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bstract

This study examines developmental changes in CB glomus cell depolarization, intracellular calcium ([Ca2+]i) and the magni-
ude of an O2-sensitive background ionic conductance that may play roles in the postnatal increase in oxygen sensitivity of glomus
ells isolated from rats of 1–3 days and 11–14 days postnatal age. Using fura-2 and perforated patch whole cell recordings,
e simultaneously measured [Ca2+]i and membrane potential (Em) during normoxia and hypoxia. Resting Em in normoxia was

imilar at both ages. Hypoxia caused a larger Em depolarization and correspondingly larger [Ca2+]i response in glomus cells from
1- to 14-day-old rats compared to 1–3-day-old rats. Em and [Ca2+]i responses to 40 mM K+ were identical between the two age
roups. Under normoxic conditions both age groups had similar background conductances. Under anoxic conditions (at resting
embrane potential) background K+ conductance decreased significantly more in cells from 11- to 14-day-old rats compared
o cells from 1- to 3-day-old rats. Glomus cells from newborns therefore have less O2-sensitive background K+ conductance.
hese results support the hypothesis that postnatal maturation of glomus cell O2 sensitivity involves developmental regulation
f the expression and/or O2-sensitivity of background ionic conductances.

2006 Elsevier B.V. All rights reserved.
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. Introduction
The carotid body (CB) chemoreceptors are the main
ensors of arterial oxygen level in mammals (Gonzalez
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oreceptor

t al., 1994). Their inputs to brainstem respiratory con-
rol nuclei drive the ventilatory response to hypoxia
nd other defensive responses to hypoxic stress (Hofer,
984, 1986; Bureau et al., 1985a,b; Fewell et al.,
989a,b, 1990). In neonates but not adults, carotid den-
rvation leads to high mortality rates and abnormalities

f respiratory control (Hofer, 1984, 1986; Bureau et
l., 1985a; Donnelly and Haddad, 1990; Cote et al.,
996), suggesting a vulnerable period during mam-
alian postnatal development during which the CB is

dx.doi.org/10.1016/j.resp.2006.01.003
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mportant for survival and normal maturation of breath-
ng control. Despite their importance in the developing
nfant, the carotid chemoreceptors have low sensitivity
o hypoxia at birth and become more sensitive over the
rst few days or weeks of life (Biscoe and Purves, 1967;
lanco et al., 1984; Mulligan and Lahiri, 1987; Marchal
t al., 1992; Kholwadwala and Donnelly, 1992; Carroll
t al., 1993); a process termed “resetting”. The mech-
nism(s) underlying resetting are unknown.

According to the most widely accepted model of
B oxygen transduction, the oxygen sensing elements
f the CB are the glomus cells. Exposure to hypoxia
eads to glomus cell depolarization, Ca2+ influx through
oltage-gated calcium channels, increased intracellular
alcium ([Ca2+]i) and secretion of neurotransmitter(s),
hich increase the firing rate of action potentials in the

djacent carotid sinus nerve (CSN) terminals. Although
B resetting may involve changes in neurotransmitter

ecretion, receptor expression or other synaptic mech-
nisms, the purpose the present study was to explore
evelopmental changes in the glomus cell depolariza-
ion response to hypoxia. We previously reported that,
n rat glomus cells, [Ca2+]i responses to graded hypoxia
ncrease with postnatal age, following the same time
ourse as maturation of the CSN response to hypoxia
Bamford et al., 1999). Most of the increase in rat glo-
us cell O2 sensitivity occurs between 3 and 14 days of

ge, with apparent maturity reached in this species by
4–21 days (Wasicko et al., 1999). Whether the magni-
ude of glomus cell depolarization also increases with
ge is unknown.

The mechanisms underlying maturation of glomus
ell O2 sensitivity are unknown. As cell membrane
epolarization appears to be a critical step in the O2
hemosensory cascade, we hypothesized that the post-
atal increase in the glomus cell response to hypoxia
ay reflect age-related changes in the magnitude of

ypoxia-induced depolarization. Glomus cell depolar-
zation by hypoxia results from inhibition of K+ cur-
ents active at resting membrane potential, most likely
on-voltage sensitive, background (“leak”) K+ chan-
els (Buckler, 1997) and possibly large-conductance,
a2+-activated K+ channels (KCa) (Peers, 1990). Activ-

ty and O sensitivity of rat glomus cell K channels
2 Ca
ncreases between 4 and 10 days of age, consistent
ith a possible role in postnatal maturation of glomus

ell O2 sensing (Hatton et al., 1997). However, post-
atal development of glomus cell O2-sensitive back-
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round K+ currents has not been characterized. The
pecific aims of the present study were to determine
hether developmental changes occur in the magnitude
f hypoxia-induced depolarization and the inhibition of
lomus cell background current by hypoxia. The results
ndicate that glomus cell hypoxia-induced depolariza-
ion and the O2-sensitive background K+ conductance
ncrease with age and may play a role in postnatal mat-
ration of glomus cell O2 sensitivity.

. Methods

.1. Isolation of cells

Glomus cells were isolated from rats from two
ge groups: 1–3 and 11–14 days old. All proce-
ures were approved by the institutional animal care
nd use committee. Each rat was anesthetized with
ethoxyflurane, decapitated, and the head placed in

ce-cold saline. The carotid bifurcations were dis-
ected and placed in ice-cold phosphate buffered saline
PBS, Sigma). The carotid bodies were dissected from
he bifurcations, cut in half and placed in 1 ml of
nzymatic solution comprised of 0.6 ml of PBS with
0 �M Ca2+, 0.2 ml of trypsin (1 mg ml−1, Sigma),
nd 0.2 ml of type I collagenase (5 mg ml−1, Sigma).
or rats aged 1–3 days old, the carotid bodies were

ncubated in the enzymatic solution at 37 ◦C in 21%
2/5% CO2 for 20 min, as done in our previous study

Wasicko et al., 1999) and for rats aged 11–14 days
ld, incubation time was 26 min. The increased incu-
ation time for the older group was performed to
etter allow G� seals to be made using patch-clamp
echniques.

The carotid bodies, along with the enzyme solution,
ere transferred to an Eppendorf tube with a fire pol-

shed glass pipet and incubated further; incubation time
or rats aged 1–3 days old was 5 min and for rats aged
1–14 days old was 7 min. After the second incuba-
ion, the cells were dispersed by gentle trituration with
fire polished glass pipet. The tissue was pelleted at

000 × g for 2 min and resuspended in 1 ml of growth
edia composed of Ham’s F12 (Mediatech) with 10%
etal calf serum, 33 mM glucose, 2 mM l-glutamine,
00 units ml−1 penicillin, 100 �g ml−1 streptomycin,
nd 0.08 U ml−1 insulin. The cells were centrifuged
second time at 2000 × g for 2 min, the supernatant
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emoved, and growth media added at 25 �l per cover-
lip. The cells were plated on poly-d-lysine coated glass
overslips and incubated at 37 ◦C in 21% O2/5% CO2
ntil use. Clusters of glomus cells were studied between
and 8 h after plating. At least three cell preparations,

rom different litters, were studied at each age.

.2. Measurement of intracellular calcium

Cytosolic Ca2+ ([Ca2+]i) was measured by quantita-
ive fluorescence imaging using the calcium-sensitive
ye fura-2 (Grynkiewicz et al., 1985). Cells attached
o the coverslip were loaded with fura-2 by incubation
or 8 min at 37 ◦C in 21% O2/5% CO2 with 4 mM of
he fura-2 acetoxymethyl ester (fura-2 AM; Molecular
robes). Fura-2 fluorescence emission was measured
t 510 nm in response to alternating excitation at 340
nd 380 nm. Images were acquired and stored using a
eiss Axiovert-135TV microscope and CCD camera
ith image intensifier (Videoscope) under computer

ontrol (Metafluor, Universal Imaging).
For each coverslip, the background emission at

10 nm was determined and subtracted, pixel-by-pixel,
rom each image before measurement of the fluores-
ence intensity ratio at 340 nm/380 nm. [Ca2+]i was
etermined using the 340/380 fluorescence ratio and
he following equation:

Ca2+]i = Kd

(
R0 − Rmin

Rmax − R0

)
β

here R0 is the measured fluorescence ratio, Rmin the
uorescence ratio at 0 Ca2+, Rmax the fluorescence
atio at saturating Ca2+, Kd the dissociation constant
or fura-2, 224 nM (Grynkiewicz et al., 1985), and β is
he ratio of 380 nm fluorescence intensity at 0 Ca2+ to
80 nm fluorescence intensity at saturating Ca2+ con-
entrations. Calibration was performed using cell-free
olutions. Autofluorescence was determined by treat-
ng the cells as above but without loading with fura-2.
t the maximum camera gains used for this prepara-

ion, autofluorescence was negligible under control or
noxic conditions.

.3. Electrophysiology
All voltage and current clamp recordings were per-
ormed using the perforated patch whole-cell record-
ng technique. Experiments were conducted using an

s
f
m
b
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xopatch 200B (Axon Instruments). Voltage pulse
rotocols were generated using pClamp 7.0 soft-
are (Axon Instruments). Electrodes were made

rom borosilicate glass capillaries (Warner Instrument
orp.). The pipet solution for all recording conditions
ontained (in mM): 140 potassium gluconate, 5 MgCl2,
EGTA and 10 HEPES; pH was adjusted to 7.2 at 37 ◦C
ith NaOH. The pipet tips were filled with this solu-

ion then back-filled with the same solution containing
40–360 �g/ml amphotericin B. Pipet resistance with
his solution was approximately 3–5 M�. The bath was
rounded through an Ag–AgCl pellet with a 3 M KCl
ridge. Liquid junction potentials were offset prior to
eal formation.

The standard superfusate contained (in mM): 117
aCl, 3.5 KCl, 23 NaHCO3, 1 MgCl2, 2.5 CaCl2, and
2 glucose equilibrated with either 21% O2/5% CO2
r 0% O2/5% CO2 at 37 ◦C (superfusate 1). The same
uperfusate was used for measurement of responses to
igh extracellular K+ except for equimolar substitu-
ion of either 20 or 40 mM KCl for NaCl. The super-
usate used when recording the O2 sensitivity of the
ackground K+ currents (superfusate 2) contained (in
M): 100 NaCl, 3.5 KCl, 23 NaHCO3, 3.5 MgCl2,

0 tetraethylammonium (TEA), 5 4-aminopyridine (4-
P), and 12 glucose, equilibrated with 21% O2/5%
O2 at 37 ◦C. TEA/4-AP, which blocks Ca2+ acti-
ated, voltage gated, ATP sensitive and KCNQ K+

hannels, but not two-pore K+ channels, was included
n superfusate 2 in order to improve isolation of O2-
ensitive background K+ currents (Buckler, 1997).
smolarity was 290–300 mOsm for all solutions. The
ifference in osmolality between each of the per-
usates and the pipette solution was less than 10 mOsm
nd solution pH was ∼7.4. Solutions were deliv-
red to the recording chamber with gas-impermeable
ubing.

The passive membrane characteristics of mem-
rane capacitance (Cm), membrane resistance (Rm),
nd access resistance (Ra) were estimated from the
esponse to a step hyperpolarization of 20 mV from
holding potential of −80 mV. The current response
as fitted to a single-order exponential. Ra was esti-
ated from the magnitude of the current step at the
tart of the hyperpolarization and Rm was estimated
rom the steady-state current response. Cm was esti-
ated by dividing the time constant of the exponential

y Ra.
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.4. Experimental protocols

The coverslip was placed in an open microscope
hamber with a conical collar that allowed argon to
ow over the surface of the superfusate to maintain
O2 levels (protocols 1–3). PO2 was not measured for
ach experiment but rather under similar experimental
onditions. Only one experimental protocol was per-
ormed per coverslip.

Glomus cells have a high catecholamine content,
nd in our previous study (Sterni et al., 1995) character-
stic glomus cell morphology (∼10–15 �m diameter,
ounded shape, tendency to occur in clusters) correlated
ell with the presence of catecholamines using gly-
xylic acid-induced amine fluorescence (Nurse, 1990).
n the present study, glomus cells were identified on
he basis of their characteristic morphology and their
ccurrence in clusters. Only cells in clusters were stud-
ed. Cluster sizes ranged from 2 to 10 cells. The criteria
or a successful experiment were (a) [Ca2+]i should not
ncrease by more than 50 nM as a result of formation
f the perforated patch and (b) Em should be equal to
r more negative than −40 mV.

We only studied cells that were in clusters because
he electrophysiological characteristics of cells in clus-
ers may be different from single cells (Pang and
yzaguirre, 1992), and, as indicated above, glomus
ells occur in clusters. Although in preliminary studies
e found [Ca2+]i responses to hypoxia were similar

n single cells and cells in clusters, we chose to study
nly clustered cells rather than mix two populations
f cells that may have different electrical properties.
e were initially concerned about cell-to-cell coupling
ithin the cluster. However, we found that the charg-

ng transient in response to a hyperpolarizing voltage
tep was well fitted by a single exponential function,
uggesting minimal cell-to-cell coupling. In addition,
embrane capacitance (an indicator of membrane sur-

ace area) was approximately 6 pF, which is similar
or single cells, again suggesting minimal cell-to-cell
oupling.

.4.1. Protocol 1: Simultaneous measurement of
Ca2+] and depolarization
i

This protocol simultaneously measured [Ca2+]i and
embrane potential (Em) during exposure to hypoxia

r elevated extracellular K+ in glomus cells from the
wo age groups. The rationale was to determine whether

w
e
1
p
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evelopmental differences exist in the magnitude of
epolarization and/or the relationship between depo-
arization and the [Ca2+]i rise in response to hypoxic
ersus non-hypoxic depolarizing stimuli. After loading
ith fura-2 the cells were perfused with superfusate
and held at −80 mV during the formation of the

erforated patch. After establishing whole-cell config-
ration (15–25 min after the initial seal), Em, under
urrent clamp conditions (I = 0), and [Ca2+]i were
easured simultaneously. After 1–2 min of recording

nder normoxic conditions, the response to hypoxia
as examined by superfusing cells with solution 1

quilibrated with 0% O2/5% CO2 for 90 s. Following
–3 min of recovery, the response to high extracel-
ular K+ was measured during a 1 min superfusion
ith solution 1 containing 40 mM K+. The Metafluor

maging software (Universal Imaging, Inc.) allows
uorescence imaging of an unequivocally delineated
egion of interest over the single cell being current
lamped.

.4.2. Protocol 2: O2-sensitive background K+

urrent
Background K+ conductance in glomus cells from

he two age groups was measured using techniques
imilar to those described by Buckler (Buckler and
aughan-Jones, 1994; Buckler, 1999). The rationale
as to detect developmental differences in (1) mem-
rane conductance at resting membrane potential, (2)
nhibition of background conductance by hypoxia and
3) inhibition of background conductance by Ba2+, a
locker of background K+ conductance. Cells were per-
used with solution 1, at a holding potential of −80 mV,
ntil the formation of a perforated patch. After stabi-
ization of the perforated patch condition (no further
ecreases in resistance), control background K+ cur-
ent was measured by applying a 500 ms voltage ramp
rom −100 to −40 mV every 5 s. The O2-sensitive
ackground K+ current was measured by superfus-
ng the cells with solution 1 equilibrated with 0%

2/5% CO2 + 0.5 mM sodium hydrosulfite (Na2S2O4)
PO2 ∼ 0 mmHg) for 1 min. The ramp protocol was
hen repeated. After 2 min of recovery from the anoxic
hallenge, the Ba2+-sensitive background K+ current

as blocked by perfusing the cells with solution 1

quilibrated with 21% O2/5% CO2 + 5 mM BaCl2 for
min. Currents were again assessed with the ramp
rotocol.
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.4.3. Protocol 3: Background K+ current
esponse to graded hypoxia

This protocol measured the response of back-
round K+ conductance to graded hypoxia in order to
etect developmental differences in the magnitude of
ypoxia-induced inhibition of background K+ conduc-
ance. The cells were perfused with solution 1 until
he formation of a perforated patch. Holding poten-
ial was −80 mV. The perfusate was then switched to
olution 2 and background K+ currents were obtained
rom 300 ms depolarizing pulses ranging from −60
o −20 mV, from a holding potential of −80 mV. The
ffect of graded hypoxia on background K+ currents
as examined by superfusing the cells with solution
equilibrated with hypoxic gas mixtures containing

% O2, 0% O2, and 0% O2 + 0.5 mM sodium hydro-
ulfite (Na2S2O4) (all with 5% CO2). The PO2 of the
uperfusate was measured at the inlet of the record-
ng chamber using a flow-through oxygen electrode
Microelectrodes, Inc.). For each hypoxic condition,
he cells were perfused for 1 min with the hypoxic
uperfusate and currents recorded using the above pro-
ocol. In each cell studied, currents were recorded
uring normoxia, all three hypoxic conditions, and
ecovery.

.4.4. Protocol 4: Effect of TEA/4-AP on [Ca2+]i

esponse to hypoxia
Using fura-2, this protocol measured the [Ca2+]i

esponse to hypoxia in the absence and presence of
0 mM TEA and 5 mM 4-AP, in glomus cells from 1-
nd 10–11-day-old rats. Glomus cells were superfused
n a closed imaging chamber (Warner Instruments) at
7 ◦C with bicarbonate-buffered salt solution (BSS)
superfusate 1) equilibrated with 21% O2/5% CO2 at
7 ◦C. The [Ca2+]i response to hypoxia was tested
hree consecutive times, separated by at least 5 min,
y switching the superfusate to BSS equilibrated with
% O2/5% CO2 for 2 min. During the second hypoxia
hallenge, the superfusate also contained 10 mM TEA
nd 5 mM 4-AP (pH adjusted to ∼7.4). The effect of
0 mM TEA + 5 mM 4-AP on glomus cell [Ca2+]i was
lso tested during normoxia.
.5. Data analysis

For fluorescence data, baseline values were calcu-
ated as the average [Ca2+]i during the 2 min period

s
e
e
n
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rior to a challenge and peak values of [Ca2+]i were the
aximum obtained during a 90 s challenge. �[Ca2+]i

as calculated as peak [Ca2+]i–baseline [Ca2+]i.
Em was measured as the mean voltage over a 5 s

eriod for each experimental condition. For analysis
f background K+ conductance, current–voltage
elationships were determined by averaging the
urrent obtained from five consecutive voltage ramps.
he O2-sensitive conductance was obtained by
ubtracting, at each voltage, the current recorded
uring anoxia from that recorded during normoxia.
he Ba2+-sensitive conductance was obtained by
ubtracting, at each voltage, the current recorded
uring perfusion with 5 mM BaCl2 from that recorded
uring normoxia. For analysis of the O2 sensitivity
graded hypoxia) of background K+ currents, the
urrent obtained during the last 50 ms of a voltage
tep was expressed as a function of PO2 of the
erfusate.

Values are presented as mean ± S.E.M. Compar-
sons of passive membrane characteristics and change
n Em and [Ca2+]i (Figs. 2A and B and 3A and B)
etween the two age groups were performed using two
ample t-tests assuming unequal variances. Em values
t two ages and at two levels of PO2 were tested using
wo-way ANOVA with Bonferroni post hoc testing. For
he graded hypoxia protocol (Fig. 5), current at different
O2 values and age groups were compared using two-
ay analysis of variance for repeated measures, with
onferroni post hoc testing to compare between age
roups for a given level of PO2 (Graphpad Prism 4.03).
he effects of age and TEA/4-AP on [Ca2+]i responses

o hypoxia (Fig. 6) were tested by two-way analysis
f variance for repeated measures (SigmaStat for Win-
ows Version 3.11) using two approaches. The first
pproach used two-way ANOVA for repeated measures
ith age as the between-subjects factor (two levels)

nd oxygen/drug condition as the within-subjects fac-
or (eight levels, e.g., (1) baseline, (2) first hypoxia
hallenge, (3) second baseline measurement, etc.). The
econd approach, in order to correct for possible effects
f differing baseline [Ca2+]i values, used two-way
NOVA for repeated measures to compare �[Ca2+]i

esponses (peak − baseline), with age as the between-

ubjects factor (two levels) and �[Ca2+]i responses to
ach challenge as the within-subjects factor (four lev-
ls, e.g., (1) first hypoxia challenge, (2) TEA/4-AP in
ormoxia, etc.). For both approaches, Bonferroni post
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oc testing was employed. A p-value < 0.05 was con-
idered statistically significant.

. Results

.1. Postnatal development of passive membrane
haracteristics

The passive membrane characteristics of capaci-
ance (Cm) and membrane resistance (Rm) of the glo-

us cells from both age groups were measured from
he current response to a 20 mV hyperpolarizing pulse
rom a holding potential of −80 mV. In cells from
- to 3-day-old rats (n = 17), Cm = 5.9 ± 0.6 pF and
m = 1.8 ± 0.2 G�, and in cells from 11- to 14-day-old

ats (n = 18), Cm = 5.3 ± 0.4 pF and Rm = 2.0 ± 0.2 G�.
either Cm nor Rm was statistically different between

he two age groups.

.2. Postnatal development of [Ca2+]i and Em

esponses to hypoxia

Hypoxia is known to cause depolarization and
ncreased [Ca2+] in glomus cells. Our results show that
i

oth of these responses change with age. Fig. 1 shows
epresentative simultaneous recordings of [Ca2+]i and
m during exposure to hypoxia or 40 mM extracellu-

ar K+ in cells from 3- and 11-day-old rats. In a cell

d

a
K

ig. 1. Representative [Ca2+]i and Em responses to hypoxia and 40 mM K+.
rom single glomus cells of 3-day-old (left panel) and 11-day-old rats (right
Neurobiology 154 (2006) 356–371 361

rom 3-day-old rats (left panel), the magnitude of the
Ca2+]i response to hypoxia was smaller compared to
hat in a cell from 11-day-old rats (right panel) and was
ssociated with a correspondingly smaller depolariza-
ion. In contrast [Ca2+]i responses to 40 mM K+ were
imilar at both ages, as previously reported (Wasicko et
l., 1999), and the corresponding membrane potential
esponses to 40 mM K+ also did not differ with age.

Fig. 2 shows the mean [Ca2+]i and Em responses
o hypoxia from simultaneous recordings. Consistent
ith our previous findings, the �[Ca2+]i response

o hypoxia was significantly larger in glomus cells
rom older rats compared to cells from newborns
Fig. 2B). Resting membrane potential in normoxia
as ∼51–53 mV and did not vary with age (Fig. 2A).
ignificant interaction between age and PO2 (p < 0.05)
as revealed by two-way ANOVA; hypoxia induced
larger magnitude depolarization in cells from 11- to
4-day-old rats versus 1- to 3-day-old rats (Fig. 2A)
p < 0.001, Bonferroni post hoc test). The average
hange in Em (�Em) in cells from 1- to 3-day-old rats
as ∼8 mV which was significantly smaller than the

verage �Em of ∼18 mV in cells from 11- to 14-day-
ld rats. Age-related differences in the magnitude of
epolarization corresponded with similar age-related

ifferences in [Ca2+]i (Fig. 2B).

The average responses of membrane potential
nd [Ca2+]i to challenge with 40 mM extracellular
+ are shown in Fig. 3. Elevated extracellular K+

Traces show representative simultaneous [Ca2+]i and Em recordings
panel). Recordings made in current clamp (I = 0) mode.
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ig. 2. Mean Em, [Ca2+]i responses to hypoxia. Mean (A) Em and (
n = 20) and 11- to 14-day-old (n = 25) rats in normoxia (PO2 ∼ 150
ays, open symbol = 11–14 days. Values are mean ± S.E.M. *Statist

aused a much larger depolarization than hypoxia,
hich was accompanied by correspondingly larger

[Ca2+]i responses (Fig. 3B). Contrasting sharply
ith responses to hypoxia (Fig. 2), Em, and [Ca2+]i

esponses to 40 mM K+ were not different between the
wo age groups (Fig. 3).

a
t

ig. 3. Mean Em, �Em, and �[Ca2+]i responses to 40 mM K+. Mean (A) Em

o 3-day-old (n = 11) and 11- to 14-day-old (n = 14) rats in response to 40 mM
re mean ± S.E.M. There were no significant differences between the two a
+]i responses recorded simultaneously in cells from 1- to 3-day-old
and in response to hypoxia (PO2 ∼ 2 mmHg). Filled symbol = 1–3

erence (p < 0.001) between the two age groups.

.3. Postnatal development of background K+

onductance
In order to examine the background currents
ctive around the resting membrane potential (pro-
ocol 2 in methods), current–voltage relationships

and (B) [Ca2+]i responses recorded simultaneously in cells from 1-
K+. Filled symbol = 1–3 days, open symbol = 11–14 days. Values

ge groups.
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Fig. 4. Postnatal development of O2-sensitive background current. From a holding potential of −80 mV, glomus cells were subjected to 500 ms
voltage ramps from −100 to −40 mV. (A) 1–3 days old (n = 10). Average current–voltage relationship obtained under three conditions as follows:
(a) normoxia, (b) anoxia and (c) 5 mM Ba2+ during normoxia. (B) The same protocol as in (A) applied to cells from 11- to 14-day-old rats (n = 15)
yielded the same I–V relationship during normoxia and exposure to 5 mM Ba2+ as seen in cells from 1- to 3-day-old rats. (C) 1–3 days old, I–V
r d the Ba
t tive cur
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elationships of the O2-sensitive current (difference current, a–b) an
he O2-sensitive current (difference current, a–b) and the Ba2+ sensi

ere determined during periodic 500 ms voltage ramps
etween −100 and −40 mV, from a holding poten-
ial of −80 mV. The mean current voltage relationships
btained from voltage ramps under control and anoxic
onditions as well as during exposure to 5 mM Ba2+

re shown in Fig. 4. In normoxia, in both age groups,
he current voltage tracing crosses the zero-current axis
t approximately −55 to −60 mV, which corresponds
oughly to the cell’s resting membrane potential under
ontrol conditions (Fig. 4A and B).
In cells from 11- to 14-day-old rats, exposure to
noxic conditions caused a marked decrease in the
lope of the current–voltage relationship, resulting
n a downward (inward or depolarizing) shift in the

a
S
t
g

2+ sensitive current (a–c). (D) 11–14 days old, I–V relationships of
rent (a–c).

urrent–voltage relationship (Fig. 4B, curve b). Five
M Ba2+, which effectively inhibits all K+ currents,

lso caused a marked flattening of the current–voltage
elation (inward or depolarizing shift) (Fig. 4B, curve
). Thus, both 5 mM Ba2+ and anoxia cause a marked
ecrease in resting membrane conductance in cells
rom 11- to 14-day-old rats, as previously reported
Buckler, 1999). The difference between curves a and
in Fig. 4B yields the O2-sensitive current (that por-

ion of the background current that was inhibited by

noxia) which is plotted in Fig. 4D (curves a and b).
imilarly, subtraction of curve c from curve a yields

he Ba2+-sensitive current (that portion of the back-
round current that was inhibited by 5 mM Ba2+),
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lotted in Fig. 4D (curves a–c). The Ba2+ sensitive
urrent at both ages was of approximately the same
agnitude.
The O2-sensitive background current (curves a and
in Fig. 4C and D) at all ages exhibited a rever-

al potential of approximately −100 mV with little
oltage dependency over the range −50 to −100 mV,
onsistent with a background K+ current, as previ-
usly reported for rat glomus cells (Buckler, 1997,
999; Williams and Buckler, 2000). In order to con-
rm that the O2-sensitive background conductance
as primarily carried by K+, current–voltage rela-

ionships under anoxic conditions were determined
t two different levels of extracellular K+, as previ-
usly described (Buckler, 1999). In the presence of
.5 mM extracellular K+ the O2-sensitive background
urrent showed a reversal potential of approximately
100 mV. In the presence of 20 mM extracellular K+,

he O2-sensitive current–voltage relation underwent
Nernstian shift in the reversal potential to approx-

mately −53 mV, strongly suggesting that the O2-
ensitive background current is carried primarily by K+

n = 5).
Age-related changes in the O2-sensitive background

+ current were evaluated by determining the average
mplitude of the current between −60 and −50 mV in
ells from 1- to 3-day-old versus 11- to 14-day-old rats
n = 10 and 15 cells, respectively). The averaged ampli-
ude of the O2-sensitive K+ current between −60 and

50 mV was 1.0 ± 0.4 pA for the 1- to 3-day-old group
Fig. 4C, curves a and b) and 4.0 ± 1.0 pA for the 11- to
4-day-old group (Fig. 4D, curves a and b) (p = 0.02).
n sharp contrast, the magnitude of the Ba2+-sensitive
urrent between −60 and −50 mV was 5.0 ± 1.3 pA
or the 1- to 3-day-old group and 5.6 ± 1.2 pA for the
1- to 14-day-old group (NS) (Fig. 4C and D). Thus,
he Ba2+-sensitive current was not different whereas
he O2-sensitive K+ current was approximately four-
old larger in cells from 11- to 14-day-old versus 1- to
-day-old rats. Assuming that 5 mM Ba2+ inhibits all
ackground K+ current, both age groups had similar
ackground K+ current, but in the 1–3 days group the
2-sensitive component accounted for ∼20% of back-
round K+ current while, in the 11–14 days age group,

he O2-sensitive component accounted for ∼71% of
ackground K+ current. Thus, in the 11–14-day-old
roup, a greater proportion of the background K+ con-
uctance was O2 sensitive.

s

g
c

rotocol (protocol #3). *p < 0.001, **p < 0.005 different from current
n normoxia within age group, †p < 0.001 difference between the age
roups.

.4. Effect of graded hypoxia on resting K+

onductance

The O2-sensitive background K+ conductance
xhibits graded inhibition during graded hypoxia, pro-
iding a rough measure of the O2 sensitivity of this
onductance. Using protocol 3, we sought to detect
ge related differences in the O2 sensitivity of glomus
ell background K+ current. In cells from 1- to 3-day-
ld rats, decreasing superfusate PO2 caused a small
nhibition of the background current that was only sig-
ificantly decreased in anoxia (Fig. 5). In contrast, in
ells from 11- to 14-day-old rats, ANOVA indicated
reater inhibition of background K+ current, compared
o control, at superfusate PO2’s of ∼2–3 and 0 mmHg
p < 0.001). The current level in anoxia was signifi-
antly decreased compared to the level at PO2 7 mmHg
p < 0.001) and 2 mmHg (p < 0.01). Thus, when super-
usate PO2 was ∼2–3 and 0 mmHg, the inhibition of
he background K+ conductance in the older group was

everal fold greater than in the cells from newborns.

The effects of graded decreases in PO2 on back-
round ionic conductance are shown in Table 1. Chord
onductance (−60 to −50 mV) under control condi-
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Table 1
Mean chord conductances (pS, −50 to −60 mV) of glomus cells from 1- to 3- and 11- to 14-day-old rats

Superfusate PO2 3-day old (n = 9) 3 day % of control 11-day old (n = 10) 11 day % of control 3 day vs. 11 day

Control ∼150 mmHg 410 ± 49 100 431 ± 53 100 (NS)
7–8 mmHg 310 ± 42 76 342 ± 56 78 (NS)
2
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–3 mmHg 371 ± 47 90
mmHg (with dithionite) 299 ± 31 73

alues are mean ± S.E.M.

ions was ∼410–430 pS and did not differ between the
wo age groups. Although anoxia appeared to cause a
mall decrease in background K+ conductance in cells
rom 1- to 3-day-old rats, it was not statistically signif-
cant by ANOVA. In glomus cells from 11- to 14-day-
ld rats, ANOVA revealed a significant decrease (from
ontrol) in background K+ conductance at the two low-
st PO2 levels (p < 0.05). Comparing between ages, at
he two lowest PO2 values, conductance was decreased
o a much greater degree in cells from older rats com-
ared to cells from 1- to 3-day-old rats (Table 1).

.5. Effect of TEA + 4-AP on [Ca2+] response to
i

ypoxia

Resting [Ca2+]i of glomus cells from both age
roups was not affected by 10 mM TEA + 5 mM 4-AP

a
w
t
(

ig. 6. Effect of TEA/4-AP on [Ca2+]i response to hypoxia. Baseline (�) and
-day-old rats (n = 9) and (B) 10–11-day-old rats (n = 11). *p < 0.001, peak
ignificantly different from corresponding challenge in 1-day-old group. N
iffered from other baseline [Ca2+]i levels within or between age groups.
246 ± 30 56 p = 0.03
185 ± 21 42 p = 0.007

Fig. 6). Baseline [Ca2+]i levels did not differ signif-
cantly from other baseline calcium levels within or
etween age groups. Peak [Ca2+]i responses to hypoxia
lone increased significantly with age, as expected
Fig. 6). TEA/4-AP increased the peak [Ca2+]i response
rom 233 ± 17 to 344 ± 33 nM (p < 0.001) at 1 day and
rom 368 ± 23 to 579 ± 42 nM (p < 0.001) at 10–11
ays (Fig. 6). TEA/4-AP resulted in a 49 ± 9% ver-
us 60 ± 12% increase in the peak [Ca2+]i response to
ypoxia at 1 day versus 10–11 days, respectively (NS).

In order to adjust for possible effects of individ-
al baseline variation the data presented in Fig. 6 were
lso analyzed as �[Ca2+] (difference between baseline
i

nd peak). The �[Ca2+]i response to hypoxia increased
ith age (p < 0.001) as expected. TEA/4-AP increased

he �[Ca2+]i response from 129 ± 14 to 232 ± 20 nM
p < 0.001) at 1 day and from 230 ± 30 to 438 ± 38 nM

peak (�) [Ca2+]i responses to hypoxia in CB glomus cells from (A)
significantly different from baseline [Ca2+]i. †p < 0.001, ††p < 0.005
S = not significantly different. None of the baseline [Ca2+]i levels
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p < 0.001) at 10–11 days. TEA/4-AP resulted in an
6 ± 24% versus 96 ± 20% increase in the �[Ca2+]i

esponse to hypoxia at 1 day versus 10–11 days, respec-
ively (NS). Thus, TEA/4-AP had no affect on resting
Ca2+]i and increased the [Ca2+]i response to hypoxia
o the same extent in both age groups.

. Discussion

The results of the present study suggest that post-
atal maturation of the [Ca2+]i response is linked to
ge-related differences in glomus cell depolarization
n response to hypoxia. Glomus cells from newborns
nd mature rats have similar membrane potentials in
ormoxia, but cells from newborns depolarize signif-
cantly less in response to hypoxia. For a given level
f hypoxic challenge, greater depolarization in mature
lomus cells would result in greater Ca2+ influx through
oltage-gated Ca2+ channels and could explain, in part,
he previously reported increase in the [Ca2+]i response
o hypoxia during postnatal maturation (Sterni et al.,
995; Bamford et al., 1999; Wasicko et al., 1999).
lthough hypoxia-induced depolarization was ∼50%

ess in cells from newborns compared to older rats,
ells from both ages depolarize to the same degree
n response to a non-hypoxic, non-specific depolariz-
ng stimulus (high extracellular K+ solution). Glomus
ells from newborns and mature rats possess a back-
round outward ionic current, largely carried by K+,
hich is inhibited by hypoxia less in glomus cells from
ewborns compared to mature rats. Thus, developmen-
al changes in the hypoxia sensitivity of this back-
round conductance could account, at least in part, for
he age-related increase in glomus cell depolarization
and therefore [Ca2+]i influx) in response to hypoxia.
aken together, these findings support the hypothesis

hat postnatal maturation of glomus cell O2 sensitivity
nvolves developmental regulation of the expression of
nd/or O2 sensitivity of several ionic conductances.

.1. Development of depolarization response to
ypoxia
A developmental increase in the CB glomus cell
Ca2+]i response to hypoxia could result from (a) an
ge-related increase in Ca2+ influx for a given degree
f depolarization or (b) from an age-related increase

(
1
1
O

Neurobiology 154 (2006) 356–371

n the degree of depolarization for a given level of
ypoxia. Because membrane depolarization and Ca2+

nflux are critical steps in the O2 chemosensory cas-
ade, we hypothesized that postnatal maturation of the
lomus cell [Ca2+]i response to hypoxia might reflect
ge-related changes in hypoxia-induced depolariza-
ion.

Simultaneous recordings of [Ca2+]i and Em indicate
hat, compared to newborns, in glomus cells from older
ats the magnitude of depolarization was ∼2 times
reater and the magnitude of the [Ca2+]i increase was
pproximately 2–3 times greater in response to a stan-
ardized hypoxia stimulus. In both age groups, resting
embrane potential during control (normoxia) condi-

ions was in the range of −50 mV, consistent with previ-
us reports (Hayashida and Hirakawa, 2002). Based on
he current–voltage relation of neonatal rat glomus cell
a2+ currents reported by Peers et al. (1996), a small
evelopmental increase in the magnitude of hypoxia-
nduced depolarization could result in a large increase
n the [Ca2+]i response, due to the non-linear voltage
ependence of Ca2+ influx.

The depolarization induced by 40 mM extracellular
+, which was of greater magnitude than the depo-

arization induced by hypoxia, was accompanied by a
arger [Ca2+]i response (Fig. 3), underscoring the close
elationship between Em depolarization and [Ca2+]i in
lomus cells. In addition, when glomus cells depolarize
o approximately the same level (Fig. 3), the magni-
ude of the resulting increase in [Ca2+]i is comparable
n cells from newborn versus 11- to 14-day-old rats.
hese results suggest that the developmental increase

n the glomus cell [Ca2+]i response to hypoxia is due to
evelopmental alterations in hypoxia-induced depolar-
zation, rather than developmental regulation of [Ca2+]i

nflux for a given degree of depolarization.

.2. Development of background K+ conductance
esponse to hypoxia

Although the mechanism(s) of glomus cell depo-
arization by hypoxia are controversial, substantial
vidence indicates that depolarization in response
o hypoxia results from an inhibition of K+ current

Lopez-Barneo et al., 1988; Delpiano and Hescheler,
989; Peers, 1990; Ganfornina and Lopez-Barneo,
991; Stea and Nurse, 1991; Buckler, 1997). Several
2 sensitive K+ currents have been characterized in
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B glomus cells, including a transient current sensitive
o 4-AP (Lopez-Lopez et al., 1989), a voltage- and
a2+-activated, sustained current sensitive to charyb-
otoxin (Peers, 1990; Peers and O’Donnell, 1990),
voltage-activated, sustained current insensitive to

harybdotoxin (Buckler, 1997), and a background (or
leak’) current insensitive to 4-AP, TEA and charyb-
otoxin (Buckler, 1997, 1999). The major candidates
urrently considered to be possible mediators of
ypoxia-induced glomus cell depolarization in rats
nclude large-conductance, Ca2+-activated K+ chan-
els (KCa) (Peers, 1990) and non-voltage sensitive,
ackground (“leak”) K+ channels (Buckler, 1997).

Although it is clear that glomus cells have back-
round or “leak” K+ conductance as originally
escribed by Buckler (1997), the identity of the O2-
ensitive channel(s) that initiate depolarization remains
nknown. Available evidence suggests that glomus
ells express several two-pore (2P) domain K+ chan-
els such as TASK-1, TASK-3 and TRAAK (Buckler,
997; Buckler et al., 2000; Yamamoto et al., 2002;
illiams and Buckler, 2004). The TASK-1 K+ chan-

el blocker methanandamide has been shown to reduce
lomus cell resting conductance and inhibit an O2-
ensitive background current (Wyatt and Buckler,
003). Unfortunately, studies with this drug are prob-
ematic, as methanandamide is also a calcium channel
ntagonist (Wyatt and Buckler, 2003).

Barium inhibits background K+ conductance by
bout 85% in glomus cells (Buckler, 1999). In this
tudy, we compared the inhibition of background K+

onductance by 5 mM Ba2+ to the inhibition caused by
noxia for both age groups. As shown in Fig. 4D, the
2-sensitive background current is similar in magni-

ude to the Ba2+ sensitive current, suggesting that most
f the background current in the 11–14-day group is
2 sensitive. In contrast, the O2-sensitive background

urrent is only a small fraction of the Ba2+ sensitive cur-
ent in glomus cells from 1- to 3-day-old rats (Fig. 4C).
s shown in Table 1, the estimated O2-sensitive back-
round conductance (control − anoxia) in glomus cells
as 111 pS at 1–3 day versus 246 pS in the 11–14 day
ld group. With respect to CB development, the smaller
agnitude of O -sensitive background K+ conduc-
2

ance in newborns may limit the ability of the glomus
ell to initiate depolarization during hypoxia.

The magnitude of measured O2-sensitive back-
round currents differed between the two protocols

a
P
g
P
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mployed. Using the ramp protocol (protocol 2) the
2-sensitive background current was estimated to be
4 pA at −50 mV in 11–14-day-old rats (Fig. 4D). In

ontrast, as shown in Fig. 5, anoxia inhibited back-
round current at −50 mV by ∼12.5 pA in glomus cells
f 11–14-day-old rats. The reason for this discrepancy
s unknown. Data shown in Fig. 4 were measured using

ramp protocol in which Vm was increased steadily
rom −90 to −40 mV over 300 ms. In contrast the
ffect of graded hypoxia was measured, from a hold-
ng potential of −80 mV, using a pulse clamp protocol
onsisting of a series of 300 ms duration voltage steps
n 10 mV increments between −60 and −20 mV. It
s possible that differences in activation, inactivation
r other aspects of channel kinetics differed between
hese two approaches. However, with respect to devel-
pment, results from the two protocols yielded the same
onclusion; the magnitude of the CB glomus cell O2-
ensitive background conductance more than doubles
etween the newborn and ∼2 weeks of age.

Using a pulse clamp protocol, we also examined
he O2 ‘sensitivity’ of the background K+ conductance
y measuring the change in current in response to
raded hypoxia. In cells from mature rats, as super-
usate PO2 was lowered, the background conductance
as inhibited in a roughly hyperbolic manner (Fig. 5),

s described by Buckler (1997), who studied 11–16-
ay-old rats. Developmental differences were observed
t the more severe levels of superfusate PO2, i.e., the
nhibition of the background K+ current was >50%
reater in the cells from mature rats compared to
ewborns. The effects of graded hypoxia on back-
round K+ currents shown in Fig. 5 are consistent
ith previously reported effects of graded hypoxia
n the [Ca2+]i response to hypoxia (Wasicko et al.,
999). In 11–21-day-old rats, the half-maximal [Ca2+]i

esponse to hypoxia was observed at a superfusate PO2
f ∼6–7 mmHg compared to cells from 1-day-old rats
eaching half-maximal [Ca2+]i response at ∼2 mmHg
O2 (see Fig. 5 in Wasicko et al., 1999). Fig. 5 of

he present study indicates that background K+ cur-
ent was about half inhibited at ∼7–8 mmHg in glomus
ells from 11- to 14-day olds compared to newborn
ats, which showed no inhibition until superfused with

noxic solution (Fig. 5). Therefore, the age-related
O2–Em and PO2–[Ca2+]i relationships for dissociated
lomus cells in vitro are quite similar. Although these
O2 values may seem low relative to arterial PO2, the
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icrovascular PO2 in the cat carotid body has been
eported to be considerably lower than arterial PO2,
ith most neural activity occurring when tissue PO2

alls below 15 mmHg (Rumsey et al., 1991).

.3. Blockade of TEA/4-AP sensitive currents

The role of large-conductance calcium-activated
+ channels (KCa) in glomus cells is controversial.
Ca channel antagonists have been shown cause cat-

cholamine release in CB slices (Pardal et al., 2000;
ardal and Lopez-Barneo, 2002) and depolarization of
issociated glomus cells (Peers and Carpenter, 1998)
hile other studies have shown no effects of TEA,

harybdotoxin or apamin on carotid body activity
Cheng and Donnelly, 1995). Hatton et al. have reported
hat K+ current density progressively increased with
ge in glomus cells isolated from 4, 10-day old and
dult rats, primarily due to an age-related increase
f O2 sensitive, KCa channels (Hatton et al., 1997).
xpression and activity of KCa channels, as well as K+

urrent sensitivity to hypoxia, increased between 4 and
0 days of age, with no further increase between 10
ays and adults (Hatton et al., 1997), suggesting that
Ca channels may contribute to postnatal maturation
f O2 sensing in the carotid body. The results shown
n Fig. 6 indicate that 10 mM TEA and 5 mM 4-AP,
hich should block voltage-gated, calcium-activated

KCa), ATP-sensitive, KCNQ and possibly other K+

hannels, did not initiate a [Ca2+]i response but clearly
ncreased the magnitude of the response to hypoxia
t both ages. This suggests, at least for dissociated
lomus cells, that TEA/4-AP-sensitive K+ channels
ormally serve to damp or limit the [Ca2+]i response to
ypoxia. TEA/4-AP increased the [Ca2+]i response to
ypoxia to the same extent in both age groups. In addi-
ion, the age-related increase in the [Ca2+]i response
o hypoxia persisted even when KCa and other TEA/
-AP-sensitive K+ channels were blocked.

.4. Mechanisms of glomus cell hypoxia response
aturation

The mechanisms by which hypoxia depolarizes

lomus cells are complex, poorly understood, and
ontroversial, and a full discussion is beyond the scope
f the present study. Glomus cells express multiple 2P
+ channels and available evidence favors a TASK like

p
a
a
c
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urrent as a major component of O2-sensitive back-
round K+ current in these cells (Wyatt and Buckler,
003). The question of whether inhibition of a small-
agnitude TASK-like O2-sensitive background cur-

ent is sufficient to initiate and drive glomus cell depo-
arization in response to hypoxia has been discussed
lsewhere (Buckler, 1997, 1999). The main hypothesis
f the present study was that postnatal maturation of the
lomus cell [Ca2+]i response to reduced PO2 is due, at
east in part, to development of mechanisms that initiate
nd determine the magnitude of hypoxia-induced depo-
arization. Our findings confirm that the magnitude of
ypoxia-induced depolarization in enzymatically dis-
ociated glomus cells more than doubles between birth
nd 14 days of age. In addition, the results confirm the
resence of an O2-sensitive background conductance
n rat glomus cells, the magnitude of which approx-
mately doubles between birth and ∼2 weeks of age.
lthough this developmentally regulated background
+ current is remarkably similar to the TASK-like
ackground conductance reported by Buckler (1997)
ith respect to magnitude and O2 sensitivity, further

tudy will be required to identify the channel(s) mediat-
ng this current. These studies are currently underway.

A postnatal increase in the O2 sensitive K+ chan-
el(s) that initiate and maintain depolarization is one
echanism for development of CB oxygen sensing.
owever, the glomus cell depolarization response

o hypoxia could also increase with age if currents
hat limit or inhibit depolarization decrease with age.
nother K+ conductance described in rat and rabbit
lomus cells is a HERG-like K+ current (Overholt et al.,
000; Kim et al., 2005). HERG K+ channels (Human
ther-a-go-go Related Gene product) are potassium
hannels believed to play a major role in maintaining
esting membrane potential and/or controlling repolar-
zation in several excitable cell types, including neu-
osecretory cells (Bauer et al., 1998; Schafer et al.,
999; Pancrazio et al., 1999). HERG-like currents are
resent at immature stages of development and decline
ith age in other cell types (Arcangeli et al., 1997;
rociani et al., 2000). The carotid body is a neural crest-
erived organ and HERG-like currents are expressed
n tumors that develop in hypoxic microenvironments,

articularly neural crest derived tumors (Arcangeli et
l., 1997, 1999; D’Amico et al., 2003; Crociani et
l., 2003). We recently reported that HERG-like K+

urrent density in glomus cells from 0- to 1-day-old
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ats is two-fold greater than in cells from 11- to 16-
ay-old rats (Kim et al., 2005). These results sug-
est that membrane potential-stabilizing HERG-like
+ currents are present in newborn CB glomus cells

nd decline with age, providing a potential mechanism
or damping of excitability in newborn rat glomus cells
hat subsequently declines with age between birth and
4 days. Other K+ channels that may serve a simi-
ar function are currently under investigation in our
aboratory.

.5. Intact carotid chemoreceptor maturation

This study focused on maturation of glomus cell
epolarization and the [Ca2+]i response to hypoxia.
owever, it is important to note that glomus cells exist

n clusters, in contact with other glomus cells, type II
ells and CSN nerve terminals. Glomus cells in situ are
xposed to a complex microenvironment where a wide
rray of neurotransmitters, neuromodulators, changes
n ion concentrations and pH may affect the resting state
nd/or the glomus cell response to hypoxia. Glomus
ells express several subtypes of acetylcholine recep-
ors, dopamine D2, 5-HT, P2Y, GABAB, adenosine
2a and other receptors; CSN nerve terminals express

dditional receptors. Thus, apart from the maturation
f glomus cell ionic current repertoire as described in
he present study, differentially developing sensitivi-
ies of chemoreceptor cells to various neurotransmitters
nd neuromodulators also will contribute to shaping
oth the pre- and post-synaptic responses to hypoxia
nd any of these may also change during postnatal
evelopment.
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