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ABSTRACT

Background: Neuroinflammation and dysfunctional glial glutamate transporters (GTs) in the spinal dorsal horn are impli-
cated in the genesis of neuropathic pain. The authors determined whether adenosine monophosphate—activated protein kinase
(AMPK) in the spinal dorsal horn regulates these processes in rodents with neuropathic pain.

Methods: Hind paw withdrawal responses to radiant heat and mechanical stimuli were used to assess nociceptive behaviors.
Spinal markers related to neuroinflammation and glial GTs were determined by Western blotting. AMPK activities were
manipulated pharmacologically and genetically. Regulation of glial GTs was determined by measuring protein expression and
activities of glial GTs.

Results: AMPK activities were reduced in the spinal dorsal horn of rats (n = 5) with thermal hyperalgesia induced by nerve
injury, which were accompanied with the activation of astrocytes, increased production of interleukin-1 and activities of
glycogen synthase kinase 33, and suppressed protein expression of glial glutamate transporter-1. Thermal hyperalgesia was
reversed by spinal activation of AMPK in neuropathic rats (n = 10) and induced by inhibiting spinal AMPK in naive rats
(n =7 to 8). Spinal AMPKa knockdown (n = 6) and AMPKa1 conditional knockout (n = 6) induced thermal hyperalgesia
and mechanical allodynia. These genetic alterations mimicked the changes of molecular markers induced by nerve injury.
Pharmacological activation of AMPK enhanced glial GT activity in mice with neuropathic pain (n = 8) and attenuated glial
glutamate transporter-1 internalization induced by interleukin-1f3 (n = 4).

Conclusions: These findings suggest that enhancing spinal AMPK activities could be an effective approach for the treatment
of neuropathic pain. (ANESTHESIOLOGY 2015; 122:1401-13)

DENOSINE monophosphate-activated protein kinase . .
AMPK) is a serine/threonine kinase originally identified What We Already Know about This Topic
as a metabolic stress-sensing protein.l‘2 Activation of AMPK e Activation of adenosine monophosphate—activated protein

kinase (AMPK), a metabolic stress-sensing protein, leads to
suppression of inflammation and a reduction in allodynia in

generally promotes catabolic pathways, such as glucose uptake

and glycolysis, which generate adenosine triphosphate while experimental models of pain.

inhibiting anabolic pathways that consume adenosine triphos- e Similarly, enhancement of astrocyte glutamate transporter

phate such as fatty acid and glycogen synthesis."® Emerging (GT) function prevents the development of pathologic pain,
whereas down-regulation of this transporter induces allodynia.

studies suggest that AMPK also plays an important role in

. .45 . . . 67 e The precise mechanism by which AMPK regulates nocicep-
neuroinflammation®” and the genesis of pathologic pain.* tion is not clear. The authors employed a partial sciatic nerve
AMPK is widely expressed in different cell types, includ- ligation model to determine whether AMPK modulates noci-

4,8,9 ception by suppressing inflammation and regulating GTs in the

ing neurons, astrocytes, microglia, and macrophages. .
8 ’ YEes, gHa, phag spinal cord.

In primary rat astrocytes, microglia, and peritoneal mac-
rophages, AMPK activation suppresses the production of What This Article Tells Us That Is New

interleukin (IL)-1f, IL-6, and tumor necrosis factor-o — , )

. . 14 s e Nerve injury reduced adenosine monophosphate—activated
(INF-0) induced by lipopolysaccharide.” Similarly, the protein kinase (AMPK) activity, increased inflammation, re-
enhanced gene expression induced by interferon-y on che- duced GT expression in the spinal cord, and induced thermal
mokine (C-C motif) ligand 2, C-X-C motif chemokine hyperaigesia.
Activation of AMPK increased GT activity and reduced
neuropathic pain; by contrast, knockdown of AMPK in-

20z UoleN €1 uo 3senb Aq Jpd'ze000-0 00905 L0Z/6€€692/L0Y1/9/2Z L /4Pd-alo1e/ABOjoISBUISOUE/LI0D JIYOIBAIS ZSE//:d}jy WOl papeojumoq

10, and inducible nitric oxide synthase in primary murine

astrocytes is suppressed by AMPK activation.® The role of duced allodynia.
AMPK in pathologic pain has recently been reported.' e These data indicate that AMPK plays an important role in
AMPK activators attenuate mechanical allodynia in animals nociceptive processing in the spinal cord and extend the

novel possibility of manipulation of AMPK activity as a thera-

. . . 7 . . o« . . 6
with neuropathic pain” or surgical incision pain® through peutic target in experimental models of pain.

acting at peripheral sensory neurons. Inﬂammatory pain
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induced by subcutaneous injection of formalin or zymosan
is attenuated by the systemic administration of AMPK acti-
vators.!! Currently, the molecular and synaptic mechanisms
by which AMPK regulates spinal nociceptive processing
remain elusive.

One predominant synaptic mechanism leading to exces-
sive neuronal activation in the spinal dorsal horn (SDH) is
the increased activation of glutamate receptors. Three factors
determine the activation of glutamate receptors, including the
amount of glutamate released from presynaptic terminals, the
function and number of the postsynaptic glutamate receptors,
and the rate at which glutamate is cleared from the synaptic
cleft.!> We and others have demonstrated that the down-regu-
lation of astrocytic glutamate transporter (GT) protein expres-
sion and functions in the SDH is associated with allodynia
induced by chronic nerve injury.’>> Selectively increasing
the protein expression of glial GTs by ceftriaxone treatment!®
or gene transfer'” can effectively prevent the development of
pathologic pain induced by nerve injury. It remains unknown
whether the protein expression and activities of glial GTs are
regulated by AMPK activities in the SDH.

AMPK is a heterotrimeric protein complex consisting of o,
[, and y subunits, where all subunits are necessary for kinase
activity.'® The @ subunit possesses the catalytic kinase domain,
while the 3 subunit functions as a scaffold molecule, and the y
subunit detects the cellular energy state by binding adenosine
monophosphate, adenosine diphosphate, and adenosine tri-
phosphate. The a subunit consists of two isoforms, AMPKal
and AMPKa2."% The specific roles of each AMPKo. isoform
in the pain signaling pathway are not fully understood.

In this study, we demonstrated that suppression of
AMPK activities in the SDH causes hypersensitivity in
rodents through inducing spinal neuroinflammation and
suppressing glial GT activities. Furthermore, we also identi-
fied the AMPKal isoform as the key isoform implicated in
these processes.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (weight range 225 to 300 g;
Harlan Laboratories, Indianapolis, IN) or male mice (weight
range 25 to 35g) were used. FVB-Tg(GFAP-cre)25Mes/],*!
Prkaal™!15m/],22 and green fluorescent protein-labeled glial
fibrillary acidic protein promoter (GFP-GFAP)? mice were
purchased from Jackson Laboratories (Bar Harbor, MN).
All experiments were approved by the Institutional Ani-
mal Care and Use Committee at the University of Georgia
(Athens, GA) and were fully compliant with the National
Institutes of Health Guidelines for the Use and Care of
Laboratory Animals.

Partial Sciatic Nerve Ligation
Animals were randomly divided into partial sciatic nerve
ligation (pSNL) or sham-operated groups. The pSNL model
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is a well-established neuropathic pain model, which has been
shown to produce mechanical allodynia and thermal hyper-
algesia.?*?> Briefly, under isoflurane-induced (2 to 3%) anes-
thesia, the left sciatic nerve at the upper thigh was exposed
and ligated approximately two-thirds the thickness of the
sciatic nerve with a 5-0 silk suture as previously described.?*
After surgery, the wound was closed with skin stables. In
sham-operated rats, the left sciatic nerve was exposed but
not ligated.

Behavior Tests

Measurement of Thermal Thresholds of Hind Paws With-
drawal Responses. For behavioral tests, the animals were
placed on aglass surface at 30°C while loosely restrained undera
Plexiglass (ePlastics, USA) cage (12x20x 15 cm?) and allowed
to acclimate for at least 30 min for rats and 1h and 30 min for
mice. To test the thermal sensitivity in the animals, a radiant
heat beam was directed from below to the midplantar surface
of the left hind paw for mice and rats receiving pSNL surgery
and the left and right hind paw for AMPKa1 knockout mice
and littermates to evoke a withdrawal response. The latency
of paw withdrawal responses, that is, the time between the
stimulus onset and paw withdrawal responses, was recorded.?®
A cutoff time of 20 s was used to avoid damage to the skin.
Each hind paw was stimulated three times with an interval of
at least 2min, and the three latencies obtained from each paw
were averaged. The sample size used in experiments was based
on our previous studies.!#2>27-2

Measurement of Mechanical Thresholds of Hind Paws
Withdrawal Responses. To test possible changes in mechani-
cal sensitivity in AMPKal knockout mice compared with
their lictermates, mice were placed on a wire mesh, loosely
restrained under a Plexiglass cage (12x20x15cm?) and
allowed to acclimate for at least 1 h and 30 min. A series of
von Frey monofilaments (bending force ranging from 0.07 to
2.00g) were tested in ascending order to generate response-
frequency functions for each animal. Each von Frey filament
was applied five times to the midplantar area of each hind
paw from beneath for about 1 s. The response-frequency
([number of withdrawal responses of both hind paws/10] x
100%) for each von Frey filament was determined. With-
drawal response mechanical threshold was defined as the
lowest force filament that evoked a 50% or greater response-
frequency. This value was later averaged across all animals in
each group to yield the group response threshold.’*!

Intrathecal Catheter Implantation and Drug
Administration

The AMPK activator or inhibitor was applied to the spinal
lumbar enlargement through a preimplanted intrathecal
catheter.? Briefly, rats were anesthetized under isoflurane (2
to 3%), and the atlantooccipital membrane was exposed by
dissection. A polyethylene 10 catheter was carefully advanced
through an opening in the atlantooccipital membrane to the
lumbar enlargement. The wound was then closed in layers.
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The animals were allowed to recover for 7 days before behav-
ioral tests. The AMPK activator (5-aminoimidazole-4-car-
boxamide ribonucleotide [AICAR]) and the AMPK inhibitor
(Compound C) each were, respectively, prepared in saline
and injected onto the spinal lumbar enlargement through
the preimplanted catheter in a volume of 10 pl, followed
by 20 pl of saline to flush. Vehicle (saline, 10 pl) was also
injected in the same fashion in control groups. The experi-
menter who conducted the behavioral tests was blind to the
treatments given to the rats. After behavior experiments, rats
were intrathecally injected with 50 pl of 2% lidocaine, and if
hind paw paralysis did not ensue, rats were omitted from the
experiment. Two rats were omitted from experiments due to
minimal paralysis after lidocaine administration.

Administration of AMPKo. siRNA

AMPKo small interfering RNA (siRNA) and scrambled
siRNA (for controls) were intrathecally administered to the
rats through a preimplanted intrathecal catheter, as described
above. AMPKa siRNA and scrambled siRNA were prepared
immediately before the intrathecal administration by mixing
the RNA solution (100 pM) with the transfection reagent
(iFect; Neuromics, USA), in a ratio of 1:5 (w:v), as described
in the iFect siRNA transfection kit.?> AMPKot siRNA (2 pig)
and an equal amount of scrambled siRNA in a volume of
10 pl were intrathecally injected at 9:30 am and 9:30 pum for
two consecutive days. The hind paw withdrawal latency to
thermal stimuli was measured before the initial intrathecal
injection and 12h after the last intrathecal injection. The
dorsal lumbar of the spinal cord at the L4 to L5 region was
removed after the behavioral tests for Western blotting.

Generation of AMPKo.1 Gene Knockout Mice and
Genolyping

Mice with AMPKa1 gene knockout were generated through
Cre—loxP-mediated recombination by mating mice carry-
ing the homozygous floxed AMPKal allele (lanking exon
3 of the kinase??) with mice expressing the Cre recombinase
under the control of the GFAP?! Male offspring that car-
ried the Cre-GFAP recombinase and were heterozygous for
the AMPKal loxP-flanked allele were crossed with homo-
zygous floxed AMPKal female mice to generate GFAP-
AMPKal conditional knockout mice. The genotype of
GFAP-AMPKal conditional knockout mice was confirmed
through polymerase chain reaction. This was performed on
genomic DNA extracted from mouse ear clips. Genomic
DNA was extracted by proteinase K digestion (proteinase K
0.5 mg/ml, 5mM EDTA, 200 mM sodium chloride [NaCl],
100mM tris(thydroxymethyl)aminomethane [pH = 8.5],
and 0.2% sodium dodecyl sulfate), as described previously,**
followed by ethanol precipitation. Genotyping was con-
ducted using the primers described by Jackson Laboratories
for the sense strand 5-CCC ACC ATC ACT CCA TCT-3’
and for the antisense strand 5-AGC CTG CTT GGC ACA
CTT AT-3" to detect the AMPKa1 floxed allele and for the
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sense strand 5’-ACT CCT TCA TAA AGC CCT-3" and for
antisense strand 5-ATC ACT CGT TGC ATC GAC CG-3"
to detect the GFAP-Cre transgene.?! Littermates were used
in all experiments to control for genetic background effects.

Western Blot Experiments

Animals were deeply anesthetized with urethane (1.3 to 1.5g/
kg, IP). The L4 to L5 spinal segment was exposed by surgery
and removed from the animals. The dorsal quadrant of the
spinal L4 to L5 segment ipsilateral to the operated side was
isolated from animals with pSNL or sham operation. In the
siRNA and the Cre—loxP experiments, the dorsal half of the
spinal cord at the L4 to L5 segment was removed. The spi-
nal tissue was quickly frozen in liquid nitrogen and stored at
-80°C for later use. After tissue isolation, the animals were
euthanized. Frozen tissues were homogenized with a hand-
held pellet in lysis buffer (50mM tris(hydroxymethyl)ami-
nomethane, 150mM NaCl, ImM EDTA, 0.1% sodium
dodecyl sulfate, 1% deoxycholic acid, 2mM orthovana-
date, 100mM sodium fluoride, 1% Triton X-100, 0.5mM
phenylmethylsulfonyl fluoride, 20 uM leupeptin, 100 IU/
ml aprotinin, pH = 7.5) and placed for 30 min at 37°C. The
samples were then centrifuged for 20 min at 12,000¢ at 4°C,
and the supernatants containing proteins were collected. For
measuring protein expression in the plasma membrane and
cytosol in rat spinal slices, spinal slices of the spinal L4 to
L5 segment were obtained, as previously described.!* Spi-
nal slices were incubated with plain artificial cerebrospinal
fluid (aCSF), aCSF plus IL-1f (10ng/ml), or aCSF plus
IL-1B (10 ng/ml) and AICAR (10 uM) bubbled with 95%
O, and 5% CO, at 35°C for 15min. The dorsal halves of
the spinal slices were quickly frozen in liquid nitrogen and
stored at -80°C. The tissue was fractionated into cytosolic
and membrane compartment using the cytoplasmic, nuclear,
and membrane compartmental protein extraction kit (Bio-
Chain Institute, USA). Protein concentrations were quanti-
fied with the Pierce BCA method (Thermo Fisher Scientific,
USA). Protein samples were electrophoresed in 10% sodium
dodecyl sulfate—polyacrylamide gels and transferred to a
polyvinylidene difluoride membrane (Millipore, USA). The
membranes were blocked with 5% milk and incubated over-
night at 4°C with a rabbit anti-IL-1p (1:1,000; Millipore),
mouse anti-GFAP (1:2,000; Cell Signaling, USA), rabbit
anti-phosphorylated AMPKa  (anti-pAMPKa;  1:1,000;
Cell Signaling), rabbit anti-AMPKa (1:1,000; Cell Signal-
ing), guinea pig anti-glial glutamate transporter-1 (GLI-1,
1:2000; Millipore), rabbit anti-glycogen synthase kinase 3[3
(GSK3p, 1:1,000; Cell Signaling), rabbit anti-GSK3f phos-
pho §9 (1:1,000; Abcam, USA) antibody, or a monoclonal
mouse anti-B-actin (B-actin, 1:2,000; Sigma-Aldrich, USA)
primary antibody as a loading control. To determine cytosolic
and membrane fraction specificity, anti-o-tubulin (1:200;
Santa Cruz Biotechnology, USA) or anti-epidermal growth
factor receptor (1:200; Santa Cruz Biotechnology) was used.
The blots were then incubated for 1h at room temperature
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with the corresponding horseradish peroxidase—conjugated
secondary antibody (1:5,000; Santa Cruz Biotechnology),
visualized in enhanced chemiluminescence solution (Super-
Signal West Chemiluminescent Substrate; Pierce, USA), and
exposed on the FluorChem HD2 System. The intensity of
immunoreactive bands was quantified using Image] 1.46
software (National Institutes of Health, USA). Results are
expressed as the ratio of each marker over f-actin control
unless otherwise indicated.

Recording and Analysis of Glial Glutamate Transporter
Gurrents from Astrocytes

Glutamate transporter currents (GTCs) were recorded from
adult male GFAP-GFP transgenic mice, as described previ-
ously.' Astrocytes in these mice were labeled by the green fluores-
cent protein, which is under the control of the astrocyte-specific
GFAP promoter.?® Transverse spinal cord slices (400 pm thick)
of the 14 to L5 segment were prepared' and preincubated in
Kirebs solution oxygenated with 95% O, and 5% CO, at 35°C.
The Krebs solution contained (mM): 117.0 NaCl, 3.6 potas-
sium chloride, 1.2 magnesium chloride, 2.5 calcium chloride,
1.2 monosodium phosphate, 11.0 glucose, and 25.0 sodium
bicarbonate at 35°C. To record GTC:s, the spinal slice was placed
in a recording chamber perfused with Krebs solution. Visual-
ized whole-cell patch clamp recordings were obtained from the
SDH laminae I and II astrocytes identified by GFP under the
fluorescent microscope. Borosilicate glass recording electrodes
(resistance = 4 to 6 MQ) were filled with an intracellular solution
(290 to 300 mOsm), which contained (mM): 145 K gluconate,
5 NaCl, 1 magnesium chloride, 0.2 EGTA, 10 HEPES, 2 Mg-
adenosine triphosphate, and 0.1 Na-GTP. GTCs were recorded
at a holding potential of -80 mV in voltage clamp mode in the
presence of blockers of y-aminobutyric acid A (GABA,) recep-
tor (10 uM bicuculline), glycine receptor (5 UM strychnine),
0-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor/kainate receptors (10 pM 6,7-dinitroquinoxaline-2,3-dione),
N-methyl-p-aspartate receptor (25 uM D-AP5), and tetrodo-
toxin (1 uM) at 35°C.143¢ GTCs were evoked by puffing 50 uM
L-glutamate onto the recorded astrocyte through a glass pipette
connected to a Picospritzer (Parker Hannifin Precision Fluid-
ics Division, USA) controlled by a computer. Access resistance
within the range of 10 to 20 M2 was monitored continuously
throughout the experiments. Recordings were abandoned when
the access resistance changed greater than 20%. All the drugs
were applied through bath perfusion, unless otherwise indicated.
Data were recorded using Axopatch 700B amplifiers (Molecular
Devices, USA), digitized at 10kHz, and analyzed off-line. Four
sweeps of GTCs were averaged, and the mean amplitude and
charge transfer of GTCs were measured.'*¥ The commercial
computer software Clampfit (Molecular Devices, USA) was
used for data analysis.

Materials
AICAR was purchased from LC Laboratories (USA)
and Compound C was purchased from EMD Millipore.
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AMPKa siRNA and scrambled siRNNA were obtained from
Santa Cruz Biotechnology. The siRNA vehicle, iFect, in the
siRNA experiments was obtained from Neuromics.

Statistical Analysis

All data are presented as the mean + SEM. One- or two-way
analysis of variance with repeated measures was used to detect
differences on nociceptive behaviors between rodents receiving
different treatments. A Bonferroni post hoc test was performed
to determine sources of the differences. Whenever applicable,
Student # tests were used to make comparison between groups
(nonpaired) or within the same group (paired). Comparisons
were run as two-tailed tests. A Pvalue less than 0.05 was consid-
ered statistically significant. Statistical analysis was performed
using GraphPad Prism 5 (GraphPad Software Inc., USA).

Results

Nerve Injury-induced Allodynia

In this study, pSNL was performed to produce neuropathic
pain in animals. The rodents receiving the surgery exhib-
ited thermal hyperalgesia before undergoing the molecular
and electrophysiological studies. The latency of hind paw
withdrawal responses to radiant heat stimuli in the pSNL
side decreased from 11.68 +0.36 s at baseline (before nerve
ligation) to 7.52+0.39 s (P < 0.001, n = 24) in rats with
pSNL and from 11.26+0.51 s at baseline to 5.23+0.26 s
in GFP-GFAP mice with pSNL (2 < 0.001, n = 5) 10 days
postinjury. In contrast, the latency of withdrawal responses
to the heat stimuli did not show significant changes in ani-
mals receiving the sham operation (12.71 + 0.44 s at baseline
and 12.10+£0.56 s 10 days after the sham surgery for rats
[n=15];11.57+0.44 s at baseline and 10.98+0.60 s 10 days
after the sham surgery in mice [n = 4]).

AMPK Signaling Activities in the SDH Are Repressed,
whereas Astrocytes Are Activated, IL-18 Expression Is
Increased, and GLT-1 Is Decreased 10 Days after Partial
Sciatic Nerve Injury

To identify the relationship between altered nociceptive
behaviors after pSNL and AMPKa activities within the
SDH, levels of pAMPKa. and total AMPKal (tAMPKa) in
the SDH were analyzed in rats 10 days after pSNL or sham
surgery. The protein levels of tAMPKa on day 10 (n = 5)
after pSNL surgery were comparable with those of the sham-
operated rats (n = 5; data not shown). However, ratios of
pAMPKa protein expression over tAMPKal protein expres-
sion (pAMPKa/tAMPKa) in the pSNL rats (n = 5) 10 days
after pSNL were significantly (P < 0.05) lower than those
in sham-operated rats (n = 5; fig. 1), indicating decreased
AMPKo activity in the SDH 10 days after pSNL. The
decreased AMPK activity in pSNL rats was accompanied
with the significantly increased expression of GFAP (the
marker for astrocytes, P < 0.01, n = 5), the increased protein
expression of IL-1B (2 < 0.05, n = 5), and the decreased
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Fig. 1. Ten days after nerve injury, protein expressions of
phosphorylated adenosine monophosphate-activated pro-
tein kinase a (PAMPK) and glial glutamate transporter-1 (GLT-1)
in the spinal dorsal horn ipsilateral to the injury site are sup-
pressed, whereas glial fibrillary acidic protein promoter (GFAP)
and interleukin-1p (IL-1p) are increased. Bar graphs show the
mean (+SEM) ratio of pAMPKo/total AMPKa (tAMPK), as well
as the mean (+SEM) relative density of GFAP, IL-1f3, and GLT-1
to B-actin in the spinal dorsal horn of partial sciatic nerve liga-
tion (pSNL) and sham-operated rats. *P < 0.05; **P < 0.01.

protein expression of GLT-1 (P < 0.05, n = 5). These data
indicate that suppressed AMPKa activity in the SDH of rats
with neuropathic pain is associated with astrocytic activa-
tion, increased production of IL-1f3, and decreased GLT-1
expression in the SDH.

Pharmacological Activation of AMPK Activities Attenuated
Preexisting Thermal Hyperalgesia Induced by pSNL

To determine whether reduced AMPK activity in the SDH
contributes to thermal hyperalgesia in rats with neuro-
pathic pain, three groups of rats preimplanted with intra-
thecal catheters were used: sham + vehicle group, pSNL +
AMPK activator group, and pSNL + vehicle group. After
taking baseline hind paw withdrawal response latencies to
radiant heat stimuli, we performed either pSNL or sham
surgery on the rats. Hind paw withdrawal response latencies
to heat stimuli were recorded 10 days postsurgery. We then
topically applied an allosteric AMPK activator, AICAR (10
pl at a concentration of 30 uM), onto the spinal lumbar
enlargement through the implanted intrathecal catheter in
the pSNL + AMPK activator group. AICAR acts as a cellular
mimetic of adenosine monophosphate and is widely used to
activate AMPK?#3 in animals.“®%! Furthermore, 30 pM of
AICAR has previously been shown to increase AMPK phos-
phorylation in primary mouse cell cultures.* The pSNL +
vehicle group and the sham + vehicle group received intra-
thecal injections of 10 pl saline (vehicle) in the same fashion.
As shown in figure 2, in comparison with their readings at
10 days postsurgery before administration of AICAR, with-
drawal response latencies to heat stimuli in the pSNL rats
receiving AICAR were increased within 15 min after AICAR
injection, which was statistically significant (P < 0.01, n =
10; fig. 2). Furthermore, withdrawal response latencies to
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Fig. 2. Pharmacological activation of adenosine monophos-
phate—activated protein kinase (AMPK) in the spinal cord at-
tenuated preexisting thermal hyperalgesia induced by partial
sciatic nerve ligation (pSNL). Line plots show measurements
of the hind paw withdrawal response latency (+ SEM) to ther-
mal stimuli collected at baseline (BL, day 0), 10 days postsur-
gery (10 DPS), and then 15, 30, 60, 90, 180 min, and 24 h after
the intrathecal administration of the tested agent. Baseline
(day 0) indicates the baseline measurement before animals
received surgery. Comparisons between data collected on 10
DPS and at each time point are indicated with a + for the pSNL
+ AMPK activator group. Comparisons between the pSNL +
vehicle group and the pSNL + AMPK activator group are labeled
with #. One symbol: p < 0.05, two symbols: p < 0.01. AICAR =
5-aminoimidazole-4-carboxamide ribonucleotide.

heat stimuli were significantly longer at 15 min (? < 0.05)
in the pSNL + AMPK activator group compared with the
pSNL + vehicle group (n = 9). In addition, animals receiv-
ing AMPK activators did not display changes in their motor
behaviors, which included grooming, postures, and gaits.
These results indicate that activation of AMPK in the spinal
cord attenuates the thermal hyperalgesia induced by nerve
injury.

Pharmacological Inhibition of AMPK Activity-induced
Thermal Hyperalgesia in Naive Rats

To simulate low AMPK activities in neuropathic rats, we
assessed the effects of the AMPK inhibitor (Compound
C) on naive (no pSNL or sham surgery) rats in the spi-
nal cord. Two groups of rats preimplanted with intrathe-
cal catheters were used: naive + vehicle group and naive
+ AMPK inhibitor group. After obtaining the hind paw
withdrawal response latency to heat stimuli, rats received
an intrathecal injection of either Compound C (10 pl ata
concentration of 100 or 500 uM) for the naive + AMPK
inhibitor group or saline (10 pl) for the naive + vehicle
group. As shown in figure 3, spinal inhibition of AMPK
with Compound C induced thermal hyperalgesia in a
dose-dependent manner. In comparison with their base-
line measurements, the withdrawal response latencies to
heat stimuli in naive rats receiving Compound C (100
uM) were significantly decreased at 15min (P < 0.01, n
= 7) after drug treatment. Intrathecal injection of Com-
pound C at 500 pM significantly reduced the withdrawal
response latencies at 15 min (P < 0.01, n = 8) and 30 min
(P < 0.001). Moreover, in comparison with the naive +
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Fig. 3. Pharmacological inhibition of adenosine monophos-
phate-activated protein kinase (AMPK) activities in the spinal
cord induced thermal hyperalgesia in naive rats. Line plots
show measurements of the hind paw withdrawal response la-
tency (= SEM) to thermal stimuli collected at baseline (BL) and
then 15, 30, 60, 90, and 180 min, and 24 h after the intrathecal
(IT) administration of the tested agent. Baseline indicates the
measurement before animals received intrathecal drug treat-
ment. Comparisons between data collected at baseline and
each time point are indicated with + for the AMPK inhibitor
group (100 uM) and A for the AMPK inhibitor group (500 uM).
Comparisons between the naive vehicle group and the AMPK
inhibitor group (100 uM) are labeled with #. Comparisons be-
tween the naive vehicle group and the AMPK inhibitor group
(500 uM) are labeled with *. One symbol: p < 0.05, two sym-
bols: p < 0.01, three symbols: p < 0.001.

vehicle group, withdrawal response latencies to heat stim-
uli in the naive + AMPK inhibitor group were significantly
decreased at 15 min in rats receiving 100 pM Compound
C (P < 0.001) and at 15min (P < 0.05) and 30 min
(P < 0.01) in rats receiving 500 pM Compound C. These
results indicate that suppression of AMPK activities in
the spinal cord induces thermal hyperalgesia in naive rats.
Taken together with the data from figure 2, we conclude
that suppressed AMPK activities contribute to thermal
hypersensitivity induced by nerve injury.

Genetic Knockdown of AMPKo.-enhanced Thermal
Hyperalgesia in Naive Rats

We then genetically knocked down AMPKa in the lumbar
region of the spinal cord using siRNA and examined the
effects on nociceptive behaviors in naive rats. Three groups
of rats implanted with intrathecal catheters were used:
AMPKa siRNA group, scrambled siRNA group, and iFect
vehicle group. After baseline withdrawal response latencies
to thermal stimuli were obtained, the rats received intra-
thecal injections of either AMPKa siRNA (2 pg in 10 pl
per intrathecal injection®®), scrambled siRNA (2 pg in 10
pl per intrathecal injection), or iFect vehicle (10 pl) at
two times (morning and evening) on day 1 and day 2.
The withdrawal response latency to thermal stimuli was
examined in the rats in the morning of day 3 (12h after
the last injection). We did not observe significant changes
in the withdrawal response latency to thermal stimuli in
cither the scrambled siRNA group or the iFect vehicle
group (fig. 4A). In contrast, in the AMPKa siRNA group,
the withdrawal response latency to thermal stimuli was
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Fig. 4. Adenosine monophosphate-activated protein kinase
o (AMPKa) genetic knockdown through intrathecal small in-
terfering RNA (siRNA) induced thermal hyperalgesia in naive
rats. (A) Bar graphs show the mean (+ SEM) of the thermal
withdrawal latency at baseline and after 2 days of intrathecal
treatment (after treatment) in rats treated with AMPKa siRNA,
scrambled siRNA, or the iFect (Neuromics, USA) vehicle.
Data obtained from individual animals are shown in scatter
plots. (B) Bar graphs show the mean (+ SEM) relative density
of AMPKa. to -actin in the spinal dorsal horn of rats treated
with AMPKa siRNA, scrambled siRNA, or the iFect vehicle.
Data obtained from individual animals are shown in the scat-
ter plots. Samples of each molecule protein expression in
each group are shown. *P < 0.05, **P < 0.01, and ***P < 0.001.

significantly reduced in comparison with their own base-
line (P < 0.001, n = 6) and with rats receiving either the
scrambled siRNA (P < 0.01, n = 4) or the iFect vehicle
(P < 0.01, n = 4; fig. 4A). Immediately after behavioral
data were collected on day 3, the spinal dorsal L4 to L5
segment was removed from rats and protein expression of
AMPKa in the SDH was analyzed using Western blot.
As shown in figure 4B, the protein expression of AMPKa
in the AMPKa siRNA group (n = 6) was significantly
reduced compared with the scrambled siRNA group (P <
0.01, n = 4) and the iFect Vehicle group (2 < 0.05, n = 4).
These results indicate that the reduction of AMPKa pro-
tein expression in the SDH can initiate the development
of thermal hyperalgesia.
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Genetic Knockdown of AMPKa. Increased Protein
Expressions of GFAP and IL-1B, and GSK3p Activity, as
well as Decreased GLT-1 Protein Expression in the SDH
To understand the spinal molecular mechanisms underlying
the changes of nociceptive behaviors induced by AMPKa
gene knockdown, the rats from the above three groups
that completed the behavioral tests were used for West-
ern blot experiments. We found that expressions of GFAP
and IL-1f3 were significantly higher in the AMPKa siRNA
group (n = 6) than those in the scrambled siRNA group
(P < 0.05, n = 4) and the iFect vehicle group (P < 0.05, n
= 4; fig. 5). At the same time, GLT-1 protein expression in
the AMPKa. siRNA group was significantly reduced com-
pared with the scrambled siRNA group (P < 0.05, n = 4)
and the iFect vehicle group (P < 0.05, n = 4). The suppres-
sion of GLT-1 protein expression and enhanced expression
of IL-1f and GFAP in neuropathic rats with pSNL were
recently reported by us to be related to increased GSK3[3
activities.”> Decreased phosphorylated GSK3p (pGSK3[3)
denotes an increase in GSK3[ activity.>*4 Thus, protein
expressions of total GSK3f (¢GSK3p) and pGSK3[ were
analyzed. Expressions of total GSK3P among the AMPKa
siRNA group, scrambled siRNA group, and iFect vehicle
group were similar (data not shown). In contrast, the ratio
of pGSK3 to tGSK3P (pGSK3B/tGSK3f) in the AMPKa
siRNA group were significantly reduced in comparison with
those in the scrambled siRNA group (P < 0.05, n = 4) and
the iFect vehicle group (P < 0.05, n = 4; fig. 5), indicating an
increase of GSK3[ activity in the SDH. These results sug-
gest that glial activation, overproduction of IL-1f, increased
activities of GSK3P, and suppression of glial GT functions
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2207 s iFectVehicle (n = 4)
@ *
8 1.5 ;
1) *
£ 1.01 —=
© L]
o o
; ﬂﬁ ﬁﬁ o
"I s
GLT-1 GFAP IL-1B pGSK3p
A W M i e
- wepus WESES -
B-Actin B-Actin B-Actin tGSK3p

Fig. 5. Spinal genetic knockdown of adenosine monophos-
phate—activated protein kinase o (AMPKa) decreased glial glu-
tamate transporter-1 (GLT-1) protein expression and increased
glial fibrillary acid protein promoter (GFAP) and interleukin-1p3
(IL-1p) protein expression, and glycogen synthase kinase 3f
(GSK3p) activity in naive rats. Bar graphs show the mean (+
SEM) relative density of GLT-1, GFAP, and IL-1§ to -actin and
phosphorylated GSK3f (pGSK3p) to total GSK3p (tGSK3p)
in the spinal dorsal horn of AMPKa small interfering RNA
(siRNA), scrambled siRNA, or the iFect (Neuromics, USA) ve-
hicle-treated rats. Data obtained from individual animals are
shown in the scatter plot. Samples of each molecule protein
expression in each group are shown. *P < 0.05.
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may underlie mechanisms by which dysfunctional AMPK
induces thermal hypersensitivity in rats.

Selective AMPKo. 1 Deletion Induced Thermal Hyperalgesia
and Mechanical Allodynia

To further narrow down the specific AMPKa. isoform impli-
cated in spinal nociceptive processing, the AMPKal isoform
was selectively deleted from mice expressing the Cre recom-
binase under the control of GFAP?! using the well-charac-
terized Cre—loxP recombination system for conditional gene
knockout in mice.****” When hind paw withdrawal response
latencies to heat stimuli were measured in AMPKa1 knock-
out mice (n = 6) and control littermates (n = 5), we found
that AMPKal knockout mice had a significantly shorter
latency of withdrawal responses to heat stimuli (2 < 0.01;
fig. 6A). In addition, the 50% withdrawal threshold was
measured in AMPKa.1 knockout mice and littermates. We
found that AMPKal knockout mice had a significantly
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Fig. 6. Selective adenosine monophosphate—activated pro-
tein kinase a1 genetic deletion (AMPKa1 KO) induced ther-
mal hyperalgesia and mechanical allodynia, which is asso-
ciated with decreased glial glutamate transporter-1 (GLT-1)
expression and increased glial fibrillary acidic protein pro-
moter (GFAP) and interleukin-1f (IL-1f) protein expression
and glycogen synthase kinase 3f (GSK3p) activity. (A) Bar
graphs show summaries (+ SEM) of the withdrawal laten-
cy to heat stimuli in the AMPKa1 KO and littermate mice.
(B) Bar graphs show summaries (+ SEM) of the 50% mechani-
cal withdrawal threshold in the AMPKa1 KO and littermate
mice. (C) Bar graphs show the mean (+ SEM) relative den-
sity of GLT-1, GFAP, and IL-1§ to 3-actin and phosphorylated
GSK3p (pGSK3p) to total GSK3p (tGSK3p) in the spinal cord
of AMPKa1 knockout mice and littermates. Samples of each
molecule protein expression in each group are shown. *P <
0.05, **P < 0.01. KO = knockout.
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(P <0.01, n = 6) decreased mechanical withdrawal threshold
compared with littermates (n = 5; fig. 6B). Furthermore, we
also analyzed protein expressions of GFAP, IL-1f3, GSK3,
and GLI-1 in the SDH in AMPKal knockout mice and
control littermates. In comparison with the littermates (n
= 5), AMPKal knockout mice (n = 6) had significantly
increased expressions of GFAP (P < 0.05) and IL-1P (P <
0.01) and significantly decreased ratio of pGSK3f/tGSK3[
(P < 0.05) and protein expression of GLI-1 (P < 0.05;
fig. 6C). These data are consistent with the changes induced
by the genetic knockdown of AMPKa. induced by siRNA in
rats and further indicate that (1) AMPKa regulates spinal
nociceptive processing in both mice and rats; (2) reduced
AMPKal activities in the central nervous system results in
the development of thermal hyperalgesia and mechanical
allodynia through increasing astrocytic activation, produc-
tion of IL-1f3, and activities of GSK3, as well as reducing
GLT-1 protein expression in the SDH.

AMPK Activation Enhanced Glial GT Activities in

Astrocytes in the SDH of Mice after Nerve Injury

We next determined whether glial GT activities are regulated
by AMPK. Glial GT activities were directly monitored by
recording GTCs from astrocytes in the SDH of GFP-GFAP
transgenic mice with neuropathic pain 10 days after pSNL.
The transport of glutamate by glial GTs is accompanied by

Role of AMPK in Neuropathic Pain

the cotransport of two or three Na* with one H* and the
counter transport of one K*.%4 Because of the transloca-
tion of a net positive charge during each transport cycle,
the transport of glutamate generates a current called GTC.
The size of GTCs reflects the amount of transported glu-
tamate, which has been widely used as an effective tool to
study the function of glial GTs.!#350 We recently reported
that mice with pSNL had lower amplitudes of GTCs.'* After
recording baseline GTCs in spinal slices taken from neuro-
pathic GFP-GFAP mice, we perfused the AMPK activator
(AICAR, concentration in the bath: 10 uM) into the record-
ing chamber and recorded GTCs again. We found that acti-
vation of AMPK with AICAR significantly increased GTC
amplitudes and charge transfers (P < 0.01, n = 8; fig. 7A).
The effects of AICAR disappeared within 10 min after wash-
out. In contrast, when we recorded GTCs from sham-oper-
ated GFP-GFAP mice and examined the effects of AMPK
inhibition on GTCs, we found that perfusion of the AMPK
inhibitor (Compound C, concentration in the bath: 10 uM)
suppressed GTC amplitudes and charge transfers (2 < 0.001,
n = 9; fig. 7B). Such effects disappeared within 10 min
after washout of Compound C. These data provide direct
evidence that activities of glial GTs are rapidly regulated
by AMPK activities, and increased activation of AMPK in
neuropathic animals can reverse the injury-induced suppres-
sion on glial GT activities. The prompt changes of glial GT

A Neuropathic 200
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Fig. 7. Glutamate transporter currents (GTCs) recordings from green fluorescent protein-labeled glial fibrillary acidic protein pro-
moter mouse astrocytes. (A) GTCs in spinal slices taken from neuropathic mice were significantly enhanced by bath perfusion
with an adenosine monophosphate-activated protein kinase (AMPK) activator (5-aminoimidazole-4-carboxamide ribonucleotide
[AICAR], 10 uM). (B) Perfusion of an AMPK inhibitor (Compound C, 10 puM) reversibly suppressed glial GT activities in spinal
slices taken from sham-operated mice. Original recordings of GTCs before the tested agents (baseline), during and after wash-
out of the tested agents are shown to the left. Bar graphs on the right show mean (+ SEM) of the GTC amplitude and charge
transfer at baseline, during, and after washout of the tested agents. **P < 0.01, **P < 0.001.
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activities induced by the alteration of AMPK activities led us
to hypothesize that post-translational mechanisms may be
used by the AMPK activator and inhibitor to regulate glial
GT activities.

AMPK Activation Attenuated GLT-1 Internalization
Induced by IL-1B

We recently reported that enhancement of glial GT endo-
cytosis is a critical post-translational mechanism by which
endogenous IL-1f in mice and rats with neuropathic pain or
exogenous IL-1[3 suppresses spinal glial GT activities.!* We
then tested whether the activation of AMPK can alter glial
GT endocytosis induced by IL-1f. Spinal slices obtained
from the spinal 1.4 to L5 segment of naive rats were prepared
(450 pm thick) and incubated in aCSF for 15 min in three
conditions: artificial CSF only, IL-1 (10 ng/ml), and IL-13
(10 ng/ml) plus the AMPK activator (AICAR, 10 uM). Con-
sistent with our previous findings,'* spinal slices incubated
with IL-1f (10 ng/ml) displayed a significant increase in the
endocytosis of GLI-1, as evident by an increase in cytosolic
GLT-1 expression with a reduction of GLT-1 expression in
the plasma membrane in comparison with slices treated with
only artificial CSF (fig. 8). These effects were significantly
attenuated by the AMPK activator in the IL-1f3 plus AMPK
activator group (fig. 8). These results establish that AMPK
can alter glial GT activities through a post-translational
mechanism, that is, the regulation of trafficking of glial GTs
between the cell surface and the cytosol.
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Fig. 8. Adenosine monophosphate—-activated protein kinase
activation attenuated the interleukin-1p (IL-1p) increased in-
ternalization of glial glutamate transporter-1 (GLT-1) in naive
rat spinal slices. Samples of GLT-1 protein expression in the
cell surface (membrane) and cytosol in spinal dorsal horn
slices treated with artificial cerebrospinal fluid (@CSF), IL-1p,
and IL-1B + 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) for 15min are shown. Bar graphs show the mean (=
SEM) relative density of GLT-1 in the plasma membrane to
epidermal growth factor receptor (EGFR) and the mean (+
SEM) relative density of GLT-1 in the cytosol to a-tubulin in
each group. Data obtained from individual animals are shown
in the scatter plot. **P < 0.01, **P < 0.001.
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Discussion

Regulation of Spinal Nociceptive Processing by AMPK
Emerging studies suggest that pain signaling pathways
are regulated by AMPK activities. Systemic daily admin-
istration of AMPK activators (metformin and A769662)
attenuated mechanical allodynia in rodents with neuro-
pathic pain induced by spinal nerve ligation or spared nerve
injury.” Mechanical allodynia induced by surgical incision
or subcutaneous injection of IL-6 was attenuated by topi-
cal injection of another AMPK activator (resveratrol) into
the peripheral lesion site.® Suppression of the mechanistic
target of rapamycin and the extracellular signal-regulated
kinase activities at peripheral sensory neurons is suggested
to underlie the effects induced by AMPK activators on
these models.®” Intraperitoneal injection of AMPK activa-
tors (AICAR and/or metformin) suppressed inflammatory
pain and tissue edema induced by subcutaneous injection
of formalin or zymosan.!! The antinociceptive effects in the
formalin model are partially mediated by the reduced activa-
tion of different MAP kinases in the spinal cord.!! Systemic
or spinal administration of resveratrol significantly attenu-
ated the development of morphine tolerance in mice and
suppressed morphine-induced microglial activation in the
spinal cord.’! It remains unknown whether and how changes
of AMPK activities in the SDH contribute to the genesis
of pathologic pain. In this study, we found (1) the ratio of
pAMPK over tAMPK in the SDH ipsilateral to the injury
side in rats with neuropathic pain was reduced; (2) activa-
tion of AMPK at the spinal cord with the AMPK activator
(AICAR) attenuated thermal hyperalgesia in neuropathic
rats; (3) pharmacological inhibition with Compound C and
the genetic knockdown or knockout of AMPK in the spinal
cord caused behavioral hypersensitivity. These findings sug-
gest that attenuation of spinal AMPK activities causes abnor-
mal pain signaling at the spinal level. Hence, normalization
of AMPK activities at the spinal cord may provide a novel
approach to ameliorate neuropathic pain.

Mechanisms Underlying the Enhanced Pain Signaling in

the SDH Induced by the Suppression of AMPK Activities

We revealed two mechanisms by which suppressed AMPK
activities lead to enhanced pain signaling in the SDH:
increased neuroinflammation and the suppression of glial
GT functions. We found that suppressed AMPK activities in
the dorsal horn in rats with neuropathic pain are temporally
associated with activation of astrocytes and increased pro-
duction of IL-1f. More importantly, the genetic deletion of
AMPK resulted in thermal hyperalgesia and the activation of
astrocytes (one major type of glial cells) and over production
of IL-1B. Ample studies have demonstrated that the activa-
tion of glial cells and subsequent production of proinflam-
matory mediators, including IL-1f, play an important role
in the enhanced neuronal activation at the spinal cord under
different pathologic pain conditions, including chronic pain
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induced by nerve injury,>>® inflammation induced by com-
plete Freund’s adjuvant,>> carrageenan,’® and bone cancer.”’”
TNF-o and IL-1f can increase excitatory glutamatergic syn-
aptic activities in the SDH.?”>® We recently demonstrated
that endogenous IL-1f in neuropathic animals increases pre-
synaptic glutamate release from nociceptive primary afferents
through coupling with presynaptic N-methyl-p-aspartate
receptors.””?! Furthermore, the activities of postsynaptic
0O-amino-3-hydroxy-5-methyl-4-isoxazolepropionic ~ acid
receptors are also enhanced by endogenous IL-1f in neu-
ropathic animals through the MyD88 signaling pathway at
postsynaptic neurons.?” Thus, it is conceivable that through
increasing the activation of glial cells and production of
IL-1PB, suppression of AMPK activities leads to enhanced
activation of neurons in the SDH and induces hypersensi-
tivity in animal nociceptive behaviors. While our study is the
first to show that AMPK regulates neuroinflammation in the
SDH in vivo, in vitro studies in-line with our findings have
been reported. For example, stimulation of macrophages
with lipopolysaccharide suppressed AMPK activities.” " In
primary cultured astrocytes, AMPK knockout significantly
increased IL-6, TNF-a, inducible nitric oxide synthase, che-
mokine (C-C motif) ligand 2, and C-X-C motif chemokine
10 gene expression.® Likewise, dominant negative AMPKal1
macrophages enhanced TNF-o. and IL-6 protein synthesis
in response to lipopolysaccharide stimulation, and a consti-
tutively active form of AMPKal suppressed the lipopoly-
saccharide-induced TNF-a and IL-6 production.®! In this
regard, our siRNA- and Cre—loxP-mediated experiments not
only demonstrated the role of AMPK in regulating neuro-
inflammation in the spinal cord of intact animals but also
revealed that GSK3f activities are regulated by AMPK,
more specifically by the AMPKall isoform.

GSK3p is a serine/threonine protein kinase shown to be
involved in multiple neurological disorders related to neu-
roinflammation and recently pathologic pain.®*®* We and
others have shown that inhibition of GSK3[} attenuates
preexisting mechanical hypersensitivity induced by pSNL
in mice® and rats.?> We further demonstrated that GSK3f
activities in the SDH are increased in rats with neuropathic
pain induced by pSNL? and after paclitaxel treatment.?
Currently, signaling molecules regulating GSK3f activities
in the spinal cord remain unknown. This study demonstrated
that GSK3f activities are increased upon suppression of
AMPK function as evident by a decreased ratio of pGSK3f3/
tGSK3p induced by deletion of AMPKa or AMPKal in
the siRNA and Cre—loxP experiments. Multiple lines of data
from other tissues support these findings. In fasted mice,
AMPXK activation suppresses GSK3[3 activities in the liver.%
In differentiated adipocytes, AICAR pretreatment decreases
GSK3 activities after insulin stimulation.®® In HepG2 cells,
AMPK activation with resveratrol increases GSK3[ phos-
phorylation, which is prevented with Compound C pre-
treatment.”” More relevantly, in cortical neurons, AMPK
inhibition with Compound C enhances GSK3[3 activities.®

Anesthesiology 2015; 122:1401-13 1410

Role of AMPK in Neuropathic Pain

One of the novel findings in this study is that AMPK
regulates spinal pain signaling through altering glial GT
functions. GTs are key factors regulating the activation of
glutamate receptors in the central nervous system, including
the SDH. While both neurons and astrocytes possess GTs,
glial GTs, particularly GLT-1, is a major glial GT in the
central nervous system.!>%> Multiple studies have demon-
strated that dysfunctional glial GTs are critically implicated
in the genesis of pathologic pain. The down-regulation of
glial GT expression in the SDH is found in animals with
neuropathic pain induced by chronic constriction nerve
injury,'? pSNL,zSJ0 spinal cord injury,”!
(paclitaxel),?7? animals with inflammatory pain induced by
complete Freund’s adjuvant,”® and animals with morphine
tolerance.”*”> We have shown that deficient glial gluta-
mate uptake enhances activation of 0-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid and N-methyl-p-aspartate
receptors and causes glutamate to spill into the extrasynaptic

chemotherapy

space and activate extrasynaptic N-methyl-p-aspartate recep-
153576 Furthermore, we have
also shown that deficient glial glutamate uptake in the SDH
results in a decrease of GABAergic synaptic activities due to
impairment in GABA synthesis through the glutamate—glu-

tamine cycle.”” Identifying endogenous mechanisms regu-

tors in spinal sensory neurons.

lating glial GT functions would reveal new targets for the
development of analgesics. In this context, both transcrip-
tional and post-translational mechanisms are involved. Our
recent studies suggest that suppression of GSK3[3 activities
in the SDH in rats with neuropathic pain can increase GLT-1
protein expression at the transcriptional level.?>?? Based on
these studies and our current findings that the suppression
of GLI-1 protein expression induced by genetic knock-
down of AMPK or knockout of the AMPKal isoform was
simultaneously associated with suppressed pGSK3[ protein
expression (an increased GSK3f activity), it is conceivable
that AMPK, through regulating GSK3 activities, controls
the protein expression of GL'T-1 at the transcriptional level.

Recent studies by others and us have also shown that post-
translational regulation of glial GTs in the SDH occurs in
animals with pathologic pain. The post-translational mecha-
nisms that reduce glial GT functions in the SDH include
nitration of glial GTs’® in rats with chemotherapy induced
pain,”® proteasome-mediated degradation of the glutamate
aspartate transporter and GLT-1 proteins in rats with inflam-
matory pain induced by complete Freund’s adjuvant,”® and
endocytosis of the glutamate aspartate transporter and GLT-1
from the cell surface into the cytosol in rats with neuropathic
pain'¥ and morphine tolerance.”” We also showed that the
endocytosis of glial GTs in neuropathic pain is induced by
endogenous IL-1f3 and activation of protein kinase C.!* Our
current study demonstrated that AMPK is another molecule
involved in the signaling pathways regulating trafficking of
glial GTs in the spinal cord. More importantly, activation of
AMPK can attenuate endocytosis of glial GTs in rats with
neuropathic pain.
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General Implications

Neuroinflammation and dysfunction of glial GTs are shared
by many pathologic pain conditions and neurological dis-
eases, such as brain injury or ischemia, Alzheimer disease,
and depression.®*34 The regulation of neuroinflammation
and glial GT functions by AMPK revealed in this study may
shed light into mechanisms related to diseases associated
with neuroinflammation and glutamatergic synaptic plastic-
ity in the central nervous system. Given that AMPK activa-
tors like metformin are widely used for diabetes, our studies
suggest a potential application of this class of drugs in the
clinic.
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