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waste clearance system that promotes the efficient elimination of soluble proteins and

and aquaporin-4 (AQP4) water channels on the endfeet of astrocytes. The aim of this

China study is to evaluate the plasticity of the spinal glymphatic system in male SD rats with
painful diabetic neuropathy (PDN) induced by type 2 diabetes mellitus. PDN rats were
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was applied to observe the infiltration and clearance of contrast to indicate the func-

threshold was used to represent mechanical allodynia. The numerical change of glial fi-

Funding information brillary acidic protein (GFAP) positive astrocytes was assessed and the polarity reversal
the Affiliated Hospital of North Sichuan

Medical College, Grant/Award Number: L . . o
2020ZD011 infiltration and clearance, enhanced mechanical allodynia, increased number of GFAP

of AQP4 protein was measured by immunofluorescence. As a result, deceased contrast

positive astrocytes, and reversed polarity of AQP4 protein were found in the PDN rats.
The above molecular level changes may contribute to the impairment of the spinal glym-
phatic system in PDN rats. This study revealed the molecular and functional variations of
the spinal glymphatic system in PDN rats and for the first time indicated that there might

be a correlation between the impaired spinal glymphatic system and PDN rats.
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1 | INTRODUCTION “sharp,” and “dull/ache,” which, for most, is worse at night time and

when tired or stressed (Schmader, 2002). It affects the physical and
Painful diabetic neuropathy (PDN) is one of the most common dia- mental health of patients seriously, leading to sleeping disorders,
betic complications (Igbal et al., 2018; Schmader, 2002; Schreiber fatigue, and decreased activity, thus causing substantial interfer-

» o«

et al., 2015), and is most often described as “burning,” “electric,” ence in the enjoyment of life (Galer et al., 2000; Schmader, 2002).

) o ) o Owing to our limited knowledge of the underlying mechanism of
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Javed et al., 2015). Studies have shown that a series of metabolic
disorders occur in diabetic neuropathy (Hussain & Adrian, 2017).
Hyperglycemia over activates the metabolic pathways, produces
reactive oxidative species (ROS), activates pro-inflammatory tran-
scription factors, and eventually promotes macrovascular and
microvascular injury (Rendra et al., 2019). In addition, glutamate
(excitatory neurotransmitter) clearance by astrocytes grown in high
glucose is significantly impaired in the central nervous system (CNS)
(Rivera-Aponte et al., 2015). The above abnormal metabolites might
cause hyper-exciting of neurons in the CNS (central sensitization)
thus leading to persistent pain sensation.

Waste removal is essential for maintaining homeostasis and
the normal function of the CNS. The metabolic rate of the CNS is
high, and synaptic transmission is sensitive to the changes in the
surrounding environment. However, the CNS lacks authentic lym-
phatic vessels (Carare et al., 2014; Jessen et al., 2015). The glym-
phatic system is a recently discovered glial-dependent macroscopic
interstitial waste clearance system that promotes the efficient elimi-
nation of soluble proteins and metabolites from the CNS, and its an-
atomic foundation is the astrocytes and aquaporin-4 (AQP4) water
channels on the endfeet of astrocytes (Davoodi-Bojd et al., 2019;
Iliff et al., 2013; Jessen et al., 2015). The impairment of the brain
glymphatic system has been reported in neurodegenerative disor-
ders, including Alzheimer's disease, traumatic brain injury, and cog-
nitive deficiency associated with diabetes (Jiang et al., 2017; Kress
etal., 2014; Peng et al., 2016).

Astrocytes, the most abundant type of glial cell, are accountable
for sustaining homeostasis of the CNS. Studies have established
that spinal astrocytes are activated in the pathology of PDN, such
as increasing glial fibrillary acidic protein (GFAP), secretion of in-
flammatory cytokines, and adjusting the excitability of neurons and
synaptic plasticity (Liao et al., 2010). Meanwhile, the function of
the paravascular glymphatic pathway is facilitated by AQP4 water
channels expressed in a highly polarized manor in astrocytic end-
feet that ensheathe the vasculature in the CNS (Jessen et al., 2015;
Plog & Nedergaard, 2018). Previous studies have demonstrated that
the variation of localization of AQP4 is associated with CNS edema,
and pharmacological inhibition of AQP-4 translocation to the blood-
spinal cord barrier prevents the development of CNS edema and
promotes functional recovery in injured rats (Kitchen et al., 2020;
Salman, Kitchen, Halsey, et al., 2022; Sylvain et al., 2021). There are
also studies that have indicated that astrocytes and AQP4 water
channels are involved in the maintenance of chronic pain (Lu, Pang,
et al., 2020; Mai et al., 2021). Besides, it is noteworthy that the cel-
lular composition of the spinal cord is similar to that of the brain,
and many other studies have shown that the glymphatic system also
exists in the spinal cord (Benveniste et al., 2017; Liu et al., 2018; Wei
etal., 2017). Taken as a whole, these pieces of evidence suggest that
there might exist molecular and functional variations of the spinal
glymphatic system in PDN rats.

In this study, we established a rat model of PDN, and due to a
certain degree of difficulty in obtaining and using the more rapid
and extensive tracer, such as H2170 tracer, we used the classic
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The glymphatic system is a recently discovered glial-
dependent macroscopic interstitial waste clearance system
that promotes the efficient elimination of soluble proteins
and metabolites from the central nervous system. The im-
pairment of the glymphatic system had been reported in
neurodegenerative disorders. This study revealed the mo-
lecular and functional variations of the spinal glymphatic
system in rats with painful diabetic neuropathy (PDN) and
for the first time proved that PDN was significantly corre-
lated with the impairment of the spinal glymphatic system.
The present study provides new views into the pathogen-

esis and possible therapeutic targets of PDN.

MRI tracer, the Gadolinium-diethylenetriamine Penta-acetic acid
(Gd-DTPA), to investigate the functional variations of paracellular
flow of the spinal glymphatic system (Alshuhri et al., 2021; Salman
et al., 2021). The paw withdrawal threshold was used to represent
mechanical allodynia. Furthermore, the numerical change in GFAP-
positive astrocytes and polarity reversal of AQP4 protein were mea-
sured. The present study lays the foundation for the mechanism of
PDN and provides a possible therapeutic target.

2 | MATERIALS AND METHODS

2.1 | Animal husbandry
Male adult Sprague-Dawley rats (n = 25, bodyweight 160-180g,
5-6weeks, RRID:MGI:5651135) were obtained from the laboratory
animal center of North Sichuan Medical College and were housed
one per cage. Rats were fed under a 12/12h light/dark cycle at a
room temperature of 21-23°C and with food and water available ad
libitum.

The rats were randomly allocated into the control group (Group
C, n = 10, fed with a normal diet, 57% carbohydrate, 22% protein,
6% fat, 8% cellulose, and 7% other elements) and the PDN modeling
group (Group PDN, n = 15, fed with a high-fat and high-glucose diet,
60% normal fodder, 20% sucrose, 15% axunge and 5% cholesterol)
(Lin et al., 2018). The feed, water intake, and urination of all rats were

observed and recorded every day.

2.2 | PDN model husbandry

At present, the mainstream modeling method of type 2 diabetes
model was to induce insulin resistance through a ‘high-fat and
high-glucose’ diet, and then injected with a small dose of STZ to
destroy islet f cells, and finally simulated the pathogenesis process
of human type 2 diabetes as much as possible (Huang et al., 2020;
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Lin et al., 2018; Liu et al., 2019; Zhang et al., 2020). Therefore,
slight differences in the high-fat and high-glucose diet composi-
tion used by different researchers were allowed. Since we were
not familiar with the modeling process of other references, the
diet and modeling process was based on our previous study (Lin
et al., 2018). In brief, after feeding according to the experimental
protocol for 5weeks, rats in Group PDN were intraperitoneally
injected with 1% streptozotocin (STZ, 25mg/kg, sigma chemical,
USA) while rats in Group C were injected with an equal volume of
sterile saline. The fasting blood glucose (FBG) was measured 72 h
after STZ injection using a one-touch glucometer and matched
glucose strips (Johnsons & Johnsons, New Jersey, USA). Rats with
FBG above 16.7 mmol/L were considered type 2 diabetes mellitus
(T2DM).

2.3 | Behavioral tests

The paw withdrawal threshold (PWT), tested by VonFrey filaments
kit with pressure ranging from 0.008 to 180g (US PAT. 5823969
8512259, North Coast, California, USA), was used to represent
tactile allodynia and mechanical hyperalgesia. The PWT was meas-
ured every 7 days after the FBG was tested. It was calculated by the
“up-down” method as we described previously (Lin et al., 2017; Mei
et al.,, 2011; Peng et al., 2010): the VonFrey filaments were applied
perpendicularly to the hind paw with increasing pressures to induce
a positive withdrawal response. Each pressure lasted for 6-8 s for
avoiding possible injury to the hind paw and was repeated four times
at different sites of the hind paw. If one positive response was in-
duced, then two additional stimulations at that pressure were ap-
plied to the hind paw. The pressure which could induce three times
withdrawal responses in six stimulations was recorded as the PWT.
The PWT measurements were carried out by the same investigators
from 9 to 11am on experimental days in the same room.

Three weeks after the measurement of FBG, there were a total
of 11 rats in the Group PDN that manifested increased FBG, de-
creased PWT and polydipsia, polyuria, and polyphagia, these rats
were considered successfully modeled as PDN rats. Finally, there
were 10 rats in Group C and 11 rats in the Group PDN used for fur-
ther research, respectively.

2.4 | MRI measurement

Just at the time when the significant decrease in PWT was observed
(3weeks after measurement of FBG), five rats in each group were
randomly selected for MRI measurement. All rats were anesthetized
using a small animal anesthesia machine (MIDMARK Matrx VMR,
USA). Anesthesia was inducted using oxygen (1.7 L/min) with iso-
flurane (5%) for 5min and maintained using oxygen (1.7 L/min) with
isoflurane (1.0%-2%) (Albargothy et al., 2018). Each rat was placed
prone on the operating table and the lower abdomen was raised. A
blunt protrusion in the lower part of the spine was the hip nodule,

and its horizontal position was the lumbar 6 vertebrae. After skin
preparation, disinfection, and covering gauze, a glass capillary micro-
pipette with an adjusted diameter (Sigma, UK) was advanced gently
to pass through the lumbar 4/5 intervertebral space until tail flutter
or sudden lateral sway indicated entry into the spinal subarachnoid
space (Xu et al., 2006; Zhong-Xian et al., 2004). A total of 25ul of
diluted Gd-DTPA (100l Gd-DTPA was diluted with 900l sterile
saline) was injected into the L4/5 subarachnoid space at a constant
rate (1 min). The capillary micropipette was left in situ for 3min to
prevent reflux (Lam et al., 2017). All rats were transferred to an MRI
rat special coil for MRI scanning after withdrawal of the capillary
micropipette.

MRI scan was obtained using a GE 3.0T (Discovery MR750,
GE, USA, RRID:SCR_019961) magnetic resonance scanner with an
eight-channel rat special coil. Rats were placed prone in the coil.
Heart rate and rectal temperature were continuously monitored.
Isoflurane concentration was adjusted as necessary so that the
righting reflex disappeared, no retraction of paws under pressure,
and the heart rate was maintained at 328 +10 beats per minute.
Rectal temperature was maintained at 37 +0.5°C using a feedback-
controlled air heating blower (Rapid Electric, Brewster, NY, USA)
(Wood et al., 2001). T1-weighted MRI (TIWI) was used for scanning
the lumbar enlargement of the spinal cord before Gd-DTPA injection
and for 15 min, 30 min, 1, 1.5, 2, 2.5, 3, and 6 h after Gd-DTPA in-
jection and the inflowing into and draining out of the contrast agent
to the spinal cord were observed. The fast spin-echo (FSE) sequence
was used for axial TAWI scanning. The parameters were as follows:
TR: 575ms, MinTE: 9.5 ms, MaxTE: 28.4 ms, Slice thickness: 3.0mm,
Slice space: 0.0mm: FOV: 7.0x 7.0 cm, Matrix: 288 x 256, Flip angle:
142, Bandwidth: 31.25kHz, NEX: 3.

At each time point described above, a typical picture of the lum-
bar enlargement was selected. The MRI signal intensity (Sl) of the
ventral horn, the dorsal horn, and the central canal on each selected
picture were measured at the same region of interest (ROI, area was
0.5mm?). The average of the five results on each picture was re-
corded as the Sl of the picture.

2.5 | Number of astrocytes

2.5.1 | Tissue blocks and section

The number estimation of GFAP positive astrocytes was adminis-
tered 4 weeks after measurement of FBG due to the long duration
of MRI scanning. The last five rats in the Group C and six rats in
Group PDN were applied to the stereological study of astrocytic
numbers.

Rats were anesthetized with 50mg/kg of 10% chloral hydrate
intraperitoneally. Then the transcardiac perfusion with 200ml of
sterile normal saline followed by 200ml of 4% paraformaldehyde
in 0.1 M phosphate-buffered saline (PBS, PH 7.4) was administered.
Afterward, the L5 lumbar cord segment was dissected according to
the positions of the spinal nerve roots (Lin et al., 2018).


https://scicrunch.org/resolver/RRID:SCR_019961

WANG ET AL.

1911

JOURNALOF ,

The L5 lumbar cord segments were post-fixed in 4% parafor-
maldehyde for 2days, then embedded in paraffin (Histowax; Leica
Instrumental Ltd, Shanghai, China). Afterward, tissue blocks were
sectioned in the direction perpendicular to the long axis of the spinal
cord with a thickness of 14 um and three sections were sampled from
15 serial sections according to a systematic (equal spaced) manner.

2.5.2 | Immunohistochemistry

The GFAP was applied for immunohistochemistry staining. A com-
mercial kit (Beijing Zhongshan Golden Bridge Biotechnology Co.,
Ltd., Beijing, China) was used for immunostaining according to the
instructions of the producer. Sections were deparaffinized and han-
dled sequentially as follows: (1) boiled for 15 min in the citrate buffer
(pH 6.0) for antigen retrieval, (2) incubated with 3% hydrogen perox-
ide for 10 min to block endogenous peroxidase activity, (3) incubated
with mouse anti-GFAP monoclonal antibody (diluted at 1:500 in PBS
containing 0.3% Triton X-100, MAB3402B, Millipore, Massachusetts,
USA, RRID:AB_10917109) at 4°C for 50h, (4) incubated with goat

TABLE 1 The primary and secondary antibodies used

Neuroscience Research

anti-mouse 1gG conjugated to horseradish peroxidase (HRP) (di-
luted at 1:500 in PBS, 12-349, Millipore, Massachusetts, USA,
RRID:AB_390192) for detecting GFAP, (5) bound HRP was detected
with 3,3-diaminobenzidine (DAB), and (6) counterstained with he-
matoxylin. The specificity of the GFAP antibody was validated by
immunofluorescence assay on brain sections of the GFAP™”™ mouse
(lorio et al., 2018) (Table 1).

2.5.3 | Stereological measurements
To implement the blinded manner, all sections were numbered and
the observation side (left or right, alternately chosen) was marked by
the designer first. The sections were observed and measured under
the NewCAST stereology set (Visiopharm, Hgrsholm, Denmark,
RRID:SCR_014570) matched with an Olympus BX51 light micro-
scope (Olympus, Tokyo, Japan, RRID:SCR_018949).

The procedure for estimating the number of GFAP-positive astro-
cytes was the same as the estimation of synaptic numbers which we
described in the previous studies (Lin et al., 2018; Peng et al., 2010).

Antibody Manufacturer/catalog number/ Concentration
name The exact structure of the immunogen against which the animal was immunized RRID/host species/clonality used
Anti-GFAP MERRRITSAARRSYVSSGEMMVGGLAPGRRLGPGTRLSLARMPP Millipore/MAB3402B/RRID: 1/500
PLPTRVDFSLAGALNAGFKETRASERAEMMELNDRFASYIEKVRFLEQQNKALAAELN AB_10917109/Mouse/
QLRAKEPTKLADVYQAELRELRLRLDQLTANSARLEVERDNLAQDLATVRQKLQDETN Monoclonal
LRLEAENNLAAYRQEADEATLARLDLERKIESLEEEIRFLRKIHEEEVRELQEQLARQ
QVHVELDVAKPDLTAALKEIRTQYEAMASSNMHEAEEWYRSKFADLTDAAARNAELLR
QAKHEANDYRRQLQSLTCDLESLRGTNESLERQMREQEERHVREAASYQEALARLEEE
GQSLKDEMARHLQEYQDLLNVKLALDIEIATYRKLLEGEENRITIPVQTFSNLQIRET
SLDTKSVSEGHLKRNIVVKTVEMRDGEVIKESKQEHKDVM
Goat anti- Goat anti-mouse peroxidase conjugate immunoglobulins heavy and light chains Millipore/12- 1/500
mouse 349/RRID:AB_390192/Goat/
1gG Polyclonal
Anti-AQP4 MSDRPTARRWGKCGPLCTRENIMVAFKGVWTQAFWKAVTAEFLA Novus/NBP1- 1/150
MLIFVLLSLGSTINWGGTEKPLPVDMVLISLCFGLSIATMVQCFGHISGGHINPAVTV 87679/RRID:AB_11006038/
AMVCTRKISIAKSVFYIAAQCLGAIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGL Rabbit/Polyclonal
LVELIITFQLVFTIFASCDSKRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSF
GPAVIMGNWENHWIYWVGPIIGAVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGS
YMEVEDNRSQVETDDLILKPGVVHVIDVDRGEEKKGKDQSGEVLSSV
Anti-CD31 MQPRWAQGATMWLGVLLTLLLCSSLEGQENSFTINSVDMKSLPD Santa Cruz/sc- 1/50
WTVQNGKNLTLQCFADVSTTSHVKPQHQMLFYKDDVLFYNISSMKSTESYFIPEVRIY 376764/RRID:AB_2801330/
DSGTYKCTVIVNNKEKTTAEYQVLVEGVPSPRVTLDKKEAIQGGIVRVNCSVPEEKAP Mouse/Monoclonal
IHFTIEKLELNEKMVKLKREKNSRDQNFVILEFPVEEQDRVLSFRCQARIISGIHMQT
SESTKSELVTVTESFSTPKFHISPTGMIMEGAQLHIKCTIQVTHLAQEFPEIIQKDK
AIVAHNRHGNKAVYSVMAMVEHSGNY TCKVESSRISKVSSIVVNITELFSKPELESSF
THLDQGERLNLSCSIPGAPPANFTIQKEDTIVSQTQDFTKIASKSDSGTYICTAGIDK
VVKKSNTVQIVVCEMLSQPRISYDAQFEVIKGQTIEVRCESISGTLPISYQLLKTSKV
LENSTKNSNDPAVFKDNPTEDVEYQCVADNCHSHAKMLSEVLRVKVIAPVDEVQISIL
SSKVVESGEDIVLQCAVNEGSGPITYKFYREKEGKPFYQMTSNATQAFWTKQKASKEQ
EGEYYCTAFNRANHASSVPRSKILTVRVILAPWKKGLIAVVIIGVIIALLIIAAKCYF
LRKAKAKQMPVEMSRPAVPLLNSNNEKMSDPNMEANSHYGHNDDVRNHAM
KPINDNKE PLNSDVQYTEVQVSSAESHKDLGKKDTETVYSEVRKAVPDAVESRYSR
TEGSLDGT
Alexa Fluor  Goat anti-mouse gamma immunoglobulins heavy and light chains Abcam/ab150113/RRID: 1/500
488 AB_2576208/Goat/Polyclonal
Alexa Fluor  Goat anti-rabbit gamma immunoglobulins heavy and light chains Abcam/ab150079/RRID: 1/500
647 AB_2722623/Goat/Polyclonal
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In brief, the region of the spinal dorsal horn was delineated, and
its cross-sectional area (A) was estimated using ax 10 objective
lens first.

Then, a 100x oil immersion lens with a numerical aperture of
1.40 was administrated to observe the delineated region, the final
magnification on the computer screen was 2240x. All testing fields
were sampled according to a systematical manner (equally spaced
0.15mm) with a motorized stage until the whole delineated region
was sampled completely. The first testing field was randomly deter-
mined from the upper left corner in the delineated region. On each
field, two rectangular frames (each with an area of 1882.5 um?) were
superimposed.

In counting GFAP-positive astrocytes, the upper surface of the
section was first brought into focus in each field, and then the sec-
tion was observed by manually focusing down. To avoid possible im-
perfections, the first 0.5 pm of optical sections were discarded for
counting. The next 7 um of serial optical sections (i.e., the volume
of each optical disector was 1882.5x7 = 13,177.5 um3) were used
for counting according to the disector counting rule (Gundersen
et al., 1988; Lin et al., 2018): when a new GFAP-positive astrocyte
came into focus ‘within’ the counting frame, that GFAP-positive as-
trocyte was counted. In this study, an average of 60 fields was sam-
pled and an average of 387 GFAP-positive astrocytes was counted
on the selected side of the L5 spinal cord per animal.

The numerical density of GFAP-positive astrocytes (Nv, number
per volume) in the spinal dorsal horn was calculated with the total
number of GFAP-positive astrocytes counted and the total volume
of disectors used.

In consideration of not knowing the precise boundary of the L5
segment of the spinal cord, we applied the number of GFAP-positive
astrocytes in 1mm length of the L5 spinal dorsal horn to represent
the numerical data of the whole L5 segment. The total number of
GFAP-positive astrocytes in 1mm length of the spinal dorsal horn
(NH) was calculated by multiplying Nv by the volume of 1 mm length
of the spinal dorsal (Ax1mm). Considering that the length of the
spinal cord was compressed during tissue processing and section
preparation, the total number of GFAP-positive astrocytes in 1mm
length of the fresh spinal dorsal horn was obtained by multiplying
NH by the coefficient of compression (Jing-Yan et al., 2010). In the
present study, we only counted GFAP-positive astrocytes for the
reason that reactive astrocytes increase the production of GFAP
and therefore are more easily counted by the immunostaining tech-
niques. The actual numerical variation of astrocytes in the spinal

cord of PDN rats needs further study.

2.6 | Immunofluorescence

The section production process was the same as above, except the
thickness of the slices changed from 14 to 4 pm. Deparaffinize and
rehydrate tissue sections using standard methods. After deparaffi-

nization and rehydration, sections were managed sequentially as

follows: (1) boiled in the citrate buffer (pH 6.0) for 20 min for antigen
retrieval, (2) blocked with 5% normal goat serum for 60min, (3) in-
cubated with AQP4 antibody (1:150, Novus, NBP1-87679, Shanghai,
China, RRID:AB_11006038) and PECAM-1/CD31 antibody(1:50,
Santa Cruz, sc-376764, Texas, USA, RRID:AB_2801330) at 4°C over-
night, (4) rewarmed at 37°C for 30 min and washed 3 times with PBS
buffer (15min each), (5) incubated with secondary goat anti-rabbit
IgG H&L antibodies (1:500, Abcam, ab150079, Cambridge, UK,
RRID:AB_2722623) and goat anti-mouse IgG H&L antibodies (1:500,
Abcam, ab150113, Cambridge, UK, RRID:AB_2576208) at 37°C and
protected from light for 2 h and rinsed 3 times with PBS buffer
(15min each), and (6) sealed with Anti-fluorescence quenching seal-
ing solution with DAPI (Beyotime, p0131, Shanghai, China). Finally,
the section was mounted and observed under an Olympus FV1200
confocal laser scanning microscope (RRID:SCR_016264) with a 40x
objective lens. The parameters were as follows: DAPI: HV 477, Gain
2, Offset 22; Alexa Fluor 488: HV 555, Gain 1, Offset 59; Alexa Fluor
647: HV 466, Gain 1, Offset 38. The typical images were selected to
indicate the polarity reversal of AQP4 protein.

2.7 | Quantification of AQP4 polarization

A total of three randomly selected sections/animal in each group
were analyzed in a blinded manner by investigators blinded
to treatment conditions using Imagel) version 1.53e bundled
with Java 1.8.0_172 software (National Institutes of Health,
RRID:SCR_003070). For an unbiased representation of the im-
ages, all laser power parameters, pinhole size, and image detec-
tion were kept constant for all samples. To avoid the influence of
nonspecific staining motor neurons on measurement, the perivas-
cular region was defined as being CD31 positive, having a com-
plete cross section of blood vessels and no surrounding dendrites.
Briefly, perivascular polarization of AQP4 was measured as fol-
lows: (1) split channels of the images, (2) chose the AQP4 channel
image and set the threshold automatically, (3) measured the me-
dian immunofluorescence intensity of perivascular regions, and (4)
applied the threshold analysis to measure the percentage of the re-
gion exhibiting AQP4 immunofluorescence greater than or equal to
perivascular AQP4 immunofluorescence of the total field of view.
Finally, AQP4 polarization was expressed as the percentage of the
region that exhibited lower AQP4 immunofluorescence than the

perivascular regions (Harrison et al., 2020).

2.8 | Statistical analysis

Statistical analyses were performed using the SPSS software
version 19 (IBM Corporation, Armonk, NY, RRID:SCR_019096).
All values were shown as mean+SD. The one-way analysis of
variance (ANOVA) was used to compare means between groups.

The repeated-measures ANOVA was used to compare the body
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weight, glucose, PWT, and MRI signal intensity. Significance was

set at p<.05.
3 | RESULTS
3.1 | Bodyweight, blood glucose, and PWT in each

group of rats

As shown in Figure 1, the body weight (compared with values in
group C, F = 6.74, n = 21, p = .002; compared with values of pre-
injection, F = 6.21, n = 11, p = .04) decreased significantly while the
blood glucose (compared with values in group C, F = 102.14, n = 21,
p<.001; compared with values of pre-injection, F = 404.40,n = 11,
p<.001) increased significantly after STZ intraperitoneal injection
in the Group PDN when compared with values of pre-injection or
values in Group C, which indicated the modeling process of diabetic
rats was successfully completed. Compared to Group C, the PWT
decreased significantly in the PDN group 21 days after the measure-
ment of FBG and lasted until the end of the experiment (F = 3.93,
n=21,p=.02). The PWT decreased significantly in the Group PDN
at 21 days after measurement of FBG compared with values of pre-
injection (F = 15.70,n = 11, p = .004).

Neuroscience Research

3.2 | MRIlimaging
3.2.1 | Dynamic observation of Gd-DTPA inflowing
into and draining out of the spinal cord

The Sl of the lumbar enlargement of the spinal cord changed dynam-
ically with time. Before Gd-DTPA injection, there was no contrast
agent signal in lumbar enlargement in each group. Fifteen minutes
after Gd-DTPA injection, the contrast agent was discontinuously
distributed on the surface of the pia mater. As time went by, the con-
trast agent inflowed into the ventral horn and the dorsal horn along
the anterior lateral sulcus or the posterior lateral sulcus (“four-horn
sign”). When the contrast agent reached its peak, the gray matter ap-
peared the brightest “butterfly shape,” and then gradually darkened.
There was no contrast agent signal in white matter in each group
after Gd-DTPA injection (Figure 2).

3.2.2 | Measurement results of Sl

Before injection of Gd-DTPA, there was no significant difference be-
tween groups in terms of the Sl in the lumbar enlargement (F = 0.01,
n = 10, p = .93). Compared to Group C, the peak of SI (PEAK SI)
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FIGURE 1 Trend of body weight, blood glucose, and paw withdrawal threshold (PWT) in each group. (a) The trend of body weight in

group C and group PDN. (b) The trend of blood glucose in group C and group PDN. (c) The trend of PWT in group C and group PDN. The
intraperitoneal injection of sterile saline (group C, n = 10) or streptozotocin (STZ, 25mg/kg, group PDN, n = 11) was administrated at the
5th week of feeding. Values were presented as mean+SD. *p <.05 compared with values in group C. #p <.05 compared with values of pre-
injection in each group.

Omin 15min 30min 1h 1.5h 2h

Group C

Group PDN

FIGURE 2 The MRIimage with time in lumbar enlargement of the spinal cord of rats in the group C and group PDN before and after 25 pl
diluted gadolinium-diethylenetriamine Penta-acetic acid (Gd-DTPA, 100 ul Gd-DTPA was diluted with 900 ul sterile saline) injection (O min-
6h) through the lumbar 4/5 intervertebral space. See Figure 1 for the meaning of the grouping abbreviation.
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showed no significant difference in the Group PDN (F = 2.16, n = 10,
p = .18), the time to reach PEAK Sl (PEAK SI TIME) was delayed sig-
nificantly in the Group PDN (F = 49.84, n = 10, p<.001), the Sl in
the lumbar enlargement 6h after finishing Gd-DTPA injection (SIX-
HOUR Sl) was higher in the Group PDN (F = 230.13,n = 10, p<.001),
the variation of the Sl per hour after Sl reached its peak (SIPH) de-
creased significantly in the Group PDN (F = 146.41,n = 10, p<.001)
(Table 2).

3.3 | Number of GFAP-positive astrocytes in the
rat spinal dorsal horn

The area of the spinal dorsal horn had no significant difference be-
tween the two groups (F = 0.05, n = 11, p = .82). The number of
GFAP-positive astrocytes per mm length of the L5 spinal dorsal horn
increased significantly in the Group PDN compared with Group C
(F=12.18,n =11, p =.01) (Figure 3, Table 3).

3.4 | Polarity localization of AQP4 protein

To verify the polarity reversal of AQP4 protein, we examined the
localization of AQP4 protein by immunofluorescence staining with
the additional vascular endothelial cell markers CD31 (Stokum
etal., 2015). As shown in Figure 4 and Table 3, the reduced perivascu-
lar localization of AQP4 protein of rats in Group PDN was concordant
with a reduction of “polarization” of this water channel to blood ves-
sels [AQP4 ‘polarization’ of rats in Group C, 66.87% (+6.90%) versus
34.61% (+6.99%) of rats in Group PDNJ], which indicated the polarity
reversal of AQP4 protein in Group PDN (F = 58.83,n =11, p<.001).

4 | DISCUSSION

This is the first study determining the functional and structural vari-
ation of the spinal glymphatic system in rats with PDN induced by
type 2 diabetes mellitus. As demonstrated, the manifestation of rats

TABLE 2 MRIsignal intensity (SI) obtained from the lumbar enlargement

Group C (n = 5)

Pre-injection 2188.80 +40.52

PEAK SI? 7014.40 +80.97
SIX-HOUR SI° 4571.80 +235.10
SIPH® 498.40 +49.37
PEAK SI TIMEY 1.10 +0.22

Group PDN (n = 5) p-value
2191.60 +61.18 93
7076.40 +48.37 .18
6374.00 +123.68** <.001
185.60 +30.05** <.001
2.20 +0.27** <.001

Note: Group C: Rats intraperitoneally injected with sterile saline. Group PDN: Rats intraperitoneally injected with streptozotocin. Values were
presented as mean + SD. Pre-injection: the Sl before Gadolinium-diethylenetriamine Penta-acetic acid (Gd-DTPA) injection.

*The peak of SI.

The Sl six hours after finishing the Gd-DTPA injection.
“The variation of the Sl per hour after Sl reached its peak.
9The time to reach PEAK SI.

**p <.001 compared with values in Group C.

FIGURE 3 Immunostaining of sections, using anti-glial fibrillary acidic protein (GFAP) antibody, obtained from the L5 segment of the
spinal cord in the control rats (a) and the PDN rats (b) at 28 days after modeling. ,/: Astrocyte in the lumbar 5 spinal dorsal horn. Astrocytes

were identified as GFAP-positive particles.
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TABLE 3 Morphometric results obtained from the spinal cord

Group C (n=5)

Cross-sectional area of the spinal dorsal horn (mmz) 0.43 +0.09
No. (103) of astrocytes in the spinal dorsal horn 30.28 +4.29
AQP4? polarization (%) 66.87 +6.90

Neuroscience Researc

Note: See Table 1 for the meaning of the grouping abbreviation. Values were presented as mean+SD.

2Aquaporin-4.

*p <.05 compared with values in Group C.; **p <.001 compared with values in Group C.
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Immunofluorescence results. (a) Immunofluorescence staining of sections, using anti-CD31 and anti-AQP4 antibodies,

was obtained from the L5 segment of the spinal cord of rats in group C and group PDN. See Figure 1 for the meaning of the grouping
abbreviation. AQP4-positive cells were identified with red fluorescence, CD31-positive cells were identified with green fluorescence, the
nuclei were counterstained with DAPI (blue). A typical part of AQP4 protein polarity reversal was zoomed in and shown in detail. Scale

bar = 50 um. (b) Quantification of AQP4 polarization similarly demonstrated reduced polarization in blood vessels of rats in the group PDN.
Values were presented as mean+SD. *p <.05 compared with values in group C.

with PDN includes deceased contrast infiltration and clearance in
the spinal glymphatic system, enhanced mechanical allodynia, in-
creased number of GFAP-positive astrocytes, and reversed polarity
of AQP4 protein. All the above characters indicated that there might
be a correlation between the impaired spinal glymphatic system and
PDN rats.

The glymphatic system is recently discovered as the excretion
pathway for metabolic waste products of the central nervous system
(Plog & Nedergaard, 2018; Reeves et al., 2020). Many other studies
have shown that the glymphatic system also exists in the spinal cord
(Benveniste et al., 2017; Liu et al., 2018; Wei et al., 2017). MRI has
been widely used to study the functional variation of the glymphatic
system due to its great potential for sensitive and non-invasive eval-
uation of the exchange of cerebrospinal fluid (CSF) with interstitial
fluid (ISF) (Gakuba et al., 2018; Jiang, 2019; Zhang et al., 2019). So
based on the above pieces of evidence, we injected Gd-DTPA into
the L4/5 subarachnoid space on living rats with PDN and evaluated
the infiltration and clearance of the contrast agent for indicating
the functional variation of the spinal glymphatic system. Using MRI
evaluation, we have found a deceased clearance of contrast agent
in the spinal glymphatic system on the living rats with PDN, which
indicated that the activity of the spinal glymphatic system in PDN
rats was impaired.

Cognitive deficits have been manifested to be associated with the
impairment of the glymphatic system of the brain in type-2 diabetes
mellitus rats (Jiang et al., 2017). And few studies have investigated the
correlation between the spinal glymphatic system and PDN. This is the
first study injecting Gd-DTPA into the L4/5 subarachnoid space and
using MRI scanning to determine the functional variation of the glym-
phatic system during the process of PDN. After Gd-DTPA injection,
there was no contrast agent signal in white matter, which may be re-
lated to the white matter tracts being dense so that the contrast agent
was not easy to inflow into the interstitial space (Wei et al., 2017).
As shown in this study, 15 min after Gd-DTPA injection, the contrast
agent was discontinuously distributed on the surface of the pia mater,
which may be related to the perforating arteries of the pia mater sur-
face penetrating into the spinal cord radially. The contrast agent in-
flowed into the ventral horn and the dorsal horn along the anterior
lateral sulcus or posterior-lateral sulcus, which may be related to the
branches of radicle arteries penetrating into the spinal cord along the
anterior lateral sulcus and posterior-lateral sulcus. The above results
showed that the contrast agent may be inflowed into the spinal cord
along with the perivascular space of the radicle arteries and the perfo-
rating arteries of the pia mater, and due to the limits of the concentra-
tion and injection speed of Gd-DTPA, we did not find clear evidence
to prove that process, and we hope to figure it out in the future study.
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In this study, there was no difference in the PEAK SI between
groups, the PEAK SI TIME prolonged and SIX-HOUR Sl increased
significantly in the PDN group, and the SIPH decreased significantly
in the PDN group. The inflowing of contrast agent into the spinal pa-
renchyma was a time-dependent process. The inflowing and removal
of contrast agent in spinal parenchyma were carried out simultane-
ously (Wei et al., 2017). During the first hour post-infusion, the con-
trast agent influx outweighed its clearance in control animals. One
and a half hours post-infusion, the clearance of the contrast agent
outweighed its influx in Group C. However, during the 2-h post-
infusion, the contrast agent influx still outweighed its clearance, and
2.5-h post-infusion, the contrast agent clearance outweighed its in-
flux in the Group PDN. These results showed that the infiltration and
clearance of the contrast agent in the spinal cord of PDN rats were
significantly deceased than the non-PDN rats, which may be related
to the CSF bulk speed in the para-vasculature network was lower
in the spinal cord of PDN rats (Davoodi-Bojd et al., 2019). Previous
studies have shown that diabetes alters the arteriolar structure and
increases the perivascular space (Jiang et al., 2017). Hyperglycemia
is related to the formation of free radicals including advanced gly-
cation end products and to an increase in inflammatory processes
(Miranda et al., 2019). Inflammation may also enlarge the perivascu-
lar space. The enlarged perivascular space which leads to stagnant
glymphatic transport could be one factor for deceased clearance of
contrast agent in the spinal cord of PDN rats (Kress et al., 2014; Peng
et al., 2016). The activity and efficiency of the glymphatic system of
the spinal cord were impaired in PDN rats.

Astrocytes were considered as the important structural founda-
tion of the glymphatic system (Plog & Nedergaard, 2018). Previous
studies have indicated that chronic neuropathic pain might result
from dysfunctional, chronically “over-activated astrocytes” (Nesic
et al., 2005). It was reported that astrocyte activation contributed
to mechanical allodynia in a mouse model of type 2 diabetes (Liao
et al., 2010). In the present study, we applied stereology techniques
and found out that the number of GFAP-positive astrocytes in-
creased significantly in the spinal dorsal horn of PDN rats. Our re-
sults added new evidence of numerical plasticity of GFAP-positive
astrocytes to the process of PDN which indicated that the GFAP-
positive astrocytes were not only dysfunctionally overactivated but
also numerically increased. This plasticity of GFAP-positive astro-
cytes might contribute to the impaired glymphatic system of the
spinal cord.

The glymphatic system is composed of periarterial space, perive-
nous space, and AQP4 which is specifically localized to perivascular
astrocytic end foot processes (lliff et al., 2012; Liu et al., 2018). AQP4
is a water channel predominantly expressed within astrocytic pro-
cesses that form the subpial and subependymal glial-limiting mem-
branes and within the perivascular astrocytic end foot processes
that circumscribe the entirety of the cerebrovasculature (Plog &
Nedergaard, 2018). It has been discovered that the density of AQP4
is greatest in the region of the astrocytic end foot processes closest
to the vessel (also known as the polarized expression of AQP4) under
normal conditions. Loss of AQP4 polarity refers to AQP4 expression

being mislocalized and broadly distributed in astrocytes, rather than
being focused on the end foot surrounding blood vessels. Due to
its particularly high expression at the blood-brain barrier (BBB) and
blood-CSF barrier, AQP4 plays an important role in the CSF-ISF
(interstitial fluid) exchange and the removal of waste solutes in ISF
(Benveniste et al., 2017; Mader & Brimberg, 2019). Many neurolog-
ical conditions are now found to be associated with an alteration
in AQP4 localization. Emerging pieces of evidence indicate that re-
versed AQP4 polarity is involved in the disturbed blood-brain bar-
rier, regulation of extracellular space (ECS) volume and potassium
homeostasis, epilepsy, stroke, and edema (Hubbard et al., 2018; Lu,
Zhan, et al., 2020; Nagelhus & Ottersen, 2013; Wolburg et al., 2012).

In the present study, AQP4 protein expression was not highly
located in perivascular end foot processes, AQP4 ‘polarization’ sig-
nificantly reduced when compared with Group C. After the three
channels in Figure 4 were merged, it was obvious that in the PDN
group, red AQP4 was not closely distributed around the cross sec-
tion of blood vessels, but discontinuous, and there was even no
AQP4 distribution in some perivascular regions, indicating that
the polarity of AQP4 had changed significantly in the Group PDN.
Besides, we also noticed that there were seemed to have some dif-
ferences in the architecture such as the blood vessels between the
control group and the PDN group in Figure 4, and it may be related
to vascular endothelial dysfunction and atherosclerosis interfered
with the binding of CD31. The nonspecific staining motor neurons
in the control pictures, which acted like dendrites extending off of
the blood vessels, often bind indiscriminately to antibodies (includ-
ing some secondaries) and may be confused with CD31. To avoid
these potential interferences, we only selected perivascular regions
with blood vessels that seemed relatively complete and with no den-
drites. In the present study, CD31 was only used for the localization
of blood vessels and did not participate in the measurement of AQP4
polarity, so it would not interfere with the quantification of AQP4
polarization. Hence, the results of AQP4 polarization in the present
study were reliable and believable. Our results manifested the po-
larity reversal of AQP4 protein in PDN rats, which might result in an
impaired spinal glymphatic system.

It should be noted that the increased AQP4 expression and its
redistribution/surface localization can be two different concepts.
Previous studies have shown an increase in AQP4 membrane local-
ization in primary human astrocytes which is not accompanied by a
change in AQP4 protein expression levels, which means the expres-
sion and localization variation of AQP4 can be discordant (Salman
et al., 2017). This mislocalization can be a potential therapeutic
target (Ciappelloni et al., 2019). As well as being crucial for water
homeostasis, AQPs are involved in physiologically important trans-
port of molecules other than water, regulation of surface expression
of other membrane proteins, cell adhesion, signaling in cell volume
regulation, sensory functions, defense and metabolism, and motility
and cancer (Kitchen et al., 2015; Wagner et al., 2022). Moreover,
a subgroup of AQP water channels also facilitates transmembrane
diffusion of small, polar solutes (Kitchen et al., 2019). It was reported
that the targeted modulation of AQPs presents an opportunity to
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develop novel treatments for diverse conditions and there is no single
drug that has yet been approved to successfully target it due to the
complex communications between AQPs (mainly AQP4) and other
therapeutic targets (Abir-Awan et al., 2019; Verkman et al., 2014).
The therapeutic effect of AQP4 targeted treatment through the
glymphatic system on edema and PDN also needs further research.
Regulation of AQPs function by subcellular relocalization is a ubig-
uitous regulatory mechanism across the mammalian AQP family and
recent studies have suggested that targeting the trafficking of AQPs
proteins to the plasma membrane is a viable alternative drug target to
direct inhibition of the water-conducting pore (Markou et al., 2022).
Recent breakthroughs indicate that inhibition of hydrogen perox-
ide permeation through AQP1 provides a new approach to treating
hypertrophic cardiomyopathies and inhibition of AQP4 localization
with the licensed drug trifluoperazine provides compelling evidence
for a new approach to treating CNS edema (Salman, Kitchen, Yool,
et al., 2022). The discovery and development of small-molecule AQP
inhibitors for research use and therapeutic development will lead to
new insights into the basic biology of and novel treatments for the
wide range of AQP-associated disorders (Wagner et al., 2022). The
AQP4 protein expression in PDN rats also needs further research.
In this study, the intrathecal injection rate of tracer into the
CSF may disturb the regular CSF flow. In addition, it evoked an
increased MRI signal-to-noise ratio of the lumbar enlargement of
the spinal cord to better detect impairment of the glymphatic sys-
tem and provide more reliable data for quantitative analysis (Ding
et al., 2018). Moreover, we used the classic MRI tracer, the Gd-
DTPA, to investigate the functional variations of paracellular flow
of the spinal glymphatic system. The classic tracer studies measure
this paracellular flow based on an directly dependent AQP4, while
the use of H2170 captures both paracellular flow and diffusive
transcellular exchange of water based on an indirectly dependent
AQP4 (Salman et al., 2021). More studies are needed to investigate
the use of H2170 to detect functional changes in the spinal glym-
phatic system of PDN rats. Previous studies have demonstrated
that anesthesia with isoflurane reduces glymphatic function, es-
pecially in glymphatic influx and long-term isoflurane anesthesia
does not affect overall glymphatic function (Hablitz et al., 2019). In
the present study, we mainly observed the glymphatic efflux and
the interference of isoflurane on glymphatic influx function might
be counteracted by long-term isoflurane anesthesia. Of course,
the effect of isoflurane anesthesia on the spinal glymphatic sys-
tem in PDN rats needs further study. MRI scanning was not per-
formed for a longer time due to the limitation of using time of the
equipment. So, there was no further comparison of the complete
clearance time to contrast agent between no-PDN rats and PDN
rats. The pathway of the spinal glymphatic system and its correla-
tions with PDN rats also need further exploration in future stud-
ies. In addition, to excluded gender effects, only male SD rats were
included in this study, so whether female SD rats also have similar
changes needs further studies. Due to the limited funds, we could
only establish a type 2 diabetes model based on previous litera-
tures with no measurement of insulin resistance. The difference of
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the spinal glymphatic system between type 1 and type 2 diabetes
also remains to be further studied.

In summary, this study used low-dose STZ intraperitoneal in-
jection combined with a high-fat and high-glucose diet to establish
PDN rats with pathophysiological similarity to human type 2 diabe-
tes mellitus successfully. We demonstrated that the activity of the
spinal glymphatic system of PDN rats was impaired. Deceased con-
trast infiltration and clearance, enhanced mechanical allodynia, in-
creased number of GFAP-positive astrocytes, and reversed polarity
of AQP4 protein were found in the PDN rats. The above molecular
level changes may contribute to the impairment of the spinal glym-
phatic system in PDN rats. This study revealed the molecular and
functional variations of the spinal glymphatic system in PDN rats
and for the first time indicated that there might be a correlation be-

tween the impaired spinal glymphatic system and PDN rats.
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