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ABSTRACT

Chronic pain is thought to be partly caused by a loss of
GABAergic inhibition and resultant neuronal hyperactivation in
the central pain-modulating system, but the underlying mech-
anisms for pain-modulating neurons in the brain are unclear. In
this study, we investigated the cellular mechanisms for ac-
tivation of brainstem descending pain facilitation in rats under
persistent pain conditions. In the nucleus raphe magnus (NRM),
a critical relay in the brain’s descending pain-modulating sys-
tem, persistent inflammatory pain induced by complete Freund’s
adjuvant decreased the protein level of K'-CI~ cotransporter
(KCC2) in both total and synaptosomal preparations. Persistent
pain also shifted the equilibrium potential of GABAergic in-
hibitory postsynaptic current (Epsc) to a more positive level and
increased the firing of evoked action potentials selectively in

wn-opioid receptor (MOR)—-expressing NRM neurons, but not in
MOR-lacking NRM neurons. Microinjection of brain-derived
neurotrophic factor (BDNF) into the NRM inhibited the KCC2
protein level in the NRM, and both BDNF administration and
KCC2 inhibition by furosemide mimicked the pain-induced effects
on Epsc and excitability in MOR-expressing neurons. Further-
more, inhibiting BDNF signaling by NRM infusion of tyrosine re-
ceptor kinase B-lgG or blocking KCC2 with furosemide prevented
these pain effects in MOR-expressing neurons. These findings
demonstrate a cellular mechanism by which the hyperactivity of
NRM MOR-expressing neurons, presumably responsible for de-
scending pain facilitation, contributes to pain sensitization through
the signaling cascade of BDNF-KCC2-GABA impairment in the
development of chronic pain.

Introduction

The brainstem nucleus raphe magnus (NRM) is a crucial
supraspinal site for pain modulation and opioid analgesia
(Fields, 2004). It also plays an important role in maintaining
a behavioral state of sensitized pain in chronic pain conditions
(Porreca et al., 2002). As a pivotal relay in the brainstem
descending pain-modulating system, the NRM functions by
receiving integrated inputs from higher brain sites through
connections with the periaqueductal gray (PAG) and by pro-
jecting directly to pain-transmitting neurons in the spinal
cord dorsal horn (Basbaum et al., 2009).

Several different types of NRM neurons have been char-
acterized in vivo and in vitro, and as shown in previous
studies, each type of NRM neuron can exhibit a distinct in-
hibitory or facilitatory effect on spinal pain transmission
(Fields et al., 1983; Pan et al., 1990; Fields, 2004). One type of
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NRM neurons, defined by its inhibitory response to opioid
analgesics as agonists of the u-opioid receptor (MOR) and by
its membrane expression of functional MOR, is thought to
facilitate spinal pain transmission (Pan et al., 1997; Fields,
2004). Our recent study shows that this neuronal type is se-
lectively activated in persistent inflammatory and neuropathic
pain states (Zhang et al., 2011). Thus, it appears that hyper-
activity of the MOR-expressing NRM neurons is important in
mediating and maintaining pain sensitization in persistent
and chronic pain states. However, the cellular mechanisms un-
derlying pain-induced maladaptive activation of these NRM
neurons are unknown.

Loss of GABAergic inhibition in pain-signaling pathways
has been proposed as a primary mechanism for pain-induced
maladaptive responses termed central sensitization, a key
process in the development of acute pain to chronic pain
(Moore et al., 2002; Knabl et al., 2008; Costigan et al., 2009;
Munro et al., 2009). Coull et al. (2003) demonstrated a novel
mechanism for this loss of GABA inhibition in spinal dorsal
horn neurons by showing that nerve injury downregulates
the K"—CI~ cotransporter (KCC2), which controls the

ABBREVIATIONS: BDNF, brain-derived neurotrophic factor; CFA, complete Freund’s adjuvant; DIOA, [(dihydroindenyl)oxy]alkanoic acid; DAMGO,
d-Ala2, N-MePhe4, Gly-ol; Epsc, reversal potential of IPSCs; IPSCs, inhibitory postsynaptic currents; KCC2, K™-CI~ cotransporter; MOR, u-opioid
receptor; NRM, nucleus raphe magnus; PAG, periaqueductal grey; PCR, polymerase chain reaction; RVM, rostral ventromedial medulla; TrkB,

tyrosine receptor kinase B.
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intracellular C1™~ gradient in neurons, causing a depolarizing
shift in the equilibrium potential of C1™ (E¢)) currents such
that inhibitory GABA, currents become depolarizing and
excitatory. This reduced KCC2 function in maintenance of
neuronal Cl~ homeostasis has been reported later by other
studies on spinal cord neurons and dorsal root ganglion cells
after peripheral inflammation and nerve injury (Price et al.,
2005). A later study by Coull et al. (2005) showed that brain-
derived neurotrophic factor (BDNF) from microglia also
caused impairment of GABA inhibition in spinal neurons
under neuropathic pain conditions. Recently, the same group
reported that a similar mechanism involving a KCC2-induced
shift in neuronal Cl- homeostasis is also responsible for
repeated morphine-induced hyperalgesia (pain sensitization)
(Ferrini et al., 2013).

All the previous studies were of peripheral or spinal cord
neurons, so the mechanisms underlying potential loss of
GABA inhibition in brain neurons during the pain develop-
ment have not been characterized. Because the NRM has an
important role in descending pain modulation under sensi-
tized pain conditions, we investigated the function of KCC2
in equilibrium potential of GABA synaptic currents and its
adaptive changes in NRM neurons from a rat model of per-
sistent inflammatory pain. We also identified BDNF as an
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upstream protein that regulated the KCC2 function in the
pain model.

Materials and Methods

Animals and the Pain Model. Male Wistar rats, 9 to 14 days
old, and adult rats weighing 200-300 g were used (Charles River,
Wilmington, MA). A rat model of persistent inflammatory pain was
induced by a single injection of complete Freund’s adjuvant (CFA;
40 wpl) into a hind paw. All procedures involving the use of animals
conformed to the guidelines of the University of Texas MD Anderson
Cancer Center Animal Care and Use Committee.

Brian Slice Preparations and Whole-Cell Recording. We
performed visualized whole-cell voltage-clamp recordings of NRM
neurons in slice preparations, with general methods described
previously elsewhere (Zhang and Pan, 2010, 2012; Zhang et al.,
2011). Neonatal rats were used in visualized whole-cell recording
experiments due to the limited visibility and quality of cells in NRM
slices from older rats. Both similarities and differences between
neonatal and adult NRM neurons in their responses to pain have been
described previously elsewhere (Zhang and Hammond, 2010), and
those differential responses could potentially confound the data
interpretation. Despite these recognized limitations, we found the
findings of cellular recording from neonatal rats to be a useful and
efficient model to help understand the cellular mechanisms of pain
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Fig. 1. Persistent inflammatory pain induces a depolarizing shift in the reversal potential of GABAergic inhibitory postsynaptic current (E1psc)
selectively in MOR-expressing neurons from NRM. (A and B) Representative traces (A) and plots of amplitudes (B) of GABAergic IPSCs evoked at
various holding potentials in MOR-expressing neurons from saline-injected control rats or CFA-injected rats. (C and D) Similar data of IPSC traces (C)
and amplitude plots (D) in MOR-lacking neurons from the two groups of rats. n = 17-30 cells in each group. Vy, holding potential.
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behavior in adult rats (Pan et al., 1997; Bie et al., 2005; Ma et al.,
2006; Zhang and Pan, 2010; Zhang et al., 2011).

NRM slices (200 um thick) were cut, and a single slice was perfused
in a recording chamber with preheated (35°C) physiologic saline
containing the following (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH,PO,,
1.2 MgCl,, 2.4 CaCly, 11 glucose, and 25 NaHCOj3, saturated with 95%
Oy and 5% COg, at pH 7.2-7.4. Recordings were obtained from
visually identified NRM neurons with a glass pipette (resistance 3-5
MQ) filled with a solution containing the following (in mM): 126 K-
gluconate, 10 NaCl, 1 MgCl,, 11 EGTA, 10 HEPES, 2 ATP, and 0.25
GTP, at pH adjusted to 7.3 with KOH and osmolarity 280—290 mOsm/1.
The E¢ estimated from the Nernst equation under these conditions
was —65 mV.

For perforated patch recordings, pipette tips were filled with in-
ternal solution containing 150 mM K-gluconate and 10 mM HEPES,
and then were backed with internal solution containing gramicidin D
(50 pg/ml; Sigma-Aldrich, St. Louis, MO). Gramicidin-perforated
patches in the whole-cell recording configuration allow recording of
membrane currents by gramicidin-generated membrane pores exclu-
sively permeable to monovalent cations without anion permeability or
consequent change in intracellular Cl~ concentration (Kyrozis and
Reichling, 1995).

Electrical stimulus from constant current (0.25 milliseconds, 0.2—
0.4 mA) was used to evoke GABA-mediated inhibitory postsynaptic
currents (IPSCs) with a bipolar stimulating electrode placed within
the nucleus. With a holding potential of —60 mV, GABA IPSCs were
recorded in the presence of glutamate receptor antagonists D-2-amino-
5-phosphonopentanoic acid (50 uM) and 6-cyano-7-nitroquinoxaline-
2,3-dione (10 uM), and were completely blocked by the GABAA
receptor antagonist bicuculline (10 uM). Perforated patch recording
was used on some cells, with the results presented in Fig. 1. We did
not observe a difference in basic cell properties between the experi-
ments performed with perforated patch and whole-cell recordings;
therefore, the results of perforated patch and regular whole-cell
recordings were pooled in Fig. 1. The reversal potential of IPSCs was
determined by measuring the IPSC amplitudes at different holding
potentials from —80 to —30 mV in 5-10 mV increments. The current-
voltage relationship was calculated by linear regression. Furosemide
(100 uM) was applied to slices for at least 10 minutes before data
collection.

Synaptosome Preparations and Western Blot Analysis. The
synaptosome preparations and Western blot analysis were described
in our previous reports (Bie et al.,, 2012). For synaptosome pre-
parations, NRM tissues from saline- or CFA-injected rats were gently
homogenized in ice-cold 0.32 M sucrose buffer at pH 7.4 and then
were centrifuged for 10 minutes at 1000g (4°C). The supernatant was
collected and centrifuged for 20 minutes at 10,000g (4°C), then the
synaptosomal pellet was resuspended in the lysis buffer (0.1% Triton
X-100, 150 mM NacCl, 25 mM KCIl, 10 mM Tris-HCI, pH 7.4, with
protease inhibitors) at 4°C for 10 minutes. The protein concen-
trations were determined using the Bio-Rad (Hercules, CA) protein
assay kit.

For Western blotting, total proteins were prepared after tissue lysis
and centrifugation for SDS-polyacrylamide gel electrophoresis. The
protein was mixed with SDS sample buffer, heated to 95°C for 10
minutes, separated under reducing conditions on a 12 or 5% SDS-
polyacrylamide gel, and transferred to a nitrocellulose membrane.
The membrane was incubated with a polyclonal rabbit antibody for
KCC2 (1:2000; Millipore, Billerica, MA), BDNF (1:250; Santa Cruz
Biotechnology, Santa Cruz, CA), and B-actin (1:1000; Santa Cruz
Biotechnology) with agitation overnight at 4°C, and then with
horseradish peroxidase-linked secondary antibody (Santa Cruz Bio-
technology) for 1 hour at room temperature. The bands were detected
using enhanced chemiluminescence (GE Healthcare Biosciences,
Piscataway, NJ). BDNF protein assays were performed with the
ChemiKine BDNF sandwich enzyme-linked immunosorbent assay kit
(Millipore).
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Real-Time Polymerase Chain Reaction. RNA was extracted
from rat NRM with the RNAqueous-4 polymerase chain reaction
(PCR) kit (Applied Biosystems, Foster City, CA). Reverse transcrip-
tion was performed with the RETROscript kit (Applied Biosystems).
cDNA was quantified by real-time PCR as we described previously
elsewhere (Ma et al., 2006). The following primers (Invitrogen, Carlsbad,
CA) were used to amplify specific cDNA regions of the transcripts: BDNF,
5'-CCATAAGGACGCGGACTTGTAC-3' and 5-AGACATGTTTGCG-
GCATCCAGG-3'; GAPDH, 5'-AACGACCCCTTCATTGAC-3' and 5'-
TCCACGACATACTCAGCAC-3'. We used glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) quantification as an internal control for nor-
malization. Fold differences of mRNA levels over vehicle control were
calculated by AC;. Each PCR reaction was repeated at least twice
independently.

Microinjection and Behavioral Experiments. Adult rats were
used for NRM microinjection and behavioral tests, as described in our
previous reports (Zhang and Pan, 2010, 2012; Zhang et al., 2011). A
rat was implanted with a 26-gauge double guide cannula (Plastics
One, Roanoke, VA) aimed at the NRM (anteroposterior, —10.0 mm
from the Bregma; lateral, 0; dorsoventral, 10.5 mm from the dura).
Drugs were microinjected into the NRM in a total volume of 1 ul
through a 33-gauge double injector with an infusion pump at a rate of
0.2 pl/min. All NRM microinjection sites were histologically verified
after the experiment by injecting 0.5 ul of a blue dye, and controls of
off-site injections were performed as described elsewhere (Bie et al.,
2005). The confined effect of an injected drug within the NRM with
this microinjection method has been demonstrated in our previous
studies (Zhang and Pan, 2010, 2012; Zhang et al., 2011).

The behavioral effect of microinjected furosemide or [(dihydroindenyl)
oxylalkanoic acid (DIOA) was measured 20-30 minutes after ad-
ministration. The pain threshold was measured every 5 minutes by
the paw-withdrawal test on a freely moving rat by use of a Hargreaves
analgesia instrument (Stoelting, Wood Dale, IL). The heat intensity
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Fig. 2. Persistent pain downregulates the K*—CIl~ cotransporter KCC2 in
the NRM. (A and B) Representative Western blot lanes of total (A) and
synaptosomal (syn; B) KCC2 and B-actin proteins in NRM tissues
harvested from a saline-injected rat and a CFA-injected rat 3 days after
injection. (C) Summarized Western blots data of total and synaptosomal
KCC2, normalized to B-actin, in NRM tissues from saline-injected rats (n =
5) and CFA-injected rats (n = 6). *P < 0.05.
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was set to elicit stable baseline latencies with a cutoff time of 12
seconds.

Statistical Analyses and Drugs. Numerical data of protein and
mRNA assays from control and treatment groups were statistically
analyzed and compared with Student’s ¢ test (paired or unpaired, two-
tailed). Behavioral and electrophysiologic results with multiple
comparisons were statistically analyzed by analysis of variance
(ANOVA) for repeated measures and the Tukey-Kramer test of post-
hoc analysis. Data are presented as mean = S.E.M. P < 0.05 was
considered statistically significant. All drugs were purchased from
Sigma-Aldrich or Tocris Bioscience (Ellisville, MO).

Results

Persistent Pain Shifts Reversal Potential of GABA
Synaptic Currents. Under whole-cell voltage-clamp record-
ings with a holding potential of —60 mV, NRM neurons were
identified as two types: MOR-expressing cells hyperpolarized
by the MOR agonist [d-Ala2, N-MePhe4, Gly-ol]-enkephalin
(DAMGO; 1 uM), and MOR-lacking cells with no response to
DAMGO, as described previously elsewhere (Pan et al., 1990).
To identify the effect of CFA-induced persistent pain sen-
sitization on the properties of GABA synaptic transmission,
we compared the reversal potential of GABAergic IPSCs
(E1psc) in the two NRM cell types from saline-injected control
rats and from CFA-injected rats 3 days after injection. In

MOR-expressing cells, we found that the CFA-induced pain
condition induced a statistically significant depolarizing shift
in E1psc by an average of ~11 mV (control, —58.8 = 3.1 mV;,
CFA, —47.9 = 2.6 mV; P < 0.05) (Fig. 1, A and B); in contrast,
it did not statistically significantly alter the Eipsc in the
MOR-lacking cells (control, —61.1 = 2.1 mV; CFA, —59.3 +
2.2mV; P > 0.05) (Fig. 1, C and D). This result indicates that
the inhibitory function of GABA neurotransmission is im-
paired by the pain condition selectively in MOR-expressing
cells, consistent with our previous report that the persistent
pain-induced increase in neuronal excitability mainly occurs
in this neuron type in the NRM (Zhang et al., 2011).

Pain Reduction of KCC2 Impairs Inhibitory Func-
tion of GABA Synapses. Given the critical role of KCC2 in
maintaining the anion equilibrium potential of GABA syn-
apses (Coull et al., 2003), we determined the changes in KCC2
protein level in the NRM under the pain condition. Three days
after the CFA injection, the total KCC2 protein was reduced
to about 72% of control in the NRM (Fig. 2). To identify KCC2
changes specifically in the synaptic structures, we conducted
similar experiments with NRM preparations of synapto-
somes, which contain mostly proteins and structures of syn-
aptic membrane with nearly no cell body contents and greatly
reduced intraterminal contents (Dunkley et al., 2008). As
shown in Fig. 2, the amount of synaptosomal KCC2 protein
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was also significantly decreased to 60% of control in the NRM
from CFA-injected rats when compared with that from saline-
injected control rats. These results suggest that KCC2 down-
regulation may contribute to the pain-induced depolarizing
shift of E1pgc in the GABA synapses of the NRM neurons. To
test that hypothesis, we examined whether pharmacologic
inhibition of KCC2 would produce a similar Erpgc shift.

In MOR-expressing neurons from naive rats, application of
the KCC2 inhibitor furosemide (100 uM) caused a marked
shift of about 15 mV in Epgc toward more positive levels
when compared with vehicle-treated controls (Fig. 3, A and B).
The KCC2 inhibition also statistically significantly increased
the firing of evoked action potentials in MOR-expressing
neurons (Fig. 3C). To determine whether the excitatory effect
of furosemide involved tonic, GABA, receptor-mediated in-
hibition in these neurons, we examined the furosemide effect
after blockade of GABA4 receptors with bicuculline (10 uwM).
As shown in Fig. 3D, under such conditions, furosemide was
no longer effective on the excitability of these neurons,
indicating that the excitatory effect of furosemide is at least
partially mediated by reducing tonic GABA, inhibition in
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these neurons. However, such effects of KCC2 inhibition
by furosemide were not observed either on Eipgc or on
evoked firing in MOR-lacking neurons from naive rats (Fig. 4,
A-C).

In MOR-expressing neurons from CFA-injected rats, we
found that similar KCC2 inhibition by furosemide was no
longer able to induce a statistically significant shift in Etpgc
(Fig. 4, D and E); it also failed to change the firing rate of
evoked action potentials (Fig. 4F), suggesting that pain-
induced KCC2 downregulation might have occluded the
effects of KCC2 inhibition by furosemide. Thus, it is likely
that persistent pain downregulates KCC2, which shifts the
Eipsc to more positive potentials, reducing the inhibitory
function of GABA synapses selectively in MOR-expressing
neurons and consequently increasing the excitability of these
neurons in the NRM.

BDNF Contributes to KCC2 Downregulation in Pain
Sensitization. We then investigated what was responsible
for the KCC2 downregulation induced by the pain condi-
tion. A strong candidate is BDNF, as it has been shown to
downregulate KCC2 in hippocampal cells (Rivera et al., 2002;
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Wardle and Poo, 2003). Our results of both Western blotting
and enzyme-linked immunosorbent assay showed a statisti-
cally significant increase in the level of BDNF protein in the
NRM at 3 days after CFA injection when compared with that
in saline-injected control rats (Fig. 5A); a similar increase was
observed in the BDNF mRNA level (Fig. 5B). Microinjection of
BDNF (1 pugin 1 ul) into the NRM of naive rats statistically
significantly reduced the KCC2 protein level at 6 hours after
BDNF microinjection when compared with the vehicle group
(Fig. 5C). In addition, in CFA-injected rats, inhibition of
BDNF signaling by NRM microinjection of tyrosine receptor
kinase B (TrkB)-IgG (1 ug in 1 ul), an infusion protein of the
BDNF receptor TrkB-IgG that sequesters endogenously
released BDNF, increased KCC2 protein level in NRM (Fig.
5D). These findings indicate that persistent pain down-
regulates KCC2 by increasing BDNF level and signaling in
NRM.

To further confirm this BDNF role, we determined the
effect of BDNF signaling on Epgc and cell firing in the
NRM. After treatment of NRM slices from naive rats with
BDNF (100 ng/ml) for at least 1 hour, MOR-expressing cells

displayed a depolarizing shift of about 13 mV in Eipgc when
compared with those cells in the vehicle-treated control slices
(vehicle, —58.8 = 7.1 mV; BDNF, —46.2 = 2.0 mV; P < 0.01)
(Fig. 6A). The BDNF treatment also caused a statistically
significant increase in the firing of evoked action potentials
in these cells (Fig. 6B). However, these BDNF effects were
not observed in MOR-lacking cells, either on Eipsc (vehicle,
—61.1 = 2.1 mV; BDNF, —57.4 = 3.1 mV; P > 0.05) or on cell
firing (Fig. 6, C and D).

Next, we further examined the functional relationship
between BDNF and KCC2 in the regulation of Eipgc and
neuronal excitability under the pain condition. In MOR-
expressing cells from CFA-injected rats, we found that, sim-
ilar to the effect of KCC2 inhibition, the BDNF treatment
could no longer alter the E1psc or the firing rate (Fig. 7, A-C);
conversely, inhibiting BDNF signaling by NRM microinjec-
tion of TrkB-IgG reversed the pain effects on E1pgc, shifting it
to more negative levels by about 10 mV (Fig. 7, A and B), and
on the cell firing, decreasing their excitability in these cells
(Fig. 7C). Moreover, after KCC2 inhibition by furosemide
in MOR-expressing cells in naive slices, BDNF induced no
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further change in either Eipgc (furosemide, —43.1 = 2.1 mV;,
furosemide + BDNF, —44.2 + 2.4 mV; P > 0.05) (Fig. 7D) or
cell firing (Fig. 7E). These data further support the notion that
activation of BDNF/TrkB signaling downregulates KCC2 and
thereby causes a depolarizing shift in Etpgc and hyperexcit-
ability of MOR-expressing neurons.

Finally, we conducted behavioral experiments in vivo to
determine a causal role of KCC2 downregulation in pain
sensitization. In naive rats, we found that microinjection of
the KCC2 inhibitor furosemide (0.3 ug) or DIOA (2 ug), but
not vehicle as control, into the NRM induced a statistically
significant and long-lasting decrease in the thermal pain
threshold (Fig. 7F), suggesting that inhibiting KCC2 in NRM
is sufficient to cause pain sensitization.

Discussion

In this study, we have shown that persistent inflammatory
pain upregulates BDNF, which downregulates KCC2 and
decreases KCC2 function of maintaining Cl~ gradient for
inhibitory GABA synapses, resulting in impaired GABA
inhibition and hyperexcitability selectively in presumably
pain-facilitating, MOR-expressing NRM neurons, and con-
tributing to pain sensitization. It suggests a signaling cascade
of BDNF-KCC2-GABA synapses in MOR-expression NRM

Injected current (pA)

neurons as a cellular mechanism for a behavioral state of pain
sensitization.

Pain Downregulation of KCC2. It has been shown that
both neuropathic and inflammatory pain involves the mech-
anism of impaired GABA synaptic inhibition in the spinal
dorsal horn where a pain signal is transmitted to the brain for
pain perception (Knabl et al., 2008; Costigan et al., 2009). A
well-characterized mechanism for GABA functional impair-
ment is the disruption of trans-synaptic anion gradient in
GABA synapses of spinal cord neurons (Coull et al., 2003).
KCC2 maintains the Cl- gradient by extruding Cl~ from
a cell, keeping a low intracellular Cl~ concentration and thus
an inhibitory C1™ current flowing through GABA, receptors.
A number of studies have reported a significant downregulation
of KCC2 and disruption of neuronal Cl- homeostasis in
inflammatory and neuropathic pain models (Coull et al., 2003;
Price et al., 2005; Miletic and Miletic, 2008; Zhang et al., 2008;
Boulenguez et al., 2010; Hasbargen et al., 2010). All these
findings of KCC2 downregulation were made in spinal dorsal
horn neurons, so it is unclear whether a KCC2-mediated
mechanism is involved in brain neurons and particularly in
neurons in the brainstem descending pain-modulating system
that maintains the pain hypersensitivity under chronic pain
conditions (Porreca et al., 2002). Our study provides direct
evidence for pain-induced KCC2 downregulation in brainstem
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Fig. 7. Downregulation of KCC2 by activation of BDNF signaling induces pain sensitization. (A—C) Averaged E1psc (A), cumulative distribution of E1psc
(B), and neuronal firing (C) in MOR-expressing neurons of NRM slices from CFA-injected rats and treated with vehicle, BDNF (100 ng/ml), or TrkB-IgG
(500 ng/ml). n = 22-27 cells per group. (D and E) Cumulative distribution of E1psc (D) and neuronal firing (E) in MOR-expressing neurons of NRM slices
from naive rats and treated with furosemide or furosemide plus BDNF (n = 16—22 cells per group). (F) Time course of changes in thermal pain threshold
in rats (n = 5 rats for each group) in vivo after NRM microinjection (at arrow) of vehicle, furosemide (0.3 ug), or DIOA (0.2 ug). **P < 0.05; ***¥P < 0.01.

neurons involved in descending pain modulation. There is
evidence showing highly colocalized KCC2 and GABAp
receptors in central neurons (Williams et al., 1999). Our
finding of KCC2 downregulation in NRM preparations of
synaptosomes suggests that pain downregulates KCC2 in
NRM synapses, a cellular location consistent with the KCC2
role in regulation of GABA synaptic function.

Our results further demonstrate a causal link between
KCC2 downregulation and a depolarizing shift in E¢ for
GABA IPSCs under the persistent pain condition. That
pharmacologic inhibition of NRM KCC2 caused a depolarizing
shift in Eipgc, increased the excitability of neurons with
GABA synaptic inputs, and enhanced the pain response in
naive animals suggests that the KCC2 action is physiologi-
cally tonic, actively maintaining proper GABA inhibitory
function and its impact on spinal pain transmission. Our
finding on the absence of these cellular and behavioral effects
of KCC2 inhibition in animals with persistent pain may
indicate that pain-induced effects on KCC2 expression and
GABA neurotransmission occlude the effects of KCC2 an-
tagonists, thereby pharmacologic inhibition of KCC2 has no
further effect on already pain-shifted Eipsc and sensitized
pain response in CFA-injected rats. Thus, KCC2 inhibition in

the NRM is sufficient to cause impairment of GABA inhibi-
tion and pain sensitization.

A unique feature of central GABA synapses in development
is their functional maturation with the associated E¢; shifting
from less negative potentials (excitatory) to more negative
potentials (inhibitory) during the first postnatal weeks (Ben-
Ari et al.,, 2012). As our recordings were made in NRM
neurons from animals of the second postnatal week, it is
important to consider possible effects of this GABA synaptic
maturation on our results of pain-induced E; shift. We
believe that this effect, if any, would not be significant due to
the following reasons: 1) the animals in control and treat-
ment groups were age-matched and recordings were ob-
tained from randomly selected animals within the same
range of postnatal days for both groups after vehicle or drug
treatment; 2) As shown in the cumulative distribution plots
(Figs. 3,4, and 6), data points of E1pgc for both groups were in
the same range of distribution probability; 3) no change in
E1psc was observed in MOR-lacking neurons from animals of
the same postnatal days selected also randomly; and 4) other
nonrecording data from adult animals without the matura-
tion issue were consistent with recording data from neonatal
animals.
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As we did not observe an effect of KCC2 inhibitors on Eipgc
in MOR-lacking neurons, KCC2 roles in this type of NRM
neurons remain to be investigated. Our current data cannot
rule out KCC2 regulation of E1psc or Ec; in these cells and
there are several possibilities for the differential KCC2 roles
in the two types of NRM neurons, including 1) differential
density of KCC2 expression; 2) different subtype of CI™
transporters that regulates Ec; in MOR-lacking cells; and 3)
differential responses to pain stimuli (CFA) with distinct
adaptive changes in KCC2 expression and in GABAergic
synaptic inputs.

BDNF Downregulation of KCC2. BDNF has diverse
trophic effects on structural modifications and functional
plasticity of central synapses in the adult brain (Poo, 2001,
Chao and Bothwell, 2002). BDNF was originally found to
downregulate KCC2 through activation of its TrkB receptor
and downstream signaling in hippocampal culture (Rivera
et al., 2002). Both BDNF and inhibition of KCC2 produce
similar effects in inverting inhibitory GABA synaptic currents
in spinal dorsal horn neurons, representing the cellular
mechanisms for impaired GABA inhibitory function and
consequent pain sensitization (Coull et al., 2003, 2005). Later
studies on spinal neurons provide more direct supporting
evidence for BDNF downregulation of KCC2 as the signaling
mechanism for loss of GABA inhibition under sensitized pain
conditions (Miletic and Miletic, 2008; Zhang et al., 2008;
Ferrini et al., 2013). However, this role of BDNF, an import-
ant neurotrophin in the brain, in the brain’s pain-modulating
circuitry has not been described. The current study shows
a marked increase in NRM BDNF protein by the pain con-
dition and reversal of the pain effects by TrkB inhibition,
suggesting the involvement of endogenous BDNF in KCC2-
mediated GABA impairment and neuronal hyperexcitabil-
ity in these neurons for the brainstem mechanisms of pain
sensitization.

BDNF has a well-documented pronociceptive role at both
spinal and supraspinal levels in inflammatory and neuro-
pathic pain responses (Pezet and McMahon, 2006; Merighi
et al., 2008). In the spinal cord, BDNF released from microglia
functions as a signaling link between microglia and dorsal
horn neurons for neuronal hyperexcitability under neuro-
pathic pain conditions (Biggs et al., 2010; Ferrini et al., 2013).
The role of brain BDNF in pain modulation has been much
less studied. In the brainstem descending pain-modulating
pathway, a study by Guo et al. (2006) shows that BDNF in the
rostral ventromedial medulla (RVM) that contains the NRM
is likely originated from BDNF-containing neurons in PAG,
and that BDNF activation of TrkB signaling in RVM induces
descending pain facilitation. However, how BDNF affects the
activity of these brainstem neurons has been unknown. Our
study illustrates a cellular mechanism for selective BDNF
activation of a specific NRM cell type that is responsible for
descending pain facilitation.

Descending Pain Facilitation. Although peripheral
nociceptors and neurons in dorsal root ganglion and spinal
cord dorsal horn play important roles in pain transmission
and in initiation and maintenance of sensitized pain re-
sponses in the development of chronic pain, the brainstem
descending system of PAG-RVM-spinal dorsal horn is also
important to sustain such sensitized pain responses in the
pain states (Porreca et al., 2002; Fields, 2004). By direct
projections to dorsal horn neurons, neurons in RVM including
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the NRM can either inhibit or facilitate spinal pain trans-
mission under different behavioral states. Several lines of
evidence in vivo and in vitro have demonstrated that NRM
neurons expressing MOR and inhibited by analgesic opioids
produce descending pain facilitation, increasing pain sensi-
tivity under normal and pathologic conditions (Pan et al.,
1997; Porreca et al., 2001; Fields, 2004). Our recent studies
have shown an increased excitability of these MOR-expressing
NRM neurons in persistent pain conditions (Zhang and Pan,
2010; Zhang et al., 2011). Whereas several neurotransmitters
have been proposed for the activation of this descending pain
facilitation (Porreca et al., 2002; Pan, 2004), the underlying
cellular mechanism that links NRM neurons to the behavioral
pain sensitization has been unexplored. Our current results
reveal a BDNF and KCC2-mediated impairment of GABA
synaptic inhibition for the activation of MOR-expressing and
pain-facilitating NRM neurons, and consequently for a sensi-
tized pain state. The source of endogenous BDNF in this pro-
cess remains unknown in our study, and it is possible that
BDNTF is released from PAG inputs, as previously suggested
elsewhere (Guo et al., 2006), or from local sources such as
microglia in the NRM.

In summary, we have demonstrated that persistent pain
activates the descending pain-facilitating pathway from the
NRM by BDNF-mediated KCC2 downregulation, resulting in
decreased GABA synaptic inhibition and disinhibition of
a selected group of NRM neurons responsible for descending
pain facilitation. This mechanism may play an important role
in the process of central sensitization during the development
of chronic pain.
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