, the c-Fos data only demonstrated an
increase in the NAc shell of BY-S group but not the BY-R group. Please interpret this point.

5. Different neuronal responses were observed in different brain regions in BY mice. Some brain
regions exhibited increased c-Fos protein in both BY subpopulations, and some displayed changed c-
Fos protein only in the BY-R or BY-S mice. How will the author interpret these c-Fos expression
patterns? Should other behavioral adaptations happen in both BY-R and BY-S mice?



Point-to-point response to reviewer’'s comments

We thank the reviewers for their insightful and constructive comments on the manuscript.
We have now thoroughly addressed the reviewers’ concerns and made substantial
revisions accordingly.

Below we detailed the changes and point-by-point responses to the comments.

REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Thanks for invitihg me to review this interesting manuscript entitled "Midbrain
glutamatergic circuit mechanism of resilience to pain" (NCOMMS-23-36972-T). This
manuscript touches on a midbrain glutamatergic circuit for resilience to pain, which is an
important continuum of the lab’s previous studies concerning midbrain and limbic
mechanisms of pain. With an exquisite experimental design, solid evidence was procured
via a combination of chemogenetics, FOS staining, and behavioural tests. The scientific
merits of this manuscript are exemplified in following three aspects. First, the authors
established a novel behavioral paradigm that addressed an important question,
inter-individual difference in pain response; Second, a specific cluster of midbrain neurons
is identified to mediate this phenomenon; Third, related downstream circuitry for the
development and maintenance of this phenomenon is further identified. The manuscript
has a good logic, is well-written, and thus meets the criteria of publication in this honored
journal. However, a minor revision should be performed before acceptance.

We greatly appreciate your very positive comments and constructive advice on our
manuscript. Please see below our responses to your comments and advice.

Several important issues should be critically considered:

1. The rationale of the establishment of the novel behavioral model should be clarified.
The authors utilized a STA paradigm, and it reflects the ability of animals to develop
empathetic pain. In my opinion, it may better fall into the category of psychology
concerning one’s psychological trait of emotional indifference. What about traditional
nerve injury or inflammatory pain model? In our experience, some rodents recovered
quickly from initial hyperalgesia induced by these treatments.

Thank you for your very thoughtful comments.

As we described in the original version, the present study was designed to look at the
neuronal and circuitry mechanisms underlying the inter-individual differences in pain
responses, especially the resilience to pain perception. To do this, the first step is
recapitulating different behavioral phenotypes in lab animals. Because current pain
models were established by inducing severe tissue damage (peripheral nerve ligation or
skin incision) or local inflammation, it is hard to recapitulate susceptible versus resilient



phenotypes with these models (1-4). Recent animal studies demonstrate that the state of
hyperalgesia could be socially transferred from one individual to another through a brief
empathetic social contact, a pain model referred as socially transferred pain (5-9).
Because social interaction with a CFA inflammatory conspecific is a relatively mild stress
that could induce pain-like behaviors and the evident inter-individual difference in empathy
and social behaviors (10-12) , we try to use the social transfer model of allodynia to model
different pain profiles. And our findings strongly support that it is a workable animal model
to study the development and maintenance of pain susceptibility and resilience.

To address the concern, the following information was added to the revised Introduction
following the first paragraph:

“However, how the resilient brain copes with pain experience is not well known, partially
due to the lack of experimental paradigms that permit stable replication of inter-individual
differences in pain responses in laboratory animals. The establishment with severe tissue
damage or inflammation makes it an obstacle to recapitulate susceptible versus resilient
phenotypes in current animal pain models, such as the CFA-induced persistent
inflammatory pain and the sciatic nerve ligation-induced neuropathic pain (1-4). Recent
animal studies demonstrate that the state of hyperalgesia could be socially transferred
from one individual to another through a brief empathetic social contact, a pain model
referred to as socially transferred pain (5-9). Given the evident inter-individual difference
in empathy processing and social behaviors (10-12) , this model provides an opportunity
to model different pain profiles.”

We agree that some animals possibly recovered faster from hyperalgesia induced by
traditional pain models than others. This is also an important scientific question that
deserves systematic investigations, which would provide useful information for future
therapeutic strategy development by promoting recovery mechanisms. We did not employ
traditional pain models based on the scientific questions that need to be addressed: the
development and maintenance of inter-individual differences in pain response.

2. Pain resilience may not only be exemplified in the sensory aspect pain. The resilience
to pain-related emotional disorders should not be overlooked.

This is an essential question that needs to be studied. In addition to the inter-individual
differences in pain perception, we believe that the BY mice also develop other behavioral
outcomes following the one-hour brief social contact with their CFA cage mates. Our c-Fos
protein expression data demonstrated that some brain regions displayed similar changes
in BY-S and BY-R mice, indicating identical behavioral adaptations in these
subpopulations. These data suggest that BY mice might develop common emotional
disorders during social contact. Here, we performed elevated plus maze and open field
tests, two measurements for anxiety behaviors, and observed decreased open arm time
in the elevated plus maze test. However, no significant behavioral adaptations were
observed in the open field test. These preliminary data suggest anxiety-like behaviors in



both BY-S and BY-R mice. These data were under evaluation in another journal, so we
include it below in our rebuttal letter here, but not in our revised manuscript.

And in our revised manuscript, we added more discussions accordingly:

“In addition to the different pain responses, BY mice might also develop other pain-related
emotional behaviors during the social contact procedure, for example, anxiety- and
depressive-like behaviors. Our c-Fos protein expression data demonstrated that some
brain regions displayed similar changes in BY-S and BY-R mice, indicating identical
behavioral adaptations in these subpopulations. However, whether these behaviors
developed in specific subgroups or all the BY mice is unknown.”
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Anxiety-like behavior in both BY-S and BY-R mice. (A) Open field test and elevated
plus maze test experimental Schematic. (B) Time spent in the open arms in the elevated
plus maze test (Control, n =13 mice; BY-S, n = 10 mice; BY-R, n = 3 mice). (C) Open arm
ratios (open arm time/ open arm time + closed arm time *100) (Control, n = 13 mice; BY-S,
n = 10 mice; BY-R, n =3 mice). (D) Distance in the open arms (Control, n =13 mice; BY-R,
n =10 mice; BY-S, n = 3 mice). (E) Center zone time in the open field test (Control, n =12
mice; BY-S, n = 9 mice; BY-R, n = 4 mice). (F) Periphery zone time (Control, n =12 mice;
BY-S, n = 9 mice; BY-R, n = 4 mice). The data are presented as the means + SEM. *P <
0.05, **P < 0.01, ns: no significance. Data analyzed by (B, C, D, E and F) One-way
ANOVA with Tukey's multiple comparisons test.

3. The authors examined the PWT of the observers after STA paradigm. In my opinion,
using pain threshold test to reflect empathetic pain sometimes carries subjective errors.
Have the authors noticed interactive behaviors exerted by the observers to the sufferers,
such as allo-grooming, licking, and caress in this process?

Thank you for the comments.

We agree that evaluating pain responses with a threshold test will invite subjective errors.
In the past three decades, paw withdrawal threshold, measured by the von Frey test, has
been accepted and intensively used to evaluate mechanical allodynia in preclinical and
clinical studies. And this pain threshold test was very well performed in our previous
studies over the past decade. The evidence above suggests the PWTs measured with von
Frey test are reliable for mechanical allodynia in our study.

And following your suggestion, we have performed social interaction test in the control,
BY-S and BY-R mice. This social interaction test involved 2.5 minutes of environmental
exploration in an open arena with a male naive mouse and another 2.5 minutes of social
interaction with a target male C57BL/6J mouse with CFA inflammatory pain. And a group
of CFA mice were also subjected to the interaction test. Behavioral tests demonstrated no
significant differences in the social interaction time and locomotion among different groups
(Supplementary Fig. 3).

To further examine the interactive behaviors between the BY mice and CFA mice during
the STA paradigm, we analyzed the general allogrooming and targeted allolicking
behaviors (injured paw-licking by the BY mice) during the 1 hour social contact. However,
no significant difference between the BY-S and BY-R mice in the allogrooming and
targeted allolicking behaviors was observed (Supplementary Fig. 4). Further detailed
analysis performed every 15 min did not show significant differences between the two
sub-groups in the general allogrooming and licking behaviors.

These data demonstrate that BY-S and BY-R mice display similar behaviors when
exposed to social interaction with CFA inflammatory pain mice during and after the STA
paradigm.



In the revised manuscript and the supplemental file, we provided the following information
to address this point in the last paragraph of Result 1.

“Moreover, our behavioral tests during and after the STA paradigm suggested that both
BY-S and BY-R mice exhibited similar social interaction, allogrooming and targeted
allolicking behaviors (Supplementary Fig. 3-4), indicating the inter-individual difference in
pain responses between the two subpopulations was not derived from the difference in
social interactive behaviors.”
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Supplementary Fig. 3 | BY-S and By-R mice displayed similar social interaction with
CFA mice. a, Experimental timeline for modeling and social interaction (SI) test. b, Social
interaction ratios (Control, n = 18 mice; BY-S, n = 13 mice; BY-R, n = 7 mice; CFA, n =20
mice). ¢, Interaction zone time (Control, n = 18 mice; BY-S, n = 13 mice; BY-R, n =7 mice;
CFA, n =20 mice). d, Total distance traveled (Control, n = 18 mice; BY, n = 20 mice; CFA,
n = 20 mice). e, Total distance traveled (Control, n = 18 mice; BY-S, n = 13 mice; BY-R, n
= 7 mice; CFA, n = 20 mice). The data are presented as the mean £ s.e.m. Ns: no
significance. Data analyzed by (b) Kruskal-Wallis test with Dunn's multiple comparisons


https://www.sciencedirect.com/topics/neuroscience/social-interaction
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test; or (c, d, and e) two-way RM ANOVA with Tukey's multiple comparisons test. Details
of the statistical analyses are presented in Supplementary Table 5.
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Supplementary Fig. 4 | General allogrooming and targeted allolicking during the
STA paradigm. a, Experimental timeline and modeling protocol for examining the
behaviors of bystander mice during the STA. b-e, Total duration (b, ¢) and bouts number
(d, e) of allogrooming and targeted allolicking behaviors during 1h STA (Control, n = 6 mice;
BY-S, n = 8 mice; BY-R, n = 6 mice). f-i, Total duration (f, g) and bouts number (h, i) of
allogrooming and targeted allolicking behaviors during the 0-15 minute period of STA
(Control, n =6 mice; BY-S, n =8 mice; BY-R, n =6 mice). j-m, Total duration (j, k) and bout
number (I, m) of allogrooming and targeted allolicking behaviors during the 15-30 minute
period of STA (Control, n =6 mice; BY-S, n =8 mice; BY-R, n = 6 mice). n-q, Total duration
(n, 0) and bout number (p, q) of allogrooming and targeted allolicking behaviors during the
30-45 minute period of STA (Control, n = 6 mice; BY-S, n = 8 mice; BY-R, n =6 mice). r-u,
Total duration (r, s) and bout number (t, u) of allogrooming and targeted allolicking
behaviors during the 45-60 minute period of STA (Control, n = 6 mice; BY-S, n = 8 mice;
BY-R, n =6 mice). v-y, Cumulative duration (v, w) and bout number (X, y) of allogrooming
and targeted allolicking behaviors in BY-S, BY-R, and control mice measured every
15-minute (Control, n = 6 mice; BY-S, n = 8 mice; BY-R, n = 6 mice). The data are
expressed as the mean = s.e.m. *P < 0.05,**P < 0.01, **P < 0.001, ns: no significance.
Data analyzed by (b-k, m-s, u) Kruskal-Wallis test with Dunn's multiple comparisons test,
or (I, t) One-way ANOVA with Tukey's multiple comparisons test. (v-y) Two-way RM
ANOVA with Tukey’s post hoc test; Details of the statistical analyses are presented in
Supplementary Table 5.

4. Current neurobiological mechanisms underlying pain resilience, from genetic or
imaging view of points, should be elaborated in detail in the part of Introduction. This will
allow a better understanding of study background for readers interested in this topic.

Thank you for the very constructive comments.

Following you suggestion, we have revised the Introduction by adding more information
from recent genetic, functional magnetic resonance imaging, and animal neural circuitry
studies. The following information was added to the first paragraph of the revised
Introduction.

“The interest and attention on pain resilience and stress resilience have been dramatically
increasing in recent decades. For example, KCNQ2 encoding inhibitory potassium (K+)
channels in the dorsal root ganglia and VTA has been identified as a target for pain
resilience and social stress resilience (13-18), which leads to the potential use of KCNQ
channel opener, retigabine (also called ezogabine), as potential analgesic and
antidepressant (19-23). Functional magnetic resonance imaging studies demonstrated
significant differences in grey matter volume and functional connectivity within the default
mode network underlying subjective reports of more or less resilient response to pain
states (24-26), indicating anatomical and functional adaptations in the resilient individuals.
These resilience studies open a new avenue to develop conceptually innovative therapies
for major depressive disorder and pain.”



5. This study highlights the role of VTA glutamatergic neurons (but not dopaminergic
neurons) in empathetic pain. Would the authors compare these two clusters of cells in the
VTA, from the aspects of neurochemical anatomy, inputs and outputs, neurobiological
functions in the Discussion? These knowledge may help readers better comprehend the
discrete roles of these neurons in pain modulation.

Thanks for the very fundamental question.

We have added related information in the revised discussion:

“VTA is a core brain region with dense dopaminergic neurons (~60%) and also contains a
relatively small number of glutamatergic neurons (~5%) (27, 28). While both cell types
have been implicated in mediating motivation-related behaviors, such as reward and
aversion (29-32), the dopaminergic neurons were reported more for their functional roles
in mediating stress-related mental disorders (10, 33-36). The VTA glutamatergic and
dopaminergic neurons exhibit heterogeneity in their inputs, outputs, and neurobiological
functions (37). The striatal regions and the pallidum contribute a more substantial portion
of inputs to VTA dopaminergic neurons, whereas glutamatergic neurons predominantly
receive cortical inputs (38). In rodents, the major targets of VTA dopamine efferents are
the MSNs in the NAc. Additionally, VTA dopaminergic neurons also project to the
amygdala, cortex, hippocampus, ventral pallidum, periaqueductal grey, bed nucleus of the
stria terminalis, olfactory tubercle, and locus coeruleus (37). VTA glutamatergic neurons
project to the NAc, LHb, ventral pallidum, and amygdala (39, 40). These anatomical
differences might account for the functional differences in mediating behaviors.”

And please refer to our responses to your next question.

6. The authors identified VTA(glu)-NAc and VTA(glu)-LHb projections involved in pain
resilience, however, the postsynaptic neurons of these pathways remain unknown.
Whether they share the same neurochemical features with their dopaminergic
counterparts?

Thank you for the question.

In our revised version, we have added more information in the Discussion section as
follows:

“Our retrograde tracing experiment in vGlut2-Cre mice found that VTA glutamatergic
neurons projecting to the nucleus accumbens and lateral habenula also express the
dopaminergic neuron marker tyrosine hydroxylase (Supplementary Fig. 14), suggesting
that these neurons may simultaneously release dopamine at their axon terminals in the
NAc and LHb. Furthermore, our electrophysiological studies found that when
optogenetically activating the axon terminals in the NAc or LHb induced excitatory
postsynaptic currents in their postsynaptic neurons (Supplementary Fig. 15). However,
this effect could not be prevented by AMPA receptor antagonist NBQX, but not the cocktail
of D1 and D2 receptor antagonists (Supplementary Fig. 15). Technically,
electrophysiological recordings cannot record all postsynaptic neurons. A recent fiber
photometry study indicated co-release of glutamine and dopamine in the NAc shell by VTA
glutamatergic neurons (29). Further analysis found that both D1 receptor-positive and D2



receptor-positive neurons in the nucleus accumbens and lateral habenula responded to
optogenetic stimulation (Supplementary Fig. 15). With these data, we cannot exclude the
possibility of dopamine co-release and its functional role in regulating STA behavior, but
we believe that glutamatergic neurotransmission plays a predominant role in our circuitry
studies. Future cell-type-specific neuronal activity and function studies will provide a more
comprehensive understanding of the exact role of postsynaptic neuronal subtypes in
mediating STA inter-individual differences.”

In an independent ongoing study, our preliminary data showed that activating these two
subtypes of MSNs generated antagonistic behavioral results: whereas D2 MSNs promote,
D1 MSNs prevent the development of STA. This data was not included in the revised
manuscript.

Supplementary Fig. 14 | Co-expression of TH in VTA projecting glutamatergic
neurons. a, Schematic for retrograde AAV-DIO-mCherry injection into the NAc shell of
Vglut2-IRES-Cre mice. b and c, Representative immunofluorescent images and
guantitative data for co-expression of TH in VTA-NAc shell projecting glutamatergic
neurons. d, Schematic for retrograde AAV-DIO-mCherry injection into the LHb of
Vglut2-IRES-Cre mice. e and f, Representative immunofluorescent images and
guantitative data for co-expression of TH in VTA-LHb projecting glutamatergic neurons.
White arrows indicate VTA projecting glutamatergic neurons co-expressing TH.



Supplementary Fig. 15 | Postsynaptic characteristics of VTA glutamatergic neurons
in NAc shell and LHb. a, Schematic for anterograde AAV-DIO-ChR2-eYFP injection into
the VTA and AAV-D1-mCherry or AAV-D2-mCherry into the NAc shell or LHb of
Vglut2-IRES-Cre mice. Representative immunofluorescent images of virus expression in
VTA, NAc and LHb were shown. b, Representative responsive traces and quantitative
data for optogenetic stimulation of VTA glutamatergic terminals in NAc shell neurons in
the presence of ACSF, D1/D2 antagonist, and NBQX, respectively. ¢, Representative
responsive traces and quantitative data for optogenetic stimulation of VTA glutamatergic
terminals in LHb neurons in the presence of ACSF, D1/D2 antagonist, and NBQX,
respectively. d, Summary data of responding postsynaptic cells during optogenetic
stimulation of VTA glutamatergic terminals in NAc shell and LHb.
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Activation of NAcSh D1 or D2-type MSNs promotes resilience or susceptibility to
socially transferred allodynia, repectively. a, PWTs for different subgroups of BY mice
across three repeats of social transfer of allodynia paradigm with or without chemogenetic
activation of NAcSh D1-type MSNs (Control, n = 10 mice; BY-S, n = 7 mice; BY-R, n =2
mice). b, Bar graphs showing the percentages of BY-S and BY-R mice across the three
repeats of the paradigm. ¢, PWTs for different subgroups of BY mice across three repeats
of social transfer of allodynia paradigm with or without chemogenetic activation of NAcSh
D2-type MSNs (Control, n = 10 mice; BY-S, n = 6 mice; BY-R, n = 3 mice). d, Bar graphs
showing the percentages of BY-S and BY-R mice across the three repeats of the paradigm.
The data are presented as the mean + s.e.m. *P < 0.05, *P < 0.01, ***P < 0.0001, ns: no
significance. Data analyzed by (a, c¢) Two-way RM ANOVA with Tukey’s multiple
comparisons test and (b, d) Fisher's exact test.



Reviewer #3 (Remarks to the Author):

‘Midbrain glutamatergic circuit mechanism of resilience to pain’ by Han et al. utilized a
socially transferred allodynia (STA) paradigm and divided STA-treated mice into pain
susceptible and resilient subgroups. By mapping the different fos expression and utilizing
chemogenetic manipulation, they found that VTA-glu neurons are important for the
regulation of pain resilience. Finally, VTA-NAc and VTA-LHb pathways are confirmed to
respectively regulate the development and maintenance of pain resilience.

The subject of pain resilience and susceptibility is an interesting and important topic in the
field of pain research, and it has been observed in clinical cases. However, given that pain
is a basic innate response in animals, it is challenging to establish a pain model where
some animals experience pain while others do not. In this experiment, by establishing an
observation pain model, the authors have successfully solved this problem. This is a
delicate design, and it is obvious innovative.

In total, the experiments were well performed. The experimental results are reliable. The
manuscript is well written in general. However, | have several concerns need to be
addressed. | think those should be helpful to improve the quality of the work.

We greatly appreciate your very positive comments and constructive advice on our
manuscript. Please see below our responses to your comments and advice.

Major:
1. Inhibition of the VTA-glu neurons increases the observational pain susceptibility.
However, it also induced CFA-induced allodynia. Therefore, it's naturally to ask whether
inhibition of glutamate neurons lead to body pain sensitivity or weaken the resistance to
pain?

Thank you for the question.

In the original manuscript, we demonstrated that chemogenetic inhibition of the VTA
glutamatergic neurons increased STA susceptibility in BY mice (Fig. 4d and e).
Furthermore, a remarkable pro-allodynia effect was also observed in the established BY-R
mice (Fig. 4f-g). However, this pro-allodynia effect was not observed in the control mice
(Fig. 4f-g). These data suggest that VTA glutamatergic neuron inhibition-induced
pain-promoting effects are context-dependent. Chemogenetic inhibition induced
mechanical allodynia in mice exposed to the 15 min sub-threshold paradigm further
confirmed this hypothesis (Fig. 4h and i). These data suggests that a suppressed VTA
glutamatergic neuronal activity primes the animal to respond to environmental painful
stimuli, such as exposure to the sub-threshold STA paradigm.

In the revised manuscript, we also added a concluding sentence in the related Results
section as follows:

“These results suggest that inhibiting VTA glutamatergic neuron exerts a susceptibility-
and allodynia-promoting effect in a context-dependent manner.”



In fact, if the activation of glutamate produces an analgesic-like effect, then the results in
the study are consistent with this observation. | think confirming the VTA-glu neurons also
regulate the resilience for other stress-stimulation may be helpful.

This is an interesting and important question.

Resilience represents an active adaptation in the face of adversity and provides hope for
the development of novel therapeutics that mimic the natural resilience mechanisms. In
the present study, we demonstrated the functional role of the VTA glutamatergic neurons
in mediating resilience to pain. Currently, it is unknown if VTA glutamatergic neurons play
a role in mediating resilience to other stressful stimuli. We also completely agree that the
generalization of this finding in other pathological processing, if possible, is an essential
scientific question needing future systematic investigations.

To emphasize the importance of this question, we added more discussions after the
second paragraph of the Discussion section as follows:

“However, the functional role of the VTA glutamatergic neurons in mediating resilience to
other empathic behaviors or stressful stimuli remains unknown and need further studies.”

Whether this is true or not, the meaning and topic of the work should be slightly modified.
They should explain the meaning of choosing the observational pain model in the
Introduction and thoroughly discuss this point.

Thank you for your very constructive comments.

In the revised Introduction, we added the following information to explain why the
empathic pain model was used in this study following the first paragraph.

“However, how the resilient brain copes with pain experience is not well known, partially
due to the lack of experimental paradigms that permit stable replication of inter-individual
differences in pain responses in laboratory animals. The establishment with severe tissue
damage or inflammation makes it an obstacle to recapitulate susceptible versus resilient
phenotypes in current animal pain models, such as the CFA-induced persistent
inflammatory pain and the sciatic nerve ligation-induced neuropathic pain (1-4). Recent
animal studies demonstrate that the state of hyperalgesia could be socially transferred
from one individual to another through a brief empathetic social contact, a pain model
referred as socially transferred pain (5-9). Given the evident inter-individual difference in
empathy processing and social behaviors (10-12) , this model provides an opportunity to
model different pain profiles.”

2. Fos mapping data show that the Fos expression in the VTA is increased due to the
enhanced Glu activities in the resilience group. However, why is the Fos expression in the

NAc and LHb (the two main downstream targets of VTA-Glu neurons) decreased?

Thanks for your question.



As described in our original manuscript, VTA glutamatergic neurons were only activated in
BY-R mice; VTA-NAc shell and VTA-LHb glutamatergic projection were responsible for the
development and maintenance of STA resilience, respectively. Logically, the NAc shell
and the LHb will express more c-Fos protein in the BY-R mice compared to the BY-S
group. However, the c-Fos data only demonstrated an increase in the NAc shell of BY-S
group but not the BY-R group. The divergence between the deduction and our
experimental data was highly due to the functionally different neuronal subtypes in the
NAc shell. The NAc shell contains medium spiny neurons (MSNs) divided into two
subpopulations based on their expression of D1 or D2 dopamine receptors (D1 and D2
neurons). These two populations produce different or antagonistic behavioral outputs, for
example, in mediating pain perception, cocaine intake and social stress-related
depressive-like behaviors (41-43). Based on the above evidence, we hypothesized that
c-Fos protein expression data observed in the present study was a mixed pattern
including the changes of c-Fos expression in both D1 and D2 MSNSs. In our ongoing study,
our preliminary data showed that activating these two subtypes of MSNs generated
antagonistic behavioral results: whereas D2 MSNs promote, D1 MSNs prevent the
development of STA.
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Activation of NAcSh D1 or D2-type MSNs promotes resilience or susceptibility to
socially transferred allodynia, repectively. a, PWTs for different subgroups of BY mice
across three repeats of STA with or without chemogenetic activation of NAcSh D1-type
MSNs (Control, n = 10 mice; BY-S, n =7 mice; BY-R, n = 2 mice). b, Bar graphs showing



the percentages of BY-S and BY-R mice across the three repeats of STA. ¢, PWTs for
different subgroups of BY mice across three repeats of STA with or without chemogenetic
activation of NAcSh D2-type MSNs (Control, n = 10 mice; BY-S, n = 6 mice; BY-R, n =3
mice). d, Bar graphs showing the percentages of BY-S and BY-R mice across the three
repeats of STA. The data are presented as the mean £ s.e.m. *P < 0.05, **P < 0.01, ****pP <
0.0001, ns: no significance.Data analyzed by (a, c) Two-way RM ANOVA with Tukey’s
multiple comparisons test and (b, d) Fisher's exact test.

The LHb contains densely distributed vesicular glutamate transporter 2- and 3- (VGIuT2
and VGIuT3)-expressing glutamatergic neurons and a small number of
GAD-65/67-expressing GABAergic neurons (44-46). As expected and as we described in
our original manuscript, the LHb expressed more c-Fos protein in the BY-R group.
According to its increased expression pattern in the LHb of BY-R mice, we hypothesized
that the increased c-Fos protein observed in our study was mainly located in the
glutamatergic neurons. Based on the expression of either D1 or D2 dopamine receptors,
LHb neurons could also be divided into D1 receptor-positive neurons and D2
receptor-positive neurons.

Future cell-type-specific neuronal activity and function studies will provide a more
comprehensive understanding of the exact role of postsynaptic neuronal subtypes in the
NAc shell and LHb in mediating STA inter-individual differences.

3. In this study, the authors proved that activation of VTA-NAc glu neurons induced
analgesic effect. However, a previous study from the same group finds an opposite results,
showing that inhibition of the VTA-NAc glu projections relieved neuropathic pain and
inflammatory pain (Front Mol Neurosci. 2022; 15: 1083671).

Thank you for the question.

We have noticed this contradiction.

To further confirm this finding. The chemogenetic activation experiments in overall and
projection-specific VTA glutamatergic neurons were repeated by different
students/technicians, and consistent results indicated a robust analgesic effect on CFA
inflammatory pain when activated overall but not those projection-specific glutamatergic
neurons in the VTA, as shown in the following figures which were not included in the
revised manuscript.
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Chemogenetic activation of the VTA glutamatergic neurons alleviates mechanical
allodynia in CFA mice. a, PWTs for CFA mice at baseline, before, and after CNO
injection obtained by experimenter A (n = 12 mice per group). b, PWTs for CFA mice at
baseline, before, and after CNO injection obtained by experimenter B (n = 7 mice per
group). ¢, PWTs for CFA mice at baseline, before, and after CNO injection obtained by
experimenter C (n =5 mice per group). The data are presented as the mean £ s.e.m. **P
< 0.01, **P < 0.001, ns: no significance. Data analyzed by (a, b) Friedman test with
Dunn’'s multiple comparisons test; or (c) one-way RM ANOVA with Tukey's multiple
comparisons test. Detalls of the statistical analyses are presented in Supplementary Table
5.
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Chemogenetic activation of the VTA->NAc shell glutamatergic projection does not
affect the mechanical allodynia of CFA mice. a, PWTs for CFA mice at baseline, before,
and after CNO injection obtained by experimenter A (n = 10 mice per group). b, PWTs for
CFA mice at baseline, before, and after CNO injection obtained by experimenter B (n = 5
mice per group). The data are presented as the mean £ s.e.m. *P < 0.05, ***P < 0.001, ns:
no significance. Data analyzed by (a, b) Friedman test with Dunn's multiple comparisons
test. Details of the statistical analyses are presented in Supplementary Table 5.

Minor:
1. Page 3, line 5, *~70% of BY mice displayed decreased PWTs, and the rest of the ~30%



animals exhibited comparable PWTs with the control mice (Fig. 1c)’. Fig. 1c should be
changed to Figs. 1c and e, since the percentage (~70%) is the valuation from the two
figures.

The related parts have been corrected in the revised version.

2. What do the arrows indicate to in Figs. 2f, h and j? Please explain that in the figure
legend. | also noticed that many arrows are not indicating any neurons. The sharpness of
Fig. 2d is not satisfied too.

The arrows in Fig. 2 indicate c-Fos-expressing neurons.
Some arrows were removed from the figures to avoid misunderstandings.
The figure is replaced with a new high-resolution one.

3. In Fig. 5i, it's indicated that chemogenetic inhibition of the VTA-NAc shell glutamatergic
projection ‘induced more BY-S individuals’. However, from the figure, it should be all mice
are BY-S mice.

Thanks for the suggestion. In the revised version, we have replaced the sentence with
“...whereas pathway-specific inhibition prevented the development of resilience and made
all mice susceptible to STA.”



Reviewer #4 (Remarks to the Author):

The manuscript by Han et al. investigated inter-individual differences in pain response,
especially pain resilience, by establishing two independent cutoffs to separate the
susceptible and resilient sub-populations in a social transfer pain model. The behavioral
tests provided solid evidence to support that the susceptible and resilient behavioral
phenotypes are stable. Further functional studies revealed VTA glutamatergic neurons as
a cellular target for pain resilience and identified the VTA-NAc shell and the VTA-LHb
projections as two independent circuitry mechanisms for the development and
maintenance of pain resilience, respectively. The manuscript defined and separated the
susceptible and resilient individuals in the social transfer model of pain, thus providing an
animal model tool to investigate inter-individual differences in pain response. The
mechanism study illuminates a comprehensive picture describing the important role of
mesolimbic reward system in pain resilience. Overall, this study provides a conceptual
advance for pain research field, the experiments are well designed and data are well
presented.

We appreciate your very positive comments and constructive advice on our manuscript.
Following your comments and suggestions, we have deeply revised our manuscript.

| have a few comments for the authors to further improve the manuscript.

1. The C57BL/6J bystander (BY) mice displayed different pain behaviors after a brief
social interaction with CFA age mates. Is the inter-individual difference in pain responses
from the difference in social interaction behaviors? Would the susceptible mice spend
more time interacting with CFA tool mice?

This is a fundamental question.

To study possible differences in social interaction process between the BY-S and BY-R
sub-groups, all of the BY mice underwent a two phase social interaction test on the day
after the STA paradigm. This social interaction test involved 2.5 minutes of environmental
exploration in an open arena with an unfamiliar naive male mouse and another 2.5
minutes of social interaction with a target male C57BL/6J mouse with CFA inflammatory
pain. And a group of CFA mice were also subjected to the interaction test. Behavioral tests
demonstrated no significant differences in the social interaction time and locomotion
among different groups (Supplementary Fig. 3).

Please also refer to our response to the third question of the first reviewer.

2. c-Fos expression was used to examine VTA glutamatergic neuron activity in control,
BY-S, and BY-R mice. Their results suggested an elevated c-Fos expression only in the
VTA glutamatergic neurons of BY-S mice. Other cell-type-specific approaches, such as
electrophysiology, will provide more direct evidence to support their findings further.



Thanks for this constructive advice.

In the revised version, we added firing activity data of VTA glutamatergic neurons from the
control, BY-S and BY-R mice. We first labeled VTA glutamatergic neurons by locally
injecting Cre-inducible AAV with mCherry in vGlut2-Cre mice. Three weeks later, mice
were subjected to in vitro electrophysiology 1.5 hours following the STA paradigm. As
excepted, BY-R mice displayed an increased firing activity in their VTA glutamatergic
neurons when compared with that in the control and BY-S mice (Supplementary Fig. 6).
This finding further supported the hyperactivity of VTA glutamatergic neurons in the BY-R
mice.

In the revised manuscript, we have added the following information in the Result section:
“To further confirm the hyperactivity of VTA glutamatergic neurons in BY-R mice, we
labeled these neurons with Cre-inducible AAV carrying mCherry in Vglut2-IRES-Cre mice
for slice electrophysiology. Cell-attached recordings demonstrated an increased firing
frequency of VTA mCherry-positive neurons in BY-R mice compared to that in the control
or BY-S groups (Supplementary Fig. 6).”

Supplementary Fig. 6 | Increased firing activity in VTA glutamatergic neurons of the
BY-R mice. a, Schematic illustration depicting viral injection, experimental design, and
representative image of mCherry-positive VTA vGlut2* cells during patch clamp recording.
b, 50%PWTs (**p<0.01, n=3, 3, 3 mice) measured after social contact with CFA mice for
1h. c-d, In vitro patch clamp sample traces (c) and firing rates (d) of VTA vGlut2* neurons
from Control, BY-S and BY-R mice. *p < 0.05, **p < 0.01; n = 11, 11, 12 cells from 3
mice/group.

3. The authors also touched on the behavioral outcomes in female mice exposed to this



STA paradigm. Can female mice share exact cellular and circuitry mechanisms for their
inter-individual difference in pain behaviors? It would be helpful to provide direct evidence
or more discussions.

Thank you so much for the question. This is an important point.

In our original manuscript, we demonstrated that female C57BL/6J mice displayed similar
susceptible and resilient phenotypes following the 1-hour social contact process with a
similar proportion as observed in the male mice (Supplementary Fig. 2). Based on the
similar behavioral outcomes in male and females, we did not include females in our brain
region screening and functional studies. And we agree that the cellular and circuitry
mechanisms underlying the inter-individual differences in females are also essential
scientific questions need to be addressed in future independent studies. To avoid
misunderstanding, following the sex and gender reporting policies and your comments,
we made related changes in our title and abstract to clarify that the main findings of the
current study are obtained from male mice.

The title of the manuscript was changed to “Midbrain glutamatergic circuit mechanism of
resilience to pain in male mice”

Related changes were also made in the Abstract.

In our revised manuscript, more discussions are added as follows:

“Moreover, female mice displayed similar susceptible and resilient behavioral adaptations
following the STA paradigm, indicating similar neurobiology underlying the inter-individual
differences in pain responses in females. The exact cellular and circuitry mechanisms
under the inter-individual differences in female pain responses need further investigations
in future independent studies.”

4. VTA glutamatergic neurons were activated in BY-R mice, and chemogenetic activation
of the VTA-NAc shell glutamatergic projection promotes resilience. However, the c-Fos
data only demonstrated an increase in the NAc shell of BY-S group but not the BY-R
group. Please interpret this point.

Thanks for your question.

As you mentioned above, VTA glutamatergic neurons were only activated in BY-R mice,
and chemogenetic activation of the VTA-NAc shell glutamatergic projection promotes
resilience. Logically, the NAc shell will express more c-Fos protein in the BY-R mice
compared to the BY-S group. However, the c-Fos data only demonstrated an increase in
the NAc shell of BY-S group but not the BY-R group. The divergence between the
deduction and our experimental data was highly due to the functionally different neuronal
subtypes in the NAc shell. The NAc shell contains medium spiny neurons (MSNSs) divided
into two subpopulations based on their expression of D1 or D2 dopamine receptors (D1
and D2 MSNSs). These two populations produce different or antagonistic behavioral
outputs, for example, in mediating pain perception, cocaine intake and social
stress-related depressive-like symptoms (41-43). Based on the above evidence, we



hypothesized that c-Fos protein expression data observed in the present study was a
mixed pattern including the changes of c-Fos expression in both D1 and D2 MSNs. Future
cell type-specific neuronal activity and function studies will provide a more comprehensive
understanding of the exact role of NAc shell subtypes in mediating STA inter-individual
differences. In our ongoing study, our preliminary data showed that activating these two
subtypes of MSNs generated antagonistic behavioral results: whereas D2 MSNs promote,
D1 MSNs prevent the development of STA susceptibility.
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Activation of NAcSh D1 or D2-type MSNs promotes resilience or susceptibility to
socially transferred allodynia, repectively. a, PWTs for different subgroups of BY mice
across three repeats of STA with or without chemogenetic activation of NAcSh D1-type
MSNs (Control, n = 10 mice; BY-S, n =7 mice; BY-R, n = 2 mice). b, Bar graphs showing
the percentages of BY-S and BY-R mice across the three repeats of STA. ¢, PWTs for
different subgroups of BY mice across three repeats of STA with or without chemogenetic
activation of NAcSh D2-type MSNs (Control, n = 10 mice; BY-S, n = 6 mice; BY-R, n =3
mice). d, Bar graphs showing the percentages of BY-S and BY-R mice across the three
repeats of STA. The data are presented as the mean £ s.e.m. *P < 0.05, **P < 0.01, ****pP <
0.0001, ns: no significance.Data analyzed by (a, c) Two-way RM ANOVA with Tukey’s
multiple comparisons test and (b, d) Fisher's exact test.

Please also refer to our response to the second question of reviewer 3.



5. Different neuronal responses were observed in different brain regions in BY mice.
Some brain regions exhibited increased c-Fos protein in both BY subpopulations, and
some displayed changed c-Fos protein only in the BY-R or BY-S mice. How will the author
interpret these c-Fos expression patterns? Should other behavioral adaptations happen in
both BY-R and BY-S mice?

Thank you for the comments. This is an important point.

Our immunofluorescent experiment identified some brain regions with specific changes of
c-Fos protein expression only in BY-S or BY-R mice. For example, we observed increased
c-Fos protein expression only in the VTA of BY-R mice, and increased c-Fos protein
expression only in the dorsal raphe nucleus, anterior cingulate cortex and amygdala of
BY-S mice. These results underscore a potentially specific role for these brain regions in
regulating certain behavioral outcomes. Interestingly, some brain regions displayed similar
changes in both BY-S and BY-R mice, indicating universal behavioral adaptations in these
two subpopulations. Indeed, in the elevated plus maze test, a widely-used paradigm for
measuring anxiety-like behaviors, we observed an significant decrease in the open arm
time in both BY-S and By-R mice, indicating a possible anxiety-like behavior in the BY
mice. However, both BY-S and BY-R mice showed no remarkable changes in the open
field test, another behavioral test for anxiety measurement. And these data were under
evaluation in another journal, so we include it in our rebuttal letter as follows, but not in our
revised manuscript.

And in our revised manuscript, we added more discussions as follows:

“In addition to the different pain responses, BY mice might also develop other pain-related
emotional behaviors during the social contact procedure, for example, anxiety- and
depressive-like behaviors. Our c-Fos protein expression data demonstrated that some
brain regions displayed similar changes in both BY-S and By-R mice. For example, all of
the BY mice exhibited increased c-Fos protein expression in their anterior cingulate cortex,
paraventricular thalamic nucleus, and locus coeruleus et.al. This data indicated possible
common behavioral adaptations in all of the BY mice following the STA paradigm.”
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Anxiety-like behaviors in both BY-S and BY-R mice. (A) Open field and elevated plus
maze tests experimental Schematic. (B) Time spent in the open arms in the elevated plus
maze test (Control, n =13 mice; BY-S, n =10 mice; BY-R, n = 3 mice). (C) Open arm ratios
(open arm time/ open arm time + closed arm time *100) (Control, n = 13 mice; BY-S, n =
10 mice; BY-R, n = 3 mice). (D) Distance in the open arms (Control, n =13 mice; BY-R, n =
10 mice; BY-S, n = 3 mice). (E) Center zone time in the open field test (Control, n =12
mice; BY-S, n = 9 mice; BY-R, n = 4 mice). (F) Periphery zone time (Control, n =12 mice;
BY-S, n = 9 mice; BY-R, n = 4 mice). The data are presented as the means + SEM. *P <
0.05, **P < 0.01, ns: no significance. Data analyzed by (B, C, D, E and F) One-way
ANOVA with Tukey's multiple comparisons test.

We thank the reviewers again for all the time and effort in helping us to improve our
manuscript.
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