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NMDA Receptor Channels Are Involved
in The Expression of Long-term

Potentiation of C-fiber Evoked Field
Potentials in Rat Spinal Dorsal Horn®

ZHANG Hong-Mei, ZHOU Li-Jun, HU Neng-Wei, ZHANG Tong, LIU Xian-Guo™
(Pain Research Center, Department of Physiology, Zhongshan Medical School of Sun Yat—sen University, Guangzhou 510089, China)

Abstract In hippocampus, numerous studies have shown that N-methyl-D-aspartate (NMDA) receptors are essential for the initiation
of long-term potentiation (LTP), whereas the expression of LTP is primarily mediated by the phosphorylation of the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and the increased insertion of postsynaptic AMPA
receptors. However, in recent years there is also evidence that NMDA receptor channels contribute to the expression of LTP under
physiological conditions. It was examined whether NMDA receptor channels contributed to the expression of LTP of C-fiber evoked
field potentials in rat spinal dorsal horn by intravenous or spinal application of NMDA receptor antagonists after the establishment of
LTP. It was found that MK 801 (a non-competitive NMDA receptor antagonist) at dose of 0.1 mg/kg (iv) had no effect on the spinal
LTP and at the dose of 0.5 mg/kg depressed the LTP significantly. However, the inhibitory effect of MK 801 at higher dose (1.0 mg/kg)
was not different from that produced by the dose of 0.5 mg/kg. The similar inhibitory effect on spinal LTP was also observed, when
MK 801 was applied locally at the recording segments of spinal cord. To confirm the above results, a competitive NMDA receptor
antagonist APV was tested. Spinal application of AP V at a concentration of 100 pmol/L produced a stronger depression than at
50 wmol/L. When the concentration of APV increased to 200 wmol/L, no further depression was observed. These results indicate that

NMDA receptor channels are involved in the expression of LTP of C-fiber evoked field potentials in the rat spinal dorsal horn.
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In hippocampus, prolonged enhancement in
synaptic strength, named long-term potentiation (LTP),
is thought to contribute to learning and memory
processes'!l. In recent years it has been shown that LTP
exists not only in hippocampus but also in many other
regions in central nervous system. Accumulated
evidence suggests that some forms of LTP may
underlie pathological processes'?.

Intensive noxious stimulation to peripheral tissues
or nerve injury produces hyperalgesia, an increased
response to noxious stimulation. It is well established
that the central sensitization of spinal dorsal horn
neurons plays an important role in the abnormal pain
behavior®. However the cellular mechanism of central
sensitization is not clear. Our previous works have
shown that C-fiber evoked field potentials, recorded in
the superficial layer of spinal dorsal horn, can be
potentiated for a prolonged time (at least 10 h) by
tetanic stimulation of afferent C-fibers™ or by acute

nerve injury B. The spinal LTP is considered to

underlie hyperalgesia.

In hippocampus it is well established that the
induction of LTP by tetanic stimulation is dependent
on the activation of N-methy-D-asparagic acid
(NMDA)-receptors, whereas the expression of LTP is
primarily mediated by the potentiation of a- amino-3-
hydroxy-5-methyl-4-isoxazolepropionicacid (AMPA)
NMDA-
receptors almost does not participate normal synaptic

receptors on postsynaptic membrane [

transmission, because of a voltage-dependent block by
Mg* . Tetanic stimulation can produce a sufficient
postsynaptic depolarization, via the opening of AMPA
receptor channels which allowing Na® influx, to
remove the blockage of Mg* . The opening of NMDA
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receptor channels allows Ca* enter into the cell and
the elevation of postsynaptic Ca* initiates complex
intracellular events, leading to a potentiation of AMPA
receptor-mediated current by the phosphorylation of
the receptors and the insertion of new AMPA receptors
to postsynaptic membranes™®. As to whether NMDA-
receptors are involved in the expression of LTP has
been an issue of debate. Recent works have shown that
NMDA receptors contribute significantly to the
expression of LTPP™'!,

The induction of LTP of C-fiber evoked field
potentials in spinal dorsal horn can be blocked by
NMDA-receptor antagonist'™. Several lines of evidence
indicate  that
sensitization are prevented or depressed by the
blockage of NMDA receptors > 7. Up to now,
the role of NMDA-receptors in the
expression of the spinal LTP of C-fiber evoked field

both  hyperalgesia and central

however,

potentials has not been evaluated. In the present work
we investigated this issue by intravenous and spinal
application of NMDA receptor antagonists (MK 801 or
APV) after induction of LTP of C-fiber evoked field
potentials.

1 Materials and methods

1.1 Preparation of animals

59 male Sprague-Dawley rats (250 ~350 g) were
used. The rats were anesthetized with urethane
(1.5 g/kg, ip). The trachea was cannulated and the
animals breathed spontaneously.
inserted into one external jugular vein for drug

application and into the tail artery for monitoring the

Catheters were

arterial blood pressure, which was kept in a range
between 80~120 mmHg. Colorectal temperature was
kept constant between 37 ~37.5°C by means of a
feedback-controlled heating blanket. A laminectomy
was performed to explore the lumbar enlargement for
electrical recording.
dissected freely for electrical stimulation. All exposed
nerve tissues were covered with warm parafin oil

The left sciatic nerve was

except for the recording segments, in which the drugs
will be applied. At the end of experiments the animals
were sacrificed by overdose of urethane.
1.2 Electrophysiology

Electrophysiological recording of C-fiber evoked
field potentials in spinal dorsal horn have been
described previously 'Y Briefly, following electrical
stimulation of the sciatic nerve with a bipolar platinum
hook-electrode, field potentials were recorded with

tungsten microelectrode (impedance 0.5~1 M()) at a
depth of 100~500 wm from the surface of the spinal
cord. A bandwidth of 0.1~300 Hz was used to record
field potentials (these could remove the spikes but did
not affect C-fiber evoked field potentials). An A/D
converter card (DT2821-F-16SE) was used to digitize
and store data at sample rate of 10 kHz. Single square
pulses (10 ~20 V, 0.5 ms) delivered to the sciatic
nerve every 1 min, were used to evoke spinal field
potentials. A conditioning tetanic stimulation (40 V,
0.5 ms pulses at 100 Hz for 1 s repeated for four times
at 10 s intervals) was used to induce LTP. The distance
from the stimulation site at the sciatic nerve and
recording site in the spinal cord was around 11 cm.
1.3 Administration of drug

The NMDA
(Dizocilpine maleate,

receptor antagonist MK 801
Sigma) and APV (D,
L-2-amino-5-phosphonopentanoic acid, Sigma) were
dissolved in saline and administered by slow (3 min)
infusion w»ia the external jugular vein or applied
directly onto the recording segments of spinal cord.
1.4 Data analysis and statistics

The area of C-fiber evoked field potential
(Figure 1) was determined off-line by parameter
extraction implemented by Experimenter's Workbench
USA).
expressed as ¥ + s percentage baseline of area of

(DataWave Technologies, The data were
C-fiber evoked field potentials. Statistics were made
by non-parametric statistics. The data within animals
were compared with Wilcoxon Signed Ranks test and
those between animals with Kruskal-Wallis test. P <
0.05 was considered significant.

2 Results

In response to electrical stimulation of the sciatic
nerve, field potentials evoked by the activation of
different kinds of afferent fibers were recorded in the
superficial spinal dorsal horn. Only the field potentials
evoked by C-fibers™ characterized by long latencies
and high thresholds were studied further (as shown in
Figure 1).

2.1 The effects of MK 801 on the expression of
spinal LTP

In 25 rats following stable recordings of C-fiber
evoked field potentials in the spinal dorsal horn for at
least 20 min as baseline, a conditioning tetanic
stimulation (100 Hz, 40 V, 0.5 ms, 4 times) was
delivered to the sciatic nerve. The tetanic stimulation
induced significant enhancement of C-fiber evoked
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field potentials in all rats tested. 30 min after LTP
induction, MK 801 at different dosages was injected
intravenously. MK 801 at a dose of 0.1mg/kg did not
affect the spinal LTP as tested in 9 rats (P > 0.05,
Wilcoxon Signed Ranks Test, Figure 2a) and at a dose
of 0.5mg/kg depressed LTP from (196.3 +24.2)% to
(168.4 £11.3)% (n=7, P < 0.05, Wilcoxon Signed
Ranks Test, Figure 1 and Figure 2b), as measured by
the maximal depression. The depression rate was
(23.2 +4.2)% and the depression lasted for (46.0 +
4.3) min. MK 801 at a higher dose (1.0 mg/kg)
produced a similar depression (from (214.2+21.6) % to
(162.3 £19.7)% , n=9, P < 0.01, Wilcoxon Signed
Ranks Test, Figure 2¢). The depression rate was (21.3+
12.2)% and the depression lasted for (42.0+8.1) min,
which was not different from that produced by the
dose of 0.5 mg/kg (Kruskal-Wallis test, P> 0.05). The
results indicate that maximal depression was achieved
by the dose of 0.5 mg/Kg and NMDA receptor is partly
involved in the expression of the spinal LTP.

To test whether MK 801 also depresses the
baseline of synaptic transmission, MK 801 at the dose
of 0.5 mg/kg was injected intravenously after at least
40 min baseline recording, and then C-fiber evoked
field potentials were monitored for at least 120 min.
No depression was observed (n=6, P > 0.05, Wilcoxon
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Fig. 1 The original recordings of C-fiber evoked field
potentials
A was recorded before LTP induction; B was recorded 30 min after LTP;
C was recorded 20 min after intravenous injection of MK 801 at dose of
0.5 mg/kg; D was recorded 100 min after MK 801 application. The area
of C-fiber evoked field potential was shown in B by shadow.
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Fig. 2 Intravenous injection of MK 801 depressed LTP of C-fiber evoked field potentials in the spinal dorsal horn
The mean area of C-fiber evoked field potentials before tetanic stimulation (40 V, 0.5 ms pulses at 100 Hz for 1 s repeated for 4 times at 10 s
intervals) indicated by up-wards arrows served as baseline and the changes of C-fiber responses were expressed as percentage of baseline.
MK 801 was applied 30 min after LTP induction at the doses of 0.1 mg/kg (a), 0.5 mg/kg (b) and 1.0 mg/kg (c), respectively. In (d) no tetanic
stimulation was delivered and the mean area of C-fiber evoked field potentials before MK 801 (0.5 mg/kg, iv) application served as baseline.
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In order to determine whether the inhibitory effect
of MK 801 on the spinal LTP is resulted from its
indirect action on the spinal dorsal horn neurons by
activation of superaspinal route, MK 801 was applied
locally at recording segments of the spinal cord 1 h
after LTP induction. MK 801 at a concentration of
10 nmol/L did not affect the spinal LTP (n=5, P >
0.05, Wilcoxon Signed Ranks Test, Figure 3a) and at a
concentration of 100 nmol/L depressed LTP from
(227.76 £13.28) % to (179.44 +15.81) % (n=5, P <
0.05, Wilcoxon Signed Ranks Test, Figure 3b). The
depression effect lasted for about 60 min.
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Fig. 3 Spinal application of MK 801 depressed LTP of
C-fiber evoked field potentials in the spinal dorsal horn
MK 801 was applied on the dorsal surface at the recording segments
(50 wl) 1 h after LTP induction at the concentrations of 10 nmol/L (a)

and 100 nmol/L (b), respectively.

2.2 The effects of APV on the expression of
spinal LTP

MK 801 is a non-competitive antagonist of
NMDA receptors, to confirm the effect of NMDA
receptor in the expression of the spinal LTP, APV, a
competitive antagonist of NMDA receptor was tested
1 h after LTP induction. AP V at a concentration of
50 pmol/L depressed LTP from (242.26+17.33) % to
(208.77 £13.63) % (n=6, P < 0.05, Figure 4a), the
depression rate was 12.94% . At a concentration of

100 pmol/L, AP V depressed LTP from (208.36 *
16.93) % to (159.96 £14.13) % (n=6, P < 0.05,

Wilcoxon Signed Ranks Test, Figure 4b), the
depression rate was 24.38%, which was significantly
stronger than that produced by 50 pmol/L of AP V
(P <0.05, Kruskal-Wallis test). When concentration of
APV increased to 200 wmol/L, the depression rate of
2591% (from (230.43 +17.63) % to (170.696 +
15.36) %, n=6, P < 0.05, Wilcoxon Signed Ranks Test,
Figure 4c) was achieved, which was not different from
that by 100 wmol/L of APV (P> 0.05, Kruskal-Wallis
Test).
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Fig. 4 Spinal application of AP V depressed LTP of
C-fiber evoked field potentials in the spinal dorsal horn
APV was applied on the dorsal surface at recording segments (50 pl)
1 h after LTP induction at the concentrations of 50 pmol/L (a),

100 wmol/L (b) and 200 wmol/L (c), respectively.
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3 Discussion

In the present work we found that both systematic
and spinal application of NMDA-receptor antagonists
depressed LTP of C-fiber evoked field potentials in the
same manner, and spinal application of either
non-competitive (MK 801) or competitive (APV)
NMDA receptor antagonists depressed LTP of C-fiber
evoked field potentials. We concluded that
NMDA-receptors contribute to the expression of the
spinal LTP. These are consistent with the pain-related
behavioral studies demonstrating that NMDA receptor
antagonists alleviate the neuropathic painl™ '*~'8, We
also found that both MK 801 and APV at higher doses
produced no further depression of the spinal LTP,
suggesting that the role of NMDA receptors in the
expression of spinal LTP is limited. We infer here that
both of NMDA receptors and AMPA receptors
contribute to the expression of spinal LTP.

In hippocampus, a series of studies have shown
that phosphorylation of the AMPA receptor and
insertion of AMPA to postsynaptic
membrane are crucial for LTP expression® "), There
are also evidence showing that NMDA-receptor
channels contribute to the expression of LTPP !, The

receptors

mechanisms of NMDA-receptor involved in the
expression of LTP are still unclear. It has been shown
that NMDA-receptors are also phosphorylated by
complicated intracellular events initiated by LTP
The phosphorylation of the NMDA
receptors on its serine/threonine residues decreases the

induction @,

blockage of the receptors by Mg and zinc, and
therefore, potentiates the NMDA-receptor mediated
current ?+*1, In the spinal dorsal horn activation of
afferent C-fibers by intradermal injection of capsaicin
produces phosphorylation of NMDA-receptors 24,
Thus,
enable the receptors to participate the

phosphorylation of NMDA-receptors may
synaptic
transmission at normal resting potential level. This
may explain our finding that NMDA receptor
antagonists did not affect spinal synaptic transmission
mediated by C-fibers before LTP but depressed the
transmission after LTP is established. Our results are
in completely agreement with previous works showing
that pharmacological blockage of NMDA receptors
with either competitive or non-competitive NMDA
antagonists do not affect nociceptive response in

normal animals, but reduce the initiation and the

maintenance of central sensitization™ ~7, Recently it
has been further demonstrated that conditional deletion
of the NR1 subunit of the NMDA receptor in adult
spinal dorsal horn does not alter heat or cold
paw-withdrawal latencies, and mechanical threshold in
but reduces NMDA currents and
injury-induced pain produced by intraplantar
It seems clear that NMDA receptor
channels are involved in the central sensitization but

normal animals,
formalin B%,

not in basal pain sensitivity in normal conditions.
However, Suzuki et al®! have reported that blockage
of NMDA inhibits C-fiber evoked action potential
discharges in rats with neuropathic pain as well as in
normal ones. The possible explanation for the
might be due to that different

experimental protocols were used. In our experiments

disagreement

C-fibers were stimulated at 1 min interval before
tetanic stimulation, whereas in the experiments
mentioned above C-fibers were repetitively stimulated
to produce wind-up (a train of 16 stimuli at 0.5 Hz at
three times of C-fiber threshold). Such kinds of
stimulation, when delivered for several times, may
produce central sensitization. If this is true, it is not
surprising that NMDA receptor antagonists depress
C-fiber evoked response.

In about one-third synapses of spinal cord the
NMDA-receptors are located in the presynaptic
terminals, which may facilitate the transmission of
inputs to the spinal cord by increasing the release of
neurotransmitter from the primary afferent terminal®”,
So, it is possible that blockage of presynaptic NMDA
receptors also contributes to the inhibitory effect of
APV or MK 801 on the spinal LTP.

References

1 Bliss T V, Collingridge G L. A synaptic model of memory:
long-term potentiation in the hippocampus. Nature, 1993, 361
(6407): 31~39

2 McEachern J C, Shaw C A. The plasticity-pathology continuum:
defining a role for the LTP phenomenon. J Neurosci Res, 1999, 58
(1):42~61

3 Woolf C J, Salter M W. Neuronal plasticity: increasing the gain in
pain. Science, 2000, 288 (5472): 1765~1769

4 Liu X G, Sandkuhler J. Long-term potentiation of C-fiber-evoked
potentials in the rat spinal dorsal horn is prevented by spinal
N-methyl-D-aspartic acid receptor blockage. Neurosci Lett, 1995,
191 (1~2): 43~46

5 Zhang HM, Zhou L J, Hu X D, et al. Acute nerve injury induces
long-term potentiation of C-fiber evoked field potentials in spinal

dorsal horn of intact rat. Acta Physiologica Sinica, 2004, 56 (5):



. 1188 - EMUFEEYYERRE Prog. Biochem. Biophys. 2006; 33 (12)
591~596 injury in rats. Neuroreport, 1997, 8 (9~10): 2149~2153
6 Soderling T R, Derkach V A. Postsynaptic protein phosphorylation 19 ZhulJJ, Qin Y, Zhao M, et al. Ras and Rap control AMPA receptor
and LTP. Trends Neurosci, 2000, 23 (2): 75~80 trafficking during synaptic plasticity. Cell, 2002, 110 (4): 443~455
7 Nowak L, Bregestovski P, Ascher P, et al. Magnesium gates 20 Ben Ari Y, Aniksztejn L, Bregestovski P. Protein kinase C
glutamate-activated channels in mouse central neurones. Nature, modulation of NMDA currents: an important link for LTP induction.
1984, 307 (5950): 462~465 Trends Neurosci, 1992, 15 (9): 333~339
8 Herron C E, Lester R A, Coan E J, et al. Frequency-dependent 21 Chen L, Huang L Y. Protein kinase C reduces Mg* block of
involvement of NMDA receptors in the hippocampus: a novel NMDA-receptor channels as a mechanism of modulation. Nature,
synaptic mechanism. Nature, 1986, 322 (6076): 265~268 1992, 356 (6369): 521~523
9 OConnor J J, Rowan M J, Anwyl R. Tetanically induced LTP 22 Zheng F, Gingrich M B, Traynelis S F, et al. Tyrosine kinase
involves a similar increase in the AMPA and NMDA receptor potentiates NMDA receptor currents by reducing tonic zinc
components of the excitatory postsynaptic current: investigations of inhibition. Nat Neurosci, 1998, 1 (3): 185~191
the involvement of mGlu receptors. J Neurosci, 1995, 15 (3 Pt 1): 23 Zou X, Lin Q, Willis W D. Role of protein kinase A in
2013~2020 phosphorylation of NMDA receptor 1 subunits in dorsal horn and
10 Muller D, Joly M, Lynch G. Contributions of quisqualate and spinothalamic tract neurons after intradermal injection of capsaicin
NMDA receptors to the induction and expression of LTP. Science, in rats. Neuroscience, 2002, 115 (3): 775~786
1988, 242 (4886): 1694~1697 24 Zou X, Lin Q, Willis W D. Enhanced phosphorylation of NMDA
11 Wang Z, Song D, Berger T W. Contribution of NMDA receptor receptor 1 subunits in spinal cord dorsal horn and spinothalamic
channels to the expression of LTP in the hippocampal dentate gyrus. tract neurons after intradermal injection of capsaicin in rats. J
Hippocampus, 2002, 12 (5): 680~688 Neurosci, 2000, 20 (18): 6989~6997
12 Seltzer Z, Cohn S, Ginzburg R, et al. Modulation of neuropathic pain 25 Woolf C J, Thompson S W. The induction and maintenance of
behavior in rats by spinal disinhibition and NMDA receptor central sensitization is dependent on N-methyl-D-aspartic acid
blockade of injury discharge. Pain, 1991, 45 (1): 69~75 receptor activation; implications for the treatment of post-injury
13 Price D D, Mao J, Frenk H, et al. The N-methyl-D-aspartate receptor pain hypersensitivity states. Pain, 1991, 44 (3): 293~299
antagonist  dextromethorphan  selectively reduces temporal 26 Yaksh T L. Spinal systems and pain processing: development of
summation of second pain in man. Pain, 1994, 59 (2): 165~174 novel analgesic drugs with mechanistically defined models. Trends
14 Davar G, Hama A, Deykin A, et al. MK-801 blocks the development Pharmacol Sci, 1999, 20 (8): 329~337
of thermal hyperalgesia in a rat model of experimental painful 27 Yamamoto T, Yaksh T L. Comparison of the antinociceptive effects
neuropathy. Brain Res, 1991, 553 (2): 327~330 of pre- and posttreatment with intrathecal morphine and MK 801, an
15 Liu X, Sandkuhler J. Characterization of long-term potentiation of NMDA antagonist, on the formalin test in the rat. Anesthesiology,
C-fiber-evoked potentials in spinal dorsal horn of adult rat: essential 1992, 77 (4): 757~763
role of NK1 and NK2 receptors. J Neurophysiol, 1997, 78 (4): 28 South S M, Kohno T, Kaspar B K, e al. A conditional deletion of
1973~1982 the NR1 subunit of the NMDA receptor in adult spinal cord dorsal
16 Eide K, Stubhaug A, Oye I, et al. Continuous subcutaneous horn reduces NMDA currents and injury-induced pain. J Neurosci,
administration of the N-methyl-D-aspartic acid (NMDA) receptor 2003, 23 (12): 5031~5040
antagonist ketamine in the treatment of post-herpetic neuralgia. 29 Suzuki R, Matthews E A, Dickenson A H. Comparison of the effects
Pain, 1995, 61 (2): 221~228 of MK-801, ketamine and memantine on responses of spinal dorsal
17 Hudspith M J, Harrisson S, Smith G, et al. Effect of post-injury horn neurones in a rat model of mononeuropathy. Pain, 2001, 91
NMDA antagonist treatment on long-term Fos expression and (1~2): 101~109
hyperalgesia in a model of chronic neuropathic pain. Brain Res, 30 Liu H, Wang H, Sheng M, et al. Evidence for presynaptic
1999, 822 (1~2): 220~227 N-methyl-D-aspartate autoreceptors in the spinal cord dorsal horn.
18 KimY L, NaHS, YoonY W, et al. NMDA receptors are important Proc Natl Acad Sci USA, 1994, 91(18): 8383~8387

for both mechanical and thermal allodynia from peripheral nerve



2006; 33 (12) IKETHEEE: NMDA ZARIESEXREWE A C F4FABA LTP B%KIE - 1189 -

NMDAS A BES S AR EHEYE
CH%IF A BAL LTP BIFRIE

karge  BAE AReE K O xigE ¢
(PleR2E B A B A A A, T 510089)

WHE  DIEFTAERY], #5) NMDA 44808 5 i A B (LTP) 441, 1 LTP RIA 125 AMPA AR5 IR
1 ] JE 52 R 2H 2R 1) 5 ol J AT O ELE AR R AT WEFT W) NMDA SR 2 5 1 LTP (RE. I NMDA 32 #4i iE

REZLH T A C A4EF KA LTP (WRIA, 5 LTP JG, 2l Skl #8534 7 NMDA SZ &5 415 MK 801 5L
APV, WEEIHAERL. Kk BLER KA 5 3R 55 4t NMDA 32 & MK 801 (0.1 mg/kg) X A% LTP L3 Wd, VES 0.5 mg/ke 3% 0]
LTP, {HJ& 553 =2 1.0mg/kg I, S0 I ARE— 23K, G )50 45 T MK 801 tH Aediil A4 15 /1 LTP. A4IE Lik
SR, AT T 5E4 I NMDA 2RSSR APV, 85 R B7R, FHERE% T 50 pmol/L APV LTP JGsM, 100 wmol/L Xf LTP
HRENHEER, BT % 200 wmol/L i, FMHIE I H A& Wit —L 8. Ftilh, NMDA Z{k@iEHsthz5 74

RETS f1 C P 4E5 K AT LTP 13RIA.

KR KRR, NMDA 5214, T, A
FRSES R3382

g{:ﬁ
EH‘~r

[ 5 A SRR 14230370474, 30200076) Rl HE 15 27K G 4 - w1 L B RER Y27  HE 4 (#98-766) ¥ Wy 33 H
= IR A, Tel/Fax: 020-87331956, E-mail: liuxg@mail.sysu.edu.cn
Wk H: 2006-07-17, %5 H#H: 2006-08-25



