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Abstract

Emerging studies have shown that pharmacological activation of AMPK produces potent analgesic 

effects in different animal pain models. Currently, the spinal molecular and synaptic mechanism 

by which AMPK regulates the pain signaling system remains unclear. To address this issue, we 

utilized the Cre-LoxP system to conditionally knockout the AMPKα1 gene in the nervous system 

of mice. We demonstrated that AMPKα1 is imperative for maintaining normal nociception, and 

mice deficient for AMPKα1 exhibit mechanical allodynia. This is concomitantly associated with 

increased glutamatergic synaptic activities in neurons located in the superficial spinal dorsal horn, 

which results from the increased glutamate release from presynaptic terminals and function of 

ligand-gated glutamate receptors at the postsynaptic neurons. Additionally, AMPKα1 knockout 

mice have increased activities of extracellular signal-regulated kinases (ERK) and p38 mitogen-

activated protein kinases (p38), as well as elevated levels of interleukin-1β (IL-1β), reactive 

oxygen species (ROS), and heme-oxygenase 1 (HO-1) in the spinal dorsal horn. Systemic 

administration of a non-specific ROS scavenger (phenyl-N-tert-butylnitrone, PBN) or a HO-1 

activator (Cobalt protoporphyrin IX, CoPP) attenuated allodynia in AMPKα1 knockout mice. 

Bath-perfusion of the ROS scavenger or HO-1 activator effectively attenuated the increased ROS 

levels and glutamatergic synaptic activities in the spinal dorsal horn. Our findings suggest that 

ROS are the key down-stream signaling molecules mediating the behavioral hypersensitivity in 

AMPKα1 knockout mice. Thus, targeting AMPKα1 may represent an effective approach for the 
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treatment of pathological pain conditions associated with neuroinflammation at the spinal dorsal 

horn.
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Introduction

Adenosine monophosphate-activated protein kinase (AMPK) is a key serine/threonine 

kinase that controls cellular energy homeostasis [1]. AMPK is activated when the AMP/ATP 

ratio is high leading to a reduction in ATP consumption and the increase of ATP production 

[1]. Accumulating data has demonstrated that AMPK also regulates many physiological and 

pathological processes in the nervous system, including long term potentiation in the 

hippocampus [2], aging [3], Alzheimer's disease [4], and stroke [5]. Multiple studies have 

shown that pharmacological activation of AMPK produces potent analgesic effects in 

different animal pain models [6-9]. Currently, whether and how endogenous AMPK activity 

regulates the pain signaling system remains unclear.

Spinal central sensitization, characterized by enhanced neuronal activation in the spinal 

dorsal horn, is a key process underlying the genesis of pathological pain [10]. Enhanced 

glutamatergic synaptic activation in the spinal dorsal horn is a critical mechanism leading to 

enhanced neuronal activities in the spinal dorsal horn under pathological pain conditions 

[11-13]. Ample evidence supports the findings that neuronal activities in the spinal dorsal 

horn are regulated by non-excitable glial cells (i.e., microglia and astrocytes) [14-16]. 

Activation of microglia and astrocytes and the subsequent increased production of 

inflammatory molecules, a cardinal feature of neuroinflammation, are commonly observed 

in animal models with inflammatory pain induced by subcutaneous injection of complete 

Freund’s adjuvant [17] or formalin [18], or animal models with neuropathic pain [15, 16, 

19]. Pro-inflammatory cytokines like TNF-α [14], IL-1β [13, 14, 20], or chemokines like 

CX3CL1 [21] can directly enhance excitatory glutamatergic synaptic activities in spinal 

dorsal horn sensory neurons. Activation of MAP kinases (like p-38, ERK) in the spinal 

dorsal horn is associated with the genesis of persistent inflammatory [22] and neuropathic 

pain [23]. Suppression of p-38 and ERK attenuates inflammatory pain and neuropathic pain 

via controlling glial activation and production of pro-inflammatory cytokines (like TNF-α , 

IL-1β, and IL-6), and chemokines in the spinal dorsal horn [23-28]. Recent reports have 

demonstrated that activation of AMPK reduces the production of pro-inflammatory 

molecules in multiple cell types (including neutrophils [29], macrophages [30], and 

astrocytes and microglia [31, 32]). Our current understanding of the role of AMPK in the 

pain signaling system is mainly derived from studies using pharmacological activation of 

AMPK via different activators such as 5-Aminoimidazole-4-carboxamide ribonucleotide 

(AICAR), metformin, A769662, and resveratrol. Systemic or topical administration of one 

or more of these AMPK activators has shown to attenuate hypersensitive nociceptive 

behaviors in animals induced by surgical incision [8], nerve injury [9, 33], cancer 

chemotherapy drugs (cisplatin and paclitaxel) [34], and diabetic neuropathy [35]. The role of 
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endogenous AMPK in nociceptive processing was recently revealed by us. AMPK activities 

in the spinal dorsal horn were reduced in animals with partial sciatic nerve ligation. 

Behavioral hypersensitivity was induced when spinal AMPK is knocked down by siRNA 

[9]. The spinal molecular and synaptic mechanisms regulated by endogenous AMPK which 

alter spinal nociceptive processing remain to be determined.

Reactive oxygen species (ROS) are free radicals that are mainly generated as byproducts of 

cellular metabolism. ROS have functions in cellular signaling and regulation [36-38] and 

have shown to be master signaling molecules controlling inflammatory signaling cascades. 

ROS plays an important role in the genesis of many pathological pain conditions [39, 40], 

including neuropathic pain induced by nerve injury [41, 42] or chemotherapy [43], and 

inflammatory pain induced by carrageenan [44], and morphine-tolerance [45-47]. Currently, 

it is not fully understood about endogenous molecular signaling pathways regulating the 

production of ROS and the impacts of ROS on synaptic activities at the spinal dorsal horn.

AMPK has two isoforms, AMPKα1 and AMPKα2 [48]. Studies of different cell types have 

shown that AMPKα1 and AMPKα2 play different roles in physiological and pathological 

processes [49-51]. In this study, to better define the molecular signaling pathways and 

synaptic mechanisms by which AMPKα1 controls the pain signaling system, we utilized the 

Cre-LoxP system to conditionally knockout the AMPKα1 gene in the nervous system of 

mice. We demonstrated that AMPKα1 is imperative for maintaining normal nociception, and 

mice deficient for AMPKα1 exhibit mechanical allodynia and enhanced glutamatergic 

synaptic activities at the spinal dorsal horn. We also provide compelling evidence that the 

behavioral hypersensitivity and enhanced glutamatergic synaptic activities in AMPKα1 

knockout mice is mediated by elevated spinal ROS.

Material and Methods

Animals

Male and female mice (weight range 25-40 g) were used. FVB-Tg(GFAP-cre)25Mes/J [52] 

and Prkaa1tm1.1Sjm/J [53] mice were purchased from Jackson Laboratories. All experiments 

were approved by the Institutional Animal Care and Use Committee at the University of 

Georgia and were fully compliant with the National Institutes of Health Guidelines for the 

Use and Care of Laboratory Animals.

Behavior tests

To measure mechanical sensitivity in the animals, mice were placed on a wire mesh, loosely 

restrained under a plexiglass cage (12 × 20 × 15 cm3) and allowed to acclimate for at least 1 

hour and 30 minutes. A series of von Frey monofilaments (bending force ranging from 0.07 

to 2.00 g) were tested in ascending order to evoke hind paw withdrawal responses. Each von 

Frey filament was applied 5 times to the mid-plantar area of each hind paw from beneath for 

about 1 s. The response-frequency [(number of withdrawal responses of both hind paws/10) 

× 100%] for each von Frey filament was determined. Withdrawal response mechanical 

threshold was defined as the lowest force filament that evoked a response-frequency greater 

than 50%. This value was later averaged across all animals in each group to yield the group 
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response threshold [20, 54]. There were no significant differences between sexes. AMPKα1 

knockout mice did not display visible changes in their motor behaviors, which included 

grooming, postures, and gaits.

Generation of AMPKα1 gene knockout mice and genotyping

Mice with AMPKα1 gene knockout in the nervous system were generated through the Cre-

LoxP method. Mice carrying the homozygous floxed AMPKα1 allele (flanking exon 3 of 

the kinase [53]) were crossed with mice expressing the Cre recombinase under the control of 

the glial fibrillary acid protein promoter (GFAP) [51] to produce their offspring. Male 

offspring which carried the Cre-GFAP recombinase and were heterozygous for the 

AMPKα1 LoxP flanked allele were crossed with homozygous floxed AMPKα1 female mice 

to generate GFAP-AMPKα1 conditional knockout mice in the nervous system. The GFAP 

promoter is transiently active in neural progenitor cells/radial glial precursor cells at an early 

embryonic period [52, 55, 56]. These cells develop into astrocytes, ependymal cells, 

oligodendroglia, and neurons [52]. Therefore, in our study, the AMPKα1 gene in these 

cellular types was deleted in the CNS through recombination of the AMPKα1 LoxP site 

with the GFAP-Cre. It was reported that the peripheral nerve is not affected by this GFAP-

Cre transgene [52]. The genotype of GFAP-AMPKα1 conditional knockout mice was 

confirmed through polymerase chain reaction (PCR) as we reported previously [9]. 

Genotyping was conducted using the primers described by Jackson Laboratories for the 

sense strand 5’- CCC ACC ATC ACT CCA TCT -3’ and for the anti-sense strand 5’- AGC 

CTG CTT GGC ACA CTT AT -3’ to detect the AMPKα1 floxed allele and for the sense 

strand 5’- ACT CCT TCA TAA AGC CCT -3’ and for anti-sense strand 5’- ATC ACT CGT 

TGC ATC GAC CG -3’ to detect the GFAP-Cre transgene [52]. Littermates were used as 

controls in all experiments for genetic background effects.

Western blot experiments

Animals were deeply anesthetized with urethane (1.3-1.5 g/kg, i.p.). The L4 to L5 spinal 

segment was exposed by surgery and removed from the animals. The dorsal half of the 

spinal cord at the L4 to L5 segment was removed. The spinal tissue was quickly frozen in 

liquid nitrogen and stored at -80°C for later use. Following tissue isolation the animals were 

euthanized. Frozen tissues were homogenized as previously described [9, 57]. Protein 

concentrations were quantified with the Pierce BCA method (Thermo Scientific). Protein 

samples were electrophoresed in SDS polyacrylamide gels and transferred to a 

polyvinylidene difluoride membrane (Millipore, Bedford, MA). The membranes were 

blocked with milk or BSA and incubated overnight at 4°C with an anti phospho-p38 (1:500, 

Cell Signaling), anti p-38 (1:1000, Cell Signaling), phospho-ERK (1:1000, Cell Signaling), 

anti-ERK(1:1000, Cell Signaling), anti-HO-1 (a marker for oxidative stress, 1:500, Enzo 

Life Sciences), anti -IL-1β (1:1000, Millipore), or a monoclonal anti-β-Actin (1:2000, 

Sigma-Aldrich, St. Louis, USA) primary antibody as a loading control. The blots were then 

incubated for 1 hr at room temperature (RT) with the corresponding HRP-conjugated 

secondary antibody (1:5000; Santa Cruz Biotechnology, CA, USA), visualized in ECL 

solution (SuperSignal West Chemiluminescent Substrate, Pierce, Rockford, IL, USA), and 

exposed on the FluorChem HD2 System. The intensity of immunoreactive bands was 
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quantified using ImageJ 1.46 software (NIH). Results were expressed as the ratio of each 

marker over β-Actin control unless otherwise indicated.

Spinal Slice Preparation

Transverse mouse spinal cord slices (400 µm) of the L4 to L5 segment were prepared as 

previously described [58]. Briefly, animals were anesthetized via isoflurane inhalation. 

Surgery was performed to expose and remove the spinal lumbar enlargement segment. The 

lumbar spinal cord section was then placed in ice-cold sucrose artificial cerebrospinal fluid 

(aCSF) pre-saturated with 95% O2 and 5% CO2. The sucrose aCSF contained 234 mM 

sucrose, 3.6 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.2 mM NaH2PO4,12.0 mM glucose, 

and 25.0 mM NaHCO3. The pia-arachnoid membrane was removed from the section. The 

L4 to L5 spinal segment was attached with cyanoacrylate glue to a cutting support, which 

was then glued onto the stage of a vibratome (Series 1000, Technical Products International, 

St. Louis, MO). Transverse spinal cord slices were cut in the ice-cold sucrose aCSF and then 

pre-incubated in Krebs solution oxygenated with 95% O2 and 5% CO2 at 35°C. The Krebs 

solution contained: 117.0 mM NaCl, 3.6 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.2 mM 

NaH2PO4, 11.0 mM glucose, and 25.0 mM NaHCO3 at 35°C.

Measurements of spinal ROS

ROS production in spinal slices was measured using 5-(and-6)-carboxy-2,7- 

dichlorodihydrofluorescein diacetate (Carboxy-H2DCFDA, C400, Molecular Probes, 

Invitrogen) as described by others [59]. Carboxy-H2DCFDA is a dye sensitive to 

peroxynitrite anions (ONOO-), hydrogen peroxide (H2O2), and hydroxyl radicals (HO·). 
After a hour recovery period from slicing, spinal slices were loaded in the dark at 30°C for 1 

hour with 50 µM Carboxy-H2DCFDA in dimethyl sulfoxide (DMSO, 1 mg in 30 µL). After 

loading, the slices were transferred to aCSF and recovered for 30-45 min in the dark to allow 

the acetate groups to be removed by intracellular esterase [59]. ROS imaging was then 

performed on an Olympus fluorescent microscope under a 60X objective (numerical 

aperture: 1.2). Images of fluorescence signals (excitation 450–490 nm, emission 510–550 

nm) were acquired with a Hamamatsu CCD camera. Metafluor imaging software was used 

to detect and analyze ROS levels throughout the experiment [60].

Drug Administration

Drugs were systemically administered through a single intraperitoneal injection. PBN was 

dissolved in sterile saline for a total volume of 0.5 mL. CoPP was dissolved in DMSO and 

then sterile saline for a < 1% DMSO solution in a total volume of 0.5 mL. Equal volumes of 

sterile saline or DMSO were used as a vehicle control.

In Vitro whole cell-voltage clamp recordings and data analysis

Transverse mouse spinal cord slices (400 µm) of the L4 to L5 segment were prepared as 

previously described [58]. Briefly, animals were anesthetized via isoflurane inhalation. 

Surgery was performed to expose and remove the spinal lumbar enlargement segment. The 

lumbar spinal cord section was then placed in ice-cold sucrose aCSF pre-saturated with 95% 

O2 and 5% CO2. The pia-arachnoid membrane was removed from the section. The L4 to L5 
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spinal segment was attached with cyanoacrylate glue to a cutting support, which was then 

glued onto the stage of a vibratome (Series 1000, Technical Products International, St. 

Louis, MO). Transverse spinal cord slices were cut in the ice-cold sucrose aCSF and then 

pre-incubated in Krebs solution oxygenated with 95% O2 and 5% CO2 at 35°C. The Krebs 

solution contained: 117.0 mM NaCl, 3.6 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.2 mM 

NaH2PO4, 11.0 mM glucose, and 25.0 mM NaHCO3 at 35°C. Following pre-incubation for 

at least 1.5 hrs, a single slice was placed in the recording chamber (volume, 1.5 ml), 

perfused with Krebs solution at 35°C, and saturated with 95% O2 and 5% CO2. Borosilicate 

glass recording electrodes (resistance, 3-5 MO.) were pulled and filled with an internal 

solution containing 135 mM potassium-gluconate; 5.0 mM KCl; 2.0 mM MgCl2; 0.5 mM 

CaCl2; 5.0 mM HEPES; 5.0 mM EGTA; 5.0 mM ATP-Mg; 0.5 mM Na-GTP; 10 mM 

QX-314. Live dorsal horn neurons in the spinal lamina I and outer lamina II (IIo) were 

visualized using a microscope system and approached using a three-dimensional motorized 

manipulator (Sutter Instrument, Novato, CA, USA), and whole-cell configurations were 

established by applying moderate negative pressure after electrode contact [61]. Recordings 

were made from neurons receiving monosynaptic input from the primary afferents using the 

criteria previously established [62, 63] . Miniature excitatory postsynaptic currents 

(mEPSCs) were recorded at a membrane potential at −70 mV in the presence of tetrodotoxin 

(1 µM), bicuculline (10 µM), and strychnine (5 µM) in the external solution to block voltage-

gated sodium channels, GABAA, and glycine receptors. Signals were amplified using an 

Axopatch 700B (Molecular Devices), digitized at 10 kHz, and displayed and stored in a 

personal computer. The frequency and amplitude of mEPSCs at 3 min before and after 

perfusion of tested drugs were analyzed and averaged using a peak detection program 

(MiniAnalysis; Synaptosoft Inc., Decatur, GA).

Materials

Phenyl-N-tert-butylnitrone (PBN) was purchased from Sigma-Aldrich and Cobalt 

protoporphyrin IX (CoPP) was purchased from Enzo Life Sciences.

Data Analysis

All data are presented as the mean ± standard error (S.E). One or two way analysis of 

variance (ANOVA) with repeated measures was used to detect differences on nociceptive 

behaviors between mice receiving different treatments. A Bonferroni post-hoc test was 

performed to determine sources of the differences. When applicable, Student’s t-tests were 

used to make comparison between groups (non-paired) or within the same group (paired). 

Comparisons were run as two-tailed tests. A p value less than 0.05 was considered 

statistically significant. Statistical analysis was performed using GraphPad Prism 5 

(GraphPad Software Inc.).

Results

Selective AMPKα1 deletion induced mechanical allodynia via enhancing spinal 
glutamatergic synaptic activities in the spinal dorsal horn

To determine the role of the AMPKα1 subtype in the pain signaling system, the AMPKα1 

isoform in the CNS was conditionally deleted in mice through Cre-LoxP recombination 
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[52]. We compared mechanical thresholds of the hind paw withdrawal response between 

AMPKα1 knockout mice and their AMPKα1 littermate controls. We found that mechanical 

thresholds of the hind paw withdrawal response in AMPKα1 knockout mice were 

significantly (p < 0.001) lower (0.72 ± 0.09 g, n = 10) in comparison with their AMPKα1 

littermate controls (1.50 ± 0.17 g, n = 10)(Fig. 1A). These results indicate that AMPKα1 is 

necessary to maintain normal nociceptive behaviors in rodents.

To investigate the spinal mechanisms underlying the behavioral hypersensitivity in mice 

with conditional AMPKα1 knockout, we determined whether glutamatergic synaptic 

activities in the superficial dorsal horn were altered. Glutamate release from presynaptic 

terminals and activities of postsynaptic glutamate ligand-gated ion receptors are 

conventionally determined by analyzing the frequency and amplitude of mEPSCs. An 

increase of mEPSC frequencies indicates an increase in the release of presynaptic glutamate, 

while an increase of mEPSC amplitudes indicates an increase in the function of postsynaptic 

glutamate receptors [13]. We recorded mEPSCs from neurons that received monosynaptic 

input from primary afferents at the superficial dorsal horn (lamina I and IIo) using whole 

cell-voltage clamp techniques. As shown in Figure 1B to 1D, neurons recorded from mice 

with AMPKα1 knockout displayed a significantly higher mEPSC frequency (6.46 ± 0.22 

Hz, n = 23, p < 0.001) and amplitude (28.97 ± 0.12 pA, n = 23, p < 0.001) than the 

AMPKα1 littermate controls (frequency: 2.76 ± 0.07 Hz, n = 24; amplitude: 25.18 ± 0.41 

pA, n = 24). These data indicate that the increased release of glutamate from presynaptic 

terminals and activities of postsynaptic glutamate receptors, and therefore, enhanced 

neuronal activation in the spinal dorsal horn is ascribed to the behavioral hypersensitivity in 

mice with AMPKα1 knockout.

Selective AMPKα1 deletion induced neuroinflammation in the spinal dorsal horn

We next investigated the potential molecular mechanisms underlying the changes of the 

increased glutamatergic synaptic activities in the spinal dorsal horn of AMPKα1 knockout 

mice. We first examined levels of p-38 and ERK activity, and protein expression of a 

prototypic proinflammatory cytokine, IL-1β. These molecules are known to be critically 

implicated in the genesis of neuroinflammation and pathological pain [23, 26, 64]. The 

dorsal half of the spinal cord was removed and used for Western blotting experiments. The 

activity levels of p-38 and ERK were determined by the ratios of phosphorylated p-38 (p-

p38) versus total p-38 (t-p-38), and phosphorylated ERK (p-ERK) versus total ERK (t-ERK) 

in addition to the measurement of t-p-38 and t-ERK. In comparison with the AMPKα1 

littermate controls (n = 4), AMPKα1 knockout mice (n = 5) had significantly increased 

ratios of p-p38/t-p-38 (p < 0.05), p-ERK/t-ERK (p<0.05), and IL-1β (p < 0.05) protein 

expression (Figure 2). The total protein levels of p-38 and ERK in AMPKα1 knockout mice 

and AMPKα1 littermate controls (n = 4) were similar (data not shown). These data indicate 

that AMPKα1 deletion results in increased activities of p-38 and ERK and production of 

IL-1β.

Studies in the forebrain area and different cell lines have demonstrated that ROS are leading 

molecules whose over-production triggers a cascade of inflammatory signaling, including 

activation of p-38, ERK, and production of pro-inflammatory cytokines (such as IL-1β) 
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[65-67]. We then determined whether ROS levels in the spinal dorsal horn of AMPKα1 

knockout mice were altered. The ROS-sensitive dye 5-(and-6)-carboxy-2’,7’- 

dichlorodihydrofleuroscein diacetate (Carboxy-H2DCFDA) [68] was used to measure ROS 

levels. ROS activity oxidizes the non-fluorescent Carboxy-H2DCFDA into a green 

fluorescent form which accumulates in cells [69], and fluorescent intensity can be measured 

[59]. We made live spinal slices (450 µm) [60] and then incubated the slices in artificial CSF 

with 50 µL of Carboxy-H2DCFDA for 1 hour [59]. The fluorescent intensity in the spinal 

dorsal horn under a fluorescent microscope was captured with a Hamamatsu CCD camera 

and analyzed using Metafluor imaging software [60]. We found that AMPKα1 knockout 

mice had a significant (p < 0.001, n = 17) increase in ROS production in the spinal dorsal 

horn compared to AMPKα1 littermate controls (n = 22) (Figure 3A and B). These results 

demonstrate that the selective deletion of AMPKα1 induces over-production of ROS in the 

spinal dorsal horn, and implies that suppression of ROS levels may reverse the pathological 

changes induced by AMPKα1.

The generation of ROS is increased when intracellular heme is accumulated, which is 

degraded by heme oxygenase-1 (HO-1) [70, 71]. HO-1 is typically expressed at undetectable 

levels under normal conditions and becomes activated with oxidative stress [63, 64]. To 

explore whether increased levels of ROS in AMPKα1 knockout mice results from a 

reduction of HO-1, the protein expression of HO-1 was measured by Western blotting. We 

found that the protein expression of HO-1 was significantly higher (p < 0.05) in AMPKα1 

knockout mice (n = 5) than AMPKα1 littermate controls (n = 4) (Figure 3C), suggesting that 

the increased levels of ROS in AMPKα1 knockout mice are not caused by a reduction in 

HO-1. Instead, our results demonstrate that increased HO-1 expression acts in a 

compensatory mechanism to counteract the increased ROS level in AMPKα1 knockout 

mice.

ROS are the key down-stream signaling molecules mediating the behavioral 
hypersensitivity induced by deficiency of AMPKα1

We then hypothesized that ROS are master signaling molecules mediating the enhanced 

nociceptive behaviors in AMPKα1 knockout mice. To test this assumption, we examined 

whether mechanical allodynia in AMPKα1 knockout mice can be reversed by suppressing 

ROS. We first used a free radical scavenger (phenyl-N-tert-butylnitrone, PBN) [39, 72]. 

Previous studies have shown that an intraperitoneal injection of PBN (100 mg/kg) attenuates 

mechanical allodynia induced by spinal nerve ligation in rats [73]. Mice were separated into 

four groups: AMPKα1 Knockout + PBN, AMPKα1 Knockout + Vehicle, AMPKα1 

Littermate + PBN, and AMPKα1 Littermate + Vehicle. After taking baseline (BL) hind paw 

mechanical threshold measurements, we intraperitoneally injected PBN (100 mg/kg, in a 

volume of 0.5 mL) or vehicle (0.5 mL) into the mice. As shown in Figure 4A, in comparison 

with their baseline readings, mechanical thresholds of hind paw withdrawal responses in 

AMPKα1 knockout mice receiving PBN was significantly increased at 30 minutes following 

injection (p < 0.05, n = 8). At the same time point, AMPKα1 knockout mice administered 

with PBN had significantly (p < 0.05) increased mechanical withdrawal threshold compared 

to AMPKα1 knockout mice receiving vehicle (n = 6). Meanwhile, neither PBN nor vehicle 
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given to AMPKα1 littermate controls altered the mechanical thresholds of hind paw 

withdrawal responses in the mice.

It is known that activation of HO-1 reduces ROS levels in different cell types [74, 75]. To 

further validate the role of ROS in the genesis of mechanical allodynia in AMPKα1 

knockout mice, we examined the effects of HO-1 activator, Cobalt protoporphyrin IX 

(CoPP) [76], on AMPKα1 knockout mice and AMPKα1 littermate controls. We grouped 

mice into four groups: AMPKα1 Knockout + CoPP, AMPKα1 Knockout + Vehicle, 

AMPKα1 Littermate + CoPP, and AMPKα1 Littermate + Vehicle. CoPP (5 mg/kg, in a 

volume of 0.5 mL) or vehicle (0.5 mL) was intraperitoneally injected into the mice. 

Mechanical thresholds of hind paw withdrawal responses were measured before and after 

the injection. As shown in Figure 4B, mechanical thresholds of hind paw withdrawal 

responses in AMPKα1 knockout mice (n = 9) receiving CoPP treatment were significantly 

increased at 30 minutes following the injection in comparison with their own baseline 

readings (p < 0.01), or in comparison with AMPKα1 knockout mice (p < 0.001, n = 6) 

treated with vehicle (Fig. 4B). Mechanical thresholds in AMPKα1 littermate controls were 

not significantly altered by treatment of CoPP (n = 9) or vehicle (n = 9). Together with data 

collected in Figure 4A, these data strongly indicate that ROS are the culprit in the behavioral 

hypersensitivity in mice with AMPKα1 knockout. These results further indicate that normal 

nociception is not regulated by endogenous ROS under normal conditions, which is 

consistent with previous studies [77]

Levels of ROS in the spinal dorsal horn in AMPKa1 knockout mice were reduced by the 
ROS scavenger and HO-1 activator

PBN can scavenge both ROS and peroxynitrite [39, 72]. To directly demonstrate the effect 

of PBN on ROS levels in the spinal dorsal horn of AMPKα1 knockout mice, we directly 

monitored ROS levels of live spinal slices before, after 15 min of bath-perfusion, and after 

washout of PBN. The ROS levels were determined by analyzing the fluorescent intensity 

created by the interaction between ROS and Carboxy-H2DCFDA. After capturing baseline 

ROS levels in the spinal dorsal horn of AMPKα1 knockout mice, we bath-perfused PBN at 1 

mM concentration, a concentration known to suppress long term potentiation at the spinal 

dorsal horn [78]. Bath perfusion of PBN significantly (p < 0.001) reduced the ROS levels by 

13.70 ± 2.44%. Such effects were reversed after PBN was washed out (Figure 5A and B). 

We also found that bath-perfusion of the HO-1 activator (CoPP) at a concentration of 10 µM 

significantly (p < 0.001) reduced the ROS levels by 12.77 ± 2.41% in the spinal dorsal horn 

of AMPKα1 knockout mice (Figure 5C and D). These effects disappeared after washout of 

CoPP. These findings directly demonstrate that the ROS levels in the spinal dorsal horn of 

AMPKα1 knockout mice can be effectively suppressed by PBN and CoPP.

The ROS scavenger and HO-1 activator effectively attenuated the enhanced glutamatergic 
synaptic activities in the spinal dorsal horn of AMPKα1 knockout mice

Finally, we examined the effects induced by the ROS scavenger and HO-1 activator on 

glutamatergic synaptic activities in the spinal dorsal horn of AMPKα1 knockout mice. 

mEPSCs in dorsal horn neurons of AMPKα1 knockout mice were recorded from live spinal 

slices before and after the bath perfusion of 1 mM PBN. As shown in Figure 6A, B, and C, 
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PBN perfusion significantly reduced mEPSC frequencies from 6.54 ± 0.46 Hz (n = 9) at 

baseline to 3.69 ± 0.29 Hz (p < 0.001), and amplitudes from 29.04 ± 0.96 pA at baseline to 

22.45 ± 0.70 pA (p < 0.001). These PBN induced effects disappeared when PBN was 

washed out. Similarly, mEPSC frequencies and amplitudes in the spinal dorsal horn neurons 

of AMPKα1 knockout mice were significantly reduced when 10 µM CoPP was bath-

perfused. mEPSC frequencies were reduced from 6.41 ± 0.23 Hz (n = 14) to 3.98 ± 0.13 Hz 

(p < 0.001) and amplitudes were reduced from 28.93 ± 0.58 pA to 23.51 ± 0.58 (p < 0.001) 

(Figure 6D, E, and F). Such effects went away upon washout of CoPP. These data provide 

direct evidence that elevated ROS levels are a causal factor for the enhanced glutamatergic 

synaptic activation in the spinal dorsal horn neurons and the behavioral hypersensitivity in 

AMPKα1 knockout mice.

Discussion

Given that multiple AMPK activators like metformin and resveratrol are FDA approved or 

currently in clinical trials for a range of conditions such as diabetes, investigating the role of 

AMPK in the pain signaling system may bring a novel clinical application for this class of 

drugs. In this study, we for the first time revealed the spinal molecular and synaptic 

mechanisms by which AMPKα1 regulates nociceptive behaviors. Our study suggests that 

AMPKα1 may be a new target for the development of analgesics.

Recent studies of the role of AMPK in the pain signaling system are mainly focused on the 

effects induced by pharmacological activation of AMPK on different animal pain models. 

These studies in general demonstrated that activation of AMPK produces analgesic effects in 

rodents with pathological pain but does not alter normal nociception. Activation of AMPK 

with peritoneal injection of metformin and A769662 reverses pre-existing mechanical 

allodynia induced by spinal nerve ligation [33]. These analgesic effects are associated with 

suppression of the translation regulation signaling pathways, eIF4F complex formation, and 

nascent protein synthesis in injured nerves [33]. Systemic administration of metformin or 

AICAR suppresses the development of mechanical allodynia and thermal hyperalgesia in 

diabetic rats induced by streptozotocin, which is accompanied by suppression of the 

increased expressions of PGC-1α, Sirt-3 and nNOS in the sciatic nerve in the animals [35]. 

Metformin treatment also prevents the reduction in density of intra-epidermal nerve fibers 

(IENFs) in the paw that develops as a result of cisplatin [34]. Inflammatory pain and paw 

edema induced by zymosan A in mice is attenuated by peritoneal administration of 

metformin or AICAR [79]. These above studies suggest that AMPK activators may produce 

analgesic effects through acting at the peripheral nerves and tissues. Other studies provide 

evidence that AMPK activators can suppress pathological pain through their action at the 

CNS (spinal dorsal horn). For example, peritoneal injection of metformin or AICAR 

attenuates the formalin-induced phase II nociceptive behaviors [79], which is likely 

mediated by spinal cord mechanisms [64, 80]. More directly, we demonstrated that spinal 

intrathecal administration of AICAR attenuates neuropathic pain induced by partial sciatic 

nerve ligation in rats [9]. Together, these studies demonstrated that AMPK activators 

produce analgesic effects through both peripheral and central mechanisms.
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The critical role of AMPK in the pain signaling system is further supported by recent studies 

that demonstrated a reduction of endogenous AMPK activity at the peripheral nerves or 

CNS of animals with behavioral hypersensitivity. Suppression of AMPK activities was 

found in the sciatic nerve of rats with diabetic painful neuropathy [35]. We recently reported 

that phosphorylation levels (activities) of AMPK at the spinal dorsal horn are decreased in 

rats with neuropathic pain induced by partial sciatic nerve ligation [9]. Pharmacological 

inhibition of AMPK activities in the spinal cord induces thermal hyperalgesia in rats. More 

importantly, rats with spinal AMPK gene knockdown by siRNA exhibit thermal 

hyperalgesia. Interestingly, the integrity of AMPK in the hypothalamus is required for 

acupuncture to produce full analgesic effects in rats [81]. Endogenous AMPKα1 and 

AMPKα2 appear to play differing roles in nociceptive sensory processing. Animals with 

complete or selective AMPKα2 knockout in peripheral sensory neurons display normal 

sensitivities to mechanical and thermal stimuli, but have exaggerated phase II nociceptive 

behavioral responses in the formalin test and stronger hypersensitivity induced by zymosan 

A [79]. Our current and previous studies demonstrated that animals with AMPKα1 deletion 

in the CNS have hypersensitivity to peripheral stimuli, indicating that AMPKα1 is not 

dispensable for maintaining normal nociception. Furthermore, our current study revealed 

that allodynia in AMPKα1 knockout mice is ascribed to the increased glutamatergic 

synaptic activities in the spinal dorsal horn.

It has been well documented that increased neuronal activation in the spinal dorsal horn 

plays a key role in the genesis of different pathological pain conditions. These include the 

sciatic nerve-injury induced neuropathic pain [82, 83], diabetic neuropathic pain [84], 

paclitaxel [54] or vincristine-chemotherapy [85] induced neuropathic pain, and CFA-induced 

inflammatory pain [86]. Neuronal activation depends on neuronal passive and active 

membrane properties, and excitatory and inhibitory synaptic activities. Glutamate is the 

major excitatory neurotransmitter released from the primary afferents [87]. Therefore, 

activities of excitatory glutamatergic synapses in the spinal dorsal horn neurons 

predominantly control activation of spinal dorsal horn neuron. Activation of glutamatergic 

synapses are governed by three factors: the amount of glutamate released from presynaptic 

terminals, the function and number of postsynaptic glutamate receptors, and the function of 

glutamate transporters [88]. Our current and previous studies together demonstrated that 

suppression of AMPK activities results in enhanced glutamatergic synaptic activities via 

controlling all of these three factors. Our present study shows that spinal dorsal horn neurons 

in AMPKα1 knockout mice have increased frequencies and amplitudes of mEPSCs, 

indicating an increase of glutamate release from presynaptic terminals and function of 

glutamate receptors at the postsynaptic neuron. In other words, normal AMPKα1 activity 

limits the release of glutamate from presynaptic terminals and activities of postsynaptic 

glutamate receptors. We have previously demonstrated that the activity of glial glutamate 

transporters are reduced upon AMPK inhibition but increased on AMPK activation [9]. We 

recently also reported that deficient glial glutamate transport results in weakening of 

GABAergic strength in spinal dorsal horn neurons due to insufficient GABA synthesis 

through the glutamate-glutamine cycle between astrocytes and neurons [89]. Thus, it is 

conceivable that in addition to enhancing glutamatergic synaptic activities, suppression of 
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AMPK may reduce GABAergic inhibitory synaptic activities in spinal dorsal horn neurons 

as well, both resulting in enhanced neuronal activation and pain signaling.

Signaling molecular pathways triggered by alterations of AMPK have been extensively 

studied in forebrain areas and cell lines. AMPK is known to regulate many key molecules 

important to the development of inflammation [90]. In contrast, there are only two reports 

about signaling molecules altered by AMPK in the spinal dorsal horn. Peritoneal injection of 

an AMPK activator (AICAR) increases spinal activities of AMPK (phosphorylation levels of 

AMPK), and attenuates the formalin-induced activation of p38 and JNK2 MAP kinases in 

the spinal cord [79]. We recently reported that spinal AMPKα knockdown and AMPKα1 

knockout induces activation of astrocytes, over-production of IL-1β, and increased activation 

of GSK3β in the spinal dorsal horn. Our current study confirm our previous findings and 

further unveils that AMPKα1 conditional knockout results in activation of p38, ERK, over-

production of ROS, and increased protein expression of HO-1 in the spinal dorsal horn. We 

also demonstrated for the first time that over-production of ROS mediates the increased 

glutamatergic synaptic activities in the spinal dorsal horn of mice and allodynia in mice with 

AMPKα1 knockout. This indicates that ROS are the key down-stream signaling molecules 

mediating the behavioral hypersensitivity in AMPKα1 knockout mice. Activation of glial 

cells, p38, ERK, increased production of ROS, and pro-inflammatory cytokines are widely 

reported in many animals with pathological pain [73, 77, 91-93]. Given these facts, our 

findings provide compelling evidence for the use of AMPK activators as a powerful tool to 

suppress spinal neuroinflammation and restore normal neuronal activities and pain signaling 

at the spinal dorsal horn.

Conclusions

In conclusion, we identified the spinal molecular signaling pathways and synaptic 

mechanisms controlled by AMPKα1. We found that increased spinal ROS levels and 

glutamatergic synaptic activities mediate the enhanced nociceptive behaviors in mice 

deficient for AMPKα1. The knockout of AMPKα1 increased ERK and p-38 activities, and 

the production of IL-1β, ROS, and HO-1 in the spinal dorsal horn. An intraperitoneal 

injection of a ROS scavenger or inducer of HO-1 attenuated mechanical allodynia in 

AMPKα1 knockout mice. Furthermore, the bath-perfusion of these pharmacological agents 

effectively attenuated increased spinal ROS and glutamatergic synaptic activities in the 

spinal dorsal horn of mice. These results suggest that targeting spinal AMPK may represent 

an effective approach for the treatment of pathological pain conditions involving increased 

ROS and neuroinflammation in the spinal dorsal horn.
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Highlights

• Pain behavior and glutamatergic synaptic activity increase in AMPKα1 

knockout mice.

• AMPKα1 knockout elevates levels of spinal p-38, ERK activity, IL-1β, ROS and 

HO-1.

• ROS scavenging and HO-1 activation attenuate AMPKα1 knockout induced 

allodynia.

• ROS inhibition reduces glutamatergic synaptic activity in AMPKα1 knockout 

mice.
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Figure 1. Mice with selective AMPKα1 deletion had mechanical allodynia and enhanced spinal 
glutamatergic synaptic activities in the spinal dorsal horn
(A) shows that mechanical thresholds of hind paw withdrawal responses were significantly 

lower in AMPKα1 knockout mice than AMPKα1 littermate controls. (B) shows 

representative recordings of mEPSCs recorded from spinal superficial dorsal horn neurons 

of spinal slices obtained from AMPKα1 littermate controls (upper trace) and AMPKα1 

knockout mice (lower trace). Bar graphs (C) show the mean (+ S.E.) amplitude and 

frequency obtained from AMPKα1 littermate controls and AMPKα1 knockout mice. ***, p 
< 0.001.
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Figure 2. AMPKα1 deletion resulted in increased activities of p-38 and ERK and production of 
IL-1β in the spinal dorsal horn
Bar graphs show the mean (+ S.E.) relative density of p-p38 to t-p-38, p-ERK to t-ERK, and 

IL-1β to β-actin obtained from AMPKα1 littermate controls and AMPKα1 knockout mice. 

Samples from Western blots of each molecule are shown below. *, p < 0.05.
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Figure 3. AMPKα1 deletion resulted in increased levels of ROS and HO-1 protein expression in 
the spinal dorsal horn
(A) shows representative images of ROS intensity in the spinal dorsal horn of AMPKα1 

knockout and AMPKα1 littermate mice. Scale bar = 40 µm. Bar graphs (B) show summaries 

(mean + S.E.) of ROS density in the spinal dorsal horn obtained from AMPKα1 knockout 

and AMPKα1 littermate mice. The mean (+ S.E.) relative density of HO-1 protein 

expressions to β-actin in the spinal dorsal horn, obtained from AMPKα1 knockout and 

AMPKα1 littermate mice, are shown in (C). Samples of Western blot gels of HO-1 are 

shown below. *, p < 0.05; ***, p < 0.001.
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Figure 4. ROS mediated the behavioral hypersensitivity induced by deficiency of AMPKα1
Line plots show measurements (mean + S.E.) of mechanical thresholds collected at baseline 

(BL) and then 30 min, 1, 2, 4, 6 and 24 hrs after the intraperitoneal administration of the 

tested agents in different groups.(A) shows that the ROS scavenger (100 mg/kg, PBN) 

attenuated mechanical allodynia in AMPKα1 knockout mice. Comparisons between data 

collected at baseline and each time point are indicated with + for the AMPKα1 Knockout + 

PBN group. Comparisons between the AMPKα1 Knockout + Vehicle group and the 

AMPKα1 Knockout + PBN group are labeled with #. (B) shows that pharmacological 

activation of HO-1 with CoPP (5 mg/kg) attenuated mechanical allodynia in AMPKα1 

knockout mice. Comparisons between data collected at baseline and each time point are 

indicated with + for the AMPKα1 Knockout + CoPP group. Comparisons between the 

AMPKα1 Knockout + Vehicle group and the AMPKα1 Knockout + CoPP group are labeled 

with #. One symbol, p < 0.05; Two symbol, p < 0.01, Three symbols, p < 0.001.
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Figure 5. Levels of ROS in the spinal dorsal horn in AMPKα1 knockout mice were reduced by 
the ROS scavenger and HO-1 activator
Representative images show ROS intensity in the spinal dorsal horn of AMPKα1 knockout 

mice before (baseline), during and after washout of PBN (A) or CoPP (C) perfusion. Bar 

graphs show summaries (mean + S.E.) of ROS density normalized to their baseline before, 

during and after washout of PBN (B) or CoPP (D) perfusion. Scale bar = 40 µm. **, p < 

0.01; ***, p < 0.001.
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Figure 6. The ROS scavenger and inducer of HO-1 effectively attenuated the enhanced 
glutamatergic synaptic activities in the spinal dorsal horn of AMPKα1 knockout mice
Raw data show samples of continuous mEPSC recordings collected from dorsal horn 

neurons of AMPKα1 knockout mice before, during and after washout of PBN (A) or CoPP 

(D) perfusion. Bar graphs show the mean (+ S.E.) frequency and amplitude of mEPSCs in 

AMPKα1 knockout mice before (baseline), during and after washout of PBN (B and C) or 

CoPP (E and F). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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