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Systemic Morphine Suppresses Noxious Stimulus-Evoked Fos
Protein-like Immunoreactivity in the Rat Spinal Cord

R. W. Presley,' D. Menétrey,* J. D. Levine,® and A. I. Basbaum?

Departments of 'Anesthesia, 2Anatomy and Physiology, and *Medicine, University of California San Francisco, San
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Previous experiments have shown that noxious stimulation
increases expression of the c-fos proto-oncogene in sub-
populations of spinal cord neurons. c-fos expression was
assessed by immunostaining for Fos, the nuclear phospho-
protein product of the c-fos gene. In this study, we examined
the effect of systemic morphine on Fos-like immunoreactiv-
ity (FLI) evoked in the formalin test, a widely used model of
persistent pain. Awake rats received a subcutaneous 150 ul
injection of 5% formalin into the plantar aspect of the right
hindpaw. The pattern of nuclear FLI was consistent with the
known nociceptive primary afferent input from the hindpaw.
Dense labeling was recorded in the superficial dorsal horn
(laminae | and Il,) and in the neck of the dorsal horn (laminae
V and VI), areas that contain large populations of nociceptive
neurons. Sparse labeling was noted in lamina Il, and in the
nucleus proprius (laminae Il and V), generally considered
to be nonnociceptive areas of the cord. Fos immunoreactivity
was also evoked in the ventromedial gray, including laminae
Vi, Vili, and X. There was no labeling in lamina IX of the
ventral horn,

Since FLI was time dependent and distributed over several
spinal segments, we focused our analysis where maximal
staining was found (L3-L5) and at the earliest time point of
the peak Fos immunoreactivity (2 hr). Twenty minutes prior
to the formalin injection, the rats received morphine (1.0, 2.5,
5.0, or 10 mg/kg, s.c.) or saline vehicle. Two hours later, the
rats were killed, their spinal cords removed, and 50 um trans-
verse sections of the lumbar enlargement were immuno-
stained with a rabbit polyclonal antiserum directed against
Fos. Prior treatment with morphine sulfate profoundly sup-
pressed formalin-evoked FLI in a dose-dependent and nal-
oxone-reversible manner. The dose-response relationship
of morphine-induced suppression of FLI varied in different
laminae. To quantify the effect of morphine on FLI, labeled
neurons in sections taken from the L4/5 level of each rat
were plotted with a camera lucida and counted. Staining in
the neck of the dorsal horn (laminae V and VI) and in more
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ventral laminae VII, VIil, and X, was profoundly suppressed
by doses of morphine which also suppress formalin-evoked
behavior. Although the labeling was also significantly re-
duced in laminae | and li, at the highest doses of morphine
there was substantial residual labeling in the superficial dor-
sal horn. These data indicate that analgesia from systemic
opiates involves differential regulation of nociceptive pro-
cessing in subpopulations of spinal nociceptive neurons.

The c-fos proto-oncogene is the mammalian homolog of the
v-fos oncogene found in 2 murine osteogenic sarcoma viruses;
¢-fos encodes a nuclear phosphoprotein, Fos, that binds to DNA
(Sambucetti and Curran, 1986). It has been proposed that the
Fos protein functions as a nuclear “third messenger” molecule
that couples short-term extracellular signals to long-term alter-
ation in cell function, by regulating the expression of specific
target genes (Curran and Morgan, 1985). Neuronal expression
of the c-fos gene has been induced in the nervous system by
nerve growth factor, cholinergic neurotransmitters, and by sec-
ond messengers, such as Ca?* and cAMP (Curran and Morgan,
1985; Greenberg et al., 1986, Morgan and Curran, 1986). His-
tochemical studies in the rat CNS suggest that expression of the
¢-fos proto-oncogene, as measured by Fos protein immunocy-
tochemistry, is a useful marker of neuronal activity that can be
used to map functionally related neural pathways. With regard
to sensory systems, Huntet al. (1987) reported that both noxious
and nonnoxious peripheral stimulation evokes c¢-fos expression
in spinal cord neurons, and that the laminar distribution of these
neurons is related to the nature of the sensory stimulus. Noxious
thermal, chemical, and mechanical cutaneous stimuli evoked
Fos-like immunoreactivity (FLI) in nuclei of neurons located
predominantly in laminae I, I, and V, where the majority of
nociceptive primary afferents terminate (Light and Perl, 1979;
Swett and Woolf, 1985; Sugiura et al., 1987), and where dorsal
horn nociceptive neurons predominate (for review, see Besson
and Chaouch, 1987). It was later shown that a subpopulation
of noxious stimulus-evoked Fos-immunoreactive neurons are
at the origin of ascending spinal pathways that have been im-
plicated in the rostral transmission of nociceptive messages (Me-
nétrey et al., 1989). In the present study, we address the question
of how systemic administration of morphine, the prototypical
narcotic analgesic, affects noxious stimulus-evoked FLI in rat
spinal neurons.

Since FLI is best evoked in the rat CNS by prolonged, re-
petitive, or continuous stimulation, we have chosen to study
the Fos response in a standard model of “tonic” pain, the so-
called formalin test. The tonic noxious stimulus, subcutaneous
formalin injection into the paw, is presumed to better model
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clinical pain, which is continuous in nature, than do acute, pha-
sic tests of nociception (Dennis and Melzack, 1979). This stim-
ulus produces a stereotypical behavioral syndrome in rats, cats
(Dubuisson and Dennis, 1977), and monkeys (Alreja et al., 1984)
that is thought to be indicative of pain. Rats protect and may
lick the injected paw, but do not vocalize. The behavior is
suppressed by nonsteroidal antiinflammatory drugs (Hunskaar
et al., 1986; Drower et al., 1987), systemically administered
opiate analgesics, including morphine (Dubuisson and Dennis,
1977; Dennis and Melzack, 1979, 1980; Abbott et al., 1982,
Drower et al., 1987), intracerebroventricular injection of opioid
agonists (Calcagnetti et al., 1988), and electrical stimulation of
brain-stem sites that produce analgesia in other nociceptive tests
(Dubuisson and Dennis, 1977). Formalin injection induces long-
lasting, opiate-sensitive, excitation of dorsal horn nociceptive
neurons, the time course of which correlates with the formalin
behavioral syndrome (Dickenson and Sullivan, 1987a, b).

Materials and Methods

All experiments were performed on male Sprague-Dawley rats (240-
340 gm; Bantin and Kingman, Fremont, CA), with the approval of the
UCSF Committee on Animal Research. Preliminary data in our labo-
ratory (Presley et al., unpublished observations) demonstrated that com-
monly used anesthetics (barbiturate, fluothane, and ketamine) signifi-
cantly restrict the spinal distribution of noxious stimulus-evoked FLI.
Thus, the complete pattern of noxious stimulus evoked c-fos expression
would be masked under anesthetic conditions. Furthermore, since we
wished to evaluate the mechanisms through which morphine exerts its
analgesic effect, it was important to perform the experiments under
conditions in which the behavior of the animals could be monitored.
For these reasons, the experiments were performed in awake, freely
moving rats. We injected the plantar surface of the right hindpaw with
150 ul of 5% formalin subcutaneously and then examined the time
course of formalin-evoked c¢-fos expression; groups of rats were killed
at 1, 2, 4, 8, and 16 hr postinjection. Thereafter, we focused our studies
on rats killed 2 hr postinjection because this was the earliest time of
peak Fos-immunoreactive staining.

The treatment groups consisted of rats that received subcutaneous
morphine sulfate (injectable solution, 15 mg/ml, Elkins-Sinn, Cherry
Hill, NJ) diluted in normal saline. Rats in the different treatment groups
received morphine in doses of either 1.0 mg/kg (n = 4), 2.5 mg/kg (n
= 3), 5.0 mg/kg (n = 3), or 10 mg/kg (n = 4), 20 min prior to the
injection of formalin. Control rats (n = 8) received an equal volume of
saline vehicle. We also attempted to reverse the effect of morphine (10
mg/kg, s.c.) by the combined administration of the opiate-receptor an-
tagonist, naloxone hydrochloride (Lyphomed, Melrose Park, IL), 2.0
mg/kg, i.p. (n = 3). Naloxone was administered 5 min prior to the
morphine injection; the dose of naloxone was repeated every 30 min
up to the time of sacrifice, to compensate for the short half-life of
naloxone as compared with morphine.

Two hours after the formalin injection, the rats were deeply anesthe-
tized with pentobarbital (60 mg/kg, i.p.) followed immediately by in-
tracardiac perfusion with 250 ml 0.05 m PBS followed by 500 ml 4%
paraformaldehyde fixative in 0.1 M phosphate buffer (PB). After per-
fusion, the lumbar spinal cord was removed and postfixed in 4% parafor-
maldehyde for 4-6 hr and then cryoprotected overnight in 30% sucrose
in 0.1 M PB. Fifty micron frozen sections, cut in the transverse plane,
were taken from all lumbar levels and collected in 0.05 M PBS for
immunocytochemical analysis. The sections were then immunostained
for Fos protein by the avidin-biotin—peroxidase (ABC) method of Hsu
et al. (1981). The tissue sections were washed with a solution of 0.05
M PBS with 1% normal goat serum and 0.3% Triton-X and then in-
cubated for ! hr at room temperature in a blocking solution of 3%
normal goat serum in 0.05 m PBS with 0.3% Triton-X. The blocking
solution was aspirated from the tissue, and the sections were incubated
overnight at 4° C in the primary antiserum directed against the Fos
protein (described below). The sections were then incubated in biotiny-
lated goat anti-rabbit IgG and avidin-biotin-peroxidase complex (Vec-
tor Labs, Burlingame, CA). The reaction product was visualized with
0.01% hydrogen peroxide and 0.05% diaminobenzidine (DAB) as the
chromogen. In every case, tissue from control and treated animals was

reacted simultaneously, for the same period of time and with the same
reagents.

The primary antiserum used in all reactions was a rabbit polyclonal
antiserum (kindly provided by Dr. Dennis Slamon of the Departments
of Haematology and Oncology at UCLA) directed against the protein
product of an in vitro translated c-fos gene. The antiserum was routinely
preabsorbed against acetone-dried rat liver powder overnight to reduce
nonspecific background staining and diluted 1:5000 prior to use. The
complete Fos protein was not available in sufficient quantities to permit
absorption controls for the rabbit polyclonal Fos antiserum. However,
we have performed similar experiments using a murine monoclonal
antiserum that was directed against a synthetic peptide which corre-
sponded to the N-terminal (residues 4-17) of the Fos protein (Micro-
biological Associates Inc., Bethesda, MD) and also diluted 1:5000. The
pattern of staining and the overall distribution of labeled neurons with
the monoclonal and polyclonal antisera were comparable. Staining with
the N-terminal directed monoclonal antiserum was completely abol-
ished when it was preabsorbed with the N-terminal peptide fragment.
Omission of the Fos antiserum from the immunostaining protocol like-
wise completely abolished labeling. Although the staining patterns of
the 2 antisera tested did not differ significantly, we used the rabbit
polyclonal antiserum in our experiments because it always produced
more intense immunoreactivity.

After the immunostaining procedure, tissue sections were mounted
on slides, air-dried, and coverslipped. The sections were first examined
under dark-field illumination to determine gray matter landmarks and
segmental level (Molander et al., 1984) and were then sketched with a
camera lucida attachment. The sections were then examined under bright-
field illumination and neurons with stained nuclei ipsilateral to the
injected paw were plotted with a camera lucida attachment. A neuron
was considered to be labeled only if the nucleus showed the characteristic
brown staining of oxidized DAB, and was distinct from background at
magnifications of 4 x, 10x, and 20 x. By terminating the immunostain-
ing reaction just at the point that light background staining was evident,
we were able to easily distinguish Fos-immunoreactive neurons from
background.

We quantitated the effect of morphine on FLI by counting all the
labeled cells plotted on 3 sections taken from the L4/5 level of each rat.
The average number of plotted cells in those 3 sections was recorded
as the number of Fos-immunoreactive neurons in that rat. For each rat,
the total of number of cells was recorded, as well as the subtotal in
specific laminar regions of the ipsilateral spinal gray matter, as follows
(see Fig. 9); superficial dorsal horn (laminae I and II), nucleus proprius
(laminae III and IV), neck of the dorsal horn (laminae V and VI), and
the ventral gray (laminae VII, VIII, IX, and X). The effects of different
morphine doses on total numbers of Fos-immunoreactive neurons were
compared using 1-way analysis of variance and Dunnett’s ¢ test for
multiple comparisons with control. The numbers of labeled cells were
also compared using 2-way analysis of variance for dose and region,
and again Dunnett’s ¢ test was used for post hoc comparisons. Although
we were not able to quantify the density of labeling in individual neu-
rons, we also report our impressions of changes in staining intensity
that occurred after morphine treatment. Throughout the data-collection
phase, the investigators were blind to treatment and time of postinjec-
tion sacrifice.

Results
Fos expression in the formalin test
General features

Consistent with the known nuclear location of the Fos protein
(Curran, 1984), Fos-immunoreactive neurons were easily rec-
ognized by their diffusely stained nuclei and unlabeled nucleoli.
Almost no cytoplasmic staining was found; scant, filamentous
staining of the cytoplasm in the ependymal cells lining the cen-
tral canal was typically noted, and cytoplasmic staining was
sometimes present bilaterally in the lateral spinal nucleus of the
dorsolateral funiculus (Fig. 4C). Rarely, we noted cytoplasmic
staining of cells in the substantia gelatinosa and nucleus pro-
prius, occasionally associated with immunostained dendrites
and terminals. In every case, this presumed cross-reactive stain-
ing was easily distinguished from the diffuse, nuclear FLI.
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The basal level of FLI in spinal neurons of unstimulated rats
(no formalin injection) was extremely low; less than 5 very
lightly stained nuclei were present per 50 um section. The few
labeled cells that were detected in sections from unstimulated
animals were primarily located in laminae IIl and IV, bilaterally.
In contrast, injection of formalin into the plantar hindpaw evoked
dramatic FLI in the gray matter of the lumbar enlargement (Figs.
2, 34). The greatest numbers of labeled neurons evoked by
formalin were noted at the L3-L5 levels, corresponding to the
segmental innervation of the rat plantar hindpaw (Molander
and Grant, 1985; Swett and Woolf, 1985). With the exception
of lamina VIII, which sometimes contained labeled neurons
bilaterally (Figs. 3D, 5D), FLI was largely confined to the side
of the cord ipsilateral to the injured paw. For this reason, the
camera lucida drawings in Figures 1, 2, 6, and 7 only illustrate
the spinal gray matter ipsilateral to the injured paw,

Time course and spatial distribution

Fos-like immunoreactivity evoked by formalin injection was
time dependent (Fig. 1). By 1 hr postinjection, dense Fos labeling

hours
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Figure 1. Camera lucida drawings
taken from the L4-5 level of rats killed
at various times after formalin injec-
tion. Maximal Fos immunoreactivity is
present by 24 hr postinjection and then
it slowly disappears. Staining is barely
above control by 16 hr postinjection.
Dense superficial staining appears by 1
hr, but ventral staining requires at least
2 hr to become evident.

was present in the superficial dorsal horn (laminae I and IL ).
The staining was already near peak levels in this area, both in
terms of numbers of positive cells and in the intensity of their
staining. Laminae III, IV, and the lateral neck of the dorsal horn
(lamina V) contained moderate numbers of labeled neurons; a
few lightly labeled nuclei were present in laminae VI, VII, and
X. At 2-4 hr postinjection, we observed the most extensive Fos
labeling; intense staining of the superficial dorsal horn, com-
parable to that observed at 1 hr, persisted. The most striking
difference at 2 hr was the larger number of labeled neurons that
appeared in the deep dorsal horn (lamina V and VI) and in the
ventral gray (laminae VII, VIII, and X). Labeled neurons in
lamina VIII were sometimes present bilaterally (Figs. 3, 4, D;
5D). In general, the neurons in the superficial dorsal horn and
in the neck of the dorsal horn were more darkly stained, as
compared with neurons in the nucleus proprius and ventro-
medial gray. Finally, labeled neurons were sparse in lamina II,
(Fig. 44), and almost none were found in Lamina IX (Fig. 3).

This pattern of staining persisted essentially unchanged through
4 hr postinjection (Fig. 1). By 8 hr, the labeling in the superficial
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Figure 2. Camera lucida drawings
showing the rostrocaudal distribution
of Fos-immunoreactive neurons 2 hr
after formalin injection into the ipsi-
lateral plantar hindpaw. The most in-
tense immunoreactivity is noted at the
L3-L5 segments, which receive the ma-
jor afferents from the plantar hindpaw.
Labeling in the superficial dorsal horn
is predominantly restricted to the L3-
L5 segments, whereas labeling in the
neck of the dorsal horn and ventro-
medial gray is present throughout the
lumbar enlargement.

dorsal horn had substantially diminished. The staining in lam-
inae III and IV, and in the lateral neck of the dorsal horn was
comparable to that seen at 2 and 4 hr postinjection. Labeling
in the ventral horn, however, was dramatically reduced. There
were considerably fewer labeled cells noted in laminae VII and
X, and almost none in lamina VIII. By 16 hr postinjection, only
a few labeled neurons could be detected in the superficial dorsal
horn and in the lateral neck of the dorsal horn (the reticulated
part of lamina V); only an occasional cell was noted in the deep
dorsal horn and ventromedial gray.

Consistent with the known topographic projection of hindpaw
afferents to the spinal cord, we found that plantar injection of
formalin evoked a characteristic medial-lateral distribution of
Fos-immunoreactive neurons (Figs. 3, 4), particularly in the
superficial dorsal horn and nucleus proprius. Both laminae I
and II contained large numbers of positive cells medially but
only a few laterally; the latter were almost exclusively found in
lamina I. The lateral substantia gelatinosa and nucleus proprius
were almost devoid of labeled cells. By contrast, staining in the

neck of the dorsal horn (laminae V, VI, and VII) was distributed
rather uniformly across the medial-lateral extent of the gray
matter.

The rostrocaudal distribution of formalin-evoked FLI was
confined to the lumbar enlargement. The most intense staining
was observed at levels L3-L5 (Fig. 2). Rostral and caudal to
L3-L5, the number of positive cells rapidly diminished. This
was particularly true in the superficial dorsal horn (laminae I
and II,). Labeled neurons in laminae V, VI, VII, VIII, and X
also declined at levels beyond L3-L5; however, they could still
be detected up to 3 segments rostral and caudal to L3-L5. In
light of these results, we focused our studies of the effects of
morphine on FLI at the L3-L5 levels, 2 hr postformalin injec-
tion, the earliest time of peak Fos immunoreactivity.

Effect of morphine

Control injections of morphine (10 mg/kg, s.c.) in unstimulated
rats (i.e., no formalin injection) did not change the low basal
level of FLI that is usually seen in the nucleus proprius. Control
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Figure 3. These photomicrographs illustrate the pattern of formalin-evoked Fos immunoreactivity in neurons from sections of the L4/5 spinal
cord of untreated (4), morphine-treated (B, C), or morphine plus naloxone-treated (D) rats. In control rats (A4), there is dense labeling in the
superficial layers (laminae I and II) and in the neck of the dorsal horn, as well as in laminae VII and VIII of the ventral horn (arrows), ipsilateral
to the noxious stimulus. There are no Fos-immunoreactive neurons in the motoneurons pools, lamina IX (ix). The densest labeling is in the medial
part of the superficial dorsal horn; the lateral part (asterisk) does not receive primary afferent input from the plantar hindpaw. B, Pretreatment
with morphine (2.5 mg/kg, s.c.) reduced the number of labeled cells in the dorsal horn and eliminated the staining of cells in laminae VII and VIII
of the ventral horn (i.e., ventral to the arrows); the labeling in the superficial dorsal horn is still intense. C, Morphine (10 mg/kg, s.c.) almost
completely blocked Fos-immunostaining; some lightly labeled cells, however, persisted in the superficial dorsal horn (arrow), D, Combined
administration of naloxone (2.0 mg/kg, i.p.) completely reversed the morphine (10 mg/kg, s.c.) suppression of Fos-staining; bilateral staining was

detected in lamina VIII (arrows). cc, Central canal. Scale bar, 500 um.

injections of naloxone (2.0 mg/kg, i.p.) in unstimulated rats also
had a minimal effect on basal Fos immunoreactivity; however,
in distinction to morphine, after naloxone injection we detected
a few (<10) lightly labeled neurons scattered throughout the
dorsal horn (laminae I-VII), bilaterally.

Morphine treatment markedly decreased FLI in all laminae
and at all lumbar levels (Figs. 3-7). This effect of morphine was
characterized by fewer labeled neurons, as well as by lighter
staining of those neurons that were labeled (Figs. 3C, 40). It
was most obvious on staining in the deeper layers of the dorsal
horn, in laminae V and VI, and on staining in the ventral horn,

in laminae VII, VIII, and X (Fig. 5). Staining was reduced in
the superficial dorsal horn, laminae I and II,, however many
labeled cells were still present superficially, even after treatment
with the highest dose of morphine (10 mg/kg). The staining of
these residual cells was much less intense than in control sections
(Figs. 3C, 40).

The morphine effect was dose dependent. A comparison of
the total numbers of Fos-immunoreactive neurons in the mor-
phine-treated groups and controls revealed the following (Fig.
8): 91% of control for the 1.0 mg/kg group (p = NS), 47% of
control for the 2.5 mg/kg group (p < 0.05), 33% of control for
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Figure4. These higher-magnification photomicrographs of the sections from Figure 3 better illustrate the noxious stimulus-evoked labeling pattern.
A, In the control, there is dense labeling in the medial part of laminae I and II, of the superficial dorsal horn. With the exception of some labeled
neurons at the surface of the cord (arrowheads), there is almost no labeling in the lateral dorsal horn (asterisk) and very little in the inner part of
the substantia gelatinosa (IL), which contains neurons that only respond to innocuous stimulation. B, Morphine (2.5 mg/kg, s.c.) produces a
significant reduction in the number of labeled neurons. C, Morphine (10 mg/kg, s.c.) has a profound suppressive effect on the labeling of neurons;
only lightly labeled cells remain in the superficial layers of the dorsal horn (arrowheads). The arrow points to cross-reacting cytoplasmic staining
in neurons of the lateral spinal nucleus. D, Combined administration of naloxone (2.0 mg/kg, i.p.) blocks the effect of morphine (10 mg/kg, s.c.)

and returns the staining pattern to that of the control. Scale bar, 100 um.

the 5.0 mg/kg group (p < 0.01), and 21% of control for the 10
mg/kg group (p < 0.01). One-way analysis of variance showed
a statistically significant difference between doses [F(5,19) =
11.7, p < 0.001]. Combined administration of naloxone (2.0
mg/kg) reversed the suppressive effect of morphine (10 mg/kg).
The number of Fos-immunoreactive neurons in the naloxone-
treated rats was not significantly different from control levels (p
= NS).

The effect of morphine was also region dependent (Figs. 9-
11). Two-way analysis of variance showed a significant main
effect of dose [F(4,17) = 15.7, p < 0.001] and a significant main
effect of region [F(3,51) = 155.9, p < 0.001], as well as a sig-
nificant dose x region interaction [F(12,51) = 7.0, p < 0.001].
This indicates that the dose-response relationship varied among
the different regions. The superficial dorsal horn showed espe-
cially steep declines in the number of Fos-immunoreactive neu-

rons. The decrease was statistically significant (p < 0.01) at 2.5
mg/kg morphine and plateaued somewhat at higher doses. FLI
in the neck of the dorsal horn showed a steep decline at 2.5 mg/
kg. A further decrease was found at 5.0 mg/kg, but no additional
effect was observed at the dose of 10 mg/kg. FLI in the ventral
gray was also significantly reduced at a dose of 2.5 mg/kg (p <
0.05) and staining was almost abolished at the 5.0 and 10 mg/
kg doses (p < 0.01). In contrast, the dose-response curve for
the nucleus proprius was relatively flat, and there was no sta-
tistically significant effect of any dose of morphine on the num-
bers of labeled cells in this area.

The differential effect of morphine on FLI in different laminar
regions is best illustrated in Figure 11, in which the data are
reported for each region that showed significant suppression as
a percentage of its own control. The relative morphine effect is
identical in the superficial dorsal horn and neck of the dorsal
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Figure 5. These photomicrographs illustrate the noxious stimulus-evoked labeling in the deep dorsal horn and ventromedial gray matter from
the same sections shown in Figures 3 and 4. 4, In the control, there is dense labeling around the central canal (cc), and there are many cells in
lamina VIII (arrows). B, After morphine, 2.5 mg/kg, labeling is profoundly suppressed in these areas (below arrows), but there is still significant
labeling in the deep dorsal horn (above arrows). C, After 10 mg/kg morphine, labeling in the deep dorsal horn is also profoundly suppressed. D,
Combined administration of naloxone (2.0 mg/kg, i.p.) with morphine (10 mg/kg, s.c.) returns labeling to control levels, including staining in
contralateral lamina VIII (arrows). vf, Ventral funiculus; arrowheads, dorsal border of gray matter; viii, lamina VIII; ix, lamina IX. Scale bar,

200 pm.

horn after doses of 2.5 mg/kg. At higher doses, the suppression
in the superficial dorsal horn is always less than in the neck. As
a consequence, FLI in both control and treated rats was always
more pronounced in the superficial layers than in deeper areas
of the spinal gray. The effect of morphine is also greatest on
ventral FLI at all doses. Furthermore, morphine significantly
reduced the rostrocaudal distribution of labeled neurons in a
dose-dependent manner. This was primarily due to suppression
of the more ventral cells, which, as noted above, are the cells
that have the greatest rostrocaudal spread in saline controls.
Doses of 2.5 and 5.0 mg/kg showed a reduction of the rostro-
caudal distribution of labeled neurons; with 10 mg/kg, FLI was
not above baseline at segments rostral or caudal to the L3-5
levels (Fig. 7). Finally, although we were not able to quantitate
the density of staining in individual neurons, it is our clear
impression that the density of staining was substantially reduced
in the Fos-immunoreactive neurons that remained after mor-
phine treatment (Figs. 3C, 4C). In contrast, naloxone treatment
may have resulted in more intense immunoreactivity (Figs. 3D,
4D).

Discussion

We have shown that a tonic noxious chemical stimulus, pro-
duced by subcutaneous formalin injection, can evoke expression
of Fos protein-like immunoreactivity in spinal cord neurons of
awake rats and that morphine suppresses the noxious stimulus-
evoked FLI in a dose-dependent manner; since the inhibitory
effect of morphine was naloxone reversible, we conclude that
the suppression of Fos expression was opiate receptor mediated.
Importantly, previous experiments showed that there is a dose-
dependent increase in the ¢-fos message in response to excitatory
cholinergic neurotransmitters in vitro and that specific phar-
macologic antagonists abolished this response (Greenberg et al.,
1986). Thus, the relative density of staining of spinal neurons
in our preparations probably reflects their relative degree of
neuronal activity in response to excitatory afferent input.

Our results support the use of Fos immunocytochemistry to
map functionally related neural circuits in the CNS (Hunt et al.,
1987; Sagar et al., 1988; Menétrey et al., 1989). The principle
advantage of this technique in the study of nociception is that
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Figure 6. Camera lucida drawings of
representative L4/5 sections showing a
dose-related, naloxone-reversible inhi-
bition of formalin-evoked FLI by mor-
phine. The labeling in the ventral gray
matter is profoundly suppressed by 2.5
mg/kg; at any given dose, the region
with the most residual staining is the
superficial dorsal horn.

it reveals large populations of presumed nociceptive neurons in
individual animals, with resolution at the single-cell level. Al-
though it is possible to quantitate noxious stimulus-evoked neural
activity with the 2-deoxy-glucose method (Abram and Kostreva,
1986), that procedure does not have cellular resolution and is
much more difficult to perform. The cytochrome oxidase meth-
od (Wong-Riley and Kageyama, 1986) has cellular resolution,
but high baseline levels of cytochrome oxidase activity in the
spinal cord would make it difficult to detect noxious stimulus-
evoked changes in enzyme activity. A particularly important
advantage of monitoring ¢-fos expression for spinal cord studies
is that FLI is very low in the spinal cords of unstimulated rats;
thus, induction of FLI by noxious stimuli is readily detected.
In fact, the absence of substantial basal FLI distinguishes the
spinal cord from certain brain stem and forebrain areas, in-
cluding the solitary nucleus, cerebral cortex, hippocampus, stria-
tum, and cerebellum (Morgan et al., 1987; Sagar et al., 1988).
The principle disadvantage of this technique is that it is difficult

control

2.5 mg/kg

10 mg/kg

morphine 10 mg/kg

naloxone 2 mg/kg

to quantitate; simply counting labeled nuclei does not ade-
quately account for the wide variation of staining intensity among
labeled neurons. We are presently evaluating a single cell den-
sitometric approach to quantitate changes in staining intensity
in individual cells.

Our results are consistent with electrophysiological studies
that have demonstrated that populations of both nociceptive-
specific and wide-dynamic-range nociceptive neurons are lo-
cated predominantly in the superficial dorsal horn (laminae I
and I1,), and in the neck of the dorsal horn (lamina V) (reviewed
by Besson and Chaouch, 1987). It is in these areas where we
noted the earliest and most intense noxious stimulus-evoked
Fos immunoreactivity. Consistent with previous studies show-
ing that primary afferents that innervate the distal extremities
terminate in the medial superficial dorsal horn and that input
from the proximal extremities is represented more laterally, we
found that Fos-immunoreactive neurons were concentrated in
the medial part of the superficial dorsal horn (Light and Perl,



control

1979; Molander and Grant, 1985; Sugiura et al. 1987). Since
the majority of small-diameter myelinated and unmyelinated
afferents terminate in the superficial dorsal horn (Light and Perl,
1979; Sugiura et al. 1987), it is reasonable to hypothesize that
many of the neurons in the superficial dorsal horn which express
the ¢-fos gene are driven monosynaptically by small-diameter,
presumed nociceptive primary afferents from the injured paw.

Although Hunt et al. (1987) also demonstrated that noxious
stimuli evoke FLI predominantly in laminae I, II, and V, they
did not report much labeling in the ventral horn. A significant
difference in our 2 studies is that we examined noxious stimulus-
evoked FLI in awake, freely moving rats; Hunt et al. (1987)
studied rats under chloral hydrate-barbiturate anesthesia. We
do not believe that our results reflect a unique property of for-
malin as a tonic noxious stimulus; plantar injection of Freund’s
adjuvant, urate crystals injected around the ankle (Menétrey et
al., 1989) or intraperitoneal injection of acetic acid (Presley et
al., 1989) all evoke ventral horn c-fos activity in awake rats after
a delay of several hours. In fact, we have systematically com-
pared results in anesthetized and unanesthetized rats (Presley

morphine 10 mg/kg
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Figure 7. Camera lucida drawings
showing the effect of morphine (10 mg/
kg) on FLI at the L3-L5 segmental levels
2 hr after formalin injection. The ros-
trocaudal spread of Fos-immunoreac-
tive neurons is also suppressed by mor-
phine. At this dose, staining is not above
control levels rostral or caudal to the
segments shown.

et al., unpublished observations) and found that noxious-stim-
ulus evoked FLI in spinal cord neurons is suppressed by an-
esthetic drugs; this effect was most apparent on deeper dorsal
horn and ventral horn neurons. Thus, noxious stimulus-evoked
labeling of FLI in the deep dorsal horn and ventral horn of the
spinal cord requires that a sustained noxious stimulus be ad-
ministered, for at least 2 hr in the case of the formalin test and
that the stimulus be administered to an unanesthetized animal.

Whereas the contribution of neurons of the superficial laminae
and of the neck of the dorsal horn to nociception is well estab-
lished, the contribution of ventral neurons is less clear. Noci-
ceptive, wide-dynamic-range neurons have been identified in
the intermediate and ventromedial spinal gray matter (laminae
VII and VIII) and around the central canal (lamina X) (Giesler
et al., 1979; Menétrey et al., 1980; Molinari, 1982; Honda and
Lee, 1984; Menétrey, 1987); many of these neurons contribute
to ascending pathways, including the spinothalamic and spi-
noreticular tracts (Menétrey et al., 1980; Nahin et al., 1983;
Menétrey, 1987; Ammons, 1987). These areas contain substan-
tial numbers of noxious stimulus-evoked Fos-immunoreactive
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Figure 8. Quantification of the effect of subcutaneous morphine on
the number of Fos-immunoreactive neurons evoked by formalin injec-
tion: morphine vs the total number of Fos-immunoreactive neurons
(mean = SEM). There was a general downward trend in the numbers
of positive cells with all doses of morphine; the effect was statistically
significant after 2.5 mg/kg (47% of control, *p < 0.05), 5.0 mg/kg (33%
of control, **p < 0.01), and 10 mg/kg (21% of control, **p < 0.01).
The effect of morphine (10 mg/kg) was completely abolished by the
combined administration of naloxone (2.0 mg/kg) (105% of control, p
= NS).

neurons, some of which have been shown to project to the brain
(Menétrey et al., 1989). Although there is a sparse projection of
Ad afferents to lamina X, there is no direct projection of C-fiber
primary afferents onto laminae VII, VIII, or X (Light and Perl,
1979; Swett and Woolf, 1985; Sugiuraetal., 1987). This suggests
that the ventral horn Fos-immunoreactive neurons are activated
polysynaptically; they may be driven directly by nociceptive
neurons in laminae I and II (Light and Kavookian, 1988), or
they may be excited indirectly, via nociresponsive spinobul-
bospinal loops involving the superficial dorsal horn (Giesler et
al., 1981; Cervero and Wolstencroft, 1984). Importantly, no-
ciceptive neurons in the ventral cord have large, complex, and
often bilateral receptive fields, indicating that there is a consid-
erable spatial convergence of input onto these cells. Qur obser-
vation that deep dorsal horn and ventral horn Fos immuno-
reactivity has the greatest rostrocaudal distribution after formalin
injection, often well outside of the known primary afferent seg-
mental innervation of the injured paw, is consistent with these
electrophysiological data.

The formalin stimulus also evoked Fos immunoreactivity in
neurons of laminae I1I and IV, regions that predominantly con-
tain cells only responsive to innocuous stimulation. Since Hunt
et al. (1987) demonstrated that continuous nonnoxious stimu-
lation evokes Fos staining in laminae III and IV, our initial
assumption was that the Fos induction in these laminae derived
from the vigorous licking and shaking of the paw that is pro-
duced by formalin injection in the awake rat. Morphine, of
course, suppressed this behavior and reduced the expression of
Fos in laminae III and IV. The reduction in Fos staining in
laminae III and IV, however, was not statistically significant,
which suggests that formalin injection also has a direct, mor-
phine-insensitive, excitatory action on some large diameter pri-
mary afferent axons which input cells of laminae I and IV. In
electrophysiological studies, however, Dickenson and Sullivan
(1987a, b) reported that formalin does not activate neurons
which only respond to innocuous stimulation, the majority of
which are found in laminae III and IV. Since the latter studies
were performed in anesthetized rats, it is possible that the overall

Superficlal

Nucleus Proprius

Ventral

Figure 9. Camera lucida drawing of a hemisection of the spinal gray
matter made under dark-field illumination showing specific regions that
were analyzed for Fos immunoreactivity. The ventral border of the
superficial dorsal horn (laminae I and II) and the boundary of the re-
ticular part of the lamina V were the most easily defined. Subsequently,
the ventral border of the nucleus proprius (laminae III and IV) was
defined by a line drawn tangentially across the dorsal part of lamina V
to the medial border of the dorsal horn. The ventral border of the neck
of the dorsal horn (laminae V and VI) was defined by a parallel line
drawn from the ventral border of the dorsal columns to the lateral border
of the dorsal horn. The remainder of the hemisection was defined as
the ventral gray (laminae VII, VIII, IX and X).

reduction in activity was sufficient to have masked a direct
formalin-evoked input to these neurons. We conclude, there-
fore, that the increased Fos immunoreactivity in neurons of
laminae III and IV results from a combination of a formalin
excitation of these neurons with the peripheral input that is
secondary to the behavior produced by the nociceptive stimulus.
Morphine would only suppress that latter component of the
input to the lamina III and IV cells so that the overall reduction
of Fos immunoreactivity may not be statistically significant.

Modulation by systemic morphine

Our observations on the regulation of Fos expression by mor-
phine provide an important anatomical correlate of results from
several previous studies that have demonstrated a dose-depen-
dent, naloxone-reversible suppression of the formalin behav-
ioral syndrome in rats by morphine and other opioid analgesics.
Specifically, the latter experiments showed that although mild
behavioral analgesia could be achieved with doses of systemic
morphine as low as 1.0 mg/kg (Drower et al., 1987), most rats
required doses in the 2.0-3.0 mg/kg range before significant
analgesia was present (Dubuisson and Dennis, 1977; Dennis
and Melzack, 1979, 1980; Abbott et al., 1982; Drower et al.,
1987). Morphine in doses ranging from 5.0 to 10 mg/kg reliably
produced a profound and long-lasting behavioral analgesia in
the formalin test. Thus, our anatomical results paralleled these
behavioral studies remarkably closely. We detected a reduction
of Fos-immunoreactive neurons after morphine (1.0 mg/kg) and
statistically significant suppression with doses of 2.5 mg/kg or
greater.

Morphine can inhibit spinal nociceptors and produce anal-
gesia directly via an action at the spinal cord (Yaksh, 1981) or,
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Figure 10. Morphine vs. the number of Fos-immunoreactive neurons
in different laminar regions of the spinal gray matter (mean = SEM),
including the superficial dorsal horn (laminae I and II), the nucleus
proprius (laminae III and IV), the neck of the dorsal horn (laminae V
and VI), and the ventral gray (laminae VII, VIII, and X). There was a
statistically significant suppression of Fos-immunoreactive neurons af-
ter doses of morphine 2.5-10 mg/kg (*p < 0.05, **p < 0.01) in the
superficial dorsal horn, in the neck of the dorsal horn, and in the ventral
gray. The superficial dorsal horn consistently contained the greatest
number of residual labeled cells; this was particularly evident at higher
doses of morphine (5.0 and 10 mg/kg). In contrast, labeling in the ventral
gray was eliminated by these doses. The dose-response curve for the
nucleus proprius was very flat, with no statistically significant suppres-
sion of labeling.

indirectly, via activation of brain-stem descending inhibitory
control systems (Basbaum and Fields, 1984). In previous stud-
ies, using the paw-pinch (Basbaum et al., 1977) or tail flick test
(Barton et al., 1980), we showed that bilateral lesions of the
dorsolateral funiculi significantly reduce the analgesic action of
up to 10 mg/kg systemic morphine. In fact, using the formalin
test, we have preliminary data that lesions of the spinal cord
significantly decrease the suppression of FLI produced by 5.0
mg/kg of systemic morphine. To address the relative contri-
bution of spinal versus supraspinal targets to the suppression
of FLI, more specifically, we are presently studying the effects
of selective spinal and supraspinal injection of morphine on
noxious stimulus-evoked FLI in the spinal cord.

The majority of studies of the effects of morphine on spinal
nociceptive processing have emphasized the regulation of neu-
rons of the superficial dorsal horn and lamina V. In fact, opiate
receptors are most densely distributed in the superficial dorsal
horn and in lamina V (Lamotte et al., 1976; Atweh and Kuhar,
1977) and opioid peptides are found in high concentration in
the same regions (Hokfelt et al., 1977, Glazer and Basbaum,
1981; Cruz and Basbaum, 1985); these regions are also the major
target of raphe-spinal axons that are presumed to mediate opi-
ate-activated descending bulbospinal controls (Basbaum et al.,
1978; 1986; Basbaum and Fields, 1984). It was thus of particular
interest that this was the area of greatest residual FLI after
morphine treatment, even in doses sufficient to completely sup-
press the formalin behavioral syndrome. In fact, we found that
at doses of 2.5 and 5.0 mg/kg, there was a striking divergence
of the slopes of suppression of FLI in the different laminae; this
corresponds to the dose range where other investigators have
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Figure 11. Effect of morphine on the number of Fos-immunoreactive

neurons in different laminar regions expressed as a percentage of each
region’s own control (mean + SEM). Results from the nucleus proprius,
which did not have significant suppression of FLI are not plotted here.
The relative effect of morphine at doses of 1.0 and 2.5 mg/kg is identical
in the superficial dorsal horn and in the neck of the dorsal horn. After
5.0 mg/kg morphine, the suppression of superficial FLI has plateaued,
but there is a further deep decline in FLI in the neck of the dorsal horn.
The effect of morphine is greatest on ventral FLI at all doses, with
greater than 90% suppression in this area after 5.0 mg/kg.

noted the onset of significant behavioral analgesia in the for-
malin test (Dubuisson and Dennis, 1977; Dennis and Melzack,
1979, 1980; Abbott et al., 1982; Drower et al., 1987). Specifi-
cally, above 5.0 mg/kg, the numbers of Fos-immunoreactive
neurons in the superficial laminae plateaued; those in the neck
of the dorsal horn continued to decline steeply and the ventral
FLI approached zero.

We were not able to take into account changes in staining
intensity, i.e., neurons were categorized as labeled or unlabeled.
Thus, the activity in a population of densely stained neurons in
the control situation could be markedly suppressed by mor-
phine, yet still have enough residual staining to be considered
“labeled,” and thus counted by our method of analysis. This
could occur even if the absolute effect of morphine on the stain-
ing intensity of a densely labeled cell were greater than on a
lightly labeled cell. The result might be an underestimate of the
effect of morphine on neurons in the superficial dorsal horn, the
area of most intense staining in both control and treatment
groups. Our data indicate, however, that although analgesic dos-
es of morphine significantly reduce staining in neurons of the
superficial dorsal horn, abolition of activity in all superficial dor-
sal horn cells is not necessary for analgesia to be produced.

Since opiate receptors are not found in high concentrations
in laminae VIIand VIII (Lamotte etal., 1976; Atweh and Kuhar,
1977), it is likely that the effect of morphine on these neurons
is indirect. As described above, the activity in these neurons
may result from cascades of activity arising superficially or from
supraspinal loops activated from the superficial dorsal horn.
Conceivably, a morphine-induced reduction of activity in neu-
rons of the superficial dorsal horn is sufficient to block the
expression of Fos in the more ventral regions of the cord. This
interpretation emphasizes the intimate interactions between
neurons located in the dorsal horn and those located more ven-
trally.

Taken together, these observations suggest that analgesia from
systemically administered opiates involves differential regula-
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tion of spinal nociceptive neurons; activity in subpopulations
of spinal nociceptive neurons, and suppression of this activity
by opiates, may contribute to different aspects of pain percep-
tion. The more restricted segmental distribution of superficial
nociceptors is consistent with the view that these cells perform
a more discriminative function that allows the animal to locate
the noxious stimulus precisely, presumably to better organize
an appropriate escape response. The cells in the ventral gray
have a much more extensive spatial distribution, which would
not promote precise localization of the stimulus but, rather,
would signal the larger body part that had been injured. Activity
in these neurons presumably underlies the more diffuse, persis-
tent pain that follows significant tissue damage. The complete
blockade of ventral nociceptive neurons by morphine, including
the marked reduction in the rostral-caudal distribution of these
cells, and the incomplete blockade of superficial cells are con-
sistent with the preferential action of narcotics on the diffuse,
rather than the discriminative aspects of pain. Of course, we
cannot rule out the possibility that the residual staining in the
superficial dorsal horn represents neuronal activity sufficient to
permit recognition of the location of the noxious stimulus but
insufficient to elicit the aversive properties of the stimulus which
presumably contribute to the behavioral syndrome.

In conclusion, we have evoked neuronal expression of FLI in
a model of tonic pain, the formalin test, and demonstrated a
dose-dependent suppression of FLI with the standard narcotic
analgesic, morphine. Importantly, the dose range for the mod-
ulation of neuronal Fos expression by morphine correlated well
with the dose range previously described for behavioral anal-
gesia produced by morphine in this test. Our data confirm the
importance of neurons in the superficial dorsal horn and lamina
V to the processing of noxious stimuli in the awake rat, but they
also emphasize the contribution of more ventral neurons in
laminae VII, VIII, and X. The fact that analgesic doses of mor-
phine had a particularly profound effect on Fos immunoreac-
tivity in these latter regions suggests that blockade of activity
in these regions is essential to produce clinical analgesia. Im-
portantly, the absence of labeling of these ventral nociceptive
neurons after treatment with anesthetics also highlights the
problem of studying pain mechanisms in anesthetized animals;
the information may be limited or substantially altered com-
pared with the awake state. This is a particular problem in
electrophysiological experiments, which, with few exceptions
(Hoffman et al., 1981; Collins, 1987), are performed in decer-
ebrate or anesthetized animals. The value of the electrophys-
iological approach to studying nociception is that the response
properties of individual neurons can be characterized unequiv-
ocally. This approach, however, is limited because inferences
about functional changes in populations of nociceptive neurons
must be derived indirectly, after reconstruction of data from
small numbers of cells in many animals. Thus, Fos immuno-
cytochemistry provides a powerful adjunct to electrophysiolog-
ical studies; it is possible to map large populations of function-
ally related neurons in individual animals which are
physiologically intact and in which the behavior can be easily
evoked and monitored in the unanesthetized state.
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