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Neuropathic Pain Creates an Enduring Prefrontal Cortex
Dysfunction Corrected by the Type II Diabetic Drug
Metformin But Not by Gabapentin

X Stephanie Shiers, Grishma Pradhan, Juliet Mwirigi, Galo Mejia, Ayesha Ahmad, Sven Kroener, and XTheodore Price
University of Texas at Dallas, School of Behavioral and Brain Sciences, Richardson Texas 75080

Chronic pain patients suffer from pain-related cognitive deficits, even when taking commonly prescribed analgesics. These deficits are
likely related to pain-related maladaptive plasticity in the frontal cortex. We sought to model cognitive deficits in mice with neuropathic
pain to examine maladaptive morphological plasticity in the mPFC and to assess the effects of several therapeutics. We used an atten-
tional set-shifting task in mice with spared nerve injury (SNI) who received either a single intrathecal injection of an analgesic dose of
clonidine, 7 d of 100 mg/kg gabapentin, or 7 d of 200 mg/kg metformin. Male SNI mice were significantly more impaired in the set-shifting
task than females. This deficit correlated with a loss of parvalbumin (PV) and reductions in axon initial segment (AIS) length in layers 5/6
of the infralimbic (IL) cortex. Acute pain relief with clonidine had no effect on set-shifting performance, whereas pain relief via 7 day
treatment with gabapentin worsened the impairment in both SNI and sham mice. Gabapentin reversed the PV loss in the IL but had no
effect on AIS length. Treatment with the AMPK-activator metformin completely reversed the pain-related cognitive impairment and
restored AIS length in the IL but had little effect on PV expression. Our findings reveal that neuropathic pain-related cognitive impair-
ments in male mice are correlated to bilateral morphological changes in PV interneurons and layer 5/6 IL pyramidal neuron AIS. Pain
relief with metformin can reverse some of the functional and anatomical changes.
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Introduction
Cognitive flexibility, the ability to recognize and react to new
stimuli in the environment, is an executive function that depends

on areas in the frontal cortex in rodents and humans (Birrell and
Brown, 2000; Heisler et al., 2015; Livingston-Thomas et al.,
2015). Patients with chronic intractable pain (Eccleston, 1995;
Dick et al., 2002; Karp et al., 2006; Schiltenwolf et al., 2014) and
neuropathic pain (Ryan et al., 1993; Povedano et al., 2007; Attal et
al., 2014) have poor performance in tasks that assess cognitive
flexibility, suggesting that persistent pain disrupts normal corti-
cal function. Importantly, currently prescribed analgesics are un-
able to reverse cognitive impairments, as these deficits persist and
often worsen after analgesic treatment (Eccleston, 1995; Dick and
Rashiq, 2007; Gálvez et al., 2007; Povedano et al., 2007; Schilten-
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Significance Statement

Cognitive impairments are a comorbidity of neuropathic pain but are inadequately addressed by existing therapeutics. We used a
neuropathic pain model in mice to demonstrate that male (but not female) mice show a robust pain-related deficit in attentional
set-shifting, which is associated with structural plasticity in axon initial segments in the infralimbic cortex. These deficits were
completely reversed by 7 day treatment with the antidiabetic drug metformin, suggesting that this drug can be repurposed for the
treatment of neuropathic pain and its cognitive comorbidities. Our findings have implications for our understanding of how
neuropathic pain causes structural plasticity in the brain, and they point to a marked sexual dimorphism in neuropathic pain
mechanisms in mice.
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wolf et al., 2014). As such, there is a great need for pain medicines
that are capable of permanently alleviating pain and its associated
cognitive comorbidities. The discovery of such therapeutics
would have a great impact on clinical care. However, progress in
this area is impeded by a lack of robust preclinical behavioral
testing paradigms that can assess such comorbidities in neuro-
pathic pain (Urban et al., 2011; Sheahan et al., 2017).

The mPFC undergoes morphological and functional reorga-
nization during chronic pain. For instance, laminar-specific
changes in the length of dendrites and spine densities occur in
rodents with neuropathic pain (Metz et al., 2009; Kelly et al.,
2016). Moreover, in arthritis and neuropathic pain models, en-
hanced glutamatergic inputs to the mPFC from the BLA cause
augmented feedforward inhibition by GABAergic interneurons,
thus reducing pyramidal neuron excitability (Ji et al., 2010; Ji and
Neugebauer, 2011; Zhang et al., 2015). Optogenetic activation or
inhibition of parvalbumin (PV)-positive GABAergic interneu-
rons in neuropathic mice causes an increase or decrease, respec-
tively, in mechanical hypersensitivity, suggesting that these cells
may be directly involved in sensory processing of chronic pain
(Zhang et al., 2015). In other disease models, a loss of PV expres-
sion in the mPFC has also been linked to deficits in cognitive
flexibility (Murray et al., 2015; Zhou et al., 2015; Hashemi et al.,
2017), increased GABA release, abnormal spike timing, dis-
rupted inhibition, and asynchronous gamma wave oscillations
(Vreugdenhil et al., 2003; Volman et al., 2011; Petitjean et al.,
2015; Filice et al., 2016). Recent studies have also demonstrated
that sensory experience can impact axon initial segments (AISs)
in cortical regions (Grubb and Burrone, 2010; Kuba et al., 2010;
Grubb et al., 2011; Leterrier, 2018), but this has not been studied
in the context of neuropathic pain. While advances have been
made in understanding mPFC dysfunction during chronic pain,
important gaps in our knowledge persist. These include linking
these anatomical and functional changes to behavioral signs of
known comorbidities in neuropathic animals and investigating
how analgesics influence this dysfunction.

Our primary goal was to measure impairments in cognitive
flexibility in mice with neuropathic pain induced by spared nerve
injury (SNI). To do this, we used a mPFC-dependent attentional
set-shifting task (Jeevakumar et al., 2015) and found major defi-
cits in set-shifting behavior in SNI mice. We hypothesized that
neither acute nor systemic treatment with existing therapeutics
would be sufficient to alleviate cognitive dysfunction in SNI mice.
In contrast, we predicted that metformin, an antidiabetic drug
that activates adenosine monophosphate-activated protein ki-
nase (AMPK) and causes relief of nociceptive behaviors in mice
(Melemedjian et al., 2011; Melemedjian and Khoutorsky, 2015;
Burton et al., 2017), would be able to restore normal cognitive
function. A secondary objective was to identify morphological
changes in the mPFC that may contribute to the cognitive dys-
function. Therefore, we examined PV expression and AIS length

Figure 1. Neuropathic pain impairs cognitive flexibility with greater impairment in male
than in female mice. A, Illustration of the attentional set-shifting protocol. Mice were habitu-
ated to the maze over 3 d. On day 4, mice were assessed for preference to turn right or left over

4

7 trials (Turn bias). The following day, mice were trained to turn against their turn bias to
retrieve food reward and to ignore the pseudorandomly placed visual cue (Response). Approx-
imately 3 weeks after SNI, the animals were assessed for retention of the task (Retest). The next
day, mice were trained to shift strategies so that they now had to turn toward the arm contain-
ing the visual cue to obtain food reward (Set-shifting). B, Male and female SNI mice showed no
impairment on retest day, indicating that SNI had no negative effect on retention of response
training. In contrast, male and female SNI mice required significantly more trials to reach crite-
rion on set-shifting day with males requiring significantly more trials than females. C, Male SNI
mice made significantly more NRE and RE compared with female SNI mice. Two-way ANOVA
with Bonferroni multiple comparisons: ****p � 0.0001; **p � 0.01; *p � 0.05.
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in mice with neuropathic pain with and without drug treatment.
Our findings support the conclusion that cognitive dysfunction
in neuropathic pain can be rescued with metformin treatment
and that this effect is accompanied by a restoration of AIS mal-
adaptive plasticity.

Materials and Methods
Animals
C57BL/6J wild-type mice (Taconic Biosciences) at 12 weeks of age were
used for the experiments. All behavioral experiments were performed in
male mice, except for a single sex difference experiment that used female
mice. Histology experiments were conducted in both male and female
mice.

Upon arrival, animals were housed on a 12 h light/dark cycle and had
food and water available ad libitum. One week later, animals were sepa-
rated and individually housed for experiments involving food restriction
(attentional set-shifting). All procedures were performed during the light
cycle. All experiments were approved by the Institutional Animal Care
and Use Committee at the University of the Texas at Dallas and con-
ducted in accordance with the National Institutes of Health and Interna-
tional Association for the Study of Pain guidelines.

Surgery
SNI was performed by cutting the tibial and peroneal branches of the left
sciatic nerve trifurcation, leaving the sural branch intact as described
previously (Decosterd and Woolf, 2000). Sham surgery was done in the
same way but without cutting the nerve. Mice were allowed to recover for
2 weeks following surgery.

Mechanical withdrawal threshold
Tactile sensitivity was measured by probing the left outer surface of the
left hindpaw with a series of calibrated von Frey filaments. Withdrawal
thresholds were calculated using the up-down method (Chaplan et al.,
1994). Mechanical withdrawal thresholds were assessed in all animals
before and after (2 weeks) SNI to confirm neuropathy and at later time
points to assess relief of mechanical hypersensitivity.

Drugs
Metformin hydrochloride (M2076, LKT Laboratories) was administered
intraperitoneally (i.p.) at 200 mg/kg once daily for 7 d as previously
reported (Melemedjian et al., 2011). Before the experiment, dose–
response curves assessing motor function (rotarod) and mechanical
withdrawal thresholds were generated for gabapentin (PHR1049, Sigma-
Aldrich) to determine a dosage that gave the longest duration relief of
mechanical hypersensitivity without motor impairment. Motor function
was assessed using a rotarod (IITC Life Science, rotarod series 8) with
ramp speed (20 rpm acceleration) at a starting speed of 4 pm for a max-
imum of 90 s as previously described (Deacon, 2013). For set-shifting, a
100 mg/kg dose of gabapentin was given intraperitoneally twice daily for
7 d. A single intrathecal (i.t.) injection of clonidine was administered at
10 �g/5 �l. All drugs were dissolved in 0.9% sterile saline.

Attentional set-shifting
Attentional set-shifting was performed as previously described (Hu et al.,
2015; Jeevakumar et al., 2015).

Habituation. Mice were handled and gradually food restricted to 90%
of their baseline weight over 3 weeks. Habituation took place over 3 d in
which food rewards (Cheerio bits) were placed along each arm of a plus
maze. Mice were allowed to freely explore the maze and consume the
food for 4 trials per day with a maximum time of 30 min per trial. When
the mouse had consumed all of the food, the trial ended, and the mouse
was returned to a holding cage while the maze was rebaited. The number
of food pellets in each arm decreased from 4 to 2 to 1 on each consecutive
day of habituation.

Turn bias. On the fourth day, we assessed the animals’ turn bias. There-
fore, the plus maze was converted into a T maze by blocking off one of the
arms. Mice were placed in the stem arm (starting arm) and allowed to
turn left or right to obtain a food pellet (compare Fig. 1A). After the
mouse consumed the reward, it was returned to the stem arm and al-

Figure 2. Clonidine-induced acute analgesia has no effect on the pain-related impairment in
cognitive flexibility. A, SNI mice treated with clonidine (10 �g i.t.) 1 h before set-shifting
showed no differences in set-shifting performance compared with vehicle-treated SNI animals.
B, SNI vehicle and clonidine-treated animals made significantly more NRE and OE type errors
compared with vehicle-treated sham controls. C, SNI mice received either vehicle or clonidine
(10 �g i.t.) and were tested 1 h later for mechanical hypersensitivity. Two-way ANOVA with
Bonferroni multiple comparisons: ****p � 0.0001; ***p � 0.001; **p � 0.01; *p � 0.05.
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lowed to make another choice. If the mouse chose the same arm as on the
initial choice, it was returned to the stem arm until it chose the other arm
and consumed the food pellet. The direction of the initial turn chosen
four or more times over seven trials was considered the turn bias.

Response discrimination. On the next day, mice were trained on a re-
sponse discrimination task that required them to always turn into one
arm (left or right, chosen opposite to the direction of their turn bias) to
obtain the food reward. The location of the stem arm (starting arm) was
pseudorandomly alternated among 3 arms (east, west, and south) to
prevent mice from using an allocentric spatial strategy to locate the food.
A visual cue was placed close to the entrance of one of the choice arms.
Placement of this cue into the right or left arm varied pseudorandomly to
balance the frequency of occurrences in each arm across blocks of 12
consecutive trials. Similarly, the order of the stem arms alternated pseu-
dorandomly in a balanced fashion across blocks of 12 trials. Training
continued until the mouse made 9 correct choices over 10 consecutive
trials, or up to a maximum of 200 trials. When animals achieved this
acquisition criterion, a probe trial was administered. In the probe trial,
the previously unused stem arm (north) was used as the starting arm. If
the mice performed the probe trial correctly, response discrimination
training was completed. If an incorrect turn occurred, response training
continued until the mouse made another five consecutive correct
choices, and then another probe trial was administered. Upon comple-
tion, the total number of trials was tallied, and animals were sorted into
counterbalanced groups based on response values. SNI or sham surgeries
were then conducted, followed by a 2 week recovery period. After the 2
week surgical recovery period, a subset of mice was given metformin
(once daily for 7 d), gabapentin (twice daily for 7 d), or clonidine (single
injection delivered 1 h before set-shifting).

Retest. Approximately 3 weeks after surgery, the mice were tested for
retention of the response discrimination strategy. Retest day was a repeat
of the response discrimination training day and took place on the last day
of metformin treatment (day 21 after surgery), on day 6 of gabapentin
treatment (day 20 after surgery), and the day before clonidine treatment
(day 20 after surgery).

Shift-to-visual-cue discrimination. On the final day, mice were trained
to shift their strategy to now follow the visual cue to obtain food rewards.
The location of the visual cue and the position of the start arm were again
varied pseudorandomly so that their frequency was balanced across
blocks of 12 consecutive trials. The training and response criteria for the
shift-to-visual-cue discrimination were identical to those during re-
sponse discrimination. Gabapentin (day 7 of treatment; day 21 after
surgery) or clonidine (day 21 after surgery) was delivered 1 h before
set-shifting. Animals were timed while undergoing set-shifting to ac-
count for any differences in locomotor or motivational behaviors due to
analgesic treatment.

Performance and error analysis. For each of the two test days, we ana-
lyzed the total number of trials to criterion and the number of probe trials
required to reach criterion. For the shift-to-visual-cue discrimination,
errors were scored as entries into arms that did not contain the visual cue,
and they were further broken down into three subcategories to determine
whether the animals’ treatment altered the ability to either shift from the
previously learned strategy (perseverative errors [PEs]), or to maintain
the new strategy after perseveration had ceased (regressive errors [REs],
or never-reinforced errors [NREs]). To detect shifts in the strategies
animals used, trials were separated into consecutive blocks of four trials
each. A PE occurred when a mouse made the same egocentric response as
required during the response discrimination, but which was opposite to
the direction of the arm containing the visual cue. Six of every 12 con-
secutive trials required the mouse to respond in this manner. A PE was
scored when the mouse entered the incorrect arm on three or more trials
per block of 4 trials. Once the mouse made fewer than three PEs in a
block, all subsequent errors of the same type were now scored as REsFigure 3. Pain relief with gabapentin worsens attentional set-shifting performance in SNI

and sham mice. A, Gabapentin was administered twice daily (100 mg/kg) for 7 d, a dose deter-
mined to alleviate tactile allodynia without impairing motor function (Figure 3-1, available at
https://doi.org/10.1523/JNEUROSCI.0713-18.2018.f3-1). The last injection was delivered �1
h before set-shifting. Gabapentin significantly impaired SNI- and Sham-treated animals. B, SNI
animals treated with gabapentin made significantly more NRE, RE, and OE compared with
vehicle-treated sham controls. C, Gabapentin reversed mechanical (Figure legend continues.)

4

(Figure legend continued.) withdrawal thresholds when tested on days 3 and 7 of its 7 day
administration period. Two-way ANOVA with Bonferroni multiple comparisons: ****p �
0.0001; ***p � 0.001; **p � 0.01; *p � 0.05.
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because at this point the mouse was following an alternative strategy at
least half of the time. So-called NREs were scored when a mouse entered
the incorrect arm on trials where the visual cue was placed on the same
side that the mouse had been trained to enter on the previous day. Other
error (OE) types were scored when the mouse made an error that did not
fit a PE, RE, or NRE pattern. Together, these error types provide insight
into whether SNI and/or analgesics alter the ability of animals to shift
strategies (PE) and/or to maintain the new strategy (NRE, RE).

Experimental design and data presentation. All set-shifting experiments
were done on cohorts of male and female animals that were run over the
course of 12 months. For male animals, there were �8 treatment groups:
SNI � vehicle (i.p. injection), SNI � clonidine, SNI � metformin, SNI �
gabapentin and sham � vehicle, sham � clonidine, sham � metformin,
sham � gabapentin. Animals in each group were staggered, and groups
were run in a balanced manner. The SNI � vehicle and sham � vehicle
groups are shown in each figure for comparison with drug-treated
groups.

Immunohistochemistry
All mice were perfused at 3 weeks after surgery (the day after analgesic
treatment and/or set-shifting) except for one additional group of met-
formin and vehicle-treated animals that were perfused 14 d after treat-
ment (5 weeks after surgery). Mice were deeply anesthetized with a
mixture of ketamine (80 mg/kg) and xylazine (12 mg/kg; i.p.) and then
transcardially perfused with 1� PBS (4°C, pH 7.4) followed by 10%
formalin in 0.1 M phosphate buffer (PB; 4°C, pH 7.4) using a perfusion
pump. Flow rate (5 ml/min) and perfusion time (�5 min) were carefully
controlled so that each animal received 25 ml of fixative. Brains were
postfixed in 10% formalin for 1 h and then transferred to a 10% sucrose
in 0.1 M PB solution. Once the brains sunk in 10% sucrose, they were
transferred to a 30% sucrose in 0.1 M PB. A needle was then placed
through the length of the left side of the brain to demarcate the left
(ipsilateral to SNI) hemisphere. Brains were then placed in an embedding
mold (Thermo Fisher Scientific; 18 –30), immersed in OCT, and frozen
over dry ice. Coronal sections (30 �m) were cut using a cryostat and
collected in serial order in a 12-well plate containing 0.1 M PB. Free
floating sections were then washed in 0.1 M PB and then incubated in
blocking solution (10% normal goat serum, 0.3% Triton X-100 in 0.1 M

PB) for 1 h at room temperature with gentle rocking/agitation. Sections
were incubated in primary antibodies diluted in blocking solution for 3 h
at room temperature. The primary antibodies used were as follows:
rabbit-anti-PV (Swant, catalog #PV 25 RRID:AB_10000344; 1:2000
working dilution) and mouse-anti-ankyrin-G (University of California–
Davis/National Institutes of Health NeuroMab Facility, clone N106/36
RRID:AB_10673030; 2 �g/ml working concentration). Sections were
washed 5 times in 0.1 M PB and then incubated in secondary antibody
(1:2000 each) diluted in blocking solution containing DAPI (1:5000
working dilution) for 1 h at room temperature. The secondary antibodies
used were as follows: goat-anti-rabbit 555 H&L (Thermo Fisher Scien-
tific, A21429) and goat-anti-mouse 488 IgG2a (Thermo Fisher Scientific,
A21131). Following secondary incubation, sections were washed 5 times
in 0.1 M PB, mounted onto glass slides, coverslipped using Prolong Gold
Antifade (Thermo Fisher Scientific, P36930), and sealed with nail polish
once cured.

Image analysis
PV. A low-magnification (2�) image of each section was first acquired
using an Olympus slide scanner (VS120). Section morphology was com-
pared with the mouse brain atlas (Franklin and Paxinos, 2008) and
boundaries were then drawn (the same size) around the dorsal anterior
cingulate (Cg1), prelimbic (PrL), and infralimbic (IL) cortices, and a
minimum of 3 images at 20� magnification were acquired for each
region and for each animal. All images were converted to tiff format with
randomized file names (for blinding) and analyzed in ImageJ. PV-
positive cells were manually counted using the cell counter tool, and
DAPI was auto-counted using the “analyze particles” feature. Ratios (PV/
total DAPI) were calculated, averaged (3 images per animal), and nor-
malized to the sham condition.

AIS-ankyrin-G antibody. A minimum of 3 z-stacked images of Cg1,
PrL, and IL were acquired at 40� magnification for each animal using an

Figure 4. Metformin reverses pain-related impairment in cognitive flexibility. A, Metformin
delivered once daily (200 mg/kg i.p.) for 7 d completely reversed the pain-related deficit in
set-shifting performance. B, Metformin-treated SNI animals made significantly less NRE and OE
compared with SNI vehicle-treated controls and performed similarly to sham animals. C, Met-
formin reverses mechanical hypersensitivity with 7 d of daily injections. Two-way ANOVA with
Bonferroni. Significant comparisons between the SNI vehicle group and the SNI metformin
group: ‡SNI � veh and SNI � metformin. Significantly different compared with sham controls:
****p � 0.0001; **p � 0.01; *p � 0.05.
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Olympus confocal microscope (FV1200). Images were converted to tiff
format with randomized file names (for blinding). For each image, 30
segments were analyzed in layers 2/3 and layers 5/6 in CellSens (Olym-
pus) using the polyline measure tool. Length measurements were aver-
aged (3 images per animal); 100� images are also shown in the figures.

Data analysis and statistics
Graphs and statistical analyses were generated using Prism version 7.01
(GraphPad Software). Statistical differences between groups were as-
sessed using one- and two-way ANOVAs with Bonferroni as indicated in
the text and figure captions. Because of the double normalization of the
PV effect (once to DAPI, and once to the Sham condition), we chose to
analyze each hemisphere individually, whereas the raw AIS data are an-
alyzed together. Comparisons between each treatment and the SNI �
vehicle group are shown. All statistics, including F and exact p values,
are shown in Tables 1, 2, 3, and 4. All data are represented as mean �
SEM, with p � 0.05 considered significant. Sample sizes are displayed
in the graphs of each figure. The raw data files can be found at
www.utdallas.edu/bbs/painneurosciencelab/projects/PFC_pain/.

Results
SNI causes a significant impairment in attentional set-shifting
performance that is greater in males than in females
We used an attentional set-shifting task (Fig. 1A) to investigate
cognitive impairments that occur in the mouse SNI model of
persistent neuropathic pain. Male and female mice showed no
differences on retest day, indicating that surgery had no effect on
retention of response training (Fig. 1B). SNI significantly im-
paired the ability of both male and female mice to switch strate-
gies in the attentional set-shifting task (Fig. 1B). Male SNI mice
made significantly more NREs, REs, and OEs compared with
male sham controls, suggesting there was a deficit in the mainte-

nance of the new strategy (Fig. 1C). Females made significantly
more OEs compared with female sham controls (Fig. 1C). Unex-
pectedly, we observed a strong sexual dimorphism in the cogni-
tive effects of neuropathic pain. Female SNI mice were impaired
in the attentional set-shifting task compared with female sham
controls but required significantly fewer trials to reach criterion
compared with male SNI mice (Fig. 1B). In addition, female SNI
mice made significantly fewer NREs and REs compared with
male SNI mice (Fig. 1C). Given the robust effect of pain on atten-
tional set-shifting performance in male mice, we chose to con-
tinue our behavioral studies in male animals.

Acute analgesia with clonidine fails to reverse deficits in
attentional set-shifting induced by neuropathic pain
Next, we assessed the effects of acute pain relief with clonidine on
set-shifting performance. We chose clonidine because this drug is
an effective acute analgesic in humans; and when given intrathe-
cally to rodents, it promotes relief of mechanical hypersensitivity
and spontaneous pain (King et al., 2009) through an action on
�2-adrenergic receptors (Wilcox et al., 1987). All groups showed
similar behaviors on retest day (Fig. 2A), indicating that surgery
had no effect on retention of response training. Clonidine was
administered 1 h before the start of set-shifting at a dose of 10
�g/5 �l. In a subset of mice, we empirically verified that this dose
completely alleviates mechanical hypersensitivity over the time
course of the set-shifting experiment (Fig. 2C). Clonidine had no
effect on set-shifting performance (Fig. 2A). Vehicle- and clonidine-
treated SNI animals made significantly more NREs and OEs com-
pared with sham controls (Fig. 2B).

Figure 5. PV expression is reduced in the ipsilateral IL of SNI mice. A, Representative 20� images showing PV loss in the IL of SNI male mice. B, Male SNI mice showed a significant loss of PV in
the IL ipsilateral to injury (left hemisphere), which was confined to cortical layers 5/6. C, Female SNI mice showed no PV loss in the IL. The PrL (D) and Cg1 (E) cortices showed no loss in PV. F,
Gabapentin treatment (100 mg/kg twice daily for 7 d) reversed the PV loss in male SNI mice. G, Metformin treatment (200 mg/kg once daily for 7 d) had no effect on PV loss. This effect was not
dependent on when the tissue was collected: 1 or 14 d after treatment (tx). One- or two-way ANOVA with Bonferroni with all groups compared with the SNI � vehicle group: ***p � 0.001; **p �
0.01; *p � 0.05.
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Pain relief by gabapentin does not reverse, but further
impairs, pain-related deficits in attentional set-shifting
performance
Gabapentin was delivered systemically twice daily (injections in
the morning and evening) for 7 d to assess the effects of gabap-
entin on cognitive function. Gabapentin dose–response curves
for tactile allodynia and motor behavior on the rotarod were
generated before experimentation and revealed that a single in-
jection of 100 mg/kg gabapentin improved mechanical with-
drawal thresholds for �6.5 h and had no effect on motor
coordination (Fig. 3-1, available at https://doi.org/10.1523/
JNEUROSCI.0713-18.2018.f3-1). In the set-shifted gabapentin
mice, mechanical withdrawal thresholds were measured on days
1, 3, 6 (retest day), and 7 (set-shifting day) �1 h after the first
injection of that day. Retest took place on day 6 of gabapentin
treatment, and no differences between groups were found at this
time point (Fig. 3A). The final dose of gabapentin was delivered
�1 h before set-shifting. Sham and SNI animals treated with
gabapentin were significantly more impaired in the attentional
set-shifting task than vehicle-treated controls (Fig. 3A). SNI ani-
mals treated with gabapentin made significantly more NREs,
REs, and OEs, indicating that they had difficulties in maintaining
the new strategy (Fig. 3B). Gabapentin treatment completely re-
versed mechanical hypersensitivity at all four time points tested
(Fig. 3C). Therefore, although gabapentin led to a robust antino-

ciceptive effect, it failed to reduce deficits in cognitive flexibility
and induced deficits on its own in sham mice.

Metformin treatment reverses pain-induced impairments in
attentional set-shifting performance
The clinically used AMPK activator metformin was delivered
once daily for 7 d to achieve reversal of persistent neuropathic
pain, as we have previously shown (Melemedjian et al., 2011,
2013). There were no differences between groups on retest day
(Fig. 4A; final day of metformin treatment). Metformin-treated
SNI animals showed a significant reduction in the number of
trials to criterion compared with the SNI-vehicle group (Fig. 4A).
Metformin also reduced the number of errors to levels of sham-
treated animals (Fig. 4B) and completely reversed SNI-induced
mechanical hypersensitivity (Fig. 4C). Thus, in contrast to a sin-
gle intrathecal dose of clonidine or 7 d of systemic dosing with
gabapentin, 7 d systemic dosing with metformin reversed pain-
induced cognitive impairment in male mice.

Persistent neuropathic pain reduces PV expression in the left
infralimbic subregion of the mPFC, which is reversed by
gabapentin treatment
Alterations in the excitation-inhibition balance affect mPFC-
dependent behaviors, including attentional set-shifting (Phensy
et al., 2017a,b). PV-expressing interneurons represent a signifi-

Figure 6. SNI causes a reduction in AIS length in the IL, an effect that is partially reversed by metformin. A, Representative 40� and 100� images showing AIS staining in the IL. B, Male SNI mice
had significantly shorter AISs in the ipsilateral and contralateral IL, which was confined to cortical layers 5/6. C, Female SNI mice did not show a significant reduction in AIS length in the IL. There were
no changes observed in AIS length in the PrL (D) or Cg1 (E) subregions of male SNI mice. F, Gabapentin treatment had no effect on AIS length in the IL. G, Metformin treatment reversed the loss in
the ipsilateral IL, but not contralateral IL, when assessed 1 d after treatment but reversed it in both hemispheres when assessed 14 d after treatment. Two-way ANOVA with Bonferroni with all groups
compared with the SNI � vehicle group: **p � 0.01; *p � 0.05.

Shiers et al. • Neuropathic Pain’s Impact on the Prefrontal Cortex J. Neurosci., August 15, 2018 • 38(33):7337–7350 • 7343

https://doi.org/10.1523/JNEUROSCI.0713-18.2018.f3-1
https://doi.org/10.1523/JNEUROSCI.0713-18.2018.f3-1


cant portion of GABAergic cells in the mPFC, and there is evi-
dence that their function may be affected by both acute or chronic
pain (Ji et al., 2010; Ji and Neugebauer, 2011; Zhang et al., 2015).
Therefore, we next sought to determine whether SNI altered
PV expression in areas of the frontal cortex. We performed a
subregion-specific analysis of PV immunoreactivity in the IL and
PrL regions of the mPFC, as well as the Cg1 region in the hemi-
spheres both ipsilateral (left) and contralateral (right) to the in-
jured leg at 3 weeks after nerve injury (Fig. 5). PV-positive cell
counts, which were normalized to DAPI in all experiments, were
significantly reduced in the ipsilateral IL, and this effect was lo-
calized to lamina 5/6 (L5/6) in male mice (Fig. 5A,B). Given the
sexual dimorphism in set-shifting performance between male
and female SNI mice, we also assessed PV expression in females.
Additionally, male and female SNI mice showed no significant
differences in tactile allodynia (male SNI VF: 0.027 � 0.012, fe-
male SNI VF: 0.036 � 0.013; p � 0.9515). Female SNI and sham
mice did not show any changes in PV expression in the IL (Fig.
5C). There were no changes in PV expression in the PrL (Fig. 5D)
and Cg1 of male mice (Fig. 5E).

Gabapentin reversed the loss in PV expression (Fig. 5F),
whereas metformin-treated SNI animals showed no significant
difference relative to vehicle-treated SNI or sham control mice
(Fig. 5G). We hypothesized that metformin’s delayed action on
pain resolution may explain its neutral effect on PV loss. In con-
trast to gabapentin, metformin restores mechanical withdrawal
thresholds to baseline levels, even after the 7 d treatment period,
an effect that has been shown to last up to several months after the
end of drug treatment (Melemedjian et al., 2011; Shen et al., 2013;
Melemedjian and Khoutorsky, 2015; Khoutorsky and Price,
2018). Therefore, we collected mPFC tissue from metformin and
vehicle-treated animals 14 d after the 7 day treatment regimen.
However, these animals still showed only a minor improvement

in PV-positive cells relative to vehicle-treated SNI mice at the
same time point (Fig. 5G).

Metformin, but not gabapentin, reverses SNI-induced
changes in AIS length in the infralimbic cortex
Changes in AIS length have been linked to functional changes in
neuronal excitability wherein AIS lengthen in response to depri-
vation of afferent input to the neuron and shorten in response to
persistently augmented input (Grubb and Burrone, 2010; Kuba
et al., 2010; Grubb et al., 2011). Given that persistent pain may
dramatically alter inputs to the mPFC, as has been observed in
arthritic rats (Ji et al., 2010), we hypothesized that behavioral
changes may be coupled to morphological reorganization of
AISs in neuropathic pain. We assessed immunoreactivity for
ankyrin-G, which labels the AIS (Jones and Svitkina, 2016; Leter-
rier, 2018), in laminas 2/3 (L2/3) and L5/6 within the subregions
of the frontal cortex. SNI treatment in males significantly reduced
AIS length in L5/6 of the ipsilateral (left) and contralateral (right)
IL (Fig. 6A,B), but this effect was not apparent in female mice
(Fig. 6C) who showed only a small SNI-induced deficit in atten-
tional set-shifting. AIS length was not altered in the PrL (Fig. 6D)
nor the Cg1 subregions of the medial frontal cortex (Fig. 6E).

Seven day gabapentin treatment had no effect on AIS length
(Fig. 6F). On the other hand, 7 day metformin treatment (tissue
collected 1 d after the end of treatment) reversed the AIS loss in
the ipsilateral hemisphere, but not in the contralateral hemi-
sphere (Fig. 6G). However, when tissue was collected 14 d after
cessation of 7 day metformin treatment (to create a longer lasting
pain relief), a complete restoration of AIS length was observed in
both the ipsilateral and contralateral hemispheres of male mice
(Fig. 6G).

Table 1. Two-way ANOVA

Source of variation surgery/treatment Time/day, location, or error type Interaction

Figure Panel dfn,dfd F p dfn,dfd F p dfn,dfd F p

1 B 6,159 26.36 �0.0001 2,159 192.6 �0.0001 6,159 25.73 �0.0001
C 3,212 35.33 �0.0001 3,212 99.48 �0.0001 9,212 3.638 0.0003

2 A 3,117 11.56 �0.0001 2,117 116.5 �0.0001 6,117 12.78 �0.0001
B 3,156 9.559 �0.0001 3,156 29.15 �0.0001 9,156 0.7852 0.6303
C 1,14 57.67 �0.0001 1,14 87.57 �0.0001 1,14 57.67 �0.0001

3 A 3,126 22.16 �0.0001 2,126 273 �0.0001 6,126 22.48 �0.0001
B 3,168 19.13 �0.0001 3,168 59.04 �0.0001 9,168 1.628 0.1109
C 2,75 90.7 �0.0001 3,75 61.91 �0.0001 6,75 17.73 �0.0001

3-1 A 3,135 119.8 �0.0001 14,135 17.38 �0.0001 42,135 6.527 �0.0001
B 3,126 1.69 0.1726 13,126 0.6727 0.7866 39,126 0.441 0.9979

4 A 3,141 15.06 �0.0001 2,141 108.9 �0.0001 6,141 13.08 �0.0001
B 3,188 23.32 �0.0001 3,188 52.63 �0.0001 9,188 2.793 0.0043
C 3,132 123.8 �0.0001 7,132 4.318 0.0002 21,132 5.269 �0.0001

5 B, ipsilateral 1,24 0.4318 0.5174 1,24 8.15 0.0087 1,24 8.15 0.0087
B, contralateral 1,24 0.0077 0.9305 1,24 1.991 0.1711 1,24 1.991 0.1711
C, ipsilateral 1,18 0.5319 0.4752 1,18 0.034 0.8558 1,18 0.034 0.8558
C, contralateral 1,18 0.5672 0.8145 1,18 0.6741 0.4224 1,18 0.6741 0.4224
D, ipsilateral 1,24 0.4858 0.4925 1,24 1.276 0.2697 1,24 1.276 0.2697
D, contralateral 1,24 0.0396 0.8440 1,24 0.3442 0.5629 1,24 0.3442 0.5629
E, ipsilateral 1,24 0.012 0.9137 1,24 0.3846 0.5410 1,24 0.3846 0.5410
E, contralateral 1,24 3.895 0.0600 1,24 0.2506 0.6212 1,24 0.2506 0.6212

6 B 1,40 14.69 0.0004 3,40 7.05 0.0006 3,40 2.229 0.997
C 3,36 9.207 0.0001 1,36 0.2264 0.6371 3,36 0.85 0.4758
D, PrL 1,40 0.4426 0.8344 3,40 1.571 0.2115 3,40 0.4723 0.7033
E, Cg1 1,40 0.3194 0.5751 3,40 2.593 0.0660 3,40 0.1515 0.9281
F, GP 3,36 9.207 0.0001 1,36 0.2264 0.6371 3,36 0.85 0.4758
G, met 5,60 12.19 �0.0001 1,60 0.02826 0.8671 5,60 0.5204 0.7598

aGP, Gabapentin; met, metformin.
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Table 2. Two-way ANOVA Bonferroni comparisonsa

Figure Comparison p Figure Comparison p Figure Comparison p

1B Response 2B PE Sham/gp versus SNI/gp 0.0308
Male Sham versus female Sham 	0.9999 Sham/veh versus Sham/clonidine 	0.9999 SNI/veh versus SNI/gp 0.6045
Male Sham versus male SNI 	0.9999 Sham/veh versus SNI/veh 	0.9999 OE
Male Sham versus female SNI 	0.9999 Sham/veh versus SNI/clonidine 	0.9999 Sham/veh versus Sham/gp 0.0638
Female Sham versus male SNI 	0.9999 Sham/clonidine versus SNI/veh 	0.9999 Sham/veh versus SNI/veh 0.0023
Female Sham versus female SNI 	0.9999 Sham/clonidine versus SNI/clonidine 	0.9999 Sham/veh versus SNI/gp 0.0001
Male SNI versus female SNI 0.9606 SNI/veh versus SNI/clonidine 	0.9999 Sham/gp versus SNI/veh 	0.9999
Retest NRE Sham/gp versus SNI/gp 	0.9999
Male Sham versus female Sham 	0.9999 Sham/veh versus Sham/clonidine 	0.9999 SNI/veh versus SNI/gp 	0.9999
Male Sham versus male SNI 	0.9999 Sham/veh versus SNI/veh 0.0031 3C Sham/veh versus Sham/gp BL 	0.9999
Male Sham versus female SNI 	0.9999 Sham/veh versus SNI/clonidine 0.0484 Sham/veh versus SNI/gp BL 	0.9999
Female Sham versus male SNI 	0.9999 Sham/clonidine versus SNI/veh 0.9600 Sham/gp versus SNI/gp BL 	0.9999
Female Sham versus female SNI 	0.9999 Sham/clonidine versus SNI/clonidine 	0.9999 Sham/veh versus Sham/gp 2 weeks �0.0001
Male SNI versus female SNI 	0.9999 SNI/veh versus SNI/clonidine 	0.9999 Sham/veh versus SNI/gp 2 weeks 	0.9999
Set shifting RE Sham/gp versus SNI/gp 2 weeks �0.0001
Male Sham versus female Sham 0.4802 Sham/veh versus Sham/clonidine 	0.9999 Sham/veh versus Sham/gp day 3 �0.0001
Male Sham versus male SNI �0.0001 Sham/veh versus SNI/veh 0.6474 Sham/veh versus SNI/gp day 3 �0.0001
Male Sham versus female SNI 0.0443 Sham/veh versus SNI/clonidine 0.1373 Sham/gp versus SNI/gp day 3 0.4812
Female Sham versus male SNI �0.0001 Sham/clonidine versus SNI/veh 	0.9999 Sham/veh versus Sham/gp day 7 �0.0001
Female Sham versus female SNI 0.0246 Sham/clonidine versus SNI/clonidine 0.5320 Sham/veh versus SNI/gp day 7 �0.0001
Male SNI versus female SNI �0.0001 SNI/veh versus SNI/clonidine 	0.9999 Sham/gp versus SNI/gp day 7 0.9212

1C PE OE 4A Response
Male Sham versus female Sham 	0.9999 Sham/veh versus Sham/clonidine 0.7358 Sham/veh versus Sham/met 	0.9999
Male Sham versus male SNI 0.5887 Sham/veh versus SNI/veh 0.0051 Sham/veh versus SNI/veh 	0.9999
Male Sham versus female SNI 	0.9999 Sham/veh versus SNI/clonidine 0.0173 Sham/veh versus SNI/met 	0.9999
Female Sham versus male SNI 0.2217 Sham/clonidine versus SNI/veh 	0.9999 Sham/met versus SNI/veh 	0.9999
Female Sham versus female SNI 	0.9999 Sham/clonidine versus SNI/clonidine 	0.9999 Sham/met versus SNI/met 	0.9999
Male SNI versus female SNI 0.2217 SNI/veh versus SNI/clonidine 	0.9999 SNI/veh versus SNI/met 	0.9999
NRE 2C SNI/veh versus SNI/clonidine BL 	0.9999 Retest
Male Sham versus female Sham 0.3472 SNI/veh versus SNI/clonidine inj �0.0001 Sham/veh versus Sham/met 	0.9999
Male Sham versus male SNI �0.0001 3A Response Sham/veh versus SNI/veh 	0.9999
Male Sham versus female SNI 	0.9999 Sham/veh versus Sham/gp 0.8412 Sham/veh versus SNI/met 	0.9999
Female Sham versus male SNI �0.0001 Sham/veh versus SNI/veh 	0.9999 Sham/met versus SNI/veh 	0.9999
Female Sham versus female SNI 	0.9999 Sham/veh versus SNI/gp 	0.9999 Sham/met versus SNI/met 	0.9999
Male SNI versus female SNI �0.0001 Sham/gp versus SNI/veh 0.3236 SNI/veh versus SNI/met 	0.9999
RE Sham/gp versus SNI/gp 	0.9999 Set shifting
Male Sham versus female Sham 	0.9999 SNI/veh versus SNI/gp 	0.9999 Sham/veh versus Sham/met 	0.9999
Male Sham versus male SNI 0.0792 Retest Sham/veh versus SNI/veh �0.0001
Male Sham versus female SNI 	0.9999 Sham/veh versus Sham/gp 	0.9999 Sham/veh versus SNI/met 0.1152
Female Sham versus male SNI 0.0028 Sham/veh versus SNI/veh 	0.9999 Sham/met versus SNI/veh �0.0001
Female Sham versus female SNI 	0.9999 Sham/veh versus SNI/gp 	0.9999 Sham/met versus SNI/met 	0.9999
Male SNI versus female SNI 0.0052 Sham/gp versus SNI/veh 	0.9999 SNI/veh versus SNI/met �0.0001
OE Sham/gp versus SNI/gp 	0.9999 4B PE
Male Sham versus female Sham 	0.9999 SNI/veh versus SNI/gp 	0.9999 Sham/veh versus Sham/met 	0.9999
Male Sham versus male SNI �0.0001 Set shifting Sham/veh versus SNI/veh 0.8697
Male Sham versus female SNI 0.0107 Sham/veh versus Sham/gp 0.006 Sham/veh versus SNI/met 	0.9999
Female Sham versus male SNI �0.0001 Sham/veh versus SNI/veh �0.0001 Sham/met versus SNI/veh 	0.9999
Female Sham versus female SNI 0.0241 Sham/veh versus SNI/gp �0.0001 Sham/met versus SNI/met 	0.9999
Male SNI versus female SNI 0.2543 Sham/gp versus SNI/veh 0.0001 SNI/veh versus SNI/met 0.7763

2A Response Sham/gp versus SNI/gp �0.0001 NRE
Sham/veh versus Sham/clonidine 	0.9999 SNI/veh versus SNI/gp 0.0002 Sham/veh versus Sham/met 0.2788
Sham/veh versus SNI/veh 	0.9999 3B PE Sham/veh versus SNI/veh �0.0001
Sham/veh versus SNI/clonidine 	0.9999 Sham/veh versus Sham/gp 	0.9999 Sham/veh versus SNI/met 	0.9999
Sham/clonidine versus SNI/veh 	0.9999 Sham/veh versus SNI/veh 	0.9999 Sham/met versus SNI/veh �0.0001
Sham/clonidine versus SNI/clonidine 	0.9999 Sham/veh versus SNI/gp 	0.9999 Sham/met versus SNI/met 	0.9999
SNI/veh versus SNI/clonidine 	0.9999 Sham/gp versus SNI/veh 	0.9999 SNI/veh versus SNI/met �0.0001
Retest Sham/gp versus SNI/gp 	0.9999 RE
Sham/veh versus Sham/clonidine 	0.9999 SNI/veh versus SNI/gp 	0.9999 Sham/veh versus Sham/met 	0.9999
Sham/veh versus SNI/veh 	0.9999 NRE Sham/veh versus SNI/veh 0.1732
Sham/veh versus SNI/clonidine 	0.9999 Sham/veh versus Sham/gp 	0.9999 Sham/veh versus SNI/met 	0.9999
Sham/clonidine versus SNI/veh 	0.9999 Sham/veh versus SNI/veh 0.0031 Sham/met versus SNI/veh 0.1397
Sham/clonidine versus SNI/clonidine 	0.9999 Sham/veh versus SNI/gp �0.0001 Sham/met versus SNI/met 	0.9999
SNI/veh versus SNI/clonidine 	0.9999 Sham/gp versus SNI/veh 0.3038 SNI/veh versus SNI/met 0.1613
Set shifting Sham/gp versus SNI/gp 0.0013 OE
Sham/veh versus Sham/clonidine 0.4802 SNI/veh versus SNI/gp 0.0903 Sham/veh versus Sham/met 	0.9999
Sham/veh versus SNI/veh �0.0001 RE Sham/veh versus SNI/veh �0.0001
Sham/veh versus SNI/clonidine �0.0001 Sham/veh versus Sham/gp 	0.9999 Sham/veh versus SNI/met 0.4018
Sham/clonidine versus SNI/veh 0.0010 Sham/veh versus SNI/veh 0.5220 Sham/met versus SNI/veh 0.0990
Sham/clonidine versus SNI/clonidine 0.0056 Sham/veh versus SNI/gp 0.0159 Sham/met versus SNI/met 	0.9999
SNI/veh versus SNI/clonidine 	0.9999 Sham/gp versus SNI/veh 0.6088 SNI/veh versus SNI/met 0.0188

aveh, Vehicle; GP, gabapentin; met, metformin; BL � baseline.
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Table 3. Two-way ANOVA Bonferroni comparisonsa

Figure Comparison p Figure Comparison p

4C Sham/veh versus Sham/met �0.9999 5B, ipsilateral L2/L3 ipsilateral Sham/veh versus SNI/veh, IL 0.2666
Sham/veh versus SNI/veh BL 0.6866 L5/L6 ipsilateral Sham/veh versus SNI/veh ipsilateral, IL 0.0408
Sham/veh versus SNI/met BL 0.5082 5B, contralateral L2/L3 contralateral Sham/veh versus SNI/veh, IL 0.7179
Sham/met versus SNI/veh BL 	0.9999 L5/L6 contralateral Sham/veh versus SNI/veh contralateral, IL 0.5994
Sham/met versus SNI/met BL 	0.9999 5C, ipsilateral L2/L3 ipsilateral Sham/veh versus SNI/veh, IL females 	0.9999
SNI/veh versus SNI/met BL 	0.9999 L5/L6 ipsilateral Sham/veh versus SNI/veh contralateral, IL Fem 	0.9999
Sham/veh versus Sham/met 14 	0.9999 5C, contralateral L2/L3 contralateral Sham/veh versus SNI/veh, IL females 0.9271
Sham/veh versus SNI/veh 14 �0.0001 L5/L6 contralateral Sham/veh versus SNI/veh contralateral, IL 	0.9999
Sham/veh versus SNI/met 14 �0.0001 5D, ipsilateral L2/L3 ipsilateral Sham/veh versus SNI/veh, PrL 0.4175
Sham/met versus SNI/veh 14 �0.0001 L5/L6 ipsilateral Sham/veh versus SNI/veh contralateral, PrL 	0.9999
Sham/met versus SNI/met 14 �0.0001 5D, contralateral L2/L3 contralateral Sham/veh versus SNI/veh, PrL 	0.9999
SNI/veh versus SNI/met 14 	0.9999 L5/L6 contralateral Sham/veh versus SNI/veh contralateral, PrL 	0.9999
Sham/veh versus Sham/met 15 	0.9999 5E, ipsilateral L2/L3 ipsilateral Sham/veh versus SNI/veh, Cg1 	0.9999
Sham/veh versus SNI/veh 15 �0.0001 L5/L6 ipsilateral Sham/veh versus SNI/veh contralateral, Cg1 0.9006
Sham/veh versus SNI/met 15 �0.0001 5E, contralateral L2/L3 contralateral Sham/veh versus SNI/veh, Cg1 0.8647
Sham/met versus SNI/veh 15 �0.0001 L5/L6 contralateral Sham/veh versus SNI/veh contralateral, Cg1 0.3809
Sham/met versus SNI/met 15 �0.0001 6B L2/L3 ipsilateral Sham/veh versus SNI/veh, IL 0.9231
SNI/veh versus SNI/met 15 0.9150 L5/L6 ipsilateral Sham/veh versus SNI/veh ipsilateral, IL 0.0067
Sham/veh versus Sham/met 16 	0.9999 L2/L3 contralateral Sham/veh versus SNI/veh, IL 	0.9999
Sham/veh versus SNI/veh 16 �0.0001 L5/L6 contralateral Sham/veh versus SNI/veh contralateral, IL 0.0230
Sham/veh versus SNI/met 16 0.0436 6C L2/L3 ipsilateral Sham/veh versus SNI/veh, IL 0.0908
Sham/met versus SNI/veh 16 �0.0001 L5/L6 ipsilateral Sham/veh versus SNI/veh contralateral, IL 0.7201
Sham/met versus SNI/met 16 0.0090 L2/L3 contralateral Sham/veh versus SNI/veh, IL 0.2153
SNI/veh versus SNI/met 16 0.0043 L5/L6 contralateral Sham/veh versus SNI/veh contralateral, IL 0.1695
Sham/veh versus Sham/met 17 	0.9999 6D Sham/veh versus SNI/veh ipsilateral L2/L3, PrL 	0.9999
Sham/veh versus SNI/veh 17 �0.0001 Sham/veh versus SNI/veh ipsilateral L5/L6, PrL 	0.9999
Sham/veh versus SNI/met 17 	0.9999 Sham/veh versus SNI/veh contralateral L2/L3, PrL 	0.9999
Sham/met versus SNI/veh 17 �0.0001 Sham/veh versus SNI/veh contralateral L5/L6, PrL 	0.9999
Sham/met versus SNI/met 17 	0.9999 6E Sham/veh versus SNI/veh ipsilateral L2/L3, Cg1 	0.9999
SNI/veh versus SNI/met 17 �0.0001 Sham/veh versus SNI/veh ipsilateral L5/L6, Cg1 	0.9999
Sham/veh versus Sham/met 18 	0.9999 Sham/veh versus SNI/veh contralateral L2/L3, Cg1 	0.9999
Sham/veh versus SNI/veh 18 �0.0001 Sham/veh versus SNI/veh contralateral L5/L6, Cg1 	0.9999
Sham/veh versus SNI/met 18 0.6051 6F L5/L6 ipsilateral: SNI/veh versus Sham/veh, IL 0.0041
Sham/met versus SNI/veh 18 �0.0001 L5/L6 ipsilateral: SNI/veh versus Sham/gp, IL 0.0134
Sham/met versus SNI/met 18 0.4778 L5/L6 ipsilateral: SNI/veh versus SNI/gp, IL 	0.9999
SNI/veh versus SNI/met 18 �0.0001 L5/L6 contralateral: SNI/veh versus Sham/veh, IL 0.0143
Sham/veh versus Sham/met 19 0.3421 L5/L6 contralateral: SNI/veh versus Sham/gp, IL 	0.9999
Sham/veh versus SNI/veh 19 �0.0001 L5/L6 contralateral: SNI/veh versus SNI/gp, IL 	0.9999
Sham/veh versus SNI/met 19 	0.9999 6G L5/L6 ipsilateral: SNI/veh 1d versus Sham/veh, IL 0.0014
Sham/met versus SNI/veh 19 �0.0001 L5/L6 ipsilateral: SNI/veh 1d versus Sham/met 1d, IL 0.0058
Sham/met versus SNI/met 19 0.4576 L5/L6 ipsilateral: SNI/veh 1d versus SNI/met 1d, IL 0.0064
SNI/veh versus SNI/met 19 �0.0001 L5/L6 ipsilateral: SNI/veh 1d versus SNI/veh 14d, IL 	0.9999
Sham/veh versus Sham/met 21 	0.9999 L5/L6 ipsilateral: SNI/veh 1d versus SNI/met 14d, IL 0.0036
Sham/veh versus SNI/veh 21 �0.0001 L5/L6 contralateral: SNI/veh 1d versus Sham/veh, IL 0.0072
Sham/veh versus SNI/met 21 	0.9999 L5/L6 contralateral: SNI/veh 1d versus Sham/met 1d, IL 0.0291
Sham/met versus SNI/veh 21 �0.0001 L5/L6 contralateral: SNI/veh 1d versus SNI/met 1d, IL 0.9947
Sham/met versus SNI/met 21 	0.9999 L5/L6 contralateral: SNI/veh 1d versus SNI/veh 14d, IL 	0.9999
SNI/veh versus SNI/met 21 �0.0001 L5/L6 contralateral: SNI/veh 1d versus SNI/met 14d, IL 0.0218

3-1A BL: SNI/veh versus SNI/GP (100 mg/kg) 0.7862
SNI/gp 100 mg/kg comparison shown NC 2 week: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999

30 min: SNI/veh versus SNI/GP (100 mg/kg) 0.0083
1 h: SNI/veh versus SNI/GP (100 mg/kg) �0.0001
2 h: SNI/veh versus SNI/GP (100 mg/kg) �0.0001
3 h: SNI/veh versus SNI/GP (100 mg/kg) �0.0001
4 h: SNI/veh versus SNI/GP (100 mg/kg) �0.0001
5 h: SNI/veh versus SNI/GP (100 mg/kg) �0.0001
6 h: SNI/veh versus SNI/GP (100 mg/kg) �0.0001
6.5 h: SNI/veh versus SNI/GP (100 mg/kg) 0.0645
7 h: SNI/veh versus SNI/GP (100 mg/kg) 0.0919
7.5 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999

3-1B BL: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
SNI/gp 100 mg/kg comparison shown NC 2 week: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999

30 min: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
1 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
2 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999

(Table continues)
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Discussion
Chronic pain patients display frontal cortex-dependent cognitive
deficits, even when taking commonly prescribed analgesics (Ryan
et al., 1993; Eccleston, 1995; Karp et al., 2006; Dick and Rashiq,
2007; Schiltenwolf et al., 2014; Livingston-Thomas et al., 2015).
Pain-induced structural and functional changes in the PFC (Metz
et al., 2009; Ji et al., 2010; Blom et al., 2014; Zhang et al., 2015;
Kelly et al., 2016) likely contribute to these impairments. How-
ever, the exact nature of these changes is still unknown, and it is
unclear whether pain relief by existing therapeutics can reverse
these changes. We assessed the impact of neuropathic pain and
analgesics on behavioral and morphological measures of mPFC
function in male and female mice. Neuropathic pain impaired
attentional set-shifting, a task that in mice requires an intact
mPFC (Birrell and Brown, 2000), in a sex-specific manner. The
AMPK activator metformin reversed the deficits in male mice.
Clonidine and gabapentin had no effect, mimicking findings
from the clinical literature (Dick and Rashiq, 2007; Gálvez et al.,
2007; Povedano et al., 2007; Schiltenwolf et al., 2014).

Importantly, transient pain relief with a single dose of cloni-
dine was insufficient to alleviate SNI-induced deficits in set-
shifting. Based on this, we hypothesized that longer periods of
pain relief are required to restore cognitive function. We used
twice-daily injections of gabapentin to maintain pain relief and
mimic human dosing regimens. However, gabapentin worsened
set-shifting performance in both SNI and sham animals, indicat-
ing that the drug is inherently cognitively debilitating. Gabapen-
tin is the most commonly prescribed analgesic for neuropathic
pain despite its known side effects, which include drowsiness,
confusion, and depression (Food and Drug Administration,
2011; Finnerup et al., 2015). A cross-sectional analysis of 	1500
neuropathic pain patients revealed that, even after taking gabap-
entin for 3 months, patients still showed cognitive impairments,
physical disability, and diminished quality of life (Gálvez et al.,
2007; Povedano et al., 2007). Other commonly prescribed anal-
gesics, such as opioids, produce similar side effects and are
contraindicated for the management of pain and cognitive im-
pairment (Schiltenwolf et al., 2014).

Metformin and other AMPK activators reduce thermal and
mechanical hypersensitivity in rodents with neuropathic (Me-
lemedjian et al., 2011; Mao-Ying et al., 2014; Melemedjian and
Khoutorsky, 2015) and inflammatory pain (Burton et al., 2017),
an effect that lasts several months. Metformin normalizes trans-
lation regulatory pathways, translation machinery, and sodium
channel excitability in nociceptors (Melemedjian et al., 2011; Me-
lemedjian and Khoutorsky, 2015), suggesting that nociceptors
are a prime target of action. However, metformin has also been
shown to have positive central effects as it enhances memory
formation, neurogenesis, and angiogenesis in the brain (Wang et
al., 2012; Kim et al., 2013; Venna et al., 2014). Metformin may
also affect mPFC function through modulation of cholinergic
activity. Acetylcholine release in the mPFC strongly modulates
attention-demanding tasks (Passetti et al., 2000; Dalley et al.,
2001; Parikh et al., 2007; Howe et al., 2013; Bloem et al., 2014;
Naser and Kuner, 2017). SNI reduces M1-mediated depolarizing
currents in L5 pyramidal cells, contributing to mPFC deactiva-
tion (Naser and Kuner, 2017; Radzicki et al., 2017). Acetylcholine
activates AMPK in many cell types (Merlin et al., 2010; Kim et al.,
2013; Lee and Choi, 2013; Zhao et al., 2013); thus, a loss of cho-
linergic activity could diminish AMPK activity in the mPFC.
Conversely, AMPK activation has been shown to prevent
memory deficits induced by the muscarinic receptor antagonist
scopolamine and to protect against glutamatergic excitatory neu-
rotoxicity in neurons (Kim et al., 2013). Therefore, metformin
may restore cognitive function via AMPK activation in mPFC
neurons. However, based on our data, we cannot differentiate
whether metformin’s effects on pain-induced cognitive dysfunc-
tion result from a direct action on nociceptors or on cortical
circuitry.

Our work shows that neuropathic pain leads to a loss of PV
expression in L5/6 of the IL ipsilateral to SNI. A loss of PV is
found in several other disease pathologies, including schizophre-
nia, which are characterized by a loss of excitation-inhibition
balance in the PFC and disruptions in executive functions. The
loss of PV is thought to reflect persistent overstimulation of these
cells by glutamatergic inputs (Behrens et al., 2007). However, it

Table 3. Continued

Figure Comparison p Figure Comparison p

3 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
4 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
5 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
6 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
6.5 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
7 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999
7.5 h: SNI/veh versus SNI/GP (100 mg/kg) 	0.9999

aveh, Vehicle; GP, gabapentin; met, metformin; NC � neuropathic check.

Table 4. One-way ANOVA with Bonferronia

Figure Panel Between treatment (MS) Within treatment (MS) dfn,dfd F p Comparison p

5 F 2123 279.6 3,23 7.592 0.0011 SNI/veh versus Sham/veh 0.0088
SNI/veh versus Sham/GP 0.0047
SNI/veh versus SNI/GP 0.0006

5 G 1753 384.7 5,34 4.557 0.0027 SNI/veh versus Sham/veh 0.0382
SNI/veh versus Sham/met 0.0356
SNI/veh versus SNI/met 1d 0.8067
SNI/veh 1d versus SNI/veh 14d 	0.9999
SNI/veh 1d versus SNI/met 14 	0.9999

aveh, Vehicle; GP, gabapentin; met, metformin.
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seems unlikely that the loss of PV in the IL is a hallmark of SNI-
induced cognitive dysfunction because, even though gabapentin
reversed the loss of PV, it still negatively affected behavioral
outcomes. On the other hand, metformin treatment improved
behavioral outcomes but did not rescue PV expression. Never-
theless, PV� interneurons likely play a key role in some pain-
related cognitive impairments: In the mPFC, pain-induced
changes in feedforward-inhibition cause deactivation of the PrL
(Ji et al., 2010), and optogenetic activation of PV neurons in the
PrL increases pain responses (Zhang et al., 2015).

SNI also reduced AIS length in L5/6 of the IL in male mice.
Shortening of AIS may be a homeostatic mechanism to regulate
network activity in situations where excitatory neurotransmis-
sion is enhanced (Grubb and Burrone, 2010; Kuba et al., 2010;
Grubb et al., 2011). In a model of acute arthritis pain, projections
from a hyperactivated BLA have previously been shown to cause
PrL deactivation due to enhanced inhibition (Ji et al., 2010).
However, the vast majority of BLA afferents to the PrL and the IL
are onto pyramidal cells (Cheriyan et al., 2016), and BLA-evoked
inhibitory responses are always disynaptic (Ji et al., 2010; Cheri-
yan et al., 2016). Thus, the SNI-induced reduction in AIS length
in IL neurons may result from persistently enhanced glutamater-
gic inputs from upstream brain regions, including the BLA. Con-
sistent with this idea, neuropathic pain was shown to reduce the
intrinsic excitability of periaqueductal gray (PAG)-projecting py-
ramidal cells in the mPFC (Cheriyan and Sheets, 2018).

In addition to changes that emerge over time (acute vs chronic
pain), some changes in synaptic plasticity may also be region-
specific. In rats with acute arthritic pain, excitatory transmission
from putative BLA afferents in the PrL appeared to be unchanged
(Ji et al., 2010). Consistent with this, we also saw no changes in
AIS length in PrL neurons following SNI.

Importantly, gabapentin did not alter AIS length, whereas met-
formin normalized AIS length in the ipsilateral IL when assessed 1 d
after treatment and in both hemispheres 14 d after treatment. Be-
cause metformin also rescued behavioral performance, this indicates
that changes in AIS in the IL are correlated to cognitive dysfunction
in neuropathic pain. Such decreases in AIS length, coupled with
changes in dendritic spine density that have been described previ-
ously, may contribute to reductions in prefrontal cortical gray mat-
ter seen in human chronic pain patients (Apkarian et al., 2004;
Schmidt-Wilcke et al., 2005; Kuchinad et al., 2007; Davis et al., 2008;
Geha et al., 2008; Rodriguez-Raecke et al., 2009) and in SNI rats
(Seminowicz et al., 2009).

In addition to disruptions in cognitive processing, the changes
in AIS length may also implicate a dysfunctional PFC regulation
of the emotional or sensory components of pain via descending
projections to the amygdala and PAG, respectively (Berretta et al.,
2005; Ferreira et al., 2015; Cheriyan et al., 2016; David-Pereira et
al., 2016; Kiritoshi and Neugebauer, 2018). Regulation of the
central nucleus of the amygdala via a projection from the IL to the
intercalated cells (Berretta et al., 2005; Amir et al., 2011) is im-
paired in arthritic rats (Kiritoshi and Neugebauer, 2018). Simi-
larly, neuropathic pain reduces the intrinsic excitability and
excitatory inputs onto IL-PAG projection neurons (Cheriyan and
Sheets, 2018), likely modulating the descending pain system (Fer-
reira et al., 2015).

Finally, we observed a sexual dimorphism in mPFC dysfunc-
tion in neuropathic mice. Although exploring sexual dimor-
phisms was not a main objective of the current study, the finding
is compelling given known sex differences in chronic pain (Mogil
and Bailey, 2010). Male SNI mice displayed a robust deficit in
set-shifting performance coupled with a loss of PV expression

and AIS length in the IL. In contrast, female SNI mice were less
impaired and showed no change in PV expression nor AIS length.
While sexual dimorphisms in cognitive flexibility have been ob-
served in developmental and endocrinological studies, this is the
first description of a sexual dimorphism in cognitive dysfunction
in a rodent chronic pain model. However, in models of acute and
chronic stress, similar changes were found, with stressed males
showing stronger deficits in cognitive flexibility compared with
females (Laredo et al., 2015; Shields et al., 2016). Stressed male
rats also show a reduction in synapses and myelinated axons in
the deeper cortical laminae of IL (Csabai et al., 2018). Therefore,
it is possible that pain-induced stress contributes to our struc-
tural observations in this study. Recent findings have suggested
that stress may cause downregulation of �-opioid receptor sig-
naling in the brains of males but not females (Laredo et al., 2015).
Likewise, differences in the maturation of the mPFC during ad-
olescence may impart differential vulnerabilities to stressors,
such as neuropathic pain in males and females during adulthood
(Shansky et al., 2004; Lin et al., 2009; Willing and Juraska, 2015;
Drzewiecki et al., 2016).

Our findings indicate that metformin alleviates neuropathic
pain and cognitive deficits, suggesting that AMPK activators
should be pursued for the management of chronic pain.
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Infralimbic cortex activation increases c-fos expression in intercalated
neurons of the amygdala. Neuroscience 132:943–953. CrossRef Medline

Birrell JM, Brown VJ (2000) Medial frontal cortex mediates perceptual at-
tentional set-shifting in the rat. J Neurosci 20:4320 – 4324. CrossRef
Medline

Bloem B, Poorthuis RB, Mansvelder HD (2014) Cholinergic modulation of
the medial prefrontal cortex: the role of nicotinic receptors in attention
and regulation of neuronal activity. Front Neural Circuits 8:17. CrossRef
Medline

Blom SM, Pfister JP, Santello M, Senn W, Nevian T (2014) Nerve injury-
induced neuropathic pain causes disinhibition of the anterior cingulate
cortex. J Neurosci 34:5754 –5764. CrossRef Medline

Burton MD, Tillu DV, Mazhar K, Mejia GL, Asiedu MN, Inyang K, Hughes T,
Lian B, Dussor G, Price TJ (2017) Pharmacological activation of AMPK
inhibits incision-evoked mechanical hypersensitivity and the develop-
ment of hyperalgesic priming in mice. Neuroscience 359:119 –129.
CrossRef Medline

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative
assessment of tactile allodynia in the rat paw. J Neurosci Methods 53:55–
63. CrossRef Medline

Cheriyan J, Sheets PL (2018) Altered excitability and local connectivity of
mPFC-PAG neurons in a mouse model of neuropathic pain. J Neurosci
38:4829 – 4839. CrossRef Medline

Cheriyan J, Kaushik MK, Ferreira AN, Sheets PL (2016) Specific targeting of
the basolateral amygdala to projectionally defined pyramidal neurons in
prelimbic and infralimbic cortex. eNeuro 3:ENEURO.0002–16-2016.
CrossRef Medline
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