Histochem Cell Biol (2003) 120:475–481
DOI 10.1007/s00418-003-0596-2

ORIGINAL PAPER

Kwong-Tai Cheng · Franky Leung Chan · Yu Huang ·
Wing-Yee Chan · Xiaoqiang Yao

Expression of olfactory-type cyclic nucleotide-gated channel (CNGA2)
in vascular tissues
Accepted: 4 November 2003 / Published online: 15 November 2003
 Springer-Verlag 2003

Abstract Cyclic nucleotide-gated (CNG) ion channels
are Ca2+-permeable nonselective cation channels that are
directly gated by the binding of cAMP or cGMP. Previous
studies have identified the expression of CNGA1 channels in vascular endothelial cells. The opening of CNG
channels is expected to result in a rise in endothelial
cytosolic Ca2+, which may trigger multiple physiological
changes. In the present study, we extensively studied the
expression pattern of the functional subunit of olfactorytype CNG channels (CNGA2) in vascular tissues. Northern blot analysis detected a transcript of approximately
2.6 kb in mRNA isolated from rat aorta. RT-PCR
amplified a 582-bp CNGA2 fragment from RNA samples
isolated from rat aorta, bovine endothelia cell CCL-209,
and rat smooth muscle cell A7r5. Furthermore, in situ
hybridization and immunohistochemistry revealed that
CNGA2 mRNA and proteins were expressed in the
endothelium and smooth muscle layers of human coronary and cerebral arteries. In conclusion, our study
indicates that CNGA2 channels are widely expressed in
vascular tissues across different species. These results
suggest a potential ubiquitous role of CNGA2 channels in
mediating Ca2+ influx in vascular cells.
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Introduction
Cyclic nucleotide-gated (CNG) channels were first identified in retinal photoreceptors (Fesenko et al. 1985;
Haynes and Yau 1985) and olfactory sensory neurons
(OSN; Nakamura and Gold 1987), and are believed to be
the key elements in visual and olfactory signal transduction. Now it is obvious that CNG channels are not unique
in photoreceptors and OSN, but are also expressed in
many other neuronal and non-neuronal tissues, including
brain, heart, kidney, spleen, testis, epithelial cells, aorta,
and vascular endothelium (Biel et al. 1993, 1994; Distler
et al. 1994; Kingston et al. 1996; Ding et al. 1997; Yao et
al. 1999; Nilius and Droogmans 2001). CNG channels
share structural homology with voltage-gated cation
channels (Guy et al. 1991). Native channels are heteromeric complexes consisting of a- and b-subunits. Four
distinct a-subunits and two b-subunits have been isolated
(Kaupp and Seifert 2002). Three a-subunits include rodtype CNGA1 (Kaupp et al. 1989), olfactory-type CNGA2
(Dhallan et al. 1990), and cone-type CNGA3 (Weyand et
al. 1994). These subunits contain six transmembrane
segments, an ion-conducting pore region, and a cyclic
nucleotide-binding domain at the C-terminus. The a4 and
the two b-subunits are termed modulatory subunits
because they cannot form functional channels by their
own, but they are able to modify the properties of native
CNG channels.
The CNG channels are nonselective cation channels that
open in response to cyclic nucleotides. The channels
strongly select cations over anions, but poorly discriminate
monovalent cations and allow the passage of divalent
cations. It was originally believed that CNG channels
generate currents through the influx of Na+ with the
induction of ligand cAMP and cGMP. Afterwards, the
measurement of permeability ratios between Ca2+ and Na+
revealed that CNG channels are more permeable to Ca2+
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than to Na+. Higher selectivity of Ca2+ over Na+ implies
that the essential role of the channels may be related to
Ca2+ entry (Weyand et al. 1994; Frings et al. 1995).
Ca2+ and cyclic nucleotides are two groups of second
messengers in vascular tissues, which play important roles
in controlling vascular tone (Lincoln et al. 2001; Nilius
and Droogmans 2001). Previous studies have demonstrated the expression of several CNG subunits in vascular
endothelial cells (Ding et al. 1997; Yao et al. 1999; Zhang
et al. 2002). cGMP/cAMP may activate endothelial CNG
channels. The resultant rise in endothelial [Ca2+]i may in
turn stimulate endothelial nitric oxide synthase and
phospholipase A2, leading to the production and release
of several vasoactive agents such as nitric oxide (NO),
EDHF, and PGI2 (Cohen and Vanhoutte 1995; Busse et al.
2002). Taken together, CNG channels in endothelial cells
may link two broad signaling systems, cGMP/cAMP and
Ca2+, together.
The expression pattern of CNGA1 in vascular tissues
has been studied previously in detail with the use of RTPCR, northern blot, and in situ hybridization (Ding et al.
1997; Yao et al. 1999). However, little information is
available concerning the overall expression pattern of
CNGA2 in vascular tissues especially for that of human
vascular tissues. The aim of the present investigation is to
examine the overall expression pattern of CNGA2 in
vascular tissues through RT-PCR, northern blot, in situ
hybridization, and immunohistochemistry. Each method
has its own strengths and limitations. RT-PCR is very
sensitive but is difficult to quantify. Northern blot
analysis is more quantitative in nature but is less sensitive
and it can only provide limited information on tissue and
cellular distribution. In situ hybridization and immunohistochemistry can provide excellent information on
tissue and cellular distribution but are difficult to
quantify. Our results show that CNGA2 has widespread
expression in human and rat vascular tissues, but its
expression in cultured vascular cells is low. These results
imply a possible role of CNGA2 in mediating Ca2+ influx
in vascular tissues.

Materials and methods
Cell culture
Bovine pulmonary artery endothelial cell line CCL-209 and rat
vascular smooth muscle cell line A7r5 were purchased from Bio
Whittaker, USA. CCL-209 cells were cultured in 80% MEM Eagle
with 2 mmol/l l-glutamine and 20% FBS. A7r5 cells were cultured
in 90% DMEM supplemented with 10% FBS. Cells were cultured
in a humidified atmosphere with the temperature set at 37C and
constant CO2 (5%) supplied. The culture medium was changed
every 2 days until the cells became confluent. Confluent cell
monolayers were passaged using 0.25% trypsin in phosphatebuffered saline (PBS) containing 2.5 mmol/l EDTA.
RT-PCR, cloning, and Southern blot
Male Sprague-Dawley rats weighing 250–300 g were killed by
cervical dislocation and the thoracic aortas were dissected out. The

use of laboratory animals in this study conforms with the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH publication number 85-23,
revised 1996). After carefully cleaning off the surrounding
connective tissues, rat aorta RNA was extracted using Trizol
Reagents (Invitrogen) following the manufacturer’s protocols. The
same method was used to extract RNA from CCL-209 and A7r5
cells. DNase was added in order to remove residual genomic DNA.
RNA was transcribed into the first strand cDNA using an oligo-dT
primer and Superscript II reverse transcriptase (Invitrogen). The
primers for PCR were designed based on the sequence of published
human CNGA2 channel (GenBank accession number: S76067).
The forward primer was TGAGTATGGCTACCTGGCTA and the
reverse primer was TGAGTCACACCATCATCAGC. These primers also matched with rat CNGA2 (GenBank accession number:
AF126808). PCR reaction of 50 ml contained 1 ml human brain
(cDNA library pCMV-Sport1 cDNA library; Gibco), 10 mmol/l
TRIS-HCl (pH 8.4), 50 mmol/l KCl, 1.5 mmol/l MgCl2, dATP,
dCTP, dGTP, dTTP 0.2 mmol/l each, 1.0 mmol/l primers, and 2.5 U
Taq DNA polymerase (Invitrogen). Forty cycles (94C for 1 min,
55C for 1 min, 72C for 1 min) were performed with a PCR
System 9700 (Applied Biosystems). Control experiments without
the addition of first strand cDNA were included.
PCR reactions amplified a product of 582 bp. The product was
then end-filled by Pfu DNA polymerase and cloned in a pBluescript
vector using a PCR-script cloning kit (Stratagene). The clone was
sequenced with an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems) and confirmed to be CNGA2 cDNA. The clone was
labeled with digoxigenin (DIG) and then used to hybridize with the
RT-PCR products in Southern blot using a DIG Southern Starter kit
(Roche Biochemicals). Hybridization was carried out at 50C
overnight. Membrane was washed twice, 5 min each time, in
2SSC/0.1% SDS followed by two more washings, 15 min each
time, in 0.5SSC/1% SDS at 45C. Autoradiography was performed for 15 min using Kodak Biomax film.
Northern blot
mRNA was isolated from rat aorta total RNA by PolyATtract
mRNA Isolation Systems (Promega). Two micrograms of mRNA
was denatured with formaldehyde at 65C for 5 min, then
fractioned on 1.2% agarose gel containing 2% formaldehyde, and
transferred to Hybond-N+ nylon membranes. After a prehybridization in DIG Easy Hyb (Roche Diagnostics) at 68C for 30 min,
the blot was hybridized overnight at 68C in DIG Easy Hyb (Roche
Diagnostics) containing 500 ng/ml DIG-labeled 582 bp antisense
CNGA2 riboprobe. DIG-labeled antisense CNGA2 riboprobe was
generated using a DIG-labeling kit (Roche Biochemicals). After
hybridization, the membrane was washed twice, 5 min each time, in
2SSC/0.1% SDS followed by two more washings, 15 min each
time, in 0.1SSC/1% SDS at 68C. The membrane was then
incubated with an anti-DIG antibody conjugated to alkaline
phosphatase, followed by chemiluminescent detection with CDPStar (Roche Biochemicals) using the manufacturer’s protocols.
In situ hybridization
The cloned 582 bp CNGA2 fragment in pBluescript was used to
generate DIG-labeled sense and antisense riboprobes using T3 and
T7 polymerases by a DIG-labeling kit (Roche Biochemicals). The
strand complementary to CNGA2 was used to detect CNGA2,
whereas the sense strand was used as a control. These probes were
used to hybridize with the sections cut from human cerebral arteries
and coronary arteries embedded in paraffin. The vascular tissues of
normal human adult were from autopsy cases with the consent of
family members and the approval of the university clinical research
ethics committee. Tissues were fixed overnight with 4% paraformaldehyde in PBS. We examined tissues from two deceased
subjects whose bodies were immediately transferred to a cold room
and kept at 4C. One subject is a 16-year-old male who died of X-
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linked adrenoleukodystrophy, which is a genetic disease with
dysfunction of adrenal gland and loss of myelin sheath insulating
the nerve. The postmortem delay for this subject was approximately
72 h and some structural deterioration could be observed. For
example, the endothelial layer appeared to be detached from
vessels. The other subject was a 59-year-old female who died of
cardiac tamponade caused by a dissecting aortic aneurysm. The
postmortem delay for this subject was approximately 24 h. The
endothelial layer was still firmly attached to vessels. However,
some atherosclerotic lesions could be observed in her coronary
vessel wall. There were no differences with regards to CNGA2
expression in the vessel samples taken from these two subjects. The
tissues were dehydrated through graded ethanol, cleared with
xylene, and embedded in paraffin, and 5-mm-thick sections were
prepared. After dewaxing and hydration, the sections were washed
briefly with diethylpyrocarbonate-treated water followed by PBS
for 10 min. They were then digested with proteinase K (10 mg/l) at
37C for 15 min. Hybridization was performed at 60C in a
hybridization buffer containing 4SSC, 10% dextran sulfate,
1Denhardt’s solution, 5 mmol/l EDTA, 0.1% CHAPS, 50%
deionized formamide, 200 mmol/l herring sperm DNA, and 200 ng/
ml DIG-labeled probe. The slides were then washed four times,
15 min each time, in 2SSC/0.1% SDS and then washed twice,
15 min each time, in 0.2SSC/0.1% SDS at 55C. Colorimetric
detections were performed using an alkaline phosphatase conjugated anti-DIG antibody, followed by incubation with NBT/BCIP
color substrates using a DIG-nucleic acid detection kit (Roche
Biochemicals). Positive signals appeared approximately 15 min
after incubation in NBT/BCIP color substrate solution. Images were
taken in a Leica Imaging System with SPOT software (Diagnostic
Instruments, USA).
Immunohistochemistry
Human coronary and cerebral arteries were used for immunohistochemical experiments. Immunoreactivity was tested using avidinbiotin-peroxidase reactions. Tissue sections of 5 mm thickness were
rehydrated in a graded alcohol series to 80% ethanol and then
preincubated with 0.5%(v/v) H2O2 in absolute methanol to inhibit
endogenous peroxidase activity. Sections were incubated at room
temperature overnight with a primary polyclonal antiserum (1:20
dilution) specific for CNGA2 (Alomone Laboratories). A secondary biotinylated goat anti-rabbit IgG was consequently applied and
immunoreactivity was visualized with streptavidin-biotin-peroxidase along with 3,30 -diaminobenzidine as substrate. In control
experiments, the primary anti-CNGA2 antibody was either omitted
or was preabsorbed for 2 h at room temperature with a 20-fold
molar excess of peptide antigen provided by manufacturer.

Results
The expression of CNGA2 transcript in various vascular
tissues and cells was examined by RT-PCR. The PCR
primers were designed to selectively amplify the cDNA
for olfactory-type CNGA2 but not for other CNG channel
isoforms. This set of primers match with both human and
rat CNGA2. Since residual genomic DNA contamination
in total RNA preparation may also become a template for
PCR reactions, the products of which could be mistaken
as the desired RT-PCR amplicon, we carefully designed
the forward and reverse primers such that they were
located in separate exons to circumvent this problem.
Forty cycles of RT-PCR were performed, which yielded a
targeted product of 582 bp in total RNAs isolated from rat
aorta, bovine vascular endothelial cell line CCL-209, and
rat vascular smooth muscle cell line A7r5 (Fig. 1A).

Fig. 1A, B RT-PCR detection of CNGA2 mRNA in rat aorta and
cultured vascular cell lines. A Ethidium bromide-stained agarose
gel. B Gel shown in A was transferred to a nylon membrane and
hybridized with a CNGA2 probe. CCL-209 Bovine pulmonary
artery endothelial cell line, A7r5 rat aortic smooth muscle cell line

Negative control without the first strand cDNA did not
yield any product (Fig. 1A). Southern blot analysis was
further performed using the cloned CNGA2 fragment as a
probe to confirm the authenticity of RT-PCR products.
Under high stringency hybridization with a DIG-labeled
CNGA2-specific probe, the amplified product gave out
positive signals in Southern blot analysis (Fig. 1B).
Northern blot was used to determine the size of
CNGA2 transcript and to examine the relative abundance
of expression level. A DIG-labeled riboprobe derived
from the cloned 582 bp CNGA2 partial cDNA was used
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Fig. 2 Northern blot analysis of RNA from rat aorta. RNA samples
were electrophoresed on a 1.2% agarose-formaldehyde gel and
transferred onto a nylon membrane. The membrane was hybridized
with a CNGA2 specific riboprobe. An RNA ladder was used as size
marker

to hybridize with RNAs isolated from rat aorta, cultured
bovine endothelial cells CCL-208, and cultured rat aortic
smooth muscle cells A7r5. A transcript of approximately
2.6 kb was detected in total RNA as well as in mRNA
isolated from rat aorta (Fig. 2). This molecular weight
size is close to that of a rat CNGA2 transcript previously
deposited in GenBank (GenBank accession number:
AF126808). There was no detectable signal in vascular
endothelial and smooth muscles cell lines in culture (data
not shown), indicating that the expression level of
CNGA2 in vascular cells in culture was low. Note that
the 582-base hybridizing probe was a highly specific
riboprobe. Blast GenBank search with this probe did not
reveal significant sequence similarity to any known gene
including that of other CNG isoforms.
In order to localize the cellular distribution of CNGA2
transcripts in human coronary and cerebral arteries, we
performed in situ hybridization studies with DIG-labeled
CNGA2 riboprobe. The hybridization probe was the same
582 bp CNGA2-specific DIG-labeled riboprobe as used in
northern blot. Hybridization signals could be observed in
endothelial cells as well as in numerous spindle-shaped
smooth muscle cells in the tunica media layer of human
coronary and cerebral arteries (Fig. 3A, C). To assess the
specificity of hybridization, tissue sections were hybridized to a sense CNGA2 riboprobe. No signal was
observed in these control experiments (Fig. 3B, D). Note
that the vessels, especially the coronary vessels used in
the experiments had a thickened intima layer, but this was

not unexpected since the subject from whom the vessels
were taken was a 59-year-old female.
The above in situ hybridization results were supported
by immunohistochemical investigations using an antibody
against CNGA2 (Fig. 4). Figure 4A, D shows that the
expression pattern of CNGA2 in coronary artery and
cerebral artery was very similar, with strong positive
signals appearing in brown color in the vascular smooth
muscle layers as well as in the vascular endothelial layer.
The expression could also be observed in small-sized
resistant coronary arteries (Fig. 4G). Two sets of control
experiments were done, one with antigen preabsorption
(Fig. 4B, E, H) and the other in the absence of primary
anti-CNGA2 antibody (Fig. 4C, F, I). There were no
signals in both controls, indicating that the hybridization
was CNGA2-specific. Note that the blue color in both the
experiments and controls was due to hematoxylin counterstaining, which stained the cell nucleus. The figures for
coronary vessels in immunochemical experiments
(Fig. 4D–I) were taken from the 16-year-old male subject.
Due to the longer postmortem delay, the endothelial layer
appeared to be detached from vessels. Nevertheless, the
expression of CNGA2 proteins in endothelial layer was
obvious. We did not use the coronary vessels from the
other subject, mainly because the endothelial layer of her
coronary vessels was barely visible due to extensive
atherosclerotic lesions (data not shown).
Although only one set of figures was shown for in situ
hybridization (Fig. 3A–D) and immunohistochemistry
(Fig. 4A–I), in situ experiments were actually repeated
five times and immunohistochemical experiments were
repeated eight times, each with appropriate control(s). In
each experiment, observation was made on one or two
separate slides for each different condition. The results of
different experiments were consistent and, furthermore,
no difference in the expression pattern of CNGA2 mRNA
or proteins could be observed in the coronary or cerebral
arteries taken from two different human subjects, a 16year-old male and a 59-year old female.

Discussion
Native olfactory-type CNG channels are composed of a
principal CNGA2 and two modulatory subunits, CNGA4
and CNG1B (Bonigk et al. 1999). The majority of the
studies on CNGA2 have been concentrated in olfactory
epithelium and central nervous system (Kingston et al.
1996, 1999; Bradley et al. 1997; Bonigk et al. 1999;
Samanta Roy and Barnstable 1999). There are only a few
CNGA2-related studies in vascular systems. Biel et al.
(1993) isolated a full-length CNGA2 cDNA clone from
rabbit aorta. Distler et al. (1994) found the expression of
CNGA2 mRNA in rabbit aorta by RT-PCR and Zhang et
al. (2002) showed CNGA2 protein expression in primary
isolated porcine aortic endothelial cells in culture by
western blot. However, there is still a lack of information
concerning the overall expression pattern of CNGA2 in
vascular tissues, especially for that of human vascular
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Fig. 3A–D In situ localization
of CNGA2 mRNA in human
cerebral artery and coronary
artery tissue sections. CNG2
mRNA was detected in human
cerebral artery (A) and coronary
artery (C). Positive signals in
blue color with slight purple
could be observed in both vascular endothelial and smooth
muscle layers. B, D Results
from control experiments for
cerebral and coronary artery,
respectively, hybridized with a
sense CNGA2 riboprobe. No
signal could be observed in
these negative controls. L Lumen, S smooth muscle layers, E
endothelial cells

tissues. In the present study, we extensively examined the
expression pattern of CNGA2 in vascular tissues. RTPCR detected the expression of CNGA2 in rat aorta as
well as in rat vascular smooth muscle cells A7r5 and
bovine vascular endothelial cells CCL-209. Northern blot,
which is a much less sensitive method, detected CNGA2
transcript in RNA isolated from rat aorta, suggesting that
CNGA2 is abundantly expressed in rat aorta. To further
study the histological localization of CNGA2 in human
vascular tissues, we performed in situ hybridization with
DIG-labeled riboprobes. In situ hybridization showed the
widespread positive signals for CNG2A in vascular
tissues including the endothelial layer and the smooth
muscle layers of coronary and cerebral arteries. The
expression of CNGA2 at the protein level was studied by
immunohistochemical staining using an antibody against
CNGA2 and the results agreed well with those from in
situ hybridization. The expression could be found in

large-sized conduit vessels as well as in small-sized
resistance vessels. Taken together, CNGA2 is widely
expressed in vascular endothelial cells and vascular
smooth muscle cells in vivo and in culture.
Note that RT-PCR experiments demonstrated the
expression of CNGA2 in cultured endothelial cells
CCL209 and smooth muscle cells A7r5, whereas no
corresponding signals were detected in northern analysis
for these cells. A likely explanation for this discrepancy is
the difference in sensitivity of these two detection
methods. RT-PCR is much more sensitive than northern
blot analysis and so it can detect expression of a certain
gene even when its expression level is low. Combined
together, these data suggest that CNGA2 is expressed in
vascular cells in culture, but its expression level is low.
Another point to note is that our northern results from rat
aorta are inconsistent with those from a previous study by
Biel et al. (1993), in which they failed to detect CNGA2
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Fig. 4A–I Immunohistochemical staining of CNGA2 proteins
in human vascular tissue sections. Paraffin-embedded sections (5 mm) from human
cerebral arteries (A–C), medium-sized coronary arteries (D–
F), and small resistance-sized
coronary arteries (G–I) were
subjected to experiments and
then counterstained with hematoxylin, which stained cell nuclei a blue color. Positive
CNGA2 signals, brown in color,
could be visualized in the endothelium and smooth muscle
layers of cerebral (A) and coronary (D, G) arteries by peroxidase reaction. B, E, H Results
from negative controls in which
the primary antibody was
preadsorbed by a CNGA2 peptide. C, F, I Results from the
second set of negative controls
in which the primary antiCNGA2 antibody was omitted.
No positive signal could be
observed in both control experiments

expression in rabbit aorta by northern blot. This discrepancy might be due to the fact that we used a riboprobe in
the present study, which is much more sensitive in
detecting mRNA expression than conventional DNA
probes. An alternative explanation is that CNGA2 might
be differentially expressed in different animal species.
The abundance of CNGA2 expression implies a
possible role of the channel in vascular tissues. Several
unique features render the CNGA2 a favorite target for
endothelial NO and cGMP. First, CNGA2 channels have
a much higher sensitivity to both cAMP and cGMP than
other CNG channels (Liman and Buck 1994; Kaupp 1995;
Kaupp and Seifert 2002). Second, the channels display
higher Ca2+ selectivity than that of the CNGA1 channel

(Frings et al. 1995). Third, the channels are directly
activated by NO (Broillet and Firestein 1996; Broillet
2000). A single amino acid cysteine460 has been shown
to be responsible for the direct activation of CNGA2 by
NO compounds (Broillet and Firestein 1996). Another
point to note is the complexity of CNG channels in
vascular cells. Together with the previous results, in
which CNGA1 was shown to be expressed in vascular
endothelial cells (Yao et al. 1999; Ding et al. 1997), it is
evident that vascular endothelial cells express both
CNGA1 and CNGA2. Coexpression of CNGA1 and
CNGA2 may add structural and functional diversity to the
endothelial CNG channels, because CNGA1 and CNGA2
may coassemble to form a heteromultimer (Finn et al.
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1998). Existence of multiple forms of CNG channels
might offer an explanation to the puzzle of why the
properties of previously recorded endothelial CNG currents (Wu et al. 2000) did not appear to be compatible
with any known CNG channels.
Our study also clearly demonstrated that vascular
smooth muscle cells express CNGA2. The expression
could be observed in all the vessels we studied, including
coronary and cerebral arteries. These results indicate that
vascular smooth muscle cells possessed, in addition to
voltage-dependent Ca2+ channel, a class of voltageindependent cyclic nucleotide-sensitive Ca2+ channels.
Since CNGA1 is only expressed at a very low level in
vascular smooth muscle cells (Yao et al. 1999), the
predominant CNG channel in this cell type might be
CNGA2. However, the functional role of CNGA2 in
vascular smooth muscle cells is still waiting to be
resolved.
In summary, our present studies demonstrated the
expression and cellular localization of olfactory-type
CNG channel (CNGA2) in vascular tissues both at the
RNA and protein levels. CNGA2 may be the predominant
type of CNG channel in vascular smooth muscle cells, but
it may be coexpressed with CNGA1 in vascular endothelial cells. Since CNGA2 channels are Ca2+-permeable
channels that can be directly activated by cyclic nucleotides and NO, it could serve to link two broad vascular
signaling systems, cGMP/NO and Ca2+, together.
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