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Development/Plasticity/Repair

Spinal Adenosine A2a Receptor Activation Elicits Long-
Lasting Phrenic Motor Facilitation

Francis J. Golder, Lavanya Ranganathan, Irawan Satriotomo, Michael Hoffman, Mary Rachael Lovett-Barr,
Jyoti J. Watters, Tracy L. Baker-Herman, and Gordon S. Mitchell

Department of Comparative Biosciences, University of Wisconsin, Madison, Wisconsin 53706

Acute intermittent hypoxia elicits a form of spinal, brain-derived neurotrophic factor (BDNF)-dependent respiratory plasticity known as
phreniclong-term facilitation. Ligands that activate G,-protein-coupled receptors, such as the adenosine 2a receptor, mimic the effects of
neurotrophins in vitro by transactivating their high-affinity receptor tyrosine kinases, the Trk receptors. Thus, we hypothesized that A2a
receptor agonists would elicit phrenic long-term facilitation by mimicking the effects of BDNF on TrkB receptors. Here we demonstrate
that spinal A2a receptor agonists transactivate TrkB receptors in the rat cervical spinal cord near phrenic motoneurons, thus inducing
long-lasting (hours) phrenic motor facilitation. A2a receptor activation increased phosphorylation and new synthesis of an immature
TrkB protein, induced TrkB signaling through Akt, and strengthened synaptic pathways to phrenic motoneurons. RNA interference
targeting TrkB mRNA demonstrated that new TrkB protein synthesis is necessary for A2a-induced phrenic motor facilitation. A2a
receptor activation also increased breathing in unanesthetized rats, and improved breathing in rats with cervical spinal injuries. Thus,
small, highly permeable drugs (such as adenosine receptor agonists) that transactivate TrkB receptors may provide an effective thera-
peutic strategy in the treatment of patients with ventilatory control disorders, such as obstructive sleep apnea, or respiratory insuffi-

ciency after spinal injury or during neurodegenerative diseases.
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Introduction
The respiratory neural network must accommodate the ever-
changing demands on breathing experienced during an individ-
ual’s lifetime, including adjustments for physical activity, aging,
pregnancy, and the onset of disease. Transient adjustments to
respiratory motor output are achieved through a variety of feed-
forward and sensory feedback mechanisms. However, with re-
peated or chronic perturbations, the respiratory control system
exhibits functional plasticity, a change in system performance
based on previous experience (Mitchell and Johnson, 2003). Un-
derstanding endogenous mechanisms of respiratory plasticity
may enable the development of novel therapeutic strategies
aimed at improving respiratory function in ventilatory control
disorders, such as respiratory insufficiency during spinal cord
injury.

Long-term changes in respiratory motoneuron function can
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occur via plasticity of their synaptic inputs (Mitchell and John-
son, 2003; Golder and Mitchell, 2005). Several models of respira-
tory synaptic plasticity are induced by neuromodulators such as
serotonin and/or norepinephrine versus synaptic activity per se
(Feldman et al., 2003; Bocchiaro and Feldman, 2004; Neverova et
al., 2007). Downstream signaling mechanisms often involve the
neurotrophin brain-derived neurotrophic factor (BDNF) and its
high-affinity receptor tyrosine kinase, TrkB (Carter et al., 2002;
Baker-Herman et al., 2004; Bramham and Messaoudi, 2005). For
example, acute intermittent hypoxia elicits a long-lasting en-
hancement of phrenic motor activity known as phrenic long-
term facilitation (pLTF) (Mitchell et al., 2001). pLTF requires
new protein synthesis, most notably new BDNF synthesis (Baker-
Herman et al., 2004). BDNF may strengthen excitatory glutama-
tergic synapses from brainstem respiratory neurons onto phrenic
motoneurons, thus enhancing inspiratory motoneuron activity
and increasing diaphragm contractions (Feldman et al., 2003).
Although intermittent hypoxia has the potential to match motor
function with repetitive changes in demand, it is a nonspecific
stimulus that may affect many physiological functions and in-
duce pathology (Bass etal., 2004). Thus, models of phrenic motor
plasticity that do not require hypoxia are more likely candidates
for the development of new therapeutic options to treat respira-
tory insufficiencies.

BDNF applied to the spinal cord is sufficient to induce phrenic
motor facilitation (Baker-Herman et al., 2004). However, CNS
administration of proteins is riddled with problems associated
with delivery across the blood—brain barrier, penetration to the
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relevant neural site, and the unintended activation of immune
responses against a foreign protein. An alternative approach
would be the use of small, highly permeable molecules with prop-
erties that mimic the effects of BDNF on respiratory motor out-
put. Adenosine 2a receptor (A2a) activation mimics neurotro-
phins by transactivating Trk receptors without their
neurotrophin ligands in PC12 cells (Lee and Chao, 2001; Lee et
al., 2002; Rajagopal et al., 2004). Thus, we hypothesized that spi-
nal A2a receptor activation would transactivate TrkB receptors
and mimic the effects of BDNF on phrenic motor output. Here
we report that spinal A2a receptor activation elicits phrenic mo-
tor facilitation in rats by increasing phosphorylation and intra-
cellular signaling of an immature TrkB receptor isoform near
phrenic motoneurons. Furthermore, we report that the capacity
to induce phrenic motor facilitation can be harnessed by systemic
administration of the A2a receptor agonist, thereby improving
breathing in rats with respiratory insufficiency resulting from
cervical spinal injury.

Materials and Methods

Animals and experimental groups. All experiments were conducted on
adult (3—6 months of age) male Sprague Dawley rats (308364 g; Harlan
colony 217; Harlan, Indianapolis, IN). The initial experiment was de-
signed to investigate phrenic motor facilitation after spinal A2a receptor
activation in anesthetized rats. The second series of experiments explored
the relationship between the magnitude of A2a-induced phrenic motor
facilitation and strengthening of synaptic pathways onto phrenic mo-
toneurons. In a third series, C4 ventral horn TrkB isoforms were exam-
ined with Western analyses for A2a-induced TrkB levels and phosphor-
ylation state, as well as phosphorylation state in its downstream signaling
molecules (ERKs 1/2 and protein kinase B). Immunohistochemistry was
performed to confirm and localize changes in TrkB protein and phos-
phorylation within cells of the C4 ventral gray matter. Fourth, RNA
interference (RNAi) targeting TrkB and BDNF mRNA was used to in-
hibit new TrkB and BDNF protein synthesis, thus enabling a test of the
hypothesis that new TrkB, but not BDNF, protein synthesis is necessary
for A2a-induced phrenic motor facilitation. Finally, the effect of A2a
receptor activation on ventilatory function was examined in unanesthe-
tized, freely behaving uninjured rats and in C2 spinally injured rats with
decreased tidal volume. All experimental procedures were approved by
the Institutional Animal Care and Use Committee of the School of Vet-
erinary Medicine at the University of Wisconsin, Madison.
Measurement of respiratory motor output. To determine the effects of
spinal A2a receptor activation on phrenic motor activity, integrated
phrenic amplitude was recorded in anesthetized rats before and after
intrathecal drug administration. Anesthesia was induced with isoflurane.
Fluid (4 ml - kg “1.h ! iv. 50:50 mixture of lactated Ringer’s and 6%
hetastarch) was administered throughout the experiment. The trachea
was cannulated, and rats were mechanically ventilated (rodent respirator
model 683; Harvard Apparatus, South Natick, MA). Both cervical vagi
were transected to prevent entrainment of phrenic activity with the ven-
tilator. A femoral arterial catheter enabled arterial blood pressure mon-
itoring (model P122; Grass Telefactor, West Warrick, RI) and sampling
of arterial blood for pH and blood gas analysis (ABL-500; Radiometer,
Copenhagen, Denmark). End-tidal pCO, was measured continuously
(Capnoguard; Novametrix Medical Systems, Wallingford, CT). The C2
spinal segment was exposed for intrathecal drug administration and po-
sitioning a stimulating electrode in the lateromedial funiculus. To enable
intrathecal drug injections, a cannula attached to a Hamilton syringe and
filled with the specified drug or vehicle solution was advanced through a
C2 durotomy until the tip of cannula rested over the C4 spinal segment.
After surgical preparation, rats were converted to urethane anesthesia
(1.8 g+ kg ~1 iv.) while isoflurane was discontinued, and then neuro-
muscularly paralyzed (pancuronium bromide, 1 mg- kg ', i.v.). Phrenic
nerves were isolated, and motor activity was recorded continuously with
bipolar silver electrodes, amplified, rectified, moving averaged, digitized,
recorded, and analyzed as previously described (Golder and Mitchell,
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2005). At least 1 h elapsed after conversion to urethane anesthesia before
protocols began.

Baseline nerve activity was established at ~2-3 mmHg above the ap-
neic threshold (Golder and Mitchell, 2005). Peak integrated phrenic
nerve burst amplitude was recorded for 30 min at baseline conditions
and for 120 min after intrathecal drug administration. Arterial blood
samples were collected during baseline conditions and 30, 60, 90, and 120
min after intrathecal drug administration. Peak moving-averaged
phrenic neurogram burst amplitude and burst frequency (“fictive” respi-
ratory depth and rate) were measured off-line over a 20 s period imme-
diately before blood samples. Arterial pCO, (PaCO,) was controlled by
adjusting the level of inspired CO, or by making ventilator adjustments;
blood pressure was maintained by varying the fluid infusion rate. Ani-
mals were included in the final analysis only if PaO, during the entire
experiment remained >150 mmHg, and PaCO, was within 1 mmHg of
the baseline value during postinjection measurement periods.

Drug administration. 2-p-(2-Carboxyethyl)phenethylamino-5'-N-
ethylcarboxamidoadenosine hydrochloride (CGS 21680; Sigma-Aldrich,
St. Louis, MO) is a relatively specific A2a receptor agonist. CGS 21680 (50
M) was dissolved in DMSO and administered intrathecally over the C4
spinal segment (2 ug + kg ™) or intraperitoneally (100 ug - kg ') to
anesthetized (series 1-4) and (series 5) unanesthetized rats, respectively.
The intrathecal dose of CGS 21680 was chosen based on preliminary
dose—response studies, using the minimal dose required to achieve con-
sistent phrenic motor facilitation. The intraperitoneal dose was chosen as
the minimal dose required for phrenic motor facilitation in anesthetized
rats without significant effects on arterial blood pressure. In some rats,
MSX-3 (130 ng - kgfl; 10 uM dissolved in DMSO; Sigma-Aldrich), a
specific A2a receptor antagonist, was administered intrathecally 30 min
before CGS 21680 injection to confirm that the effects of CGS 21680 were
caused by C4 spinal A2a a receptor activation. The dose of A2a antagonist
was chosen based on preliminary dose-response studies. K252a, a ty-
rosine kinase inhibitor, prevents TrkB receptor phosphorylation in re-
sponse to neurotrophin binding. K252a (1.75 ug - kg % 150 um dis-
solved in DMSO; Sigma-Aldrich) was administered intrathecally to some
rats 30 min before intrathecal CGS 21680 injection to determine whether
A2a-induced changes in phrenic motor output required C4 spinal TrkB
phosphorylation. The dose of K252a required to block TrkB phosphor-
ylation was determined from preliminary studies in which the minimal
dose of K252a needed to block the effects of BDNF on phrenic motor
output (Baker-Herman et al., 2004) was identified. Emetine is a transla-
tion inhibitor that blocks new protein synthesis. In some rats, emetine
was administered intrathecally 30 min before CGS 21680 to investigate
the role of new protein synthesis in the effects of CGS 21680 on phrenic
motor output. The dose of emetine (1 ug - kg '; 75 um dissolved in
DMSO; Sigma-Aldrich) was chosen from a previous study (Baker-
Herman et al., 2004).

Phrenic evoked compound action potentials. To determine the effects of
spinal A2a receptor activation on the strength of short-latency synaptic
pathways to phrenic motoneurons (presumptive monosynaptic premo-
tor inputs), we recorded phrenic evoked potentials before and after in-
trathecal drug administration. Details of the phrenic evoked potential
recording technique have been published previously (Fuller et al., 2003,
2006). Rats were hyperventilated (end-tidal PCO,, 27-33 mmHg) to
prevent spontaneous phrenic motor activity, thereby isolating phrenic
synaptic inputs from central respiratory drive. A monopolar tungsten
electrode was positioned in the ventrolateral C2 spinal funiculus (2.0-2.2
mm below the dorsal root entry zone). Electrode position was selected by
maximizing the amplitude of a short-latency (< 0.8 ms) evoked potential
in the phrenic nerve ipsilateral to the stimulating electrode. Preliminary
experiments of stimulus-response relationships indicated a sigmoid re-
sponse curve to increasing current pulses (20—1000 wA, 0.2 ms duration)
using a stimulator (model S88; Grass Instruments, Quincy, MA) and
stimulus isolation unit (model PSIU6E; Grass Instruments). Based on
these experiments, four stimulating currents (threshold current and
threshold + 100 A, 500 nA, and 1000 wA) were delivered to anesthe-
tized rats before and after intrathecal drug administration. Phrenic po-
tentials were digitized and analyzed with P-CLAMP software (Molecular
Devices, Sunnyvale, CA).
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In vivo RNA:. Rats that received small interfering RNAs (siRNAs) were
surgically prepared as described above. A pool of siRNAs targeting TrkB
mRNA was used to determine the role of new synthesis of TrkB protein in
A2a-induced phrenic motor facilitation. TrkB siRNAs were obtained as a
pool of four 21 nt duplexes (siGENOME, Dharmacon, Lafayette, CO;
gene, NTRK2; GenBank accession number, NM 012731). We also used
two separate siRNA sequences as internal negative controls: (1) an siRNA
with at least four mismatches with all known human, mouse, and rat
genes (siCONTROL NonTargeting siRNA #2; Dharmacon) and (2) a
pool of functional control siRNAs targeting BDNF. The sequences for the
BDNF siRNA prevent new synthesis of C4 spinal BDNF and have been
published in detail previously (Baker-Herman et al., 2004). siRNAs were
reconstituted with siRNA Universal Buffer (Dharmacon; final concen-
tration, 50 um) and stored at —20°C. The minimal concentration of TrkB
siRNA required to abolish A2a-induced phrenic motor facilitation (50
nMm total RNA) was determined from preliminary dose-response studies.
siRNAs (5 ul of 500 nm solution) were combined with Oligofectamine (8
ul; Invitrogen, Carlsbad, CA), a transfection reagent, and RNase-free
water (37 ul) and incubated at room temperature for 20 min. The
siRNAs were injected over the C4 spinal segment via an intrathecal cath-
eter (two 10 pl injections separated by 5 min). Two hours were allowed
before initiating the protocol with intrathecal CGS 21680.

Western analysis. The C4 spinal segment, which contains the majority
of phrenic motoneurons, was removed at the end of electrophysiological
experiments, snap-frozen on dry ice, and stored at —80°C before homog-
enization. The spinal segment was mounted on a freezing microtome and
the dorsal spinal cord shaved off until the area around the central canal
was visible. Only data from ventral spinal cords are reported here. Tissue
samples were homogenized in RIPA buffer (200-400 ul) and centri-
fuged (7000 X g at 4°C for 10 min). The supernatant was collected and
separated into aliquots. Total protein was quantified using the bicincho-
ninic acid method from a commercially available kit (Pierce Biotechnol-
ogy, Rockford IL). Samples were combined with 6 X SDS-PAGE sample
buffer (100 mm Tris, 7.5 mm EDTA, 100 mm DTT, 6% SDS, 30% glycerol,
and 1% bromophenol blue) and boiled for 4—5 min, and 50 ug of protein
was loaded into each well. Proteins were separated by 8% SDS-PAGE gels
and then transferred to Immobilon polyvinylidene difluoride mem-
branes (Millipore, Bedford, MA). For pERK1/2 (1:2500; Cell Signaling
Technology, Beverly, MA), ERK1/2 (1:2500; Cell Signaling Technology),
pAkt (1:1000; Cell Signaling Technology), and Akt (1:1000; Cell Signal-
ing Technology) immunoblots, membranes were blocked in 6% nonfat
milk/TBST (10 mwm Tris-HCI, pH 8.0, 150 mm NaCl, 0.05% Tween 20) at
37°C for 30 min, and then probed for 1 h at 37°C and overnight at 4°C
with primary antibodies. For pTrkB (1:1000; a gift from R. Rajagopal and
M. V. Chao, New York University, New York, NY) and TrkB (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA) immunoblots, membranes
were incubated in 0.25% gelatin/TBST (10 mm Tris-HCI, pH 8.0, 150 mm
NaCl, 0.05% Tween 20) at 37°C for 30 min, and then probed for 1 h at
37°C and overnight at 4°C with primary antibodies. Some membranes
were incubated with two additional pTrk antibodies [pTrk against Y490
(Genetex, San Antonio, TX) and pTrk against Y674/675 (gifted from R.
Segal, Harvard University, Cambridge, MA)] to confirm the presence of
pTrk bands and determine whether phosphorylation occurred at multi-
ple sites on the Trk protein. Membranes were then washed three times for
5 min each in TBST and subsequently probed for 1 h with secondary
antibodies (goat anti-rabbit, 1:4000; Santa Cruz Biotechnology). The
immunoreactive bands were visualized using SuperSignal West Pico
Chemiluminescent Substrate (Pierce Biotechnology) and the Autochemi
detection system (UVP, Upland, CA). To ensure equal protein loading,
blots were reprobed with anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; 1:1000; Santa Cruz Biotechnology).

Peptide blocking experiments were performed to determine whether
the bands identified by the TrkB antibody represented nonspecific bind-
ing. TrkB antibody (SC-119) and its blocking peptide were obtained
from Santa Cruz Biotechnology. The primary antibody and blocking
peptide (1:40 ratio of antibody/peptide) were incubated together in
blocking solution overnight at 4°C before being used for Western
analysis.

Deglycosylation of TrkB. Trk proteins have multiple glycosylation sites,
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which increase their molecular weight from a core protein (~50-60
kDa) to a mature isoform expressed on extracellular membranes (~140—
150 kDa) (Watson et al., 1999). PNGase digestion of C4 ventral spinal
cords was performed to determine whether the bands identified as TrkB
proteins on Western analysis were glycosylated. The digestion protocol
has been published in full previously (Watson et al., 1999). Briefly, five
C4 ventral spinal cords were homogenized in a 1.5 ml of reaction buffer
[10X G7 buffer, 300 ul; 10X denaturing buffer, 30 ul; 10% NP-40,
double-distilled H,O (ddH,0), 2.1 ml; New England Biolabs, Beverly,
MA] and centrifuged (7000 X g at 4°C for 10 min). The supernatant was
boiled for 2 min at 100°C and then separated into two 600 ul aliquots.
After cooling, 5000 U of PNGase (New England Biolabs) was added to
one aliquot (digestion sample), and 10 ul of ddH,O was added to the
other aliquot (control sample). The aliquots were incubated at 37°C and
sampled at 15 min. Samples were immediately boiled to denature the
enzyme and stored at —80°C until prepared for TrkB Western analysis as
described above.

BDNF ELISA. C4 ventral spinal BDNF protein concentration was
measured using a commercially available ELISA kit (Quantikine BDNF
ELISA; R & D Systems, Minneapolis, MN) in nine rats that had received
intrathecal CGS 21680 and six rats that had received intrathecal DMSO.
All tissues were harvested at 120 min after CGS 21680 and prepared in
RIPA bulffer as described for Western analysis. All samples were diluted
fourfold using calibrator diluent RD5K (R & D Systems). A 100 ul of
assay diluent RD1S and 50 ul of sample was added to each well. The plate
was incubated for 2 h at room temperature. One hundred microliters of
conjugate were then added to each well and incubated for 1 h at room
temperature. The plate was then washed three times with prepared wash
buffer (R & D Systems). Two hundred microliters of substrate solution
were added, and the plate was incubated for 30 min away from light. Fifty
microliters of stop solution (R & D Systems) were added to each well, and
the plate was read in a plate reader using a 540/570 nm wavelength.

Immunohistochemistry. The cellular localization of TrkB and
phospho-TrkB protein was evaluated in C4 spinal segments collected
from rats (n = 4) at 120 min after intrathecal delivery of vehicle (DMSO)
or CGS 21680 (n = 2 for each treatment). Rats were perfused transcar-
dially with 0.01 M PBS, pH 7.4, followed by 4% buffered paraformalde-
hyde, pH 7.4. The cervical spinal cords were removed and cryoprotected
with 30% sucrose in 0.1 M PBS, and 25 wm transverse sections were cut
using a freezing microtome. Four representative sections were selected
for each animal. The sections were rinsed in 0.1 M Tris-buffered saline
with 0.1% Triton X-100 (TBS-T), incubated in 1% H,O, for 30 min, and
rewashed in TBS-T. The sections were then incubated in 5% normal goat
serum for 1 h and overnight in rabbit polyclonal TrkB (1:1000; Santa
Cruz Biotechnology) or rabbit polyclonal phospho-TrkB (1:500; cour-
tesy of M. V. Chao). The sections were rewashed in TBS-T and incubated
in biotinylated goat anti-rabbit antibody (1:1000; Vector Laboratories,
Burlingame, CA) for 1 h. Conjugation with avidin—biotin complex (1:
100; Vectastain Elite ABC kit; Vector Laboratories) was followed by vi-
sualization with the mixture 3,3’-diaminobenzidine-hydrogen peroxi-
dase with nickel chloride solution (DAB Substrate Kit; Vector
Laboratories). To identify cell morphology, all sections were counter-
stained with 0.1% cresyl-violet, dehydrated, and coverslipped. Sections
incubated without primary or secondary antibodies served as negative
control.

Double immunofluorescence was used to examine adenosine 2a re-
ceptor expression near phrenic motoneurons. Parallel sets of sections
from each C4 spinal segment were blocked with 5% donkey serum in 0.1
M TBS-T for 1 h and incubated overnight in a combination of adenosine
2a receptor antibody (1:500; mouse monoclonal; Millipore) with anti-
body against the mature neuronal marker ChAT (sheep polyclonal;
1:500; Millipore). Sections were washed with TBS-T and then incubated
with the secondary antibodies conjugated to donkey anti-mouse (red
fluorescent, Alexa 495; 1:200; Invitrogen) and donkey anti-sheep (green
fluorescent, Alexa 488; 1:200, Invitrogen) for 2 h at room temperature.
After extensive washes, sections were mounted with antifade medium
(Invitrogen) and examined under a fluorescent microscope (E600; Ni-
kon, Osaka, Japan). All images were captured and analyzed with a digital
camera (SPOT II; Diagnostic Instruments, Sterling Heights, MI). Photo-



2036 - J. Neurosci., February 27, 2008 - 28(9):2033-2042

shop software (version 7.0; Adobe Systems, San Jose, CA) was used to
create the photomicrographs. Equivalent adjustments to tone scale,
gamma, and sharpness were made across all images.

Spinal cord hemisection. Details of the surgical technique have been
published previously (Golder et al., 2003; Golder and Mitchell, 2005).
Rats were anesthetized, intubated, and mechanically ventilated. Surgical
exposure of the C2 spinal segment permitted aspiration of spinal tissue
leaving a 1-mm-long left-sided hemisection. All animals received post-
surgical pain control as previously described. Rats recovered for 8 weeks
after surgery before use in the whole-body plethysmography
experiments.

Whole-body plethysmography. To investigate whether A2a receptor ac-
tivation improves ventilatory function in spinally injured rats, ventila-
tion was measured using flow-through, barometric plethysmography be-
fore and after CGS 21680 administration. Uninjured and spinally injured
rats were placed in a whole-body plethysmograph (model PLY3213;
Buxco Electronics, Wilmington, NC). Pressurized air flowed through the
chamber providing a bias airflow of 2 L/min, allowing control of inspired
gas composition and preventing CO, accumulation. A pressure calibra-
tion signal (obtained before placing a rat into the chamber), plethysmo-
graph temperature, rat body temperature, ambient and chamber pres-
sures, and rat body mass were used in the Drorbaugh and Fenn equation
(Drorbaugh and Fenn, 1955) to calculate breath-by-breath minute ven-
tilation (ml+ min ~' - 100 g '), frequency (breaths/min), and tidal vol-
ume (ml/100 g) (Biosystems XA software; Buxco Electronics, Wilming-
ton, NC). Baseline recordings were obtained for at least 2 h, during which
rats alternated between awake and subjective sleep. Rats were then re-
moved from the chamber and received three injections of CGS 21680 (50
UM, 1.p.; each separated by 5 min). Preliminary experiments in anesthe-
tized rats revealed a dose of CGS 21680 that had minimal effects on
arterial blood pressure while eliciting A2a-induced phrenic motor facil-
itation. After the third intraperitoneal injection, rats were returned to the
chamber and ventilatory recordings continued for an additional 150
min. Plethysmography data were analyzed in 10 min bins during subjec-
tive sleep during baseline conditions and at 60 and 120 min after CGS
21680 administration. Comparisons between baseline and postdrug ven-
tilatory measurements were matched for body position during sleep
(curled lateral or head-tucked sternal) because preliminary date demon-
strated an effect of body position on the pattern of breathing.

Statistical analysis. Assumptions of normality and equal variance were
tested before parametric analyses were performed. When these assump-
tions could not be confirmed, nonparametric analysis was performed
with Kruskal-Wallis ANOVAs followed by Mann—Whitney U tests. Oth-
erwise, statistical inferences were based on a two-way ANOVA with a
repeated-measures design [factors: time (repeated measures) and treat-
ment], with individual comparisons made using Student—Newman—
Keuls post hoc test when indicated. Western analysis data were compared
between treatment groups and vehicles using one-sample  tests. Differ-
ences were considered significant if p < 0.05. All values are expressed as
mean * SEM.

(s

Results

Cervical A2a receptor activation elicits persistent phrenic
motor facilitation

Phrenic inspiratory burst amplitude increased above baseline val-
ues for >120 min after cervical (C4) intrathecal administration of
the A2a receptor agonist CGS 21680 (2 ug * kg™'; 50 uM) in
anesthetized rats (Fig. 1a,b). Phrenic burst frequency (fictive re-
spiratory rate) also increased to a small extent (baseline, 41 £ 1;
120 min, 44 = 1; p < 0.05), but this effect was independent of
drug treatment. To confirm the role of cervical spinal A2a recep-
tors near phrenic motoneurons (Fig. 1¢) in CGS 21680-induced
phrenic motor facilitation, rats were pretreated with cervical in-
trathecal MSX-3, a specific A2a receptor antagonist. MSX-3 (10
uM) abolished A2a-induced phrenic motor facilitation (Fig. 1b),
but only when administered before CGS 21680. When MSX-3
was administered 120 min after CGS 21680, A2a-induced phrenic
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a Cervical intrathecal CGS-21680 induces
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Figure 1. (4 spinal A2a receptor activation facilitates phrenic motor output in anesthetized
rats. a, Representative traces of integrated phrenic discharge before and 120 min after intra-
thecal injection of the A2a receptor agonist, CGS 21680 (2 g - kg ~"). b, Average data depict-
ing the percentage change in phrenic burst amplitude after intrathecal injections of CGS 21680
(filled circles; n = 12), vehicle (DMSO; squares; n = 6), and the A2a receptor antagonist, MSX-3
(130 ng * kg -1 open circles; n = 5) followed by (GS 21680 (CGS). Intrathecal CGS 21680
significantly increased phrenic burst amplitude. MSX-3 blocks CGS 21680 effects on phrenic
motor output, confirming that the effects result from A2a receptor activation. ¢, Immunofiuo-
rescence and representative photomicrographs of back-labeled C4 phrenic motoneurons and
A2a receptor protein. A2a receptor protein was localized on and near phrenic motoneurons.
*Significantly different from other groups ( p << 0.05). Data are mean == SEM.

motor facilitation was unaffected (n = 3; CGS 21680 + MSX-3,
87 * 16% of baseline), suggesting that cervical spinal A2a recep-
tor activation initiates, but does not maintain, phrenic motor
facilitation in anesthetized rats. Alone, MSX-3 (n = 4) did not
alter phrenic motor output compared with time controls
(MSX-3,9 = 7%; time controls, 6 = 5%, of baseline).

A2a receptors strengthens spinal synaptic pathways to
phrenic motoneurons

Multiple factors influence phrenic motoneuron activity (Feld-
man and McCrimmon, 2002), including peripheral and central
chemoreflexes. Thus, it is essential to maintain precise blood gas
regulation during studies of respiratory plasticity (Mitchell and
Johnson, 2003). Measurements of arterial pCO, and pO, were
similar across treatment groups and did not change over time
(data not shown). Mean arterial blood pressure decreased with
time, but the change was similar across all experimental groups
(data not shown). To assure that A2a-induced phrenic motor
facilitation was not the result of drug reaching the brainstem, we
recorded respiratory activity in the hypoglossal nerve after cervi-
cal intrathecal CGS 21680. No hypoglossal facilitation (—4 * 9%
of baseline; n = 6) was observed at the standard dose of CGS
21680. On the other hand, A2a-induced hypoglossal motor facil-
itation could be elicited at higher doses of CGS 21680 (5 mwm;
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Figure 2. (4 spinal A2a receptor activation strengthens synaptic pathways to phrenic mo-
toneurons. a, Schematic representation of stimulating and recording electrode positions and
representative phrenic evoked potentials. A stimulating electrode was positioned in the (2
ventrolateral funiculus. Stimulus current-evoked short-latency potentials were recorded from
the phrenic nerve ipsilateral to the stimulating electrode. b, Average data depicting the per-
centage change in phrenic evoked potential amplitude at multiple stimulating currents after
intrathecal CGS 21680 (n = 7) or vehicle (DMSO; n = 5) injection in anesthetized rats. Intra-
thecal (GS 21680 elicited significant facilitation of phrenic evoked potential amplitude, sug-
gesting that A2a receptor activation strengthens short-latency (putative monosynaptic) con-
nections to phrenic motoneurons. T, Threshold current. ¢, Regression analysis of A2a-induced
facilitation of the evoked response versus spontaneous phrenic burst facilitation from the same
rats. The magnitude of evoked facilitation positively correlated with the magnitude of sponta-
neous phrenic facilitation. *Significantly different from other groups ( p << 0.05). Data are
mean == SEM.

155 * 22 of baseline; n = 2), suggesting that hypoglossal mo-
toneurons express A2a-induced motor facilitation and are an ap-
propriate control for supraspinal drug spread.

Synaptic plasticity can strengthen spinal pathways to phrenic
motoneurons after intermittent hypoxia, thereby contributing to
pLTF (Fuller et al., 2003; Baker-Herman et al., 2004; Golder and
Mitchell, 2005). To demonstrate similar synaptic plasticity dur-
ing A2a-induced phrenic motor facilitation, short-latency
phrenic potentials evoked by electrical stimulation of the ventro-
lateral funiculus were recorded during hypocapnia-induced ap-
nea from anesthetized rats before and after cervical spinal A2a
receptor activation (Fig. 2a). Facilitation of phrenic evoked po-
tentials was observed after A2a receptor activation (Fig. 2b). A
strong, positive correlation existed between A2a-induced evoked
potential facilitation and phrenic motor facilitation (Fig. 2c), sug-
gesting that strengthened spinal synaptic pathways (vs increased
descending respiratory drive) underlie A2a-induced facilitation
of spontaneous phrenic motor activity.
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A2areceptor activation transactivates TrkB protein in the
cervical ventral horn

A2a receptor activation has been reported to phosphorylate the
tyrosine kinase domain of Trk receptors in PC12 cells in the
absence of neurotrophins and induces neurotrophin-like effects
on cellular function (Lee and Chao, 2001; Lee et al., 2002; Rajago-
pal et al., 2004). To determine whether A2a-induced phrenic
motor facilitation requires tyrosine kinase activation, the tyrosine
kinase inhibitor K252a was delivered intrathecally before CGS
21680. Because TrkB receptors are the primary neurotrophin re-
ceptor expressed in spinal motoneurons (Yan et al., 1993), the
dose of K252a was selected based on its ability to inhibit BDNF
effects on phrenic motor output (Baker-Herman et al., 2004).
K252a (150 uMm) inhibited A2a-induced phrenic motor facilita-
tion at 60 min after CGS 21680 administration and beyond, but
not at earlier time points (Fig. 3a). Alone, K252a (n = 3) did not
alter phrenic motor output compared with time controls (K252a,
—5 * 8%; time controls, 6 = 5%, of baseline). Thus, A2a-
induced phrenic motor facilitation has an early and late phase,
and only the late phase appears to require receptor tyrosine ki-
nase activation.

TrkB and phosphorylated TrkB protein were identified by
immunoblots of C4 ventral spinal tissue, a region that contains
the greatest density of phrenic motoneurons. Two TrkB splice
variants have been reported in rat motoneurons (Armanini et al.,
1995). Three TrkB protein isoforms were observed in the C4
ventral cord, including TrkB,s,, TrkB,y, and TrkBg, (Fig. 3b).
These same bands were confirmed with a second TrkB antibody
(from a different commercial source and directed to a different
epitope on TrkB), and were absent after peptide blocking exper-
iments (Fig. 3e). Trk protein is glycosylated after its initial syn-
thesis, before insertion into the neuronal membrane (Watson et
al., 1999). Thus, we performed PNGase deglycosylation experi-
ments. PNGase digestions shifted TrkB bands toward a core pro-
tein of ~52 kDa (Fig. 3f).

TrkB, 5, was phosphorylated after intrathecal BDNF adminis-
tration (n = 2; phospho-TrkB-to-TrkB ratio increased 43 = 10%,
compared with vehicle) and is likely the full-length catalytic form
of TrkB protein expressed on extracellular membranes. TrkB,,
was not detected by the phospho-TrkB antibodies and is likely the
truncated isoform lacking the tyrosine kinase domain (Armanini
et al., 1995). Lower-molecular-weight Trk isoforms have been
described as hypoglycosylated immature protein, intracellularly
localized, and inaccessible for neurotrophin binding (Watson et
al., 1999; Mutoh et al., 2000; Rajagopal et al., 2004). Similarly,
TrkBg, may represent an intracellular, hypoglycosylated TrkB
isoform that is unavailable to BDNF. Indeed, the TrkBg, phos-
phorylation state was unaffected by intrathecal BDNF (n = 2;
pTrkB-to-TrkB ratio, —13 £ 5%, compared with vehicle).

Cervical A2a receptor activation increased TrkBg,, but not
TrkB, 55, phosphorylation in the C4 ventral cord (Fig. 3¢); TrkB
phosphorylation state was detected with a phospho-TrkB anti-
body for the Y-816 phosphorylation site (gift from R. Rajagopal
and M. V. Chao). Selective phosphorylation of TrkBg, was con-
firmed with two other phospho-TrkB antibodies directed against
the Y-490 and Y-674/675 phosphorylation sites (data not
shown). Thus, A2a receptor activation selectively phosphorylates
the TrkBg, isoform, and does so at multiple tyrosine residues. In
this study, we normalized phospho-TrkB expression to total
TrkB protein (Figs. 3, 5). However, phosphorylated proteins can
also be normalized to loading controls, such as GAPDH. Regard-
less of the method used, A2a receptor activation increased
phospho-TrkB80 expression in C4 ventral spinal segments
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Figure 3.  A2a-induced facilitation of phrenic motor output requires tyrosine kinase activa-
tion, and (4 A2a receptor activation phosphorylates immature TrkBy, protein near phrenic
motoneurons. a, Average data demonstrating that intrathecal K252a (1.75 g - kg ~"; squares;
n = 5),atyrosine kinase inhibitor, blocked A2a-induced phrenic motor facilitation (circles; n =
12), but only 60 min after intrathecal CGS 21680 injection. b, Representative immunoblot for
TrkB and phospho-TrkB (pTrkB) protein, and Akt and phospho-Akt protein from (4 ventral
spinal cords collected from two rats at 120 min after intrathecal vehicle (DMSO) or CGS 21680
injections. ¢, Average data depicting percentage change from vehicle of C4 ventral spinal TrkB
(normalized to GAPDH) and pTrkB (normalized to total TrkB) protein isoforms after intrathecal
vehicle (n = 6) or (GS 21680 (CGS; n = 9) injection. Intrathecal (GS 21680 increased mature
(150 kDa) and immature (~80 kDa) isoforms of TrkB protein. Intrathecal CGS 21680 also selec-
tively phosphorylated the low-molecular-weight TrkB isoform. d, Average data depicting per-
centage change from vehicle (n = 6) of (4 ventral spinal Akt, ERK1, and ERK2 after intrathecal
vehicle or CGS 21680 (n = 9) injection. Intrathecal CGS 21680 activated Akt but not ERK1/2 or
PLC-y. e, Immunoblot from the peptide blocking experiment. TrkB antibody was preincubated
with TrkB-blocking protein to decrease TrkB antibody binding to TrkB receptor protein on the (4
ventral spinal immunoblots. f, Immunoblot from the deglycosylation experiment. PNGase was
added to C4 ventral spinal protein. The intensity of the ~80 kDa TrkB isoform decreased, and
the ~50 kDa core protein intensity increased, after the digestion. *Significantly different from
other groups ( p < 0.05). Data are mean == SEM.
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CGS 21680

DMSO

Figure 4.  Representative photomicrographs of ventral (4 spinal cords collected from rats
perfused at 120 min after intrathecal vehicle (DMSO) or CGS 21680. Top, Immunohistochemical
photomicrographs of TrkB protein (gray-black) with a Nissl counterstain (blue) (400<). TrkB
protein was observed near large neurons (presumptive phrenic motoneurons) in the ventral
gray matter. Intrathecal CGS 21680 increased TrkB protein immunoreactivity around these
motoneurons, but most notably within neuron somata. Bottom, Inmunohistochemical exam-
ination for pTrkB protein (400<). pTrkB protein was observed near, and sometimes within,
presumptive motoneurons. Intrathecal (GS 21680 increased TrkB immunoreactivity around
and, most notably, within neuron somata. Arrows indicate presumptive motoneurons. Insets,
enlarged area near arrows (600X).

(phospho-TrkB80/total TrkB80, 24 * 5%; phospho-TrkB80/
GAPDH, 69 * 16%; p < 0.05). To confirm and localize TrkB
activation within the C4 ventral cord, spinal sections were ex-
posed to the same pTrkB antibody. pTrkB protein was observed
throughout the ventral gray matter in small fibers and, to a lesser
degree, within presumptive motoneuron somata (Fig. 4a). Spinal
A2a receptor activation increased pTrkB immunoreactivity
within motoneuron somata and in adjacent fibers.

Similar to in vitro studies using PC-12 cells (Lee et al., 2002;
Rajagopal et al., 2004), Akt phosphorylation (but not ERK-1,
ERK-2, or PLC-vy) was increased after cervical A2a receptor acti-
vation (Fig. 3d). The A2a-induced phosphorylation pattern dif-
fered from intrathecal BDNF, where Akt, ERK-1, and ERK-2
were all phosphorylated (pAkt-to-Akt ratio, 125 = 2%; pERK-1-
to-ERK-1 ratio, 122 * 30%; ERK-2-to-ERK-2 ratio, 118 * 7%,
compared with vehicle; n = 3).

TrkB activation was not attributable to new BDNF synthesis,
because BDNF concentration in the ventral C4 cord was unaf-
fected by A2a receptor activation (control, 412 * 28; n = 9; CGS
21680, 398 £ 12 ng/g; n = 6); this result was confirmed with
BDNF immunoblots (CGS 21680, 149 £ 75%, compared with
vehicles; n = 6). Furthermore, siRNAs directed at BDNF mRNA
to prevent translation of new BDNF protein were ineffective at
blocking A2A receptor-induced phrenic motor facilitation (see
below). Collectively, these data demonstrate cervical A2a
receptor-induced transactivation of TrkB protein in the C4 spinal
cord does not require new BDNF synthesis (unlike phrenic long-
term facilitation after intermittent hypoxia).

New TrkB synthesis is necessary for A2a-induced phrenic
motor facilitation

New protein synthesis contributes to multiple forms of synaptic
plasticity (Sajikumar et al., 2005; White-Grindley and Si, 2006),
including pLTF after intermittent hypoxia (Baker-Herman et al.,
2004). New protein synthesis is also necessary for A2a receptor-
induced phrenic motor facilitation in anesthetized rats, because it
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0.05). Data are mean = SEM.

was abolished by intrathecal administration of the translation
inhibitor emetine (Fig. 5a).

Immunoblots revealed increased TrkB protein levels after A2a
receptor activation, suggesting new TrkB synthesis (Fig. 3b,c)
similar to reports in PC12 cells after A2a receptor activation. C4
spinal sections were examined for TrkB immunoreactivity in the
ventral gray matter. TrkB protein was observed primarily in small
fibers and, occasionally, in presumptive motoneuron somata
(Fig. 4b). A2a receptor activation increased TrkB immunoreac-
tivity in the ventral gray matter, including within presumptive
motoneuron somata.

To determine whether new TrkB synthesis was necessary for
A2a-induced phrenic motor facilitation, we used translational
inhibition via RNAI directed against TrkB mRNA. RNAi blocked
phrenic motor facilitation, but only 60 min after CGS 21680 ad-
ministration and beyond (Fig. 5a). These results again suggest
mechanistically distinct phases of A2a-induced phrenic motor
facilitation: (1) a late phase requiring tyrosine kinase activation
and new TrkB protein synthesis; and (2) an early phase requiring
new protein synthesis, but not tyrosine kinase activation or new
TrkB synthesis. As a control, two siRNA sequences (50 nM total
with Oligofectamine) directed against BDNF mRNA [and known
to block intermittent hypoxia-induced BDNF synthesis in C4
spinal segments (Baker-Herman et al., 2004)], were administered
intrathecally before A2a receptor activation, and phrenic motor
facilitation was unaffected (Fig. 5a). In addition, we used an
siRNA with at least four mismatches with all known human,
mouse, and rat genes (siCONTROL NonTargeting siRNA #2;
Dharmacon) as a control sequence before injecting CGS 21680
intrathecally. The siCONTROL siRNA also did not alter A2a-
induced phrenic motor facilitation (facilitation, 120 * 13%
above baseline amplitude) compared with CGS 21680 alone.
Thus, siRNAs targeting TrkB mRNA are selective in their effects
on A2a-induced phrenic motor facilitation. Furthermore, the
mechanisms of A2a-induced phrenic motor facilitation and in-
termittent hypoxia phrenic long-term facilitation converge only
downstream from TrkB signaling.

Western analyses of ventral C4 spinal segments exposed to

New TrkB protein synthesis near phrenic motoneurons is necessary for A2a-induced facilitation of phrenic motor
output. a, Average data depicting percentage change in phrenic burst amplitude after intrathecal CGS 21680 only (squares), and
in rats that received intrathecal siRNA targeting either BDNF mRNA (open circles; n = 5) or TrkB mRNA (filled circles; n = 5) or
emetine (open circles; n = 3) 2 h before intrathecal CGS 21680 injection. RNAi targeting TrkB mRNA blocked late A2a-induced
phrenic motor facilitation. RNAi targeting BDNF mRNA did not alter A2a-induced facilitation. b, Average data for percentage
change in TrkB protein (normalized to GAPDH) for the study described in a. RNAi to BDNF mRNA did not block A2a-induced TrkB
synthesis. However, TrkB synthesis was blocked by pretreatment with siRNAs targeting TrkB mRNA. ¢, Average data for percent-
age change in pTrkB protein (normalized to TrkB) for the study described in a. RNAi to BONF mRNA did not block A2a-induced
selective phosphorylation of immature TrkB isoforms. Low-molecular-weight TrkB protein was not phosphorylated when an
siRNA targeting TrkB mRNA was administered before intrathecal (GS 21680. *Significantly different from other groups ( p <
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Inspiratory phrenic activity is strongly cor-
related with inspiratory pressure and tidal
volume in spontaneously breathing mam-
mals (Eldridge, 1975). C2 hemisection im-
pairs breathing (Golder et al., 2001; Fuller
et al., 2006) by disrupting descending syn-
aptic pathways from the brainstem to spi-
nal cord, thereby compromising the ability
to generate normal tidal volumes (VTs). In
compensation, rats typically increase their
respiratory frequency ( f) to preserve pul-
monary ventilation. Consistent with ear-
lier reports, spinally injured rats in the current study maintained
minute ventilation by using a rapid shallow breathing pattern
(uninjured, f= 71 = 3min "% VT = 6.8 = 0.3 ml - kg ~'; pul-
monary ventilation = 459 + 18 ml-kg ™' * min ;s n = 6; C2
spinally hemisected, f= 86 = 2min ~; VT =4.9 £ 0.3 ml-kg ™ ';
minute ventilation = 411 = 15ml-kg ™' -min s n = 3). A2a
receptor activation increases VT in uninjured rats and restores
normal tidal volumes in spinally hemisected rats 60 and 120 min
after intraperitoneal CGS 21680 (100 ug * kg ~'; 50 um adminis-
tered in three doses separated by 5 min). CGS 21680 increased
pulmonary ventilation above baseline values in spinally injured
rats at 60 and 120 min after administration, and above DMSO
vehicle control rats at all time points (Fig. 6a,b). The relative
magnitude and time course of A2a-induced ventilatory facilita-
tion was similar in control and hemisected rats. Increased VT and
f (uninjured, 60 min postdrug f = 16 = 10%; C2 spinally he-
misected, 60 min postdrug f = 19 * 6%; of predrug value) both
contributed to ventilatory facilitation at 60 min after intraperito-
neal CGS 21680, whereas only VT remained elevated above base-
line values at 120 min (frequency uninjured, 120 min postdrug
f=0 % 1%; C2 spinally hemisected, 120 min postdrug f =1 *
1%; of predrug value) (Fig. 6a—c). Thus, A2a receptor activation
increases inspiratory volume in unanesthetized intact and spi-
nally hemisected rats, restoring inspiratory volumes toward nor-
mal in injured rats (uninjured, VT = 6.8 = 0.3 ml - kg~ '; C2
spinally hemisected, 5.8 = 0.2 ml - kg ~'). The percentage change
in tidal volume after systemic CGS 21680 was similar in unin-
jured and C2 hemisected rats (uninjured, 21 = 3%; injured, 18 *
2%; of baseline values). An important caveat is that spontane-
ously breathing rats decrease arterial pCO, levels during ventila-
tory facilitation, thereby minimizing the apparent A2a-induced
ventilatory facilitation caused by inhibitory chemoreceptor feed-
back (Olson et al., 2001). If arterial pCO, levels were controlled,
predicted changes in VT are larger.

Discussion
Collectively, these results demonstrate that G,-protein-coupled
A2a receptors induce new TrkB protein synthesis and transacti-
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Figure 6.  A2areceptor activation with systemic (GS 21680 increases tidal volume in unin-

jured and spinally injured unanesthetized rats. a, Representative airflow traces measured in a
whole-body plethysmograph from an uninjured (top trace) and (2 spinally hemisected rat
(bottom trace) at 8 weeks after injury, during baseline breathing, and 120 min after intraperi-
toneal (GS 21680 (100 g - kg ~").1, Inspiration; E, expiration. b, ¢, Average data for percent-
age change in minute pulmonary ventilation (frequency X tidal volume) and tidal volume from
baseline values after intraperitoneal CGS 21680 (uninjured, filled circles; n = 4; injured, open
circles; n = 4) or vehicle (DMSO; squares; n = 4). Systemic (GS 21680 elicited ventilatory
facilitation with a time course similar to phrenic motor facilitation that was primarily a result of
increased tidal volume. *Significantly different from other groups (p << 0.05). Data are
mean = SEM.

vation of an immature TrkB isoform in cervical spinal regions
associated with respiratory motor control (Fig. 7). The functional
consequence of TrkB transactivation in or near phrenic mo-
toneurons is a robust phrenic motor facilitation of similar dura-
tion and magnitude to BDNF-dependent phrenic long-term fa-
cilitation after acute intermittent hypoxia. The ability to simulate
BDNF with a small, more easily delivered molecule suggests that
A2a receptor agonists have considerable potential in the treat-
ment of respiratory motor deficits caused by, for example, cervi-
cal spinal injury.

Interactions between G,-protein-coupled receptors and Trk
receptors have been described in vitro (Lee and Chao, 2001; Lee et
al., 2002; Rajagopal et al., 2004). For example, A2a receptor ago-
nists increase cell survival in cell cultures by activating immature
Trk receptors (Rajagopal et al., 2004), which are restricted in their
distribution to intracellular membranes (Watson et al., 1999;
Mutoh et al., 2000). Intracellular Trk protein is hypoglycosylated
and has a lower molecular weight than mature Trk protein at the
cell surface. Low-molecular-weight (~79 kDa) TrkB protein has
been previously described in the rat spinal cord (Skup et al,
2002), consistent with our conclusion that spinal A2a receptor
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activation phosphorylated a low-molecular-weight (~80 kDa)
TrkB isoform. Our conclusion that the 80 kDa band represents
immature TrkB protein is supported by multiple observations,
including the following: (1) multiple TrkB and phospho-TrkB
antibodies targeting different epitopes of TrkB protein identify
the same band, (2) the band is absent when a blocking peptide is
applied to the TrkB antibody, (3) the ~80 kDa band (or bands)
represent a glycosylated protein that converges toward a low-
molecular-weight band after deglycosylation, and (4) a similar
band is reported by others in rat spinal cord and in PC-12 cells
that overexpress TrkB. Collectively, our data strongly suggest that
A2a receptor activation induces new TrkB synthesis and selec-
tively phosphorylates an immature, likely intracellular TrkB iso-
form within cervical spinal regions associated with the phrenic
motor nucleus.

A2a-induced Trk signaling requires new protein synthesis and
tyrosine kinase activation in PC12 cells (Lee et al., 2002). In agree-
ment, new protein synthesis is necessary for A2a receptor-
induced phrenic motor facilitation, because the translation in-
hibitor emetine blocked the response. On the other hand, because
tyrosine kinase inhibition with k252a and RNAI targeting TrkB
mRNA block only a late phase of the facilitation, at least two
distinct mechanisms must give rise to phrenic motor facilitation
after A2a receptor activation. An important caveat limiting inter-
pretation of this study is that K252a inhibits multiple kinases;
consequently, some K252a effects may reflect inhibition of recep-
tor tyrosine kinases other than TrkB, or possibly other kinases.
Nevertheless, the critical role of Trk receptor signaling is sup-
ported by evidence from the RNAi experiments, because siRNAs
targeting TrkB mRNA (but not BDNF mRNA) reduced new
TrkBg, synthesis, the increase in TrkBg, phosphorylation, the
increase in Akt phosphorylation, and phrenic motor facilitation.
Increasing intracellular TrkB protein can induce constitutive Trk
signaling (Watson et al., 1999) in the absence of ligand, possibly
because increased Trk monomer concentrations enable au-
todimerization and subsequent phosphorylation.

A2a-induced Trk signaling occurs in the absence of neurotro-
phin—Trk interactions, has a slow onset (>60 min), and selec-
tively activates PI3-kinase/Akt signaling in PC12 cells (Huang
and Reichardt, 2003). Similarly, A2a-induced phrenic motor fa-
cilitation occurs without new BDNF synthesis; although we can-
not rule out an involvement of BDNF-TrkB interactions, several
lines of evidence argue against this possibility: (1) BDNF protein
concentration did not change after A2a receptor activation; (2)
RNAi to BDNF mRNA did not alter A2a-induced phrenic motor
facilitation; (3) BDNF selectively activates the mature, fully gly-
cosylated TrkB, 5, isoform, whereas A2a receptor activation selec-
tively phosphorylates the TrkBg, isoform; and (4) BDNF-
induced TrkB activation increases both Akt and ERK1/2
phosphorylation, whereas A2a receptor-induced TrkB activation
increases Akt phosphorylation alone.

Similar mechanisms of A2a receptor-induced TrkB transacti-
vation may be operative in motoneurons subserving other motor
functions, such as locomotion and upper airway patency. For
example, facilitation of respiratory motor output was observed in
hypoglossal motoneurons after A2a receptor activation. Respira-
tory motor output to the tongue and other upper airway muscles
plays a critical role in maintaining upper airway patency during
breathing. When upper airway patency is compromised during
sleep, varied forms of sleep disordered breathing result. Thus,
A2areceptor activation may represent a novel therapy for snoring
and/or sleep apnea, disorders that afflict a large proportion of the
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apses onto phrenic motoneurons via activated PI3K and protein kinase B (pAkt).

human population and for which there are currently no effective
pharmacological therapeutic approaches.

Our data suggest that spinal mechanisms contribute to A2a-
induced phrenic motor facilitation, at least in part, because spinal
administration of CGS 21680 strengthened short-latency synap-
tic inputs onto phrenic motoneurons. Most respiratory bulbospi-
nal neurons convey excitatory drive to phrenic motoneurons via
monosynaptic connections in the rat. Thus, we propose that spi-
nal A2a receptor activation increases phrenic motor output by
strengthening respiratory premotor inputs. On the other hand,
the effects of spinal A2a receptor activation on spinal interneu-
rons or other polysynaptic circuits were not investigated. Thus, it
is possible that at least some of the facilitation observed in these
experiments could result from modulation of other afferent in-
puts [i.e., intercostal-to-phrenic afferents (Eldridge et al., 1981,
1987; Bolser et al., 1988)].

We believe supraspinal mechanisms are not involved in A2a-
induced phrenic motor facilitation because spinal administration
of CGS 21680 did not change phrenic burst frequency (fictive
respiratory rate), nor elicit hypoglossal motor facilitation (a re-
spiratory motoneuron population located within the brainstem).
On the other hand, in awake, freely behaving rats, intraperitoneal
CGS 21680 did increase respiratory frequency in the short-term
after drug administration. The mechanism(s) responsible for this
frequency effect is (are) unknown.

In patients with high cervical spinal cord injury, enhancing
respiratory motor function would markedly improve quality of
life and survival (Winslow and Rozovsky, 2003). One viable ap-
proach to enhance respiratory motor function in spinal cord in-
jury patients is to harness the inherent plasticity of residual syn-
aptic inputs to respiratory motor neurons below an injury. For
example, exogenous neurotrophins enhance synaptic strength in

A schematic figure comparing and contrasting the proposed mechanisms contributing to intermittent hypoxia-
induced phrenic LTF and adenosine A2a receptor-induced LTF. Intermittent hypoxia stimulates serotonin (5-HT) release from
raphe-spinal terminals near phrenic motoneurons. Serotonin receptor and G,-protein activation increases PKC activity, which in
turn increases BDNF synthesis within phrenic motoneurons. BDNF is secreted extracellularly and binds to mature, fully glycosy-
lated (CHO) TrkB receptors expressed on the outer cell membrane. BDNF phosphorylates (P) mature TrkB receptors, which in turn
strengthen excitatory glutamatergic synapses onto phrenic motoneurons via activated MAP kinases (pERK1/2). A2a receptor
agonists activate G-protein and increase synthesis and phosphorylation of intracellular, hypoglycosylated, immature TrkB pro-
tein without the need for BDNF (transactivation). Phosphorylated intracellular TrkB strengthens excitatory glutamatergic syn-
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residual synaptic pathways to lumbar mo-
toneurons after experimental spinal inju-
ries (Arvanian et al., 2006). Similarly,
BDNF may improve respiratory function
below cervical spinal injury by strengthen-
ing surviving bulbospinal pathways to
phrenic motoneurons. For example, acute
intermittent hypoxia strengthens synaptic
pathways to phrenic motoneurons and im-
j oo proves spontaneous phrenic activity by in-

4 creasing endogenous BDNF synthesis and
J release (Golder and Mitchell, 2005). Thus,
intermittent hypoxia may have beneficial

Gqa effects in restoring respiratory motor func-

/ tion after cervical spinal injury. However,
PKC intermittent hypoxia is a nonspecific stim-
ulus and may affect multiple physiological

systems and, in excess, may induce severe

respiratory morbidity such as systemic hypertension,
motoneuron  hippocampal apoptosis, and learning defi-

cits (Bass et al., 2004).

Whereas exogenous BDNF delivery to
the cervical spinal cord is sufficient to elicit
phrenic long-term facilitation (Baker-
Herman et al., 2004), and may exert bene-
ficial effects on respiratory function after
spinal injury, protein delivery to the CNS is
often complicated by poor penetration,
immune reactions, and complications at-
tendant to receptor downregulation.
Small, highly permeable molecules, such as
A2a receptor agonists, that mimic BDNF effects on respiratory
motor output could be a useful alternative to intermittent hyp-
oxia and/or exogenous BDNF, because it is easy to deliver at
relevant sites and improves respiratory function in animals with
cervical spinal injuries.

Adenosinergic drugs are reported to improve respiratory
function after cervical spinal injury (Bascom et al., 2005; Nantwi
and Goshgarian, 2005). For example, systemic theophylline, a
nonselective adenosine receptor antagonist, increases phrenic
motor output below a C2 hemisection in rats via supraspinal
mechanisms, but only when administered shortly after injury
(Nantwi and Goshgarian, 2005). In fact, 8 weeks after C2 he-
misection, theophylline effects are reversed, and theophylline
now inhibits phrenic motor output (Nantwi and Goshgarian,
2005). Thus, after chronic C2 hemisection, theophylline may be
detrimental to respiratory function. Our data suggest that ad-
enosinergic agonists may be a more appropriate strategy in
chronically injured patients.

Our observations that systemic A2a receptor activation stim-
ulates ventilation with a magnitude and time course similar to
phrenic motor facilitation after spinal A2a receptor activation
supports the feasibility of this approach to achieve functional
benefits in patients with multiple ventilatory control disorders
(Mitchell, 2007). CGS 21680 has a short half-life (T, < 15 min),
and continued A2a receptor occupancy is an unlikely contributor
to ventilatory facilitation 60 min after injection. Any prolonged
ventilatory effects after drug administration most likely arise
from enduring effects such as protein synthesis-dependent trans-
activation of Trk receptors. Although we suggest that A2a-
induced ventilatory facilitation after systemic CGS 21680 admin-
istration results largely from the same spinal mechanisms of A2a-
induced phrenic motor facilitation, we cannot completely rule
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out actions at other sites, such as the carotid body chemoreceptor
(Gozal, 1998; Vandier et al., 1999; Kobayashi et al., 2000; Bae et
al., 2005). Although A2a-induced ventilatory facilitation appears
modest, even small increments in respiratory function can signif-
icantly enhance quality oflife and reduce morbidity in ventilator-
dependent patients, particularly if the functional gain tips the
balance, allowing even partial ventilator independence.
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