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Dorsal root ganglia (DRG) neurons synthesize and transport
substance P (SP) to the spinal cord where it is released in
response to intense noxious somatosensory stimuli. We have
shown previously that SP release in vivo causes a rapid and
reversible internalization of SP receptors (SPRs) in dorsal horn
neurons, which may provide a pharmacologically specific im-
age of neurons activated by SP. Here, we report that noxious
heat (43°, 48°, and 55°C) and cold (10°, 0°, 210°, and 220°C)
stimuli, but not innocuous warm (38°C) and cold (20°C) stimuli,
applied to the hindpaw of anesthetized rats induce SPR inter-
nalization in spinal cord neurons that is graded with respect to
the intensity of the thermal stimulus. Thus, with increasing

stimulus intensities, both the total number of SPR1 lamina I
neurons showing SPR internalization and the number of inter-
nalized SPR1 endosomes within each SPR immunoreactive
neuron showed a significant increase. These data suggest that
thermal stimuli induce a graded release of SP from primary
afferent terminals and that agonist dependent receptor endo-
cytosis provides evidence of a spatially and pharmacologically
unique “neurochemical signature” after specific somatosensory
stimuli.
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Neurons with cell bodies located in dorsal root ganglia (DRG)
convey somatosensory information from peripheral tissues to the
CNS. These DRG neurons synthesize several neurotransmitters
that are released into the spinal cord to signal somatosensory
stimulation. To understand further how DRG neurons convey
somatosensory information and how somatosensory information
is processed by spinal cord neurons, several issues need to be
clarified. First, it remains to be determined whether release of a
particular sensory neurotransmitter(s) in the spinal cord is corre-
lated with stimulation of a particular sensory modality and with
excitation of a specific group of primary afferent fibers. Second, it
is important to determine whether transmitter release is graded
with stimulus intensity. Last, correlation of the intensity of sen-
sory stimulation with the neurochemical changes that take place
in the spinal cord will begin to provide data on how somatosen-
sory stimuli are encoded within the spinal cord and whether
different intensities and modalities of sensory stimulation gener-
ate a unique “neurochemical signature” within the spinal cord.

Substance P (SP), an undecapeptide that is present in 20–30% of
DRG neurons, is one of the most extensively studied primary
afferent neurotransmitters. Several lines of evidence suggest that
SP is involved in signaling nociceptive information in the spinal
cord. First, SP is contained primarily in small-diameter afferent

fibers and is released in the spinal cord after a noxious stimulus
(Hokfelt et al., 1975; Dalsgaard et al., 1984; Boehmer et al., 1989;
Levine et al., 1993). Second, iontophoresis of SP onto the spinal
cord has been reported to excite selectively the spinal nociceptive
neurons with minimal effect on the non-nociceptive neurons
(Radhakrishnan and Henry, 1991; Salter and Henry, 1991; how-
ever, see De Koninck and Henry, 1991). Noxious cutaneous stim-
ulation and electrical stimulation of a peripheral nerve at C-fiber
strength evoke the release of SP in the spinal cord (Schaible et al.,
1990; Duggan et al., 1991). Third, the release of SP in the spinal
cord is inhibited by opiate analgesics (Jessell and Iversen, 1977;
Yaksh, 1988; Aimone and Yaksh, 1989), and the depletion of SP by
capsaicin (a neurotoxin that is relatively selective for unmyelinated
sensory neurons, including those containing SP) is associated with
a loss of behavioral responses to noxious stimuli (Buck et al., 1983;
Buck and Burks, 1986). Finally, in animals with behavioral hyper-
algesia resulting from experimental polyarthritis, the release of SP
in the spinal dorsal horn is evoked by normally innocuous mechan-
ical stimuli (Schaible et al., 1990).

The major receptor that SP interacts with in the spinal cord is
the SP receptor (SPR), also known as the neurokinin-1 (NK-1)
receptor. The SPR is a prototypical G-protein-coupled receptor
with seven transmembrane-spanning domains that, when acti-
vated, induce inositol phospholipid hydrolysis (Sjodin et al., 1980;
Reubi et al., 1990; Garland et al., 1994) and in some cases induce
adenylate cyclase. In previous experiments, we have shown that a
subpopulation of spinal cord neurons expresses SPR immunore-
activity and that this immunoreactivity is present along most of
the plasma membrane, in both the cell body and dendrites (Liu et
al., 1994). We have also shown in vivo that injection of SP into the
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striatum (Mantyh et al., 1995a) or intraplantar injection of the
irritant capsaicin (Mantyh et al., 1995b), which causes release of
SP, evoked massive endocytosis of SPRs in striatal and spinal
cord neurons, respectively. This receptor internalization, which
follows receptor activation, is rapid, peaking at 5–10 min after SP
injection into the striatum and at 5–10 min after capsaicin injec-
tion into the hindpaw, and is blocked by selective nonpeptide SP
antagonists. Agonist-induced receptor internalization seems to
be a common feature of several G-protein-coupled receptors and
has been suggested to contribute to receptor desensitization,
resensitization, and ligand degradation (Senogles et al., 1990;
Kobilka, 1992; Caron and Lefkowitz, 1993; Lefkowitz et al.,
1993; Von Zastrow et al., 1993; Garland et al., 1996).

In the present study, we used SPR internalization to monitor the
populations of spinal cord neurons activated by SP after noxious
and innocuous thermal stimuli were applied to the hindpaw of rats.
We chose to apply thermal stimuli because such stimuli can be
delivered in a highly quantifiable and reproducible manner
(Yarnitsky et al., 1992). We examined whether there is graded SPR
internalization in response to increasing intensities of thermal
stimuli by determining whether the number of SPR immunoreac-
tive neurons showing SP-induced internalization increases with
stimulus intensity. Additionally, we examined whether there is a
greater amount of SPR internalization in individual cells and
whether only a specific subpopulation of SPR1 cells is activated
after cutaneous thermal stimuli.

MATERIALS AND METHODS
Animals. A total of 63 male Sprague Dawley rats (275–300 gm) were
used. Animals were housed two to a cage on a 12 hr light /dark cycle and
were given food and water ad libitum. All procedures were approved by
the Animal Care Committees at the VA Medical Center and the Uni-
versity of Minnesota.

Thermal stimulation of the rat hindpaw. Animals were divided ran-
domly into 12 groups of at least five rats each and were anesthetized
deeply with an intraperitoneal injection of sodium pentobarbital (60
mg/kg). One randomly selected hindpaw was stabilized by being placed
into a clay mold. A feedback-controlled thermal stimulator (Peltier type)
with a contact thermode measuring 1 cm 2 was used to deliver noxious
and innocuous stimuli to the plantar surface of the stabilized hindpaw.
Each group of animals was given one thermal stimulus. Noxious heat
(43°, 48°, and 55°C) and noxious cold (10°, 0°, 210°, and 220°C) stimuli
were delivered from an adapting temperature of 32°C for 30 sec, after
which time the thermode was returned to the adapting temperature. Heat
stimuli were applied at a rate of 20°C/sec, and cold stimuli were applied
at a rate of 5°C/sec. The rate refers to the linear change in temperature
(°C/sec) from the baseline to the stimulus temperature. Two additional
groups of rats were given innocuous thermal stimuli; innocuous cold
(20°C) and innocuous heat (38°C) were applied in the same manner as
the noxious stimuli. A separate group of animals received the adapting
temperature (32°C) for 5 min and 30 sec, and then the animals were
perfused. In this group, the contralateral portion of the dorsal horn was
used as the control. A separate group of normal unstimulated animals
were also perfused. After noxious and innocuous stimuli, the thermode
was kept in contact with the hindpaw for 5 min at the adapting temper-
ature, and then the animals were removed and immediately killed (see
below).

Preparation and characterization of the anti-SPR antibody. The antibody
used in the present study was raised against a synthetic 15 amino acid
peptide sequence [SPR(393–407)] corresponding to the C terminus of the
rat SPR (Vigna et al., 1994). The immunogen consisted of synthetic
peptide conjugated to bovine thyroglobulin using glutaraldehyde. The
antiserum recognizes a protein band at 80–90 kDa on Western blots of
membranes prepared from cells transfected with the rat SPR (Vigna et
al., 1994). The antibody staining in the rat spinal cord was blocked by
preabsorbing the antiserum with SPR(393–407). Light microscopy revealed
an excellent correlation between the patterns of SPR immunoreactivity
and the patterns of 125I-SP binding sites in the CNS. In the striatum, the
SP-induced internalization of the SPR is dose-dependent: EC50 5 0.93

nM for SP, EC50 5 15.0 nM for neurokinin A, and EC50.1.0 mM for
neurokinin B (Mantyh et al., 1995a); these potencies correspond closely
to the affinities of these peptides for the rat SPR (Mantyh et al., 1989).
The SP-induced internalization of the SPR also seems to be caused by
interaction with the SPR agonist binding site because injection of RP
67,580, a nonpeptide antagonist, produced no significant internalization
of the SPR by itself but potently blocked the SP-induced SPR internal-
ization both in the striatum in vivo (Mantyh et al., 1995a) and in primary
cultures of neonatal spinal cord neurons (S. D. Rogers and P. W. Mantyh,
unpublished observations).

Immunohistochemical localization of the SPR. After thermal stimula-
tion, anesthetized rats were perfused via the ascending aorta with 500 ml
of 0.1 M PBS, pH 7.4, at 22°C, followed by 750 ml of PBS, pH 6.9, at 4°C,
containing 4% formaldehyde and 12.5% picric acid. Perfusions were
timed such that the fixative entered the spinal cord 8 min after the end
of the 30 sec stimulus, which is the time at which maximal SPR inter-
nalization was observed after local injection of SP or after injection of
capsaicin into the hindpaw (Mantyh et al., 1995a). After perfusion, the
spinal cord was removed, blocked in the transverse plane, post-fixed for
between 12 and 24 hr at 4°C in PBS, pH 6.9, containing 4% paraformal-
dehyde and 12.5% picric acid, and placed for 24 hr at 4°C in PBS, pH 7.4,
containing 30% sucrose. The cords were then sectioned at a thickness of
60 mm on a sliding microtome, and serial sections were collected in PBS
(Mantyh et al., 1995b). The tissue sections were pretreated for 30 min at
22°C in PBS, pH 7.4, containing 0.1% saponin and 1.0% normal goat
serum and then incubated for 12 hr at 22°C in PBS, pH 7.4, containing
1.0% normal goat serum, 0.3% Triton X-100, and the anti-SPR antibody
(no. 11884–5) at a concentration of 1:5000.

After incubation with the primary antibody, the tissue sections were
washed for 30 min at 22°C in PBS, pH 7.4, and then incubated in the
secondary antibody solution, pH 7.4, for 2 hr at 22°C. This secondary
antibody solution was identical to the primary antibody solution with the
exception of cyanine (Cy-3)-conjugated donkey anti-rabbit IgG (no.
711-165-152, Jackson ImmunoResearch, West Grove, PA) present at a
concentration of 1:600 in place of the anti-SPR antibody. Finally, the
tissue sections were washed for 20 min at 22°C in PBS, pH 7.4, mounted
onto gelatin-coated slides, dehydrated via an alcohol gradient (70, 90,
100%), cleared in xylene, and coverslipped with DPX (Fluka Bio-
Chemika, Ronkonkoma, NY) to reduce photobleaching. To confirm the
specificity of the antibody, we routinely performed controls such as
leaving out the primary antibody and preabsorbing the anti-SPR anti-
body with the peptide it was raised against (Mantyh et al., 1995a,b).

Quantification of SPR internalization in the cell bodies of lamina I
neurons. The tissue sections obtained from the immunohistochemical
protocol described above were analyzed by fluorescent and confocal
microscopy to determine the spinal levels and laminae in which signif-
icant SPR internalization occurred. To examine the sites of internal-
ization within the cell, we viewed sections with an MRC-1024 Confo-
cal Imaging System (Bio-Rad, Boston, MA) equipped with a 603 oil
immersion objective and with an Olympus AX-70 microscope
equipped for epifluorescence (Olympus, Lake Success, NY). The
microscope was set up as described previously (Mantyh et al., 1995a,b).

In all cases we quantified the SPR internalization in lamina I cell
bodies. SPR immunoreactive endosomes were counted in 50 SPR immu-
noreactive lamina I neurons in the medial aspect of the fourth lumbar
(L4) spinal segment in each animal, using a Leitz Orthoplan II micro-
scope equipped for fluorescence. These data were then given as the
average number of SPR immunoreactive endosomes per SPR immuno-
reactive lamina I neuron. An endosome was defined as an intense SPR
immunoreactive intracellular organelle between 0.1 and 0.7 mm in diam-
eter that was clearly not part of the external plasma membrane. In cases
in which there were .50 SPR immunoreactive endosomes per cell body,
we counted the neuron as having 50 endosomes per cell body because the
dense intracellular packing of the SPR immunoreactive endosomes made
exact delineation of each endosome difficult.

Statistical analysis. Two separate parameters, the proportion of cell
bodies with more than five SPR immunoreactive endosomes per SPR
immunoreactive lamina I neuron and the mean number of SPR immuno-
reactive endosomes per SPR immunoreactive cell body, were analyzed to
determine whether noxious thermal stimuli evoked a graded release of SP.
The proportion of SPR immunoreactive lamina I cells with more than five
SPR immunoreactive endosomes per cell body and the mean number of
SPR immunoreactive endosomes per SPR immunoreactive lamina I cell
body were computed separately for each temperature group. The propor-
tion of cell bodies with more than five SPR immunoreactive endosomes as
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a function of stimulus temperature was evaluated using the x2 test. After
arcsine transformation of the proportions, an analog of Dunnett’s test was
used to compare the mean proportion of cell bodies among the groups with
that of the control group (Levy, 1975; Zar, 1984).

A one-way ANOVA was used to determine the effect of temperature
on the number of SPR immunoreactive endosomes per cell body. Com-
parisons of mean values between individual groups were made using the
nonparametric Mann–Whitney U test.

Figure 1. Confocal images of
SPR immunoreactivity in the
rat lumbar spinal cord. A, Con-
focal image of the rat spinal
cord (L4 segment) 8 min after
the plantar surface of the right
hindpaw was stimulated for 30
sec with a 55°C thermode. The
boxes show the areas of the dor-
sal horn of the spinal cord that
were sampled on the contralat-
eral and stimulated sides. This
medial aspect of the spinal cord
is also the area that receives
nociceptive inputs from the
plantar surface of the hindpaw.
In A the SPR immunoreactivity
appears white, whereas in B and
C panels the SPR immunoreac-
tivity appears gray (low levels)
and white (high levels). B1, B2,
Confocal images, projected
from 11 optical sections ac-
quired at 0.7 mm intervals, of
SPR immunoreactivity in the
contralateral and ipsilateral
sides, respectively, of the lum-
bar spinal cord after a 220°C
stimulus to the right hindpaw.
In the contralateral, unstimu-
lated dorsal horn (B1), the SPR
immunoreactivity is present on
the plasma membrane, whereas
on the stimulated side (B2), the
SPR immunoreactivity is asso-
ciated mainly with SPR1 endo-
somes. C1–C6, Confocal pho-
tomicrographs, projected from
22 optical sections acquired at
0.7 mm intervals, of SPR1 lam-
ina I cell bodies 8 min after a
single thermal stimulus was de-
livered to the hindpaw. In the
contralateral control (C3) and
in the ipsilateral spinal cord af-
ter the 32°C stimulus (C4 ), the
SPR immunoreactivity is asso-
ciated with the cell surface. Af-
ter noxious thermal stimuli, the
cell bodies experience a loss of
immunoreactivity from the cell
surface and an increase in the
number of SPR1 endosomes in
the neuronal cell body (C1, C2,
C5, C6 ), suggesting that there
is a graded release of SP from
the primary afferents that is
correlated with the intensity of
the noxious thermal stimula-
tion. Scale bars: A, 0.4 mm; B1–
B2, 35 mm; C1–C6, 20 mm.
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RESULTS

Distribution of SPR immunoreactivity in the spinal cord
segment L4
In the normal spinal cord (L4) of unstimulated rats, SPR immu-
noreactive neurons comprise ;5–7% of the neurons within lam-
ina I, and the SPR immunoreactivity decorates almost the entire
dendritic and somatic surface of each neuron that expresses this
receptor (Liu et al., 1994; Brown et al., 1995). Figure 1 shows
representative examples of normal cells (C3, C4) that express the
SPR on the cell surface and also of SPR internalization (C1, C2,
C5, C6) after the various stimulus conditions. In contrast, cell
bodies containing SPR immunoreactivity are almost completely
absent within lamina II, although there is a dense plexus of SPR1
dendrites in both laminae I and II. In the deeper laminae, SPR1
neuronal cell bodies are located in laminae III–V, with many of
these deep SPR1 neurons having dorsally directed dendritic
arbors that traverse the substantia gelatinosa to reach the mar-
ginal layer (Brown et al., 1995). Under normal or unstimulated
conditions, most SPR immunoreactivity in lamina I SPR1 neu-
rons is associated with the plasma membrane, with few SPR1
endosomes present in the cytoplasm.

Innocuous thermal stimulation does not induce SPR
internalization in the normal animal
The normal unstimulated group, the ipsilateral 32°C-stimulated
group, and the 32°C contralateral group had nearly the same
proportion of cell bodies, with more than five SPR immunoreac-
tive endosomes per SPR immunoreactive lamina I cell body (Fig.
2A), and had the same mean number of SPR immunoreactive
endosomes per SPR immunoreactive cell body (Fig. 2B). There-
fore we used the 32°C contralateral group as the control group to
which all other groups were compared. The 32°C contralateral
group had a mean of 0.6 (60.2) (SEM) SPR1 endosomes per
SPR1 lamina I cell body. Stimulation with the adapting temper-
ature of 32°C for 30 sec did not produce internalization of the
SPR in the ipsilateral lumbar dorsal horn; the mean number of
SPR1 endosomes per SPR1 lamina I cell body was 0.6 (60.2)
( p . 0.05). In the normal unstimulated group, the mean number
of SPR1 endosomes per SPR1 lamina I cell body was 0.6 (60.2)
( p . 0.05). After a stimulus of 20°C, lamina I cell bodies had a
mean of 0.7 (60.3) SPR1 endosomes ( p . 0.05). For the 32°C
contralateral, the 32°C ipsilateral, the normal, and the 20°C-
stimulated groups, the proportion of cell bodies with more than
five SPR1 internalized endosomes was 2, 4, 2, and 6%, respec-
tively. Stimulation with 38°C produced an approximately twofold
increase [1.3 (60.3)] in the mean number of SPR1 endosomes
per cell body compared with the control group, but this did not
achieve statistical significance ( p . 0.05). The proportion of cell
bodies in the 38°C group that had more than five SPR1 endo-
somes per cell body was 8%. In the normal unstimulated group, in
the control group, and in groups that received stimuli of 20°, 32°,
and 38°C, the SPR immunoreactivity was found on the surface of
the plasma membrane of cell bodies and dendrites, with few if any
SPR1 endosomes present in the cytoplasm (Figs. 1, 2).

SPR internalization evoked by noxious heat and
cold stimulation
Noxious heat (43°, 48°, and 55°C) and noxious cold (10°, 0°, 210°,
and 220°C) stimuli applied to the hindpaw produced significant
internalization of the SPR in lamina I cell bodies and in dendrites
located in laminae I and II, as evidenced by the increase in both
the proportion of cell bodies exhibiting SPR1 endosomes and the

mean number of SPR1 endosomes per SPR1 lamina I cell body.
Figure 2A shows that the proportion of SPR1 lamina I neurons
with more than five SPR1 endosomes per cell body increased
significantly as the intensity of noxious heat and noxious cold
increased (x2 5 99.15; df 5 10; p , 0.001). Post hoc comparisons
revealed that heat stimuli of 43–55°C and cold stimuli of 10° to
220°C evoked a monotonic increase in the number of cell bodies
with SPR1 endosomes ( p , 0.05).

In the thin distal dendrites in laminae I and II, SPR internal-
ization was accompanied by a morphological reorganization of
the dendrites. Whereas in the normal animals SPR1 dendrites
have a rather homogeneous diameter, these dendrites in the

Figure 2. A, Mean proportion of SPR immunoreactive lamina I cell
bodies exhibiting more than five SPR immunoreactive endosomes per
SPR immunoreactive lamina I cell body as a function of stimulus inten-
sity. B, Mean (6SEM) number of SPR1 endosomes per cell body in SPR
immunoreactive lamina I neurons. In both cases the thermal stimulus
group was compared with the 32°C contralateral control group, and the
neurons sampled were present in the medial aspect of the rat L4 spinal
segment. *p , 0.05.
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animals that received noxious thermal stimuli became highly
varicose and were characterized by large swollen varicosities
containing many SPR1 endosomes linked by thin fibers. Al-
though we were unable to assess quantitatively whether this
morphological reorganization of the distal dendrites was graded
with the stimulus intensity, at least qualitatively it was observed
that the greater the thermal stimulus intensity the greater the
morphological reorganization in laminae I and II dendrites. In
contrast to the SPR1 neurons in lamina I, none of the stimuli
used in the present experiments induced detectable SPR inter-
nalization in any SPR1 dendrite or cell body located ventral to
the laminae II–III border (i.e., in laminae III–V). For this reason,
our analysis focused solely on changes that occurred in SPR1
neurons located in the medial aspect of lamina I at the L4
segment of the spinal cord, which is the primary termination site
of the sensory neurons that innervate the hindpaw.

In addition to increasing the proportion of neurons with more
than five SPR1 endosomes per cell body, noxious heat and cold
stimuli also increased the mean number of SPR1 endosomes per
SPR immunoreactive lamina I cell body. A one-way ANOVA
revealed a significant difference between the groups in the mean
number of endosomes per cell body [F(10,549) 5 16.71; p , 0.05].
The number of SPR1 endosomes in cell bodies increased signif-
icantly after heat stimuli of 43°, 48°, and 55°C and cold stimuli of
10°, 0°, 210°, and 220°C.

Quantification of SPR internalization in lamina I cell
bodies in response to noxious heat
Figure 2B shows the mean (6SEM) number of endosomes per
lamina I cell body as a function of stimulus temperature (°C). Post
hoc comparisons indicated that the number of SPR1 endosomes
per cell body increased after heat stimuli of 43°, 48°, and 55°C.
Stimulation with 43°C produced a more than fourfold increase in
the number of SPR1 endosomes found in the SPR1 lamina I cell
body compared with the contralateral control ( p , 0.05). Twenty-
four percent of these SPR1 lamina I cell bodies exhibited more
than five SPR1 endosomes per cell body, and the mean number of
SPR1 endosomes per cell was 3.0 (60.7). Stimulation with 48°C
resulted in an approximately 17-fold increase in the mean number
of SPR1 endosomes found in SPR1 lamina I cell bodies com-
pared with control values ( p , 0.05). These SPR1 cell bodies had
an average of 11.0 (62.1) SPR1 endosomes, and 54% of these cells
had more than five SPR1 endosomes. The greatest amount of SPR
internalization was observed after the 55°C stimulus. The number
of SPR1 endosomes per SPR1 lamina I cell body increased
greater than 26-fold compared with the control group ( p , 0.05);
these SPR1 neurons had an average of 17.0 (62.63) internalized
endosomes per cell body, and 68% of these SPR1 lamina I cell
bodies exhibited more than five endosomes.

Quantification of SPR internalization in lamina I cell
bodies in response to noxious cold
The 10°C stimulus evoked an approximately fivefold increase in
the number of SPR1 endosomes found in SPR1 lamina I cell
bodies compared with those observed in the control group ( p ,
0.05) (Fig. 2). The mean number of SPR1 endosomes per SPR1
lamina I cell body was 3.4 (61.0), and 18% of SPR1 lamina I cells
exhibited more than five SPR1 endosomes. Similarly, a greater
than sixfold increase in the number of SPR1 endosomes was
produced by the 0°C stimulus compared with control counts ( p ,
0.05), and 28% of the SPR1 lamina I cell bodies had more than
five SPR1 endosomes. The mean number of SPR1 endosomes

per SPR1 lamina I cell body was 4.8 (61.14). Stimulation with
210°C resulted in an 11-fold increase ( p , 0.05) in the number
of SPR1 endosomes found in SPR1 lamina I cell bodies com-
pared with the control group ( p , 0.05). Fifty percent of lamina
I cell bodies that exhibited SPR internalization had more than
five SPR1 endosomes and contained an average of 7.0 (61.3)
SPR1 endosomes. Stimulation with 220°C produced a greater
than 21-fold increase in the quantity of SPR1 endosomes found
in the SPR1 lamina I cell bodies compared with the control
group ( p , 0.05). Sixty percent of these cell bodies had more
than five SPR1 endosomes and had an average of 13.8 (62.3)
SPR1 endosomes per SPR1 lamina I cell body.

DISCUSSION
SPR internalization in lamina I neurons is induced by
noxious thermal stimuli and is intensity dependent
Previous reports that examined the specific somatosensory stimuli
that induce SP release in the spinal cord have been divided. Early
studies using antibody-coated microelectrodes suggested that in
barbiturate-anesthetized spinalized cats, noxious thermal, me-
chanical, or chemical cutaneous stimuli increased release of SP in
the lumbar spinal cord (Duggan et al., 1988; Schaible et al., 1990).
Subsequent studies using microdialysis in decerebrate rabbits
suggested that among the noxious stimuli only mechanical and
inflammatory, but not heat, stimuli led to the detectable release of
SP in the spinal cord (Kuraishi et al., 1989).

In the present study, we used SPR internalization as a measure
of SP release in the spinal cord to examine the range of thermal
intensities that induce the release of SP in the spinal cord. We
found that both noxious heat (43°, 48°, and 55°C) and noxious
cold (10°, 0°, 210°, and 220°C) stimuli induced a graded SPR
internalization in the spinal cord, evidenced by an increase both
in the proportion of SPR immunoreactive neurons with more
than five SPR immunoreactive endosomes per cell body and in
the mean number of SPR immunoreactive endosomes per SPR
immunoreactive lamina I cell body. In contrast, innocuous heat
(38°C) and innocuous cold (20°C) did not evoke a statistically
significant increase in SP release assayed either by mean number
of SPR immunoreactive endosomes per SPR immunoreactive
lamina I cell body or by the proportion of SPR immunoreactive
neurons with more than five SPR immunoreactive endosomes per
cell body.

In comparing the present results with previous reports, it is
important to compare the relative invasiveness of the techniques.
Both the antibody-coated microelectrode and the microdialysis
techniques involve inserting the measuring device into the spinal
cord before stimulation. This invasiveness may itself produce
release of SP. The method of measuring receptor internalization
used in this study does not require any manipulation of the spinal
cord until after perfusion and fixation of the animal, thus elimi-
nating the possibility that the measuring instrument itself may
induce SP release.

In examining the increase in SPR internalization that occurred
in response to increasing thermal cutaneous stimuli, we found
that the present data are in close agreement with previous human
psychophysical data in that the magnitude of pain evoked by
noxious heat or cold increases linearly as stimulus intensity in-
creases (Chery-Crose, 1983). These data suggest that increasing
intensities of thermal stimuli increase the amount of SP released
from primary afferent fibers. Thus, with the graded release of SP
from primary afferent fibers, greater numbers of SPR1 neurons
are excited, and there is a progressive increase in the number of
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internalized SPRs per neuron. This could contribute to evoked
responses of dorsal horn neurons and ultimately to perceived
magnitude of pain.

The role of SP and the SPR in signaling cutaneous
thermal information in the spinal cord
Although SP has been implicated in the sensitization of spinal
cord neurons after injurious stimuli (Urban et al., 1994), there are
several reasons why SP may play a modulatory, as opposed to a
direct, role in the transmission of noxious information in the
spinal cord. Most importantly, the kinetics of SPR activation,
desensitization, and ultimate recycling is simply too slow to
permit the SP/SPR system to be the fast-acting primary afferent
neurotransmitter system signaling thermal stimuli in the spinal
cord. Intense noxious cutaneous stimulation induces a substantial
internalization of the SPR. Once internalized, the SPR does not
recycle to the plasma membrane for 10–60 min (Mantyh et al.,
1995b). Thus, if the SPR were the principle receptor involved in
signaling noxious cutaneous information in the spinal cord, one
would expect a significant refractory period after noxious thermal
stimulation, because the majority of the SPRs would be in the
cytoplasm and unavailable for activation by extracellular SP. In
contrast, psychophysical data demonstrate that instead of a re-
fractory period, sensations evoked by innocuous and noxious
thermal stimuli applied repeatedly are perceived normally or may
be enhanced after injury and sensitization (Yarnitsky et al.,
1992).

If SP is not the fast-acting primary afferent neurotransmitter
that signals noxious thermal cutaneous information in the spinal
cord, what is its role? Previous studies have suggested that SPR
activation modulates NMDA receptors that are coexpressed in
the same neurons. For example, the combined application of SP
and excitatory amino acids (including NMDA) facilitated the
responses of dorsal horn neurons (Dougherty and Willis, 1991;
Dougherty et al., 1993). That SP may have a role in modulating
NMDA activity is supported by the findings that SPR activation
of phospholipase C gives rise to diacylglycerol, which in turn
stimulates protein kinase C in the presence of phosphatidylserine
and Ca21. It has also been shown that membrane-bound protein
kinase C levels are enhanced in the dorsal horn in laminae I and
II during hyperalgesia (Mao et al., 1992). The activated protein
kinase C can phosphorylate cytosolic and membrane proteins,
including the NMDA receptor, and offers a mechanism for SP
modulation of NMDA receptor-mediated synaptic transmission
(Yamamoto, 1988; Gerber et al., 1989). Direct support for this
hypothesis comes from studies showing that activation of protein
kinase C and consequent phosphorylation of the NMDA receptor
induces a change in the kinetics of Mg21 binding to the NMDA
receptor that is expressed by neurons located in the trigeminal
subnucleus caudalis (Chen and Huang, 1991, 1992). SP activation
of protein kinase C could enable activation of NMDA receptor
channels at more negative membrane potential levels (Chen and
Huang, 1991). Taken together, the above data suggest that the
SPR is involved in modulating spinal cord activity as opposed to
being the principal fast-acting neurotransmitter involved in con-
veying noxious cutaneous thermal information.

Spinal neurons that exhibit SPR internalization in
response to noxious thermal stimuli are predominately
projection neurons
Recent studies using combined retrograde labeling and immuno-
histochemical labeling of SPR1 neurons in the rat spinal cord
have shown that 77% of all the lamina I spinothalamic neurons at

the L4 segment of the spinal cord are also SPR immunoreactive
(Marshall et al., 1996), as are the majority of spinoparabrachial
neurons at the L4 segment (Ding et al., 1995). Because many of
the lamina I SPR1 neurons in the medial aspect of L4 show SPR
internalization in response to high intensity noxious thermal
stimuli, these data suggest that many of the lamina I SPR1
neurons that are activated by noxious thermal stimuli are direct
projection neurons whose ascending fibers terminate in the thal-
amus and/or in the parabrachial nucleus.

SP-induced SPR internalization as a pharmacologically
selective marker of SPR activation
The present data suggest that agonist-induced endocytosis of
receptors can be used as a pharmacologically selective index of
neuronal activity. Thus, agonist-dependent endocytosis of a
signal-transducing receptor not only allows identification of the
anatomical components of a highly specific neuronal pathway, but
because the extent of receptor endocytosis is dose responsive,
also offers the possibility of quantifying postsynaptic receptor
activation at the single and intracellular level.

Using SPR internalization as a measure of SP release and
receptor activation, we have shown that there is a clear correlation
between the intensity of the noxious cutaneous thermal stimuli and
the number and magnitude of spinal cord neurons showing SPR
internalization. These data raise the possibility that there is a
unique neurochemical signature in the spinal cord that reflects both
the spectrum of sensory fibers that have discharged in response to
each cutaneous stimulus and the response properties of the spinal
cord neurons. The key is that the neurochemical signature will
correlate most closely with the cellular activity in the spinal cord as
opposed to the actual modality and intensity of the cutaneous
stimulation. Thus, in animals with allodynia or hyperalgesia, in-
nocuous cutaneous sensory stimulation would be expected to gen-
erate a neurochemical signature that is normally observed only
after noxious stimulation (Abbadie et al., 1996). This would reflect
the fact that because both primary sensory neurons and spinal cord
neurons are sensitized, innocuous and mildly noxious cutaneous
stimuli would now be perceived as highly noxious.

Although it is clear that sensory neurons use various neurotrans-
mitters in addition to SP to signal pain in the spinal cord, the
present results suggest that by using a similar approach for other
neurotransmitter/receptor systems (Faure et al., 1992; Von Zas-
trow et al., 1993; Benya et al., 1994; Roettger et al., 1995) it may be
possible to define ultimately the neurochemical signature of each
type of acute and chronic pain. Defining such a neurochemical
signature would seem to offer significant insight into novel thera-
peutic targets for the prevention of both acute and chronic pain.
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