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Abstract
The importance of mitochondria in spinal cord injury has mainly been attributed to their participation
in apoptosis at the site of injury. But another aspect of mitochondrial function is the generation of
more than 90% of cellular energy in the form of ATP, mediated by the oxidative phosphorylation
(OxPhos) process. Cytochrome c oxidase (CcO) is a central OxPhos component and changes in its
activity reflect changes in energy demand. A recent study suggests that respiratory muscle function
in chronic obstructive pulmonary disease (COPD) patients is compromised via alterations in
mitochondrial function. In an animal model of cervical spinal cord hemisection (C2HS) respiratory
dysfunction, we have shown that theophylline improves respiratory function. In the present study,
we tested the hypothesis that theophylline improves respiratory function at the cellular level via
improved mitochondrial function in the C2HS model. We demonstrate that CcO activity was
significantly (33%) increased in the spinal cord adjacent to the site of injury (C3–C5), and that
administration of theophylline (20 mg/kg 3× daily orally) after C2HS leads to an even more
pronounced increase in CcO activity of 62% compared to sham-operated animals. These results are
paralleled by a significant increase in cellular ATP levels (51% in the hemidiaphragm ipsilateral to
the hemisection). We conclude that C2HS increases energy demand and activates mitochondrial
respiration, and that theophylline treatment improves energy levels through activation of the
mitochondrial OxPhos process to provide energy for tissue repair and functional recovery after
paralysis in the C2HS model.
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Introduction
Axons arising from motoneurons at the C3–C6 spinal cord level form the phrenic nerve that
controls the diaphragm’s motility (Goshgarian et al., 1991; Moreno et al., 1992). Transection
of the spinal cord rostral to that level (C3–C6) interrupts inputs deriving from brainstem/
pontine sources thus impairing the function of phrenic motoneurons and consequently
disturbing the normal activity of the phrenic nerve as a whole. This leads to impaired diaphragm
motility and ultimately to dysfunctional respiration (Nantwi et al., 1996; Goshgarian, 2003).
At the cellular level spinal cord injury triggers numerous responses including cell death and
tissue remodeling. Mitochondria play an important role in these processes because cell death
can be executed through the mitochondrial pathway and because tissue repair requires energy,
which is mainly provided by the mitochondrial oxidative phosphorylation (OxPhos) process
(Exline and Crouser, 2008; Hüttemann et al., 2008a).

Earlier studies demonstrated that mitochondria play an important role in spinal cord injury
(SCI) through type II apoptosis. Cell death as a consequence of damage was shown to involve
Bax translocation to the mitochondria and cytochrome c release from the mitochondria,
followed by caspase 3 and subsequently caspase 9 activation (Martin and Liu, 2002, Springer,
et al., 1999, Wu, et al., 2007). Cell death in the damaged area seems to be paralleled by
dysfunctional OxPhos as was shown in studies assessing the OxPhos enzyme cytochrome c
oxidase (CcO). CcO is the terminal and proposed rate-limiting enzyme of the mitochondrial
electron transport chain in intact cells (Villani, et al., 1998; Dalmonte, et al., 2009), and
transfers electrons from cytochrome c to molecular oxygen. In a dog model of SCI induced by
a weight drop, CcO activity was strongly reduced 15 min after injury in the affected area (Ito,
et al., 1978), and a rabbit SCI study showed significantly decreased CcO activities 24 h post
injury (Brambilla, et al., 1996). In contrast, indirect injury to spinal motoneurons caused by
peripheral nerve avulsion was associated with elevated CcO activity in the degeneration of
motoneurons observed in this condition (Martin, et al., 1999). Consequently, decreased CcO
activities can negatively impact cellular function. For example, we have recently shown in a
rat weight drop model of traumatic brain injury that CcO activity was reduced via nitric oxide,
a competitive inhibitor of CcO, produced by the inducible form of nitric oxide synthase (iNOS)
after trauma, and that this inhibition was accompanied by significantly reduced ATP levels
(Hüttemann, et al., 2008a). In SCI, increased CcO activity was observed in sites adjacent to
the injury (Liu, et al., 2001), which may be beneficial for spontaneous regeneration after spinal
cord transection, due to increased energy production. Others have shown that in injured spinal
cords, which received grafts, CcO upregulation is associated with enhanced vascularization
benefiting the retention and preservation of the graft (Horner, et al., 1996). Interestingly, toxic
injury to the spinal cord induced by application of dimethyl sulfoxide (DMSO) did not result
in changes in CcO activity in the injured animals, but the drug induced upregulation of CcO
activity in the control, non-injured spinal cords (Goodnough, et al., 1980).

The above studies suggest that changes in mitochondrial function may be important for SCI
and that CcO is a useful marker enzyme for mitochondrial function. Some caution is necessary,
however, since the experimental approaches were different, e.g., complete spinal cord
transection versus hemisection or contusion, and the use of different species like rats, dogs,
and rabbits further complicates the interpretation and comparison of the results.

In the present study, we employed a well-established model cervical (C2) spinal cord
hemisection (C2HS) of spinal cord injury to assess CcO activity. The C2HS model is used as
an injury model for respiratory-related impairment, and it is clinically relevant to identifying
targets in respiratory insufficiency via activation of a latent respiratory motor pathway
(Goshgarian, 2003, Moreno, et al., 1992; Nantwi et al., 1996). The model has been employed
in many studies to demonstrate that activation of the latent pathway restores respiratory
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function after paralysis (Nantwi et al., 1996; Golder et al. 2001; Fuller et al., 2005; 2008).
However, the effects of injury at the cellular level in terms of energy demands have not been
elucidated in the model. In the present study, we therefore assessed changes in CcO activity
in the C2HS model and analyzed cellular energy levels. In addition, a pharmacological
intervention with theophylline revealed significantly increased CcO activity and increased
energy levels. We propose pharmacological improvement of mitochondrial energy metabolism
as a target for spinal cord injury therapy in the future.

Materials and methods
Experimental animals

All surgical procedures employed in the present study were conducted strictly in accordance
with the guidelines set out by the National Institutes of Health and followed by the Division
of Laboratory Animal Research (DLAR) at Wayne State University. Adult female Sprague
Dawley rats (250–320 g) were used in this study. Animals were divided into three experimental
groups (n=4/group): 1) controls sham-operated, 2) animals subjected to a left C2 hemisection
only (C2HS), and 3) C2HS rats that were administered theophylline (C2HST). Two separate
groups of control, C2HS and C2HST were employed for histoanalysis of CcO activity and
ATP measurements, respectively. Prior to surgery, rats were anesthetized (IP) (ketamine, 70
mg/kg; xylazine 7 mg/kg) and then subjected to a left upper cervical (C2) hemisection as
described previously (Goshgarian, 2003, Liou and Goshgarian, 1994). Theophylline was
administered by oral gavage (20 mg/kg, 3 × daily) for 3 days. The drug dose and route of
administration were based on a previous study showing the drug to be effective in restoring
function after C2 hemisection (Nantwi, et al., 2003).

Electrophysiology
Twenty-four hours after hemisection, experimental animals were re-anesthetized as above and
prepared for electrophysiologic assessment of respiratory activity in the left and right
hemidiaphragm. Briefly, a horizontal incision was made across the abdomen at the base of the
rib cage to expose the abdominal surface of the diaphragm of spontaneously-breathing C2
hemisected adult female rats. A pair of sterile platinum electrodes was then inserted into the
crural area of the left and right hemidiaphragm to record electromyographic (EMG) activity
according to previously described methods (Nantwi et al., 1996). After recording stable levels
of activity the recording was stopped, the abdominal incisions closed with fine sutures, and all
skin incisions closed with stainless steel wound clips. Respiratory activity in C2HST rats was
assessed as previously described (Nantwi et al., 2003).

Diaphragmatic recordings
Diaphragmatic recordings were filtered (bandwidth 0.1–3 kHz), amplified (Tektronix, gain 5–
20 K), and displayed on line using a Cambridge Electronic Design (CED) 1401 data acquisition
system. The recordings were then fed into a Spike 2 software (CED).

Tissue harvesting
Rats were anesthetized with chloral hydrate (400 mg/kg, IP) and decapitated with a guillotine.
Tissue harvesting was done at 3 days post C2HS. The spinal cords at levels C3–C6 were
dissected at the region containing the phrenic motoneurons and prepared for cryostat sectioning
(Goshgarian, 2003). Three series of 18 µm thick sections through C3–C5 spinal cord levels
were collected on poly-L-lysine-slides and stored at −80 °C as previously described (Petrov,
et al., 2000). Special care was taken with tissue specimens for ATP analysis. For this
experiment, other groups (control, C2HS and C2HST, N=4) of rats were used. Specifically,
since ATP turnover is high, the time from sacrificing the animal until storing the tissue samples
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at −80 °C was kept within 90 sec. Spinal cords were dissected as above and saggitally sectioned
into the left (ipsilateral) and right (contralateral) part and immediately frozen in tubes pre-
cooled to −80 °C.

CcO histochemistry and quantitative assessment of the histochemical reaction
This assay allows the measurement of CcO activity on tissue sections (not to be confused with
immuno-histochemical staining, which measures protein amount), and the signal obtained is
directly proportional to CcO activity. Reagents were obtained from Sigma (St. Louis, MO,
USA). Tissues were processed according to an established protocol (Hüttemann, et al., 2008a,
Wong-Riley, 1979). Briefly, slides containing spinal cord sections (C3–C5) were incubated at
room temperature with a reaction buffer (100 mM KH2PO4, pH 7.4, 4% sucrose, 0.50 mg/mL
diaminobenzidine (DAB), 200 mg/mL catalase, 0.15 mg/mL cow heart cytochrome c).
Incubation was carried out in a moist chamber for 20 min at 37 °C in the dark. The reaction
was stopped by washing the slides 3× for 1 min in 100 mM KH2PO4 (pH 7.4). Slides were
rinsed once with dH2O, dried and mounted. Images were captured using a Leica Axiophot light
microscope as described (Hüttemann, et al., 2008). Images from the ventral horn where the
phrenic motoneurons are located (15–20 slides through C3–C5 segments of the spinal cord of
each rat) were analyzed with the MetaMorph image analysis system (Fryer, Huntley, IL). The
relative intensity of the signal was determined by optical densitometry. The background
intensity (in the white matter) was measured for each individual section and was subtracted
from the intensity registered in the areas of interest (the ventral horn) to obtain an absolute
value as described previously (Hüttemann et al., 2008; Petrov et al., 2000; Steiner et al.,
2004). Statistical analysis (one-way ANOVA) was used to determine differences between
groups after individual average intensities were pooled for all animals in each experimental
group. Significant difference (p < 0.05) between groups was established by the use of the
Student-Neuman-Keuls test.

Determination of ATP levels using the bioluminescent method
ATP was released from spinal cords (C3–C5) separately for the left (ipsilateral) and right
(contralateral) using the boiling method. Three hundred mL boiling buffer (100 mM Tris-Cl
(pH 7.75), 4 mM EDTA) was added and tubes were immediately transferred to a boiling water
bath for 2 min. Samples were put on ice and sonicated. ATP concentration was determined
with the ATP biolumescence assay kit HS II (Roche) according to the manufacturer's manual.
Experiments were performed in triplicates for each specimen (n = 4 animals) and data were
standardized to the protein concentration using the DC protein assay kit (Bio-Rad). One-way
ANOVA was used to assess the significance of differences between treatment groups. Pair-
wise significance between groups is defined as p < 0.05 and was determined with Student’s t-
test.

Results
C2 hemisection abolishes respiratory-related activity in the ipsilateral hemidiaphragm

The C2HS model resulted in an absence of EMG activity in the ipsilateral diaphragm as
previously described (Nantwi et al., 1996; Fig. 1A, compare the injured left hemidiaphragm
(LHD) with the right hemidiaphragm (RHD). In contrast, administration of theophylline for
three days post injury partially restores function to the paralyzed hemidiaphragm (compare
LHD in Fig. 1B and A). It must be emphasized that electrophysiologic recordings were
conducted in rats under spontaneously-breathing conditions. We therefore describe a
qualitative aspect of drug-induced functional improvement, which supports our previous
quantitative findings of theophylline-induced recovery (Nantwi, et al., 2003a, Nantwi, et al.,
2003b, Nantwi, et al., 1996, Nantwi and Goshgarian, 1998a, Nantwi and Goshgarian, 1998b).
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Cytochrome c oxidase activity is increased after C2 hemisection (C2HS), and is further
pronounced after theophylline treatment (C2HST)

CcO is the terminal enzyme of the electron transport chain (ETC) and its complicated regulation
through reversible phosphorylations, allosteric control, and the expression of tissue-specific
isoforms (reviewed in Hüttemann, et al., 2008b) support the notion that it is the rate-limiting
enzyme of the ETC in intact cells (Villani, et al., 1998; Dalmonte, et al., 2009) and therefore
a marker enzyme of OxPhos function. CcO activity was determined on spinal cord section
(C3–C5) using the histochemical method. The reaction couples the oxidation of DAB via
cytochrome c with CcO activity. The oxidized DAB forms a precipitate, which is then
quantitatively analyzed. There was no statistically significant difference in CcO activity
between the ipsi- and contralateral sides in control and all experimental paradigms. However,
CcO activity was enhanced 3 days after C2HS and even more so in C2HST rats (Fig. 2). More
specifically, histochemistry revealed that C2HS leads to 33% increased CcO activity (25.3±3)
in comparison to controls (19.1±2.5) on sections through the cervical spinal cord (Fig. 2 A, B,
and D). Importantly, CcO activity was increased by 62% (31.0±4.1) in the C2HST experimental
group compared to controls (Fig. 2 A, C, and D).

Cellular energy levels after spinal cord injury significantly improve after theophylline
treatment

Tissue remodeling after injury is an energy-expensive process. The mitochondrial OxPhos
process provides more than 90% of cellular energy in the form of ATP. We analyzed energy
levels separately for the left (injured but not including the damaged area) and right cervical
spinal cord segments. In the controls there was no difference between the left and the right
cervical spinal cord segments (Fig. 3). Interestingly, in the C2HS rats we observed a trend in
which ATP levels were on average increased 31% in the left cervical spinal cord segments,
i.e., the side that was injured. This trend becomes a significant difference in the C2HST rats
with a 17% increase in ATP levels in the left compared to the right hemisphere (Fig. 3).
Importantly, theophylline treatment after injury (i.e., C2HST rats) produced a significant 51%
increase of ATP levels compared to controls and a significant 31% increase compared to
untreated C2HS rats. The increased levels of ATP (particularly in the ipsilateral cervical spinal
cord segments) in C2HST rats are important inasmuch as energy demand is increased after
injury/trauma. Thus at the cellular level, theophylline appears to act by improving ATP levels.

Discussion
Spinal cord injury affects approximately 12,000 individuals annually excluding deaths, and it
is often associated with long term disability. According to the National Spinal Cord Injury
Center the leading cause of mortality following SCI is respiratory impairment (National Spinal
Cord Injury Center, 2009). Therefore, studies elucidating respiratory deficits after injury are
important. The C2HS model of SCI is a good system for such studies. The results from the
present study will be discussed in terms of changes in energy demand after injury and how
pharmacologic manipulations may improve mechanisms to meet increased energy demand
after injury. Understanding the molecular mechanisms that participate in tissue remodeling,
repair, and functional recovery after injury may allow an improved targeted treatment in the
future.

Mitochondria are increasingly recognized as organelles that play an important role in numerous
human diseases including amyotrophic lateral sclerosis and COPD (Boilee et al., 2006). Their
pathologic contribution may result from decreased energy production or increased production
of reactive oxygen species (ROS). For example, we have previously shown that the
inflammatory pathway triggered by TNFα targets CcO for phosphorylation on Tyr304 of
catalytic subunit I, which leads to strong enzyme inhibition and dramatically reduced ATP
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levels (Samavati, et al., 2008). This mechanism might be important in sepsis, which is
characterized by poor tissue oxygen extraction and utilization in such patients. In contrast, in
a cell culture model for spinal muscular atrophy we observed increased CcO activity as a likely
compensatory response to decreased ATP levels, as well as increased ROS, both of which may
negatively impact cellular function (Acsadi, et al., 2009). In the present study we used
theophylline, which is a non-specific adenosine receptor antagonist, a non-specific
phosphodiesterase (PDE) inhibitor, and a respiratory stimulant. We have previously shown
that theophylline leads to an inhibition of CcO in liver tissue (Lee, et al., 2005). This contrasts
with the findings of this study showing increased CcO activity after theophylline administration
(Fig. 2), indicating a tissue-specific difference in cell signaling to the mitochondria. Very little
is known about mitochondrial signaling components, and how they affect OxPhos (reviewed
in Hüttemann, et al., 2007). However, neuronal tissue has a clearly distinct kinase and
phosphatase composition as was demonstrated for PTP-1B, SHP-2, and Src, which were found
in mitochondria from rat brain but not in mitochondria from several other tissues including
liver (Arachiche, et al., 2008). Interestingly, Src kinase can phosphorylate subunit II, leading
to enzyme activation (Miyazaki, et al., 2003), which is one possible scenario explaining
increased CcO activity.

In the present study, we did not observe significant differences in CcO activity between the
ipsilateral spinal cord segments (C3–C5) and contralateral segments (C3–C5). However, a
trend towards greater enhanced activity in ipsilateral segments compared to the contralateral
segments was evident. The significance of this observation is unclear at the present time and
more work is necessary to identify the molecular mechanism of CcO activation following
theophylline application in SCI.

Energy demand is expected to be increased after injury (at the injury site and sites distal to
injury), and interventions that up-regulate energy production and enhance the availability of
substrates may provide a therapeutic strategy to improve tissue repair and function in SCI. The
finding that theophylline enhances ATP levels in the C2HS model are important for a better
understanding of cellular mechanisms of respiration from the standpoint that increased ATP
levels were more pronounced on the injured side compared to the intact side (contralateral
segments). This suggests another therapeutic potential of theophylline and raises the possibility
that compounds similar to theophylline may be therapeutically beneficial to alleviate
respiratory-related deficits via activation of mitochondria respiration.
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Fig. 1.
A set of representative electromyographic (EMG) tracings recorded from an anesthetized and
spontaneously-breathing C2HS rat (A). The EMG recordings were taken 24 h after
hemisection. The total absence of respiratory-related activity in the left hemidiaphragm (LHD)
is indicative of a functionally complete hemisection. In contrast, the right hemidiaphragm
(RHD) shows respiratory-related activity. EKG activity is also evident. EMG tracings recorded
from the same rat after theophylline treatment (C2HST) (B). Respiratory-related activity in the
LHD is now evident, and synchronous with activity in the RHD. Theophylline administration
induced recovery of respiratory-related activity in the LHD (compare with A, bottom trace).
The amplification setting is at 20,000× in both sets of tracings.
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Fig. 2.
Cytochrome c oxidase activity is increased after spinal cord injury. Photomicrographs
depicting the CcO histochemical activity in controlnoninjured, (A), C2HS (B), or C2HST rats
(C,). Note that the intensity of the COX reactivity gradually increases from A to C. (*) =
contralateral to the injury. In higher power photomicrographs (insets) neuronal-like profiles
are occasionally observed (arrowheads in A). The rectangle in A encompasses the approximate
borders of the area including the phrenic nucleus as shown in the insets.
Quantitation of the intensity of COX histochemical reaction (D). C2HS leads to increased CcO
activity (25.3±3) in comparison to controls (19.1±2.5) on sections through the cervical spinal
cord (A, B). CcO activity was further increased (31.0±4.1) in the C2HST experimental group
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(C). Differences (*, on the ordinate) between experiments (on the abscissa) are significant (p
< 0.05). Also note the lack of significant difference between the ipsi- and contralateral sides
to the injury (gray and striped columns respectively). Bars= 250 and 50 µm for low and high
power photomicrographs respectively.
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Fig. 3.
ATP levels increase in C2SH and C2HST rats. ATP concentrations in spinal cords at levels
C3–C6 were determined with the bioluminescence method for the left (L) and right (R) cervical
spinal cord segments. There is no difference in ATP levels in the left and right side in sham
operated animals. C2HS results in ATP levels which are 17% elevated in the left cervical spinal
cord segments (not significant, p = 0.24) compared to the control. C2HST results in a significant
51% increase of ATP levels compared to sham-operated animals and a significant 31% increase
compared to untreated C2 hemisected rats. The side ipsilateral to injury (L) shows increased
ATP levels in C2HS rats, which is significant in the theophylline-treated animals (n = 4 animals,
measured in triplicates each; *, p < 0.05).
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