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Abstract
The function of NMDA receptors in primary afferents remains controversial, in particular regarding
their ability to evoke substance P release in the spinal cord. The objective of this study was, first, to
confirm that substance P release evoked by NMDA is mediated by NMDA receptors in primary
afferent terminals. Second, we investigated whether these NMDA receptors are inactivated in some
conditions, which would explain why their effect on substance P release was not observed in some
studies. Substance P release was induced in spinal cord slices and measured as NK1 receptor
internalization in lamina I neurons. NMDA (combined with D-serine) induced NK1 receptor
internalization with an EC50 of 258 nM. NMDA-induced NK1 receptor internalization was abolished
by the NK1 receptor antagonist L-703,606, confirming that is was caused by substance P release, by
NMDA receptor antagonists (MK1801 and ifenprodil), showing that it was mediated by NMDA
receptors containing the NR2B subunit, and by preincubating the slices with capsaicin, showing that
the substance P release was from primary afferents. However, it was not affected by lidocaine and
ω-conotoxin MVIIA, which block Na+ channels and voltage-dependent Ca2+ channels, respectively.
Therefore, NMDA-induced substance P release does not require firing of primary afferents or the
opening of Ca2+ channels, which is consistent with the idea that NMDA receptors induce substance
P directly by letting Ca2+ into primary afferent terminals. Importantly, NMDA-induced substance P
release was eliminated by preincubating the slices for one hour with the Src family kinase inhibitors
PP1 and dasatinib, and was substantially increased by the protein tyrosine phosphatase inhibitor
BVT948. In contrast, PP1 did not affect NK1 receptor internalization induced by capsaicin. These
results show that tyrosine-phosphorylation of these NMDA receptors is regulated by the opposite
actions of Src family kinases and protein tyrosine phosphatases, and is required to induce substance
P release.
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The function of NMDA receptors in primary afferents is still largely unknown and
controversial. In 1994, Liu et al. (Liu et al., 1994) reported the presence of NMDA receptors
in the central terminals of primary afferent. Subsequent studies using in situ hybridization
(Sato et al., 1993), immunohistochemistry and real time PCR (Ma and Hargreaves, 2000;
Marvizon et al., 2002) established that most primary afferent neurons express the NR1 and
NR2B subunits of the NMDA receptor. The presence of functional NMDA receptors in primary
afferent neurons was demonstrated with patch-clamp and Ca2+ imaging studies (Lovinger and
Weight, 1988; McRoberts et al., 2001; Li et al., 2004).

NMDA receptors in primary afferents terminals appear to induce substance P release and
subsequent activation of its receptor, the neurokinin 1 receptor (NK1R). Thus, Liu et al. (Liu
et al., 1997) found that intrathecal injections of NMDA induced NK1R internalization in dorsal
horn neurons, a measure of substance P release. Similarly, incubating spinal cord slices with
NMDA induced NK1R internalization (Marvizon et al., 1997; Marvizon et al., 1999; Lao et
al., 2003) and substance P release (Malcangio et al., 1998). In addition, NMDA receptor
antagonists decreased substance P release evoked by electrical stimulation of the dorsal root
(Marvizon et al., 1997; Malcangio et al., 1998; Marvizon et al., 1999) or by capsaicin
(Malcangio et al., 1998; Afrah et al., 2001; Lao et al., 2003).

However, other studies have casted doubt on the idea that NMDA receptors in primary afferents
induce substance P release. Lu et al. (Lu et al., 2003), using an anti-NR1 subunit antibody,
found that this subunit colocalized with A-fiber markers but not with CGRP, which labels
substance P-containing C-fibers. Bardoni et al. (Bardoni et al., 2004) reported that NMDA
decreased monosynaptic EPSCs in dorsal horn neurons evoked by dorsal root stimulation,
which suggests that NMDA receptors inhibit, rather than facilitate, glutamate release from
primary afferents. This is surprising, because glutamate release was expected to parallel
substance P release. Finally, Nazarian et al. (Nazarian et al., 2007) found that intrathecal
NMDA did not induce NK1R internalization in anesthetized rats, in contradiction to the
findings of Liu et al. (Liu et al., 1997) in awake rats.

These disparities suggest that NMDA receptors in primary afferents may be regulated, so that
they induce substance P release in some conditions but not others. Indeed, Zeng et al. (Zeng
et al., 2006) found that in naïve rats NMDA decreased EPSCs in dorsal horn neurons, just like
it was reported by Bardoni et al. However, in morphine tolerant rats NMDA increased these
EPSCs, and there was also an increased expression of the NR1 subunit in primary afferents.
Other studies (Li et al., 2006; McRoberts et al., 2007) found that NMDA receptor currents in
primary afferent neurons were increased by 17-β-estradiol, a steroid hormone, and by sodium
vanadate, an inhibitor of protein tyrosine phosphatases (PTPs). Importantly, these effects were
reversed by lavendustin, an inhibitor of tyrosine kinases, and by PP2 an inhibitor Src family
kinases (SFKs) (Hanke et al., 1996). These findings suggest that NMDA receptors in primary
afferents are modulated by tyrosine phosphorylation of the NR2B subunit, as has been
demonstrated in a variety of other systems (Yu and Salter, 1999; Kalia et al., 2004; Kato et al.,
2006; Sato et al., 2008; Xu et al., 2008; Zhang et al., 2008).

To test this hypothesis, we investigated whether the ability of NMDA to induce substance P
release is affected by inhibitors of SFKs and PTPs, the enzymes that phosphorylate and
dephosphorylate, respectively, tyrosine residues in NMDA receptors. We used NK1R
internalization to measure substance P release in terms of the activation of its receptor, an
approach that has been validated by a number of studies (Mantyh et al., 1995; Abbadie et al.,
1997; Allen et al., 1997; Liu et al., 1997; Marvizon et al., 1997; Allen et al., 1999; Honore et
al., 1999; Wang and Marvizon, 2002; Lao et al., 2003; Marvizon et al., 2003a; Adelson et al.,
2009).
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Experimental Procedures
Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee of
the Veteran Affairs Greater Los Angeles Healthcare System, and conform to NIH guidelines.
Efforts were made to minimize the number of animals used and their suffering. Rats used to
prepare spinal cord slices were male Sprague-Dawley (Harlan, Indianapolis, IND), 3–5 weeks
old.

Chemicals and solutions
Artificial cerebrospinal fluid (aCSF) contained, in mM: 124 NaCl, 1.9 KCl, 26 NaHCO3, 1.2
KH2PO4, 1.3 MgSO4, 2.4 CaCl2 and 10 glucose, and was bubbled with 95% O2 / 5% CO2.
Sucrose-aCSF was the same medium with 5 mM KCl and 215 mM sucrose instead of NaCl.

BVT948, ω-conotoxin MVIIA, PP1 and PP3 were from Tocris (Ellisville, MO). Dasatinib was
from ChemieTek (Indianapolis, IN). Capsaicin, D-serine, ifenprodil, L-703,606, lidocaine,
MK801, NMDA and other chemicals were from Sigma. Drugs were prepared as stock solutions
of 10–100 mM in the appropriate solvent and then diluted in aCSF. NMDA was dissolved in
100 mM NaOH. BVT948, dasatinib, PP1 and PP3 were dissolved in DMSO. L-703,606 was
dissolved in methanol. Capsaicin was dissolved in ethanol. Other compounds were dissolved
in water.

Spinal cord slices
For a detailed description of the slice preparation see (Lao et al., 2003; Marvizon et al.,
2003a; Song and Marvizon, 2003; Lao and Marvizon, 2005; Song and Marvizon, 2005;
Adelson et al., 2009). Briefly, the spinal cord was extracted from 3–5 weeks old rats under
isoflurane anesthesia (Halocarbon Laboratories, River Edge, NJ). Coronal slices (400 µm) were
cut from the lumbar spinal cord (L2–L4) with a vibratome (Integraslice 7550PSDS, Lafayette
Instruments, Lafayette, IN) using low advance speed and fast vibration. Slices were kept in
aCSF, except that vibratome cutting was done in sucrose-aCSF. Slices were left to recover in
oxygenated aCSF at 35°C for 1 hr, and were used within 3 hr of preparation.

Incubation of the slices with drugs
Slices were incubated with drugs using established procedures (Marvizon et al., 1997;
Marvizon et al., 1999; Lao et al., 2003; Marvizon et al., 2003a; Marvizon et al., 2003b). The
slices were placed on a nylon net glued to a plastic ring inserted halfway down a plastic tube
containing 5 ml aCSF. The aCSF was superficially gassed with 95% O2/5% CO2 delivered
through a needle inserted through the cap of the tube. This arrangement ensured access of
oxygenated aCSF and drugs from both sides of the slice. To change solutions, the ring and net
with the slice was transferred to another tube. To avoid possible excitotoxic effects, NMDA
and capsaicin were applied to the slices for 2 min or less. This was followed by incubation in
aCSF at 35 °C for 10 min to allow enough time for NK1R internalization (Wang and Marvizon,
2002). At the end of the experiment, slices were immersed in ice-cold fixative (4 %
paraformaldehyde, 0.18 % picric acid).

Characterization of the NK1R antiserum
The NK1R antiserum # 94168 was made at CURE: Digestive Diseases Research Center,
University of California Los Angeles, under the sponsorship of Dr. Nigel Bunnett, University
of California San Francisco. It was generated in rabbits using a peptide corresponding to the
C-terminus of the rat NK1R (amino acids 393–407, KTMTESSSFYSNMLA) coupled to KLH
(Grady et al., 1996). It labeled cells transfected with rat NK1R and did not label nontransfected
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cells. Staining of the transfected cells was eliminated by preadsorption with its immunizing
peptide. In Western blots from NK1R transfected cells the antiserum produced a single band
corresponding to a molecular weight of 100 kDa (Grady et al., 1996).

Immunohistochemistry
Spinal cord slices were fixed, cryoprotected, frozen and re-sectioned at 25 µm in a cryostat as
described (Lao et al., 2003; Marvizon et al., 2003a; Lao and Marvizon, 2005; Adelson et al.,
2009). Sections were washed four times and then incubated overnight at room temperature
with the NK1R antiserum diluted 1:3000 in phosphate-buffered saline containing 0.3 % Triton
X-100, 0.001% thimerosal and 5% normal goat serum (Jackson ImmunoResearch
Laboratories, West Grove, PA). After three washes, the secondary antibody (1:2000, Alexa
Fluor 488 goat anti-rabbit, Molecular Probes-Invitrogen, Eugene, OR) was applied at for 2
hours at room temperature. Sections were washed four more times, mounted on glass slides,
and coverslipped with Prolong Gold (Molecular Probes-Invitrogen).

Quantification of NK1R internalization
The amount of NK1R internalization was quantified using a standard method (Mantyh et al.,
1995; Abbadie et al., 1997; Riley et al., 2001; Trafton et al., 2001) with minor modifications
(Marvizon et al., 1997; Marvizon et al., 1999; Lao et al., 2003; Lao and Marvizon, 2005;
Adelson et al., 2009). NK1R neurons in lamina I were visually counted while classifying them
as with or without internalization. A Zeiss Axio-Imager A1 (Carl Zeiss, Inc., Thornwood, NY)
fluorescence microscope with a 63× (1.40 numerical aperture) objective was used. The criterion
for having internalization was the presence in the neuronal soma of ten or more NK1R
endosomes, defined as a small region of bright staining separated from the cell surface. The
person counting the neurons was blinded to the treatment. Four sections per slice were used,
counting all lamina I NK1R neurons in each section. Results were expressed as the percentage
of the NK1R neurons in lamina I with NK1R internalization.

Confocal microscopy
Confocal images were acquired using a Zeiss LSM 710 confocal microscope (Carl Zeiss, Inc.,
Thornwood, NY), with objectives of 10× (numerical aperture 0.3) and 63× oil (numerical
aperture 1.4). Excitation light for the Alexa Fluor 488 fluorophore (emission peak 519 nm)
was provided by the 488 nm line of an argon laser. The emission window was 500–570 nm.
The pinhole was 1.0 Airy unit: 38.2 µm for the 10× objective and 51.5 µm for the 63× objective,
as determined by the confocal microscope software. Images were acquired in grayscale as
confocal stacks of sections of 1024×1024 pixels. Each section was averaged 4 times to reduce
noise. The separation between confocal sections, optimized by the confocal microscope
software using the Nyquist formula, was 5.98 µm for the 10× objective and 0.38 µm for the
63× objective.

Image processing
Images of the entire dorsal horn obtained with the 10× objective were used to show the location
of the neurons imaged with the 63× objective. Confocal stacks acquired with the 10× objective
were processed using adaptive point spread function (‘blind’) deconvolution to reduce blur
(Wallace et al., 2001; Cannell et al., 2006; Holmes et al., 2006), using the program AutoQuant
× 2.0.1 (Media Cybernetics, Inc., Bethesda, MD). Images taken with the 63× objective were
not deconvolved because their native low blur made this unnecessary. The program Imaris
6.1.5 (×64, Bitplane AG, Zurich, Switzerland) was used to crop the images in three dimensions.
Images at 10× were cropped into the two brightest optical sections. Often, images of several
NK1R neurons were acquired in a single 63× confocal stack, in which case Imaris was used
to crop each cell out of the stack into 3–5 optical sections through the middle of the cell. After
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cropping, a two-dimension projection picture was generated in Imaris and imported into Adobe
Photoshop 5.5 (Adobe Systems Inc., Mountain View, CA), which was used to make slight
adjustments in the gamma. Adobe Photoshop was also used to compose the multipanel figures
and to add text and arrows.

Data analysis
Data were analyzed using Prism 5 (GraphPad Software, San Diego, CA). Statistical analyses
consisted of one-way ANOVA followed by Bonferroni’s post-hoc test. Statistical significance
was set at 0.05. Concentration-response data were fitted using non-linear regression by a
sigmoidal dose-response function: Y = bottom + (top-bottom) / (1 + 10^(Log EC50-Log X)),
where the EC50 is the concentration of drug that produces half of the effect. Baseline measures
(zero concentration of drug) were included in the non-linear regression by assigning them a
concentration value three log units lower than the estimated EC50. Parameter constraints were:
0% < top < 100%, 0% < bottom. The statistical error of the EC50 was expressed as 95%
confidence intervals (CI).

Results
NMDA receptors induce substance P release

Incubating rat spinal cord slices with NMDA induced NK1R internalization in the superficial
dorsal horn. In control slices, NK1Rs in lamina I neurons were present at the cell surface (Fig.
1 A). In slices incubated with NMDA (30 µM), NK1Rs were internalized forming endosomes
(Fig. B) in about half of the lamina I neurons with NK1Rs. In this and subsequent experiments,
NMDA was combined with D-serine (10 µM), a selective agonist of the NMDA receptor co-
agonist site, which is required for its activation (Dingledine et al., 1999). Incubations with
NMDA and D-serine were limited to 2 min to avoid excitotoxic effects. NK1R internalization
induced by NMDA was eliminated by the NMDA receptor antagonist/channel blocker MK801
(10 µM, Fig. 2), showing that it was mediated by NMDA receptors. It was also eliminated by
the NK1R antagonist L-703,606 (10 µM, Fig. 2), indicating that it was caused by binding to
the NK1R of substance P released from the slices.

NMDA receptor-induced substance P release does not require firing of action potentials
The most likely explanation for this effect of NMDA is that NMDA receptors located
presynaptically in primary afferent terminals directly induce substance P release. However, it
is also possible that NMDA receptors induce the firing of action potentials in the primary
afferents, which then drives substance P release. To investigate this possibility, we explored
whether NMDA-induced NK1R internalization was eliminated by the Na+ channel blocker
lidocaine (1 mM). Lidocaine had no effect (Fig. 2), showing that NMDA is able to induce
substance P release in the absence of primary afferent firing.

NMDA receptor-induced substance P release does not require opening of voltage-dependent
Ca2+ [Ca(V)] channels

Given that NMDA receptors form Ca2+ permeable channels, it is likely that they induce
substance P release by letting Ca2+ into the terminal. If this is true, then NMDA-induced
substance P would not require the activation of Ca(V) channels. To investigate this possibility,
we used ω-conotoxin MVIIA, which blocks N-type and P-type Ca(V) channels with IC50s of
18 nM and 50 nM, respectively (McDonough et al., 1996). At a concentration of 100 nM, ω-
conotoxin MVIIA did not affect NMDA-induced NK1R internalization (Fig. 2), showing that
NMDA-induced substance P release is independent of the opening of Ca(V) channels.
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NMDA receptors release substance P from primary afferents
To determine whether NMDA released substance P from primary afferents, we used the
strategy of depleting primary afferent terminals with a preincubation with capsaicin (10 µM
for 10 min at 35 °C). This should produce abundant NK1R internalization. Hence, in order to
use NK1R internalization to measure subsequent substance P release, we waited 90 min, a time
long enough to allow NK1Rs to cycle back to the cell surface (Wang and Marvizon, 2002).
Indeed, no NK1R internalization was detected after this time (Fig. 3, control after capsaicin
preincubation). Incubating the capsaicin-treated slices a second time with capsaicin (1 µM for
2 min) failed to induce NK1R internalization, confirming that primary afferents were depleted
of substance P. Incubating the capsaicin-treated slices with NMDA (10 µM, with 10 µM D-
Ser) for 2 min also failed to induce NK1R internalization (Fig. 3), showing that NMDA induced
substance P release from capsaicin-sensitive primary afferents.

NMDA receptors that induce substance P release contain the NR2B subunit
Most primary afferent neurons express NMDA receptors and in particular the NR2B subunit
(Ma and Hargreaves, 2000; Marvizon et al., 2002; Li et al., 2004). To determine whether the
NMDA receptors that induced substance P release contained the NR2B subunit, we used
ifenprodil, a selective antagonist of NR2B-containing NMDARs (Avenet et al., 1996;
Gallagher et al., 1996). Ifenprodil (10 µM) eliminated NMDA-induced NK1R internalization
(Fig. 2), confirming the involvement of NR2B-containing NMDA receptors.

The induction of NK1R internalization by NMDA was dose-dependent
As shown in Fig. 4, NMDA induced NK1R internalization dose-dependently and with
relatively high potency, with an EC50 of 258 nM (95% CI: 91–735 nM). D-Serine (10 µM)
was used with all the concentrations of NMDA. The control was D-serine without NMDA (Fig.
4), which did not induce NK1R internalization. The efficacy of NMDA was only moderate,
with a maximum effect of 40±2 % NK1R neurons with internalization in lamina I. ANOVA
revealed a significant effect of NMDA concentration (p<0.0001).

SFK inhibitors abolished NMDA-induced NK1R internalization
We hypothesized that NMDA receptors induce substance P release only when they are Tyr-
phosphorylated by SKFs. To test this hypothesis, we determined whether the SFK inhibitors
PP1 and dasatinib decreased NMDA-induced NK1R internalization. PP1 is a widely-used
inhibitor of SFKs, particularly of Lck and Fyn (Hanke et al., 1996; Liu et al., 1999). It inhibits
Tyr phosphorylation in T-cells and lymphocyte proliferation with IC50 of 0.5–5 µM (Hanke
et al., 1996). PP3 is an inactive analog of PP1 that was be used as control. Dasatinib is a SFK
inhibitor unrelated to PP1, and that also inhibits Abl, Btk and Tec kinases (Schittenhelm et al.,
2006; Hantschel et al., 2007).

Since tyrosine phosphorylation of NMDA receptors in primary afferents appears to proceed
quite slowly (Li et al., 2006), we first performed a time course of the effect of PP1. Slices were
preincubated at 35 °C with 10 µM PP1 for times up to 1 hr (Fig. 5). Then 10 µM NMDA and
10 µM D-serine were added for 2 min, still in the presence of PP1. PP1 abolished NMDA-
induced NK1R internalization when added 60 min before NMDA, but not with shorter
preincubation times (Fig. 5). Fig. 1 shows examples of NK1R neurons in lamina I after
treatment with PP1 and NMDA: whereas NMDA induced NK1R internalization (Fig. 1 B), a
60 min treatment with PP1 eliminated the NK1R internalization (Fig. 1 C).

Dasatinib, also preincubated with the slices for 60 min, significantly decreased NMDA-induced
NK1R internalization (Fig. 6). PP3, the inactive analog of PP1, produced no effect. In the
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absence of NMDA, preincubating the slices with PP1 and dasatinib did not affect NK1R
internalization (Fig. 6).

A PTP inhibitor increased NMDA-induced NK1R internalization
PTPs are enzymes that catalyze the opposite reaction of SFKs: they de-phosphorylate tyrosine
residues that are phosphorylated by SFKs. It is likely that the extent of tyrosine phosphorylation
of these NMDA receptors is determined by the relative activity of SFKs and PTPs. If so,
inhibiting PTPs should increase the tyrosine phosphorylation of the NMDA receptors and thus
their ability to induce substance P release. Accordingly, we treated spinal cord slices with the
PTP inhibitor BVT948 (10 µM) (Liljebris et al., 2004) before and during the addition of
NMDA. We assumed that the increase in NMDA phosphorylation once PTPs were inhibited
would proceed slowly, so we preincubated the slices with BVT948 fro 60 min, as in the case
of PP1. A subsequent 2 min incubation with NMDA (30 µM) plus D-Ser (10 µM) resulted in
a much larger induction of NK1R internalization that in slices not preincubated with BVT948
(Fig. 6). The increase in NK1R internalization produced by BVT948 was statistically
significant (p<0.001, Bonferroni’s post-hoc test). Fig. 1 D illustrates the extensive NK1R
internalization in lamina I neurons induced by the combination of BVT948 and NMDA. These
results indicate that in the basal state the NMDA receptors that induce substance P release are
only partially tyrosine-phosphorylated. When these NMDA receptors are fully tyrosine-
phosphorylated, they are very efficacious in inducing substance P release.

Induction of substance P release by capsaicin is not affected by SFK inhibition
Next, we determined whether tyrosine phosphorylation affects NMDA receptors or other
mechanisms involved in substance P release. Capsaicin is a powerful stimulus to induce
substance P release, an effect mediated by the influx of Ca2+ into primary afferent terminals
through TRPV1 channels (Lao et al., 2003). However, preincubating spinal cord slices with
PP1 (10 µM for 60 min) did not affect the ability of capsaicin (1 µM for 2 min) to evoke
substance P release and NK1R internalization (Fig. 6). Therefore, unlike NMDA receptors,
TRPV1 channels do not require phosphorylation by SFKs to induce substance P release.

Discussion
This study shows that NMDA receptors induce substance P release from primary afferent
terminals only when they are phosphorylated by SFKs.

NMDA receptors in primary afferent terminals induce substance P release
Confirming our previous results (Marvizon et al., 1997; Marvizon et al., 1999), this study shows
that NMDA applied to rat spinal cord slices induced NK1R internalization, a measure of
substance P release (Marvizon et al., 2003a) and subsequent NK1R activation (Trafton et al.,
1999; 2001). We have extended these previous observations with more evidence that NMDA-
induced NK1R internalization is indeed mediated by presynaptic NMDA receptors that evoke
substance P release from primary afferent terminals. First, the effect of NMDA was blocked
by NMDA receptor antagonists, demonstrating that is mediated by NMDA receptors. Second,
it was also blocked by a NK1R antagonist, consistent with the idea that NK1R internalization
was elicited by substance P release. Third, the effect of NMDA was not affected by lidocaine,
a Na+ channel blocker that prevents the firing of action potentials (Courtney et al., 1987).
Therefore, NMDA induced substance P release by acting on NMDA receptors located in the
primary afferent terminals themselves. Fourth, the effect of NMDA was not affected by the Ca
(V) channel blocker ω-conotoxin MVIIA at a concentration sufficient to block N-type and P-
type Ca(V) channels (McDonough et al., 1996), the main types present in primary afferent
neurons (Rusin and Moises, 1995, 1998; Raingo et al., 2007). Therefore, the influx of Ca2+

into the terminal through the NMDA receptor Ca2+-permeable channels (Yamakura and
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Shimoji, 1999) is sufficient to trigger substance P release (Fig. 7). Fifth, the effect of NMDA
was eliminated by preincubating the slices with capsaicin to deplete primary afferent terminals
of substance P, indicating that NMDA receptors released substance P from primary afferents.

Practically all primary afferents express NMDA receptors (Sato et al., 1993; Ma and
Hargreaves, 2000; Marvizon et al., 2002). Agonist binding to these NMDA receptors produces
a Ca2+ influx (Lovinger and Weight, 1988; McRoberts et al., 2001; Li et al., 2004). The central
terminals of primary afferents contain the NR1 subunit of the NMDA receptor, as determined
by electron microscopic immunohistochemistry (Liu et al., 1994). However, Lu et al. (Lu et
al., 2003) reported that the NR1 subunit was not found in primary afferent terminals containing
CGRP and substance P. This could have been due to the fact that the anti-NR1 antibody used
by Lu et al. recognized only NR1 splice variants with the C2 cassette of exon 22 (Lu et al.,
2003), i.e. NR1-1 and NR1-2 (Dingledine et al., 1999). However, primary afferents also express
NMDA receptors formed by NR1 splice variants without the C2 cassette, i.e. NR1-3 and NR1-4
(Li et al., 2006). It is possible, therefore, that the NMDA receptors in substance P-continuing
terminals have the NR1-3 and NR1-4 splice variants.

The NMDA receptors that induce substance P release have the NR2B subunit
We found that NMDA-induced NK1R internalization was eliminated by ifenprodil, a selective
antagonist of NR2B subunit-containing NMDA receptors (Williams, 1993). Therefore, the
NMDA receptors that induce substance P release contain this subunit, which is consistent with
the fact that the NR2B subunit is expressed by most primary afferent neurons (Ma and
Hargreaves, 2000; Marvizon et al., 2002; Li et al., 2006). The NR2B subunit is also found in
many synapses throughout laminae I and II (Nagy et al., 2004; Zhang et al., 2009) and is
involved in pain modulation, as evidenced by the fact that ifenprodil and other selective NR2B
antagonists induce antinociception (Boyce et al., 1999; Zhang et al., 2009). NR2B-selective
antagonists also attenuated neuropathic pain (Abe et al., 2005).

NMDA receptors that induce substance P release are upregulated by SFK-mediated tyrosine
phosphorylation

Extensive evidence shows that NR2B-containing NMDA receptors are upregulated by SFK-
mediated phosphorylation of tyrosine residues in the NR2B subunit (Dingledine et al., 1999).
This upregulation plays a critical role in synaptic plasticity and other physiological processes.
For example, SFKs upregulate the NMDA receptors that mediate hippocampal long-term
potentiation (LTP) (Kalia et al., 2004; Xu et al., 2008). More specifically, SFKs phosphorylate
tyrosine Y1472 of the NR2B subunit, which is part of a YEKL motif involved in NMDA
receptor internalization. Phosphorylation of Y1472 inhibits the binding of the clathrin adaptor
protein AP-2 to the YEKL motif. This reduced coupling to clathrin prevents the internalization
of the NMDA receptors, increasing the presence of functional NMDA receptors at the cell
surface (Zhang et al., 2008; Goebel-Goody et al., 2009).

In the dorsal horn, phosphorylation of tyrosine Y1472 of the NR2B subunit of NMDA receptors
was found to take place in a neuropathic pain model (Abe et al., 2005). The SFK that
phosphorylates NR2B was probably Fyn, because phosphorylation of Y1472 was lost in mice
lacking Fyn. However, these NMDA receptors are probably not the ones that induce substance
P release, because the NR2B subunit phosphorylated during neuropathy was localized
postsynaptically.

Our results show that NMDA receptors in primary afferents need to be phosphorylated by SFKs
to be able to induce substance P release (Fig. 7). Thus, NMDA-induced NK1R internalization
was prevented by inhibition of SFKs and dramatically increased by inhibition of PTPs. In
addition, this last result shows that NMDA receptor activation is able to release large amounts
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of substance P, comparable with those released by capsaicin. It also indicates that in the basal
state these NMDA receptors are only partially phosphorylated.

There is some prior evidence that NMDA receptors in primary afferents are upregulated by
SFKs. Thus, Li et al. (Li et al., 2006) found that in a colitis model there was a three-fold increase
in NMDA receptor currents in primary afferent neurons, and that this increase was eliminated
by the SFK inhibitor PP2. In another study in primary afferent neurons, the same group
(McRoberts et al., 2007) found that 17-β-estradiol, a estrogen receptor agonist, increased
NMDA receptor currents and that this was prevented by the SFK inhibitor lavendustin A.

We found that the effect of the SFK inhibitor was slow: spinal cord slices needed to be
preincubated with PP1 for one hour in order to eliminate NMDA-induced NK1R
internalization. The amount of tyrosine phosphorylation of these NMDA receptors is probably
determined by the balance of the activity of SFKs and PTPs (Fig. 7), so that when the SFKs
are inhibited the receptors are de-phosphorylated by the PTPs. If so, the slow effect of the SFK
inhibitor indicates that the de-phosphorylation of the NR2B subunit by PTPs is a slow process.
This idea is consistent with previous results: Li et al. (Li et al., 2006), measuring NMDA
receptor currents in primary afferent neurons, found that inhibition by the SFK inhibitor PP2
took one hour to reach its maximum.

Capsaicin-induced substance P release was not affected by SFK inhibition
Like NMDA receptors, capsaicin-activated TRPV1 channels induce substance P release by
letting Ca2+ into primary afferent terminals (Fig. 7). Evidence for this was provided by a
previous study (Lao et al., 2003). In it we found, first, that substance P release (NK1R
internalization) evoked by incubating spinal cord slices with capsaicin was not affected by
lidocaine. This indicates that the effect of capsaicin did not require the firing of action potentials
in primary afferents, and therefore was mediated by TRPV1 channels in the presynaptic
terminals. Second, capsaicin-induced substance P release was not affected by the GABAB
receptor agonist baclofen. Since GABAB receptors inhibit Ca(V) channels (Raingo et al.,
2007), Ca2+ entry through TRPV1 channels was sufficient to evoke substance P release.

We found that NK1R internalization induced by capsaicin was not affected by the SFK inhibitor
PP1. Two conclusions can be derived from this finding. First, it shows that, unlike NMDA
receptors, TRPV1 channels are not regulated by phosphorylation by SFKs. Second, it indicates
that SFK act on the NMDA receptors themselves and not on release mechanisms downstream
from Ca2+ entry, i.e., those regulating the fusion of the dense-core vesicles with the plasma
membrane.

Can SFK upregulation of NMDA receptors resolve contradictions between previous studies?
NMDA-induced substance P release was demonstrated in vivo by Liu et al. (Liu et al., 1997)
and in spinal cord slices by us (Marvizon et al., 1997; Marvizon et al., 1999) and by Malcangio
et al. (Malcangio et al., 1998). In contrast, Afrah et al. (Afrah et al., 2001) and Nazarian et al.
(Nazarian et al., 2007), both working in vivo, could not detect NMDA-induced substance P
release. Importantly, both Afrah et al. and Nazarian et al. measured substance P release in
anesthetized rats, whereas Liu et al. did so in non-anesthetized rats. Spinal cord slices are
routinely preincubated in aCSF long enough to eliminate the anesthetic. The present results
suggest that anesthesia inhibits these NMDA receptors by causing the dephosphorylation of
the NR2B subunit.

Physiological relevance of NMDA receptor-induced substance P release
Dorsal horn neurons expressing NK1Rs receive synapses from primary afferents and project
directly to the brain (Todd et al., 2002; Todd et al., 2005). Therefore, changes in these neurons
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would be expected to have a major impact on the intensity of nociceptive signals sent to the
brain. The excitability of these neurons is increased by the NK1Rs, which should result in
hyperalgesia. Indeed, there is ample evidence that NK1Rs modulate pain in rodents:
hyperalgesic responses are decreased by NK1R antagonists (Traub, 1996; Henry et al., 1999),
by eliminating NK1R-expressing neurons with substance P-saporin (Mantyh et al., 1997) and
in NK1R knockout mice (De Felipe et al., 1998; Laird et al., 2000; Laird et al., 2001).

It was originally suggested that NMDA receptors in primary afferent terminals act as
autoreceptors. As such, they would amplify incoming signals in a positive feedback loop in
which glutamate released by the primary afferents would induce Ca2+ entry into the terminal
through the NMDA receptors, leading to more glutamate and substance P release. This idea
was supported by the finding that NMDA receptor antagonists inhibit substance P release in
spinal cord slices (Marvizon et al., 1997; Malcangio et al., 1998; Marvizon et al., 1999; Lao
et al., 2003) and in vivo (Afrah et al., 2001; Nazarian et al., 2007). However, Bardoni et al.
(Bardoni et al., 2004), using whole-cell recordings from dorsal horn neurons, reported that
NMDA receptors actually inhibit glutamate release from primary afferents. This inhibition was
attributed to axon depolarization by the NMDA receptors, which would block the propagation
of action potentials to the terminal. Comparing the study by Bardoni et al. with our results is
complicated by the fact that they used neonatal rats and recorded EPSCs in the presence of
antagonists of GABAA and glycine receptors. A later study by Zeng et al. (Zeng et al., 2006),
also using neonatal rats, found that morphine tolerance produced an increase of EPSCs in dorsal
horn neurons that was eliminated by NMDA receptor antagonists. This is consistent with a
facilitatory effect of NMDA receptors on neurotransmitter release from primary afferents.

NMDA receptors in primary afferents may be upregulated by SFK phosphorylation in
hyperalgesic states. Indeed, the fact that the PTP inhibitor BVT948 considerably increased
NMDA-induced substance P release indicates that NMDA receptors are mostly
dephosphorylated and downregulated in the basal state. Further support for this idea is the
observation by Li et al. (2006) that during colitis there is a generalized increase in NMDA
receptor currents in primary afferents, which was suppressed by the SFK inhibitor PP2 and
mimicked by the PTP inhibitor sodium vanadate.

In conclusion, NMDA receptors in primary afferent terminals may be “silent” in normal
conditions and become upregulated during morphine tolerance and hyperalgesia. This
upregulation possibly involves phosphorylation by SFKs and trafficking from extrasynaptic
to synaptic sites.
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Abbreviations

aCSF artificial cerebrospinal fluid

ANOVA analysis of variance

Ca(V) voltage-dependent calcium channel

DMSO dimethyl-sulfoxide

EC50 half of the effective concentration

NK1R neurokinin 1 receptor

NMDA N-methyl-D-aspartate
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PTP protein tyrosine phosphatase

SFK Src family kinase

sucrose-aCSF artificial cerebrospinal fluid containing 215 mM sucrose
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Fig. 1. Confocal images of NK1R neurons in lamina I
Spinal cord slices were untreated (control, A), or incubated with 30 µM NMDA + 10 µM D-
Ser (NMDA, B), NMDA, D-Ser and 10 µM PP1 (NMDA+PP1, C) or NMDA, D-Ser and 10
µM BVT948 (NMDA+BVT948, D). Images in the main panels were taken with a 10x objective
consist of 2 optical sections separated 6 µm. They were deblurred using deconvolution. Images
in the insets were taken with a 63× objective and consist of 3–5 optical sections separated 0.38
µm. Neurons with NK1R internalization are indicated with “*” andneurons without
internalization by “o”. Scale bars (in panel D) are 100 µm for the main panels and 10 µm for
the insets.
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Fig. 2. NK1R internalization induced by NMDA was blocked by NMDA receptor and NK1R
antagonists, but not by lidocaine
Spinal cord slices were incubated at 35 °C with no drugs (control) or 10 µM NMDA + 10 µM
D-Ser and the following compounds: none (NMDA), 10 µM MK801 (NMDA receptor channel
blocker), 10 µM ifenprodil (NR2B subunit-selective antagonist), 10 µM L-703,606 (NK1R
antagonist), 1 mM lidocaine (Na+ channel blocker) or 100 nM ω-conotoxin MVIIA (CTX
MVIIA, Ca(V) channel blocker). The incubation consisted in a 10 min preincubation with the
compounds (40 min for L-703,606) followed by the addition of NMDA plus D-Ser for 2 min
more. ANOVA revealed a significant effect of the drug combinations (p<0.0001). Bonferroni’s
post-tests: ***, p<0.001 compared to control; †††, p<0.001 compared with NMDA.
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Fig. 3. Preincubation with capsaicin eliminated NMDA-induced NK1R internalization
Spinal cord slices were preincubated for 10 min with aCSF or 10 µM capsaicin to deplete
primary afferents of substance P. The slices were then kept in aCSF for 90 min to allow NK1R
recycling to the cell surface. After that, the slices were incubated 2 min with no drugs (control),
10 µM NMDA + 10 µM D-Ser, or 1 µM capsaicin. All incubations were done at 35 °C. Two-
way ANOVA revealed a significant effect of capsaicin preincubation (p=0.0019), incubation
with NMDA/capsaicin (p=0.0009) and interaction of both variables (p=0.0009). Bonferroni’s
post-tests: ***, p<0.001 compared to control.
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Fig. 4. Concentration-response for NMDA
Spinal cord slices were incubated for 2 min at 35 °C with NMDA at the concentrations indicated
and 10 µM D-Ser (included also in the control, [NMDA] = 0). N = 4 slices per concentration
of NMDA. ANOVA revealed a significant effect of NMDA (p<0.0001). Bonferroni’s post-
tests, compared to control: *, p<0.05; **, p<0.01; ***, p<0.001. The curve represent fitting a
dose-response function to the data, which yielded EC50 = 258 nM (95% CI = 91–735 nM), top
= 40±2 %, bottom = 7±4 %.
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Fig. 5. Time-course of the inhibition of the effect of NMDA by the SFK inhibitor PP1
Spinal cord slices were incubated for 2 min at 35 °C with NMDA (10 µM) and D-Ser (10 µM),
without any pretreatment (control), or after preincubation with PP1 (10 µM) for the indicated
times. ANOVA revealed a significant effect of time of preincubation with PP1 (p<0.0001).
Bonferroni’s post-tests: ***, p<0.001 compared to control.
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Fig. 6. Effect of inhibitors of SFKs and PTPs on the induction of substance P release by NMDA
Spinal cord slices were incubated for 2 min at 35 °C with the indicated drug combinations
(control: no drugs). Drug concentrations were: 10 µM PP1, 1 µM dasatinib, 10 µM BVT948,
30 µM NMDA (with 10 µM D-Ser), and 1 µM capsaicin. Treatments with PP1, dasatinib, PP3
and BVT948 were preceded by a 60 min preincubation with these compounds. ANOVA
revealed a significant effect of the drug combinations (p<0.0001). Bonferroni’s post-tests: ***,
p<0.001 compared to control; †††, p<0.001 compared to NMDA.
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Fig. 7. Diagram indicating the proposed function of NMDA receptors in primary afferent terminals
Substance P (SP) and glutamate (Glu) are released when Ca2+ enters the terminal through
voltage-gated Ca2+ channels [Ca(V)], TRPV1 channels or NMDA receptors (NMDAR).
NMDA receptors are upregulated (+) by tyrosine (Y) phosphorylation of the NR2B subunit by
SFKs, and downregulated (−) by dephosphorylation by PTPs.
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