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Abstract

Cumulating evidence has demonstrated that mu opioid receptor (MOR) agonists promote spinal
glial activation, lead to synthesis and release of proinflammatory cytokines and chemokines, and
contribute to opioid-induced hyperalgesia and development of opioid tolerance and dependence.
However, whether these MOR agonists directly or indirectly act on spinal cord astrocytes and
microglial cells in vivo is unclear. In the present study, by combining the techniques of in situ
hybridization of MOR mRNA with immunohistochemistry of GFAP (an astrocyte marker) and
Ibal (a microglial marker), we examined expression and distribution of GFAP, Ibal, and MOR
mMRNA in the spinal cord of rats under chronic morphine tolerance conditions. Twice daily
intrathecal injections of morphine for 7 days reduced morphine analgesic effect and increased both
GFAP and Ibal immunostaining densities in spinal cord. Unexpectedly, neither GFAP nor 1bal
colocalized with MOR mRNA in spinal cord cells. Our findings indicate that MOR expression is
absent from spinal cord astrocytes and microglia, suggesting that these cell types are indirectly
activated by MOR agonists under chronic opioid tolerance conditions.
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Introduction

Opioids remain the gold standard for pharmacologic treatment of moderate to severe pain in
the clinical setting. Among the multiple subtypes of opioid receptor (u, 8, and «,), p opioid
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receptor (MOR) agonists (e.g., morphine) are the most commonly used agents. However, the
use of MOR agonists in pain management is often hindered by adverse effects such as
development of tolerance, hyperalgesia, respiratory depression, nausea, sedation, and
immune modulation [1]. In particular, the development of tolerance to MOR agonists
constitutes a major limitation to opioid use in patients with chronic pain who require long-
term pharmacologic treatment [1].

Traditionally, studies of tolerance to MOR agonists have focused principally on neuronal
mechanisms. However, growing evidence indicates that spinal cord glial cell (e.g.,
astrocytes and microglia) activation plays a pivotal role in the development and maintenance
of chronic opioid tolerance [2]. Some previous studies have suggested that MOR agonists
might bind directly to MORs expressed in spinal cord glial cells and thereby contribute to
glial activation [3,4]. MORs are expressed in cultured astrocytes derived from brain [5] in a
region-specific manner. For example, the level of MOR mRNA in cultured cortical
astrocytes was higher than that in cultured striatal and cerebellar astrocytes [6] and was
undetectable in cultured hippocampal glial cells [6]. In vivo, very small proportions (2—4%)
of astrocytes in limited areas of the central nervous system express MORSs at a very low
level under normal conditions [7]. A recent study revealed that MOR immunofluorescent
staining overlapped some CD11b (a microglia marker) immunofluorescent staining in spinal
cord [8]. However, immunofluorescent staining detects MOR protein predominantly in
fibers and terminals in the superficial dorsal horn [8,9]. Most of these fibers and terminals
are generally believed to originate from the dorsal root ganglion, although the possibility
that they come from the processes of spinal cord neurons and glial cells and the descending
afferents from the supraspinal regions cannot be ruled out [10]. Therefore, it is still unclear
whether spinal cord glial cells express MORs. In the present study, by combining the
techniques of in situ hybridization of MOR mRNA with immunofluorescent staining of
astrocyte and microglial markers, we examined whether MOR mRNA is expressed in spinal
cord astrocytes and microglia under chronic spinal morphine tolerance conditions.

Materials and Methods

Animal preparations

Adult male Sprague-Dawley rats weighing 250-300 g were used in accordance with
protocols that were approved by the Animal Care and Use Committee at the Johns Hopkins
University. All efforts were made to minimize animal suffering and to reduce the number of
animals used. Rats received intrathecal (i.th.) implantation with PE-10 catheter as described
previously [11]. Rats with neurologic deficits were excluded from the study during 7-day
recovering period. The position of the PE-10 catheter was confirmed after behavioral
testing. All drugs were administrated intrathecally in a 10-uL volume followed by 12 L of
saline to flush the catheter.

Induction of chronic spinal morphine tolerance

Chronic spinal morphine tolerance was induced as described previously [11]. In brief, rats
received i.th. injections of 10 ug morphine sulfate (n = 5) or saline (n = 5) twice daily for 7
days. The tail-flick behavioral test as described below was performed 1 day before morphine
or saline injection and at 0.5 h after injection on mornings 1 and 8.

Tail-flick assay

A tail-flick apparatus (Model 33B Tail Flick Analgesia Meter, 1ITC Life Science, Woodland
Hills, CA, USA) with a radiant heat source connected to an automatic timer was used to
assess the analgesic response. A cutoff time latency of 10 s was used to avoid tissue damage
to the tail. Tail-flick latencies were measured as the time required to induce a tail flick after
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applying radiant heat to the skin of the tail. The antinociceptive effects were expressed as
the percentage of maximal possible analgesic effect (%oMPAE): %MPAE = [(response
latency — baseline latency)/(cutoff latency — baseline latency)] x 100%.

Tissue preparation

After behavioral testing, rats were deeply anesthetized and transcardially perfused with 0.9%
sodium chloride followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). L5
spinal cord was dissected out, post-fixed in the same fixative for 4 h, and cryoprotected in
30% sucrose in 0.01 M phosphate buffered saline (PBS) overnight at 4°C. The cryostat
sections were cut at a thickness of 20 um, and four groups of sections (at least 12-14
sections/group) were collected from each spinal cord by grouping every fourth section. The
sections were mounted onto slides and stored at —80°C until use.

In situ hybridization and immunofluorescent staining

Full-length rat MOR plasmid provided by Dr. H. Akil (University of Michigan) was
linearized with Acc65I1 or Sacl to obtain the antisense and sense probes. The MOR riboprobe
was a 229 bp fragment spanning the coding sequence of MOR (699-927 bp), which
corresponds to the sequence in exon 3 of the rat MOR gene. The rat MOR gene has 9 splice
variants. Except for MOR-1S [12], all remaining variants contain exon 3 in their gene
structures [12]. Thus, the antisense probe designed should detect most MOR splice variants.
Briefly, the antisense and sense cRNA riboprobes were synthesized with a digoxigenin RNA
labeling kit according to the manufacturer’s instructions (Roche Diagnostics, Indianapolis,
IN). Both probes were purified with MicroSpin G-50 Columns (GE Healthcare Life
Sciences, Piscataway, NJ).

In situ hybridization histochemistry was conducted by using the IsHyb in Situ Hybridization
kit (BioChain Institute, Inc., Hayward, CA) following the manufacturer’s instructions.
Briefly, the sections were digested with 20 pg/mL proteinase K (QIAGEN Inc., Valencia,
CA) at 37°C for 8-10 min, fixed again with 4% paraformaldehyde in PBS for 15 min, and
prehybridized with ready-to-use prehybridization solution for 3—4 h at 60°C. The first and
third groups of sections were hybridized with 2 ng/uL digoxigenin-labeled antisense
riboprobe, and the second and fourth groups of sections were hybridized with 2 ng/uL
digoxigenin-labeled sense riboprobe, each in ready-to-use hybridization solution for 16 h at
60°C. After hybridization, the sections were washed at 60°C with 2x saline sodium citrate
(SSC) for 10 min, 1.5x SSC for 10 min, and 0.2x SSC twice for 20 min. Finally, the sections
were incubated with 1x blocking solution for 1 h at room temperature and alkaline
phosphatase-conjugated anti-digoxigenin antibody (1:1,000) overnight at 4°C. After being
washed, the fluorescent signals were developed with Fast Red (Roche, Indianapolis, IN).

Immediately after the development of fluorescent signals, immunofluorescent staining was
carried out as described [13]. Briefly, after being blocked in PBS containing 0.3% Triton
X-100 and 10% goat serum for 1 h at 37°C, the first and third groups of sections were
incubated with mouse monoclonal anti-glial fibrillary acidic protein (GFAP) antibody
(1:200, Sigma, St. Louis, MO) and rabbit polyclonal anti-ionized calcium binding adaptor
molecule (Ibal) antibody (1:1,000, DAKO, Carpinteria, CA), respectively, overnight at 4°C.
The sections were lastly incubated with goat anti-rabbit or anti-mouse 1gG conjugated with
Cy2 (1:300; Jackson ImmunoResearch, West Grove, PA) for 1 h at 37°C. Control
experiments included substitution of normal rabbit or mouse serum for the primary
antiserum and omission of the primary antiserum.
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Statistical analysis

Results

Data from behavioral tests were analyzed with a one-way analysis of variance (ANOVA)
and are shown as means + SEM. When ANOVA showed significant differences, pair-wise
comparisons between means were tested by the post hoc Tukey method. Significance was
set at P < 0.05. All statistical analyses were carried out with the statistical software package
of SigmaStat.

Induction of morphine analgesic tolerance in rats by repeated i.th. morphine injections

To ensure that all rats developed morphine analgesic tolerance, we measured tail-flick
latency in response to heat stimulation. Consistent with previously published data [11], the
7-day regimen of injections induced morphine analgesic tolerance, as indicated by a
significant decrease in %MPAE of morphine on day 8 compared to that on day 1 (Fig. 1, n =
5, P <0.01). Saline injections did not cause changes in basal tail-flick latency (Fig. 1, n =5,
P >0.05).

Expression and distribution of MOR mRNA-positive cells in rat lumbar spinal cord

The MOR antisense probe showed very clear and intense fluorescent signals in spinal cord
cells (Fig. 2A-C), and the sense probe revealed almost no signal (Fig. 2D) in L4.g spinal
cord of the saline-treated rats. Furthermore, with the antisense probe, fluorescent signals for
MOR mRNA were abundant in the gray matter of spinal cord, whereas fluorescent signals
were distributed only sparely in the spinal cord white matter (Fig. 2A—C). Intense signals
were observed in dorsal horn laminae I-V1 (Fig. 2A), ventral horn laminae VII and VIl
(Fig. 2B), and the region around the central canal (lamina X, Fig. 2C), Immunofluorescent
reactivity partially or fully occupied intracellular plasma. No significant differences were
apparent in optical density of fluorescent signals or number and distribution of labeled cells
for MOR mRNA in dorsal horn, ventral horn, and the region around the central canal of L4._5
spinal cord between saline-treated and morphine-treated groups (data not shown).

Double labeling of MOR mRNA and GFAP protein in lumbar spinal cord

Consistent with previous studies [14,15], repeated i.th. injections of morphine produced a
robust, bilateral increase in GFAP immunoreactivity in L4.5 (Fig. 3). Each individual GFAP-
labeled cell was hypertrophied in the morphine-treated group compared to cells in the saline-
treated group (Fig. 3).

The double-labeling experiments showed that MOR mRNA-labeled cell bodies did not
overlap with GFAP-positive cell bodies in either the saline-treated or morphine-treated rats
(Fig. 4). However, we observed that some GFAP-positive cell bodies were closely adjacent
to MOR mRNA-labeled cell bodies (Fig. 4). In addition, a few processes of GFAP-positive
cells extended to MOR mRNA-labeled cell bodies (Fig. 4).

Double labeling of MOR mRNA and Ibal protein in lumbar spinal cord

Repeated i.th. injections of morphine also led to a robust bilateral increase in Ibal
immunoreactivity in L4.g spinal cord (Fig. 5) [14,15]. Cells in the morphine-treated group
had a hypertrophic morphology and increased density of Ibal immunostaining compared to
those in the saline-treated group (Fig. 5). In addition, MOR mRNA-labeled cell bodies did
not overlap with Ibal-positive cell bodies in either the saline-treated or morphine-treated
rats (Fig. 6).
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Discussion

In situ hybridization histochemistry is a powerful tool used to illustrate the expression and
distribution of the target mMRNA with a high degree of cellular resolution in tissue sections.
The probes used can be labeled by either a radioactive isotope or fluorophore, but using
fluorescence reduces experimental time, enhances visualization of the probes, and makes
automated cell counting possible [16]. In situ hybridization histochemistry can be coupled to
other anatomical techniques, such as histochemistry and immunohistochemistry, to gather
multiple kinds of data, including gene coexpression.

In the present study, we combined the use of fluorescent in situ hybridization histochemistry
of MOR mRNA with immunofluorescence of GFAP and Ibal to examine the expression and
distribution of MOR mRNA, GFAP, and Ibal in spinal cord cells of rats that had undergone
repeated injections of saline or morphine. The expression and distribution of MOR mRNA-
positive cells in spinal cord of the saline-treated rats were consistent with those reported in
previous studies that used radioactive probes in naive animals [17]. Morphine tolerance did
not change the density, number, or distribution of MOR mRNA-positive cells in spinal cord
but led to significant hypertrophy of astroglial cells and microglial cells in spinal cord,
similar to what has been reported previously [14,15]. Unexpectedly, MOR mRNA did not
colocalize with either GFAP or Ibal in spinal cord cell bodies in either the saline-treated or
morphine-treated groups. To exclude the possibility that in situ hybridization steps (such as
proteinase K treatment) denatured and/or digested the antigenic sites of GFAP and Ibal, we
compared the expression of GFAP and Ibal in spinal cord sections labeled by
immunofluorescence alone with that in sections labeled by the combination of in situ
hybridization and immunofluorescence. We observed no marked difference in number or
density of GFAP-positive and Ibal-positive cells between these sections (data not shown).
These findings suggest that MOR mRNA is not expressed in spinal cord astrocytes or
microglia. Based on the morphology of MOR mRNA-positive cells, it is very likely that
MOR mRNA is expressed in spinal cord neurons. Unfortunately, we were unable to detect
the neuronal marker NeuN in MOR mRNA-positive cells of spinal cord in our pilot study
because the antigenic sites of NeuN are very sensitive to proteinase K pretreatment (even <4
min). Similar observations have been reported recently in brain sections [18].

Growing evidence indicates that chronic morphine exposure produces hypertrophy of spinal
cord astrocytes and microglia and that spinal glial inhibition attenuates the development of
morphine tolerance [2]. These findings suggest that astrocytes and microglia are activated in
spinal cord. Our double-labeling study revealed that astrocytes and microglia may be
activated indirectly under chronic morphine tolerance conditions. Indeed, it has been
demonstrated that the development of morphine tolerance is associated with changes in
number or functional activity of MOR receptors [19] and their downstream signals (isoform-
specific synthesis and phosphorylation of adenylyl cyclase and phosphorylation of the G
subunit of GBy) [20]. Moreover, chronic morphine exposure also induces plasticity changes
in other receptors (e.g., glutamate receptors) and cellular signals (e.g., PKC, nNOS) in the
central nervous system [20,21]. Hypertrophy of astrocytes and microglia and release of
glial-produced cytokines and chemokines in spinal cord may be some of the changes
undergone in the central nervous system after repeated morphine injections.

In summary, by combining in situ hybridization of MOR mRNA with immunofluorescent
staining of GFAP and Ibal, we have shown that neither GFAP nor Ibal colocalize with
MOR mRNA in spinal cord cells after repeated i.th. saline or morphine injections. Our
findings suggest that astrocytes and microglia in spinal cord do not express MOR mRNA
and cannot be directly activated by MOR agonists under chronic morphine tolerance
conditions.
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Fig. 1.

Development of morphine-induced analgesic tolerance. Rats received intrathecal injections
of 10 ug morphine sulfate (n = 5) or saline (n = 5) twice daily for 7 days. The tail-flick
behavioral test was performed at 0.5 h after saline or morphine injection on mornings 1 and
8. ** P < 0.01 vs the corresponding day 1. %MPAE, percentage of maximal possible
analgesic effect.
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Fig. 2.

Distribution of mu opioid receptor mMRNA-labeled cells in spinal cord of saline-treated rats
revealed by fluorescent in situ hybridization histochemistry. A—C: The antisense probe
shows very clear and intense fluorescent signals, which were (developed with Fast Red) in
dorsal horn (A), ventral horn lamina V1I1 (B), and the region around the central canal (C).
The inset in A shows a higher magnification of the region outlined by dashes. Cells labeled
for mu opioid receptor mMRNA are clearly visible. D: The sense probe exhibited no signals in
spinal cord. Scale bars: 50 um in A, C, and D; 30 um in A inset and B.
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Saline

Fig. 3.

Repeated intrathecal injections of morphine produces a robust, bilateral increase in
immunoreactivity for the astrocyte marker GFAP inL,4._5 spinal cord dorsal horn. Each
individual GFAP-labeled cell was hypertrophied in sections from morphine-treated rats
compared to those from the saline-treated group (A and B). C shows a higher magnification
of part of A. D shows a higher magnification of part of B. Scale bars: 75 um in A and B; 50
um in C and D.
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Fig. 4.

Mu opioid receptor (MOR) mRNA does not colocalize with GFAP in deep dorsal horn
neurons of morphine-treated rats. In double-labeling experiments, mu opioid receptor
mRNA-labeled cell bodies did not overlap with GFAP-positive cell bodies. However, some
GFAP-positive cell bodies were closely adjacent to mu opioid receptor mRNA-labeled cell
bodies. In addition, a few processes of GFAP-positive cells extended to mu opioid receptor
mRNA-labeled cell bodies. Scale bar: 60 um.
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Saline

Morphine

Fig. 5.

Repeated intrathecal injections of morphine produces a robust, bilateral increase in
immunoreactivity of the microglial marker Iba-1 inL4_5 spinal cord dorsal horns. Each
individual 1bal-labeled cell was hypertrophied in sections from the morphine-treated group
compared to those from the saline-treated group (A and B). C shows a higher magnification
of part of A. D shows a higher magnification of part of B. Scale bars: 75 um in A and B; 50
um in C and D.
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MOR mRNA ; Merged

Fig. 6.

Mu opioid receptor (MOR) mRNA does not colocalize with Ibal in deep dorsal horn
neurons of morphine-treated rats. In double-labeling experiments mu opioid receptor
mRNA-labeled cell bodies did not overlap with Ibal-positive cell bodies. Scale bar: 60 um.
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