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ABSTRACT

Background: Inhibition of the metabotropic glutamate receptor subtype 1 in the anterior cingulate cortex has an analgesic
effect during sustained nociceptive hypersensitivity. However, the specific changes in different subtypes of anterior cingulate
cortex layer 5 pyramidal neurons, as well as the distinct effect of metabotropic glutamate receptor subtype 1 inhibition on
different neuronal subtypes, have not been well studied.

Methods: Retrograde labeling combined with immunofluorescence, whole cell clamp recording, and behavioral tests com-
bined with RNA interference were performed in a rat model of chronic constriction injury to the sciatic nerve.

Results: Commissural layer 5 pyramidal neurons (projecting to the contralateral cortex) existed in the anterior cingulate
cortex. The voltage-gated potassium channel subunit 2—-mediated current in these neurons were substantially reduced after
chronic constriction injury (current densities at +30 mV for the sham, and chronic constriction injury neurons were [mean +
SD] 10.22 +3.42 pA/pF vs. 5.58 +2.71 pA/pE, respectively; n = 115 P < 0.01), which increased the spike width and fast after-
hyperpolarization potential, resulting in hyperexcitability. Inhibition of metabotropic glutamate receptor subtype 1 alleviated
the down-regulation of voltage-gated potassium channel subunit 2 currents (current density increased by 8.11+3.22 pA/pF;
n=7;P<0.01). Furthermore, knockdown of voltage-gated potassium channel subunit 2 current in the commissural neurons
attenuated the analgesic effect of metabotropic glutamate receptor subtype 1 inhibition (n = 6 rats; P < 0.05).

Conclusions: The effect of metabotropic glutamate receptor subtype 1 inhibition on commissural anterior cingulate cortex
layer 5 pyramidal neurons is likely different with the modification of previously studied hyperpolarization-activated/cyclic
nucleotide-gated channel-dependent neurons but relies on the alteration of voltage-gated potassium channel subunit 2 cur-
rents. These results will contribute to a better understanding of the therapeutic role of metabotropic glutamate receptor sub-

type 1 in chronic pain. (ANESTHESIOLOGY 2017; 127:515-33)

HE persistent hyperactivity of the anterior cingulate
cortex (ACC) is considered a key mechanism for the
chronification of pain.!” Elucidating how ACC hyperacti- e Persistent hyperactivity of neurons in the anterior cingulate
vation affects other cortical regions and contributes to the cortex, mediated in part by glutamatergic neurotransmission,

. . . d di h h contributes to the development of chronic pain.
pErsistent pain state may require understanding the mecha- The output of the anterior cingulate cortex is mediated by

What We Already Know about This Topic
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nism of hyperexcitability on the output of the ACC. A pri- two types of layer 5 pyramidal neurons, corticopontine fibers
mary source of output from the ACC occurs via the layer 5 that project to subcortical nuclei and commissural fibers that

ramidal neurons (L5 PN's). Modulation of synaptic inputs project to the contralateral cortex. Hyperpolarization-activated/
py : ynap p cyclic nucleotide-gated channels play an important role in the
to these neurons® and changes of their intrinsic properties’ corticopontine neuronal activity, but the mechanisms by which
have been characterized in rodent models of peripheral nerve commissural fibers are impacted by chronic injury are not known.
injury, indicating a pivotal participation of the hyperpolar- What This Article Tells Us That Is New

ization-activated cation nonselective current (I, ). However, - -
¢ |n a rodent model of chronic constrictive injury, injury-induced

hyperactivity of commissural fibers was associated with
prefrontal cortex (mPFC), which is adjacent to the ACC, a reduction in voltage-gated potassium channel subunit
L5 PNs have distinct morphology and electrophysiology 2-mediated current; metabotropic glutamate receptor inhibition
d di heir | 5 — 811 Th produced an analgesic effect, restored voltage-gated potassium
cpending on thelr long-range projection targets.” = 1he channel subunit 2 currents, and reduced hyperexcitability.
corticopontine neurons projecting subcortically to multiple e The data support the notion that the analgesic efficacy of
targets, including the pontine nuclei, have I,-dependent metabotropic glutamate receptor inhibition is in part mediated
by reducing anterior cingulate cortex output to the contralateral
cerebral cortex.

in several neocortical regions, including the rat medial

membrane properties, but the commissural neurons project-
ing to the contralateral cortex do not have these properties.
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Therefore, it seems that ACC L5 PNs may also be divided
into two subtypes, but the specific excitability changes in the
different cell types, particularly the contralateral-projecting
and Ih—independent neurons, still remain unknown during
chronic pain, to the best of our knowledge.

The glutamatergic system has been shown to play a criti-
cal role in pain processing in the ACC,'? and the metabo-
tropic glutamate receptor subtype 1 (mGluR1) is of vital
importance due to its therapeutic implications for chronic
pain.’"17 Tt has been shown that the sciatic nerve injury-
induced dysfunction of cortical dendritic integration may be
mGluR1 dependent,® and inhibition of mGluR1 changes the
intrinsic property of I, -positive ACC L5 PN after peripheral
nerve injury.” Nevertheless, the different subtypes of L5 PNs
may respond diversely to the same neurotransmitter system,
such as the noradrenergic, acetylcholinergic, dopaminergic,
and serotoninergic systems.”!82° Thus, exploring the spe-
cific role of mGluR1 on different cell types, particularly on
contralateral-projecting neurons, will contribute to a better
understanding of its therapeutic effect in chronic pain.

In the present study, we confirmed a subtype of ACC L5
PNs, which project to the contralateral ACC and exhibit lit-
tle I, . Thus, we investigated changes in the firing properties
of these contralateral-projecting neurons under the condi-
tion of chronic constriction injury (CCI) to the sciatic nerve.
We observed a voltage-gated potassium channel subunit 2
(Kv2)-related alteration of the action potential (AP) width
and fast afterhyperpolarization (AHP; fAHP) potential after
CCI, resulting in the hyperexcitability of these neurons.
Moreover, we tested the effects of mGluR1 inhibition on
Kv2 currents and the neuronal excitability of contralateral-
projecting ACC L5 PNs, and we also evaluated whether
these effects mediated the analgesia of mGluR1 antagonist.

Materials and Methods

Experimental Animals

Male Sprague-Dawley rats (200 to 240 g for immunofluo-
rescence experiments and P28-P31 for whole cell record-
ings; Experimental Animal Center, Third Military Medical
University, China) were maintained on a 12-h light/dark
cycle with free access to food and water at a constant room
temperature of 25° to 28°C. All efforts were made to mini-
mize suffering and to reduce the number of animals used
to the minimum required for statistical accuracy. Every
experimental procedure was executed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and was approved by the Third Military
Medical University Ethical Committee for Animal Research.
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China (L.-L.S.)
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Chronic Constriction Injury

CCI to the sciatic nerve was performed according to the
previous protocols??? and followed the ethical guideline of
the International Association for the Study of Pain regarding
the use of laboratory animals.?®> Animals were randomized
to the naive, sham, or CCI group. After receiving anesthe-
sia with 4% chloral hydrate (10 ml/kg, intraperitoneal), the
right sciatic nerve of rats in the CCI group was exposed at
the midthigh level, and four sterile 4-0 chromic gut ligatures
were tied loosely around the nerve, 1.0 to 1.5mm apart,
proximal to its trifurcation. For sham surgery rats, the sciatic
nerve was isolated without ligation. After CCI surgery, the
affected hind paw was placed clumsily, and the toes were
together and slightly ventroflexed. CCI rats walked with a
definite limp, often raised the affected hind paw, and held
it in a protected position,?? which was not seen in naive or
sham rats.

Intra-ACC Drug Application

Three days after CCI or sham surgery, rats were anesthe-
tized with 4% chloral hydrate (10 ml/kg, intraperitoneal)
and placed into a digital stereotaxic device (Narishige,
Japan) with bregma and lambda at the same horizontal level.
A glass pipette (10- to 15-pm diameter tip) connected to
a 10-pl Hamilton syringe driven by an automated syringe
pump (Stoelting Co., USA) was inserted into the right
ACC (from bregma: anteroposterior, 2.2 mm; mediolateral,
0.7 mm; dorsoventral, 2.4 mm for adult rats; anteroposterior,
1.2 mm; mediolateral, 0.35 mm; dorsoventral, 1.75 mm for
young rats) or into the left pontine nuclei and surrounding
pyramidal tracts (from bregma: anteroposterior, -7.0 mm;
mediolateral, -2.0 mm; dorsoventral, 9.4 mm for adult rats)
according to the rat brain atlas.?* A volume of 0.5 pl of chol-
era toxin subunit B (CT-B; Alexa Fluor 488, dissolved in
0.01 m phosphate buffered saline [PBS], 1 pg/ul; Thermo-
Fisher Scientific, USA) was injected over a 5-min period.
The injection pipette was left in place for an additional 5 min
to minimize the efflux of the drug or cerebrospinal fluid.
Rats were allowed to recover for at least 4 days before their
use in other experiments.

For drug application in behavioral experiments, a
30-gauge stainless steel guide cannula with a 33-gauge stain-
less steel stylet plug (Shenzhen RWD Life Science Co.,
Ltd., China) was bilaterally inserted in adult rats, 0.5 mm
above the ACC injection site. The rats were given 1 week
to recover from the cannula implantation. Microinjections
were performed on awake rats through a 33-gauge stainless
steel injection cannula linked to a syringe pump (Stoelt-
ing Co.) by a long flexible pipe. The injection cannula was
extended 0.5 mm beyond the tip of the guide cannula and a
volume of 0.5 pl per hemisphere of 6 x 108 transducing units
of short hairpin RNA (shRNA), negative control shRNA
(shNC), 9-(dimethylamino)-3-(hexahydro-1H-azepin-
1-yl)pyrido[37,2":4,5]thieno[3,2-d]pyrimidin-4(3 H)-one
(A841720; 2 pg/ul), or artificial cerebrospinal fluid (aCSF;
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6% dimethyl sulfoxide [DMSO]) was injected. Rats were
allowed to recover for 30 min before the first behavioral test.

Immunofiuorescence
Atdesignated time points, rats were anesthetized with 4% chlo-
ral hydrate (10 ml/kg, intraperitoneal) and perfused through
the ascending aorta with 300 ml of 0.9% saline, followed
by 300 ml of 4°C 4% paraformaldehyde (in 0.1 M sodium
phosphate buffer, pH 7.4). Brains were quickly removed and
postfixed for 24h in phosphate-buffered 4% paraformalde-
hyde at 4°C. After dehydration in 30% phosphate-buffered
sucrose solution for at least 3 days, the frozen brains contain-
ing ACC (bregma, 2.70 to 1.70 mm) were coronal sectioned
into slices at 25 pm in thickness with a cryostat (1900, Leica,
Germany). The injection sites and transfection range of CT-B
and lentivirus were confirmed by consecutive brain sections
showing the green fluorescence. The depths of the upper and
lower laminar boundaries of L5 were defined as 40.6% and
69.5% of overall cortical thickness of the ACC, respectively.?
For hyperpolarization-activated/cyclic nucleotide-gated
(HCN) channel subtype 1/CT-B, Kv2.1/CT-B, or Kv2.2/
CT-B double-labeled immunofluorescence, the slices were
incubated with 10% normal goat serum in 0.01 M PBS for
30min at 37°C and then incubated with a mouse mono-
clonal HCN1 antibody (1:200; Abcam, United Kingdom),
a mouse monoclonal Kv2.1 antibody (1:400; Abcam), or a
mouse monoclonal Kv2.2 antibody (1:400; Abcam) over-
night at 4°C. After three rounds of 10-min rinses in PBS, the
sections were incubated in Cy3-conjugated goat antimouse
immunoglobulin G (1:200; Invitrogen, USA) for 1h at
37°C and then counterstained with 4’,6-diamidino-2-phe-
nylindole (Sigma-Aldrich, USA) for 10 min at 37°C and
washed in PBS. Each slice was coverslipped with a mixture
of 50% glycerin in PBS and then observed with a confocal
laser scanning microscope (Leica DMI 6000, Wetzlar, Ger-
many). The specificities of the immunostaining and primary
antibodies were verified by omitting the primary antibodies

or conducting the preabsorption experiments,?

respectively.
Five slices were extracted from a total of 21 consecutive slices
containing CT-B (four slices per interval) of each brain for

statistical analysis.

Brain Slices Preparation

The male Sprague—Dawley rats (P28 to P31), 7 days after
CCI or sham surgery, were rapidly decapitated, and the
brain was quickly removed and submerged in a 0°C, pre-
oxygenated (95% O
ing the following (m mM) 220 sucrose, 10 p-glucose, 1.25
NazHPO4, 26 NaHCOS, 2.5 KCJ, 6 MgClz, and 1 CaClz.
Coronal slices (300 pm), including the ACC (1.6 to 0.7 mm
rostral to the bregma), were prepared using an oscillating
tissue slicer (VT1000, Leica) and transferred to an incuba-
tion chamber filled with aCSE containing the following (in
mw): 119 NaCl, 2.5 KCI, 2.5 CaCl,, 1.3 MgClL,-6 H,0,
1.25 NaH,PO,2 H,0, 26.2 NaHCO,, and 11 p-glucose,

,» 5% CO,) sucrose solution contain-

Anesthesiology 2017; 127:515-33 517

and aerated with a mixture of 95% O,-5% CO, at 31° to
33°C before recording. After incubation for a minimum of
90 min, slices were transferred to a submersion-type record-
ing chamber and perfused with constantly aerated aCSF at a
rate of 1 to 2 ml/min.

Whole Cell Clamp Recordings and Data Analysis
Whole cell recordings in rat brain slice neurons were per-
formed as described previously,” and the recordings were
blinded to the slice preparation. ACC L5 PNs (0.6 to 0.8 mm
below the pial surface, contralateral to the CCI surgery) were
targeted for recording using an upright microscope equipped
with Leica infrared-differential interference contrast optics, a
340 water-immersion objective, and a charge coupled device
camera. The CT-B-labeled neurons were visualized using a
mercury lamp with a filter set. Recording electrodes made
from 1.5-mm glass capillaries were pulled on a Flaming—
Brown micropipette puller (P-97, Shutter Instrument, USA)
and filled with internal solution containing the following
(in mm): 145 potassium gluconate, 5 HEPES, 0.5 EGTA, 2
MgCl,, and 5 K,ATP (pH 7.2 to 7.4). With this solution, the
recording electrode exhibited a resistance of 2.5 to 6.0 MQ.
Liquid junction potentials were corrected arithmetically at
the beginning of the experiment. Recordings were performed
at 31° to 33°C. After gigaohm seal formation and patch
rupture, series resistance was compensated 60 to 80% and
continually monitored throughout the experiment. In volt-
age clamp experiments, capacitative transients were reduced
by the electronic capacitance compensation in the ampli-
fier circuit. The current clamp recordings were performed
in bridge mode to allow for faithful voltage after.”” Neurons
were given at least Smin to stabilize before data collection
and were discarded if the series resistance increased by more
than 20%. The signals were lowpass filtered at 5kHz using a
MultiClamp 700B amplifier (Molecular Devices, USA), digi-
tized at 10kHz with a digitizer (Digidata 1440A, Molecular
Devices), and stored for offline analysis with pClamp9.2 soft-
ware (Molecular Devices). The external solution was standard
aCSF for current-clamp experiments and aCSF with 500 nM
tetrodotoxin for voltage-clamp experiments.?®

Data were analyzed using Clampfit (Molecular Devices),
MATLAB (Mathworks, USA), and Microsoft Excel (Micro-
soft Corporation, USA). Thirteen neurons from a total of
184 recording neurons were discarded because the series
resistance increased by more than 20%. Beyond that, no
data were excluded from the statistical analysis. The rest-
ing membrane potential (RMP) was measured immediately
after breaking into the cell. Input resistance was calculated
from the linear portion of the current—voltage relation-
ship generated in response to a series of 1000-ms current
injections (-300 to +50 pA, 50-pA steps). The voltage sag
ratio was determined by the function [100 x (V_ -V )/
(Vg = V)], where V_ is steady-state Voltage, me is
minimum voltage, and V| is baseline voltage, at a nega-
tive current step that caused an approximately -20-mV
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Fig. 1. Electrophysiology of anterior cingulate cortex (ACC) layer 5 pyramidal neurons (L5 PNs) depends on the long-range
projection targets. (A, top) Retrograde labeling of the left ACC L5 PNs after injection of Alexa Fluor 488-labeled cholera toxin sub-
unit B (CT-B) into the right ACC. The white dashed lines represent the location of ACC. Scale bar = 1000 um. D = dorsal; L = left;
R =right; V= ventral. (A, bottom) Magnified images showing the CT-B positive (CT-B+) neurons in the right and left ACC. Scale bar =
200 pm. (B) Magnified images showing CT-B and hyperpolarization-activated/cyclic nucleotide-gated (HCN) channel subtype 1

(Continued)
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Fig. 1. (Continued) double labeling in the right (top) and left (bottom) ACC. The CT-B is injected into the right ACC. Scale bar =
50 pym. Arrows indicate the colocalizations of CT-B and HCN1. Arrowheads indicate the CT-B+ neurons that do not show HCN1
immunoreactivity. (C, left) Magnified images showing CT-B and HCN1 double labeling in the left ACC after injection of CT-B into
the right ACC or the left pons and surrounding pyramidal tracts. Scale bar = 50 pym. (C, right) Percentages of HCN1+ cells in
CT-B+ cells that project to contralateral ACC (con-ACC, n = 6 rats) or ipsilateral-pons (ipsi-pons, n = 3 rats). (D) Resting mem-
brane potentials of CT-B negative (CT-B-) and CT-B+ ACC L5 PNs are comparable. Unpaired Student’s t test, all groups n = 14.
For this and the following figures in this format, the gray dots represent data from individual cells, and the black/red dots and
bars represent mean + SD. (E, left) Representative traces showing the voltage responses to a series of current stimuli (-300 to
+50 pA, step = 50 pA). Dashed line represents that the input resistance was measured at the end of 1000-ms current steps.
(E, right) CT-B+ ACC L5 PNs have significantly larger steady-state input resistance than CT-B- neurons. Unpaired Student’s t
test, all groups n = 14. (F, left) Representative traces of voltage sag induced by a current step that caused an approximately —20
mV hyperpolarization at steady state. V, , = baseline voltage; V_,, = minimum voltage; V_ = steady-state voltage. (F, right) CT-
B+ ACC L5 PNs have a prominently smaller sag ratio than CT-B- neurons. Unpaired Student’s t test, all groups n = 12. (G, left)
Representative traces showing the firing response to a depolarizing current stimulus (+300 pA, 500 ms). (G, middle) The number
of action potentials (APs) elicited by depolarizing current steps of varying amplitude are not significantly different between CT-
B- and CT-B+ neurons. Unpaired Student’s t test, all groups n = 12. (G, right) CT-B+ ACC L5 PNs have a larger adapting ratio
than CT-B- neurons, especially during +200 pA and +300 pA current stimuli. Unpaired Student’s t test, all groups: CT-B—-n = 8,

CT-B+ n = 12. ISI = interspike interval; n.s. = no significant difference, *P < 0.05, **P < 0.01.

hyperpolarization of the membrane potential (fig. 1). In this
way, differences in input resistance were compensated.® Sin-
gle APs were analyzed for AP threshold, AP peak, maximum
derivative of the voltage with respect to time (dV/dt), AP
half-width, and AP width. The AP threshold was calculated
as the point where the first derivative of the upsweep of the
spike equaled 10 V/s. The AP half-width and AP width mea-
surements were taken at half the AP peak amplitude rela-
tive to the threshold or at the AP threshold, respectively. The
fAHP potential measurement was obtained when the mean
first derivative of the trace reached 0.0+0.5 V/s after each
spike, using a 1-ms sliding average.?’ The AHP was defined
as the difference in the membrane potential 50 ms before the
onset of the stimulus and the minimum voltage after the
spike train.

Western Blot

Western blot experiments were performed as described pre-
viously.” In brief, rats were euthanized at designated time
points. The ACC was quickly dissected on ice using a rat
brain matrix (Stoelting Co.), and protein was extracted
by T-PER tissue protein extraction reagent (Pierce, USA).
Equal amounts of protein (50 pg) were loaded and sepa-
rated in 8% Tris-Tricine sodium dodecyl sulfate polyacryl-
amide gel electrophoresis. The resolved proteins with desired
molecular weight were transferred onto polyvinylidene fluo-
ride membranes (GE Healthcare Bio-Science, USA). Then
the membranes were blocked in 5% nonfat milk (contain-
ing Tris-buffered saline, 0.1% Tween-20, pH 7.4) for 2h
at 37°C and then incubated overnight at 4°C with mouse
monoclonal Kv2.2 antibody (1:400; Abcam) or rabbit
[-actin antibody (1:1000; Zhongshan Goldenbridge Bio-
technology, China). The blots were washed three times in
Tris-buffered saline, 0.1% Tween-20 for 10 min and then
incubated with the secondary antibody, goat anti-mouse or
anti-rabbit immunoglobulin G conjugated with horseradish
peroxidase (1:1000; Zhongshan Goldenbridge Biotechnol-
ogy) for 1h at 37°C. Finally, signals were visualized using
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enhanced chemiluminescence (Pierce ECL, ThermoFisher
Scientific) and exposed with the ChemiDoc XRS system
(Bio-Rad Laboratories, USA).

The density of specific bands was measured using the
Quantity One software (Bio-Rad Laboratories) for quantifi-
cation. The same size square was drawn around each band to
measure the density, and the background near that band was
subtracted. [3-Actin was used as the internal control. Kv2.2
level was normalized against [3-actin level and expressed as a
fold increase compared with sham group.

Behavioral Measurements
The tests of thermal and mechanical threshold were conducted
on the ipsilateral hind paws of sham and CCI rats, as described
previously,”! and the experiments were blinded to drug appli-
cation. All of the rats were pre-exposed to the experimental
chamber for 3h per day for 3 days before the behavioral tests
for habituation. Thermal hyperalgesia was assessed using the
test by Hargreaves et 4/3° Rats were individually placed in
Plexiglas chambers on a glass platform, under which a radi-
ant heat source (IITC Life Science, USA) was directed at the
proximal half of the hind paw plantar surface. The heat source
was turned off immediately when the rat briskly lifted the foot,
allowing the measurement of the paw withdrawal thermal
latency as the threshold of thermal sensitivity. Each hind paw
was tested five times at 2-min intervals, and a 60-s cutoff was
used to prevent tissue damage in the absence of a response.
Mechanical allodynia measurements were carried out
using a calibrated series of von Frey hairs with bending forces
at a range of 0.3 to 60.3 g. Tests were initiated with 4.10¢
of von Frey hairs, the middle of the filament series. The fil-
ament was applied to the plantar surface of the hind paw
with a sufficient force to bend it for 2s. A positive paw with-
drawal response was recorded if the hind paw was briskly
lifted and completely removed from the platform. The 50%
paw-withdrawal mechanical threshold was determined by
the up-down method.?!
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Drugs
All of the reagents were obtained from Sigma-Aldrich
with the exception of guangxitoxin-1E (GxTX), (RS)-3,5-
dihydroxyphenylglycine (DHPG), phorbol 12-myristate
13-acetate (PMA), and A841720 from Tocris Bioscience
(United Kingdom), as well as CT-B (Alexa Fluor 488) from
ThermoFisher Scientific/Molecular Probes. During whole
cell recording, all of the drugs were dissolved in their suit-
able solvents as stock solutions and were applied by switch-
ing the perfusion from aCSF to a solution containing the
desired drug at an appropriate concentration. Bath-applied
drugs were perfused for at least 5min to ensure complete
equilibration within the recording chamber. For intra-ACC
application, A841720 was dissolved in DMSO as stock solu-
tion and diluted by aCSF to the desired concentration before
microinjection. The vehicle solution was an aCSF contain-
ing 6% DMSO, consistent with the final concentration of
DMSO in A841720 working solution. All of the stock solu-
tions were stored in tightly sealed vials at -20°C and used
within 1 month.

shRNA targeting the rat Kv2.2 gene (Kcnb2; Gen-
Bank accession No. NM_054000) and nontargeting shNC
sequences were designed and synthesized by Shanghai
GeneChem Co., Ltd. (China). The sequence of Kv2.2-
shRNA and shNC were 5-AAGGAGCAGATGAAC-
GAAGAA-3" and 5-TTCTCCGAACGTGTCACGT-3,
respectively. The recombinant virus expressing enhanced
green fluorescent protein was packaged using a Lentivector

Expression Systems kit (Shanghai GeneChem Co., Ltd).

Statistical Analysis

No statistical analyses were used to predetermine the sample
size, but our sample sizes were based on previous reports®>3?
and our previous publication.” All of the quantitative values
were normally distributed and expressed as the mean + SD.
Statistical comparisons were made using SPSS version 19
software (SPSS Inc., USA). All of the comparisons between
the two groups were analyzed using Student’s unpaired # test.
One-way ANOVA, followed by post hoc Bonferroni multi-
ple comparison tests, was used to compare the AP numbers
and the relative protein level. The comparison of cumula-
tive probability distribution of interspike interval (ISI) was
analyzed using the Kolmogorov—Smimov test. For the cur-
rent threshold of entry into depolarization block, Kruskal—
Wallis test followed by Dunn-Bonferroni post hoc test was
used because equal variance was not assumed. The instanta-
neous frequency, fAHP, AP width, all of the current densities
evoked by a series of voltage steps, and all of the thermal and
mechanical thresholds were analyzed using two-way repeated-
measures ANOVA followed by post hoc Bonferroni multiple
comparison tests. The comparison of current density (evoked
by 30-mV depolarization) predrug and postdrug application
was made using one-way repeated-measures ANOVA fol-
lowed by post hoc Bonferroni multiple comparison tests. In all
of the cases, P < 0.05 (two-tailed test) was considered to be
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statistically significant. Lastly, “n” referred to the number of
recording cells unless stated otherwise.

Results

Contralateral-projecting ACG L5 PNs Have Unique Intrinsic
Properties

To confirm that ACC L5 PN exhibited heterogeneity based
on their long-range projection targets, we infused the retro-
grade tracer, CT-B (Alexa Fluor 488,),* into the right ACC
(fig. 1A).° Thus, the commissural ACC L5 PNs projecting
to the contralateral ACC were labeled by CT-B in the left
ACC (fig. 1A), whereas the corticopontine L5 PN was CT-B
absent. Given that the corticopontine neurons in mPFC
have distinct electrophysiologic properties, particularly in
the sag ratio, which reflects the activation of HCN ion chan-

nels, relative to the commissural neurons,’

we performed
double-labeled immunofluorescence to examine whether
the expression of HCN channels in ACC L5 was also dif-
ferent between these two cell subtypes. In the right ACC,
that is, the CT-B infusion site, we observed robust HCN1
(the predominantly expressed HCN channel subtype in the
prefrontal cortex) immunoreactivity on the membrane and
apical dendrite of CT-B-positive (CT-B+) L5 PN (fig. 1B,
top), and there were also many CT-B+ neurons exhibiting
no HCN1 immunoreactivity. However, in the left ACC, we
did not find any CT-B+ L5 PNs showing HCNI1 immu-
noreactivity under the same imaging settings (fig. 1B, bot-
tom). These results suggest that HCN1 is mainly expressed
on corticopontine neurons in ACC L5, whereas the com-
missural neurons expressed little, if any HCNI. In the right
ACC, both neuronal types were infected by CT-B because
the infection was nonselective. However, in the left ACC,
only the commissural neurons projecting to the contralateral
infusion site were CT-B+. To further confirm this hypoth-
esis, we injected CT-B into either the left pontine nuclei or
right ACC to separately label the corticopontine or commis-
sural neurons in the left ACC (fig. 1C). We observed that,
under the same imaging settings, nearly 91% of the corti-
copontine neurons were labeled by HCN1, but none of the
commissural neurons were HCN1 positive.

Thus, we injected CT-B into the right ACC of young rats
to mark the commissural neurons in the left ACC, and we
also named these neurons CT-B+ neurons in the following
experiments. Next, we examined whether the CT-B+ and
CT-B-negative (CT-B-) L5 PNs in the left ACC had dis-
tinct electrophysiologic properties. The RMPs of the two
subtypes were identical (fig. 1D). To perform more accu-
rate comparisons, we adjusted the holding current such
that the membrane potential was -65 mV. CT-B— neurons
had a significantly smaller steady-state input resistance (Ry)
compared with CT-B+ neurons (fig. 1E). Consistent with
the difference in Ry, we found that CT-B— neurons had a
prominently larger voltage sag ratio than CT-B+ neurons
in a nonoverlapping manner (fig. 1F), similar to a previous
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Table 1. Passive Membrane Properties of CT-B+ ACC L5 PNs Are Not Changed after CCl

Variable Naive (n = 14) Sham (n = 14) CCl(n=14) F(2,39) P Value
RMP (mV) -61.34+4.02 -61.25+4.09 -61.87+3.20 0.109 0.897
Cm (pF) 90.00+52.33 96.01+38.56 97.75+37.51 0.123 0.884
R, (MQ) 169.29+15.73 164.37+41.89 163.38+33.23 0.135 0.874
Rheobase (pA) 52.14+11.22 59.29+12.69 57.86+8.93 1.637 0.208

Comparison of resting membrane potential (RMP), membrane capacitance (Cm), input resistance (R,), and rheobase of cholera toxin subunit B (CT-B)+
anterior cingulate cortex (ACC) layer 5 pyramidal neurons (L5 PNs) among naive, sham, and chronic constriction injury (CCI) rats. Data were calculated with
one-way ANOVA.

report in mPFC.* Then we injected a series of depolarizing using the successfully established CCI model.” W first evalu-
currents (100 to 300 pA, step = 100 pA) for 500ms to test  ated the passive membrane properties of the CT-B+ ACC L5
the firing properties of the two subtypes (fig. 1G). Although PN from naive, sham, and CCI rats on day 7 after CCI. There
both neuronal types fired at nearly the same rate, the CT-B+  were no significant differences in the RMP, membrane capaci-
neurons displayed a much higher spike frequency adaptation  tance, R and rheobase of the CT-B+ neurons among naive,
ratio, particularly during 200 and 300 pA stimuli, compared sham, and CCI groups (table 1). Next, we investigated the
with the CT-B— neurons. These results indicated that the L5 neuronal excitability by characterizing the AP firing patterns.
PNs in ACC, similar to the mPFC, could be divided into at ~ When the membrane potential was held at -65 mV and an

least two subtypes. identical rheobase current was injected for 10s (fig. 2A), the

CT-B+ neurons in CCI slices displayed a significantly higher
Altered Cellular Excitability of CT-B+ ACC L5 PNs in GCI AP firing rate than the neurons from naive slices (fig. 2B).
Rats Although the AP numbers of sham and CCI neurons were not

The modifications of CT-B— ACC L5 PN contralateral to the  significantly different, the cumulative probability distribution
sciatic nerve lesion, which expressed many HCNI1 channels,  of the ISI of the CCI neurons was obviously leftward shifted
have been relatively well studied in the CCI condition.® Thus, compared with sham neurons (fig. 2C), which also reflected
we aimed to explore the potential changes of CT-B+ neurons  an increase in firing frequency. Then we elicited AP firing by
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Fig. 2. The tonic firing frequency of cholera toxin subunit B (CT-B)+ anterior cingulate cortex (ACC) layer 5 pyramidal neurons (L5
PNs) is increased after chronic constriction injury (CClI). (A) Representative traces showing the firing response of CT-B+ neurons
to a 10-s rheobase stimulus. (B) The firing number elicited by the rheobase stimulus increases significantly in the CCI group
compared with the naive group. One-way ANOVA and post hoc Bonferroni multiple comparison tests, all groups n = 14. (C)
CCl surgery induces an obvious leftward shift of the interspike interval cumulative distribution curve. Kolmogorov—-Smimov test,
P < 0.01. (D, left) Representative traces showing the firing response to a series of depolarizing current stimulus (+300 to +700
pA, 500ms). (D, right) The current threshold of entry into the depolarization block of CCI CT-B+ neurons is significantly lower
than that of the other two groups. Kruskal-Wallis test and Dunn-Bonferroni post hoc test, all groups n = 14. n.s. = no significant
difference, *P < 0.05, **P < 0.01.
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applying depolarizing currents (100 to 1000 pA, step = 100
pA) in 500-ms duration to fully analyze the spiking responses
to the suprathreshold stimuli. However, considerable amounts
of recording neurons (8 of 42) started to enter the depolariza-
tion block from the 400-pA stimulation, and during the 1000-
pA stimulation, a majority (36 of 42) of recording neurons
exhibited depolarization block. Moreover, the CT-B+ neurons
in the CCI group notably showed an increased propensity to
enter the depolarization block compared with neurons from
other two groups (fig. 2D).

Thus, we focused on the APs elicited by the weaker and
perhaps physiologically more pertinent stimuli (100, 200,

Role of mGluR1 in ACC Commissural Neuron

the CCI group was much more than those from the other
two groups (fig. 3B). Hence, we used the 300-pA stimulus
as an example and compared the spike frequency adapta-
tion ability of the CT-B+ neurons from different groups by
measuring the first 7 ISIs. All of the groups exhibited an
initial period of high-frequency AP generation followed by
an accommodation to a much lower steady-state firing fre-
quency, but the CCI neurons fired obviously at a higher fre-
quency (fig. 3C). Furthermore, we observed a significantly
higher instantaneous firing frequency at steady-state in CCI
neurons, whereas the firing frequency at onset was not sig-

nificantly different between groups (one-way ANOVA:

and 300 pA; fig. 3A) and observed that the mean AP num-

frequency at onset: £, = 1.354, P = 0.280; steady-state
ber fired by each of these stimuli in CT-B+ neurons from

@21
frequency: F, ,,, = 12.724, P = 0.000; fig. 3C).
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Fig. 3. Firing properties of cholera toxin subunit B (CT-B)+ anterior cingulate cortex (ACC) layer 5 pyramidal neurons (L5 PNs) are
changed after chronic constriction injury (CCI). (A) Representative traces showing the firing response to a depolarizing current
stimulus (+300 pA, 500 ms). Black dashed line represents that the membrane potential finally returned to the level of beginning.
(B) The action potential (AP) number of CT-B+ neurons increases significantly after CCl in each depolarizing current step. One-
way ANOVA and post hoc Bonferroni multiple comparison tests, all groups: CCl and sham n = 12, naive n = 8; *** versus naive,
* #* yersus sham. (C) The comparison of instantaneous frequency of AP firing in response to a 300-pA current injection, data
are presented for the first seven spike intervals (i.e., eight spikes). CCI neurons fire APs at a significantly higher frequency. Two-
way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, all groups n = 8; fo = onset frequency; fss
= steady-state frequency. (D, left) Expanded view of merged traces in the gray rectangle (1) in A. (D, right) CCl neurons show a
much higher fast afterhyperpolarization potential during each AP interval. Two-way repeated measures ANOVA and post hoc
Bonferroni multiple comparison tests, all groups n = 12. (E, left) Expanded view of merged traces in the gray rectangle (2) in A.
(E, right) The postburst afterhyperpolarization potentials elicited by depolarizing current steps of varying amplitude are not sig-
nificantly different between sham and CCI CT-B+ neurons. Unpaired Student’s t test, all groups n = 12. (F, left) The comparison
of voltage sag at —300 pA. (F, right) The voltage sags elicited by hyperpolarizing current steps of varying amplitude are identical
between sham and CCI CT-B+ neurons. Unpaired Student’s t test, all groups n = 6. n.s. = no significant difference, *P < 0.05,
**P < 0.01, *P < 0.05, #P < 0.01.
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AP Shape of CT-B+ AGG L5 PNs Was Changed after CCI
Next, we aimed to explore the potential mechanisms underly-
ing hyperexcitability. It had been shown that the fAHP plays
an important role in determining the spike frequency during
burst firing. Thus, we assessed the first 7 fAHPs during the
300-pA stimulus and found that the CT-B+ ACC L5 PNs in
the CCI group exhibited substantially higher fAHP poten-
tials compared with neurons in the naive and sham groups
(fig. 3D). Given that the postburst slow AHP reflecting a
Ca?*-activated K* conductance also played a critical role in
shaping the pattern of AP generation,’** we compared the
slow AHP of sham and CCI CT-B+ neurons. However, there
was no significant difference between the two groups in each
of the depolarizing stimuli (fig. 3E). In addition, we also
revealed by measuring the sag ratios that the tiny I, of the
sham and CCI CT-B+ neurons were comparable (fig. 3F).

A

Moreover, we compared the AP waveforms in the sham and
CCI CT-B+ neurons because the changes of AP repolariza-
tion would lead to an alteration in fAHP. In all of the neurons,
the AP waveforms were dynamic and exhibited progressively
smaller spikes.?” For this reason, we concentrated our analysis
on the properties of the first and seventh APs triggered by a
300-pA depolarizing stimulus to compare the APs at the onset
or steady state of a 500-ms burst. Figure 4, A and B plotted the
example waveforms of such APs and their corresponding phase
plots. There was no difference in AP threshold, peak potential,
or maximum dV/dt between groups (fig. 4C). However, we
observed a significant difference in the half-width of seventh
APs between the sham and CCI CT-B+ neurons (fig. 4D).
The precise measurements of the first seven AP widths to cap-
ture the changes on the late phase of repolarization?® further
revealed a larger and obvious increase after CCI (fig. 4E).
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Fig. 4. Action potential waveforms of cholera toxin subunit B (CT-B)+ anterior cingulate cortex (ACC) layer 5 pyramidal neurons
(L5 PNs) are altered after chronic constriction injury (CCI). (A) The comparison of action potential (AP) waveforms and their cor-
responding phase plots of the first APs elicited by a 300-pA depolarizing stimulus. (B) The comparison of AP waveforms and
their corresponding phase plots of the seventh APs elicited by a 300-pA depolarizing stimulus. (C) The first or seventh AP thresh-
old (left), peak potential (middle), and maximum rate of rise (right) are not significantly different between sham and CCl CT-B+
neurons. Unpaired Student’s t test, all groups n = 12. (D) The half-widths of first APs are unchanged whereas the half-widths of
seventh APs are obviously increased after CCIl. Unpaired Student’s t test, all groups n = 12. (E) The comparison of AP width of
firing in response to a 300-pA current injection, data are presented for the first seven spikes. CCl neurons have much broader
AP widths. Two-way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, all groups n = 12. dV/dt =
derivative of the voltage with respect to time; max = maximum; n.s. = no significant difference. *P < 0.05, **P < 0.01.
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Kv2 Currents of CT-B+ ACC L5 PNs Were Inhibited

after CCI

Our data described above indicated a decrease in the rate of
spike repolarization (specifically in the late phase, resulting in an
increase in AP width) in CT-B+ ACC L5 PN after CCI, accom-
panied by an increase of fAHP potentials. Among the numerous
channels contributing to AP kinetics, the voltage-gated potas-
sium channels mainly contribute to AP repolarization. Particu-
larly, the Kv2 channels producing the bulk of delayed-rectifier
currents are broadly expressed across the mammalian brain®®4
and are mainly responsible for the late falling phase and fAHP
of the APs within bursts,?® making them the key regulators of
neuronal excitability.#'~# In addition, previous reports have also
suggested that inhibition of A-type K* currents (I,) result in an
increase in the AP width and decrease in the fAHP? Therefore,
we investigated depolarization-activated potassium currents in
CT-B+ ACC L5 PNs using selective blockers.

Figure 5A shows the composition of the total depolariza-
tion-activated potassium currents in these neurons from the
sham group, evoked by a voltage step from -90 to 60 mV.
Application of 100nM GxTX?! nearly completely inhib-
ited the Kv2-mediated current during the entire depolariz-
ing step, particularly in the steady-state phase. Additional
application of 2mM 4-aminopyridine (4-AP)* prominently
inhibited the peak current corresponding with I, but did
not influence the steady-state current in which I, had inacti-
vated. The remaining current after application of GxTX and
4-AP might contain the BK calcium-activated potassium
current and other depolarization-activated currents.

Then we compared the total depolarization-activated
potassium currents between the CT-B+ ACC L5 PNs from
the sham and CCI groups. We observed that the CT-B+
neurons from the CCI group showed significantly smaller
total outward currents measured at both the peak and steady
state (fig. 5B). However, after application of 100 nM GxTX,
this difference was absent (fig. 5C). The comparison of
GxTX-sensitive currents at steady state by subtracting the
currents after GxTX application from the total outward cur-
rents revealed a significant difference (fig. 5D). We further
applied 4-AP during bath application of GxTX and found
that neither the residual current (fig. 5E) nor the 4-AP—sen-
sitive current (fig. 5F) was different between the sham and
CCI groups. These results suggested that the Kv2-mediated,
GxTX-sensitive currents in CT-B+ neurons were obviously

inhibited after CCI.

Inhibition of mGIuR1 Rescued the Decreased Kv2 Current
in CT-B+ ACC L5 PNs after CCI

A previous study demonstrated that CCI induced an increase
in ACC extracellular glutamate concentration,?° which
might have led to an overactivation of both ionotropic and
metabotropic glutamate receptors on the postsynaptic mem-
brane. Moreover, inhibition of mGluR1 has been shown to
modulate the excitability of HCN1-positive ACC L5 PNs
after CCI,” producing an analgesic effect. Thus, we tested

Anesthesiology 2017; 127:515-33
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the hypothesis that inhibition of mGluR1 could attenuate
the reduction of Kv2 current in CT-B+ neurons. We used
the voltage step from -60 to 30 mV to evoke the total out-
ward current, because the I, was unaltered after CCI and
was nearly completely eliminated by the holding potential
of -60 mV. Moreover, the 30-mV depolarization was physi-
ologically more pertinent.

We first examined whether mGIluR1 activation could
down-regulate the Kv2 current of CT-B+ ACC L5 PNs in
sham rats. Bath application of 5min of DHPG (15 uM),
an agonist of group 1 mGluRs, dramatically decreased the
total outward current in sham slices (fig. 6A). After a 20-min
rinse, the total outward current recovered to predrug level.
However, in the presence of 100nM GxTX, which nearly
entirely abolished the Kv2 current (fig. 6B), DHPG exerted
no additional effect (Bonferroni multiple comparison tests:
P =0.927, GxTX vs. GxTX+DHPG; fig. 6B), suggesting
that DHPG inhibited the Kv2 current to reduce the total
outward current. Blockade of mGluR1 in sham slices by 10
uM A841720 (mGluR1 antagonist) had no effect on the
total outward current (fig. 6C). However, in the presence of
A841720, the application of DHPG failed to reduce Kv2
current (Bonferroni multiple comparison tests: P = 1.000,
A841720 vs. A841720+DHPG; fig. 6C), further suggesting
that the effect of DHPG was mGluR1 mediated.

Next, we tested whether blockade of mGluR1 in CCI
rats could rescue the Kv2 current of CT-B+ ACC L5 PNs.
As shown in figure 6D, application of 10 um A841720
produced a marked increase in the total outward current.
Consistent with the expectation, the effect of A841720 was
Kv2 mediated because preapplication of 100nM GxTX
prevented this effect (Bonferroni multiple comparison tests:
P =1.000, GxTX vs. GxTX+A841720; fig. 6E). In addition,
we observed that 15 pM DHPG could additionally reduce
the total outward current in CCI CT-B+ neurons (fig. 6F) to
a level identical with its effect in sham slices (sham + DHPG:
fig. 6A, CCI + DHPG: fig. 6F; Unpaired Student’s 7 test:
P =0.398). Considering that the Kv2 current before DHPG
incubation was significantly smaller in CCI CT-B+ neurons
than in the sham group, the effect of DHPG in CCI slices
might be weaker, indicating that the mGluR1 had been
prominently activated after CCI.

Protein Kinase G Mediated the Regulatory Effect of
mGluR1 on Kv2 Current

The mGluR1 is specifically correlated with the phospholipase
C—protein kinase C (PKC) pathway, and the Kv2 currents can
be modulated by numerous protein kinases, including PKC.#
Hence, we aimed to confirm that mGluR1 selectively modu-
lated Kv2 current via activation of PKC. First, we incubated
CCI slices with 10 pM chelerythrine chloride (Che; a PKC
inhibitor). The total outward current increased significantly
after 10 min of Che incubation and returned neatly to the pre-
drug level after 15 min of aCSF washout (fig. 7A), similar to
the effect observed with A841720 treatment. In the presence
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Fig. 5. Voltage-gated potassium channel subunit 2 (Kv2)-mediated guangxitoxin-1E (GxTX)-sensitive potassium current de- 1
creases in cholera toxin subunit B (CT-B)+ anterior cingulate cortex (ACC) layer 5 pyramidal neurons (L5 PNs) after chronic S

constriction injury (CCI). (A, left) Representative traces show the effects of 100nM GxTX and 2mM 4-aminopyridine (4-AP) on
total outward current in a CT-B+ ACC L5 PN evoked by voltage step from —90 to +60 mV. (A, middle and right) Effects of 100nM
GxTX and 2mM 4-AP on peak and steady-state outward current evoked from —90 mV. Two-way repeated-measures ANOVA and
post hoc Bonferroni multiple comparison tests, all groups: GxTX and GxTX+4-AP n = 11, control n = 13. (B, left) Representative
traces show the total outward currents in CT-B+ ACC L5 PNs from sham and CCI group evoked by voltage step from —90 mV
to +60 mV. (B, middle and right) The comparison of peak and steady-state outward currents of sham and CCI neurons evoked
from —90 mV. Two-way repeated-measures ANOVA, all groups: CCl n = 11, sham n = 13. (C) After bath application of 100nM
GXTX, both the peak and steady-state currents are decreased and become identical between sham and CCI neurons. Two-way
repeated-measures ANOVA, all groups n = 11. (D) The GxTX-sensitive currents are obtained by subtracting the currents after
GxTX application (C) from the total outward currents (B). The GxTX-sensitive currents are compared at steady state and show
a significant reduction after CCl. Two-way repeated-measures ANOVA, all groups n = 11. (E) After consecutive application of
100nM GxTX and 2mM 4-AP, the remaining currents are compared at steady state and are identical between groups. Two-way
repeated-measures ANOVA, all groups n = 11. (F) The 4-AP-sensitive currents are obtained by subtracting the currents after
4-AP application (E) from the currents before 4-AP application (C). The 4-AP-sensitive currents are compared at the peak and
are also identical between groups. Two-way repeated-measures ANOVA, all groups n = 11. *P < 0.05, **P < 0.01.
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Fig. 6. Inhibition of metabotropic glutamate receptor subtype 1 (mGluR1) rescues the reduced voltage-gated potassium channel g
subunit 2 (Kv2) current in cholera toxin subunit B (CT-B)+ anterior cingulate cortex (ACC) layer 5 pyramidal neurons (L5 PNs) of )
chronic constriction injury (CCI) rats. (A, top) Time course of changes in normalized total outward current amplitudes of sham >
neurons induced by 15 uM (RS)-3,5-dihydroxyphenylglycine (DHPG). The total outward current is evoked by steps from —60 mV §_>_
to +30 mV in this and the following figures. (A, bottom) Representative traces of current amplitude at +30 mV (/eft) and compari- 8
s

son of current density (right) show a prominent decrease during DHPG application. One-way repeated-measures ANOVA and
post hoc Bonferroni multiple comparison tests, n = 7; ** versus pre. (B, top) Time course of changes in normalized total outward
current amplitudes of sham neurons induced by 15 pM DHPG, in the presence of 100nM guangxitoxin-1E (GxTX). (B, bottom)
Application of GXTX dramatically decreases the total outward current density, and subsequent additional application of DHPG
exerts no effect. One-way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, n = 6; ** versus pre.
(C, top) Time course of changes in normalized total outward current amplitudes of sham neurons induced by 15 pM DHPG, in
the presence of 10 uM A841720. (C, bottom) Application of A841720 has no effect on total outward current density. Subsequent
application of DHPG also shows no additional effect. One-way repeated-measures ANOVA and post hoc Bonferroni multiple
comparison tests, n = 7. A841 represents 9-(dimethylamino)-3-(hexahydro-1H-azepin-1-yl)pyrido[3’,2":4,5]thieno[3,2-d]pyrimi-
din-4(3H)-one (A841720) in this figure. (D, top) Time course of changes in normalized total outward current amplitudes of CCI
neurons induced by 10 uM A841720. (D, bottom) Comparison of current density shows a prominent increase during A841720
application. One-way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, n = 7; ** versus pre.
(E) After preapplication of 100nM GxTX, A841720 fails to increase the total outward current density in CCI CT-B+ neurons. One-
way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, n = 6; ** versus pre. (F) Application of 15
UM DHPG in CCI CT-B+ neurons slightly but significantly reduces the total outward current density. One-way repeated-measures
ANOVA and post hoc Bonferroni multiple comparison tests, n = 6; ** versus pre. *P < 0.05, **P < 0.01.
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Fig. 7. Metabotropic glutamate receptor subtype 1 (mGluR1) modulates voltage-gated potassium channel subunit 2 (Kv2) cur- §
rent via protein kinase C (PKC). (A, top) Time course of changes in normalized total outward current amplitudes of chronic ES
constriction injury (CCI) neurons induced by 10 uM Che. (A, bottom) Representative traces of current amplitude at +30 mV S
s

(left) and comparison of current density (right) show a prominent increase during Che application. One-way repeated-measures
ANOVA and post hoc Bonferroni multiple comparison tests, n = 7; ** versus pre. (B, top) Time course of changes in normalized
total outward current amplitudes of CCI neurons induced by 10 uM Che, in the presence of 100nM guangxitoxin-1E (GXTX).
(B, bottom) Application of GXTX dramatically decreases the total outward current density and subsequent additional applica-
tion of Che exerts no effect. One-way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, n = 6;
** versus pre. (C, top) Time course of changes in normalized total outward current amplitudes of CCI neurons induced by 10 uM
9-(dimethylamino)-3-(hexahydro-1H-azepin-1-yl)pyrido[3",2":4,5]thieno[3,2-d]pyrimidin-4(3H)-one (A841720), in the presence of
20 pM PMA. (C, bottom) Application of phorbol 12-myristate 13-acetate (PMA) significantly reduces the total outward current
density. Subsequent application of A841720 shows no additional effect. One-way repeated-measures ANOVA and post hoc
Bonferroni multiple comparison tests, n = 7; ** versus pre. (D, top) Time course of changes in normalized total outward cur-
rent amplitudes of sham neurons induced by 15 pM (RS)-3,5-dihydroxyphenylglycine (DHPG), in the presence of 10 pM Che.
(D, bottom) Application of Che has no effect on total outward current density. Subsequent application of DHPG also shows no
additional effect. One-way repeated-measures ANOVA and post hoc Bonferroni multiple comparison tests, n = 6. (E and F) Nei-
ther the application of forskolin (E) nor H89 (F) rescues the reduced total outward current in CCI cholera toxin subunit B (CT-B)+
neurons. One-way repeated-measures ANOVA, all groups n = 7. *P < 0.05, **P < 0.01.
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of 100nM GxTX, Che exerted no additional modulation
of total outward current (Bonferroni multiple comparison
tests: P = 0.469, GxTX vs. GxTX + Che; fig. 7B), indicat-
ing that the effect of Che was indeed mediated by Kv2 chan-
nels to a large extent. Then we activated PKC in CCI slices
with 20 pM phorbol 12-myristate 3-acetate (PMA; a PKC
activator). Bath application of PMA slightly but significantly
down-regulated the total outward current (fig. 7C), but, in
this condition, additional application of A841720 failed
to rescue the Kv2 current (Bonferroni multiple comparison
tests: 2 = 1.000, PMA »s. PMA + A841720; fig. 7C). Fur-

Role of mGluR1 in ACC Commissural Neuron

Furthermore, we observed that neither the activation (fig. 7E)
nor inhibition (fig. 7F) of PKA in CCI slices modulated the
total outward current of CT-B+ neurons. These results most
likely indicate that the group 2 and 3 mGluRs were not
involved in the modification of Kv2 current after CCI.

mGluR1 Regulates the Excitability of CT-B+ ACC L5 PNs
via an Alteration of Kv2 Current after CCI

Our results thus far showed that there was an inhibition of
Kv2 current in CT-B+ ACC L5 PNs caused by the activa-
tion of mGluR1 after CCI. Thus, we aimed to determine

thermore, we inhibited PKC in sham slices with 10 uM Che ~ whether this change was relevant to the decrease in the rate g’
but observed no effect on the total outward currents (fig. 7D). of AP repolarization during burst firing. Measurements of g
However, in this condition, activation of mGluR1 by DHPG AP number, fAHP, and AP width were performed before %
failed to down-regulate the Kv2 current (Bonferroni multiple ~ and after at least 10min of 10 uM A841720 bath appli- E|
comparison tests: P = 1.000, Che vs. Che + DHPG; fig. 7D).  cation with 300-pA depolarizing current elicited APs, in g
Both the results in figure 7, C and D, suggest that modulation 500 ms duration, in CT-B+ ACC L5 PNs from the sham and 2
of Kv2 current by mGluR1 was mediated via PKC activity. CCI groups (fig. 8A). Application of A841720 significantly g
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Fig. 8. Inhibition of metabotropic glutamate receptor subtype 1 (mGluR1) attenuates chronic constriction injury (CCl)-induced
alterations in firing number, fast afterhyperpolarization (fAHP), and action potential (AP) width via disinhibiting voltage-gated
potassium channel subunit 2 (Kv2) current. (A) Expanded view of the representative traces showing the firing response to a
depolarizing current stimulus (+300 pA, 500 ms). (B, left) AP number of CCI neurons decreases significantly to the sham level
after application of 10 pM 9-(dimethylamino)-3-(hexahydro-1H-azepin-1-yl)pyrido[3",2":4,5]thieno[3,2-d]pyrimidin-4(3H)-one
(A841720). One-way ANOVA and post hoc Bonferroni multiple comparison tests, CCl n = 12, all other groups n = 10. (B, middle)
CCI neurons show comparable fAHP potentials to sham neurons after application of 10 pM A841720. Two-way repeated-
measures ANOVA and post hoc Bonferroni multiple comparison tests, all groups n=12. (B, right) CCl neurons also have comparable
AP waveforms to sham neurons after application of 10 pM A841720. Two-way repeated-measures ANOVA and post hoc Bonfer-
roni multiple comparison tests, all groups n = 12. (C) Expanded view of the representative traces showing the firing response to a
depolarizing current stimulus (+300 pA, 500ms). (D) After preapplication of 100 nM guangxitoxin-1E (GxTX), the 10 uM A841720
cannot down-regulate the AP number, fAHP potentials, and AP widths of CCI cholera toxin subunit B (CT-B)+ neurons. One-
way ANOVA (for AP number) or two-way repeated-measures ANOVA (for fAHP and AP width) and post hoc Bonferroni multiple
comparison tests, all groups n = 12. n.s. = no significant difference, *P < 0.05, **P < 0.01.
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reduced the number of AP of CCI CT-B+ neurons but had
no effect on sham neurons (fig. 8B, left). Moreover, A841720
treatment obviously decreased the fAHP potentials of CCI
neurons to sham-like values (fig. 8B, middle). Analysis of
AP widths showed a marked decrease in CCI neurons after
A841720 application (fig. 8B, right). Neither the fAHP nor
the AP width of sham neurons was affected by A841720.

We also tested the hypothesis that the regulation
of A841720 on AP repolarization was Kv2 mediated
(fig. 8C). We first incubated CCI slices with 100 nM
GxTX and observed no significant effect on AP number.
However, in the presence of GxTX, additional applica-
tion of 10 pM A841720 could not down-regulate the AP
number of CCI CT-B+ neurons (fig. 8D). Similarly, the
regulations of fAHP and AP width in CCI CT-B+ neu-
rons by A841720 were also eliminated with the preappli-
cation of GxTX (fig. 8D).

Kv2 Current in CT-B+ AGG L5 PNs Plays an Important Role
in Mediating the Analgesic Effect of mGIuR1 Inhibition
Finally, we aimed to test whether the analgesic effect of
mGluR1 inhibition was mediated, at least partly, by the
reappearance of Kv2 current in the CT-B+ neurons. In the
cerebral cortex, Kv2 current is mediated by two kinds of
potassium channels. Kv2.1 is expressed nonselectively in all
of the L5 PN, whereas Kv2.2 is mainly expressed in the con-
tralateral-projecting neurons.’® We confirmed this expression
pattern in the ACC (fig. 9A). Moreover, PKCs selectively
regulate Kv2.2 but not Kv2.1.% Thus, lentivirus expressing
specific shRNA (Kv2.2 shRNA) was bilaterally injected into
the ACC to selectively knock down Kv2 current in CT-B+
neurons, and the CCI rats that received nontargeting shNC
injection were used as controls (fig. 9B). Western blot analy-
ses showed that Kv2.2 expression was successfully suppressed
7 days after Kv2.2 shRNA injection, and this suppression
persisted for more than 1 week (fig. 9C).

Next, we evaluated the effect of several manipulations
on paw-withdrawal thermal latency and mechanical thresh-
old of the injured hind paw. Knockdown of Kv2.2 in ACC
L5 did not alter the thermal and mechanical threshold of
rats in either the sham or CCI group on day 7 after surgery
(fig. 9D). Microinjection of A841720 at the same site nearly
completely attenuated thermal hyperalgesia and also signifi-
cantly alleviated mechanical allodynia in CCI rats on day 7
after surgery (fig. 9E). This analgesic effect appeared rapidly
within 30 min and decayed back to the sensitized condition
within 120 min, consistent with the diffusion of the drug
from the site of action. However, in the CCI rats, which
had been infused with Kv2.2-shRNA, the analgesic effect
of A841720 was significantly reduced (Bonferroni multiple
comparison tests: thermal latency: P = 0.021, mechanical
threshold: P = 0.031, CCI + A841720 vs. shRNA + CCI +
A841720; fig. 9E), suggesting that this analgesic effect might
be at least partly mediated by Kv2.2 channels on CT-B+
ACC L5 PN.

Anesthesiology 2017; 127:515-33 529

Discussion

In the present study, we provided strong evidence that L5
PN in the ACC, as in the mPFC, had a subtype projecting
to the contralateral cortex and exhibiting few HCN1 chan-
nels. In this study, this subtype was named CT-B+ neurons,
and these neurons also became hyperexcitable after periph-
eral nerve injury. Furthermore, we revealed that the Kv2
currents of these neurons were down-regulated after CCL
Inhibition of mGluR1 effectively rescued the decreased Kv2
current and attenuated the spike hyperactivity. In addition,
knockdown of the Kv2 current in CT-B+ ACC L5 PNs
attenuated the analgesic effect of mGluR1 inhibition.

Prajection-specific Alteration of L5 PNs in the ACC after
ccl
L5 PNs in several neocortical regions have been shown to
have distinct morphology and physiology depending on
their long-range projection target.**4>~47 Our present study
expands this pattern to the rostral rat ACC, which is closely
related to the emotional response and sensory perception
of chronic pain. It has been proposed that L5 PNs in the
mPFC can be segregated into two classes, those projecting
to the contralateral cortex (named commissural’ neurons
or intratelencephalic’® neurons) and those with projections
outside of the telencephalon (named corticopontine neurons
or pyramidal tract neurons). We confirmed that the L5 PN
in ACC also had a subtype projecting to the contralateral
cortex (CT-B+ neurons), which showed distinct electrophys-
iology relative to the CT-B— neurons. The CT-B+ neurons
had obviously greater input resistance and adaptation ratio
than the CT-B— neurons, consistent with the observations of
commissural and corticopontine neurons in mPFC.%” More
importantly, the CT-B+ neurons displayed much smaller sag
ratios than CT-B— neurons and expressed fewer HCN1 chan-
nels, similar to the report in the mPFC that the expression
of HCN1 mRNA was less in intratelencephalic compared
with pyramidal tract neurons.?® This finding may be one of
the potential reasons accounting for the distinct membrane
properties of CT-B+/commissural/intratelencephalic com-
pared with CT-B—/corticopontine/pyramidal tract neurons.
Numerous studies have investigated the alterations of
synaptic transmission in layer 5 of ACC after peripheral

nerve injury, ¥

without distinguishing the difference
between neuronal subtypes. Santello and Nevian® have
shown that the enhancement of dendritic integration by I,
reduction after sciatic nerve injury increased the excitabil-
ity of ACC L5 PNs. Although they did not clearly indicate
which neuronal subtype was tested, it is conceivable that, in
their study, the L5 PN refer to the corticopontine neurons,
because these neurons exhibited a considerable number of
HCNI channels and an increasing gradient of dendritic sag
ratio with distance from the soma. Our previous study’ also
showed that the I, reduction resulted in hyperexcitability
of CT-B— ACC L5 PNs after CCI, additionally confirming

that the CT-B— neurons might be corticopontine neurons.
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Fig. 9. Knockdown of voltage-gated potassium channel subunit 2 (Kv2) current in the cholera toxin subunit B (CT-B)+ anterior
cingulate cortex (ACC) layer 5 pyramidal neurons (L5 PNs) partly attenuates the analgesic effect of metabotropic glutamate
receptor subtype 1 (mGIuR1) inhibition. (A) Magnified images showing CT-B and Kv2.1 (top) or CT-B and Kv2.2 (bottom) double
labeling in the left ACC L5. The CT-B is injected into the right ACC. Scale bar = 50 pm. (B) Representative immunofluorescence
images showing the efficiency of lentivirus transfection in the ACC on day 7 after the injection. Scale bar = 1,000 pm. (C) Western
blots showing successful suppression of Kv2.2 in the ACC on days 7 and 14 after short hairpin RNA (shRNA)-lentivirus injec-
tion. The negative control shRNA (shNC; nontargeting shRNA) has no effect. One-way ANOVA and post hoc Bonferroni mul-
tiple comparison tests, all groups n = 6 rats; ** versus sham. (C, top) A schematic of the Western blotting experimental design.
(D, top) A schematic of the behavioral testing protocol. Neither intra-ACC Kv2.2-shRNA nor shNC has a significant effect on
chronic constriction injury (CCl)-induced thermal hyperalgesia (middle) and mechanical allodynia (bottom). Two-way repeated-
measures ANOVA and post hoc Bonferroni multiple comparison tests, all groups n = 6 rats; ** versus CCI. (E) Intra-ACC mi-
croinjection of 9-(dimethylamino)-3-(hexahydro-1H-azepin-1-yl)pyrido[3’,2":4,5]thieno[3,2-d]pyrimidin-4(3H)-one (A841720; day
7 post-CCl) produces significant analgesic effects. However, in the rats that had been infused with Kv2.2-shRNA before CCI
surgery, A841720 partly loses its ability to alleviate thermal hyperalgesia (left) and nearly completely fails to alleviate mechanical
allodynia (right). Preinfusion of shNC does not change the effect of A841720. Two-way repeated-measures ANOVA and post hoc
Bonferroni multiple comparison tests, all groups n = 6 rats; *** versus CClI + vehicle. *P < 0.05, P < 0.01.

Likewise, in the present study, we observed a significant  that of CT-B— neurons observed around the onset,” suggest-
up-regulation of excitability of CT-B+ ACC L5 PNs after  ing that the CT-B+ neurons adapted more slowly to steady-
CCI. However, the increased firing frequency of CT-B+  state frequency after CCI. In addition, we observed that the
neurons was observed around the steady state (fig. 3C) of  sag ratios of CT-B+ neurons were unaltered on day 7 after
500-ms depolarizing current stimulus, which differed with CCI during somatic recording. Given that the I, properties
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of CT-B+/commissural/intratelencephalic neurons are rela-
tively uniform across the extent of the apical dendrite,’!
dendritic recordings most likely will not find any changes
in sag ratios after CCI, which is inconsistent with the obser-
vation in corticopontine dendrites. Thus, it is conceivable
that other modifications rather than I, reduction lead to the

hyperexcitability of CT-B+ ACC L5 PNs after CCI.

Role of Kv2 Channels in ACC Hyperexcitability

The CCl-induced increase in AP width and fAHP potential
observed in our study have the potential to increase the num-
ber of APs during burst firing by shortening the subsequent
depolarization to spike threshold.?®? It has been shown
in dopaminergic neurons in the substantia nigra that Kv2
channels are activated sufficiently rapidly during APs, and
the acceleration of firing rate after Kv2 inhibition is straight-
forward, from the loss of a relatively long-lasting hyperpo-
larizing effect during the late falling phase and AHP of the
spike.?® Consistent with this finding, we observed a signifi-
cant reduction in the amplitude of Kv2-mediated, GxTX-
sensitive current after CCI, and rescue of the Kv2 current by
inhibiting mGIuR1 successfully decreased the spike number
of CCI neurons. In addition, the increased propensity of
CCI CT-B+ neurons to enter the depolarization block was

also a main effect of Kv2 reduction,?4!

resulting in an inac-
tivation of sodium channels as a consequence of the more
depolarized interspike potential. The increased inactivation
of sodium channels will intuitively result in fewer spikes®
during larger depolarization stimuli (greater than 400 pA in
the present study). However, during the weaker and perhaps
physiologically more pertinent stimuli, the reduced recov-
ery from inactivation of sodium channels may be relatively
less severe because the maximum dV/dt of APs was compa-
rable between the sham and CCI neurons. Therefore, the
effect that the reduced Kv2 current has on firing property
is likely influenced by the details of the sodium channels on
the neuron.*!

In addition to the Kv2 channel, A-type K* channels also
play a role in AP repolarization.’®>> Neurons with decreased
A-type channel expression have smaller fAHPs and broader
APs.?? However, we did not observe any change in the 4-AP—
sensitive A-type current after CCI. Moreover, although we
did not examine whether other conductances, such as Kv7-
mediated M-type current and BK-type Ca**-activated K*
current, were changed after CCI, the residual current after
GxTX and 4-AP application was unaltered. Thus, despite
the intricate composition of the residual current, its overall
effect may not contribute to the reduction of total outward
current after CCI. However, it can be difficult to interpret
the functional effect of removing a given conductance,
because the activation of other conductances can change.?®
Taken together, our results suggest that the Kv2 channel is
one of the key elements contributing to the changes in spike
repolarization during bursts after CCI. However, the anal-
gesic strategy directly targeting potassium channels should
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identify the full range of interactions among the many con-
ductances that could potentially participate in the CCI-
induced changes of neuronal excitability.

Projection-specific Modulation of Cortical Excitation by
mGlIuR1 Inhibition

Alteration of mGIluR1 at the cortical level is an important
pathologic change for sustained nociceptive hypersensitiv-
ity.”>¢ However, studies examining whether activation of
mGluR1 in the ACC has a cell type-specific effect are, to
our knowledge, lacking after CCI. In the CT-B— neurons,
activation of mGluR1 excited these neurons by inhibiting
I,.” However, the effect of mGluR1 activation on CT-B+
neurons, if any, appears to involve a different mechanism,
because these neurons exhibi little I, .

In the present study, we confirmed that inhibiting
mGIluR1 rescued the suppressed Kv2 current density and
thus decreased the excitability of CT-B+ neurons in CCI
slices. This effect was mimicked by a PKC inhibitor and
blocked by a PKC activator. We therefore speculated that
activation of mGluR1 excessively activated PKC and conse-
quently inhibited Kv2 currents, thereby inducing or facili-
tating neuronal hyperexcitability in CT-B+ ACC L5 PNs
after CCI. Other neurotransmitter systems that activate
PKC could have similar effects. The mGluRS5, the other sub-
type of group 1 mGluRs, might exhibited a very small effect
on the alterations stated above, because the application of
A841720 nearly entirely blocked the effect of DHPG. How-
ever, we cannot exclude the possibility that both mGluR1
and mGluR5 are necessary for the effect of DHPG. Our
results also suggested that activation of mGluR1 after CCI
excites both CT-B- and CT-B+ neurons but through dis-
tinct pathways. Reduction of [, is restricted to CT-B— neu-
rons, because the sag ratio of CT-B+ neurons was unaltered.
Similarly, the down-regulation of Kv2 current by PKC could
only be observed in CT-B+ neurons, because the PKC modi-
fies Kv2.2 but not Kv2.1,* and Kv2.2 is mainly expressed on
CT-B+/intratelencephalic neurons.*® Moreover, we provided
evidence that the analgesic effect of mGluR1 inhibition was
at least partly mediated by the Kv2 current in CT-B+ ACC
L5 PNs, because this effect was significantly attenuated by
preknockdown of Kv2.2.

In summary, we provide direct evidence to support that
ACC L5 PNs have a subtype projecting to the contralateral
cortex. These neurons become hyperexcitable after periph-
eral nerve injury, resulting from an inhibition of Kv2 current
but not I, . Activation of mGluR1 and subsequent activation
of PKC are important causes of the inhibition observed in
the Kv2 current. Conceivably, CT-B+ neurons adapt more
slowly to fire persistently, which affects their ability to syn-
chronize with the surrounding network.>”3® Corticopontine/
pyramidal tract/CT-B— neurons receive inputs from both
corticopontine and commissural neurons, whereas com-
missural/intratelencephalic/CT-B+ neurons receive inputs
from other commissural neurons but very infrequently from
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corticopontine neurons.'! The unidirectional commissural
to corticopontine connectivity might make corticopontine/
CT-B- neurons a final convergence point for numerous local
synaptic inputs.” Therefore, hyperexcited CT-B+ neurons
after CCI may additionally contribute to the overexcitation
of CT-B- neurons, and inhibition of mGluR1 in the ACC
L5 will exert an analgesic effect through these two aspects.
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