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Oxygen (0;) sensing by the carotid body and its chemosensory
reflex is critical for homeostatic regulation of breathing and blood
pressure. Humans and animals exhibit substantial interindividual
variation in this chemosensory reflex response, with profound
effects on cardiorespiratory functions. However, the underlying
mechanisms are not known. Here, we report that inherent varia-
tions in carotid body O, sensing by carbon monoxide (CO)-sensi-
tive hydrogen sulfide (H,S) signaling contribute to reflex variation
in three genetically distinct rat strains. Compared with Sprague-
Dawley (SD) rats, Brown-Norway (BN) rats exhibit impaired carotid
body O, sensing and develop pulmonary edema as a consequence
of poor ventilatory adaptation to hypobaric hypoxia. Spontaneous
Hypertensive (SH) rat carotid bodies display inherent hypersensi-
tivity to hypoxia and develop hypertension. BN rat carotid bodies
have naturally higher CO and lower H,S levels than SD rat,
whereas SH carotid bodies have reduced CO and greater H,S gen-
eration. Higher CO levels in BN rats were associated with higher
substrate affinity of the enzyme heme oxygenase 2, whereas SH
rats present lower substrate affinity and, thus, reduced CO gener-
ation. Reducing CO levels in BN rat carotid bodies increased H,S
generation, restoring O, sensing and preventing hypoxia-induced
pulmonary edema. Increasing CO levels in SH carotid bodies re-
duced H,S generation, preventing hypersensitivity to hypoxia
and controlling hypertension in SH rats.
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cystathionine-y-lyase

xygen, an essential substrate for generating ATP, is vital for

sustaining much of life on earth. A low availability of oxy-
gen directs vertebrates’ complex respiratory and cardiovascular
systems to maintain optimal oxygenation of tissues by increasing
ventilation and blood pressure. Interestingly, ventilatory responses
to hypoxia are not uniform but, instead, exhibit substantial varia-
tion among humans (1). These varied ventilatory responses to
hypoxia result in dire physiological consequences: a diminished
hypoxic ventilatory response can result in poor adaptation to low
O, environments (2) and high-altitude pulmonary edema (3-5),
whereas a heightened response is associated with essential hy-
pertension (6). Similar variations in hypoxic response have also
been documented in different strains of rodents (7-10). In
comparison with Sprague-Dawley (SD) rats, Brown-Norway (BN)
rats display a markedly reduced ventilatory response to hypoxia (8,
9), whereas Spontaneous Hypertensive (SH) rats exhibit an aug-
mented response (11). SH rats also present enhanced sympathetic
nerve activity and hypertension (7). Despite the physiological
significance, the mechanisms underlying interindividual variation
in systemic responses to hypoxia are not known.

The carotid body is the key sensor of arterial blood oxygen, and
its chemosensory reflex is a critical regulator of breathing, sym-
pathetic tone, and blood pressure (12, 13). Differing responses in
ventilation and sympathetic nerve activity to ambient oxygen levels
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may reflect inherent variations in the O, sensing ability of the
carotid body. Although a number of hypotheses have been pro-
posed to explain carotid body-mediated O, sensing (12, 13),
emerging evidence suggests that the gasotransmitter hydrogen
sulfide (H,S) is required for O, sensing by the carotid body (14—
17). Hypoxia results in increased H,S generation in the carotid
body. Glomus cells, the primary O, sensing cells in the carotid
body, express cystathionine-y-lyase (CSE), an H,S catalyzing
enzyme (15, 16). Homozygous CSE-null mice display diminished
H,S generation and a severely impaired response to hypoxia (15,
16). We hypothesized that variations in the chemosensory reflex
are a result of differences in H,S signaling in the carotid body.
We tested this possibility by examining the carotid body response
to hypoxia in SD, BN, and SH rats and further assessed the
physiological consequences of variations in carotid body O, sensing
on ventilatory adaptations to hypoxia and blood pressure.

Results

Variability in Carotid Body O, Sensing. The carotid body hypoxic
response was assessed by measuring sensory activity from ex vivo
preparations to exclude influences from circulating vasoactive
substances in intact rats. We examined the carotid body response
to hypoxia in 5-6-wk-old SD, BN, and SH rats because SH rats
develop hypertension beyond this age, potentially confounding
results. The body weights of BN and SH rats were less than those
of SD rats (Table S1). BN carotid bodies exhibited lower baseline
activity and a severely impaired response to hypoxia. In contrast,
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The carotid body chemosensory reflex is a principal regulator
of breathing and blood pressure. Humans and experimental
animals display marked interindividual variation in the carotid
body chemosensory reflex; however, the underlying mecha-
nisms are not known. Here, we demonstrate differences in
carotid body O, sensing to be mediated by inherent variations
in carbon monoxide-sensitive hydrogen sulfide signaling in
three distinct rat strains. Hyposensitivity of the carotid body to
hypoxia was associated with higher CO and lower H,S levels,
poor ventilatory adaptation to hypobaric hypoxia, and pul-
monary edema. Hypersensitivity of the carotid body to low O,
was accompanied by reduced CO, greater H,S generation,
and hypertension.

Author contributions: N.R.P. designed research; Y.-J.P.,, V.V.M,, J.N,, G.R., and G.Y. per-

formed research; M.M.G. and S.H.S. contributed new reagents/analytic tools; Y.-J.P.,

V.V.M.,, J.N,, C.V,, G.R, and G.K.K. analyzed data; and C.V., G.K.K., S.H.S., and N.R.P. wrote

the paper.

The authors declare no conflict of interest.

"To whom correspondence may be addressed. E-mail: ssnyder@jhmi.edu or nanduri@
uchicago.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1322172111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1322172111


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322172111/-/DCSupplemental/pnas.201322172SI.pdf?targetid=nameddest=ST1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1322172111&domain=pdf&date_stamp=2014-01-16
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322172111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322172111/-/DCSupplemental

L T

/

D\

v
ar

carotid bodies from SH rats showed elevated baseline activity and
an augmented hypoxic response (Fig. 1 A and B).

Sensory activity of BN carotid bodies treated with NaCN, a
potent carotid body stimulant, was comparable to SD, indicating
that the diminished BN hypoxic response was not a result of
reduced excitability of sensory nerve endings (Fig. S1 4 and B).
Sensory response to CO,, another physiological stimulus, was
also comparable among all three strains (Fig. S1 C and D).

To determine whether variations in the number of glomus
cells, the primary O, sensing cells, account for the differences in
carotid body O, sensing, carotid body sections were stained for
tyrosine hydroxylase, a marker of glomus cells (18) (Fig. 1C).
Morphometric analysis revealed no significant difference in the
ratio of number of glomus cells to the total volume of carotid
body tissue among the three strains (Fig. 1D).

Hypoxia induces catecholamine (CA) secretion from glomus
cells (15). Hypoxia-evoked CA secretion from individual cells
was monitored by carbon-fiber amperometry. Consistent with the
sensory nerve responses of the carotid body, the glomus cell
hypoxic sensitivity was attenuated in BN and augmented in SH
relative to SD (Fig. 1 E and F). However, glomus cell CA se-
cretion was comparable across all three strains when treated with
40 mM KCl, a nonselective depolarizing stimulus (Fig. S1 E and
F). These findings demonstrate inherent variation in O, sensing
by the carotid body, where BN and SH rats are hypo- and hy-
persensitive, respectively, to hypoxia relative to SD rats.

Altered H,S Generation in the Carotid Body. We then tested the
hypothesis that either altered H,S signaling and/or generation in
the carotid body contribute to strain-dependent variations in O,
sensing. Treatment with NaHS, an H,S donor, produced com-
parable sensory excitation in all three strains (Fig. S2 4 and B),
suggesting unaltered H,S signaling. However, measurements of
H,S levels in normoxia and hypoxia revealed striking differences
among the three strains. Although BN rats exhibited lower basal
and hypoxia-evoked H,S generation compared with SD rats, SH
rats showed higher generation of H,S under both conditions
(Fig. 24). L-propargylglycine (L-PAG), a CSE-selective inhibitor
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(19-21), blocked H,S generation in all three strains, suggesting
that CSE is the primary H,S catalyzing enzyme in the carotid
body (Fig. 24). Immunocytochemistry of carotid body tissue
showed no apparent differences in CSE-like immunoreactivity
among the three strains (Fig. S3), suggesting that differential
CSE expression does not contribute to strain-dependent differ-
ences in H,S generation.

Contribution of Carbon Monoxide to Altered H,S generation. Carbon
monoxide (CO) is a physiological inhibitor of CSE-generated
H,S in the carotid body (16). Carotid body CO measurements
revealed important differences across the three strains. Com-
pared with SD, BN and SH carotid bodies exhibited higher and
lower CO levels, respectively, under both normoxia and hypoxia
(Fig. 2B). Heme oxygenase 2 (HO-2) is the primary CO-gener-
ating enzyme in the carotid body (22). Treating BN rats with
Cr(III) meso porphyrin (CrMP), an HO inhibitor, markedly
decreased CO generation in the carotid body with a concomitant
increase in H,S generation in both normoxic and hypoxic con-
ditions (Fig. 2 C and D). The effects of HO inhibition on H,S
generation were prevented by inhibiting CSE with L-PAG (Fig. 2
D). However, CSE inhibition had no effect on CO generation
(Fig. S4). Conversely, SH carotid bodies treated with CORM-2
([Ru(CO); CL],), a CO donor, decreased H,S generation in
both normoxia and hypoxia (Fig. 2E). These data are consistent
with the notion that variations in CO levels determine differ-
ences in H,S formation among the three rat strains.

We then examined whether correcting H,S generation nor-
malizes O, sensing in BN and SH carotid bodies. The HO in-
hibitor, which increased H,S generation, markedly improved the
BN carotid body and glomus cell response to hypoxia, effects
that were prevented by CSE inhibition by L-PAG (Fig. 3 A-D).
Conversely, treating SH carotid bodies with a CO donor or
a CSE inhibitor, which both decreased H,S generation, pre-
vented heightened sensitivity to hypoxia (Fig. 3 E-H).

Altered Kinetic Properties of HO-2. Strain-dependent variations in
CO generation in the carotid body can be a result of either
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pO, (mmHg) Fig. 1. Variability in carotid body O, sensing. (A)
Sensory response of isolated carotid bodies to hyp-
oxia (Hx; Po; ~36 mm Hg; at black bar) in SD, BN,
and SH rats. Action potentials (A.P.) are from the
sinus nerve. Integrated carotid body sensory activity
(CB activity) is presented as impulses per second
(imp/s). (B) Hypoxic sensory response (HSR) to graded
hypoxia from SD, BN, and SH rats, measured as the
difference in response between baseline and hypoxia
(Aimp/s). Data are mean + SEM from 15-20 fibers
from seven to nine rats each. (C) Tyrosine hydroxy-
lase (TH), a marker of glomus cells expression in ca-
rotid bodies from SD, BN, and SH rats. Horizontal bar
represents 50 pm. (D) Average (mean + SEM) data of
EsH ratio of number of glomus cell/total volume of the
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16 4 carotid bodies from n = 4 rats each. (E) Glomus cell CA

secretion in hypoxic conditions (Hx; Po; ~30 mm Hg;
at black bar) in SD, BN, and SH rats. (F) Average
(mean + SEM) data of CA secretion from n = 15-20

0 cells from each strain. *P < 0.05; **P < 0.01; n.s. P >

0.05 (i.e., not significant). See also Fig. S1 and Table S1.
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Fig. 2. Variability in H,S and CO generation in the carotid body. (A) Effects
of graded hypoxia on H,S generation in the carotid bodies from SD, BN, and
SH rats in the absence and presence of L-PAG (10 pM), a CSE inhibitor. (B)
Effects of graded hypoxia on CO generation in the carotid bodies from SD,
BN, and SH rats. (C and D) Effect of CrMP (10 pM), an HO inhibitor, on CO
generation (C) and H,S generation alone or in combination with .-PAG (10
pM) (D) in BN carotid body under normoxia (Nx) or hypoxia (Hx). (E) Effect of
CORM-2 (20 uM), a CO donor, on H,S generation in SH rat carotid body
under Nx and Hx (Po; ~30 mm Hg). Data are mean + SEM from n = 5 rats.
*P < 0.05; **P < 0.01. (See also Figs. S3 and S4).

differential expression and/or altered kinetic properties of the
enzyme HO-2. HO-2-like immunoreactivity in the carotid body
was comparable in all three strains (Fig. S5), suggesting no ap-
parent differences in its expression. Limited availability of ca-
rotid body tissue necessitated studying the kinetic properties of
HO-2 in liver microsomal fractions. Western blot analysis showed
most HO-2 to be in the liver microsomal fraction, whereas ex-
pression of HO-1, another CO generating enzyme, was unde-
tectable (Fig. S64). HO-2 activity is more temperature-sensitive
than HO-1, and HO-2 activity decreases with higher temperatures
(23). Increasing the temperature from 20 °C to 60 °C markedly
inhibited CO generation (Fig. S6 B and C), further suggesting that
HO-2 and not HO-1 was the predominant CO-generating enzyme
in the liver microsomal fractions. Similar to in the carotid body,
hypoxia progressively inhibited CO generation in the microsomal
fractions, with high and low levels of CO in BN and in SH, re-
spectively, under normoxic and hypoxic conditions relative to SD
(Fig. 44).

HO-2 generates CO by degrading heme, with NADPH and
cytochrome P450 reductase as cofactors (24). To determine the
apparent K,,,, HO-2 activity was monitored as a function of in-
creasing concentrations of hemin, an iron-containing porphyrin.
The apparent K., and the maximal velocity of CO production
were analyzed by the Eadie-Hofstee plot (25, 26) (Fig. 4B). SD,
BN, and SH rats all had notably different K;,, values. The ap-
parent K, for hemin was ~6.6-fold lower in BN rats and ~13-fold
higher in SH compared with SD rats (Fig. 4C). V.« Was com-
parable between SD and BN strains but was ~1.8-fold higher in
SH rats (Fig. 4D).

Physiological Significance of Variations in 0, Sensing. Restoration of
chemosensory reflex and ventilatory adaptation by HO inhibition in BN
rats. We examined whether an HO inhibitor, which improved the
carotid body response to hypoxia, would restore the chemo-
sensory reflex function in BN rats. Reflex function was assessed
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by monitoring the hypoxic ventilatory response (HVR) by ple-
thysmography in conscious rats and splanchnic sympathetic nerve
activity, another measure of carotid body reflex, in anesthetized
rats. BN rats exhibited reduced HVR and a near absence of hyp-
oxia-evoked sympathetic nerve activity compared with SD rats
(Fig. 5 A and B). HO inhibition markedly improved both respon-
ses. The effects of HO inhibition were negated after treatment with
L-PAG, a CSE inhibitor, or carotid body transection (Fig. 5 4 and
B; Fig. ST A and B). HO inhibition had no effect on O, con-
sumption (Vo) and CO, production (Vo) in BN rats (Table S2).
High-altitude hypoxia leads to a carotid body-mediated in-
crease in breathing, or ventilatory adaptation to hypoxia (VAH)
(2). Insufficient VAH often results in pulmonary edema (3-5).
BN rats exposed to hypobaric hypoxia (HH; 0.35 atmospheres;
simulating 8,500 m altitude) for 16 h exhibited an absence of
VAH compared with SD rats (Fig. 5C; Fig. S7C). Mean blood
pressure was elevated in SD rats (control 86 + 2 vs. HH 100 + 3
mm Hg; P < 0.05) but was absent in BN rats (control 85 + 3 vs.
HH 88 + 5 mm Hg; P > 0.05). Furthermore, HH-exposed BN
rats developed pulmonary edema, characterized as elevated
protein levels in the bronchoalveolar lavage fluid and an in-
creased wet-to-dry lung weight ratio (Fig. 5 D-F). Treating BN
rats with an HO inhibitor restored VAH and prevented pulmo-
nary edema (Fig. 5 C-F; Fig. S7C).
Control of hypertension by CSE inhibition in SH rats. An exaggerated
carotid body chemosensory reflex has been implicated in the
development of essential hypertension in SH rats (7). We tested
whether treating SH rats with a CSE inhibitor, which prevented
carotid body hypersensitivity to hypoxia, would also reduce blood
pressure. SH rats were treated with either vehicle (saline) or
L-PAG every day, with blood pressures measured in 5-wk-old SH
rats every week for 5 wk. Compared with vehicle-treated SH rats,
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Fig. 3. Carbon monoxide contributes to variability in H,S generation and
carotid body O, sensing. (A-D) Effects of HO inhibition (CrMP) alone or in
combination with CSE inhibition (.-PAG) on BN carotid body sensory (A and B)
and glomus cell secretory (C and D) responses to Hx. (E-H) Effect of CO donor
or L-PAG on SH carotid body sensory (E and F) and glomus cell secretory (G and
H) responses to Hx. Action potentials (A.P.) are from the sinus nerve. In-
tegrated carotid body sensory activity (CB activity) is presented as impulses per
second (imp/s). Hx = Po; ~30 mm Hg. Hypoxic sensory response (HSR) mea-
sured as the difference in response between baseline and Hx (Aimp/s). See S/
Materials and Methods for concentrations and route of administration of
drugs for carotid body sensory activity and glomus cell responses. Average
(mean + SEM) data from n = 6-8 rats or 10-15 cells. **P < 0.01; #**P < 0.01.
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Fig. 4. Variability in kinetic properties of HO-2. (A) Effect of graded hypoxia
on CO generation in liver microsomal fractions in SD, BN, and SH rats. (B)
Analysis of half-maximal initial rate of CO generation using Eadie-Hofstee
plot. (C and D) Apparent K., for hemin (C) and V.« (D) of HO-2-catalyzed
CO generation in liver microsomes from SD, BN, and SH rats. Data represent
mean + SEM from 5 individual experiments. **P < 0.01; ***P < 0.001; n.s.
P > 0.05 (i.e., not significant). See also Fig. S5.

L-PAG-treated rats presented a pronounced reduction in blood
pressures (Fig. 6 A-C). Ablation of the carotid bodies from
5-wk-old SH rats also attenuated age-dependent hypertension to

NOR HH

the same extent as L-PAG treatment. Treating carotid body-ablated
rats with L-PAG caused no further decline in blood pressures (Fig. 6
A-C). These results underscore a mechanism through which ele-
vated H,S signaling in the carotid body contributes to the pro-
gression of hypertension in SH rats.

Discussion

Our results establish inherent variations in CO-regulated H,S as
a fundamental mechanism contributing to the differences in
carotid body O, sensing in three distinct rat strains, with pro-
found implications for cardiorespiratory functions. O, sensing is
severely impaired in BN and exaggerated in SH relative to SD
rats. This variation in O, sensing manifested itself at the cellular
level in the individual glomus cells of the carotid body, as evi-
denced by the strains’ differential hypoxia-induced CA secretion.
CA secretion itself is insufficient to explain differential O,
sensing, as there is a lack of correlation between the downstream
chemoreceptor nerve excitation and CA secretion (12). Thus,
differences in O, sensing are not a result of generalized changes
in the carotid body morphology or glomus cell excitability but,
rather, the result of intrinsic differences in O, sensing mecha-
nisms. Before birth, carotid bodies are adapted to the low partial
pressure of oxygen (Po,) of fetal blood and are relatively in-
sensitive to hypoxia. After birth, the sensitivity of the carotid
body to hypoxia is reset (27). Whether the observed variation in
hypoxic sensitivity in these rat strains is a result of inadequate
resetting of the carotid body in BN rats or an acquired hyper-
sensitivity during development in SH rats may be a point of
future study.

A major finding of this study is an easily exploitable system
including native CO and H,S as major determinants of variations
in carotid body O, sensing. Although endothelial CO and H,S
both yield local blood vessel relaxation (28, 29), the gaso-
transmitters exert diametrically opposed effects on carotid body
activity: CO acts as a physiologic inhibitor, whereas H,S is ex-
citatory. Impaired hypoxic sensitivity in BN rats was associated
with reduced H,S and augmented basal levels of CO. Simply
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sD

BN exposure to HH (0.35 atmospheres) in SD and BN rats
treated with either vehicle or CrMP. (D-F) Average
data (mean + SEM) of the effects of HH on protein
levels in bronchoalveolar lavage fluid (D), wet
weight/body weight (E), and wet weight/dry weight
of lungs (F) in SD and BN rats treated with either
vehicle or CrMP. n = 7-8 rats in each group. See S/
Materials and Methods for concentrations and route
of administration of drugs. *P < 0.05; **P < 0.01; n.s.
P > 0.05 (i.e., not significant). See also Fig. S5 and
BN Table S2.
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Fig. 6. CSE inhibition in the carotid body controls
hypertension in SH rats. (A-C) Average (mean =+
SEM) data of systolic (SBP), diastolic (DBP), and mean
(MBP) blood pressures in SH rats over 5 wk. Arterial
blood pressures were measured in 5-wk-old SH rats
every week for 5 wk. Rats were treated every al-
ternate day with vehicle (saline) or a CSE inhibitor
(L-PAG; 30 mg/kg, i.p.) either alone or after carotid
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inhibiting CO generation was sufficient to increase H,S levels
and improve hypoxic sensing by the BN carotid body. Con-
versely, the amplified hypoxic response in SH was associated
with higher H,S and lower CO in the carotid body. Elevating CO
levels in SH carotid bodies reduced both H,S generation and
hypoxic sensitivity. Intriguingly, CSE inhibition had no effect on
CO generation, suggesting that CO is an upstream signaling
molecule that regulates O, sensing by inhibiting H,S generation.

Our results identified a potential mechanism contributing to
inherent variations in carotid body CO levels in the three rat
strains. The SD, BN, and SH rat strains demonstrate strikingly
different substrate affinities for HO-2, the major CO catalyzing
enzyme in the carotid body. Higher substrate affinity appears
responsible for higher CO levels in BN, whereas lower affinity
explained reduced CO generation in SH rats. Although technical
limitations required kinetic analysis of liver microsomal HO-2,
we believe that the substrate affinities are similarly varied in the
strains’ carotid bodies because hypoxic responses of the liver
microsomes paralleled those of carotid bodies of each strain.
Differences in substrate affinity among the three distinct strains
could be a result of genetic variation in HO-2.

Variations in carotid body-mediated O, sensing have impor-
tant physiological consequences. Impaired O, sensing in BN rats
was associated with a near absence of chemosensory reflex, as
evidenced by attenuated ventilatory and sympathetic nerve
responses to hypoxia, and impaired VAH, an important physi-
ological adaptation to high-altitude hypoxia. BN rats also de-
veloped pulmonary edema when challenged with HH, similar to
humans with impaired hypoxic sensitivity (3-5). Although many
factors may contribute to hypoxia-induced pulmonary edema,
including differences in pulmonary vasculature and fluid reab-
sorption in the lung (30), treating BN rats with an HO inhibitor
alone was sufficient to restore VAH and prevent HH-induced
pulmonary edema. HO inhibition was ineffective in improving
VAH in carotid body-ablated BN rats, evidence that HO in-
hibition is acting at the carotid body to restore its chemosensory
reflex function. Inhibiting carotid body HO activity could be a
therapeutic strategy for improving hypoxic sensitivity and pre-
venting high-altitude pulmonary edema. It should be noted that
with exposure to high-altitude hypoxia, a hypersensitive carotid
body is also not without its significant pathophysiological se-
quelae, including heightened sympathetic activity, hypertension,
and periodic breathing. Interestingly, individuals can adapt to pro-
longed hypoxia via blunted carotid body and ventilatory responses
(2). Whether exposure to chronic hypoxia can elicit the same sys-
temic adaptations in SH rats could be an important future study.

The present study demonstrates exaggerated hypoxic sensitivity
of the carotid body in SH rats even before the development of
hypertension, providing evidence that this strain is inherently hy-
persensitive to hypoxia. Although the contributions of aortic bodies
and carotid baroreceptors to the development of hypertension in
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body transection. n = 6-7 rats in each group. *P <

Age (weeks) 0.05; **P < 0.01; n.s. P > 0.05 (i.e., not significant).

SH rats remain uncertain, ablation of carotid sinus nerves alone
lowered blood pressures in SH rats, a finding consistent with
a recent report (31). As a result, surgical ablation of the carotid
sinus nerves has been proposed as a potential therapeutic in-
tervention for reducing blood pressure (32). However, ablation
of the carotid sinus nerves would abolish systemic responses to
hypoxia and may lead to the adverse physiological consequences
seen in BN rats, such as the absence of VAH and increased
susceptibility to high-altitude pulmonary edema. Our findings
provide direct evidence that elevated H,S levels mediate the
inherent hypersensitivity of the SH carotid body to hypoxia.
Treating SH rats with a CSE inhibitor alone successfully con-
trolled hypertension to the same extent as transection of carotid
sinus nerves. Although endothelial cell-derived H,S acts as a
vasodilator (28), systemic administration of a CSE inhibitor
nevertheless lowered blood pressures in SH rats. Although the
current study has not examined the vascular reactivity to H,S in
SH rats, it is likely that the more potent effects of reduced ca-
rotid body H,S generation on blood pressure may be reflective of
the relative importance of sympathetic tone over local control of
vascular tone in determining blood pressure. Interestingly, CSE-
null mice still develop age-dependent hypertension (28), sug-
gesting an important balance between carotid body activity and
endothelial CSE that requires further studies. These results
suggest that reducing H,S levels in the carotid body by phar-
macological inhibition of CSE may be a more viable and safer
therapy than proposed carotid sinus nerve transection for
treating hypertensive patients.

Materials and Methods

Preparation of Animals. Experiments were approved by the Institutional
Animal Care and Use Committee of the University of Chicago and were
performed on 5-6-wk-old male SD, BN, and SH rats unless otherwise noted.
In experiments requiring sedation, rats were anesthetized with i.p. injections
of urethane (1.2 g/kg; Sigma). Animals were allowed to breathe spontane-
ously. Core body temperature was monitored by a rectal thermistor probe
and maintained at 37 + 1 °C by a heating pad. Animals were killed by
intracardiac injection (0.1 mL) of euthanasia solution (Beuthanasia-D
Special; Schering-Plough).

Carotid Body Sensory Activity. Sensory activity from carotid bodies was
recorded in an ex vivo preparation, as previously described (16).

Measurements of Breathing Variables. Ventilation was monitored by whole-
body plethysmograph, and O, consumption and CO, production were
determined by the open-circuit method in conscious rats at an ambient
temperature of 25 + 1 °C, as previously described (33). Sighs, sniffs, and
movement-induced changes in breathing were excluded in the analysis.

Measurements of Splanchnic Nerve Activity. The splanchnic nerve was iso-

lated on the left side, using a retroperitoneal approach, cut above the
celiac ganglion, and desheathed. The cut central end was placed on
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bipolar platinum-iridium electrodes for recording electrical activity, as
described previously (34).

Measurements of Catecholamine Secretion from Glomus Cells. Glomus cells
were isolated from carotid bodies and monitored for catecholamine secretion
by carbon fiber amperometry, as previously described (15). The number of
catecholamine secretory events and quantity secreted per event were ana-
lyzed and expressed as total catecholamine molecules secreted.

Measurements of H,S. H,S levels in the carotid body were determined as
previously described (16). In experiments assessing the contribution of CSE to
H,S production, the tissue homogenates were incubated with L-PAG (10 pM)
for 30 min before initiation of the reaction.

Measurements of CO. CO production was measured using a spectrophoto-
metric procedure, as previously described (35, 36), with a few modifications.
Mixtures containing 10 pg carotid body protein, NADPH (1 mM), hemin (25
uM), and NADPH Regenerating System Solution (BD Biosciences) were
equilibrated to various Py, values by flushing with differing combinations of
0O, and N; at 37 °C for 1 h in sealed tubes. CO generated in the reaction was
trapped in a reaction mixture containing 25 pM leuco crystal violet, 200 uM
palladate, and 4 uM iodate. CO concentrations were calculated from a
standard curve relating CORM-2 concentration to absorbance of 620 nm
light. To assess the effects of hemeoxygenase inhibition on CO production,
the tissue homogenates were incubated with CrMP (10 uM) at 37 °C for
30 min before initiating the reaction.

Determination of Kinetic Properties of HO-2 Enzyme. Anesthetized rats were
transcardially perfused with ice-cold heparinized (heparin 120 IU/mL) saline.
Livers were homogenized at 4 °C with 3 volumes 0.05 M Tris-HCl buffer at
pH 7.4 with 10 mM EDTA and 20% (vol/vol) glycerol and centrifuged at
100,000 x g for 70 min at 4 °C. HO activity was monitored by measuring CO
formation at different times (10-40 min) as a function of hemin concentration
(from 0.01 to 100 pM). The apparent hemin binding affinity (K,,) and
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maximum reaction velocity (V,.x) were derived from Eadie-Hofstee plot
analysis (25, 26).

Exposure to HH. Unrestrained rats were fed ad libitum and exposed to HH
(0.35 atmospheres, simulating 8,500 m altitude) for 16 h. Breathing and blood
pressures were monitored by plethysmography and tail cuff method, re-
spectively, before HH and 1 h after concluding HH. Blood pressures measured
by the tail-cuff method were 3-5 mm Hg lower than telemetry measure-
ments. To circumvent the problems encountered with telemetry sensors
during continuous measurements for 5 wk, we opted to measure blood
pressures by the tail-cuff method.

Measurements of Pulmonary Edema. An hour after concluding HH, the rats
were anesthetized and intubated. Bronchoalveolar lavage fluid was collected
by lavaging lungs twice with 2.5 mL sterile PBS each time and centrifuged at
1,500 x g for 10 min at 4 °C. Protein content was determined using a mod-
ified Bradford Protein Assay (Bio-Rad Laboratories). In another series of
experiments, the lungs were removed and wet weight was determined im-
mediately. The lung was then dried in a hot oven at 55 °C for 72 h to obtain
a constant dry weight. The data were expressed as wet weight as well as the
ratio of wet weight to dry weight.

Carotid Body Transection. Carotid sinus was transected bilaterally under
aseptic conditions in ketamine (70 mg/kg) + xylazine (8 mg/kg) anesthetized
rats. Experiments were performed 1 wk after surgical recovery.

Immunocytochemistry, immunoblotting, drug treatments, and data analysis
methods are described in detail in S/ Materials and Methods.
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