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Chronic Nicotine Blunts Hypoxic Sensitivity in Perinatal Rat
Adrenal Chromaffin Cells via Upregulation of KATP Channels:
Role of �7 Nicotinic Acetylcholine Receptor and
Hypoxia-Inducible Factor-2�
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Fetal nicotine exposure blunts hypoxia-induced catecholamine secretion from neonatal adrenomedullary chromaffin cells (AMCs),
providing a link between maternal smoking, abnormal arousal responses, and risk of sudden infant death syndrome. Here, we show that
the mechanism is attributable to upregulation of KATP channels via stimulation of �7 nicotinic ACh receptors (AChRs). These KATP

channels open during hypoxia, thereby suppressing membrane excitability. After in utero exposure to chronic nicotine, neonatal AMCs
show a blunted hypoxic sensitivity as determined by inhibition of outward K � current, membrane depolarization, rise in cytosolic Ca 2�,
and catecholamine secretion. However, hypoxic sensitivity could be unmasked in nicotine-exposed AMCs when glibenclamide, a blocker
of KATP channels, was present. Both KATP current density and KATP channel subunit (Kir 6.2) expression were significantly enhanced in
nicotine-exposed cells relative to controls. The entire sequence could be reproduced in culture by exposing neonatal rat AMCs or
immortalized fetal chromaffin (MAH) cells to nicotine for �1 week, and was prevented by coincubation with selective blockers of �7
nicotinic AChRs. Additionally, coincubation with inhibitors of protein kinase C and CaM kinase, but not protein kinase A, prevented the
effects of chronic nicotine in vitro. Interestingly, chronic nicotine failed to blunt hypoxia-evoked responses in MAH cells bearing short
hairpin knockdown (�90%) of the transcription factor, hypoxia-inducible factor-2� (HIF-2�), suggesting involvement of the HIF
pathway. The therapeutic potential of KATP channel blockers was validated in experiments in which hypoxia-induced neonatal mortality
in nicotine-exposed pups was significantly reduced after pretreatment with glibenclamide.

Introduction
Exposure of the neonate to episodes of asphyxia during birth
results in a variety of adaptive changes that include fluid reab-
sorption and surfactant secretion in the lungs so as to facilitate air
breathing, as well as improved cardiac conductance (Slotkin and
Seidler, 1988). These physiological responses depend critically on
catecholamine (CAT) secretion from adrenomedullary chromaf-
fin cells (AMCs), triggered by asphyxial stressors such as low O2

(hypoxia), elevated CO2 (hypercapnia), and low pH (acidosis).
Neonatal AMCs express a direct hypoxia-sensing mechanism,
independent of the nervous system, that is lost or suppressed
postnatally along a time course that approximately parallels mat-
uration of the splanchnic cholinergic innervation (Seidler and
Slotkin, 1985, 1986; Lagercrantz and Slotkin, 1986; Slotkin and
Seidler, 1988). These findings raised the possibility that activation
of nicotinic acetylcholine receptors (nAChRs) on chromaffin

cells may be involved in the postnatal loss of direct chemosensing
properties in these cells. Indeed, prenatal nicotine exposure is
known to cause a loss of hypoxia tolerance, decreased arousal
responses in the neonate, and impaired hypoxia-induced CAT
secretion (Slotkin et al., 1995; Slotkin, 1998; Cohen et al., 2005).

We recently demonstrated that chronic nicotine in utero and
in vitro resulted in the selective loss of direct hypoxic sensitivity in
perinatal rat AMCs (Buttigieg et al., 2008b). The signaling mech-
anisms underlying this loss of hypoxic sensitivity in nicotine-
treated perinatal AMCs have been mostly unexplored, although
activation of neuronal nAChRs appears to be involved (Cohen et
al., 2005; Buttigieg et al., 2008b). This effect of chronic nicotine
may be the result of alterations at any one or more of several steps
in the signal transduction pathway. For example, it may occur at
more upstream sites such as the proposed PO2 sensor (Thomp-
son et al., 2007; Buttigieg et al., 2008a) or, alternatively, at more
downstream sites involving O2-regulated K� channels. The hy-
poxic sensitivity in neonatal AMCs depends ultimately on the
depolarizing effects of K� channel inhibition, of which several
subtypes including large-conductance (BK) and small-
conductance (SK) Ca 2�-dependent K� channels appear to be
involved (Thompson and Nurse, 1998; Thompson et al., 2002;
Bournaud et al., 2007). In contrast, the plasma membrane ATP-
sensitive K� channel (KATP) is actually activated by hypoxia,
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thereby favoring membrane hyperpolarization and suppression
of voltage-gated Ca 2� entry (Thompson and Nurse, 1998; Bour-
naud et al., 2007). Therefore, nicotine-induced alteration in ex-
pression of any one or more of these K� channels provides a
potential mechanism for suppressing hypoxic sensitivity in chro-
maffin cells. Indeed, such a mechanism seems to promote
hypoxia-evoked CAT secretion in fetal adrenal chromaffin cells,
in which reduced KATP combined with enhanced BK channel
expression at late gestation favors membrane depolarization dur-
ing hypoxia (Bournaud et al., 2007). We therefore compared K�

channel expression in nicotine- versus saline-treated AMCs to
test this possibility and obtained strong evidence for KATP chan-
nel upregulation as a key contributor to nicotine-induced loss of
hypoxic sensitivity. In addition, we probed the signaling pathway
mediating the effects of nicotine, including the particular sub-
type(s) of nAChRs involved as well as the potential roles of pro-
tein kinases such as protein kinase C (PKC), protein kinase A
(PKA), and Ca 2�/calmodulin-dependent protein kinase (CaM
kinase). Finally, because the transcription factor hypoxia-
inducible factor (HIF) has previously been implicated in the ef-
fects of chronic nicotine exposure (Zhang et al., 2007), we used a
model chromaffin cell line to investigate the potential role of
HIF-2� in mediating the effects of chronic nicotine on KATP

channel expression and hypoxic sensitivity.

Materials and Methods
Animal preparation
All animal experiments were approved by the Animal Research and Eth-
ics Board at McMaster University, in accordance with the guidelines of
the Canadian Council for Animal Care. Female Wistar rats (Harlan) were
maintained under controlled lighting (12 h light/dark) and temperature
(22°C) with ad libitum access to food and water. Dams were randomly
assigned to receive either saline (vehicle) or nicotine bitartrate (1 mg � kg
body weight �1 � d �1; Sigma-Aldrich) daily by subcutaneous injection
for 14 d before mating, and then during pregnancy until parturition as
previously described (Holloway et al., 2005; Buttigieg et al., 2008b).
Dams were allowed to deliver naturally, and pups were collected soon
after birth [postnatal day 0 (P0)]. Before removal of the adrenal glands,
P0 pups were first rendered unconscious by a blow to the head and then
immediately killed by decapitation. Isolated adrenal glands were kept in
sterile medium, in which most of the outer cortex was removed before
enzymatic digestion of the medullary tissue.

Cell culture
Primary chromaffin cells. Primary cultures enriched in adrenal chromaf-
fin cells were prepared from P0 rat pups by combined enzymatic and
mechanical dissociation as described in detail previously (Thompson et
al., 1997, 2007; Thompson and Nurse, 1998). After preplating for �2 h to
remove most of the cortical cells, the nonadherent chromaffin cells were
plated on modified culture wells coated with Matrigel (Collaborative
Research). Cells were grown at 37°C in a humidified atmosphere of 95%
air–5% CO2 for 18 –36 h before use. The growth medium consisted of
F-12 nutrient medium (Invitrogen) supplemented with 10% fetal bovine
serum and other additives as previously described (Thompson et al.,
1997).

Immortalized chromaffin (MAH) cells. Immortalized wild-type MAH
cells (wt MAH) (a generous gift from Dr. Laurie Doering, McMaster
University, Hamilton, ON, Canada), derived from fetal rat adrenal me-
dulla, were grown in modified L-15/CO2 medium supplemented with
0.6% glucose, 1% penicillin/streptomycin, 10% fetal bovine serum, and 5
�M dexamethasone (Fearon et al., 2002). All cultures were grown in a
humidified atmosphere of 95% air–5% CO2 at 37°C. Cultures were fed
every 1–2 d and split every 3– 4 d. To passage cells, the culture medium
was removed, and 0.25% trypsin was added to detach cells from the
culture substrate. The resulting cell suspension was pelleted by centrifu-
gation, the supernatant discarded, and the pellet resuspended in fresh
medium. Cells were then plated onto standard 35 mm culture dishes,

which had been previously coated with poly-D-lysine and laminin to
promote cell adhesion.

Drugs
All solutions containing drugs were made fresh on the day of the exper-
iment. Drugs were obtained from Sigma-Aldrich unless otherwise stated.
In cases in which cells were exposed chronically to a drug for 7 d, the
medium was replaced every 2 d and fresh drug was introduced.

Electrophysiology
Voltage-clamp data were obtained using the nystatin perforated-patch
technique as previously described (Thompson and Nurse, 1998; Thomp-
son et al., 2002, 2007; Buttigieg et al., 2008a). The pipette solution con-
tained the following (in mM): 110 K-gluconate, 25 KCl, 5 NaCl, 2 CaCl2,
10 HEPES, at pH 7.2, and nystatin (300 – 450 �g ml �1). Experiments
were performed at 37°C in HEPES-buffered extracellular medium that
contained the following (in mM): 135 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10
glucose, and 10 HEPES, at pH 7.4, with or without 0.5 �M tetrodotoxin.
Hypoxic solutions (PO2, 5–15 mmHg) were generated by bubbling N2

gas and were applied to the cells by gravity flow or by a rapid perfusion
system (Thompson et al., 1997; Zhang et al., 2000). In voltage-clamp
experiments, cells were held at �60 mV and step depolarized to the
indicated test potential (between �100 and �80 mV in 10 mV incre-
ments) for 100 ms at a frequency of 0.1 Hz. In the majority of experi-
ments, cells were studied within 24 h of isolation. In cases in which
cultures were treated chronically with vehicle or drugs, recordings were
performed 1 week after cell isolation. All electrophysiological data are
expressed as mean � SEM and compared using the paired or indepen-
dent Student’s t tests (Microcal Origin, version 7.0).

Intracellular Ca 2�measurements
Intracellular Ca 2� was monitored using the fluorescent Ca 2� indicator
fura-2 AM. Cells were loaded with 5 �M fura-2 AM for 30 min at 37°C,
and then rinsed (three times) before use (�30 min later). Ratiometric
Ca 2� imaging was performed using a Nikon Eclipse TE2000-U inverted
microscope equipped with a Lambda DG-4 ultra high-speed wavelength
changer (Sutter Instrument; exposure time, 100 ms), a Hamamatsu
OCRCAT-ET digital CCD camera, and a Nikon S-Fluor 40� oil-
immersion objective lens with a numerical aperture of 1.3. Dual images
(340 and 380 nm excitation; 510 nm emission) were collected, and
pseudocolor ratiometric data were obtained using Simple PCI software,
version 5.3 (Compix). The imaging system was standardized with a two-
point calibration, using Ca 2�-free solution and Ca 2� solution (39 �M)
from Invitrogen (F-6774). The parameters used for the two-point cali-
bration included the dissociation constant of fura-2 (KD � 224 nM), the
ratio values for the (�) and (�) concentration standards (Rmin � 0.026
and Rmax � 4.4) and � value of 5.6. [Ca 2�]i (in nanomolar) was calcu-
lated according to the equation described previously (Grynkiewicz et al.,
1985). All experiments were performed at �34°C, and cells were contin-
uously perfused with bicarbonate/CO2-buffered extracellular medium as
previously described (Buttigieg et al., 2008a). The switch between control
and test solutions was aided with a double-barrel fast perfusion system
(Zhang et al., 2000). Ca 2� levels were measured by averaging peak values
of the data points collected for the duration of each treatment.

Carbon fiber amperometry
CAT secretion from chromaffin cells was monitored using carbon fiber
amperometry after the culture dish was placed on the stage of a Zeiss
Axioskop 2 upright microscope equipped with a 40� water-immersion
objective. The culture was perfused under gravity with extracellular so-
lution containing the following (in mM): 135 NaCl, 5 KCl, 2 CaCl2, 2
MgCl2, 10 glucose, and 10 HEPES, at pH 7.4 and 37°C. In some experi-
ments, high K � (30 mM) solutions were used after equimolar substitu-
tion for NaCl. Hypoxic solution (PO2, 15–20 mmHg) was obtained by
continuously bubbling with N2. Catecholamine secretion was monitored
from single cells that were usually part of a cell cluster with ProCFE low
noise carbon fiber electrodes (5 �m diameter tip; Dagan) connected to a
CV 23BU headstage and an Axopatch 200B amplifier set at 800 mV. Data
acquisition and analysis were performed using Clampfit 9.2 (Molecular
Devices); currents were filtered at 100 Hz, digitized at 250 Hz, and stored
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on a personal computer. Events smaller than 3 pA were excluded from
the analysis and spike frequency was calculated as the number of spike
events per minute. Samples were compared using Student’s t test, and
level of significance was set at p � 0.05. Unless otherwise noted, the data
are expressed as mean � SEM.

Western blot
Protein was extracted from enriched chromaffin cell cultures in lysis
buffer A containing the following (in mM): 10 HEPES, pH 7.6, 10 KCl, 0.1
EDTA, pH 8, 0.1 EGTA, pH 8, 1 DTT). Thirty micrograms of protein was
loaded onto an 8% SDS-polyacrylamide gel and run at 120 V for 2 h. For
HIF-2� determination, nuclear lysate was obtained from cells lysed in
buffer A, and NP-40 was then added to a final concentration of 0.6% and
vortexed for 1 min. The lysate was centrifuged at 13,000 rpm for 30 s, the
supernatant removed, and the pellet was resuspended in 50 �l of buffer C

(20 mM HEPES, pH 7.6, 0.4 M NaCl, 1 mM

EDTA, pH 8, 1 mM EGTA, pH 8, 1 mM DTT, 5%
glycerol) containing protein inhibitors, before
freezing at �80°C. Protein was transferred
from the gel onto a PVDF (polyvinylidene di-
fluoride) membrane (Millipore) and incubated
in either sheep polyclonal antibody against Kir
6.2 (Alomone Labs), rabbit polyclonal antibody
against HIF-2� (Novus Biologicals), rabbit
polyclonal antibody against TATA binding pro-
tein (Santa Cruz Biotechnology), or mouse
monoclonal antibody against �-actin (Santa
Cruz Biotechnology) at 4°C overnight. The
membrane was washed with PBS, incubated for
1 h at room temperature with an HRP-linked
secondary antibody, and rewashed in PBS. The
blot was visualized using Immobilon Western
Chemiluminescent HRP substrate (Millipore)
and autoradiography.

Immunocytochemistry
Neonatal AMCs were grown in the central wells
of modified 35 mm Nunc dishes as previously
described (Fearon et al., 2002). The well was
formed by drilling a central hole (�1 cm in di-
ameter) in the dish and attaching a glass cover-
slip to the underside. Medium was removed,
and the cells were washed two times in 3 ml of
PBS. Cells were then fixed with 3 ml of 5% ace-
tic acid and 95% methanol at �20°C for 60 min,
and the solution was replaced with 2 ml of PBS.
Samples were then washed three times with
PBS, before addition of 30 �l of primary anti-
body followed by incubation for 24 h at 4°C.
The following primary antibodies were used at
the dilutions indicated: anti-SK2, 1:50; anti-
Kv1.2, 1:50; anti-Kv1.5, 1:50; and anti-Ca 2�-
dependent K � or BK, 1:100 (Alomone Labs).
After incubation, the primary antibody solu-
tion was removed and samples were washed
three times in PBS. Secondary antibody, conju-
gated with FITC (Jackson ImmunoResearch)
was diluted in PBS (1:50) and incubated with
the cells for 1 h at room temperature in the dark.
After removing the solution, the samples were
washed three times in PBS. Vectashield was
then added to the dishes to prevent photo-
bleaching. Control experiments were per-
formed for SK2, BK, Kv1.2, and Kv1.5 channel
antibodies, in which the primary antibody was
preincubated with excess blocking peptide
overnight at 4°C (at 3 �g of fusion peptide per 1
�g of antibody). The samples were visualized
with a Zeiss inverted microscope (IM 35)
equipped with epifluorescence, and fluorescein

and rhodamine filter sets. Images were acquired using a digital camera
with Northern Eclipse software program and saved in TIFF format.

RNA interference knockdown of HIF-2� in MAH cells
Oligonucleotides containing the short hairpin RNA interference
(RNAi) sequence for HIF-2� (5	-GCC AGA ACT TTG ATG AAT CTT
CATA GAG AGA TTC ATC AAA GTT CTG GC-3	) and a scrambled
negative control (scControl) (5	-tag cga cta aac aca tca att caa gag att
gat gtg ttt agt cgc ta-3	) were cloned into the pSuper Retroviral vector
(Brummelkamp et al., 2002). The resulting plasmids were transfected
into the Phoenix packaging cell line and selected under puromycin for
1–2 weeks. Subsequently, cell culture medium containing virus was
collected and filtered, and the resulting viral supernatant was used to
infect dividing MAH cells.
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Figure 1. K � channel expression in AMCs derived from P0 pups born to saline-treated versus nicotine-treated dams. In
A1–A3, mean (�SEM) current density versus voltage plots are shown for saline-treated AMCs exposed to control (C) and either
the BK channel blocker IbTx (100 nM; n � 10) (A1), the SK channel blocker Apa (100 nM; n � 10) (A2), or the nonspecific blocker
of Ca 2� channels cadmium (Cd 2�) (50 �M; n � 10) (A3), which indirectly blocks Ca 2�-dependent K � channels. The insets
show sample recordings at�30 mV; holding potential was�60 mV. Corresponding data for P0 nicotine-treated AMCs are shown
in B1–B3 (n�10). Note nicotine-treated AMCs expressed similar Ca 2�-dependent K � currents as saline-treated AMCs. Isolated
AMCs from pups exposed to nicotine in utero also showed expression of the K � channel subunits Kv1.2 and Kv1.5, BK (�-subunit),
and SK2, as determined by immunofluorescence (C).
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Quantitative reverse transcription–PCR
RNA from chromaffin cell cultures was ex-
tracted using the RNeasy Mini Kit (QIAGEN;
74104) following the manufacturer’s protocol.
RNA was quantified in an Eppendorf Biopho-
tometer and 500 ng was treated with DNase I
(Invitrogen; 18068-015) to remove any con-
taminating DNA. Reverse transcription (RT)
was performed on 100 ng of DNase-treated
RNA using Superscript III (Invitrogen; 18080-
044) and random primers (100 ng). A no-RT
control was also run to test for the presence of
DNA contamination (data not shown). Quan-
titative PCR (QPCR) was performed and data
analyzed using the Absolute QPCR SYBR Green
Mix (ABgene; AB-1166/A) and a Stratagene
MX3000P machine. Gene-specific primers
were designed using GeneFisher (Giegerich et
al., 1996) and synthesized by a local facility
(MOBIX; McMaster University). The following
primers were used and listed as gene amplified,
sequence (forward, reverse), and annealing
temperature: Lamin A/C: 5	-GCATGTACAT
AGAAGGAGCTA-3	 and 5	-CATGCATATTC
CTGGTACTCAT-3	, 55°C; HIF-2�: 5	-CCAT
GTG TAT CATT GTG TGT CAT-3	 and 5	-
CATA AGT TCT GGC TTC CG AA-3	, 55°C.
Verification of the PCR products was done us-
ing the QIAquick Gel Extraction kit (QIAGEN;
28704) to extract PCR fragments from a 2%
agarose gel. The DNA sample was then se-
quenced (at MOBIX) using an ABI Prism auto-
mated Sequencer (with T7 polymerase). The se-
quencing results were analyzed by BLAST and
the sequences were matched to the Rattus nor-
vegicus Lamin A/C (GenBank accession num-
ber BC062018.1 and X99257.1), HIF-2� (Gen-
Bank accession number NM_023090).

Results
Normal expression of hypoxia-
inhibitable K � channels in nicotine-
treated P0 adrenal chromaffin cells
Several K� channel subtypes contribute to
the O2-sensing properties of perinatal
AMCs. In particular, hypoxic inhibition of
large-conductance (BK) and small-
conductance (SK) Ca 2�-activated K�,
and of delayed rectifier (Kv) K� channels
are thought to be the major mechanisms
that facilitate membrane depolarization,
voltage-gated Ca 2� entry, and catechol-
amine secretion (CAT) (Mochizuki-Oda
et al., 1997; Thompson and Nurse, 1998;
Fearon et al., 2002; Thompson et al., 2002; Keating et al., 2005;
Bournaud et al., 2007). To confirm that the loss of O2 sensitivity
in AMCs derived from neonatal pups born to nicotine-treated
dams was not attributable to the lack of expression of these O2-
sensitive K� channels, we used pharmacological blockers and
immunocytochemistry. As shown in Figure 1, outward K� cur-
rents in neonatal AMCs obtained from nicotine-treated P0 pups
were inhibited by the selective BK and SK channel blockers ibe-
riotoxin (IbTx) (100 nM) and apamin (Apa) (100 nM), respec-
tively, as well as by the general Ca 2� channel blocker cadmium
(50 �M), which indirectly blocks Ca 2�-dependent K� channels.
In general, these results were not significantly different from

those obtained for control AMCs derived from pups born to
saline-treated dams. For a voltage step to �30 mV, inhibition by
IbTx was 34 � 5.4% (n � 10) for saline-exposed (Fig. 1A1) versus
32 � 4.9% (n � 10) for nicotine-exposed cells (Fig. 1B1). In the
case of apamin, the inhibition was 20 � 5.7% (n � 10) for saline-
exposed P0 AMCs (Fig. 1A2), versus 21 � 6.9% (n � 10) for
nicotine-exposed P0 AMCs (Fig. 1A2). The percentage inhibi-
tion by 50 �M Cd 2� was 47 � 6.7% (n � 10) for saline-exposed
P0 AMCs (Fig. 1A3) versus 53 � 6.2% (n � 10) for nicotine-
exposed P0 AMCs (Fig. 1B3). Additionally, we used immunoflu-
orescence to confirm the presence of BK and SK2 channels in
nicotine-exposed P0 AMCs (Fig. 1C). These data indicate that
AMCs obtained from pups exposed to nicotine in utero express

-120 -100 -80 -60 -40 -20 0 20 40 60 80
0

20

40

60

80

100

C/Hox/Glib/W

Hox + glib

C/Glib/W

Hox

Hox + Glib

Hox
Hox HoxGlib

Glib

-51 mV -55 mV

Saline-treated Nicotine-treated

Hox
10 mV

30 sec

Saline-treated

Nicotine-treated

A B

C D

E F

-120 -100 -80 -60 -40 -20 0 20 40 60 80

-5

0

5

10

15

20

25

30

35

-120 -100 -80 -60 -40 -20 0 20 40 60 80

-5

0

5

10

15

20

25

30

35

-120 -100 -80 -60 -40 -20 0 20 40 60 80

-20

0

20

40

60

80

100

I(
pA

/p
F)

V (mV)

I(
pA

/p
F)

V (mV)

IK
A

TP
(p

A/
pF

)

V (mV)

-12022 -10000 -8088 -6066 -4-- 044 -2022 0 2022 4044 6066 8088
0

2022

4044

6066

8088

10000

C/Hox/Glib/W

Hox + glib

C/Glib/W

Hox

Hox + Glib

Hox
Hox HoxGlib

Glib

-51 mV -55 mV

Hox
10 mV

30 sec

Saline-treated

Nicotine-treated

C D

E F

202 -1000 -808 -606 -404 -202 0 202 404 606 808

-5

0

5

10

15

202

25

303

353

2220002222222220022222 ---1110000000000000000000000 ---8--880008888888888888888 ---6--66-------- 0006666666666666666 ---4-44----------4444------- 040044444444404444444 ---2-22---- 000222222222002222222 000 222000222222222002222222 44404440004444404444444 6666666000666666666666 8888888000800008888888

---5-55

000

555

111000

111555

2220002222222220022222

22252552222222222222

3330003333333333333333

33335553333333333333333

-12022 -10000 -8-- 088 -6-- 066 -4-- 044 -2- 022 0 2022 4044 6066 8088

-2- 022

0

2022

4044

6066

8088

10000

I(
pA

/
AA

pF
)

V (mV)

I(
pA

/
AA

pF
)

V (mV)

IK
AK

TP
(p

A/AA
pF

)

(mV)
Sa

lin
e

Nico
tin

e

Kir 6.2

ββ-actin

Figure 2. Upregulation of glibenclamide-sensitive KATP channels in AMCs derived from P0 pups born to saline-treated versus
nicotine-treated dams. Although glibenclamide (glib) had no effect on its own, it potentiated the hypoxia-induced (hox) inhibi-
tion of outward K � current (A) and membrane depolarization (C) in P0 saline-treated AMCs. In contrast, P0 nicotine-treated AMCs
did not respond to hypoxia alone (B); however, the combination of hypoxia plus glibenclamide resulted in a marked inhibition of
outward K � current (B), as well as membrane depolarization accompanied by spike activity (D). The glibenclamide-sensitive
difference current density, which provides an estimate of IKATP current density, is plotted against voltage for the two conditions in
E. Note the significantly larger IKATP density in nicotine-treated AMCs suggesting upregulation of KATP channels, and the reversal
potential of IKATP near K � equilibrium potential (EK � �80 mV) in E. Error bars indicate SEM. In F, Western blot analysis
demonstrated a significant upregulation of the Kir 6.2 subunit of the KATP channel in P0 nicotine-treated AMCs compared with
saline-treated AMCs, with �-actin as control.
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functional Ca 2�-dependent K� channels previously shown to
mediate at least part of the O2-sensing properties of chromaffin
cells. Moreover, because delayed-rectifier K� channels consisting
of Kv1.2 and Kv1.5 subunits have also been implicated in O2

sensing in chromaffin cells (Conforti and Millhorn, 2000; Fearon
et al., 2002), we used immunocytochemistry to test for their ex-
pression as well. As shown in Figure 1C, positive immunoreac-
tivity for Kv1.2 and Kv1.5 subunits was obtained in nicotine-
exposed P0 AMCs. In control experiments for all
immunofluorescence studies, positive immunostaining was
abolished after preincubation with the corresponding blocking
peptide (data not shown). Thus, the previously reported loss of
hypoxia sensing in nicotine-exposed AMCs (Buttigieg et al.,
2008b) was not attributable to an overt loss of expression of K�

channel proteins that mediate O2 sensitivity.

Functional enhancement of hypoxia-activated KATP currents
in nicotine-exposed P0 adrenal chromaffin cells
In contrast to the hypoxia-inhibitable K� channels described
above, KATP channels in neonatal AMCs are actually activated by
hypoxia, thereby favoring membrane hyperpolarization
(Mochizuki-Oda et al., 1997; Thompson and Nurse, 1998; Bour-
naud et al., 2007). Therefore, it was plausible that an increased
expression of functional KATP channels in nicotine-exposed
AMCs could contribute to the blunting of hypoxic sensitivity. To

test this hypothesis, we monitored K� cur-
rents and membrane potential in the pres-
ence of glibenclamide, a potent inhibitor
of KATP channels.

Consistent with previous studies
(Thompson and Nurse, 1998), gliben-
clamide (50 �M) significantly enhanced
the inhibitory effect of hypoxia on out-
ward K� currents at more positive poten-
tials in control, saline-exposed AMCs (Fig.
2A). For a voltage step to �30 mV, hyp-
oxia caused a 27 � 5.1% inhibition of out-
ward current (Fig. 2A) (n � 12), whereas
coapplication of hypoxia and gliben-
clamide caused an additional inhibition of
outward current (57.8 � 6.9% inhibition;
n � 12; p � 0.05) (Fig. 2A). Notably, glib-
enclamide alone had no significant effect
on outward K� current in normoxia (Fig.
2A), suggesting that KATP channel open-
ing occurs primarily during exposure to
hypoxia. Consistent with our previous
studies, hypoxia had a negligible effect on
outward K� current in neonatal AMCs
from pups born to nicotine-exposed dams
(Buttigieg et al., 2008b). However, when
these cells were exposed to glibenclamide,
hypoxia induced a pronounced inhibition
of outward current (Fig. 2B). These data
are consistent with an upregulation of
functional KATP channels in nicotine-
treated AMCs. To obtain a quantitative es-
timate of the contribution of KATP current
(IKATP), the glibenclamide-sensitive dif-
ference current density during hypoxia
was calculated by subtracting the current
recorded in hypoxia alone from that in the
presence of hypoxia plus glibenclamide.

IKATP current density versus voltage plots for both saline- and
nicotine-exposed AMCs are shown in Figure 2E, in which it is
evident that IKATP is significantly augmented in nicotine-exposed
AMCs. For example, at a voltage step to �30 mV, the saline-
exposed cells had a KATP difference current density of 16.7 � 2.8
pA/pF compared with 24.9 � 3.1 pA/pF for nicotine-exposed
cells, corresponding to an increase of �57% (Fig. 2E) ( p � 0.05).
The reversal potential obtained for this glibenclamide-sensitive
difference current was �76 � 4.2 mV (n � 12) (Fig. 2E), close to
the Nernst potential for K� (EK � �80 mV) in these experi-
ments. Additional experiments based on membrane potential
measurements under current clamp confirmed that the contri-
bution of IKATP was significantly increased in nicotine-exposed
AMCs. As exemplified in Figure 2D, although hypoxia alone had
a negligible effect on the resting membrane potential of nicotine-
exposed neonatal AMCs (Buttigieg et al. 2008b), it strongly de-
polarized and increased excitability in the same cells when com-
bined with glibenclamide (n � 10). This effect of glibenclamide
appeared less dramatic in control saline-exposed AMCs, which
often displayed depolarizing responses during hypoxia alone
(Fig. 2C) (Thompson and Nurse, 1998; Buttigieg et al. 2008b).

To test whether the proposed functional upregulation of KATP

channels in nicotine-exposed cells was associated with an increase in
protein levels, Western blot analysis was used to probe for KATP

channel subunits. The KATP channel consists of a pore-forming Kir
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Figure 3. Fura-2 spectrofluorimetric determination of intracellular calcium (Cai ) levels in AMCs derived from P0 pups born to
saline-treated versus nicotine-treated dams. In P0 saline-treated AMCs, significant increases in Cai relative to normoxic (Nox)
control (ANOVA; *p � 0.001) occurred during exposure to hypoxia (Hox) (PO2 � 15 mmHg) and the depolarizing stimulus, high
extracellular K � (30 mM). Although the KATP channel blocker glibenclamide (glib) had no effect on its own, it significantly
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subunit and a regulatory Sur subunit, and in
neonatal AMCs the Kir 6.2 and Sur 1 iso-
forms appear to be major subunits expressed
(our unpublished RT-PCR data) (Bournaud
et al. 2007). As illustrated in Figure 2F, West-
ern blot analysis confirmed the upregulation
of Kir 6.2 subunits in nicotine-exposed neo-
natal AMCs relative to saline controls. Inter-
estingly, we did not observe any significant
change in expression of the SUR subunit
(data not shown).

Effects of hypoxia and glibenclamide on
intracellular [Ca 2�] in control saline-
versus nicotine-exposed P0 adrenal
chromaffin cells
Elevation in intracellular calcium (Cai), aris-
ing principally from voltage-gated Ca2� en-
try, represents a key step leading to catechol-
amine secretion from neonatal AMCs after
exposure to hypoxia and hypercapnia
(Mochizuki-Oda et al., 1997; Thompson et
al., 1997, 2002; Fearon et al., 2002; Muñoz-
Cabello et al., 2005; Buttigieg et al., 2008a,b).
We used fura-2 spectrofluorimetry to mon-
itor Cai in P0 AMCs obtained from pups
born to saline- and nicotine-exposed dams,
after exposure to hypoxia and/or gliben-
clamide. Hypoxia caused a significant rise in
cytosolic Cai in saline-exposed P0 AMCs,
and consistent with our electrophysiological
results, glibenclamide (50 �M) on its own
had no effect on Cai (Fig. 3A). However,
combined application of hypoxia and glib-
enclamide resulted in a significant increase
in Cai compared with hypoxia alone. The
nicotine-exposed P0 AMCs failed to re-
spond to hypoxia (Fig. 3B), as previously
demonstrated (Buttigieg et al., 2008b).
However, consistent with our electrophysio-
logical results, combined application of hyp-
oxia and glibenclamide caused a significant
rise in Cai (Fig. 3B), further suggesting that
the nicotine-induced loss of hypoxia sensing
in neonatal AMCs is attributable to upregu-
lation of glibenclamide-sensitive KATP

channels.

Stimulation of �7 nAChRs is
responsible for suppressing hypoxic
sensitivity in nicotine-treated P0
adrenal chromaffin cells
Although direct stimulation of nAChRs on
neonatal AMCs during chronic nicotine
exposure in vitro is known to cause a loss of
hypoxia sensing, the signaling pathway remains to be elucidated
(Buttigieg et al., 2008b). As a first step to address this, we inves-
tigated whether specific subtypes of nAChRs on chromaffin cells
needed to be activated. Therefore, neonatal AMCs were cultured
for 7 d in the presence chronic nicotine base (50 �M), with or
without mecamylamine (a nonspecific nAChR inhibitor), hexa-
methonium (an inhibitor of most nAChRs except homomeric
�7), or �-bungarotoxin (a potent �7 blocker). Additionally, to

address whether the effects of nAChR stimulation were simply
mediated via membrane depolarization, cells were also cultured
in the presence of a depolarizing stimulus, high K� (30 mM).
Hypoxic sensitivity, as determined by inhibition of outward K�

current at more positive potentials under voltage clamp (�30
mV), was retained in saline-exposed P0 AMCs cultured in con-
trol (nicotine-free) medium for 7 d (Fig. 4A). In contrast, hy-
poxic sensitivity was lost when such cells were cultured for 7 d in
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presence of nicotine base (Nic) (50 �M) with either mecamylamine (Mec) (100 �M; general nAChR blocker), hexamethonium
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depolarizing stimulus high K � (30 mM) as indicated. To probe the signaling pathways, neonatal AMCs were cultured with nicotine
and one of the following: the PKC blocker GF109203X (GF) (2 �M), CaM kinase inhibitor KN-62 (3 �M), or the PKA inhibitor H-89
(20 �M). Histogram indicates (mean � SEM) outward current density (in picoamperes per picofarad) at �30 mV during nor-
moxia or hypoxia (A). Note that hypoxic sensitivity, indicated by inhibition of outward current, was lost after chronic nicotine
treatment in culture and that this effect was prevented by �7 nAChR antagonists Mec and �-btx only. Also, hypoxia sensitivity
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application of nicotine (10 �M) induced an inward current at �60 mV (holding potential) that was partially inhibited by the �7
nAChR blocker �-btx (100 nM) applied to the same saline-treated (left traces) or nicotine-treated (right traces) cell; the �-btx-
sensitive difference current for each of the two cells is shown in the bottom traces.
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medium supplemented with 50 �M nicotine base (Fig. 4A), and
similar to our previous findings (Buttigieg et al., 2008b), this blunt-
ing effect of nicotine was prevented by the continuous presence of
mecamylamine (100 �M) (Fig. 4A). Interestingly, hexamethonium
(100 �M), which is an effective blocker of most nAChR � subunits
except for homomeric �7 (Martin et al., 2005), did not prevent the
blunting effect of chronic nicotine on hypoxic sensitivity (Fig. 4A).
To confirm that nAChRs on neonatal chromaffin cells had the ex-
pected pharmacological profile, we examined the effects of hexame-
thonium and mecamylamine on nicotine-induced inward currents.
As expected, the currents evoked by 50 �M nicotine at �60 mV were
inhibited almost completely by 100 �M mecamylamine (mean,
98.4 � 3.6% inhibition; n � 4) and only partially by 100 �M hexa-
methonium (mean, 44.1 � 6.8%; n � 4). The implication that acti-
vation of �7 nAChRs played a key role in the blunting of hypoxic
sensitivity was confirmed in experiments in which neonatal
AMCs were cultured in the presence of both nicotine and the
potent �7 blocker �-bungarotoxin (100 nM). As illustrated in
Figure 4 A, the ability of nicotine to blunt hypoxic sensitivity
in neonatal AMCs was prevented by the presence of
�-bungarotoxin, suggesting a critical role for �7 homomeric
nAChRs. Because �7 receptors have high Ca 2� permeability,
we investigated whether their effect could be mimicked by

conditions that promote a sustained
Ca 2� entry through voltage-gated Ca 2�

channels. This was not the case since
neonatal AMCs cultured in the presence
of a depolarizing stimulus (30 mM K �)
were still responsive to hypoxia (Fig.
4 A), thus confirming our hypothesis
that nicotine exerted its effects via stim-
ulation of �7 nAChRs.

To confirm the presence of �7 nAChRs,
we acutely isolated neonatal AMCs and ex-
amined nicotine-induced current responses
under voltage clamp. Fast application of nic-
otine (10 �M) induced a robust inward cur-
rent at �60 mV in P0 AMCs obtained from
pups born to saline-exposed dams (Fig. 4B).
This inward current was inhibited 27.1 �
3.8% (n � 10) in the presence of
�-bungarotoxin (100 nM) (Fig. 4B), suggest-
ing that neonatal AMCs do indeed express
functional �7 nAChRs. At the concentration
(50 �M) of nicotine used in our chronic in
vitro experiments, 100 nM �-bungarotoxin
caused a similar inhibition of nicotine-
evoked currents (mean, 26.8 � 2.1% in-
hibition; n � 6). Examination of the
�-bungarotoxin-sensitive difference
current revealed it accounted for 38 �
5.4% of the nicotine-evoked current in
nicotine-exposed AMCs compared with
�27% in saline-exposed AMCs, suggest-
ing an increased contribution of �7
nAChRs with nicotine exposure (Fig.
4 B). In preliminary Western blot analy-
ses, it appears that both �3 and �7 sub-
unit protein expression is increased dur-
ing chronic nicotine (data not shown);
however, this point requires validation
in future studies.

Catecholamine secretion
Using carbon fiber amperometry, we monitored CAT secretion
from chromaffin cells to obtain independent confirmation of the key
role of �7 nAChRs in mediating the blunting effect of nicotine on
hypoxia sensing. Cells cultured for 7 d in control media still retained
hypoxic sensitivity as revealed by hypoxia-induced CAT secretion,
whereas cells cultured for the same period in chronic nicotine
lacked hypoxic sensitivity (Fig. 5). In concert with the electro-
physiological studies reported above, the blunting effect of
chronic nicotine in vitro on hypoxia-induced CAT secretion
from AMCs was prevented by coincubation with either the
specific �7 blocker, �-bungarotoxin, or the general nAChR
blocker, mecamylamine, but not by hexamethonium (100 �M),
which is ineffective at �7 nAChRs on these cells (Martin et al., 2005).
Similarly, a chronic depolarizing stimulus high K� (30 mM) was
ineffective in blunting the hypoxia-induced CAT secretion from cul-
tured AMCs (Fig. 5), indicating a specific requirement for the acti-
vation of �7 nAChRs.

Role of PKC and CaM kinase in mediating the loss of hypoxic
sensitivity in nicotine-treated chromaffin cells
Given that activation of �7 nAChRs appears to be a key initial
step, we next investigated the downstream second messenger
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Figure 5. Effects of hypoxia on catecholamine secretion from AMCs after various chronic treatments in culture. Carbon fiber
amperometry was used to detect stimulus-evoked release of CATs from AMCs cultured for 7 d in the presence of nicotine (Nic) (50
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pathways that participate in the nicotine-
induced upregulation of KATP channels in
chromaffin cells. Potential roles of PKC,
CaM kinase, and PKA were investigated
after coincubation with the blockers 2-
[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-
3-(1H-indol-3-yl)maleimide (GF109203X)
(2 �M), N-[2-((o-bromocinamyl)
amino)ethyl]-5-isoquinolinesulfonamide
(H-89) (20 �M), [4(2S)-2-[(5-isoquinolinyl-
sulfonyl)methylamino]-3-oxo-3-(4-
phenyl-1-piperazinyl)propyl]phenyl
isoquinolinesulfonic acid ester (KN-62)
(3 �M), respectively. In voltage-clamp
experiments, neonatal AMCs cultured in
the presence of nicotine plus the PKC
blocker GF109203X retained hypoxic
sensitivity as measured by the inhibition
of outward current at �30 mV (Fig. 4 A).
Similar results were obtained with the
CaM kinase blocker KN-62 (Fig. 4 A),
but coincubation with the PKA blocker
H-89 was ineffective in reversing the
blunting effect of nicotine on hypoxic
sensitivity (Fig. 4 A). These data support
the idea that loss of hypoxia sensing in
nicotine-treated neonatal AMCs in-
volves activation of both PKC and CaM
kinase, but not PKA.

We tested whether a similar pathway
for nicotine-induced loss of hypoxic sensi-
tivity was present in the v-myc adrenal-
derived HNK1� immortalized chromaffin
cell line (MAH cells) (Birren and Ander-
son, 1990). This line was chosen because
previous studies from this laboratory have demonstrated that
MAH cells express O2-sensing properties similar to those of neo-
natal rat AMCs, and moreover, compared with primary cells, this
cell line is easier to manipulate using RNA interference tech-
niques (Fearon et al. 2002; Brown and Nurse, 2008; Buttigieg et
al., 2008a). Indeed, Western blot analysis of protein extracts from
MAH cells cultured for 7 d in the presence of chronic nicotine (50
�M) also demonstrated an upregulation of the KATP channel subunit
Kir 6.2 relative to controls (Fig. 6A,B) (see also Fig. 2F). Moreover,
similar to the results on primary neonatal AMCs, the presence of the
specific �7 nAChR blocker �-bungarotoxin or the general blocker
mecamylamine prevented the nicotine-induced upregulation of Kir
6.2 subunit in MAH cells, whereas the non-�7 nAChR blocker hexa-
methonium was ineffective (Fig. 6A).

We next investigated whether the upregulation of Kir 6.2
subunit in MAH cells by chronic nicotine involved the PKC
and CaM kinase pathways, as demonstrated above for primary
neonatal AMCs. As illustrated in Figure 6 B, coincubation with
either the PKC blocker GF109203X or the CaM kinase blocker
KN-62 prevented the upregulation of Kir 6.2 subunit by
chronic nicotine in MAH cells. In contrast, the PKA blocker
H-89 failed to prevent upregulation of the Kir 6.2 subunit by
nicotine (Fig. 6 B). Furthermore, the chronic depolarizing
stimulus high K � (30 mM) failed to mimic the effects of nico-
tine on Kir 6.2 subunit expression (Fig. 6 B), in agreement with
our electrophysiological studies on native AMCs (Figs. 3A,
4 B). These results suggest that during chronic nicotine expo-
sure, stimulation of �7 nAChRs on both neonatal and immor-

talized fetal-derived chromaffin cells activates a signaling cas-
cade involving PKC and CaM kinase, but not PKA, leading to
an upregulation of KATP channels and, consequently a sup-
pression of hypoxic sensitivity.

HIF-2� activation is involved in the nicotine-mediated loss of
hypoxia sensing in chromaffin cells
It has been shown that activation of nAChRs in human lung
cancer cells induces expression of HIF, resulting in altered gene
regulation (Zhang et al., 2007). Because HIF-2� is the predomi-
nant form present in MAH cells (Brown and Nurse, 2008), we
tested the effects of chronic nicotine on MAH cells bearing a short
hairpin RNAi sequence that resulted in �90% knockdown of
HIF-2� (shMAH cells) as confirmed by RT-PCR and Western
blot analysis (Fig. 7F). HIF-2� mRNA was expressed in scram-
bled control cells (scMAH) but was considerably reduced in the
knockdown shMAH cells. To validate that HIF-2� protein was
also deficient in shMAH cells, we exposed cells to chronic hyp-
oxia (2% O2) for 2 h, a stimulus that normally induces HIF-2�
protein in control MAH cells (Brown and Nurse, 2008). As illus-
trated in Figure 7F, Western blot analysis confirmed that, al-
though hypoxia induced HIF-2� protein in scMAH cells, it failed
to do so in shMAH cells.

We next investigated the potential role of HIF-2� in mediat-
ing the blunting effect of nicotine on hypoxia sensing in MAH
cells. Similar to primary neonatal AMCs, hypoxic sensitivity was
lost in control wild-type MAH cells (wtMAH) exposed to chronic
nicotine in vitro, as measured by the inhibition of outward cur-
rent (Fig. 7A,B). However, this nicotine-induced loss of hypoxia
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Figure 6. Nicotinic AChR-mediated regulation of the expression of the KATP channel subunit Kir 6.2 in cultured immortalized
chromaffin (MAH) cells. In Western blots, MAH cells cultured for 7 d in the presence of nicotine (Nic) (50 �M) showed an increased
expression of the Kir 6.2 subunit, relative to control untreated cultures. This effect of nicotine persisted during coincubation with
hexamethonium (Hex) (100 �M), but was blocked during coincubation with the �7 nAChR antagonist �-bungarotoxin (�-btx)
(100 nM) or mecamylamine (Mec) (100 �M). Chronic membrane depolarization with 30 mM K � did not result in upregulation of
Kir 6.2 (B). Upregulation of Kir 6.2 was also prevented when MAH cells were cultured with nicotine and either the PKC blocker GF
or the CaM kinase blocker KN62; the PKA inhibitor H-89 was ineffective. Relative staining intensities (compared with control) are
summarized for four Western blots in the corresponding histograms below. *p � 0.005. Error bars indicate SEM.
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sensing appeared to require HIF-2� function, because shMAH
cells that lack HIF-2� expression showed hypoxic inhibition of
outward current even after culture in chronic nicotine (Fig. 7C).
This sensitivity to hypoxia was also present in shMAH cells grown
in control media; moreover, these cells still showed a hypoxia-
inhibitable outward current that was enhanced by glibenclamide
(data not shown). In contrast, the hypoxic response in scMAH
cells was blunted after exposure to chronic nicotine in culture
(Fig. 7D).

Western blot analysis was done to determine whether or not
HIF-2� protein levels were altered during chronic exposure to
nicotine. This was not the case because no significant change in
HIF-2� protein level was observed in MAH cells cultured with
nicotine (Fig. 7E). Thus, although our electrophysiological stud-
ies indicated that the nicotine-induced loss in hypoxia sensing
was dependent on HIF-2� expression, the exact mechanism by
which this occurs requires additional study.

Effect of glibenclamide pretreatment on
hypoxia tolerance in
nicotine-exposed pups
The above results suggest that chronic nic-
otine exposure in utero leads to an upregu-
lation of KATP channels that open during
acute hypoxia, causing cell hyperpolariza-
tion and blunting of hypoxic sensitivity in
neonatal chromaffin cells. If so, adminis-
tration of glibenclamide, a drug that inhib-
its KATP channels and commonly used as a
diabetic medication, should reverse the
blunting effect of hypoxia and conceivably
remedy the loss of hypoxia tolerance in
nicotine-treated pups. To test this possi-
bility, pups were placed into three groups.
Group 1 consisted of pups born to saline-
treated mothers, whereas groups 2 and 3
were matched litter mates from nicotine-
treated mothers. Group 2 pups were in-
jected with vehicle (PBS and 0.1% DMSO)
subcutaneously, and group 3 pups were
injected with glibenclamide (90 mg/kg
plus 0.1% DMSO). Group 1 pups experi-
enced a mortality of 17.3 � 7.6% when
exposed to 10% O2 for 60 min (n � 40)
(Fig. 8). Similar to previous findings (Slot-
kin et al., 1995), group 2 pups experienced
a significantly higher mortality in which
38.6 � 4.1% of them died after a similar
hypoxic exposure (n � 40) (Fig. 8). Inter-
estingly, group 3 pups obtained from
nicotine-treated dams, but injected with
glibenclamide, had a significantly lower
mortality ( p � 0.003) when exposed to the
same hypoxic challenge (Fig. 8). These
findings strongly suggest that injection of
glibenclamide may ameliorate the adverse
effects of hypoxia on the survival of neo-
nates born to nicotine-exposed mothers
and that this is attributable to its blocking
action on KATP channels.

Discussion
In this study, we demonstrate that mater-
nal nicotine exposure had a dramatic effect
in upregulating the expression of KATP

channels in AMCs of the offspring. This mechanism appears cen-
tral to the nicotine-induced loss of hypoxia sensing in neonatal
AMCs, with the resulting failure of these cells to initiate the crit-
ical catecholamine surge during hypoxic stress. Catecholamine
release in the neonate is required for redistribution of blood flow
to the brain and heart, for maintenance of cardiac contractility
during O2 deprivation, and for transformation of the lung into an
air breathing organ (Lagercrantz and Slotkin, 1986; Slotkin et al.,
1995). Although inhibition of certain classes of K� channels (e.g.,
the Ca 2�-dependent BK and SK channels) during hypoxia is the
major mechanism that facilitates membrane depolarization,
Ca 2� influx, and CAT secretion, the activation of KATP channels
has an antagonistic effect in neonatal chromaffin cells
(Mochizuki-Oda et al., 1997; Thompson et al., 1997; Thompson
and Nurse, 1998). This mechanism appears to be a protective one
that tends to hyperpolarize the cell during hypoxia, thereby re-
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Figure 7. Role of HIF-2� in mediating the nicotine-induced loss of hypoxia sensitivity. MAH cells deficient in HIF-2� (�90%
knockdown) (shMAH) were cultured with or without nicotine, and hypoxic sensitivity was determined based on inhibition of
outward K � current. Control, wild-type MAH cells (wtMAH) were hypoxia-sensitive (A) but became hypoxia-insensitive when
cultured with chronic nicotine (B). In contrast, nicotine treatment failed to affect the hypoxic sensitivity of MAH cells deficient in
HIF-2� (shMAH) (C); however, in scrambled control MAH cells (scMAH), nicotine exposure still resulted in a loss of hypoxic
sensitivity (D). Error bars indicate SEM. In E, the Western blots show that HIF-2� protein was induced in MAH cells by
chronic hypoxia (CHox) (2% O2 for 24 h), but not by chronic nicotine; HIF-2� induction by chronic hypoxia was also present
in scMAH cells but was absent in shMAH cells (F ). RT-PCR analysis in F shows downregulation of HIF-2� mRNA in shMAH
cells, but not in scMAH cells.
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ducing the intracellular Ca 2� load, as well as limiting excitability
and conserving energy stores required for the maintenance of ion
gradients (Thompson and Nurse, 1998; Bournaud et al., 2007).
Therefore, the action of nicotine, by selectively upregulating KATP

channels, leads to a blunting of hypoxic sensitivity in these cells,
and consequently loss of hypoxic tolerance in the neonate. Inter-
estingly, in late fetal stages, there is a normal developmental
switch such that KATP channel expression decreases while Ca 2�-
dependent BK channel expression increases in rat adrenal chro-
maffin cells (Bournaud et al., 2007). Thus, chronic nicotine ex-
posure during fetal development may simply delay KATP channel
downregulation that normally occurs and/or promote an addi-
tional upregulation of these KATP channels. The end result is that
the neonate is born with a higher density of KATP channels in
adrenal chromaffin cells and this diminishes the animal’s ability
to evoke the critical catecholamine surge in response to hypoxic
stress.

It is possible that chronic nicotine in utero may also affect
other targets in the hypoxia signaling pathway. For example, it
was recently proposed that postnatal downregulation of T-type
calcium channels may contribute to the developmental loss of
hypoxic sensitivity in chromaffin cells (Levitsky and López-
Barneo, 2009). It remains to be determined whether or not
chronic nicotine exposure can regulate T-type calcium channels
in neonatal AMCs.

Signaling pathways mediating KATP channel upregulation
Our results favor a model in which the effects of nicotine in utero
are mediated via direct activation of neuronal nicotinic �7 ACh
receptors (nAChRs), known to be present on embryonic/neona-
tal adrenal chromaffin cells (Mousavi et al., 2001; Martin et al.,
2005; this study). We found that neonatal chromaffin cells cul-
tured in the presence of chronic nicotine at subsaturating doses
(50 �M) for �1 week lost hypoxic sensitivity via an upregulation
of KATP channels, similar to acutely isolated chromaffin cells de-
rived from pups born to nicotine-exposed dams. Both the loss of

hypoxic sensitivity and upregulation of KATP channels seen in
cultured cells were prevented when mecamylamine, a general
blocker of nicotinic nAChRs, was coincubated with nicotine
throughout the culture period. Significantly, this effect of nico-
tine was not inhibited by hexamethonium, at doses expected to
block �3-containing nAChRs on neonatal chromaffin cells (Sala
et al., 2008), but was blocked by the specific �7 nAChR blocker
�-bungarotoxin. These data strongly suggest that the nicotine-
induced loss of hypoxic sensitivity was mediated via direct stim-
ulation of �7 nAChRs on chromaffin cells. Because �7 nAChRs
are highly Ca 2�-permeable, it is likely that Ca 2� entry through
these receptors initiated a signaling cascade that ultimately re-
sulted in KATP channel upregulation. This particular route of
Ca 2� entry appeared critical since an alternative route via
voltage-gated Ca 2� channels, mediated by chronic exposure of
the cultures to the depolarizing stimulus high K� (30 mM), was
ineffective.

Other intracellular signaling pathways also appeared to be
involved in the effects of chronic nicotine. In particular, key roles
for PKC and CaM kinase activation (but not PKA) were demon-
strated by the observation that coincubation with specific block-
ers of these kinases (i.e., GF109203X and KN-62, respectively)
prevented the nicotine-induced loss of hypoxic sensitivity. The
identity of the proteins that are presumed to be phosphorylated
by these kinases during the signal transduction cascade is cur-
rently unknown. In this regard, however, it was of interest that
the transcription factor HIF-2� was required for the nicotine-
induced blunting of hypoxic sensitivity. This was demonstrated
in a chromaffin cell line (MAH cells) bearing �90% knockdown
of HIF-2� using short hairpin RNAi, in which chronic nicotine in
vitro did not cause suppression of hypoxic sensitivity as it did in
control MAH cells or MAH cells treated with scrambled RNA.
The fact that, in previous studies, both PKC and CaM kinase, as
well as increases in intracellular Ca 2�, were able to stabilize HIF
and/or increase HIF transcriptional activity (Yuan et al., 2005;
Lee et al., 2007), raises the possibility of a similar role for these
intracellular signals in mediating the KATP upregulation via
changes in HIF-2� activity. In the present study, chronic nicotine
did not cause any detectable upregulation of HIF-2� protein in
Western blot assays, although changes in phosphorylation state
of HIF-2� could not be excluded. Because HIFs do not appear to
have much, if any, transcriptional activity on their own and re-
quire other cofactors for functionality, we can only speculate on
the role of HIF-2� in the effects of nicotine on chromaffin cells. It
is possible that nicotine acts so as to modulate HIF-2� activity by
some posttranslational modification (e.g., phosphorylation), or
alternatively, nicotine acts on some other factor that uses HIF-2�
as a cofactor. Additional experiments are necessary to distinguish
between these two possibilities.

Clinical significance
These results open up a new avenue for possible pharmacological
intervention in infants that have been exposed to nicotine in
utero. Maternal smoking is correlated with poor pregnancy out-
come, premature delivery, and a higher incidence of sudden in-
fant death syndrome (SIDS), and this is attributed, at least in part,
to deficient adrenal catecholamine secretion during hypoxic
stress at birth (Slotkin et al., 1995; Cohen et al., 2005). We iden-
tified the upregulation of KATP channels as a key factor contrib-
uting to the apparent loss of hypoxic sensitivity in nicotine-
exposed adrenal chromaffin cells. Our data provide compelling
evidence that blockade of these channels in vivo using the drug
glibenclamide can offset or reverse the loss of hypoxia tolerance
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Figure 8. Effect of prenatal nicotine exposure and acute glibenclamide injection on neonatal
(postnatal day 1) mortality during a 60 min exposure to hypoxia (10% O2 ). Compared with rat
pups born to saline-treated dams (control), those born to nicotine-treated dams had a higher
percentage of mortality after exposure to hypoxia; both groups received a saline injection (sa-
line inj) just before exposure to hypoxia. In contrast, neonatal nicotine-treated pups that were
injected with glibenclamide (glib inj) just before exposure to hypoxia, had a percentage of
mortality that was not significantly different from control. N � 40 for each bin. *p � 0.009.
Error bars indicate SEM.
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because of prenatal nicotine exposure. Glibenclamide is currently
used as a treatment in individuals with certain types of diabetes
and has even been shown to be effective in certain clinical cases of
Kir 6.2 mutations (Mlynarski et al., 2007). Conceivably, infants
exposed to nicotine in utero might experience a similar upregu-
lation of KATP channel expression as observed in this study, re-
sulting in impaired responses to hypoxia as a result of excessive
KATP channel activation. We propose that KATP channel blockers
such as glibenclamide might have therapeutic potential in reduc-
ing mortality in newborn infants who are prone to SIDS as a
result of maternal exposure to cigarette smoke.
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