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Neurobiology of Disease

The Modulatory Effect of Motor Cortex Astrocytes on
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Diabetic neuropathic pain (DNP) is a common complication of diabetes characterized by persistent pain. Emerging evidence
links astrocytes to mechanical nociceptive processing, and the motor cortex (MCx) is a cerebral cortex region that is known
to play a key role in pain regulation. However, the association between MCx astrocytes and DNP pathogenesis remains largely
unexplored. Here, we studied this association using designer receptors exclusively activated by designer drugs to specifically
manipulate MCx astrocytes. We proved that the selective inhibition of MCx astrocytes reduced DNP in streptozocin (STZ)-
induced DNP models and discovered a potential mechanism by which astrocytes release cytokines, including TNF-a and IL-
1B, to increase neuronal activation in the MCx, thereby regulating pain. Together, these results demonstrate a pivotal role for

MCx astrocytes in DNP pathogenesis and provide new insight into DNP treatment strategies.
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ignificance Statement

pathic pain treatment.
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Astrocytes are critical for maintaining CNS homeostasis. In recent years, astrocytes have been demonstrated to play roles in
pain signaling modulation and neuropathic pain maintenance, with studies showing that they inhibit pain transmission at the
spinal level. This work suggests that astrocytes also modulate pain at the supraspinal level. Indeed, we show that chemogeneti-
cally manipulated MCx astrocytes affect the mechanical withdrawal thresholds of rats and elucidate a potential mechanism by
which astrocytes release inflammatory mediators to increase neuronal activation in the MCx, thereby regulating pain.
Together, our data support that inhibition of astrocytes in the MCx region might have broad prospects for diabetic neuro-
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Introduction

Diabetic neuropathic pain (DNP) is a common chronic complica-
tion of diabetes mellitus characterized by disordered pain sensation,
displayed as spontaneous pain, allodynia, and hyperalgesia (Peltier
etal,, 2014). Approximately 30% of patients with diabetes reportedly
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suffer from DNP, but there is a paucity of treatments (Feldman et
al,, 2019). Current therapeutic strategies for DNP are mostly symp-
tomatic and thus primarily concentrate on pain management
(Bonhof et al., 2019; Alam et al., 2020). However, most analgesics
have been demonstrated to provide only partial pain relief or have
multiple side effects (Rosenberger et al., 2020). For example, as a
potent opioid analgesic, morphine significantly prolongs the dura-
tion of hyperalgesia in diabetic rodents (Grace et al., 2016). This
problematic feature of the current DNP therapeutic strategies high-
lights the urgent need to advance our understanding of the DNP
mechanism and to identify novel therapeutic targets.

As previous clinical and preclinical studies centering merely
on neurons failed to account for the complexity of DNP pathoge-
nesis, studies on astrogliopathy in the CNS may uncover novel
targets for neuropathic therapies (Ishikawa et al., 2018; Ji et al,,
2019; Rajchgot et al., 2019). Astrocytes, accounting for 20%-40%
of all glial cells in the CNS, are the largest nonneuronal cells in
the CNS, and a series of studies has consistently verified that
astrocytes play a pivotal role in the manipulation of DNP (Ji et
al,, 2016; Li et al, 2019). However, while the current focus
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Table 1. Statistical analyses in each figure
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Figure. Test Post hoc comparison
1A Two-way repeated-measures ANOVA Fisn0s) = 244.487 p<0.001 Unpaired £ test
Interaction Fis05) = 242.251 p < 0.001 At baseline p = 0.661
Time effect Fa21) = 8301.849 p<0.001 Atd3,d7,d14,d21,d28 p<0.001
Group effect
18 Two-way repeated-measures ANOVA Fiaga) = 256.839 p < 0.001 Unpaired ¢ test
Interaction Fiaga) = 129.061 p << 0.001 At baseline p =0.205
Time effect Fa 1) = 120307 p<0.001 Atd7,d14,d21,d 28 p <0001
Group effect
1C Two-way repeated-measures ANOVA Faga = 9.904 p < 0.001 Unpaired £ test
Interaction Flaga = 20153 p <0001 At baseline p =0.079
Time effect Fa = 143.027 p < 0.001 Atd7,d14,d21,d28 p<<0.001
Group effect
0 Student’s ¢ test thgy = —15.218 p < 0.001
1E Student’s ¢ test thoy = 0.418 p=0.685
2 Two-way repeated-measures ANOVA Fag 230 = 3.012 p<0.001 Dunnett's multiple comparisons test (vs DNP+GFAP-mCherry)
Interaction Fi234) = 8.585 p<0.001 Baseline: DNP -+ GFAP-M4-mCherry+CNO 0.1 mg/kg, p = 0.703;
Time effect F339) = 28712 p<0.001 DNP -+ GFAP-M4-mCherry+CNO 0.3 mg/kg, p = 0.996;
Group effect DNP-+GFAP-M4-mCherry+CNO 1.0 mg/kg, p =0.947;
1 h: DNP+GFAP-M4-mCherry+CNO 0.1 mg/kg, p = 0.827;
WP+GFAP—M4—m(herw+CNO 0.3 mg/kg, p =0.005;
DNP+GFAP-M4-mCherry+CNO 1.0 mg/kg, p < 0.001
2 h: DNP-+GFAP-M4-mCherry+CNO 0.1 mg/kg, p=0.371;
WP +GFAP-M4-mCherry+CNO 0.3 mg/kg, p =0.004;
DNP -+ GFAP-M4-mCherry+CNO 1.0 mg/kg, p << 0.001
3 h: DNP~+GFAP-M4-mCherry+CNO 0.1 mg/kg, p = 0.049;
WP+GFAP—M4—mCherw+CNO 0.3 mg/kg, p < 0.001;
DNP-+GFAP-M4-mCherry +CNO 1.0 mg/kg, p << 0.001
4 h: DNP~+GFAP-M4-mCherry-+CNO 0.1 mg/kg, p = 0.666;
WP+GFAP—M4—m(herry+CNO 0.3 mg/kg, p=0.003;
DNP+GFAP-M4-mCherry+CNO 1.0 mg/kg, p < 0.001
5 h: DNP~+GFAP-M4-mCherry+CNO 0.1 mg/kg, p = 0.980;
MP+GFAP—M4—mChemI+CN0 0.3 mg/kg, p =0.359;
DNP+GFAP-M4-mCherry+(NO 1.0 mg/kg, p = 0.045
6 h: DNP-+GFAP-M4-mCherry+CNO 0.1 mg/kg, p = 0.752;
MP+GFAP—M4—mCherw+CNO 0.3 mg/kg, p =0.889;
DNP+GFAP-M4-mCherry+(NO 1.0 mg/kg, p =0.176
2 Two-way repeated-measures ANOVA Faga3a = 3.012 p<0.001 Dunnett's multiple comparisons test (vs DNP+GFAP-mCherry)
Interaction Fi6,234) = 8.585 p < 0.001 DNP -+ GFAP-M4-mCherry+CNO 0.1 mg/kg, p = 0.049;
Time effect Fia39) = 28.712 p<0.001 DNP+GFAP-M4-mCherry+CNO 0.3 mg/kg, p < 0.001;
Group effect DNP-+GFAP-M4-mCherry+CNO 1.0 mg/kg, p < 0.001
2K Paired-samples Baseline vs d 21 t;) = 6.643 p<0.001 /
t test d 21 vs 0.3 mg/kg, tae) = —4.837 p=0.001
Wilcoxon signed-rank test d 21 vs 1.0mg/kg, t10) = —5.041 p=0.001
Baseline vs d 7 Z = —2.756 p=0.006
Baseline vs d 14 Z = —2.756 p=0.003
d 21 vs 0.1 mg/kg, Z = —2.805 p=0.005
20 Student’s ¢ test toy=7.128 p<0.001 /
3B Two-way repeated-measures ANOVA Fagate) = 4.043 p < 0.001 Dunnett's multiple comparisons test (vs GFAP-+mCherry)
Interaction Fi6216 = 15.152 p < 0.001 Baseline: GFAP-M3 +mCherry+CNO 0.03 mg/kg, p = 0.920;
Time effect F336 = 15.135 p < 0.001 GFAP-M3+mCherry+CNO 0.1 mg/kg, p =0.985;
Group effect GFAP-M3+mCherry+CNO 0.3 mg/kg, p =0.780

1 h: GFAP-M3+mCherry+CNO 0.03 mg/kg, p = 0.979;
EAP—M3 +mCherry+CNO 0.1 mg/kg, p = 0.002;
GFAP-M3+mCherry+CNO 0.3 mg/kg, p << 0.001
2 h: GFAP-M3-+mCherry+CNO 0.03 mg/kg, p =0.106;
aP—M3+mCherry+(NO 0.1mg/kg, p < 0.001;
GFAP-M3+mCherry+CNO 0.3 mg/kg, p << 0.001
3 h: GFAP-M3-+mCherry+CNO 0.03 mg/kg, p =0.159;
aP—M3+mCherry+(NO 0.1mg/kg, p=0.001;
GFAP-M3+mCherry+CNO 0.3 mg/kg, p << 0.001
4 h: GFAP-M3+mCherry+CNO 0.03 mg/kg, p = 0.205;
aP—M3+mCherry+(N0 0.1mg/kg, p =0.004;
GFAP-M3 +mCherry+CNO 0.3 mg/kg, p << 0.001
5 h: GFAP-M3-+m(Cherry+CNO 0.03 mg/kg, p = 0.787;

(Table continues.)
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Figure. Test Post hoc comparison
GFAP-M3+mCherry+(NO 0.1 mg/kg, p = 0.894;
GFAP-M3+mCherry+CNO 0.3 mg/kg, p =0.068
6 h: GFAP-M3+mCherry+CNO 0.03 mg/kg, p = 0.856;
aP—M3+mCherry+(N0 0.1mg/kg, p=0.872;
GFAP-M3+mCherry+CNO 0.3 mg/kg, p =0.711
3C Two-way repeated-measures ANOVA Faga16 = 4.043 p < 0.001 Dunnett's multiple comparisons test (vs GFAP-+mCherry).
Interaction Fe216 = 15.152 p < 0.001 GFAP-M3 +mCherry+(NO 0.03 mg/kg, p =0.106;
Time effect F336 = 15.135 p<0.001 GFAP-M3+mCherry+CNO 0.1 mg/kg, p < 0.001;
Group effect GFAP-M3+mCherry+CNO 0.3 mg/kg, p < 0.001
3D Paired-samples Baseline vs d 22 t;) = 4.5 p=0.001
t test Baseline vs d 25 t;3) = 5.94 p < 0.001
Baseline vs d 28 t3;) = 9.594 p<0.001
3E Student’s ¢ test tg = —13.031 p << 0.001
4B One-way ANOVA Fis.7) = 27.601 p<0.001 Games-Howell multiple comparisons test
Control vs DNP p = 0.005;
DNP -+ GFAP-M4-mCherry+CNO vs DNP p = 0.007;
DNP+GFAP-mCherry vs DNP+GFAP-M4-mCherry p < 0.001;
GFAP-M3+mCherry vs DNP p =1.000;
GFAP-mCherry vs GFAP-M3+mCherry p = 0.017
SE Two-way repeated-measures ANOVA Fags2) = 4.058 p<0.001 Dunnett's multiple comparisons test (vs DNP+CaMKIl-mCherry)
Interaction Fig252 = 16.851 p < 0.001 Baseline: DNP -+ CaMKII-M4-mCherry+CNO 0.03 mg/kg, p = 0.584;
Time effect F3.42 = 80.494 p < 0.001 DNP -+ CaMKII-M4-mCherry +CNO 0.1 mg/kg, p = 0.554;
Group effect DNP-+CaMKII-M4-mCherry+CNO 0.3 mg/kg, p=0.373
1 h: DNP+ CaMKII-M4-mCherry+CNO 0.03 mg/kg, p =0.152;
WP+(aMKII—M4—mCherw+CNO 0.1mg/kg, p < 0.001;
DNP+CaMKII-M4-mCherry+CNO 0.3 mg/kg, p < 0.001
2 h: DNP-+ CaMKII-M4-mCherry +CNO 0.03 mg/kg, p = 0.309;
WP+(aMKII—M4—mCherw+CNO 0.1mg/kg, p < 0.001;
DNP+CaMKII-M4-mCherry+CNO 0.3 mg/kg, p < 0.001
3 h: DNP-+CaMKIl-M4-mCherry+CNO 0.03 mg/kg, p = 0.249;
WP+(aMKII—M4—mCherry+CNO 0.1mg/kg, p < 0.001; DNP -+ CaMKII-M4-mCherry+CNO 0.3 mg/kg, p << 0.001
4 h: DNP-+CaMKII-M4-mCherry +CNO 0.03 mg/kg, p = 0.228;
MP+(aMKII-M4-mChemI+(N0 0.1mg/kg, p < 0.001; DNP-+CaMKIl-M4-mCherry+CNO 0.3 mg/kg, p < 0.001
ﬁ: DNP -+ CaMKII-M4-mCherry-+CNO 0.03 mg/kg, p = 0.463;
DNP+CaMKII-M4-mCherry+CNO 0.1 mg/kg, p=0.011;
DNP+ CaMKII-M4-mCherry +CNO 0.3 mg/kg, p < 0.001
@: DNP -+ CaMKII-M4-mCherry-+CNO 0.03 mg/kg, p = 0.792;
DNP-+CaMKII-M4-mCherry+CNO 0.1 mg/kg, p=0.130;
DNP-+CaMKII-M4-mCherry+CNO 0.3 mg/kg, p =0.431
SF Two-way repeated-measures ANOVA Fg 252 = 4.058 p < 0.001 Dunnett’s multiple comparisons test (vs DNP -+ CaMKII-mCherry)
Interaction Fi6,252 = 16.851 p <0.001 DNP-+CaMKII-M4-mCherry+CNO 0.03 mg/kg, p = 0.249;
Time effect Fa42) = 80.494 p < 0.001 DNP-+CaMKII-M4-mCherry+CNO 0.1 mg/kg, p << 0.001; DNP-+CaMKIl-M4-mCherry+CNO 0.3 mg/kg, p < 0.001
Group effect
56 Paired-samples Baseline vs d 7 t4q) = 3.522 p=0.005 /
t test Baseline vs d 14 t;;) = 6.204 p < 0.001
Baseline vs d 21 £ = 10.724 p < 0.001
d 21: 0.03 mg/kg, 1) = —1.07 p=0307
d 21: 0.1 mg/kg, ty) = —8.141 p<0.001
d 21: 0.3 mg/kg, teyy = —8.31 p < 0.001
5H Mann-Whitney test 7=-2739 p=0.004 /
68 Two-way repeated-measures ANOVA Faga60 = 4.227 p<0.001 Dunnett’s multiple comparisons test (vs CaMKII-mCherry)
Interaction Fie.260 = 11.731 p<0.001 Baseline: CaMKII-M3-mCherry+CNO 0.03 mg/kg, p = 0.989;
Time effect Fi3.42) = 24.086 p<0.001 CaMKII-M3-mCherry+CNO 0.1 mg/kg, p = 1.000;

Group effect

CaMKII-M3-mCherry+CNO 0.3 mg/kg, p = 0.394

H: CaMKII-M3-mCherry+(NO 0.03 mg/kg, p = 0.882;
CaMKII-M3-mCherry+CNO 0.1 mg/kg, p = 0.002;
CaMKII-M3-mCherry+CNO 0.3 mg/kg, p < 0.001

H: CaMKII-M3-mCherry+(NO 0.03 mg/kg, p = 0.847;
CaMKII-M3-mCherry+CNO 0.1 mg/kg, p < 0.001;
(aMKII-M3-mCherry+CNO 0.3 mg/kg, p << 0.001

ﬂ: CaMKII-M3-mCherry+(CNO 0.03 mg/kg, p = 0.978;
CaMKII-M3-mCherry+CNO 0.1 mg/kg, p = 0.002;
CaMKII-M3-mCherry+CNO 0.3 mg/kg, p=0.001

4_h: CaMKII-M3-mCherry+(NO 0.03 mg/kg, p = 1.000;

(Table continues.)
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Figure. Test

Post hoc comparison

6C Two-way repeated-measures ANOVA Fus 269 = 4.227
Fioaen = 11731

Fs.aq = 24086

Interaction
Time effect
Group effect
6D Paired-samples Baseline: 0.03 mg/kg, t4y) = —1.322
t test Baseline: 0.1 mg/kg, 1) = 3955
Baseline: 0.3 mg/kg, ty) = 8.842
7=-2887
Faase = 9543
Fi136) = 41.155
Fozn) = 97.073

6F Mann—Whitney test

7C Two-way repeated-measures ANOVA
Interaction
Time effect

Group effect

0 Two-way repeated-measures ANOVA Faz s = 9543
Fi 186 = 41.155

Fon = 97.073

Interaction
Time effect
Group effect

88 One-way ANOVA Fsz = 4185

8¢ One-way ANOVA Fis30) = 8.864

Extended Data 2-1 One-way ANOVA Fo17) = 64.755

Extended Data 3-1 One-way ANOVA Fo16 = 110.537

<0001
p<0.001
p <0001

p <0001
p <0001
p<0.001

p=0007

p <0001

p <0001

p<0.001

CaMKII-M3-mCherry+CNO 0.1 mg/kg, p = 0.008;
CaMKII-M3-mCherry+CNO 0.3 mg/kg, p=0.001

5 h: CaMKII-M3-mCherry +CNO 0.03 mg/kg, p = 0.995;
&aMKII—MB—m(herry-*—CNO 0.1mg/kg, p=0.017

ﬂ: CaMKII-M3-mCherry +CNO 0.03 mg/kg, p = 0.999;
CaMKII-M3-mCherry+CNO 0.1 mg/kg, p = 0.808;
CaMKII-M3-mCherry+CNO 0.3 mg/kg, p = 0.509
Dunnett's multiple comparisons test (vs CaMKII-mCherry)
CaMKII-M3-mCherry+CNO 0.03 mg/kg, p = 0.847;
CaMKII-M3-mCherry+CNO 0.1 mg/kg, p < 0.001;
CaMKII-M3-mCherry+CNO 0.3 mg/kg, p < 0.001

p=0213
p=0.002
<0001
p=0.004
p<0.001
<0001
p<0.001

Dunnett's multiple comparisons test (vs Control)

Baseline: GFAP-M3 +CaMKII-mCherry+ CNO 0.3 mg/kg, p = 1.000;
GFAP-M3 -+ CaMKII-M4-mCherry+CNO 0.3 mg/kg, p = 0.750

H: GFAP-M3+ CaMKII-mCherry-+ CNO 0.3 mg/kg, p = 1.000;
GFAP-M3 -+ CaMKIl-M4-mCherry+CNO 0.3 mg/kg, p < 0.001

2 h: GFAP-M3+ CaMKIl-mCherry+ CNO 0.3 mg/kg, p = 1.000;
aP—M3+(aMKII—MﬂrmCherry+(N0 0.3 mg/kg, p < 0.001

ﬂ: GFAP-M3+ CaMKII-mCherry+ CNO 0.3 mg/kg, p = 1.000;
GFAP-M3+CaMKII-M4-mCherry+CNO 0.3 mg/kg, p < 0.001

4_h: GFAP-M3+ CaMKII-mCherry+ CNO 0.3 mg/kg, p = 1.000;
GFAP-M3 +CaMKIl-M4-mCherry+CNO 0.3 mg/kg, p < 0.001

5 h: GFAP-M3+ CaMKIl-mCherry+ CNO 0.3 mg/kg, p = 1.000;
EAP—MB-HaMKII—MthCherry+(.N0 0.3 mg/kg, p < 0.001

6 h: GFAP-M3+ CaMKIl-mCherry+ CNO 0.3 mg/kg, p = 1.000;
&P-M3+(aMKII-M4—m(herry+(N0 0.3mg/kg, p=0.117
Dunnett’s multiple comparisons test

GFAP-M3 +CaMKIl-mCherry+CNO 0.3 mg/kg, vs Control p = 1.000;
GFAP-M3+CaMKII-M4-mCherry+CNO 0.3 mg/kg, vs Control p < 0.001;
GFAP-M3+ CaMKII-mCherry +CNO 0.3 mg/kg, vs GFAP-M3 -+ CaMKIl-M4-mCherry+CNO 0.3 mg/kg, p << 0.001
LSD’s multiple comparisons test

Control vs DNP, p = 0.005

DNP+GFAP-M4-mCherry vs DNP, p = 0.017

DNP-+GFAP-mCherry vs DNP+GFAP-M4-mCherry, p = 0.022
GFAP-M3+mCherry vs DNP, p =0.484

GFAP-mCherry vs GFAP-M3+mCherry, p = 0.034

LSD’s multiple comparisons test

Control vs DNP, p << 0.001

DNP -+ GFAP-M4-mCherry vs DNP, p = 0.008

DNP-+GFAP-mCherry vs DNP+GFAP-M4-mCherry, p = 0.005
GFAP-M3+mCherry vs DNP, p =0.937

GFAP-mCherry vs GFAP-M3-+mCherry, p << 0.001

Bonferroni multiple comparisons test

DNP vs DNP -+ GFAP-M4-mCherry, p < 0.001

DNP vs DNP+GFAP-M4-mCherry washout, p = 0.083
DNP-+GFAP-M4-mCherry vs DNP -+ GFAP-M4-mCherry washout, p << 0.001

Bonferroni multiple comparisons test

Control vs GFAP-M3-mCherry, p << 0.001

Control vs GFAP-M3-mCherry washout, p =1.000
GFAP-M3-mCherry vs GFAP-M3-mCherry washout, p << 0.001

Statistical data with their respective post hoc comparison test for the behavioral immunohistochemical and ELISA data. In all cases, p << 0.05 was used to indicate significance.

regarding DNP is the involvement of spinal astrocytes in pain
modulation, little emphasis has been placed on supraspinal astro-
cytes. While the essential role of supraspinal astrocytes in provid-
ing structural and nutritional support for neurons has been
elaborately expounded, their function in the modulation of DNP
remains unclear.

Contrary to the traditional view that the cerebral cortex is not
involved in pain perception, an extensive cortical network

associated with pain processing has been revealed in recent years
and is being increasingly recognized to play a major role in the
representation and modulation of pain (Chen, 2018; Kragel et al.,
2018). Since Tsubokawa and colleagues (Tsubokawa et al., 1991)
initially reported long-term motor cortex (MCx) stimulation
(MCS) as a potent therapy for neuropathic pain in 1991, many
subsequent studies confirmed the reliability of MCS. Although
the MCx is engaged in pain transmission, the exact
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STZ-induced diabetic rats experienced mechanical allodynia accompanied by MCx astrocyte activation. (A) Blood glucose, (B) body weight, and (C) the mechanical withdrawal

threshold levels were measured every 3 d or once weekly over 4 weeks after treatment with STZ. sp < 0.001 versus the control group, n =10 or 11 rats/group, two-way repeated-measures
ANOVA followed by unpaired ¢ test. (D) Immunofluorescence of GFAP or NeuN (E) in the MCx region 31 after the injection of vehicle or STZ. Bottom panels, High-magnification images of the
top panels. Scale bars, 100 . Adjacent graph represents the quantification of fluorescence intensity. ::<p << 0.001 versus the control group, n =5 or 6 rats/group, Student’s ¢ test.

neuromechanisms related to MCS in neuropathic pain have not
been fully clarified. A previous study detected significant activa-
tion of MCx astrocytes during the development of neuropathic
pain in a rodent neonatal pain model (Sanada et al, 2014).
However, the contribution of MCx astrocytes to neuropathic
pain has not yet been determined. This transition of astrocytes to
a reactive state can facilitate neuroinflammation, and the released
inflammatory mediators can subserve neuron sensitization and
amplify astrocyte activation, the latter of which is partly responsi-
ble for the progression of pain (Z. J. Zhang et al, 2017;
Vanderwall and Milligan, 2019). Whether MCx glial cell hyper-
activity and their interactions with local neurons (via the release
of cytokines) contribute to the development and maintenance of
DNP has not been studied.

To establish whether MCx glial cell hyperactivity and the glial
cell release of cytokines that interact with local neurons contrib-
utes to the development and maintenance of DNP, we used the
hM4Di designer receptor exclusively activated by designer drug
(DREADD) to specifically inhibit astrocytes in the MCx region
in DNP rats, and specific astrocyte activation was achieved by
the hM3Dq DREADD in naive rats. The resultant changes in
mechanical allodynia and the expression of MCx proinflamma-
tory cytokines were measured. In detail, MCx astrocytes were
inhibited in rats with DNP and activated in naive rats, the latter
of which was performed either alone or in combination with the
chemogenetic inhibition of MCx CAMKII neurons. Our results
proved that MCx astrocytes are pivotal mediators of DNP and
might shed light on treatment strategies for DNP.

Materials and Methods

Animals. Male Sprague Dawley rats (weighing 180-200 g) were
obtained from the laboratory animal center of Fujian Medical University
(license no. SCXK (Min) 2012-0001). All animals were housed in a con-
trolled environment (temperature of 25 = 2°C with a 12 h light/dark

cycle) with food and water available ad libitum. Before the experimental
procedures, animals were randomly allocated into different groups. All
experiments were performed in accordance with the guidelines of the
Laboratory Animal Care and Use Committee of Fujian Medical
University.

Induction of diabetic neuropathic pain and assessment. Rats were
fasted overnight and then administered an intraperitoneal injection of
70 mg/kg fresh streptozotocin (STZ; Sigma Millipore) dissolved in 0.1 m
citrate buffer solution, pH 4.5 (Courteix et al., 1993). Animals in the con-
trol group received an equal volume of citrate buffer. The blood glucose
levels of the tail vein were assessed using a One Touch Ultra Easy gluc-
ometer (Life Scan) 72 h after STZ injection. Rats with blood glucose lev-
els >16.7mmol/L were considered diabetic and included in the
following study (Jiang et al., 2019). Diabetic rats with neuropathic pain
were defined according to the ratio of the 21st day mechanical with-
drawal threshold (MWT) to the baseline MWT < 0.8 as determined by a
von Frey hair test (Fox et al., 1999).

Mechanical allodynia test. The mechanical allodynia of diabetic rats
was assessed using a method reported by Mitrirattanakul et al. (2006)
with minor modifications. Briefly, rats were individually placed in
Plexiglas enclosures (28 x 22 x 18 cm) with wire mesh pads at the bot-
tom and allowed to acclimate for at least 30 min. Using a commercial
electronic von Frey apparatus (model 2390, IITC Life Science), pressure
was applied to the median plantar surface of the right hind paw by a von
Frey fiber with a maximum pressure of 55 g. A positive response was
defined as an induced pain response (sudden withdrawal, shaking or
licking of the hind paw) from the pressure of a filament, and the number
on the liquid crystal display was then recorded. The test was performed
at intervals of at least 5min to eliminate interference from a previous
stimulation. The test continued until three MWT readings were collected
after the first change in response. The MWT for each subject was consid-
ered the mean of the three collected values. To minimize animal discom-
fort, mechanical nociceptive thresholds were tested in only one hind
paw.

Drugs.  AVV-GFAP-hM4Di(Gi)-mCherry (10 x 10"*  V.G./ml),
AVV-GFAP-hM3Dq(Gq)-mCherry (10 x 10" V.G./ml), AVV-GFAP-
mCherry (10 x 10> V.G./ml), AVV-GFAP-hM3Di(Gq)-eGFP (1.65 x
10" V.G./ml), HBAAV2/9-CaMKII-hM4Di-mCherry (10 x 10'* V.G./
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ml), HBAAV2/9-CaMKII- hM3Dgq-mCherry (10 x 10'> V.G./ml), and
HBAAV2/9-CaMKII-mCherry (10 x 10'? V.G./ml) were purchased
from Shanghai Hanbio Biotechnology. Clozapine-N-oxide (CNO) was
purchased from LKT Laboratories (C4759) and was dissolved in sterile
saline.

Stereotactic virus injection. Rats were anesthetized with isoflurane
(Shenzhen RWD Life Science) and placed in an automated stereotactic
aperture (RWD68001, Shenzhen RWD). A small incision was made in
the head to expose the skull, and a small craniotomy was performed.
Rats were directed bilaterally in the MCx region (coordinates: AP =
*1.7 mm; ML = £1.5 mm; DV = —1.4 mm; bregma zero) using a 1 pl
glass microsyringe for microinjection. The injection volume (500 nl/
hemisphere) and rate (60 nl/minute) were controlled by an injection
pump (RWD 68 606, Shenzhen RWD Life Science). After the injection,
the microsyringe was left in place for at least 10min to prevent virus
from spreading through the injector track, and the injector was then
slowly removed. The incision was closed with disposable sterile sutures
and needles; for postoperative care, rats were administered an intraperi-
toneal injection of benzylpenicillin (Henan Xinxiang Hua Xing
Pharmaceutical Factory) dissolved in saline. The conditions of the rats
were carefully observed until they recovered, and the rats were then
placed in their original cages. Rats were injected intraperitoneally with
0.03-1.0 mg/kg CNO before the behavioral experiment.

Immunohistochemical staining. The brains were sectioned at 20 pm
on a freezing microtome after perfusion and fixation in 4% PFA. The
sections were blocked with 10% donkey serum and then incubated with
the appropriate primary antibody (anti-GFAP, 1:500 dilution, 36708,
Cell Signaling Technology; anti-NeuN, 1:500 dilution, abl04224,
Abcam; anti-Ibal, 1:500 dilution, 019-19741, Wako Chemicals; anti-c-
Fos, 1:500 dilution, ABE457, Merck KGaA; anti-CaMKII, 1:200 dilution,
ab2260, Abcam; and anti-GABA, 1:200 dilution, a2052, Sigma Millipore)
and secondary antibody (EarthOx) successively. All images were obtained
by fluorescence microscopy (Leica DM2000, Leica Microsystems) with
Leica Application Suite-X software (Leica Microsystems, version 3.4.1). The
fluorescence density was analyzed with Image-Pro Plus software (Media
Cybernetics, version 6.0).

ELISA. Rats were deeply anesthetized with pentobarbital sodium
(30 mg/kg) and then killed by decapitation. Then, the MCx tissues were
harvested for homogenization and stored at —80°C. Standard ELISA
procedures were performed in accordance with the manufacturer’s
instructions to determine TNF-« and IL-1 expression. The concentra-
tions of TNF-a and IL-18 are presented as pg/mg protein in the tissue
homogenate.

Data analysis. Analysis was performed using IBM SPSS Statistics
software (version 20.0). All data are presented as the mean = SEM and
were analyzed statistically by Student’s ¢ test, the paired-samples ¢ test,
the Wilcoxon signed-rank test, the Mann-Whitney test, one-way
ANOVA or two-way repeated-measures ANOVA according to the

«—

merged exclusively with GFAP and did not colocalize with microglia. Scale bars, 100 pum. H,
GFAP-M4-mCherry was expressed in >>95% of MCx astrocytes (2709 of 2817 cells from 10
rats). I, Mechanical pain hypersensitivity of rats expressing GFAP-M4-mCherry or GFAP-
mCherry before CNO injection (0 h) and over a 6 h time course after (NO treatment.
M <0001 versus baseling; sp<<0.05, sxp <001, *#kp<<0.001 versus the
DNP+ GFAP-mCherry group, n=10 or 11 rats/group, two-way repeated-measures ANOVA
followed by Dunnett’s multiple comparisons test. J, Maximal possible effects of selective
astrocyte inhibition in the MCx at 3 h after CNO injection on STZ-induced mechanical allody-
nia. #p << 0.05, *::kp < 0.001 versus the DNP+GFAP-mCherry group, n=10 or 11 rats/
group, two-way repeated-measures ANOVA followed by Dunnett's multiple comparisons test.
K, The effects of different doses of CNO on mechanical allodynia after STZ injection were
evaluated 3 h after each C(NO administration in GFAP-M4-mCherry-expressing rats with DNP.
#h < 0.01, #p < 0.001 versus baseline; #p < 0.01, :p < 0001 versus day 21 before
CNO treatment, n=10 or 11 rats/group, paired-samples ¢ test or Wilcoxon signed-rank test.
L, The GFAP-M4-mCherry-induced selective inhibition of astrocytes in the MCx region of rats
with DNP attenuates the GFAP fluorescence intensity. Scale bars, 100 um. Adjacent graph
represents the quantification of fluorescence intensity. s#:xp <0.001 versus the
DNP-+GFAP-mCherry group, n =5 or 6 rats/group, Student’s ¢ test.
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experimental protocol, followed by the Games-Howell, pairwise, least
significant difference (LSD) or Dunnett’s T3 post hoc test, as appropriate.
Probability values<<0.05 were considered statistically significant. The sta-
tistical analysis details are shown in Table 1.

Results

MCx astrocytes were activated in rats with DNP

Following intraperitoneal injection of STZ, the concentration of
blood glucose was significantly increased within 3d and main-
tained throughout the experiment (Fig. 1A). In addition, all STZ-
treated rats suffered from the typical clinical symptoms of diabe-
tes and exhibited polydipsia, polyuria, polyphagia, and diarrhea.
Despite significant increases in food and water intake, the body
weights of the STZ-treated rats were profoundly reduced (Fig.
1B). Mechanical hypersensitivity was consistently present in dia-
betic rats at least 4 weeks after STZ injection, evidenced by reduc-
tions in their MWTs compared with their basal values and the
values of the control rats. Then, the MWT reached a minimum
at week 3 and continued thereafter (Fig. 1C). Based on these
characteristics, STZ injection can induce persistent diabetes in
rats.

To determine whether astrocytes are activated in the MCx
regions of diabetic rats that display tactile allodynia, we immuno-
stained MCx samples from rats taken 31 d after injection of STZ.
GFAP expression was significantly increased at 31d in rats with
DNP (Fig. 1D) but was not changed in control animals. In con-
trast, the immunostaining level of NeuN, a marker of neurons, in
the MCx region of rats with DNP was not different from that in
control rats (Fig. 1E). The significantly increased expression of
GFAP in the MCx after the development of DNP suggests a poten-
tial role of MCx astrocytes in the pathogenesis of DNP.

Chemogenetic inhibition of MCx astrocytes reverses
mechanical allodynia in rats with DNP

To investigate the regulation of MCx astrocytes on mechanical
allodynia in rats with DNP, we applied chemogenetic methods to
manipulate MCx astrocytes. First, rats were intraperitoneally
injected with STZ to induce DNP. Then, we bilaterally injected
the GFAP-M4-mCherry virus into the MCx region to inhibit
MCx astrocytic activity. Approximately 4 weeks after virus trans-
fection, red fluorescence was observed to be restricted to the
MCx region (Fig. 2B-D). Within the virally transduced region,
GFAP-M4-mCherry expression was limited to the astrocytes
(Fig. 2E), with high penetrance (>95% of the GFAP cells
expressed mCherry) (Fig. 2H), and the noncolocalization of
mCherry and NeuN or Ibal demonstrated the specific expres-
sion of the GFAP-M4-mCherry-labeled virus in astrocytes
instead of neurons or microglia (Fig. 2F,G).

Three weeks after the GFAP-M4-mCherry virus injection,
different doses of CNO (0.3-1.0 mg/kg, i.p.) were administered
from days 22 to 28 after STZ injection, and pain was assessed
during a 6 h time course after each administration (Fig. 2A4). In
the DNP+GFAP-M4-mCherry group, STZ-induced mechanical
allodynia was reversed at 1 h, peaked at 3 h, and remained posi-
tive for 5 h after CNO treatment (Fig. 2I). To test whether these
effects were selectively mediated by the CNO-induced activation
of GFAP-M4-mCherry, we administered CNO to rats in which
GFAP-M4-mCherry expression was absent, and we observed no
relief in mechanical allodynia. Compared with that in the
DNP+GFAP-mCherry group, the MWT of DNP rats expressing
GFAP-M4-mCherry was markedly increased by CNO (Fig. 2]).
Moreover, different doses of CNO could alleviate mechanical
allodynia in a dose-dependent manner (Fig. 2K).
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Selective activation of astrocytes in the MCx via GFAP-M3-mCherry induces mechanical allodynia in naive rats. A, Timeline of the experiments. B, Mechanical pain hypersensitivities

of rats expressing GFAP-M3-mCherry or GFAP-mCherry before the CNO injection (0 h) and over a 6 h time course after C(NO treatment. **p << 0.01, ***p << 0.001 versus the GFAP-mCherry
group, n =10 rats/group, two-way repeated-measures ANOVA followed by Dunnett’s multiple comparisons test. ¢, Maximal possible effects of the selective activation of astrocytes in the MCx
at 2 h after CNO injection on mechanical allodynia in naive rats. ***p < 0.001 versus the GFAP-mCherry group, n = 10 rats/group, two-way repeated-measures ANOVA followed by Dunnett's
multiple comparisons test. D, The effects of different doses of CNO on mechanical allodynia after virus injection were evaluated 2 h after each (NO administration in rats expressing GFAP-M3-
mCherry. **p < 0.01, ***p < 0.001 versus baseline, n = 10 rats/group, paired-samples ¢ test. E, Selective activation of astrocytes in the MCx of naive rats via GFAP-M3-mCherry significantly
increased the GFAP fluorescence intensity. Scale bars, 100 pum. Adjacent graph represents the quantification of fluorescence intensity. ***p << 0.001 versus the GFAP-mCherry group, n =5 rats/

group, Student’s ¢ test.

To determine the effects of GFAP-M4-mCherry receptor acti-
vation by CNO on astrocyte activity, we examined the expression
of GFAP in the MCx region after staining with a GFAP antibody.
As expected, CNO treatment significantly attenuated the GFAP
fluorescence in rats with DNP-expressing GFAP-M4-mCherry
compared with rats with DNP-expressing GFAP-mCherry (Fig.
2L). What’s more, photomicrographs illustrating after CNO
washout the GFAP signal in DNP+GFAP-M4-mCherry group
had no difference compared with the DNP group (Extended
Data Fig. 2-1).

Chemogenetic activation of MCx astrocytes induces
mechanical allodynia in naive rats

To further investigate whether the activation of MCx astrocytes
is sufficient to cause mechanical allodynia, we further activated
MCx astrocytes with the GFAP-M3-mCherry virus. To activate

MCx astrocytes, naive rats were bilaterally injected with GFAP-
M3-mCherry in the MCx region. Three weeks after the
virus injection, CNO was administered at different doses (0.03-
0.3 mg/kg, i.p.) from days 22 to 28, and pain was assessed during
a 6 h time course after each administration (Fig. 3A). In the
GFAP-M3-mCherry group, mechanical allodynia was
induced gradually, peaked at 2 h after CNO administration,
and then returned to normal 6 h after CNO treatment.
However, no significant change in MWT was found in the
GFAP-mCherry group (Fig. 3B). Compared with that in the
GFAP-mCherry group, CNO caused the MWT to decrease
significantly in the GFAP-M3 group (Fig. 3C), and different
doses of CNO could lower mechanical allodynia to varying
degrees (Fig. 3D).

To determine the effects of GFAP-M3-mCherry receptor acti-
vation by CNO on astrocyte activity, the expression of GFAP in
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the MCx region was examined after staining with a GFAP anti-
body. The immunofluorescence staining of MCx indicated that
GFAP expression was significantly enhanced in rats injected
with GFAP-M3-mCherry compared with those injected with
GFAP-mCherry (Fig. 3E). What's more, photomicrographs illus-
trating after CNO washout the GFAP signal in GFAP-M3-

mCherry group had no difference compared with the control
group (Extended Data Fig. 3-1).

MCx excitatory neurons are regulated by local astrocytes
Astrocytes are in close contact with neuronal synapses, regulate
the excitation of neurons (Scholz and Woolf, 2007), and promote
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the maintenance of pain by releasing inflammatory factors
(Guo et al., 2007). Therefore, we detected the expression of
c-Fos in the MCx to further investigate whether specific
modulation of MCx astrocytes affects the activation of MCx
neurons in rats with DNP. c-Fos was hardly found in the
MCx region of the control group, while c-Fos expression in
the DNP group was significantly increased, and the expres-
sion of c-Fos in the DNP+GFAP-mCherry group was not
significantly different from that in the DNP group. We
found that 1.0 mg/kg CNO significantly attenuated the c-
Fos expression in DNP+GFAP-M4-mCherry rats compared
with DNP+GFAP-mCherry rats (Fig. 4A,B).

Next, we measured the expression of c-Fos after astrocyte
activation in naive rats, revealing that it was significantly
enhanced by 0.3 mg/kg CNO in the GFAP-M3-mCherry group
compared with the GFAP-mCherry expression group (Fig. 44,
B). These results suggested that MCx astrocytes can modulate
the activation of local neurons.

Finally, we assessed the neurochemical properties of these
c-Fos-expressing neurons by costaining c-Fos with the excitatory
neuronal marker CaMKII and the inhibitory neuronal marker
GABA. The majority of neurons expressing c-Fos were colabeled
with CaMKII in the MCx region of DNP rats (>80% of the
c-Fos cells expressed CaMKII), indicating that MCx excitatory
neuron activation was promoted by MCx astrocyte activation. In
addition, only a minority of c-Fos-expressing neurons were cola-
beled with GABA, indicating that they were GABAergic neurons
(Fig. 4C); however, the phenotype of the remaining neurons was
unknown. Overall, these results indicated that MCx astrocytes
have a regulatory effect on excitatory neurons in the MCx
region.

Chemogenetic inhibition of MCx excitatory neurons reduces
mechanical allodynia in rats with DNP

Considering that regulating the activity of MCx astrocytes can
affect the activation of excitatory neurons localized in the MCx,
we next assessed whether inhibiting MCx excitatory neurons
would reduce mechanical allodynia in rats with DNP. To address
this issue, we injected rats with either the CaMKII-M4-mCherry
virus or the CaMKII-mCherry virus bilaterally into the MCx
region after STZ injection; ~4 weeks after the virus injection, red
fluorescence was observed in the MCx region (Fig. 5B-D).
Within the virally transduced region, CaMKII-M4-mCherry
expression was limited to NeuN (Fig. 5E), with high penetrance

«—

with GFAP and did not colocalize with microglia. Scale bars, 100 pum. H, CaMKIl-M4-mCherry
was expressed in >91% of MCx neurons (523 of 547 cells from 5 rats). /, Mechanical pain
hypersensitivity of rats expressing CaMKII-M4 or CaMKII-mCherry before CNO injection (0 h)
and over a 6 h time course after CNO treatment. *#p << 0.001 versus baseline; **p < 0.01,
***¥p < 0.001 versus the DNP-+CaMKIl-mCherry group, n=10-12 rats/group, two-way
repeated-measures ANOVA followed by Dunnett’s multiple comparisons test. J, Maximal pos-
sible effects of selective astrocyte inhibition in the MCx at 3 h after CNO injection on STZ-
induced mechanical allodynia. ***p <0.001 versus the DNP-+CaMKIl-mCherry group,
n=10-12 rats/group, two-way repeated-measures ANOVA followed by Dunnett's multiple
comparisons test. K, The effects of different doses of CNO on mechanical allodynia after STZ
injection were evaluated 3 h after each (NO administration in CaMKIl-M4-expressing rats
with DNP. *p <001, "™p<<0.001 versus baseline; **p<< 0001 versus the
DNP-+CaMKIl-mCherry group, n = 10 rats/group, paired-samples ¢ test. L, CaMKII-M4 selec-
tive inhibition of neurons in the MCx of rats with DNP attenuates the expression of c-Fos.
Scale bars, 100 um. Adjacent graph represents the quantification of c-Fos-positive cells.
**p < 0.01 versus the DNP+CaMKII-mCherry group, n =5 or 6 rats/group, Mann—Whitney
test.
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(>91% of NeuN expressed mCherry) (Fig. 5H), and the nonco-
localization of mCherry with GFAP or Ibal demonstrated the
specific expression of the CaMKII-M4-mCherry-labeled virus in
neurons instead of glia (Fig. 5F,G).

Three weeks after the CaMKII-M4-mCherry injection, CNO
was administered at different doses (0.03-0.3 mg/kg, i.p.) from
days 22 to 28 after STZ injection, and pain was assessed during a
6 h time course after each administration (Fig. 5A). In the
DNP+CaMKII-M4-mCherry group, STZ-induced mechanical
allodynia was reversed at 1 h, peaked at 3 h, and remained posi-
tive for 5 h after CNO treatment. However, no significant change
in MWT was found in the DNP+CaMKII-mCherry group (Fig.
5I). Compared with DNP+CaMKII-mCherry group, the MWT
in the DNP+CaMKII-M4-mCherry group was slightly increased
by 0.03 mg/kg CNO (without statistical significance), but 0.1 and
0.3 mg/kg CNO explicitly increased the threshold (Fig. 5]). The
intensity of the effects was also dose-dependent (Fig. 5K).

After that, we detected the expression of c-Fos in the MCx to
prove that CNO specifically inhibited CaMKII-M4-mCherry-
infected cells. CNO significantly attenuated c-Fos expression in
the DNP+CaMKII-M4-mCherry group compared with the
DNP+CaMKII-mCherry group (Fig. 5L). These results sug-
gested that inhibition of MCx excitatory neurons reduces me-
chanical allodynia in rats with DNP.

Chemogenetic activation of MCx excitatory neurons
promotes mechanical allodynia in naive rats

Previous studies have also shown that MCx excitatory neurons
are involved in neuropathic pain (Pagano et al., 2012; Kim et al,,
2016; de Andrade et al.,, 2019), and we further studied whether
activation of MCx excitatory neuron is sufficient to induce me-
chanical allodynia in rats. Naive rats were injected bilaterally
with CaMKII-M3-mCherry or CaMKII-mCherry in the MCx
region. Three weeks after the virus injection, CNO was adminis-
tered at different doses (0.03-0.3 mg/kg, i.p.) daily from days 22
to 28, and pain was assessed across a 6 h time course after each
administration (Fig. 6A). In the CaMKII-M3 group, mechanical
allodynia was induced gradually, peaked at 2 h, and returned to
normal 6 h after CNO treatment (Fig. 6C). No significant change
of MWT was found in the CaMKII-mCherry group (Fig. 6D).
Compared with that in the CaMKII-mCherry group, the MWT
in the CaMKII-M3+CNO group was slightly decreased with
0.03mg/kg CNO (not statistically significant), but strongly
decreased with 0.1 and 0.3 mg/kg CNO (Fig. 6E). These results
suggested that activation of MCx excitatory neurons can induce
mechanical allodynia in naive rats.

Then, we detected the c-Fos expression in the MCx, and the
colocalization of c-Fos with mCherry in rats expressing CaMKII-
M3 (>85% of the cells expressing c-Fos also expressed mCherry)
(Fig. 6B). The immunofluorescent staining showed that CNO
significantly increased c-Fos expression in mCherry-expressing
neurons in the CaMKII-M3-mCherry group compared with the
CaMKII-mCherry group (Fig. 6F). In summary, these results
showed that activation of MCx excitatory neurons promotes me-
chanical allodynia in naive rats.

MCx astrocyte activation in combination with excitatory
neuron inhibition did not alter the mechanical allodynia
status in naive rats

To determine the association between MCx excitatory neurons and
mechanical allodynia in naive rats following the activation of MCx
astrocytes, we divided the rats into three groups: control, GFAP-
M3-eGFP+ CaMKII-mCherry, and GFAP-M3-eGFP-+CaMKII-
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M4-mCherry. The rats in the latter two groups were injected with
GFAP-M3-eGFP combined with CaMKII-mCherry or GFAP-M3-
eGFP combined with CaMKII-M4-mCherry in the bilateral MCx
region. Approximately 4 weeks after virus transfection, green and
red fluorescence was shown to be restricted to the MCx region (Fig.
7B). Following virus expression, a single dose of CNO was adminis-
tered via intraperitoneal injection, followed by behavioral testing

(Fig. 7A). CNO injection triggered a significant decrease in the
MWT in the GFAP-M3+ CaMKII-mCherry group compared with
the control group but did not change the MWT in the GFAP-
M3+ CaMKII-M4-mCherry group (Fig. 7C,D). Therefore, these
results demonstrated that MCx astrocyte activation gives rise to the
activation of MCx excitatory neurons, which in turn exacerbates
mechanical allodynia in the progression of neuropathic pain.
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Effects of inflammatory cytokines on the pain modulatory
function of MCx astrocytes

Inflammatory cytokines play an essential role in the development
of pain. Previous studies have reported that the release of inflam-
matory cytokines from active astrocytes is the primary cause of
DNP (Ji et al., 2014). To investigate whether inflammatory cyto-
kines are involved in pain relief after the modulation of MCx
astrocytes, we used GFAP-M4-mCherry or GFAP-M3-mCherry
to inhibit or promote the MCx astrocyte activity, respectively,
and then examined the effects of modulating MCx astrocyte ac-
tivity on TNF-a and IL-B expression (Fig. 8A). The ELISA
results showed that the TNF-« and IL- 3 levels were markedly
increased in the MCx of rats with DNP compared with those in
the MCx region of control rats, and the expression of TNF-«
and IL-B in the DNP+GFAP-mCherry group was not signifi-
cantly different from that in the DNP group. However, com-
pared with the expression in the DNP+GFAP-mCherry group,
the TNF-a and IL-B expression in the DNP+GFAP-M4-
mCherry group was significantly decreased. In naive rats, the
expression of TNF-a and IL- in the GFAP-mCherry group
was not significantly different from that in the control group,
and their expression levels in the GFAP-M3-mCherry group

were significantly increased compared those in the GFAP-
mCherry group (Fig. 8B,C). In summary, the activation of MCx
astrocytes may induce and enhance persistent pain states via the
release of proinflammatory cytokines.

Discussion
In this study, we report several novel findings. MCx astrocytes
were regulated by GFAP-M4-mCherry or GFAP-M3-mCherry
in rats, and inhibition of MCx astrocytes via GFAP-M4-
mCherry attenuated mechanical allodynia in rats with DNP. In
contrast, activation of MCx astrocytes via GFAP-M3-mCherry
induced allodynia in naive rats. Moreover, inhibition of MCx
astrocytes via GFAP-M4-mCherry inhibited local MCx neuronal
activation and reduced proinflammatory cytokines in rats with
DNP. Activation of MCx astrocytes via GFAP-M3-mCherry acti-
vated local MCx neuronal activation and induced the release of
inflammatory mediators in naive rats. These lines of evidence
illustrate that MCx astrocytes are an integral part of the DNP
pathogenesis.

Estrogen levels fluctuate periodically and can affect pain by alter-
ing the expression and activities of various neurotransmitters and
pain-related receptors (Paredes et al, 2019). In addition,
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endogenous estrogen can reportedly alleviate the postneuropathic
pain response by inhibiting microglial and astrocyte activation (Lee
et al, 2018). Therefore, male rats were selected for this study to
avoid the potential effect of estrogen on pain.

We used a DREADD approach to specifically manipulate
astrocytes in this study because, unlike traditional pharma-
cologic methods, DREADDs have strong targeting selectiv-
ity, can be accurately positioned, and are unconfounded by
neuronal off-target effects. The GFAP promoter has been
used previously to express proteins in astrocytes but has
also been reported to leak into other cells (Fujita et al.,
2014). Durkee et al. (2019) demonstrated that GFAP
expression was observed in only GFAP™ astrocytes and not
in neurons of GFAP-M4-expressing rats and concluded that
the GFAP promoter was astrocyte-specific. In agreement
with this, our data also showed that GFAP was expressed by
GFAP" astrocytes but not NeuN" neurons in the MCx
region of rats expressing GFAP-M4.

DREADDs are usually activated by the exogenous ligand
CNO; however, a new study recently reported that systemically
administered CNO was converted to clozapine, which altered the
behavior of non-DREADD-expressing rats (Gomez et al., 2017).
This result suggests that it is important to carefully investigate
the effects of CNO in rats. Therefore, our experimental design
excluded the effects of CNO on the mechanical allodynia thresh-
olds in rats, as the GFAP-mCherry group rats were transfected
with GFAP-mCherry and exposed to CNO treatment, consistent
with the study by Saika et al. (2020). Our results showed that
CNO had no effect on the MWT in rats. We simultaneously
investigated the effect of CNO washout on the GFAP signal,
which did not different from that at the baseline. In addition, we
did not observe motor dysfunction after CNO administration
(data not shown).

In recent decades, the contribution of astrocytes to pain has
received considerable attention. A previous study identified a
correlation between astrocyte activation and DNP (Feldman et
al,, 2019). In terms of mechanical allodynia, Liao et al. (2011)
highlighted that spinal astrocyte activation promotes the devel-
opment of mechanical allodynia in rats with DNP. Additionally,
numerous studies have shown that inhibiting spinal astrocyte
activation can moderate diabetes-induced mechanical allodynia
(Dauch et al., 2012; Zuo et al., 2015). These studies all support
that astrocyte activation is an integral part of neuropathic pain
pathogenesis.

Although the role of astrocytes in pain modulation is well
established, most studies have focused on astrocyte reactions in
the spinal cord, whereas a supraspinal understanding of the cor-
relation between astrocytes and neuropathy is still limited. There
is evidence that astrocytes are also activated in high-level brain
regions related to pain processing. In the chronic pain state,
astrocyte activation was found concurrently with increased
GFAP expression in the thalamus (Panigada and Gosselin,
2011), hippocampus (Guo et al.,, 2007), periventricular gray mat-
ter, and rostral ventromedial medulla (H. Ni et al, 2019).
Additionally, in models of neuropathic pain, calcium transients
are reportedly enhanced in the cerebral cortex, and inhibiting
astrocyte activation reduces synaptic remodeling and palliates
pain (Ishikawa et al., 2018; Kummer et al., 2020). The MCx is an
important part of the cerebral cortex and is crucial for pain proc-
essing. However, the regulatory role of MCx astrocytes in the
pathogenesis of DNP remains to be determined.

In the present study, immunofluorescence analyses showed
increased GFAP fluorescence densities within the MCx regions
of rats with STZ-induced DNP, which coincides with the reactive
pattern of astrocytes. This result is similar to that of Baydas G
and Fiore NT, who reported that GFAP expression was increased
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in the cortices and hippocampi of STZ-induced diabetic rats
(Baydas et al, 2003; Fiore and Austin, 2019); and differ from
those of Lechuga-Sancho et al. (2006), who proposed that the
level of GFAP in the diabetic rat hypothalamus was decreased.
The discrepancy may be because of the use of different sampling
regions. Furthermore, we used a GFAP-M4-mCherry virus to
suppress MCx astrocyte activity. We observed that, after the veri-
fied inhibition of MCx astrocytes with CNO, the MWT was sig-
nificantly increased, which was similar to the results observed by
Sanada et al. (2014), in the electroacupuncture stimulation of
MCx analgesia, indicating that inhibiting MCx astrocytes can
effectively alleviate mechanical allodynia in rats with DNP. To
further evaluate the effects of MCx astrocytes on mechanical allo-
dynia, we injected the GFAP-M3-mCherry virus into the MCx
region of nondiabetic rats. Similar to the results observed by
Nam et al. (2016), we observed that the MWT decreased conse-
quently and returned to baseline at 6 h after intervention, indi-
cating that MCx astrocyte activation triggered mechanical
allodynia in rats. Overall, these findings indicate the potential for
astrocytes to serve as a novel therapeutic target for DNP.

A close association exists between astrocytes and neurons.
Astrocytes can regulate synaptic transmission by exerting and
releasing various neuroactive substances and directly interact
with neurons through gap junctions. To better understand the
regulatory mechanism of astrocytes in mechanical allodynia and
to extend our results to neurons, we observed the expression of
the early gene product c-Fos, whose upregulation is correlated
with neuronal activation. Upregulated c-Fos expression was
found in the MCx region of rats with DNP, which was consistent
with the findings reported by Lee et al. (2019). Furthermore, in
terms of astrocyte—neuron interactions, MCx astrocyte inhibition
reduced c-Fos expression in the MCx, whereas MCx astrocyte
activation increased c-Fos expression in the MCx. Several lines
of evidence show that, after nerve injury, astrocytes lose their
ability to maintain homeostatic concentrations of extracellular
potassium (K') and glutamate, leading to neuronal hyperexcit-
ability (Durkee and Araque, 2019; Ji et al,, 2019). In our study,
the inhibition of MCx excitatory neurons led to reduced me-
chanical allodynia, which was observed in both STZ-induced rats
with DNP and in naive rats whose allodynia was induced by
astrocyte activation. These findings suggest that astrocytes adjust
neuronal activation to modulate pain responses.

Given that activated astrocytes largely affect neuronal activa-
tion under neuropathic pain conditions, it is pivotal to determine
the molecular-based mechanisms of astrocytes in neuropathic
pain. Numerous experiments have established that the proin-
flammatory cytokines TNF-a and IL-18 are involved in the reg-
ulation of neuropathic pain. Elevated levels of TNF-a (G. L. Ni
et al, 2017) and IL-18 (G. L. Ni et al., 2017; Zhou et al., 2018;
Jiang et al., 2019) are widely observed in the spinal cords of dia-
betic rats. Administration of salidroside (G. L. Ni et al.,, 2017),
the anti-inflammatory cytokine IL-35 (Jiang et al., 2019), or min-
ocycline (Pabreja et al., 2011) can reverse high levels of TNF-«
and IL-18 induced by DNP, thereby alleviating mechanical allo-
dynia. Excessive concentrations of TNF-« can drastically damage
cortical neurons in humans, causing the central inflammation
that induces pain. Downregulation of TNF-a and Type 1 recep-
tor expression can noticeably alleviate mechanical allodynia in
rats with DNP (Ortmann and Chattopadhyay, 2014). In addition,
palliated neuropathic pain was observed in mice overexpressing
IL-1 receptor antagonists (Choi et al., 2019), whereas intrathe-
cal administration of IL-13 was shown to induce hyperalgesia
(Doyle et al, 2019). The expression of IL-18 is increased
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dramatically in the spinal activated astrocytes of diabetic mice
(Liao et al, 2011), and astrocyte-released IL-183 can directly
enhance excitatory synaptic transmission and thus regulate neu-
ronal activation (R. X. Zhang et al., 2008; Gruber-Schoffnegger et
al,, 2013). Importantly, we also confirmed that MCx astrocyte in-
hibition could alleviate mechanical allodynia in rats with DNP,
which coincided with the inhibition of MCx local neuron excit-
ability and reduced TNF-a and IL-18 expression. These findings
indicate that astrocytes may affect neurons by modifying the
expression of proinflammatory cytokines and thereby regulate
DNP. Overall, our study reveals the potential function of neu-
ron-astrocyte interactions in the development and maintenance
of neuropathic pain.

In conclusion, using DREADDs to target and control MCx
astrocytes in rats, we provide compelling evidence to support
that MCx astrocytes are crucial mediators of DNP and suggest a
potential mechanism for this form of pain; that is, the regulatory
effect may be mediated by the release of inflammatory mediators
and the activation of excitatory neurons. These results are
encouraging and may lead to novel therapies for DNP. These
results also establish MCx astrocytes as promising therapeutic
targets for DNP treatment.
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