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Loss of STEP61 couples disinhibition to
N-methyl-D-aspartate receptor potentiation in
rodent and human spinal pain processing
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Dysregulated excitability within the spinal dorsal horn is a critical mediator of chronic pain. In the rodent nerve injury model of

neuropathic pain, BDNF-mediated loss of inhibition (disinhibition) gates the potentiation of excitatory GluN2B N-methyl-D-as-

partate receptor (NMDAR) responses at lamina I dorsal horn synapses. However, the centrality of this mechanism across pain

states and species, as well as the molecular linker involved, remain unknown. Here, we show that KCC2-dependent disinhibition is

coupled to increased GluN2B-mediated synaptic NMDAR responses in a rodent model of inflammatory pain, with an associated

downregulation of the tyrosine phosphatase STEP61. The decreased activity of STEP61 is both necessary and sufficient to prime

subsequent phosphorylation and potentiation of GluN2B NMDAR by BDNF at lamina I synapses. Blocking disinhibition reversed

the downregulation of STEP61 as well as inflammation-mediated behavioural hypersensitivity. For the first time, we characterize

GluN2B-mediated NMDAR responses at human lamina I synapses and show that a human ex vivo BDNF model of pathological

pain processing downregulates KCC2 and STEP61 and upregulates phosphorylated GluN2B at dorsal horn synapses. Our results

demonstrate that STEP61 is the molecular brake that is lost following KCC2-dependent disinhibition and that the decrease in

STEP61 activity drives the potentiation of excitatory GluN2B NMDAR responses in rodent and human models of pathological

pain. The ex vivo human BDNF model may thus form a translational bridge between rodents and humans for identification and

validation of novel molecular pain targets.
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Introduction
Chronic pain is a widespread, debilitating disease with few

safe and effective treatments. To develop novel therapeutic

approaches, we must identify the molecular determinants of

pathological pain (Gereau et al., 2014; Yekkirala et al.,

2017). However, the vast majority of basic science pain

research ends at target identification and validation in

rodent models of chronic pain. Typically, findings from

rodent models form the scientific rationale for a large

jump to direct testing of individual compounds in specific

human pain syndromes. When candidate molecules fail in

clinical testing, their targets are often abandoned even

when the underlying reasons for failure remain unexplored

(Morgan et al., 2012). Thus, proof-of-concept human tissue

studies are urgently needed to test assumptions on cross-

species similarity and to bridge the rodent-to-human trans-

lational divide (Gereau et al., 2014).

Pathological pain arises when neurons in the nociceptive

pathway become sensitized by repeated exposure to noxious

stimuli. Within the spinal dorsal horn, sensitization disrupts

the balance between excitation and inhibition, leading to a

sustained increase in nociceptive transmission from lamina I

output neurons to the brain (Latremoliere and Woolf, 2009;

Todd, 2010; Bourinet et al., 2014; Kuner, 2015; Alles and

Smith, 2018). We have recently found that two mechanisms

of dorsal horn hyperexcitability—BDNF-mediated disinhib-

ition (Coull et al., 2005) and GluN2B N-methyl-D-aspartate

receptor (NMDAR) potentiation by the Src family kinase,

Fyn (Abe et al., 2005)—are directly linked following nerve

injury (Hildebrand et al., 2016). However, the molecular

linker that drives the coupling between disinhibition and

facilitated excitation remains unidentified. Here, we investi-

gate this critical problem in both rodent and human spinal

models of pathological pain.

Materials and methods

Animals

All rodent experiments were performed on male adult Sprague-
Dawley rats supplied by Charles River Laboratories, weighing
350–450 g. Animals were housed and cared for in accordance
with the recommendations of the Canadian Council for
Animal Care and from regulations and policies of Carleton
University and the University of Ottawa Heart Institute.
Animals were housed in pairs, had free access to food and
water and were randomly assigned to their respective experi-
mental groups.

Freund’s adjuvant model of
inflammatory pain and behaviour
testing

Complete Freund’s adjuvant (CFA, Sigma) was used to model
inflammatory pain. Rats were given a 0.4 ml plantar injection

of either phosphate-buffered saline (PBS: control) or CFA (a
50% by volume mixture of CFA and PBS) under isoflurane
anaesthesia.

Behaviour testing for pain hypersensitivity was performed
using von Frey filaments to measure mechanical paw with-
drawal threshold. Withdrawal threshold was measured using
the simplified up-down method (SUDO), as described by Bonin
et al (2014). The SUDO method standardizes the number of
stimuli per test to five, thus ensuring that each animal receives
a constant number of trials while minimizing the number of
stimuli to prevent sensitization during testing. Measurements
were taken at baseline (pre-injection), and then every 24 h until
the end-point of the study. Animals used for biochemical ana-
lysis were sacrificed 120 h post-CFA injection. Animals used
for electrophysiological recording were sacrificed 72–120 h
post-CFA injection. For both biochemical analysis and electro-
physiological recording, only the ipsilateral side of the lumbar
spinal cord was used.

Intraperitoneal injection of
acetazolamide

Seventy-two hours following sub-plantar injection of CFA and
following behaviour testing (see above), male Sprague-Dawley
rats were given an intraperitoneal injection of 300 mg/kg acet-
azolamide (Sigma) dissolved in Ringer’s solution (pH 8.28).
Behaviour testing was then performed every 10 min, with the
experimenter blinded to treatment conditions. A small pilot of
10 animals was used to identify the time point of maximal
behaviour reversal, which was 40 min post-intraperitoneal in-
jection. All further cohorts were sacrificed after the behaviour
testing at 40 min post-intraperitoneal injection.

Rat spinal cord isolation

Rats were anaesthetized using an intraperitoneal injection of
3 g/kg urethane (Sigma). Once under deep anaesthesia, spinal
cords were rapidly dissected via ventral laminectomy and im-
mediately placed in ice-cold oxygenated protective sucrose arti-
ficial CSF solution (referred to as ‘saline’: 50 mM sucrose,
92 mM NaCl, 15 mM D-glucose, 26 mM NaHCO3, 5 mM
KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM MgSO4,
1 mM kynurenic acid, bubbled with 5% CO2/95% O2). The
L3–L6 lumbar region was isolated and dorsal and ventral
roots were removed under a dissection microscope.

The spinal cords were then sliced parasagittally to 300 mm
for electrophysiological recording using a Leica VT1200S
vibratome at an amplitude of 2.75 mm and a speed of
0.1 mm/s through the dorsal horn. Kynurenic acid was
washed out by incubating slices in 34�C, kynurenic acid-free
saline for 40 min. Previous control experiments have shown no
difference in NMDAR synaptic responses in lamina I neurons
from slices that were sectioned in saline with or without
kynurenic acid as long as slices were recovered in kynurenic
acid-free saline (data not shown). Following this recovery
period, the incubation chamber was removed from the
heated water bath and allowed to cool to room temperature.
For biochemical analysis, a �400 mm horizontal section con-
taining the dorsal horn was removed. The following 1200 mm
of spinal tissue containing the deep dorsal horn and ventral
horn was used for control comparisons. Following slicing,
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tissue for biochemical analysis was either flash frozen using
histo-freeze (Fisher Super Friendly Freeze’It) or was treated
according to the ex vivo model of pathological pain processing
(see below) and then flash frozen.

Human spinal cord preparation

Spinal tissue was collected from adult (18–69-years-old) male
human organ donors identified by the Trillium Gift of Life
Network. Donors were pre-screened to exclude patients with
communicable diseases (hepatitis, HIV/AIDS or syphilis) or
chronic conditions such as morbid obesity that could nega-
tively affect health of the donor’s organs. Tissue from
donors that had spinal cord damage or that were taking
chronic pain medications were also excluded from the study.
The most common cause of death was compromised blood
flow to the brain (haemorrhage or ischaemia). For the collec-
tion and experimentation with human spinal cord tissue, ap-
proval was obtained from the Ottawa Health Science Network
Research Ethics Board. Hypothermia was induced using a
cooling bed and the body was perfused with high magnesium
protective solution (Celsior or Belzer UW) before organ collec-
tion. Spinal cords were isolated via ventral laminectomy within
114 � 25 min (n = 14) of cross-clamping the heart, after organs
were removed for donation. Once the spinal cord was
removed, the thoracic and lumbar regions were isolated and
placed in ice-cold saline in preparation for biochemical, immu-
nohistochemical and/or electrophysiological experiments. A
summary of which experimental procedures were performed
on each human spinal cord sample can be found in
Supplementary Table 1.

In a subset of donors, human spinal tissue for electrophysio-
logical recording was sectioned in the transverse plane into
400–500mm sections using a Leica vibratome at an amplitude
of 2.75 mm and a speed of 0.1 mm/s through the dorsal horn.
As done for rodent slices, spinal sectioning was performed in
oxygenated, ice-cold saline including 1 mM kynurenic acid,
followed by recovery in saline without kynurenic acid at
34�C for 40 min. Human tissue for biochemical analysis was
left unsectioned and was treated according to the ex vivo
model of pathological pain processing (see below). Following
treatment according to the ex vivo model, tissue was either
flash-frozen, and the dorsal horn was removed using a scalpel
blade or tissue was fixed with 4% paraformaldehyde.

Ex vivo model of pathological pain
processing

Following removal of the spinal cord from the subject (rat
or human) according to the above-stated procedures, tissue
was placed in oxygenated, room temperature saline containing
50–100 ng/ml recombinant BDNF (Alomone Labs) or saline
alone for 70–80 min. This same approach was used for treat-
ment of spinal tissue with BDNF and TAT-STEP, BDNF and
acetazolamide, acetazolamide alone, or TC-2153.

Electrophysiological recordings of
lamina I neurons

After slice preparation, cells were viewed using brightfield
optics. Lamina I neurons were located dorsal to the substantia

gelatinosa, within the 50 mm portion of tissue directly ventral
of the white matter. As described previously (Hildebrand et al.,
2016), the extracellular recording solution used was an artifi-
cial CSF solution containing (in mM): 125 NaCl, 20 D-glucose,
26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2 in
addition to 500 nM TTX, 10 mM Cd2 + , 10 mM strychnine and
10 mM bicuculline to block voltage-gated Na + channel, volt-
age-gated Ca2 + channel, glycinergic and GABAergic currents,
respectively. We used borosilicate glass patch-clamp pipettes
with resistances of 6–12 M�. The internal patch pipette solu-
tion contained (in mM): 105 Cs-gluconate, 17.5 CsCl, 10
BAPTA or 10 EGTA, 10 HEPES, 2 MgATP, 0.5 Na2GTP
and had a pH of 7.25 and an osmolarity of 295 mOsm.

Criteria for recorded neurons were as follows: an access re-
sistance below 30 MV, and leakage currents less than
�100 pA at a holding potential (Vh) of �70 mV. We also se-
lected for the larger neurons in the area, to favour projection
neurons. After establishing a whole-cell patch at �60 mV, the
holding potential was slowly increased to + 60 mV to record
NMDAR miniature excitatory postsynaptic currents
(mEPSCs). Selection criteria for mEPSCs included: no events
that completely decay within 100 ms, no outlier events with an
amplitude 4100 pA for rat cells and 200 pA for human cells,
and events must decay to at least 50% of their overall ampli-
tude by 500 ms. For analysis, mEPSC traces were detected and
averaged together for each given treatment in Clampfit 10.7
(Molecular Devices). Traces were then transferred to Origin
Pro (Northampton) for graphing.

Isolation of synaptosome fractions
and biochemical analysis of human
and rodent spinal cord tissue

The human spinal cord was treated according to the ex vivo
model of pathological pain processing following tissue collec-
tion. The tissue was flash-frozen with liquid nitrogen following
treatment and stored at �80�C. Approximately 4 mm of the
superficial dorsal horn was separated from the rest of the cord
using a scalpel blade on dry ice. For rats, the lumbar region of
the rat spinal cord was sectioned using a vibratome to obtain a
�400 mm superficial dorsal horn section and another section
consisting of the remainder of the spinal cord.

The isolation of synaptosomal fractions was performed as
described previously (Xu et al., 2009). Tissue was first homo-
genized using Wheaton dounce tissue grinders in 300 ml of ice-
cold TEVP-320 mM sucrose buffer containing (in mM): 320
sucrose, 10 Tris-HCl (pH 7.4), 1 EDTA, 1 EGTA, 5 NaF, and
1 Na3VO4 with complete protease inhibitor and phosphatase
inhibitor cocktails (Roche) to obtain total homogenates. A
fraction of the homogenates was used for analysis. The re-
maining total homogenate lysates were centrifuged at 4�C
for 10 min at 1000g and a further 15 min at 12 000g to
obtain the crude synaptosome pellet. The pellet was resus-
pended in TEVP 320 mM sucrose buffer by brief sonication.

The protein content of the homogenates and the synaptoso-
mal fractions was determined by the Pierce BCA protein assay
kit (Thermo Scientific). Thirty micrograms of total protein
from each sample were loaded on 8% SDS-PAGE and trans-
ferred to PVDF membranes (Bio-Rad).

Membranes were blocked in 5% bovine serum albumin
(BSA) in Tris-buffered saline (TBS) + 0.1% TWEEN-20
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(TBS-T) and incubated overnight in 5% BSA + TBS-T plus
primary antibodies [anti-STEP (1:1000), anti-KCC2 (1:1000),
anti-Fyn (1:1000) and anti-b-actin (1:10 000) from Santa Cruz;
anti-non-phospho-STEP (1:1000) and anti-pY416-Src (or
pY420-Fyn) (1:1000) from Cell Signaling; anti-pY1472Glu
N2B (1:1000) and anti-pY1325GluN2A (1:1000) from
PhosphoSolutions; anti-GluN2B (1:2000) and anti-GluN2A
(1:1000) from Millipore; for further details on antibodies
used in western blots, see Supplementary Table 2].
Membranes were washed three times with TBS-T and incu-
bated in horseradish peroxidase (HRP)-conjugated secondary
antibodies (anti-mouse and anti-rabbit (1:5000) from Pierce
for 2 h at room temperature. Membranes were developed
using Chemiluminescent Substrate kit (Pierce) and visualized
using G:BOX with the GeneSnap software (Syngene). All
densitometric bands were quantified using ImageJ (NIH).

Immunohistochemistry and
antibodies

Transverse fixed human spinal sections were cut at 25 mm on a
sledge freezing microtome Leica SM2000R (Leica
Microsystems). Sections were permeabilized in PBS (pH 7.4)
with 0.2% Triton (PBS+T) for 10 min, washed twice in PBS
and incubated for 12 h at 4�C in primary anti-KCC2 antibody
and anti-CGRP antibody (see below) diluted in PBS+T contain-
ing 10% normal goat serum. After washing in PBS, the tissue
was incubated for 2 h at room temperature in a solution con-
taining a mixture of the goat-Cy3 anti-rabbit purified
secondary antibody (1:500, Jackson ImmunoResearch
Laboratories, Cat. #111–165–144) goat anti-mouse Alexa
Fluor� 647 cross-adsorbed secondary antibody (1:500,
Thermo Fisher Scientific Cat. #A-21235) and DAPI (1:500,
Thermo Fisher Scientific; Cat. #D1306) diluted in PBS+T
(pH 7.4) containing 10% normal goat serum. Sections were
mounted on SuperFrostTM gelatin-subbed slides (Fisherbrand)
and cover-slipped using fluorescence mounting medium (Dako,
Cat. #S3023).

Markers of the peptidergic small diameter afferent

terminals

Calcitonin gene-related peptide (CGRP) immunoreactivity was
used as a specific marker of nociceptive peptidergic afferent
terminals (not present in any other types of axons in the
dorsal horn) (Rosenfeld et al., 1983; Gibson et al., 1984;
Hunt and Rossi, 1985; Ju et al., 1987) using a monoclonal
anti-CGRP antibody (1:5000; Sigma #C7113) raised in mouse.
This antiserum detects human �-CGRP and b-CGRP but does
not cross-react with any other peptide (data supplied by
Sigma).

Anti-KCC2 antibody

A polyclonal antibody raised in rabbit (1:1000, Millipore/
Upstate, Cat. #07–432) was used in this study. This antibody
was raised against a His-tag fusion protein corresponding to
residues 932–1043 of the rat KCC2 intracellular C-terminal
(Williams et al., 1999; Mercado et al., 2006). This antibody
is highly specific for rat KCC2 (KCC2a and KCC2b isoforms)
and does not share any homologous sequences with other
KCCs or co-transporters.

Confocal laser scanning microscopy

All confocal images were acquired using a Zeiss LSM 880
Confocal Laser Scanning Microscope. Acquisitions were 12-
bit images of size 2048 � 2048 pixels with a pixel dwell
time of 10 ms. An oil-immersion �63 plan-apochromatic ob-
jective was used for high magnification confocal laser scanning
microscopy images, which were processed for quantification.
Laser power was adequately chosen to avoid saturation and
limit photobleaching. All the acquisitions were performed with
the same laser settings [laser, power, photomultiplier tube
(PMT) settings, image size, pixel size and scanning time].
During the acquisitions, the experimenter was blind to the
slice conditions (i.e. saline versus BDNF treatment).

Ex vivo subcellular KCC2 distribution
in human dorsal horn neurons

We developed homemade MATLAB routines to quantify and
monitor the changes in the KCC2 intensity distributions in sub-
cellular compartments. This new method is based on a modified
version of an already published algorithm used to detect receptor
membrane internalization (Ferrini et al., 2017). A user has to
delineate the membrane of neuronal cell bodies present in the
acquired confocal image. For this analysis, we use CGRP as a
marker of the superficial dorsal horn. Only neurons present in
the regions of the dorsal horn expressing CGRP were con-
sidered. The imaging and analysis were both done blind to the
experimental conditions. For each pixel in the region of interest,
the distance to the closest membrane segment was calculated.
Using this distance map, the mean pixel intensity and standard
deviation of KCC2 fluorescence signal were quantified as a func-
tion of the distance to the neuron membrane. A negative pos-
ition value represents the region outside of the labelled neuron.
A total of 118 neurons for saline and 108 neurons for BDNF
from nine adult males were analysed. Two types of cells were
observed during the analysis. The first type showed a strong
membrane staining, while the other type exhibited a larger intra-
cellular KCC2 labelling. Because of this, we divided all analysed
cells into two groups using the position of the maximum KCC2
intensity in each subcellular profile. Cells for which the KCC2
intensity maximum was at a distance 50.5mm and 40.5mm
were pooled in two distinct groups. For saline, 108/116 neurons
are in the first group (50.5mm); in contrast, 36 of 108 neurons
analysed for the BDNF conditions are in the second group
(40.5mm). Averaged profiles were obtained for each subject
and condition (saline and BDNF) and from those averages, the
global KCC2 intensity profiles were obtained for each condition.
The KCC2 membrane intensity (at position 0mm) and the KCC2
intracellular intensity (0.5mm5 position5 2.5mm) were ex-
tracted from each subject’s averaged KCC2 intensity profiles.
We carried out 2-way parametric paired t-tests on the KCC2
intensity at the membrane and in the intracellular compartment
and a �2 test to test the statistical difference between the distri-
butions of cells in the two conditions.

Statistical analysis

All data are presented as means � standard error of the mean
(SEM). Comparison of means were performed using Student’s
paired and unpaired t-tests (Microsoft Excel Office 365), and
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one-way ANOVAs (IBM SPSS Statistics 25.0). Tukey’s signifi-
cant difference test followed ANOVAs, as appropriate. A
Pearson’s �2 test was used in Supplementary Fig. 7D. In all
tests, P5 0.05 were considered statistically significant.
Supplementary Table 3 lists all tests performed, the compari-
son made, and the associated P-values.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its
Supplementary material.

Results
To test whether NMDAR responses at lamina I synapses

are potentiated across pathological pain models, we mea-

sured mEPSCs in adult male rats that received a hind-paw

injection of CFA. The CFA injection model of persistent

inflammation induces prolonged pain hypersensitivity that

is mediated by dorsal horn sensitization (Ren et al., 1992).

We selected rats that had a sustained reduction in with-

drawal threshold of the ipsilateral paw 3–5 days after

CFA injection (Fig. 1A). As observed for the nerve injury

model (Hildebrand et al., 2016), we found that the

NMDAR component of mEPSCs in lamina I neurons was

significantly increased in CFA injected rats (NMDAR

charge transfer = 6.54 � 0.32 pC, n = 8 neurons from six

animals) compared to naı̈ve rats (NMDAR charge trans-

fer = 3.01 � 0.18 pC, n = 10 neurons from eight animals,

P = 2.92 � 10�8) (Fig. 1B and Supplementary Table 3).

Moreover, the component of NMDAR mEPSCs that was

potentiated in CFA-injected rats compared to naı̈ve rats

had a decay constant of 210 ms, which is consistent with

GluN2B-mediated NMDAR responses (Hildebrand et al.,

2014). GluN2B-containing NMDARs are potentiated by

Fyn-dependent phosphorylation at Tyr1472, while Fyn

itself is activated by phosphorylation at Tyr420 (Trepanier

et al., 2012). To test for CFA-induced changes in total and

phosphorylated levels of GluN2B and Fyn, we performed

western blot analysis on the crude synaptosomal fraction of

the superficial dorsal horn. As found in the nerve injury

model (Hildebrand et al., 2016), CFA injection led to a

significant increase in activated (pY420, P = 0.032) but not

total (P = 0.42) Fyn and an associated increase in total

(P = 0.047) and phosphorylated (pY1472, P = 0.016)

GluN2B in superficial dorsal horn synaptosomes (n = 4;

Fig. 1C and Supplementary Table 3).

The BDNF-dependent disinhibition of lamina I neurons is

mediated by a downregulation of the KCC2 chloride trans-

porter and subsequent loss of the chloride gradient required

for GABAA-dependent synaptic inhibition (Coull et al.,

2005). We found that KCC2 was significantly decreased

in superficial dorsal horn synaptosomes following CFA in-

jection (n = 4, P = 0.023; Fig. 1C). We also found that

KCC2 (P = 0.0064) was downregulated and pY420 Fyn

(P = 0.0011) as well as total (P = 0.026) and pY1472

GluN2B (P = 0.016) were upregulated in the ex vivo

BDNF model of pathological pain processing (n = 8;

Fig. 1D and Supplementary Table 3), where spinal sections

from naı̈ve rats are treated with recombinant (50 ng/ml)

BDNF (Coull et al., 2005; Hildebrand et al., 2016)

(Fig. 2A). The KCC2-Fyn-GluN2B signalling pathway

was restricted to superficial dorsal horn synaptosomes, as

no BDNF-mediated changes were observed in either the

homogenate fraction of superficial dorsal horn

(Supplementary Fig. 1) nor in the synaptosome fraction of

the remainder of the spinal cord (Supplementary Fig. 2).

Taken together, our results show that GluN2B-containing

NMDARs are phosphorylated and potentiated by a

KCC2- and Fyn-dependent pathway at lamina I synapses

in CFA-injected rodents. We therefore propose that KCC2-

dependent disinhibition is coupled to NMDAR potentiation

in both neuropathic (Hildebrand et al., 2016) and inflam-

matory models of chronic pain. However, what is the mo-

lecular linker that couples these two distinct pathological

mechanisms?

We have shown that the protein tyrosine phosphatase

STEP61 promotes dephosphorylation and inactivation of

Fyn (at pY420) and that BDNF signalling leads to the deg-

radation of STEP61 at brain synapses (Xu et al., 2015a;

Saavedra et al., 2016). Interestingly, we found here that

active (dephosphorylated at Ser221) STEP61 was signifi-

cantly decreased in superficial dorsal horn synaptosomes

in the in vivo CFA and ex vivo BDNF models of patho-

logical pain processing (n = 4, P = 0.036, Fig. 1C; n = 8,

P = 0.013; Fig. 1D). To test whether STEP61 downregula-

tion is required for the potentiation of NMDAR responses

at lamina I synapses, we co-treated spinal sections of naı̈ve

rats with both recombinant BDNF and a fusion peptide

that contained a membrane-permeable TAT domain fol-

lowed by the active STEP peptide (TAT-STEP) (Paul

et al., 2007; Xu et al., 2009). Co-treatment of TAT-STEP

(200 nM) with BDNF (n = 6) prevented the potentiation of

NMDAR mEPSCs observed in neurons treated with BDNF

and a TAT-fusion control peptide (200 nM, n = 7,

P = 6.3 � 10�4; Fig. 2B). The NMDAR charge transfer

for neurons treated with BDNF and TAT-STEP was not

significantly different from that of neurons in untreated

spinal sections (n = 8, P = 0.28; Fig. 2B), demonstrating

that restoring STEP activity completely abolishes the

BDNF-mediated potentiation of NMDAR responses at

lamina I synapses. We next used the small organic STEP

inhibitor, TC-2153 (Xu et al., 2014), to test whether block-

ing STEP activity itself is sufficient to induce potentiation of

synaptic NMDAR responses. Pretreating spinal sections

from naı̈ve rats with TC-2153 (1 mM, n = 9) did not signifi-

cantly alter NMDAR mEPSCs compared to control saline-

treated slices (n = 6, P = 0.33; Fig. 2C). However, following

slice pretreatment with TC-2153, administration of BDNF

during recording significantly increased synaptic NMDAR

responses (n = 7, P = 0.028; Fig. 2D). Perfusion of BDNF

had no effect on NMDAR mEPSCs in saline pretreated

slices (n = 6, P = 0.97). Similar to previous experiments
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using blockers and activators of KCC2-dependent inhib-

ition (Hildebrand et al., 2016), our results suggest that

loss of STEP61 is necessary and sufficient to prime subse-

quent potentiation of synaptic NMDARs by BDNF.

Because disinhibition can trigger STEP61 downregulation

and STEP61 regulates Fyn and GluN2B signalling in dorsal

horn neurons (Li et al., 2015; Xu et al., 2015a, 2018;

Azkona et al., 2016), we asked whether loss of STEP61 dir-

ectly couples KCC2-dependent disinhibition to the potenti-

ation of GluN2B NMDARs by Fyn in the ex vivo BDNF

model of pathological pain. To investigate this, we explored

the effects of STEP61 antagonists and agonists on superficial

Figure 1 GluN2B NMDARs are potentiated at lamina I synapses in a CFA model of chronic inflammatory pain, with an

associated downregulation of synaptic STEP61. (A) Left: Illustration of the in vivo CFA injection model of inflammatory pain. The window

over the rat’s back depicts the area of spine removed for either electrophysiological or biochemical analysis. Right: Ipsilateral paw withdrawal

threshold (g) at baseline before and 3 days after hindpaw injection with vehicle (grey, n = 4, spinal cords used for C) or CFA (red, n = 10 animals,

spinal cords used for B and C) comparing vehicle to CFA 3 days post-injection. (B) Left: average NMDAR mEPSCs at + 60 mV from lamina I

neurons in ipsilateral spinal cord of untreated (black, n = 10 cells from eight animals) and CFA-injected (red, n = 8 cells from six animals) adult

male rats. Top: Difference current for NMDAR mEPSCs from CFA rats subtracted from NMDAR mEPSCs from control rats to reveal the

‘potentiated’ NMDAR mEPSC component. Right: Plot of NMDAR charge transfer (from 40 ms to 500 ms) for untreated (grey) versus CFA-injected

(red) rats. All current traces in Figs 1, 2 and 4 represented as means (dark lines) � SEM (lighter bars) of mEPSCs from all averaged cells. Scale

bars = 100 ms (x-axes); 5 pA (y-axes). (C) Plots (left) and representative western blots (right) from synaptosome fractions of ipsilateral superficial

dorsal horn from CFA-injected rats (red, n = 4) and vehicle-injected rats (white, n = 4). For quantification, all targets were normalized to beta-

actin as a loading control. (D) Plots (left) and representative western blots (right) from synaptosome fractions of superficial dorsal horn treated

with either control saline (white, n = 8) or 50 ng/ml recombinant BDNF for 70 min (red, n = 8). *P5 0.05, **P5 0.01 ***P5 0.001; exact P-values

can be found in Supplementary Table 3.
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dorsal horn synaptosomes from saline- versus BDNF-treated

rodent spinal cords. Co-treatment of active TAT-STEP with

BDNF prevented the increases in pY420 Fyn

(P = 9.9 � 10�4), total GluN2B (P = 2.1 � 10�4), and

pY1472 GluN2B (P = 1.1 � 10�4) that were induced by pre-

treating naı̈ve spinal slices with BDNF alone (n = 8; Fig. 2E).

In contrast, co-treatment of TAT-STEP with BDNF did not

significantly affect the BDNF-mediated downregulation of

KCC2 at superficial dorsal horn synaptosomes (n = 8;

P = 0.99; Fig. 2E). Unlike that observed in cortical neurons

(Xu et al., 2014), pretreating spinal sections with the STEP

antagonist, TC-2153 (1mM or 10mM), did not significantly

increase pY420 Fyn (P = 0.66 for 10mM), total GluN2B

(P = 0.46), or pY1472 GluN2B (P = 0.68) at superficial

Figure 2 STEP61 is necessary and sufficient to prime phosphorylation and potentiation of synaptic GluN2B-NMDARs by

BDNF. (A) Illustration of the ex vivo BDNF model of pathological pain. Sections of lumbar spinal cord (window over rat’s back illustrates the

lumbar section used) from naı̈ve rats are incubated in oxygenated saline with 50 ng/ml recombinant BDNF for 70 min, before electrophysiology on

individual lamina I neurons (B–D) or biochemistry on superficial dorsal horn tissue (E). (B) Average NMDAR mEPSC traces (left) and associated

charge transfer values (right) from lamina I neurons of naı̈ve rat spinal slices pretreated with control saline (black, n = 8), BDNF and a TAT-control

peptide (green, 200 nM, n = 7), or BDNF and a membrane permeable active STEP peptide (TAT-STEP; blue, 200 nM, n = 6). Scale bars = 100 ms (x-

axes); 5 pA (y-axes). (C) Treatment of naı̈ve slices with 1 mM TC-2153 for 70 min (red, n = 7) had no significant effect on NMDAR mEPSCs

compared to saline-treated slices (grey, n = 6). (D) Administration of exogenous BDNF (100 ng/ml) during patch-clamp recording caused an

increase in NMDAR mEPSC traces in TC-2153 pretreated slices (bottom right, n = 7), but not in saline pretreated slices (top right, n = 6). Plot on

left calculated from NMDAR mEPSC charge transfer after BDNF normalized to baseline charge transfer, for each pretreatment condition.

(E) Plots and representative western blots from synaptosome fractions of superficial dorsal horn incubated in saline (grey), 50 ng/ml BDNF (red),

50 ng/ml BDNF and 200 nM TAT-STEP (blue), 1 mM TC-2153 (orange), or 10 mM TC-2153 (yellow) for 70 min (n = 8 animals/group). For quan-

tification, all targets were normalized to beta actin as a loading control. *P5 0.05, **P5 0.01, ***P5 0.001 compared to saline, exact P-values for

each comparison can be found in Supplementary Table 3.
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dorsal horn synaptosomes compared to saline-treated spinal

sections (n = 8; Fig. 2E). The finding that blocking STEP61

phosphatase activity does not directly induce phosphoryl-

ation and potentiation of GluN2B NMDARs by Fyn aligns

with our previous observation of minimal basal Src family

kinase activity in adult lamina I neurons (Hildebrand et al.,

2016). We propose that BDNF is required for a subsequent

activation of Fyn kinase. These biochemical experiments

(Fig. 2E) suggest that the loss of STEP61 links upstream

KCC2 downregulation to downstream Fyn-dependent phos-

phorylation and trafficking of GluN2B NMDARs to super-

ficial dorsal horn synapses during pathological BDNF-

dependent pain processing.

To test our working model further, we investigated

whether disinhibition is required for BDNF-mediated

STEP61/Fyn/GluN2B signalling. We used the carbonic acid

anhydrase inhibitor, acetazolamide, which blocks disinhib-

ition produced by KCC2-dependent chloride dysregulation

without directly altering GABA or glycine receptor-

mediated inhibition (Ferrini and De Koninck, 2013; Lee

and Prescott, 2015). Co-treatment of spinal sections from

naı̈ve rats with acetazolamide (10 mM) and BDNF abol-

ished the BDNF-mediated increases in pY420 Fyn

(P = 0.0014), total GluN2B (P = 0.0071), and pY1472

GluN2B (P = 8.1 � 10�4) at superficial dorsal horn synap-

tosomes, while treatment with acetazolamide alone had no

significant effects on these targets compared to saline-trea-

ted slices (n = 8 per group; Fig. 3A and Supplementary

Table 3). The effects of BDNF-mediated disinhibition on

synaptic NMDARs were restricted to GluN2B, as neither

total GluN2A nor tyrosine phosphorylated (pY1325)

GluN2A were altered in any of the treatment groups (Fig.

3A). Importantly, co-treatment of acetazolamide with

BDNF prevented the decrease in total STEP61 at superficial

dorsal horn synaptosomes compared to sections treated

with BDNF alone (n = 8, P = 0.0047; Fig. 3A). Thus, block-

ing KCC2-dependent disinhibition prevents the downregu-

lation of STEP61 and subsequent increase in potentiated

GluN2B NMDARs by Fyn at superficial dorsal horn synap-

tosomes in the ex vivo BDNF model of pathological pain

processing.

We reasoned that if disinhibition is required for a con-

served feed-forward pathological pathway, then acetazo-

lamide should also reverse behavioural hypersensitivity

induced by persistent inflammation. In CFA-injected

rats, administration of acetazolamide significantly re-

versed the decrease in ipsilateral paw withdrawal thresh-

old (n = 9, P = 4.3�10�7), while no reversal effect was

observed in saline-treated CFA rats (n = 9, P = 0.22;

Fig. 3B). From the totality of our past (Xu et al.,

2015a; Azkona et al., 2016; Hildebrand et al., 2016;

Saavedra et al., 2016) and present evidence, we conclude

that loss of STEP61 links BDNF/KCC2-dependent disin-

hibition to the potentiation of GluN2B NMDARs at

lamina I synapses in a pathological spinal mechanism

that is conserved between chronic inflammatory and

neuropathic pain states.

With the exception of a study revealing increased glial

activation in the spinal cord of a patient with neuropathic

pain (Del Valle et al., 2009), very little is known regarding

mechanisms of central sensitization in the human spinal

cord. To compound this problem, typical human post-

mortem studies rely on delayed tissue collection from aut-

opsy specimens, with associated molecular and cellular deg-

radation. Here we collected lumbar spinal cord tissue from

adult male neurological determination of death organ

donors within 1 to 3 h (114 � 25 min, n = 14) after aortic

cross-clamping, thereby maximizing tissue viability

(Fig. 4A). Tissue from donors that had spinal cord

damage or medical conditions that could impact spinal

pain processing or that were taking chronic pain medica-

tions were excluded from the study.

We recorded excitatory synaptic responses from lamina I

neurons within transverse sections of human (18- and 52-

year-old males; see Supplementary Table 1) spinal cord.

NMDAR mEPSCs were significantly (P = 7.0 � 10�6)

larger at adult human lamina I synapses (n = 3) compared

to adult rodent synapses (n = 10), with amplitudes and

total charge that were more than double that of rodents

(Fig. 4B). The decay constant of 204 � 25 ms (n = 3) for

NMDAR responses at human lamina I synapses was not

significantly different from rodent lamina I synapses

(252 � 26, n = 10, P = 0.36), and is consistent with

GluN2B-mediated NMDAR responses (Hildebrand et al.,
2014) (Fig. 4B). In one recording, we were able to sequen-

tially apply antagonists of GluN2A (10 mM TCN-201;

Hansen et al., 2012) and then GluN2B (1 mM Ro25–

6981; Fischer et al., 1997), which revealed a selective sen-

sitivity of human NMDAR mEPSCs to Ro25–6981 but

not TCN-201, as well as a GluN2B-like Ro25–6981-sen-

sitive current (decay rate = 203 ms; Supplementary Fig. 3).

Thus, lamina I neurons in the collected human spinal

tissue are viable and contain robust synaptic NMDAR re-

sponses that are partially mediated by GluN2B-containing

receptors.

To test whether the disinhibition-STEP61 downregulation-

NMDAR potentiation feed-forward pathway occurs at

human lamina I synapses, we developed an ex vivo

BDNF treatment model of human pathological pain pro-

cessing. As carried out for rodents (Fig. 2A; Coull et al.,
2005; Hildebrand et al., 2016), we pretreated adjacent re-

gions of male human (18 to 69 years old) lumbar spinal

tissue with saline versus recombinant BDNF (100 ng/ml) for

70 min (Fig. 4A and Supplementary Table 1). Following

this, we flash-froze the treated spinal segments and tested

for BDNF-mediated changes in expression and phosphoryl-

ation of synaptosomal proteins in the superficial dorsal

horn versus the remainder of the human spinal cord.

Consistent with the rodent ex vivo BDNF model

(Fig. 1D), we found that BDNF treatment resulted in a

significant decrease in KCC2 (P = 0.044), total STEP61

(P = 0.019) and active STEP61 (P = 0.048) and a significant

increase in active Fyn (P = 0.040) and pY1472 GluN2B

(P = 0.031) at human superficial dorsal horn synaptosomes
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(n = 9; Fig. 4C, Supplementary Table 3 and Supplementary

Fig. 4). This BDNF-mediated pathway was restricted to

superficial dorsal horn synaptosomes, as it was not

observed in the homogenate fraction of superficial dorsal

horn tissue nor at synaptosomes from the remainder of the

spinal cord (Supplementary Figs 5 and 6, respectively).

Further, we investigated the effect of BDNF on neuronal

KCC2 in human ex vivo spinal cords of nine male sub-

jects aged from 18 to 64 years old (Fig. 4D–H,

Supplementary Fig. 7 and Supplementary Table 1).

Superficial dorsal horn neurons were specifically examined

based on CGRP immunostaining (Fig. 4D and E).

Treatment of human spinal sections with BDNF

induced a significant decrease in KCC2 immunostaining

at neuronal membranes compared to saline-treated controls

(Fig. 4D–G). The BDNF-mediated decrease in membrane

KCC2 was paired with a concomitant increase in intracel-

lular KCC2 immunostaining (Fig. 4H). Finally, BDNF

treatment increased the proportion of superficial dorsal

horn neurons that had KCC2 primarily localized to the

intracellular compartment compared to saline-treated

tissue (36/108 versus 8/116 respectively, �2 test = 61.71;

Supplementary Fig. 7).

Discussion
We have discovered that STEP61 is the molecular brake

that is lost following BDNF-mediated disinhibition at

lamina I synapses and subsequently drives the increase

in excitatory GluN2B NMDAR responses by BDNF in

both rodent and human spinal cords. The coupling be-

tween KCC2-dependent disinhibition and NMDAR po-

tentiation is conserved between nerve injury (Hildebrand

et al., 2016) and inflammatory models of chronic pain.

We therefore propose that this spinal pathway represents

a core pathophysiological mechanism that may drive pain

hypersensitivity across divergent pain syndromes. Indeed,

pharmacological, genetic and biochemical studies have

demonstrated that key elements of the pathway—BDNF,

KCC2-dependent disinhibition, and GluN2B NMDARs—

are essential mediators of pain hypersensitivity in other

Figure 3 Blocking KCC2-dependent disinhibition attenuates STEP61 downregulation by BDNF at superficial dorsal horn

synapses and reverses CFA-mediated tactile allodynia. (A) Plots and representative western blots from synaptosome fractions of

superficial dorsal horn treated with (from left to right) either saline (grey), BDNF (red), BDNF and acetazolamide (ACTZ) to block KCC2-

dependent disinhibition (Lee and Prescott, 2015) (purple), or acetazolamide alone (blue) for 70 min (n = 8 animals/group. For quantification, all

targets were normalized to beta actin as a loading control. (B) Left: Ipsilateral paw withdrawal threshold, in grams, of rats before (Day 0) and then

24, 48, and 72 (Day 3) h following a hindpaw injection of either vehicle or CFA. After the Day 3 behaviour testing, either 300 mg/kg acetazolamide

or control saline were injected intraperitoneally with behaviour testing 20, 30, and 40 min post-intraperitoneal injection [n = 8 for vehicle/saline

(grey) and vehicle/acetazolamide (blue), n = 11 for CFA/saline (red), and n = 12 for CFA/acetazolamide (purple)]. Right: Per cent anti-allodynia

(reversal of the CFA-dependent decrease in paw withdrawal threshold) 40 min post-intraperitoneal injection of either saline or acetazolamide in

CFA-injected rats. *P5 0.05, **P5 0.01, ***P5 0.001 compared to saline; exact P-values can be found in Supplementary Table 3.
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models of chronic pain, including spinal cord injury

(Boulenguez et al., 2010; Hama and Sagen, 2012; Kim

et al., 2012) and cancer-induced bone pain (Wang et al.,

2012; Bao et al., 2014; Hou et al., 2018). However, as a

putative molecular hub for spinal pain pathology, hetero-

geneous signalling factors and mechanisms may differen-

tially interact with the pathway’s components. These

divergence points mean that no individual molecular

player or target is likely to represent a therapeutic solution

for all chronic pain syndromes, which may include

underlying neuropathic and/or inflammatory mechanisms

(Ratté and Prescott, 2016). For example, BDNF is pro-

posed to be primarily released from primary nociceptive

afferents following persistent inflammation (Mannion

et al., 1999; Zhao et al., 2006; Sikandar et al., 2018)

and from activated microglia following nerve injury

(Coull et al., 2005; Ulmann et al., 2008), and microglia

themselves only mediate lamina I hyperexcitability in the

male spinal cord while other immune cells are proposed to

drive hyperexcitability in the female spinal cord (Sorge

Figure 4 The ex vivo BDNF treatment model of pathological pain processing drives a downregulation of KCC2 and STEP61 and

an increase in pFyn and pGluN2B NMDARs at superficial dorsal horn synapses of viable adult human spinal cord. (A) Illustration

of the human ex vivo BDNF model, highlighting the lumbar section (window). B) Average NMDAR mEPSCs at + 60 mV (left) from lamina I neurons

of human (18 and 52 years old) lumbar or thoracic spinal cord (n = 3 neurons) or naı̈ve adult rat lumbar spinal cord (n = 8 neurons), with

associated decay constant (middle) and charge transfer (right) values. Scale bars = 100 ms (x-axes); 5 pA (y-axes). (C) Plots and representative

western blots from synaptosome fractions of human (30 to 70 years old) superficial dorsal horn treated with either control saline (white, n = 9) or

100 ng/ml recombinant BDNF for 70 min (red, n = 9). For quantification, all targets were normalized to beta actin as a loading control. (D and E)

Left: Representative confocal image of the human superficial dorsal horn incubated in saline (D) or BDNF (E). KCC2 (red), CGRP (green) and

DAPI (blue). A zoomed region (top middle) shows a neuron expressing KCC2 together with the delineation of the membrane and the distance to

the membrane of each pixel analysed in a colour-coded distance map (top right) and KCC2 intensity versus distance to the membrane profile

(bottom). (F) Average KCC2 intensity profiles from superficial dorsal horn neurons incubated in saline (blue) versus BDNF-treated (red) spinal

segments of nine male human donors (18–64 years old). (G and H) Averaged membrane KCC2 intensity values (G) and averaged intracellular

KCC2 intensity values (H) of superficial dorsal horn spinal cord neurons incubated in saline versus BDNF. *P5 0.05; exact P-values can be found

in Supplementary Table 3.

1544 | BRAIN 2019: 142; 1535–1546 A. Dedek et al.

https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz105#supplementary-data


et al., 2015). Discriminating between divergent and con-

vergent pain signalling elements will be needed to develop

generalized versus syndrome-specific therapeutic strategies.

Given the plethora of molecular targets that continue to

emerge as spinal mechanisms of pain are investigated, an

essential missing step in the clinical development of novel

therapeutics is to validate which candidates contribute to

human spinal pain pathology. To address this, we have

developed an ex vivo human BDNF treatment model of

pathological pain processing that is based on an established

approach for rodent spinal cord. In the rodent model, ex

vivo BDNF treatment induces the same changes in protein

composition and excitatory responses at lamina I synapses

as that observed in the in vivo rodent models of chronic

inflammatory and neuropathic pain (Coull et al., 2005;

Hildebrand et al., 2016). Similar to this ex vivo rodent

model, we are able to collect human spinal tissue that is

neuro-protected right up until the point of collection. Using

sectioned human dorsal horn tissue, we have characterized

functional excitatory synaptic responses from individual

lamina I neurons and have shown that phosphorylation-

dependent intracellular signalling pathways can be acti-

vated by BDNF ex vivo, supporting the conclusion that

the dorsal horn nociceptive network remains highly

viable. Indeed, by combining the human ex vivo BDNF

model with rodent ex vivo and in vivo pain models, we

have shown that STEP61 is the molecular determinant that

is lost to drive coupling between BDNF-mediated disinhib-

ition and facilitation of GluN2B NMDARs at both rodent

and human lamina I synapses. Future experiments will test

what molecular players link KCC2-dependent disinhibition

to decreased STEP61 activity, and whether the role of can-

didates such as PKA (Xu et al., 2015b; Poddar et al., 2016)

are conserved in pathological coupling mechanisms be-

tween rodent and human pain models. Using this approach,

we can validate the role of identified molecular candidates

in human spinal tissue and then test how targeting these

players in vivo impacts pain hypersensitivity in rodent

models of specific pain syndromes.
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