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Abstract

Liu, X., L. He, B. Dinger, L. Stensaas, and S. Fidone. Sustained exposure to cytokines and hypoxia enhances
excitability of oxygen-sensitive type I cells in rat carotid body: Correlation with the expression of HIF-1a protein
and adrenomedullin. High Alt Med Biol 14:53–60, 2013.—Recent studies in our laboratory demonstrated that
chronic hypoxia (CH) induces a localized inflammatory response in rat carotid body that is characterized by
macrophage invasion and increased expression of inflammatory cytokines. Moreover, CH-induced increased
hypoxic sensitivity is blocked by concurrent treatment with the common anti-inflammatory drugs, ibuprofen
and dexamethasone. The present study examines the hypothesis that selected cytokines enhance the excitability
of oxygen-sensitive type I cells in the carotid body, and that downstream effects of cytokines involve upregu-
lation of the transcription factor, hypoxia inducible factor-1a (HIF-1a). Cultured type I cells were exposed for 24 h
to hypoxia and/or a cocktail of cytokines consisting of interleukin-1b, interleukin-6, and tumor necrosis factor-a.
Subsequent evaluation of hypoxia-evoked intracellular Ca2 + -responses showed that previous exposure to cy-
tokines plus hypoxia resulted in a 110% ( p < 0.001) increase in cell excitability, whereas exposure to cytokines or
hypoxia alone elicited smaller increases of 22% (not significant) and 35% ( p < 0.01), respectively. These changes
were correlated with increased immunostaining for HIF-1a in similarly treated type I cells, where exposure to
cytokines plus hypoxia promoted the nuclear translocation of the transcription factor. Moreover, treatment with
cytokines and/or hypoxia elevated the expression of the HIF-1-regulated gene, adrenomedullin. These in vitro
results are supported by studies which show that elevated type I cell sensitivity following in vivo CH is blocked
by concurrent treatment with ibuprofen. The data suggest that CH-induced adaptation in arterial chemore-
ceptors may in part be mediated by cytokine/hypoxia-induced upregulation of HIF-1a, and consequent
enhanced expression of specific hypoxia-sensitive genes in type I cells.
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Introduction

Oxygen-sensing in carotid body chemoreceptors is ini-
tiated in specialized type I glomus cells where hypoxia-

evoked depolarization results in Ca2 + entry, the release of
multiple neurotransmitters, and increased nerve impulse
traffic in the carotid sinus nerve (CSN) (Fidone and Gonzalez,
1986; Fidone et al., 1997). An adaptive feature of carotid body
function is the development of enhanced sensitivity to acute
hypoxic challenges following chronic hypoxia (CH). The 3–10
day time-course of adaptation parallels the development of
ventilatory acclimatization to hypoxia (VAH), a sustained

increase in ventilation that is dependent on intact carotid
body function (Powell et al., 1998). Multiple studies have
demonstrated CH-induced phenotypic changes in type I cells,
including altered expression of K + - and Na + -channel pro-
teins, and increased levels of specific neurotransmitters and
neuromodulators (Bisgard, 2000; Wang and Bisgard, 2002;
Caceres et al., 2007). The cellular and molecular mechanisms
that regulate these functional adjustments are only partially
understood.

Numerous studies within the last decade have established
hypoxia-inducible factor-1a (HIF-1a) as a critical mediator of
hypoxia-induced phenotypic adjustments in diverse cell types
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in multiple tissues (Semenza, 2000a; Semenza, 2001). The ef-
fect of CH on HIF-1a protein levels in carotid body has not
been reported. However, studies in other tissues have con-
sistently demonstrated increased levels of HIF-1a following
hypoxia. In addition, mice partially deficient in HIF expres-
sion (i.e., HIF-1a + /-) do not develop an increased hypoxic
ventilatory response (HVR) during CH, suggesting that the
transcription factor is critical for increasing chemoreceptor
sensitivity (Kline et al., 2002b). Genes regulated by HIF-1a
include endothelin-1 (ET-1), vascular endothelial growth
factor (VEGF), neuronal- and inducible nitric oxide synthase
(nNOS and iNOS), and adrenomedullin (ADM), all of which
are expressed by type I cells (Garayoa et al., 2000; Powell and
Fu, 2008).

Complex cellular mechanisms regulate levels of HIF-1a.
Early studies showed that the transcription factor is produced
constitutively, and that lowering tissue Po2 leads to inhibition of
O2-dependent hydroxylases, which in normoxia hydroxylate
specific proline residues, resulting in ubquitination and pro-
teosomal degradation of HIF-1 (Dery et al., 2005). More recently,
transcriptional and translational mechanisms have been dis-
covered. In particular, the inflammatory cytokines, interleukin-
1b (IL-1b) and tumor necrosis factor-a (TNFa), have been shown
to promote translation of HIF-1a mRNA (Hellwig-Burgel et al.,
1999; Hellwig-Burgel et al., 2005). Moreover, interleukin-6 (IL-6)
and IL-1b facilitate the nuclear translocation of HIF-1a, sug-
gesting that specific cytokines can enhance HIF-mediated gene
expression (Haddad, 2002; Ramadori et al., 2010).

Multiple studies have demonstrated that CH, as well as
chronic intermittent hypoxia (CIH), induces inflammation in
rat carotid body, resulting in macrophage invasion and in-
creased expression of proinflammatory cytokines ( Liu et al.,
2009; Del Rio et al., 2011; Liu et al., 2011b; Del Rio et al., 2012;
Lam et al., 2012). Moreover, concurrent treatment with the
nonsteroidal anti-inflammatory drug, ibuprofen, or the ste-
roid, dexamethasone, blocked CH-induced inflammation and
chemoreceptor adaptation (Liu et al., 2009). Other studies in
our laboratory suggest that adaptation involves cytokine-
mediated changes in the functional properties of the afferent
terminals of primary sensory chemoreceptor neurons (Liu
et al., 2011a; Liu et al., 2011b). But it is also possible that
increased sensitivity to hypoxia occurs in type I cells, which
have been shown to express specific cytokine receptors (Wang
et al., 2002; Wang et al., 2006). Thus, the current experiments
were designed to test the hypothesis that inflammatory cy-
tokines play critical roles in mediating phenotypic adjust-
ments in type I cells during sustained hypoxia. One set of
experiments examined the effect of concurrent ibuprofen
treatment on increased type I cell excitability elicited by in vivo
CH. In separate experiments, we examined excitability fol-
lowing exposure of cultured type I cells to a cocktail of in-
flammatory cytokines. As was noted earlier, numerous
previous studies have demonstrated that hypoxia depolarizes
type I cells, leading to the activation of voltage-sensitive Ca2 + -
channels, elevated levels of intracellular Ca2 + , and the release
of multiple neurotransmitters ( Gonzalez et al., 1995; Fidone
et al., 1997). Moreover, Carroll and his colleagues (Wasicko
et al., 2006) have demonstrated a robust correlation between
the degree membrane depolarization and the intensity of the
Ca2 + -response in rat type I cells. We have therefore used
conventional Ca2 + -imaging techniques to evaluate changes in
cell excitability. In parallel experiments, we employed stan-
dardized immunocytochemical methods to quantify the effect

of cytokines on the level of HIF-1a, as well as the expression of
the HIF-1-sensitive gene, ADM in cultured type cells (Frede
et al., 2005; Ishimitsu et al., 2006).

Methods

Animals and exposure to chronic hypoxia

Animal protocols were approved by the University of Utah
Institutional Animal Care and Use Committee. Rats exposed
in a hypobaric chamber were housed in standard rodent cages
with food and water. Pressures were reduced from ambient
BP at the University of Utah (i.e., BP *630 Torr; 1500 m) until a
selected pressure equivalent to *5500 m (380 Torr) was
reached, and maintained for a specified period. Control,
normal animals were maintained outside the chamber in
ambient conditions.

Dissociation and culture of carotid body type I cells

Twenty-six young adult rats (*120–140 g) were anesthe-
tized with ketamine (10 mg/kg, i.m.) plus xylazine (0.9 mg/
kg, i.m.). The carotid artery bifurcation was surgically excised
and placed into ice-cold modified Tyrode’s solution contain-
ing, in mM: NaCl, 112; KCl, 4.7; CaCl2, 2.2; MgCl2, 1.1; Na
glutamate, 42; glucose 5.6, and HEPES buffer, 5 (pH 7.43 @
37�C) and equilibrated with 100% O2. Carotid bodies were
dissected free of surrounding connective tissue and transferred
to Ham’s F-12 medium (Ca2 + - and Mg2 + -free) containing 0.2%
collagenase and 0.2% trypsin. Each carotid body was cut into
6–12 pieces and incubated for 40 min in a CO2 incubator (5%
CO2, 95% air) at 36.5�C. Tissue fragments were rinsed
(2 · 10 min, room temperature) in F-12 medium (Ca2 + - and
Mg2 + -free), transferred to poly-l-lysine coated glass coverslips,
and triturated in a small volume of medium, plus 10% fetal calf
serum and 5 lg/mL insulin. For normoxia, coverslips con-
taining O2-sensitive type I cells were maintained in the incu-
bator with 5% CO2, 95% air, at 36.5�C. Separate groups of cells
were exposed to hypoxia in a Ruskin Invivo 400 Hypoxia
Workstation, set to maintain O2 at 5.1% (PO2 *32 Torr at the
University of Utah), with 5% CO2, and the balance N2 (36.5�C).

Intracellular [Ca2 + ] measurements

As was described previously (He et al., 2000), freshly dis-
sociated type I cells attached to coverslips were incubated in
F-12 medium containing 0.5 lM fura-2 AM for 10–15 min in a
CO2 incubator at 36.5�C. Coverslips were placed in a flow
chamber where they were superfused at 0.75–1.0 ml/min
with modified Tyrode solution equilibrated with air. The
temperature was maintained at 35�–36.5�C. The chamber was
mounted on the stage of a Zeiss inverted microscope incor-
porated into a Zeiss/Attofluor workstation equipped with an
excitation wavelength selector (filter changer) and an inten-
sified charge-coupled device camera system. Fura-2 fluores-
cent emission was measured at 520 nm in response to
alternating excitation wavelengths of 334 and 380 nm. Mea-
surements of basal [Ca2 + ]I were made in solution equilibrated
with air (Po2 *120 Torr); hypoxic solutions were adjusted to
Po2 *36–40 Torr. Data were collected and analyzed using
Attofluor Ratiovision software (version 6.0).

Immunocytochemistry on cultured type I cells

Cells were fixed in either ice-cold 4% paraformaldehyde in
0.1 M PBS for 5 min (for fixation of adrenomedullin); or in
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acetone/methanol (1:1; for fixation of nuclear HIF-1a and
tyrosine hydroxylase) at - 20�C, rinsed 3X3 min in PBS and
incubated in 5% normal goat serum plus Triton X-100 for
20 min at room temperature (RT). Primary antibodies diluted
in 0.1 M PBS plus 2% serum and 0.1% Triton X-100 were
added and incubation continued for 2–3 hours at RT or
overnight at 4�C. Cells were rinsed 3X3 min in 0.1 M PBS and
incubated in fluorescent secondary antibodies for 30 min at
RT, and then rinsed 3X3 min in PBS. Primary antibodies in-
cluded mouse anti-human HIF-1a (Novus Biologicals; diluted
1:400), rabbit anti-rat tyrosine hydroxylase (Chemicon; di-
luted 1:500), and rabbit anti-rat adrenomedullin (Phoenix
Pharmaceuticals; diluted 1:200). Secondary antibodies and di-
lutions were rhodamine-conjugated goat-anti-rabbit IgG
(1:200), fluorescein-conjugated donkey-anti-mouse IgG (1:200),
and fluorescein-conjugated donkey-anti-rabbit IgG (1:200).
Images were obtained on an Olympus FV1000 laser scanning
confocal microscope, and immunofluorescence intensities were
quantified with ImageTool.

Quantitative reverse transcriptase-polymerase chain
reaction

The method has been described in detail previously (Liu
et al., 2009; Liu et al., 2011a). Briefly, in accord with the kit
instructions (RNAqueous-Micro, Ambion, Austin, TX), total
RNA was extracted from tissue samples pooled from groups
of 5 rats for each experimental condition. Following removal
of contaminating DNA (DNase treatment), first strand com-
plementary DNA was synthesized from 1 lg total RNA
(quantified with a NanoDrop ND-1000 spectrophotometer)
using RETROscript (Ambion). Aliquots of cDNA corre-
sponding to 2 ng of total RNA were introduced into a Sybr-
Green reaction mix (25 lL; Qiagen) containing ‘upstream’ and
‘downstream’ primers for the ADM gene. Quantitative re-
verse transcriptase-polymerase chain reaction (qPCR) was
conducted in an MJ Research PTC-200 equipped with a
Chromo4 detector. Reactions were initiated at 95�C for
15 min, followed by 40 cycles consisting of 15 sec at 94�C,
15 sec at 58�C, and 15 sec at 72�C, with the final cycle extended
to 5 min at 72�C, followed by melting curve determination;
samples were stabilized at 4�C. Sample comparisons were
based on data normalized to 18SrRNA. Amplifications with-
out the RT step were performed to exclude possible contam-
ination with genomic DNA.

Statistical analysis

Data were analyzed using Student’s t-test, non-parametric
ANOVA with Dunn’s multiple comparisons post-tests, or
standard ANOVA with Bonferroni multiple comparison post-
tests, as appropriate. P values < 0.05 were considered to in-
dicate significant differences between groups.

Results

Two to three hours after incubation in air-equilibrated
media, the mean basal [Ca2 + ]I in type I cells harvested from
normal animals was 44.06 nM ( – 1.24 nM; SEM). The resting
[Ca2 + ]I in cells from normoxic rats treated with ibuprofen was
similarly 42.01 nM ( p > 0.05). CH slightly elevated the basal
[Ca2 + ]I to 50.03 nM; this value was not significantly different
from normal ( p > 0.05), but it was judged to be higher than in
cells from normoxic rats treated with ibuprofen ( p < 0.01). The

resting [Ca2 + ]I in cells from CH animals treated with ibu-
profen was 43.51 nM, consistent with normal levels ( p > 0.05).
Figure 1 shows hypoxia-evoked (bath PO2 *36–40 Torr for
60 sec) [Ca2 + ]I –responses in type I cells. The upper panel
consists of representative traces of [Ca2 + ]I for four experi-
mental conditions; the lower panel summarizes data aver-
aged from samples ranging in size from 194 to 276 cells for
each condition. Because the standard deviations of the four
data sets were considered not equal (Bartlett test; p < 0.0001),
the data were evaluated using the Kruskal-Wallis non-
parametric ANOVA. CH (7 or 8 days @ 380 Torr) elicited a
highly significant 74% increase ( p < 0.001 vs. normal cells) in
the response, consistent with elevated excitability. Treat-
ment of normal animals with ibuprofen (4 mg/kg/day) did
not alter the [Ca2 + ]I-response of type I cells ( p > 0.05, normal
vs. normal + ibuprofen). However, concurrent treatment of
CH animals with the drug completely prevented enhance-
ment of the response in type I cells ( p < 0.001 vs. CH).

Figure 2 shows the effects of a 24 h exposure to 5.1% O2

(hypoxia) and/or a cocktail of inflammatory cytokines
(50 ng/mL IL-1b; 50 ng/mL IL-6, and 25 ng/mL TNFa) on
type I cells. At similar concentrations these agents have been
shown to inhibit K + -currents and increase [Ca2 + ]I in type I
cells ( Shu et al., 2007; Fan et al., 2009), and enhance gene
expression/protein synthesis and/or excitability in cultured
sensory neurons ( Binshtok et al., 2008; Melemedjian et al.,
2010). The present experiments evaluated the increase in
[Ca2 + ]I evoked by an acute hypoxic challenge (60 sec @ bath
PO2 *40 Torr) in cells following a 24 h culture in the presence

FIG. 1. Intracellular [Ca2 + ]I-responses in type I cells har-
vested from normal rats (N), normal rats treated with ibu-
profen (4 mg/kg/day for 8–10 days; N + I), rats exposed to
hypoxia (380 Torr) for 8–10 days (CH), and CH rats treated
with ibuprofen(CH + I). (A) Representative traces of [Ca2 + ]I

from type I cells exposed to hypoxia (Po2 *36–40 Torr in-
dicated by solid line). (B) Summary data (mean – SEM from
194–276 cells in each group; ***p < 0.001 versus normal.
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or absence of the cocktail. These assessments were made 30–
60 min following removal of the cells from exposure to cyto-
kines and/or hypoxia. Again, representative traces of evoked
changes in [Ca2 + ]I for four experimental conditions are shown
in the upper panel; the lower panel presents data averaged
from 38 to 56 cells for each condition. Basal [Ca2 + ]I was not
significantly altered by sustained hypoxia or exposure to cy-
tokines. In 24 h normoxic cells, the acute hypoxic challenge
increased [Ca2 + ]I to *112.3 – 7.1 nM above the resting con-
centration ( p < 0.001). Exposure of normoxic cells to the cy-
tokine cocktail for 24 h resulted in an insignificant 22%
increase in the response to acute hypoxia. The response in cells
incubated in 5% O2 was 35% greater ( p < 0.01) than the nor-
moxic cells. Concurrent exposure of cells to hypoxia plus cy-
tokines resulted in a robust 110% increase in the hypoxic
response ( p < 0.001 vs. normal and CH) indicating that the
stimuli are acting synergistically to enhance cell sensitivity.

Fluorescence images presented in Figure 3A show the effect
of the cytokine cocktail alone, or in combination with hypoxia
(CH, 5.1% O2, 24 h) on immunostaining intensity of HIF-1a
(green) and tyrosine hydroxylase (TH; red) in cultured type I
cells. TH, a cytosolic enzyme, is an established marker of type I
cell cytoplasm. Note that the centers of the cells are virtually
devoid of red TH staining, suggesting that cytoplasm is dis-
tributed around, but not above the nucleus, consistent with the
flattened morphology commonly observed in cultured cells
(Bonney et al., 1974; Sattler et al., 1978). In normoxia, exposure
of type I cells to cytokines for 24 h evokes a noticeable increase

in the staining intensity of HIF-1a and TH in cell cytoplasm.
Moreover, hypoxia, or hypoxia in the presence of cytokines,
resulted in further increases in cytoplasmic TH and HIF-1a.
Quantification of gray-scale intensities (n = 20–29 cells in each
group), summarized in Figure 3C show that exposure to
hypoxia or cytokines elicited significant ( p < 0.001) increases in
cytoplasmic staining intensity for TH and HIF-1a ( p < 0.001);
whereas the combination of hypoxia plus cytokines caused a
further (nonsignificant; p > 0.05 vs. CH) increase in HIF-1a and
TH cytoplasmic staining intensity. In addition to prominent
cytoplasmic immunostaining for HIF-1a in these preparations,
enlarged images in panel B show that cytokine treatment en-
hances nuclear translocation of HIF. Quantification of nuclear
staining (Fig. 3C, bottom) indicates that hypoxia plus cyto-
kines evoke a robust increase in the level of nuclear HIF-1a
which is significantly ( p < 0.001) greater than the effect of
hypoxia or cytokines alone.

An increased presence of HIF-1a predicts elevated expres-
sion of HIF-regulated genes. Data in Figure 4 show the effect
of hypoxia (5.1% O2) and/or the cocktail of inflammatory
cytokines on immunostaining for adrenomedullin (ADM) in
cultured type I cells. The low level of ADM staining in normal,
untreated cells was significantly elevated following a 24 h
treatment with the cytokine cocktail. Likewise, 24 h at 5.1% O2

evoked a robust response, which was further enhanced by the
combined presence of cytokines plus hypoxia. Because the
effect of hypoxia on ADM levels in carotid body have not been
reported previously, we also measured mRNA levels for the
peptide in carotid bodies harvested from rats exposed to hy-
pobaric hypoxia (380 Torr) for 3 and 7 days. Data in Figure 5
show that in vivo CH evokes more than a 2-fold increase in
ADM expression at both time points, consistent with the effect
of hypoxia on protein immunostaining intensity in cultured
type I cells.

Discussion

Studies within the last decade have demonstrated that type I
cells express receptors for IL-1b and IL-6 (Wang et al., 2002;
Wang et al., 2006). Moreover, acute application of the former
cytokine has been shown to inhibit K + -current and elevate
[Ca2 + ]I in type I cells (Shu et al., 2007). The present study
extends these important findings by showing for the first time
that sustained exposure to inflammatory cytokines increases
levels of HIF-1a and the HIF-1-regulated peptide, ADM, sug-
gesting that CH-induced inflammation in carotid body con-
tributes to phenotypic adjustments in type I cells that are
associated with chemoreceptor adaptation to hypoxia (Kline
et al., 2002a; Martinez et al., 2003). Moreover, our data show
that cytokine treatment elevates Ca2 + -responses evoked by
subsequent acute hypoxic challenges. These findings concur
with our recent demonstration that CH-evoked enhancement
of chemoreceptor excitability is blocked by the common
anti-inflammatory drugs, ibuprofen and dexamethasone.
Importantly, these drugs also blocked CH-induced gene ex-
pression for IL-1b, IL-6, and TNFa in carotid body (Liu et al.,
2009). A role for inflammation in elevating type I cell excit-
ability is further indicated by the findings presented in Figure 1,
which show that concurrent CH plus ibuprofen treatment
in vivo prevent CH-induced increases in [Ca2 + ]I-responses
evoked by a subsequent acute hypoxic challenge in vitro.

Elevated immunostaining intensity for HIF-1a in type I
cells following exposure to low-O2 plus cytokines is consistent

FIG. 2. Intracellular [Ca2 + ]I in cultured type I cells fol-
lowing a 24 h exposure to media equilibrated with air (20%
O2); air-equilibrated media plus a cocktail of inflammatory
cytokines (cyt; see text for details); media equilibrated with
5% O2; or 5% O2 media plus cytokines. Top panel shows
typical responses evoked by an acute hypoxic challenge
(PO2 *36–40 Torr) following incubation in each specified
condition. Bottom panel shows summary data from 38–56
cells in each group; ** and *** indicate p < 0.01 and p < 0.001,
respectively, versus normal; + + + indicates p < 0.001 versus
5% O2.
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with previous findings in other cell types, where hypoxia and
cytokines increase HIF-1 levels via diverse mechanisms, in-
volving post-translational proline hydroxylases, versus
translation of HIF-1 mRNA, respectively ( Dery et al., 2005;
Hellwig-Burgel et al., 2005). Our data also indicate that nu-
clear levels of HIF-1a are likewise substantially increased
following exposure to hypoxia and cytokines, consistent

FIG. 3. Effect of inflammatory cytokines and/or hypoxia on expression of HIF-1a and tyrosine hydroxylase (TH) in cultured
type I cells. (A) immunofluorescence images of cells stained for TH and HIF-1; N: normoxia (24 h exposure in media
equilibrated with 20% O2); CH: 24 h exposure @ 5.1% O2; Cy: 24 h exposure in media containing IL-1b (50 ng/mL), IL-6
(50 ng/mL), and TNFa (25 ng/mL). Enlargements in (B) show that low levels of nuclear HIF-1a staining in cells exposed to
CH are substantially enhanced following treatment with CH + Cy. Gray scale quantification of staining intensities in (C) shows
effects of CH and/or Cy on levels of cytoplasmic HIF and TH, and on the presence of HIF in cell nuclei. *** and + + + indicate
p < 0.001 versus normoxia and CH, respectively.

FIG. 4. Effect of inflammatory cytokines and/or hypoxia
on adrenomedullin (ADM) expression in cultured type I
cells. Upper panel shows immunofluorescence staining for
ADM in cells incubated for 24 h in nomoxia (N: media
equilibrated with air), a cocktail of inflammatory cytokines
(CY), or hypoxia (CH: media equilibrated with 5.1% O2.
Lower panel shows gray scale quantification of cytoplamic
staining intensities for various experimental conditions.
N = 24–59 cells in each group. * and *** indicate p < 0.05 and
0.001 versus normoxia, respectively.

FIG. 5. Effect of chronic hypoxia on adrenomedullin
mRNA expression in rat carotid body. Rats were exposed to
hypobaric hypoxia @ 380 Torr for 3 or 7 days; normoxic
controls were maintained at *640 Torr (ambient barometric
pressure at the University of Utah) for 7 days. ***p < 0.001
versus control group.
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with transcription factor activation of specific hypoxia-
sensitive genes.

The increased presence of ADM following exposure to CH
in vivo, as well as sustained hypoxia and cytokines in culture,
provides further evidence that chemoreceptor adaptation in-
volves highly specified HIF-1-directed phenotypic adjust-
ments in type I cells, including the expression of known
hypoxia-sensitive genes. Immunocytochemical experiments
have previously localized ADM in these cells, and exposure of
whole carotid bodies to the peptide elicits a dose-dependent
release of dopamine (Martinez et al., 2003). CH is known to
increase expression of TH, the rate-limiting enzyme for do-
pamine synthesis in carotid body ( Gonzalez et al., 1979; Fi-
done and Gonzalez, 1982; Fidone and Gonzalez, 1982).
Following CH, acute hypoxia evokes an abnormally high
amount of dopamine release (Fidone and Gonzalez, 1982;
Gonzalez-Guerrero et al., 1993), consistent with an increased
presence of ADM. Available evidence suggests that acute
hypoxia evokes the release of multiple neurotransmitter
agents from type I cells (Nurse, 2010). Thus, the physiological
influence of elevated ADM expression may occur as one of
multiple adaptations within a highly complex neurotrans-
mitter system. In addition to its putative effects on synaptic
function, other studies have shown that ADM is a potent
vasodilator (Heaton et al., 1995; Kobayashi et al., 2003), and in
this regard, increased levels of ADM may participate in ca-
rotid body vascular expansion, a phenomenon which has
been extensively documented following CH (Hellstrom and
Pequignot, 1982; Pequignot et al., 1990; Chen et al., 2007).

Interestingly, our data also indicate that cytokine exposure
enhances TH expression in type I cells. It is well established
that hypoxia elevates TH mRNA levels primarily via the
transcription factor, activator protein-1 (AP-1) (Semenza,
2000b; Yuan et al., 2004). Evidence indicates that the signaling
pathway for AP-1 involves cell depolarization, Ca2 + -entry,
and the immediate early gene, c-fos (Yuan et al., 2004). Our
finding that a cocktail of inflammatory cytokines elevate TH
levels are consistent with the recent demonstration that IL-1b,
acting via IL-1 receptors on type I cells, evokes depolarization
and increased [Ca2 + ]I (Shu et al., 2007; Fan et al., 2009). Our
data also show that the effect of cytokines plus hypoxia are
additive for expression of HIF-1a and TH, suggesting that
these stimuli may act via separate mechanisms that elevate
[Ca2 + ]I and/or downstream mediators of gene induction.

Finally, it is important to consider that our experiments
utilized a cocktail of cytokines that was selected based upon
their demonstrated increased expression in carotid body fol-
lowing CH (Liu et al., 2009). The concentrations used are
consistent with measured levels in other inflamed tissues
(Faustino et al., 2011). However, our studies in carotid body
show that the time-course of CH-induced expression is dis-
tinct for each substance (Liu et al., 2009), suggesting that the
experimental conditions used in the present study may not
exactly mimic the in vivo milieu. Moreover, multiple other
factors are absent in the culture environment, including a
variety of neurotransmitter and neuromodulators, and pos-
sibly other pro-inflammatory and anti-inflammatory cyto-
kines. The importance of these putative differences may be
indicated by the finding that the cytokine cocktail increased
TH immunostaining in isolated type I cells, whereas we pre-
viously reported that TH expression is not altered when
CH-induced cytokine expression is blocked by concurrent
treatment with ibuprofen (Liu et al., 2009). Differences between

culture and in vivo environments notwithstanding, the present
results are consistent with the hypothesis that CH-induced
inflammation contributes to elevated type I cell sensitivity,
which may in part be mediated by HIF-1a.
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