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Although the neurokinin-1 (NK-1)/substance P (SP) receptor is
expressed by neurons throughout the spinal dorsal horn, nox-
ious chemical stimulation in the normal rat only induces inter-
nalization of the receptor in cell bodies and dendrites of lamina
I. Here we compared the effects of mechanical and thermal
stimulation in normal rats and in rats with persistent hindpaw
inflammation. Electron microscopic analysis confirmed the up-
regulation of receptor that occurs with inflammation and dem-
onstrated that in the absence of superimposed stimulation, the
increased receptor was, as in normal rats, concentrated on the
plasma membrane. In general, noxious mechanical was more
effective than noxious thermal stimulation in inducing NK-1
receptor internalization, and this was increased in the setting of
inflammation. Although a 5 sec noxious mechanical stimulus
only induced internalization in 22% of lamina I neurons in

normal rats, after inflammation, it evoked near-maximal (98%)
internalization in lamina I, produced significant changes in lam-
inae III–VI, and expanded the rostrocaudal distribution of neu-
rons with internalized receptor. Even non-noxious (brush) stim-
ulation of the inflamed hindpaw induced internalization in large
numbers of superficial and deep neurons. For thermal stimula-
tion, the percentage of cells with internalized receptor in-
creased linearly at .45°C, but in normal rats, these were re-
stricted to lamina I. After inflammation, however, the 52°C
stimulus also induced internalization in 25% of laminae III–IV
cells. These studies provide a new perspective on the reorga-
nization of dorsal horn circuits in the setting of persistent injury
and demonstrate a critical contribution of SP.
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Numerous studies have implicated substance P (SP) in the trans-
mission of nociceptive messages at the level of the spinal cord. SP
is synthesized by small-diameter, primary afferent fibers, many of
which respond to noxious stimulation and terminate in regions of
the spinal dorsal horn that contain neurons responsive to noxious
stimulation, including the superficial laminae I and II and to a
much lesser extent lamina V (Christensen and Perl, 1970; Hökfelt
et al., 1975; Menétrey et al., 1977). Noxious stimulation also
evokes the release of substance P into the spinal cord (Duggan et
al., 1988; Kuraishi et al., 1989) and spinal CSF (Yaksh et al., 1980;
Tiseo et al., 1990), and iontophoretic application of SP excites
nociresponsive neurons in the dorsal horn (Henry, 1976; De
Koninck and Henry, 1991). Finally, intrathecal injection of SP
evokes behaviors indicative of pain (Hylden and Wilcox, 1981;
Cridland and Henry, 1988; however, see Frenk et al., 1988).

Despite this evidence numerous questions remain. It has been
surprisingly difficult to block noxious stimulus-evoked pain be-
havior in normal rats, with selective antagonists of the receptor at
which SP acts, the neurokinin 1 (NK-1) receptor (Yamamoto and
Yaksh, 1992; Munro et al., 1993; Parker et al., 1993; Yamamoto et
al., 1993). To some extent this may reflect there being a prefer-

ential release of SP by noxious mechanical stimuli (Duggan et al.,
1988; Kuraishi et al., 1989). Another paradox concerns the sig-
nificant mismatch between the distribution of the NK-1 receptor
and the location of SP (Liu et al., 1994; Brown et al., 1995). In
particular, although the NK-1 receptor is located throughout the
dorsal horn, when we monitored internalization of the NK-1
receptor, which occurs when SP binds the receptor, we only found
changes in the superficial dorsal horn, in cell bodies and dendrites
of lamina I neurons, and in the dorsally directed dendrites of
neurons in lamina III (Mantyh et al., 1995). Although there is
evidence that SP activates neurons located in deeper parts of the
dorsal horn (De Koninck et al., 1992), our results suggested that
when SP is released in the normal animal in response to noxious
chemical stimulation (capsaicin) of the hindpaw, it predominantly
targets neurons in the superficial dorsal horn.

In the present study we evaluated NK-1 receptor internaliza-
tion in response to different modalities of noxious stimulation and
compared the pattern of internalization in normal rats and in rats
with an inflamed hindpaw, a condition associated with significant
upregulation of the NK-1 receptor in the dorsal horn (Schäfer et
al., 1993; Abbadie et al., 1996). Importantly, inflammation in-
duces a central sensitization of dorsal horn neurons that can be
reduced by NK-1 receptor antagonists (Thompson et al., 1994).
Because the sensitization is manifest as an increase in spontane-
ous activity, increased excitability, and enlarged receptive fields
of neurons in laminae I and V, and because SP is more readily
detected in deep dorsal horn under conditions of inflammation
(Schaible et al., 1990), we hypothesized that noxious stimulus-
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evoked internalization of the NK-1 receptor might occur in a
wider distribution of neurons in the setting of inflammation.

MATERIALS AND METHODS
Experimental animals. All experiments were reviewed and approved by
the Institutional Care and Animal Use Committee at University of
California San Francisco. Experiments were performed on male Sprague
Dawley rats (Bantin and Kingman, Fremont, CA), weighing 230–270 gm.
Inflammation was induced by subcutaneous injection, in the left hindpaw,
of 50 ml of complete Freund’s adjuvant (CFA; killed Mycobacterium
butyricum suspended in mineral oil, solution at 10 mg/ml). Three days
after the injection, the rats were stimulated. Because mineral oil injection
will induce inflammation (Abbadie et al., 1995), control groups of rats
were “intact” rats that received no injection.

All experiments were performed 10–15 min after the rats were anes-
thetized with sodium pentobarbital (40 mg/kg, i.p.). This dose blocked
all flexor reflex responses to hindpaw stimulation. The hindpaws of the
rats were stimulated 10–15 min after anesthesia was induced.

Hindpaw stimulation. Both non-noxious and noxious mechanical stim-
ulation were used. The non-noxious mechanical stimulus was brushing-
applied to the dorsal surface of the left hindpaw (approximately one
brush per second for 2 min; n 5 5 in each group). Noxious mechanical
stimulation (pinch) was applied to the distal part of one hindpaw with a
hemostat for 5, 15, or 30 sec or 2 min (n 5 4 in all groups, except n 5 5
for the intact group stimulated for 2 min, and n 5 6 for the CFA group
stimulated for 30 sec). To what extent the pinch stimulus activated
cutaneous, subcutaneous, or joint afferents in the intact and inflamed
conditions was not determined. In three rats with inflammation, we
applied the 2 min noxious stimulus to the hindpaw contralateral to the
CFA injection. For all stimulus conditions in these groups, the rats were
perfused 5 min after the stimulation ended.

To evaluate the receptor selectivity of the NK-1 receptor internaliza-
tion, we studied the effect of GR 205171A, an NK-1 receptor antagonist
(Polley et al., 1997) (kindly provided by Glaxo Wellcome) on pinch-
evoked receptor internalization. We administered GR 205171A (10
mg/kg; 1.0 ml in saline, s.c., at the base of the neck) 20–25 min before the
pinch stimulus (15 sec; n 5 5). Control animals received an equal volume
of saline (n 5 5). Neither the antagonist nor saline induced internaliza-
tion of the NK-1 receptor without additional stimulation. In this study
the rats were perfused 5 min after the pinch stimulus.

For thermal stimulation, the rat’s hindpaw (to just below the ankle)
was dipped into a water bath heated to either 45, 48, 50 or 52°C (n 5 4
in all groups, except n 5 5 for the 48°C stimulus in the group of rats with
inflammation). The duration of the stimulus was 2 min, and all rats were
perfused 5 min after the end of the stimulation.

In a previous report we found that the receptor recycled to the plasma
membrane within 60 min of stimulation (Mantyh et al., 1995). To
compare the temporal pattern of recycling in the inflamed and intact
groups of rats, in a different experiment we perfused rats 30 or 60 min or
2 hr after the stimulation (n 5 4 in all groups). For this study, we used
a noxious pinch applied for 2 min; this stimulus produces maximal
internalization of the NK-1 receptor in lamina I. In another group of rats
we evaluated the functional state of the recycled NK-1 receptor by
applying a second stimulus at different times after the first. The first
stimulus was a 15 sec pinch of the paw. The same stimulus was then
applied one hr after the first. We chose a 15 sec stimulus because it
produced profound, but less than maximal, internalization of the NK-1
receptor in the intact rat; thus, we could detect both increases and
decreases in the magnitude of internalization after the second stimulus.
The rats were perfused 5 min after the second stimulus.

Immunocytochemistry. At the appropriate time, the animals received
an additional injection of sodium pentobarbital (100 mg/kg, i.p.) and
were perfused intracardially with 50 ml of 0.1 M PBS followed by 500 ml
of 4% formaldehyde in 0.1 M phosphate buffer (PB). The time between
the end of the stimulation and the beginning of the fixative flow was
;7–8 min. After the perfusion, the lumbar spinal cord was removed,
post-fixed for 4 hr in the same fixative, and then cryoprotected overnight
in 30% sucrose in 0.1 M PB. Immunostaining was performed on 30 mm
lumbar spinal cord sections (from L2 to L6 segments) cut in the sagittal
plane on a freezing microtome. The tissue sections were incubated for 60
min at room temperature in a blocking solution of 3% normal goat serum
in PBS with 0.3% Triton X-100 (NGST). The sections were then incu-
bated overnight at 4°C in the primary antiserum, diluted to 1:5,000. The
characteristics of the antiserum, which was directed against the C termi-
nus of the NK-1 receptor, have been described previously (Vigna et al.,

1994). After the primary antiserum, the sections were washed three times
in 1% NGST and then incubated in indocarbocyanine Cy-3-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA; 1:600)
for 2 hr at room temperature. Finally, the sections were washed three
times in PB, mounted on gelatin-coated slides, dried, and coverslipped
with DPX (Electron Microscopy Science).

For electron microscopic analysis of the NK-1 receptors in the setting
of inflammation, we studied three rats that had received a hindpaw
injection of CFA. Three days after the CFA injection, the rats were
deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
perfused through the ascending aorta with 100 ml of 0.1 M PBS, pH 7.4,
followed by a 0.1 M PBS fixative solution containing 4% formaldehyde,
1% glutaraldehyde, and 0.1% picric acid. After the perfusion, the lumbar
spinal cord was removed, post-fixed in the same solution for 2–4 hr, and
washed in 0.1 M phosphate buffer for several hours.

We used a pre-embedding immunogold method (Liu et al., 1994) to
localize the receptor. Briefly, 40 mm vibratome sections were incubated
in 50% ethanol to improve penetration of the NK-1 receptor antibody.
The latter was localized with a 1.0 nM colloidal gold-conjugated second-
ary antibody. After the immunoreaction, the sections were silver-
enhanced and then dehydrated and embedded in plastic. From each
animal we analyzed at least nine grids containing two thin sections each.
These were collected from three different plastic-embedded vibratome
sections through lamina I. Neuronal profiles were considered positive for
NK-1 receptors when the density of silver particles was at least three
times greater than in surrounding neuropil. To quantify the distribution
of NK-1 receptor labeling, we collected photomicrographs through lam-
ina I and counted silver particles. The results are expressed as number of
particles per unit length of the plasma membrane or per area of cell
bodies and dendrites.

Quantification of NK-1 receptor immunoreactivity and statistical analysis.
We only quantified internalization in cell bodies. Dendrites were not
analyzed in this study, because the extensive overlap of labeled profiles
made it difficult to evaluate endosomal labeling in dendrites, even with
confocal analysis. It is particularly difficult to distinguish endosomes in
the thin distal dendrites that arborize within lamina I. Based on our
previous studies, however, we believe that internalization in cell bodies
and dendrites follows the same time course (Mantyh et al., 1995). To
analyze internalization in cell bodies we used 203 and 603 objectives on
a Nikon microscope equipped for fluorescence. We counted all NK-1
receptor-like immunoreactive (LI) cell bodies in laminae I, III–IV, and
V–VI of the dorsal horn, ipsilateral to the side of stimulation, from
segments L2–L6. In cell bodies that do not contain internalized recep-
tors, the immunoreactivity is uniformly distributed on the cell surface,
but in the neurons that have internalized the NK-1 receptors, the
cytoplasm contained bright, immunofluorescent structures. Unstimu-
lated cells contained less than five endosomes per cell. In the present
study we considered a cell to have internalized receptor if it contained
.20 endosomes. Importantly, because we did not count the number of
endosomes if ,20 were present (i.e., the categorization was all or none),
it is possible that we missed subtle changes in the magnitude of
internalization.

Because we found no difference in the magnitude of internalization along
the mediolateral extent of the superficial dorsal horn, we counted all the
cells within one segment, without taking into account the mediolateral
position of the cells. All counts were then expressed as the percentage of
NK-1 receptor-immunoreative neurons that contained internalized recep-
tor. The investigator who counted the NK-1 receptor-LI cells was unaware
of the treatment of the animal.

For statistical analysis, we used a three-way ANOVA for treatment
condition (intact vs inflammation), for temperature intensity or duration
of the stimulation (for pinch), and for spinal segment (L2–L6 lumbar
segments). For multiple comparisons, we used Fisher’s protected least
significant difference test; p , 0.05 was considered statistically significant.

In some cases the ANOVA was inappropriate either because of the
heterogeneity of variances or because there was a clear difference be-
tween the two groups in NK-1 receptor internalization induced by
mechanical stimulation (intact and inflamed). For the analysis, therefore,
we specifically addressed the shape of the curve of the response of NK-1
receptor internalization in lamina I of the L4 spinal segment, which is the
main target of primary afferent fibers from the hindpaw. To evaluate the
contribution of duration of the mechanical stimulation (5–120 sec), we
performed a two-way ANOVA that compared the differences between
the intact rats and the rats with chronic inflammation. Because of
differences in responses (percentage of NK-1 receptor internalization as
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a function of stimulus duration) in the two groups of rats, we modeled
the responses independently. For the inflamed rats, because the response
seems constant, we tested for equality in responses by comparing the
one-way (duration) ANOVA with the corresponding linear model. For
the intact animals, the data were fitted to the Hill equation using
weighted nonlinear regression to account for variance nonhomogeneity
in the data (Boeynaems, 1980). This approach takes into account differ-
ences in the variances and the ordered relationship of stimulus duration
(5, 15, 30, and 120 sec). In a second step, the model was tested against a
linear model using a Fisher’s test based on the residual deviance (i.e.,
variability of residuals corrected for differences in variances seen in the
data). In the study that examined noxious heat-induced internalization,
we first performed a two-way ANOVA for effect of treatment condition
(i.e., inflamed vs intact) and then for the effect of temperature (45–52°C).
To test for linearity of the relationship, we used a generalized linear
model (McCullagh and Nelder, 1989) with temperature as the continuous
independent variable and treatment condition as the categorical variable.

Confocal images. Although our quantitative analysis was performed on
tissue observed with epi-illuminated fluorescence, to illustrate better the
patterns of receptor internalization that were induced in the different
treatment conditions, we examined some sections by confocal micros-
copy. The confocal images described below were collected with an MRC
600 confocal microscope (Bio-Rad, Richmond, CA). Images were then
transferred in National Institutes of Health Image (version 1.60), and
montages were created in Adobe Photoshop (version 3.0).

RESULTS
NK-1 receptor-like immunoreactivity in intact and
inflamed rats without superimposed stimulation
As we reported previously (Brown et al., 1995), there is a very
distinct pattern of NK-1 receptor-immunoreactive neuronal
staining in the dorsal horn of the rat. The densest staining is
found in cell bodies and dendrites of lamina I (Figs. 1, 2). The
immunoreactivity is best viewed in sagittal section, because the
dendrites, which express the bulk of the immunoreaction product,
arborize in the rostrocaudal plane (Fig. 1). Lamina II (the sub-
stantia gelatinosa) contains very few NK-1 receptor-LI neurons,
except for some dorsally directed dendrites of relatively large
NK-1 receptor-LI neurons located in laminae III–IV (Fig. 3).
Smaller neurons with round cell bodies are also located in lami-
nae III–VI; dendrites of these neurons arborize in all directions
and in all planes (Fig. 3). There are also numerous NK-1
receptor-immunoreactive neurons in lamina V; a few of these
have dorsally directed dendrites that extend into lamina I. Fi-
nally, densely stained, large, round cell bodies are clustered
around the central canal (Fig. 4E). In all regions, the NK-1
receptor immunoreactivity is concentrated on the plasma mem-
brane of cell bodies and dendrites.

As reported previously, the density of NK-1 receptor-LI in-
creases significantly in rats with an inflamed hindpaw. This was
found in lamina I, not only in the L4 and L5 segments, which
receive primary afferent input from the injected hindpaw, but also
rostrally, in L1, and caudally, into sacral segments. We also ob-
served an increase in laminae III–V; however, changes in these
areas were not analyzed quantitatively. Although afferent input
from the hindpaw targets the medial part of the dorsal horn, the
upregulation of the NK-1 receptor after inflammation occurs
across the mediolateral extent of the dorsal horn. In our previous
study (Abbadie et al., 1996) we used an HRP detection method,
which is not ideal for light microscopic distinction of membrane
and cytoplasmic labeling. In the present fluorescence analysis, we
established that the increased receptor labeling after inflammation
(in the absence of superimposed stimulation) remains on the
membrane. Counts of labeled immunofluorescent neurons also
confirmed that the number of substance P receptor (SPR)-
immunoreactive neurons did not increase in the rats with inflam-

mation. For example, in lamina I of L4 segment we found 86.32 6
5.3 (mean per rat) NK-1 receptor-LI neurons in rats with inflam-
mation and 82.08 6 2.1 in intact rats. This result indicates that the
increase in SPR immunoreactivity in the rats with inflammation

Figure 1. Confocal images illustrating the dorsoventral pattern of inter-
nalization of the NK-1 receptor after mechanical stimulation of the
hindpaw. These images were generated by superimposition of three
optical sections taken at 2.5 mm in sagittal sections of L4. A, Rat with
inflamed hindpaw with no additional stimulation; the receptor is distrib-
uted on the plasma membrane of neurons in laminae I–III. B, Intact rat
after mechanical stimulation of the hindpaw (pinch for 30 sec); cell bodies
and dendrites in lamina I contain internalized NK-1 receptor; however,
no changes were recorded in lamina III. C, Rat with inflamed hindpaw
after mechanical stimulation of the hindpaw (pinch for 30 sec). There is
extensive receptor internalization in cell bodies and dendrites of neurons
throughout the dorsal horn.
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did not arise from receptor upregulation in neurons that previously
did not express the receptor. Rather, it appears to be an increased
NK-1 receptor expression in the existing population of NK-1
receptor-immunoreactive neurons.

Quantitative analysis of the electron micrographs from the
dorsal horn ipsilateral and contralateral to the CFA injection
further established that although there was a 3.1-fold increase in
the density per unit area of NK-1 receptor immunoreactivity (Fig.
2), the percentage of total labeling found on the membrane versus
the percentage found in the cytoplasm did not differ on the two
sides of the cord. In cell bodies, 70.4% of particles were distrib-
uted on the membrane in the ipsilateral side versus 75.6% in the

contralateral side; in dendrites, 79.7% of particles were distrib-
uted on the membrane in the ipsilateral side versus 78.2% in the
contralateral side.

Effects of stimulation in normal rats
(without inflammation)
The number of NK-1 receptor-immunoreactive neurons in sagit-
tal dorsal horn sections varies somewhat along the mediolateral
extent of the dorsal horn. In a 30 mm section through the L4
segment of the intact rat, we counted 10 6 4 cells in lamina I on
one side, 0–5 cells in laminae III–IV, and 20 6 7 cells in laminae
V–VI. Because we never found stimulation-evoked internaliza-

Figure 2. Electron micrographs illustrating the distribution of NK-1 receptor immunoreactivity in neurons of lamina I of the dorsal horn of an intact
rat (A, C) and a rat 3 d after inflammation of the hindpaw was induced with CFA (B, D). In the intact rat the receptor labeling (arrowheads) is
concentrated on the plasma membrane of both cell bodies ( A) and dendrites (C ). After inflammation there is a significant increase in NK-1 receptor
immunoreactivity; however, the receptor labeling (arrowheads) is still concentrated on the plasma membrane of cell bodies (B) and dendrites (D). In
both cases, there is some cytoplasmic label present. Scale bars: A, B, 2.0 mm; C, D, 0.25 mm.
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Figure 3. Confocal images illustrating internalization of the NK-1 receptor in neurons of laminae III and V after mechanical stimulation of the hindpaw
(pinch for 30 sec). A, C, E were produced by superimposition of three optical sections taken at 2.5 mm in sagittal sections of L4; B, D, F were produced
by superimposition of seven optical sections taken at 0.6 mm. A, B, Intact rat after mechanical stimulation of the hindpaw (pinch for 30 sec); there is no
internalization in this lamina III neuron. C, D, Rat with inflamed hindpaw after mechanical stimulation of the hindpaw (pinch for 30 sec); there is
extensive internalization of NK-1 receptors in this lamina III neuron. E, F, Same experimental condition as for C, D; note internalization of NK-1
receptors in this lamina V neuron.
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tion of the NK-1 receptor in neurons of the dorsal horn contralat-
eral to the stimulated hindpaw (even in the setting of inflamma-
tion and regardless of modality of the stimulus), the following
quantitative analysis is limited to ipsilateral segments.

Mechanical stimulation
Noxious mechanical stimulation of the hindpaw (pinch) was a
particularly effective stimulus for evoking NK-1 receptor inter-

nalization in dorsal horn neurons. With the exception of isolated
neurons in lamina II, we only found internalization of the recep-
tor in lamina I neurons (Fig. 1B). We found that the magnitude
of receptor internalization (percentage of cells showing internal-
ization) increased with the duration of the mechanical stimulus;
the relationship, however, was not linear (Fig. 5). For example, we
recorded a significant difference ( p , 0.001) between the 5 and 15
sec stimuli (22 and 81%, respectively in lamina I of the L4

Figure 4. Confocal images illustrating internalization of the NK-1 receptor in neurons of laminae III, V, and X. A–F, Rat with inflamed hindpaw after
mechanical stimulation of the hindpaw (pinch for 2 min). A, C, D were produced by superimposition of three optical sections taken at 2.5 mm in sagittal
sections of L4; B, D, F were produced by superimposition of seven optical sections taken at 0.6 mm. There is internalization of NK-1 receptors in laminae
III (A, B) and V (C, D) after mechanical stimulation of rats with persistent inflammation. In intact rats this stimulus only induces internalization in lamina
I neurons. Neither mechanical nor thermal stimulation induced internalization in neurons of lamina X (F).
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segment) but no significant difference ( p 5 0.68) between the 15
and 30 sec stimuli (81 and 88%, respectively) or between the 30
and 120 sec stimuli (88 and 98%, respectively; p 5 0.26).

When we administered an NK-1 receptor antagonist, GR
205171 (20–25 min before the mechanical stimuli), we observed a
significant decrease ( p , 0.001 of the number of cells that
contained internalized NK-1 receptor. In the L4 segment the
decrease averaged 78.2%.

Thermal stimulation
Noxious thermal stimulation, produced by dipping the hindpaw in
hot water, evoked a temperature-dependent increase in NK-1
receptor internalization in neurons of lamina I ipsilateral to the
stimulus; however, in intact rats, we never found noxious heat-
induced NK-1 receptor internalization in neurons located ventral
to lamina I. Using the criterion of 20 endosomes per cell to define
internalization, we found that the threshold for detecting signif-
icant increases in NK-1 receptor internalization of lamina I was
.45°C. In fact, even 2 min at 45°C had no effect on the receptor
distribution (,1% in lamina I of L4). When the temperature was
increased to 48°C ;50–55% of neurons in lamina I of the L4
segment contained internalized NK-1 receptor; the percentage of
cells increased to 70–75% at 50°C and to 95–100% at 52°C.
Statistical analysis revealed that there was a significant ( p ,
0.001) effect of the intensity of the stimulus on NK-1 receptor
internalization, and that the temperature–internalization rela-
tionship was linear in the range of 45–52°C. (see Fig. 7). We also
recorded a significant difference in the magnitude of internaliza-
tion at different spinal segments ( p , 0.001). Specifically, more
neurons with internalized receptor were found in segments L4
and L5 than at more rostral or caudal segments (see Fig. 7B).

Effects of stimulation in rats with
hindpaw inflammation
Mechanical stimulation
Noxious mechanical stimulation of the paw induced both a
greater number of internalized cells in rats with inflammation
than in intact rats and a shift in the dose-effect curve for stimulus
duration (Figs. 1C, 5). The difference between the magnitude of
receptor internalization in the intact rats and rats with inflam-
mation was significant ( p , 0.001). In the rats with inflammation,
the 5 sec stimulation induced near-maximal NK-1 receptor inter-
nalization; 95.5% of NK-1 receptor-immunoreactive neurons in
lamina I cells of the L4 segment contained internalized receptor.
At longer duration, the magnitude of internalization in the rats
with inflammation was comparable, 96, 92, and 99% for 15, 30,
and 120 sec, respectively. Not surprisingly, we found that there
was a significant difference ( p , 0.001) between the magnitude of
internalization in lamina I in the two groups for the 5, 15, and 30
sec stimulus but not for the 120 sec stimulus.

As noted above, for intact rats, although the relationship be-
tween the magnitude of internalization and intensity of the stim-
ulus was linear for temperature, this was not the case for the
duration of the mechanical stimulus. Rather, we found that the
curve for magnitude of internalization versus stimulus duration
could be fit by the Hill equation (Fig. 5). The duration of stimulus
that corresponded to 50% of internalization was estimated to be
7.2 sec, and the maximal value of internalization was estimated to
be 95.5%. Although the response plateaued with a much shorter
duration stimulus in the CFA-treated rats, the maximal response
did not differ from that in intact rats (Fig. 5).

The laminar distribution of cells that contained internalized
NK-1 receptor after noxious mechanical stimulation also differed
in intact rats and in rats with an inflamed hindpaw. Thus in intact
rats, we rarely found changes ventral to lamina II (Fig. 1B); ,5%
of NK-1 receptor-immunoreactive neurons in laminae III–VI
responded to noxious mechanical stimulation by internalizing the
receptor. In rats with inflammation, however, between 15 and
40% of the NK-1 receptor-immunoreactive neurons in laminae
III–IV contained internalized receptor (Fig. 1C). The high vari-
ability that we recorded reflects the fact that there are relatively
few NK-1 receptor-immunoreactive neurons in laminae III–IV
(Fig. 6C). Although the large cells with dorsally directed den-
drites are easily recognized, they are not common (Figs. 3, 4)
(Bleazard et al., 1994; Liu et al., 1994; Brown et al., 1995). Finally,
with the most prolonged noxious mechanical stimulus (2 min) we
also found changes in neurons of laminae V–VI. Thus in the L4
segment, this stimulus induced ;50% of the neurons to internal-
ize the NK-1 receptor. Even the most prolonged noxious mechan-
ical stimulus was without effect on the NK-1 receptor-
immunoreactive neurons in lamina X (Fig. 4). This was also true
for noxious thermal stimulation.

Non-noxious mechanical stimulation
In intact rats, non-noxious stimulation of the paw (brush for 2
min) never evoked NK-1 receptor internalization in neurons of
the lumbar spinal cord (Fig. 6A). In contrast, when the same
stimulus was applied to the inflamed hindpaw, we recorded con-
siderable numbers of neurons that contained internalized NK-1
receptor. Specifically, brush stimulation evoked NK-1 receptor
internalization in ;75% of neurons in lamina I (Fig. 6B), and in
;20% of neurons in laminae III–IV (Fig. 6C) of the L4 spinal
segment. Brush stimulation also induced receptor internalization

Figure 5. Percentage of NK-1 receptor-immunoreactive cells with inter-
nalized receptor in lamina I of the L4 segment after different durations of
mechanical stimulation (pinch) of the hindpaw in normal rats and in rats
3 d after inflammation of the hindpaw was induced with CFA. Results
are expressed as mean 6 SEM per group. In contrast to the effects
of temperature, which produced a linear relationship between intensity of
stimulation and number of neurons having internalized NK-1 receptors of
(see Fig. 7), the relationship between the duration of the mechanical
stimulation and the degree of internalization was not linear. For the intact
animals, the Hill equation fit the data (see inset). In the setting of
inflammation, the response plateaued.
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in lamina I neurons of the L2 and L6 segments, 39 and 29.6%,
respectively.

Thermal stimulation
As for mechanical stimulation, we found that internalization in
response to noxious thermal stimuli increased in the setting of
inflammation. The most striking change was observed with the
52°C stimulus, which after inflammation not only evoked inter-
nalization in 98–100% of lamina I neurons but also in ;25% of
neurons in laminae III–IV. In contrast to mechanical stimulation,
however, neither the threshold for evoking internalization nor the
slope of the curve relating magnitude of internalization and
temperature changed in intact rats and in rats with inflammation
( p 5 0.6; Fig. 7A). Furthermore, the rostrocaudal distribution of

internalized receptor at different spinal segments was the same in
the two groups of rats (Fig. 7B).

Temporal pattern of NK-1 receptor recycling in intact
rats and in rats with inflammation
In our previous studies, we found that the receptor recycled to the
plasma membrane within 60 min of stimulation. To evaluate
whether there are differences in the temporal pattern of receptor
recycling in normal rats and in rats with inflammation, we as-
sessed the magnitude of NK-1 receptor internalization at differ-
ent times after noxious mechanical stimulation. To produce max-
imal internalization in the different groups of rats, we used the 2
min stimulus. As described above, the magnitude of internaliza-
tion at 5 min after the stimulus was comparable in the two groups

Figure 6. Percentage of cells in differ-
ent laminae of the lumbar spinal cord
and in different lumbar segments that
contained internalized NK-1 receptor
after mechanical stimulation of the
hindpaw. Results are expressed as
mean 6 SEM per group. Note that (1)
a non-noxious mechanical stimulus
(brush for 2 min) did not induce inter-
nalization in intact rats (A), but in rats
with persistent inflammation (3 d after
CFA injection) this stimulus induced
internalization in neurons of laminae I
and in laminae III–IV (B, C ); and (2)
the magnitude of receptor internaliza-
tion in rats with persistent inflamma-
tion did not differ with noxious me-
chanical stimuli (pinch) of different
duration (B, C). This contrasts with in-
tact rats, in which the number of cell
bodies with internalized receptor in-
creases with the duration of the stimu-
lus (A).

Figure 7. Percentage of NK-1
receptor-immunoreactive spinal cord
cells with internalized receptor after
thermal stimulation of the hindpaw in
intact rats and in rats with an inflamed
hindpaw (3 d after CFA injection).
Rats were stimulated for 2 min at 45,
48, 50, or 52°C. The results are ex-
pressed as mean 6 SEM per group. A,
Percentage of internalized cells in lam-
ina I of L4; B, rostrocaudal (L2–L6)
distribution of neurons with internal-
ized receptor. Note that (1) in neither
intact rats nor in rats with inflamma-
tion did the 45°C stimulus induce NK-1
receptor internalization; (2) the num-
ber of internalized cells increased with
temperature; and (3) there was no sig-
nificant difference between the number
of lamina I neurons with internalized
receptor in the two groups of rats, re-
gardless of temperature.
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of rats (98% in L4 of intact rats, 99.75% in rats with inflamma-
tion). When we evaluated the spinal cords 30 min after the
stimulus, however, we recorded a significantly greater magnitude
of internalization of the receptor in neurons of lamina I cells
( p , 0.0001) in the rats with inflammation compared with con-
trols, 62 versus 40%, respectively, in L4 (Fig. 8A). Whether this
increase reflects continued release of SP after the stimulus is
withdrawn is unclear. Sixty min after the stimulation, there was
still significantly greater numbers of cells with internalized recep-
tor in the rats with inflammation compared with the intact rats
(16.5%; p , 0.005). At 2 hr the distribution of NK-1 receptor-LI
in the rats with inflammation did not differ from that in stimulated
controls or in unstimulated rats that received the CFA injection.

The preceding results establish that the receptor recycles to the
membrane, but they do not establish that the receptor that is
reinserted in the membrane is functional. Thus to assess the
functional integrity of the membrane receptor at different times
after stimulation, we also examined whether the receptor could be
reinternalized by a second noxious stimulus. These studies were
performed 60 min after the first stimulus, at which point most of
the receptor recycles. The rats were perfused 5 min after the
second stimulus, so that we could compare the magnitude of
internalization to that produced by the same stimulus adminis-
tered for the first time. In these studies, we used a stimulus of
shorter duration (15 sec), so that we could increase the detect-
ability of differences in the response of the receptor at the 60 min
time point. In rats with inflammation, we found no difference
( p 5 0.7) in the magnitude of internalization between the rats
stimulated once for 15 sec and those stimulated twice (Fig. 8B).
We observed a tendency for a reduced magnitude after the
second stimulus in intact rats, but only in the L5 segment did we
find a statistically significant difference ( p 5 0.015; Fig. 8B).
These results indicate that the recycled receptor is, in fact,
equally responsive to the stimulus conditions and will internalize
on repeated stimulation.

DISCUSSION
In the present study we demonstrate that inflammation is associ-
ated with an upregulation of the NK-1 receptor, an increase in
the number and distribution of dorsal horn neurons that inter-
nalize the NK-1 receptor in response to mechanical stimulation,
and a decrease in the mechanical threshold for inducing internal-
ization. The latter result implicates SP in the development of

mechanical allodynia, whereby non-noxious stimulation can pro-
voke withdrawal responses and pain behavior in the awake animal
(Calvino et al., 1987a; Colpaert, 1987). We found less change in
the magnitude and distribution of neurons that contained inter-
nalized NK-1 receptor in response to noxious thermal stimulation
and no change in the thermal threshold for triggering the inter-
nalization. These results not only provide new evidence for a
contribution of SP to the reorganization of dorsal horn circuits in
the setting of persistent injury, but also indicate that the process-
ing of nociceptive mechanical and thermal information is differ-
entially modified in the setting of injury.

NK-1 receptor internalization in normal rats:
mechanical versus thermal stimulation
Noxious pinch was the most potent stimulus for evoking internal-
ization of the NK-1 receptor. In the setting of the inflammation,
even the shortest duration noxious mechanical stimulus evoked
near-maximal internalization. These results strongly suggest that
SP is a neurotransmitter of high-threshold mechanoreceptors.
Because we did not detect internalization at 45°C, a temperature
that activates polymodal nociceptors (Croze et al., 1976; Lynn
and Carpenter, 1982), our results further suggest that this affer-
ent is not the predominant source of SP, or that the level of SP
release at this temperature is not high enough to induce inter-
nalization. Alternatively, the more profound effect of mechanical
stimulation may reflect the synchronous activation of Ad and C
fibers, something that is less likely to occur with a thermal
stimulus. Finally, it is possible that the release of SP depends on
the pattern or frequency of firing of the SP-containing primary
afferent fiber, and that these vary with mechanical and thermal
noxious stimulation.

Because we only found heat-evoked internalization in deep
dorsal horn in the setting of inflammation, our results do not
agree with those of Radhakrishnan and Henry (1995), who found
that NK-1 receptor antagonists block the response of deep dorsal
horn neurons to noxious thermal stimulation in the normal ani-
mal. One possibility is that the population of neurons from which
they made recordings is not representative of the majority of wide
dynamic range neurons in the deep dorsal horn. Importantly, the
electrophysiological analysis detects short-latency responses,
which are probably driven by the direct synaptic inputs to the
neurons. These may not be readily detected when the end point is
internalization, because only a few receptors may internalize in

Figure 8. Percentage of NK-1 receptor-
immunoreactive cells with internalized re-
ceptor in lamina I of the L4 segment. Results
are expressed as mean 6 SEM per group. A,
Time course of NK-1 receptor internaliza-
tion from rats perfused at different times
after hindpaw stimulation (pinch for 2 min).
The number of internalized cells is signifi-
cantly greater in rats with an inflamed hind-
paw than in intact rats at both 30 and 60 min.
B, Results of two successive mechanical stim-
uli; the second stimulus (pinch for 15 sec)
was applied 1 hr after the first, and the rats
were perfused 5 min later. In the inflamed
groups of rats, there is no difference ( p 5
0.7) in the magnitude of receptor internal-
ization between the rats stimulated once and
those stimulated twice. In intact rats there is
a smaller number of cells with internalized
receptor after the second stimulus, but the
difference is only significant in the L5 seg-
ment ( p 5 0.015).
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response to a brief noxious heat pulse. It is also possible that the
threshold for internalization that we used in this study (20 endo-
somes per cell) did not allow us to detect the functional conse-
quences of small increases of SP release (Allen et al., 1997).

Despite these potential methodological explanations for the
discrepancies, our results are consistent with several other studies
that more directly monitored the release of SP. For example,
using antibody-coated microelectrodes, Duggan and colleagues
(1988) found, in the cat, that only at temperatures that produced
clear inflammation (.50°C) was there significant release of SP
into the superficial dorsal horn. In the rat these authors found that
a 48°C stimulus was sufficient (Lang and Hope, 1994). The latter
results and ours are also consistent with those of Kuraishi et al.
(1985, 1989), who reported that although a 45°C stimulus evoked
the release of somatostatin into rat dorsal horn, SP was only
detected when the temperature was at least 48°C.

NK-1 receptor internalization in the setting
of inflammation
The most important results in this paper concern the profound
changes that occurred in the setting of inflammation. In our pre-
vious report that described an upregulation of the NK-1 receptor at
different times after CFA-induced inflammation of the hindpaw,
we suggested that the upregulation of receptor occurred in neurons
that normally express the receptor. The use of fluorescence immu-
nocytochemistry in the present study allowed a more accurate
characterization of numbers of labeled neurons and confirmed that
the number of NK-1 receptor-immunoreactive neurons per section
did not differ in the different groups of rats. Furthermore, using
electron microscopy we established that in the absence of stimula-
tion, the receptor remained concentrated on the plasma mem-
brane, even in the rats with an inflamed hindpaw and greatly
upregulated receptor. Unless there is incredibly rapid turnover of
the receptor, this result suggests that an SP–NK-1 receptor inter-
action does not come into play in the basal firing of spinal cord
neurons. This is true despite the fact that SP levels and the affinity
of the NK-1 receptor increase during the development of inflam-
mation (Stucky et al., 1993). We conclude that the upregulation of
the NK-1 receptor is only functionally manifested when a stimulus
is superimposed on a background of inflammation-induced alter-
ations in the dorsal horn.

In the setting of inflammation we found that noxious mechan-
ical stimulation induced NK-1 receptor internalization to a much
greater extent in neurons of the deep dorsal horn, and we re-
corded greater numbers of lamina I neurons in segments outside
of the primary terminal region of afferents from the hindpaw, i.e.,
in L2 and L6. The most striking observation in the rats with
inflammation of the hindpaw, however, was that even non-
noxious stimulation induced NK-1 receptor internalization in
dorsal horn neurons; this was never seen in intact rats. This
provides the strongest evidence to date that the altered properties
of dorsal horn neurons that occur in the setting of injury (Men-
étrey and Besson, 1982; Calvino et al., 1987b; Hylden et al., 1987,
1989) involve release of substance P and interaction with dorsal
horn neurons that express the NK-1 receptor. Because mechan-
ical allodynia is a characteristic feature of persistent injury states
(Calvino et al., 1987a), our results further suggest that SP con-
tributes to the clinical manifestations of chronic inflammation.

There are several mechanisms through which these results
could have been generated. In the normal animal, SP is concen-
trated in small-diameter, nociceptive afferents, and when there is
inflammation, there is a cyclooxygenase-dependent sensitization

of the terminals of the afferents, such that non-noxious stimuli can
activate the afferents (Martin et al., 1988; Taiwo and Levine,
1990). Inflammation also induces a central sensitization of dorsal
horn nociresponsive neurons, in which the receptive field of the
dorsal horn neuron is increased, as is spontaneous activity, and
the threshold for evoking activity in these neurons decreases
(Menétrey and Besson, 1982; Calvino et al., 1987b; Hylden et al.,
1987, 1989). Because C fibers do not project directly to neurons of
the deep dorsal horn, an alternative explanation for the appear-
ance of significant SP-mediated internalization is required. As
noted previously, based on studies of Duggan et al. (1988) and
Schaible et al. (1990), it is possible that diffusion of SP from
superficial laminae to deep laminae is an important contributor.
The fact that this is exacerbated in the setting of inflammation
provides additional evidence in favor of this hypothesis. In the
absence of significant diffusion of substance P, it is likely that
large-diameter A-b fibers provide the non-nociceptive input to
neurons that have undergone central sensitization. Although
these large-diameter afferents do not synthesize SP in the normal
rat, they do so in the setting of peripheral nerve injury (Noguchi
et al., 1994) and inflammation (Neumann et al., 1996). This could
provide a monosynaptic input to deep neurons that express the
NK-1 receptor. Large fiber-mediated polysynaptic activation of
SP-containing interneurons may also be involved. Thus, both
small- and large-diameter afferents may be the source of the SP
that induces NK-1 receptor internalization by non-noxious stim-
ulation, the former to cell bodies and dendrites of marginal
neurons and to the dorsally directed dendrites of lamina III
neurons, the latter to neurons of the deep dorsal horn. It is also
possible that a different afferent type (e.g., joint receptors) comes
into play in the setting of inflammation, because of the sensitiza-
tion that these afferents undergo after injection of CFA. Distin-
guishing between the contribution of peripheral and central sen-
sitization is difficult, because any treatment that reduces
peripheral sensitization of C-fiber afferents would concurrently
reduce the inflammation. It may be possible to use electrical
stimulation to activate fibers of different caliber selectively; how-
ever, the surgical procedure required to place the stimulating
electrodes could itself induce internalization of the receptor.

Finally, despite there being a significant shift in the mechanical
threshold for evoking NK-1 receptor internalization in the rats
with hindpaw inflammation, we found little change in the re-
sponse to noxious thermal stimulation. Only at the highest tem-
perature (52°C) was the magnitude of the response increased in
rats with persistent inflammation, and only at this temperature
did the distribution of neurons that contained internalized recep-
tor change. Specifically at 52°C, we observed NK-1 receptor
internalization in about 25% of laminae III–IV neurons. These
data suggest that an SP-mediated thermal allodynia does not
develop in the setting of inflammation. Although this conclusion
is somewhat at odds with the study of Ren et al. (1996), which
reported that NK-1 antagonists attenuate hyperalgesia to thermal
stimulation in CFA-treated rats, it is consistent with the report of
Liu and Sandkühler (1995), which found enhanced responses of
lamina I neurons to mechanical, but not to thermal, skin stimuli
during superfusion with SP.

Summary
We have proposed that the pattern of neurons that internalize the
NK-1 receptor in response to natural stimulation provides a
functional measure of release of SP from primary afferent fibers,
and possibly from SP-containing interneurons, and a “picture” of
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the distribution of neurons that are activated by SP. The results of
the present study provide strong evidence that the population
of neurons with which SP interacts changes dramatically in the
setting of inflammation. We also demonstrate that mechanical
stimulation is particularly effective in evoking the release of SP
and inducing NK-1 receptor internalization. We suggest that the
SP-NK-1 receptor-mediated changes that we have identified are
critical contributors to the central sensitization of dorsal horn
circuits that occurs in the setting of inflammation and thus to the
allodynia and hyperalgesia that ensue after injury.
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