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Abstract
The treatment of acute and chronic pain is still deficient. The modulation of glial cells may provide
novel targets to treat pain. We hypothesize that astrocytes and microglia participate in the initiation
and maintenance of both, acute surgical and chronic neuropathic pain. Rats underwent paw incision,
L5 nerve exposure or L5 nerve transection surgery. Behavioral mechanical allodynia was assessed
using von Frey filaments. Immunohistochemistry was performed using anti-ionized calcium binding
adaptor protein, Iba-1 (microglia), and anti-Glial Fibrillary Acidic Protein, GFAP (astrocytes) on
day 1, 4 and 7 after surgery. Following paw incision and at spinal L5 segment GFAP expression was
increased in laminae I-II and Iba1 in deep laminae on day 1, in the entire dorsal horn on day 4 and
dissipate on day 7 after paw incision in parallel with the allodynia. L5 nerve transection induced
mechanical allodynia from day 1 to 7 which correlated with Iba-1 increases on day 1, 4 (entire dorsal
horn) and day 7 after nerve injury (deep laminae of the dorsal horn) at spinal L5 segment. Conversely,
GFAP increased at later time points from day 4 (deep laminae) and on day 7 (entire dorsal horn).
Our data demonstrates that astrocytes (GFAP expression) play a role in the initiation of acute pain
and the maintenance of chronic pain while Iba-1 increases closely correlated with the early phase of
neuropathic pain. Iba1 and GFAP increased rostrally, at L3 segment, after paw incision (day 4) and
only Iba1 increased following L5 nerve transection (day 7).
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Introduction
Despite the considerable advancements in our understanding of the mechanisms of acute and
chronic pain, inadequate pain relief remains a considerable issue in acute postoperative and
chronic (pathologic) pain conditions. A vast percentage of patients (∼40%) receiving
analgesics continue to experience moderate to extreme postoperative pain (Brennan et al.,
2007; Dolin et al., 2002). Additionally, about 25% of patients receiving analgesic treatment
after surgery show symptoms compatible with pain medication-related side-effects (Dolin and
Cashman, 2005; Warfield and Kahn, 1995). Furthermore, acute postoperative pain may lead
to persistent postsurgical pain (20−50%) and disability (5−10%) in common surgical
procedures such as amputation, breast surgery, thoracotomy or coronary artery bypass surgery
(Kehlet et al., 2006). In most patients, postsurgical chronic pain manifests similarly to
neuropathic pain (Jung et al., 2003; Kehlet et al., 2006). In addition, pain affects 70% of the
10 million cancer patients diagnosed each year and 60−100% of patients suffering from HIV/
AIDS will experience pain during their illness (Cousins et al., 2004). Neuropathic pain,
resulting from nerve injury, is often the most difficult to treat. A new treatment strategy is
necessary because the majority of analgesics possess modest effectiveness, induce physical
dependence, produce significant side effects or are not effective in all types of pain (Dworkin
et al., 2003). A better understanding of the mechanisms underlying acute and chronic pain will
aid in the development of more effective and safer drugs for pain syndromes.

The recognition of the critical role of glia in the pathophysiological process in acute and chronic
pain conditions opens a new and promising avenue to new pain treatment strategies (Scholz
and Woolf, 2007). It is generally believed that glial cells contribute to hypersensitivity mainly
in chronic pain conditions. However, spinal microglia and astrocytes play a major role in the
development and maintenance of allodynia and hyperalgesia in acute, subacute and chronic
pain states. Microglia and astrocytes react to peripheral insults such as paw incision (Obata et
al., 2006; Romero-Sandoval and Eisenach, 2007), carrageenan-induced paw inflammation
(Hua et al., 2005), complete Freunds adjuvant-induced paw inflammation (Raghavendra et al.,
2004), complete Freunds adjuvant-induced monoarthritis (Sun et al., 2007), zymosan-induced
peripheral nerve inflammation (Ledeboer et al., 2005) or peripheral nerve injury (Jin et al.,
2003; Tanga et al., 2005; Tsuda et al., 2003). These studies suggest that different types of pain
may share a common pathophysiological mechanims, and that this may lie in the spinal cord
immune response.

A direct comparison of glial reactivity between acute vs. chronic rodent pain models has not
been done thus far. The current study tests the hypothesis that microglia and astrocytes
participate in the development and maintenance of both acute postoperative and chronic
neuropathic pain states. We compared the L5 nerve transection chronic neuropathic pain model
with the acute paw incision model. Our laboratory has extensively characterized the glial
responses in the L5NT model. We have demonstrated that microglial reactivity is involved not
only in the initiation (Raghavendra et al., 2003) but also in the long-term maintenance of L5NT-
induced hypersensitivity (Tawfik et al., 2007), and that astrocytes are mainly reactive in later
phases of behavioral hypersensitivity following L5NT (Raghavendra et al., 2003). The paw
incision pain model induces acute hypersensitivity by at least day 1 and persists three-four days
after surgery. This hypersensitivity spontaneously dissipates by day 7 after paw incision
(Brennan et al., 1996). We and others have shown that paw incision induces microglial
reactivity (Obata et al., 2006; Romero-Sandoval and Eisenach, 2007; Zhu et al., 2003).
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Results
Paw incision- and L5 nerve transection -induced allodynia

Paw incision induced mechanical allodynia on day 1 and 4 and by day 7 the mechanical
withdrawal thresholds were not significantly different from baseline values (Figure 1A).
Normal animals and the contralateral side to paw incision surgery showed similar mechanical
withdrawal thresholds (data not shown). L5 spinal nerve exposure sham surgery did not alter
mechanical withdrawal thresholds at any time points tested (Figure 1B). L5NT induced
mechanical allodynia from day 1 to 7 (Figure 1C).

Iba1 expression
At day 1 post paw incision surgery, we observed a significant increase in Iba1 expression in
the deep laminae (but not laminae I-II) of the dorsal horn compared to the dorsal horn
contralateral to the incision or to normal naïve tissue (Figures A and B). One day after surgery,
Iba1 expression was significantly increased throughout the dorsal horn (laminae I-II and deep
laminae) in L5NT compared to sham surgery group (Figures 2A and C).

At day 4 after paw incision surgery, a significant increase in Iba1 expression was observed
throughout the dorsal horn (laminae I-II and deep laminae) compared to contralateral to the
incision side (Figures 3A and B). Four days after surgery, Iba1 expression continued to be
significantly enhanced throughout the dorsal horn in L5NT compared to sham animals (Figures
2A and C).

At day 7, Iba1 expression in both superficial and deep dorsal horn was not different between
the ipsilateral and contralateral sides following paw incision surgery. This corresponded to the
absence of allodynia on day 7 after surgery (Figures 4A and B). In the neuropathic pain model,
Iba1 expression remained significantly higher in the laminae I-II of the dorsal horn in L5NT
compared to sham surgery group. However, Iba1 expression was no longer different in L5NT
and sham surgery groups in deep laminae at this time point (P=0.055, Figures 4A and B).

In order to assess the glial phenotype at a rostral level, we study the Iba1 expression in spinal
L3 segment at day 4 following paw incision and day 7 following L5 nerve transection (the time
points where the Iba1 increase was more robust for each model). At day 4 after paw incision,
Iba1 expression in laminae I-II of dorsal horn in L3 segment was significantly increased
compared to contralateral to the incision side (Figures 5A and B). No significant differences
were found in deep dorsal horn. Seven days after peripheral nerve injury, Iba1 expression was
significantly enhanced throughout the dorsal horn compared to sham animals (Figures 5A and
C).

Microglia in normal or contralateral to paw incision spinal dorsal horn were characterized by
a small soma and highly ramified processes (non-reactive or surveilling microglia (Hanisch
and Kettenmann, 2007)). A similar morphology was seen in spinal dorsal horn seven days after
paw incision. However, in ipsilateral to L5NT (day 1−7 after surgery) or paw incision spinal
dorsal horn (day 1 and 4 after surgery) the phenotype of microglia was characterized by cells
with rounded cell bodies and thicker processes (reactive microglia (Hanisch and Kettenmann,
2007)).

GFAP expression
At day 1 after paw incision surgery, a significant increase in GFAP expression was observed
in laminae I-II (but not in deeper laminae) compared to the dorsal horn contralateral to the
incision (Figures 2A and D). One day after surgery, GFAP expression was similar in the dorsal
horn in L5NT compared to sham surgery group (Figures 2A and E).
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At day 4 after paw incision surgery, GFAP expression was significantly increased throughout
the dorsal horn (laminae I-II and deep laminae) compared to the contralateral side following
paw incision (Figures 3A and D). Four days after L5NT surgery, GFAP expression was
increased in the deep laminae (but not in laminae I-II) compared to sham surgery group (Figures
3A and E).

At day 7, GFAP expression in both laminae I-II and deep laminae was not different between
the ipsilateral and contralateral sides after paw incision surgery (Figures 4A and D). This
corresponded to the return of withdrawal thresholds to baseline on day 7 after paw incision. In
the neuropathic pain model, GFAP expression was increased throughout the dorsal horn in the
L5NT group compared to the sham surgery group (Figures 4A and E).

In order to assess the glial phenotype at a rostral level, GFAP expression in spinal L3 segment
at day 4 following paw incision and day 7 following L5 nerve transection (the time points
where the GFAP increase was more robust for each model) was assessed. At day 4 after paw
incision, GFAP expression in laminae I-II of dorsal horn in L3 segment was significantly
increased compared to contralateral to the incision side (Figures 5A and B). No significant
differences were found in deep dorsal horn. Seven days after peripheral nerve injury, Iba1
expression was significantly enhanced throughout the dorsal horn compared to sham animals
(Figures 5A and C).

Discussion
The main observation of our study is that spinal glial reactivity is associated with both acute
(paw incision) and chronic (L5 nerve transection) pain states. These glial changes have different
anatomical and temporal patterns and are not confined to spinal L5 segment, but extend
rostrally to the spinal L3 segment in the two rodent pain models. In agreement with our previous
studies (Romero-Sandoval and Eisenach, 2007), we observed an increase in the expression of
Iba1 (microglial marker) and GFAP (astrocytic marker) in the lumbar dorsal horn ipsilateral
to paw incision. An enhanced expression of GFAP was observed in laminae I-II on day 1 and
in the entire dorsal horn by day 4. Peripheral afferents are sensitized and spontaneously active
after paw incision (Pogatzki et al., 2002), and it has been postulated that this increased input
and subsequent sensitization of spinal neurons contribute to glial reactivity. The location of
astrocytic reactivity suggests that astrocytes are responding to the primary afferent input to the
spinal cord. Following paw incision spinal neuronal activity, as measured by c-fos expression,
is increased in dorsal horn laminae I-II early following paw incision (Shimode et al., 2003).

Paw incision-induced spinal neuron sensitization is known to depend on central glutamatergic
signaling through AMPA/kainate rather than NMDA receptors (Zahn et al., 2005). AMPA/
kainite receptors are expressed at the astrocytic end feet in the central nervous system (Brand-
Schieber et al., 2004) and glutamate and kainite evoke membrane currents in astrocytes located
in laminae I-II in rat spinal cord slices during postnatal development (Ziak et al., 1998). AMPA
evokes inward currents and stimulates ATP release in spinal cord astrocyte cultures, an effect
that is potentiated by substance P (Werry et al., 2006). Interestingly, the blockade of the
tachykinin NK1 receptor using a single dose of the specific antagonist, CP 154075, prevents
(but not reverses) the development of hypersensitivity following paw incision and this effect
lasted 72 hrs. These data together suggest, first, that AMPA/kainate and NK1 receptor
stimulation in this model is a likely cause of early astrocytic reactivity; second, that this is
dependent on the input from the injured site; and third, that astrocytic reactivity takes place in
the development of the hypersensitivity induced by paw incision.

Our current results are in contrast with the generally accepted assumption that astrocytes are
involved in the maintenance, but not in the development of pain, especially in chronic pain
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states. Supporting the idea that astrocytes are involved in the initiation of some types of pain,
others have shown that astrocytes are responsible of the initiation of persistent orofacial pain
(a trigeminal model of inflammation and persistent pain model), and that the astrocytic
reactivity observed in this model is triggered by the neuronal input from the peripheral injured
site and the neurotransmitter, substance P (Guo et al., 2007).

Microglia can be activated to produce pro-inflammatory cytokines through AMPA/kainate
receptors (Noda et al., 2000), and to activate NF-kB by substance P (Rasley et al., 2002).
Microglial reactivity was observed in deep dorsal horn laminae one day after paw incision
surgery and in the entire dorsal horn later on (day 4). It is possible that early microglial reactivity
in this model is due to the initial astrocytic reactivity. Other factors (that may be produced by
astrocytes) such as ATP, cytokines, chemokines, nitric oxide or prostaglandins have been
shown to participate in microglial activation (DeLeo et al., 2006). It is also possible that these
factors contribute to the paw incision-induced microglial reactivity. Our current and previous
results (Romero-Sandoval and Eisenach, 2007) show a better correlation between
hypersensitivity and spinal Iba1 expression following paw incision surgery compared to
previous studies using the microglial marker, OX-42 (Obata et al., 2006; Zhu et al., 2006). This
suggests that Iba1, a cytosolic clacium biding protein expressed in microglia, is a better marker
for microglial reactivity in this model.

Paw incision-induced GFAP and Iba1 expression was associated with the initiation (day 1) and
maintenance (day 4) of the mechanical hypersensitivity. Importantly, microglial and astrocytic
reactivity dissipated on day 7 after surgery, in accordance with the absence of hypersensitivity.
These findings show the dynamic and plastic nature of glial cells in acute pain. Notably, we
have shown that glial cells may be induced to a reactive phenotype (shown as a change in
morphology and increased expression of glial markers) by a peripheral injury (paw incision),
but also return to a non-reactive state (or surveillance state) at the same pace to the return of
behavioral hypersensitivity to baseline levels. It would be an over simplification if we argue
that our findings, based on this glial plasticity (glial reactivity and normalization), suggest that
glial reactivity is only responsible for paw incision-induced hypersensitivity. It has been shown
that microglia, for example, play important roles in homeostasis and may be neuroprotective
or induce healing in several central nervous system processes (Hanisch and Kettenmann,
2007). Therefore, our study may reflect a beneficial role of glial cells in acute pain. However,
when we combine our previous data as well as other results, it appears more likely that these
reactive microglia play a deleterious role. For example, it has been shown that glial inhibition
using fluorocitrate (Obata et al., 2006) or the cannabinoid receptor type 2 agonist, JWH015
(Romero-Sandoval and Eisenach, 2007), reverses paw incision-induced mechanical
hypersensitivity in parallel with a reduction of spinal glial reactivity. In addition, other glial
modulators induce antinociception in neuropathic pain models (Ledeboer et al., 2005; Romero-
Sandoval et al., 2008; Sweitzer et al., 2001; Tanga et al., 2005; Tawfik et al., 2007). Our data
show that glial reactivity is physiological reversible, suggesting that a certain degree of glial
reactivity may block the sensitization of spinal nociceptive neurons, leading to a resolution of
hypersensitivity, while an over-reactivity is detrimental and may promote central sensitization
which is more difficult to treat.

Microglial reactivity is integral for the initiation of peripheral nerve injury-induced
hypersensitivity (Raghavendra et al., 2003). But it is also involved in the long-term
maintenance of neuropathic pain (Tawfik et al., 2007). In contrast with the findings in the paw
incision pain model, we observed that following L5NT, first, Iba1 expression was increased
at the entire dorsal horn one day after L5NT and this persisted until seven days, and second,
no significant GFAP expression was observed at day 1, which was increased at day 4 and 7
following nerve injury. These findings are in accordance with the hypothesis that microglial
cells are the first responders in the spinal cord following peripheral nerve injury. In accordance
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with the glial marker expression and hypersensitivity correlation in the paw incision model,
both, Iba1 and GFAP over-expression parallel the initiation and maintenance of the
hypersensitivity induced by L5NT from day 1 to day 7.

Several factors may induce microglial reactivity following peripheral nerve injury. Among the
most plausible are TLR-4 (Tanga et al., 2005), ATP (Tsuda et al., 2003), matrix
metalloprotease-9 and cytokines (Kawasaki et al., 2008). Fractalkine was postulated as a trigger
for microglial reactivity (Milligan et al., 2005), but recent studies have shown that fractalkine
in fact protects against microglial neurotoxicity (Cardona et al., 2006). Additionally, microglial
reactivity may be triggered through AMPA/kainate receptors (Noda et al., 2000) and substance
P (Rasley et al., 2002). The peripheral nerve injury-induced changes at the local injury site,
including the increased afferent nerve activity and algesic mediator release such as nitric oxide,
ATP, excitatory amino acids, neuropeptides, etc, may precipitate spinal glial changes (De Leo
et al., 2006; Pogatzki et al., 2002; Scholz and Woolf, 2007; Watkins et al., 2001). It is possible
that all these factors contribute to the microglial reactivity observed on day 1 after nerve injury
in the dorsal horn.

Astrocytes appear to be largely responsible for the maintenance or chronicity of
hypersensitivity following peripheral nerve injury (Kawasaki et al., 2008; Ledeboer et al.,
2005; Raghavendra et al., 2003). Our current findings are in agreement with this. We have
previously shown that GFAP protein expression did not change four days after L5NT in
laminae I-II of the spinal cord dorsal horn (Romero-Sandoval and Eisenach, 2007). Herein, we
confirm this and found out that a more accurate anatomical analysis in the dorsal horn on day
4 after peripheral nerve injury reveals an increase in GFAP expression in deeper, but not in
laminae I-II. Our laboratory has also shown increases in GFAP mRNA four days after L5NT,
suggesting that the spinal astrocytic reactivity is taking place in a transcriptional and post-
transcriptional level at this time point (Tanga et al., 2004; Tanga et al., 2006).

It has been hypothesized that peripheral nerve injury-induced astrocytic reactivity occurs
secondary to the microglial reactivity. The onset of GFAP over-expression on day 4 following
nerve injury in our current study supports this hypothesis. It has recently been shown that matrix
metalloprotease-2 or interleukin-1β increases spinal GFAP expression and induces a pro-
inflammatory phenotype in astrocytes (induction of pERK expression and/or interleukin-1) in
association with allodynia in models of chronic neuropathic or inflammatory pain (Guo et al.,
2007; Kawasaki et al., 2008). The matrix metalloprotease-2 mechanism seems to be
independent of the microglial reactivity, however interleukin-1β is produced in association
with microglial reactivity and the matrix metalloprotease-9 (Kawasaki et al., 2008).

Beggs and Salter have shown that sciatic nerve injury induces an increase in spinal Iba1 that
extends from L3 to L5 (Beggs and Salter, 2007). Herein, we show that L5 nerve transection
and paw surgical incision induces an increase in Iba1 not only at L5, but also at the L3 segment.
Interestingly, we did not observe significant changes in GFAP expression after L5 nerve
transection at spinal L3, indicating that astrocytes react more locally following peripheral nerve
injury. However, paw incision induced an increase in GFAP expression in the L3 segment.
These observations demonstrate that both models share similar glial reactivity but possess
different anatomical and temporal patterns of expression. The reactive microglia following
both L5 nerve transection or surgical incision, and the reactive astrocytes following paw
incision in L3 segment suggest that the function of second order neurons may be altered and
may contribute to mechanical allodynia in postoperative and neuropathic pain. Whether the
widespread glial reactivity in both models is due to cell migration, proliferation or due to
peripheral or second order neurons excitability is plausible and intriguing.
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Summary and conclusions
Our findings suggest the following: First, spinal astrocytes are the first cells to respond to
peripheral surgical incision and both, spinal astrocytes and microglia show a reactive
phenotype in the development and maintenance of acute surgical pain. Second, spinal microglia
are the first responders to peripheral nerve injury and are reactive in the development of
neuropathic pain, while spinal astrocytes show a reactive phenotype in the maintenance of
nerve injury-induced hypersensitivity. However microglia certainly play a role in the long-
term maintenance of neuropathic pain (Tawfik et al., 2007) . Third, based on previous
pharmacological studies, glial reactivity in both, superficial or/and deep laminae of the dorsal
horn positively regulates acute and chronic pain. These findings stress the importance of a
detailed study of glial marker expression at different laminae of the spinal cord dorsal horn.

In conclusion, both, acute paw incision and L5 nerve transection pain models share glial
reactivity as part of their pathophysiological response to injury. Since the resolution of acute
pain parallels the spontaneous reduction of glial reactivity, this study leads to further
investigation into the mechanism of action of this healing process, which may help in
developing innovative strategies to treat chronic pain conditions.

Experimental procedure
Animals and surgeries

All procedures were conducted under approval by the Institutional Animal Care and Use
Committee at Dartmouth College (Dartmouth Medical School, Hanover, New Hampshire) and
in accordance with the Guidelines for Animal Experimentation of the International Association
for the Study of Pain (IASP). Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing
250−300 g at the start of surgery underwent L5 nerve transection (L5NT), L5 exposure sham
or paw incision surgery as previously described (Brennan et al., 1996; Tanga et al., 2005).
Briefly, for L5NT rats were anesthetized with 2% isoflurane in oxygen and a small incision to
the skin overlying L5–S1 was made followed by retraction of the paravertebral musculature
from the vertebral transverse processes. L4 and L5 spinal nerves were exposed by partially
removing the L6 transverse process. The L5 spinal nerve was identified, lifted slightly, and
transected. The wound was irrigated with saline and sutured in two layers. The sham surgery
consisted of exposure of the L5 spinal nerve without transection.

For paw incision surgery, animals were anesthetized with 2% isoflurane in oxygen, and the
plantar aspect of the left hind paw was prepared in a sterile manner with a 10% povidone–
iodine solution. A midline incision (1 cm) from the heel to the base of the toes was performed
using a No. 11 blade, using sterile technique. A small forceps was used to elevate the flexor
tendon from the heel to the toes. The incision was closed using two inverted with 5.0 nylon
mattress sutures. Animals were housed individually and maintained in a 12:12 hr light/dark
cycle with ad libitum access to food and water. Efforts were made to limit animal distress and
to use the minimum number of animals necessary to achieve statistical significance.

Behavioral testing
For behavioral testing calibrated von Frey filaments (Stoelting, Wood Dale, IL) were applied
to the plantar aspect of the hind paws. The 50% withdrawal threshold to mechanical stimuli
was measured twice at 10 min intervals ipsilaterally and contralaterally to surgery using an
up–down statistical method (Chaplan et al., 1994) and the average of these values was used
for data analysis. The withdrawal threshold was determined for each animal before surgery, 1,
4 and 7 days after surgery in independent groups.
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Tissue preparation and Immunohistochemistry
To study glial reactivity we used antibodies against ionized calcium binding adaptor protein,
Iba1 to label microglia, and anti-Glial Fibrillary Acidic Protein, GFAP to label astrocytes. Iba1
gene is located within the major histocompatibility complex class II region (human
chromosome). Iba1 is involved in regulation of the actin cytoskeleton that contributes to
motility and phagocytosis and in the signaling pathway of Rac, a molecule that regulates
microglial migration, membrane ruffling, phagocytosis and radical formation (Imai and
Kohsaka, 2002). GFAP is required for the normal myelination in the central nervous system
(including spinal cord), the maintenance of the structural and functional integrity of the blood-
brain barrier and the normal process elongation and motility of astrocytes (Liedtke et al.,
1996). Messing et al. (Messing et al., 1998) has shown that transgenic mice that carry copies
of the human GFAP gene possess hypertrophic astrocytes that up-regulate small heat-shock
proteins (ubiquitin, aB-crystallin, and HSP25) and present eosinophilic aggregates. GFAP
distribution in astrocytes labels process elongation and branching, which depends on nitric
oxide and cyclic GMP formation (Boran and Garcia, 2007). Therefore, an over-expression of
Iba1 or GFAP is interpreted as a sign of microglial or astrocytic reactivity and is associated
with a pro-algesic phenotype, as shown in different pain models (Raghavendra et al., 2003;
Romero-Sandoval and Eisenach, 2007).

Rats were euthanized on postoperative day 1, 4 and 7 (n=3−4 for all groups) to determine
microglial or astrocytic reactivity induced by L5NT or paw incision. A L5 spinal nerve
exposure was used as the sham surgery control group for L5NT. Normal naïve animals or the
contralateral side to the surgery was used as control groups for paw incision group. Rats were
deeply anesthetized with 2−4% isofluorane in oxygen and perfused transcardially with buffer
(0.01M phosphate buffered saline, 150 ml) followed by 4% formaldehyde (350 ml) at room
temperature. The L5 segment (and L3 segment for some groups) of the spinal cord was removed
and placed in 30% sucrose for 48−72 hr at 4 °C. The tissue was then frozen at −80°C in O.C.T.
Compound (Sakura Finetek, Torrance, CA). Immunohistochemistry and immunofluorescence
were performed on transverse 20-μm L5 spinal cord free-floating sections. Spinal cord sections
were washed (three times) in PBS, then were incubated in 3% FBS/PBS for 30 min room
temperature. Primary antibodies were applied overnight at 4°C. A rabbit polyclonal antibody
for Iba1 was used to label microglia (1:500, Wako Pure Chemical Industries, Richmond, VA).
A rabbit polyclonal antibody for GFAP was used to label astrocytes (1:10,000, Dako
Cytomation, Glostrup, Denmark). The following day tissue sections were washed and then
visualized with the appropriate secondary fluorescent antibody, goat anti-rabbit IgG Alexa
Fluor™-488 (1:250, 1 hr at room temperature, Molecular Probe, Invitrogen, Carlsbad, CA).
Finally, tissue sections were washed and mounted with Vectashield (Vector Labs, Burlingame,
CA) containing 4’,6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI, Sigma, St
Louis, MO) to visualize cell nuclei. Specificity of each assay was tested by omitting the primary
antibody. The sections were examined with an Olympus fluorescence microscope, and images
were captured with a Q-Fire cooled camera (Olympus, Melville, NY). The tissue used to study
microglial and astrocytic activation was harvested from the same animals that were tested for
behavioral data.

Glial reactivity has previously been determined by comparing immunofluorescence staining
intensity (Romero-Sandoval and Eisenach, 2007; Romero-Sandoval et al., 2008). Herein, we
quantified the Iba1 and GFAP staining, blinded to experimental conditions, as the number of
pixels above a preset intensity threshold using SigmaScan Pro 5 as previously described
(Romero-Sandoval and Eisenach, 2007; Romero-Sandoval et al., 2008). The Iba1 or GFAP
staining intensity was examined in a standardized area of laminae I–II or of the entire dorsal
horn with 3−4 slices examined per animal. Deep dorsal horn data were calculated by subtracting
the value of laminae I-II from the value of whole dorsal horn. Glial reactivity is characterized
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by an increase in the number (proliferation), migration and the complexity of these cells
(rounded cell bodies and thicker processes), resulting in an increase in labeling. Therefore, an
increase in the number of pixels was interpreted as a sign of glial reactivity.
Immunohistochemistry was performed in batches for each post-surgery day to decrease
staining variability over time. Data are presented as the percent of control groups.

Statistical Analyses
Comparisons among groups and the effects of L5NT, L5 spinal nerve exposure only and paw
incision surgery on withdrawal thresholds, microglial or astrocytic staining (in pixels) were
performed using t tests or, when normality failed, Mann–Whitney U test. Data are presented
as mean ± SEM. In all cases a P value less than 0.05 was considered significant. SigmaStat
and GraphPad inStat software were used.
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Figure 1.
50% withdrawal thresholds ipsilateral to paw incision (A), L5 exposure sham surgery (B) or
L5 nerve transection (L5NT, C) before (base line = BL) and one, four and seven days (D1, D4
and D7 respectively) after surgery. *P<0.05 vs. base line value, t tests or Mann–Whitney U
test when normality failed. N=4 for all groups.
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Figure 2.
Representative images and quantification of Iba1 and GFAP immunofluorescence staining at
dorsal horn of L5 spinal cord. (A) L5 spinal cord sections of day 1 after surgery groups in
normal naïve animals (column 1), contralateral (column 2) and ipsilateral (column 3) to paw
incision, ipsilateral to sham surgery (column 4), and ipsilateral to L5 nerve transection (column
5). Quantification of normalized Iba1 and GFAP staining intensity on day 1 following paw
incision surgery in normal, contralateral and ipsilateral to paw incision dorsal horn (B and
C) and in L5 nerve transection (L5NT) and L5 nerve exposure sham surgery dorsal horn (D
and E). The staining was quantified as pixels both at laminae I-II and at entire dorsal horn
(whole). Deep dorsal horn (deep) data were calculated by subtracting the value of laminae I-
II from the value of whole dorsal horn. Data were normalized using contralateral group (for
paw incision model) or L5 nerve exposure sham group (for L5 nerve transection) values as
100%. *P<0.05 (t tests or Mann-Whitney U test when normality failed) vs. ipsilateral to paw
incision group in B and D, and vs. L5 nerve transaction group in C.
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Figure 3.
Representative images and quantification of Iba1 and GFAP immunofluorescence staining at
dorsal horn of L5 spinal cord. (A) L5 spinal cord sections of day 4 after surgery groups in
contralateral (column 1) and ipsilateral (column 2) to paw incision, ipsilateral to sham surgery
(column 3) and ipsilateral to L5 nerve transection (column 4). Quantification of normalized
Iba1 and GFAP staining intensity on day 4 following paw incision surgery in contralateral and
ipsilateral to paw incision dorsal horn (B and D) and in L5 nerve transection (L5NT) and L5
nerve exposure sham surgery dorsal horn (C and E). The staining was quantified and
normalized as described in Figure 2. *P<0.05 (t tests or Mann-Whitney U test when normality
failed) vs. ipsilateral to paw incision group in B and D, and vs. L5 nerve transaction group in
C and E.
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Figure 4.
Representative images and quantification of Iba1 and GFAP immunofluorescence staining at
dorsal horn of L5 spinal cord. (A) L5 spinal cord sections of day 7 after surgery groups in
contralateral (column 1) and ipsilateral (column 2) to paw incision, ipsilateral to sham surgery
(column 3) and ipsilateral to L5 nerve transection (column 4). Quantification of normalized
Iba1 and GFAP staining intensity on day 7 following paw incision surgery in contralateral and
ipsilateral to paw incision dorsal horn (B and D) and in L5 nerve transection (L5NT) and L5
nerve exposure sham surgery dorsal horn (C and E). The staining was quantified and
normalized as described in Figure 2. *P<0.05 (t tests or Mann-Whitney U test when normality
failed) vs. L5 nerve transaction group in C and E.
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Figure 5.
Representative images and quantification of Iba1 and GFAP immunofluorescence staining at
dorsal horn of L3 spinal cord. (A) L3 spinal cord sections of day 4 in contralateral (column 1)
and ipsilateral (column 2) to paw incision, and of day 7 in ipsilateral to sham surgery (column
3) and ipsilateral to L5 nerve transection (column 4). Quantification of normalized Iba1 and
GFAP staining intensity on day 4 following paw incision surgery in contralateral and ipsilateral
to paw incision dorsal horn (B and D) and on day 7 following L5 nerve transection (L5NT)
and L5 nerve exposure sham surgery dorsal horn (C and E). The staining was quantified and
normalized as described in Figure 2. *P<0.05 (t tests or Mann-Whitney U test when normality
failed) vs. ipsilateral to paw incision group in B and D, and vs. L5 nerve transaction group in
C.
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