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Spinal cord injury (SCI) is often complicated by secondary injury as a result of the innate inflammatory response to tissue trauma and
swelling. Previous studies have shown that excessive ATP release from peritraumatic regions contributes to the inflammatory response
to SCI by activation of low-affinity P2X7 receptors. Because connexin hemichannels constitute an important route for astrocytic ATP
release, we here evaluated the impact on post-traumatic ATP release of deletion of connexins (Cx30/Cx43) in astrocytes. In vivo biolumi-
nescence imaging showed a significant reduction in ATP release after weight-drop injury in mice with deletion of Cx43 compared with
Cx43-expressing littermates, both on a Cx30 knockout background. Moreover, astrogliosis and microglia activation were reduced in
peritraumatic areas of those mice lacking Cx43; motor recovery was also significantly improved, and the traumatic lesion was smaller.
Combined, these observations are consistent with a contribution by astrocytic hemichannels to post-traumatic ATP release that aggra-
vates secondary injury and restrains functional recovery after experimental spinal cord injury. Connexins may thereby constitute a new
therapeutic target in spinal cord injury.

Introduction
It is estimated that in the United States alone �400,000 individ-
uals are living with spinal cord injury (SCI) with more than
14,000 new cases occurring each year (Sekhon and Fehlings,
2001). Although acute inflammatory response is a defense mech-
anism aimed at preserving tissue integrity and demarcating the
traumatic lesion (Bethea, 2000), an exaggerated response may
limit the potential for successful recovery (Popovich and Long-
brake, 2008). Tissue swelling, especially within the tight confines
of the vertebral canal, can reduce tissue perfusion and cause sec-
ondary ischemia. The delayed loss of tissue affects functional
recovery in most patients, and no effective treatment options
currently exist.

It was shown 50 years ago that injection of ATP in the absence
of injury was sufficient to induce acute inflammatory responses.
A key observation linking purine signaling to inflammatory me-
diators was that activation of a purinergic receptor P2RX7 trig-
gers maturation and secretion of IL-1� from microglial cells (Di
Virgilio et al., 1999). Although it is recognized that adenine nu-
cleotides (i.e., ATP and its metabolites) are inflammatory medi-

ators, the role of purinergic signaling in spinal cord injury has
received relatively little attention (Cotrina and Nedergaard,
2009). We showed previously that spinal cord injury leads to
excessive and sustained ATP release in peritraumatic regions and
inhibition of P2RX7 reduces inflammatory responses and im-
proves functional recovery.

Previous studies showed that astrocytes release ATP, at least in
part, by the opening of connexin43 (Cx43) hemichannels
(Cotrina and Nedergaard, 2009). Connexins are a family of pro-
teins with dual channel functions (Bennett et al., 2003). The tra-
ditional role is to form gap junctions, which are composed of two
docked hemichannels linking the cytosol of two neighboring
cells. Gap junctions allow cell-to-cell passage of ions and small
molecules, including Ca 2�, cAMP, IP3, ATP, glutamate, and glu-
cose. It has been acknowledged that unopposed hemichannels
constitute a pathway for regulated gliotransmitter release (Ben-
nett et al., 2003). Because of their relatively large inner-pore di-
ameter (�10 Å), open hemichannels facilitate efflux of small
cytosolic compounds, and many of these, including ATP and
glutamate, will act as transmitters once released (Cotrina et al.,
1998; Parpura et al., 2004). Hemichannel openings are normally
tightly controlled, because prolonged opening of many hemi-
channels is incompatible with cellular survival. We sought here to
define the role of Cx43 in post-traumatic ATP release and sec-
ondary injury after SCI.

Materials and Methods
Spinal cord injury and bioluminescence imaging of extracellular ATP.
Knockout Cx30 and floxed Cx43 mice (Cx30 �/�,Cx43 fl/fl) and mice
expressing Cre under the human GFAP (hGFAP) promoter were ob-
tained from Klaus Willecke’s laboratory (University of Bonn, Bonn, Ger-
many) (Theis et al., 2001). Female mice of 8 –10 weeks of age (15–25 g)
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were anesthetized with ketamine (60 mg/kg, i.p.) and xylazine (10 mg/kg,
i.p.). A laminectomy of the dorsal portion of T11 was performed, and the
vertebral column was held with fine clamps at the T10 and T12 levels. The
exposed dorsal surface of the spinal cord was subjected to drop of a 3 g
weight with flat tip (diameter 0.5 mm) from a height of 12.5 mm (mod-
ified NYU impactor) (Peng et al., 2009). Lesions were lateral or on the
midline. The Basso Mouse Scale for Locomotion (BMS) rating scale,
from 0 (no ankle movement) to 9 (normal gait), was used for evaluating
hindlimb movement (Basso et al., 2006; Peng et al., 2009). The mice were
blindly evaluated daily at the same time for 8 weeks after injury. ATP
release from the exposed spinal cord was imaged by bioluminescence
(Wang et al., 2004) within 1 h after SCI. High ATP area was defined as the
area with luminescence �1 standard deviation above the average lumi-
nescence of the field �2 mm away from the injury.

In vivo recordings of compound action potentials. Mice were anesthe-
tized with isoflurane (1.5–2.5%), immobilized with pancuronium bro-
mide (0.3 mg/kg), and artificially ventilated (SAR-830, CWE). A bipolar
stimulating electrode (TST33A05KT, WPI) was inserted 150 �m into the
left dorsal column rostral to the lesion. Stimulation was delivered
through an isolated constant current source (IsoFlex). A saline-filled
glass recording electrode was inserted 150 �m into the left dorsal col-
umn, 5 mm caudal from the stimulating electrode. One week after SCI,
compound action potentials (CAPs) were recorded (20 �s sampling
time) by using a 700B amplifier (Molecular Devices) with pCLAMP soft-
ware, and their amplitude was measured as the difference between posi-
tive and negative peaks. White matter loss was evaluated by Luxol Fast
Blue (0.1%) staining of cryosections (20 �m). The dorsal column was
first identified in sections located at least 1 mm from the lesion border,
and then the column was followed on serial sections through the lesion
center. The section with the most severe loss of the dorsal column was
identified, and the percentage of spared axons was quantified by using
ImageJ (National Institutes of Health).

Immunohistochemistry. At 1 week and 1 month after SCI, mice were
perfusion fixed and vibratome sections were labeled against GFAP (1:
500, monoclonal against purified pig spinal cord GFAP, G3893, Sigma),

ionized calcium binding adaptor molecule 1 (Iba1) (1:500, polyclonal
against C terminus, 019 –19741, Wako), or CD68 (1:100, monoclonal
against ED1 clone, MCA341GA, Serotec). Six fields (200 � 200 �m 2)
near the lesion, one each from rostal, middle, and caudal to the lesion, left
and right in gray matter, were chosen for analysis. Confocal images were
taken at 1 �m steps for 10 �m depth and stacked together before quan-
tification; capture parameters were set from a wild-type spinal cord and
remained constant. The average intensity of GFAP and Iba1 were com-
pared with average intensity at least 5 mm away from the lesion in the
same section, and the number of CD68� cells in a field was counted
(Peng et al., 2009). Lesion volume was quantified on serial cryosections
labeled against GFAP.

Statistics. All data are expressed as mean � SEM. For statistical evalu-
ations, Kruskal–Wallis test and/or Mann–Whitney test were used when
normality was rejected by Shapiro-Wilk test. Otherwise, Student’s t test
was used.

Results
To assess the effect of connexins on ATP release evoked by spinal
cord injury, we used mice with loxP conditional deletion of Cx43
in astrocytes with Cre expression driven by the hGFAP promoter
(Theis et al., 2003). Because deletion of Cx43 can induce in-
creased expression of Cx30 (Wallraff et al., 2006; Lin et al., 2008),
adult female littermates with deletion of Cx30 and intact Cx43
expression (Cx30�/�:Cx43 fl/fl without hGFAP-Cre, here termed
Cx43wt) were compared with mice with deletion of Cx30 and
conditional deletion of Cx43 (Cx30�/�:Cx43 fl/fl:hGFAP–Cre,
here termed Cx43ko). Immunohistochemistry of spinal cord sec-
tions identified Cx43 plaques between astrocytes of Cx43wt mice,
which were absent in Cx43ko mice (Fig. 1A). Bioluminescence
imaging of the exposed spinal cord in rats previously showed that
ATP is released from large peritraumatic regions bordering a
weight drop injury (Wang et al., 2004). To analyze weight-drop

Figure 1. Peritraumatic ATP release after SCI is less in Cx43ko. A, Immunolabeling against Cx43 in spinal cord sections from Cx30 �/�:Cx43 fl/fl (Cx43wt) and Cx30 �/�:Cx43 fl/fl:hGFAP–Cre
(Cx43ko) mice. Scale bar, 50 �m. Inserts, High-magnification images. Scale bars, 10 �m. B, A schematic of experimental procedure. C, Bioluminescence detection of ATP release from the exposed
spinal cord of Cx43wt and Cx43ko mice after SCI. BF, bright-field views of dorsal side with the lesioned regions indicated by dotted lines; black arrowheads indicate dorsal spinal vein. BF � BL,
Bioluminescence images (red) superimposed on bright-field images. White dotted lines indicate the area with high ATP release surrounding the lesion. Scale bar, 0.5 mm.
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injury and ATP release in mice, we used a 3 g rod with a 0.5 mm
flat tip dropped from a height of 12.5 mm; extracellular ATP was
visualized by light emission resulting from ATP-triggered lu-
ciferase activity detected by a liquid nitrogen-cooled CCD cam-
era (Fig. 1B). Cx43wt mice exhibited, similar to rats, a sustained
increase in ATP release from large regions surrounding the trau-
matic lesion during the observation period of 10 –70 min after the
traumatic event (Fig. 1C). In contrast, SCI did not trigger distinct
zones of high ATP release in Cx43ko mice (Fig. 1C). The average
size of the area with high ATP release was 1.37 � 0.20 mm 2 (n �
8) in Cx43wt and 0.36 � 0.09 mm 2 in Cx43ko (n � 5; p � 0.003).
This observation indicates that Cx43 plays an important role in
ATP release evoked by weight-drop injury of spinal cord.

ATP has previously been implicated as one of several instiga-
tors of the innate inflammatory response to traumatic spinal cord
injury (Abbracchio et al., 2009). Because there was less ATP re-
lease after SCI in Cx43ko mice, we examined whether deletion of
Cx43 also reduced post-traumatic inflammation. Spinal cords 1
week or 1 month after SCI were assessed for reactive astrogliosis
based on immunolabeling of GFAP (Fig. 2A). At 1 week, there
was a 5.5 � 0.7-fold increase of GFAP immunofluorescent signal
in Cx43wt mice close to the traumatic lesion (n � 6) compared

with tissue distant from the injury. In contrast, Cx43ko mice
exhibited only a 1.8 � 0.4-fold (n � 4) elevation of GFAP around
the lesion (p � 0.004; Cx43wt vs Cx43ko) (Fig. 2B). At 1 month
after injury, GFAP immunoreactivity close to the lesion fell to
2.8 � 0.4 (n � 4) times the level in distant tissue in Cx43wt,
whereas this ratio in Cx43ko remained unchanged (2.2 � 0.3-
fold; n � 4) (p � 0.248; Cx43wt vs Cx43ko). Iba1 has been
implicated in the activation and motility of microglia/macro-
phages. The Iba1 immunofluorescence around the lesion was
elevated at both 1 week and 1 month without significant differ-
ence between Cx43wt and Cx43ko (p � 0.5) (Fig. 2C). In con-
trast, when activated microglia were counted by labeling for
CD68, a lysosomal protein expressed by cells of the monocyte-
macrophage lineage, more CD68-positive cells were observed in
Cx43wt than in Cx43ko at both 1 week and 1 month after injury
(Fig. 2D). Thus, deletion of Cx43 in astrocytes reduced acute
astrogliosis and microgliosis, which is consistent with the activa-
tion of astrocytes and microglial cells at least in part by ATP
release from astrocytes.

Because deletion of Cx43 significantly prevented injury-
induced increase in GFAP and CD68, traditional indicators of
inflammation, we assessed functional recovery. One week after

Figure 2. Inflammatory response surrounding the lesion after SCI is less in Cx43ko mice. A, A schematic of experimental procedure. B–D, Representative images of spinal cord and quantitation
from Cx43wt and Cx43ko 1 week after injury: GFAP (B), Iba1 (C), and CD68 (D). Blue, DAPI; white, GFAP, Iba1, or CD68. Yellow dotted lines indicate the position of the lesion. GFAP and CD68 were
more upregulated after SCI in Cx43wt than in Cx43ko. Scale bar, 100 �m. n � 4 – 6. **p � 0.01; *p � 0.05, Cx43wt versus Cx43ko.
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injury CAPs that propagated rostro-caudally across the lesion
(Fig. 3A) were much smaller than in uninjured Cx43wt control,
but larger in Cx43ko than in Cx43wt (Fig. 3B). With 1-mA stim-
ulation of Cx43wt cords, CAP amplitudes were 0.878 � 0.121 mV
without SCI and 0.195 � 0.053 mV at 1 week after SCI (n � 6; p �
0.01). Cx43ko also showed a reduction of CAP amplitude after
spinal cord injury, but amplitudes were larger than in Cx43wt. At
1-mA stimulation, the CAP was �2.3-fold greater in Cx43ko SCI
than in Cx43wt SCI (0.450 � 0.040 mV; n � 6; p � 0.05) (Fig.
3C). Luxol Fast Blue staining showed that 12.1 � 1.8% of dorsal
white matter myelin was preserved at the site of lesion in Cx43wt,

explaining why the CAP was not completely abolished by SCI
(Qiao et al., 2006), whereas Cx43ko showed significantly more
staining at the dorsal column (42.6 � 1.8%; n � 3–5; p � 0.001)
(Fig. 3B). Thus, by this measure Cx43ko exhibited a greater pres-
ervation of spinal cord conduction than Cx43wt after a similar
traumatic injury. Deletion of Cx43 also promoted faster recovery
of locomotor function after SCI. In blinded analysis using the
BMS for locomotion, Cx43ko achieved (for the most part signif-
icantly) higher BMS scores starting from 3 d after the injury
throughout the evaluation period of 8 weeks, reaching a score of
5.8 � 0.7 corresponding to consistent hindlimb plantar stepping

Figure 3. Functional recovery after SCI is facilitated in Cx43ko mice. A, A schematic of experimental procedure. B, Top, Representative tracings of CPAs in spinal cord caudal to the lesion in response
to stimulation on the rostral side in Cx43wt with injury (�SCI), Cx43ko with injury (�SCI) 1 week after lesioning, and sham control without SCI. No difference was observed between Cx43wt and
Cx43ko without SCI ( p � 0.2). A large spike by the stimulation artifact was removed from the traces. Bottom, Luxol Fast Blue-stained dorsal column of spinal cord at the lesion center 1 week after
the injury in Cx43wt and Cx43ko. C, A summary histogram of CAP amplitudes against stimulation intensity in Cx43wt with injury, Cx43ko with injury, and sham control without injury (n � 6). *p �
0.017, compared with sham (gray) or between Cx43wt and Cx43ko (red). D, Functional recovery evaluated by BMS locomotor rating, showing improved recovery in Cx43ko (n � 5–26) compared
withCx43wt (n � 7–29). Score at day 0 was measured just before the injury. *p � 0.05. E, Top, GFAP immunostaining images of spinal cords 8 weeks after injury. Bottom, A summary histogram
of traumatic lesion size in Cx43wt (n � 8) and Cx43ko (n � 6) spinal cord. *p � 0.05.
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with some coordination (n � 5) (Fig. 3D). Differences that ap-
peared in a rather early phase after the injury may suggest that the
structural injury is also less severe in Cx43ko mice. The recovery
was near maximal after 6 weeks. In contrast, Cx43wt recovered to
3.5 � 0.2 at 4 weeks (n � 11) and never reached a score of 4.0
during the recovery period (Fig. 3D). At 8 weeks most of the
Cx43wt exhibited plantar placing of the paw, but no plantar
stepping.

The volume of the traumatic lesion was evaluated in the same
animals. In Cx43wt the volume was 0.32 � 0.05 mm 3 (n � 8),
whereas in Cx43ko the volume was only 0.13 � 0.02 mm 3 (n � 6;
p � 0.01) (Fig. 3E). Thus, the recordings of CAPs at 1 week,
assessment of locomotor recovery over 8 weeks, and lesion size at
8 weeks all suggest that deletion of Cx43 reduced the severity of
traumatic injury and improved recovery.

Discussion
Previous rat studies showed that SCI causes excessive and sus-
tained ATP release from peritraumatic regions and activation of
P2RX7 contributes to reactive changes in both astrocytes and
microglial cells as well as neuronal injury (Wang et al., 2004;
Cotrina and Nedergaard, 2009; Peng et al., 2009). In this study,
we show that expression of Cx43 in astrocytes plays a key role in
post-traumatic release of ATP. Bioluminescence imaging of the
exposed spinal cord demonstrated that weight-drop injury
caused a sharp increase in ATP release from large peritraumatic
regions in Cx43wt mice, but in Cx43ko mice the area of post-
traumatic ATP release was significantly smaller (Fig. 1). More-
over, deletion of Cx43 decreased the inflammatory response to
SCI and suppressed astrogliosis and microgliosis as well as tissue
loss (Figs. 2B-D, 3E,F). Furthermore, Cx43ko mice recovered
motor functions significantly faster and to a greater extent than
Cx43wt littermates after SCI (Fig. 3D).

Cx43 expression is upregulated in regions neighboring trau-
matic lesions in spinal cord (Theriault et al., 1997; Cronin et al.,
2008). The neuroprotective effect of deleting Cx43 likely involves
multiple processes that involve hemichannels, gap junctions, or
both. Lack of Cx43 hemichannels is expected to reduce leakage of
cytosolic small molecules, including ATP from astrocytes located
in peritraumatic regions, and lack of cell– cell channels would
reduce passage of these molecules from neighboring cells, thereby
improving astrocytic survival (Cotrina et al., 1998; Parpura et al.,
2004). In turn, viable astrocytes would better support neuronal
survival and counteract delayed neuronal loss (Faulkner et al.,
2004). The suppression of post-traumatic ATP release would re-
duce ATP-mediated excitotoxic death of neurons and oligoden-
drocytes by activation of P2RX7s (Wang et al., 2004) and
aggravation of secondary injury. P2RX7s are also expressed by
microglial cells and infiltrating leukocytes (Collo et al., 1997) and
are linked to release of proinflammatory cytokines, including
IL-1� (Ferrari et al., 2006). Cytokines are essential parts of the
innate inflammatory response and aggravate excitotoxic actions
on neurons and oligodendrocytes (Acarin et al., 2000). Finally,
gap junctions have been shown to contribute to secondary injury
by passage of proapoptotic compounds from dying to otherwise
viable gap junction-coupled cells (Lin et al., 1998). Because dele-
tion of Cx43 effectively uncouples astrocytes, it is possible that
“bystander death” is reduced and functional recovery thereby
improved in Cx43 knockout mice and possibly more so in our
Cx30�/�:Cx43 fl/fl:hGFAP-Cre mice. Moreover, deletion of Cx43
affects the expression of multiple other genes (Naus et al., 2000;
Iacobas et al., 2004). Thus, it is plausible that, although Cx43

hemichannels provide a direct conduit for ATP release, Cx43
deletion indirectly reduces ATP release.

Our study contributes to the current revision of mechanisms
involved in the innate response to tissue injury. Traditionally it
was thought that microglial cells were the first line of defense and
microglial cells initiated post-traumatic inflammation by release
of cytokines and other proinflammatory agents. However, in vivo
imaging has shown that purinergic receptor activation is both
necessary and sufficient for movement of microglial cell pro-
cesses in response to local laser injury or ATP injection (Davalos
et al., 2005; Nimmerjahn et al., 2005). Microglial cells express
several purinergic receptors (Koizumi et al., 2007). Deletion or
pharmacological blockage of P2RY12 reduces or eliminates
movement of microglial cell processes (Haynes et al., 2006;
Tozaki-Saitoh et al., 2008), whereas P2RY6 activation is a key
determinant of phagocytosis (Koizumi et al., 2007). Moreover,
P2RX7 activation triggers maturation and secretion of IL-1�
from microglial cells (Di Virgilio et al., 1999). The observation
that deletion of Cx43 reduces post-traumatic ATP release, as well
as microglial cell activation, supports the idea that astrocytes are
first to sense injury and activation of microglial cells is triggered
by astrocytic ATP release. In cultures spinal astrocytes respond to
FGF-1 by the release of ATP, which activates purinergic recep-
tors, leading to the opening of pannexin hemichannels and ulti-
mately Cx43 hemichannels (Garré et al., 2010).

An important aspect of the study was that functional recovery
occurred significantly faster in Cx43ko mice consistent with the
smaller traumatic lesions noted in these animals (Fig. 3). The fact
that Cx43ko mice displayed significantly better motor functions
as early as 3 d after injury suggests that deletion of Cx43 directly
protected dorsal tracts, rather than promoted neuronal regrowth.
One possible explanation is that the lack of Cx43 reduced the
acute inflammatory response, including tissue swelling and sec-
ondary ischemic loss of white-matter tracts. Another possibility is
that P2RX7 activation in oligodendrocytes directly contributes to
loss of myelin and reduction in action potential amplitude due to
exposure to ATP (Matute et al., 2007). Significant recovery of
function might then be associated with remyelination (Qiao et
al., 2006).

Cx43 may represent a novel target for reducing the severity of
traumatic spinal cord injury. Although the neuroprotective effect
of Cx43 deletion may involve multiple pathways, our analysis
suggests that a reduction in excessive ATP release from peritrau-
matic areas reduces the post-traumatic inflammatory response
that negatively affects recovery.
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Garré JM, Retamal MA, Cassina P, Barbeito L, Bukauskas FF, Sáez JC, Bennett
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