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Injury-induced Plasticity of Spinal Reflex Activity: NK1 Neurokinin
Receptor Activation and Enhanced A- and C-Fiber Mediated
Responses in the Rat Spinal Cord in vitro

S. W. N. Thompson, A. Dray, and L. Urban

Sandoz Institute for Medical Research, London WC1E 6BN, United Kingdom

A- and C-fiber evoked ventral root potential (VRP) responses
have been examined in isolated spinal cord preparations
maintained in vitro that were taken from young rats in which
behavioral hyperalgesia (thermal and mechanical) was in-
duced following UV irradiation of one hindpaw. Evoked VRPs
were compared with those in naive untreated animals. The
duration of both the A- and C-fiber evoked VRP was signif-
icantly increased in UV-treated animals. The amplitude of
the summated VRP evoked by repeated low-frequency
(1.0-5.0 Hz) C-fiber stimulation, a measure of windup, was
significantly greater in UV-treated animals. In UV-treated
animals, repeated low-frequency (1.0-5.0 Hz) stimulation of
A-fiber inputs to the spinal cord also evoked a significant
summated VRP, which was not observed in spinal cords from
untreated animals.

In naive animals the prolonged VRP evoked following sin-
gle shock C-fiber stimulation was significantly antagonized
by the NMDA receptor antagonist b-AP5 and the NK2 recep-
tor antagonist MEN,10376 but not by the NK1 receptor an-
tagonists CP-96,345 or RP,67580. Summated VRPs evoked
by repeated C-fiber stimulation in naive animals were sig-
nificantly antagonized only by p-APS5. In hyperalgesic ani-
mals the prolonged VRP evoked by C-fiber stimulation was
significantly reduced by NK1, NK2, and NMDA antagonists.
The summated VRP was also significantly reduced by these
antagonists. In both untreated and UV-irradiated animals the
single shock evoked A-fiber ventral root response was sig-
nificantly antagonized only by p-AP5. However, the sum-
mated VRP evoked by repeated A-fiber stimulation in UV-
treated animals was also significantly reduced by NMDA,
NK1, and NK2 receptor antagonists.

The present study has demonstrated enhanced A- and
C-fiber evoked responses in the rat spinal cord in vitro fol-
lowing induction of a peripheral injury by UV irradiation and
which was associated with behavioral hyperalgesia to ther-
mal and mechanical stimuli. Under this condition, repetitive
stimulation of A-fiber primary afferents was capable of pro-
ducing an enhancement of spinal excitability similar to that
evoked by C-fibers in normal animals. Furthermore, we have
observed the expression of an NK1 receptor component to
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the C-fiber evoked response following the establishment of
the peripheral injury. The enhanced ventral root responses
and changes in receptor sensitivity may contribute to the
phenomenon of central sensitization and may be directly
related to the behavioral hyperalgesia observed. Moreover,
these findings may be relevant to the mechanisms of en-
hanced central excitability that occur in clinical conditions
of inflammatory hyperalgesia and neuropathic pain.
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neurokinin, NK1, NK2, ventral root potential]

Peripheral tissue injury produces prolonged changes in the func-
tion of the nervous system. The hypersensitivity that results as
a consequence of tissue injury and inflammation is due to an
increased sensitivity of nociceptors that innervate the area of
peripheral damage (peripheral sensitization; Bessou and Perl,
1969; Campbelletal., 1979; LaMotte et al., 1982) and to changes
in the excitability of neurons within the spinal cord (central
sensitization; Woolf, 1983; Treede et al., 1992). The induction
of central sensitization is critically dependent upon the activa-
tion of nociceptive afferent fiber inputs (Wall and Woolf, 1984,
Woolf and Wall, 1986) and has been observed following brief
electrical stimulation of high-threshold afferent fibers (Cook et
al., 1987; Woolf and King, 1990), the application of chemical
irritants to human and animal skin (Hoheisel and Mense, 1987,
Simone et al., 1989; Dougherty and Willis, 1992; LaMotte et
al., 1992) and following peripheral inflammation (Schaible et
al., 1987; Hylden et al., 1989).

A unique property of those primary afferent fibers responsible
for the induction of central sensitization is their ability to evoke
prolonged postsynaptic potentials in spinal cord neurons (Price
et al., 1971; Urban and Randic, 1984; Yoshimura and Jessel,
1989; Thompson et al., 1990). These long-duration excitatory
postsynaptic potentials (EPSPs) undergo pronounced temporal
summation following low-frequency repetitive stimulation
(Thompson et al., 1990) that results in a cumulative membrane
depolarization and prolonged afterdischarge (Thompson et al.,
1990; Sivilotti et al., 1993) and that underlies the phenomenon
of “windup” (Mendell, 1966; Thompson et al., 1993b). Using
a technique similar to that of Luscher et al. (1979) for recording
postsynaptic population potentials, these long-duration EPSPs
may also be recorded extracellularly as a prolonged ventral root
potential (VRP) from in vitro spinal cord preparations (Akagi
et al., 1985; Evans, 1986; Thompson et al., 1992). These pro-
longed VRPs also exhibit pronounced temporal summation fol-
lowing repeated high-intensity electrical stimulation of an ip-
silateral dorsal root (Thompson et al., 1992, 1993a). This closely



mimics the temporal summation of EPSPs and windup recorded
intracellularly from spinal cord neurons iz vivo and in vitro (Price
et al., 1971; Woolf and King, 1989; Thompson et al., 1990).

Previous studies have implicated the involvement of the
NMDA class of excitatory amino acid (EAA) receptor in the
generation of slow synaptic potentials, windup, and injury-in-
duced sensitization in the spinal cord (Davies and Lodge, 1987,
Dickenson and Sullivan, 1987; Gerber and Randic, 1989a;
Schneider and Perl, 1989; Thompson et al., 1990; Yoshimura
and Jessel, 1990; Woolf and Thompson, 1991; Coderre and
Melzack, 1992). In addition to the release of EAA transmitters,
C-fiber activation uniquely results in the release of neuropep-
tides (Go and Yaksh, 1987) that are contained within the same
afferent terminals in the superficial spinal cord (Battaglia and
Rustioni, 1988). The neurokinins substance P (SP) and neuro-
kinin A (NKA) are present along with distinct receptors within
the mammalian spinal cord that mediate their biological effects
(Hokfelt et al., 1975; Ogawa et al., 1985). These receptors have
been designated NK1 and NK2, with SP and NKA as their
preferred endogenous ligands (see Maggi et al., 1993, for review).
Substantial evidence has now accumulated that suggests a role
for neurokinins in nociceptive sensory function and in particular
in the mediation of central sensitization (Xuetal., 1991, 1992a.b).
Thus, SP produces slow postsynaptic depolarizations in dorsal
horn neurons (Urban and Randic, 1984; Randic et al., 1988).
Neurokinin antagonists strongly suppress slow synaptic trans-
mission (Urban and Randic, 1984; Randic et al., 1988; De-
Koninck and Henry, 1991; Nagy et al., 1993), prevent the de-
velopment of windup (Kellstein et al., 1990, Xu et al., 1992b),
and attenuate the flexor reflex facilitation evoked by either elec-
trical nerve stimulation or exogenously applied neurokinins (Xu
et al., 1992b). Studies performed with in vitro spinal cord prep-
arations have shown that neurokinin antagonists also attenuate
the extracellularly recorded VRP evoked by small-caliber affer-
ent fiber stimulation (Yanagisawa et al., 1982; Otsuka and Yan-
agisawa, 1988; Nussbaumer et al., 1989; Woodley and Kendig,
1991; Thompson et al., 1993a) and under certain circumstances
attenuate the temporal summation of these potentials that leads
to windup (Thompson et al., 1993a). In previous studies, dif-
fering roles for the activation of the NK1 and NK2 classes of
neurokinin receptors were suggested. This was dependent upon
modality, intensity, and duration of afferent input (Thompson
et al., 1993a). The present study has further assessed the role
of the NK1 and NK2 receptor activation in the generation of
the prolonged VRP and windup. The contribution of different
neurokinin receptors has been assessed in naive rats and in
animals in which hyperalgesia had been established following
brief UV irradiation of one hindpaw. Characterized as a model
of prolonged hyperalgesia, this model has been shown to display
features of hyperalgesia that may be sustained by both peripheral
and central mechanisms (Perkins et al., 1993).

Materials and Methods

UV irradiation of the hindpaw. Hyperalgesia was induced in neonatal
rat pups using the method previously described in detail for adult rats
(Perkins et al., 1993). The glabrous surface of the left hindpaw of neo-
natal Sprague-Dawley rat pups (8—12 d old) was exposed to a cold UVA
light source (365 nm, 69 nW/cm?) for 90 sec. This exposure was repeated
18 hr later.

Behavioral testing. On each of the following days 1-6 (designated
UV1-UVé6) separate groups of four rat pups were placed into a trans-
parent, Perspex box. The withdrawal latency of each hindpaw to a
focused radiant heat beam was measured in a pseudorandom manner;
hence, animals were not tested in sequence and no individual animal
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had both paws tested sequentially. A 2 min interval was kept between
tests. The paw temperature was measured with a thermistor and plotted
as a function of time following stimulus presentation, from which an
estimate of heat threshold for paw withdrawal could be obtained. The
mechanical threshold of the hindpaws was measured in separate groups
of four animals from UV1 to UVS5 using a modified Randall-Sellito paw
pressure test. The plantar surface of the left hindpaw of a lightly re-
strained rat pup was placed upon a flat Perspex stage. The pressure on
a second flat Perspex probe placed on top of the foot was gradually
increased. The end point was measured as the pressure at which the
paw was withdrawn from between the probes. Each group of four ani-
mals was tested only once.

In naive rat pups, reflex thresholds are known to increase with age.
Hence, neonatal animals have much lower mechanical thresholds than
adult rats (Fitzgerald ¢t al., 1987). Rat pups were therefore exposed to
the UV radiation at a suitable postnatal age (postnatal days §-12; PND
8-12) so that all animals were within 4 d of age when the behavioral
testing was carried out (PND 12-15). Control groups of rat pups were
tested alongside UV-treated animals and consisted of age-matched un-
treated animals (naive rat pups).

In vitro preparation and recording. The extent of the thermal and
mechanical hyperalgesia observed following the second UV treatment
was maximal between days 1 and 3, with no significant difference in
the degree of hyperalgesia obtained between these two times. In the
present study, therefore, spinal cords from animals on the first day
following the final UV irradiation (UV1) were further analyzed for phys-
iological and pharmacological studies and taken as representative for
this period of the hyperalgesia. Spinal cords from UV4, UV5, UV6, or
hemisected cords contralateral to the UV lesion were not tested in this
study. Hemisected spinal cords ipsilateral to the UV lesion were pre-
pared from UV1 treated and naive animals using identical surgical
procedures. Animals were deeply anesthetized following Enflurane in-
halation and the spinal column containing all thoracic and sacral seg-
ments was rapidly removed and submerged in oxygenated Krebs so-
lution (in mm: NaCl, 138.0; KCl, 1.35; NaHCO,, 21.0; NaH,PQO,, 0.58;
MgCl,, 1.16; CaCl,, 1.26; glucose, 10.0) at 4°C. The spinal cord was
subsequently removed from the spinal column and hemisected in Krebs’
solution at 4°C, constantly oxygenated and perfused. The left-hand side
hemisected spinal cord was routinely used and extended from T6/7 to
the cauda equina. A recovery period of at least 2 hr was left between
removal of the cord and recording. A major portion of the primary
afferent fibers innervating the plantar surface of the rat hindpaw have
cell bodies distributed in the LS dorsal root ganglion (Molander and
Grant, 1986). Responses were therefore recorded from the L5 ventral
root following stimulation of the ipsilateral L5 dorsal root in all exper-
iments (L5 DR-VRP). Spinal cords were placed in a Perspex recording
chamber (1.0 ml approximate volume) and superfused at 5 ml/min with
the same modified oxygenated Krebs solution at room temperature (18—
22°C). The L5 dorsal root was stimulated via a glass suction electrode
with constant current stimuli at a distance of approximately 15 mm
from the dorsal root entry zone. Initial experiments were carried out to
determine the electrical thresholds for dorsal root afferent fiber acti-
vation. In these experiments the dorsal root, dorsal root ganglia, and
peripheral nerve were taken from animals of the same age and receiving
the same treatments as for the spinal cord experiments. In four exper-
iments the compound action potential (CAP) was recorded from the
sciatic nerve following single shock electrical stimulation of the dorsal
root via the suction electrode. The following stimulation intensities were
used throughout the present study: 5 V for 20 usec represented 2 xTh
(twice threshold) intensity for the activation of a single rapidly con-
ducting CAP (see Fig. 3). In addition to the fast-conducting CAP, a
discrete long-latency CAP, which reflected the activation of slowly con-
ducting unmyelinated and thin myelinated afferent fibers, was evoked
by 50 V, 200 usec pulses. This stimulus intensity also represented 2x Th
for the slowly conducting afferent fiber wave. A closely fitting glass
suction electrode placed over the L5 ventral root in close contact to the
ventral horn was used to record the ventral root potential (VRP) evoked
by dorsal root stimulation. Stable DC recordings of the evoked VRPs
could be recorded for several hours by this method. CAPs and VRPs
were amplified and digitized using an Axon instruments Labmaster
TL-1 DMA interface and recorded onto hard disk using scan software
(J. Dempster, Strathclyde University).

Drugs and solutions. All drugs were made up from frozen aliquots
dissolved to their final concentration in the Krebs solution prior to
application and perfused to the recording chamber as indicated. The
following compounds were used: the selective NK1 receptor antagonists
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Figure 1. Typical VRP evoked fol-

lowing single shock stimulation of high-

threshold dorsal root afferents is shown

in the presence and absence of p-APS.

Three distinct components of the VRP

are indicated: (1) the early wave, also

present following low-threshold affer-

ent fiber activation, and which is resis-

tant to the NMDA receptor antagonist

D-APS; (2) the slow component, which

is only present following high-threshold 4
activation and is that portion of the re-

sponse which is highly dependent upon A
activation of the NMDA class of EAA
receptor; and (3) the prolonged wave, a
very long duration high-threshold
evoked response, whose peak ampli-
tude occurs at approximately 2.0 sec
and which is resistant to p-AP5.

prolonged

RP,67580 and its inactive enantiomer RP,68651 [(2-(1-imino-2-(2
methoxy phenyl) ethyl)-7,7 diphenyl-4 perhydroisoindolone-(3aR,7aR)],
a gift from Rhone Poulenc Rorer Chemicals, was dissolved in 0.1 N
hydrochloric acid and stored in frozen aliquots, and racemic CP-96,345
[cis-2-(diphenylmethyl)-N-[(2-methoxyphenyl)-methyl]-1-azabicy-
clo[2.2.2.]octan-3-amine] was synthesized at Sandoz AG Basle.
MEN, 10376 [Tyr, p-Trp, Lys-NKA (4-10)] was a gift from Menarini
Pharmaceuticals, Florence, Italy. p-APS (p-2-amino-5-phosphonopen-
tanoic acid) was obtained from Sigma. Antagonist concentrations used
were as follows: CP-96,345, 500 nMm; RP,67580 and RP,68651, 100 nm;
MEN, 10376, 100 nM; D-APS, 20 M. We have previously demonstrated
that racemic CP-96,345 acts as a competitive antagonist against sub-
stance P methyl ester (SPOMe)-induced responses in the neonatal rat
spinal cord preparation with an apparent affinity coefficient (pK, = 7.25)
similar to that reported elsewhere (Beresford et al., 1991). The concen-
tration of RP 67580 used in the present experiments (100 nm) was in
excess of the IC,, (16.1 nm) previously calculated for its action against
SPOMe-induced responses in the rat spinal cord preparation (Thomp-
son et al., 1993a). The concentration of MEN, 10376 (100 nm) used in
the present study was the same as that previously shown to abolish
completely and specifically NKA (300 nm)-evoked depolarizing re-
sponses in deep dorsal horn neurons in the neonatal rat spinal cord in
vitro (Nagy et al., 1993). Drugs were applied by bath perfusion to the
spinal cord. MEN, 10376 was applied 40 min prior to and during testing
in all cases and its effects were completely reversed following 30 min
wash. CP-96,345, RP,67580, and RP,68651 were applied 20 min prior
to testing in all cases and effects were reversed following 20 min wash.

Characteristics of the VRP. Previous studies (Thompson et al., 1992,
1993a) have demonstrated several components to the VRP following
electrical stimulation of the ipsilateral dorsal root that may be distin-
guished by their response threshold, response latency, and pharmaco-
logical profile. Briefly, the early component of the VRP is a short-
duration A-fiber evoked wave, resistant to NMDA receptor antagonists
but sensitive to the non-NMDA receptor antagonists. Stimulus inten-
sities that recruit slowly conducting C-fibers evoke a very long duration
VRP consisting of the early NMDA-resistant component also observed
with the low-intensity stimulation, a longer-latency slow NMDA-sen-
sitive component, and a further very long duration prolonged compo-
nent (Fig. 1). This prolonged component is NMDA resistant, has its
peak amplitude at a latency of approximately 2.0 sec, and is only present
at stimulus strengths sufficient to activate slowly conducting unmyelin-
ated and thin myelinated afferent fibers (Thompson et al., 1992). In our
present experiments the following parameters of the VRP were mea-
sured. (1) Following low-intensity dorsal root stimulatior, the peak
amplitude and the integrated VRP area were measured between 0 and

D-AP5

2.0 sec latency. This period encompassed the whole of the low-threshold
evoked response. (2) Following high-intensity stimulation the prolonged
VRP area was measured between 0 and 4.0 sec latency. This area con-
tained the whole of the NMDA-dependent slow VRP component and
the majority of the NMDA-independent prolonged response. The pro-
longed VRP amplitude was measured at a latency of 2.0 sec, the peak
latency of this wave (see Fig. 1). (3) The early and prolonged VRP
duration following either low- or high-threshold afferent fiber stimu-
lation was measured as the time to return to baseline potential. Statistical
evaluation was carried out using methods in Snederor and Cochran
(1978). One-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison test or a Student’s ¢ test assuming equal variance
was carried out as appropriate. All values in the text are expressed as
mean + SEM.

Results

Thermal and mechanical hyperalgesia following UV
irradiation

On the first day following UV treatment (UV1) a marked ery-
thema was present in the treated paw without evidence of tissue
damage. Inflammation of the ipsilateral paw was present by day
2 and persisted throughout UV3-UV4. Typically, blistering of
the glabrous skin with some weeping was apparent by UVS5.
Throughout this period no sign of inflammation or injury was
present on the contralateral untreated hindpaw. The animals
did not appear to be in distress over this time period and con-
tinued to feed and groom and develop at a normal rate compared
to litter mates.

Figure 2 shows the time course of the mean paw withdrawal
latencies to a thermal stimulus and mean paw pressure tolerated
for groups of UV-treated animals following the final UV treat-
ment in comparison to age-matched naive rat pups. Thermal
hyperalgesia, recorded as a significant drop in the paw with-
drawal latency from a radiant heat beam, was present in both
the ipsilateral and contralateral hindpaws throughout the period
of testing. On UV1 the withdrawal latency of the ipsilateral
hindpaw was significantly reduced to 5.3 + 0.48 sec (p < 0.01,
t test; n = 11). This represented 40.8 + 3.9% of control value
(13.2 = 0.5 sec). On UV3 the withdrawal latency had further
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fallen to 4.5 = 0.29 sec (n = 4; 33.7 * 2.2% of control). This
corresponded to a heat threshold for paw withdrawal of ap-
proximately 37°C compared to approximately 46°C in naive
animals. Partial recovery of the paw withdrawal latency was
apparent on UV5. Full recovery of the ipsilateral paw with-
drawal latency had not taken place by UV6, when the testing
ended. A significant contralateral thermal hyperalgesia was also
present that was maximal on UV3 (withdrawal latency 7.25 *
0.29 sec, 54.2 + 2.1% of control; p < 0.01, t test; n = 4). This
corresponded to a heat threshold for paw withdrawal of ap-
proximately 40.0°C. The contralateral thermal hyperalgesia also
persisted to UV6 (p < 0.01).
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Figure 2. Gt phs illustrate the ther-
mal and mecl nical hyperalgesia ob-
served in the treated (ipsilateral) and
untreated (contralateral) hindlimb in the
neonatal rat following two successive
UV exposures given 18 hr apart. The
final UV treatment was given on day 0.
Thermal hyperalgesia was apparent on
the first day following treatment and
was maintained at a significant level for
6 d. Mechanical hyperalgesia was sig-
nificant at day 1 and fully reversed by
UV day 5. All animals were between
postnatal days 12 and 15 of age at time
of behavioral testing. *, p < 0.05; **, p
< 0.01; unpaired ¢ test assuming equal
variance.

Mechanical hypersensitivity was also observed as a significant
decrease in the mean paw pressure threshold in both ipsilateral
and contralateral hindpaws. On UV1 the weight tolerated by
the ipsilateral hindpaw was 108.7 + 17.37 gm; this represented
52.6 + 8.4% of control weight tolerated by naive animals (206.4
+ 13.8 gm; p < 0.01, ¢ test; n = 11). By UV3 the weight was
57.5 + 11.2 gm (n = 4; 27.3 £ 5.3%) compared to a control
weight of 210.0 + 10.0 gm (n = 4). Contralateral values for
UV1and UV3 were 133.7 = 9.8 gm (n= 11; 67.6 £ 5.0%) and
126.2 = 9.4 gm (n = 4; 53.7 + 4.0%), respectively. Both ipsi-
lateral and contralateral paw pressure tolerance was not signif-
icantly different from naive scores by UVS5.
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A

Figure3. Comparison of VRP evoked
following high- and low-threshold af-
ferent fiber stimulation in untreated and
UV-treated animals. 4, Low-intensity
(5 V, 20 usec) single shock electrical
stimulation of the dorsal root evokes a
single fast-conducting compound ac-
tion potential (CAP) on the peripheral
nerve (inset). A significant difference in
VRP duration between naive and UV-
treated preparations is present. Arrow-
head shows the time to return to base-
line in naive preparation. The arrow
gives the equivalent point for UV-treat- B
ed preparation. B, High-intensity (50 V,
200 usec) single shock electrical stim-
ulation of the dorsal root evoked an
additional slowly conducting CAP (ar-
row in inset). The corresponding pro-
longed VRP is shown from UV-treated
and untreated (naive) animals. A sig-
nificant difference was also apparent in
the durations of the prolonged VRP.
The time to return to baseline of the
prolonged VRP in the naive prepara-
tion is arrowed. The equivalent re-

1.0mV

500ms

sponse from the UV-treated prepara-
tion extended beyond the sweep period.

Characterization of VRP: single shock evoked VRP

Hemisected spinal cords were prepared from a total of 11 UV1
treated animals taken immediately following behavioral testing.
Hemisected spinal cords (left-hand sides) from 13 age-matched
naive rat pups were used in control experiments.

In preliminary experiments the CAP was measured from the
sciatic nerve following single shock electrical stimulation of the
L5 dorsal root in both UV-treated and naive age matched rat
pups. Low-intensity electrical stimulation (5 V, 20 usec) evoked

0.2mV

50.ms

a short-latency CAP (Fig. 34, inset). The conduction velocity
(CV) of this wave recorded from the sciatic nerve was between
3.52 and 5.25 m sec~'. No significant difference was observed
in the threshold or CV of the low-intensity CAP between naive
and UV-treated animals. Figure 3 shows the corresponding VRPs
recorded in response to a single shock low-intensity stimulus to
the L5 DR in naive and UV1 treated animals. No significant
difference was measured between the VRP amplitude or inte-
grated area (measured between 0 and 2.0 sec following stimulus
artifact) between naive and UV-treated animals. The duration

Table 1. Comparison of the A- and C-fiber evoked VRP in naive and UV-treated animals

UV-treated
Naive animals animals
Low-threshold afferent fiber evoked
Early VRP area (mV-sec) 0.20 = 0.04 0.29 = 0.04
10 (11)
Early VRP peak amplitude (mV) 0.54 = 0.08 0.73 £ 0.10
(10) an
Early VRP duration (sec) 1.64 £ 0.31 4.28 + 0.6*
% (11)
High-threshold afferent fiber evoked
Prolonged VRP area (mV -sec) 1.01 = 0.13 1.38 +£ 0.21
(13) (11)
Prolonged VRP amplitude at 2.0 sec (mV) 0.22 = 0.03 0.32 £ 0.05
(13) (11)
Prolonged VRP duration (sec) 9.60 + 0.78 15.62 + 1.56*
' (10 (®)

Mean values and SEs for the area, amplitude, and duration of the low- and high-threshold afferent evoked ventral root
responses in naive animals are given and compared to those values recorded in UV1 animals. Numbers of preparations
are in parentheses. The early VRP response consisted of the short-duration A-fiber evoked wave measured between 0
and 2 sec. The prolonged VRP response is the very long duration A- plus C-fiber evoked response. Those values shown
in boldface and marked with an asterisk indicate a significant difference between measured parameters.

* Significant difference from naive value p < 0.05 ¢ test.
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of the low-threshold afferent fiber evoked VRP was significantly
greater however, in UV-treated rat pups than in naive animals
(p < 0.01; Table 1).

High-intensity electrical stimulation of the L5 DR (50 V, 200
usec) in addition to the rapidly conducting CAP also recruited
a slowly conducting CAP in the sciatic nerve (0.27-0.32 msec—;
Fig. 3B, inset arrow). The threshold and CV of this slowly con-
ducting CAP were similar in both naive and UV-treated animals
and presumably represented conduction in unmyelinated and
thin myelinated afferent fibers. The corresponding ventral root
response is shown in Figure 3B. Typically, a very long duration
prolonged VRP was recorded from the L5 ventral root. The
difference measured in the integrated area of the prolonged VRP

——

1.0Hz, 5V 20us

1.0Hz, 50V 200us
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Figure 4. The summated VRP evoked

following low-frequency repetitive

stimulation. 4, Repetitive (1.0 Hz)

stimulation of low-threshold afferent fi-

bers was given for the period indicated
5s by the horizontal bar. Ai, Spinal cords
from untreated animals were unable to
sustain any summated depolarization
at low stimulus intensities. 4ii, In UV-
treated animals a substantial and sus-
tained depolarization was evoked fol-
lowing identical low-threshold afferent
fiber stimulation as that given in Ai. Bi,
Repetitive low-frequency (1.0 Hz)
stimulation of high-threshold afferent
fibers delivered during the period in-
dicated by the horizontal bar evoked a
maintained summated depolarization
in untreated animals. Bii, Identical
stimulation in UV-treated animals
evoked a summated VRP significantly
greater in amplitude. C, Graph com-
paring the VRP amplitude evoked in
treated and untreated animals follow-
ing repetitive low- and high-threshold
afferent fiber stimulation. The sum-
mated VRP amplitude evoked by low-
threshold (LT) afferent fiber stimula-
tion in UV-treated animals (solid bars)
was significantly greater than in naive
animals (open bars) at all stimulation
frequencies (1.0 and 5.0 Hz shown). The
high-threshold (HT) afferent fiber
evoked summated VRP (solid bars) was
also significantly greater in UV-treated
animals at all stimulation frequencies.
* p < 0.05, unpaired ¢ test.

or the VRP amplitude between naive and UV-treated animals
was not significant. However, the VRP duration was signifi-
cantly greater in UV-treated animals than in naive rat pups (p
< 0.05, ¢ test; Table 1).

Summated VRP evoked by repetitive stimulation

High-threshold afferent stimulation. A low-frequency (1.0-5.0
Hz), high-intensity dorsal root stimulation for 20.0 sec evoked
a temporal summation of the prolonged VRP that results in a
summated VRP (Thompson et al., 1992, 1993a). The final am-
plitude of the summated VRP evoked following 20 sec stimu-
lation in UV animals (0.65 + 0.1 mV, n = 11 at 1.0 Hz; 0.94
+ 0.13 mV, n = 11 at 5.0 Hz) was significantly different from
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Figure 5. The effects of NMDA and neurokinin receptor antagonists are shown upon the single shock A-fiber evoked VRP in both UV-treated
and untreated (naive) animals. Upper traces, The monosynaptic, short-latency VRP remains unaffected following 20 min bath application of the
NMDA receptor antagonist p-APS (20 um) in both UV1 and naive animals. Only the short-duration residual polysynaptic activity was affected by
the D-APS. Middle and lower traces show that neither the nonpeptide NK1 receptor antagonists RP,67580 (100 nM) applied for 20 min, nor the
peptide NK2 receptor antagonist MEN, 10376 (100 nm) applied for 40 min had any significant effect upon the VRP in either UV 1 or naive animals.

Each panel shows control, wash, and drug responses (arrowed when different from control). All traces are an average of four responses.

that evoked at comparable frequencies of stimulation in naive
animals (0.36 £ 0.05 mV, n= 10 at 1.0 Hz; 0.61 = 0.07 mV,
n =10 at 5.0 Hz; p < 0.05, ¢ test; Fig. 4).

Low-threshold repetitive afferent fiber stimulation. In naive
animals, repetitive stimulation at low stimulus intensities, which
activates only the rapidly conducting A-fiber wave on the CAP,
did not evoke a significant summated VRP at any frequency of
stimulation tested up to 10.0 Hz. This reflects the inability of

low-threshold afferent fiber input under normal conditions to
evoke windup in the spinal cord. In UV animals, however, a
substantial summated VRP was evoked following low-threshold
afferent fiber stimulation at both 1.0 Hz (0.17 = 0.03 mV, n =
8) and 5.0 Hz (0.41 = 0.08 mV, n = 8) (Fig. 44,C) that was
significantly different from that measured in naive animals (p
< 0.05, ¢ test). The summated VRP evoked by 5.0 Hz repetitive
A fiber stimulation in UV-treated animals gave an equivalent

Table 2. The effect of NMDA and neurokinin receptor antagonists upon the A-fiber evoked response in naive and UV-treated animals

VRP integrated area VRP peak amplitude VRP duration
Naive UV day 1 Naive UV day 1 Naive UV day 1
D-APS 424 + 5.2% 293 + 6.2% 709 + 6.9* 67.3 + 14.7* 36.8 + 11.2* 319 + 9.5%
(20 um) ) %) (5) (5) @) (5)
CP-96,345 90.8 + 6.7 74.2 + 11.9* 89.9 + 10.5 79.2 + 11.6 100.3 + 6.4 96.2 + 8.8
(500 nm) 4 ) 4) ) 4) )
RP,67580 113.5 = 18.9 87.8 £ 6.1 108.8 + 6.5 102.0 = 3.7 113.9 + 10.2 97.0 £ 104
(100 nm) (3) &) 3) (5) 3) (5)
MEN, 10376 78.0 = 8.5 90.2 +'5.0 91.5 + 8.0 98.1 £ 1.8 98.0 = 10.8 100.6 = 5.7
(100 nm) 4 6) 4 (6) (3) (6)

The effect of NMDA, NKI, and NK2 receptor antagonists upon the single shock A-fiber evoked VRP area, amplitude, and duration in naive and UV1 animals is
shown. All values represent mean percentage = SEM of the control value (100%) obtained in the absence of drug perfusion. Values in boldface and marked with an
asterisk show significant difference from control value (p < 0.05, ANOVA). Numbers in parentheses represent number of preparations.
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Figure 6. The effect of NMDA and neurokinin receptor antagonists upon the prolonged VRP evoked following single shock high-intensity electrical
stimulation of the dorsal root in both UV-treated and naive animals. Upper traces, p-AP5 (20 um) significantly reduced the prolonged VRP area
in both UV-treated and untreated animals. The effect in both is confined to the early portion (0-2 sec) of the response (indicated by the arrow).
Middle traces, The nonpeptide NK 1 antagonist RP,67580 (100 nm) applied for 20 min did not effect the prolonged VRP in naive animals. Following
UV treatment the effect of this antagonist is highly significant (arrows). Lower traces, The effect of the peptide NK2 antagonist MEN,10376 (100
nM) is significant in both naive and UV-treated animals (arrows). All panels show control, wash, and drug traces (arrows). All traces are an average

of four responses.

mean amplitude of depolarization to that evoked following 1.0
Hz high-threshold afferent fiber stimulation in naive animals
(Fig. 40C).

Effect of NMDA and neurokinin receptor antagonists upon the
single shock evoked VRP

A-fiber evoked response. The effects of the NMDA and neuro-
kinin receptor antagonists upon the earlty VRP following single
shock low-threshold afferent fiber stimulation are shown in Fig-
ure 5 and summarized in Table 2. p-AP5 (20 um) significantly
reduced the area, peak amplitude, and duration of the evoked
early VRP compared to control in both naive and UV1 animals.
No significant difference was present between the effect of D-AP5
in naive or UV1 treated animals. The nonpeptide NK 1 receptor
antagonists RP,67580 (100 nM) and the peptide NK2 receptor
antagonist MEN, 10376 (100 nm) had no detectable effect upon
any parameter of the A-fiber evoked early VRP in either naive
or UV-treated animals. The NK1 receptor antagonist CP-96,345
(500 nm) significantly reduced (74.2 + 11.9% of control) only
the area of the A-fiber VRP in UV 1-treated animals. RP,68651
(100 nM) had no significant effect upon any measured parameter.

High-threshold afferent evoked response. Figure 6 shows the

effect of the neurokinin and NMDA receptor antagonists upon
the prolonged VRP evoked following single shock stimulation
of high-threshold dorsal root afferent fibers. In naive animals
the prolonged VRP area was significantly reduced (p < 0.05,
ANOVA) following bath application of p-AP5. This reduction
was restricted to the early portion of the response (0-2 sec la-
tency). The mean VRP amplitude measured at latency of 2.0
sec and VRP duration were unaffected by the NMDA antagonist.
In naive animals no significant differences from control values
were observed in any measured parameter of the prolonged VRP
following 20 min bath application of either the active or inactive
NK1 antagonists CP-96,345 (500 nm), RP,67580 (100 nm), or
RP,68651 (100 nm). Following superfusion with MEN,10376
(100 nm), however, the prolonged VRP area and amplitude were
significantly reduced (p < 0.05, ANOVA; see Table 3). The
VRP duration, however, was not significantly effected. These
results confirm that under normal circumstances NMDA and
NK2 receptor activation but not NK1 receptor activation con-
tribute to the different but overlapping components of the pro-
longed VRP.

Figure 6 also shows the effects of NMDA and neurokinin
antagonists upon the prolonged VRP evoked in UV1 animals.
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Table 3. The effect of NMDA and neurokinin receptor antagonists upon the C-fiber evoked response in naive and UV-treated animals

VRP integrated area VRP amplitude at 2.0 sec VRP duration
Naive UV day 1 Naive UV day 1 Naive UV day 1
p-APS 81.3 + 5.6* 70.0 + 6.5* 92.3 + 6.4 843 + 9.1 97.7 £ 5.3 98.9 + 4.3
(20 um) )] (5) (8) &) (6) (3
CP-96,345 934 + 84 61.7 + 8.2*¢ 93.0 = 11.8 64.9 + 5.3* 95.8 £ 4.5 86.7 £ 7.1
(500 nm) (6) 4) (6) @ 1G] (3
RP,67580 104.6 = 2.2 72.6 = 4.6%t 110.8 = 7.7 68.8 + 4.8%} 107.4 £ 0.8 81.1 + 5.3*¢
(100 nm) (3) (5) 3 (5) (3) (5)
MEN, 10376 704 + 10.2* 70.8 = 6.8* 65.9 + 15.5* 70.6 + 5.8* 83.5+9.3 97.4 + 9.7
(100 nm) 4) (6) C)] (6) 4 (5)

The effect of NMDA, NK1, and NK2 receptor antagonists upon the prolonged VRP area, amplitude, and duration, evoked following single shock C-fiber stimulation
in naive and UV1 animals, is shown. All values represent mean percentage + SEM of control response in the absence of drugs (100%). Values in boldface and marked
with an asterisk show a significant difference from control value (p < 0.05, ANOVA). Those UV 1 values marked 1 also show a significant difference from the corresponding
naive value (p < 0.05, ANOVA). Values in parentheses represent number of preparations.

Bath application of 20 um D-APS5 significantly reduced the pro-
longed VRP area (p < 0.05, ANOVA). This reduction was
confined to the early portion of the response and was not sig-
nificantly different from the effect of b-AP5 in naive animals
(Table 3). The prolonged VRP amplitude and duration were
similarly unaffected by p-AP5 in UV1 treated animals as in
naive animals. In contrast to naive animals, however, the NK1
receptor antagonists CP-96,345 and RP,67580 both produced
a significant reduction in the integrated area and amplitude of
the prolonged VRP (p < 0.05, ANOVA). In particular, the effect
of RP,67580 upon the area and amplitude of the prolonged VRP
in UV1 treated animals was significantly different from its effect
upon the same parameters in naive animals (p < 0.05, ANOVA;
see Table 3). The prolonged VRP duration was also significantly
reduced in UV 1 animals in the presence of RP,67580 (p < 0.05,
ANOVA), an effect significantly different from that in naive
animals (p < 0.05 ANOVA). The inactive enantiomer RP,68651
did not have any significant effect upon any parameter. The
effect of the NK2 receptor antagonist MEN, 10376 (100 nm)
upon all three parameters of the prolonged VRP in UV treated
animals was not significantly different to its effect in naive an-
imals (see Table 3).

The effect of NMDA and neurokinin receptor antagonists upon
the summated depolarization evoked by repetitive stimulation

Low-threshold afferent fiber repetitive stimulation. In naive an-
imals, repetitive low-threshold afferent fiber stimulation did not
produce any sustainable summated depolarization, so the effects
of NMDA or neurokinin receptor antagonists were not tested.
The effect of these antagonists upon the summated VRP evoked
following repetitive low-intensity stimulation in UV1 animals
is shown in Figure 7. A significant reduction (p < 0.05 in each
case, ANOVA) in the amplitude of the summated VRP was
produced by D-APS5 (42.8 + 6.0% of control, n = 5), RP,67580
(82.1 £ 6.2% of control, n = 6), CP-96,345 (62.0 + 7.4% of
control, n = 6), and MEN, 10376 (71.6 + 8.2% of control, n =
11).

High-threshold afferent fiber repeiitive stimulation. In naive
animals the amplitude of the summated VRP evoked following
repetitive high-threshold afferent fiber stimulation was signifi-
cantly reduced following bath application of D-AP5 (68.0 +
2.6% of control, n = 39; p < 0.05, ANOVA). No significant
effect of any NK1 or NK2 receptor antagonist was observed
upon the amplitude of this potential (Fig. 88). In UV1 animals

the amplitude of the summated VRP was also significantly re-
duced from control in the presence of D-AP5 (52.8 + 6.0% of
control, n = 5; p < 0.05, ANOVA) and this effect was signifi-
cantly greater than that observed in naive animals (p < 0.05
ANOVA). In UV animals the summated VRP amplitude was
significantly reduced following bath application of RP,67580
(89.9 £ 2.4% of control, n = 10), CP-96,345 (70.2 + 3.8% of
control, n = 12), and MEN,10376 (87.8 *+ 3.4% of control, n
= 13) (see Fig. 8). The effects of RP,67580 and CP-96,345 in
UV1 animals were significantly different from their effects in
naive animals. There was no significant effect of RP,68651 upon
the amplitude of the summated VRP.

Discussion

These experiments have demonstrated that a prolonged hyper-
sensitivity of the hindlimb flexor reflex may be produced in
neonatal rat pups following a unilateral peripheral injury. Using
the novel approach of recording extracellularly from spinal cords
maintained in vitro prepared from hyperalgesic animals, we have
observed a marked plasticity of spinal cord function associated
with the behavioral hypersensitivity.

Extrapolation of the present results to fully adult animals may
be complicated because of the relative immaturity of the animals
used. However, we have used rat pups toward the end of the
second postnatal week, the time at which the neurochemical
and anatomical appearance of C-fiber terminals in the dorsal
horn of the spinal cord approaches that of the adult (Fitzgerald
and Gibson, 1984), the physiological function of C-fibers is
virtually established (Fitzgerald, 1985) and the appearance of
the cutaneous afferent volley closely resembles that of the adult
(Fitzgerald, 1985). At this age, however, the flexion reflex thresh-
old is still lower than in the adult (Fitzgerald et al., 1987) but
is beyond the time (PND 0-7) whereby innocuous as well as
noxious peripheral stimuli may evoke the flexion reflex (Fitz-
gerald et al., 1987). By using age-matched untreated rat pups as
controls, however, we have demonstrated that the hindlimb
flexion reflex shows a reliable and prolonged sensitization in
response to injury.

UYV irradiation has been used previously to induce acute sen-
sitization of afferent fibers (Szolcsanyi, 1987) and to produce
acute inflammation of the hindpaw (Gillardon et al., 1991).
Recently this model has also been shown to display features of
both acute and prolonged hyperalgesia (Perkins et al., 1993). In
the present study both thermal and mechanical hypersensitivity
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were reliably recorded in the ipsilateral treated hindpaw as well
as in the contralateral untreated paw. The time course of the
hypersensitivity in the contralateral paw mirrored that of the
ipsilateral paw, and both returned to control levels faster than
observed in the adult animals (Perkins et al., 1993). Contralat-
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Figure 7. The effect of NMDA and
neurokinin receptor antagonists upon
the novel A-fiber evoked summated
VRP in UV-treated animals. 4, The ef-
fect of b-AP5 (20 um), RP,67580 (100
nM), and MEN, 10376 (100 nM) upon
the amplitude of the summated VRP
evoked following 5.0 Hz repetitive
stimulation at low intensity (5 V, 20
usec) for 20 sec at the time indicated
by the horizontal bars in UV-treated
animals is shown. Summated VRP am-
plitudes were measured between the ar-
rows. All of the antagonists used had a
significant effect upon the summated
VRP amplitude. B, The graph shows
the percentage change in VRP ampli-
tude following drug application com-
pared to control value in the absence of
drug (0%). All compounds produced a
significant reduction in VRP amplitude
(*, p < 0.05, ANOVA); numbers of ob-
servations are in parentheses.

eral hyperalgesia and reductions in contralateral flexor reflex
thresholds have also been demonstrated in adult animals fol-
lowing a localized thermal injury to the hindpaw (Woolf, 1984).
Cutaneous and deep tissue injury also produce an increase in
the ipsilateral and contralateral flexion withdrawal reflex in re-
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Figure 8. The effect of NMDA and
neurokinin receptor antagonists upon
the C-fiber evoked summated VRP in
naive and UV-treated animals. 4, The
effect of b-APS5 (20 um), RP,67580 (100
nM), and MEN, 10376 (100 nmM) upon
the summated VRP amplitude evoked
following 1.0 Hz repetitive stimulation
at high intensity (50 V, 200 usec) for 20
sec at the times indicated by the hori-
zontal bars. Example traces are shown
only from UV-treated animals. Con-
trol, drug, and wash responses are
shown. VRP amplitudes were mea-
sured between the arrowed points. In
contrast to untreated animals all antag-
onists significantly reduced the sum-
mated VRP amplitude. B, Summary
data for both naive and UV-treated an-
imals. The percentage change in sum-
mated VRP amplitude is shown mea- B
sured relative to control (100% = 0)
following drug application in both UV-

treated (solid bars) and untreated (open

bars) animals. p-APS5 (20 um) produced

a significant reduction from control
amplitude in both UV-treated and un-

treated animals (*, p < 0.05, ANOVA)

with a significantly greater effectin UV-

treated animals (#, p < 0.05, ANOVA).

Neither NK 1 antagonist (CP-96,345 or
RP,67580) produced any significant ef-

fect from control in untreated animals.
However, in UV-treated animals both
antagonists produced a significant re-

duction in summated VRP amplitude
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sponse to noxious pinch of the hindpaw (Woolf, 1983; Woolf
and McMahon, 1985). The characteristics of the contralateral
reflex were not examined in our present experiments in vitro
but require further careful analysis.

No change was detected in the threshold or conduction ve-
locity of either the A or C wave compound action potential
evoked following electrical stimulation of the dorsal root. There
is no evidence to suggest that inflammation-induced sensitiza-
tion of afferent terminals may influence the electrical threshold

Wash
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RP 67580

MEN 10376

Naive

A

U

of the acutely sectioned proximal axon. However, UV irradia-
tion of the adult rat hindpaw induced an increase in spontaneous
activity in high-threshold afferent fibers (Szolcsanyi, 1987; An-
dreev and Dray, 1992). In a recent study where the responses
of dorsal horn cells were recorded following UV-induced injury,
dorsal rhizotomy partially reduced spontaneous activity in spi-
nal cord neurons presumably by removing the source of this
peripherally generated activity (Urban et al., 1993). In the pres-
ent study dorsal rhizotomy was performed in both UV-treated



and naive spinal cords. Following electrical stimulation of the
sectioned dorsal roots, therefore, it is likely that the evoked
afferent volley is similar in both UV-treated and naive isolated
spinal cord preparations.

Changes in the ventral root responses evoked following afferent
fiber stimulation

The duration of both the A- and C-fiber evoked VRP was sig-
nificantly enhanced in UV-treated animals when compared to
naive animals. Several mechanisms may account for these ob-
servations. Peripheral tissue injury, inflammation, or nerve in-
Jjury produces extensive alterations in the properties of spinal
cord neurons. For example, the peripheral receptive fields of
dorsal horn neurons increase in size following thermal or me-
chanical injury (McMahon and Wall, 1984; Laird and Cervero,
1989) or following the injection of chemical irritant substances
into joints and skin (Calvino et al., 1987; Schaible et al., 1987,
Hylden et al., 1989; Simone et al., 1989). These modifications
in receptive field properties may also be mimicked by brief high-
intensity electrical nerve stimulation (Cook et al., 1987). The
cutaneous receptive fields of flexor motoneurons also exhibit
similar dynamic changes following injury or high-threshold elec-
trical nerve stimulation (Woolf, 1983; Woolf and McMadhon,
1985; Woolf and Wall, 1986). These changes are generally con-
sidered to be mediated by alterations in excitability within the
spinal cord (see Treede et al., 1992, for review). Similar changes
in receptive field properties were evoked by UV-induced in-
flammation of the hindpaw in the rat (Urban et al., 1993). In
this case the spontaneous activity and responses of dorsal horn
neurons to noxious thermal and mechanical stimuli were also
significantly increased. Moreover, spontaneous and evoked ac-
tivity was only partially reduced following dorsal rhizotomy,
indicating that the increase in responsiveness was in part cen-
trally mediated. In the present experiments enhanced afferent
evoked ventral root responses were recorded in an isolated spi-
nal cord maintained in vitro. This also suggests that centrally
mediated excitability changes are responsible.

The summated VRP evoked by low-frequency repeated stim-
ulation of high-threshold dorsal root afferents (Thompson et al.,
1993a,b) is considered to reflect the cumulative depolarization
of membrane potential of ventral horn neurons. This is a com-
plex phenomenon that has been described in detail elsewhere
(Sivilotti et al., 1993) and underlies the phenomenon of windup,
and may be used as an index of central sensitization within the
spinal cord (Thompson et al., 1993b). The present experiments
have shown that the final amplitude of this summated VRP was
significantly enhanced following a peripheral inflammation. One
of the most striking features, however, was the observation that
following UV inflammation, repeated low-frequency stimula-
tion of A-fiber afferents also evoked a summated VRP, com-
parable in amplitude to that evoked following C-fiber stimu-
lation in control animals. Repetitive A-fiber inputs in naive
animals never evoked any significant summated VRP. Indeed,
repeated low-threshold inputs to motoneurons in the neonatal
rat spinal cord in vitro may exhibit prolonged, frequency-de-
pendent synaptic depression (Lev-Tov and Pinco, 1992). Pre-
vious experiments have shown that the cumulative depolariza-
tion of membrane potential of spinal cord cells, evoked following
high-intensity repetitive electrical stimulation, was partially de-
pendent upon the duration of the single shock evoked composite
synaptic potential. The temporal summation of synaptic events
was only assured when the postsynaptic depolarization exceeded
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the interstimulus interval in duration and consequently sum-
mated (Thompson et al., 1990). This mechanism, however, does
not normally operate during repeated A-fiber stimulation since
temporal summation of low-threshold evoked synaptic poten-
tials did not occur even at high-rates of stimulation frequency
(Thompson et al., 1990; Lev-Tov and Pinco, 1992). Of impor-
tance here, therefore, is the finding that the rate of rise of mem-
brane depolarization following repetitive stimulation is a more
accurate predictor of the final amplitude of the cumulative de-
polarization (Sivilotti et al., 1993). The duration of the A-fiber
evoked VRPs, however, was sufficiently large following UV-
induced inflammation to permit a substantial temporal sum-
mation following low-frequency stimulation. Of significance here
is that both NK1 and NK2 receptor antagonists reduce the
amplitude of the A-fiber evoked summated VRP. This suggests
peptidergic containing polysynaptic dorsal horn circuits, nor-
mally responsible for relaying information from high-threshold
nociceptors, may be accessed by A-fiber input following pe-
riphery injury or inflammation. A more detailed pharmacolog-
ical analysis of the relative potencies of neurokinin antagonists
against the low- and high-threshold afferent evoked responses
may provide some insight into the mechanisms involved. Neu-
ropeptides are known to be present within dorsal horn inter-
neurons and may be detected following dorsal rhizotomy (Oga-
wa et al., 1985). Intracellular analysis of the organization of
dorsal horn neuron receptive fields has demonstrated that no-
ciceptive-specific dorsal horn neurons have a substantial sub-
threshold input from low-threshold afferent fibers (Woolf and
King, 1989), and this may contribute to the dynamic changes
in dorsal horn cells observed following injury. Thus, nociceptive
specific neurons, which prior to the application of algesic chem-
icals to the skin had a subthreshold touch input, became su-
prathreshold following the injury (Woolf and King, 1990). In
keeping with these observations, the present study has shown
that following UV-induced inflammation a previously innoc-
uous A-fiber stimulus was able to evoke a response similar to
that produced by repeated C-fiber stimulation. These changes
in spinal excitability may in part account for the marked me-
chanical hyperalgesia observed in our behavioral study. In ad-
dition spinal excitability changes evoked by A-fiber induced
stimulation might relate to one of the features of clinical pain,
allodynia, in which stimulation of low-threshold mechanore-
ceptors evokes the sensation of pain. Prior conditioning of spinal
cord circuitry by C-fiber discharges is, however, a prerequisite
(LaMotte et al., 1991; Torebjork et al., 1992; Gracely et al.,
1993).

Contribution of NMDA and neurokinin receptor activation to
afferent evoked responses

The characteristics of the VRP observed in the present study
were similar to those observed in previous studies (Brugger et
al., 1990; Woodley and Kendig, 1991; Thompson et al., 1992,
1993a). Single shock electrical stimulation of the dorsal roots
at a strength sufficient to recruit a fast-conducting compound
action potential evoked a short-latency early VRP (Fig. 1) fol-
lowed by short-duration residual polysynaptic activity in both
naive and UV-treated preparations. In both preparations the
monosynaptic component of the early response was unaffected
by either NMDA or neurokinin receptor antagonists and is pre-
sumably mediated by activity at the non-NMDA class of ex-
citatory amino acid receptor. This component of the reflex was
also unaltered following UV-induced inflammation. Similar
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findings have been reported in vivo, where no changes in the
properties of the monosynaptic reflex could be detected follow-
ing the induction of central sensitization in the rat spinal cord
by a brief C-afferent fiber conditioning stimulus (Cook et al.,
1986). Presently the residual polysynaptic activity was equally
and significantly antagonized by p-AP5 but not by the neuro-
kinin receptor antagonists in both preparations. This indicated
that considerable activation of NMDA receptors occurred even
when only A-fibers were stimulated. Although there is some
evidence of NMDA receptor activation during monosynaptic
EPSPs (Sillar and Roberts, 1988; Ziskind-Conhaim, 1990) and
for monosynaptic PSPs (Konnerth et al., 1990), NMDA receptor
activation has been shown to participate only in the decay phase
of the monosynaptic EPSP evoked in deep dorsal horn neurons
following A-fiber stimulation in neonatal rat spinal slices (Ger-
ber and Randic, 1989b). It is most likely, therefore, that the
D-AP5-sensitive component represents residual polysynaptic
activation of motoneurons.

In both naive and UV-treated preparations the slow (0-2 sec
latency) but not the later portion of the prolonged VRP evoked
following high-threshold afferent fiber stimulation was signifi-
cantly depressed by D-APS5. The major portion of the prolonged
ventral root response in both naive and UV-treated prepara-
tions, however, is resistant to p-AP5. Prolonged p-AP5-resis-
tant synaptic and ventral root potentials have been regularly
demonstrated (Thompson et al., 1990, 1992; Woodley and Ken-
dig, 1991) that on the basis of their inhibition by peptide re-
ceptor antagonists (mainly spantide) have been attributed to the
release of neurokinins from the central terminals of C-afferent
fibers (Urban and Randic, 1984; Agaki et al., 1988, Randic et
al., 1988). Both SP and NKA are present in the central terminals
of C-afferent fibers (Hokfelt et al., 1975; Cuello and Kanazawa,
1978; Ruda et al., 1986) and act preferentially at the NK1 and
NK2 receptor sites, respectively (Maggi et al., 1993). Presently
we have confirmed our earlier findings (Thompson et al., 1993a)
in demonstrating that the selective NK2 receptor antagonist
MEN, 10376 but not the NK1 receptor antagonists CP-96,345
or RP,67580 significantly reduces the amplitude and area of the
prolonged C-fiber evoked VRP in naive animals. Consistent
with these findings was the observation that the prolonged ex-
citation of dorsal horn neurons evoked by capsaicin was simi-
larly antagonized by NK2 but not NK1 receptor antagonists
(Nagy et al., 1992). NK2 receptor antagonists have also been
shown to antagonize the responses of dorsal horn neurons in
vivo following both brief noxious thermal stimulation (Fleet-
wood-Walker et al., 1990) and the more prolonged response
evoked following the cutaneous application of algogenic sub-
stances (Munro et al., 1993). NK1 receptor antagonists were
ineffective in these studies. On the other hand, evidence exists
for the involvement of the NK1 receptor in mediating the re-
sponses of dorsal horn neurons to acute high-intensity afferent
fiber stimulation and cutaneous noxious stimuli (DeKoninck
and Henry, 1991; Radhakrishnan and Henry, 1991). However,
these studies must be interpreted cautiously because of the po-
tential nonspecific depression by CP-96,345 of L-type calcium
channels (Schmidt et al., 1992). The lack of effect of the NK1
receptor antagonists is nevertheless puzzling since both SP and
NKA are released into the dorsal horn following high-threshold
afferent fiber stimulation (Go and Yaksh, 1987; Duggan et al.,
1988) and binding sites for both ligands are present in the spinal
cord, although these vary greatly in levels and distribution
(Charlton and Helke, 19835, 1986; Buck et al., 1986; Yashpal et

al., 1990; Takeda and Krause, 1991). The excitatory effects of
SP upon dorsal horn neurons are well documented (for review,
see Fleetwood-Walker and Mitchell, 1989).

It seems unlikely that the activation of the NKI1 receptor
depends upon the activation of specific C-afferent fiber inputs,
since the electrical stimulation parameters used in the present
study would be likely to recruit the majority of fibers within the
stimulated dorsal root. NKA is known to be released within the
dorsal horn by noxious but not tissue damaging stimuli (Duggan
et al., 1990) while SP is released by noxious mechanical stim-
ulation but not by acute noxious thermal stimulation, at least
within the functional range of the polymodal C-afferent fibers
(Duggan et al., al., 1988; Kuraishi et al., 1989; Tiseo et al.,
1990). Measurable release of SP occurred most consistently fol-
lowing thermal stimuli sufficient to evoke acute inflammatory
changes (Duggan et al., 1988) or following the induction of joint
inflammation (Schaible et al., 1990). In keeping with these ob-
servations in the present study, NK1 receptor activation was
only observed following a peripheral injury. Recent studies in
vivo have also shown that NK1 receptor antagonists do not
depress the baseline flexor reflex threshold evoked by stimula-
tion of cutaneous C-afferents but are effective in blocking both
the windup evoked following a low-frequency conditioning train
as well as the prolonged postconditioning facilitation of the
reflex evoked either by SP application or by low-frequency cu-
taneous C-fiber stimulation (Xu et al., 1992a,b).

Several studies using different inflammatory models have re-
ported elevated levels of neuropeptides in sensory neuron cell
bodies and peripheral terminals (Lembeck et al., 1981; Noguchi
et al., 1988; Weihe et al., 1988; Donnerer et al., 1992). Indeed,
increases in the levels of SP and calcitonin gene-related peptide
have been shown in sensory neuron cell bodies following UV
irradiation of the rat hindpaw (Gillardon et al., 1992). Unilateral
peripheral inflammation is also known to induce a selective
upregulation of the NK1 receptor in the rat spinal cord (Schifer
et al., 1993). Increased transport and release of SP acting upon
an enhanced NK1 receptor complement may contribute to the
novel NK1 receptor activation observed in the present study
following UV induced injury.

In summary, our present experiments have shown that pro-
longed C-fiber evoked ventral root responses, which underlie
the phenomenon of windup, are not affected by NK1 receptor
antagonists under normal conditions. The enhanced C-fiber
evoked response observed following peripheral injury, however,
shows a significant NK1 receptor component that is associated
with a behavioral hyperalgesia while the NK2 receptor com-
ponent appears unaltered. Under these conditions, repetitive
low-frequency A-fiber stimulation produced a reflex response
similar to that evoked by C-fibers in normal animals. These
changes are thought to contribute to the phenomenon of central
sensitization and relate to the behavioral hypersensitivity ob-
served in the present experiments.
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