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Chronic hypoxia reduces adenosine A, , receptor-mediated
inhibition of calcium current in rat PC12 cells via
downregulation of protein kinase A
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Adenosine has been shown to decrease Ca’* current (I,,) and attenuate the hypoxia-induced
enhancement of intracellular free Ca®* ([Ca®*],) in oxygen-sensitive rat phaeochromocytoma
(PC12) cells. These effects are mediated via the adenosine A,, receptor and protein kinase A
(PKA). The current study was undertaken to determine the effects of adenosine on Ca’*
current and hypoxia-induced change in [Ca®"]; during chronic hypoxia.

Whole cell patch-clamp studies revealed that the effect of adenosine on I, was significantly
reduced when PC12 cells were exposed to hypoxia (10 % O,) for 24 and 48 h.

Ca®* imaging studies using fura-2 revealed that the anoxia-induced increase in [Ca®*]; was
significantly enhanced when PC12 cells were exposed to 10% O, for up to 48 h. In contrast,
the inhibitory effects of adenosine on anoxia-induced elevation of [Ca®*], was significantly
blunted in PC12 cells exposed to hypoxia for 48 h.

Northern blot analysis revealed that mRNA for the A,, receptor, which is the only adenosine
receptor subtype expressed in PC12 cells, was significantly upregulated by hypoxia.
Radioligand binding analysis with [*H]CGS21680, a selective A,, receptor ligand, showed
that the number of adenosine A,, receptor binding sites was similarly increased during
exposure to 10% O, for 48 h.

PKA enzyme activity was significantly inhibited when PC12 cells were exposed to 10% O,
for 24 and 48 h. However, we found that hypoxia failed to induce change in adenosine- and
forskolin-stimulated adenylate cyclase enzyme activity. Chronic hypoxia also did not alter
the immunoreactivity level of the G protein Gy, an effector of the A, signalling pathway.

Whole cell patch-clamp analysis showed that the effect of 8-bromo-cAMP, an activator of
PKA, on I, was significantly attenuated during 48 h exposure to 10% O,.

We conclude therefore that the reduced effect of adenosine on I, and [Ca®*]; in PC12 cells
exposed to chronic hypoxia is due to hypoxia-induced downregulation of PKA. This
mechanism may serve to reduce the negative feedback on I, and [Ca®*]; by adenosine and
therefore maintain enhanced membrane excitability of PC12 cells during long-term hypoxia.
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The cellular mechanisms of hypoxic chemoreception have
been intensively studied in O, sensing cells (Gonzalez et al.
1994). In contrast, there have been relatively few studies on
the molecular mechanisms that underlie the effect of chronic
hypoxia on chemosensitivity in these cells. Type I cells in the
carotid body are the major O, sensing cells in mammals and
are primarily responsible for the hyperventilation that occurs
during exposure to hypoxia. It has been shown that chronic
hypoxia induces both structural and functional changes in
the type I cells, which may influence their response to
hypoxia. For example, chronic hypoxia induces hypertrophy
of the type I cells (Kusakabe et al. 1993) and enhances their
catecholamine production (Hanbauer et al. 1981). In addition,

chronic hypoxia modulates Na, K* and Ca’* currents in
type I cells and results in increased membrane excitability
(Hempleman, 1995, 1996; Stea et al. 1995), although
attenuated chemosensitivity due to reduced O,-sensitive K*
current was reported in rats which were born and reared in
a hypoxic environment (Wyatt et al. 1995). In humans
exposed to hypoxia for several days to weeks, the hyper-
ventilatory response is increased (Weil, 1986). Therefore, the
chemosensitivity of the O, sensing cells is generally thought
to be enhanced during chronic hypoxia. The molecular and
cellular mechanisms for this are poorly understood, but could
involve enhanced membrane excitability and/or increased
release of neurotransmitter.
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A number of endogenous mediators are involved in the
process of carotid body chemoreception (Prabhakar, 1994).
There is growing evidence that adenosine may regulate the
carotid body response to hypoxia (McQueen & Ribeiro,
1986; Monteiro & Ribeiro, 1987; Watt et al. 1987; Runold e¢
al. 1990). Adenosine is an intermediate metabolite of
cellular ATP that is released from cells under conditions of
inadequate tissue oxygenation (Winn et al. 1981; Zetterstrom
et al. 1982; Phillis et al. 1987). To date, four adenosine
receptor subtypes have been identified, including A, A,,,
A,p and A (Fredholm, 1995; Olah & Stiles, 1995). The A,
and A, receptors are usually coupled to the inhibitory G
protein, G, and mediate inhibition of adenylate cyclase
(Fredholm, 1995; Olah & Stiles, 1995). The A, receptor
family, on the other hand, is primarily coupled to the
stimulatory G protein, G, and thereby activates adenylate
cyclase (Fredholm, 1995; Olah & Stiles, 1995). Our previous
study revealed that adenosine modulates the cellular
responses to acute hypoxia and stabilizes membrane
excitability in rat phaeochromocytoma (PC12) cells, an
O,-sensitive cell line (Kobayashi et al. 1998). We found that
adenosine attenuates membrane depolarization and the
increase in intracellular free Ca®* ([Ca®"],) induced by acute
hypoxia by activating a K* current and inhibiting a Ca’*
current (I,). We further showed that these actions of
adenosine are mediated by the A,, receptor and protein
kinase A (PKA).

The current study was undertaken to investigate the effect
of chronic hypoxia on the adenosine-induced cellular
responses in PC12 cells. The PC12 cell line has been shown
to be an ideal model to investigate the basic molecular and
biochemical mechanisms for cellular adaptation to chronic
hypoxia (Czyzyk-Krzeska et al. 1994; Zhu et al. 1996). It
has been shown that PC12 cells express O,-sensitive K*
channels which are functionally very similar to those present
in other chemosensitive cells (Zhu et al. 1996; Conforti &
Millhorn, 1997). The present study was undertaken to
determine if the effect of adenosine on I, and [Ca’"],
altered by pre-exposure of PC12 cells to chronic hypoxia.
The results from this study revealed that this is indeed the
case. We found that the inhibitory effect of A,, activation
on [Ca®™], was markedly reduced in cells exposed to chronic
hypoxia and that reduced activity of PKA contributes to
this downregulation. We propose that this is an important
mechanism for maintenance of membrane excitability during
prolonged hypoxia in the O,-sensitive PC12 cells.

is

METHODS

Cell culture

PC12 cells (Greene & Tischler, 1976) were grown in Dulbecco’s
modified Eagle’s medium—Ham’s F-12 (DMEM—F-12; Gibco) which
contained 15 mm Hepes buffer, 2 mm L-glutamine, 10% v/v fetal
bovine serum (Gibco) and penicillin—streptomycin (100 u ml™ and
100 g ml™, respectively) in an incubator in which the environment
(21% O, and 5% CO, (remainder N,); 37 °C) was strictly maintained.
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Media were changed twice a week. Cells were grown to reach 70 %
confluence before they were used for experiments.

Patch-clamp experiments

PC12 cells were plated on coverslips and kept in a normoxic (21 %
O,) environment for at least 24 h. The cells were then exposed to
either normoxia or hypoxia in an incubator (Forma Scientific,
Marietta, OH, USA) in an environment of 21% or 10% O,, 5%
CO, (balanced with N,) for 24 or 48 h.

The method for patch clamp was described previously (Kobayashi et
al. 1998). Briefly, whole cell voltage-clamp recordings for I, were
performed in a conventional patch-clamp mode (Hamill et al. 1981)
using an Axopatch 200A amplifier (Axon Instruments). The patch
pipettes had resistances of 4—5 M when filled with an internal
solution. The cells were placed in a perfusion chamber (volume,
200—400 pl) which was mounted on the stage of an inverted
interference microscope (ITM-2, Olympus). Cells were constantly
perfused with the recording solution at a flow rate of 2—3 ml min™"
All experiments were performed at room temperature (23—25 °C).
In most experiments, series resistance before the electronic
compensation was between 4 and 6 M. Seventy to seventy five per
cent of the series resistance was electronically compensated.
Solutions containing adenosine were applied extracellularly after a
stable recording of I, had been obtained.

I, was recorded using patch pipettes filled with (mm): 140 caesium
gluconate, 1 CaCl,, 2 MgCl,, 10 EGTA, 10 Hepes, 3 Na-ATP and
0-2 GTP (pH adjusted to 7-2 with Tris base), while the external
solution included (mm): 122 N-methylglucamine-glutamate, 20
BaCl,, 2 MgCl,, 10 Hepes and 10 glucose (pH adjusted to 7:4 with
Tris base). Ba®" was used as a charge carrier to augment the
currents activated. A liquid junctional potential measured in this
experimental condition was 14:0 £+ 2:0 mV. The I, was measured
from a holding potential (V) of —80 mV with depolarizing steps to
+20 mV (160 ms in duration). Leak and capacitance currents were
subtracted by using currents elicited by small hyperpolarizing
pulses (P/4 protocol) to ensure the I, was not altered as a result of
either run-down or a reduction of seal resistance. The current—
voltage (I-V) relationship of I,, was measured with 100 ms long
test pulses from a V, of —80 mV to test potentials ranging from
—50 to +60 mV (10 mV increments). This protocol induced an I-V
relationship with 15—-20 mV rightward shift in the position of the
trough of the control and adenosine-stimulated I.,. This shift
might be due to the presence of a junctional potential or to the
charge screen effect of a high concentration of Ba**. However, we
did not correct for the junctional potential, because it does not
affect the data interpretation.

Ca** imaging

Cytosolic free Ca®" concentration ([Ca’"];) was evaluated using the
fluorescent Ca®* indicator fura-2 (Molecular Probes) and a Ca®*
imaging system (Intracellular Imaging, Cincinnati, OH, USA).
PC12 cells were exposed initially to either normoxia (21 % O,) or
hypoxia (10% O,) for 48 h. The cells were then incubated with
serum-free DMEM—F-12 medium containing fura-2 AM (5 um)
and pluronic F-127 (0-01 %) for 40 min at 37 °C. For the hypoxia
experiments, the medium was equilibrated in advance with 10 % O,
and 5% CO,. The cells were then rinsed twice with the same
medium without fura-2 and left at 37 °C for 30 min to allow for
hydrolysis of the ester. Coverslips were placed in an environmental
chamber mounted on the stage of a Nikon TMS microscope. Light
from a 300 W xenon arc illuminator passed through a computer-
controlled filter changer and shutter unit that contained 340 and



J. Physiol.512.2

380 nm filters. Light from selected cells was collected by an
integrating charge-coupled device video camera. The ratio of light
intensity at the two wavelengths was calculated on-line and stored
on the computer. The ratio of Fy,o/Fygeo was used as an indicator of
[Ca®*],. This approach allows measurement of [Ca>*], independent
of intracellular fura-2 concentration. Experimental solutions
(DMEM—-F-12 medium without phenolphthalein) were perfused by

a peristaltic pump at a flow rate of 5 ml min™.

The response to anoxia was evaluated by perfusing cells with the
medium saturated with 100 % N, gas with 1 mm sodium dithionate
(NayS,0,), an oxygen chelator. To minimize the possible production
of free radicals by dithionate (Archer et al. 1995), the medium was
first bubbled with 100 % N, to remove oxygen for more than 30 min
and then dithionate was added into the solution. Our laboratory has
shown that these conditions lead to a reduction in Py, from 150 to
approximately 0 mmHg (Zhu et al. 1996).

Northern blot analysis

Total cellular RNA was extracted from PC12 cells using TRI-
REAGENT (Molecular Research Center, Cincinnati, OH, USA)
according to the manufacturer’s instructions. The RNA
concentration and purity were determined by measurement of
absorbance at 260 and 280 nm with a Genosys spectrophotometer
(Fisher, Pittsburgh, PA, USA). A 30 ug aliquot of total RNA was
fractionated by electrophoresis using a 1 % agarose gel in 1 x Mops
buffer containing 0:4 m formamide. Gels were then stained with
SYBR Green I dye (Molecular Probes) as a visual check that equal
amounts of RNA had been loaded in each lane. RNAs were
transferred by capillary blotting onto a nylon membrane
(HybondTM—N+; Amersham, Chicago, IL, USA). The membrane
was pre-hybridized for 2—4 h in buffer (005 m sodium phosphate,
10x SCC (167mm NaCl, 167 mm sodium citrate, pH 7-0),
10 x Denhardt’s reagent (0-2% w/v Ficoll, 0-2% w/v polyvinyl-
pyrrolidone, 0-2% w/v bovine serum albumin) 01 ug ml™
denatured salmon sperm DNA, 50% formamide) and then
hybridized overnight in the same buffer with 10% dextran
sulphate and 1:0x 10°c.p.m.ml™ of radiolabelled probe.
Following hybridization, the membranes were washed three times
at 55 °C with 2 x SCC—-0-1% SDS and then exposed to a storage
phosphor screen (Molecular Dynamics, CA, USA) for 45 h. The
screen was scanned by an optical scanner (Storm™!, Molecular
Dynamics), and the signals were quantified using digital image
analysing software (ImageQuaNT™, Molecular Dynamics).

A full-length ¢cDNA encoding adenosine A,, receptor was provided
by Dr J. S. Fink (Fink et al. 1992). A fragment of the full-length
A, ¢DNA including the whole coding sequence of the A,, receptor
was excised with Xhol and Xbal (1577 kb), and used as the probe
for Northern blot analysis. The probe was labelled using a random-
primed DNA labelling kit (Prime-A-Gene™; Promega, Madison,
WI, USA) and 2-[a-*P]desoxycytidine 5'-triphosphate (Dupont
NEN, Boston, MA, USA) and then purified with a Sephadex G-50
column (Boehringer-Mannheim).

Radioligand binding assay

Binding of [*H]CGS21680, a specific adenosine A,, receptor agonist
(Dupont NEN; Jarvis et al. 1989), to PC12 cell membranes was
measured by a modification of the method described by Hide et al.
(1992). To prepare membranes for radioligand binding assays, cells
were initially washed with phosphate-buftered saline (PBS), pH 7-4,
then harvested by scraping in a hypotonic lysis buffer containing
5mm Tris-HCl (pH 7-4), 2mm EDTA, 2ugml™ leupeptin,
2 ug ml™ aprotinin and 1 mm phenylmethylsulphonic fluoride
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(PMSF). Lysates were then homogenized in the same buffer, using a
glass—glass homogenizer. The homogenate was centrifuged at
43000 g for 20 min at 4 °C. The pellet was resuspended in the same
buffer and recentrifuged at 43000 g for 20 min. The final pellet was
resuspended in the same buffer and processed immediately for
binding assay.

Assays for binding of [PH]CGS21680 (specific activity, 30-0 Ci
mmol™) were performed in duplicate in glass tubes containing
25 mm Tris-HCl (pH 7-5), 10 mm MgCl,, 100 mm NaCl, 2 mm
EDTA and 02 units mI™ adenosine deaminase. Non-specific
binding of CGS21680 was defined in the presence of 100 um
5’- N-ethylcarboxyamidoadenosine (NECA). For saturation studies,
membrane fractions (protein amount, 0:08—0-1 mg) were incubated
in a total volume of 0:25 ml at 25°C for 2 h with nine different
concentrations of [*H]CGS21680, ranging from 0-25 to 64 nu. The
binding assays were terminated by vacuum filtration on glass fibre
filters (No. 34 glass; Schleicher & Schuell, Keene, NH, USA),
followed by washing with 2 x 5 ml of an ice-cold buffer containing
10 mm Tris (pH 7-4). Filters were placed in scintillation vials, and
bound radioactivity was determined using liquid scintillation
counting. Protein concentrations were determined by the method of
Bradford (Bradford, 1974).

Reverse transcriptase-polymerase chain reaction (RT-PCR)

RT-PCR was performed using a GeneAmpli kit (Perkin-Elmer,
Norwalk, CT, USA) according to the instructions provided by the
manufacturer. Briefly, for reverse transcriptase reactions, 1 ug of
purified total RNA was incubated in the presence of 25 um
oligo-dT (16mer), 1 mm deoxynucleotide triphosphates, 1 unit
RNase inhibitor and 2:5 units murine leukaemia virus (MuliV)
reverse transcriptase, denatured at 85°C for 5 min, allowed to
proceed for 15 min at 42 °C, stopped by heating to 95 °C for 5 min
and then kept at 5 °C for 5 min. Upstream and downstream specific
primers for rat A, type and A, type adenosine receptors were
synthesized. The primers for rat A; and A, adenosine receptors
were as follows: A, receptor, 5-CGG CAG CAC CCA GAC GAA
GA-3" and 5’-CCC ACC ATG CCG CCC TAC AT-3’ (the predicted
length of the amplified DNA fragment should be 579 bp); and A,
receptor, 5-CAC ATC CTG CTG AAG AAG CAA CAG-3" and
5-GAG CTG GCT CTT TAT CTG TCA TGG-3" (1045 bp). DNA
amplification was done in the presence of 1:-5mm MgCl,,
1 x reaction buffer and 2:5 U AmpliTaq DNA polymerase. The
PCR conditions were as follows: 2 min denaturation at 94 °C,
followed by 35 cycles consisting of 90 s at 94 °C, 1 min at 50 °C for
A, receptor or at 60 °C for A, receptor, and then 90s at 72 °C.
Samples were then treated at 72 °C for 7 min. The RT-PCR product
was analysed by electrophoresis on 1% agarose gels with ethidium
bromide staining.

Adenylate cyclase activity assay

Cells were washed twice with ice-cold phosphate-buffered saline
and harvested by scraping in 400 ul of a solution containing 025 m
sucrose, 25 mm Tris (pH 7-2), 25 mm NaCl and 5 mm MgCl,. Cells
were collected by centrifugation for 5 min at 3000 ¢ at 4 °C, and
sonicated at 4°C for 2s with a micro-ultrasonic cell disrupter
(Kontes, Vineland, NJ, USA) in 200 ul of solution containing
0-25 m sucrose, 10 mm sodium phosphate (pH 7:0), 1 mm EDTA,
freshly added leupeptin (2 ug ml™), aprotinin (2 gg ml™) and
dithiothreitol (1 mm). The sample was centrifuged at 30000¢ for
10 min at 4 °C and the pellet was resuspended in 250 ul of 10 mm
sodium phosphate (pH 7-0) containing 1 mm EDTA, freshly added
leupeptin (2 g m1™), aprotinin (2 g m1™) and dithiothreitol (1 mr)
as the crude membrane fraction.
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Adenylate cyclase assays were performed by the method of Salomon
et al. (Salomon et al. 1974) as modified by Liggett et al. (1991).
Crude membrane preparations were incubated in (m»): 40 Hepes
(pH 8:0), 1:6 MgCl,, 0-9 EDTA, 100 NaCl, 0-12 ATP, 0-06 GTP,
2:8 phosphoenolpyruvate, 0-1 ¢cAMP; 50 gg ml™ myokinase and
2 mCi [a-P]ATP in a final volume of 100 ul for 15 min at 37 °C.
The reaction was terminated by placing the tubes on ice and
adding 1 ml of stop solution (containing 10 x 10 ¢c.p.m. ml™
[PH]eAMP, 0-3mm cAMP and 0-4mm ATP) to each tube.
[®*PlcAMP was separated using sequential chromatography with
Dowex and alumina columns (Salomon et al. 1974). The activity of
adenylate cyclase was determined both under basal conditions and
with the indicated concentrations of forskolin (2 gm) or adenosine
(50 ™). Results were expressed as picomoles of cAMP formed per
minute per milligram protein.

Immunoblotting of G, protein

The effect of chronic hypoxia on the amounts of the G protein, Gy,
was determined by immunoblotting. Crude membrane preparations
were boiled for 3 min in sample buffer containing 50 mm Tris
(pH6:7), 2% w/v SDS, 2% v/v p-mercaptoethanol and
Bromophenol Blue as a marker. Samples containing 20 ug of
protein were separated by SDS—polyacrylamide gel and transferred
to nitrocellulose membranes (Schleicher & Schuell) using standard
electrophoresis and electroblotting procedures. Prestained molecular
weight markers were obtained from Sigma. To reduce non-specific
binding, blots were pre-incubated for 1 h in a blocking mixture
(3% non-fat dried milk, 10 mm sodium phosphate (pH 7-2),
140 mm NaCl and 0:1% v/v Tween 20). Membranes were then
incubated with an antibody directed against the COOH™ terminal
sequence (385—394) of G, (1 : 1000 dilution; Calbiochem) overnight
at 4 °C. The membranes were then washed three times in a buffer
containing 10 mm sodium phosphate (pH 7-2), 140 mm NaCl and
0-1% Tween 20 at room temperature and incubated with a donkey
anti-rabbit horseradish peroxidase conjugated secondary antibody
(1:2000 dilution; Amersham) for 1 h at room temperature. The
membranes were washed three times over 1 h in the same buffer.
Immunolabelling was detected by enhanced chemiluminescence
(ECL; Amersham). Immunoreactivity was quantified using
densitometric analysis with an ImagePro digital analysis system
(Media Cybernetics, Silver Spring, MD, USA). G, immuno-

reactivity was linear over a 10-fold range of protein concentrations.

Protein kinase A activity assays

PKA enzyme activity was measured as previously described
(Beitner-Johnson et al. 1998). Crude cellular extracts were prepared
in a solution containing 0:25 M sucrose, 10 mM sodium phosphate
(pH 7-0), 1 mm EDTA, freshly added leupeptin (2 ug ml™),
aprotinin (2 ug ml™) and dithiothreitol (1 mm). For measurement
of PKA activity, 2—10 ug of protein from crude cellular extracts
was incubated for 6 min at 37 °C in a final volume of 50 gl which
included (mm): 25 Tris (pH 7-4), 1 MgCl,, 0-1 EDTA, 0-1 EGTA,
2:5 NaF, 5 dithiothreitol, 75 kemptide, 50 ATP (containing 01 uCi
y[**PJATP per assay), 0:005% v/v Nonidet P-40 (Boehringer-
Mannheim) and either 10 gm 8-bromo-cAMP or 10 um PKIg .
Reactions were initiated by the addition of ATP and terminated by
spotting 40 ul aliquots on 1+5cm x 1-5 cm squares of Whatman
p81 phosphocellulose papers followed by immersion in 75 mm
H,PO,. Filter papers were washed twice for 5min in 75 mm
H,PO,, followed by one 5 min wash in water and one 5 min wash
in 100% ethanol. Filters were then allowed to air dry and were
subjected to liquid scintillation counting. PKA-specific activity
was calculated as the difference in 8-bromo-cAMP-stimulated
phosphorylation of kemptide and phosphorylation found in the
presence of PKl 4, a specific inhibitor of PKA (Glass et al. 1989).
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Data analysis
The results were expressed as the mean + s.EM. (n, number of
observations). Analysis of variance was used for evaluating the
significance of the obtained data. Statistical significance was
accepted at the conventional P < 0-05 level by Student’s two-tail ¢
test evaluation.

Materials

Adenosine, 8-bromo-cAMP, PKIy,, and NECA were purchased
from Sigma.

RESULTS

Effect of chronic hypoxia on adenosine-induced
inhibition of voltage-dependent Ca** current in PC12
cells

Whole cell patch-clamp analysis was undertaken to examine
the effect of long-term hypoxia on adenosine-induced
inhibition of I, in PC12 cells. The upper panel in Fig.14
shows representative traces illustrating the I, response to
adenosine (10 gm) in cells which were incubated either
under normoxia (21 % O,, left panel) or hypoxia (10% O,)
for 24 and 48 h (middle and right panels, respectively). The
inhibition of I, by adenosine was reduced when the cells
had been pre-exposed to chronic hypoxia. The lower panel
in Fig.14 shows the mean data from these experiments.
The adenosine-induced inhibition of I, was significantly
smaller in the cells exposed to 10% O, for 48 h (P < 0:05).
The mean membrane capacitance did not change significantly
during chronic hypoxia (normoxia: 93 £ 0:5 pF (n= 6);
24h  hypoxia: 95+ 10pF (rn=6); 48h hypoxia:
994 07 pF (n=06)). In addition, analysis of the current
density of I, revealed that there were no significant
differences among the three groups (normoxia:
137+ 3:0pA pF' (n=6); 24 h hypoxia: 12:5+ 0-6 pA
pF™ (n=6); 48h hypoxia: 12:4 +1-3 pA pF™" (n=6)).
Figure 1B shows the mean and s.E.M. of peak current—
voltage relationships of I, before and during the application
of adenosine (10 gm) (n=15). In normoxic cells, adenosine
reduced peak I, over a voltage range that leads to maximal
activation of I, (left panel). This inhibitory effect of
adenosine was markedly smaller in the cells exposed to 48 h
hypoxia. Note that adenosine did not induce a shift in the
current—voltage relationship in either normoxic or hypoxic
cells.

Effect of chronic hypoxia on the adenosine-mediated

inhibition of intracellular free Ca** in PC12 cells

We performed Ca® imaging experiments to determine if

long-term hypoxia modulates the effect of adenosine on
elevation of [Ca®"], induced by anoxia. A representative
recording of [Ca’"]; in response to anoxia (100% N, and
1 mm sodium dithionate) in the absence and presence of
adenosine (50 gm) in a cell that had been pre-exposed to
normoxia is shown in Fig. 24. Anoxia produced a rapid rise
in [Ca’"]; which reached a peak within 3 min and returned
to baseline following reoxygenation. The important finding
was that the anoxia-induced enhancement of [Ca’*], was
reduced markedly by 50 um adenosine. A separate set of

i
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experiments showed that adenosine (10 um) attenuated the
anoxia-induced elevation in [Ca’"];, but the change was not
significant (data not shown). Figure 2B shows the results
from an identical experiment except that the cell had been
pre-exposed to hypoxia (10% O,) for 48 h prior to the
experiment. Note that the preconditioning hypoxic stimulus
blunted the inhibitory effect of adenosine on [Ca’]; in
response to anoxia. Figure 2 and D shows the overall results
from the Ca’ imaging studies. The increase in [Ca®];
during anoxia was greater in cells that had been pre-
exposed to 48 h of hypoxia (n= 14) than normoxic controls
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(n=10) (Fig. 2C). On the other hand, the inhibitory effect
of adenosine on the enhancement of [Ca®"]; during anoxia
was significantly smaller in the cells exposed to hypoxia for
48h (n=14) than in normoxic cells (n=10) (Fig.2D).
These results indicate that chronic hypoxia attenuates the
effect of adenosine on anoxia-induced enhancement of
intracellular free Ca®* in PC12 cells.

Effect of chronic hypoxia on adenosine A,, receptor
gene expression and receptor binding in PC12 cells
Northern blot analysis was used to investigate the effect of
hypoxia on adenosine A, , receptor mRNAs. PC12 cells were

48 h hypoxia

ADO 10pM

control

24 h hypoxia 48 h hypoxia

48 h hypoxia
V{(mV)

Figure 1. Attenuation of adenosine-induced inhibition of voltage-dependent Ca?* current by

long-term hypoxia in PC12 cells

A (upper panel): traces showing the effect of adenosine (ADO) on I,. I,, was measured every 30s by
160 ms test pulses from a V}, of —80 to 4+20 mV. Peak current amplitude was measured for evaluation. The
charge carrier was 20 mm Ba?*. In normoxic controls, adenosine (10 um) elicited a decrease in the amplitude
of I, (left). This effect of adenosine was smaller when the cells had been pretreated with hypoxia (10% O,)
for 24 h (middle) or 48 h (right). A (lower panel): the effect of adenosine on I, was significantly attenuated
when the cells had been exposed to 10% hypoxia for 48 h (* P < 0:05). The response to adenosine was
evaluated as the percentage inhibition from baseline inward current. The numbers in parentheses indicate
the number of cells examined. Means + s.E.M. are shown. B, effect of adenosine (ADO) on the peak

current—voltage relationship of I,.

Means + s.e.M. are shown (=5 for each group). I, was measured

with 100 ms long test pulses from a V, of —80 mV to test potentials ranging from —50 to +60 mV (10 mV
increments). Peak currents were measured before and after steady-state inhibition by the application of
adenosine (10 um). Adenosine decreased I, at the voltage range examined.
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initially grown in normoxic conditions. When the cells
reached 70% confluency, they were placed in an incubator
set to maintain an hypoxic environment (10% O,) for 3, 6,
12, 24 or 48 h. Figure 34 shows the profile of adenosine A,
receptor mRNA expression during increasing duration of
hypoxia in PC12 cells. It can be seen that A,, receptor
mRNA gradually increased with hypoxia and peaked at
24 h. The mean results from these experiments are provided
in Fig. 3B. A significant increase in A,, receptor mRNA was
measured at 24 and 48 h (Fig. 3B). Thus, chronic hypoxia
upregulates the expression of adenosine A,, receptor nRNA

in PC12 cells.

In a previous study, we showed that PC12 cells express A,,
and A,y receptors, but not A, or A, receptors (Kobayashi et
al. 1998). To test the possibility that chronic hypoxia induces
de movo expression of A, and A, receptors, which are
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generally coupled to G; protein, RT-PCR analysis was
performed to test for the presence of A, and A, receptor
mRNAs after exposure to chronic hypoxia (Fig. 4). Neither
the expression of A, receptor nor that of A, receptor was
detected in the PC12 cells either before or after exposure to
chronic hypoxia. The positive controls from rat brain (for A,
receptor) and rat lung (for A, receptor) each showed a single
band when the samples were treated with the same RT-PCR
procedure as the PC12 cells. In each experiment, false
amplification of the genomic DNA was ruled out by negative
controls in which reverse transcriptase was not added to the
reaction mixture. Therefore chronic mild hypoxia does not
induce expression of either the A, or A, adenosine receptor
in PC12 cells.

To determine the effect of chronic hypoxia on A,, receptor
function, we performed receptor binding studies. We
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Figure 2. Effect of chronic hypoxia on adenosine-mediated modulation of anoxia-induced

increase of intracellular free Ca?* in PC12 cells

A, a representative measurement of cytosolic free Ca®* concentration ([Ca’"],) in response to anoxia in a cell
which had been exposed to normoxia for 48 h. [Ca®*], was estimated by using the fluorescent Ca** indicator
fura-2. The ratio of F,,/Fyg, was used to reflect [Ca®"],. Anoxia was induced by saturating the medium
with 100% N, with 1 mm sodium dithionate. Anoxia induced the elevation of [Ca?*], which returned to the
baseline level upon reoxygenation. The response to anoxia was reduced in the presence of 50 um adenosine
(ADO). B, a recording of [Ca®"]; in a cell that had been exposed to 10% O, for 48 h prior to the experiment.
Anoxia could still induce an increase in [Ca”*];. However, the inhibitory effect of 50 gm adenosine (ADO) on

L . . 2+
the anoxia-induced increase in [Ca™ ],

was dramatically reduced. C' and D, the overall data from Ca®*

imaging studies. The numbers in parentheses indicate the number of cells examined. The anoxia-induced

increase in [Ca®*]

i

evaluated as the relative change in the F,,,/Fyq, ratio, was significantly augmented

when the cells had been pre-exposed to 10% O, for 48 h (C, * P < 0:05). On the other hand, the inhibitory
effect of adenosine (ADO) on the anoxia-induced elevation of [Ca®"]; was significantly smaller in the cells
exposed to hypoxia for 48 h (D, ¥ P < 0-05). Means + s.E.M. are shown.
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Figure 3. Upregulation of adenosine A, receptor
mRNA expression by chronic hypoxia in PC12 cells
A, profiles of adenosine A,, receptor nRNA during
exposure to hypoxia. Cells were harvested at the indicated
time points after exposure to 10 % O, and RNAs were
analysed by Northern blots. The lower panel shows the
SYBR Green I visualization to show that RNAs were
equally loaded in each lane. B, the expression of A,,
receptor gradually increased with hypoxia, and peaked at
24 h. The relative change from normoxic control in signal
density was significant at 24 and 48 h (both * P < 0-:05).
Each bar shows the mean + s.E.m. of 6 samples.
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Table 1. Effect of chronic hypoxia on [*H]CGS21680 binding
to membranes from rat PC12 cells

(fmol (mg protein)™) (nm)
Normoxia 1105+ 112 9:0 +4:0
48 h 10 % hypoxia 1655+ 10-7* 98+ 14

B,

nax, Maximum number of binding sites. Ky, equilibrium
dissociation constant. Values shown are means + s.g.m. * P<0-05.

measured ligand binding to the A,, receptor in control cells
and in cells which had been exposed to prolonged hypoxia.
Plasma membranes from PC12 cells
normoxia or under 10% O, for 48 h were harvested, and
receptor binding assays performed. We found that the
binding of the A,,-selective adenosine receptor ligand
[PH]CGS21680 was saturable and that the maximum
number of binding sites (B,,,,) for CGS21680 was increased
during 48 h of 10% O, (P < 0:05). This corresponded to the
increased A,, receptor mRNA level measured following
chronic hypoxia. There was no significant change in the
equilibrium dissociation constant (Kj). These results are
summarized in Table 1. The values for K; and B, were
calculated from Scatchard analyses of binding data from
three independent experiments.

incubated under

Effect of chronic hypoxia on G, protein levels in
PC12 cells

We investigated the effect of chronic hypoxia on G, protein
levels in PC12 cells exposed to 10% O, for 6, 12, 24 or 48 h.
Figure 5 shows that chronic hypoxia had no effect on Gy,
levels in PC12 cells, as measured by immunoblot analysis.

Effect of chronic hypoxia on adenylate cyclase
activity in PC12 cells

We next examined the effect of hypoxia on the next step in
the A, adenosine receptor post-receptor signalling cascade,
namely, adenylate cyclase enzyme activity. Basal, forskolin-
stimulated (2 um), and adenosine-stimulated (50 um)
adenylate cyclase activities were all unchanged in response
to exposure to hypoxia (10 % O,) for either 24 or 48 h (Fig. 6).

Control 6h 12 h
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Effect of chronic hypoxia on protein kinase A activity
in PC12 cells

Regulation of PKA is the primary signalling mechanism by
which adenosine receptors mediate their intracellular
effects. For this reason, we next performed experiments to
determine if the diminished effectiveness of adenosine in
inhibition of [Ca®"]; in cells pre-exposed to hypoxia is due to
decreased PKA activity. Basal phosphorylation of kemptide
in the presence of PKlg ,,, a specific inhibitor of PKA, was
unchanged in response to 10% O, for either 24 or 48 h
(Fig.7). In contrast, maximal phosphorylation of kemptide
stimulated by 8-bromo-cAMP (10 gm) was significantly
reduced during exposure to 10% O, for 24 and 48 h. We
found that PK A specific activity, calculated as the difference
in 8-bromo-cAMP-stimulated phosphorylation of kemptide
and phosphorylation found in the presence of PKI ,,, was
significantly reduced during chronic hypoxia (24 h hypoxia:
—27'7+4+6'8% from normoxic controls, P<0:05; 48h
hypoxia: —32:6 +2:8% from controls, P <0:01). This
finding is consistent with the reduced effectiveness of A,,
receptor activation in inhibiting both I, and [Ca®"],. We
found that the reduced PKA activity was not due to
hypoxia-induced reduction in cell viability as measured by
Trypan Blue exclusion as described previously (Beitner-
Johnson et al. 1998) (48 h normoxia, 977 +3:2%; 48 h
hypoxia, 97-4 + 2:9%; n=3 in each group). We conclude
that chronic hypoxia (10 % O,) downregulates PKA activity
in PC12 cells.

Effect of chronic hypoxia on 8-bromo-cAMP-induced
modulation of voltage-dependent Ca?* current in
PC12 cells

We next conducted whole cell patch-clamp experiments to
determine if reduced PKA activity is the primary
mechanism for the attenuated effect of adenosine on I,
during chronic hypoxia. We examined the effect of
8-bromo-cAMP (8-Br-cAMP) on [, in PC12 cells which
were incubated either under normoxia or 10% O, for 48 h.
8-Br-cAMP is a membrane-permeable derivative of cAMP
and directly activates PKA. Figure 84 shows representative
traces illustrating the I, response to 8-Br-cAMP in PC12
cells. Extracellular application of 8-Br-cAMP (1 mwm) induced
a decrease in the peak amplitude of I, in normoxic cells

24 h 48 h

Figure 5. Effect of chronic hypoxia on G, protein levels in PC12 cells

Profiles of Gy a-subunit protein during exposure to hypoxia. Cells were harvested at the indicated time
points after exposure to 10% O, and proteins were analysed by immunoblot analysis. A representative
immunoblot is shown from a total of n = 4 dishes in each group performed in a single experiment.
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Figure 6. Effect of chronic hypoxia on adenylate cyclase activity in PC12 cells

Cells were harvested at 24 and 48 h after exposure to 10% O, and the production of ¢cAMP stimulated by
forskolin (2 um) or adenosine (50 um) was measured. Basal production of cAMP was unchanged in response
to 10% O, for either 24 or 48 h (left). Hypoxic exposure did not alter the activity of adenylate cyclase
stimulated by forskolin (right). In addition, there was no significant change in the production of cAMP
stimulated by adenosine in response to chronic hypoxia (middle). Each bar shows the mean + s.E.m. of 6

samples from 2 separate experiments.

(left panel). Lower doses of 8-Br-cAMP did not induce a
significant decrease in peak I, (data not shown). The
inhibition of I, induced by 1 mm 8-Br-cAMP was blunted
when the cells had been pre-exposed to chronic hypoxia
(right panel). Figure 8B shows the mean data from these
experiments. The 8-Br-cAMP-induced inhibition of I, was
significantly smaller in the cells exposed to 10% O, for 48 h
(P < 0-05).
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DISCUSSION
We reported previously that extracellularly applied
adenosine inhibits 7, in PC12 cells (Kobayashi et al. 1998).
Also we have reported that the elevation of [Ca’*], induced
by acute hypoxia is attenuated by adenosine through the
inhibition of I,. This is potentially an important mechanism
because an increase in cytosolic Ca’" during hypoxia is

normoxia

24 hrs hypoxia

48 hrs hypoxia

Figure 7. Chronic hypoxia downregulates protein kinase A enzyme activity in PC12 cells

The cells were incubated under normoxia or under 10% O, for 24 and 48 h. For PKA assays, kemptide
(75 mm) was used as substrate for PKA-activated phosphorylation. Basal non-specific phosphorylation of
kemptide in the presence of PKIj ,,, a specific inhibitor of PKA, was unchanged in response to 10 % O, for
either 24 or 48 h ([J). In contrast, maximal phosphorylation of kemptide stimulated by 8-bromo-cAMP
(8-Br-cAMP; 10 um) was significantly reduced during pre-exposure to 10% O, for 24 and 48h (H;
* P <005, ** P<001). We found that PKA specific activity, calculated as the difference in 8-Br-cAMP-
stimulated phosphorylation of kemptide and phosphorylation found in the presence of PKlg,,, was
significantly reduced when the cells had been exposed to hypoxia for 24 and 48 h. Data are expressed as the

mean + S.E.M. (n = 4 in each group).
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required for the regulation of certain genes (c-fos, Jun-B
and tyrosine hydroxylase) and the release of neuro-
transmitter in PC12 cells during hypoxia (Czyzyk-Krzeska
et al. 1994; Zhu et al. 1996; Raymond & Millhorn, 1997). In
the current study, we have shown that the hypoxia-induced
increase in [Ca”™ ], in PC12 cells was significantly augmented
when the cells were exposed to prolonged hypoxia. This
result supports the idea that the chemosensitivity of the O,
sensing cells is enhanced during chronic hypoxia. The most
important finding in the present study is that the exposure
to chronic hypoxia attenuates the adenosine-induced
modulation of I, and [Ca®], in PC12 cells. Experiments
were performed to attempt to identify the mechanism for
downregulation of the effect of adenosine by chronic
hypoxia.

It has been shown that the A,, and A,; type adenosine
receptors are the only subtypes expressed in PC12 cells
(Williams et al. 1987; Hide et al. 1992). PC12 cells do not
express either the A, or A, subtype of adenosine receptors
(Kobayashi et al. 1998). Signal transduction at both adenosine
A,, and A,p subtypes is mediated via G, which stimulates
adenylate cyclase to generate cAMP and subsequent
activation of PKA (Fredholm, 1995; Olah & Stiles, 1995).
In addition, our previous report showed that the action of
adenosine on I, is mediated via the A,, receptor and the
activation of PKA (Kobayashi et al. 1998). In order to
characterize the cellular mechanisms for the reduced actions
of adenosine on I, and [Ca’>*],, we examined the effect of
chronic hypoxia on the adenosine A,, receptor-induced
activation of signal transduction pathways.

J. Physiol. 512.2

We found that chronic hypoxia increased mRNA expression
and ligand binding of A,, type adenosine receptor. This
finding excluded the possibility that downregulation of A,,
receptors was the mechanism for this effect. We also
examined the effect of chronic mild hypoxia on the post-
receptor elements involved in adenosine A,, receptor
signalling. Prolonged hypoxia had no effect on G, immuno-
reactivity level, adenylate cyclase activity or the expression
of A, and A, receptors. The reduced actions of adenosine on
I, and [Ca’"]; were not ascribed to the decreased numbers
of functional Ca’*channels, since there were no significant
changes in current densities for Ca”* during 48 h hypoxia.

We next performed experiments to test the effect of chronic
hypoxia on PKA activity, the intracellular mediator of A,,
receptor function. Our laboratory reported recently that
exposure of PC12 cells to 5% O, for at least 6 h down-
regulates both PKA enzyme activity and the level of both
the regulatory and catalytic subunits of PKA (Beitner-
Johnson et al. 1998). The current study revealed that PKA
activity was similarly downregulated after chronic exposure
to a milder level of hypoxia (10 %) and that downregulation
of PKA occurred concomitantly with the inability of
adenosine to inhibit I, and [Ca’*],. Since there was no
difference in the ¢cAMP production (e.g. adenylate cyclase
activity) in response to adenosine before and after chronic
hypoxic exposure, it is likely that downregulation of PKA
activity is the primary mechanism by which I, is reduced
following chronic hypoxia. Evidence that this may be the
cage comes from our previous study (Kobayashi et al. 1998).
We have found that the effect of activation of the A,,

A
Normoxia 48 h hypoxia
0- 8-Br-cAMP 0-
1mM 8-Br-cAMP
1mM
Figure 8. Effect of chronic hypoxia on 8-bromo-cAMP-
induced modulation of Ca** current in PC12 cells
100pA | A, typical tracings showing the effect of 8-bromo-cAMP
baseline baseline : ' §

80 msec (8-Br-cAMP) on I,. Voltage protocols were the same as those
described in the legend to Fig. 1. I, was recorded before and during
extracellular application of 8-Br-cAMP (1 mm) in cells which were
incubated either under normoxia or 10 % O, for 48 h. The response to
8-Br-cAMP was evaluated after steady-state inhibition was achieved

B as the percentage inhibition from baseline inward current. In

104 normoxic controls, the application of 8-Br-cAMP (1 mm) elicited a
é’ decrease in the amplitude of I, (left). This effect of 8-Br-cAMP was
% 0 smaller when the cells had been pretreated with mild hypoxia for
-g 48 h (right). B, the effect of 8-Br-cAMP on I, was significantly
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receptor on [,, was reduced by application of the PKA
inhibitor peptide (PKI, 5,) and in PKA-deficient PC12 cells.
Furthermore, in the current study, we revealed that the
inhibition of I, induced by 8-Br-cAMP was attenuated
when cells had been pre-exposed to chronic hypoxia.
8-Br-cAMP is a derivative of cAMP and directly activates
PKA. Therefore, the action of 8-Br-cAMP is downstream of
adenosine receptors, G, protein or adenylate cyclase.
8-Br-cAMP is widely used for patch-clamp studies to
investigate the role of PKA in modulating channel activities
(Wickman & Clapman, 1995). It has been shown that
8-Br-cAMP decreases the activities of Ca®" channels in
vascular smooth muscle cells (Ishikawa et al. 1993; Xiong et
al. 1994). Therefore, our findings strongly indicate that the
reduced activity of PKA is the primary mechanism by
which the actions of adenosine on I, and [Ca’"]; are
attenuated during chronic hypoxia in PC12 cells.

In cells exposed to long-term hypoxia, a series of defence
and rescue mechanisms ensure the promotion of cell survival.
The downregulation of the PKA signal transduction pathway
has been hypothesized to be one of the defence mechanisms
for hypoxia (Hochachka et al. 1996). The hypoxia-induced
reduction in PKA activity suggests that a number of the
substrate proteins for PKA are phosphorylated to a lesser
degree during hypoxia. To our knowledge, the present
study represents the first evidence that the downregulation
of PKA activity is coupled to altered cellular function
during hypoxia. In a previous study we showed that
adenosine has an inhibitory effect on membrane excitability
during hypoxia in PC12 cells (Kobayashi et al. 1998). The
reduced actions of adenosine on Ca®* current and [Ca®"];
following chronic hypoxia might function to enhance
membrane excitability in PC12 cells during chronic hypoxia.

In contrast to PKA, the activity of adenylate cyclase was
not altered during chronic hypoxia in PC12 cells. We found
that exposure to 10 % O, for 48 h did not alter the production
of cAMP stimulated by forskolin, which directly activates
adenylate cyclase in a receptor-independent manner. We
also found that prolonged hypoxia did not alter adenylate
cyclase activity stimulated by exogenously applied adenosine
at the A, receptor. We further found that the level of Gy,
the G protein that is coupled to the A,, receptor, did not
change during long-term hypoxia. These findings indicate
that unlike PKA, which was downregulated by chronic
hypoxia, two more proximal effectors of adenosine A,
receptor signalling, G, and adenylate cyclase, were not
altered in response to hypoxia.

We also found that adenosine A,, receptor mRNA expression
was actually increased by hypoxia. We showed that mRNA
message of A,, receptor increases during chronic hypoxia.
This is the first known report that the expression of the A,,
receptor gene is regulated by hypoxia. We also found that
chronic hypoxia enhances A,, receptor protein numbers in
PC12 cells, since ligand-binding studies revealed that the
number of binding sites, but not the K,, were increased
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during 48 h exposure to hypoxia. This finding suggests that
the reduced effectiveness in adenosine-mediated inhibition
of [Ca®*], in cells exposed to chronic hypoxia was not due
to downregulation of A,, receptor. We speculate that
upregulation of A,, receptor gene and protein expression
may be involved in a compensatory response to the reduced
signalling function of adenosine on the effector proteins,

including PKA and Ca®* channel.

It should be noted that, although the number of A,,
receptors was increased in PC12 cells during chronic hypoxia,
adenosine-stimulated adenylate cyclase activity was not
enhanced during this period. Our RT-PCR experiments
revealed that chronic hypoxic exposure does not lead to
expression of either the A, or A, receptors, which are
normally not present in PC12 cells (Kobayashi et al. 1998).
This is important because both A, and A, receptors are
generally found to be coupled to G; protein (Fredholm,
1995; Olah & Stiles, 1995). Thus, activation of these
receptors could have resulted in the reduction in cAMP
production by adenylate cyclase. The fact that adenosine-
stimulated adenylate cyclase activity was not increased by
hypoxia may suggest that coupling between the A,,
receptor and adenylate cyclase is impaired during hypoxia.
We showed that hypoxia had no effect on the amount of G,
protein a-subunit in PC12 cells. However, functional down-
regulation of G, protein activity during chronic hypoxia
has been reported in rat hearts (Kacimi et al. 1995). This
observation raises the possibility that chronic hypoxia may
regulate A,, receptor coupling to Gy, potentially via receptor
desensitization (Ramkumar et al. 1991; Chern et al. 1993).

Our previous and current papers clearly demonstrate that
adenosine has an inhibitory effect on the excitability of
PC12 cells (Kobayashi et al. 1998). These studies were
performed for the express purpose of identifying basic
mechanisms by which the A,, receptor modulates cellular
excitability during hypoxia. Therefore, extreme care should
be exercised in extrapolating the results from PC12 to other
oxygen-sensitive tissues such as carotid body type I cells.
There have been several reports which suggest that adenosine
might actually stimulate carotid body activity in animals
(McQueen & Ribeiro, 1986; Runold et al. 1990) and in
humans (Watt et al. 1987). Several factors must be
considered in explaining this potential discrepancy between
the carotid bodies and PC12 cells. First, the action of
adenosine in carotid bodies may vary among species; its
action is still controversial in rats (Monteiro et al. 1987,
McQueen, 1993; e Silva & Lewis, 1995). Most of the carotid
body studies were performed in an in vivo model or in
isolated whole carotid body preparations. These preparations
include cells other than type I cells (vascular structures,
afferent nerve terminals of carotid sinus nerves and type 11
cells, etc.) which may indirectly affect the adenosine-induced
changes in carotid sinus nerve activities. Adenosine may
increase the carotid sinus nerve activities through its action
on vascular smooth muscles (improved perfusion to carotid
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bodies) or adenosine may have stimulatory effects primarily
through activation of post-synaptic receptors on afferent
nerve terminals. In addition, in the in vivo preparations it is
difficult to control the concentration of adenosine which
reaches type I cells and the action of adenosine may be
concentration dependent. Therefore, it is likely that the
direct action of adenosine on the excitability of type I cells
remains to be fully uncovered. Further studies are required
to characterize the cellular and molecular mechanisms for
adenosine-induced modulation of hypoxic chemosensitivities
in carotid body type I cells.

In summary, we found that the effect of A,, receptor
activation on inhibition of I, and [Ca®"]; is significantly
attenuated in PC12 cells exposed to mild hypoxia for 48 h.
We showed that the attenuated response was due to the
downregulation of PKA activity and not due to reductions
in G, adenylate cyclase or A,, receptor level. We propose
that the functional uncoupling of the A,, receptor with the
Ca”" channel during chronic hypoxia provides a mechanism
to enhance membrane excitability and therefore the cellular
response to hypoxia. These are novel findings which provide
important insights concerning the molecular and cellular
basis of O, chemosensitivity in PC12 cells.
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