
Recovery of Respiratory Activity after C2 hemisection (C2HS):
Involvement of Adenosinergic Mechanisms

Kwaku D. Nantwi, PhD
Department of Anatomy and Cell Biology, Wayne State University, Detroit, MI 48202

Abstract
Consequences of spinal cord injury (SCI) depend on the level and extent of injury. Cervical SCI often
results in a compromised respiratory system. Primary treatment of SCI patients with respiratory
insufficiency continues to be with mechanical ventilatory support. In an animal model of SCI, an
upper cervical spinal cord hemisection paralyzes the hemidiaphragm ipsilateral to the side of injury.
However, a latent respiratory motor pathway can be activated to restore respiratory function after
injury. In this review, restoration of respiratory activity following systemic administration of
theophylline, a respiratory stimulant will be discussed. Pharmacologically, theophylline is a non
specific adenosine receptor antagonist, a phosphodiesterase inhibitor and a bronchodilator. It has
been used in the treatment of asthma and other respiratory-related diseases such as chronic obstructive
pulmonary disease (COPD) and in treatment of apnea in premature infants.

However, the clinical use of theophylline to improve respiration in SCI patients with respiratory
deficits is a more recent approach. This review will focus on the use theophylline to restore respiratory
activity in an animal model of SCI. In this model, a C2 hemisection (C2HS) interrupts the major
descending respiratory pathways and paralyzes the ipsilateral hemidiaphragm. The review also
highlights involvement of central and peripheral adenosine receptors in functional restitution.
Biochemical binding assays that highlight changes in adenosine receptors after chronic theophylline
administration are discussed as they pertain to understanding adenosine receptor-mediation in
functional recovery. Finally, the clinical application of theophylline in SCI patients with respiratory
deficits in particular is discussed.

Introduction
According to the National spinal cord data base, the major cause of mortality and morbidity
following spinal cord injury (SCI) is respiratory failure. The mainstay of current therapy for
patients with severe respiratory deficits following upper cervical spinal cord injury is
mechanical respiratory support (National Spinal Cord Injury Statistical Center, 2008). Patients
tethered to mechanical ventilators feel a loss of independence and long term use of mechanical
support can often lead to infections and pneumonia (Winslow and Rozovsky, 2003). There is
therefore a need for alternative approaches to alleviate respiratory deficits. In order to
understand the respiratory system and improve impaired respiratory function after injury,
several animal models are employed in basic research. In this review, we will focus on the rat
C2 hemisection model (C2HS).
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In the C2HS model, an upper cervical (C2) hemisection incision interrupts the major
descending bulbospinal respiratory motor pathways and effectively paralyzes the ipsilateral
hemidiaphragm. However, a latent respiratory motor pathway can be activated to restore
function to the paralyzed hemidiaphragm (Goshgarian, 2003). The latent respiratory motor
pathway is referred to as the “crossed phrenic pathway”, (CPP). The physiological basis for
the CPP was elucidated by Lewis and Brookhart (1951) who concluded that the CPP could be
attenuated by artificial respiration and enhanced by conditions that increased central respiratory
drive. The conclusion of Lewis and Brookhart that the amount of CPP activity was directly
proportional to the intensity of central respiratory drive and independent of the state of
conduction in the contralateral phrenic nerve led to studies that investigated use of
pharmacologic agents that enhance central respiratory drive and activate the CPP without the
need to transect the functionally intact contralateral phrenic nerve.

2. Pharmacologic Activation of the CPP
The pharmacologic approach preserves the integrity of the contralateral phrenic nerve and
simultaneously induces functional recovery in the previously paralyzed ipsilateral
hemidiaphragm (Nantwi et al., 1996; Goshgarian, 2003, Mitchell and Johnson, 2003). With
this approach the animal is better off functionally since the two halves of the diaphragm are
functional, i.e., function in the ipsilateral hemidiaphragm is induced and function in the
contralateral hemidiaphragm is initially left intact. The clinical relevance of the
pharmacologically-induced activity is that the entire diaphragm becomes bilaterally functional
and the animal is better able to deal with respiratory distress. Drugs known to stimulate
respiration and excite neuronal activity have been extensively studied in functional recovery
in the C2HS model.

A commonly used xanthine, 1, 3-dimethylxanthine, (theophylline) is a respiratory stimulant.
It has also been used to treat apnea in infants, asthmatic patients, and patients with “chronic
obstructive respiratory disease” (COPD, Newman et al., 1994). It enhances respiratory
frequency in healthy adult humans (Gorini et al., 1994), humans with compromised a
respiratory function (Chevrolet et al., 1984), as well as human infants (Bona et al., 1995). The
pharmacologic profile of theophylline includes non specific adenosine receptor antagonism,
phosphodiesterase (PDE) inhibition and bronchodilation (Ribeiro et al., 2003).

Theophylline was used in one of the earliest studies that employed the pharmacologic approach
to activate the CPP and induce respiratory recovery without transecting the contralateral
phrenic nerve (Nantwi et al., 1996).

2.1 Acute Theophylline administration
Theophylline administered systemically 24 hr after C2HS induces recovery in adult female
retired Sprague-Dawley rats. In their first study, Nantwi and colleagues (1996) assessed the
respiratory-related effects of theophylline in three groups of animals. In the first group of
animals, activation of the CPP was induced (by asphyxia) and thereafter, varying doses (2.5-15
mg/kg) of theophylline were systemically administered in order to generate a dose response
curve under standardized electrophysiologic recording conditions: the stroke volume of the
small animal ventilator was set at 60 breaths/min, tidal volume was 2.5 ml, end tidal CO2 was
set at 25 mm Hg and the rats were paralyzed with pancuronium bromide (0.5 mg/kg). In a
second group of hemisected animals, activity in the ipsilateral and contralateral phrenic nerves
was monitored continuously before and after systemic administration of theophylline in
spontaneously-breathing C2 hemisected adult female retired Sprague-Dawley rats. In a third
group of animals, respiratory activity in both the ipsilateral phrenic nerve and the ipsilateral
hemidiaphragm were assessed under spontaneous breathing conditions (Fig 1).
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The optimal dose was 15 mg/kg and the onset of drug effects was evident in 5-10 min post
administration and persisted for the 2-3 h that electrophysiologic recordings of respiratory
activity was monitored. In this study, Nantwi and colleagues demonstrated that functional
recovery could be attained without the need to transect the contralateral phrenic nerve to
enhance central respiratory drive to activate the CPP. This was a significant advancement in
SCI research since never before had so much motor recovery been achieved in a mammalian
model. Previous studies had demonstrated that in rats subjected to phrenicotomy, systemic
administration of aminophylline a more soluble form of theophylline improved ventilation
(Nachazel and Palecek, 1987). Aubier and colleagues suggested that improved ventilation in
dogs after aminophylline infusion was due to enhanced diaphragmatic contraction and not to
CNS stimulation (1983). The findings by Nantwi and colleagues confirmed conclusions by
other investigators that theophylline/aminophylline stimulates respiration probably via a
centrally-mediated mechanism though not excluding a direct diaphragmatic contraction. The
duration of theophylline-induced recovery observed in the study by Nantwi and colleagues
supported and extended the work of Olsen and Schlitz (1983) that in spontaneously breathing
dogs, theophylline enhanced respiratory frequency for up to 3 h.

At 30 mg/kg, theophylline was not effective in inducing recovery of respiratory activity and
actually depressed respiration. The finding that theophylline evokes excitation at 15 mg/kg and
depression at 30 mg/kg, is consistent with the demonstration that theophylline induces a
biphasic response in cats and in clinical studies (Eldridge et al., 1983; Woodcock and Johnson,
1983).

At the optimal dose (15 mg/kg, iv), theophylline not only induced recovery but also enhanced
respiratory frequency and contralateral phrenic nerve activity. The theophylline-induced
enhanced frequency suggested involvement of both spinal and brainstem mechanisms. The
stimulatory effects of theophylline on respiratory activity observed in C2HS rats were also
observed in non-injured age-matched control animals. The effects of theophylline in non
injured rats confirmed previous findings theophylline stimulates respiration (Eldridge et al.,
1983; 1985).

In this seminal work in the C2HS model, Nantwi and colleagues (1996) demonstrated a drug-
induced functional restoration of respiratory-related activity that was characterized by
shortened phrenic burst interval duration and increased burst amplitude. It was concluded that
theophylline increased central respiratory drive to restore respiratory function after paralysis
(Nantwi et al., 1996). The results also supported the early suggestion by Lewis and Brookhart
that the CPP could be enhanced and/or activated by conditions that increase central respiratory
drive.

2.2 Chronic (IP) Theophylline administration
Since acute administration of theophylline induced functional recovery it was important to
ascertain whether chronic drug administration would maintain functional recovery or induce
tolerance similar to that shown after chronic caffeine as reported by Chou and colleagues
(1985). To study the chronic effects theophylline administration, theophylline was injected
(i.p. 20 mg/kg 3× d) for 3, 7, 14 and 30 days in C2HS rats. At the conclusion of the respective
injection periods, C2HS rats were prepared for assessment of respiratory activity under
spontaneously breathing conditions (Nantwi and Goshgarian, 1998a). Assessment of
respiratory function in the hemidiaphragm and phrenic nerve was conducted and at the
termination of recording respiratory activity, approximately 1 ml of blood was withdrawn via
the femoral vein for serum analysis. Serum levels of drug were subsequently correlated with
recovery. In this study, theophylline serum levels (mean ± SEM) of animals treated for 3 and
7 d amounted to 2.075 ± 0.54 μg/ml and 18.20 ± 12.50 μg/ml respectively. These levels were
significantly lower than levels detected after administration of pro-convulsive doses of
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theophylline (Chu, 1981). Rats tend to tolerate higher serum levels than man. In man, the serum
range of 5-20 μg/ml is therapeutically beneficial while higher levels may be deleterious
(Bousey et al., 1989). At 14 and 30 d drug treatment serum levels were higher than the detection
limits of the instrumentation. It was concluded that the amount of recovered function correlated
positively with serum levels at 3 and 7 days. In addition, chronic theophylline administration
did not induce tolerance to the effects of the drug, i.e., functional recovery was not diminished
with chronic drug treatment.

Thus, theophylline induced and maintained function when administered chronically in C2 HS
rats. Earlier work by Eldridge (1983, 1985) suggested that theophylline acts via adenosine
receptor antagonism however; a mechanism of action had not been tested in theophylline-
induced recovery in the C2HS model. In addition, theophylline is a bronchodilator and has
been shown to increase diaphragm contractility in vitro (Murciano et al., 1987). At the end of
the studies on chronic theophylline administration, Nantwi and Goshgarian suggested that the
drug may be exerting its effects via adenosine receptor antagonism (1998a). The assertion was
based on the following: (1) adenosine modulates respiratory activity (McQueen and Ribeiro,
1986; Maxwell et al., 1986; Fuller et al., 1987), (2) theophylline reverses adenosine-mediated
respiratory depression (Eldridge et al., 1985), and (3) the adenosine A1 receptor is located on
phrenic motoneurons and modulates respiratory activity in vitro (Dong and Feldman, 1995).

3. Mechanism(s) of Actions
3.1 Adenosine (A1) Receptors in theophylline-induced recovery

To determine the site and mechanism of action of theophylline in inducing recovery, a series
of test and retest experiments were undertaken with theophylline and an adenosine A1 receptor
agonist, N6 (L-2-phenylisopropyl) adenosine, (L-PIA) (Nantwi and Goshgarian, 1998b). As
expected, theophylline induced recovery of respiratory activity which was attenuated and
eventually blocked by L-PIA. Pretreatment with L-PIA precluded any respiratory-related
activity. The study confirmed involvement of adenosine A1 receptors in theophylline-induced
functional recovery (Nantwi and Goshgarian, 1998b) extending the seminal work of Eldridge
in identifying adenosine receptor antagonism as a mechanism of action of theophylline (1983,
1985). However, since theophylline is a nonspecific adenosine receptor antagonist as well as
a bronchodilator and PDE inhibitor, it was necessary to further identify mechanism(s) of actions
by employing a variety of alkylxanthines with diverse pharmacologic profiles. It is known that
theophylline and 8-Phenyltheophylline are adenosine receptor antagonists (Smellie et al.,
1979). In addition to theophylline and 8-Phenyltheophylline, 3-propylxanthine (enprofylline)
and 8(p-sulfophenyl)theophylline were tested for their relative effects in functional recovery.
Enprofylline is a methylxanthine like theophylline but a more potent bronchodilator than
theophylline (Fredholm et al., 1995). However unlike theophylline, enprofylline is not
characterized as an adenosine antagonist (Persson et al., 1986). 8-Phenyltheophylline is a more
potent adenosine receptor antagonist than theophylline and 8(p-sulfophenyl)theophylline is a
peripherally specific adenosine receptor antagonist (Evoniuk et al., 1986; Nikodijevik et al.,
1991).

In addition, the magnitude of recovered activity was assessed under standardized
electrophysiologic recording conditions 24 hr after C2HS by (1) expressing recovery as a
function of pre-drug activity in the right phrenic nerve or (2) expressing recovery as a function
of activity in the homo-lateral nerve of non injured age-matched control animals. We utilized
the integrated area under the inspiratory respiratory burst rather than the conventional peak
amplitudes (Eldridge, 1976) because we rationalized that the integrated area provided a more
global assessment of phrenic output than peak amplitude. Moreover, previous studies in our
lab had shown that either approach results in similar outcome conclusions (Hadley et al., 1998).
Expressing recovery as a function of the contralateral activity that our lab has employed
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consistently has also been employed by other investigators (Vinit et al., 2007). It must be
stressed however, that there is currently no consensus on how to accurately quantify recovered
activity after C2HS. A simple approach of using the raw or unprocessed respiratory signal of
motor output (Fuller et al., 2005; Golder and Mitchell, 2005) has been used. However in an
effort to offset variability inherent with this approach, the raw signal can be “normalized” to
a maximum during a challenge (Fuller et al., 2005) or minimum output during baseline levels
(Fuller et al., 2008; Golder et al., 2008). It is more likely that a combination of approaches will
yield the most meaningful information in assessing the magnitude of recovered function after
injury.

The duration of inspiratory burst, inter-burst duration and respiratory frequency before and
after drug administration were all assessed. With either method of quantitation, the results
demonstrated that 8-Phenyltheophylline (10 mg/kg) was more potent in inducing functional
recovery than theophylline (15 mg/kg). The magnitude of recovered activity attained with 8-
Phenyltheophylline was 69.3 3± 4.1% of the contralateral pre-drug levels of activity compared
to 70.3± 2.5% induced by theophylline. The effects of the two alkyxanthines, theophylline and
8-Phenyltheophylline were attenuated and eventually blocked in test/retest experiments with
the A1 agonist, LPIA. Although theophylline and 8-Phenyltheophylline significantly enhanced
respiratory frequency, the effect of theophylline appeared to be via decreasing the inspiratory
burst duration while the effect of 8-Phenyltheophylline in enhancing frequency was via
decreasing the inter-burst interval. Enprofylline (2.5 -15 mg/kg) was ineffective. At 20 mg/kg
(i.v.), a dose similar to that employed by Thomas and colleagues (1994) to monitor involvement
of adenosine in systemic hypoxia, 8(p-sulfophenyl)theophylline, did not induce recovery.

It was therefore concluded that (1) central (spinal and brainstem) adenosine receptor
antagonism underlies theophylline-induced functional recovery, (2) the effects of theophylline
and 8-Phenyltheophylline are unrelated to any bronchodilatory actions, (3) peripheral
adenosine receptor antagonism may not be involved and (4) the effects of theophylline and 8-
Phenyltheophylline in inducing functional recovery after acute administration are unrelated to
PDE inhibition since both drugs have minimal PDE inhibitory properties (Bergstrand, 1980).
Perhaps the most relevant finding was that the two alkylxanthines that induce functional
recovery are both non specific adenosine receptor antagonists acting at spinal and brainstem
levels. This principal finding led to a series of experiments to establish the relative contribution
(s) of adenosine A1 and A2 receptor antagonism in functional recovery.

Adenosine is formed inside cells or on cell surfaces and acts via receptor-mediated
mechanisms. Adenosine receptors are classified into four subtypes (A1, A2A, A2B, and A3).
All four receptor subtypes are coupled to G-proteins. The A1 and A3 are coupled to an inhibitory
G-protein (Gi) while the A2A and A2B are coupled to a stimulatory G-protein (Gs). The four
receptor subtypes have been cloned and pharmacologically characterized (Fredholm et al.,
2005). Of the four adenosine receptors, the A1, A2A, and A2B subtypes mediate the physiologic
actions of endogenous adenosine (Fredholm et al., 2005). The expression and distribution of
adenosine receptors is wide (see Table 1). Upon activation, the receptors may exert their distinct
effects by acting with different G-proteins that in turn activate enzyme systems (adenyl cyclase)
to alter intracellular levels of cyclic AMP. In addition signal transduction pathways may be
involved in adenosine signaling (Dip, 2009). The role of the signaling pathways will not be
covered in the present review (see Fredholm, 2007 for a more comprehensive review). In C2HS
rats the question that had to be resolved was the contribution of specific adenosine receptor
subtype(s) in respiratory recovery.

3.2 Adenosine A1 and A2 specific compounds in functional recovery
Previous studies from several investigators had established that adenosine itself modulates
respiratory activity through activation of central and peripherally mediated mechanisms (Fuller
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et al., 1987; Reid et al., 1991). It is known that the A1 receptor has a higher affinity for the
endogenous ligand than the A2 receptor (Latini et al. 1996). The A2 receptor is subdivided into
the A2A which is localized primarily in the hippocampus and the low affinity A2B receptor
localized throughout the CNS. In a series of studies, Nantwi and Goshgarian (2002) assessed
the actions of specific adenosine receptor agonist and antagonists alone and in combination in
order to evaluate possible interactions of the specific adenosine subtypes in functional
recovery. Specific adenosinergic compounds were selected based on their known central and
peripheral actions (see Table 2). The selective adenosine A1 compounds chosen were the
specific A1 receptor antagonist, 1,3-dipropyl-8-cyclopentylxanthine, (DPCPX) and A1 agonist,
N6-cyclohexyladenosine (CHA). The selective adenosine A2 compounds chosen were, the
specific A2 antagonist, 3,7-dimethyl-1-proparglyxanthine (DMPX) and the specific A2 agonist
(2-p-(2-carboxyethyl)phenethyl-amino-5-N-ethylcarboxyamidoadenosine (CGS-21680).

It was discovered that 24 h after C2HS, systemic administration (i.v.) of DPCPX (0.05-0.2 mg/
kg, i.v.) induces recovery in a dose-dependent manner while the A2 antagonist, 3,7-dimethyl-1-
propargylxanthine (DMPX) was ineffective over the range of doses (0.5-2 mg/kg) tested. As
with previous studies conducted under standardized recording conditions from our lab, the
magnitude of recovered activity was expressed as a function of contralateral nerve activity
prior to drug administration (i.v.). The effect of DPCPX confirmed and extended our previous
findings that adenosine A1 receptor antagonism is the mechanism that underlies functional
recovery induced with theophylline (Nantwi and Goshgarian, 1998b, 2001). DPCPX was more
potent than either theophylline or 8-Phenyltheophylline in eliciting functional recovery. At 0.1
mg/kg administered (i.v.) the magnitude of recovered activity induced by DPCPX was
significantly greater than that elicited by the optimal theophylline or 8-Phenyltheophylline
dose. When the A1 agonist, CHA (0.1 mg/kg), was administered approximately 5 min before
DPCPX, the latter was not effective in inducing recovery and furthermore, activity in the right
phrenic nerve was suppressed. When DPCPX was administered first it induced respiratory
activity which was attenuated and eventually blocked by subsequent (within 10 min) CHA
administration. After 20 min all respiratory activity ceased. This confirmed that DPCPX-
mediated recovery was receptor mediated.

When the optimal dose of DPCPX was administered in non injured age-matched control rats
under similar experimental conditions, significant changes in inspiratory burst, frequency and
amplitude of both the right and left phrenic nerves were detected. The finding confirmed and
extended the previous biochemical studies that DPCPX is selective for the A1 receptor site(s)
and penetrates into the CNS (Bisserbe et al., 1992). The principal finding that adenosine A1
receptor antagonist, DPCPX mediates functional recovery is extremely important because of
the potential clinical implications.

In experiments with the A2 receptor agonist, CGS-21680 we discovered that systemic
administration (0.5-2 mg/kg; i.v.) elicited enhanced tonic activity but not functional recovery
in the majority (6/8) of C2HS rats 24 h following injury. In order to ascertain that enhanced
tonic activity was induced by A2 receptor activation, the A2 antagonist, DMPX was
administered 5-10 min after enhanced tonic activity was detected. Administration of the
antagonist, DMPX blocked the CGS-2180-induced tonic activity. Under similar experimental
conditions, respiratory excitation was elicited in age-matched non injured control animals after
systemic administration of CGS-21680. Induced excitation lasted longer than 30 min. In
particular, the amplitude, respiratory burst duration and inter-burst interval were significantly
changed. Specifically, burst duration and burst interval were enhanced and reflected as
decreased respiratory frequency. It was concluded from these experiments that activation of
A2 receptors induces changes in respiratory activity, characterized by enhanced amplitude of
respiratory bursts in the phrenic nerves and decreases in inspiratory burst duration and inter
burst interval (Nantwi and Goshgarian, 2002). These findings were intriguing since the kinetics
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of CGS-21680 may preclude its access into the CNS (Hutchinson et al., 1990; Nikodijevik et
al. 1991).

In a recent study from Golder and colleagues (2008) it has been shown that spinal
administration of CGS-21680 elicits a long-lasting facilitation of phrenic motor activity by
strengthening short term latency. There was no significant effect on respiratory frequency and
the authors suggested that supra-spinal mechanisms may not be involved in mediating the
effects of the drug after spinal administration. In the same study the authors showed that
systemic administration (0.1 mg/kg, i.p.) of the drug in freely behaving rats did enhance
respiratory frequency via mechanisms that are currently unknown. Perhaps more importantly
the studies demonstrated that systemic activation of A2a receptors stimulates ventilation with
a magnitude and time course similar to phrenic motor facilitation. The authors suggested that
while spinal mechanisms are involved in mediating long term facilitation, putative involvement
of adenosine receptors in the carotid body may also be involved (Golder et al., 2008). The
assertion is in agreement with previous findings from our lab (Bae et al., 2005; James and
Nantwi, 2006). In our lab we observed that systemic administration (0.5-2.0 mg/kg, i.v.) of
CGS-21680 in anesthetized non-injured rats significantly enhanced phrenic motor output
monitored characterized by the area under integrated inspiratory waveform in the phrenic
nerves. Interestingly, respiratory frequency decreased after drug administration (Nantwi and
Goshgarian, 2002). It is noteworthy that Nantwi and Goshgarian (2002) employed a dose range
of (0.5-2.0 mg/kg, IV) while Golder and colleagues employed a dose of 0.1 mg/kg (i.p.).
Experimental differences in route and dose of administration do not alter the conclusions from
the studies. However, they emphasize that involvement of adenosine A2a receptors in
respiratory recovery is an area that requires further studies to more thoroughly characterize
putative influence(s) of adenosine A2a receptor activation on respiratory function.

Out of the four specific adenosinergic compounds tested, DPCPX and CGS-2168 induced
detectable respiratory related changes. To confirm interactions/cross talk between the A1 and
A2 receptors in C2HS as previously demonstrated in other studies, (Lopes et al., 1999), we
employed a combinatorial approach of the two adenosine receptor specific drugs. The goal was
to assess possible interactions and the extent of any such interaction by selective simultaneous
activation of adenosine receptors.

The combinatorial approach demonstrated that prior administration of CGS-21680 before
DPCPX significantly enhanced the magnitude of DPCPX-induced recovery. In contrast, when
CGS-21680 was administered after DPCPX, the magnitude of DPCPX-induced recovery was
not enhanced further. This suggested that activation of A2 receptors was necessary to subserve
A1 receptor mediated effects only but may not be necessary to maintain the recovery. Another
important observation with the combinatorial approach was that although the amount of
DPCPX-induced recovery was not enhanced by a later CGS-21680 administration, the
amplitude of the respiratory waveform in the right phrenic nerve was significantly enhanced
(Nantwi and Goshgarian, 2002). We explained this observation as follows: In C2HS rats, the
ipsilateral phrenic nerve is served by only the “crossed phrenic pathway” whereas in the intact
or right phrenic nerve, the major descending bulbospinal respiratory pathway mediates activity.
Other investigators (Sieck and Fournier 1986) have demonstrated that there is a reserve
capacity in the intact animal, thus it is plausible that in the intact right phrenic nerve, the
enhanced amplitude reflects a drug-induced ability to access this greater reserve.

An important caveat to the findings with the combinatorial approach is that it reinforces a
previous suggestion by Ribeiro (1999) that adenosine-related medicines that combine A1
receptor blockade with A2 receptor activation may be clinically beneficial. The findings
indicate that combined application of adenosine receptor compounds can be a useful clinical
strategy in drug interactions to elicit maximum beneficial actions. The effects observed with
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CGS-21680, coupled with the kinetics of the drug that it may be more peripherally specific
(Nikodijevik et al., 1991) and findings that adenosine A2 receptors are located in the carotid
bodies suggested that the apparent influence of CGS-21680 on respiratory-related activity may
be mediated by A2 receptors located in the carotid bodies. This led to the next series of studies
to delineate the putative contribution(s) of adenosine receptors localized in the carotid bodies
to respiratory activity.

3.3 Adenosine Receptors in the Carotid bodies
Peripherally located chemoreceptors modulate respiration (Fuller et al., 1987). Adenosine
receptors that modulate respiration are located in the carotid bodies of several mammalian
species including man (Monteiro and Ribeiro; 1987; Watt and Routledge, 1985). It is also
established that adenosine receptors that mediate respiratory excitation are of the A2 subtype
while the A1 receptor subtype mediates depression (Monteiro and Ribeiro 1987; Carley and
Radulovacki, 1999).

Adenosine A1 receptor activation can reduce centrally mediated respiratory disturbances that
occur during sleep (Carley and Radulovacki, 1999; Monti et al., 1996). Bae and colleagues
(2005) tested the hypothesis that adenosine A1 receptors localized in the carotid bodies can be
specifically activated to modulate recovered respiratory activity in C2 hemisected rats. The
hypothesis was predicated on previous studies which demonstrated that while theophylline
induced respiratory function it also significantly enhanced respiratory frequency (Nantwi et
al., 1996; Nantwi and Goshgarian, 1998; Nantwi and Goshgarian, 2001). Bae and colleagues
predicted that in the clinical use of theophylline, the enhanced respiratory rate could over time
lead to untoward effects i.e., diaphragm muscle fatigue. In order to preserve the potential
therapeutic benefit of theophylline and concurrently minimize any potential of respiratory
muscle fatigue, the authors designed a series of experiments using specific adenosine receptor
compounds to differentially target adenosine receptors localized in peripheral sites of action.

Adenosine A1 receptors were targeted with a specific agonist in C2 hemisected animals with
intact or excised carotid bodies. We employed the specific A1 agonist, N6-p-
sulfophenyladenosine (p-SPA) that does not cross the blood brain barrier and is classified as
peripherally specific (Gleeson and Zwillich, 1992). Carotid body excision was conducted
according to the method of Olson and colleagues (Olson et al., 1988). Using
immunohistochemistry, Bae and colleagues demonstrated positive immunoreactivity for
adenosine receptors in the carotid body confirming that adenosine A1 and A2 receptors are
located in the carotid bodies (Gauda, 2000). Next the investigators demonstrated that in C2
hemisected animals with the carotid body intact, theophylline-induced recovery was
significantly reduced to near basal discharge levels by concurrent administration of p-SPA
(0.25 mg/kg, i.v.) (Bae et al., 2005). Activation of adenosine A1 receptors by the specific
agonist, p-SPA was effective in attenuating theophylline-induced respiratory rate back to near
normal levels without losing the recovered function. In animals with carotid bodies excised
however, administration of the same dose of p-SPA that was effective in carotid body intact
animals was ineffective, i.e., enhanced respiratory frequency persisted.

Thus studies targeting peripherally localized adenosine A1 receptors led to the following
conclusions: (1) carotid body excision by itself does not adversely affect the expression of
theophylline-induced functional recovery; (2) adenosine A1 and A2 receptors are located in
the carotid bodies as demonstrated by immunohistochemistry; (3) activation of peripherally
located adenosine A1 receptors with p-SPA can modulate theophylline-induced enhanced
frequency back to normal discharge rates and (4) a novel approach of selective activation of
peripheral adenosine A1 receptors combined with blockade of central adenosine A1 receptors
can be employed to attain the desired pharmacologic action of recovered function and maintain
basal rates to near normal levels (Bae et al., 2005).
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3.4. Peripheral adenosine A2 receptors and functional Recovery
The study of Bae and colleagues (2005) confirmed and extended previous studies that
adenosine A1 and A2 receptor are localized in the carotid bodies (Fuller et al., 1987; McQueen
and Ribeiro; 1983; Gauda, 2000).

In light of the discovery that the adenosine A1 receptor antagonist, DPCPX elicited robust
recovery we rationalized that a concurrent administration of the A2 agonist, CGS-21680 and
A1 antagonist, DPCPX may evoke an even greater amount of recovery than had been realized
with the A1 antagonist alone. We extended the study of Bae and colleagues (2005) in which
the carotid bodies were intact (H-CBI) or excised (H-CBE) in C2 hemisected rats. Briefly, H-
CBI and H-CBE rats were tested following systemic administration DPCPX alone or a
combination of DPCX and CGS-21680. In cases of concurrent administration of the two drugs,
we examined the effects based on the order of drug administration, i.e., whether CGS-21680
was administered before or after DPCPX.

The results showed that carotid body excision did not preclude the capability of DPCPX to
elicit recovery in C2 hemisected animals confirming the findings from a previous study (Bae
et al., 2005). Secondly, prior administration of CGS-21680 in H-CBI rats elicited a significantly
greater amount of recovery than that elicited by DPCPX alone (Fig 2). However, the apparent
sub-serving effect of CGS-21680 to subsequent DPCPX action was eliminated by excision of
the carotid bodies confirming that the site of enhanced activation resides in the carotid bodies.
We concluded from this study that activation of adenosine A2 receptors localized in the carotid
bodies can modulate DPCPX-mediated functional recovery. The study confirmed a previous
observation (Nantwi and Goshgarian, 2002) and secondly demonstrated that the A2 receptors
that augment the magnitude of DPCPX-induced recovery are localized in the carotid bodies
(James and Nantwi, 2006). A schematic of the interactions of peripherally located adenosine
A2 receptor activation and central adenosine A1 receptor antagonism is shown in figure 3. Once
again our findings extended the suggestion of Ribeiro (1999) that in therapy of adenosine-
related medicines combination of central A1 receptor blockade with peripheral A2a receptor
activation may be clinically beneficial.

3.5 Interaction of adenosine A1 receptors and Serotonin 2A/C Receptors
It is known that 5-hydroxytryptamine (5HT) is a neuromodulator that excites spinal
motoneurons including neurons in the phrenic nucleus (Mitchell et al., 1992). More recently,
it has been demonstrated that activation of the latent respiratory motor pathway can be attained
by serotonin (5HT) receptor activation (Zhou, et al., 2001). Since the phrenic motoneurons
represent a critical area for the expression of the CPP and A1 receptor antagonism is the
mechanism of theophylline-induced functional recovery, we hypothesized that interaction(s)
of serotoninergic compounds and adenosinergic compounds may induce additive effects in
functional restoration if both compounds are administered concurrently. Zhou and colleagues
(2001) demonstrated that activation of the serotonin 5-HT2A/2C receptor by the selective
agonist, (±)-1(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DO-I) induces recovery in the
phrenic nerve ipsilateral to hemisection most likely via the 5HT2A receptor.

Since both DO-I (via 5-HT2A/2C) and theophylline (via A1 receptor antagonism) induce
functional recovery we investigated the effects of concurrent administration of both drugs in
functional recovery. In addition, in order to produce further understanding of where the effects
of systemic theophylline might be modulating phrenic nerve activity, immunocytochemical
and in situ hybridization analysis of phrenic motoneurons was conducted to identify adenosine
A1 receptor immunoreactivity and mRNA expression respectively.
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It was discovered in this study that the degree of theophylline-induced recovered activity was
enhanced significantly by concurrent activation of serotonin 2A/2C receptors with DO-I (1
mg/kg, i.v.). The significant enhancement was evident in the respiratory burst amplitude of
both the left and right phrenic nerves and not rate suggesting that both drugs may be focally
linked to phrenic motoneurons (Basura et al., 2002). The enhancement of theophylline-induced
recovery by DO-I was attenuated by subsequent administration of the 5-HT2 receptor
antagonist, ketanserin (2 mg/kg), confirming that 5HT 2 receptors mediate the DO-I actions
in augmenting theophylline-induced recovery. Prior administration of ketanserin did not
prevent functional recovery by subsequent theophylline administration; it only precluded
enhancement of theophylline-induced recovery by subsequent DO-I.

The physiologic significance of the apparent enhanced burst amplitude is that tidal volume is
improved (Eldridge, 1976). Secondly, for the first time, a co-localization of adenosine A1
receptor immunoreactivity and mRNA expression with phrenic motoneurons in C3-C6 spinal
cord segments was demonstrated (Fig 4). Basura and colleagues (2002) concluded that
theophylline may induce recovery of respiratory function in hemisected rats likely at post
synaptic adenosine A1 receptors located at the level of the phrenic nucleus in the spinal cord.
The authors also concluded that 5-HT2 receptors located in phrenic motoneurons may be
capable of increasing phrenic motoneurons excitement over and beyond that of theophylline
alone.

The immunocytochemistry data extended previous findings that adenosine A1 receptors
involved in mediating theophylline-induced recovery are located in phrenic motoneurons
(Nantwi and Goshgarian, 1998; 2001). Augmentation by serotonin receptor stimulation of
theophylline-induced recovery of respiratory activity may offer a possible clinical approach to
improve respiratory function in SCI.

4. Adenosine A1 mRNA Expression
Thus far, our studies have implicated central and peripheral adenosine receptors in functional
recovery of respiratory-related activity after injury (Nantwi et al., 1996; Nantwi and
Goshgarian, 1998; 2001; 2002; Nantwi et al., 2003; Bae et al., 2005; James and Nantwi,
2006). The immunocytochemistry study of Basura and colleagues (2002) that demonstrated a
positive co-localization of adenosine A1 receptor mRNA and immunoreactivity with phrenic
motoneurons suggested the need to ascertain putative effects of chronic theophylline on
expression of adenosine A1 mRNA.

The study of Basura and colleagues (2002) confirmed and extended the work of Fastbom and
Fredholm who showed autoradiographic evidence for increased A1 receptors in the rat brain
after chronic theophylline treatment (1990). Based on evidence that theophylline-induced
recovery is mediated by central A1 receptors it was important to assess whether A1 mRNA
expression was altered following chronic theophylline administration and secondly whether
changes in message levels correlated with the degree of recovered function. To directly test
A1 mRNA involvement we sought to ascertain whether A1 mRNA expression is altered after
repeated administrations of theophylline. This was necessary since up to this point, all of the
studies described have addressed adenosine receptor involvement following acute (i.e. 24 h
after hemisection) administration of theophylline.

In the study that sought to test involvement of A1 mRNA we showed that when theophylline
is administered orally (20 mg/kg, 3× daily) to C2HS rats, the magnitude of recovered activity
assessed under standardized recording conditions correlates positively (over a theophylline
serum range of 1.2-1.9 μg/ml) for 3, 7, 12, or 30 days. The serum range detected here was less
than that from a previous study perhaps due to the route of administration (Oral gavage
compared to i.p.). Perhaps most importantly, when animals were weaned from the drug (for 7,
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12 or 30 days) after only 3 d of administration, the beneficial effects, i.e., recovered respiratory
activity persisted (Nantwi et al., 2003b). This was the first finding in which a drug-induced
effect persisted when the initial drug stimulus had been withdrawn and is an example of drug-
induced plasticity. The finding that functional recovery persisted even after weaning from the
drug suggested that chronic administration may not be necessary to sustain the therapeutic
benefit of theophylline.

The mechanism(s) that underlie the apparent drug-induced plasticity described above remains
to be clarified. We rationalized that changes in adenosine A1 receptor mRNA located in phrenic
motoneurons may underlie theophylline-induced apparent persistent recovery. To address this
question, a series of experiments were conducted in which theophylline was administered for
various periods in C2HS rats. At the end of each administration period, adenosine A1 mRNA
levels were analyzed by situ hybridization and immunohistochemical methods. Analysis of in
situ hybridization and immunohistochemical data did not reveal any significant changes in
A1 mRNA expression after chronic theophylline treatment (Nantwi et al., 2003a, 2003b). This
latter finding is in agreement with other investigators who assessed the long term effect(s) of
caffeine, a methylxanthine with a pharmacologic profile similar to theophylline that adenosine
A1 mRNA expression is unchanged after chronic caffeine treatment in mice (Johansson et al.,
1993; 1997). Based on the observation that A1 mRNA expression did not change after chronic
theophylline treatment it is likely that changes in A1 mRNA after chronic administration of
methylxanthines occur post translationally as suggested previously (Johansson et al., 1993;
1997, Basura et al., 2003). Thus, based on the demonstration of Basura and colleagues
(2002) of a positive immunoreactivity of A1 receptors in the phrenic motoneurons and the
observations that there were no significant changes in A1 mRNA levels over prolonged
theophylline treatment, we sought to ascertain whether changes in adenosine receptors
occurred at the protein level. In order to accomplish this, we first assessed biochemical changes,
receptor affinity and/or receptor numbers in cervical spinal cord segments (C3-C6) where the
phrenic motoneurons are located (Goshgarian, 2003).

5. Biochemical Binding Assays after chronic theophylline
We also rationalized that changes in adenosine receptors after chronic theophylline
administration may induce biochemical changes in receptor numbers and/or affinity at the
specific receptor binding sites. In subsequent biochemical studies our lab, employed a
radioligand binding filtration assay to characterize adenosine A1 receptors before and after
chronic theophylline administration. The study demonstrated that after 3 days of oral
theophylline administration, the receptor profile of adenosine A1 located in the phrenic
motoneurons (C3-C6) is altered (Saharan and Nantwi, 2006). Specifically, the binding assays
showed that the specific adenosine A1 receptor antagonist, [3H]-DPCPX detects one binding
site with a Bmax of 492.00 ± 32.13 fmol/mg and Kd of 2.89± 0.45 nmol/L in naïve untreated
animals. However after chronic administration of theophylline, [3H]-DPCPX detects two
binding sites; one site is identical to the single site detected in naïve non treated animals and
the second is an unknown site. The Bmax and Kd after theophylline were: 219.00 ± 26.31 fmol/
mg with a Kd of 0.60 ± 0.21 nmol/L. respectively for one site. For the second site the Bmax
and Kd were: 492.6 ± 3.15 fmol/mg and 14.09 ± 2.06 nmol/L respectively (Fig 5). The second
site may be due to binding the A2 receptor(s) since DPCPX has been shown to have affinity
for the A2 site at higher concentrations (Klotz, 2000, McAdoo, 2000). Alternatively, the
unmasked site may represent a conformational change in the A1 receptor.

We chose to assess changes in receptor numbers and/or affinity with the A1 antagonist because
the use of antagonists in binding assays generally allows for the detection of all receptors
(Williams and Jacobson, 1990). In contrast, the use of agonists in such assays does not allow
for the differentiation between increases in receptor numbers and an increase in coupling to
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the G protein either as a result of enhanced number of receptors or increased function as a result
of up-regulation. It should be noted however, that other investigators have assessed adenosine
receptor numbers and affinity after chronic administration of methylxanthines like theophylline
and caffeine and reported no significant changes in A1 receptors (Holtzman et al., 1991; Kaplan
et al., 1993; Georgiev et al., 1993). In their study, Holtzman and colleagues employed the
adenosine A1 receptor agonist 3[H]CHA and as explained earlier, this approach may not allow
for the detection of all receptors. These authors assessed adenosine receptor levels in mice
brain. Differences in species and areas studied may account for the differences in our findings
compared with the findings reported by the authors.

The clinical relevance of changes in adenosine A1 receptor profile reported by Saharan and
Nantwi (2006) may support the findings of Varani and colleagues that altered adenosine
receptor numbers and/or affinity may be involved in respiratory dysfunction (Varani et al.,
2006). The findings of Saharan and Nantwi (2006) may offer insights into the potential use of
adenosine compounds in respiratory deficits. If the unmasked site is characterized as an A2
receptor, then it would suggest that activation of A2 receptors may be an important therapeutic
target for improving respiratory impairment after injury as suggested (Nantwi, 2008). A more
recent study by Golder and colleagues (2008) demonstrates that selective activation of A2a
receptors elicits long term facilitation, a form of respiratory plasticity. The findings suggest a
therapeutic potential of adenosine A2a agonists in respiratory deficits in SCI (Golder et al.,
2008).

6. Theophylline administration and Spontaneous Recovery of Respiratory
Activity

An important strategy towards the pharmacological application in functional recovery after
injury is the duration of sustained injury. To address the issue of duration post injury to initiate
theophylline therapy, we conducted a series of studies in which theophylline was administered
in chronic C2HS rats (4-16 weeks post injury). The study was predicated on a previous finding
which has since been confirmed and extended by other investigators that spontaneous recovery
of respiratory function occurs after chronic C2HS (Nantwi et al., 1999; Golder et al., 2001;
Fuller et al., 2005). Clinical observations have also indicated the occurrence of spontaneous
recovery (McKinley, 1996).

Since theophylline had been shown in all our earlier studies to induce recovery of respiratory
activity in C2HS rats and enhance respiratory activity in non injured animals, we rationalized
that the drug would further improve spontaneously recovered (acting synergistically with
mechanisms that underlie spontaneous recovery) respiratory activity in C2 hemisected animals
after prolonged post injury periods. We tested the effects of the drug in C2 hemisected animals
after prolonged post injury periods (4-16 weeks). Contrary to our expectations, theophylline
(over a range of 2.5-15 mg/kg, i.v.) rather unexpectedly did not enhance respiratory activity
but instead blocked spontaneous recovery (Nantwi et al., 2003b). In the same study, we did
not detect any significant differences in adenosine A1 mRNA expression up to 4 months post
injury. We therefore concluded that (1) A1 receptor plasticity is not activated by chronic injury
and (2) the therapeutic benefits of theophylline depend on post injury periods, i.e., how soon
after injury to administer the drug. The ineffectiveness of theophylline to improve respiratory
activity after prolonged post injury periods may be related to the enhanced affinity of adenosine
A1 receptors after prolonged post injury periods (Nantwi and Kizy, 2007).

On the other hand, based on the biochemical profile(s) of adenosine receptors after chronic
theophylline administration, we speculated that after prolonged post injury periods, it may be
therapeutically more beneficial to activate adenosine receptors, in particular the A2 receptor
subtype with specific agonists, i.e., rather than using antagonists. This speculation was also
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predicated on (1) previous observations that administration of the specific A2 agonist,
CGS-21680 enhances respiratory activity in non-injured animals (Nantwi and Goshgarian,
2002; Golder et al., 2004), (2) spinal activation of A2a receptors by CGS-21680 improves
respiratory activity in C2HS rats (Golder et al., 2008), (3) CGS-21680 enhances the magnitude
of DPCPX-induced recovery C2HS rats (James and Nantwi, 2006), (4) A2 receptor activation
improves ventilation (Bonneau et al., 2006;) and (5) adenosine A2 receptor activation excites
respiration and may improve respiration (Bonneau et al., 2006).

Thus far we have observed that systemic administration of CGS-21680 in chronic (4-12 weeks)
C2HS rats may improve further the magnitude of recovery that occurs spontaneously and
perhaps equally important, A2 receptor activation appears to accelerate the onset of
spontaneous recovery (Nantwi, 2008).

7. Adenosine A1 and A2 receptor mRNA/protein levels after chronic
theophylline

In our previous studies on the putative involvement of adenosine A1 mRNA in functional
recovery, we concluded that theophylline-induced recovery may not be due to alterations at
the message level since we did not observe any significant changes as indicated above (Nantwi
et al., 2003a, 2003b). Petrov and colleagues (2007) reasoned that changes in mRNA and or
protein levels in the A2 receptor may be involved in the persistent and sustained actions of
theophylline. Petrov and colleagues sought to ascertain whether adenosine receptor proteins
may be altered by C2 hemisection and subsequent theophylline administration. The
investigators assessed expression of adenosine A1 and A2 proteins in C3-C6 spinal cord
segments containing phrenic motoneurons in non-injured, C2HS (only), C2HS rats treated with
theophylline for 3 days, and C2HS rats treated with theophylline for 3 days followed by 12
drug-free days.

Briefly, Petrov and colleagues showed that 24 h following C2HS, adenosine A1 and A2
receptors were differentially altered, i.e., A1 receptors were decreased significantly while the
A2 receptors remained unchanged. The mean (+SEM) of A1 positive immuno-reactive cells
counted in non injured control rats amounted to 20 ± 2.1. The numbers were changed
significantly by C2 hemisection to: 3.5 ± 0.8 (ipsilateral) and 7.0 ± 1.0 (contralateral)
representing an overall decrease of approximately 80%. However, after chronic administration
of theophylline for 3 days, the initial decrease in A1 receptors was increased to 24.0± 1.3 and
13.0 ± 1.8 respectively. Weaning from theophylline for 12 days resulted in 20.0± 0.7 and 17.0
± 0.7 immunoreactive cells respectively (Fig 6). Thus, the trend in reversing the initial decrease
of A1 receptors persisted even after cessation of theophylline administration.

Adenosine A2 receptor protein levels were not changed by C2HS. Theophylline administration
significantly decreased basal levels, a decrease that persisted after theophylline withdrawal for
12 days. Basal levels of A2 protein amounted to 70 ± 1.0 in non-injured age-matched control
rats. Theophylline treatment resulted in a decrease in intensity in immunoreactivity to: 60 ±
2.8 and 51.0 ± 1.6 ipsilateral and contralateral respectively. Weaning from theophylline
resulted in levels of 62.0 ± 1.5 and 55.0 ± 0.8 (Fig 6). Petrov and colleagues concluded that
theophylline mitigates the effects of C2 hemisection by attenuating the C2 hemisection-induced
decrease in A1 protein levels and that A2 receptor protein levels are unaltered by C2HS but
decrease after theophylline withdrawal (Petrov et al., 2007). The author is aware of the
limitations of quantitation by counting immuno-labeled cells. It should be emphasized that
milder changes in immunochemically labeled cells would not be detected by the cell counting
approach employed. In this regard, future studies will employ Western blot analysis to obtain
a more quantitative assessment of protein levels.
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The significance of the findings from this study is that the decrease in A1 receptors may dampen
the known inhibitory actions of endogenous adenosine and could contribute to the
hyperexcitability of motoneurons which may underlie spasticity after spinal cord injury. In
addition, it also suggests that altered levels of adenosine A2 receptor expression may at least
contribute to the apparent persistent actions of theophylline in functional recovery after drug
withdrawal. It further suggests that if A2 receptors are down regulated after theophylline
cessation, then activation of the same receptors may be a tool to further improve recovery.

To summarize, Petrov and colleagues used immunocytochemistry and semi-quantitative
densitometry and showed for the first time (1) differential changes in expression of adenosine
A1 and A2 receptor proteins in C2 hemisected animals, (2) changes in adenosine A1 and A2
receptor levels after continuous chronic (3 days) administration of theophylline by oral gavage
and (3) changes in the receptor protein levels after weaning from theophylline for 12 days
(Petrov et al., 2007). This was an important study towards identifying whether levels of
adenosine A1 and A2 receptor protein changes correlate with persistent functional recovery
even after drug cessation as had been previously demonstrated (Nantwi et al., 2003a). It appears
that changes in adenosine A1 and A2 receptor protein changes reported by Petrov and
colleagues (2007) support the findings reported by Saharan and Nantwi (2006) of the
unmasking of a second site similar in pharmacologic profile with the A2 receptor. Ongoing
studies will characterize the functional significance of A2 receptors to identify the putative role
(s).

8. Clinical Studies
Since our basic research studies had demonstrated the effectiveness of theophylline in inducing
recovery after hemidiaphragmatic paralysis and theophylline has been used clinically for many
years we suggested the therapeutic potential of the drug in ventilatory dependent SCI patients
(Nantwi et al. 1996; Nantwi and Goshgarian, 1998, 2001). Two case studies demonstrated that
theophylline administration increased respiratory motor output after SCI (Ferguson et al.,
1999; Bascom et al., 2005). The drug enhanced central respiratory drive and inspiratory muscle
force in one patient with C5-C7 injury and a history of respiratory insufficiency (Ferguson et
al., 1999). In another case study, a patient with a C5-C6 injury was weaned from ventilator
support after aminophylline (a more soluble form of theophylline) treatment (Bascom et al.,
2005). This particular case was very promising in clinical use of theophylline in ventilatory
dependent patients since the patient had developed respiratory insufficiency after prolonged
bouts of pneumonia and septicemia which had to be cleared first. After resolution of the
infections, treatment with theophylline enabled weaning from ventilator support. In a third case
study, Schulz-Stubner, demonstrated that small doses of theophylline were successfully used
in three SCI patients with persistent bradycardia (Schulz-Stubner 2005). In one of the three
patients, the dose of theophylline used increased respiratory rate and improved minute
ventilation (Schulz-Stubner 2005). After 6 weeks, treatment with theophylline was
discontinued with no further episodes of bradycardia. However, the apparent promise shown
in the case studies mentioned above has not been documented in a larger patient population.

In a double-blind placebo controlled cross over study in 10 patients with chronic tetraplegia,
theophylline administration appeared to improve respiratory function in 40% of the patients,
however, the drug did not significantly improve functional outcome in the patient pool
(Tzelepis et al., 2006). The outcome from this study may have been due to the small population
of patients and also the fact that the patients did not present respiratory insufficiency. Future
studies will thoroughly examine clinical effects of theophylline in selected SCI patients with
respiratory deficits, in particular insufficiency. It is anticipated that a more rigorous screening
of patients, with a particular focus on duration of injury and other underlying conditions can
provide reliable results.
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Conclusion
We have provided a summary of theophylline-mediated actions in functional recovery in the
C2 hemisection model of SCI. The mechanism of action of theophylline has been shown to be
via adenosine receptors. Although blockade of the A1 receptor subtype has been emphasized,
we have also underscored the role of the A2 receptors with a particular emphasis on the
contribution of activation of A2 receptor localized in the carotid body to improved respiratory
activity. The basic research that has led to the clinical application of theophylline in SCI patients
has been emphasized. It has been shown that while theophylline induces recovery after acute
C2 hemisection, it is ineffective after chronic C2HS. As stated earlier, clinical case studies
have shown that in chronic SCI patients, theophylline is beneficial (Ferguson et al., 1999;
Bascom et al., 2005; Schulz-Stubner 2005). As far as the author is aware, theophylline has not
been used in acute clinical SCI cases so far. However, based on our basic science observation
of the effects of theophylline in acute versus chronic injury, we surmise that in SCI, early
treatment with theophylline may provide a more likely positive response. In chronic injury,
the development of plasticity within the respiratory system may alter adenosine receptor profile
(s) to an extent that beneficial effects of the drug may not be realized. The reasons for the
apparent dichotomy are unclear. However, we have provided evidence that changes in
adenosine receptor profile may be involved.

The following aspects of adenosine receptor targeting drugs need to be emphasized:

1. Theophylline acting via blockade of adenosine A1 receptor induces a persistent
recovery even after cessation of theophylline treatment

2. Concurrent application of adenosine and serotonin compounds can have additive
effects of drug induced recovery

3. Therapeutic strategy using adenosinergic approach of central adenosine A1 receptor
blockade and peripheral A2 receptor activation offers a therapeutic strategy in
adenosinergic compounds to improve respiratory activity

4. Unmasking of a second adenosine receptor, a putative A2 site may provide a
therapeutic target for intervention

5. Theophylline administration induces a differential expression of adenosine A1 and
A2a protein after injury

6. Activation of adenosine A2 receptors localized in the carotid body may improve
respiratory activity

In an attempt to identify molecular targets that may underlie the apparent persistent
theophylline-induced effects, we recently conducted a series of molecular studies that targeted
neurotrophic factors known to be involved in respiratory plasticity. Thus far, it appears that in
theophylline-treated animals there is an up-regulation of brain derived neurotrophic factor
(BDNF) mRNA expression (Nantwi and Singh, unpublished observations). Although a direct
positive correlation between enhanced BDNF levels and persistent recovery has yet to be
confirmed, initial observations are intriguing and may shed light on molecular targets involved
in drug-induced plasticity. Secondly, identification of such targets may suggest therapeutic
strategies to harness the inherent plasticity within the respiratory system to improve respiratory
function after upper cervical spinal cord injury.
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Figure 1.
A representative neurogram from a hemisected and spontaneously breathing animal showing
respiratory-related activity in the nerve (PN) and hemidiaphragm (HD) ipsilateral to
hemisection. In the upper two traces, the total absence of activity in both the nerve and
hemidiaphragm is indicative of a complete hemisection. However, 10 min after administration
of theophylline (third and fourth traces), activity in the left nerve and left hemidiaphragm
becomes evident. The induced respiratory-related activity in the nerve and hemidiaphragm
becomes progressively enhanced. 30 min after the drug (fifth and sixth traces), induced activity
is more distinct. At 2 h after drug administration, (seventh and eighth traces), the induced
respiratory-related activity in both the nerve and hemidiaphragm is very similar (synchronous)
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with normal activity (Reprinted from Nantwi et al., 1996). Note the similarity in timing and
duration of activity in both the nerve and hemidiaphragm.
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Figure 2.
A summary of the quantitative analysis of the magnitude of recovered activity in the LPN in
H-CBI and H-CBE after administration of DPCPX (only) or sequential administration of
CGS-21680 followed by DPCPX is shown in this histogram. In both H-CBI and H-CBE
animals, DPCPX induced recovery of respiratory-related activity in the LPN. The magnitude
of recovery in H-CBI animals (42.6 ± 4.6%), whereas greater than that in H-CBE animals (38.4
± 4.2%), was not statistically significant. However, the magnitude of DPCPX-induced recovery
in H-CBI animals after prior CGS-21680 administration was significantly (P < 0.05) enhanced
(compare H-CBI DPCPX only and H-CBI CGS-21680 + DPCPX). In contrast, the magnitude
of DPCPX-induced recovery was not enhanced further by prior CGS-21680 administration in
H-CBE animals. Statistical significance is shown by *P < 0.05 (Newman-Keuls comparison
test). (Reprinted from James and Nantwi, 2006).

LPN= Left Phrenic Nerve

H-CBI= C2HS carotid bodies intact

H-CBE= C2HS carotid bodies excised
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Figure 3.
This is a schematic that illustrates interaction of peripheral and central adenosine receptor in
respiratory recovery. Activation of peripherally located A2A receptors in the carotid bodies
excites respiratory activity which is transmitted to the CNS via the IX/X cranial nerves. On the
other hand, activation of peripheral adenosine A1 receptors inhibits respiration and can dampen
induced recovery. Central blockade of adenosine A1 receptors releases the inhibitory effect of
A1 receptor activation on respiration and the result is disinhibition or excitation. Simultaneous
administration of the adenosine A1 receptor antagonist DPCPX and peripherally acting A2a
agonist, CGS-21680 can therefore elicit enhanced recovery via an apparently additive effect
through a direct excitation combined with a disinhibitory effect.
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Figure 4.
Bright-field photomicrograph of fluoro-labeled, DAB-positive phrenic motoneurons (A) and
adenosine A1 receptor immunoreactivity (B) in the ventral horn of the cervical spinal cord.
Sections pictured in (A, B) are 12 μm apart and matching arrows and arrowheads from each
panel represent the same cell being positive for fluorogold-DAB (A) and adenosine A1 receptor
immunoreactivity in (B). Arrows in (C) show extensive aggregation of adenosine A1 receptor
mRNA-hybridization signals (silver grains) over fluorogold-labeled, DAB-positive phrenic
motoneurons. Calibration bar = 50 μm. (Reprinted from Basura et al. 2002).
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Figure 5.
A: A quantitative summary of the kinetic profiles characterizing binding affinity in naïve (N)
and theophylline-treated (NT) animals. In the histogram, the Kd value in the naïve group was
2.89 ± 0.45 (nM) and the theophylline-treated group was 0.60 ± 0.21 (nM). The Kd value for
the second site was 14.09 ± 2.06nmol/L. The histogram was generated from saturation binding
studies. Displacement of 1nM [3H]-DPCPX binding, to rat spinal cord (C3-C5) homogenate
from naïve rats and theophylline treated rats by 2.7pM-27mM theophylline. Values represent
the mean specific binding as a percentage increase above basal binding (± SEM) of at least
three experiments each performed in triplicate. All values are corrected for non specific binding
(NSB) defined with 100μM adenosine. B: Histogram showing the respective Bmax values in
naïve and theophylline-treated animals. Bmax for the naïve amounted to 256.00 ± 32.13 (fmol/
mg protein) and the theophylline-treated was 219.00 ± 26.3 for site 1 which appears to be the
same in both groups. More importantly however, a second binding site with a Bmax of 492.6
± 3.15 (fmol/mg protein) is unmasked and persisted when drug was weaned for 12 days.
(Reprinted from Saharan and Nantwi, 2006).
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Figure 6.
A. In noninjured animals administered theophylline with or without interruption (T,TW)
adenosine A1 receptor immunoreactivity was unaltered compared with naïve noninjured
animals. However, C2HS rats (H) demonstrated a significant (* P<0.05) decrease in protein
expression (number of labeled cells) compared with noninjured animals (the decrease was
apparent ipsilateral as well as contralateral to injury). Although the ipsilateral decrease
appeared more pronounced than contralateral, this was not significant. After a 3-day
administration of theophylline (HT) the decrease in protein levels was significantly attenuated
(γ P< 0.05 on the ipsilateral and contralateral sides. When theophylline was withdrawn for 12
days prior to assessment (HTW), the number of A1 immuno-reactive cells was still significantly
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lower compared with H (injury alone). (B). In marked contrast to the decrease in A1 protein
levels after C2 hemisection, A2A protein levels were not altered compared with controls (T,
TW) and with naïve, noninjured animals. However, after theophylline administration, protein
levels significantly decreased (P<0.05) ipsilateral as well as contralateral to injury. Although
the decrease appeared more pronounced ipsilaterally, (a trend similar to that observed for A1
as shown above) it was not significant. Withdrawal of theophylline for 12 days prior to
assessment did not alter the decrease in protein levels, i.e., theophylline-induced decrease in
A2A protein levels persisted. *=significant from control, γ= significant from hemisection.
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TABLE 1

Distribution of Adenosine Receptors in Mammalian Systems
A1 Receptor A2A Receptor A2B Receptor A3 Receptor Reference

High Expression
Brain (cortex, cerebellum, hippocampus);
dorsal horn of spinal cord, pons, medulla,

eye, adrenal gland, atria

Spleen, thymus,
leucocytes (lymphocytes
and granulocytes), blood

platelets, GABAergic
neurons (in caudate
putamen, nucleus

accumbens, tuberculum
olfactorium), olfactory

bulb

Caecum, colon, bladder Testes (rat)
Mast Cells (rat)

Fredholm et al. 2000
Gaytan et al., 2006

Intermediate Expression
Other brain regions, skeletal muscle, liver,

kidney adipose tissue, salivary glands,
esophagus, colon, antrum, testis

Heart, lung, blood vessels Lung, blood vessels, eye, median
eminence, mast cells

Cerebellum (human?)
Hippocampus (human?)

Lung, spleen (sheep)
Pineal

Fredholm et al. 2000
Fozard et al., 2003
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