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Abstract: Little is known about the effects of the development of type 2 diabetes on glutamate
homeostasis in the spinal cord. Therefore, we quantified the extracellular levels of glutamate
in the spinal cord of Zucker diabetic fatty (ZDF) rats using in vivo microdialysis. In addition,
protein levels of glutamate transporter-1 (GLT-1) in the spinal cord of ZDF rats were measured
using Western blot. Finally, the effects of repeated intrathecal injections of ceftriaxone, which
was previously shown to enhance GLT-1 expression, on the development of mechanical allodynia
and hyperalgesia as well as on basal extracellular level of glutamate and the expression of GLT-1
in the spinal cord of ZDF rats were evaluated. It was found that ZDF rats developed mechani-
cal hyperalgesia and allodynia, which were associated with increased basal extracellular levels
of glutamate and attenuated levels of GLT-1 expression in the spinal cord, particularly in the
dorsal horn. Furthermore, repeated intrathecal administrations of ceftriaxone dose-dependently
prevented the development of mechanical hyperalgesia and allodynia in ZDF rats, which were
correlated with enhanced GLT-1 expression without altering the basal glutamate levels in the
spinal cord of ZDF rats. Overall, the results suggested that impaired glutamate reuptake in the
spinal cord may contribute to the development of neuropathic pains in type 2 diabetes.
Keywords: diabetes, peripheral neuropathy, spinal cord, Zucker diabetic fatty rats, glutamate,
glutamate transporter-1

Introduction
Peripheral neuropathy in diabetes is the most common complication of both type 1 and
type 2 diabetes'? and can affect peripheral sensory neurons in a large percent of adult
diabetic patients,” who may experience excessive sensitivity to nociceptive stimuli or
perceive normal stimuli as painful stimuli.>> This often results in severely reduced
quality-of-life measures.¢

It has been proposed that central sensitization can occur in the dorsal horn of the
spinal cord, which may result in increased primary afferents, neuroplasticity in the spinal
cord, and hyperactivity of dorsal horn neurons in the spinal cord.”'® One of the critical
mechanisms underlying the hyperactivity of dorsal horn neurons in the spinal cord may
involve an increase in excitatory glutamatergic neurotransmission. For instance, studies
have shown that administrations of N-methyl-d-aspartate (NMDA) induce a greater
increase in the calcium influx in spinal lamina II neurons in nerve-ligated rats relative
to control rats.!" In addition, NMDA receptor (NMDAR) antagonisms remarkably
reduce evoked responses of dorsal horn neurons in spinal nerve-ligated rats.!? Thus,
it is likely that enhanced excitatory glutamatergic neurotransmission may be critical
in the perception of nociceptive signals in diabetic neuropathy.'> However, few studies
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have examined the effects of the development of diabetes on
extracellular levels of glutamate in the spinal cord.

Most animal studies on diabetic neuropathy have been
conducted using a diabetic rodent model by injections of
streptozotocin (STZ), a pancreatic B-cell cytotoxin. This
rodent model of diabetes resembles the development of type
1 diabetes. Using this model, previous studies have shown
that type 1 diabetic neuropathy is associated with increased
glutamate release from primary afferent terminals in the spi-
nal cord.'*!* However, it remains unclear whether enhanced
glutamatergic neurotransmission in the spinal cord is asso-
ciated with diabetic neuropathy in type 2 diabetic animals.
Furthermore, basal extracellular levels of glutamate are also
likely a key component in regulating glutamate neurotrans-
mission in the spinal cord. However, little is known about the
effects of the development of type 2 diabetes on glutamate
homeostasis. Given that type 2 diabetes accounts for most
of all diagnosed cases of diabetes in human beings!'®!” and
obesity-associated type 2 diabetic animals exhibited diabetic
neuropathy,'32?° it will be necessary to examine the role of
basal extracellular levels of glutamate in the spinal cord in
the development of neuropathy in type 2 diabetes.

The extracellular glutamate homeostasis is primarily
regulated by the glutamate transporter system, which includes
at least five types of glutamate transporters that have been
identified as follows: EAAT1 (glutamate aspartate trans-
porter, GLAST), EAAT?2 (glutamate transporter-1, GLT-1),
EAAT3, EAAT4, and EAAT5.2122 Approximately 90% of
glutamate reuptake is mediated by GLT-1 transporters, which
play an important role in ending synaptic transmission of
glutamate.?' Previous studies have shown that GLT-1 activa-
tion produces antinociceptive effects on visceral and nerve
injury-induced neuropathic pain.?*?* Furthermore, systemic
treatments of ceftriaxone, which is a beta-lactam antibiotic
and has been shown to enhance GLT-1 expression,? can
alleviate mechanical allodynia and hyperalgesia in STZ-
induced diabetic rats.?® While numerous studies have dem-
onstrated that STZ-induced diabetic condition is associated
with reduced expression and/or impaired activity of GLT-1
in various organs,?'>?7-% little is known about the effects of
the development of type 2 diabetes on the function/expression
of GLT-1 in the spinal cord.

Therefore, this study was designed to examine the
effects of the development of type 2 diabetes on the basal
extracellular levels of glutamate and the expression of
GLT-1 in the spinal cord. To this end, we used in vivo micro-
dialysis on Zucker diabetic fatty (ZDF) rats to quantify the
basal extracellular levels of glutamate in the spinal cord.

In addition, we used Western blot to measure the protein
levels of GLT-1 in the spinal cord of ZDF rats. Finally, we
evaluated the effects of repeated intrathecal injections of
ceftriaxone on the development of mechanical allodynia
and hyperalgesia in ZDF rats, as well as the effects of cef-
triaxone on basal extracellular levels of glutamate and the
expression of GLT-1 in the spinal cord.

Materials and methods

Animals

Male ZDF (fa/fa) rats and control (lean; fa/+) rats at the age
of 7 weeks were purchased from Charles River Laboratories
(Beijing, China). Upon arrival, rats were acclimated in the
Animal Center of Guizhou Provincial People’s Hospital for
1 week before subsequent experiments. All the rats were
housed in separated cages in a room with a 12:12 light cycle at
21.0°C-23.0°C and 50%—60% humidity and were given food
and water ad libitum. All animal experiments in the current
study had been approved by the Institutional Animal Care and
Use Committee of Guizhou Provincial People’s Hospital. The
housing and treatment of the rats followed the guidelines of the
“Guide for the Care and Use of Laboratory Rats” (Institute of
Laboratory Animal Resources, Commission on Life Sciences,
2011). The experimental design is shown in Figure 1.

Blood glucose and weight monitoring

Body weight was measured daily, and blood glucose mea-
surements (glucose diagnostic reagents; Sigma-Aldrich, St.
Louis, MO, USA) were recorded at the end of each week after
the rats arrived in our animal facility. All the rats were fasted
for 3 h before blood was collected from the tail. The onset
of diabetic conditions was defined as blood glucose levels
>13.3 mmol/L. Consistent with the literature, the animals in
this study did not develop significant ketoacidosis or prostra-
tion during this time period.>®3!

Intrathecal catheter implantation

To examine the effects of intrathecal administrations of cef-
triaxone on mechanical allodynia and hyperalgesia, separate
groups of ZDF rats received intrathecal catheter implantation
1 week after arrival (i.e., at the age of 8 weeks). To this end,
rats were fully anesthetized using ketamine/xylazine (80-120
or 10-16 mg/kg, respectively; i.p.). To expose the L4-L5
vertebrae, we made a 1-cm midline incision on the dorsal
surface and retracted the muscles. Sterile polyethylene (PE-
10 catheter) tubing was then inserted into the subarachnoid
space and was advanced 3.5 cm rostrally at the level of the
enlarged spinal cord lumbar segments. The catheter was
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Figure | Experimental design.

A J

Notes: In experiment |, ZDF rats (n = 10) and lean rats (n = 10) were used. In experiment 2, ZDF rats (n = 8—10/dose; total n = 36) were used. BTs were conducted on
Thursday and Friday of each week. One day after the last BT, rats underwent in vivo microdialysis experiment followed by sacrifice for spinal cord tissue collection for

subsequent Western blot analysis.
Abbreviations: BT, behavioral test; ZDF, Zucker diabetic fatty.

secured to the paraspinal muscle of the back and then tun-
neled subcutaneously to exit the dorsal neck region, where it
was secured to the skin. After the surgery, rats were allowed
to recover for 1 week prior to the rest of the experiment. To
confirm the position of the PE-10 catheter, we conducted
intrathecal injection of 2% lidocaine (15 pL) to observe
whether there was paralysis of both hind limbs following
injections. Intrathecal administrations of a total volume of
10 pL ceftriaxone (0, 5, 10, and 20 pg/pL; n = 8—10/group)
were conducted daily for 4 consecutive weeks.

Behavioral analysis

All the behavioral tests were started 1 week after the rats
arrived in our animal facility and were conducted on Thurs-
day and Friday of each week until rats reached the age of
13 weeks. Before the first behavioral testing, rats were
acclimated to the behavioral apparatus and equipment for
a minimum of 2 days. On test days, rats were placed in the
behavioral apparatus and allowed to acclimate to the environ-
ment for 30 min.

Mechanical hyperalgesia was quantified using an Ugo
Basile analgesiometer (model 37215; probe tip diameter,
1 mm). Briefly, an increasing pressure was applied to the
dorsal surface of the right hind paw. The nociceptive threshold
was defined as the force, expressed as grams, at which the
animals attempted to withdraw its paw. A maximal cutoff of
750 g was used to prevent tissue damage.

On the next day, mechanical allodynia was assessed using
an Ugo Basile Dynamic Plantar Esthesiometer (Stoelting, IL,

USA). The rigid tip of the esthesiometer, with a diameter of
0.5 mm, was applied perpendicularly to the plantar surface of
the hind paw with an increasing force (0—50 g in 20 s) to cause
brisk withdrawal. The paw withdrawal latency, defined as the
time from the onset of the tip to the withdrawal of the paw,
was detected with the electronic esthesiometer. Accordingly,
the paw withdrawal threshold was digitally recorded in grams.

In vivo microdialysis

One day after the last behavioral test, microdialysis in the spi-
nal cord was performed to examine the basal levels of gluta-
mate. Briefly, rats were anesthetized using 4% isoflurane and
then maintained with 2.5% isoflurane during the experiment.
A heating pad was used to maintain the rectal temperature at
36.5 £ 0.5°C. The L3-L6 level of spinal cord was exposed
by a T13-L1 laminectomy. A microdialysis probe (optical
density (OD) = 0.22 mm, inner diameter (ID) = 0.20 mm,
length = 1 mm) was prepared in the laboratory and inserted
from just lateral to the right dorsal root and perfused with
dialysis buffer (KCI 2.7 mM, NaCl 140 mM, CaCl, 1.2 mM,
MgCl, 1.2 mM, plus 0.2 mM phosphate-buffered saline to
achieve a pH of 7.4) at 1.0 pL/min.

To determine the basal concentration of extracellular
glutamate, glutamate was added to the dialysis buffer to
generate a series of points that were interpolated to measure
the concentration at which no-net-flux of glutamate occurred
across the dialysis membrane. Dialysis buffer was running
for 1 h prior to the collection of samples; after 0, 1.0, 2.5,
5.0, and 10.0 uM, glutamate was delivered through the
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probe. Four 30 min dialysis samples were obtained at each
concentration of glutamate, and the last three samples were
averaged for the determination of the net flux of glutamate.
Samples were then kept at -20°C until they were measured by
a high-performance liquid chromatography (HPLC) system.

High-performance liquid chromatography
The glutamate HPLC system consisted of a 25 cm (5 pum)
octadecasilane column, a Shimadzu LC-10AD solvent
delivery system (Shimadzu Corporation, Kyoto, Japan), a
Shimadzu SIL-10AD autosampler and a fluorescence spec-
trophotometer (Shimadzu RF-10AXL). Samples underwent
derivatization (20 uL sample + 20 pL fluoraldehyde) before
being injected onto the column via the autosampler. The
flow rate of the mobile phase (62 mM NaH,PO,, 0.5% v/v
tetrahydrofuran, and 40% v/v methanol, pH 6.3 with 6 N
NaOH) was 1.0 mL/min. The fluorescence spectrophotometer
detected glutamate with an excitation wavelength of 260 nm
and an emission wavelength of 455 nm. The external standard
curve ranged from 0.5 to 25 pmol for quantification.

Western blot analysis

Immediately after the microdialysis experiment, rats were
sacrificed by live decapitation, and L4-L5 spinal cord tissues
from each rat were collected and stored at —80°C. The tissue
was homogenized using a Dounce homogenizer in 1 mL of
lysis buffer (Sigma-Aldrich), followed by boiling at 100°C for
10 min in a dry heat block. The BioRad DC Protein™ Assay
Kit was used to determine the protein concentration of the
samples. Proteins were separated on 9% polyacrylamide gel
at 120 V for 1 h and transferred onto a nitrocellulose mem-
brane at 100 V for 1 h. The membrane was then blocked in
3% milk for 1 h and incubated with rabbit polyclonal GLT-1
antibody (1:5000; ab106289; Abcam, Shanghai, China) over-
night at 4°C. The membrane was then incubated for 1 h with
horseradish peroxidase (HRP)-conjugated donkey antirabbit
polyclonal secondary antibody (1:10,000; GE Healthcare,
Piscataway, NJ, USA). The film was then developed using
an enhanced chemiluminescence (ECL) system (Pierce
Biotech, Rockford, IL, USA). Stripping buffer (62.5 mM
Tris—HCI [pH 6.7], 2% sodium dodecyl sulfate, 100 mM
B-mercaptoethanol) was used to wash the membrane to
allow reprobing with antibodies to actin (1:50,000; Santa
Cruz Biotechnology, Shanghai, China), which served as a
loading control. NIH Image J software was used to quantify
the proteins by densitometry. Data were analyzed after GLT-1
levels were normalized to the levels of B-actin and then to
lean control or vehicle control.

Immunohistochemistry

Additional groups of rats were killed for immunohistochem-
istry experiments at the age of 13 weeks. The lumbar spinal
cord was removed and immediately placed in a solution
containing 60% ethyl alcohol, 10% acetic acid, and 30%
chloroform. Spinal cords were placed in 70% ethanol until
they were embedded in paraffin after 24 h. Serial sections
of spinal cord were cut and used for immunohistochemi-
cal analysis. Deparaffinized sections were treated with a
solution containing 20 mM Tris, 0.65 mM (EDTA), and
0.0005% Tween 20 (pH = 9.0) and heated by microwave
for 10 min. After cooling the slides to room temperature,
they were washed in Tris-buffered saline and soaked in 3%
hydrogen peroxide. Sections were incubated for 1 h with rab-
bit polyclonal GLT-1 antibody (1:5000) at 4°C and then for
1 h with biotin-coupled secondary antibody (1:300; Abcam).
3,3-Diaminobenzidine tetrachloride was used for detection
(Abcam). Control staining was performed without the pri-
mary antibodies. Zeiss Axioimager M1 microscope (Zeiss,
Shanghai, China) and software Image-Pro Plus Windows
6.2 (Media Cybernetics, Inc, Bethesda, MD, USA) were
used to conduct densitometric analysis on digital images.
Densitometric analysis was performed by normalizing to
the intensity of the background values of the unlabeled
areas (i.e., the OD measured in the white matter interposed
between the dorsal horns).

Statistical analysis

Data were expressed as mean * standard error of the mean.
Data were analyzed using unpaired #-test or one-way or
mixed-factorial analyses of variance (ANOVA), where
appropriate. Significant ANOVA main and interaction effects
were further investigated using post hoc tests with Bonferroni
correction, when appropriate. Alpha was set at 0.05.

Results
Monitoring body weights and blood

glucose levels

We found that body weights of ZDF rats were generally
increased faster than lean rats from the time when the rats
arrived in our facility (i.e., at the age of 7 weeks) to the end
of experiment (i.e., at the age of 13 weeks; all ANOVA main
effects, F e 15108= 27.16-43.02, p=0.0001; Table 1). While
the blood glucose levels were similar at the first 2 weeks
between lean rats and ZDF rats, blood glucose levels of ZDF
rats raised faster and ZDF rats developed hyperglycemic

in fasting state (13.8 = 2.7 mmol/L) at the age of 10 weeks
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Table | Monitoring body weight and blood glucose levels of ZDF rats

Age (weeks) Body weight (g) Fasting blood glucose (mmol/L)
Lean rats ZDF rats ZDF rats (ceftriaxone) Lean rats ZDF rats ZDF rats (ceftriaxone)
7 251.5+£9.1 2684 £ 83 269.1 £7.6 4.82 £0.98 5.12+1.23 521 +1.43
8 2588+ 87 3229 £ 7.6* 323.5£7.9% 4.76 £ 0.87 6.55 £ 1.56 6.51 £ 1.62
9 281.6 £ 10.1 374.6 + 8.7* 3754 £ 8.1* 473 £ 1.01 9.89 + 1.87* 9.66 + 1.78*
10 3084 +9.8 3782+ 7.4*% 380.1 £ 8.1* 4.62 £0.98 13.87 £2.10% 13.79 £ 1.98*
I 3387175 380.4 + 8.6* 382.6 £ 7.7% 4.81 £1.05 16.99 + 2.60%* 17.02 £ 2.51*
12 359.3+£89 385.5 + 8.4* 387.1 £7.4% 4.68 +£0.79 17.74 + 2.54* 18.03 + 2.47*
13 370.5+85 379.1£9.2 382.1 +83 4.78 £ 0.85 18.06 £ 2.72* 18.24 +£2.29*

Notes: Upon arrival, ZDF and lean rats were monitored for body weight daily and blood glucose every week. Rats were fasted for 3 h prior to the collection of blood from
the tail. The onset of diabetic conditions was defined as blood glucose levels >13.3 mmol/L. *The significant difference relative to lean rats (ANOVA main and interaction

effects, p < 0.05).
Abbreviations: ANOVA, analyses of variance; ZDF, Zucker diabetic fatty.

= 28.89-

(ANOVA main and interaction effects, F' (6. 18108)

56.03, p = 0.0001; Table 1).

ZDF rats exhibited mechanical

hyperalgesia and allodynia

We found that ZDF rats developed peripheral neuropathy.
Specifically, ZDF rats exhibited mechanical hyperalgesia at
the age of 12 weeks, as compared with lean rats (all ANOVA
main and interaction effects, F(H)’ 15105 = 20.79-34.51,
p = 0.001-0.02; Figure 2A). Furthermore, ZDF rats also
exhibited mechanical allodynia at the age of 12 weeks, as
compared with lean rats (all ANOVA main and interaction
effects, F’ =21.39-31.27,p=0.001-0.02; Figure 2B).

(1-6,18-108)

ZDF rats exhibited increased basal
extracellular levels of glutamate and
attenuated levels of GLT-| expression in

the spinal cord

We measured the basal glutamate levels in the spinal cord
after 13 weeks and collected the spinal cord tissue for
subsequent Western blot analysis. We found that the basal
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extracellular levels of glutamate in the spinal cord of ZDF
rats were increased as compared with lean rats in a similar
g ="9-04, p=0.008;
Figure 3A). Furthermore, GLT-1 expression was decreased in

age (i.e., at the age of 13 weeks; #-test, ¢

the spinal cord of ZDF rats, as compared with lean rats in a
21y =13.08,p
=0.002; Figure 3B). Finally, immunohistochemistry analysis

similar age (i.e., at the age of 13 weeks; #-test

confirmed that GLT-1 expression was decreased in the dorsal
horn of the spinal cord of ZDF rats, as compared with lean
rats in a similar age (i.e., at the age of 13 weeks; r-test, ¢
11.77, p = 0.02; Figure 3C).

g~

Repeated intrathecal administrations of
ceftriaxone dose-dependently prevented
the development of mechanical
hyperalgesia and allodynia in ZDF rats

We started intrathecal administrations of ceftriaxone in ZDF
rats at the age of 9 weeks. We found that intrathecal admin-
istrations of 5 pg ceftriaxone failed to prevent mechanical
hyperalgesia and allodynia in ZDF rats, as compared with
vehicle treatment (ANOVA main and interaction effects,

B Mechanical allodynia
— _ ©- Leanrats

2] 50 @ ZDF rats

2 40 _— -
ey
JMIITESE
£ 304 ¥ T I~

S 201 \E _%
o

2 107 * %
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7 8 91011 1213
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Figure 2 The development of mechanical hyperalgesia and allodynia in rats (n = [0/rat type).
Notes: All behavioral tests were conducted on Thursday and Friday of each week from week 7 to week |3 for 7 consecutive weeks. (A) Mechanical hyperalgesia was
quantified using an Ugo Basile analgesiometer. (B) Mechanical allodynia was assessed using an Ugo Basile Dynamic Plantar Esthesiometer. *The significant difference relative

to lean rats (ANOVA single week main effect, p < 0.05).
Abbreviations: ANOVA, analyses of variance; ZDF, Zucker diabetic fatty.
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Figure 3 The effects of the development of type 2 diabetes on glutamate homeostasis in the spinal cord of rats (n = 10/group).

Notes: (A) One day after the last behavioral test, in vivo microdialysis with no-net-flux method was used to determine the basal levels of extracellular glutamate in the
spinal cord. (B) The L4-L5 spinal cord tissue of ZDF and lean rats were collected immediately after microdialysis experiment. Protein levels of GLT-1 were measured using
Western blot. GLT-1 expression levels were normalized to the levels of B-actin, then to lean rats control and are shown as the percentage of lean rat controls. (C) The
lumbar spinal cord tissue of ZDF and lean rats were collected at the age of 13 weeks. Serial sections of spinal cord were cut and used for immunohistochemical analysis.
Densitometric analysis was performed by normalizing to the intensity of the background values of the unlabeled areas (i.e., the OD measured in the white matter interposed
between the dorsal horns). *The significant difference relative to lean rats (t-test, p < 0.05).

Abbreviations: GLT-1, glutamate transporter-1; OD, optical density; ZDF, Zucker diabetic fatty.
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Figure 4 Effects of repeated intrathecal administrations of ceftriaxone on mechanical hyperalgesia and allodynia in ZDF rats (n = 8—10/dose).

Notes: Behavioral testing was conducted on Thursday and Friday of each week after the treatment started. (A) Mechanical hyperalgesia was quantified using an Ugo Basile
analgesiometer. (B) Mechanical allodynia was assessed using an Ugo Basile Dynamic Plantar Esthesiometer. *The significant difference relative to week 9 (ANOVA single time
main effect, p < 0.05). #The significant difference relative to vehicle (ANOVA single treatment main effect, p < 0.05).

Abbreviations: ANOVA, analyses of variance; ZDF, Zucker diabetic fatty; VEH, vehicle.

Fiy 1531104 =29.13-42.22,p=0.01-0.001; Figure 4A and B).
However, intrathecal administrations of 10 or 20 pg ceftriax-
one prevented the development of mechanical hyperalgesia

and allodynia in ZDF rats (p < 0.05; Figure 4A and B).

Repeated intrathecal administrations of
ceftriaxone dose-dependently enhanced
GLT-1 expression without altering the
basal glutamate levels in the spinal cord
of ZDF rats

We measured the basal glutamate levels in the spinal cord
after 13 weeks and collected the spinal cord tissue for sub-
sequent Western blot analysis from ceftriaxone-treated ZDF
rats. We found that the basal extracellular levels of glutamate

in the spinal cord of ZDF rats were not altered after ceftri-
axone treatments, as compared with vehicle (F 530 = 1.54,
p=0.17; Figure 5A). Furthermore, GLT-1 expression in the
spinal cord of ZDF rats was increased after 10 or 20 ug, but
not 5 pg, ceftriaxone treatments, as compared with vehicle

(F, .,=9.72, p=0.006; Figure 5B).

G397

Discussion

This study was designed to evaluate the effects of the devel-
opment of type 2 diabetes on glutamate homeostasis in the
spinal cord. We found that ZDF rats developed mechanical
hyperalgesia and allodynia over time, which were consistent
with previous studies showing that ZDF rats develop periph-
eral neuropathy at a similar range of age.>>** In addition, we
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Figure 5 Effects of repeated intrathecal administrations of ceftriaxone on glutamate homeostasis in the spinal cord of rats (n = 8-10/dose).

Notes: (A) One day after the last behavioral test, in vivo microdialysis with no-net-flux method was used to determine the basal levels of extracellular glutamate in the
spinal cord. (B) The L4-L5 spinal cord tissue of ZDF and lean rats were collected immediately after microdialysis experiment. Protein levels of GLT-1 were measured using
Western blot. GLT-| expression levels were normalized to the levels of B-actin, then to vehicle control and are shown as the percentage of vehicle controls. *The significant

difference relative to lean rats (one-way ANOVA, Bonferroni post hoc test, p < 0.05).

Abbreviations: ANOVA, analyses of variance; GLT-1, glutamate transporter-1; ZDF, Zucker diabetic fatty; VEH, vehicle.

found that ZDF rats exhibited enhanced basal extracellular
levels of glutamate in the spinal cord, as compared with age-
matched lean control rats. Furthermore, ZDF rats exhibited
reduced expression levels of GLT-1 in the spinal cord, par-
ticularly in the dorsal horn, as compared with age-matched
lean control rats. These results indicated that the development
of type 2 diabetes may alter the extracellular glutamatergic
tone and glutamate reuptake in the spinal cord dorsal horn.
Finally, we showed that repeated intrathecal administrations
of ceftriaxone dose-dependently prevented the development
of mechanical hyperalgesia and allodynia in ZDF rats, as
compared with vehicle control rats. This phenomenon is
associated with the enhanced GLT-1 expression levels with-
out altering the basal extracellular levels of glutamate in the
spinal cord of ZDF rats. These results suggested that restoring
impaired glutamate reuptake in the spinal cord may alleviate
the neuropathic pain.

Our study suggests that the reduced GLT-1 protein in the
spinal cord may be one of the underlying mechanisms that
are responsible for the expression of mechanical hyperalge-
sia and allodynia in rats with type 2 diabetes. However, it
should be noted that Western blot and immunohistochemistry
analyses only measure protein expression levels of GLT-1, but
not function/activity of GLT-1. Therefore, functional studies
must be conducted to validate the reduced glutamate reuptake
activity following the development of peripheral neuropathy
in type 2 diabetes. While type 2 diabetes can induce the reduc-
tion of GLT-1 function in the spinal remains unclear, previ-
ous studies have shown that diabetes impairs the expression
and/or function of various glutamate transporters, including
GLT-1. For example, it has been shown that diabetes reduced

the activity of GLAST in retinal Miiller cells in Long-Evans
rats.?! Furthermore, STZ-induced diabetes attenuate GLT-1
protein expression levels in various brain regions.?>** Adding
to this literature, our study indicated that impaired glutamate
reuptake via GLT-1 may contribute to the development of
peripheral neuropathy in type 2 diabetes.

While few studies have been conducted to investigate the
molecular mechanisms that regulate the expression of GLT-1
during the development of type 2 diabetes, previous studies
indicated that nuclear factor (NF)-xB may play a critical role
in regulating GLT-1 expression. It has been demonstrated
that p65 (a subunit of NF-kB) expression was upregulated
in the dorsal root ganglions (DRGs) of rats with peripheral
neuropathy.>** Moreover, several studies have shown that
activation of NF-xB is able to increase GLT-1 expression in
vitro and in vivo.?”-**34 Thus, future studies will be interesting
to examine the effects of the development of type 2 diabetes
on the expression and/or activation of NF-xB in astrocytes,
where most of GLT-1 is located, in the spinal cord dorsal horn.

Our study also showed that rats with type 2 diabetes
exhibited higher basal extracellular levels of glutamate in
the spinal cord, as compared with nondiabetic lean rats.
It seems that reduction of GLT-1 expression may impair
the reuptake of glutamate, resulting in the increased basal
extracellular levels of glutamate in the spinal cord. However,
the basal extracellular tone of glutamate is also regulated by
several other types of glutamate transporters. For example,
the activity of GLAST in retinal Miiller cells isolated from
Long-Evans rats was reduced after STZ-induced diabetes.?'*
On the other hand, glutamate released from non-vesicular
sources is regulated by the cystine/glutamate antiporter
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(xCT).* While few studies have investigated the effects of
the development of diabetes on the expression and/or function
of cystine/glutamate antiporters, future studies may need to
be undertaken to evaluate the effects of the development of
diabetes on the expression and function of various types of
glutamate transporters. These additional studies will help us
understand the contributing components that are significant
in altering the basal extracellular levels of glutamate in the
spinal cord during the development of diabetic conditions.

One of the important findings in the current study is
that type-2-diabetes-induced peripheral neuropathy can be
prevented by repeated intrathecal administrations of ceftri-
axone. While our study was the first to report that intrathecal
administrations of ceftriaxone can prevent the development
of peripheral neuropathy in type 2 diabetes, a previous report
has shown that systemic ceftriaxone treatment reduced both
mechanical allodynia and hyperalgesia in STZ-induced
diabetic rats.>® Thus, these results together indicated that
ceftriaxone may be effective to alleviate diabetes-induced
peripheral neuropathy in general.

It is not surprising that our study showed that ceftriaxone
treatment prevented the loss of GLT-1 expression in the spinal
cord. In fact, the effects of ceftriaxone treatments on GLT-1
expression were first described by Rothstein et al.3” After that,
numerous studies have confirmed that ceftriaxone treatment
can enhance the expression of GLT-1. Specifically, one study
showed that ceftriaxone alone can induce the mRNA expres-
sion of GLT-1 in the frontal cortex and striatum, but not in
the hippocampus.3® Another study reported that the protein
levels of GLT-1 were increased in the hippocampus, frontal
cortex, and striatum.’* While we cannot rule out that ceftri-
axone treatment regimen, animal species, and experimental
conditions may influence the effects of ceftriaxone on the
dynamics of GLT-1 expression, our results suggested that
mitigating the loss of GLT-1 expression in the spinal cord
could prevent the development of peripheral neuropathy in
diabetes. Surprisingly, ceftriaxone-induced expression of
GLT-1 did not alter the basal extracellular levels of glutamate.
These results further indicated that basal extracellular tone
of glutamate in the spinal cord might not be critical for the
expression of peripheral neuropathy in diabetes.

Conclusion

Our study showed that ZDF rats exhibited enhanced basal
extracellular levels of glutamate and reduced expression
levels of GLT-1 in the spinal cord. This altered glutamate
homeostasis in the spinal cord is associated with the develop-
ment of peripheral neuropathy in type 2 diabetes. Importantly,

intrathecal delivery of ceftriaxone can prevent the development
of peripheral neuropathy by increasing the GLT-1 expression
in the spinal cord without altering the basal glutamate levels,
suggesting glutamate reuptake in the spinal cord is critical
for the expression of neuropathic pain. However, given the
complexity of the system that are responsible for regulating
glutamate homeostasis in the spinal cord, it will be important
to dissect the putative role of components other than GLT-1 in
the spinal cord in the modulation of peripheral neuropathy in
diabetes in the future. Such a line of research would not only
shed lights on the pathophysiological mechanisms of diabetes-
induced peripheral neuropathy but also aid in the development
of effective pharmacotherapies for diabetic patients with pain-
ful peripheral neuropathy.
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