Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 9469-9473, October 1992
Neurobiology

Hypoxia and N%,0% -dibutyryladenosine 3’,5'-cyclic monophosphate,
but not nerve growth factor, induce Na* channels and hypertrophy
in chromaffin-like arterial chemoreceptors

(glomus cells/ carotid body /O, sensors)

A. STEA, A. JACKSON, AND C. A. NURSE*

Department of Biology, McMaster University, 1280 Main Street West, Hamilton, ON, L8S 4K1, Canada

Communicated by Edwin J. Furshpan, July 14, 1992

ABSTRACT Chronic hypoxia sensitizes the ventilatory
reflex in mammals and causes enlargement of the carotid body,
a peripheral arterial chemosensory organ. To investigate pos-
sible underlying mechanisms, in the absence of circulatory
changes, we exposed cultures of dissociated rat carotid body
containing the oxygen sensors (i.e., chromaffin-like glomus
cells) to chronic hypoxia (6% O;) over a period of 2 weeks.
After a delay of a few days, the Na* current density in
hypoxia-treated glomus cells increased significantly, reaching
values up to 6 times that seen in normoxic (20% O,) controls.
In addition the whole-cell capacitance, an indicator of cell size,
was also significantly larger (3—4 times control) in glomus cells
exposed to chronic hypoxia. Both effects were mimicked qual-
itatively by chronic treatment of normoxic cultures with
N¢,0% -dibutyryladenosine 3’,5'-cyclic monophosphate, but
not nerve growth factor, which is known to induce similar
changes in the chromaffin cell line PC12. Thus, the physiolog-
ical and morphological effects of chronic hypoxia on the carotid
body in vivo may be due in part to a cAMP-mediated stimu-
lation of Na* channel expression and hypertrophy in the
chemosensory glomus cells.

Conditions of chronic hypoxia, as occur in humans and
animals living at high altitude (1) or in patients with hypoxic
lung disease (2), cause enlargement or hypertrophy of the
carotid body, an organ that senses blood Po, and controls
ventilation. In addition, there is a time-dependent sensitiza-
tion of this chemosensory pathway (3, 4), resulting in an
increased respiratory drive that is thought to be important
during acclimatization to hypoxia. The above structural and
functional changes may be mediated via a direct action of low
arterial Po, on the carotid-body oxygen sensors (i.e., the
chromaffin-like glomus cells), which contain a unique class of
O,-sensitive K* channels (5-7), or indirectly, by way of
blood-borne factors arising elsewhere in the circulation.
Though there is evidence that the hypertrophic response of
the carotid body during chronic hypoxia is accompanied in
part by an increased size of the glomus cells (8, 9), the
underlying mechanisms associated with the morphological
and physiological adaptations of the carotid body to chronic
hypoxia are largely unknown. Moreover, these mechanisms
are especially difficult to investigate in vivo, where circula-
tory factors cannot be readily controlled or eliminated.
This laboratory has been investigating (7, 10, 11)
chemotransduction mechanisms by using dissociated cell
cultures of the rat carotid body in which the chemosensory
glomus cells survive for several weeks and are accessible for
electrophysiological patch-clamp/whole-cell recording. The
ability to control the cellular, fluid, and gaseous environ-
ments in these cultures allowed us to investigate whether
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direct exposure of carotid body cells alone to chronic hypoxia
could alter the physiological and morphological properties of
the glomus cells, in the absence of extraneous circulatory
factors. In this study, we compare the properties of glomus
cells cultured in normoxic (20% 0O,) and hypoxic (6% O-)
environments and provide direct evidence that prolonged
hypoxia may alter both ion-channel expression and morphol-
ogy in these cells. In addition, our studies suggest a role for
cyclic nucleotides in the mediation of these responses.

METHODS AND MATERIALS

The procedures for the culture of glomus cells by combined
enzymatic and mechanical dissociation of the rat carotid
body were identical to those previously described (7, 10, 11).
Briefly, carotid bodies were obtained from rat pups 5-12 days
old and then incubated for 45 min in an enzyme solution
containing 0.1% collagenase, 0.1% trypsin (GIBCO), and
0.01% deoxyribonuclease (Millipore). The tissues were then
rinsed and mechanically teased in growth medium containing
F-12 nutrient medium supplemented with 10% (vol/vol) fetal
bovine serum (GIBCO), insulin (80 units/liter; Sigma), 0.6%
glucose, 2 mM L-glutamine, and 1% penicillin/streptomycin.
For the first 2 days, all cultures were grown in a control
normoxic environment at 37°C in a humidified atmosphere.
Thereafter, they were exposed to one of the following four
conditions for up to 14 days: (i) a control normoxic environ-
ment (20% 0,/75% N,/5% CQO»), (ii) a hypoxic environment
(6% 0,/89% N, /5% CO,), (iii) a normoxic environment with
1 mM NS$,0%-dibutyryladenosine 3’,5'-cyclic monophos-
phate (Bt,cAMP) added to the medium, and (iv) a normoxic
environment with nerve growth factor (NGF; 1 ug/ml) added
to the medium. In several control experiments, this same
NGF-containing medium supported long-term growth and
survival (>2 weeks) of dissociated sympathetic neurons from
rat superior cervical ganglia; the majority of these neurons
died within 2 days when the NGF was omitted. All normoxic
cultures were grown in a Forma Scientific (Marietta, OH)
automatic CO, incubator, whereas hypoxic cultures were
grown in a Forma Scientific O,/CO; incubator in which the
gas tensions could be independently controlled.

Most whole-cell recordings were performed using the per-
forated-patch technique as described in our recent studies on
these glomus cells (7, 11). Typical external recording solutions
contained 135 mM NaCl, S mM KCl, 2 mM CaCl,, 2 mM
MgCl, 10 mM glucose, and 10 mM Hepes, pH 7.4. The pipette
solutions for perforated-patch recording contained either 25
mM KCl plus 110 mM potassium gluconate or 135 mM KCl in
5 mM NaCl/0.1 mM CaCl,/10 mM Hepes, pH 7.2/nystatin
(500 g/ml). Whole-cell currents recorded with the two pipette
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solutions were generally comparable. Data were analyzed
using PCLAMP Version 5.5 software (Axon Instruments, Bur-
lingame, CA) and voltage-clamp traces were plotted on a
Hewlett-Packard LaserJet III printer after subtraction of the
capacity and leakage currents and filtering at 2000 Hz. For
estimates of whole-cell capacitance, a hyperpolarizing voltage
step, typically from a holding potential of —60 mV to a step
potential of —120 mV, was applied to the cell and the resulting
capacitative transient was recorded on the current trace. The
whole-cell capacitance was then calculated by dividing the
charge (obtained from integration of the capacitative transient)
by the magnitude of the voltage step. Series resistance was
typically <15 MQ for perforated-patch recordings and was
compensated in all experiments.

The drugs Bt,cAMP, nystatin, and tetrodotoxin (TTX)
were obtained from Sigma.

RESULTS

In the first part of this study, we used patch-clamp/whole-cell
recording to compare the active and passive properties of
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glomus cells grown under normoxic and hypoxic conditions.
Rat glomus cells grown in culture for 2-15 days under
normoxic conditions contained small transient inward cur-
rents (Fig. 1 A and B), as we have reported (7, 11). This
transient current was substantially reduced by TTX (see ref.
7), indicating that it was carried mainly via voltage-gated Na*
channels. Typically, for cells grown in normoxic conditions,
the peak inward current was <50 pA (holding potential, —60
mV) and remained relatively constant with time in culture
(Fig. 1A). In contrast, when the cultures were grown under
hypoxic conditions, the magnitude of the peak inward current
increased progressively, reaching average values =6 times
control after a 13-day exposure (Fig. 1A4). These larger
inward currents were substantially (and reversibly) reduced
by 500-1000 nM TTX (Fig. 1C Left), indicating that they too
were carried mainly via voltage-gated Na* channels. The
effect of hypoxia may be due to a specific induction of Na*
channels since the augmented Na* current developed with a
lag period of 2-5 days (Fig. 1A), and it occurred in cells where
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FiG. 1.

Comparison of the effects of prolonged hypoxia, Bt2cAMP, and NGF on the development of inward Na* currents in cultured

chemosensory glomus cells. (A) Time course of the effect of various treatments on the peak inward Na* current élicited by a voltage step from
—60to 0 mV. 0, Control (normoxia); @, hypoxia; ¢, 1 mM BtocAMP; 0, NGF (1 ug/ml). The progressive increase in peak Na* current is already
significant (P < 0.01) at 5 days in hypoxic conditions (6% O-) and at 2 days in Bt,cAMP; at no time was there a significant change during NGF
treatment. As in our previous studies (7, 11), control (normoxic) glomus cells had a mean peak Na* current of =50 pA that remained relatively
constant over time in culture (0). Each point represents the mean + SEM of a minimum of 9 cells from at least two separate platings; the graph
is based on recordings from >250 glomus cells. All treatments were compared to controls using Student’s ¢ test. Significance levels were set
at P < 0.01. (B) Whole-cell current traces recorded from glomus cells grown under various conditions. The control glomus cell, grown in a
normoxic environment, had a typical small transient inward current followed by prolonged outward K+ current; voltage step (lower traces) was
from —60 mV to 0 mV. The NGF-treated cell showed no obvious difference in inward current from the control. In contrast, glomus cells exposed
to hypoxia (6% O-) and to Bt,cAMP (1 mM) for 9 days showed a pronounced increase in the inward current, but there was no apparent change
in the outward K+ current. (C) Effect of TTX on the inward current in glomus cells exposed to hypoxia or Bt,c AMP. The inward current recorded
from glomus cells exposed to hypoxia (6% O2) or 1 mM Bt,cAMP for 9-10 days was almost completely blocked by 1 uM TTX. The residual
inward current is likely due to the small Ca2* current known to be present in these cells (7).
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the magnitude of the outward K* current was similar to
normoxic controls (Fig. 1B).

Since hypoxia causes elevation of cCAMP in the carotid
body (12-14), specifically in glomus cells (15), and since
cAMP analogs induce Na* channel expression in PC12 (16)
and skeletal muscle (17) cells in vitro, we tested whether the
increase in inward current in glomus cells is mimicked by
growing normoxic carotid body cultures in the continuous
presence of the membrane-permeable cAMP analog
Bt,cAMP. As shown in Fig. 1A, the effect of 1 mM Bt,cAMP
was even more dramatic than chronic hypoxia, causing a
greater increase in inward current throughout the treatment
period and with a more rapid onset (see also Fig. 1B). This
augmented inward current was again largely due to voltage-
gated Na* channels since it was substantially reduced or
eliminated by TTX (Fig. 1C Right), and there was no ac-
companying change in steady-state inactivation (data not
shown). Thus, it is plausible that the signal transduction
pathway leading to the enhanced inward Na* current in
glomus cells exposed to chronic hypoxia, involves the ele-
vation of intracellular cAMP produced by the hypoxic stim-
ulus.

We next investigated whether NGF might act as an inter-
mediary signal, since NGF causes development of action
potentials and induces Na* channel expression in PC12 cells
(16, 18), whose parental chromaffin cells are closely related
embryologically to glomus cells (19, 20); in addition, during
embryonic development at least some glomus cells appear
sensitive to NGF (21). As shown in Fig. 1 A and B, chronic
treatment of carotid body cultures with NGF (1 ug/ml) had
no effect on the inward Na* current. Thus, it is unlikely that
hypoxia increases the number of Na* channels in glomus
cells by locally elevating the levels of NGF.

Chronic hypoxia also causes enlargement of the carotid
body in vivo and this is accompanied in part by glomus cell
hypertrophy (1, 8, 9). To test whether such structural changes
might be due to a direct effect of hypoxia on carotid body
cells, rather than the production of ectopic humoral growth
factors, we compared the input or whole-cell capacitance
(which is proportional to cell surface area) in glomus cells
grown under normoxic and hypoxic conditions. As shown in
Fig. 2, chronic hypoxia caused hypertrophy of glomus cells
as reflected by a 3- to 4-fold increase in whole-cell capaci-
tance after a 14-day exposure; this is roughly equivalent to a
doubling of the cell diameter if a spherical shape is assumed.
Since glomus cells tend to flatten out with age in culture, and
their true shape is more ovoid than spherical, this estimate of
diameter is somewhat arbitrary. However, direct measure-
ments of tyrosine hydroxylase-positive glomus cells in two
dimensions, after immunofluorescent identification under the
fluorescent microscope (10), confirmed that, in both hypoxia-
and Bt,cAMP-treated cultures, the average diameter of glo-
mus cells was significantly larger (P < 0.01) than in untreated
normoxic controls after 9-14 days (data not shown); this
estimate was obtained from the mean of the short and long
axes, oriented perpendicular to each other and parallel to the
plane of the coverslip. The extent of the hypertrophy in-
creased progressively with exposure time and was already
significant by day 5 of hypoxic treatment (Fig. 2). As with the
increase in number of Na* channels (see above), the hyper-
trophic effect of hypoxia could be mimicked qualitatively by
growing the cells under normoxia in the continuous presence
of 1 mM Bt,cAMP, but not NGF (Fig. 2); however, hypoxia
(6% O,) was more effective than 1 mM Bt,cAMP in promot-
ing hypertrophy in glomus cells, whereas the converse was
true for the increase in number of Na* channels (cf. Figs. 1A
and 2).

Did the progressive increase in inward Na* current, pro-
duced by chronic hypoxia and Bt,cAMP (Fig. 1A), result
simply from the accompanying increase in growth or hyper-
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FiG. 2. Hypertrophy of chemosensory glomus cells induced by
hypoxia and Bto,cAMP but not NGF. After 5 days in a hypoxic (6%
0,) environment, the input capacitance (which is proportional to cell
surface area) is significantly (*, P < 0.01) increased relative to
age-matched controls; a progressive increase was observed with
longer exposure times up to 14 days. The continuous presence of 1
mM Bt,cAMP in the medium for 9-14 days also caused a significant,
though less pronounced, increase in input capacitance in glomus cells
grown under normoxic conditions. Control and NGF-treated (1
pg/ml) cells showed no significant changes in capacitance over 14
days in culture. (Inser) Superimposed capacity current transients
from a control glomus cell and a glomus cell exposed to 13 days of
hypoxia, in response to a voltage step from —60 to —120 mV. Note
that input capacitance was determined by integration of the capacity
current transient and dividing the resulting charge by the voltage
step.

trophy of glomus cells (Fig. 2) or from a specific inductive
effect? To address this, we compared the peak inward and
outward current densities (elicited from holding potentials of
—60 mV) by dividing the peak currents by membrane capac-
itance (pA/pF) at various treatment intervals. As shown in
Fig. 3A, chronic hypoxia resulted in a significant increase in
inward Na* current density by 7-9 days, though the even
more pronounced effect of Bt,cAMP was already quite
substantial by 2-3 days of treatment. Once induced, the
increased Na* current density persisted for at least 2 weeks
with both treatments. In contrast, the outward current den-
sity, due mainly to K* channel activity (7, 11), remained
relatively constant and indeed the trend was toward a de-
crease rather than an increase after 1 week of treatment with
hypoxia or Bt,cAMP (Fig. 3B). In addition, the normalized
density of leakage channels (obtained on dividing the leakage
current by membrane capacitance) was not significantly
altered by either treatment (data not shown). These data
suggest that both hypoxia and Bt,cAMP promote a specific
induction of Na* channels in glomus cells. Whether the
density of calcium channels, also known to be present in
these cells (5, 7, 22), is similarly augmented requires further
study.

DISCUSSION

In this study, in vitro simulation of chronic hypoxia (over a
2-week period) was found to induce a selective increase in
Na* channel density and hypertrophy in glomus cells of the
rat carotid body. In a previous study on cultures of dissoci-
ated carotid bodies from embryonic rabbit, there was a
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Fic.3. Comparison of the effects of chronic hypoxia, Bt,cAMP, and NGF on the density of Na* and K+ currents in glomus cells. (4) Changes
in Na+ current density in glomus cells exposed to various treatments. Significant (*) increases in the peak Na* current density were recorded
after 9 days in hypoxia (6% O-). Bt,cAMP (1 mM) caused significant increases as early as 2 days after exposure. (B) K+ current density in glomus
cells exposed to various treatments. K+ current density in hypoxia and Bt,cAMP-treated cells was equal to or less than that in control cells
at all time points. In fact, significant (*) reductions in the K* current were seen after 7-14 days in both hypoxia- and Bt,cAMP-treated glomus
cells. Note that NGF-treated cells did not differ significantly from controls at any time point. (A and B) Significance levels were set at P < 0.01
(Student’s ¢ test). To calculate Na* current density, peak Na* currents elicited by voltage steps from —60 to 0 mV were divided by the input
capacitance of the same cell. For the K+ current density, steady-state K+ currents elicited during a step of —60 to +50 mV (after ~30 ms) were

divided by the input capacitance.

suggestion that chronic hypoxia over a period of only 2 days
resulted in higher resting potentials in glomus cells (23), but
this point requires confirmation. These neuroendocrine cells
are now generally considered to be the actual sensors of
arterial Po, and respond directly to acute hypoxia by a
decrease in K* conductance (5-7). Our findings suggest
plausible mechanisms by which chronic hypoxia, during in
vivo exposure, may produce the known altered physiological
and morphological responses in the mammalian carotid body.
One physiological alteration, thought to be involved in the
ventilatory acclimatization to hypoxia, is the sensitization of
the carotid body afferent response to chemosensory stimuli
(3, 4). In light of the present findings, this sensitization may
well be due to an increased Na* channel density in glomus
cells, since Na* channels play a major role in controlling
excitability in a number of neurons and neuroendocrine cells.
Thus, a selective increase in Na* channel density would
amplify the depolarization (and subsequent neurotransmitter
release) in glomus cells resulting from a given chemosensory
stimulus. In addition, it was found that the induction of Na*
channels in glomus cells could be mimicked qualitatively in
a normoxic environment by chronic treatment with the
membrane-permeant analog of cCAMP (i.e., Bt,cAMP). Since
acute hypoxia is known to elevate intracellular cAMP levels
in the carotid body (12-14), and specifically in glomus cells
(15), the possibility is raised that hypoxia may induce Na*
channels in glomus cells via a cAMP-mediated pathway. It is
noteworthy that elevated intracellular cAMP also causes Na*
channel induction in skeletal muscle cells (17) and in the
neuroendocrine PC12 cell line (16), whose parental chromaf-
fin cells share several biochemical and ultrastructural simi-
larities with glomus cells (10, 20, 21) and a common neural
crest origin (19). However, although Na* channels could also
be induced in PC12 cells by NGF treatment (16, 18), the latter
was ineffective when applied to glomus cells in this study.
Hence, it appears that NGF does not mediate the induction
of Na* channels in glomus cells during chronic hypoxia.
Our studies also suggest that enlargement of the carotid
body in vivo, after exposure of humans or animals to chronic
hypoxia (1, 2, 8, 9), may be partly due to a direct effect of low

Po, in promoting hypertrophy of the O.-sensitive glomus
cells, since in culture they almost doubled in size after 13 days
in hypoxia (Po, = 50 torr; 1 torr = 133.3 Pa). Since the
cultures contained only carotid body cells, this finding sug-
gests that circulatory growth factors (arising external to the
carotid body) may not be involved in glomus cell hypertrophy
observed after chronic exposure of animals to hypoxia (8, 9).
However, we cannot exclude the possibility that chronic
hypoxia may have increased the sensitivity of glomus cells to
potential growth factors present in the serum used to grow the
cells. This study also indicates that chronic treatment with
Bt,cAMP promotes hypertrophy in glomus cells, an effect
likely mediated via elevation of intracellular cAMP. Inter-
estingly, elevation of intracellular cAMP in related PC12 cells
causes an increase in cell size, as does the addition of NGF
(16, 18), but the latter was ineffective on glomus cells. The
hypertrophy observed in glomus cells may also play a role in
the sensitization of the carotid chemoreceptor response dur-
ing chronic hypoxia if, as a consequence, more excitatory
neurotransmitter is released for a given chemosensory stim-
ulus.

Although both the induction of Na* channels and hyper-
trophy of glomus cells were mimicked by chronic treatment
with Bt,cAMP under normoxic conditions, chronic hypoxia
was more effective in promoting hypertrophy but was less
effective in inducing Na* channels. In fact, the effect of
Bt,cAMP in increasing Na* channels was nearly complete by
day 5 of treatment—i.e., at a time when the effect of hypoxia
on the same response had hardly begun. Thus these results
suggest that cAMP may not be the sole mediator of the effects
of chronic hypoxia. Indeed, in addition to cAMP elevation
(15), hypoxia elicits other responses in glomus cells including
the elevation of intracellular calcium (22) and a decrease in
cGMP levels (15). Though in preliminary experiments,
chronic treatment with Bt;,cGMP (200 uM) did not mimic the
effects of Bt,cAMP in augmenting the Na* currents in glomus
cells (unpublished observations), the potential role of cGMP
and other second messengers in carotid body adaptation to
chronic hypoxia requires further investigation.



Neurobiology: Stea et al.

We thank Cathy Vollmer for help in preparing and maintaining the
cultures and Dr. E. Cooper for providing NGF and comments on the
manuscript. This work was supported by grants from the National
Institutes of Health (RO1 HL 43412) and the Natural Sciences and
Engineering Research Council of Canada.

1.

2.

10.

Edwards, C., Heath, D., Harris, P., Castillo, Y., Kruger, H. &
Arias-Stella, J. (1971) J. Pathol. 104, 231-238.

Edwards, C., Heath, D. & Harris, P. (1971) J. Pathol. 104,
1-13.

Barnard, P., Andronikou, S., Pokorski, M., Smatresk, N.,
Mokashi, A. & Lahiri, S. (1987) J. Appl. Physiol. 63, 685-691.
Nielsen, A. M., Bisgard, G. E. & Vidruk, E. H. (1987) J. Appl.
Physiol. 65, 1796-1802.

Lopez-Barneo, J., Lopez-Lopez, J. R., Urena, J. & Gonzalez,
C. (1988) Science 241, 580-582.

Delpiano, M. A. & Hescheler, J. (1989) FEBS Lett. 249,
195-198.

Stea, A. & Nurse, C. A. (1991) Pfliigers Arch. 418, 93-101.
Dhillon, D. P., Barer, G. R. & Walsh, M. (1984) Q. J. Exp.
Physiol. 69, 301-317.

McGregor, K. H., Gil, J. & Lahiri, S. (1988) J. Appl. Physiol.
57, 1430-1438.

Nurse, C. A. (1990) Cell Tissue Res. 261, 65-71.

13.
14.
15.
16.

17.
18.

19.

20.
21.
22.
23.

Proc. Natl. Acad. Sci. USA 89 (1992) 9473

Stea, A., Alexander, S. A. & Nurse, C. A. (1991) Brain Res.
567, 83-90.

Perez-Garcia, M. T., Almaraz, L. & Gonzalez, C. (1990) J.
Neurochem. 55, 1287-1293.

Delpiano, M. A. & Acker, H. (1991) J. Neurochem. 57, 291-
297.

Wang, W.-J., Cheng, G.-F., Yoshizaki, K., Dinger, B. &
Fidone, S. J. (1991) Brain Res. 540, 96-104.

Wang, Z.-Z., Stensaas, L. J., de Vente, J., Dinger, B. &
Fidone, S. J. (1991) Histochemistry 96, 523-530.

Kalman, D., Wong, B., Horvai, A. E., Cline, M. J. & O’Lague,
P. (1990) Neuron 2, 355-366.

Offord, J. & Catterall, W. A. (1989) Neuron 2, 1447-1452.
Pollock, J. D., Krempin, M. & Rudy, B. (1990) J. Neurosci. 10,
2626-2637. :
Pearse, A. G. E., Polak, J. M., Rost, F. W. D., Fontaine, J.,
Le Lievre, C. & Le Douarin, N. (1973) Histochemie 34,
191-203.

Doupe, A. J., Landis, S. C. & Patterson, P. J. (1985) J. Neu-
rosci. 5, 2119-2142.

Aloe, L. & Levi-Montalcini, R. (1980) Adv. Biochem. Psycho-
pharmacol. 25, 221-226. :
Biscoe, T. J. & Duchen, M. R. (1990) J. Physiol. (London) 428,
39-59.

Acker, H. & Pietruschka, F. (1984) Brain Res. 311, 148-151.



