Journal of Neuroscience Research 87:2709-2717 (2009)

Spinal Microglial Proliferation is Evident
in a Rat Model of Painful Disc Herniation
Both in the Presence of Behavioral
Hypersensitivity and Following
Minocycline Treatment Sufficient To

Attenuate Allodynia
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Although spinal glia acquire a reactive profile in radiculop-
athy, glial cell proliferation remains largely unstudied. This
study investigated spinal glial proliferation in a model sim-
ulating painful disc herniation; the C7 nerve root under-
went compression and chromic gut suture exposure or
sham procedures. A subset of injured rats received mino-
cycline injections prior to injury. Allodynia was assessed
and bromodeoxyuridine (BrdU) was injected 2 hr before
tissue harvest on day 1 or 3. Spinal cell proliferation and
phenotype identification were assayed by fluorescent
colabeling with antibodies to BrdU and either glial fibrillary
acidic protein (astrocytes) or Ibal (microglia). At day 1,
ipsilateral allodynia was significantly increased (P <
0.001) for injury over sham. Minocycline treatment signifi-
cantly decreased ipsilateral allodynia to sham levels at
day 1 (P < 0.001). At day 3, ipsilateral allodynia remained
and contralateral allodynia was also present for injury
(P < 0.003) over sham. The number of BrdU-positive cells
in the ipsilateral spinal dorsal horn at day 1 after injury
was significantly elevated (P < 0.001) over sham. Approx-
imately 70% of BrdU-positive cells labeled positively for
Iba1; dividing microglia were significantly increased (P <
0.004) in the ipsilateral dorsal horn at day 1 following
injury compared with sham. Spinal cellular proliferation
after injury was not changed by minocycline injection. By
day 3, the number of BrdU-positive cells had returned to
sham levels bilaterally. Data indicate that spinal microglia
proliferate after injury but that proliferation is not abol-
ished by minocycline treatment that attenuates allodynia,
indicating that spinal microglial proliferation may be
related to injury and may not be linked to changes in sen-
sory perception. © 2009 Wiley-Liss, Inc.
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Glial cells in the central nervous system (CNS) sup-
port the function of healthy neurons and respond rapidly
to injury. In the normal, nonpathological CNS, microglia
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are active, performing constant surveillance of the sur-
rounding parenchyma, and astrocytes maintain homeosta-
sis at neuronal synapses (Kreutzberg, 1995, 1996; DeLeo
et al., 2006; Hanisch and Kettenmann, 2007). With the
intermediate filament glial fibrillary acidic protein (GFAP)
and the cell surface marker OX42 as phenotypic markers
of a reactive profile, spinal astrocytes and microglia have
been reported to become alert following nerve or nerve
root injury (Colburn et al., 1999; Hashizume et al., 2000;
Hubbard and Winkelstein, 2005; Clark et al., 2007). Phar-
macologic agents that block the induction of a reactive
profile in either microglia alone or both microglia and
astrocytes can reduce behavioral hypersensitivity, further
implicating reactive glia as having a role in pain (Ragha-
vendra et al.,, 2003; Gwak et al., 2008; Mika, 2008).
Although studies have assessed glial reactivity by using
expression of GFAP and OX42 in models of pain, those
cellular markers provide limited insight into the extent or
functional consequences of cellular activation.

Astrocytic and microglial reactivity following
trauma to the CNS includes cell proliferation, changes
in morphology, and release of inflammatory mediators
such as nitric oxide, reactive oxygen intermediates, and
proinflammatory cytokines (Lendhal et al., 1990; Hill-
Felberg et al., 1999; Zai et al., 2005). When astrocytes
detect a change in homeostasis, they also up-regulate the
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intermediate filaments vimentin and GFAP and reexpress
the embryonic protein nestin; reactive microglia trans-
form to a phagocytic state and increase expression of cell
surface markers (Frisen et al., 1995; Lin et al., 1995;
Duggal et al., 1997; Shibuya et al., 2002; Eskes et al.,
2003; Pekny and Lane, 2007). Markers of the glial
response to changes in homeostasis have been described
tollowing direct trauma to the CNS, but few studies
have examined these indicators of reactivity in the spinal
cord following injury to peripheral neural tissues.
Although spinal microglial proliferation has been
reported following lumbar dorsal root transection and
lumbar nerve transection (Liu et al., 1998, 2000), no
study has evaluated such proliferation following dorsal
root injury when the neural tissues that are injured
remain intact following their injury.

Radicular pain can result from varied transient tis-
sue insults, including root compression from vertebral
motions, foraminal occlusion, or disc herniation (Kelly
et al., 2000; Nuckley et al., 2002). We previously char-
acterized a model of cervical nerve root injury in the rat
that combines mechanical compression with an inflam-
matory insult to simulate cervical disc herniation that
produces nerve root impingement (Rothman and Win-
kelstein, 2007). That injury produces significant increases
in allodynia and further exacerbates a host of spinal
inflammatory responses compared with responses from
either a mechanical or a chemical injury applied to the
root alone (Rothman and Winkelstein, 2007), corrobo-
rating reports of difterent behavioral hypersensitivity pat-
terns for different types of root injuries (Colburn et al.,
1999; Winkelstein et al., 2001; Rothman et al., 2005).
However, it remains to be seen whether a transient
nerve root injury such as that from disc herniation is suf-
ficient to induce proliferation of cells in the spinal cord
and whether that cellular response has a direct relation-
ship with behavioral hypersensitivity.

Although glial reactivity is widely studied in mod-
els of pain, existing studies do not provide a complete
description of the reactive profile of such cells. No study
has quantified glial proliferation in painful cervical nerve
root injury or evaluated whether proliferation has a
causal connection with behavioral hypersensitivity.
Therefore, this study quantifies spinal cell proliferation
in a model of nerve root injury-mediated pain, deter-
mines whether the dividing cells are glia, and also exam-
ines whether blocking glial responses to changes in ho-
meostasis can affect behavioral hypersensitivity or cell
proliferation in the spinal cord.

MATERIALS AND METHODS

Experiments were performed using male Holtzman rats
(Harlan Sprague-Dawley; Indianapolis, ID) weighing 250-350
g at the start of the study, with a 12-12-hr light—dark cycle
and free access to food and water. All experimental procedures
were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee and were carried out
according to the guidelines of the Committee for Research

and Ethical Issues of the International Association for the
Study of Pain.

Bromodeoxyuridine (BrdU) was used to test for the
presence of dividing cells at three different time points in the
spinal cord following cervical nerve root injury. Rats under-
went one of two procedures: transient compression of the
right C7 root with additional chromic suture irritation to sim-
ulate a disc herniation with nerve root compression (n = 15)
or sham (n = 4). All rats were tested for mechanical allodynia
before injury and on each day on which tissue was harvested.
The C7 spinal cord was harvested for immunohistochemical
analysis of BrdU at day 1 (n = 6 injury, n = 4 sham) and day
3 (n = 6 injury), in separate groups. In addition, a pilot study
was performed to assess spinal responses at day 7 following
injury (n = 3); no BrdU-positive cells were detected in the
spinal cord at day 7 following injury. Accordingly, no addi-
tional studies were performed at the day 7 time point for this
study. A sham group was included only for day 1 assessment,
to provide the most liberal estimate of behavioral outcomes
and cell proliferation in the acute period following surgery.

Surgical Procedures

All procedures were performed with rats under inhala-
tion anesthesia (4% isoflurane for induction, 2% for mainte-
nance). A microvascular clip and chromic gut suture were
used to model transient compression and chemical irritation,
respectively (Rothman and Winkelstein, 2007). Briefly, rats
were placed in a prone position, and an incision was made in
the skin from the base of the skull to the second thoracic ver-
tebra. A C6/C7 hemilaminectomy and partial facetectomy
were performed on the right side to expose the C7 dorsal
root. Procedures involved transient compression of the C7
dorsal nerve root for 15 min with a 10 gf microvascular clip
(World Precision Instruments, Sarasota, FL) with additional
placement of four pieces of 3-0 chromic gut suture on the
right C7 dorsal nerve root proximal to the dorsal root gan-
glion (DRG). After injury, chromic suture pieces were left in
place for the duration of the study. Procedures for sham
involved the same protocol but included only exposure of the
C7 dorsal root. All wounds were closed after surgery with 3-0
polyester suture and surgical staples. Rats were allowed to
recovered in room air and monitored continuously.

Minocycline Injections

To assess relationships among mechanical allodynia, cell
proliferation, and microglial reactivity, an additional set of
injured rats (n = 4) also received injections of minocycline, a
compound that suppresses the function of microglia, but not
astrocytes or neurons, in vitro (Sigma, St. Louis, MO); it is
commonly accepted that minocycline has the same effect in
vivo (Raghavendra et al.,, 2003; Hua et al., 2005; Ledeboer
et al.,, 2005; Mika et al., 2009). Intraperitoneal injections (45
mg/kg) were given 12 hr prior to injury, 1 hr prior to injury,
and again 6 hr after injury, with dosing chosen based on previ-
ous studies of lumbar nerve root injury (Raghavendra et al.,
2003; Mika et al., 2009). All rats in the minocycline study were
tested for mechanical allodynia at day 1, and spinal cord tissue
was harvested for immunohistochemical analysis at day 1.
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Behavioral Assessment

Each rat was evaluated for bilateral forepaw mechanical
allodynia before surgical procedures to determine baseline val-
ues and again on the day of tissue harvest. A single tester per-
formed all testing and was blinded to the surgical procedures.
Allodynia was measured for each unoperated rat before the
surgical procedure to provide an assessment of baseline values.
For each testing session, after 20 min of acclimation, rats were
stimulated on the plantar surface of each forepaw using three
von Frey filaments (1.4, 2, 4 g; Stoelting). Each testing session
had three rounds of 10 stimulations, separated by 10 min.
Total withdrawals were recorded for each forepaw of each rat
and averaged for each group.

Immunohistochemistry Procedures

To assess bilateral glial cell proliferation in the spinal
dorsal horn, rats were injected with BrdU, a thymidine analog
that is incorporated into the DNA of dividing cells. Tissue
was harvested from the C7 cervical spinal cord on days 1 and
3 following injury. Spinal cord from the C7 cervical level was
assayed by using fluorescent colabeling with an antibody to
BrdU and either to GFAP to label astrocytes or to ionized
calcium-binding adapter molecule 1 (Ibal) to label microglia.

BrdU (Sigma) was delivered via intraperitoneal injection
at 2 hr prior to perfusion (50 mg/kg) to label dividing cells.
Rats were then deeply anesthetized, followed by transcardiac
perfusion with 200 ml phosphate-buftered saline (PBS) and
300 ml of 4% paraformaldehyde in PBS (pH 7.4). After perfu-
sion, the cervical spinal cord was exposed by laminectomy,
the C7 segment of the cervical cord was harvested, and tissue
was postfixed in the 4% paraformaldehyde solution for 20
min. Tissue was transferred to 30% sucrose/PBS and stored
for 3 days at 4°C. Samples were freeze-mounted with OCT
medium (Triangle Biomedical Sciences; Durham, NC) for
axial cryosectioning.

Four serial C7 spinal cord sections (20 pm) from each
rat were prepared for free-floating immunohistochemical
staining. Slices were incubated in 2 N HCI for 60 min at
37°C, followed by two washes in 10 mM sodium borate to
neutralize the acid solution. Sections were then blocked with
5% normal goat serum (Invitrogen, Carlsbad, CA) for 60 min,
followed by incubation in a primary antibody solution con-
taining mouse anti-BrdU (1:500; Invitrogen) and rabbit anti-
GFAP (1:20,000; Dako, Carpintera, CA) or mouse anti-BrdU
and rabbit anti-Ibal (1:1,000; Wako, Richmond, VA) over-
night at 4°C. Sections were then treated with an Alexa594-
conjugated goat anti-rabbit secondary antibody (1:250; Invi-
trogen) and an Alexa488-conjugated goat anti-mouse second-
ary antibody (1:250; Invitrogen) for 60 min. Previous studies
were performed to determine optimal antibody dilutions. Spi-
nal cord tissue from the C7 level of naive rats (n = 2) was
also processed for comparison. A negative control with no pri-
mary antibody staining was always included for verification of
specificity of immunohistochemical techniques.

For each glial marker, both the ipsilateral and the con-
tralateral dorsal horns from representative cord sections from
each rat for each colabeling paradigm (BrdU/GFAP and
BrdU/Ibal) were photographed at X100 with a digital camera
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and stereomicroscope system and Axiovision software (Zeiss,
Thornwood, NY). Images were uniformly adjusted to maxi-
mize contrast and cropped (1,000 X 400 pixels) to include
only the superficial laminae I-III; manual cell counts were
used to determine the number of BrdU-positive cells in the
dorsal horn, the number of BrdU-positive cells colabeled with
Ibal, and the number of BrdU-positive cells colabeled with
GFAP, as previously reported (Zai et al., 2005). Values were
then averaged and expressed as the number of cells per square
millimeter of tissue. A subset of samples was also imaged with
a Radiance 2000 Confocal System to verify fluorescent colab-
eling with z-stacked images.

Statistical Analysis

Significant differences in allodynia between groups were
detected by a one-way ANOVA at each time point, separately
for each of the ipsilateral and contralateral forepaws. For
BrdU, BrdU/Ibal, and BrdU/GFAP cell counts, a one-way
ANOVA compared differences between groups at day 1. Sig-
nificance was defined at P < 0.05 (Systat, Richmond, CA).

RESULTS

Behavioral Assessment

Sham procedures did not significantly increase the
frequency of paw withdrawals elicited by von Frey stim-
ulation compared with baseline values for either fore-
paw. In contrast, the number of ipsilateral paw with-
drawals elicited by stimulation following injury was ele-
vated and was significantly greater than that of sham at
both day 1 (P < 0.001) and day 3 (P < 0.001; Fig. 1A).
Treatment with minocycline significantly decreased the
number of paw withdrawals in the ipsilateral forepaw
compared with that of untreated rats at day 1 (P <
0.001) and reduced those ipsilateral paw withdrawals to
sham levels (Fig. 1A). Results for testing the ipsilateral
torepaw using the 1.4 g and 2 g filaments were consist-
ent with those from the 4 g filament studies (data not
shown).

In the contralateral forepaw, the number of paw
withdrawals after injury was not increased over sham
values at day 1 for stimulation by the 1.4 g and 4 ¢ fila-
ment but was significantly increased over sham for test-
ing with the 2 g filament only (P = 0.002; data not
shown). At day 3 after injury, the number of paw with-
drawals was significantly elevated over sham values (P =
0.001) for testing with all filaments (Fig. 1B). Treatment
with minocycline significantly reduced contralateral paw
withdrawal frequency compared with untreated rats at
day 1 for testing with the 2 g filament (P = 0.014; data
not shown).

BrdU Immunohistochemistry

BrdU-positive cells were detected in nearly all sam-
ples probed in this study (Figs. 2, 3). At day 1 after sham
procedures, small, nonsignificant numbers of proliferating
cells were detected in the ipsilateral dorsal horn (Figs.
2A, 4A), and almost no proliferating cells were detected
in the contralateral dorsal horn (Figs. 2B, 4B). At day 1
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Fig. 1. Average mechanical allodynia in the ipsilateral (A) and contra-
lateral (B) forepaws for sham, injury, and injury treated with minocy-
cline (injury + minocycline), for testing with the 4 g von Frey fila-
ment. A: Ipsilateral allodynia was significantly increased over sham at
both days after injury (*P < 0.001). Ipsilateral allodynia was signifi-
cantly decreased after injury + minocycline compared with untreated
rats (*P < 0.001). B: In the contralateral forepaw, injury did not signif-
icantly increase allodynia over sham at day 1. By day 3, injury produced
allodynia in the contralateral forepaw that was significantly increased
over sham (*P < 0.002).

after injury, the number of proliferating cells was signifi-
cantly increased in the ipsilateral dorsal horn compared
with sham (Figs. 2, 4A; P < 0.001). This increase in
BrdU-positive cells was also present after treatment with
minocycline; at day 1 after injury and minocycline treat-
ment, the number of proliferating cells was significantly
increased over sham (P = 0.049; Figs. 2E, 4A). How-
ever, by day 3 after injury, the number of proliferating
cells had returned to sham levels (Figs. 2G, 4A).
Although some proliferating cells were counted in the
contralateral dorsal horn at day 3 after injury (Fig. 2H),
there was no significant increase in the number of
BrdU-positive cells in the contralateral dorsal horn after
injury compared with sham for either day 1 or day 3,
for either minocycline or untreated rats (Figs. 2, 4B).

Fluorescent Colabeling

At both of the time points probed in this study
(days 1 and 3), the BrdU-positive cells were predomi-
nantly colabeled with Ibal (Fig. 3); fluorescent colabel-
ing demonstrated colocalization of BrdU and Ibal (Fig.
3C), suggesting that these dividing cells were microglia.

At day 1 after injury, the number of dividing microglia
in the ipsilateral dorsal horn was significantly higher than
sham (P = 0.001; Fig. 5A). After injury and minocycline
treatment, the number of dividing microglia was still sig-
nificantly elevated over sham (P = 0.004). By day 3, the
number of dividing microglia had decreased to sham lev-
els (Fig. 5A). Trends were similar but nonsignificant for
the contralateral dorsal horn (Fig. 5B). Colocalization of
BrdU and Ibal was verified in a subset of samples by
confocal microscopy (Fig. 3).

Fluorescent colabeling demonstrated a distinct ab-
sence of colocalization of BrdU with GFAP (Fig. 3F).
At day 1 following injury, the number of BrdU-positive
cells that also stained positively for GFAP in the ipsilat-
eral dorsal horn was nearly zero. Among the six samples
probed in this study, no BrdU-positive cells that were
also positive for GFAP were detected in five of the sam-
ples. Although one sample did demonstrate colocaliza-
tion of BrdU and GFAP, this sample displayed only one
such cell per section. This finding was unchanged after
minocycline injection. By day 3 after injury, this trend
of lack of colabeling was similarly low, with only one
sample of the six probed at day 3 displaying BrdU-posi-
tive cells that were also GFAP positive. The contralateral
side of the dorsal horn exhibited no colocalization of
BrdU and GFAP for any time point in any of the groups
probed.

DISCUSSION

This study demonstrates spinal microglial prolifera-
tion in a model of radicular pain resulting from com-
bined chemical and mechanical insults, as can occur
from disc herniation. Our results demonstrate a robust
and significant increase in ipsilateral mechanical allodynia
at days 1 and 3 after injury that is in agreement with
previous findings showing these increases at day 1, with
allodynia persisting as late as day 7 following injury
(Rothman and Winkelstein, 2007). Minocycline treat-
ment abolished ipsilateral mechanical allodynia at day 1
after injury (Fig. 1). However, cellular proliferation in
the spinal cord at day 1 after injury was robust and sig-
nificantly higher than that observed in the sham group,
regardless of whether minocycline was given (Figs. 2, 4).
By day 3, proliferation in the spinal cord after injury
returned to sham responses, and no proliferating cells
were identified by day 7 (data not shown). In general, at
both day 1 and day 3, approximately 70% of those cells
identified as dividing also labeled positively for Ibal
(microglia), although nearly none of them were positive
for GFAP (astrocytes; Fig. 3).

Although this study is the first to show cellular
proliferation in the spinal cord in a model simulating
disc herniation, the immediate increase in spinal micro-
glial proliferation noted here (Figs. 3, 5) is consistent
with reports of glial proliferation in other models of
painful lumbar nerve or nerve root injury. For example,
glial proliferation has been reported in the dorsal horn of
the spinal cord at 1 day after lumbar nerve compression,
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Fig. 2. Representative ipsilateral (A,C,E,G) and contralateral (B,D,F,H) C7 spinal cord sections
showing the dorsal horn stained against BrdU after sham (A,B), injury (C,D,G,H), or injury +

minocycline (E,F) on day 1

nerve transection, or dorsal rhizotomy (Liu et al., 1998,
2000; Echeverry et al., 2008). Most of the dividing cells
in those models were also identified as microglia. An
increase in the number of microglia in the spinal cord
was also detected by stereological analysis at day 3 after
peripheral nerve injury (Beggs and Salter, 2007); that
finding agrees with the evidence of early increases in
OX42 expression in the spinal cord associated with neu-
ropathic pain (Inoue, 2005; Clark et al., 2007; Cao and
Zhang, 2008). Spinal m1croghal reactivity, as measured
by OX42 immunoreactivity, was greater for nerve root
ligation by chromic suture compared with that produced
by a silk ligation, suggesting that spinal microglia may be
responsive to chemical irritation (Hashizume et al.,
2000). Our current data show an early and significant
increase in the number of dividing microglia in the ipsi-
lateral dorsal horn following injury (Figs. 3, 5), implying
not only that spinal microglia react quickly following
root injury but also that they have a have a multifaceted
response to injury.

Most studies of spinal microglia in pain models uti-
lize the cell surface marker OX42; however, Ibal is a
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(A=F) and day 3 (G,
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sensitive and specific marker of the induction of a reac-
tive profile in microglia (Imai et al.,, 1996; Imai and
Kohsaka, 2002; Romero-Sandoval et al., 2008; Scholz
et al., 2008; Tozaki-Saitoh et al., 2008). Ibal has a func-
tional role in intracellular calcium signaling, which is
stimulated when microglia react to a change in homeo-
stasis (Ito et al., 1998; Okere and Kaba, 2000; Imai and
Kohsaka, 2002; Yamada et al., 2006). In contrast, OX42
is involved in adhesion and migration of microglia and is
apparent on the membrane of microglia (Ross, 2002).
Both OX42 and Ibal are used to assess microglial reac-
tivity, and both are present in the naive spinal cord
(Moss et al., 2007; Romero-Sandoval et al., 2008).
However, Ibal is involved in intracellular signaling,
whereas OX42 is involved in extracellular signaling
(Imai and Kohsaka, 2002; Ross, 2002), implying that
staining patterns for the two proteins will likely be dif-
ferent. We can hypothesize that increases in OX42 after
injury will peak earlier than Ibal, because signaling mol-
ecules bind to microglia on the surface of the cell and
then induce intracellular calcium changes. Descriptions
of changes in both of these proteins in the spinal cord
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BrdU/Iba1

BrdU/GFAP

Fig. 3. Representative spinal cord sections taken from day 1 after injury showing BrdU (A,D),
Ibal (B), GFAP (E), and fluorescently colabeled (C,F) staining. Arrows in C indicate BrdU-posi-
tive and Ibal-positive cells. Confocal microscopy in the z-plane verified fluorescent colabeling (G—
Q). Scale bars = 100 pm in A (applies to A—F); 20 pm in Q (applies to G-Q).

are likely required to outline fully the time course of
microglial reactivity after injury. Furthermore, a descrip-
tion of the changes in activation of mitogen-activated
protein kinase (p38) may also provide insight regarding
the time course of the spinal microglial response to
changes in homeostasis, since p38 is phosphorylated in
spinal microglia in models of pain, and its inhibition can
reduce allodynia (Hua et al., 2005; Wen et al., 2009).
Although the work described here does not explicitly
compare Ibal staining between injury and sham, our
data suggest that Ibal may be useful to define differences
in spinal microglial reactivity in this model, since the
number of proliferating microglia is significantly increased
in injury (Fig. 5).

Microglial proliferation was present at day 1
regardless of whether minocycline was administered (Fig.
5) and despite minocycline treatment effectively reduc-
ing allodynia (Fig. 1). The reduction in mechanical allo-
dynia reported here is in agreement with previously
published work with models of low back pain and
turther supports the hypothesis that reactive microglial
might directly mediate behavioral hypersensitivity
(Raghavendra et al., 2003; Ledeboer et al., 2005; Narita
et al., 2006; Mika, 2008). However, the fact that cellular
proliferation in the spinal cord persists in the absence of
mechanical allodynia (Figs. 1, 4) implies that spinal
microglial proliferation may actually be a response to
tissue damage and not linked to changes in sensory

Journal of Neuroscience Research
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Fig. 4. Quantification of BrdU-positive cells in the ipsilateral (A)

and contralateral (B) dorsal horns at days 1 and 3 after injury. Cell
numbers are expressed as the number of positive cells per square
millimeter. A: At day 1 after injury either with (injury + minocy-
cline) or without (injury) minocycline treatment, the number of
BrdU-positive cells significantly increased in the ipsilateral dorsal
horn compared with sham (*P < 0.001). A,B: By day 3, there were
no significant difference between any groups in either the ipsilateral
or the contralateral side.

perception. This finding regarding proliferation is in
agreement with similar reports on microglial reactivity in
the absence of pain. In particular, in a study of pain
induced by formalin injection in the hindpaw, bupiva-
caine blocked the induction of mechanical allodynia but
did not prevent increases in OX42 expression in the spi-
nal cord (Fu et al,, 2000). As immune cells, microglia
are heavily involved in healing activities such as phago-
cytosis and release of inflammatory mediators after
injury, and our findings further support the idea that
these immune activities may persist as a respone to tissue
damage or inflammation and may actually be unaffiliated
with sensory changes.

However, in the current study, it is possible that an
aspect of microglial reactivity other than proliferation is
responsible for behavioral hypersensitivity. It is likely
that, in this model, minocycline inhibits the functions of
microglia rather than the further proliferation of these
cells. In context with previous work showing that solu-
ble tumor necrosis factor receptor-1 treatment reduced
both mechanical allodynia and spinal GFAP expression
in this and other nerve root models (Winkelstein et al.,
2001; Rothman et al., 2009), we hypothesize that mino-
cycline may mediate behavioral hypersensitivity for this
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nerve root injury via the reduction of inflammatory
cytokine production by spinal microglia. Other possibil-
ities for the modification of behavior by administration
of minocycline that was observed in our study could be
via the inhibition of migration of microglial cells, since
in vitro studies of stimulated microglia demonstrate
that minocycline inhibits microglial migration (Nutile-
McMenemy et al., 2007). It is also possible that minocy-
cline is inhibiting the activation of p38 mitogen-acti-
vated protein kinase; after a painful paw incision, p38
has been show to be phorphorylated in the dorsal horn
of the spinal cord, and this effect and the associated
hypersensitivity are reduced by minocycline (Wen et al.,
2009).

Data presented here provide evidence that spinal
astrocytic proliferation does not occur after this cervical
nerve root injury (Fig. 3). This is contradictory to
reports of GFAP colocalization with BrdU in the spinal
dorsal horn as early as 48 hr following dorsal rhizotomy
and as late as 14 days after peripheral nerve injury (Liu
et al., 2000; Kozlova, 2003). Although it is possible that
spinal astrocytes are dividing at a time point not studied
here, previous work shows an increase in GFAP reactiv-
ity at day 7 after injury (Rothman and Winkelstein,

120 A O sham
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# BrdU +/lbal + |:els.'rn|||z

20

120

100

80

60

40

# BrdU +/lhal + |:!lh.-||||||'i

20

7/ .

Day 3

Day 1

Fig. 5. Quantification of dividing microglia in the ipsilateral (A) and
contralateral (B) dorsal horn of the spinal cord at days 1 and 3 after
injury. Cell numbers are expressed as number of positive cells per
square millimeter. A: At day 1 after injury, the number of dividing
microglia significantly increased in the ipsilateral dorsal horn com-
pared with sham (*P < 0.001). This increase in the number of divid-
ing microglia was also significant after injury and treatment with
minocycline compared with sham (*P = 0.004). B: By day 3, there
were no significant differences between groups on either the ipsilat-
eral or the contralateral side.
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2007), implying that astrocytic proliferation, if present at
all, would be evident before or at day 7. Taking this
into account along with the BrdU results presented here
(Figs. 2, 3), we hypothesize that the increases in GFAP
observed at day 7 previously might reflect an up-regula-
tion of the intermediate filament, rather than an actual
increase in the number of astrocytes. It is likely that,
although a transient mechanical injury, even with a lon-
ger lasting chemical insult, induces an up-regulation of
GFAP, these insults might not be sufficient to induce
proliferation of spinal astrocytes. At least one study of
sciatic nerve transection (Echeverry et al., 2008) also did
not observe dividing astrocytes in the spinal cord, further
supporting variation in spinal astrocytic responses for dif-
ferent injury paradigms. The BrdU immunohistochemis-
try results presented here (Fig. 3) also support the hy-
pothesis that measuring GFAP reactivity only might not
be sufficient as an indicator of astrocytic activation.
Other markers of astrocytic reactivity, such as prolifera-
tion, reexpression of nestin, production of proinflamma-
tory cytokines, and expression of growth factors must
also be studied to define fully the complete astrocytic
response to injury, particularly in models of pain in
which spinal astrocytic responses may be more subtle
because the spinal cord is remote from the actual injury
site and is not directly traumatized.

Although these data support the hypothesis that
spinal microglial reactivity plays a role in radicular pain,
further studies are needed to establish a direct link
between behavioral hypersensitivity and the collection of
spinal microglial responses. Current work is based on a
single bolus injection of BrdU at each time point. It is,
therefore, a conservative estimate of the amount of cell
proliferation that may be occurring in the spinal cord.
Furthermore, because the time difference between injec-
tion and harvest was only 2 hr, this study was not able
to probe migration of newly generated cells; newly gen-
erated cells in the white matter have been shown to
migrate to the gray matter following dorsal rhizotomy
(Kozlova, 2003), and this may affect the resulting hyper-
sensitivity. In addition, Nutile-McMenemy et al. (2007)
determined that minocycline may prevent microglial
migration in vitro, emphasizing that the time between
BrdU injection and tissue harvest might also affect the
results of BrdU-positive spinal microglial detected in the
in vivo minocycline studies reported here. Although
approximately 70% of the dividing cells measured in this
study were identified as microglia (Figs. 3, 5), the phe-
notype of the remaining 30% remains unknown. It is
hypothesized that these cells may be oligodendrocyte
precursors based on literature showing colocalization of
BrdU with the condroitin sulfate proteoglycan NG2, an
oligodendrocyte marker, in the spinal cord following
dorsal rhizotomy (Echeverry et al., 2008).

Results presented here demonstrate spinal micro-
glial proliferation in a model of painful radiculopathy
simulating cervical disc herniation. Data suggest a role
for spinal microglia in mediating robust increases in
behavioral hypersensitivity for this injury in association

with spinal cord cellular reactivity. However, although
previous work in this model demonstrates increased spi-
nal GFAP at these and other time points, very few pro-
liferating astrocytes were observed in the current study.
This finding suggests that, although astrocytes in the spi-
nal cord respond to nerve root injury, their response
might not necessarily include all of the same hallmarks
of astrocytic pathology as when the spinal cord is itself
directly injured. Consequently, there may be intermedi-
ate states between ‘“‘resting” and “activated” for spinal
astrocytes, during which some markers of activation are
present and others are not. Further studies into other
markers of astrocytic activation are necessary to outline
the pathology of astrocytes in the spinal cord in pain.
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