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Neurobiology of Disease

Ventrolateral Periaqueductal Gray Astrocytes Regulate
Nociceptive Sensation and Emotional Motivation in Diabetic
Neuropathic Pain
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Diabetic neuropathic pain (DNP) is a diabetes complication experienced by many patients. Ventrolateral periaqueductal gray
(VIPAG) neurons are essential mediators of the descending pain modulation system, yet the role of VIPAG astrocytes in DNP
remains unclear. The present study applied a multidimensional approach to elucidate the role of these astrocytes in DNP. We
verified the activation of astrocytes in different regions of the PAG in male DNP-model rats. We found that only astrocytes
in the vIPAG exhibited increased growth. Furthermore, we described differences in VIPAG astrocyte activity at different time
points during DNP progression. After the 14th day of modeling, VIPAG astrocytes exhibited obvious activation and morpho-
logic changes. Furthermore, activation of Gq-designer receptors exclusively activated by a designer drug (Gq-DREADDs) in
VIPAG astrocytes in naive male rats induced neuropathic pain-like symptoms and pain-related aversion, whereas activation of
Gi-DREADDs in VIPAG astrocytes in male DNP-model rats alleviated sensations of pain and promoted pain-related preference
behavior. Thus, bidirectional manipulation of VIPAG astrocytes revealed their potential to regulate pain. Surprisingly, activa-
tion of Gi-DREADDs in vIPAG astrocytes also mitigated anxiety-like behavior induced by DNP. Thus, our results provide
direct support for the hypothesis that VIPAG astrocytes regulate diabetes-associated neuropathic pain and concomitant anxi-
ety-like behavior.
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Many studies examined the association between the ventrolateral periaqueductal gray (vIPAG) and neuropathic pain.
However, few studies have focused on the role of VIPAG astrocytes in diabetic neuropathic pain (DNP) and DNP-related emo-
tional changes. This work confirmed the role of VIPAG astrocytes in DNP by applying a more direct and robust approach. We
used chemogenetics to bidirectionally manipulate the activity of VIPAG astrocytes and revealed that VIPAG astrocytes regulate
DNP and pain-related behavior. In addition, we discovered that activation of Gi-designer receptors exclusively activated by a
designer drug in VIPAG astrocytes alleviated anxiety-like behavior induced by DNP. Together, these findings provide new
insights into DNP and concomitant anxiety-like behavior and supply new therapeutic targets for treating DNP. j
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Neuropathic pain (NP) has recently been defined as “pain caused
by a lesion or disease of the somatosensory nervous system”
(TASP, 2022); it is an unpleasant, continuous physiological and
psychological sensation. NP frequently manifests as spontaneous
pain, allodynia, and hyperalgesia (Jensen and Finnerup, 2014;
Finnerup et al., 2021). A variety of conditions lead to NP, includ-
ing trigeminal neuralgia, postherpetic neuralgia, chemotherapy,
and diabetes (Colloca et al., 2017). Among these conditions, dia-
betic-induced neuropathy appears the most intractable. Diabetic
peripheral neuropathy (DPN) is a common clinical complication
that afflicts nearly half of individuals with diabetes (Pop-Busui et
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al.,, 2017; Selvarajah et al.,, 2019). Limited data suggest that the
prevalence of DPN ranges from 15.98% to 34.86% in China (F.
Liu et al,, 2010; Li et al., 2015; Pan et al., 2018; Y. Lu et al., 2020).
The prevalence of DPN in European individuals seems to be
higher (J. Sun et al., 2020). The widespread neurologic complica-
tions of diabetes necessitate the development of curative treat-
ments and elucidation of the pathogenic mechanism.

Distally symmetric polyneuropathy may be the most common
subclass of DPN (Tesfaye et al., 2013; Feldman et al,, 2019) and is
characterized by symmetric and distance-dependent symptoms
(Dyck et al,, 2011). Diabetic NP (DNP) is one of the most aversive
clinical symptoms of distally symmetric polyneuropathy and may
be the first symptom for which most diabetes patients seek medical
help (Abbott et al., 2011; Pop-Busui et al, 2017). A multicenter
cross-sectional study showed that 73.11% of diabetic patients in
China developed moderate to severe DNP (Y. Zhang et al., 2021).
Typical DNP symptoms include feelings of tingling, burning, and
electric shock (Feldman et al., 2019). Additionally, comorbidities,
such as sleep disturbances, anxiety, and depression, often accom-
pany these painful symptoms (Colloca et al., 2017). Therefore, effec-
tive treatment of DNP and DNP-related emotional comorbidities
may significantly improve patients” quality of life.

The periaqueductal gray (PAG) is an important node of the
descending pain modulation pathway. Because of its location in
the brain, the PAG plays a role in linking upstream and down-
stream regions (Morgan et al., 2008; Cheriyan and Sheets, 2018).
Some studies have reported that the ventrolateral PAG (VIPAG)
is a critical subnucleus for NP (Samineni et al., 2017; J. Huang et
al., 2019; Y. Sun et al., 2020; J. B. Yin et al,, 2020; Yu et al., 2021).
Thus, the vIPAG may play a regulatory role in DNP.

Most studies on NP have focused on changes in neurons.
However, the involvement of astrocytes, the most abundant glial
cell type in the CNS, has received less attention (Herculano-
Houzel, 2014). Because of the vast number of astrocytes in the
CNS and their extensive connectivity with other neuronal cells
and blood vessels, astrocytes are able to maintain the environ-
mental homeostasis of the CNS, providing metabolic, structural,
and nutritional support (Iadecola and Nedergaard, 2007; Allen
and Eroglu, 2017; Stogsdill et al., 2017; Ji et al., 2019; Bayraktar et
al., 2020). However, the role of astrocytes in the occurrence and
development of DNP remains unclear, as does the mechanism
by which vIPAG astrocytes affect the pathologic process of DNP.

Previous studies have shown that NP is induced by various
disease models (Dubovy et al., 2018; Ni et al., 2019b; Micheli et
al., 2021) and can lead to the activation of PAG astrocytes. A
recent study showed that, in DNP-model rats, astrocytes in the
vIPAG were activated (X. Liu et al., 2022). Nevertheless, most of
the above studies used passive observational or drug intervention
methods to estimate astrocyte function. Data supporting the
direct regulation of VIPAG astrocytes are lacking. Here, we
adopted chemogenetics to implement precise and specific regula-
tion of target cells. Mechanical allodynia was measured, and
morphologic analysis was used to evaluate the relationship
between vIPAG astrocytes and DNP. Furthermore, pain-related
anxiety and aversion were also estimated. Our results suggest
that vVIPAG astrocytes are an essential component of DNP devel-
opment and maintenance. In addition, DNP-related anxiety and
emotional motivation were regulated by vVIPAG astrocytes.

Materials and Methods

Animals. Adult male Sprague-Dawley rats that weighed 180-200 g
were obtained from the Laboratory Animal Center of Fujian Medical
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University (license no. SCXK (Min) 2016-0002, Fujian, China). The ani-
mals were kept in a room with a 12:12 light/dark cycle at 25 + 2°C and
supplied with sufficient feed and purified water. All experiments were
approved by the Ethics Committee of Fujian Medical University, and
were conducted in accordance with the Guide for the care and use of lab-
oratory animals (National Research Council, 2010).

Reagents. Chemogenetics was conducted through a designer re-
ceptor exclusively activated by a designer drug (DREADD) system
mounted on adeno-associated virus (AAV), which was used to
regulate cell activity (Roth, 2016). AAV2/8-gfaABC1D-hM3D
(Gq)-EGFP-WPRE-pA (2.71E + 13 vg/ml) (50482-8-H50), AAV2/
8-gfaABC1D-hM4D(Gi)-EGFP-WPRE-pA (2.47E + 13 vg/ml) (S0489-
8-H50), and AAV2/8-gfaABC1D-EGFP-WPRE-pA (1.65E + 13 vg/ml)
(50246-8-H50) were obtained from Taitool Bioscience. Clozapine N-ox-
ide (CNO, A3317) has an affinity for modified human muscarinic acetyl-
choline receptors (hM3D(Gq) or hM4D(Gi)) and was purchased from
BrainVTA.

DNP model. The DNP model was induced by T1DM according to
previously protocols from our laboratory (J. Lu et al., 2021). The T1IDM
model was induced by a single dose of 70 mg/kg streptozotocin (STZ,
S0130, Sigma-Aldrich) injected intraperitoneally into rats fasted for 12 h.
Blood glucose levels were detected 72 h after the STZ injection. Rats with
blood glucose levels >16.7 mm were classified as TIDM model animals;
animals with blood glucose levels <16.7mm were excluded from the
experiment. DNP was evaluated by the von Frey test as described below.
Individuals whose paw withdrawal threshold (PWT) was >0.8 on the
21st day after the STZ injection compared with the blank value were
excluded from the experiment. All other rats were considered DNP-
model animals.

Stereotaxic surgery and virus injection. Rats were anesthetized with
isoflurane (R510-22, RWD Life Science) and fixed on a stereotaxic frame
(68001, RWD Life Science). A small hole was drilled in the target surgical
field after the skull was exposed. Five hundred nanoliters of the virus
(with a titer of 3~5E + 12 vg/ml) was injected into the bilateral vVIPAG
(AP = —6.8, ML=0.6, DV =64, angle=10°) at a rate of 62.5 nl/min
using an automatic microinjector (68606, RWD Life Science). After
injection, the microinjector was kept in place for an additional 8 min to
allow adequate diftusion and prevent fluid overflow. Finally, the micro-
injector was slowly withdrawn, and the scalp was sutured. Virus expres-
sion takes ~3 weeks; therefore, the experiment was conducted only after
the DREADDs were fully expressed.

von Frey test. The PWT of rats was measured by the von Frey test fol-
lowing a previously reported method (Mitrirattanakul et al., 2006; J. Lu
et al,, 2021). Rats were placed in an elevated Plexiglas container with a
grid mesh floor and acclimated for at least 30 min. The von Frey test was
conducted using an electronic von Frey apparatus (2391, IITC Life
Science). After the animals adapted to the environment, a von Frey fila-
ment with a 50 g upper-pressure limit was used to measure the mechani-
cal withdrawal threshold of the rats by pressing against the middle
plantar area of the right hind paw. The value shown on the screen was
recorded when rats withdrew, licked their hind paw, or ran away. We
recorded five readings for each rat and dropped the maximum and mini-
mum values. The interval between each measurement was at least 5 min
to prevent interference with previous measurements.

Hargreaves test. Paw withdrawal latency (PWL) was measured by the
Hargreaves test (Hargreaves et al., 1988). Rats were placed in an elevated
Plexiglas container with a transparent glass floor and acclimated for at
least 30 min. A thermal radiation beam generated by a movable infrared
source (37370-001, Ugo Basile) was focused on the middle plantar area
of the hind paw. Withdrawing or licking the hind paw or running away
were regarded as termination actions. The latency from the beginning of
irradiation to the appearance of termination action was recorded. The
radiation intensity was set so that the latency of the control animals was
8-12 s. The cutoff duration was set at 30 s to prevent tissue burns. Five
trials were recorded per animal, and the maximum and minimum values
were eliminated. The interval between each measurement was at least
5 min to prevent interference with previous measurements.

Conditioned place aversion (CPA) and conditioned place preference
(CPP). The CPA and CPP tests were modified and conducted according
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to Cunningham et al. (2006) and Zhou et al. (2019). Tests were imple-
mented in an apparatus with two compartments (25 x 25 x 50 cm) that
allowed free passage. One chamber had white walls and a flat acrylic
floor, while the opposite side chamber had black walls and a grid acrylic
floor. The experiment was divided into three phases: habituation, contex-
tual conditioning, and final testing. For the CPA test, rats were allowed to
explore the apparatus for 15min on the first day (habituation). After
habituation, two consecutive rounds of conditioning were performed. On
days 2 and 4, naive rats were limited to the black chamber for 45 min, 2 h
after intraperitoneal injection of CNO. On days 3 and 5, rats were re-
stricted to the white chamber for 45 min, 2 h after intraperitoneal injection
of saline. On the final test day, the compartments were reopened, and rats
were allowed to freely roam between chambers for 15min. For the CPP
test, the conditioning phase was fine-tuned. On days 2 and 4, DNP-model
rats were limited to the white chamber for 45 min, 2 h after intraperitoneal
injection of CNO. On days 3 and 5, rats were limited to the black chamber
for 45min, 2 h after intraperitoneal injection of saline. Videos were
recorded during the entire experimental process. Animal behavior was an-
alyzed with SMART Video-tracking software (RRID:SCR_002852, version
3.0.03). The difference score was the difference in the time rats spent in
the CNO-conditioned compartment after CNO treatment.

Open field test (OFT) and elevated plus maze test (EPMT). The OFT
and EPMT were used to assess anxiety-like behavior. Rats were habitu-
ated in the testing room for 30 min. Next, a single animal was placed
gently in the center of the open field or elevated plus maze and allowed
free exploration for 5min. Their movements were recorded. Behavior
analysis was performed using SMART Video-tracking software. The
time spent, distance traveled, and number of entries to the center of the
open field and open arm of the maze were recorded.

Immunohistochemistry. The animals were killed and perfused with
saline, followed by 4% PFA. Those in the virus group and control virus
group were treated with CNO 4 h before death. The brain was removed
and postfixed in 4% PFA for 24 h at 4°C. The fixed brain was then cryo-
protected in 20% and 30% gradient sucrose at 4°C until the tissue sank
in the solution. Then, the brain was embedded in optimal cutting temper-
ature (OCT) compound (4583, Sakura Finetek) and quickly frozen with
liquid nitrogen. Sections with a thickness of 30 um were sliced on a cryo-
stat (Leica CM1950 Cryostat, RRID:SCR_018061). The sections were
blocked with 5% BSA for 30 min at room temperature. For neuronal nu-
clear (NeuN) and ionized calcium binding adaptor molecule 1 (Ibal),
0.3% Triton X-100 was additionally used to permeabilize the cell mem-
brane for 20 min at room temperature. Then, the sections were incubated
with anti-GFAP (1:500, Cell Signaling Technology catalog #3670, RRID:
AB_561049), anti-Ibal (1:1000, Fujifilm Wako Shibayagi catalog #019-
19741, RRID:AB_839504), and anti-NeuN (1:200, Proteintech catalog
#26975-1-AP, RRID:AB_2880708) antibodies at 4°C overnight. After that,
CoralLite594-conjugated donkey anti-mouse (1:500, Proteintech catalog
#SA00013-3, RRID:AB_2797133) and CoraLite594-conjugated donkey
anti-rabbit (1:500, Proteintech catalog #SA00013-8, RRID:AB_2857367)
secondary antibodies were applied to integrate with primary antibodies.
Images were photographed by an inverted fluorescence microscope
(DMi8, Leica Microsystems CMS) with Leica Application Suite X (RRID:
SCR_013673, version 3.7.2.22 383). Three images per animal were chosen
for cell counting. Three individual cells in each image were randomly
selected for morphology analysis and Sholl analysis. Mean observations of
each animal were recorded. Cell counts, morphology analysis, and Sholl
analysis were conducted with Fiji (Schindelin et al., 2012).

Sholl analysis. Sholl analysis was performed in accordance with pre-
vious reports (Ferreira et al., 2014). The color depth of the raw images
chosen was transformed to 8 bits. The threshold was adjusted, and back-
ground noise was eliminated. Then, the image was binarized, and the cy-
toskeleton was depicted. We took the center of the cell body as the origin
and drew a series of concentric circles with steps of 1 um. The number
of intersections between each concentric circle and the cytoskeleton was
recorded.

Statistics. Data were analyzed by R (R Core Team, 2021) and
RStudio (RStudio Team, 2020). All statistical analyses were conducted
with the rstatix (Kassambara, 2021) package in R. Two-way repeated-
measures ANOVAs were used to estimate differences in blood glucose
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levels, weight, and PWT among groups. When there was an interaction
between intragroup factors and intergroup factors, the effect of a single
time point was analyzed using simple effect tests. Cell quantities, mor-
phology, OFT and EPMT data were analyzed using one-way ANOVAs
followed by Tukey’s multiple comparisons tests. When the data distribu-
tion did not conform to normality, Kruskal-Wallis tests were performed
instead and followed by Dunn’s test for multiple comparisons. When the
homogeneity of variance was unequal, Welch’s ANOVA followed by
Games-Howell multiple comparisons was applied. Two-way repeated-
measures ANOVAs were performed to inspect group differences in the
Sholl analysis. Student’s unpaired t tests were used to analyze the CPP
and CPA difference scores and the number of astrocytes in PAG subre-
gions. Student’s paired ¢ tests were used to analyze the difference in dura-
tion in each compartment of the apparatus in the CPP and CPA tests.
The Mann-Whitney U method was used when the data did not fit a
normal distribution. Figures were generated by ggplot2 (Wickham, 2016)
and ggsignif (Ahlmann-Eltze and Patil, 2021).

Results

T1DM model induced DNP and activated vIPAG astrocytes
in rats

To simulate NP caused by DPN, we established a TIDM rat
model by intraperitoneal injection of 70 mg/kg STZ and moni-
tored blood glucose levels, weight, and PWT on days 3, 7, 14, 21,
and 28 (Fig. 1A). Common symptoms of diabetes, such as poly-
phagia, polydipsia, and polyuria, were observed. The T1DM
model was confirmed by the presence of stable hyperglycemia
(Fa70, 4s.57) = 137.57, **p < 0.001, two-way repeated-measures
ANOVA followed by simple effect test, Fig. 1B) and lack of weight
gain (F231, a1.61) = 111.60, **p < 0.001, two-way repeated-meas-
ures ANOVA followed by simple effect test, Fig. 1C). Furthermore,
mechanical allodynia, the classic symptom of DNP, appeared 7 d
after STZ administration and continued for at least 28 d (F(4, 75) =
7.648, **p < 0.001, two-way repeated-measures ANOVA followed
by simple effect test, Fig. 1D). Thermal hyperalgesia emerged early
on, while thermal hypoalgesia occurred after the STZ injec-
tion (F(4, 72) = 2.829, *p =0.031, two-way repeated-measures
ANOVA followed by simple effect test, Fig. 1E). To verify
that astrocytes in specific subregions of the vVIPAG showed
significant changes in DNP-model rats, we performed im-
munostaining to label astrocytes in all four subregions (dor-
somedial, dorsolateral, lateral, and ventrolateral) of the
PAG. The results showed that only astrocytes in the vIPAG
exhibited an increase in GFAP-positive staining (Fig. 1F,
and for VIPAG, t(;25) = 12.8 ***p <0.001, unpaired t test,
Fig. 1G). Therefore, we speculated that astrocytes in the vIPAG
may be important in promoting the development of DNP.

Changes in VIPAG astrocyte activity during DNP progression
in rats

We then observed vIPAG astrocyte activation at different periods
within the span of 28 d after the STZ injection. As determined by
the immunolabeling, at the initial stage of DNP, ~7d after STZ
injection, the vVIPAG astrocytes showed no significant activation
(Fig. 2B). The astrocytes began to display morphologic changes
14d after the injection. After day 21, the vIPAG astrocytes
showed substantial differences in both quantity and morphology.
The number and the average cell body area of GFAP-positive
cells rose abruptly (Hs) = 23.228, **p < 0.001, Kruskal-Wallis
test followed by Dunn’s test, Fig. 2C; F(s 136) = 43.5, **p < 0.001,
Welch’s ANOVA followed by Games-Howell test, Fig. 2D), and
the number of astrocyte branches increased (H = 27.7,
*p < 0.001, Kruskal-Wallis test followed by Dunn’s test, Fig.
2E). Interestingly, as early as day 7, the maximum branch length
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Figure 1.

Activation of astrocytes in different regions of PAG in DNP rats. A, Schematic of the experimental protocol. B, Changes in blood glucose levels (F(;.70, 45.57) =

137.57, ***p < 0.001, two-way repeated-measures ANOVA followed by simple effect test, n = 10); C, weight (F(3.31, 41.61) = 111.60, ***p << 0.001, two-way repeated-meas-
ures ANOVA followed by simple effect test, n=10); D, PWT (F(4 75) = 7.648, ***p < 0.001, two-way repeated-measures ANOVA followed by simple effect test, n=10); and
E, PWL (F(4, 72 = 2.829, *p =0.031, two-way repeated-measures ANOVA followed by simple effect test, n=10) in DNP-model rats after intraperitoneal injection of STZ. F,
Representative images of astrocyte activation in different subregions of the PAG. Scale bar, 100 um. G, Number of GFAP-positive cells in different subregions of PAG (for

VIPAG t(7,,8) = 12.8, ***p << 0.001, unpaired  test).

of astrocytes had increased (Fs 30y = 0.748, **p =0.001, one-way
ANOVA followed by Dunnett’s multiple comparisons, Fig. 2F).
Sholl analysis provided us with the cytoskeletal complexity pro-
file that revealed that, 14 d after the STZ injection, the structural
complexity of VIPAG astrocytes became progressively sophisti-
cated (F(165, 990) = 11.827, ***p < 0.001, two-way repeated-meas-
ures ANOVA followed by simple effect test, Fig. 2G). The above
results demonstrate that the activation of VIPAG astrocytes in
DNP-model rats began with the extension of processes; the astro-
cytes then expanded in cell body size, increased in process length,
and proliferated.

Activation of Gq-DREADDs in vIPAG astrocytes mimics
NP-like symptoms in naive rats

However, it remains unknown whether the activation of vIPAG
astrocytes triggers DNP or is a secondary result. To clarify the
role of VIPAG astrocytes in pain conduction, we injected a se-
ries of AAVs carrying the DREADD sequence into the vVIPAG
to regulate the activation of VIPAG astrocytes (Fig. 3A). The
majority of viruses affected local astrocytes (Fig. 3B,C), while
very few virus fluorescent marker-positive cells colocalized with
Ibal and NeuN (the specific biomarker of microglia and neu-
rons) (Fig. 3B,D,E). We first infected vIPAG astrocytes in naive
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Figure 2.  Characteristic of VIPAG astrocytes at different time points during DNP progression in rats. A, Schematic diagram of the experimental process. B, GFAP immunofluorescence staining
and cytoskeleton depiction of VIPAG astrocytes at different time points after the STZ injection. Scale bars: 10 view, 100 sm; 20 view, 50 m. €, Number of GFAP-positive cells (H;5) =
23.228, ***p < 0.001, Kruskal-Wallis test followed by Dunn’s test, n=6). D, Area of GFAP-positive cells (Fs 136 = 43.5, ***p << 0.001, Welch’s ANOVA followed by Games—Howell test,
n=06). E, Number of branches (H5y = 27.7, ***p << 0.001, Kruskal-Wallis test followed by Dunn’s test, n=6). F, Maximum branch length (Fs 30 = 0.748, **p = 0.001, one-way ANOVA fol-
lowed by Dunnett’s multiple comparisons, n = 6) of vIPAG astrocytes at different time points after the STZ injection (*p << 0.05, **p << 0.01, ***p << 0.001 vs day 0). G, Sholl analysis of astro-
cytic process complexity at different time points after the STZ injection (F165, 990) = 11.827, ***p << 0.001, two-way repeated-measures ANOVA followed by simple effect test, n =54 cells in 6
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rats with AAV-gfaABC1D-hM3D(Gq)-EGFP and AAV-
gfaABC1D-EGFP (Fig. 4A,B). Twenty-one days after virus
injection, CNO at a dose of 0.3 mg/kg was intraperitoneally
injected. The PWT was determined by the von Frey test and
measured once an hour for 6 consecutive hours. Following
CNO administration, the PWT of the AAV-gfaABC1D-
hM3D(Gq)-EGFP transfected group decreased progres-
sively and reached a trough in the third hour. However,
the PWT of the AAV-gfaABC1D-EGFP group administered
CNO and the AAV-gfaABC1D-hM3D(Gq)-EGFP group ad-
ministered saline showed no significant change (F3, 354y = 5.499
***p < 0.001, two-way repeated-measures ANOVA followed by
simple effect test, Fig. 4C). Immunostaining was applied to
observe the characteristics of chemogenetically activated astro-
cytes (Fig. 4D). CNO administration activated astrocytes
expressing hM3D(Gq), which sustained a state similar to astro-
cytes in the DNP model (F102, 6s0) = 14.626, ***p < 0.001 two-
way repeated-measures ANOVA followed by simple effect test,
Fig. 4E). Nonetheless, the astrocytes of the control virus group
did not show significant differences from those of the naive
group. We analyzed the fluorescent images and observed
that the number of GFAP-positive cells rapidly increased
(F(3,20) = 57.96, ***p < 0.001, one-way ANOVA followed by
Tukey’s multiple comparisons, Fig. 4F). Additionally, the
number and maximum length of astrocyte branches
increased to some extent (F(3,0) = 13.273, ***p < 0.001,
one-way ANOVA followed by Tukey’s multiple compari-
sons, Fig. 4H; Hsy = 17.0, **p <0.001, Kruskal-Wallis test
followed by Dunn’s test, Fig. 4I). However, the average area
of GFAP-positive cells in the AAV-gfaABC1D-hM3D(Gq)-
EGFP group did not differ from that of the control virus group
because of considerable intragroup variation (F3912) = 16.9,
**p <0.001, Welch’s ANOVA followed by Games-Howell
test, Fig. 4G). These results suggest that VIPAG astrocytes may
be involved in NP.

Activation of Gq-DREADDs in vIPAG astrocytes induces
pain-related aversion in naive rats

To confirm that activation of Gg-DREADDs in vIPAG astrocytes
induced pain and pain-related emotions, we used the CPA para-
digm, a relatively objective and subject-controlled experimental
design to measure the aversive effect induced by hM3D(Gq)
(Fig. 5A). CNO administration was paired with the black com-
partment rather than the white compartment because rodents
naturally prefer dark environments. After two rounds of condi-
tioning, the rats were allowed to freely move between the two
compartments. Most rats transfected with AAV-gfaABC1D-
hM3D(Gq)-EGEFP spent less time in the black compartment and
preferred the opposite compartment (fo) = 4.33, **p=0.002,
paired t test, Fig. 5B,C), while rats in the control virus group
showed no obvious preference () = 0.275, p=0.789, paired t
test, Fig. 5B,C; t(16.3) = 2.30, *p =0.039, unpaired ¢ test, Fig. 5D).
These results suggest that activation of Gg-DREADDs in vIPAG
astrocytes caused NP-like symptoms and further provoked pain-
related aversion.

Activation of Gi-DREADDs in vVIPAG astrocytes alleviates
mechanical allodynia in rats with DNP

Next, we evaluated the ability of vIPAG astrocytes to induce
DNP. We injected AAV-gfaABC1D-hM4D(Gi)-EGFP and
AAV-gfaABC1D-EGEFP into the vIPAG immediately after STZ
was intraperitoneally injected. The von Frey test was then con-
ducted once a week to ensure that the DNP model was success-
fully replicated. Four weeks after the injections, CNO at a dose of
1.0 mg/kg was intraperitoneally injected. The mechanical allody-
nia degree was recorded by the von Frey test. As described above,
the measurement was collected once an hour for 6 consecutive
hours (Fig. 6A,B). After CNO administration, the PWT of DNP-
model rats transfected with AAV-gfaABC1D-hM4D(Gi)-EGFP
gradually increased, while that of the control virus group
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Gq-DREADDs selectively activate VIPAG astrocytes and induce CPA in naive rats. A, Schematic diagram of the CPA testing process in naive rats. B, Representative heatmap tracking

the movements of naive rats expressing gfaABC1D-hM3D(Gq)-EGFP or gfaABC1D-EGFP after treatment with CNO and conditioning in the black chamber. C, Time spent in the CNO-paired side
(gfaABC1D-hM3D(Gq)-EGFP pretest vs test, t) = 4.33, **p=0.002, paired  test, n = 10; gfaABCT1D-EGFP pretest vs test, fo) = 0.275, p =0.789, paired ¢ test, n=10). D, The difference score

of the CPA results (£163) = 2.30, *p = 0.039, unpaired ¢ test, n = 10).

maintained its initial state. The effect peaked at the third hour
and lasted for 4 h (F2481,27202) = 3.027, **p < 0.001, two-way
repeated-measures ANOVA followed by simple effect test, Fig.
6C). Immunofluorescence images of GFAP-positive cells were
taken to ascertain the inhibitory effect of hM4D(Gi) (Fig. 6D).
CNO administration inhibited astrocytes expressing hM4D(Gi),

«—

comparisons, n=6). G, Area of GFAP-positive cells (F3.912 = 16.9, ***p < 0.001, Welch's
ANOVA followed by Games—Howell test, n=6). H, Number of branches (F; 50 = 13.273,
*¥¥p < 0.001, one-way ANOVA followed by Tukey's multiple comparisons, n=6). I,
Maximum branch length (H;3) = 17.0, **p << 0.001, Kruskal-Wiallis test followed by Dunn’s
test, n = 6) of vIPAG astrocytes expressing gfaABC1D-hM3D(Gq)-EGFP or gfaABC1D-EGFP after
intraperitoneal injection of CNO (*p << 0.05, ***p << 0.001 vs gfaABCTD-EGFP group;
5 < 0.01, "p < 0.001 vs naive group).

which showed a simpler structure than the control virus group
(Fio2, 7199 = 9.959, ***p < 0.001, two-way repeated-measures
ANOVA followed by simple effect test, n=54-63 cells in 6 or 7
rats per group, Fig. 6E). The number and average area of GFAP-
positive cells were clearly reduced (F;,1) = 15.151, **p < 0.001,
one-way ANOVA followed by Tukey’s multiple comparisons,
Fig. 6F; F(3,1) = 24.759, **p < 0.001, one-way ANOVA followed
by Tukey’s multiple comparisons, Fig. 6G). The number of
branches also decreased significantly (F(;,;) = 24.725, **p <
0.001, one-way ANOVA followed by Tukey’s multiple compari-
sons, Fig. 6H), but no substantial differences were found in the
maximum branch length (F,1) = 4.901, *p=0.01, one-way
ANOVA followed by Tukey’s multiple comparisons, Fig. 6I).
These data indicate that vIPAG astrocytes may be the fundamen-
tal factor regulating DNP. Additionally, the data suggest that the
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Figure 7.

Inhibition of VIPAG astrocytes reverses DNP-related anxiety-like behaviors. 4, Schematic diagram of the OFT and EPMT used to assess DNP-model rats. B, G, Representative tracks of move-

ment in DNP-model rats expressing gfaABC1D-hM4D(Gi)-EGFP or gfaABCTD-EGFP in the OFT and EPMT after administration of CNO. €, Time (H5) = 33.7, ***p << 0.001, Kruskal-Walls test followed by
Dunn’s test, n=14-18). D, Distance traveled (H;z) = 30.9, ***p << 0.001, Kruskal-Wallis test followed by Dunn'’s test, n="14-18). E, Number of entries (H) = 23.7, ***p << 0.001, Kruskal-Wallis test
followed by Dunn's test, n = 14-18) in the center of the open field (*p << 0.05, **p << 0.01 vs gfaABC1D-EGFP group; #p << 0.05 vs DNP group). H, Time (H;z) = 23.3, ***p << 0.001, Kruskal-Wallis test
followed by Dunn’s test, n=13-16). I, Distance traveled (H;5) = 23.2, ***p << 0.001, Kruskal-Wallis test followed by Dunn's test, n = 13-16). J, Number of entries (s = 8.85, *p =0.031, Kruskal—
Walli test followed by Dunn's test, n=13-16) in the open arms of the EPMT (**p < 0.01 vs gfaABC1D-EGFP group; *p << 0.05, < 0.001 vs DNP group). Total distance traveled by rats in the (F)
OFT (Fg301) = 103, **p << 0.001, Welch’s ANOVA followed by Games—Howell test, n = 14-18) and (K) EPMT (H;z) = 11.6, **p = 0.009, Kruskal-Wallis test followed by Dunn’s test, n = 13-16).

activity and morphology of VIPAG astrocytes may be closely
related to DNP, which is characterized by mechanical allodynia.

VIPAG astrocytes modulate DNP-related anxiety-like
behaviors

To explore the effect of VIPAG astrocytes on DNP-induced anxi-
ety-like behavior, we conducted behavioral tests, namely, the

«—

one-way ANOVA followed by Tukey's multiple comparisons, n=6 or 7). I, Maximum branch
length (F321) = 4.901, *p=0.01, one-way ANOVA followed by Tukey's multiple compari-
sons, n=6 or 7) of vIPAG astrocytes expressing gfaABC1D-hM4D(Gi)-EGFP or gfaABC1D-EGFP
after intraperitoneal injection of CNO (**p << 0.01, ***p << 0.001 vs gfaABC1D-EGFP group;
#p <005, *p < 0,001 vs DNP group).

OFT and EPMT, to assess anxiety-like behavior in DNP-model
rats and ascertain whether modulation of VIPAG astrocyte activ-
ity influenced this behavior. The OFT was conducted on the 28th
day after modeling. Three days later, after the previously admin-
istered CNO had completely worn off, the behavior of the rats
was assessed in the EPMT (Fig. 7A). Compared with the control
virus group, the rats in the AAV-gfaABC1D-hM4D(Gi)-EGFP
group spent more time and traveled a greater distance in the cen-
ter of the open field (Hs) = 33.7, ***p < 0.001, Kruskal-Wallis
test followed by Dunn’s test, Fig. 7C; H(s) = 30.9, ***p < 0.001,
Kruskal-Wallis test followed by Dunn’s test, Fig. 7D) and in the
open arms of the EPMT (Hgy = 23.3, **p < 0.001, Kruskal-
Wallis test followed by Dunn’s test, Fig. 7H; Hg) = 23.2,
**p < 0.001, Kruskal-Wallis test followed by Dunn’s test, Fig.
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7I). Additionally, inhibition of VIPAG astrocytes increased the
number of times rats entered the center of the open field (H) =
23.7, ***p < 0.001, Kruskal-Wallis test followed by Dunn’s test,
Fig. 7E). In contrast, no significant difference was found in
entries into the open arms in the EPMT (Hs, = 8.85, *p=0.031,
Kruskal-Wallis test followed by Dunn’s test, Fig. 7]) or in the
total distance traveled in the OFT or EPMT between the virus
intervention group and the control virus group (F(301) = 10.3,
***p < 0.001, Welch’s ANOVA followed by Games-Howell test,
Fig. 7F; H(y = 11.6, **p =0.009, Kruskal-Wallis test followed by
Dunn’s test, Fig. 7K). These results demonstrate that vIPAG
astrocytes are related to DNP-induced anxiety-like behavior and
that inhibition of VIPAG astrocytes reversed this phenomenon.

Activation of Gi-DREADDs in vIPAG astrocytes promotes
pain-related preference in DNP-model rats

To determine whether DNP induces pain-related aversion and
whether inhibition of vVIPAG astrocytes using hM4D(Gi) leads to
reward, we slightly modified the CPA design to create a CPP par-
adigm. Four weeks after modeling and virus injection, CNO
treatment was paired with the white compartment (because
rodents are typically photophobic) (Fig. 8A4). After two rounds of
conditioning, the rats were allowed to freely move between the
two compartments. While most rats in the control virus group
tended toward the black compartment (fo) = 2.23, p=0.052,
paired t test, Fig. 8B,C), rats transfected with AAV-gfaABCI1D-
hM4D(Gi)-EGFP showed a preference for the white compart-
ment (fg) = 4.33, **p=0.002, paired ¢ test, Fig. 8B,C; t176) =
—3.41, ¥*p =0.003, unpaired ¢ test, Fig. 8D). This result suggests
that activation of Gi-DREADDs in vIPAG astrocytes might
relieve DNP and DNP-related anxiety and motivate DNP sub-
jects to seek the context associated with this comparative comfort
(Fig.9).

Discussion

The mechanisms underlying pain caused by peripheral neuropa-
thy in diabetic patients are unclear and require further investiga-
tion. To this end, we first duplicated the TIDM-induced DNP
model that we previously reported (J. Lu et al., 2021). The STZ-
induced DNP model has been widely used in pain research
(Hulse et al., 2015; Q. Huang et al., 2016; de Macedo et al., 2019;
Z. Zhang et al, 2019). The Position Statement from the
American Diabetes Association recommended that patients with
T1DM and T2DM should be assessed annually (Pop-Busui et al.,
2017). Therefore, we believe that the occurrence of DNP is a clin-
ical endpoint of all diabetic patients. Since we focused on DNP,
we adopted the TIDM-induced DNP model. As expected, typical
symptoms of T1DM and DNP were induced. Moreover, we
observed thermal hypoalgesia in the late stage of the model,
which is consistent with previous reports (Roy Chowdhury et al.,
2012; Calcutt et al., 2017).

The vIPAG is generally known to play a role in pain conduc-
tion. Many studies focusing on neurons have reported a definite
link between the mPFC and vIPAG and have established a causal
relationship between the existing connection and functional reg-
ulation (J. Huang et al., 2019; S. Huang et al., 2020; Drake et al.,
2021). Some radiography studies have also corroborated these
conclusions. A study showed that vVIPAG connectivity with the
higher region of the brain was strengthened in individuals with
chronic pain (Mills et al,, 2018), while another study located the
nidus of DPN-triggered pain in the vIPAG-mediated descending
pain modulation pathway using fMRI data (Segerdahl et al,
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2018). Whether this enhanced connectivity in chronic pain is
only mediated by neurons or regulated by other types of cells
remains unclear.

Abundant evidence has established a close link between spinal
astrocytes and NP (Moon et al., 2015; X. Liu et al., 2016; Z. Chen
et al,, 2019; Cheng et al.,, 2020). Chemogenetic stimulation of a
unique subtype of astrocytes in spinal induced mechanical
hypersensitivity (Kohro et al., 2020). Additionally, an optoge-
netic approach was used to activate astrocytes in the spinal dorsal
horn and triggered pain hypersensitivity (Nam et al, 2016).
Recent evidence suggests that astrocyte activity in the midbrain
PAG is diverse in physical and inflammatory nerve injury models
(Eidson and Murphy, 2013; Ni et al,, 2016; Dubovy et al., 2018).
Direct and robust evidence that supports the role of vVIPAG astro-
cyte function in DNP is still lacking, although some foundational
work has been developed (X. Liu et al., 2022). We systematically
explored differences in the temporal and spatial dimensions of
PAG astrocytes and found that the activity of vVIPAG astrocytes
was roughly synchronized with mechanical allodynia levels,
while that of other PAG subregions showed no differentiation.
Interestingly, mechanical hypersensitivity was induced 7 d after
modeling, yet astrocytes on day 7 were not significantly activated.
We speculate that this asynchrony is because of the earlier activa-
tion of microglia than astrocytes because the transition from
acute to chronic pain is because of the division of labor between
these cell types (Y. ]. Gao et al,, 2010; Ji et al., 2013, 2019).

Gq- and Gi-DREADDs were exploited to manipulate the ac-
tivity of vVIPAG astrocytes. Recent evidence shows that both Gg-
and Gi-signaling increases the intracellular calcium in astrocytes
(Adamsky et al., 2018; Durkee et al., 2019). Interestingly, our
data reveal that Gi-DREADD:s cause inhibition of astrocytes. G-
protein inwardly rectifying potassium channels (GIRKs) induced
K" flux overrides Ca®" flux and causes hyperpolarization may
be the mechanism (Roth, 2016; Kano et al., 2019). Furthermore,
calcium depletion caused by endoplasmic reticulum stress sec-
ondary to diabetes is also one of the possible mechanisms leading
to the imbalance of ion levels in astrocytes (Carreras-Sureda et
al.,, 2018).

A recent radiology study showed that metamorphoses of the
nerve fascicle microstructure contribute to DPN development
and pain symptoms (Jende et al., 2020). Based on these findings,
we wondered whether the morphologic changes in astrocytes
might also be reflected in pain symptoms. Sholl analysis is a
method of assessing morphometry directly from bitmap images
and has been used to analyze the morphology of neurons
(Ferreira et al.,, 2014; Stogsdill et al., 2017). In recent years, some
studies have used Sholl analysis to dissect astrocytes and micro-
glia (T. Chen et al., 2020; MacDonald et al., 2020). Our data sug-
gest that the morphology of VIPAG astrocytes in DNP-model
rats became significantly more complex. Similarly, astrocyte
processes exhibited extensive growth, and the structure
became more complex during activation of Gq-DREADDs.
In contrast, retardation of the growth of processes was
observed when astrocytic activity was suppressed. Notably,
chemogenetically manipulated astrocytes slightly differ from
those in normal physiology and pathology. For example,
astrocytes activated by hM3D(Gq) do not tend to increase in
body volume, while astrocytes inhibited by hM4D(Gi) may
not exhibit shortened maximum branch length. These data
depict the association between VIPAG astrocyte architecture
and DNP phenotype.

Several studies have demonstrated that the PAG, especially
vIPAG neurons and neurotransmitters, governs anxiety behavior
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(Nunes-de-Souza et al., 2008; Vazquez-Ledn et al., 2018; Taylor
et al., 2019). Similar changes have been found at the transcrip-
tome level in the PAG in animal models of both NP and depres-
sion (Descalzi et al, 2017). Optogenetic activation of the
dmPFC-vIPAG pathway attenuated mechanical allodynia and
anxiety-like behaviors (J. B. Yin et al., 2020). In addition, an in-
nervated microcircuit in the vIPAG regulates pain sensation and
pain-related depression (W. Yin et al., 2020). Therefore, from the
molecular level to that of the neural circuit, these findings sup-
port the essential role of the vVIPAG in the regulation of pain-

related anxiety and depression. Recent evidence has also shown
that diabetes can induce depressive-like symptoms (Lenart et al.,
2019). Thus, we questioned whether vIPAG astrocytes have the
same regulatory ability as neurons in DNP-related anxiety
behavior. Our data indicate that activation of Gi-DREADD:s in
VIPAG astrocytes affects the behavior of experimental animals in
the OFT and EPMT. As anxiety-like behavior may be secondary
to the experience of pain and may take longer to induce, we did
not further investigate the behavior after astrocytes were acti-
vated by DREADDs.
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The CPP or CPA paradigms originating from Pavlovian con-
ditioning are typically used to evaluate reward motivation and
aversion (Cunningham et al., 2006). The PAG is an essential nu-
cleus for coordinating fear, avoidance, and nociception behaviors
(Tovote et al.,, 2016; Chou et al, 2018; Rozeske et al., 2018;
Frontera et al., 2020). Multiple studies have used CPP or CPA to
evaluate pain-related aversion (Z. Zhang et al, 2015; Llorca-
Torralba et al, 2019; S. Huang et al., 2020; L. Sun et al,, 2020;
Wang et al,, 2020). The generation of a pain-related place prefer-
ence or aversion is based on a hypothetical premise, namely, that
pain (similar to itchiness) (Z. R. Gao et al., 2019; Samineni et al.,
2019) is a subjectively adverse physiological and emotional expe-
rience and that the individual suffering pain will pursue allevia-
tion of this feeling (Z. Zhang et al., 2015). The principle of this
hypothesis may be pain prediction error; when the actual feeling
of pain exceeds the predicted value, motivated aversive learning
occurs (Chou et al., 2018; George et al., 2019). The intensity of
learning motivation is proportional to the amplitude of the pre-
diction error encoded by the PAG (Roy et al.,, 2014). In this
study, the CPA paradigm established the association between
place aversion and pain. However, our observation that vIPAG
astrocytes can modulate both DNP and DNP-related anxiety-like
behaviors challenges the interpretation of the relationship of
preference behaviors to pain or anxiety. This discrepancy may be
related to the complex and extensive interactions of astrocytes
with different types of neurons. Most individuals with chronic
pain experience secondary, comorbid anxiety or depression
(Cohen et al., 2021). Therefore, we speculate that pain relief is a
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DNP rats

Pathological Chemogenetic
state Inhibition
Mechanical allodynia Alleviation of pain

Anxiety-like behavior and anxiety behavior

major factor influencing preference behaviors in the CPP para-
digm. However, we cannot rule out the possibility of DNP-
related anxiety.

The neuromodulatory effects of astrocytes likely depend on
astrocyte-neuron interactions, and specific molecules or proteins
and their receptors may play important roles in this process.
Cytokines and chemokines with their matching receptors, such as
IL17-IL17R, CXCL1-CXCR2, and CXCL13-CXCR5, mediate glia—
neuron interactions and regulate NP (Z. J. Zhang et al., 2013; Cao
et al,, 2014; Jiang et al,, 2016; Luo et al., 2019). A previous study
showed that, on vIPAG astrocytes, CXCL1 induced bone cancer
pain through CXCR2 (Ni et al., 2019a). In addition to cytokines
and chemokines, astrocytes regulate the concentration of neuro-
transmitters in the synaptic cleft. Studies have shown that nerve
injury can lead to downregulation of the expression of the gluta-
mate transporter 1 (GLT-1) and that overexpression of GLT-1 can
reverse pain-related behavior (Falnikar et al., 2016). Our future
research will focus on the interaction between VIPAG astrocytes
and neurons and its association with DNP.

In conclusion, our study systematically clarified the crucial
role of VIPAG astrocytes in the occurrence and development of
DNP using chemogenetic interventions along with ethological
and morphologic analysis. The present data consolidate current
understanding of this topic, and this study is the first to report
that anxiety-like behavior and DNP-related aversive motivation
are regulated by vIPAG astrocytes. These findings provide new
insights into DNP and its complications and supply new thera-
peutic targets for treating DNP (Figure 9).
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