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Abstract
In the spinal cord, neurons and glial cells actively interact and contribute to neurofunction.
Surprisingly, both cell types have similar receptors, transporters and ion channels and also produce
similar neurotransmitters and cytokines. The neuroanatomical and neurochemical similarities work
synergistically to maintain physiological homeostasis in the normal spinal cord. However, in
trauma or disease states, spinal glia become activated, dorsal horn neurons become hyperexcitable
contributing to sensitized neuronal-glial circuits. The maladaptive spinal circuits directly affect
synaptic excitability, including activation of intracellular downstream cascades that result in
enhanced evoked and spontaneous activity in dorsal horn neurons with the result that abnormal
pain syndromes develop.

Recent literature reported that spinal cord injury produces glial activation in the dorsal horn;
however, the majority of glial activation studies after SCI have focused on transient and/or acute
time points, from a few hours to one month, and peri-lesion sites, a few millimeters rostral and
caudal to the lesion site. In addition, thoracic spinal cord injury produces activation of astrocytes
and microglia that contributes to dorsal horn neuronal hyperexcitability and central neuropathic
pain in above-level, at-level and below-level segments remote from the lesion in the spinal cord.
The cellular and molecular events of glial activation are not a simple event, rather it is the
consequence of a combination of several neurochemical and neurophysiological changes
following SCI. The ionic imbalances, neuroinflammation and alterations of cell cycle proteins
after SCI are predominant components for neuroanatomical and neurochemical changes that result
in glial activation. More importantly, SCI induced release of glutamate, proinfloammatory
cytokines, ATP, reactive oxygen species (ROS) and neurotrophic factors trigger activation of
postsynaptic neurons and glial cells via their own receptors and channels that, in turn, contribute to
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neuronal-neuronal and neuronal-glial interaction as well as microglia-astrocytic interactions.
However, a systematic review of temporal and spatial glial activation following SCI has not been
done.

In this review, we describe time and regional dependence of glial activation and describe
activation mechanisms in various SCI models in rats. These data are placed in the broader context
of glial activation mechanisms and chronic pain states. Our work in the context of work by others
in SCI models demonstrate that dysfunctional glia, a condition called “gliopathy”, are key
contributors in the underlying cellular mechanisms contributing to neuropathic pain.
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The lack of systematic studies in glial activation after SCI
In the spinal dorsal horn, neurons and glial cells interactively contribute to spinal
neurofunction and neuroarchitecture, as well as the maintenance of physiological
homeostasis. Neuroanatomically, neurons and glial cells express similar receptors and ion
channels, but the major difference in the electrophysiological aspects between the two cell
types is the neurons’ ability for generation and propagation of action potentials in the
nervous system (Eulenburg and Gomeza, 2010; Jarvis, 2010; Porter and McCarthy, 1997).
Once action potentials are developed, propagation to supraspinal nervous system structures
can occur via synapse-synapse interaction between presynaptic and postsynaptic neurons.
Interestingly, glial cells, once thought to be rather inert, participate actively in local synaptic
transmission (Takahashi and Tsuruhara, 1987; Yang et al., 2009), but do not generate and
propagate action potentials. Due in large part to the differential neuroanatomical and
electrophysiological membrane properties, glial cells were thought not to directly participate
in sensory physiology, more specifically in pain transmission mechanism. Gial cells, ie.
astrocytes and microglia, were thought to participate in maintaining homeostasis via
transmitter and ion uptake, to regulate extracellular neurotransmitter concentration, pH and
ionic balance, and neuroinflammation in both normal physiological and pathophysiological
conditions in the nervous system (Jendelová and Syková, 1991; Korn et al., 2005; Syková
and Chvátal, 1993).

One methodological in vitro tool to detect astrocytic and microglial cell types is the use of
cell specific antibody-antigens reactions. In the spinal cord, specific surface markers to
detect glial cells have been identified, such as CD11b, CD18, Mac-1, ITGAM, CD14,
CD44, MHC I and II. However, ALDH1L1 and anti-glial fibrillary acid protein (anti-GFAP)
reaction products have been used to visualize astrocytes whereas CD68, Iba1 and OX-42
antibody (which recognizes the CD11b antigen) are useful immunoreactive products to
visualize microglia (Jacque et al., 1978; Graeber et al., 1989; Watanabe et al., 1999).
Additionally, astrocytic and microglial activation is characterized by somatic hypertrophy
(increased cell volume), thickened and ramified branches, and proliferation. In vitro
experiments demonstrate that increased release of proinflammatory cytokines (such as
interleukin-1β and tumor necrosis factorα) and chemokines (such as CXCL2 and CCL2) are
useful bioassay products to detect both astrocytic and microglial activation (Tzeng et al.,
1999). Glial (astrocytes and microglia) cells are easily activated by chemical and mechanical
injuries to the spinal cord, such as trauma, inflammation, ischemia, radiation and
excitoxicity (Fitch et al., 1999; Kyrkanides et al., 1999; Tikka et al., 2001). Activated glial
cells produce abnormally increased secretory products and contribute to alterations in uptake
mechanisms and reversal of transporter systems that suggest glial cells no longer maintain
homeostasis but contribute to spinal circuit dysfunction. Thus activated glial cells are able to
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influence maladaptive neurophysiological and neuroanatomical changes in synaptic circuits
and that lead to abnormal sensory transmission. This is a condition we term gliopathy (Gwak
and Hulsebosch, 2010b; Hulsebsoch, 2008).

For over a decade, however, new concepts of synaptic signaling mediated by activated glial
cells have emerged. Neurons and glial cells express similar receptors, ion channels and
transporters as well as have similar intracellular signaling cascades for activation. Glial cells
also actively communicate with neighboring neurons via tight junctions (Nedergaard, 1994;
Roh et al., 2010; Zündorf et al., 2007) and synapses (Haber et al., 2006; Oliet et al., 2008).
In addition, it is well documented that neurotrauma, such as spinal cord injury (SCI) and
peripheral nerve injury (PNI), produces physiological and morphological activation of glial
cells, specifically in astrocytes and microglia (Colburn et al., 1999; Fujiki et al., 1996; Lee et
al., 2000; Tzeng et al., 1999). Taken together, neuroanatomical and neurochemical changes
derived from activated glial cells are important contributors to the altered sensory
transmission in the spinal dorsal horn following neurotrauma. Recent review articles
document spatial and temporal glial activation in peripheral nerve injury models (Austin and
Moalem-Taylor, 2010). For example, after peripheral nerve injury, microglia are activated
within 24 hours after injury in the spinal dorsal horn whereas astrocytes are activated 3 days
after injury. Astrocytic and microglial activation lasted for as long as 3 months in the dorsal
horn after injury and then subsides. The activation of astrocytes and microglia correlates
well with neuropathic pain behaviour, such as mechanical allodynia and thermal
hyperalgesia, following peripheral nerve injury (Coyle, 1998; Ledeboer et al., 2005; Zhuang
et al., 2005). However, the majority of glial activation studies after SCI in mammalian
models, including our own work, have focused on transient and/or acute time points, from a
few hours to one month, and only examined peri-lesion sites, a few millimeters rostral and
caudal to the lesion site, and neglected chronic (over a month) and remote regions several
spinal segments rostral and caudal to the injury site (see the section of Glial Activation in
SCI Models). Recently, our laboratory reported that activation of astrocytes and microglia
contributes to neuronal hyperexcitability in spinal dorsal horn neurons, and thus central
neuropathic pain behavior that lasts over a month, in the forepaws (above-level), the body
trunk (at-level) and the hindpaws (below-level) following SCI (Carlton et al., 2009, Crown
et al., 2008; Gwak et al., 2008; Gwak and Hulsebosch, 2009). Collective previous reports,
including our reports, propose that spatial and temporal activation of glial cells, specifically
astrocytes and microglia, following SCI are critical to the maintained (over a month) dorsal
horn neuronal hyperexcitability; however, mechanisms that can account for all three
anatomic regions of central sensitization are not well described.

Because no evidence exists that report the systematic spatial and temporal activation of
astrocytes and microglia in the dorsal horn at immediate, acute, subacute and chronic time
points, we present data that is consistent with activation of astrocytes and microglia at three
different regions of the spinal dorsal horn following low thoracic contusion injury by
detecting increases of specific immunoreactive products that characterize activation of
astrocytes and microglia, respectively.

Spatial and Temporal Glial Activation in the Spinal Dorsal Horn following
Contusive Spinal Cord Injury
Spinal Cord Injury

Male Sprauge-Dewley rats (225-250 g, n=84) were used in this study. Moderate T10 spinal
contusion injury (150 kdyne 1 sec dwell time, n=42) was performed using Infinity Horizon
Impactor (IH Impactor). Briefly, rats were anesthezied by intraperitoneal (i.p.) injection of
sodium pentobarbital (60 mg/kg), the back of thoracic regions shaved and topical iodine
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applied. The skin was incised, the musculature was retracted and after identification of T7/8
vertebrae, a bilateral laminectomy was done to expose the spinal T10 region. Rats were
mounted at IH impactor frame and contused by computer controlled device impactor (150
kdyne, 1 sec dwell). After contusion, the musculature was sutured and the skin was
autoclipped. Rats were placed on a heating pad until recovery from anesthesia, usually
within 2 hrs. As a control group, sham surgery (n=42) was performed with the same
procedures with the exception that no spinal contusion injury was performed. Rats were
housed (3 rats per cage) in reversed 12h day/12h night cycles and fed Ad libitum. All
experimental procedures were reviewed by the UTMB Institutional Animal Care and Use
Committee (IACUC) and are consistent with the guidelines of the International Association
for the Study of Pain and the NIH Guide for the Care and Use of Laboratory Animals.

Immunohistochemistry
The spatial and the temporal activation of astrocytes and microglia was examined by
measuring the immunoreaction production (intensity) of GFAP (for astrocytes) and OX-42
(for microglia) in three different regions of spinal cord; above-level (cervical regions, C6/7),
at-level (thoracic regions, T7/8) and below-level (lumbar regions, L4/5) at 2 hrs following
surgery and post operation days (POD), 1, 7, 14, 30, 90 and 180 at both SCI and age-
matched sham control groups (n=6, each time point), respectively. Briefly, rats were
anesthetized by sodium pentobarbital (i.p. 100 mg/kg) and heparin contained saline (400 ml)
intracardially perfused to flush body blood, followed by perfusion with 4%
paraformaldehyde fixative (400 ml). The C6/7, T7/8 and L4/5 spinal cord was dissected en
bloc and underwent post-fixation with same fixative (overnight in cold room), respectively.
Each spinal cord was transferred into 30% sucrose/4% paraformaldehyde fixative and
incubated at 4°C for several days for cryoprotection. The spinal cord was cryomolded using
specimen mold plate (Tissue-Tek) individually and kept in the deep freezer (-80 °C). Spinal
cords were sectioned at 20 μm thickness using a sliding microtome and were collected (eight
sections per one spinal cord) by free floating methods in 0.1M phosphate buffer (PB, pH
7.4). Tissues were blocked in 5% normal goat serum with 0.1% Triton-X 100 (which allows
better antibody penetration) for 45 minutes and incubated overnight in anti-mouse GFAP
(for astrocytes, 1:500, Chemicon) or anti-mouse OX-42 (for microglia, 1:100, Serotec),
respectively. The tissues were then rinsed (10 mins, 4 times with 0.1 M PB buffer) and
incubated (2 hrs) in goat anti-mouse Alexa Fluor 488 (1:600, Molecular Probes). After
rinsing (10 mins, 4 times with 0.1 M PB buffer), the floating sections were mounted on
gelatin-coated slides and coverslipped with mounting medium, a non-fade media (H-1200,
Vector Lab. Inc). The intensity of GFAP and OX-42 was quantified in the spinal dorsal horn
(lamina I-V) at above-level (C6/7), at-level (T7/8) and below-level (L4/5) in both sham and
SCI rats using Confocal Microscopy and Image Analyses software as follows. The
immunoreaction product (intensity) for GFAP and OX-42 was measured using Bio-Rad
Radiance Confocal Laser System coupled to a Nikon E800 camera with Lasersharp 2000
imaging software. The immunoreaction product of GFAP and OX-42 were collected with
Krypton lasers of 488 nm excitation (green emission, a result of excitation of the conjugated
AlexaFluor 488 antibody) that identify localization of immunoreaction product in astrocytes
and microglia, respectively. To decrease background activity, the offset (control black
level), gain (control brightness), the laser (control intensity) and the iris (control aperture)
were properly adjusted using the Lasersharp 2000 imaging software. We have choose 2
sections (the first and the fourth sections) and the intensities of GFAP and OX-42 in the
dorsal horn were evaluated using a computer-assisted image analysis program (Metamorph
6.1). The comparison of GFAP and OX-42 intensity was tested by repeated Two-way
ANOVA (with two independent variables : 7 time points and 2 groups) using SigmaStat (ver
3.01). Data are displayed as intensity after normalization (to 100% of dorsal horn intensity
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in sham controls). The alpha level of 0.05 was chosen and data are displayed as means ±
standard error (S.E.) of the mean.

Astrocytic Activation—Immunoproducts of GFAP in the spinal dorsal horn
demonstrated temporally increased astrocytic activation following T10 spinal cord injury
(Figure 1A). In cervical 6/7 regions, the intensity of GFAP significantly increased at 2 hrs
and POD 7, 30 and 90 after T10 spinal contusion injury (*p>0.05, Figure 1B). In thoracic
7/8 regions, the intensity of GFAP significantly increased at POD 1 to 180 whereas the
intensity at 2 hours showed decrease (*p>0.05, Figure 1B). In lumbar 4/5 regions, the
intensity of significantly increased at POD 1 to 180 whereas the intensity at 2 hour did not
show significant change (*p>0.05, Figure 1B). Taken together, T10 spinal contusion injury
produces the consistent astrocytic activation in the entire spinal dorsal horn.

Microglial Activation—Immunoproducts of OX-42 in the spinal dorsal horn
demonstrated temporally increased microglial activation following T10 spinal cord injury
(Figure 2A). In cervical 6/7 regions, the intensity of OX-42 significantly increased at 2 hrs
to POD 180 except for at POD 30 time point after T10 spinal contusion injury (*p>0.05,
Figure 2B). In thoracic 7/8 regions, the intensity of OX-42 significantly increased at all test
periods (*p>0.05, Figure 2B). In lumbar 4/5 regions, the intensity of OX-42 significantly
increased at 2 hrs to POD 180 except at POD 90 time point (*p>0.05, Figure 2B). In all
three different spinal regions, POD 1 showed the highest microglial activation after injury.

In the present study, thoracic 10 contusive SCI produced glial activation of both astrocytes
and microglia, characterized by somatic hypertrophy and thickened branches, in the spinal
dorsal horns throughout the spinal axis; cervical (C6/7, above-level), thoracic (T7/8, at-
level) and lumbar (L4/5, below-level) regions. Astrocytic and microglial activation
developed immediately after injury (2 hrs after SCI) and persists chronically (6 months after
SCI), suggesting persistent glial activation following SCI. Microglia demonstrated a more
rapid activation than astrocytic activation in both at-level and below-level spinal regions;
whereas above-level spinal regions did not show any significant difference. This is the first
report that low thoracic SCI produces spatially persistent glial activation in the dorsal horns
of the entire spinal axis.

Glial Activation in SCI Models
The documentation of systematic spatial and temporal glial activation in the dorsal horn is
controversial in rodent SCI models. Indeed, a variety of SCI parameters that influence the
injury response exist, such as age, strain, severity and region site. The literature reports a
variety of astrocytic and microglial activation patterns in the spinal dorsal horn that appear
to be dependent on the kind of SCI models used to evaluate the spinal dorsal horn.
Currently, five rodent SCI models are predominantly used to study glial activation in the
spinal dorsal horn after SCI, which is followed by sensory and motor abnormalities. We and
others have reported that SCI directly and indirectly causes glial activation at both the early
(within 3 days) and the chronic (at least over a month) phases of injury in rats (Gwak and
Hulsebosch, 2009; Knerlich-Lukoschus et al., 2010; Nesic et al., 2005). In addition, we and
others have characterized classic morphological activation markers, such as somatic
hypertrophy, proliferation, thickened branches, membrane surface markers (such as CD11b,
toll-like receptors and glial fibrillary acidic protein, GFAP) and physiological activation
markers, such as increased release of glutamate, ROS, ATP, CGRP, interleukin-1 (IL-1),
interleukin-6 (IL-6) and tumor necrosis factor (TNF) α, respectively (Chao et al., 1995;
Lieberman et al., 1989; Svensson et al., 1993). A discussion of the five rodent SCI models
follows;
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1. Spinal Contusion Injury
Spinal contusion injury is the most relevant SCI model and best parallels the
pathophysiology of human SCI. In previous reports, T10 spinal contusion injury induced by
New York University injury device (NYU Impactor) resulted in activation of astrocytes near
the injury site on POD 2, that decreased and returned by POD 30 (Baldwin et al., 1998) in
rats. In addition, T9/10 contusion injury (NYU) in rats resulted in activation of microglia
only at POD 30 several segments above (cervical) and below (low thoracic) the contusion
segment; whereas, astrocytic activation in the same regions was well developed from 7 days
to POD 30 (Andrade et al., 2008). However, we report that T10 contusion injury with
Infinite Horizon Impactor Device (IH Impactor) produces persistent glial activation (2 hours
to over 3 months) in the dorsal horn along the entire spinal axis (the current study; Nesic et
al., 2005). Other studies, using a T12 contusion injury reported persistent (1 to 12 weeks)
microglial activation at 5 mm rostral to the contusion region (Wu et al., 2005); whereas,
spinal crush injury at T8 resulted in activated astrocytes and macrophages (which includes
microglia and infiltrating macrophages) for over a month near the injured site (Fujiki et al.,
1996).

2. Spinal Ischemic Injury
Photochemical SCI injury at T8 (irradiated with argon laser beam with 560 nm wavelengths
after rose bengal injection) resulted in astrocytic and microglial activation on POD 2 after
injury which subsided to presurgical levels by POD 12, both above (T4-5) and below (L1-2)
the injured spinal region (Koshinaga and Whitemore, 1995). A different photochemical
injury (8 kLux illumination with halogen lamp after bengal rose injection) also produced
astrocytic activation near the injury site less than 1 hour to over 2 weeks (Verdú et al.,
2003). In addition, ischemic injury to the spinal cord in rabbits also showed astrocytic and
microglial activation at 2 hours after injury, which did not last chronically (over a week)
(Matsumoto et al., 2003).

3. Spinal Hmisection/Hemitransection Injury
Spinal hemisection (hemitransection) at T13 produced astrocytic and microglial activation at
POD 7 that persists up to 3 months in the dorsal horn throughout the spinal axis (Chadi et
al., 2001; Leme and Chadi, 2001). Similarly, T12 hemisection produced microglial
activation at POD 1 after injury whereas astrocytic activation developed 3 POD after injury
and lasted over 4 weeks near the injury site (Tian et al., 2007). The increase of microglia
activation correlated with nitric oxide synthase and peroxynitrite production (Xu et al.,
1998), suggesting that glial activation is an important source of oxidative stress and neural
damage following SCI. T11 transection-induced SCI rats showed a transient (3 hours to 1
day) decrease of microglia activation, whereas astrocytes did not show any significant
changes, in regions 3-4 mm rostral to the SCI. However, from POD 1 to 4 weeks following
SCI, astrocytic and microglial activation occured (Watanabe et al., 1999). A T8/9 spinal
transection injury resulted in microglial activation at POD 2 to over 3 weeks in rats (Baloui
et al., 2009). In addition, spinal hemisection at T8/9 in Macque monkeys resulted in
microglial activation from 1 week to over a month in the spinal cord (Shi et al., 2009).

4. Spinal Compression Injury
After spinal cord clip compression injury at T11, astrocytic and microglial proliferation
developed near the lesion site at POD 1 after injury (Jung et al., 2003; Li et al., 1995). In
addition, using an electromagnetic device to induce compression injury at T8 resulted in
astrocytic activation that developed at both rostral (10 mm) and caudal (10 mm) regions
from POD 2 after injury to over 1 month in mice (Chen et al., 2005).
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5. Spinal Excitotoxic Injury
NMDA-induced excitotoxic injury at T7 showed that astrocytic and microglial activation
developed at POD 1 after injury (Gomes-Leal et al., 2004). In addition, quinolinic acid (QA,
NMDA receptor agonist)-induced excitotoxic injury resulted in activation of microglia,
whereas activation of astrocytes decreased at POD 1 after injury. However, astrocytic and
microglial activation was well developed at POD 7 to 1 month after injury (Dihné et al.,
2001).

To summarize, the collective data from different SCI model studies suggest different glial
activation patterns; however, it is certain that SCI produces acute (within few days) to
persistent (over a month) glial activation that is characterized by cell hypertrophy,
proliferation and thickened glial branches, in the spinal dorsal horn. However, note that
inter-comparison between SCI models suggests that spinal contusion injuries produce longer
lasting (over a month) astrocytic and microglial activation whereas the ischemic injuries
produce transient (less than 2 weeks) increases.

There have been confirmatory studies that glial activation contributes to enhanced synaptic
efficacy and neuronal hyperexcitability (Gwak et al., 2008; Hains and Waxman, 2006;
Popovich et al., 1997). Futhermore, increased neurotransmitters, neuropeptides,
proinflammatory cytokines (such as IL-1, IL-6 and TNFα) are all strong candidates for
enhancement of excitatory sensory circuits following SCI (Bennett et al., 2000; Detloff et
al., 2008). Thus, activated glial-neuronal interactions directly contribute to central
neuropathic pain following SCI (Gwak et al., 2008; Gwak and Hulsebosch, 2010b;
Hulsebosch, 2008, see Glial Activation on Central Neuropathic Pain Following SCI, below).

Glial Activation Mechanisms Following SCI
Following SCI, cellular and molecular events occur that induce glial activation in the spinal
dorsal horn. In the central nervous system, glial activation is not a simple event, rather it is
the consequence of a combination of several neurochemical and neurophysiological changes
following SCI. In the spinal dorsal horn, neuron and glial cells (astrocytes and microglia) are
highly organized with synaptic structures that suggest interactive synaptic transmission.
Those synaptic structures provide complex, rather than simple, synaptic transmission
following SCI (Scholz and Woolf, 2007). The following cellular and molecular events
suggest activation of glial cells in the dorsal horn following SCI.

1. Glial activation by the direct coupling between primary afferent fibers and glial cells
SCI directly triggers enhanced release of substances, such as glutamate, proinfloammatory
cytokines, ATP, reactive oxygen species (ROS) and neurotrophic factors from injured
primary afferent fibers at synaptic clefts that trigger activation of postsynaptic neurons via
their own receptors (McMahon and Malcangio, 2009; Scholz and Woolf, 2007; Vallejo et
al., 2010). Those substances that stimulate neuronal-neuronal synaptic transmission also
trigger activation of neighboring astrocytes and microglia because they also express similar
receptors and ion channels. For example, glutamate-GluRs (Pirttimaki et al., 2011;
Weisshaar et al., 2010), substance p-NK1 receptor (Gitter et al., 1994), nitric oxide-G-
protein (Willmott et al., 2000), ATP-P2Xy receptors (Pam et al., 2000), Na+-Na channels/
Ca2+-Ca channels (Rose et al., 1997; Scemes and Giaume, 2006; Schimizu et al., 2007),
chemokines-CX3CRs (Zhao et la., 2007a), Toll-like receptors (Bisbis et al., 2002) and
interleukins (Sawada et al., 1993) are predominant receptor couplings for neuronal-glial
interactions following SCI. A typical activation pathway follows; increased extracellular
glutamate activates metabotropic glutamate and ionotropic glutamate receptors, such as
NMDA and Kainate, receptors, followed by activation of MAPK family, such as p38 MAPK
and ERK, that result in increases of pNR1 and iNOS expression in the microglia (Zheng et
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al., 2010; Crown et al., 2008). Then, activated microglia release IL-1β, IL-6, TNFα, ROS,
BDNF, and CCL2 that triggers activation of postsynaptic neurons that lead to neuronal
hyperexcitability (McMahon and Malcangio, 2009; Nakagawa and Kaneko, 2010). In
addition, activated microglia facilitate calcium entry into astrocytes that trigger astrocytic
calcium waves. For example, activated microglia release glutamate, proinflammatory
cytokines and ROS followed by activation of NMDA and P2X1/5 receptors that result in
astrocytic calcium signaling (Palygin et al., 2010). The facilitation of calcium signaling in
astrocytes releases glutamate extracellularly, followed by NMDA receptor-mediated
facilitation of neuronal excitability, a substrate of pain transmission (Bardoni et al., 2010).

2. Glial activation by extracellular ionic imbalances following SCI
SCI produces long lasting (over 2 weeks) upregulation of high affinity glutamate
transporters in surviving astrocytes, such as GLT1, in the spinal dorsal horn; although SCI
produces decreased GLT protein expression and loss of GLT expressing astrocytes (Lepore
et al., 2011). Upregulation and/or reversal of glutamate transporters, such as GLTI and
GLAST, facilitate uptake of extracellular glutamate and increased intracellular glutamate
and contribute to astrocytic swelling, such as hypertrophy. Upregulation of GLT1 also
stimulates uptake of K+ via Na+- and Ca2+-dependent mechansims as well as activation of
Na+/K+–ATPase (Bender et al., 1998; Sontheimer et al., 1994). The accumulation of K+

leads to anion channel opening, enhances the passive influx of Cl-, K+, HCO -3, followed by
H2O accumulation in the astrocytes that results in astrocytic hypertrophy. In addition, SCI
causes decreased expression of inwardly-rectifying potassium channels 4.1 (Kir4.1) in
astrocytes, the loss of Kir4.1 causes loss of K+ homeostasis and facilitates astrocytic
depolarization (Olsen et al., 2010). In addition, over-production of intracellular glial ROS
after SCI activates astrocytic mitogen-activated protein kinases and Na+/K+/Cl- (NKCC) co-
transporters and increases intracellular uptake of K+ ions with release of Na+ ions into the
extracellular space (Jayakumar et al., 2008; Moriyama et al., 2010). Thus, the K+ and Na+

ionic imbalance at glial-neuronal synaptic clefts results in the reduction of K+-mediated
resting potentials and initiates Na+-mediated depolarization of neuronal membranes
followed by Ca2+-mediated intracellular events that result in persistent hyperexcitability of
the spinal dorsal horn neurons following SCI, the substrate for central neuropathic pain
(Hulsebosch et al., 2009; Waxman and Hains, 2006).

3. Glial activation by neuroinflammation
After SCI, neurons and glial cells immediately (less than 1 hour) release proinflammatory
cytokines and chemokines that contribute to proliferation/activation, migration,
inflammation and primary/secondary cell damage (Choi et al., 2010; Donnelly and
Popovich, 2008; Jones et al., 2002; Song et al., 2001). Those cytokines and chemokines also
recruit circulating immune cells, such as leukocytes and T cells, that are involved in
persistent glial activation in the spinal cord following injury (Detloff et al., 2008; Rice et al.,
2007; Yang et al., 2004).

Cytokines—A cytokine is a small cell signalling protein that is released by neurons, glial
cells and immune cells. Proinflammatory cytokines are cytokines that induce the
inflammation response. After SCI, neuronal and glial cells release proinflammatory
cytokines, such as IL-1β and TNFα, within 5 mins, followed by release of IL-6 and leukemia
inhibitory factor (LIF) (Pineau and Lacroix, 2007, Nesic et al., 2005). The proinflammatory
cytokine production is also detected 28 days after SCI via resident neural cells (neurons and
glial cells) and infiltrating immune cells (macrophage and T lymphocytes). Acutely,
increased IL-1β and TNFα is reported to be a direct result of astrogliosis and microgliosis,
ie., activated glial cells. For example, IL-1β induces expression of intercellular adhesion
molecule-1 (ICAM-1) and TNFα alpha induces chemokine CXCL 10 and MCP-1 (monocyte
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chemo-attractant protein-1, also known as CCL2 and type I inflammatory monocyte), that
both contributes to astrocytic activation (Ballestas et al., 1995; Gao et al., 2010; William, et
al., 2009). Thus, proinflammatory cytokines are directly involved in persistent glial
activation in both the acute (less than few days) and the chronic (more than 4 weeks) phases
of injury via cell adhesion molecules, chemokines and chemoattractants for infiltrating
immune cells. In contrast, Detloff and colleagures reported TNFα and IL-1β increased in
spinal tissue in the lumbar dorsal horn on POD 7 and returned at basal level on POD35 after
thoracic contusion injury (Detloff et la., 2008).

Chemokines—Chemokines are a family of chemoattractive cytokines. Based on data from
in situ hybridization and immunohistochemical studies, it is known that SCI acutely results
in increased chemokines, such as MIP-1 and MCP-1, within a few minutes to 1 hour
(Bartholdi and Schwab, 1997; Lee et al., 2000; Pineau et al., 2010). The production of
chemokines is not restricted to specific regions, i.e. near injured site of the spinal cord,
rather, chemokines are induced in remote regions of the spinal cord and thalamus (Knerlich-
Lukoschus et al, 2008; Zhao et al., 2007a). Among chemokines, fractalkine is an excellent
candidate for induction and persistent microglial activation. Neurons and astrocytes release
fractalkines (CX3CL1) whereas microglia express the ligand receptor, CX3CR1. The
fractalkine induced microglial activation is mediated by Cathepsin S, a cysteine protease
which is on microglia (Clark et al., 2009; Linda et al., 2005; Verge et al., 2004). In addition,
activation of CXCR4 by SDF1-α (CXCL12) in astrocytes induces calcium dependent release
of glutamate that triggers activation of microglia (Bezzi et al., 2001). Taken together,
chemokines are important candidates for astrocytic/neuronal-microglial interaction. In
astrocytic-neuronal communication, the chemokine MCP-1 is an excellent example.
Astrocytes primarily release MCP-1 and neurons express the ligand receptor CCL2, which
suggests an obvious astrocytic-neuronal interaction.

Immune Cells—Immune cells are involved in defensive mechanisms against foreign or
infectious materials in the body system and are activated by SCI. The activation of immune
cells, more specifically infiltrating immune cells, such as polymorphonuclear leukocytes
(PMN, neutrophils), macrophages and T-cells, develop at least 2 hours after injury and last
over 6 months (Beck et al., 2010; Esposito et al., 2010; Nguyen et al., 2011). Activated and
infiltrating neutrophils release proinflammatory cytokines, chemokines and reactive oxygen
species (ROS) that contribute to lipid peroxidation and breakdown of blood-brain barrier
(BBB) following SCI (Bao et al., 2004; Taoka and Okajima, 2000), suggesting that
oxidative stress produced as a consequence of SCI plays a role in the breakdown of the BBB
followed by infiltration of neutrophils from blood near the injury site (Lin et al., 2007;
Schnell et al., 1999). Activated/infiltrating neutrophils also influence eicosanoid metabolism
via leukotriene B4 after SCI (inhibition of leukotrienes B4 and LTB4, which suppresses
neutrophil infiltration after SCI, Saiwai et al., 2010). The mechanisms of neutrophil and cell
communication are not clear, but it is possible that beta2-integrin of neutrophils bind to
vascular adhesion molecule-1 (VCAM-1) and contribute to trafficking of cell-cell
interactions and infiltration during inflammation after SCI (Mabon et al., 2000). In addition,
activated macrophages also release proinflammatiory cytokines, ROS, prostaglandins (PGs)
and cathepsin S, which are involved in microglial activation (Liuzzo et al., 1999). Another
immune cell class, the T-cells, also infiltrate the injured spinal cord from circulating blood
and release proinflammatory cytokines to stimulate neighboring glial cells. Recent literature
reports that T cells are not the major component for acute (few days after SCI) inflammatory
responses after SCI, rather that they are actively involved in the later phase of glial
activation (Stirling and Yong, 2008). Taken together, proinflammatory cytokines,
chemokines and immune cells interactively contribute to both acute and persistent glial
activation in the spinal cord following SCI.
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4. Glial activation by cell cycle proteins after SCI
SCI produces altered expression of cell cycle proteins in neurons and glial cells (Di
Giovanni et al., 2003; Saito et al., 2000). Over-expression of cell cycle proteins directly
affects apoptosis-mediated neuronal death and glial proliferation (Byrnes et al., 2007; Di
Giovanni et al., 2005; Ji et al., 2008). Among cell cycle proteins, cyclin-dependent kinase
(CDKs) inhibitors are critically involved in the control of the cell cycle, apoptosis and
proliferation of neural cells in the central nervous system (Fischer et al., 2003). Recent data
suggests that cell cycle proteins regulate the mechanism of glial activation/proliferation
following SCI. For example, acute (1 hour after SCI) intraperitoneally administration of the
cell cycle inhibitor olomoucine, a competitive CDK inhibitor at late G1 phase of the cell
cycle (Glab et al., 1994), inhibited early microglial activation/proliferation (1 and 3 days
after SCI) and maintained astrogliosis (1 week to 4 weeks after SCI) as well as release of
pro-inflammatory cytokines, such as TNFα and IL-1β following T12 spinal transection
injury (Tian et al., 2007a,b). In addition, SCI produces down regulation of p27kip1, a
member of Cip/Kip family of CDK inhibitors, within 3 days after injury, which correlates
well with astrocytic and microglial proliferation via upregulation of KPC1, a regulator of
P27kip1 degradation during the G1 phase of cell division (Shen et al., 2008; Zhao et al.,
2011). P27kip1 regulates cell cycle processes via inhibition of the cyclin/CDK2 complex and
down regulation of P27kip1 leads to increased neuronal and glial proliferation following SCI.

Glial Activation on Central Neuropathic Pain Following SCI
The majority of people with SCI suffer from devastating chronic neuropathic pain
syndromes that are so severe that depression, drug abuse and suicide often result (Cairnes et
al., 1996; Harris et al., 1996; McKinley et al., 1999). SCI produces dramatic alterations in
synaptic circuits relaying somatotopic sensory transmission in the dorsal horn. The
neuroanatomical and neurochemical changes in synaptic circuits directly affect postsynaptic
membrane excitability and activation of intracellular downstream cascades that result in
enhanced evoked and spontaneous electrophsiological activity in dorsal horn neurons. The
abnormally increased neuronal activity is called hyperexcitability of dorsal horn neurons or
central sensitization of neurons in the dorsal horn, a representative spinal mechanism of
central neuropathic pain (CNP) following SCI (Gwak et al., 2008, Gwak and Hulsebosch,
2010a).

Glial cells play important roles in the maintenance of neuroarchitectural structure and
physiological homeostasis in the spinal cord (Mills et al., 2004), brain stem (Koshinaga and
Whittemore, 1995), thalamus (Hains and Waxman, 2007) and cortex (Rathinam et al.,
2006). Astrocytes communicate with neighboring neurons via synapses and gap junctions
(Theriault et al., 1997). The radial branches of astrocytes synapse with single and/or several
neurons or microglia; contributing to multiple astrocytic-neuronal and astocytic-microglial
communication possibilities; whereas, microglia are freely motile and primarily play
important roles in the endogenous immune responses (Bezzi et al., 2001; Mukaino et al.,
2010). The neuroarchitectural arrangement of the glial structures suggest that if one cell is
activated, it is able to influence near by neuronal cells, by either inhibitory or excitatory
mechanisms. For over a decade, studies show that SCI produces glial activation in the dorsal
horn and contributes to the primary and secondary damage followed by maladaptive sensory
and motor abnormalities in the dorsal horn (Lytle and Wrathall, 2007; Smith and Strunz,
2005). While the role of activated glial cells in peripheral neuropathic pain states are
documented after peripheral nerve injury, there are few studies that focus on glial
contribution with respect to central neuropathic pain after spinal cord injury. In a very early
report, Garrison et al. reported that increased GFAP, i.e., somatic hypertrophy, in the dorsal
horn was well correlated with hyperalgesic behavior following sciatic nerve injury (Garrison
et al., 1991). Peripheral glial cells, such as Schwann cells, produce TNFα that contributes to
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hyperalgesia following compression of peripheral nerve (Wagner and Myers, 1996). The
direct evidence that activated astrocytes and microglia are important contributors to
neuropathic pain are the following: 1) Colburn et al. report that several peripheral nerve
injury models demonstrate glial activation and mechanical allodyia and thermal hyperalgesia
behavior (Colburn et al., 1997, 1999). 2) Earlier studies, detailed descriptions of acute (less
than few days) and persistent (over a month) activated glial roles on pathophysiological
pain, suggesting that glial cell activation was essential for the development and maintenance
of neuropathic pain in several pathological conditions, such as peripheral nerve injury,
inflammation and bone cancer pain (Hua et al., 2005; Zhang et al., 2005).

With respect to SCI studies, both spinal contusion and hemisection injury models
demonstrate that activated glial cells in the dorsal horn are important factors for central
neuropathic pain induced by SCI (see below).

1. Contusion Injury
In earlier reports, both spinal hemisection and spinal contusion injury resulted in increased
NGF levels on spinal cord and blood serum,, presumably from activated microglia and
macrophages (both resident and circulating), that contributes to sprouting of fine primary
afferent fibers and abnormal pain processing in the dorsal horn (Christensen and
Hulsebosch, 1997; Bennett et al., 1999; Krenz and Weaver, 2000). Elevated NGF also
facilitates expression of IL-6 in macrophages, which are involved in the chronic phase of
inflammation. In addition, activated microglia release BDNF which involves a shift in anion
equilibrium potential (Eanion) via activation of tyrosine kinase receptor (TrkB). The Eanion
shift generates depolarizing rather than hyperpolarizing membrane potentials, which
contributes to mechanical allodynia (Coull et al., 2005). Hains and his colleagues suggested
a more detailed spatial mechanism for glial contribution to central neuropathic pain
following SCI. After T9 contusion injury, activated microglia play important roles in both
behavioral sensitivity in hindpaws and lumbar neuronal hyperexcitability via activation of
p38 MAPK and ERK1/2 activation (phosphorylation), suggesting that activated microglia
play important roles in below-level neuropathic pain. Activation of the MAPK family
triggers release of prostaglandin E2 (PGE2) and facilitates cyclooxygenase-2 (COX-2)
expression in activated microglia in both the dorsal horn and the thalamic VPL regions,
which results in neuronal hyperexcitability (Hains and Waxman, 2006; Zhao et al., 2007a).
In addition, inhibition of cystein-cysteine chemokine ligand 21 (CCL21) and minocycline
treatment produced inhibition of microglial activation and attenuation of neuronal
hyperexcitability in the lumbar spinal dorsal horn neurons and thalamic VPL neurons,
respectively (Tan et al., 2009; Zhao et al., 2007b). Other groups also reported that spinal
contusion injury produced microglial activation with increased production of TNFα and
IL-1β in both lumbar dorsal horn and thalamic VPL regions (Detloff et al., 2008). In
addition, we report that T10 contusion injury produces mechanical and thermal pain
behaviors as well as hyperexcitability in dorsal horn neurons in cervical spinal regions,
accompanied by astrocytic and microglial activation (Carlton et al., 2009). It is well
documented that SCI causes high concentrations of extracellular glutamate in the
extracellular space and synaptic clefts (McAdoo et al., 1999). Glial glutamate transporters,
such as GLAST (EAAT1) and GLT-1 (EAAT2) control extracellular glutamate
concentrations by moving glutamate into the intracellular compartments of astrocytes via
activation of nuclear factor-kappaB (Zelenaia et al., 2000). Previously, we reported that T10
contusion injury acutely (within 1 hour) increases GLT-1 (EAAT2) and GLAST (EAAT1)
expression in the dorsal horn (Vera-Portocarrero et al., 2002) whereas, other studies report
decreased GLT-1 expression at 1 day to 2 weeks after T10 compression injury in rats (Olsen
et al., 2010), T9 contusion injury in mice (Lepore et al., 2011) and spinal cord ischemic
injury in rats (Chen et al., 2010), suggesting that neurons and activated microglia contribute
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to the changes in glial transporter expression following SCI. For example, minocycline
treatment prevents downregulation of GLT-1 and GLAST as well as inhibits astrocytic
activation (Nie et al., 2010). In addition, inhibition of IL-1 and ROS prevents
downregulation of GLT-1 and GLAST expression by Ca2+-dependent phosphoinositide 3-
kinase-P2Y7R coupling in astocytes following T9/10 contusion injury (Liu et al., 2010;
Prow and Irani, 2008; Zagami et al., 2005). Dysregulation of glial glutamate transporters
causes increased concentrations of extracellular glutamate and produces glutamate-mediated
neuronal hyperexcitability and/or excitotoxic cell death via ionotropic and metabotropic
glutamate receptors following SCI.

2. Hemisection Injury
Unilateral T13 hemisection produces bilateral microglial activation and increased TNFα
expression (3 days to over 2 weeks) in the lumbar dorsal horn which correlates well with
mechanical allodynia in the hindpaws (Pan et al., 2003; Peng et al., 2006). Previously, we
demonstrated that T13 spinal hemisection produced bilateral activation of astrocytes and
microglia, neuronal hyperexcitability and downregulation of GAD65 in the lumbar dorsal
horn 4 weeks POD. In addition, T13 hemisection produces activation of p38 MAPK in both
neurons and microglia in the lumbar dorsal horn. Treatment with propentofylline, a
phosphdiesterase inhibitor and glial modulator, prevented both microglial and astrocytic
activation, attenuated neuronal hyperexcitability and attenuated increased mechanical and
thermal sensitivities to stimuli (Gwak et al., 2008, 2009; Gwak and Hulsebosch, 2009). In
addition, immediate treatment with TNFα blocker or minocycline treatment prevented
development of T13 hemisection-induced microglial activation and mechanical allodynia via
inhibition of microglial p38 MAPK activation (Marchand et al., 2009; Peng et al., 2006).
Recently, it is reported that activation of phosphorylated NR1 contributes to astocytic
activation and neuropathic pain in the lumbar dorsal horn following T13 hemisection injury
(Roh et al., 2010).

In vivo and in vitro SCI studies suggest that activated astrocytes and microglia are the key
factors for the development and maintenance of central neuropathic pain following SCI
(Gwak et al., 2008; Hains and Waxman, 2006; Roh et al., 2010). In vivo behavioral studies
demonstrate that intrathecal treatment with glial cell inhibitor agents, such as the microglial
inhibitors minocycline and propentophylline, or a potent gap junction blocker carbenoxolone
all attenuate SCI-induced mechanical allodynic behaviors following SCI. In vivo
electrophysiological studies, further demonstrate that treatment with minocycline or
propentophylline onto the spinal surface attenuated SCI-induced evoked hyperexcitability of
spinal dorsal horn neurons in response to mechanical stimuli including non-noxious and
noxious intensities applied to isolated peripheral receptive fields (Gwak and Hulsebosch,
2009; Hains and Waxman, 2006). In vitro immunohistochemical studies demonstrate that
the astrocytic and microglial hypertrophy produced by SCI were restored to their quiescent
state morphology in the spinal dorsal horn after minocycline, propentophylline, or
carbenoxolone treatments, respectively. Pharmacologically, minocycline and
propentophylline both inhibit interleukins-1, -6 and -8 as well as TNFα, which then result in
inhibition of posttranscriptional processes that result in abnormal expression of target
proteins, such as upregulation of glutamate receptors and sodium channels in neurons and
microglia (Hains et al., 2003; Mills et al., 2002). Activated glia cells release
proinflammatory cytokines, reactive oxygen species (ROS), glutamate and ATP followed by
initiation of glutamate receptor activation at postsynaptic neurons leading to massive influx
of Ca2+ ions into the intracellular space triggering multiple posttranslational processes
(Bastos et al., 2007; Padi and Kulkarni, 2008; Pineau and Lacroix, 2007; Zhang et al., 2008).
For example, spinal contusion injury at T10 produces activation of transcriptional factors,
such as CREB and NF-κB, in the spinal dorsal horn followed by increases of iNOS and
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COX-2 production that contribute to neuronal hyperexcitability and central neuropathic pain
(Crown et al., 2006; Rafati et al., 2008). These data collectively indicate that activated glial
cells modulate neurotransmitters and/or proinflammatory cytokines, induce glutamate
receptor/ion channel coupling that result in central neuropathic pain behavior as a result of
dorsal horn neuronal hyperexcitability following SCI.

In summary, SCI produces astrocytic and microglial activation that extends the entire
neuraxis of the spinal dorsal horn and contributes to both the development and the
maintenance of above-, at-, and below-level neuropathic pain following SCI. Because the
glial functions are considerably altered, become dysfunctional and persist after SCI, the
result is neuropathic pain that severely alters the quality of life. Thus, SCI and other
neurodegenerative disease conditions can be characterized as a result of dysfunctional glial
populations or “gliopathy” (Hulsebosch, 2008; Gwak and Hulsebosch, 2010b).
Consequently, therapy that lessens the gliopathic response should attenuate neuropathic pain
symptoms.

Conclusion
A methodological tool to detect astrocytic and microglial cell types is the use of cell specific
antibody-antigens reaction, such as glial fibrillary acid protein (for astrocytes) and OX-42
(for microglia). The morphological changes, such as somatic hypertrophy, proliferation,
thickened branches, are common morphological features and correlate well with behavioral,
electrophysiological and molecular changes of the altered somatosensory system, and result
in chronic neuropathic pain following SCI. The collective data in SCI studies suggest that
glial activation influences the neuronal-glial and glial-glial communication and alter the
“gain” in response to sensory stimuli at the level of synaptic circuits following SCI. There is
some controversy, but our work demonstrates that SCI produces glial activation at both
acute (2 hour to a few days) and persistent (over 3 months) times in the spinal dorsal horn
along the entire spinal axis (however, see Lepore et al., 2011). Our work demonstrates
causality in that inhibition of glial activation (both microglia and astrocytic) after SCI
attenuates the abnormal hyperexcitability of dorsal horn neurons to non-noxious and noxious
stimuli, which is the substrate for persistent neuropathic pain (Gwak et al., 2009; Gwak and
Hulsebosch, 2009). Our work in the context of work by others in SCI models demonstrate
that dysfunctional glia, a condition called “gliopathy”, are key contributors in the underlying
cellular mechanisms contributing to neuropathic pain (Hulsebosch, 2008; Gwak and
Hulsebosch, 2010b).
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Highlights

* SCI produces consistent central neuropathic pain and glial activation in the dorsal horn

* Activated glial cells strongly interact with neuronal cells and directly cause
maladaptive synaptic circuits

* Inhibition of glail activation is a strategy to alleviate CNP
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Figure 1.
The spatial and temporal activation of astrocytes in the spinal dorsal horn
A) Examples of GFAP immunoreactions products at various time points in the lumbar spinal
dorsal horn following T10 contusion injury. B) After normalization, the intensity of GFAP
significantly increased immediately in cervical spinal segments whereas thoracic spinal
segments showed a decrease. The GFAP intensity in lumbar spinal segments did not show
significant changes. However, the intensity of GFAP from 1 day to 180 days after SCI
showed consistent increases at all three different spinal regions in the dorsal horn. Scale
bar : 30 μm.
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Figure 2.
The spatial and temporal activation of miroglia in the spinal dorsal horn
A) Examples of OX-42 immunoreactions product at various time points in the lumbar spinal
dorsal horn following T10 contusion injury. B) After normalization, the intensity of OX-42
significantly increased immediately (2 hours) and lasted up to 180 days after SCI at all three
different spinal regions in the dorsal horn. Scale bar : 20 μm.
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