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Cellular/Molecular

Synaptic GluN2A and GluN2B Containing NMDA Receptors
within the Superficial Dorsal Horn Activated following
Primary Afferent Stimulation

Chi-Kun Tong(E##)! and Amy B. MacDermott??

Department of Anesthesiology, 2Department of Physiology and Cellular Biophysics, and *Department of Neuroscience, Columbia University, New York,
New York 10032

NMDA receptors are important elements in pain signaling in the spinal cord dorsal horn. They are heterotetramers, typically composed
of two GluN1 and two of four GluN2 subunits: GluN2A-2D. Mice lacking some of the GluN2 subunits show deficits in pain transmission yet
functional synaptic localization of these receptor subtypes in the dorsal horn has not been fully resolved. In this study, we have investi-
gated the composition of synaptic NMDA receptors expressed in monosynaptic and polysynaptic pathways from peripheral sensory
fibers to lamina I neurons in rats. We focused on substance P receptor-expressing (NK1R+) projection neurons, critical for expression of
hyperalgesia and allodynia. EAB-318 and (R)-CPP, GluN2A/B antagonists, blocked both monosynaptic and polysynaptic NMDA EPSCs
initiated by primary afferent activation by ~90%. Physiological measurements exploiting the voltage dependence of monosynaptic
EPSCs similarly indicated dominant expression of GluN2A/B types of synaptic NMDA receptors. In addition, at synapses between C fibers
and NK1R+ neurons, NMDA receptor activation initiated a secondary, depolarizing current. Ifenprodil, a GluN2B antagonist, caused
modest suppression of monosynaptic NMDA EPSC amplitudes, but had a widely variable, sometimes powerful, effect on polysynaptic
responses following primary afferent stimulation when inhibitory inputs were blocked to mimic neuropathic pain. We conclude that
GluN2B subunits are moderately expressed at primary afferent synapses on lamina I NK1R+ neurons, but play more important roles for
polysynaptic NMDA EPSCs driven by primary afferents following disinhibition, supporting the view that the analgesic effect of the

GluN2B antagonist on neuropathic pain is at least in part, within the spinal cord.
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Introduction

Mechanical allodynia, a condition in which pain is evoked by a
light touch, can develop following inflammation and nerve injury
(Zeilhofer and Zeilhofer, 2008; Sandkiihler, 2009). Molecular
and cellular changes in the spinal cord dorsal horn contribute to
development and maintenance of this condition. Some impor-
tant elements of these changes and the underlying circuitry in the
dorsal horn have already been identified. For example, some of
the projection neurons essential to the development of mechan-
ical allodynia in lamina I are those expressing the receptor for
substance P, the NK1 receptor-expressing (NK1R+) neurons
(Nichols et al., 1999). In addition, loss of inhibition in the dorsal
horn accompanies inflammation and nerve injury (Moore et al.,
2002; Coull et al., 2005; Scholz et al., 2005; Zeilhofer, 2005) and
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may be responsible for the expression of mechanical allodynia
(Yaksh, 1989; Sivilotti and Woolf, 1994). Under control condi-
tions, rat NK1R+ lamina I neurons receive excitatory synaptic
drive from high threshold primary afferent fibers including Ad
and C fibers (Torsney and MacDermott, 2006). However, with
disinhibition, a new and powerful polysynaptic drive becomes
apparent, initiated by stimulation of A fibers, including the low
threshold A fibers (Baba et al., 2003; Torsney and MacDermott,
2006). All of the polysynaptic excitatory drive following disinhi-
bition in the multineuronal pathways between A fibers and the
NKI1R+ lamina I neurons (Torsney and MacDermott, 2006), as
well as lamina II neurons (Baba et al., 2003), is blocked by the
NMDA receptor antagonist, APV. If NMDA receptors in these
polysynaptic pathways are molecularly and pharmacologically
distinguishable from those at primary afferent synapses, it might
be possible to develop selective compounds to specifically reduce
polysynaptic pathways that contribute to chronic and persistent
pain while maintaining acute, physiological pain signaling.
NMDA receptors generally consist of two obligatory GluN1
subunits and two of four GluN2 subunits: GluN2A, GluN2B,
GluN2C, and GluN2D (Nakanishi, 1992). Earlier functional
studies show that direct synaptic inputs onto lamina I and II
inhibitory and excitatory neurons are primarily mediated by
NMDA receptors with GluN2A or GluN2A and GluN2B subunits
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(Bardoni et al., 1998; Momiyama, 2000; Shiokawa et al., 2010).
Here we test the hypothesis that the polysynaptic responses be-
tween primary afferents and NK1R+ neurons may be sensitive to
selective GluN2B NMDA receptor antagonist. The possibility
that the GluN2B subunit has a special role in the low and high
threshold polysynaptic pathways to NK1R+ neurons is suggested
by observations that GluN2B-specific antagonists are able to al-
leviate allodynia and hyperalgesia. Intrathecal administration of
GluN2B antagonists blocks or decreases certain forms of chronic
pain including carrageenan-induced mechanical hyperalgesia
(Taniguchi et al.,, 1997) and nerve injury-induced mechanical
allodynia (Boyce et al., 1999; Chizh et al., 2001a). Here we use
whole-cell patch-clamp recording, fluorescence imaging, and re-
ceptor pharmacology to investigate the identity of synaptic
NMDA receptors expressed at primary afferent synapses onto
lamina I dorsal horn neurons and in polysynaptic pathways re-
vealed by disinhibition.

Materials and Methods

Transverse slice preparation. All experiments were conducted with the
approval of the Columbia University Institutional Animal Care and Use
Committee and in accord with the Guide for the Care and Use of Labo-
ratory Animals. Postnatal day 14-20 Sprague Dawley rats of either sex
were anesthetized with isoflurane and then decapitated. Their thoracic
and lumbar spines along with rib cages were taken out from the bodies
with ventral side facing up and placed on an ice-surrounded dish filled
with ice-cold oxygenated high Mg?" Krebs solution (95% 0,/5% CO,
saturated Krebs solution containing the following (in mm): 125 NaCl or
250 sucrose, 2.5 KCl, 26 NaHCO;, 1.25 NaH,PO,, 25 glucose, 6 MgCl,,
and 1.5 CaCl,, pH 7.4) plus 1 mm kynurenic acid. Spinal cords were
exposed by carefully removing the ventral vertebrae with bone cutting
scissors, and then gently lifted with a pair of forceps at their rostral side
while dura mater and spinal nerves were carefully cut. Dorsal roots and
DRG were preserved and kept intact and remained attached to the spinal
cords. After spinal cords were taken out from the vertebrae, the remain-
ing dura mater and arachnoid membranes were removed with forceps
and all ventral roots were cut close to the cord. The spinal cords were then
placed, with dorsal side facing down, into a small dish (2.5 cm diameter,
2 cm height) with a piece of filter paper at the bottom. The dish was
quickly filled with 2% preheated low melting point agarose (Invitrogen
Life Technologies) and placed on ice immediately to make the agarose
solidify. These solidified agar blocks with embedded spinal cords were
taken out from the small dish and placed in the slicing chamber of a Leica
VT12008S vibrating blade microtome. The piece of filter paper was then
removed and transverse slices (350—450 pm) with attached dorsal roots
were cut using the microtome. During the cutting, a pair of forceps was
always used to lift the dorsal roots to prevent them being cut. Slices were
subsequently transferred into oxygenated high Mg?* Krebs solution (no
sucrose included) in an incubation chamber at 36°C for 1 h before re-
cording at room temperature.

Recording from pre-identified NKIR+ and NKIR— lamina I neurons.
The labeling of substance P receptor (NKI1R)-expressing dorsal horn
neurons with fluorescent dye has been described previously (Labrakakis
and MacDermott, 2003; Tong and MacDermott, 2006; Tong et al., 2008).
In brief, spinal cord slices were transferred from the incubation chamber
and then incubated in tetramethylrhodamine-conjugated substance P
(TMR-SP; 20—40 nm) containing high Mg?" Krebs solution for 20-30
min at room temperature. After slices were transferred back to the incu-
bation chamber and unbound TMR-SP was washed away for at least 20
min, slices were transferred to a submersion style chamber for recording.
Lamina I NK1R+ neurons were identified as neurons showing strong
labeling with TMR-SP within lamina I. Our operational definition of
lamina I was the region of the dorsal horn filled with fluorescently labeled
dendrites and somata as shown in Figure 1A. NK1R— neurons were
neurons in lamina I that did not show any somal fluorescence. According
to earlier studies, 80% of the projection neurons in lamina I are NK1R+
(Marshall et al., 1996; Todd et al., 2000; Al-Khater and Todd, 2009).
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Although both projection and excitatory interneurons in lamina I ex-
press NKIR (Todd et al., 1998) and constitute 45% of the lamina I neu-
rons based on immunocytochemical staining, projection neurons are
larger and show high-intensity immunofluorescence while interneurons
are smaller and show only weak NK1R immunofluorescence (Cheunsu-
ang and Morris, 2000; Al Ghamdi et al., 2009). Our labeling technique
may not be as sensitive a detector of NK1R+ neurons as immunocyto-
chemical staining and we observed a smaller percentage of lamina I
NKI1R+ neurons, suggesting that the majority of labeled neurons in our
study were those strongly expressing NK1R and were likely to be mainly
projection neurons.

Recording solutions. Intracellular solution was composed of the follow-
ing (in mM): 120 Cs-methylsulfonate, 10 Na-methylsulfonate, 10
TEA - Cl, 10 EGTA, 1 CaCl,, 10 HEPES, 5 QX-314 - Cl, and 2 Mg**-
ATP, pH adjusted to 7.2 with CsOH, osmolarity adjusted to 290 with
sucrose. For some monosynaptic NMDA EPSC recordings, internal so-
lution contained 130 mm Cs-methylsulfonate without TEA - Cl. We
found no difference in the conductance ratio (defined below) of mono-
synaptic NMDA EPSCs (0.15 = 0.03, n = 8 vs 0.20 = 0.06, n = 12, p =
0.53) and SEPSC rise time (defined below; 1.48 *= 0.26 ms, n = 8 vs
1.06 £ 0.17 ms, n = 12, p = 0.17) recorded from NK1R+ neurons using
these two internal solutions. We therefore combined these two sets of
data for further analysis. For some experiments in which intracellular
Ca*" was strongly buffered to very low concentrations, BAPTA intra-
cellular solution was used. It contained the following (in mwm): 50 Cs-
methylsulfonate, 10 Na-methylsulfonate, 40 BAPTA - Cs, 4 CaCl,, 10
HEPES, 5 QX-314 - Cl or 5 QX-222 - Cl, 2 Mg**-ATP, and 10 TEA - Cl,
pH adjusted to 7.2 with CsOH, osmolarity ~310. Junction potentials
were measured and corrected in the bath before Gigaohm seal was
formed for each cell.

Monosynaptic EPSC recording and analysis. To study synaptic NMDA
EPSCs from pre-identified NK1R+ or NK1R— neurons within lamina I,
neurons were held at =70 mV under voltage-clamp control most of the
time. Dorsal roots were stimulated using a glass suction electrode with
stimuli of variable intensities and 0.1 ms duration. Monosynaptic re-
sponses were identified based on the absence of synaptic failures and low
variability of latency at high-frequency stimulation (10 Hz for A fibers
and 1 Hz for C fibers). At these frequencies, polysynaptic responses tend
to fail and markedly change their latency while monosynaptic responses
maintain a constant latency. Stimulus intensity was gradually increased
until the maximal response was identified. The intensity was then further
increased to either 100 wA for A8 fiber or 300 wA for C fiber activations
(constant current output); 500 wA was sometimes used to ensure full
activation of C fibers. Because monosynaptic EPSCs mediated by Af
fibers only occur in 5% of the lamina INK1R + neurons, most of the cells
were not tested with A fiber intensity (20 wA; Nakatsuka et al., 20005
Torsney and MacDermott, 2006). Data were acquired and analyzed using
Axopatch 200 amplifier, Digidata 1322A, and pClamp 9.2 software
(Axon Instruments). Sampling rate was 10 kHz and data were filtered at
5 kHz.

One approach we used to investigate the composition of functional
NMDA receptors at synapses between primary afferents and dorsal horn
neurons was to compare their current—voltage (I-V) relationships at
these synapses with those of GIuN2A/B or GluN2C/D type NMDA re-
ceptors. SR95531 (10 um), strychnine (1 um), and NBQX (5 um) were
included to block GABA,, glycine, and non-NMDA receptors, respec-
tively. The membrane potential was stepped to different values (—90 mV
to +50 mV using 20 mV increment) for 350 ms before giving a stimulus
to the dorsal root. To isolate the synaptic current, membrane currents
recorded in the absence of dorsal root stimulation at each membrane
potential were subtracted. Monosynaptic currents were averaged over
two to three evoked EPSCs. The peak amplitude of NMDA EPSCs was
measured at 10 ms following the first peak of AMPA EPSCs to ensure
minimal contamination of polysynaptic NMDA receptors (McBain and
Mayer, 1994).

Different NMDA receptor compositions show different I-V relation-
ships (Kuner and Schoepfer, 1996). To compare the I-V relationships of
the monosynaptic NMDA EPSCs with those of heterologously expressed
known NMDA receptor subtypes, conductance ratio was used in a man-
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ner similar to our earlier study (Tong et al., 2008, Shiokawa et al., 2010).
It was calculated based on the equation:

g(—90 mV)/g(MIC) = [—1(—90 mV)/90 mV]/
[—MIC/VMIC] = I(—90 mV) * VMIC/(90 * MIC),

g(—90 mV) and g(MIC) represent the NMDA EPSC peak conductance at
—90 mV holding potential and the conductance of the maximal inward
current (MIC), respectively. To obtain the MIC and the membrane po-
tential for the MIC (VMIC), a second degree polynomial equation was
used to fit the three largest inward current values at negative membrane
potentials within each NMDA EPSC I-V curve. MIC and VMIC were
then calculated from the fitting equation. Conductance ratio has been
shown to be a useful way to estimate NMDA receptor subunit composi-
tion (Tong et al., 2008; Shiokawa et al., 2010). Extracellular Mg2+ con-
centration was kept at 100 M so that that the difference between the I-V/
relationships of GluN2A/B type and GluN2C/D type NMDA receptors is
larger compared with that in 1 mm Mg?™ solution, thus making it easier
to identify the subtypes of functional NMDA receptors.

In some cells, monosynaptic NMDA EPSCs showed different EPSC
rise times at different membrane potentials. To analyze the variation of
NMDA EPSC rise times of individual cells, we first measured the time
from the stimulus artifact to 50% of the peak monosynaptic NMDA
EPSC (t,, where v indicates the holding membrane potential) at each
membrane potential for each cell, instead of directly measuring the 20—
80% or 30—70% rise time. Because changing the membrane potentials of
postsynaptic neurons does not change conduction of action potentials in
primary afferent fibers or presynaptic neurotransmitter release (Billups
et al., 2002), the variations of NMDA EPSC rise time are reflected in the
variations of value #,. Measuring ¢, largely reduces measuring errors due
to the small amplitudes of some EPSCs recorded close to —90 mV or near
0 mV, potentials at which NMDA receptors are mainly blocked by Mg>™"
or have a small driving force for ion flow.

We therefore defined a value representing the delay of EPSCs at neg-
ative membrane potentials as

SEPSC rise time = mean (t_gpmv> t—70 mv»> t—50 mvs t-30 mv)
— mean (t;10mv> 430 mv> 450 mv)>

as illustrated in Figure 4A, bottom.

Large 8EPSC rise times represent substantial slowing of NMDA EPSCs
at negative membrane potentials compared with those at positive mem-
brane potentials while small SEPSCs indicate similar EPSC rise times at
negative and positive membrane potentials.

Polysynaptic EPSC recording and analysis. Polysynaptic NMDA re-
sponses following primary afferent fiber stimulation were routinely elic-
ited every 45-120 s in the presence of SR95531 (10 um), strychnine (1
M), and NBQX (5 um) in 100 um Mg>* Krebs solution. With this time
interval between stimuli, synaptic depression was minimal.

Most of the neurons tested for polysynaptic responses were recorded at
—70 mV to minimize voltage-gated channel activation while some were
recorded alternately at both +50 mV and —70 mV. To test the effects of
different antagonists on polysynaptic responses, instead of amplitude,
the area under the polysynaptic EPSC curves before, during, and after
antagonist application were measured from the stimulus artifact through
1000 ms later. For some cells that were recorded at both +50 and —70
mV membrane potentials, the EPSC areas were calculated from stimulus
artifact to 500 ms later.

In some experiments, we stimulated the dorsal roots with a range of
intensities, including 20, 100, and 500 nA to test for AB, Ad, and C
fiber-driven polysynaptic activity. Neurons showing polysynaptic re-
sponses at a stimulation intensity of 20 wA were considered to receive A
fiber-driven polysynaptic inputs. Some of these neurons also showed
additional polysynaptic responses when the intensity was increased to
100 A or 500 wA. These neurons were considered to receive AB/AS or
AP/C fiber inputs, respectively. Neurons showing no response at 20 wA,
but a polysynaptic response at 100 wA, were considered to receive inputs
driven by A8 fibers. Neurons showing an additional response when the
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stimulation intensity was increased to 500 wA were considered to receive
AJ/C fiber inputs. Some neurons did not show any polysynaptic re-
sponses until the stimulation intensity reached 500 wA. These neurons
were considered to receive only C fiber polysynaptic inputs. In 40
NKIR+ neurons showing polysynaptic responses, 18 contained initial
monosynaptic responses. In 31 NK1R— neurons tested, 7 contained ini-
tial monosynaptic responses. For these cells, we calculated the polysyn-
aptic EPSC area from 300 ms following the monosynaptic EPSC peak
through 800 ms or 1000 ms later to exclude the possible inclusion of
monosynaptic NMDA EPSCs, which usually have a decay time constant
faster than 100 ms (Vicini et al., 1998). To justify that 300 ms is a reason-
able time to start measuring polysynaptic responses with minimal inclu-
sion of monosynaptic responses in our preparation, we analyzed
monosynaptic EPSCs with no obvious contamination of polysynaptic
EPSCs at —70 mV holding potential. With single exponential decay fit-
ting, we observed that the decay time constant for these neurons was 83 +
11 ms (n = 10). Assuming synaptic delay from primary afferents to dorsal
horn neurons to be 5 ms following stimulus artifact, monosynaptic
NMDA EPSCs peak 10 ms after AMPA EPSCs and monosynaptic NMDA
EPSCs follow a single exponential decay, the remaining current of
NMDA EPSCs at 300 ms would be 100% * exp(— (300 — 5 — 10)/83) =
3%. In our data, the remaining current at 300 ms was 12 = 2% (n = 10),
possibly due to contamination of polysynaptic responses. Because these
experiments were performed in 0.1 mm Mg>* Krebs solution, the poly-
synaptic responses persisted in the presence of NBQX, in contrast to our
earlier study (Torsney and MacDermott, 2006).

Statistics. Data were expressed as mean * SE, with n referring to the
number of cells tested. Unpaired ¢ test was used to compare the drug
effects, conductance ratios, and 8EPSC rise times between two popula-
tions. Paired f test was used to test the drug effects on conductance ratios
and 8EPSC rise time. We also used one sample ¢ test to test the signifi-
cance of drug-depressing effects. x* test was used to compare the per-
centage change of cells showing high SEPSC rise time under different
intracellular solutions.

Materials. p-APV, SR 95531 hydrobromide, QX-222+Cl, and (R)-
CPP were purchased from Tocris Cookson. QX-314 - Cl was purchased
from Sigma-Aldrich or Alomone Labs. Strychnine was obtained from
Sigma-Aldrich. Low melting point agarose was purchased from Invitro-
gen. TMR-SP was synthesized and purchased from AnaSpec and EAB-
318 was provided by Wyeth Neuroscience. EAB-318 has an IC,, of 20, 80,
and 3500 nm for NMDA receptors with GIuN2A, GluN2B, and GluN2C,
respectively (Sun et al., 2004).

Based on the previous observations that (R)-CPP has a K| of 41, 270,
630, and 2000 nm for GluN2A, GluN2B, GIuN2C, and GluN2D (Feng et
al., 2004) with Hill coefficients for inhibition ranging from 0.6 to 1.4
(Porter et al., 1992; Sandberg et al., 1994; Laube et al., 1997) and that
(R)-CPP has a slow dissociation rate of ~1.1/s (Benveniste and Mayer,
1991), a brief increase of glutamate concentration in the synaptic cleft
(assuming 1 mm, 1.2 ms decay time constant) during synaptic transmis-
sion (Clements et al., 1992) would be unable to facilitate a dissociation of
(R)-CPP from NMDA receptors. Under this condition and assuming a
hill coefficient of 0.9, (R)-CPP concentration of 200 nM should block
~75% of the GluN2A-containing receptors and ~30% of GluN2B-
containing receptors. At an (R)-CPP concentration of 3 u, it should
block 97, 83, 68, and 40% of GluN2A, GluN2B, GluN2C, and GluN2D-
containing receptors, respectively.

Results

Monosynaptic NMDA receptor-mediated EPSCs (NMDA
EPSCs) evoked by primary afferent activation

To compare the NMDA receptors responsible for polysynaptic
excitation of the NK1R+ neurons in lamina I to those at primary
afferent synapses, we first determined NMDA receptor subtypes
at the primary afferent, monosynaptic inputs onto NK1R+ neu-
rons and, for comparison, NKIR— neurons. This was investi-
gated using both pharmacology and ratio conductance (see
Materials and Methods; Tong et al., 2008; Shiokawa et al., 2010).
Neurons in these two populations in lamina I were visually iden-
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fied NK1R+ and NK1R— neurons. To re-
move Mg>" blockade from the receptors,
the cells were held at + 50 mV membrane
potential while stimulating the dorsal
roots. As shown in Figure 2, A and B, EAB-
318 (200 nm), an antagonist for NMDA
receptors with GluN2A/B subunit com-
position, depressed the peak amplitude of
NMDA EPSCs by 88 = 2% (n = 17, p <
0.05 for one sample ¢ test) for NKIR+
neurons and 85 = 7% (n = 4, p < 0.05 for
one sample ¢ test) for NK1R— neurons.
This indicates that both NKIR+ and
NKI1R— neurons express mainly NMDA
receptors with GluN2A/B subunits at pri-
mary afferent synapses. (R)-CPP (3 um),
another strong GluN2A/B antagonist, re-
duced the peak monosynaptic NMDA
current by 95 * 1% for NK1R+ neurons
(n =4, p <0.05 for one sample ¢ test). At
this concentration, (R)-CPP Dblocks
NMDA receptors with GluN2D subunits
by only 40% (see Materials and Methods;

SR95531+strychnine
+NBQX

y

1000 pA

vl 50 msec
10 ms

Figure 1.

stimulus. The data in B and C are from two different neurons.

tified then monosynaptic EPSCs were evoked and recorded using
whole-cell patch-clamp (Fig. 1A,B, top). Upon superfusion of
SR95531(10 um) + strychnine (1 um) + NBQX (5 um) to block
GABA,, glycine and AMPA receptors, respectively, NMDA
receptor-mediated EPSCs were revealed (Fig. 1B, bottom). The
NMDA receptor identity of these EPSCs was confirmed by observing
a complete and reversible blockade in response to the nonselective
NMDA receptor antagonist, D-APV (30 um), as shown in Figure 1C
(98.7 = 0.3% blockade, n = 4). Because NMDA EPSCs reach their
peaks ~10 ms after AMPA EPSCs reach their peaks at the same
synapses (McBain and Mayer, 1994), monosynaptic NMDA EPSC
peaks were measured 10 ms after the monosynaptic AMPA EPSC
peak (Fig. 1B).

Pharmacology of monosynaptic NMDA EPSCs
Our first approach to testing synaptic NMDA receptor subunit
composition was to use subunit-selective antagonists on identi-

Washout

<

NMDA receptors are expressed at primary afferent synapses. A, An example showing the identification of
NK1R+ neurons within lamina | of superficial dorsal horn. Left, After TMR-SP incubation and washout, NK1R+ neurons
were labeled and could be identified with fluorescence microscopy. Lamina | was distinguished by its fluorescent area due
to labeled cell bodies and dendrites while lamina Il virtually lacked fluorescence. Right, Shows low magnification of the
same slice. B, Top, Representative C fiber-evoked monosynaptic currents recorded from an NKTR+ neuron using intracel-
lular 10 mm EGTA solution at —70 mV and +50 mV holding potentials. Bottom, Superfusion of SR95531 (10 wm),
strychnine (1 wm), and NBQX (5 wum) eliminated the inhibitory inputs and AMPA EPSCs to reveal the NMDA EPSCs. The
stimulating intensity was 500 A and two broken lines indicate that monosynaptic NMDA EPSCs reach their peaks 10 ms
after AMPA EPSC reach their peaks. €, In the presence of SR95531, strychnine and NBQX, complete blockade of the NMDA
EPSCs by p-APV (30 wum) confirmed that NMDA and AMPA EPSCs are the major EPSCs following a single primary afferent

Feng et al., 2004). Thus, consistent with
our EAB-318 data, NMDA receptors at
these synapses are predominately formed
with GIuN2A/B subunits.

To specifically test for the contribution
of GluN2B containing NMDA receptors
at these synapses, ifenprodil (3 um), a se-
lective GluN2B antagonist, was used. At
this concentration, ifenprodil blocks
>90% of GluN1/GluN2B diheteromers,
but blocks <20% of GluN1/GluN2A/
GluN2B triheteromers and has virtually
no effect on GluN1/GluN2A dihetero-
mers (Hatton and Paoletti, 2005). Al-
though ifenprodil has been reported to
reduce high voltage-activated P/Q type
calcium channels and affect synaptic
transmission at high concentration, it has
no significant effect on synaptic transmis-
sion at 5 uM (Church and Fletcher, 1995;
Delaney et al., 2012). Ifenprodil was su-
perfused onto the slices for 20—25 min.
During ifenprodil application, dorsal
horn neurons were continuously stimulated at 0.022—-0.067 Hz to
allow for activity-dependent blockade (Kew et al., 1996; Chizh et
al., 2001a). Ifenprodil produced a modest inhibition of NMDA
EPSCs for NK1R+ neurons (26 * 4% inhibition, n = 12, p <
0.01 for one sample t test) and a significantly stronger inhibition
for NK1IR— neurons (42 * 8% inhibition, n = 8, p < 0.01 for one
sample ¢ test, p < 0.05 when comparing the blocking effects of
ifenprodil on the two neuronal populations using one tail un-
paired £ test) as shown in Figure 2B. Together with the strong
blocking action of EAB-318, these data suggest that GluN2A is the
major GluN2 subunit for NMDA receptors expressed at these syn-
apses with GluN2B subunit as the minor form. There are fewer
GluN2B-containing NMDA receptors expressed by NK1R+ neu-
rons at primary afferent synapses compared withNK1R— neurons
inlamina I (Fig. 2) and at focally stimulated synapses on interneu-
rons in lamina II (Shiokawa et al., 2010). To further confirm that
GluN2A is the dominant form at these synapses, (R)-CPP was

20 ms 500 pA
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also tested at a lower concentration (200 A
nM), which would be expected to block
75% of GluN2A type NMDA receptors
and 30% of GluN2B NMDA receptors
(see Materials and Methods). Under these
conditions, peak NMDA EPSC amplitude
was decreased by 64 = 7% (n = 7,p <

Control

0.05 for one sample ¢ test) for NK1R+ 50 msec
neurons and 53 * 15% (n = 4, p < 0.05
for one sample ¢ test) for NK1R— neurons
(Fig. 2B). This is consistent with the idea
that NMDA receptors with GIluN2A sub- Wash

units are the major component contribut-
ing to monosynaptic NMDA EPSCs for
both lamina I neuronal types.

NMDA receptors are also expressed at
or near presynaptic terminals of primary
afferent fibers within the superficial dorsal
horn. While exogenous application of
NMDA acts to depress presynaptic gluta-
mate release (Bardoni et al., 2004; Zeng et
al., 2006), endogenous glutamate may act
on these presynaptic NMDA receptors to
enhance release (Thomson et al., 2006).
Thus, it cannot be ruled out that inhibi-
tion by EAB-318 and (R)-CPP of NMDA
EPSCs was due to drug action on presyn-
aptic NMDA receptors. To test this possi-
bility, we blocked postsynaptic NMDA
receptors by including an intracellular NMDA receptor antago-
nist, MK-801 (1 mM), in the patch pipette while recording from
dorsal horn neurons (Berretta and Jones, 1996; Zeng et al., 2006).
This inclusion effectively eliminated postsynaptic NMDA cur-
rents without affecting postsynaptic AMPA and presynaptic
NMDA receptors (data not shown). p-APV (30 uMm), a strong
NMDA receptor antagonist relatively nonselective for NMDA
receptors of different compositions, only slightly depressed the
peak amplitude of the remaining AMPA receptor-mediated EP-
SCsby 13 * 4% (n = 4, p = 0.06 for one sample ¢ test), suggesting
that most of the inhibition of NMDA EPSCs by subunit-selective
antagonists was due to postsynaptic, not presynaptic inhibition.

Figure 2.

Conductance ratio method for estimating NMDA receptor
subunit composition

We independently determined synaptic NMDA receptor subunit
composition using the conductance ratio technique elaborated in
our earlier papers (Tong et al., 2008; Shiokawa et al., 2010). In
brief, we use the subunit-dependent differences in voltage depen-
dence of NMDA receptor-mediated conductance reported by
Kuner and Schoepfer (1996) to estimate the relative contribution
of GIuN2A/B and GluN2C/D subunits to NMDA currents. The
current—voltage (I-V) relationships of NMDA currents, both
those activated by agonist application (Tong et al., 2008) and by
synaptic activation (Shiokawa et al., 2010), were obtained and
their conductance ratios, g(—90 mV)/g(MIC), calculated. The
conductance ratio is the ratio of the conductance of NMDA
receptorsat —90 mV relative to the conductance of the current
recorded at the membrane potential where the NMDA inward
current was maximal. These measurements are illustrated in Fig-
ure 3B. Based on earlier studies using a heterologous expression
system and recording in bath with 100 um Mg>", NMDA recep-
tors containing GluN1/GluN2A or GluN1/GluN2B show g(—90
mV)/g(MIC) conductance ratios of 0.06—0.07. NMDA receptors
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NMDA receptors with GIuN2A subunits are the major NMDA receptors expressed at synapses between primary
afferent fibers and lamina I neurons while those with GluN2B subunits are the minor forms. 4, Representative traces showing the
inhibiting effects of EAB-318 (200 nm) and (R)-CPP (200 nm) on monosynaptic NMDA EPSCs recorded from an NK1R+ neuron. Cells
were heldat + 50mV. B, The summary of the monosynaptic NMDA receptor pharmacology. EAB-318 (200 nm) and (R)-CPP (3 ),
GluN2A/B-preferring antagonists, largely depressed the NMDA EPSC amplitude while ifenprodil (3 um), an GluN2B-preferring
antagonist, had moderate blocking effect for both NK1R+ and NK1R— neurons. (R)-CPP (200 nw), a GluN2A-preferring antago-
nist at lower concentration, significantly depressed the NMDA EPSC amplitude for both NK1R+ and NKTR— neurons. Asterisks
indicate significantly different from control.

containing GluN1/GluN2C or GluN1/GluN2D have ratios of
0.38-0.40 (Kuner and Schoepfer, 1996). Thus, smaller conduc-
tance ratios indicate expression of a higher percentage of
GluN2A/B-containing, Mg>" -sensitive NMDA receptors. Using
bath application of NMDA, we observed that NMDA receptors
with high Mg>* sensitivity (GluN2A/B) and low Mg>" sensitivity
(GluN2C/D) were expressed by NK1R+ projection neurons
within the superficial dorsal horn laminaI (Tongetal., 2008). We
also observed that in lamina II, all focally evoked synaptic NMDA
currents were mediated by GluN2A/B only (Shiokawa et al.,
2010). In the present study, synaptic NMDA receptors were se-
lectively activated by endogenous synaptically released gluta-
mate from primary afferent central terminals. NMDA EPSCs
evoked by dorsal root stimulation were recorded at eight dif-
ferent holding potentials from —90 mV to +50 mV at 20 mV
increments (Fig. 3A). The current—voltage relationship of the
monosynaptic NMDA EPSCs for each cell was obtained by
plotting the peak amplitudes of NMDA EPSCs as a function of
the holding potential as shown in Figure 3B.

The conductance ratio for each cell, g(—90 mV)/g(MIC), was
calculated from its current voltage (I-V) relationship (see Mate-
rial and Methods). Figure 3B illustrates how the g(—90 mV) and
g(MIC) were determined. Overall, the average conductance ra-
tios of the monosynaptic NMDA EPSCs for NK1R+ and NKIR—
neurons were 0.18 * 0.04 (n = 20) and 0.08 = 0.01 (n = 10),
respectively (p < 0.05; Fig. 3C). The conductance ratio obtained
from NK1R— neurons suggests that GluN2A/B type NMDA re-
ceptors are the major NMDA receptors at the primary afferent

synapses.

The slowly rising currents recorded from NK1R+ neurons

While acquiring sets of NMDA EPSCs recorded as a function of
membrane potential, it became apparent that NMDA EPSCs
from some neurons had temporally different waveforms. This
was seen as slower rise times and more rapid decay times at some
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negative membrane potentials compared

with EPSC rise times at positive mem-

brane potentials (see Material and Meth-

ods; Fig. 4A, bottom). Smaller SEPSC rise

times indicate that rise times are similar

for NMDA EPSCs at both negative and

positive membrane potentials, while

mYV  those with higher SEPSC rise times indi-

40 80 cate variable NMDA EPSC rise times at
negative membrane potentials.

NMDA receptors normally have a con-
stant EPSC rise time at different mem-
brane potentials (Billups et al., 2002).
Accordingly, NMDA EPSCs recorded
from NK1R— neurons (Fig. 4B) showed
limited 8EPSC rise times (0.27 = 0.28 ms,
n = 10), suggesting that there was no sub-
stantial variability in SEPSC rise times in
NKI1R— neurons. These NMDA EPSCs
also had low conductance ratios (0.08 =
0.01, n = 10), indicating that GluN2A/B
type NMDA receptors are the major
monosynaptic NMDA receptors ex-
pressed at the synapses between primary
afferents and lamina I, NK1R— neurons,

—- consistent with our earlier pharmacologi-

cal results.
The strongly altered rise times of the
NMDA EPSCs recorded from some of the

GIuN2A/B
=U= " -- NKI1R+ neurons at negative membrane

0.0
Q& Q&Y

Figure 3.

GluN2C/D type NMDA receptors, respectively.

of the negative holding potentials between —30 mV and —90 mV.
As an example of this, Figure 4A, top, shows monosynaptic
NMDA EPSC traces recorded from an NK1R+ neuron at differ-
ent membrane potentials and the inset shows the current—voltage
relationship. This NK1R+ neuron has a calculated conductance
ratio of 0.25, a value that falls between the conductance ratios of
pure GluN2A/B and GluN2C/D type NMDA receptors. How-
ever, it is visually apparent that at least two of the synaptic cur-
rents have different time courses compared with other currents in
the series as shown in Figure 4A, top and middle. If these altered
NMDA EPSC time courses are caused by the activation of a sec-
ondary current, such as Ca?" or Na "-activated currents, it raises
the possibility that the synaptic current amplitudes are not a pure
reflection of NMDA currents. This in turn suggests that the cal-
culated conductance ratios based on amplitude measurements
may be compromised by these additional currents. In addition,
these secondary currents at negative membrane potentials are
expected to contribute to the total impact of excitatory drive at
the synapse under study.

To identify neurons having variable EPSC rise times at nega-
tive membrane potentials, we calculated EPSC rise time, an in-
dex that tracks the variability of NMDA EPSC rise times at

NK1R+ neurons show higher mean conductance ratio of monosynaptic NMDA EPSCs compared with NMDA EPSCs
from NKTR— neurons. A, Representative traces of monosynaptic NMDA EPSCs recorded from an NK1R— neuron at different
membrane potentials (—90 mV to + 50 mV at 20 mV increment) using internal EGTA solution. B, I~V relationship of the NMDA
EPSCtraces from A. MIC, VMIC, g(—90 mV), and g(MIC) areiillustrated (see Material and Method). , Summary of the conductance
ratios for NKTR+ and NK1R— neurons. Dots represent the conductance ratios of individual neurons. Both types of cells were
patched using internal EGTA (10 mm) solution. The broken lines represent the conductance ratios of pure GluN2A/B type and

potentials suggested that additional cur-
rents were activated during EPSCs. Some
channels, for example, Ca’*-activated
potassium channels, K(Ca), may be acti-
vated by the elevated intracellular Ca**
associated with neuronal activity and re-
sponsible for the generation of slowly ris-
ing currents at negative membrane
potentials (Vergara et al., 1998; Alpert and
Alford, 2013). To prevent activation of
putative Ca’*-dependent currents, we
used 40 mM BAPTA intracellular solution to rapidly chelate in-
tracellular Ca*™. Figure 4Cis an example of such a recording. The
mean SEPSC rise time recorded from NK1R+ neurons with
BAPTA (0.85 = 0.13 ms, n = 51) was smaller than that recorded
in EGTA (1.23 * 0.15 ms, n = 20, p < 0.05) but was still much
higher than that of NK1R— neurons using EGTA (0.27 % 0.28
ms, n = 10), suggesting that the variability in rise time was re-
duced but not eliminated. Overall, fewer NK1R+ neurons had
slowed and variable NMDA EPSC rise times when BAPTA was
added to the recording solution compared with EGTA (62% vs
90% SEPSC > 0.7 ms, p < 0.05 for x test).

To determine whether there was a relationship between the
variable NMDA EPSC rise times and conductance ratio, we plot-
ted conductance ratio as a function of SEPSC rise time (Fig. 4D).
Figure 4D shows that when little or no rise time variability is
present (8EPSC < 0.7 ms), conductance ratio is consistent with a
predominantly GluN2A/B receptor subunit composition regard-
less of neuron population tested or Ca*>* chelator used. Con-
versely, when larger NMDA EPSC rise time variability is present
(6EPSC > 0.7 ms), the conductance ratios tend to be widely
variable for NK1R+ neurons and cannot be used to distinguish
NMDA receptor subunits. This is apparent because some con-
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ductance ratio values are much greater
than that predicted for even a pure
GluN2C/D synapse (Fig. 4D). This sug-
gests that conductance ratios are most in-
formative when SEPSC is minimal. When
SEPSC rise time is large, this suggests the
presence of secondary currents that ap-
pear to be activated following NMDA
receptor activation in a subset of the
NKI1R+ neurons.

The slowly rising monosynaptic
NMDA EPSCs recorded from NKI1R+
neurons were only observed at negative
membrane potentials. Thus, it is possible
that the currents were triggered by Ca*™
or Na™ influx through NMDA receptors.
If this was the case, the SEPSC rise time
should be reduced with decreased NMDA
EPSC amplitude. To test this, EAB-318
(200 nMm) was used to depress NMDA
EPSC amplitude. Figure 5A shows an ex-
ample of control NMDA EPSC traces
(top) and their normalized forms (bot-
tom) from an NKIR+ neuron. After
EAB-318 application, the NMDA EPSCs
were strongly blocked at all membrane
potentials by ~90% (Fig. 5B, top). When
the remaining currents were normalized
at their peak times, they had developed
similar rise times (Fig. 5 compare A,B,
bottom), suggesting the elimination of the
secondary currents. As summarized in
Figure 5C, EAB-318 largely reduced the
SEPSC from 1.1 = 0.3 to 0.2 = 0.2 ms
(n =7, p < 0.05 for paired ¢ test). We
conclude that the synaptic inward cur-
rents recorded from NKI1R+ neurons at
negative membrane potentials were initi-
ated by GluN2A/B type NMDA receptor
activation, and that when altered kinetics
occurred, it indicated activation of sec-
ondary current. After reduction of the
NMDA EPSC amplitudes by EAB-318, the
resulting EPSCs had slightly lower con-
ductance ratios, changing from 0.23 *
0.04 to 0.18 = 0.02 (n = 7) ranging from
0.11 to 0.26 but still higher than pure
GluN2A/B as shown in Figure 5C. This
raises the possibility that the ~10% of the
current remaining following EAB-318
blockade was mediated by synaptic
NMDA receptors, which included the
GluN2D type in these neurons.

To test if the slowly rising EPSCs were
due to poor space clamp of the patched
neurons, we calculated the reversal poten-
tials of the NMDA EPSCs. The NMDA
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Figure 4.  Slowly rising NMDA EPSCs distort the calculation of conductance ratios. A, Top, Representative traces of
monosynaptic NMDA EPSCs recorded from an NK1R+ neuron using internal EGTA solution. The inset of the NMDA /-V/
relationship indicates GluN2C/D-like NMDA receptors at the synapses. Middle, Shows NMDA EPSCs normalized at their
peaks from the same cell. The slower EPSCrise times and faster decay times at some negative membrane potentials indicate
some currents other than NMDA EPSCs were activated. Bottom, lllustrates the methodology of calculating the SEPSC rise
time (see Material and Method). The broken line represents the peak of NMDA EPSCs. B, Top, An example of NMDA EPSCs
recorded from an NKTR— neuron using EGTA as the internal solution. Bottom, Normalized NMDA EPSCs showed similar rise
times. The inset /—V relationship of the EPSCs indicates GluN2A/B-like NMDA receptors at the synapses. , Top, An example
of NMDA EPSCs recorded with 40 mm BAPTA intracellular solution. Bottom, Normalized NMDA EPSCs with BAPTA showed
similar rise times. The inset /-V relationship of the EPSCs indicates GIuN2A/B-like NMDA receptors at the synapses. D,
Individual recordings from NK1R+ and NKTR— neurons under EGTA and BAPTA conditions were plotted according to their
g(—90 mV)/g(MIC) conductance ratio and SEPSC rise time. There was a greater percentage of NKTR+ neurons showing
SEPSC < 0.7 ms (38% vs 10%, p << 0.05 for x? test) in the BAPTA intracellular solution in comparison with EGTA
intracellular solution. We also recorded EPSCs from NK1R— neurons using BAPTA in the recording pipette. As expected,
EPSCs from these neurons still showed small SEPSCs (0.17 == 0.21 ms, n = 11) as well as conductance ratios close to those
of receptors with GIuN2A/B subunits (0.08 = 0.01, n = 11). The dotted line represents SEPSC = 0.7 ms.

EPSCs recorded from NK1R+ and NK1R— neurons had average
reversal potentials of 3.1 = 0.8 mV (n = 71) and 1.3 £ 1.4 mV
(n = 21), respectively, both close to the reversal potential of
NMDA receptors ~ 0 mV. This indicates that poor space clamp is
not likely to be a major contributor to rise time variability of
NMDA EPSCs.

Identification of synapses containing altered synaptic current
rise times

The NMDA EPSCs recorded from NKI1R+ neurons included
those elicited by Ad and C fiber activation. To identify which fiber
type triggers synaptic currents with large SEPSC rise times, we
classified the recorded monosynaptic NMDA EPSCs based on the
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Polysynaptic NMDA receptors on
NK1R+ and NK1R— lamina I neurons
We have investigated the NMDA recep-
tors expressed within polysynaptic path-
ways from primary afferent fibers to
lamina I dorsal horn neurons while syn-
aptic inhibition was blocked. Polysynaptic
NMDA responses were routinely elicited
every 45-120 s in the presence of SR95531,
strychnine and NBQX and in 100 um
Mg“, and the area under the current
curves were measured for analysis. When
the interval between stimuli was reduced
to 15 s, the responses showed progressive
depression, consistent with the polysyn-
aptic nature of the responses. Figure 7, A
and B, are examples showing that both
EAB-318 (200 nm) and (R)-CPP (3 um)
reversibly blocked the polysynaptic re-
sponses recorded from two NK1R+ neu-
rons held at —70 mV. On average, EAB-318
(200 nm) and (R)-CPP (3 um) blocked the
polysynaptic responses recorded from
NKI1R+ neuronsby 98 £ 1% (n = 6,p <
0.01 for one sample ¢ test) and 99.8 *=
0.2% (n = 3, p < 0.01 for one sample ¢
test), respectively, while they blocked
those recorded from NK1R— neurons by
98.5 + 0.6% (n = 6, p < 0.01) and 99.9 =+
0.1% (n = 4, p < 0.01), respectively (Fig.
7C). (R)-CPP (200 nMm), a GluN2A-
preferring antagonist at lower concentra-
tion, blocked the polysynaptic responses
by 90 £ 5% (n=4,p <0.01) and 92 * 4%
(n = 3) for NK1R+ and NK1R— neurons,
respectively. All these data suggest that
GluN2A/B type NMDA receptors are
dominant in mediating the polysynaptic
responses from primary afferents to both
lamina I NKIR+ and NK1R— neurons.
To determine the role of NMDA re-

GIuN2C/D

GIuN2A/B

-0.5 0.0 0.5 1.0 1.5
SEPSC rise time (ms)

Figure 5.

contribution from the current causing the slow rise of NMDA EPSCs.

thresholds of the fibers (see Material and Methods). NMDA EP-
SCs obtained following C fiber activation had significantly larger
SEPSC rise times and conductance ratios than those obtained
from A& fibers as shown in Figure 6 (8EPSC rise times: C fiber:
1.1 = 0.1 ms, n = 56; Ad fiber: 0.5 = 0.2 ms, n = 14, p < 0.05 for
unpaired ¢ test; conductance ratios: C fiber: 0.22 = 0.03, n = 56;
Ad fiber: 0.12 £ 0.01, n = 14, p < 0.05 for unpaired ¢ test). These
data suggest that the large SEPSC rise times are generated be-
tween primary C fibers and NK1R+ dorsal horn neurons.

The slowly rising component of some NMDA EPSCs were triggered by NMDA receptor activation. A, Top,
Representative monosynaptic NMDA EPSCs recorded from an NK1R+ neuron upon C fiber activation. Bottom, Shows the
normalized NMDA EPSCs of the same traces. B, Top, Indicates NMDA EPSCs were largely blocked by GluN2A/B-preferring
antagonist EAB-318 (200 nm). Bottom, Shows normalized EPSCs from the same traces as with diminished amplitudes.
Under this condition, NMDA EPSCs had similar EPSC rise times across all membrane potentials. The normalized traces are
subjected to rolling averaging over 1 ms. €, Conductance ratios and SEPSC rise time changes from individual neurons are
plotted. EAB-318 significantly lowered the SEPSC rise time of NMDA EPSCs from NK1R+ neurons, indicating decreased

ceptors with GluN2B subunits in the poly-
synaptic pathways, ifenprodil (3 um) was
tested on the evoked polysynaptic re-
sponses while dorsal horn neurons were
continuously stimulated at low frequen-
cies. Interestingly, ifenprodil depressed
the polysynaptic responses to a highly
variable degree as shown in Figure 7C.
Figure 8A is an example showing the
depressing effect of ifenprodil on the
polysynaptic responses. The average inhi-
bition by ifenprodil of polysynaptic activ-
ity recorded from NKI1R+ neurons was
48 *+ 5% (n = 25) and from NK1R— neurons was 48 == 4% (n =
21). The average inhibition of polysynaptic activity from NK1+
neurons was greater than the effect of ifenprodil on monosynap-
tic inputs (26 * 4% inhibition, p < 0.01) while no significant
difference was observed for NK1R — neurons. However, the most
prominent aspect of ifenprodil action on polysynaptic input to
lamina I was its wide variability.

To test if the variable degree of depression by ifenprodil was
associated with polysynaptic pathways driven by specific sub-
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Very few neurons received only C fiber- SEPSC rise time (ms)

driven polysynaptic inputs. In these in-

stances, ifenprodil largely depressed the C  Figure 6. Monosynaptic NMDA ESPCs with slow rise times were only evoked between primary afferent C fibers and NK1R+

fiber-evoked response recorded from
NK1R+ neurons by 78 * 8% (n = 4) and
an NKIR— neuron by 75%, respectively
(n=1). Upon pooling the data from both
NKI1R+ and NKIR— neurons, it became clear that ifenprodil
showed stronger mean inhibiting effects on C fiber-induced
polysynaptic responses than those evoked by AB or A8 fibers. In
addition, in all cases of fiber type, the effect of ifenprodil was
highly variable.

Discussion

We have shown that NMDA receptors with GluN2A/B subunits
are the dominant synaptic NMDA receptors expressed within
both monosynaptic and polysynaptic pathways from primary af-
ferent inputs onto lamina I neurons. The widely variable effects of
GluN2B antagonists on polysynaptic pathways leading to
NKI1R+ output neurons is most likely due to the impact of partial
pharmacological block distributed within a multineuronal path-
way as described below. These data suggest that selective targeting
of GluN2B containing NMDA receptors may be able to depress
polysynaptic activity following certain types of injury or in-
flammation without having the unwanted side effects of a
general NMDA receptor antagonist or a selective GluN2A antagonist.

Identification of monosynaptic NMDA receptors expressed
by dorsal horn neurons
In our experiments, the identification of GluN2A/B subunit con-
taining NMDA receptors at monosynaptic sites is based on two
major observations: the conductance ratio and the pharmacology
of the NMDA EPSCs at primary afferent synapses. The g(—90
mV)/g(MIC) conductance ratios of the monosynaptic NMDA
EPSCs recorded from both NK1R+ and NK1R— neurons were
close to those of pure GluN2A/B type NMDA receptors, provided
no additional currents altered the rising phase of the NMDA
EPSCs at negative membrane potentials. Pharmacological evi-
dence included the 85-90% blocking action of EAB-318 (200 nMm)
on monosynaptic NMDA EPSCs. Together with the results of
(R)-CPP (3 uMm), which blocked 95% of the monosynaptic
NMDA response, we conclude that NMDA receptors with
GluN2A/B subunits are the major synaptic NMDA receptors at
all primary afferent synapses in lamina I.

Our earlier study on the functional NMDA receptors ex-
pressed by lamina I neurons showed expression of NMDA recep-

neurons. The same data as in Figure 4D, but classified according to A8 and C fiber inputs. Ad fiber-evoked NMDA EPSCs showed
smaller SNMDA EPSC rise times and conductance ratios close to those of GluN2A/B type NMDA receptors, independent of the
internal solution used. C fiber-evoked NMDA EPSCs showed a wide range of conductance ratios.

tors with GluN2D subunits by NK1R+ neurons (Tong et al.,
2008). In combination with our data showing GluN2A/B type
NMDA receptors at synapses, we propose that NMDA receptors
with GluN2D subunits may be expressed primarily extrasynapti-
cally as originally shown (Momiyama, 2000, but see Hildebrand
et al., 2014). Our data suggest that the contribution of GluN2D
subunits at primary afferent synapses is minimal when activated
following primary afferent stimulation.

In earlier studies, synaptic NMDA EPSCs recorded from lam-
ina II neurons are dominated mainly by GIuN2A subunits (Bar-
doni et al., 1998; Momiyama, 2000). At the primary afferent
synapses onto lamina I neurons, ifenprodil (10 um) was found to
be an ineffective antagonist (Momiyama, 2000), contrasting with
our data in which 3 uM ifenprodil blocked primary synaptic re-
sponses by an average of 30%. This difference could indicate that
the primary afferent synapses onto lamina I and II neurons are
different. However, it may be instead that in the earlier study,
ifenprodil was not applied for long enough to allow this use de-
pendent blocker to be effective (Kew et al., 1996).

NMDA receptors in polysynaptic pathways driven by primary
afferent fibers

Synaptic NMDA receptors within polysynaptic pathways be-
tween primary afferent inputs and NK1R+ neurons in lamina I
are important mediators of enhanced excitatory drive during dis-
inhibition in the dorsal horn (Torsney and MacDermott, 2006).
Although the exact pathway is still unclear, it is generally accepted
that lamina I projection neurons, including NKIR+ neurons,
receive some polysynaptic inputs initiated by deep dorsal horn
neurons in lamina ITI/IV following low threshold primary affer-
ent AP fiber activation under conditions of disinhibition
(Torsney and MacDermott, 2006; Miraucourt et al., 2007). Ifen-
prodil had a wide range of potencies in blocking individual poly-
synaptic pathways ranging from 8 to 95%. This broad variability
of ifenprodil blocking may be related to the requirement for each
neuron in any polysynaptic pathway to come to threshold and
fire action potentials to release transmitter and activate the next
neuron in the pathway. A partial block of synaptic NMDA recep-
tors under these conditions may prevent one of the neurons in
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Figure 7.

NMDA receptors with GIuN2A/B subunits are the major NMDA receptors expressed in polysynaptic pathways from primary afferent fibers to lamina | neurons. Representative traces

showing the inhibiting effects of (A) EAB-318 (200 nm) and (B) (R)-CPP (3 um) on polysynaptic NMDA EPSCs recorded from NKTR+ neurons following primary afferent activation in the presence of
SR95531(10 pum), strychnine (1 m), and NBQX (5 pum). Cells were held at —70 mV and stimulated at 0.033 Hz. €, Summary of the drug effects on the polysynaptic NMDA responses from NKTR+
and NKTR— neurons, respectively. Both EAB-318 and (R)-CPP (3 um), GIuN2A/B-preferring antagonists, largely depressed the NMDA EPSCamplitude while ifenprodil (3 um), an GluN2B-preferring
antagonist, had a wide range of blocking effects on the EPSCs from both NK1R+ and NKTR— neurons.

the pathway from coming to threshold and, consequently, shut-
ting down the rest of that polysynaptic pathway. Each polysynap-
tic pathway will be shut down in an all or none manner if any
synapse in the pathway fails to bring the postsynaptic neuron to
threshold. From this point of view, a partial block of a polysyn-
aptic response suggests that the neuron under study normally
receives input from multiple polysynaptic pathways.
Immunocytochemical and in situ studies demonstrate that
GluN2B type NMDA receptors are expressed within the superfi-
cial dorsal horn (Yung, 1998; Boyce et al., 1999; Shibata et al.,
1999; Nagy et al., 2004). The effectiveness of GluN2B antagonist
in treating chronic pain suggests that these GluN2B type NMDA
receptors within the dorsal horn are functional and activated
under pathological conditions (Boyce et al., 1999; Chizh and

Headley, 2005). However, there is little evidence of functional
synaptic GluN2B NMDA receptors within the superficial dorsal
horn in noninjured animals (Momiyama, 2000; Iwata et al., 2007)
and some studies suggest that the effectiveness of GluN2B antag-
onists is due to their supraspinal effects (Chizh et al., 2001b;
Nakazato et al., 2005). However, our study on polysynaptic re-
sponses driven by primary afferents shows that GluN2B type
NMDA receptors are activated in the superficial dorsal horn fol-
lowing acute disinhibition, but play a more minor role in normal
pain-related transmission, suggesting that these receptors may
become more important when polysynaptic responses to
NKI1R+ neurons are unmasked (Moore et al., 2002; Scholz et al.,
2005; Torsney and MacDermott, 2006). It is also possible that
distinct nociceptive pathways such as NK1R+ neurons project-
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Ifenprodil showed a wide range of blocking effects on the polysynaptic NMDA responses from primary afferents to individual dorsal horn neuron tested. A, An example showing the

depressing effect of ifenprodil on a polysynaptic response recorded from an NK1R— neuron upon 100 A electrical stimulation of dorsal root at a rate of 0.0167 Hz in the presence of SR95531(10
), strychnine (1 um), and NBQX (5 um). B, Summary of the effects of ifenprodil on pure A3, A8, or Cfiber-evoked polysynaptic NMDA EPSCs recorded from NK1R+ and NKTR — neurons. NK1R+
neurons receiving A3 fiber-driven polysynapticinput included neurons receiving only A 3 fiber-driven input (15/38, 39%), plus those receiving AB/AS (n = 2/38,5%) and AB/Cinputs (n = 4/38,
11%). Data from all of these neurons were pooled together to analyze the depressing effect of ifenprodil on A B fiber-evoked polysynaptic responses. NK1R — neurons receiving A (n = 11/29, 38%)
and AB/AS (n = 2/29,7%; no AB/ Cinputs) were also pooled together. The effect of ifenprodil on A fiber-driven polysynaptic activity was obtained by combining the data from neurons receiving
A5(8/38,21% for NK1R+ and 13/29, 45% for NK1R— neurons) and A&/Cfibers (4/38, 11% for NKTR + and 2/29, 7% for NK1R — neurons). Only four pure C fiber-mediated polysynaptic EPSCs were

obtained from NK1R+ neurons (11%) and one from NK1R— neurons (3%).

ing to lateral parabrachial nucleus or periaqueductal gray (Al-
Khater and Todd, 2009) have different levels of GluN2B
expression, and it is this potential subpopulation distribution
that is responsible for the variable blocking effects of ifenprodil.

Our studies of polysynaptic responses used pharmacological
disinhibition to mimic the conditions of actual injury models.
However, different injury models may involve different circuitry
changes. For example, the percentage of neurons receiving Ad
fiber-evoked polysynaptic input jumps from 7 to 44% following
spared nerve injury but hardly changes in sciatic nerve transec-
tion/chronic constriction injury model (Kohno etal., 2003). Ina
CFA inflammatory model, the number of neurons receiving
monosynaptic C fiber input is unchanged while those receiving
monosynaptic Ad input are significantly increased (Torsney,
2011). Nevertheless, our data support the idea that GluN2B an-
tagonist may be more effective in treating chronic pain condi-
tions in which disinhibition is prominent, consistent with
previous studies showing that GluN2B antagonist reduces nerve
injury-induced mechanical allodynia (Boyce et al., 1999) where
reduced inhibition in dorsal horn has been demonstrated (Moore
et al., 2002).

The slow inward currents triggered following NMDA

receptor activation

NMDA EPSCs recorded from 90% of the NK1R+ neurons using
EGTA showed variable EPSC rise times (SEPSC > 0.7 ms). Al-
though the decay time course of NMDA EPSCs is voltage depen-
dent (D’Angelo et al, 1994), rise time is independent of

membrane potential (Billups et al., 2002). Therefore we suggest
that the greatly slowed NMDA EPSC rise times are due to the
presence of additional current during the EPSC. Synaptic NMDA
receptor activation was essential for triggering the slowly rising
currents because SEPSC rise times were largely reduced upon
partial block of NMDA EPSCs using EAB-318 superfusion. Fewer
NKI1R+ neurons had slowed NMDA EPSC rise times when
BAPTA was in the recording solution. Because BAPTA has a
faster Ca>* buffering rate than EGTA, this outcome suggests
there are at least two components causing the slowed rise of the
EPSCs: one that can be blocked by BAPTA and is thus Ca**
dependent, and one that is Ca*>" independent or inaccessible to
intracellular BAPTA, and thus still present using BAPTA. These cur-
rents were absent in NMDA EPSCs recorded from NK1R— neurons
or from A fiber-induced monosynaptic responses regardless of how
the intracellular Ca®" was buffered, indicating that it is unique at
synapses between C fibers and NK1R+ neurons.

The identity of the secondary current remains to be deter-
mined. NMDA EPSCs with slowed rise times were only triggered
at negative membrane potentials. One candidate current is the
Ca**-activated potassium currents (K(Ca)). For example, Ca*"
entry through NMDA receptors could increasingly activate out-
ward current. This would alter the rising inward synaptic current
and cause an apparent slowing of time to peak. Similar coupling
of NMDA receptor activation and K(Ca) has been reported in
spinal cord ventral horn (Alpert and Alford, 2013). The slowly
rising NMDA EPSCs recorded in the presence of BAPTA may
also be triggered by Ca®* influx, but at distal dendrites where
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BAPTA diffusion was limited. Other Ca®"-independent cur-
rents, for example, Na *-activated currents, cannot be ruled out
(Kaczmarek, 2013). Further investigation of these currents may
shed light on potential therapeutic agents to treat neuropathic
pain because of their unique sites of generation.

Conclusions

In conclusion, we have investigated the expression of functional
NMDA receptors at the monosynaptic and polysynaptic path-
ways in lamina I dorsal horn neurons following dorsal root stim-
ulation. We provide strong evidence that NMDA receptors with
GluN2B subunits provide a useful pharmacological target to
suppress disinhibition-induced polysynaptic responses in the
dorsal horn. Because disinhibition accompanies some injury and
inflammation-induced chronic, non-nociceptive pain, our work
supports a focus on GluN2B in controlling chronic pain.
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