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The composition of the postsynaptic ionotropic receptors that receive presynaptically released transmitter is
critical not only for transducing and integrating electrical signals but also for coordinating downstream
biochemical signaling pathways. At glutamatergic synapses in the adult CNS an overwhelming body of
evidence indicates that the NMDA receptor (NMDAR) component of synaptic responses is dominated by
NMDARs containing the GluN2A subunit, while NMDARs containing GluN2B, GluN2C, or GluN2D play
minor roles in synaptic transmission. Here, we discovered NMDAR-mediated synaptic responses with
characteristics not described elsewhere in the adult CNS. We found that GluN2A-containing receptors
contribute little to synaptic NMDAR responses while GluN2B dominates at synapses of lamina I neurons in
the adult spinal cord. In addition, we provide evidence for a GluN2D-mediated synaptic NMDAR
component in adult lamina I neurons. Strikingly, the charge transfer mediated by GluN2D far exceeds that
of GluN2A and is comparable to that of GluN2B. Lamina I forms a distinct output pathway from the spinal
pain processing network to the pain networks in the brain. The GluN2D-mediated synaptic responses we
have discovered in lamina I neurons provide the molecular underpinning for slow, prolonged and
feedforward amplification that is a fundamental characteristic of pain.

N
-methyl-D-aspartate receptors (NMDARs) are a prominent subtype of ionotropic glutamate receptor1,
critical for physiological synaptic plasticity in the developing and mature CNS, and for aberrant plasticity
and neuronal death in pathological disorders2. The NMDAR is a multiprotein complex, the core of which

is a heterotetrameric assembly of two glycine-binding GluN1 subunits and two glutamate-binding GluN2 sub-
units. GluN1 is encoded by a single gene, GRIN1, whereas there are four GluN2-subunit-encoding genes, GRIN2A
–D. Because NMDARs comprised of differing GluN2 subunits have distinctive functional properties and are
hypothesized to have differing physiological and pathological roles1,3, a major question has been to determine the
specific GluN1/GluN2 subunit composition contributing to NMDAR-mediated transmission at a given synapse.

GluN2A has emerged as the principal subtype of GluN2 mediating synaptic NMDAR responses in the adult
brain4–8. By contrast, the contribution of NMDARs comprised of GluN2B to synaptic responses is less than that of
receptors comprised of GluN2A throughout the adult brain, and at many synapses GluN2B contributes much less
than does GluN2A. The GluN2B subunit is nevertheless well-expressed in the adult but primarily localized at
extrasynaptic sites9. Conversely, during embryonic and early postnatal development synaptic GluN2B is more
prominent than is GluN2A6,10,11. GluN2C shows sparse expression in the adult brain, except for the cerebellum
and olfactory bulb where GluN2C is highly expressed beginning in the second postnatal week10,12. An enduring
mystery has been that, in contrast to the other GluN2 subunits, synaptic NMDAR responses mediated by GluN2D
are lacking in the adult brain9.

Here, while investigating glutamatergic synaptic responses of neurons in lamina I of the adult spinal dorsal
horn we discovered NMDAR-mediated synaptic responses with characteristics not previously described else-
where in the adult CNS. Lamina I neurons form a critical part of the nociceptive neuronal network in the dorsal
horn which processes inputs from primary sensory afferents and transmits the resultant nociceptive signals to the
brain13,14. The nociceptive network in the dorsal horn is a highly interconnected matrix comprising monosynaptic
inputs from primary afferents as well as polysynaptic and monosynaptic inputs from local circuit neurons15–17. In
order to properly characterize the responses from glutamatergic synapses directly on lamina I neurons it was
necessary to avoid activating the nociceptive network because such network activation generates prolonged,
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largely polysynaptic excitatory responses which contaminate the
direct NMDAR-mediated synaptic responses. To this end, in lamina
I neurons we studied miniature excitatory postsynaptic currents
(mEPSCs), representing the overall population of direct synaptic
responses, and unitary primary afferent-evoked EPSCs, representing
individual synapses. Surprisingly, we found that GluN2A contributes
little to synaptic NMDAR responses while GluN2B dominates at
lamina I synapses in adult spinal cord. Moreover, we discovered that
there is a GluN2D-mediated synaptic NMDAR component of neu-
rons in spinal lamina I and that the charge transfer mediated by
GluN2D far exceeds that of GluN2A and is comparable to that of
GluN2B.

Results
AMPAR and NMDAR components of mEPSCs in lamina I
neurons. We made whole-cell recordings from visually identified

lamina I neurons in acute, parasagittal slices of spinal cord from
adult rats (see Methods; Fig. 1). All recordings were done in the
presence of tetrodotoxin (TTX; 0.5 mM in ACSF) and cadmium
(10 mM) to block action potential-dependent/Ca21 channel-
dependent transmitter release. In addition, the recordings were done
in the presence of bicuculline (10 mM) and strychnine (10 mM) to
block GABAA receptor- and glycine receptor-mediated responses,
respectively. Under these conditions, in neurons held at -60 mV we
observed spontaneously occurring inward currents (Fig. 1, 2A) that
were blocked by the AMPA receptor (AMPAR) antagonist, CNQX
(10 mM; not illustrated). Thus, the currents recorded were considered
to be miniature excitatory post-synaptic currents (mEPSCs).

The average peak amplitude of the mEPSCs was 222 6 1 pA (n 5

13) and the average mEPSC frequency was 3.6 6 0.9 Hz (n 5 13) for
lamina I neurons held at 260 mV. The distribution of mEPSC
amplitudes showed a single peak around 20 pA and was skewed

Figure 1 | Whole-cell patch recordings from lamina I neurons in rat parasagittal spinal cord slices. (A) Top, representative image of a parasagittal slice

and micropipette during patch-clamp recording of a lamina I neuron. Through visual discrimination, the lamina I neuron was identified in the darker,

striated, superficial-most layer of the dorsal horn (LI) compared to the more ventral, lighter substantia gelatinosa (LII), as indicated. Scale bar 5 200 mm.

Bottom, a two-photon image was taken from a lamina I neuron that was filled with lucifer yellow (0.1%, green) during whole-cell recording. Separately, an

immunohistochemistry image was taken following slice fixation and staining for CGRP (red) and neuronal (NeuN, blue) labeling. The two-photon image

was correctly scaled and superimposed onto the epifluorescence image stack to illustrate the location and orientation of the lamina I neuron within the

superficial dorsal horn. Note neuronal morphology corresponding to a type Ib fusiform lamina I neuron62 as well as neuronal location within the

outermost CGRP-stained dorsal horn region, characteristic of lamina I. Scale bar 5 100 mm. (B) Raster plot of a representative continuous whole-cell

recording from a lamina I neuron held at 260 mV. Scale bar x axis 5 1 s, y axis 5 10 pA.
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rightward (Fig. 2B), as is typical of mEPSCs recorded elsewhere in the
mammalian CNS18,19. At a holding potential of 260 mV the mEPSCs
had a rapid rising phase (10–90% rise time 5 1.2 6 0.1 ms) and
decayed with a time constant of 6.7 6 0.5 ms (n 5 13 cells). When
lamina I neurons were held at positive membrane potentials (140 or
160 mV) the mEPSCs rose rapidly but the decay phase was mark-
edly longer than that of mEPSCs recorded at 260 mV (Fig. 2C).
Administering the NMDAR antagonist, amino-phosphonovaleric
acid (APV), abolished the slow decay of the mEPSCs recorded at
positive holding potential (Fig. 2D). The residual APV-resistant
component of the mEPSCs was blocked by CNQX, and had a time
course that was symmetrical at negative and positive holding poten-
tials. The current-voltage relationship of the APV-resistant mEPSC
was linear (Fig. 2E) with the average conductance 0.26 6 0.01 nS (n
5 5). By contrast, the current-voltage relationship of the APV-sens-
itive component of the mEPSCs was outwardly-rectifying (Fig. 2F).
Moreover, the APV-sensitive component recorded at 260 mV was
robustly increased in neurons recorded without added extracellular
Mg21 (Fig. 2G). From these findings we conclude that mEPSCs in

lamina I neurons are dual component synaptic responses comprised
of AMPAR-mediated and NMDAR-mediated components.

GluN2B dominates over GluN2A in mEPSCs in adult lamina I
neurons. To investigate which subtypes of GluN2 mediate the
NMDAR mEPSCs in adult lamina I neurons (Fig. 3), we utilized
the distinctive pharmacological sensitivity and kinetic properties of
NMDARs comprised of different GluN2s3,20. Pharmacological
sensitivity of the NMDARs mediating mEPSCs was assessed in
neurons held at 160 mV; we measured the peak NMDAR
currents and calculated the NMDAR-mediated charge transfer
during a time period after the AMPAR component had fully
decayed (40–500 ms after mEPSC onset). We tested for the
involvement of GluN2A by using the GluN2A selective antagonist
TCN-20121. We chose a concentration of TCN-201 (3 mM) which is
reported to inhibit NMDARs containing GluN2A by ,90% but
which has no effect on those containing GluN2B, C or D21 (see
Methods). The NMDAR component of mEPSCs recorded in the
presence of TCN-201 (2.86 6 0.25 pC; n 5 12 neurons) was

Figure 2 | Characterization of miniature excitatory postsynaptic currents (mEPSCs) in lamina I neurons from rat spinal cord slices. Whole-cell, voltage-

clamp recordings of isolated spontaneous synaptic glutamatergic currents in ACSF including 500 nM TTX, 10 mM bicuculline, 10 mM strychnine, and

10 mM Cd21. (A) Aligned individual mEPSCs at 260 mV for the cell shown in Figure 1B, with the averaged mEPSC trace shown in grey. (B) mEPSC peak

amplitude histogram for lamina I neuronal recordings at 260 mV (n 5 13 neurons). (C) Averaged mEPSC traces at 260 mV, 240 mV, 140 mV, and

160 mV (n 5 5 neurons). (D) Left, averaged mEPSC traces at 160 mV in either the absence (‘‘Total’’, n 5 5 neurons) or presence (‘‘APV’’, n 5 5 neurons) of

100 mM APV. Right, subtraction of the APV-resistant AMPAR-mEPSC component from the total mEPSC (from left) yields an NMDAR mEPSC component

at 160 mV. (E) Averaged AMPAR mEPSC traces (100 mM APV) at 260 mV, 240 mV, 140 mV and 160 mV (left) and associated current-voltage

relationship (right) (n 5 5). (F) Left, averaged NMDAR mEPSC traces at 260 mV, 240 mV, 140 mV, and 160 mV, derived from subtraction of mEPSCs

in 100 mM APV from control mEPSCs (n 5 5), as in (D). Right, current-voltage relationships for NMDAR mEPSCs (n 5 5). (G) Averaged NMDAR mEPSC

traces at 260 mV with (n 5 5) and without (n 5 5) inclusion of 1 mM Mg21 in the external solution. Scale bar x axes 5 25 ms, y axes 5 10 pA for all traces.
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significantly less than that in control recordings without any
NMDAR inhibitors (3.40 6 0.18 pC; n 5 24 neurons; p 5 0.047;
Fig. 3A,D). Subtracting average mEPSCs recorded in the presence of
TCN-201 from the average control mEPSCs (Fig. 3B) yielded a TCN-
201-sensitive current (charge transfer – 0.54 6 0.31 pC), which
formed a portion of the initial part of the NMDAR component of
the mEPSCs. In a subset of neurons we tested the effect of both 3 mM
and 10 mM TCN-201 on NMDAR mEPSCs and found no difference
in inhibition, indicating that a maximal TCN-201 inhibitory effect
was reached in our spinal cord slice recordings (3 mM TCN-201
inhibited mEPSCs by 17 1/2 3%, n 5 2; 10 mM TCN-201
inhibited mEPSCs by 20 1/2 2%, n 5 2). In order to confirm the
effect of TCN-201, we utilized another GluN2A antagonist, Zn21, at a
concentration (200 nM free extracellular Zn21) reported to
preferentially inhibit GluN2A-containing receptors over GluN2B-,
C-, or D- containing receptors20. We found that administrating Zn21

caused a reduction in NMDAR charge transfer of 16 6 5% (n 5 6, p
5 0.025) (Supplementary Figure 2). The percentage reduction in
mESPC charge transfer by Zn21 was not significantly different
from that of TCN-201 (p 5 0.78). The relatively small effect of
TCN-201 and Zn21 might have been attributable to a basal level of
Zn21 in the extracellular solution, sufficient to partially suppress
GluN2A-mediated NMDAR currents. However, we found that
administering the Zn21 chelator, tricine, had no effect on mEPSCs
(Supplementary Figure 2), demonstrating that there was no ongoing
Zn21-mediated masking of a GluN2A component of the mEPSCs.
Together, these findings indicate that there is an early portion of the
NMDAR component of mEPSCs in lamina I neurons mediated by
GluN2A-containing receptors.

We tested for the involvement of GluN2B-containing NMDARs by
treating slices with the GluN2B antagonist, Ro25-6981 (1 mM). At
this concentration Ro25-6981 inhibits GluN2B-containing NMDARs
by more than 95% while not affecting GluN2A-, C-, or D-containing

NMDARs22. We found that administering Ro25-6981caused a signifi-
cant reduction in the NMDAR component of mEPSCs (Fig. 3A, D):
the NMDAR charge transfer in the presence of Ro25-6981 was
reduced to 1.23 6 0.18 pC (n 5 12 neurons; p 5 4.9 3 1029 com-
pared with mEPSCs in control recordings without any NMDAR
blockers). The average Ro25-6981-sensitive current (charge transfer
– 2.17 6 0.25 pC), obtained by subtracting mEPSCs recorded in the
presence versus in the absence of Ro25-6981 (Fig. 3B), was found to
be more slowly decaying than the TCN-201-sensitive current. The
reduction in the mEPSC amplitude by Ro25-6981 together with the
more prolonged decay of the Ro25-6981-sensitive current indicates
that a portion of the NMDAR component of mEPSCs is mediated by
GluN2B-containing receptors. Surprisingly, the peak amplitude and
the charge transfer of the Ro25-6981-sensitive current of mEPSCs
were substantially larger than those of the TCN-201-sensitive current
of mEPSCs in the lamina I neurons.

Moreover, we noted that the sum of the charge transfers of the
TCN-201-sensitive and Ro25-6981-sensitive currents was less than
that of the overall NMDAR component of the averaged mEPSCs.
Therefore, we questioned whether the NMDAR component of the
mEPSCs was fully accounted for by NMDARs containing GluN2A or
GluN2B. We tested this by recording mEPSCs in the presence of both
TCN-201 and Ro25-6981, and found a slowly decaying component
of the mEPSCs that was resistant to these blockers (Fig. 3C, D). Such
a component was not observed in recordings done in the presence
APV (Fig. 3C), indicating that the TCN-201- and Ro25-6981-resist-
ant component was mediated by NMDARs.

GluN2D NMDARs in mEPSCs of adult lamina I neurons. Because
a substantial fraction of the mEPSCs was resistant to TCN-201 and
Ro25-6981, we wondered whether receptors containing NMDAR
subunits other than GluN2A or GluN2B may contribute to
excitatory synaptic currents in adult lamina I neurons. In order to

Figure 3 | Synaptic NMDAR currents are potently inhibited by Ro25-6981 and not TCN-201 in lamina I neurons of adult rats. (A) Average mEPSC traces

at 160 mV in lamina I neurons treated with 3 mM TCN-201 (left, green, n 5 12) or 1 mM Ro25-6981 (right, red, n 5 12) compared to control mEPSC traces

(black, n 5 24). (B) Plots of 160 mV mEPSC subtraction traces based on data shown in (A), including control minus TCN treatment (green) and

control minus Ro25-6981 treatment (red). (C) Average mEPSC traces at 160 mV including control-treated neurons (black, n 5 24), neurons treated with 3 mM

TCN-201 and 1 mM Ro25-6981 (maroon, n 5 7), and neurons treated with 100 mM APV (light blue, n 5 5). (D) Histogram of NMDAR-mediated charge

transfer (from 40 to 500 ms) measured from mEPSCs recorded at 160 mV in lamina I neurons, under the treatment conditions shown above. * p , 0.05

compared to control. All traces are presented as mean (darker line) 6 standard error (lighter shaded area). Scale bar x axes 5 100 ms, y axes 5 5 pA.

www.nature.com/scientificreports
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test for non-GluN2A and non-GluN2B containing receptors we
utilized DQP-1105, which inhibits GluN2C- and GluN2D-containing
receptors with IC50 values up to 50-fold lower than those for GluN2A-
or GluN2B-containing receptors23. We used DQP-1105 at a
concentration (10 mM) at which currents from GluN2C- and
GluN2D-containing currents are suppressed by about 65% and 85%,
respectively, but at which there is only a minimal effect on GluN2A-
containing and no effect on GluN2B-containing receptors23. We found
that administering DQP-1105 significantly reduced the NMDAR
component of the mEPSCs (Fig. 4A–C). Average NMDAR charge
transfer was reduced from 3.47 6 0.22 pC before administering
DQP-1105 to 2.61 6 0.16 pC during DQP-1105 (n 5 8 neurons; p
5 0.000046), in the absence of any other NMDAR blockers (Fig. 4A,B).
To specifically examine the TCN-201- and Ro25-6981-resistant
component of NMDAR mEPSCs we compared mEPSCs in neurons
treated with TCN-201- and Ro25-6981 with or without DQP-1105
(Fig. 4C). The TCN-201- and Ro25-6981-resistant component was
significantly reduced by DQP-1105: charge transfer without DQP-
1105 was 0.89 6 0.11 pC (n 5 7 neurons) whereas that in the
presence of DQP-1105 was 0.33 6 0.07 pC (n 5 5 neurons; p 5

0.0034). Moreover, the DQP-1105-sensitive current was much more
prolonged than either the TCN-201- or Ro25-6981-sensitive currents
(cf. Fig. 3B vs Fig. 4B, quantified below).

To independently test for a contribution of NMDAR subunits
other than GluN2A or GluN2B we used the positive allosteric modu-
lator, CIQ, which potentiates currents through NMDARs containing
GluN2C or GluN2D24. We found that administering CIQ (20 mM)
had a dual effect on mEPSCs: CIQ inhibited an early portion of the
mEPSCs but significantly increased a late portion of the NMDAR
component of mEPSCs, beginning approximately 100 ms from
mEPSC onset (Fig. 4D, p , 0.05). Moreover, the decay rate of
NMDAR mEPSCs was significantly slowed by CIQ: the decay time
constant without CIQ was 260 6 30 ms (n 5 7 neurons) whereas
that in the presence of CIQ was 360 6 40 ms (n 5 7 neurons, p 5
0.037). The inhibition of the early portion of the NMDAR compon-
ent of the mEPSCs is attributable to weak inhibition of GluN2B-

containing NMDARs by CIQ at a concentration of 20 mM24.
However, inhibition of GluN2B receptors cannot account for the
potentiation of the late portion of the mEPSCs by CIQ. Thus,
together with the resistance to TCN-201 and Ro25-6981, the block-
ade by DQP-1105 and the potentiation by CIQ demonstrate that the
mEPSCs have a component mediated by NMDAR subunits other
than GluN2A or GluN2B. The pharmacological profiles of DQP-
1105 and CIQ may suggest GluN2C or GluN2D subunits.
However, the component of the mEPSCs blocked by DQP-1105
and potentiated by CIQ was much more prolonged than can be
accounted for by GluN2C-containing NMDARs25. Moreover,
expression of GluN2C mRNA and protein is negligible in the spinal
dorsal horn26–29. Therefore, we conclude that there is a component of
excitatory synaptic currents in adult lamina I neurons mediated by
GluN2D-containing NMDARs.

Differential contributions of GluN2A, GluN2B and GluN2D
NMDARs in mEPSCs of adult lamina I neurons. Our findings
above indicate that the NMDAR component of the lamina I
mEPSCs is comprised of pharmacologically separable parts which
may be mediated by contributions of GluN2A-containing, GluN2B-
containing or GluN2D-containing NMDARs. Because the deactiva-
tion rates of NMDARs are highly dependent upon the GluN2 subunit
composition of the receptor25, we examined the decay rates of the
portions of the mEPSCs that were inhibited by the pharmacological
blockers. The decay time constants were calculated from mono-
exponential fitting of the averaged blocker-sensitive currents:
TCN-201-sensitive, 85 ms; Ro25-6981-sensitive, 281 ms; and
DQP-1105-sensitive, 794 ms (Fig. 5A). These decay time constants
are consistent with deactivation time constants of recombinant
NMDARs containing GluN1 together with GluN2A, GluN2B or
GluN2D, respectively3,25.

Therefore, we calculated the relative proportion of the total
NMDAR synaptic current sensitive to each of the blockers. We found
that the TCN-201-, Ro25-6981- and DQP-1105-sensitive portions of
the peak NMDAR component of the mEPSCs were 16 6 7% (n 5 12

Figure 4 | NMDAR mEPSCs contain a slow decaying, DQP-1105-sensitive component in adult lamina I neurons. (A) Average mEPSC traces (with 1 s

sampling duration) from lamina I neurons at 160 mV before and during perfusion of 10 mM DQP-1105 (blue, n 5 7). (B) Plot of average DQP-sensitive

mEPSC at 160 mV, based on control minus DQP-1105 treatment subtractions from data in (A) (n 5 7). (C) Average mEPSC traces at 160 mV

including neurons treated with 1 mM Ro25-6981 (red, n 5 12), neurons treated with 3 mM TCN-201 and 1 mM Ro25-6981 (maroon, n 5 7), and neurons

treated with 3 mM TCN-201, 1 mM Ro25-6981, and 10 mM DQP-1105 (blue, n 5 5). The mEPSC peak was truncated to highlight changes in the residual

slow NMDAR component. (D) Plot of average CIQ-potentiated mEPSC based on subtraction of control mEPSCs from CIQ treatment mEPSCs (n 5 6

neurons). Scale bar x axes 5 100 ms, y axes 5 5 pA.
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cells), 46 6 7% (n 5 8 cells), and 16 6 6% (n 5 7 cells), respectively
(Fig. 5B). From the proportionate peak values and decay time con-
stants determined in the present experiments, together with pub-
lished activation time constants for GluN2 subtypes3,30,31 we
estimated the relative GluN2A-, GluN2B- and GluN2D-sensitive
portions of the synaptic NMDAR currents (Fig. 5C). As the simplest
approach, we summed the individual blocker-sensitive portions and
found that the sum gave a total estimated NMDAR mEPSC (Fig. 5C),
the time course of which was not significantly (p 5 0.22) different
from that of the NMDAR-mediated component of the mEPSCs
measured experimentally (estimated tdecay 5 371 ms, measured tde-

cay 5 320 6 40 ms, n 5 14 cells). Integrating the total charge transfer
during the estimated mEPSCs revealed that GluN2B-containing
NMDARs accounted for 50% of the total charge, similar to the pro-
portionate contribution to the peak NMDAR current (Fig. 5D). In
contrast, the TCN-201- and DQP-1105-sensitive portions each
accounted for 16% of the peak NMDAR current, but the charge
transfer mediated by estimated GluN2A-containing NMDARs was
only 4% of the total whereas that carried by estimated GluN2D-
containing NMDARs was 45% (Fig. 5D). Thus, we infer that the
majority of overall synaptic NMDAR current in adult lamina I neu-
rons may be mediated by GluN2B-containing NMDARs, with a
substantial component mediated by GluN2D and only a small com-
ponent mediated by GluN2A.

NMDAR components of unitary evoked EPSCs of adult lamina I
neurons. As mEPSCs are generated from a number of different
synapses19,32 the NMDAR-mediated component may derive from
the three GluN2 subunits contributing in a fixed GluN2A5GluN2B5
GluN2D ratio at each synapse. Alternatively, individual synapses
may be heterogeneous, with distinctive GluN2A5GluN2B5
GluN2D combinations at different synapses. In order to determine
whether individual excitatory synapses of lamina I neurons are a
homogenous or heterogeneous representation of the overall
population of mEPSCs, we investigated unitary EPSCs (uEPSCs)
evoked by stimulating a single synaptic connection to the neuron
recorded. During recordings in the absence of TTX, we evoked
uEPSCs by electrically stimulating in the dorsal root entry, which
contains axons of primary afferent neurons that are monosynap-
tically connected to lamina I neurons. We found that by gradually
increasing stimulation intensity we evoked all-or-none post-synaptic
responses (Fig. 6Aa,b). The minimal stimulation-evoked responses
had the following characteristics: a sharp stimulation threshold; a
consistent latency, amplitude and failure rate; and blockade by
TTX. Thus, we considered the minimal stimulation responses to be
action potential-mediated uEPSCs. When the resting membrane
potential was held at 260 mV the uEPSCs were rapidly decaying
and blocked by CNQX (not illustrated). Holding the membrane
potential at 160 mV revealed a slowly decaying component that

Figure 5 | Relative contributions of GluN2A, GluN2B and GluN2D to overall synaptic NMDAR currents in adult lamina I neurons. (A) Normalized

mEPSC decay phases (lighter traces) for the DQP-1105-sensitive (blue, n 5 7 neurons), Ro25-6981-sensitive (red, n 5 9 neurons) and TCN-201-sensitive

(green, n 5 7 neurons) components of mEPSCs at 160 mV, derived from paired recordings before and during antagonist perfusion. Monoexponential

fittings of DQP-1105- (blue), Ro25-6981- (red) and TCN-201- (green) sensitive mEPSCs are illustrated as darker lines, with associated decay time

constants shown in the corresponding color. (B) Histogram quantifying the percent reduction in peak mEPSCs at 160 mV by treatment with 3 mM

TCN-201 (green, n 5 12), 1 mM Ro25-6981 (red, n 5 12), or 10 mM DQP-1105 (blue, n 5 7). * p , 0.05 (C) Modeled GluN2 subtype-mediated synaptic

NMDAR currents in lamina I neurons using the difference of a decaying and rising exponential equation. The equation included decay time constants and

relative amplitudes from panels (A) and (B), respectively, and rise time constants from published reports (see Methods). Calculated GluN2A, 2B, and 2D-

mediated synaptic NMDAR currents are shown as green, red, and blue traces, respectively. The sum of the individual GluN2-subtype components is

shown as a black trace. (D) Histogram of integrated charge transfer through GluN2 subtype-mediated synaptic NMDARs relative to total NMDAR charge

transfer, calculated as the total area under the curve for the curves partially illustrated in (C).
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was blocked by D-APV (100 mM; Fig. 6Ac,d). Thus, the uEPSCs had
fast AMPAR- and slow NMDAR-mediated components.

We analyzed the NMDAR-mediated component recorded at
160 mV and found that the amplitudes of the minimal-stimulation
evoked responses for each cell were normally distributed (e.g.
Fig. 6Ae), consistent with the responses being generated at a single
synapse. Because the different GluN2 subtypes in the mEPSCs were
readily distinguished on the basis of differing decay time constants,
as shown above, we investigated the potential contributions of dif-
ferent GluN2s to the unitary synaptic responses by examining the
decay time constants of the uEPSCs. We found that the decay time
constants of the NMDAR component of the uEPSCs were consistent

throughout each single-synapse recording period. In contrast, there
was large variability in the NMDAR decay time constants between
single-synapse recordings. For example, the NMDAR component of
the uEPSC in Figure 6A was best fit with a single exponential, t –
215 ms. On the other hand, the decay of the NMDAR component at a
synapse on a different lamina I neuron, shown in Figure 6B, was best fit
as a sum of two exponentials with t1 – 147 ms and t2 – 1068 ms. The
large between-recording variability in the decay time constants of the
NMDAR components is not consistent with a homogenous distri-
bution of GluN2 subunits at all primary afferent-lamina I neuron
synapses. Rather, the between-recording time constant differences
imply that GluN2 subunit composition varies synapse-by-synapse.

Figure 6 | NMDAR components of unitary-evoked EPSCs from adult rat lamina I neurons. (A) Recordings of unitary-evoked EPSCs from a

representative adult rat lamina I neuron. (a) Sample traces showing individual consecutive all-or-none EPSCs at 160 mV elicited by minimal stimulation

of a sensory afferent dorsal root. Traces 1 and 3 show synaptic failures while traces 2 and 4 show successful EPSCs in response to minimal sensory afferent

stimulation (arrow indicates stimulus artifact). (b) Scatter plot of successful EPSC responses and synaptic failures over time (thick gray bar) evoked by

minimal stimulation (0.2 Hz). Each point greater than 0 represents the EPSC amplitude of an individual successful event while each point at 0 indicates an

individual failure event (,60% failure rate). Subthreshold sensory afferent stimulation, indicated by the thin gray bar, yielded a 100% failure rate. (c) Top:

Averaged traces showing successful unitary EPSCs (160 mV) and synaptic failures. Bottom: Averaged trace showing successful EPSCs recorded at

260 mV. (d) Averaged trace illustrating D-APV (100 mM) blocked a slow decaying component of unitary EPSCs (160 mV). (e) NMDAR amplitude

histogram showing relative distribution for successful evoked EPSC responses, fit with a single Gaussian function. (f) Single exponential fitting (best fit) of

the decay component of the average EPSC at 160 mV. (B) Recordings of unitary-evoked EPSCs from another adult lamina I neuron. (a) Sample

individual traces at 160 mV demonstrating a successful EPSC and a failure in response to minimal stimulation of a sensory afferent dorsal root (the

stimulus artifact is indicated by the arrow). (b) Scatter plot of successful NMDAR EPSC responses and failures (,50% failure rate) over time evoked by

minimal stimulation (0.2 Hz). (c) NMDAR amplitude histogram showing relative distribution for successful evoked EPSC responses, fit with a single

Gaussian function. (d) Averaged traces showing successful unitary EPSCs (160 mV) and synaptic failures. (e) Double exponential fitting (best fit) of the

decay component of the average unitary EPSC at 160 mV.
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The majority of individual primary afferent-lamina I neuron
synapses (n 5 5 of 8; e.g. Fig. 6Af) had an NMDAR component with
a decay time constant between 200 and 400 ms, consistent with
GluN2B-containing receptors. At a subset of synapses (n 5 3 of 8)
the decay time constant of an NMDAR component was less than
80 ms, suggestive of GluN2A-containing receptors. Moreover,
uEPSCs were reduced by administering Zn21 (200 nM free concen-
tration) in only one of three synapses tested (Supplementary Figure
3); Zn21 had no effect on the uEPSCs in the other two synapses. That
only a subset of primary afferent-lamina I neuron synapses had a
component with characteristics consistent with GluN2A-containing
NMDARs could not be attributed to extracellular Zn21 contamina-
tion because the Zn21 chelator, tricine, caused the NMDAR charge
transfer to remain at 99.4% 6 7.8% (n 5 6) of that before tricine
(Supplementary Figure 3). Strikingly, we found a subpopulation of
primary afferent-lamina I neuron synapses (n 5 3 of 8; e.g. Fig. 6Be)
with a component having a long decay time constant, ranging from
1068 ms to 3152 ms. In one of the latter recordings, with a decay
time constant of 1638 ms, we applied DQP (10 mM) which reduced
the charge transfer from 6.11 to 4.34 pC, suggesting a synaptically-
evoked response mediated by GluN2D-containing NMDARs.

Discussion
We describe here spontaneously-occurring miniature EPSCs and
action potential-evoked unitary EPSCs in lamina I neurons in the
adult spinal cord that are characterized by a fast AMPAR-mediated
component and slower NMDAR-mediated components. Hence, glu-
tamatergic synapses in adult lamina I neurons show fundamental
characteristics typical of fully developed, glutamatergic synapses in
the adult CNS. However, we find that the NMDAR-mediated com-
ponents of the mEPSCs and uEPSCs are dominated by GluN2B and
GluN2D-containing receptors, demonstrating that excitatory
synapses on lamina I neurons are highly distinct from glutamatergic
synapses described elsewhere in the adult CNS. The mEPSCs were
recorded in the presence of TTX to block action potential-dependent
transmitter release and of the calcium channel blocker Cd21 to pre-
vent the possibility that the mEPSCs were evoked secondary to cal-
cium entry through voltage-gated calcium channels. The uEPSCs
were all-or-none and showed a clear unimodal, normal distribution.
Thus, we conclude that the mEPSCs and uEPSCs we recorded are due
to release of individual quanta and are, therefore, mediated by activa-
tion of synaptic, as opposed to extrasynaptic, NMDARs.

One major distinguishing feature of the synaptic NMDAR res-
ponses in adult lamina I neurons was the small relative proportion
mediated by GluN2A-containing NMDARs, accounting for approxi-
mately 16% of the peak current and less than 5% of total synaptic
charge transfer. The small proportionate size of the GluN2A-mediat-
ed component in lamina I neurons contrasts with that in, for
example, the adult hippocampus and cortex, where the GluN2A-
mediated component accounts for the majority of NMDAR synaptic
responses4–8. The GluN2A-mediated component might have been
reduced at lamina I synapses if there was a substantial level of extra-
cellular Zn21 during our recordings, as GluN2A-containing
NMDARs are differentially inhibited by Zn21 at nanomolar concen-
trations20. However, we observed that the NMDAR component of
both the mEPSCs and the uEPSCs was unaffected by chelating Zn21

with tricine. Thus, there was no Zn21 blockade to account for the
proportionately low size of the GluN2A component of synaptic
NMDAR responses. It has been shown immunohistochemically that
GluN2A protein levels are low at synapses within the superficial
dorsal horn of adult rats33. Hence, the simplest explanation for the
proportionately low size of the GluN2A component of mEPSCs and
uEPSCs is that there is low expression of GluN2A-containing recep-
tors at glutamatergic synapses of lamina I neurons in the adult spinal
cord.

In contrast to the small contribution of GluN2A at adult lamina I
synapses, approximately half of the peak synaptic NMDAR current
and charge transfer was mediated by GluN2B-containing NMDARs.
This conclusion follows from the reduction in the NMDAR com-
ponent of mEPSCs caused by Ro25-6981, which we used at a con-
centration known to inhibit GluN2B-containing receptors without
affecting GluN2A, 2C, or 2D NMDARs22. GluN2B-containing recep-
tors may be comprised of GluN1 together with only GluN2B
(GluN1/2B/2B) or with GluN2A as well as GluN2B (GluN1/2A/
2B). Both GluN1/2B/2B and GluN1/2A/2B receptors are inhibited
by benzylpiperidines, such as ifenprodil and derivatives like Ro25-
698134,35. However, such GluN2B inhibitors maximally suppress
GluN1/2A/2B receptors by only about 20%, leaving a residual
GluN1/2A/2B-mediated current with enhanced sensitivity to
GluN2A blockers34. Thus, if the reduction in the NMDAR compon-
ent of the mEPSCs by Ro25-6981 had been due to blockade of
GluN1/2A/2B receptors, then about 80% of the current would have
remained. In this scenario, TCN-201 would have blocked the putat-
ive residual GluN1/2A/2B current34 and therefore, TCN-201 would
have had a much larger effect in the presence than in the absence of
Ro25-6981. However, we observed that the magnitude of the effect of
TCN-201 with Ro25-6981 was similar to that without Ro25-6981,
arguing against a dominant contribution of GluN1/2A/2B receptors
to the NMDAR component of the mEPSCs. Moreover, the decay
time constant of the Ro25-6981-sensitive component of the
mEPSCs was 281 ms, which is close to that reported for the
GluN1/2B/2B component of synaptic currents at other central
synapses (e.g. 315 ms reported by Westbrook and colleagues36)
and is far from that of GluN1/2A/2B currents (e.g. 79 ms in36).
Thus, with the current understanding of the pharmacological char-
acteristics of tri-heteromeric NMDARs, our findings suggest that the
GluN2B component of the synaptic NMDAR responses in lamina I
neurons is mediated by GluN1/2B/2B receptors, although we cannot
eliminate the possibility of a contribution by GluN1/2A/2B.

Strikingly, we found that NMDAR-mediated synaptic responses
in adult lamina I neurons decay much more slowly than can be
accounted for by only GluN2A- and GluN2B-containing
NMDARs. The very slow component of the mEPSCs was resistant
to TCN-201 and Ro25-6981, but was inhibited by DQP-1105
and was potentiated by CIQ. DQP-1105 and CIQ may act on
GluN2C- and on GluN2D-containing NMDARs23,24. However, the
deactivation time constant for GluN2C-containing NMDARs is
approximately 300 ms3,25 whereas the mEPSCs and the uEPSCs
decayed much more slowly. GluN2D NMDARs have decay time
constants between 600 ms and 3500 ms, depending on the specific
GluN1 isoform co-expressed37, which matches the range of the decay
time constants we observed. Thus, the decay time constants of the
very slow component of the NMDAR synaptic responses we found
are inconsistent with GluN2C receptors but are consistent with
GluN2D NMDARs. In addition, GluN2D mRNA and protein are
expressed in the superficial dorsal horn38 whereas GluN2C is not
detected27–29. DQP-1105 may inhibit GluN2A-containing NMDARs
in addition to GluN2D-containing receptors, although the potency at
GluN2A-containing receptors is reported to be 4- to 50-fold less than
that at GluN2D-containing receptors23. The possibility of inhibiting
GluN2A- as well as GluN2D-containing NMDARs would have been
problematic if we had only tested DQP-1105 on its own. However, we
also tested the effects of DQP-1105 in the presence of TCN-201 and
Ro25-6981. Under these recording conditions, the TCN-201-resistant/
Ro25-6891-resistant component of the mEPSC was inhibited by DQP-
1105. Taking together our present findings and those in the literature,
the most parsimonious interpretation is that GluN2D-containing recep-
tors mediate the most slowly-decaying component of synaptic NMDAR
responses in adult lamina I neurons. Future studies to investigate this
possibility further could include molecular loss-of-function approaches
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to complement the pharmacological and biophysical approaches used
here.

There is evidence that NMDARs containing the GluN2D subtype
may contribute to agonist-evoked or synaptically-activated NMDAR
currents in neurons from several brain regions24,39,40. In studies from
the hippocampus and cerebellum, genetic, biophysical, and phar-
macological experiments support a preferential contribution of
GluN2D-containing receptors to somatic, agonist-evoked responses
over synaptically-evoked NMDAR responses41–44. Synaptic NMDAR
responses with very slow decay have been observed in striatal neu-
rons45, although pharmacological inhibitors of GluN2D-containing
receptors were not tested. In studies from substantia nigra and hip-
pocampal neurons, blockers of GluN2D including UBP-141, UBP-
145 and PPDA have been reported to inhibit synaptic NMDAR
responses46–48. A possible explanation put forward for the molecular
basis of such synaptic responses has been that these synaptic
NMDAR currents may be mediated by triheteromeric NMDARs
composed of GluN1, GluN2B, and GluN2D subunits46,48. This inter-
pretation is consistent with reports of native triheteromeric GluN1/
2B/2D receptors in rat brain39,41,49,50.

It is possible that like in the brain, GluN1/2B/2D receptors could
potentially contribute to synaptic NMDAR responses in lamina I
neurons. However, we found that the DQP-1105-sensitive
NMDAR component of the mEPSCs in lamina I neurons is more
prolonged than is the Ro25-6981-sensitive component. At synapses
in the brain where GluN2D-blocker sensitive currents are attributed
to putative GluN1/2B/2D receptors, the decay rates are similar to the
GluN2B-blocker sensitive currents46,48. Moreover, the decay rates of
DQP-1105-sensitive synaptic currents in lamina I neurons currents
were comparable to GluN1/2D/2D diheteromeric receptors25,37.
Hence, although we cannot exclude a potential contribution from
triheteromeric GluN1/2B/2D receptors, it appears more likely that
the majority of GluN2D-containing receptors at lamina I synapses
are GluN1/2D/2D diheteromeric NMDARs.

That neurons in lamina I may have synaptic NMDAR responses
mediated by GluN2D-containing receptors is consistent with evid-
ence that such receptors may be functionally expressed in neurons in
the superficial dorsal horn. For example, MacDermott and colleagues
identified a component of the current responses evoked by exogen-
ously administered NMDA in subsets of lamina I neurons and lam-
ina II neurons with a low sensitivity to blockade by extracellular
Mg21, indicative of GluN2C/D-containing receptors51,52. In somatic
patch recordings on adult lamina II spinal cord neurons, Momiyama
and colleagues demonstrated that a low conductance NMDAR com-
ponent has single channel properties consistent with GluN2D-
containing NMDARs40,53,54. Based on comparisons between these
single-channel NMDAR currents and evoked synaptic NMDAR cur-
rents in lamina II neurons, it has been proposed that GluN2B and
GluN2D-containing NMDARs are localized to extrasynaptic sites in
dorsal horn neurons9,53. Our findings do not exclude extrasyn-
aptic GluN2D-containing receptors in addition to the synaptically-
activated ones we have identified here.

The inhibitory effects of the subtype-selective pharmacological
blockers on the peak of the NMDAR mEPSCs were relatively
consistent between neurons. Thus as a first pass approximation, we
estimated the relative proportion of GluN2A5GluN2B5GluN2D-
containing NMDARs at lamina I synapses, and found a consistent,
dominant contribution by putative GluN2B-containing receptors.
By contrast to the mEPSCs, the kinetics of the NMDAR-component
of the uEPSCs varied greatly from synapse to synapse suggesting
large variability in the relative contributions of GluN2A, 2B, and
2D subunits at individual synapses. There are two main implications
of this high degree of synapse-to-synapse variability. First, lamina I
neurons have a mechanism, or mechanisms, to differentially traffic,
target or stabilize NMDARs of specific subunit compositions to
distinct synapses. Second, in as much as the proportion of GluN2A5

GluN2B may be critical for determining the sign and magnitude of
activity-dependent synaptic plasticity55,56, then different synapses of a
given lamina I neuron may undergo distinct forms of synaptic plas-
ticity. The differences in synaptic plasticity may occur even if the
synapses receive the same frequency and pattern of input. Moreover,
from the discovery of synapses with GluN2D-containing receptors it
is conceivable that these receptors contribute to synaptic plasticity.

An important functional consequence of the large proportionate
contribution of GluN2B- and GluN2D-containing NMDARs and of
their slow deactivation kinetics is that adult lamina I glutamatergic
synapses will have a much higher propensity to undergo temporal
summation than will canonical GluN2A-dominated synapses.
NMDAR-mediated temporal summation, often referred to as
‘windup’, is a hallmark and crucial characteristic of the pain integ-
ration and transmission network in the dorsal horn14,57. Lamina I
neurons are prominent within this pain network and spinal lamina
I forms a distinct output pathway from this spinal network to the
pain networks in the brain. The large proportionate contribution of
GluN2B-containing, and particularly of GluN2D-containing, syn-
aptic NMDAR currents provides the molecular underpinning for
the slow, prolonged and feedforward excitation that is a fundamental
property of pain.

Methods
Animals. All animal experiments were performed in accordance with the animal care
regulations and policies of the Canadian Council on Animal Care, with detailed
experimental procedures approved by the Animal Care Committee at the Hospital for
Sick Children, Toronto. We used male adult (350 g to 450 g) Sprague Dawley rats for
all experiments except for the initial mEPSC characterization studies (Fig. 2), where
we also used P21 to P25 Sprague Dawley rats.

Spinal cord isolation. We anaesthetized male adult Sprague Dawley rats through
intraperitoneal injection of 20% (wt/vol) urethane (Sigma). As previously described58,
we rapidly dissected out the lumbar spinal cord through ventral laminectomy and
immediately placed the cord in an ice-cold protective modified artificial cerebrospinal
fluid (pACSF) solution containing (in mM): 50 sucrose, 92 NaCl, 15 D-Glucose, 26
NaHCO3, 5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgSO4, 1 kynurenic acid, and bubbled
with 5% CO2/95% O2. We removed all meninges and ventral roots from the lumbar
cord under a dissecting microscope, with additional dorsal root removal for mEPSC
recording experiments (Figs. 1 to 5). Parasagittal spinal cord slices were used for all
mEPSC experiments: we glued a lumbar spinal cord section (L3–L6) to the vibratome
tray in a parasagittal orientation and thin slices (300 mm) were cut with a blade
advance speed of 0.01 mm/s and amplitude of 3 mm. For minimal stimulation
uEPSC recording experiments (Fig. 6), we cut 500 mm thick transverse lumbar spinal
cord slices containing dorsal rootlets. Following sectioning, spinal cord slices were
allowed to recover for 50 minutes at 34uC in a pACSF solution that lacked kynurenic
acid. We then removed the slice recovery chamber from the heated water bath and
allowed it to passively cool down to room temperature (20 to 22uC).

Electrophysiological recordings on lamina I spinal cord neurons. We visualized
spinal cord slices using the IR-DIC optics of a Zeiss Axioskop 2 FS plus microscope
(Gottingen, Germany). Recordings of lamina I neurons were made from neuronal cell
bodies located in the darker, striated region dorsal to the translucent tissue band
(substantia gelatinosa) that demarcates lamina II59. The cellular location was
confirmed by immunohistochemistry in a subset of recordings in which the cells were
loaded with 0.1% lucifer yellow via the patch pipette. Lamina I was identified as the
dorsal horn region within approximately 50 mm of the superficial white matter,
containing lower neuronal density and the superficial region of CGRP labeling60,61.
We used two photon imaging to confirm that the recorded neurons had
morphological characteristics of lamina I neurons62,63, which are distinct from those
of lamina II neurons (Fig. 1, Fig. S1). Moreover, the mEPSCs in lamina I neurons were
clearly distinct from those of neurons in lamina II, which were characterized by much
smaller AMPAR and NMDAR components (Fig. S1). Thus, the recordings were made
from bona fide lamina I neurons.

We pulled patch-clamp recording pipettes with typical resistances of 5 to 8 MV
using borosilicate glass (BF150-86-10; Sutter Instruments, Navato, CA, USA) and a
Sutter P97 puller and fire-polished the pipettes using a Narishige MF-830 microforge
(Tokyo, Japan). The external recording solution consisted of an artificial cerebrosp-
inal fluid (ACSF) solution containing (in mM): 125 NaCl, 20 D-Glucose, 26 NaHCO3,
3 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2 as well as 500 nM TTX, 10 mM Cd21,
10 mM strychnine and 10 mM bicuculline to block voltage-gated sodium channels,
voltage-gated calcium channels, inhibitory glycinergic receptors and inhibitory
GABAergic receptors, respectively. For a subset of experiments examining NMDAR-
mEPSCs (as indicated in the Results section), we used ACSF solution that lacked
addition of 1 mM MgCl2. The internal patch pipette solution contained (in mM): 105
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Cs-Gluconate, 17.5 CsCl, 10 BAPTA, 10 HEPES, 5 QX-314, 2 MgATP, and 0.5
Na2GTP (pH 5 7.25, 295 mOsm).

Patch-clamp recordings utilized a Multiclamp 700 B amplifier (Molecular Devices,
Sunnyvale, CA, USA) connected to a personal computer running pClamp10 software
through a Digidata 1440 A Data Acquisition System (Molecular Devices). Neurons
typically had access resistances below 20 MV and leakage currents . 2100 pA at a
holding potential of 270 mV. Voltage-clamp recordings were digitized at 10 KHz
and low-pass filtered at 2.4 kHz. Recordings were performed at room temperature for
mEPSC recordings and at 28uC for uEPSC recordings. We used Clampfit10 to
automatically detect mEPSCs, with Threshold Search Event Detection criteria of
amplitude . 9 to 10 pA. We manually aligned all detected mEPSCs from their rising
slope and also used this visual inspection to reject individual mEPSCs that did not
display exponential decay kinetics or that had multiple mEPSC events during the
sampling sweep. The duration of the sampling sweep was 500 ms, except for
experiments in Figure 4A,B,D, where the sweep duration was 1000 ms to more
accurately assess the decay of the DQP-sensitive component of the NMDARs. We
generated averaged mEPSCs for time intervals ranging between 5 and 10 minutes,
typically with 30 to 50 sweeps per averaged trace. The magnitude of the NMDAR
mEPSC component at 160 mV was quantified through integration to determine
NMDAR-mediated charge transfer. As the AMPAR mEPSC component decayed by
greater than 95% by 40 ms at 160 mV (Fig. 2E), we integrated the area under the
160 mV mEPSCs from 40 ms to 500 ms to generate NMDAR charge transfer values.
We generated averaged mEPSCs across multiple neurons for a given condition (i.e. –
TCN-201 treatment), and plotted these averages as mean 6 standard error of the
mean (SEM), where the SEM bars are represented by a lighter shade.

For minimal stimulation experiments, only uEPSCs exhibiting a consistent latency
and amplitude with each stimulus as well as a clear stimulation threshold (all-or-none
post-synaptic response by gradually increasing stimulation intensity) and consistent
failure rate were considered true minimal stimulation-evoked post-synaptic res-
ponses. uEPSCs were evoked using a bipolar tungsten electrode placed in the dorsal
rootlet outside the spinal dorsal horn. Single stimuli were delivered at 0.2 Hz using an
S48 Grass Stimulator.

Pharmacology. For electrophysiology experiments, D-AP5, bicuculline
methochloride, (3-chlorophenyl) [3,4-dihydro-6,7-dimethoxy-1-[(4-
methoxyphenoxy)methyl]-2(1H)-isoquinolinyl]methanone (CIQ), 4-(5-(4-
bromophenyl)-3-(6- methyl-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-4,5-
dihydro-1H-pyrazol-1-yl)-4-oxobutanoic acid (DQP-1105), (aR,bS)-a-(4-
Hydroxyphenyl)-b-methyl-4- (phenylmethyl)-1-piperidinepropanol maleate (Ro25-
6981), and (3-chloro-4-fluoro-N-[(4-([2-(phenylcarbonyl)hydrazino]carbonyl)
phenyl)methyl]benzene-sulfonamide) (TCN-201) were obtained from Tocris
Bioscience. TTX was obtained from Alomone labs. Unless otherwise indicated, all
other compounds were obtained from Sigma-Aldrich. Pharmacology experiments
were performed by either incubating slices in compound before and during recording,
with unpaired comparisons to recordings from control-treated cells, or by acutely
perfusing compound during recording, with paired comparisons to initial control
recordings. For acute perfusion experiments, added compounds were allowed to
perfuse into the recording chamber for 10 to 20 minutes to allow for sufficient
diffusion and equilibration before the effects on mEPSCs were quantified. No
significant differences were found between the two approaches, except for with Ro25-
6981, where a greater inhibition of NMDAR charge transfer was produced by Ro25-
6981 pretreatment (65% 6 5%, n 5 12) compared to acute Ro25-6981 perfusion (48%
6 5%, n 5 9). The reduced effect with acute Ro25-6981 perfusion could be caused by
slow slice penetration and off-target absorbance by the hydrophobic Ro25-698164

and/or the activity-dependence of Ro25-6981 blockade22. Thus, the pretreatment
approach was used exclusively for determining the magnitude of effect of Ro25-6981
on NMDAR mEPSCs.

To test for the contribution of GluN2A-containing NMDARs at lamina I synapses,
we used TCN-201, an allosteric NMDAR inhibitor with selectivity against GluN2A-
containing receptors. The binding of TCN-201 to a dimer interface between GluN1
and GluN2 inhibits NMDAR activity by reducing glycine potency21,65. Agonists of the
NMDAR glycine-binding site, glycine and serine, are tightly regulated in a sub-sat-
urating concentration range at CNS synapses, including in the spinal cord4,66–68. The
concentration of TCN-201 (3 mM) we selected inhibits . 90% of GluN2A receptors
in this high nanomolar glycine concentration range. Even if glycine reaches the low
micromolar concentrations reported in the cerebrospinal fluid65, 3 mM TCN-201 will
inhibit approximately 80% of GluN2A receptors21. In positive control experiments,
we tested TCN-201 on NMDAR EPSCs at hippocampal Schaffer collateral-CA1
synapses. We found that 3 mM TCN-201 inhibited NMDAR EPSCs by 50 6 4% (n 5

2) at these hippocampal synapses.

Two photon imaging. In a subset of experiments, we labeled neurons in spinal cord
slices by including 0.1% lucifer yellow in the internal patch pipette solution during
patch-clamp recordings. Immediately following recording, the slices were fixed in 4%
PFA-containing phosphate-buffered solution (PBS) and stored at 4uC. We imaged
slices in 0.1 M PBS under a Zeiss LSM710 Multiphoton Laser Microscope containing
a NDD-GASP detector and a two-photon excitation chameleon laser (Coherent Inc.,
USA) tuned to 920 nm wavelength. Two-photon image stacks were obtained using a
203 water-immersion objective lens (Carl Zeiss Microscopy, Germany) and the Zen
2009 acquisition program (Carl Zeiss Microscopy, Germany). Image stacks were
deconvolved, and flattened for publication using Volocity 6 3D image analysis
software (Perkin Elmer, USA).

Slice immunohistochemistry. We washed slices in 0.1 M PBS under agitation to
remove PFA, followed by blocking with 10% donkey serum/0.3% triton in 0.1 M PBS
for one hour on agitation at room temperature. The primary antibodies rabbit anti-
CGRP and mouse anti-NeuN were added at a 152000 dilution ratio in 3% donkey
serum/0.3% triton in 0.1 M PBS. We incubated primary antibody-treated slices
overnight on agitation at room temperature, followed by washing in 3% donkey
serum/0.3% triton in 0.1 M PBS on agitation. We then agitated the slices for 3 hours at
room temperature with secondary antibodies, Cy-5 donkey anti-mouse and Cy-3
donkey anti-rabbit, at a 151000 dilution ratio in 3% donkey serum/0.3% triton in
0.1 M PBS. The excess secondary antibody was washed off with 3% donkey serum/
0.3% triton in 0.1 M PBS, and slices were mounted using fluoromount.

We imaged antibody-treated slices using a Zeiss AxioVert 200 Inverted
Fluorescence microscope and Volocity 5 Acquisition software (Perkin Elmer, USA).
Image stacks were taken at 53 and 203 objective magnifications. Deconvolution of
images and the addition of scale bars were performed using Volocity 6 3D image
analysis software. The two-photon images of neurons were brought down to scale
with slice images, and the green channel containing the neuron was isolated using
Photoshop CS5 (Adobe Systems Inc., USA). The green channel was then superim-
posed over the epifluorescent green signal for the neuron, and the epifluorescent
green signal was removed.

Data analysis and curve fitting. We calculated decay time constants by least-squares
fitting with one, two or three exponentials. Best-fit was determined by comparing R2

for the respective fits. Relative GluN2 subtype-mediated synaptic NMDAR currents
in lamina I neurons (Fig. 5C) were modeled using the difference of a decaying and
rising exponential equation: I(t) 5 A*((e2t/tdecay) 2 (e2t/trise)). A was the fractional
blockade of the peak (Fig. 5B), tdecay was the decay time constant of the blocker-
sensitive difference currents calculated here (Fig. 5A), and trise was the activation
time constant for each of the GluN2 subtypes taken from published reports30,31.

All data are given as means 6 SEM. We performed statistical comparisons of data
using the following, chosen as appropriate for each comparison: Student’s paired or
unpaired t-test, or one-way ANOVA followed by a Tukey’s test for means compar-
ison. We considered p , 0.05 to be statistically significant.
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