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Loss of M1 Receptor Dependent Cholinergic Excitation
Contributes to mPFC Deactivation in Neuropathic Pain
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In chronic pain, the medial prefrontal cortex (mPFC) is deactivated and mPFC-dependent tasks such as attention and working memory
are impaired. We investigated the mechanisms of mPFC deactivation in the rat spared nerve injury (SNI) model of neuropathic pain.
Patch-clamp recordings in acute slices showed that, 1 week after the nerve injury, cholinergic modulation of layer 5 (L5) pyramidal
neurons was severely impaired. In cells from sham-operated animals, focal application of acetylcholine induced a left shift of the
input/output curve and persistent firing. Both of these effects were almost completely abolished in cells from SNI-operated rats. The cause
of this impairment was an �60% reduction of an M1-coupled, pirenzepine-sensitive depolarizing current, which appeared to be, at least
in part, the consequence of M1 receptor internalization. Although no changes were detected in total M1 protein or transcript, both the
fraction of the M1 receptor in the synaptic plasma membrane and the biotinylated M1 protein associated with the total plasma membrane
were decreased in L5 mPFC of SNI rats. The loss of excitatory cholinergic modulation may play a critical role in mPFC deactivation in
neuropathic pain and underlie the mPFC-specific cognitive deficits that are comorbid with neuropathic pain.
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Introduction
Working memory and attention impairments accompany chronic
pain in patients (Moriarty et al., 2011; Baker et al., 2016) and in
animals (Pais-Vieira et al., 2009a; Ren et al., 2011), and animal mod-
els of persistent pain are characterized by functional deactivation of
the medial prefrontal cortex (mPFC) (Metz et al., 2009; Neugebauer
et al., 2009; Pais-Vieira et al., 2009b; Ji et al., 2010; Lee et al., 2015;
Zhang et al., 2015; Kelly et al., 2016), although the mechanisms of the

deactivation remain largely unexplored. The mPFC receives and in-
tegrates synaptic inputs from sensory areas (Vertes et al., 2007) and
limbic regions (Vertes, 2006), which impart emotional salience onto
peripheral stimuli, and modulatory afferents from regions such as
the nucleus basalis of the basal forebrain (Mesulam et al., 1983),
which provide cholinergic input important for cue detection and
“allocation of processing resources” (Sarter and Bruno, 1997). The
more ventral subregions of the mPFC, the prelimbic (PL) and infra-
limbic (IL) cortices, receive hippocampal (Jay et al., 1989; Parent et
al., 2010), amygdalar, and thalamic glutamatergic inputs (Krettek
and Price, 1977; Vertes et al., 2007). Cholinergic afferents can acti-
vate excitatory networks in both layer 2/3 (L2/3) (Vidal and Chan-
geux, 1993) and L5 (Guillem et al., 2011) and the disruption of
cholinergic signaling in the mPFC has been shown to adversely affect
attentional processing and working memory tasks (Granon et al.,
1995). Pyramidal neurons in L5, which provide the main output of
the mPFC, receive these multiple inputs and create the reciprocal
connections thought to underlie working memory (Goldman-
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Significance Statement

The medial prefrontal cortex (mPFC) undergoes major reorganization in chronic pain. Deactivation of mPFC output is causally
correlated with both the cognitive and the sensory component of neuropathic pain. Here, we show that cholinergic excitation of
commissural layer 5 mPFC pyramidal neurons is abolished in neuropathic pain rats due to a severe reduction of a muscarinic
depolarizing current and M1 receptor internalization. Therefore, in neuropathic pain rats, the acetylcholine (ACh)-dependent
increase in neuronal excitability is reduced dramatically and the ACh-induced persisting firing, which is critical for working
memory, is abolished. We propose that the blunted cholinergic excitability contributes to the functional mPFC deactivation that is
causal for the pain phenotype and represents a cellular mechanism for the attention and memory impairments comorbid with
chronic pain.
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Rakic, 1995). Cortical cholinergic modulation is related to attention
and working memory (Croxson et al., 2011; Hasselmo and Sarter,
2011) and is mediated by both nicotinic and muscarinic receptors
(Mansvelder et al., 2006; Arroyo et al., 2014). In the mPFC, activa-
tion of postsynaptic M1 receptors modulates pyramidal cell excit-
ability through several mechanisms. It mediates a slow membrane
depolarization (Haj-Dahmane and Andrade, 1996; Kurowski et al.,
2015) that enhances temporal summation (Carr and Surmeier,
2007) and increases neuronal firing frequency (Satake et al., 2008).
M1 activation also facilitates a slow afterdepolarization (sADP)
(Haj-Dahmane and Andrade, 1997; 1999; Lei et al., 2014) which
promotes persistent firing (McQuiston and Madison, 1999). Acetyl-
choline (ACh) release in the mPFC correlates with temporally dis-
crete tasks such as successful cue detection (Parikh et al., 2007) and
with the persistent activity necessary for spatial working memory
(Jung et al., 1998; Romanides et al., 1999). Interestingly, these exec-
utive functions, which require cholinergic modulation of the medial
prefrontal circuitry, are impaired in different models of chronic pain
(Pais-Vieira et al., 2009a; Ji et al., 2010; Ren et al., 2011).

Because of the fundamental role of cholinergic modulation in
attention and memory tasks (Klinkenberg and Blokland, 2011; Arn-
sten and Rubia, 2012), we hypothesized that the increase in neuronal
excitability induced by cholinergic modulation is impaired in the
pain condition; if so, this may represent both a mechanism for cor-
tical deactivation and a cellular substrate for the mPFC-dependent
cognitive impairments. To assess this hypothesis, we used ex vivo
slices of rat PL mPFC to compare the effects of cholinergic modula-
tion in control animals and in the spared nerve injury (SNI) model of
neuropathic pain 1 week after neuropathic lesion. We focused on L5
pyramidal cells because these cells provide the main output to the
nucleus accumbens, the deactivation of which plays a causal role in
the neuropathic pain phenotype (Lee et al., 2015). We found that the
increased intrinsic excitability of L5 pyramidal neurons induced by
M1 receptor activation in sham animals was virtually abolished in
SNI animals. Although the total amount of M1 protein was unaf-

fected, both the level of M1 protein ex-
pressed at cell surface and the fraction
associated with the synaptic plasma mem-
brane (SPM) were reduced, suggesting re-
ceptor internalization as a mechanism for
the disruption of cholinergic modulation in
neuropathic pain.

Materials and Methods
Protocols. All experiments followed protocols
approved by the Northwestern University
Center for Comparative Medicine.

SNI model. Twenty-one- to 24-d-old male
Sprague Dawley rats were anesthetized using gas
anesthesia (isoflurane 2–3% and 30% N2O, 70%
O2). The left sciatic nerve was exposed at the level
of the trifurcation of the peroneal, tibial, and sural
branches. Both the peroneal and tibial nerves
were tightly ligated at 2 separate points �3 mm
apart using #6 sutures (Decosterd and Woolf,
2000). Sterile scissors were used to make cuts
within both suture points and the excised 3 mm
nerves were removed; the sural nerve was left in-
tact. The skin was then sutured and treated with
antibiotic ointment. Animals were placed under a
heating element until they regained conscious-
ness. A second group of animals received a sham
surgery. In this case, the nerves were exposed but
left untouched.

Behavioral testing. Seven days after SNI/sham
surgery, tactile withdrawal responses were mea-

sured by mechanically stimulating the left hindpaw (in the area correspond-
ing to sural nerve innervation) using von Frey hairs. Animals were placed in
a cage with a wire grid floor within an isolated room and allowed to habituate
for a minimum of 20 min. Filaments (Stoelting) of increasing force were
applied to the plantar surface of the hindpaw for a maximum of 6 s. Paw
withdrawal during application was recorded as a positive response. Fifty
percent response thresholds were calculated according to the method of
Chapman et al. (1998). SNI surgery induced a robust allodynic response in
all animals (Fig. 1).

Patch-clamp recordings in acute slices. Twenty-eight- to 31-d-old male
Sprague Dawley rats that had previously undergone either SNI or sham
surgery were anesthetized with an intraperitoneal injection of ketamine
and xylazine (100 and 20 mg/kg). The animals were then perfused with
an ice-cold N-methyl-D-glucamine (NMDG) solution containing the
following (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaH2CO3, 20
HEPES, 25 glucose, 2 thiourea, 5 Na L-ascorbate, 2 Na-pyruvate, 0.5
CaCl2, and 10 MgCl2, pH 7.32–7.4 (titrated with 4 N HCl and saturated
with 95% O2 and 5% CO2). The brain was removed from the skull in
ice-cold NMDG solution and cut just caudal to bregma. Then, 300-�m-
thick coronal slices were cut using a vibro-slicer (Leica VT-1200), stored
for �20 min at 35°C, and allowed to recover at room temperature (22–
24°C) for at least 30 min in NMDG solution (saturated with 95% O2 and
5% CO2). For recordings, slices were transferred to a recording chamber
and continuously superfused with ACSF containing the following (in
mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 25 glucose, 1.2
CaCl2, and 1 MgCl2 saturated with 95% O2 and 5% CO2. Bath tempera-
ture was kept between 30°C and 32°C using a TC-324B control unit
(Warner Instruments). L5 pyramidal neurons of the mPFC contralateral
to the site of surgery were visualized using an upright microscope (Olym-
pus) with oblique illumination and video microscopy using a digital
camera (DVC). L5 cells were identified according to location, size, and
shape and were filled with biocytin for subsequent histological process-
ing. Because the mPFC is heterogeneous, we made an effort to ensure that
the cell populations from sham and SNI animals were homogenous. This
was achieved by monitoring cell location and cell-firing pattern. All cells
analyzed in this study were located between 525 and 1159 �m from pia in
the mPFC (as assessed using online imaging of patched neurons). In

Figure 1. Tactile threshold is markedly reduced in the injured paw of SNI rats 1 week after surgery. Before surgery (week 0),
there was no significant difference in the tactile threshold of the right and left hindpaws of sham (14.47 � 3.5 g and 12.2 � 3.0 g,
respectively, n � 19) or SNI animals (15.8 � 4.8 g and 14.97 � 3.8 g, respectively, n � 14). One week after surgery (week 1),
tactile thresholds in sham animals were 12.7 � 2.6 g on the right paw contralateral to the surgery site and 8.6 � 1.4 g on the left
paw. In SNI animals, no significant change in threshold was detected in the right hindpaw (10.4 � 2.8 g), whereas a significant
drop was observed in the left hindpaw ipsilateral to the surgery site (0.4 � 0.1 g, p � 0.002).
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addition, the locations of all of the neurons used for current-clamp ex-
periments and a subset of those for the voltage-clamp experiments were
also confirmed by post hoc examination of biocytin-filled cells. These
neurons are plotted relative to distance from pia and apex and shown in
Figure 2A. For somata of cells from sham-operated rats, the main dis-
tance from pia and apex was 726.4 � 22 �m and 2227 � 61.6 �m,
respectively (n � 31); neurons from SNI rats were located 685.6 � 22 �m
from pia and 2315.7 � 57 �m from apex (n � 22). L5 mPFC neurons
comprise two main populations, one projecting to the pons and one to
the contralateral cortex (COM). These two populations can be separated
on the basis of their firing properties (Dembrow et al., 2010). According
to these parameters, all cells used for our current-clamp recordings could
be classified as COM because they exhibited accommodating firing pat-
terns and were all capable of firing with 100 pA depolarizing current
injections from a membrane potential of �65 mV (Fig. 2B). Cells re-
corded in voltage clamp, however, could not be classified functionally

because the internal solution contained Cs-methanesulfonate and QX-
314. However, we found no evidence for cellular heterogeneity with re-
gard to ACh response between L5 pyramidal neurons. All recordings
were performed using an Axopatch 200B amplifier. Signals were filtered
at 10 kHz and sampled at 20 kHz for current-clamp recordings and
filtered at 5 kHz and sampled at 10 kHz for voltage-clamp recordings.
Traces presented in the figures represent single sweeps or the average of
up to three sweeps. Pipettes were pulled from WPI glass (PG10 –165)
using a horizontal puller (P97; Sutter Instruments) and were filled with
an internal solution consisting of either Cs-methanesulfonate for
voltage-clamp experiments containing the following (in mM): 138 Cs-
methanesulfonate, 10 HEPES, 0.1 EGTA, 4 NaCl, 2 MgCl2, 2 ATP, 0.3
GTP, and 5 QX, along with biocytin (1 mg/ml), pH 7.33 with CsOH or,
for current-clamp experiments: 140 K-gluconate, 10 HEPES, 0.1 EGTA,
8 NaCl, 2 MgCl2, 2 ATP, and 0.3 GTP, along with biocytin (1 mg/ml), pH
7.35 with KOH. Pipette resistances in the working solutions ranged from

Figure 2. Location and firing properties of the recorded mPFC L5 pyramidal neurons. A, All current-clamp (and a subset of voltage-clamp) recorded cells were filled with biocytin; the positions
were then mapped onto an image of the mPFC (Paxinos and Watson, 1998) and plotted as a function of distance from pia (x-axis) and distance from apex (y-axis). Cell bodies of sham neurons were
located at a distance of 726.4 � 22 �m from the pia and 2227 � 61.6 �m from the apex (n � 31). SNI neurons were located 685.6 � 22 �m from pia and 2315.7 � 57 �m from apex (n � 22),
in the prelimbic region of the rat mPFC. B, Left, Current-clamp recordings in slices from sham and SNI rats. Middle, Cells from both sham and SNI animals exhibited accommodation, as evidenced by
interspike interval ratios (first interspike interval divided by the average interval) of 0.2 � 0.02 and 0.29 � 0.07 (n � 10, 9, respectively) and a time-dependent reduction in instantaneous firing
frequency in response to a current injection of 150 pA (13.21 � 1.51 Hz at 1 s, and 11.53 � 1.12 Hz at 2 s, paired t test p � 0.01; n � 19; right).
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3 to 6 M�, yielding series resistances of 10 –30 M�. Pipettes of compa-
rable tip size were used for focal application of ACh (0.1 or 1 mM) dis-
solved in a HEPES (Sigma-Aldrich)-buffered extracellular solution, pH
�7.32 with NaOH, and containing blockers of fast excitatory and inhib-
itory synaptic transmission.

To characterize the effect of ACh on neuronal excitability, we used a
picospritzer (Parker) to deliver short pulses (100 ms) of ACh to the soma
of pyramidal neurons from animals that had received either the SNI or
sham surgery. ACh pulses were delivered at 60 s intervals to allow recov-
ery from receptor desensitization. In control conditions, with fast synap-
tic transmission pharmacologically blocked (20 �M DNQX, 50 �M APV,
and 100 �M picrotoxin), 2-s-long current injections of 50, 100 and 150
pA were delivered to evoke trains of action potentials. Input/output (I/O)
curves were calculated by measuring the number of spikes elicited in
response to a 2 s depolarizing current step delivered either in control
conditions or 3 s after a 100 ms pulse of somatically applied ACh. The
curves were then fitted with a Boltzmann function of the following form:

f�I� � 1/	1 � exp���I � I1/ 2�/k�


where I is the injected current, I1/2 is the current injection at which the
value of the function is 0.5, and k is the slope factor.

Drug stock solutions. DNQX (20 mM) and APV (50 mM) were dissolved
in water and stored at �30°C. Picrotoxin (50 mM) was dissolved in di-
methylsulfoxide (DMSO) and stored at 4°C. ACh (100 mM), CdCl2 (1 M),
and Ba 2� (1 M) were prepared in water and stored at 4°C. Atropine (2
mM), pirenzepine (10 mM), and methoctramine (1 mM) were prepared in
water and stored at �30°C. Fresh working solutions were prepared on
the day of the experiment. DNQX, APV, picrotoxin, atropine, and ACh
were from AbCam; pirenzepine was from R&D Research; all other chem-
icals were from Sigma-Aldrich.

Post hoc anatomical visualization of patched cells. After the patch-
clamp recordings, cells were fixed for 2– 4 h at room temperature in 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) and then
stored at 4°C in PBS, pH 7.4, until processing. Biocytin-filled cells were
processed using a standard 3,3-diaminobenzidine (DAB) protocol. Slices
were rinsed in PBS, treated with hydrogen peroxide for 20 –30 min, and
permeabilized with 2% Triton X-100 for 1 h. They were then incubated
overnight at 4°C in PBS containing 1% avidin-biotinylated horseradish
peroxidase complex (ABC; Vector Labs). After the primary incubation,
slices were washed with PBS, developed by 0.1% DAB (Sigma-Aldrich)
exposure for �5 min, and washed again multiple times in fresh PBS
before being mounted on a slide and embedded with Mowiol (Sigma-
Aldrich). Cell location was quantified based on the distances of the cell
body from the pia and distance from the apex of the cortical section.

qRT-PCR. Coronal slices of mPFC were cut in ice-cold ACSF; the L5
contralateral to SNI was dissected out, frozen in liquid nitrogen, and
stored until being processed for PCR. RNA was extracted using a Qiagen
RNeasy RNA extraction kit (#74136); DNA contamination was pre-
vented by first using a column that binds DNA while allowing RNA to
flow through. RNA was reverse transcribed into cDNA using Roche’s
First Strand cDNA Synthesis kit using both oligo dT and random hex-
amer primers according to the manufacturer’s protocol (#04897030001).
RNA yield and quality were confirmed with Nanodrop analysis.

qRT-PCR was performed using a Roche Lightcycler 480 (LC480) with
SYBR Green I Master Mix (#04707516001), primers (0.4 �M), and mPFC
cDNA. All genes of interest were normalized to the GAPDH reference
gene. Reactions consisted of a 5 min hot start incubation at 95°C, fol-
lowed by 45 cycles of 10 s at 95°C, 10 s at 60°C, and 10 s at 72°C. Melting
temperature analysis demonstrated a single peak for each gene product.
Although most primers were intron spanning, cDNA-negative and re-
verse transcriptase-negative controls were done for all genes of interest.
As recommended in published guidelines for qRT-PCR methods, all data
were efficiency corrected (Bustin et al., 2010). Standard curves were ob-
tained for each primer pair to calculate reaction efficiency for each gene
product using progressive dilutions of cDNA. All data were efficiency
corrected using Roche LC480 software and the delta delta Ct method
(Livak and Schmittgen, 2001) (Schmittgen and Livak, 2008). Within the
recommendations of the MIQE qRT-PCR guidelines (Bustin et al.,

2010), a reference gene can be validated by running another reference
gene against it. Therefore, to validate GADPH as a stable reference gene,
tubulin was run relative to GAPDH for all samples and no significant
differences in tubulin were detected when run against GAPDH (data not
shown). Statistical analyses were done using a two-way ANOVA test, with
Fisher LSD for post hoc analysis. The following primers were used: acetylcholin-
esterase (NM_172009.1, f-5� ttaatgtgtggacaccataccc 3�, r-5� tgcataagtcgctgagcaaa
3�),cholinergicmuscarinicreceptor1(NM_080773.1,f-5�gcctacagctggaaggaaga
3�, r-5� cggaggatgtgagggactc 3�), TRPC4 (NM_001083115.1, f-5� ccatgatca-
gagaggcaaaaa 3�, r-5� gctagaaatgtcttgctttagttcc 3�), TRPC5 (NM_080898.2, f-5�
caactcctaccagctcattgc 3�, r-5� ggctggggatgatgttga 3�), TRPC6 (NM_053559.1)
f-5� gcagctgttcaggatgaaaac 3�, r-5� acattcagcccatatcattccta 3�), TRPM4
(NM_001136229.1, f-5� acttggaaccagtgcgactt 3�, r-5� aaacaggccaggagtcagc 3�),
TRPM5 (NM_001191896.1, f-5�atccttcaccgccaacttct 3�, r-5�gcagaggggtccctgagt
3�), GAPDH (f-5� ctgcaccaccaactgcttag 3�, r-5� tgatggcatggactgtgg 3�), � tubulin
1B (f-5� cttctaacccgtagctatcatgc 3�, r-5� gccatgttccaggcagtag 3�), and Nav1.9 (f-5�
gcgaagacttcataatgtgtgg 3�, r-5� cacgtagaaccattgggaca 3�).

Total protein level and subcellular brain fractionation. Biochemical frac-
tionation was performed following standard methods as described pre-
viously (Hallett et al., 2008; Sanz-Clemente et al., 2010). Briefly, the
contralateral L5 mPFC was microdissected and each sample contained
tissue obtained from three different mice. Samples were then homoge-
nized in ice-cold buffer (10 mM Tris, pH 7.5, 1 mM EDTA) containing
0.32 M sucrose, protease inhibitors (#11836145001; Roche) and phospha-
tase inhibitors (mixture 2 and 3, #P5726 and #P0044; Sigma-Aldrich).
Samples were centrifuged for 10 min to 1000  g at 4°C to remove nuclei
and large debris and, after removing an aliquot (total homogenate), the
supernatant was subsequently centrifuged to 10,000  g. Pellet (synap-
tosomes) was resuspended in hypoosmotic buffer (10 mM Tris, pH 8.8, 1
mM EDTA), briefly sonicated, and incubated at 4°C for 10 min with
gentle rotation. Samples were centrifuged 30 min at 25,000  g to collect
SPMs in the pellet. SPMs were dissolved in PBS containing 1% SDS; the
protein concentration in total homogenate and SPM samples was quan-
tified using the BCA assay (Pierce). Ten micrograms of proteins per
sample were separated by SDS-PAGE and analyzed by immunoblotting.

Surface biotinylation in acute cortical slices. Three-hundred-micro-
meter acute cortical slices were prepared from sham or SNI rats in ice-
cold ACSF (0.5 mM Ca 2�, 7 mM Mg 2�), incubated for 30 min in ice-cold
ACSF containing 0.5 mg/ml biotin (EZ-link-Sulfo-NHS-LC-Biotin;
Thermo Scientific), and equilibrated with 95% O2, 5% CO2. After two
washes with ice-cold oxygenated ACSF containing 50 mM NH4Cl and
two washes with ice-cold oxygenated ACSF, L5 mPFC was dissected out
and frozen in liquid nitrogen. Again, each sample contained tissue ob-
tained from three different mice. Samples were homogenized as above
and centrifuged at 1000  g for 10 min at 4°C; 10% Triton X-100 was
then added to the supernatant to obtain a final Triton X-100 concentra-
tion of 1% and the sample tubes were inserted in a vertical wheel to
provide continuous rotation and incubated for 10 –15 min at 4°C. The
samples were centrifuged for 45 min at 100,000  g at 4°C to remove
insoluble material and, after taking an aliquot (input), the supernatant
was incubated with rotation for 2 h at 4°C with 20 �l of NeutrAvidin
Agarose Resin (Thermo Scientific). After 3 washes with PBS 1% Triton
X-100, recovered material was subjected to immunoblotting.

Immunoblotting. Proteins were separated in 9% acrylamide gels by
SDS-PAGE and transferred to a 0.45 �m PVDF membrane. Membranes
were blocked in TBS-T (TBS with 0.1% Tween 20) containing 5% (w/v)
nonfat skim milk before incubation with primary antibodies in TBS-T.
After 3 washes with TBS-T, membranes were incubated with HRP-
conjugated anti-mouse or anti-rabbit secondary antibodies (1:10,000;
GE Healthcare). Signal was detected in an Azure c300 imager after incu-
bation 5 min with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific) and intensity was quantified using ImageJ soft-
ware. The antibodies used were obtained from Santa Cruz Biotech-
nology (anti-actin #sc47778, RRID:AB_626632), Millipore (anti-M1
muscarinic ACh receptor antibody #AB5164, RRID:AB_91713; anti-
GluA2 #MAB397), and Invitrogen (anti-Transferrin Receptor, clone
H68.4, #13-6800).
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Results
ACh enhancement of L5 pyramidal neuron firing is blunted in
SNI animals
In the brain, ACh acts as a neuromodulator and regulates intrin-
sic excitability and synaptic transmission. We investigated the
effect of ACh on the response of pyramidal cells to depolarizing
current injections in brain slices from control and SNI animals.
Whole-cell patch-clamp recordings were obtained from L5 pyra-
midal neurons in the PL region of the rat mPFC (Fig. 2). In
control conditions (no ACh), cells from sham and SNI animals
showed similar firing patterns and responded to 100 pA depolar-
izing current injections (2 s) with train of action potentials at a
frequency of 5.1 � 1.4 Hz for cells from sham and 6.0 � 1.1 Hz
for SNI (10 and 9 cells, respectively), whereas 50 pA injections
seldom elicited firing (Fig. 3A,B, black traces). Focal application
of ACh, however, had dramatically different effects in the two
experimental groups. In sham animals, ACh (1 mM, 100 ms, at

the soma) strongly increased cellular excitability by causing a
leftward shift in the I/O curve (Fig. 3A,B, gray traces; arrows
indicate the time of ACh application). In sham animals, ACh
increased the number of spikes elicited by 50 pA depolarizing
current injection by �10 fold, from 0.7 � 0.7 Hz to 6.8 � 2.2 Hz
(10 cells). Fitting the averaged I/O curve with a Boltzmann func-
tion revealed that, in cells from sham animals, ACh caused an
�55 pA leftward shift in the midpoint of the curve from 99.5 �
8.1 pA in control conditions to 45.0 � 6.3 pA after ACh applica-
tion (p � 0.006; Fig. 3C). Surprisingly, the ACh effect was almost
completely eliminated in pyramidal neurons from SNI animals,
in which no effect on either the I/O curve or the total number of
spikes was detected (Fig. 3D).

The differential effect of ACh on sham and SNI neurons in-
cluded another important functional modulation. Consistent
with previous findings showing that ACh elicits an sADP follow-
ing a train of action potentials (Haj-Dahmane and Andrade,

Figure 3. ACh increases pyramidal cell excitability in sham, but not SNI, animals. A, Voltage responses recorded from L5 pyramidal neurons in acute slices in the presence of blockers of fast synaptic
transmission (100 �M picrotoxin, 20 �M DNQX, 50 �M APV); cells were stimulated with 2 s current injections of either 50 or 100 pA in control conditions (black) and after a 1 mM, 100 ms focal
application of ACh (black; arrow indicates the time of ACh application) in a slice from a sham animal. At rest, both neurons were held at �70 mV. B, In slices from SNI animals, the same stimulation
protocol failed to increase cellular excitability in response to a 50 pA current injection and actually decreased excitability in response to a 100 pA current injection (gray) compared with control conditions (black).
C, In sham rats, ACh application induced a leftward shift in the I/O curve. Fitting the data points with Boltzmann equations showed that ACh shifted the midpoint from 99.5 � 8.1 pA to 45 � 6.3 pA (n � 10).
D, ACh failed to shift the I/O curve of pyramidal neurons from SNI animals (gray) (I1/2 � 104.9 � 7.8 pA, in control and 120.9 � 14.2 pA in ACh, in SNI cells, n � 9).
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1999; Lei et al., 2014), ACh elicited an sADP in L5 neurons from
both sham and SNI animals (Fig. 4). However, in cells from SNI
rats, the ACh-dependent sADP was significantly smaller (5.5 �
1.4 mV versus 10.6 � 0.8 mV in sham; 9 and 7 cells, respectively,
p � 0.01; Fig. 4B). In addition, we found that, in slices from sham
animals, focal application of ACh (1 mM, 100 ms) 3 s before a
2-s-long depolarizing current injection often caused the firing
response to last well beyond the end of the current stimulus (6 of
11 neurons; Fig. 4C,D). In slices from SNI animals, however, this
prolonged firing response was observed in only one of nine cells
(Fig. 4D) and, in the only SNI cell in which it was detected, it was

limited to a single spike after the end of the stimulus. On average,
the time of the last observed spike relative to the end of the step
current injection was �2918 � 1219 ms in sham and �15 � 156
ms in SNI cells (p � 0.04; Fig. 4D). Therefore, ACh-induced
persistent firing is virtually abolished in the SNI condition.

Prolonged depolarization induced by ACh in L5 mPFC
pyramidal neurons is reduced in SNI animals
The persistent firing in response to short applications of ACh is
intriguing. To investigate the mechanisms underlying this phe-
nomenon, we performed current-clamp recordings to measure

Figure 4. ACh-mediated persistent firing is abolished in SNI animals. A, Whole-cell, current-clamp traces of an ACh-dependent sADP response immediately after a 100 pA, 2-s-long current
injection (inset) in a cell from a sham (black) and a 150 pA, 2-s-long current injection from a SNI (gray) rat. B, Average of the maximum peak sADP voltage response in sham and SNI animals (10.55 �
0.8 mV and 5.5�1.4 mV, n �7 and 9, respectively, p �0.01). C, Top trace, Current-clamp response of a mPFC pyramidal neuron to a 150 pA, 2 s current injection in control conditions. Bottom trace,
Voltage response of an mPFC pyramidal neuron to 1 mM, 100 ms focal application of ACh (large arrow), followed by a 150 pA, 2 s current injection. Note the persistence of action potentials (small
arrows) after the end of the current step. D, Left, Time, relative to the end of the current step (time 0, dashed line), of the last recorded action potential after focal application of ACh plotted for both
sham and SNI animals. Note that, in 55% of the tested pyramidal neurons from sham animals, persistent activity was observed for several seconds after the end of the current step. Right, Average
time, in seconds, of the last recorded action potential relative to step repolarization after focal application of ACh in sham and SNI animals (2.7 � 1.1 s and �0.015 � 0.16 s, respectively, n � 11,
9 p � 0.036).
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the voltage response evoked by ACh application (1 mM, 100 ms,
delivered at 60 s intervals to allow for the recovery of the re-
sponse) to the soma of pyramidal neurons from animals that had
received either the SNI or sham surgery.

Focal ACh application to L5 prelimbic pyramidal neurons
elicited a slow-activating, long-lasting net depolarizing response
in both sham and SNI animals (Fig. 5A). The initial resting mem-
brane potential was �70 mV (if necessary, a small holding cur-
rent was injected). We observed no difference in the resting
membrane potential between sham and SNI animals (data not
shown). The peak positive voltage responses were reached �3 s
after the ACh pulses and decayed with a time constant of 9.1 �
2.3 s (10 cells from sham rats). In 50% of sham and 80% of SNI
neurons tested, the depolarizing voltage response was preceded

by a hyperpolarizing response (Fig. 5A, bottom). Interestingly,
neurons from SNI animals exhibited, on average, a significantly
larger hyperpolarizing response and a significantly reduced de-
polarizing response compared with their sham counterparts (Fig.
5B). The average peak depolarizing response to 1 mM ACh was
7.47 � 0.95 mV in sham animals and 3.5 � 0.8 mV in SNI (n �
11, 9 respectively, p � 0.01), whereas the average hyperpolarizing
response was �0.42 � 0.2 mV in sham animals and �2.28 � 0.3
mV in SNI (n � 11, 9 p � 0.02). Consistent with recent findings
(Kelly et al., 2016), the membrane resistance of SNI cells was
larger compared with sham (at �70 mV, it was 231 � 19 M� in
SNI vs 176 � 14.0 M� in sham animals, 10 and 9 cells, respec-
tively, p � 0.03); therefore, the observed reduction in the depo-
larizing voltage responses cannot be attributed to a reduced

Figure 5. ACh induced depolarization is blunted in SNI animals. A, Voltage responses of L5 pyramidal neurons to 100-ms-long focal applications of ACh (1 mM, at the soma) in slices from sham
and SNI animals. The bath temperature was �31°C and the resting potential �70 mV, in both cells. The resting membrane potential was kept at �70 mV in all cells (if necessary, a small holding
current was injected). In some cells, the ACh-dependent depolarization was preceded by a hyperpolarization (bottom, gray). B, Left, When present, the average hyperpolarizing responses to ACh (1
mM) were significantly different in sham animals (black, �0.42 � 0.19 mV, 11 cells) and SNI animals (gray, �2.28 � 0.34 mV, 9 cells, p � 0.017). Right, Average depolarizing voltage responses
to ACh (1 mM) were significantly different between sham (black, 7.47 � 0.95 mV, n � 11) and SNI animals (gray, 3.50 � 0.78 mV, n � 9, p � 0.005). C, Membrane resistance in SNI cells was larger
compared with sham (231.0 � 19 M� and 176.08 � 14.0 M�, respectively, n � 9 and 10, respectively, p � 0.03). D, Responses evoked by focal application of 100 �M ACh were 3.48 � 0.7 mV
after 100 ms applications (10 cell from naive animals) and 2.3 � 0.5 mV in response to 50 ms applications (7 cells from naive animals). The gray dotted bar shows, for comparison, the depolarizing
response observed in sham animals using 1 mM ACh. Note that no hyperpolarizing component was detectable with the reduction in ACh concentration and duration. E, Focally applied ACh (100 �M)
caused an increase in the firing frequency (in response to a 100 pA current injection it was 6.1 � 0.7 Hz in control versus 10.1 � 0.9 Hz in 100 �M ACh, p � 0.02; 4 cells from naive animals).
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membrane resistance in the SNI cells. We also tested whether the
net excitatory responses in control animals depend on the partic-
ular ACh concentration used or the application duration. Reduc-
ing the ACh concentration 10-fold, from 1 mM to 100 �M,
resulted in a reduced, but still depolarizing, voltage response
(3.48 � 0.7 mV, n � 10, recorded in cells from naive animals; Fig.
5D, black). Reducing the duration of application from 100 to 50
ms further reduced the observed response (2.3 � 0.5 mv, n � 7,
naive, 100 �M ACh; Fig. 5D, gray), although it remained depolar-
izing. Accordingly, 100 �M ACh applications (100 ms) effec-
tively increased the firing frequency of L5 pyramidal neurons,
causing a leftward shift in the I/O curve (Fig. 5E) similar to
that caused by 1 mM ACh.

ACh-evoked current is mediated by the M1 receptor
In the brain, ACh can activate two types of receptors: ionotropic
nicotinic and metabotropic muscarinic receptors, which mediate
currents with very different properties (McCormick and Prince,
1985; Nathanson, 1987; McGehee and Role, 1995). The nature of
the slow-activating, long-lasting inward current in mPFC pyra-
midal neurons is still controversial because it was previously sug-
gested to depend on the closure of G-protein-coupled potassium
channels (Carr and Surmeier, 2007), the opening of muscarinic
receptor-coupled cationic channels (Haj-Dahmane and An-
drade, 1996; Kurowski et al., 2015), or the activation of �4�2
subunit-containing nicotinic receptors (Guillem et al., 2011). We
designed voltage-clamp experiments to determine the properties
of the ACh-induced depolarizing current in L5 pyramidal cells of
sham and SNI animals; for these recordings, we maximized the
neuronal response to ACh by using 1 mM ACh focally applied for
100 ms. In addition, because the hyperpolarizing component of
the evoked response was completely blocked when the intracel-
lular solution contained Cs, we isolated the depolarizing compo-

nent by using a Cs-methanesulfonate-based intrapipette
solution. Bath application of ACh (1 mM, at �70 mV) elicited a
slow, inward current in sham and SNI animals (Fig. 6A). Consis-
tent with our current-clamp results, the inward current recorded
in neurons from SNI animals was smaller compared with sham
(�36.5 � 5.2 pA vs �89.5 � 9.6 pA, respectively, 10 cells in each
group; p � 0.0003; Fig. 6B). The magnitude of the reduction was
similar when the current was normalized to cell capacitance
(0.25 � 0.03 vs 0.65 � 0.09 pA/pF, respectively; p � 0.001),
thereby ruling out the possibility that the reduction was simply
due differences in cell size (Kelly et al., 2016). Eliciting the current
with short, focal somatic ACh applications yielded results similar
to those obtained with bath application (Fig. 6C,D). We then
used a pharmacological approach to identify the type of
cholinergic receptor involved. After applying ACh (1 mM) focally
for 100 ms and recording a control response, we bath applied the
nonspecific muscarinic ACh receptor antagonist atropine (2
�M). When the bath solution was completely exchanged, we re-
applied the ACh and measured the response. Atropine blocked
96.3 � 2.2% of the ACh-evoked current in sham and 89.2 � 8.6%
in SNI animals (Fig. 7A,B), showing that activation of a musca-
rinic receptor mediates the response in both experimental
groups. We further identified the nature of the receptor involved
by testing the effect of the M1 muscarinic receptor antagonist
pirenzepine (Hammer et al., 1980) and the M2 antagonist
methoctramine (Gulledge and Kawaguchi, 2007). Because the
sensitivity to atropine was the same in sham and SNI, these re-
cordings were only performed in slices from sham or naive rats,
in which the larger currents allow more reliable quantification of
the drug effects. We found that pirenzepine at either 10 �M

(93.5 � 5.6% block n � 5, sham) or 2 �M (82.03 � 13.2% block,
n � 3, naive; Fig. 7C,D) produced a current block similar to that
by atropine, showing that the cholinergic inward current is al-

Figure 6. ACh-evoked currents in L5 pyramidal neurons are markedly reduced in mPFC of SNI rats. A, Whole-cell, current traces in sham (left) and SNI (right) pyramidal neurons voltage clamped
at �70 mV after bath application of 1 mM ACh (bar). The bath solution contained 100 �M picrotoxin to block fast, inhibitory synaptic currents. B, Average peak current responses evoked by bath
application of 1 mM ACh in sham (�89.5 � 9.6 pA, n � 10) and SNI (�36.5 � 5.2 pA, n � 10, p � 0.0003) animals. When individual peak current responses are normalized to the capacitance
of the cell, the difference between sham and SNI responses remains significant (0.70 � 0.09 pA/pF and 0.25 � 0.03, n � 10 and 10, respectively, p � 0.0014). C, Current traces in sham (left) and
SNI (right) neurons voltage clamped at �70 mV after a 1 mM, 100 ms picospritzer application of ACh (arrow). Bath and focal application solution contained blockers of fast excitatory (50 �M APV
and 20 �M DNQX) and inhibitory synaptic currents (100 �M picrotoxin). D, Average peak current responses evoked by 1 mM ACh in sham (�32.57 � 1.98 pA, n � 27) and SNI (�18.81 � 2.69 pA,
n � 18, p � 0.0015) animals.
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most completely mediated by M1-subunit-containing musca-
rinic receptors. Consistent with these data, the M2 antagonist
methoctramine did not produce any detectable effect on the cur-
rent (the ACh response after 5 min of bath-applied 1 �M methoc-
tramine was 96 � 0.02% of control, n � 5 cells; Fig. 7E).

What is the mechanism mediating the reduction of the
depolarizing muscarinic current in SNI animals?
Muscarinic receptors are expressed throughout the cortex and
may be coupled to diverse ion channels through G-protein- and
calcium-dependent biochemical cascades. In the hippocampus,
activation of muscarinic receptors of CA1 pyramidal neurons
results in a net depolarizing response thought to be mediated by
the inhibition of potassium currents, specifically the M-current,
as well as by activation of cationic currents (Halliwell and Adams,
1982; Fisahn et al., 2002). Similar heterogeneity has been re-
ported in cortical pyramidal neurons. In our preparation, the
depolarizing response was not mediated by potassium channels
because it persisted when using a Cs-based pipette solution and
when the extracellular solution contained barium (0.5 mM, data
not shown; 3 cells). This finding is consistent with previous re-
ports suggesting that the muscarinic current in the same brain
area is mediated by nonspecific cationic channels (Haj-Dahmane
and Andrade, 1997; Lei et al., 2014). The precise identity of the
subunits mediating this current in L5 of the PL cortex is still

unclear. Yan et al. (2009) showed that the expression level of
TRPC5 and TRPC6 subunits modulates the current mediating
the sADP in L3–5 pyramidal neurons of the mPFC, whereas
Zhang et al. (2011) suggested that TRPC4/5 subunits are critical
mediators of the cholinergic plateau potentials in the entorhinal
cortex. Lei et al. (2014) examined the subunit composition of the
muscarinic sADP in L5 pyramidal neurons of the mouse mPFC,
the same area as our study, and concluded that it is largely medi-
ated by TRPM5 and TRPM4 subunits. More recently, Kurowski et
al. (2015) reported that, in L5 mPFC neurons of young (18–22 d) rats,
M1 muscarinic receptors are coupled to Nav1.9 channels that
mediate a sustained depolarizing current, similar to the one de-
scribed here. Therefore, multiple channels appear to be coupled
to the M1 receptor in these cells, with TRPM channels likely
involved in the sADP and Nav1.9 in the persistent depolarizing
response. To identify the mechanism causing the loss of cholin-
ergic modulation, we used qRT-PCR to determine the expression
levels of the M1 muscarinic receptor, TRPC4, TRPC5, TRPC6
TRPM4, TRPM5, and Nav1.9, the subunits most likely to medi-
ate the coupled currents, in L5 of the rat mPFC. In addition,
because an increase in acetylcholinesterase may reduce ACh
availability and thus cause a decrease in muscarinic current, we
also studied the expression of this transcript. We found that M1,
TRPC4, TRPC5, TRPC6, TRPM4, Nav1.9, and acetylcholinest-
erase were all expressed, whereas TRPM5 did not produce a signal

Figure 7. Depolarizing cholinergic current in mPFC neurons is mediated by the M1 receptor. A, Traces represent peak current responses to focal application of 1 mM ACh (arrow) in control
conditions (black) and in the presence of 2 �M bath-applied atropine (gray) in a mPFC neuron from sham (left) and SNI (right) animals. Voltage was �70 mV. B, Atropine blocked the
ACh-activated current (the block of the peak current was 96.32 � 2.17% in sham and 89.2 � 8.6% in SNI animals (n � 6 for each group). C, Current responses to 1 mM focally applied
ACh (arrow) in control conditions (black) and after bath application of either 2 �M pirenzepine (gray) or 10 �M pirenzepine (gray). D, Summary of the effect of either 2 or 10 �M

pirenzepine on the ACh-elicited current. Ten micromolar pirenzepine blocked 93.54 � 5.62% ( p � 0.002; 5, cells from sham animals) of the current. Similarly, 2 �M pirenzepine blocked
82.03 � 13.21% ( p � 0.01; n � 3, naive animals) of the peak control current. E, Depolarizing current evoked by ACh (1 mM) was not affected by bath application of the M2 blocker
methoctramine (1 �M; the current was 96 � 0.02% of that in control; n � 5 cells from naive animals).
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above the background. Next, we investigated whether an altered ex-
pression of any of these transcripts may account for the current
reduction in SNI animals by comparing their expression levels in L5
of the mPFC contralateral to the peripheral lesion. Similar to the
electrophysiological recordings, this analysis was performed 1 week
after SNI/sham surgery. Compared with sham, no significant change
in transcript level of any of these target genes was detected in the
mPFC tissue obtained from SNI rat brains (contralateral to surgery,
14 sham and 16 SNI rats; Fig. 8A). Therefore, the smaller current
amplitude in SNI is unlikely to be caused by a reduction of either M1
or the potentially coupled candidate channel transcripts. Finally, we
confirmed by immunoblotting that SNI surgery does not modify the
total M1 protein level in L5 mPFC (contralateral to surgery) from
sham and SNI rats (Fig. 8B,C).

Both ligand-gated channels and G-protein-coupled receptors
can be strongly modulated through mechanisms of desensitiza-
tion and trafficking. In the case of muscarinic receptors, this
modulation can lead to clathrin-mediated endocytosis of the re-
ceptor and eventual degradation (Tsuga et al., 1998). Biochemi-
cal techniques can be used to measure what fraction of a protein
is bound to the plasma membrane and what fraction is associated
with internal membranes. Therefore, we first collected L5 mPFC
tissue (contralateral to peripheral injury site) from sham and SNI

rats 1 week after surgery and performed a subcellular fraction-
ation protocol to isolate the SPM fraction, followed by Western
blot analysis using an M1 antibody. Once more, the total amount
of M1 protein in mPFC L5 was unaffected by SNI surgery (Fig.
9A,B); the fraction bound to the plasma membrane, however,
was significantly reduced in tissue from SNI rats (the SPM/ho-
mogenate fraction in SNI was 81.2 � 5.3% of that in sham; 7
groups each, 3 hemispheres per group; Fig. 9A,B). To further
support this mechanistic interpretation, we performed surface
biotinylation in acute mPFC slices from a different group of rats
(12 sham and 12 SNI). In agreement with the fractionation data,
we found that the surface expression level of M1 in isolated con-
tralateral mPFC L5 tissue (fraction biotinylated and recovered
with NeutrAvidin beads) was significantly reduced in SNI rats
(83.5 � 2.1% of that in sham; Fig. 9C,D). As a control for our
fractionation and biotinylation experiments, we analyzed the
surface expression level of the AMPA subunit GluA2, which was
not affected by SNI surgery. Therefore, our results strongly sug-
gest that the reduction in muscarinic current in the contralateral
PL mPFC of SNI animals is due, at least in part, to M1 receptor
internalization.

Discussion
Our data show that, 1 week after the onset of peripheral neurop-
athy (SNI model), cholinergic modulation is dramatically re-
duced in L5 pyramidal neurons of the contralateral PL cortex of
SNI animals. We demonstrate that a cationic current apparently
mediated by M1 receptor activation is reduced in L5 pyramidal
neurons from SNI animals. The muscarinic nature of the cholin-
ergic depolarizing response in these cells is consistent with a
recent study (Hedrick and Waters, 2015) showing that L5 pyra-
midal neurons of the mPFC almost completely lack nicotinic
responses. The downregulation of this muscarinic current virtu-
ally eliminates the ability of ACh to increase intrinsic neuronal
excitability and to induce sustained firing. Although we observed
no changes in the gene expression of any of the cationic channels
potentially coupled to the M1 receptor, we found a significant
reduction in the plasma-membrane-bound fraction of M1 pro-
tein in SNI animals a mere 7 d after surgery. This finding suggests
that M1 receptor internalization may mediate this functional im-
pairment, although the apparent disproportion between the large
functional effect and the change (�20%) in M1 surface expres-
sion suggests that other mechanisms are also likely to be involved.
Finally, we propose that the impairment in cholinergic modula-
tion contributes to the general functional mPFC deactivation
associated with chronic neuropathic pain (Ji and Neugebauer,
2011; Lee et al., 2015; Zhang et al., 2015).

Disruption of cholinergic signaling in the mPFC may underlie
higher-level cognitive impairment associated with
neuropathic pain
Recent studies support the idea that chronic pain is associated
with major reorganization of the nervous system. This includes
nociceptors and the spinal cord (Woolf and Salter, 2000; Sand-
kühler, 2009), but also many supraspinal structures. In the SNI
model, synaptic transmission is potentiated in the anterior cin-
gulate cortex as early as 1 week after the neuropathic lesion (Xu et
al., 2008) and functional and morphological changes are found
throughout the limbic system (Metz et al., 2009; Mutso et al.,
2012; Chang et al., 2014), with the PFC appearing to be particu-
larly involved. Functional imaging studies show hypoactivity
(Gündel et al., 2008) and decreased levels of excitatory neu-
rotransmitters (Grachev and Apkarian, 2001) in the mPFC of

Figure 8. Level of M1 mRNA and total protein is unaffected in L5 mPFC of SNI rats. A, qRT-PCR was
performed on cDNA from tissue isolated from L5 of the mPFC contralateral to the surgery site to
measure the expression of several transcripts potentially involved in the reduction of cholinergic mod-
ulation in SNI animals. No significant decrease was observed for any of the transcripts investigated.
B, Representative blots showing the total expression of M1 and the AMPAR subunit GluA2 protein in
L5mPFCofshamandSNIanimals.C,TotalamountofproteininmPFCL5ofSNIratsnormalizedtoactin
and compared with expression level in sham (dotted line); similar to the PCR data, no difference was
found in M1 expression in SNI relative to sham.
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chronic pain patients. Similar cortical deactivation is also ob-
served in animal studies, in which the pain-associated mPFC
inhibition is thought to be driven by hyperactivity of the amygda-
lar inputs to the mPFC, which results in a group 1 metabotropic
glutamate receptor-mediated increase in local GABAergic activ-
ity (Ji et al., 2010; Ji and Neugebauer, 2011). Our data support this
general picture and add an important piece of evidence by show-
ing that, 1 week after neuropathic injury, ACh-evoked intrinsic
excitability of L5 pyramidal neurons was dramatically decreased
in SNI animals due to the loss of muscarinic modulation, further
supporting the idea of a pain-associated deactivation of this brain
area soon after neuropathic injury.

Even more importantly, because of the well established role of
cholinergic signaling in attention and memory processes (Has-
selmo and Sarter, 2011; Zhou et al., 2011; Yoshida et al., 2012), it
is tempting to hypothesize that the loss of cholinergic signaling
has a causal role in the deficits in attention and working memory
that have been reported in human patients and in animal models
of neuropathic pain. Patients with chronic pain show impaired
decision making and disrupted attention and working memory
(Apkarian et al., 2004; Dick and Rashiq, 2007). Attentional pro-
cessing is thought to involve the integration of multiple modes of
input within a discrete temporal window. In the mPFC, pyrami-
dal neurons of L5 receive glutamatergic, sensory input from the
thalamus in parallel with cue-specific, cholinergic input from
nucleus basalis (Parikh et al., 2007). Successful cue detection,
which requires ACh release in the mPFC and is sensitive to mus-
carinic receptor antagonism, is adversely affected in a rodent
model of chronic pain (Pais-Vieira et al., 2009a). Interestingly,

these deficits persist even when the hypersensitive peripheral ar-
eas and acute pain responses are mitigated by lidocaine, further
emphasizing the role of supraspinal reorganization. Because pre-
vious work showed that a cholinergic nonspecific cationic cur-
rent is critical for the persistent firing that is believed to serve as a
memory trace in neurons of the temporal lobe (Yoshida et al.,
2012), the reduced muscarinic response and the lack of an ACh-
dependent modulation of the I/O curve that we observed in SNI
animals could result in the missing of relevant cues and the ulti-
mate disruption of mPFC-dependent attentional processing.
Consistent with this hypothesis, the persistent “reverberant” fir-
ing that we found in sham animals, in which neurons continue to
fire for tens of seconds after a brief application of ACh, was vir-
tually nonexistent in SNI animals. Therefore, the reduced mus-
carinic current and loss of ACh-evoked persistent firing in SNI
rats may represent the cellular background for the cognitive def-
icits associated with chronic pain. This scenario is consistent with
the known impairment of working memory by pharmacological
antagonism of muscarinic receptors (Zhou et al., 2011).

Is the loss of cortical muscarinic modulation causal for
pain chronification?
It was reported recently that direct optogenetic activation of the
mPFC output reduces allodynia in SNI animals (Lee et al., 2015).
Similar results were obtained by optogenetic inhibition of mPFC
GABAergic neurons (Zhang et al., 2015). These findings support the
idea that, in the pain state, the mPFC is functionally deactivated and
match the observation that, in a rodent model of arthritis, enhanced
amygdalar inputs inhibit mPFC pyramidal neurons through activa-

Figure 9. Surface expression of M1 muscarinic receptor is reduced in L5 mPFC of SNI animals. Representative blots (A) showing the total expression (Homg) and fraction associated with SPM of
the indicated proteins in L5 mPFC. B, Bar chart showing the significant decrease of M1 receptor in the SPM fraction (81.2�5.3% of sham level; n �7 and 7, 3 animals per sample, p �0.017). C, Slice
biotinylation experiment showing the total (Input) and surface expressed (Surface) fraction of the indicated proteins. The cytosolic protein actin was evaluated as a control. D, Quantification of the
data in C showing a significant reduction in the levels of surface-expressed M1 receptor in SNI rats (83.5 � 2.1% of sham level; 4 samples in each condition, 3 animals per sample, p � 0.029).
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tion of interneurons (Ji et al., 2010). Intriguingly, according to their
firing pattern, the cells investigated in this study are commissurally
projecting neurons; therefore, the impaired cholinergic modulation
that decreases the contralateral excitability may also contribute to
the decreased glutamatergic tone (Kelly et al., 2016). Therefore,
in the pain condition, different synergistic network activity modula-
tions lead to cortical deactivation that modulates the allodynia. The
impaired cholinergic modulation described here provides another
mechanism contributing to the overall deactivation of the mPFC.
This deactivation, however, is part of a larger and more complex
reorganization that involves the entire limbic system. At an early
time point (�1 week after injury), the extent of the reorganization is
astoundingly large. It involves impaired plasticity in the hippocam-
pus (Ren et al., 2011; Mutso et al., 2012), increased intrinsic excit-
ability of indirect pathway spiny neurons of the nucleus accumbens
shell (Ren et al., 2016), increased amygdala activation (Ji et al., 2010),
and decreased glutamatergic tone in the mPFC (Kelly et al., 2016).
Although this is a very complex picture, and one that is likely to
change at later time points (Ren et al., 2011; Chang et al., 2014), it
depicts a relatively consistent scenario in which the negative valence
limbic system (amygdala–mPFC) is enhanced. It is interesting that
systemic administration of donepezil, an acetylcholinesterase inhib-
itor, was reported to decrease allodynia in SNI rats, although appar-
ently through an M2-dependent mechanism and at a later time
point (Ferrier et al., 2015).

Therefore, the picture that emerges is complex and evolving.
To further complicate matters, we have to keep in mind that, even
at this early time point, whereas the sign of the mPFC activity
related to pain is clear at the system level (deactivation of the PL
output), this is likely the result of multiple cellular mechanisms.
For example, L2/3 pyramidal neurons of the mPFC appear to
receive increased excitatory input in pain conditions (Metz et al.,
2009; Wang et al., 2015), but this is counterbalanced by decreased
intrinsic excitability that leads to the inability of these neurons
to generate action potentials and to cortical deactivation de-
spite increased inputs (Wang et al., 2015). Similarly, different
cortical layers and individual pyramidal cells within a single
layer may be differentially regulated (e.g., dendritic complex-
ity of L5 pyramidal cells of SNI animals is decreased in L3– 4,
but not in L1–2 or L6 (Kelly et al., 2016)) and the role of the
many inhibitory interneurons may further complicate the pic-
ture. Therefore, this represents a typical example in which a
relatively well defined functional fingerprint at the macro-
scopic (organ) level, such as that resolvable with fMRI studies,
appears to be the result of a myriad of complex and possibly
contrasting events at the cellular/molecular level.
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