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Spinal �-Opioid Receptor-Expressing Dorsal Horn Neurons:
Role in Nociception and Morphine Antinociception
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The role of spinal cord �-opioid receptor (MOR)-expressing dorsal horn neurons in nociception and morphine analgesia is incompletely
understood. Using intrathecal dermorphin-saporin (Derm-sap) to selectively destroy MOR-expressing dorsal horn neurons, we sought to
determine the role of these neurons in (1) normal baseline reflex nocifensive responses to noxious thermal stimulation (hotplate, tail
flick) and to persistent noxious chemical stimulation (formalin) and (2) the antinociceptive activity of intrathecal and systemic morphine
in the same tests. Lumbar intrathecal Derm-sap (500 ng) produced (1) partial loss of lamina II MOR-expressing dorsal horn neurons, (2)
no effect on MOR-expressing dorsal root ganglion neurons, and (3) no change in baseline tail-flick and hotplate reflex nocifensive
responses. Derm-sap treatment attenuated the antinociceptive action of both intrathecal and systemic morphine on hotplate responses.
Derm-sap treatment had two effects in the formalin test: (1) increased baseline nocifensive responding and (2) reduced antinociceptive
action of systemic morphine. We conclude that MOR-expressing dorsal horn neurons (1) are not essential for determining nocifensive
reflex responsiveness to noxious thermal stimuli, (2) are necessary for full antinociceptive action of morphine (intrathecal or systemic)
in these tests, and (3) play a significant role in the endogenous modulation of reflex nocifensive responses to persistent pain in the
formalin test. Thus, one would predict that altering the activity of MOR-expressing dorsal horn neurons would be antinociceptive and of
interest in the search for new approaches to management of chronic pain.
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Introduction
Systemic and intrathecal opioids are widely used and highly ef-
fective in attenuating clinical pain in humans and nociceptive
behavior in animals. In the spinal cord dorsal horn, the
G-protein-coupled �-opioid receptor (MOR) is expressed pre-
synaptically on terminals of nociceptive primary afferent neurons
and postsynaptically on neurons in laminas I and II of the dorsal
horn (Moriwaki et al., 1996). These laminas receive input from
both A-� and C primary afferent nociceptors (Light and Perl,
1979). Multiple presynaptic and postsynaptic inhibitory mecha-
nisms have been implicated in opioid analgesia and antinocicep-
tion including voltage-gated calcium channel inhibition, voltage-
gated potassium channel inhibition, and G-protein-gated inward
rectifying potassium (GIRK) channel activation (Hernandez et
al., 1993; Marker et al., 2006). However, the precise site(s) and
mechanism(s) by which opiate drugs suppress pain in humans
and nocifensive responses in animals are areas of active investi-
gation and some uncertainty.

Conjugation of dermorphin, a �-opioid peptide with high

affinity and specificity for MOR (Stevens and Yaksh, 1986), to the
ribosome inactivating protein saporin creates a targeted toxin
(Derm-sap) specific for neurons expressing MOR. Specificity of
Derm-sap for cells expressing MOR has been demonstrated phar-
macologically by preventing Derm-sap effect in the rostral ven-
tromedial medulla with �-funaltrexamine, a long-acting MOR
antagonist (Porreca et al., 2001). Lumbar intrathecal Derm-sap
has been reported not to alter peptidergic or nonpeptidergic af-
ferent terminal staining in the dorsal horn (Zhang et al., 2005)
and to spare neurons that do not express MOR (Wiley and Lappi,
2003). We propose that lumbar intrathecal injection of Derm-sap
can be used to selectively destroy dorsal horn neurons expressing
MOR and that nociceptive testing of Derm-sap-injected rats will
reflect the role(s) of lamina II MOR-expressing neurons in noci-
ception and in the antinociceptive action of morphine.

Morphine antinociception is often evaluated using innate re-
flex responses to high-intensity phasic thermal stimulation (tail
flick, paw withdrawal). These methods are problematic for inves-
tigation of morphine, because high-intensity thermal stimuli
elicit responses that correlate with excitation of A-� nociceptors
(Vierck et al., 2002) that are relatively resistant to attenuation by
morphine (Lu et al., 1997). Phasic thermal pain in humans and
thermal operant escape responses in animals to lower-intensity
thermal stimuli produce sensations and nocifensive responses
dominated by input from unmyelinated C nociceptors (Yeomans
and Proudfit, 1996) that are highly sensitive to attenuation by
systemic morphine (Cooper et al., 1986; Yeomans et al., 1996). C
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nociceptors are preferentially activated by lower-intensity stim-
uli, 43– 45°C (Vierck et al. 2004). The present study seeks to
determine whether selectively destroying dorsal horn MOR-
expressing neurons differentially alters morphine effects on no-
cifensive reflex responses to preferential activation of C thermal
nociceptors (44°C) versus A-� thermal nociceptor activation
(52°C). Last, the effects of Derm-sap lesions were studied in the
formalin test to assess effects on nocifensive reflex responses and
morphine action with an entirely different noxious stimulus.

Materials and Methods
Subjects. With 12 h light/dark cycles and ad libitum access to food and
water, a total of 52 adult female Long–Evans hooded and 16 male Sprague
Dawley albino rats weighing 300 – 450 g (Harlan Industries, Indianapolis,
IN) were used and housed two to a shoebox cage, or one to a cage when
chronically implanted with lumbar intrathecal catheters. One group of
Sprague Dawley male rats was used for Derm-sap/PBS (n � 16), baseline
hotplate (days 7–21 after toxin) (see Fig. 2), systemic morphine (days
21–38) (see Fig. 5), tail-flick (days 39 – 40) (see Fig. 2), and terminal
formalin (3 months) (see Fig. 8 A) testing. Group I female rats were used
for Derm-sap, baseline hotplate (days �15 to �11), intrathecal mor-
phine (days �4 to 8 –11) (see Fig. 3), and terminal formalin (1 month)
(see Fig. 8 B) testing. Group II female rats were used for Derm-sap (n �
7), baseline hotplate (days 2–20), systemic morphine/loperamide (days
24 –27) (see Fig. 6), and terminal formalin (1 month) (see Fig. 8 B) test-
ing. Group III female rats were used for Derm-sap/PBS (n � 12), baseline
hotplate (days 2–10), intrathecal morphine (days 9 –11) (see Fig. 4), and
terminal formalin with or without morphine (1 month) (see Fig. 9)
testing. Group IV female rats were used for blank-saporin/PBS (n � 6),
baseline hotplate (days 7–10), and systemic morphine (days 12–13) test-
ing. Group V female rats were used for unconjugated saporin (n � 6,
three naive) and dorsal horn MOR staining (2 months). Group VI female
rats (n � 5) were used for control hotplate comparison with catheterized
rats.

Female rats were used for MOR1, MOR1C, and GIRK2 staining of
controls and Derm-sap-injected spinal cords. The anatomical effect of
Derm-sap in the lumbar spinal dorsal horn after 14 d in male rats was
very similar to the female rats and has been reported previously (Wiley
and Lappi, 2003). Except where specifically indicated, male and female
rats gave similar responses on the various tests and in response to Derm-
sap and morphine. All procedures were approved by the Vanderbilt Uni-
versity Institutional Animal Care and Use Committee and conformed to
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Lesioning MOR-expressing dorsal horn neurons. Derm-sap and blank-
saporin (nonsense peptide-saporin conjugate) were supplied by Ad-
vanced Targeting Systems (San Diego, CA). The toxin was dissolved in
sterile, preservative-free normal saline containing 1% bovine serum al-
bumin and 0.1% Fast Green dye to permit visualization of injection
volumes. This diluent has shown no neuropathological effects in rat
brain (Book et al., 1995). Concentrated stock solutions were stored at
�20°C. Working dilutions were made fresh, stored on ice until use the
same day, and then discarded. For intrathecal injections, rats were anes-
thetized by intraperitoneal injections of a ketamine–xyalzine–aceproma-
zine mixture supplemented with additional ketamine as needed to main-
tain insensibility. Lumbar intrathecal catheters (Recathco LLC, Allison
Park, PA) were inserted into the spinal subarachnoid space through a
small incision in the atlanto-occipital membrane as per the technique of
Yaksh and Rudy (1976). The catheters were inserted to a depth of 8 – 8.5
cm from the dural incision. Toxin or saline vehicle was injected in a
volume of 10 �l, followed by a 10 �l flush of vehicle, and the catheters
were removed 10 min later or secured immediately with sutures for
chronic experiments. Wounds were closed with clips, and rats warmed
until awake and then returned to home cages. After recovery from sur-
gery, verification of chronically implanted lumbar catheters was deter-
mined by observing temporary hindlimb paralysis resulting from an in-
trathecal injection of 20 �l (0.5%) of xylocaine-MPF. No histological
abnormalities are produced after single lumbar intrathecal injections of

2% lidocaine or 0.5% bupivacaine (0.12 �l/g body weight) in the rat
(Takenami et al., 2005).

Anatomical procedures. Spinal cord sections were prepared as de-
scribed previously (Vierck et al., 2003). Briefly, 2 weeks to 4 months after
toxin or vehicle injections, rats were deeply anesthetized with sodium
pentobarbital and perfused transcardially with 200 –300 ml of cold nor-
mal saline containing 5 mM sodium phosphate, pH 7.5, 1 g/L sodium
nitrite (vasodilator), and 1000 U/L sodium heparin (anticoagulant), fol-
lowed by 4% formaldehyde prepared from paraformaldehyde in 100 mM

sodium phosphate, pH 7.5. Spinal cords and dorsal root ganglia (DRGs)
were postfixed for at least 1 h and stored in fixative at 4°C, until the day
before sectioning, when spinal cord blocks and DRGs were equilibrated
overnight in 30% sucrose in 5 mM sodium phosphate, pH 7.5. Transverse
sections of the lumbosacral spinal cord were cut at 40 �m thickness on a
freezing sliding microtome (American Optical, Southbridge, MA). Bilat-
eral L4 DRGs were frozen in embedding matrix (M-1, Pittsburgh, PA)
sectioned on a cryostat at 16 �m. Groups of six consecutive sections were
collected on slides (DRGs) or in each well of 24-well tissue culture plates
containing Tris-buffered saline (cord sections). Sections were equili-
brated with antifreeze solution consisting of glycerol-ethylene glycol-
phosphate buffer and stored at �20°C until processed for immunohis-
tochemistry for MOR1, MOR1C, and GIRK2.

Immunohistochemical procedures. Initially, one in six series of trans-
verse spinal cord sections were removed from the antifreeze at room
temperature and washed in Tris-buffered saline, followed by incubation
for 1 h in 5% normal serum at room temperature. Then the free-floating
sections were transferred to a primary antibody diluted in 1% serum and
incubated overnight at 4°C. The next day, sections were washed and
processed for peroxidase immunohistochemistry using the standard bi-
otin–avidin technique (ABC Elite kit; Vector Laboratories, Burlingame,
CA) using diaminobenzidine/nickel as the chromogen. Two MOR anti-
bodies were used in this study: a presynaptic and postsynaptic splice
variant, MOR1 (Aicher et al., 2003) (Chemicon, Temecula, CA), and a
predominately presynaptic splice variant, MOR1C (Abbadie et al., 2001)
(generously provided by G. Pasternak, Sloan-Kettering Memorial Cancer
Center, New York, NY). Rabbit anti-GIRK2 (Alamone Labs, Jerusalem,
Israel) was used to stain postsynaptic dorsal horn potassium channels,
which are found in either of two populations of superficial dorsal horn
neurons: MOR expressing or GABAB receptor expressing (Marker et al.,
2004, 2006). Reacted sections were washed and mounted on gelatin-
coated slides, dehydrated, cleared, and examined using a Lieca (Nuss-
loch, Germany) DM 6000B photomicroscope. DRGs were always pro-
cessed on slides in parallel to spinal cord sections. Vehicle control and
Derm-sap sections were processed simultaneously in parallel using the
same solutions and conditions. Additional sections from segments L4
and L5 were processed as needed to provide 8 –10 from these spinal levels.

MOR1, MOR1C, and GIRK2 measurements. As reported previously
(Wiley et al., 2007), we used computer-assisted quantitative densitome-
try techniques to evaluate MOR1, MOR1C, and GIRK2 staining in the
superficial dorsal horn. Using randomized coded sections to blind the
operator to the experimental condition, user-defined areas of interest
encompassing the entire mediolateral extent of laminas I and II were
digitally captured using a Leica DM 6000B photomicroscope. Both right
and left dorsal horns from 8 to 10 stained sections of lumbar segments L4
and L5 were photographed. The 40% darkest pixels (intensity 0 –100 out
of a range of 0 –250 gray levels) were chosen as consistently representing
specific staining after comparing the distribution of computer-selected
stained pixels to visual inspection of the peroxidase-stained sections.
Mean pixel counts for each rat were computed from the 8 –10 L4/5 sec-
tions measured from each rat. In addition, L4 DRGs were stained for
MOR1C, and every sixth 16 �m section was manually counted from
coded slides to obtain the percentage of total neurons expressing
MOR1C. Individual DRG means were averaged to obtain treatment
group means.

Drugs. Preservative-free morphine sulfate sterile solution (Baxter,
Deerfield, IL) was diluted in preservative-free sterile physiological saline
for both systemic (subcutaneous) and intrathecal administration. Sub-
cutaneous morphine (0.0, 2.5, 5.0, and 10.0 mg/kg) was injected 20 min
(or 30 min in the loperamide experiments) before hotplate testing. Thirty
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minutes before hotplate testing, intrathecal morphine (0, 0.01, 0.1, and
1.0 �g/�l) was injected, followed immediately by an 8 �l saline flush.
Intrathecal injections of morphine, using a 10 �l Hamilton (Reno, NV)
syringe, were made under brief isofluorane (2%) anesthesia. Previous
pilot testing showed that the antinociceptive effect of isofluorane in the
44°C hotplate test wore off within 20 min. Loperamide (1 mg/kg; Sigma,
St. Louis, MO) was dissolved in 20% cyclodextran (Sigma) and sterile
saline for subcutaneous administration. In formalin experiments using
systemic morphine (10 mg/kg, s.c.), the drug was injected 30 min before
hindpaw formalin injection.

Behavioral testing. All behavioral testing was in a dedicated room with
low-level illumination and white noise background. Each day rats were
allowed to acclimate to the testing room for 30 min before behavioral
testing began. For a 4 d systemic morphine dose–response curve at three
hotplate temperatures, testing was conducted each Monday to Thursday
for 3 weeks.

Tail flick. Standard nocifensive reflex tail flick testing was performed
on Sprague Dawley rats using a radiant heat apparatus (IITC, Woodland
Hills, CA). Rats were gently restrained in a ventilated Plexiglas tube
(IITC) loosely covered with a towel and allowed to acclimate for 5–10
min before testing. For each daily session, 10 successive trials (60 s apart)
with each rat were averaged to obtain a mean value for that day for each
rat.

Hotplate procedures. A modified hotplate test, as described previously,
was used to assess effects of depletion of MOR-expressing dorsal horn
neurons on innate spinal brainstem–spinal nocifensive reflex responses
to noxious thermal stimuli (Vierck et al., 2004). In brief, before any
testing, rats were acclimated to the room temperature test chamber,
which consisted of a clear Plexiglas box (30 � 30 � 15 cm) with a
ventilated lid sitting on a custom-built aluminum plate containing inter-
nal circulation channels to assure uniform surface temperature. The tem-
perature of the plate was controlled by a thermally regulated circulator
[Polyscience (Warrington, PA) circulating bath model 9105] as de-
scribed previously (Mauderli et al., 2000). Plate temperature was contin-
uously monitored [YSI (Yellow Springs, OH) 4900 thermometer with
contact thermistor probe attached to the floor plate]. Before each 44°C
test trial, rats were placed in an identical enclosure with the floor tem-
perature at 38°C for 10 min and then transferred to the test chamber. This
procedure limits the rate that the plantar skin was heated to a maximum
of 2.4°C/min (Vierck et al., 2004). At 44°C, each trial lasted 600 s. At 47°C,
each trial was 200 s, and at 52°C, rats were removed shortly after the first
nocifensive response or a maximum cutoff of 30 s, whichever came first.
For comparison of responses to different hotplate temperatures, initial
response latencies were converted to percentage maximum possible ef-
fect (%MPE), where %MPE � (postdrug latency � postsaline latency) �
100/(cutoff � postsaline latency). Hindpaw licking and guarding (sus-
tained lifting) behaviors were captured in real time by continuous obser-
vation with the assistance of a custom-designed computer program that
recorded latency and duration of each response as well as total numbers
of responses and total amount of time spent responding. The lower tem-
peratures (44 – 47°C) allow observation of both latencies and durations
of multiple responses (Vierck et al., 2002). Latency to first response, total
number of responses, and total time spent responding (duration) were
recorded at the end of each trial for each rat. We previously found that
five daily trials are necessary to obtain stable baseline performance on the
last three trials, which then were averaged to obtain pretreatment
baselines.

Formalin test. Formalin observation boxes were located in a dimly lit
room with sound-deadening and white background noise. These boxes
were 30 � 30 � 30 cm with black walls and clear Plexiglas floors. On the
test day, all rats were given injections of 25 �l of 5% formaldehyde in
sterile water using a Hamilton syringe with a 30 gauge, half-inch needle.
Injections were subplantar. Each rat was tested only once and killed 2.5 h
after injection. Immediately after injection, rats were placed in the obser-
vation cage that had a video camera located beneath the clear plastic
floor. All behavior was videotaped for the next 85 min. Off-line, tapes
were reviewed by a rater unaware of the experimental condition. At 5 min
intervals, behavior was rated for 1 min, and these 1 min interval ratings
were plotted against time for each rat. As described previously (Gau-

mond et al., 2005), phase I was defined as the first 9 min after injection,
interphase was defined as minutes 9 –21, and phase II was defined as
21–90 minutes after. Data included both the amount of time spent in
licking, lifting (guarding), and biting/licking the injected foot and the
number of such responses.

Statistical procedures. Raw anatomical data, stained pixel counts (spi-
nal cord sections), or percentage of positive neurons (DRGs) as described
above were compared primarily using one-way ANOVA techniques with
a minimum significance level of p � 0.05 to reject the null hypothesis
using SigmaStat software (SPSS, Chicago, IL). The Tukey’s test was used
for pairwise comparisons within the ANOVA analysis. The above proce-
dures are similar to those described previously (Wiley et al., 2007). Linear
regression analysis and product-moment correlation coefficients were
calculated for analysis of interrelationships between variables, particu-
larly doses of morphine versus hotplate behavior. For raw behavioral data
(number of nocifensive responses, duration of nocifensive or escape re-
sponding, etc.), similar techniques were used including t test and
repeated-measures ANOVA (two and three way).

Results
Dorsal horn anatomy
As reported previously (Aicher et al., 2000; Abbadie et al., 2001),
MOR1 is expressed on both dorsal horn neurons and presynaptic
terminals in laminas I and II (Fig. 1A). The density of dorsal horn
MOR1 (Fig. 1B) staining was significantly reduced by �34%
( p � 0.01; F � 7.2; df � 1; one-way ANOVA) after lumbar
intrathecal Derm-sap [500 ng, intrathecal (i.t.)]. Loss of dorsal
horn MOR1 was predominately medial in lamina II (Fig. 1B), in
agreement with our previous reports (Wiley and Lappi, 2003).
Specific staining for the C-terminus splice variant of the �-opioid
receptor MOR1C appeared as thin-beaded processes in laminas I
and II (Abbadie et al., 2001) (Fig. 1D). Dorsal horn staining for
MOR1C splice variant did not differ between PBS- or Derm-sap-
treated rats ( p � 0.05) (Fig. 1E,F). These data indicate that
lumbar intrathecal Derm-sap selectively destroyed dorsal horn
neurons expressing MOR1, rather than primary afferent neurons
expressing MOR1C. Immunoreactivity for GIRK2, a key signal
transduction molecule associated with postsynaptic action of
MOR (Marker et al., 2004), was dense in laminas I–II and deco-
rated some processes in laminas III–V and X (Fig. 1G). The den-
sity of GIRK2 staining in medial laminas I–II was reduced after
Derm-sap treatment ( p � 0.03; F � 5.0; df � 1; one-way
ANOVA) (Fig. 1H). Based on previous observations in our lab-
oratory, we found that 500 ng in a 10 �l lumbar intrathecal in-
jection of Derm-sap alters dorsal horn MOR staining intensity
only within the lumbar enlargement, but not more rostrally. Any
toxin not receptor bound is subject to prompt degradation by
neutral endopeptidases, at the doses used in these experiments.
Lumbar intrathecal nonconjugated saporin (Rahman et al., 2007;
Vera-Portocarrero et al., 2007) or blank-saporin (Abe et al.,
2005) had no measurable anatomical or behavioral effects, an
observation previously confirmed on numerous occasions in our
laboratory for intrathecal saporin doses �500 ng. To confirm the
lack of effect of lumbar intrathecal unconjugated saporin, we
determined the effects of lumbar intrathecal saporin on dorsal
horn MOR staining. Lumbar enlargements from saporin-treated
(1000 ng, i.t.; n � 3) or PBS-treated (n � 3) rats were sectioned
and stained for MOR (Chemicon) 2 months after injection. Dor-
sal horn L4 MOR staining in saporin-injected rats was 100.18 �
10% (SEM) of PBS-injected rats; thus, we conclude there was not
a significant effect of saporin on dorsal horn MOR staining ( p �
0.98, two-tailed t test).
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DRGs
To further assess the effects of Derm-sap on primary afferent
nociceptors, we stained L4 DRGs for MOR1C (Abbadie et al.,
2001), 2 months after toxin injection. There was no significant
difference in the percentage of MOR1C-positive cell bodies after

PBS (n � 4; 21.4 � 1.66% SD) or Derm-
sap (n � 4; 20.89 � 1.34% SD) ( p � 0.61;
df � 4; t test). Therefore, we conclude that
500 ng of lumbar intrathecal Derm-sap
does not effectively kill DRG cells express-
ing MOR.

It is not known precisely why intrathe-
cal Derm-sap does not affect MOR1C-
expressing DRG neurons. Possible expla-
nations include the possibility that primary
afferent terminals in the superficial dorsal
horn do not endocytose Derm-sap, that
larger doses of Derm-sap are required to
kill DRG neurons, or even if taken up, that
the toxin is not retrogradely transported to
cell bodies. We are not aware of any addi-
tional data on uptake of peptide-saporin
conjugates by presynaptic axon terminals.
In any case, the observations listed above
clearly show that under the conditions
used in these studies, DRG neurons were
not killed by 500 ng lumbar intrathecal in-
jections of Derm-sap.

Baseline thermal nocifensive
reflex responses
To determine the effect of Derm-sap on
baseline nocifensive reflex responses to
noxious thermal stimuli, we assessed hot-
plate responses at 44, 47, and 52°C up to
21 d after lumbar intrathecal Derm-sap in-
jections. No significant changes in baseline

hotplate responses were evident after Derm-sap or PBS (Fig. 2).
Similarly, tail-flick responses were also unaffected at 30 d after
intrathecal Derm-sap (Fig. 2, inset). To determine any effects of
saporin alone on nocifensive reflex behavior, we compared 44°C
hotplate responses 1 week after 500 ng of lumbar intrathecal
blank-saporin conjugate (n � 3) or PBS (n � 3). The latency to
the first hindpaw lick/guard response did not differ between
blank-sap (197.3 � 67.5 SEM) or PBS (163.6 � 22.6 SEM) ( p �
0.66, t test). The present findings indicate Derm-sap produces no
long-term (�7 d) alteration in baseline nocifensive reflex sensi-
tivity to noxious thermal stimuli.

Intrathecal morphine
Intrathecal administration of morphine (0.01, 0.1, and 1.0 �g) to
normal rats resulted in a significant increase in initial hindpaw
lick/guard latency ( p � 0.004; F � 6.37; df � 3; two-way
ANOVA) and a decrease in the number of nocifensive responses
during the 600 s, 44°C hotplate test ( p � 0.006; F � 8.83; df � 3;
two-way ANOVA) (Fig. 3). After Derm-sap treatment, however,
morphine was less effective in increasing hindpaw latency in the
same rats ( p � 0.05; F � 0.61; df � 3; two-way ANOVA) and did
not reduce total nocifensive reflex response duration in the same
rats ( p � 0.05; F � 0.61; df � 3; two-way ANOVA). The 44°C
hotplate hindpaw latencies after intrathecal saline injection were
not significantly different when compared before and after
Derm-sap ( p � 0.23, t test). Additionally, the postsaline 44°C
hotplate total hindpaw lick/guard durations were not different
when compared before and after Derm-sap ( p � 0.48, t test).
Latencies to the first response at 52°C were significantly and
equally elevated in both groups 30 min after intrathecal mor-
phine only at the 10 �g dose (Fig. 4) ( p � 0.001; F � 39.26; df �

Figure 2. Lack of effect of Derm-sap on baseline sensitivity to noxious heat. Hotplate laten-
cies 7, 14, and 21 d after lumbar intrathecal PBS (n � 8) or Derm-sap (500 ng; n � 8) on 44, 47,
and 52°C hotplates in Sprague Dawley male rats. At each hotplate temperature, latencies to the
first response did not differ between the PBS control and Derm-sap-injected groups from either
preinjection baseline (data not shown) or between treatment groups at any temperature. Com-
parison of latencies across hotplate temperatures was significantly different ( p � 0.001,
Tukey’s test). Tail-flick responses were unaffected 39 – 40 d after intrathecal Derm-sap. Inset,
Results are expressed as mean � SEM. N.S., Not significant.

Figure 1. Anatomic effects of intrathecal Derm-sap as illustrated by representative photomicrographs of lumbar enlargement
dorsal horn sections. A, B, Sections were stained for MOR1 30 d after lumbar intrathecal PBS (A) or 500 ng of Derm-sap (B) in
Long–Evans female rats. Note the decreased intensity of staining in lamina II after Derm-sap. D, E, Unlike MOR1, no changes in
MOR1C staining were observed after intrathecal PBS (D) or Derm-sap (E) in the same rats. G, H, Derm-sap (H ) shows decreased
GIRK2 staining compared with PBS (G), most striking medially, in the same rats. C, F, I, Bar graphs representing densitometry of
L4 dorsal horn staining for MOR1 (C; *p � 0.05, one-way ANOVA) and MOR1C (F ) and GIRK2 (I ) (*p � 0.05, one-way ANOVA).
PBS, n � 10; Derm-sap, n � 9. Results are expressed as mean � SEM.

Kline et al. • MOR Dorsal Horn Neurons in Morphine Antinociception J. Neurosci., January 23, 2008 • 28(4):904 –913 • 907



2; two-way ANOVA). To determine any effects of chronic cath-
eterization of the lumbar intrathecal space, we compared hot-
plate responses at 44 and 52°C in Long–Evans female rats, five
naive and five with intrathecal catheters for 30 d; no change in
nocifensive responding sensitivity was observed at either temper-
ature. Hindpaw first lick/guard latencies at 44°C were 127.1 �
25.36 s (SEM) for catheterized rats and 108.2 � 22.34 s (SEM) for
naive rats ( p � 0.57, t test). Hindpaw first lick/guard latencies at
52°C were 6.96 � 1.22 SEM for catheterized rats and 7.46 �.46
SEM for naive rats ( p � 0.71, t test).

Systemic �-opioid agonists
Dose–response curves for subcutaneous morphine on 44, 47, and
52°C hotplates showed full antinociceptive activity in animals
with previous intrathecal PBS injections but reduced potency in
intrathecal Derm-sap animals (Fig. 5). Although morphine did
increase hindpaw latencies in Derm-sap animals at 44 and 47°C,
the antinociceptive effect was only significant at 10.0 mg/kg ( p �
0.02, Tukey’s test) (Fig. 5). On the 52°C hotplate, subcutaneous
morphine failed to produce a dose-related effect on hotplate re-
sponses at any dose in Derm-sap-treated rats (r � 0.03; p � 0.99;
df � 3; ANOVA) compared with a significant effect in PBS-
treated rats (r � 0.57; p � 0.04; df � 3; ANOVA). In both PBS
control and Derm-sap-treated rats, and as reported previously in
normal rats (Vierck et al., 2002), morphine (2.5 mg/kg, s.c.) par-
adoxically increased hindpaw lick/guard response duration on
the 44°C hotplate ( p � 0.01; F � 7.74; df � 1; two-way ANOVA).
The total response duration, time spent licking or lifting a hind-
paw, during the 600 s trials at 44°C and during the 200 s trials at
47°C stimulation was reduced in both groups (PBS and Derm-
sap) by morphine at 5.0 and 10.0 mg/kg ( p � 0.001; F � 26.7;
df � 3; three-way ANOVA) compared with the 2.5 mg/kg dose.

However, the antinociceptive effects of systemic morphine were
significantly greater in PBS controls than in Derm-sap-treated
rats at 44 and 47°C ( p � 0.001) by Tukey’s test (Fig. 6). To
determine whether lumbar intrathecal injection of saporin alone
alters the antinociceptive effects of systemic morphine, intrathe-
cal blank-saporin-injected rats (500 ng; n � 3) or intrathecal PBS
(n � 3)-treated rats were given injections of morphine (7.5 mg/
kg, s.c.) or saline 20 min before hotplate testing at 44°C. Systemic
morphine significantly reduced hotplate responding by 20% after
blank-saporin and by 22.5% after PBS ( p � 0.79, t test) 10 –11 d
after lumbar intrathecal injection. To further assess whether lum-
bar intrathecal Derm-sap affected primary afferents, we com-
pared the effects of the peripherally acting �-opiate agonist lop-
eramide, on 44°C hotplate responses in rats previously injected
intrathecally with Derm-sap or PBS. Systemic loperamide (1 mg/
kg) was equally effective in reducing 44°C hotplate nocifensive
reflex responses in rats previously treated with lumbar intrathecal
PBS or Derm-sap ( p � 0.001; F � 919.2; df � 2; two-way
ANOVA) (Fig. 7). In contrast, systemic morphine was less effec-
tive in the same Derm-sap-treated rats ( p � 0.004, Tukey’s test)
(Fig. 6).

Formalin test
The formalin test elicits persistent nocifensive behavior that has
been shown sensitive to opiates (Morgan et al., 2006). We com-
pared the behavioral responses to subcutaneous injection of 25 �l
(5%) of formalin into one hindpaw in Derm-sap and PBS control

Figure 3. Effects of intrathecal morphine on hotplate responding at 44°C. The number of
hindpaw lick/guard responses 30 min after intrathecal morphine was recorded during the 44°C
hotplate test (600 s trial duration) 4 d before and 8 –11 d after lumbar intrathecal Derm-sap
(500 ng). Each curve begins at the average first latency and shows the cumulative total number
of withdrawal responses. Comparing Pre-Derm-sap versus Post-Derm-sap, neither latencies
( p � 0.23, t test) nor total response durations ( p � 0.48, t test) was significantly different.
These experiments used Long–Evans female rats (n � 7) with indwelling intrathecal catheters.
Morphine dose-dependently reduced the number of hindpaw responses during the 44°C hot-
plate test before (two-way repeated-measures ANOVA; p � 0.006; F � 8.83; df � 3) but not
after ( p � 0.05; F � 0.56; df � 3) Derm-sap. Similarly, morphine dose-dependently pro-
longed the latency to the first hindpaw withdrawal response before (two-way repeated-
measures ANOVA; p � 0.004; F � 6.37; df � 3) but not after Derm-sap ( p � 0.67; F � 0.51;
df � 3). Results are expressed as mean � SEM. Figure 4. The 52°C hotplate 30 min after intrathecal (i.t.) morphine. Hindpaw withdrawal

latencies 9 –11 d after lumbar intrathecal PBS (n � 6) or Derm-sap (500 ng; n � 6) in Long–
Evans female rats. Morphine significantly increased hotplate hindpaw withdrawal latencies
after either PBS or Derm-sap at the 10 �g dose ( p � 0.001); however, the 1 �g dose was not
different from saline (two-way ANOVA; p � 0.57; F � 39.26; df � 2). The difference between
PBS and Derm-sap at 10 �g was not significant. Results are expressed as mean � SEM.
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rats. To insure there were no gender- or time-dependent effects of
Derm-sap in the formalin test, male rats were tested at 3 months
and female rats were tested at 1 month after lumbar intrathecal
Derm-sap or PBS. Both groups showed the typical biphasic no-
cifensive response curve lasting 90 min in control rats (Gaumond
et al., 2005). Derm-sap-treated male rats spent more time licking/
biting the injected hindpaw during the interphase and phase II of
the formalin test than PBS controls (two-way ANOVA; F �
46.73; df � 1; p � 0.001) (Fig. 8A) three months after toxin
injection. Similarly, in female rats, the total number of hindpaw
events (lick/guard/bite) also were greater during both phases I
and II ( p � 0.001, Tukey’s test) (Fig. 8B) of the formalin test
performed 1 month after Derm-sap injection. Interphase behav-
ior for female rats was increased, but not significantly ( p � 0.09,
Tukey’s test). In an additional group of female rats, reductions in
nocifensive responses by systemic morphine (10 mg/kg, s.c.; 30
min prior) in the formalin test were greater in PBS animals com-
pared with Derm-sap rats 1 month after toxin injection (two-way
ANOVA; F � 32.67; df � 1; p � 0.002) (Fig. 9), consistent with
the reduced effect of morphine in Derm-sap-treated rats.

Discussion
The present study shows that lumbar intrathecal injection of
Derm-sap produced (1) partially decreased staining for MOR1
and GIRK2 but not MOR1C in the superficial dorsal horn of the
lumbar spinal cord; (2) a profoundly decreased antinociceptive
effect of intrathecal morphine in the hotplate test; (3) a signifi-
cantly reduced antinociceptive effect of systemic morphine, but
not systemic loperamide, in the hotplate test; (4) increased nocif-
ensive behavior in the hindpaw formalin test; and (5) a reduced
antinociceptive effect of morphine in the formalin test. We inter-
pret these findings as indicating that dorsal horn MOR-
expressing neurons are necessary for full antinociceptive action
of intrathecal morphine, for some of the antinociceptive action of
systemic morphine and these neurons may be involved in mod-
ulation of nocifensive reflex responses to persistent noxious
chemical stimulation.

The observation that lumbar intrathe-
cal Derm-sap selectively reduced MOR1,
but not MOR1C, staining indicates Derm-
sap selectively destroys lamina II MOR-
expressing neurons but not MOR1C-
expressing primary afferents. Also in
support of predominant selectivity of lum-
bar intrathecal Derm-sap for dorsal horn
MOR1-expressing neurons, as opposed to
primarily DRG MOR1C-expressing neu-
rons, is the observation that expression of
MOR1C-like mRNA occurred in very “few
cells” in the rat lumbar superficial dorsal
horn compared with very “many small and
large cells” in the DRGs (Schnell and Wes-
sendorf, 2004). Three other observations
in the present study support the selective
dorsal horn lesion by Derm-sap: (1) counts
of MOR1C-expressing L4 DRG primary
afferent cell bodies were not significantly
different between control and Derm-sap
rats; (2) Derm-sap did not produce a sig-
nificant change in baseline nocifensive re-
flex responding on the hotplate and tail
flick tests, suggesting that primary afferent
thermal nociceptors were intact; and (3)
the antinociceptive effect of the peripher-

ally restricted �-opiate loperamide was unaffected by Derm-sap,
also suggesting primary afferents were intact. We have previously
reported (Wiley and Lappi, 2005) two observations that further
support the conclusion that intrathecal Derm-sap does not dam-
age primary afferent neurons: (1) cell counts from lumbar DRGs
taken 24 –96 h after 750 ng of intrathecal Derm-sap failed to
reveal any evidence of the typical acute, severe chromatolysis
produced by saporin; and (2) assessment of MOR staining from
rats with multilevel lumbar dorsal rhizotomies in the absence or
presence of intrathecal Derm-sap showed that rhizotomies or
Derm-sap alone each produced �50% loss of MOR staining in
the superficial lumbar dorsal horn, but combining rhizotomies
and Derm-sap completely abolished MOR staining in the dorsal
horn consistent with two separate cellular pools of dorsal horn
MOR, primary afferent terminals, and lamina II interneurons
(Aicher et al., 2000; Abbadie et al., 2002). Because lumbar intra-
thecal injections of substance P-saporin conjugate have no effect
on morphine antinociception in the same hotplate protocols
used in the present study (Vierck et al., 2003), we conclude the
observed effects of Derm-sap on morphine antinociception are
specific for this conjugate and not a common property of all
lumbar intrathecal peptide-saporin conjugate injections. We es-
timate the observed 34% decrease actually represents �68% loss
of dorsal horn postsynaptic MOR1, because about half of all
MOR1 staining is presynaptic on primary afferent terminals (i.e.,
lost after rhizotomy) (Wiley and Lappi, 2005).

Based on the well known expression of MOR on C fiber pri-
mary afferent terminals (Lamotte et al., 1976; Aicher et al., 2000)
and the preferential antinociceptive effect of morphine on C
fiber-mediated pain (Lu et al., 1997), we had anticipated that
selective loss of MOR-expressing interneurons might not affect
the antinociceptive effect of intrathecal morphine in the 44°C
hotplate test, which elicits C nociceptor-mediated nocifensive
reflex responses (Vierck et al., 2004). Because our anatomic ob-
servations (above) indicate that DRG neurons and their central
terminals were unaffected by lumbar intrathecal Derm-sap and

Figure 5. Effects of systemic morphine on hindpaw withdrawal latencies on the hotplates. Dose–response curves in Sprague
Dawley male rats show the effect [percentage maximum possible effect (%MPE)] of subcutaneous morphine (0, 2.5, 5.0, and 10
mg/kg 20 min before testing) on hindpaw latencies 21–38 d after lumbar intrathecal PBS (n � 8) or Derm-sap (500 ng; n � 7)
on 44, 47, and 52°C hotplate. Morphine prolonged hindpaw latencies in PBS control animals in a dose-related manner at all three
hotplate temperatures (two-way repeated-measures ANOVA; p � 0.001; F � 26.21; df � 2). All pairwise comparisons for
morphine dose were significantly different in PBS rats ( p � 0.001, Tukey’s test), but not after Derm-sap treatment ( p � 0.09,
Tukey’s test). Correlation coefficients and significance values (ANOVA) for morphine dose–response curves are also indicated for
each hotplate temperature. Results are expressed as mean � SEM. Derm-sap treatment significantly reduced the antinociceptive
potency of morphine at 44 and 47°C.
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the behavioral data show decreased morphine antinociception in
Derm-sap-treated rats, we interpret the present results as calling
into question the hypothesis that morphine acts by inhibiting
primary afferent terminals (Aimone and Yaksh, 1989; Ueda et al.,
1995; Kondo et al., 2005). One difference between the present
study and experiments that showed morphine inhibition of
evoked spinal glutamate (Ibuki et al., 2003) and substance P re-
lease (Gu et al., 2005) is the use of high-intensity stimuli in the
release experiments that would be expected to activate A� pri-
mary afferents. Also, the release experiments did not identify the
cellular source of the glutamate and substance P. Further doubt
about the importance of �-opiate effects on primary afferent
terminals comes from the observations that (1) internalization of
MOR into dorsal horn neurons in response to �-opiate agonists

Figure 6. The 44°C and 47°C hotplate responses 20 min after systemic morphine. Compari-
sons of morphine dose-related effects on hindpaw lick/guard durations on the 44°C (600 s trial
duration; A) and 47°C (200 s trial duration; B) hotplate tests 21–31 d after lumbar intrathecal
PBS (n � 7) or Derm-sap (500 ng; n � 6) in Sprague Dawley male rats. Each curve begins at the
average first latency and shows the cumulative total duration of withdrawal responses. Low-
dose systemic morphine (2.5 mg/kg) increased hindpaw lick/guard responding on the 44°C
hotplate in both PBS- and Derm-sap-injected groups (three-way ANOVA; p � 0.001; F � 26.7;
df � 3). Compared with saline and the 2.5 mg/kg dose, systemic morphine reduced hindpaw
lick/guard responding on the 44°C hotplate in PBS controls and in the Derm-sap-injected group
at 5.0 mg/kg and at 10 mg/kg (three-way ANOVA; p � 0.001; F � 26.7; df � 3). Similarly, at
47°C morphine decreased hindpaw lick/guard responding at 5 and 10 mg/kg in both PBS- and
Derm-sap-injected groups ( p � 0.001; F � 22.0; df � 3; three-way ANOVA). Comparison of
PBS controls and Derm-sap rats at 5 and 10 mg/kg morphine on both temperatures revealed
that the antinociceptive effect was greater in PBS control rats than in the Derm-sap-injected
group ( p � 0.001, Tukey’s test). Results are expressed as mean � SEM.

Figure 7. Comparison of morphine and loperamide on the 44°C hotplate. Total hindpaw
lick/guard durations are shown after subcutaneous saline, loperamide (1 mg/kg), or morphine
(10 mg/kg) injected 30 min before a 44°C hotplate test (600 s trial duration) in Long–Evans
female rats 24 –27 d after lumbar intrathecal PBS (n � 6) or Derm-sap (500 ng n � 6). Each
curve begins at the average first latency and shows the cumulative total duration of withdrawal
responses. The peripherally restricted �-opioid agonist loperamide significantly reduced hind-
paw lick/guard durations in both intrathecal PBS and Derm-sap rats to the same degree com-
pared with subcutaneous saline (two-way ANOVA; p�0.001; F�14.4; df�2). Subcutaneous
morphine also decreased hotplate responses in both PBS control and Derm-sap groups com-
pared with loperamide ( p � 0.001; F � 5.56; df � 2; two-way ANOVA), but subcutaneous
morphine produced significantly greater antinociception in PBS controls compared with the
Derm-sap-injected group ( p � 0.004, Tukey’s test). Each curve begins at the average first
latency. Results are expressed as mean � SEM.
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correlates with increased hotplate latencies (Trafton et al., 2000;
Trafton and Basbaum, 2004) and (2) 80% of noxious stimulus-
induced neurokinin-1 receptor internalization into superficial
dorsal horn neurons persists despite treatment with �-opiate
agonists (Trafton et al., 1999), consistent with intact release of
substance P from primary afferents. Those observations plus the
present study raise the possibility that the reduced evoked spinal
release of glutamate and substance P may primarily reflect
postsynaptic actions of �-opiate agonists.

The reduction in antinociceptive effects of systemic morphine
in lumbar intrathecal Derm-sap-treated rats is consistent with
reports that spinal intrathecal �-opiate antagonists reduce the
antinociceptive effects of systemic morphine administration
(Mjanger and Yaksh, 1991; Chen and Pan, 2006) and suggests
that a dorsal horn site is necessary for the full antinociceptive
effect of systemic �-opiate agonists. However, significant nocif-

ensive reflex responses remained present under systemic mor-
phine in Derm-sap-treated rats and also in the reports of intra-
thecal antagonists, suggesting at least one additional, probably
supraspinal site for antinociceptive action of systemically admin-
istered �-opiate agonists (South and Smith, 1998; Gilbert and
Franklin, 2002) that ultimately may not involve the MOR-
expressing dorsal horn destroyed by Derm-sap.

Increased nocifensive responding in Derm-sap-treated rats in
the formalin test shows that loss of dorsal horn MOR-expressing
neurons has long-lasting effects on modulation of nocifensive
responses. Specifically, we hypothesize that increased responding
during interphase and phase II of the formalin test produced by
Derm-sap reflects reduction in the reported active inhibition of
nocifensive responding that occurs during the interphase and
phase II (Henry et al., 1999). The decreased antinociceptive effect
of morphine in the formalin test produced by Derm-sap further
supports the generality of the previous conclusion from hotplate
data that dorsal horn MOR-expressing neurons play an impor-
tant role in the antinociceptive action of systemic morphine.
Transgenic mice lacking MOR expression have been reported to
have some abnormalities of nocifensive behavior (increased in-
terphase or phase II behavior) in the formalin test (Martin et al.,
2003; Zhao et al., 2003), and so have mice with defective postsyn-
aptic signaling by the MOR receptor because of lack of expression
of GIRK2 (Mitrovic et al., 2003). Mice lacking GIRK2 also show
decreased morphine effect in the formalin test. As reported
above, Derm-sap decreased dorsal horn staining for GIRK2, pre-
sumably because of loss of the MOR-expressing dorsal horn neu-
rons that also express GIRK2. The report that GIRK2-expressing
lamina II dorsal horn neurons receive abundant C afferent input
(Marker et al., 2006) correlates well with the present observation
that Derm-sap destruction of the MOR/GIRK2 dorsal horn neu-
rons more effectively reduced intrathecal morphine effects on
nocifensive reflex behavior in the 44°C hotplate test, had some-
what less effect at 47°C, but had no effect on morphine antinoci-
ception in the 52°C hotplate test.

We note that the effects of Derm-sap in the present study are
similar to the behavioral and pharmacological effects of lesions to
the dorsolateral funiculus (dlf) (Abbott et al., 1996) that (1) do

Figure 8. Derm-sap effects on formalin responding. A, Effects of a 25 �l plantar formalin
(5%) injection into one hindpaw on time spent licking or guarding (durations) 3 months after
lumbar intrathecal PBS (n � 6) or Derm-sap (500 ng n � 6) in Sprague Dawley male rats. B,
Derm-sap increased the total amount of formalin-induced hindpaw licking and guarding be-
havior in the interphase and phase II periods (two-way ANOVA; p � 0.001; F � 46.73; df � 1).
Similarly, using the same dose of formalin in Long–Evans female rats 30 d after lumbar intra-
thecal Derm-sap (500 ng; n � 7), Derm-sap rats showed an increased total number of hindpaw
lick/guard events during phases I and II compared with PBS rats (n � 7) (two-way ANOVA; p �
0.002; F � 32.67; df � 1). Differences in interphase for this group were not significant ( p �
0.07). Results are expressed as mean � SEM.

Figure 9. Effects of Derm-sap on morphine antinociception in the formalin test. The effects
of a 25 �l plantar injection of formalin (5%) on hindpaw behavior in Long–Evans female rats
30 d after lumbar intrathecal PBS (n � 6) or Derm-sap (500 ng; n � 4) pretreated with
morphine (10 mg/kg, s.c.) 30 min before formalin. Formalin behaviors are expressed by phase:
phase I, 0 –9 min; interphase, 9 –21 min; phase II, 21–90 min. Morphine was significantly less
effective in reducing the total amount of hindpaw licking and guarding in Derm-sap rats (two-
way ANOVA; *p � 0.001; F � 13.17; df � 1). Error bars represent means � SEM.
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not change baseline thermal nocifensive reflex responses in the
tail immersion test, (2) reduce the effect of morphine in the tail
immersion test, (3) increase nocifensive responses in the forma-
lin test, and (4) reduce the effect of morphine in the formalin test.
A unifying hypothesis to explain these similarities in the effects of
dlf lesions and Derm-sap would be that inhibitory modulation of
nocifensive reflexes in response to tonic noxious stimulation in-
volves a descending pathway contained in the dlf that acts via
lamina II MOR-expressing dorsal horn interneurons to preferen-
tially reduce responses to C primary afferent nociceptor input.
Thus, the lamina II MOR-expressing dorsal horn neurons
emerge as important to both endogenous opioid-mediated an-
tinociception and as a site for antinociceptive action of exoge-
nous �-opiate agonists. Future studies of Derm-sap in operant
algesia tests may clarify the relevance of the present findings to
morphine analgesia.

Conclusion
The present study demonstrates that intrathecal injection of
Derm-sap can produce a selective lesion of dorsal horn MOR-
expressing neurons and that this lesion reduces the effect of in-
trathecal morphine on nocifensive reflex responding to phasic
noxious thermal stimuli, partially reduces the effect of systemic
morphine on responses to both low-intensity phasic thermal and
tonic chemical noxious stimuli, and increases nocifensive re-
sponding in response to tonic chemical nociceptive stimuli.
These results indicate an important role for the dorsal horn
MOR-expressing neurons in both the antinociceptive action of
exogenous �-opiates and in endogenous nocifensive reflex mod-
ulation and also suggests dorsal horn MOR-expressing neurons
may be fruitful targets for novel analgesic strategies.
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