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Opioid w- and &-receptors are present on the central terminals of primary afferents, where they are thought to inhibit neurotransmitter
release. This mechanism may mediate analgesia produced by spinal opiates; however, when they used neurokinin 1 receptor (NK1R)
internalization as an indicator of substance P release, Trafton et al. (1999) noted that this evoked internalization was altered only
modestly by morphine delivered intrathecally at spinal cord segment S1-S2. We reexamined this issue by studying the effect of opiates on
NKI1R internalization in spinal cord slices and in vivo. In slices, NKIR internalization evoked by dorsal root stimulation at C-fiber
intensity was abolished by the . agonist [p-Ala’, N-Me-Phe*, Gly-ol’]-enkephalin (DAMGO) (1 um) and decreased by the & agonist
[p-Phe>*]-enkephalin (DPDPE) (1 um). In vivo, hindpaw compression induced NKIR internalization in ipsilateral laminas I-II. This
evoked internalization was significantly reduced by morphine (60 nmol), DAMGO (1 nmol), and DPDPE (100 nmol), but not by the
agonist trans-(18,2S)-3,4-dichloro-N-mathyl-N-[2-(1-pyrrolidinyl)cyclohexyl]-benzeneacetamide hydrochloride (200 nmol), delivered
at spinal cord segment L2 using intrathecal catheters. These doses of the 1 and & agonists were equi-analgesic as measured by a thermal
escape test. Lower doses neither produced analgesia nor inhibited NK1R internalization. In contrast, morphine delivered by percutane-
ous injections at S1-S2 had only a modest effect on thermal escape, even at higher doses. Morphine decreased NK1R internalization after
systemic delivery, but at a dose greater than that necessary to produce equivalent analgesia. All effects were reversed by naloxone. These
results indicate that lumbar opiates inhibit noxious stimuli-induced neurotransmitter release from primary afferents at doses that are

confirmed behaviorally as analgesic.
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Introduction

Spinal administration of u and & opiates produces a potent anal-
gesia in animal models and in humans at doses that have little
effect on other sensory functions (Yaksh, 1981). Consistent with
this analgesic effect, opioids inhibit dorsal horn neuron responses
evoked by stimulating C- but not A-fibers (Le Bars et al., 1976;
Jurna and Heinz, 1979; Grudt and Williams, 1994). Immunohis-
tochemistry and receptor autoradiography show that opioid re-
ceptors are located on small dorsal root ganglion cells and in
laminas I-II of the dorsal horn (Fields et al., 1980; Cheng et al.,
1996; Abbadie et al., 2001), suggesting that these receptors are
present presynaptically on C-fiber terminals. This localization is
confirmed by the reduction in receptor numbers after rhizotomy
or neonatal capsaicin (Gamse et al., 1979; Besse et al., 1990);
however, opioid receptors are also located in dorsal horn neu-
rons, because rhizotomy does not completely eliminate opiate
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binding, and opioid receptor mRNA is found in the dorsal horn
(Todd and Spike, 1993; Mansour et al., 1995; Kemp et al., 1996).
Postsynaptically, opioid receptors decrease neuronal excitability
by opening potassium channels (Yoshimura and North, 1983;
Grudt and Williams, 1994). Presynaptically, opioids inhibit neu-
rotransmitter release by inactivating voltage-gated calcium chan-
nels (VGCCs) (Schroeder et al., 1991; Soldo and Moises, 1998).
Indeed, local opioids reduce increases in the extracellular con-
centrations of substance P (SP) or calcitonin gene-related peptide
evoked by local depolarization in vitro (Jessell and Iversen, 1977;
Chang et al., 1989; Pohl et al., 1989) or by C-fiber stimulation in
vivo (Yaksh et al., 1980; Go and Yaksh, 1987; Aimone and Yaksh,
1989).

Activation of neurokinin 1 receptors (NK1Rs) in dorsal horn
by neurokinins (e.g., SP and neurokinin A), released from small
primary afferents produces NKIR internalization in lamina I
neurons (Mantyh et al., 1995; Marvizon et al., 1997). Accord-
ingly, NK1R internalization indicates SP release evoked by nox-
ious stimuli (Abbadie et al., 1997; Allen et al., 1997; Liu et al.,
1997; Honore et al., 1999; Trafton et al., 1999, 2001) or by pri-
mary afferent stimulation (Allen et al., 1999; Marvizon et al.,
1999b, 2003a,b). Trafton et al. (1999), using this elegant method-
ology, reported that percutaneous intrathecal delivery of mor-



3652 - J. Neurosci., April 6, 2005 - 25(14):3651-3660

phine, at doses said to be analgesic, produced only a modest
(=20%) block of NK1R internalization evoked by noxious stim-
uli. Systemic morphine also failed to reduce NKIR internaliza-
tion, unless it was administered with an NK1R antagonist. These
authors concluded that “opioid analgesia predominantly in-
volves postsynaptic inhibitory mechanisms and/or presynaptic
control of non-SP-containing primary afferent nociceptors.”
Their conclusion prompted us to reexamine this issue similarly
using NKIR internalization to measure neurokinin release in
both ex vivo and in vivo spinal models. Here, we find that NKI1R
internalization evoked by C-fiber stimulation in spinal cord slices
or by noxious stimulation in vivo was indeed blocked in a
naloxone-reversible manner by agonists of u- and 8-opioid re-
ceptors delivered spinally, and these effects occurred readily in
vivo at intrathecal doses defined as analgesic.

Materials and Methods

Animals

For ex vivo studies, 3- to 4-week-old male Sprague Dawley rats (Harlan
Sprague Dawley, Indianapolis, IN) were used in accordance with a pro-
tocol approved by the Animal Research Committee of the University of
California—Los Angeles. For in vivo experiments, male Holtzman
Sprague Dawley rats (300-350 g; Harlan Sprague Dawley) were used in
accordance with a protocol approved by the Institutional Animal Care
and Use Committee of the University of California—San Diego. The rats
were housed in individual standard cages at room temperature ona 12 h
light/dark cycle (lights on at 7 A.M.). Testing was performed during the
light cycle at 12 noon. Animals had ad libitum access to food and water.

Ex vivo studies

Spinal cord slices. Spinal cords were obtained from 3- to 4-week-old
Sprague Dawley rats anesthetized with isoflurane (Halocarbon Labora-
tories, River Edge, NJ). Coronal slices (400 wm) with one dorsal root
were cut with a Vibratome (Technical Products International, St. Louis,
MO) from a lumbar spinal cord segment (L2-L4), as described previ-
ously (Randic et al., 1993; Marvizon et al., 1997; Sandkuhler et al., 1997;
Lao et al., 2003; Song and Marvizon, 2003). Fiber continuity between the
dorsal root and the dorsal horn was preserved by aiming the blade of the
Vibratome at the point of entrance of the root with the help of a stereo
microscope. Only slices with >80% of the dorsal funiculus continuous
with the root were used.

Dorsal root stimulation. The dorsal root attached to the slice was stim-
ulated electrically using a custom-made chamber, as described previously
(Song and Marvizon, 2003). Slices were superfused (3—6 ml/min) with
artificial CSF containing the following (in mm): 124 NaCl, 1.9 KCI, 26
NaHCO;, 1.2 KH,PO,, 1.3 MgSO,, 2.4 CaCl,, and 10 glucose at 35°C,
bubbled with 95% O,/5% CO,. Drugs were present in the superfusate for
5 min before, during, and 10 min after root stimulation. The root was
placed on a bipolar stimulation electrode (0.5 mm diameter platinum
wire; 1 mm pole separation) in a compartment separated from the su-
perfusion chamber by a grease bridge. The root and electrodes were
covered with mineral oil, and any excess CSF around them was suctioned
away. Electrical stimulation was provided by a Master-8 stimulator and
an SIUS5A stimulus-isolating unit (AMP Instruments, Jerusalem, Israel)
and consisted of 1000 square pulses of 20 V and 0.4 ms (C-fiber intensity)
delivered at 100 Hz. The side of the slice ipsilateral to the stimulated root
was identified by punching a round hole in its ventral horn. Treatments
were randomized between slices, and no more than two slices from the
same animal received the same treatment.

In vivo studies

Intrathecal catheter implantation. Drugs were delivered through a single
chronically implanted catheter (Yaksh and Rudy, 1976) to assess their
effects on behavior and NKI1R internalization. In brief, the rats were
anesthetized with 4% isoflurane in a room air/oxygen mixture (1:1), and
the backs of the head and neck were shaved. Anesthesia was maintained
with 2% isoflurane delivered by mask. The animal was placed in a stereo-
taxic head holder with the head flexed forward. A midline incision was
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made on the back of the neck, and the cisternal membrane was exposed
by dissection. The membrane was opened with a stab blade, anda 7.5 cm
polyethylene catheter (stretched PE-10; outer diameter, 0.015; Becton
Dickinson, Sparks, MD) was then inserted through the cisternal opening
and passed into the intrathecal space to the Th11-L2 spinal segment. The
other end of the catheter was tunneled subcutaneously to exit through
the top of the head, flushed with 10 ul of saline, and then plugged. The
rats were given 5 ml of lactated Ringer’s solution subcutaneously and
allowed to recover under a heat lamp; those showing motor weakness or
signs of paresis on recovery from anesthesia were killed immediately. The
rats were allowed to recovered for 5-7 d before the experiment.

Percutaneous intrathecal injections. In separate experiments, we deter-
mined the effects on behavior of drugs delivered percutaneously at the
S1-S2 spinal interspace using the method described by Trafton et al.
(1999). First, we undertook initial dissections to define the approach to
the site in male Holtzman rats weighting 265-350 g. Second, to deter-
mine initially the characteristic distribution of the percutaneous delivery,
a series of rats were anesthetized with isoflurane by inhalation (4%) and
maintained at 2% in an air/O, mixture. Each of these rats received an
injection of methylene blue (5%) delivered in a volume of 20 ul through
a 30 gauge needle connected to a 50 wl Hamilton syringe. Third, to
validate the reliability of our injection technique, five rats were prepared
as described to receive methylene blue in 20 ul and were killed at 10 min;
the lumbar sacral cord was carefully dissected, and the distribution of dye
was assessed. We paid particular attention to the needle bevel at the time
of injection to ensure that it was facing rostrally. Finally, an additional
group of 25 rats received percutaneous intrathecal injections of vehicle
(saline) or different doses of morphine sulfate. These animals were re-
moved from the gas flow at the moment of injection and allowed to
recover. Spontaneous righting reflexes began to appear within several
minutes, and normal thermal escape latencies in the saline-treated ani-
mals were observed within 20 min. Escape latencies were then followed
for 1 additional hour.

Hindpaw compression injury. Rats were anesthetized with sodium pen-
tobarbital (100 mg/kg, i.p.), one of the hindpaws was positioned perpen-
dicularly across the jaws of a 6 inch mosquito forceps with nonserrated
jaws, and the jaws were closed to the first click of the hemostat ratchet.
Compression was applied for 60 s. Five minutes after compression, the
rats were fixed by aortal perfusion, and the spinal cords were harvested
for NK1R immunocytochemistry (see below, NK1R immunohistochem-
istry and assessment of internalization).

Assessment of thermal nociception. The latency of the hindpaw with-
drawal evoked by thermal stimulation was determined using a modified
Hargreaves Box (Dirig et al., 1997). In the absence of a response within
20 s, the stimulus was terminated (cutoff time). Thermal escape latency
data were expressed as percentage maximum possible effect (% MPE),
which was calculated as follows: % MPE = (post-drug latency — base-
line) X 100/(cutoff — baseline).

NKIR immunohistochemistry and assessment of internalization

Immunohistochemistry. For in vivo studies, anesthetized rats were per-
fused intracardially with saline 5 min after hindpaw stimulation, fol-
lowed by 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The lumbar spinal
cord was dissected out, fixed overnight, and cryoprotected in 30% su-
crose. Immunostaining was performed on 30 wm lumbar spinal cord
sections (segments L1-L6) sectioned in the coronal plane using a cryo-
stat. The sections were washed with PBS and incubated with primary
antibody for 24 h at room temperature. Primary antibody was a rabbit
anti-NKIR polyclonal antibody (Advanced Targeting Systems, San Di-
ego, CA) diluted 1:3000 in PBS, 10% normal goat serum, and 0.2%
Triton X-100. After washing with PBS, the sections were incubated with
secondary antibody (Alexa-488 goat anti-rabbit IgG) diluted 1:1000 in
PBS, 5% normal goat serum, and 0.2% Triton X-100 for 2 h. The sections
were washed and mounted in Prolong (Molecular Probes, Eugene, OR).
For ex vivo studies, similar procedures were followed as described previ-
ously (Marvizon etal., 1997, 1999b; Lao et al., 2003; Song and Marvizon,
2003), with the following exceptions. Slices were fixed, cryoprotected,
frozen on dry ice, and sectioned with a cryostat at 25 wm. Submerged
sections were washed four times and incubated overnight at room tem-
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perature with the NKIR primary antibody (a gift from Dr. Nigel Bunnett,
University of California—San Francisco, San Francisco, CA) (Grady etal.,
1996) and diluted 1:2000 in PBS containing 0.3% Triton X-100, 0.001%
thimerosal, and 5% normal goat serum. Although two NKIR antibodies
were used in these studies, both NK1R antibodies were raised against the
same epitope (immunizing peptide), and they produced identical stain-
ing of the spinal cord.

Quantification of NKIR internalization. The amount of NKIR inter-
nalization was quantified using a standard method (Mantyh et al., 1995;
Abbadie et al., 1997; Marvizon et al., 1997, 1999b; Honore et al., 1999;
Trafton et al., 1999, 2001; Riley et al., 2001; Lao et al., 2003; Song and
Marvizon, 2003). This consisted of visual counting of NKIR immunore-
active neurons in lamina I, with and without NK1R internalization, to
calculate the percentage of NK1R-positive neurons with internalization.
Neuronal somas and contiguous proximal dendrites with =10 endo-
somes were considered to have internalized receptors. In each section, all
lamina I NK1R neurons in the dorsal horns ipsilateral and contralateral
to stimulation were counted. The person counting the neurons was
blinded to the treatment given to the slice or the animal. In the study ex
vivo, at least three sections per slice were counted at 100X using a Zeiss
Axiovert 135 (Carl Zeiss, Thornwood, NY) fluorescence microscope. In
the study in vivo, three to five sections per segment from the lumbar
spinal segments (L1-L2, L3-L4, and L5-L6) were counted at 40X using
an Olympus BX-51 fluorescence microscope (Olympus Optical, Tokyo,
Japan). At least three animals were used for each experiment.

Confocal microscopy and images. In the figures, images obtained at 20X
consist of two optical sections (2.53 wm thick; full width half-maximum)
separated by 2.48 um. Images at 100X consist of two or three optical
sections (full width half-maximum, 0.62 um) typically separated by 0.57
pm. Images were processed using Adobe Photoshop 5.5, using the
“curves” feature of the program to slightly adjust the contrast. Images
were initially acquired at a digital size of 1024 X 1024 pixels and later
were cropped to the relevant part of the field.

Statistical analysis

Data were analyzed using Prism 3.0 for Macintosh or 4.01 for the per-
sonal computer (GraphPad Software, San Diego, CA). All data are pre-
sented as mean * SEM. The statistical significance was calculated using
the ¢ test or one-way or two-way ANOVA and Bonferroni’s post-test.
Differences are considered to be significant when the critical value
reaches a level of p < 0.05. For two-way ANOVA, the two variables were
“drugs” (or drug combinations) and “stimulation” (ipsilateral or con-
tralateral to stimulation), and the Bonferroni’s post-test was applied to
the variable drugs to compare effects on the ipsilateral side.

Drugs

Morphine (morphine sulfate) was from Merck (West Point, PA), nalox-
one hydrochloride was from DuPont Pharmaceuticals (Garden City, NJ),
and [p-Ala®, N-Me-Phe*, Gly-ol’]-enkephalin (DAMGO), [p-Phe*?]-
enkephalin (DPDPE), trans-(1S,2S)-3,4-dichloro-N-mathyl-N-[2-(1-
pyrrolidinyl)cyclohexyl]-benzeneacetamide hydrochloride (U50488H),
and substance P were from Sigma (St. Louis, MO). All drugs for intra-
thecal injection were freshly prepared in physiologic saline, and the re-
quired dose was delivered in an injection volume of 10 ul.

Results

Ex vivo NKI1R internalization

Dorsal root stimulation

Electrical stimulation of the root at an intensity (20 V) sufficient
to recruit both A- and C-fibers (Song and Marvizon, 2003) in-
creased the number of lamina I NK1R neurons with internaliza-
tion ipsilateral to the stimulated root (43 = 6%) (Figs. 1 A, 2) as
compared with the contralateral dorsal horn (16 = 5%; p < 0.01)
(Figs. 1 B, 2). No NK1R internalization was found in deeper lam-
inas. Importantly, our stimulation method isolated the spinal
cord from the electrical pulses delivered to the root, and therefore
all of the evoked SP release had to be mediated by primary affer-
ent firing. Figure 1 A shows confocal images of six NK1R neurons
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with internalization and their location in the dorsal horn ipsilat-
eral to the stimulated root, whereas Figure 1 B shows three NK1R
neurons without internalization in the contralateral dorsal horn.

Effects of opiates on NKIR internalization evoked by

root stimulation

NKIR internalization evoked by dorsal root stimulation was
abolished by the selective w-opioid agonist DAMGO (1 um) (9 =
4%; p < 0.001) (Fig. 1C) and significantly decreased by the selec-
tive 8-opioid agonist DPDPE (1 um) (25 £ 7%; p < 0.05). The
opioid receptor antagonist naloxone (10 uM) reversed to levels
not significantly different from control, i.e., the inhibition pro-
duced by DAMGO (37 = 3%) or DPDPE (32 * 6%). The con-
centration of DAMGO (1 uM) was selected because it is just
enough to saturate p-opioid receptors inside the spinal cord, as
observed using w-opioid receptor internalization in rat spinal
cord slices (Marvizon et al., 1999a; Trafton et al., 2000). In con-
trast, 1 uM DPDPE did not produce w-opioid internalization,
indicating that an effect is produced through 8- and not u-opioid
receptors. Figure 1C shows examples of NK1R neurons in the
dorsal horn ipsilateral to the stimulated root in a slice superfused
with DAMGO; both neurons have no NK1R internalization. Fig-
ure 1D shows NKI1R neurons ipsilateral to stimulation in a slice
superfused with DAMGO and naloxone; it can be seen that nal-
oxone restored NK1R internalization. These results show that
activation of u- and 8-opioid receptors inhibits SP release from
the central terminals of primary afferents, which are primarily
C-fibers (McCarthy and Lawson, 1989; Allen et al., 1999).

In vivo NKIR internalization

Effects of paw compression

In naive rats without noxious stimulation, most of the cells dis-
played NKIR immunoreactivity on the cell membrane. Under
such nonstimulated conditions, a small fraction (typically <10-
15%) was judged as showing some evidence of internalization.
Five minutes after compression of the hindpaw, NKIR internal-
ization was observed in lamina I of the ipsilateral, but not the
contralateral, lumbar (L1-L6) spinal cord (Fig. 3A,B). NK1R
internalization was not observed in laminas III-V. Figure 3A
shows NK1R-immunoreactive neurons of the ipsilateral dorsal
horn induced by hindpaw compression; much of the NKIR im-
munoreactivity is present in endosomes in the cytoplasm of the
neurons. NKIR internalization was quantified and presented as a
percentage of NK1R-positive neurons showing internalization in
lamina I (Fig. 3C). NK1R neurons with internalization were more
numerous in the lower lumbar segments (e.g., L5-L6: 65 = 6%)
and diminished rostrally (e.g., L1-L2: 40 = 12%).

Effects of intrathecal opiates on injury-induced

NKIR internalization

To determine whether intrathecal opioids alter SP release from
the primary afferent, we examined the effect of intrathecal mor-
phine on NKIR internalization induced by paw compression.
Morphine (60 nmol, i.t.) administrated 10 min before compres-
sion decreased NKIR internalization in the ipsilateral lamina I
(Fig. 4A). Quantification of the internalization after 20 and 60
nmol of intrathecal morphine revealed a dose-dependent sup-
pression (Fig. 4C,D) of compression-induced NK1R internaliza-
tion. Importantly, there was no effect on the magnitude of inter-
nalization measured in the contralateral paw across treatments as
compared with vehicle-treated animals. To determine whether
this inhibitory effect of intrathecal morphine acts via an opioid
receptor, naloxone (1 mg/kg, i.p.) was administrated 15 min be-
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Figure1.
are confocal images taken at 20X, consisting of two optical sections separated by 2.48 m. Scale bar, 50 um. The insets are confocal images taken at 100X, consisting of two to three optical
sections separated by 0.57 wm. Scale bars, 10 wm. A, Dorsal horn ipsilateral to the stimulated root in a slice superfused with artificial CSF (control); all neurons show NK1R internalization. B,
Contralateral dorsal horn in a control slice; neurons show no NK1R internalization. €, Ipsilateral dorsal horn in a slice superfused with 1 um DAMGO; neurons show no NK1R internalization. D,
Ipsilateral dorsal horn in a slice superfused with 1 pum DAMGO plus 10 v naloxone; neurons show NK1R internalization.

fore intrathecal morphine. Naloxone completely reversed this
inhibitory effect on the NKI1R internalization (Fig. 4B, D).

The p-agonist DAMGO (1 nmol, i.t.) produced a significant
suppression of compression-evoked NK1R internalization (Fig.
5), as did morphine. The 8-opiate agonist DPDPE (100 nmol, i.t.)
also inhibited NK1R internalization. The effects of both DAMGO
and DPDPE were reversed by naloxone (1 mg/kg, i.p.). In con-
trast, the k-opioid receptor agonist U50488H (200 nmol, i.t.) did
not significantly alter NKI1R internalization (Fig. 5). These find-
ings provide additional evidence that activation of 8- and w- but
not k-opioid receptors inhibits SP release from primary afferents.

Effect of intrathecal morphine on NKIR internalization induced
by exogenous SP

To rule out the possibility that morphine directly blocks the
NKIR internalization mechanism, we examined the effect of
morphine on NKIR internalization induced by exogenous SP
(intrathecal injection). Figure 6A presents confocal images of
NKIR neurons in lamina I of the lumbar spinal cord after SP (30
nmol, i.t.); Figure 6 B images are after SP plus morphine (30 and
60 nmol, i.t., respectively). Intrathecal SP produced widespread
NKIR internalization. Quantification of the internalization re-

Effect of DAMGO on NK1R internalization evoked by dorsal root stimulation in spinal cord slices. The dorsal root attached to spinal cord slices was stimulated at 100 Hz. The large panels

vealed that it was greater than that observed after intrathecal
saline (intrathecal SP, 59 = 12%, vs intrathecal saline, 10 * 4%;
p < 0.01). Intrathecal morphine at 60 nmol, a dose that com-
pletely blocked paw compression-induced NKIR internalization
(Fig. 4), did not affect exogenous SP-induced NKIR internaliza-
tion (intrathecal SP plus morphine, 67 = 5%, vs intrathecal SP,
59 * 12%; p > 0.05) (Fig. 6 B).

Effect of systemic morphine on injury-induced

NKIR internalization

Morphine was administrated (10-30 mg/kg, s.c.) 15 min before
the noxious stimulation. Morphine, at a dose of 30 mg/kg, atten-
uated NKIR internalization ( p < 0.05) evoked by compression
injury (Fig. 7A), and this effect was reversed by naloxone (1 mg/
kg, i.p.) (Fig. 7B); however, systemic morphine given at a lower
dose (10 mg/kg, s.c.) did not significantly reduce NK1R internal-
ization in the dorsal horn (Fig. 7C).

Analgesic effects of intrathecal drugs
Thermal escape latencies were measured after intrathecal (via

implanted lumbar catheter) or subcutaneous administration of
opiates. As observed previously with this injection technique,
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Figure 2. DAMGO and DPDPE decreased NK1R internalization in spinal cord slices. Slices
were superfused with the drugs indicated, and the dorsal root was stimulated at 100 Hz (1000
pulses of 20 V; 0.4 ms). DAMGO and DPDPE were 1 wum, and naloxone was 10 um. Data are the
mean = SEM of four to five slices. Two-way ANOVA yielded p << 0.001 for the variables drugs
and “side.” Contralateral to the stimulated root, NK1R internalization was low. Ipsilateral to the
stimulated root, Bonferroni’s post-test revealed significant decreases by DAMGO (***p <
0.001) and DPDPE (*p << 0.05) and significant differences between DAMGO and DAMGO plus
naloxone ("'p < 0.001).

intrathecal doses of 60 nmol of morphine (Fig. 8A), 1 nmol of
DAMGO, or 100 nmol of DPDPE (Fig. 9) were found to uni-
formly produce a significant but just submaximal effect on ther-
mal escape (e.g., % MPE = 70—80). At lower intrathecal doses of
morphine (20 nmol) or DPDPE (50 nmol) or at the maximum
dose of U50488H (200 nmol), there was a minor to modest in-
crease in thermal escape latency (Figs. 8, 9) that did not reach
statistical significance. Subcutaneous administration of systemic
morphine at 10 mg/kg had no statistically significant effect on
NKI1R internalization but produced a significant analgesia equiv-
alent to the high doses of intrathecal u and & agonists (i.e., %
MPE = 70-80) (Fig. 8 B). As noted above, only after a supra-
maximal analgesic dose (30 mg/kg, s.c.) (Fig. 8) was a pro-
nounced block of compression-induced NKIR internalization
observed (Fig. 7).
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Percutaneous intrathecal injections

To address the differences between the prominent effect of intra-
thecal morphine on NKIR internalization that we observed and
the marginal effect reported by Trafton et al. (1999), we consid-
ered differences in the methods used for intrathecal injections.
Our studies were undertaken in rats implanted with chronic L2
intrathecal catheters, and drug volumes and doses were demon-
strated to produce a potent analgesia in response to hindpaw
stimulation. Previous work has shown that intrathecal injections
of 10 ul using a chronic catheter with a tip at approximately L2
are effective in distributing the injected fluid two to three seg-
ments rostral and caudal to the catheter tip (Yaksh and Rudy,
1976). In contrast, Trafton et al. (1999) used a S1-S2 percutane-
ous injection in a barbiturate-anesthetized rat, a procedure that
precludes the behavioral assessment of analgesia. To assess
whether this method of injection is effective in delivering drugs to
the lumbar spinal cord, where primary afferents activated by the
paw injury project, we obtained dose-response curves for anal-
gesia produced by morphine injected percutaneously in
isoflurane-anesthetized rats. Saline injected percutaneously at
S1-S2 had no effect on thermal escape latency as compared with
baseline 20— 60 min after injection (Fig. 8 A). Morphine injected
percutaneously at 90 nmol [30 ug, the dose used in the study by
Trafton et al. (1999)] also failed to alter the thermal escape la-
tency. An increase in the morphine dose to 300 nmol (100 pg in
20 ul) resulted in a small but statistically significant increase in
the thermal escape latency. This thermal escape latency was sim-
ilar to that obtained with a morphine dose of 20 nmol (6 ug)
when a chronic catheter was used for the intrathecal injections;
therefore, morphine was more effective against a hindpaw stim-
ulus when injected using a lumbar catheter than when injected at
S1-S2, suggesting that the latter method does not produce an
adequate lumbar distribution of injectate. To confirm this, we
systematically examined the rostrocaudal distribution of dye in-
jected percutaneously in necropsies undertaken 10 min after the
injection. With a percutaneous injection at S1-S2, we observed a
reliable staining of the sacral and lumbar roots at the sacral level;
however, the most rostral appearance of staining did not reach
the lumbar enlargement of the spinal cord in five of five rats. In
contrast, injection of dye using an L2 catheter revealed a clear
lumbar distribution of the dye; therefore, it is likely that mor-
phine injected by the S1-S2 route in this volume does not reach
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Figure3.
at approximately the L5 spinal level. A, Low-magnification image (10X) of the dorsal horn ipsilateral to the stimulated paw in a rat that received intrathecal saline. Scale bar, 60 wm. Inset,
High-magnification image (40 X) of the ipsilateral lamina | showing neurons with NK1R internalization. Scale bar, 12 wm. B, Similar images of the contralateral lamina I; there was no NK1R
internalization. €, Quantification of the NK1R internalization induced by hindpaw compression for 60 s. NK1R internalization was measured in spinal segments L1-L2, L3-L4, and L5—L6. One-way
ANOVA and Bonferroni's post-test indicated significant differences between the contralateral and ipsilateral sides (**p << 0.01).

NK1R internalization induced by noxious stimulation. Confocalimages (A, B) show lamina | NK1R-immunoreactive neurons in animals that received noxious stimulation in the hindpaw
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the lumbar spinal cord at concentrations
sufficient to inhibit lumbar spinal noci-
ceptive processing evoked by hindpaw
stimulation.

Discussion

Our study, using ex vivo and in vivo mod-
els, demonstrates that spinal w- and
8-opioid agonists prevent afferent-evoked
NKIR internalization, indicating that the
local release of SP from the central termi-
nals of primary afferents was inhibited. In
the in vivo model, the delivery system,
dose-response, and pharmacological pro-
files of the effect on NKIR internalization
matched the analgesic effects of opiates,
suggesting that inhibition of afferent neu-
rotransmitter release contributes to intra-
thecal opiate analgesia.
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Spinal effects of opiates

Presynaptic localization of opioid recep-
tors on high-threshold primary afferent
terminals (Cheng et al., 1996; Abbadie et
al., 2001), along with the negative cou-
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pling of these receptors to the opening of
VGCCs (Schroeder et al., 1991; Soldo and
Moises, 1998), provides the mechanism
for the observed inhibition by opiates of
SP release in spinal slices (Jessell and
Iversen, 1977; Chang et al., 1989; Pohl et
al., 1989) or in vivo superfusates (Yaksh et
al., 1980; Go and Yaksh, 1987; Aimone
and Yaksh, 1989). Our results show that
spinal w- and &-opioid agonists block
NKIR internalization evoked by C-fiber
stimulation or paw compression. Impor-
tantly, in vivo, morphine, DAMGO, or
DPDPE at intrathecal doses that produced
similar degrees of antinociception also inhibited NK1R internal-
ization to a similar extent. Lower intrathecal doses of these opi-
oids produced only moderate analgesia and a smaller inhibition
in the evoked internalization. In both ex vivo and in vivo models,
opioid effects were reversed by naloxone. Additional evidence of
specificity was provided by failure of a k-opioid agonist to de-
crease internalization or induce thermal analgesia (Schmauss and
Yaksh, 1984). Because morphine had no effect on internalization
evoked by exogenous intrathecal SP, the reduction of NKIR in-
ternalization was not caused by an effect on the internalization
process.

Figure 4.

Comparisons with previous work

In contrast to the near-maximal, dose-dependent block of inter-
nalization noted in our study, Trafton et al. (1999), reported that
spinal morphine at doses higher than those used here (30 vs 20
ung) had only a modest effect (=20%) on NKIR internalization.
Several variables were considered. First, our study used chronic
intrathecal catheters, whereas Trafton et al. (1999) used percuta-
neous injection. Morphine (60 nmol) delivered at L2 by an intra-
thecal catheter produces robust analgesia in a wide variety of tests
(Yaksh, 1999). Here, n and 6 agonists given intrathecally at L2
produced near-maximum analgesia at ~10 min. The same doses
and pretreatment times were used to assess NK1R internaliza-
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Spinal segments —
IP naloxone

Intrathecal (IT) morphine inhibits NK1R internalization induced by noxious stimulation. A, Rats received 60 nmol of
IT morphine and hindpaw compression 10 min later; confocal images taken at approximately the L5 spinal level show NK1R
neurons in ipsilateral lamina | with no internalization. B, Rats received naloxone (1 mg/kg, i.p.), 60 nmol of IT morphine 15 min
later, and hindpaw compression 10 min after morphine; NK1R neurons in the ipsilateral lamina | show internalization. C, Amount
of NK1R internalization ipsilateral to hindpaw compression delivered 10 min after intrathecal saline (control) or morphine (20 or 60
nmol); *p << 0.05 compared with control (ANOVA and Bonferroni's post-test). D, Amounts of NK1R internalization (average of
L1-12, L3-L4, and L5-L6) produced by hindpaw compression. Naloxone (1 mg/kg, i.p.) reversed the inhibition produced by IT
morphine; *p < 0.05 compared with morphine (ANOVA and Bonferroni’s post-test). Data are the mean = SEM of three to five rats
per group. IP, Intraperitoneal.

tion. In the study by Trafton et al. (1999), the percutaneous in-
trathecal injection was given at the S1-S2 vertebral level to avoid
injury to the spinal cord; however, percutaneous injections re-
quired anesthetizing the rat. The use of a barbiturate precluded
acute recovery to determine the degree of antinociception
achieved with the S1-S2 intrathecal drug. Our study examined
the effects of S1-S2 injections of morphine in isoflurane-
anesthetized rats and found no analgesic effect at the dose used.
Modest analgesia was noted at a dose even higher than that used
in the S1-S2 intrathecal injection study. Importantly, dye distri-
bution confirmed that the S1-S2 intrathecal injections were in-
deed in the sacral spinal sac but reliably showed an absence of
rostral distribution; therefore, the absence of an effect of mor-
phine on either pain behavior or lumbar NKI1R internalization
may reflect an absence of adequate rostral redistribution to lum-
bar segments. In this regard, Trafton et al. (1999) did observe a
small but statistically significant suppression of NKIR internal-
ization after S1-S2 delivery of 2 nmol of DAMGO. In rats with
lumbar catheters, half of that dose produces a very robust anal-
gesia. The higher dose likely forced the distribution of DAMGO
to the lumbar level, accounting for its modest effects. Second,
Trafton et al. (1999) used a strong compression that produced
>80% NKIR internalization. In contrast, paw compression in
our study produced less internalization: 60-70%. Thus, the min-
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Figure 5.  DPDPE and DAMGO, but not U50488H, inhibit NK1R internalization induced by

noxious stimulation. A, Rats received intrathecal injections of vehicle (10 wl of saline; control) or
DPDPE (50 or 100 nmol) 10 min before hindpaw compression. Naloxone (1 mg/kg, i.p.; 15 min
before DPDPE) reversed the inhibition of NK1R internalization in lamina | neurons produced by
100 nmol of DPDPE. One-way ANOVA and Bonferroni’s post-test indicated significant differ-
ences between control and 100 nmol of DPDPE (**p << 0.01) and between 100 nmol of DPDPE
and DPDPE plus naloxone (*p << 0.05). B, Rats received intrathecal injections of vehicle (con-
trol), DAMGO (1 nmol), or U50488H (200 nmol) 10 min before hindpaw compression. Naloxone
(Tmg/kg, i.p.; 15 min before DAMGO) reversed the inhibition of NK1R internalization in lamina
I neurons produced by DAMGO. One-way ANOVA and Bonferroni’s post-test indicated signifi-
cant differences between control and DAMGO (**p << 0.01) and between DAMGO and DAMGO
plus naloxone (**p << 0.01). Data are the mean = SEM of three to eight rats per group. IP,
Intraperitoneal.

Figure6. Morphine does not block NK1R internalization induced by SP. Rats received intra-
thecal injections of saline (10 ), SP (30 nmol), or morphine (60 nmol) followed by SP (30
nmol); 30 min later they were killed and fixed. A, B, Confocal images of NK1R neurons in lamina
| after SP alone (A) or SP after morphine (B). Scale bar, 10 um. Quantification of NK1R internal-
ization in lamina | showed the following: after intrathecal saline, 10 = 4% (n = 5); after
intrathecal SP, 59 == 12% (n = 5); and afterintrathecal SP plusintrathecal morphine, 67 = 5%
(n = 4). One-way ANOVA and Bonferroni's post-test indicated significant differences between
intrathecal saline and intrathecal SP with and without morphine ( p < 0.01).
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Figure7.  Effect of systemic morphine on NK1R internalization induced by noxious stimula-

tion. Systemic morphine (10 or 30 mg/kg) was given by subcutaneous injection, and paw
compression was applied 15 min after the morphine injection. Naloxone (1 mg/kg, i.p.) was
given 15 min before morphine. The control group received an injection of saline (1 mi/kg, s.c.)
15 min before paw compression. 4, B, Confocal images of NK1R-immunoreactive neurons in
lamina | after 30 mg/kg morphine (A) or after 1 mg/kg naloxone and 30 mg/kg morphine (B).
Scale bar, 10 m. ¢, Amount of NK1R internalization induced by noxious stimulation in the
ipsilateral lamina | after saline, morphine, or morphine and naloxone. Data are the mean =
SEM of three to five rats per group. One-way ANOVA and Bonferroni's post-test indicated sig-
nificant differences between ipsilateral control and 30 mg/kg morphine and between 30 mg/kg
morphine alone and with naloxone (*p << 0.05). IP, Intraperitoneal; SC, subcutaneous.
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Figure 8.  Analgesic effects of morphine. Peak paw withdrawal responses to thermal stim-

ulation were expressed as percentage maximum (% Max) possible effect. A, Spinal morphine.
Rats received intrathecal injections of vehicle (Veh; saline) or different doses of morphine sul-
fate through chronically implanted intrathecal catheters (L2/3 IT catheter) or by an acute per-
cutaneous needle placed at the $1/52 interspace (S1/2 Percutan). B, Systemic morphine. Rats
received subcutaneous injections of morphine (Morphine s.c.) or vehicle. Naloxone (+ Nal; 1
mg/kg, i.p.) was injected 15 min before the opiate injection. Data are the mean == SEM of five
to eight rats per group. One-way ANOVA and Bonferroni’s post-test indicated significant differ-
ences with saline (*p << 0.01) or naloxone (*p < 0.01).
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Figure9. Analgesic effects of opiates. Peak paw withdrawal responses to thermal stimula-
tion were expressed as percentage maximum (% Max) possible effect. Rats with intrathecal
catheters received intrathecal injections of saline (10 wl), DAMGO (1 nmol), DPDPE (50 or 100
nmol), or U50488H (200 nmol). Naloxone (Nal; T mg/kg, i.p.) was injected 15 min before the
opiate injection. Data are the mean == SEM of three to eight rats per group. One-way ANOVA
and Bonferroni's post-test indicated significant differences with saline (*p << 0.01) or naloxone
(*p < 0.01). 1T, Intrathecal.

imal inhibition of NK1R internalization produced by intrathecal
morphine in the study by Trafton et al. (1999) may have resulted
from using a stimulus that released neurokinins at a concentra-
tion greater than that needed to saturate available NK1Rs. We
have shown previously that an increase in stimulus intensity
shifts opiate dose—response curves to the right (Saeki and Yaksh,
1993; Dirig and Yaksh, 1995). Accordingly, had we delivered the
drug at a distant site or used a stronger stimulus, higher doses of
morphine would likely have been required to decrease the evoked
NKI1R internalization.

Systemic opiate action

Consistent with previous work (Trafton et al., 1999), we found
that systemic morphine (10 mg/kg) at a dose shown to be equi-
analgesic to lumbar intrathecal morphine (60 nmol) did not de-
crease NKIR internalization; however, we did observe internal-
ization blockade at 30 mg/kg. These observations suggest that
p-opioid receptors in different locations in the CNS may play
complementary roles in regulating pain processing. Thus, sys-
temic morphine exerts potent antinociceptive effects by both spi-
nal and supraspinal mechanisms (Yaksh, 1997). Analgesic effects
of systemic opiates are reversed by supraspinal (Vigouret et al.,
1973) and spinal (Yaksh and Rudy, 1977) opiate antagonists.
These observations led to the hypothesis that the concurrent ac-
tivation of spinal and supraspinal sites altered pain behavior by a
synergic interaction (Yaksh and Rudy, 1978). This was confirmed
in isobolographic interaction studies examining the analgesic ef-
fects of intracerebroventricular and intrathecal morphine (Yeung
and Rudy, 1980). Accordingly, intrathecal opiates produce anal-
gesia through effects on primary afferent terminals. Systemic opi-
ates can also inhibit release from primary afferent terminals but
only at doses greater than those necessary to produce analgesia.

Presynaptic and postsynaptic contributions to spinal

opiate analgesia

Our main observation is that intrathecal opiates diminish SP
release at doses that also produce potent analgesia. These actions
argue that opioid inhibition of afferent transmitter release plays
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an important role in the modulation of spinal nociceptive pro-
cessing. Because superficial dorsal horn neurons bearing NK1R
do not coexpress p-opioid receptors (Spike et al., 2002; Song and
Marvizon, 2003), u agonists cannot produce analgesia by directly
inhibiting these neurons. The importance of these NK1R-bearing
neurons is highlighted by the fact that many of these neurons are
projection neurons (Spike et al., 2002; Todd et al. (1999), 2002;
Song and Marvizon, 2003) and that their destruction by intrathe-
cal SP—saporin leads to a block of hyperalgesia (Mantyh et al.,
1997), which is mediated in part by a spinobulbospinal facilita-
tory loop (Suzuki et al., 2002). Interestingly, Trafton et al. (1999)
reported that although systemic morphine at 10 mg/kg alone did
not inhibit evoked NKIR internalization, it did when coinjected
with a minimal dose of NK1R antagonist. Independent of the fact
that NK1R antagonists compete with endogenous SP to prevent
internalization, these observations raise the possibility that inhi-
bition of NKIR could have reduced the activation of spinofugal
pathways, which can facilitate dorsal horn nociceptive processing
(Suzuki et al., 2002).

Although analgesic doses of spinal opiates indeed suppress SP
release, this effect may be quite complex. Although a direct effect
on afferent terminals appears likely, we cannot rule out indirect
mechanisms. Excitatory interneurons express w-opioid receptors
(Kemp et al., 1996) and may facilitate SP release through axo-
axonic synapses with primary afferents (Trafton and Basbaum,
2000). Glutamate released at these synapses might activate pre-
synaptic NMDA receptors that stimulate SP release (Grady etal.,
1996; Liu et al., 1997; Marvizon et al., 1997, 1999b; Malcangio et
al., 1998). In this case, inhibition of the excitatory interneurons
by w-opioid receptors would result in a reduction in SP release.
This presynaptic effect itself may also be complicated. Activation
of presynaptic NMDA receptors initiates primary afferent depo-
larization and inhibits glutamate release (Bardoni et al., 2004).
Alternatively, presynaptic NMDA receptors may facilitate SP re-
lease by providing another pathway for Ca** entry to mobilize
transmitter release. Under such conditions, NMDA receptor-
enhanced SP release would not be susceptible to inhibition by
presynaptic opioid receptors. Thus, GABAj receptors, which in-
activate Ca®" channels, inhibited SP release when evoked by dor-
sal root stimulation but not by NMDA application (Marvizon et
al.,, 1999b). NMDA receptors thus might provide a potential
mechanism whereby hyperalgesic states involving increased glu-
tamate release could result in an SP release refractory to opioid
inhibition.

In conclusion, local p and 8 agonists at analgesic doses sup-
press afferent-evoked NK1R internalization. Our study does not
argue for the specific importance of SP as a “pain transmitter.”
Rather, inhibition of the release of multiple primary afferent
transmitters may account for an important part of analgesia pro-
duced by spinal opiates. Finally, we believe that these observa-
tions provide an insight into the clinical actions of opiates. Given
that intrathecal but not systemic morphine at analgesic doses
blocks spinal terminal release, and because we believe that such
release is what drives downstream events, including release of
spinal lipid mediators (Svensson and Yaksh, 2002) and activation
of non-neuronal cells (Svensson et al., 2003), there are likely
important differences in the efficacy of opiates given by these two
routes. Such downstream processes are believed to be modified in
preemptive modes of analgesic therapy (Moiniche et al., 2002).
Our work suggests differences between the preemptive effects
initiated by equi-analgesic opiate doses given by the two routes.
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