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Light sensitivity of the pineal has been retained in most verte-
brates, except mammals. Retinal photoreceptors and pinealo-
cytes share common components of light-dependent signaling
pathways. In particular, an ion channel gated by cGMP has
been electrophysiologically identified in chick pinealocytes;
however, the physiological function of a light-sensitive enzyme
cascade is not known, and primary structures of only a few
pineal components have been determined. By PCR analysis
and cloning of the respective cDNA, we show that the chick
pineal expresses the a-subunit of the cyclic nucleotide-gated
(CNG) channel of rod photoreceptors and two short forms of
the cone CNG channel. Analysis of the chick cone CNG chan-
nel gene reveals that these forms are produced by alternative
splicing, which removes either one or two exons from the

transcript. The shorter splice variant is functional when heter-
ologously expressed, and it is approximately twofold more
sensitive to activation by cGMP than the cone CNG channel.
The chick cone CNG channel and the pineal splice form are
both modulated by Ca®*/calmodulin (CaM). The CaM sensitiv-
ity might be mediated by a putative CaM-binding site in an
N-terminal segment encoded by exon 4. This exon is missing in
the gene for the rod CNG channel a-subunit. Pineal CNG
channels are candidates for receptor-mediated Ca®* entry into
pinealocytes and may be an important element of signaling
pathways that control the light response and secretion of the
pineal hormone melatonin.
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The pineal regulates various physiological functions by nocturnal
secretion of the hormone melatonin. The control of melatonin
release differs between mammals and birds. Chick pinealocytes
exhibit an intrinsic circadian rhythm of melatonin secretion
(Deguchi, 1979; Takahashi et al., 1989), whereas in mammals, a
circadian clock in the suprachiasmatic nucleus of the hypothala-
mus controls pineal activity (for review, see Takahashi, 1995).
Two neural pathways, one involving noradrenaline (NE) and
the other involving vasoactive intestine peptide (VIP), regulate
the synthesis of melatonin (for review, see Takahashi et al., 1989).
Modulation of melatonin secretion by NE differs among verte-
brates. In the chick, NE inhibits the nocturnal elevation of mela-
tonin levels (Pratt and Takahashi, 1989), whereas in the rat pineal
it stimulates melatonin synthesis (Klein, 1986). Both inhibitory
and stimulatory effects of NE are mediated by a cAMP-signaling
pathway. In the chick, NE inhibits adenylate cyclase via o,-
adrenergic receptors (Voisin and Collin, 1986), whereas in the rat
it stimulates cCAMP synthesis via a,- and B-adrenergic receptors.
Thus, although cAMP stimulates melatonin synthesis in both
avian and mammalian pinealocytes, the mechanisms that control
cAMP levels differ. In both chick and rat, VIP stimulates the
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synthesis of melatonin, and it is believed that this effect is also
mediated by a cAMP-signaling pathway (Yuwiler, 1983; Kaku et
al., 1985; Pratt and Takahashi, 1989).

In addition, NE and VIP increase the concentrations of cGMP
and Ca®" (Sugden et al., 1987; D’Souza and Dryer, 1994; Schaad
et al., 1995; Schomerus et al., 1995). Although the physiological
functions of both messenger molecules and their cellular targets in
the pineal are poorly understood, some evidence supports a
modulatory role of Ca** for melatonin synthesis (Takahashi et al.,
1989); however, the mechanisms that give rise to changes in
intracellular Ca®>* concentration ([Ca**];) have not been identi-
fied unequivocally (D’Souza and Dryer, 1994; Saez et al., 1994;
Chik et al., 1995; Schaad et al., 1995).

Recently, cyclic nucleotide-gated (CNG) channel activity has
been recorded from chick pinealocytes (Dryer and Henderson,
1991, 1993). Because of their substantial Ca>* permeability (for
review, see Kaupp, 1995), CNG channels may be utilized by
G-protein-coupled receptor pathways to control [Ca®"]; in pine-
alocytes through changes in the concentration of cAMP and
cGMP. CNG channels comprise two homologous polypeptides,
designated - and B-subunits (Chen et al., 1993; Bradley et al.,
1994; Liman and Buck, 1994; Korschen et al., 1995). Three dif-
ferent genes encoding a-subunits have been identified in verte-
brates. They were first discovered in rod and cone photoreceptors
and olfactory sensory neurons (OSNs), but they are also expressed
in other cellular systems (for reviews, see Eismann et al., 1993;
Finn et al., 1996). CNG channels vary considerably in their ability
to conduct Ca** (Perry and McNaughton, 1991; Frings et al.,
1995; Picones and Korenbrot, 1995). In some cellular systems, the
principal if not exclusive function of CNG channels even might be
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to control [Ca?*]; rather than to change the membrane voltage by
passing Na* or K" ions.

To study the function of CNG channels in pinealocytes, we have
identified CNG channel isoforms by cloning, functional expres-
sion, and immunohistochemical localization. Here, we report that
chick pineals express the a-subunit of the rod CNG channel and
two splice variants of the cone CNG channel a-subunit. Analysis
of the structure of the cone a-subunit gene revealed that either
one or two exons are missing in the splice variants. These exons
encode two segments in the cytoplasmic N-terminal region. Ex-
pression of one splice variant in Xenopus oocytes and a mamma-
lian cell line gave rise to cGMP-activated currents. The splice
variant is roughly twofold more sensitive to cGMP than the cone
CNG channel itself. The activity of the cone CNG channel and of
the splice variant is modulated by Ca®"/CaM. Modulation is
probably mediated by an N-terminal domain that shares a high
sequence similarity with a CaM-binding region in the a-subunit of
the olfactory CNG channel (Liu et al., 1994). CNG channels in the
pineal may subserve two distinct functions: generation of the light
response and regulation of [Ca®"); by efferent neural pathways.

MATERIALS AND METHODS

Preparation of RNA and synthesis of cDNA. Poly(A)" RNA was isolated
with a FastTrack Kit (Invitrogen, San Diego, CA) from 20 pineals of 1-
and 12-d-old chicks, 10 chick retinae, ~1 gm of chick testis tissue, and
~(0.1 gm of bovine pineal tissue, respectively. First-strand cDNA was
synthesized with M-MLV reverse transcriptase (BRL, Bethesda, MD)
using oligo-dT,; as primer. Primers were removed by ultrafiltration with
a Centricon 100 spin column (Amicon, Beverly, MA).

Amplification of PCR fragments and construction of complete cDNA
clones. The presence of CNG channel transcripts in the pineal, the retina,
and the testis was probed by amplification of PCR fragments with primers
specific for the CNG channels of chick rod or cone photoreceptors and
OSNes. First-strand cDNA transcribed from the respective poly(A)* RNA
was used as template. The coding region of the a-subunit of the chick
cone photoreceptor CNG channel (clone pCCGS8B of Bénigk et al., 1993)
was amplified using primer pair CC1 (TGGAGGCTGTCAACTTCG;
positions —37 to 21) and CC2 (TCCTTCGTTACCTTTCG:; inverse com-
plement of positions 1405 to 1422), and primer pair CC3 (ATGATTTC-
CAACATGAA; positions 1330 to 1346) and CC4 (GATGGAC-
CAAATCTCCC; inverse complement of positions 2392 to 2418). Primer
pair CC5 (TAGAGCGTATCCGAGGG:; positions 299 to 315) and CC6
(CAAGGAAGCCTGTCCTG; inverse complement of positions 792 to
808) were used to amplify a smaller fragment from the 5' region of
ccCNGCu (see Fig. 2). PCR fragments of the chick rod photoreceptor
CNG channel (clone pCCG6 of Bonigk et al., 1993) were amplified using
primer pair CR1 (AAGAAGCAGCAGATTAGC; positions —43 to —27)
and CR2 (GCTACTCGGAGCAGTCG; inverse complement of posi-
tions 676 to 692), and primer pair CR3 (GTCAATCATACCAACTG;
positions 609 to 625) and CR4 (GTCAGGAAAACCTGCAG; inverse
complement of positions 2203 to 2219). Primer CR5 (CAGGCATTGT-
GATGCAG, inverse complement of positions 366 to 382) was used
together with CR1 to amplify a smaller fragment from the 5’ region of
crCNGCa (see Fig. 2). The primer pair CO1 (TCTCCAAGGCCAT-
AGGC) and CO2 (AATGTAATCCCCTGGGC) were used for the am-
plification of a fragment specific for the olfactory CNG channel of chick
(W. Bonigk, unpublished result). PCR was performed with 44 cycles. For
each amplification, negative controls were run to which no template DNA
was added. PCR fragments were gel-purified, subcloned into pBluescript
vector, and sequenced. Recombinant plasmids carrying the complete
coding region of the two splice variants of the cone CNG channel
(pccCNGCaAS5-6 and pccCNGCaA6) were constructed from the respec-
tive overlapping PCR fragments by making use of the internal EcoRI
restriction site.

Similar experiments were performed with cDNA derived from
poly(A)* RNA of bovine pineal tissue. Two overlapping fragments,
harboring either the 5’ or 3’ part of the coding region for rod and cone
CNG channels were amplified by two sets of primers similar to those used
for amplification of fragments from chick cDNA.

Analysis of genomic structure of chick cone CNG channel. A chick
genomic library in AFIXII-vector (Stratagene, La Jolla, Ca) was screened
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with two cDNA probes (F5', nucleotides —39 to 926, and F3’, nucleotides
882 to 2391 of pCCGS8B; Bonigk et al., 1993). Probe F5' and F3’ yielded
12 and 7 positive signals, respectively. Two overlapping clones were
chosen for further analysis. Clones were digested with Sacl, Xbal, EcoRI,
BamHI, Sall, and each possible combination of two endonucleases.
Fragments were separated by agarose electrophoresis and those contain-
ing exon sequences were identified by Southern blotting using probes F5’
and F3’. These fragments were isolated and analyzed by PCR and
sequencing using primers from the coding region.

Immunocytochemistry. Immunoreactivity was tested using a combination
of techniques involving the peroxidase—antiperoxidase (PAP)- and the
avidin-biotin—peroxidase (ABC) reaction (Davidoff and Schulze, 1990). Pi-
neal organs were dissected from 1- to 3-d-old chicks and fixed by immersion
in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 1-2 hr.
Fixed pineals were washed in PB, suspended in 30% sucrose overnight, and
embedded in OCT medium. Horizontal sections (12 wm) were cut with a
cryostat and collected on chrome-gelatin-precoated glass slides. Sections
were preincubated with a solution of 1.25% (v/v) H,O, in absolute methanol
to inhibit endogenous peroxidase activity and then with 2% (v/v) normal
swine serum in PBS to block nonspecific binding sites. Sections were incu-
bated at 4°C for 24 hr with purified antibodies 63-4 and PPcCCl1 (directed
against a C-terminal peptide of ccCNGCq; Bonigk et al., 1993). Antibodies
were diluted 1: 20 to 1:100 in PBS containing 0.25% Triton X-100, 0.2%
sodium azide, and 0.1% bovine serum albumin. Finally, sections were se-
quentially treated with biotinylated anti-rabbit IgG (Dakopatts, Copenha-
gen, Denmark) (1:250) added to 2% (v/v) normal chick serum (60 min at
20°C), with rabbit PAP (Dakopatts) (1:200; 30 min at 20°C) and with ABC
(ABC-Elite, Vector, Burlingame, CA) (1:250; 30 min at 20°C). For visual-
ization of the peroxidase activity, the nickel glucose oxidase technique
was used (Zaborszky and Léranth, 1985). The solution contained 3',3'-
diaminobenzidine, glucose oxidase, glucose, ammonium chloride, and
nickel(II)-sulfate hexahydrate in PB.

Bovine pineal organs were fixed by immersion in Bouin’s fluid for 12
hr at 20°C. Subsequently, tissue blocks were embedded in paraffin and
sections (6 wm) were mounted on chrome-gelatin-precoated glass
slides. After being deparaffinized and rehydrated, sections were treated
in the same way as described above for chick; however, biotinylated
anti-rabbit IgG was added in 2% fetal calf serum/PBS. Antibody PPc15
directed against bcCNGCa (Weyand et al., 1994) was diluted 1:100.

In control experiments, sections were used in which primary, secondary, or
tertiary antibodies were omitted and in which only the development of the
peroxidase activity was performed. For negative controls, antibodies in their
optimal dilution were preadsorbed with 20 ug/ml of the corresponding
antigen, or, alternatively, sections were incubated with normal rabbit serum.
For positive controls, sections were treated with a monoclonal antibody
against hydroxyindole-o-methyl-transferase (HIOMT), which specifically
stains pinealocytes (Sato et al., 1994).

Functional expression. The chick cone CNG channel was expressed in
Xenopus oocytes and splice variants in a human embryonic kidney cell
line (HEK 293). For the expression in Xenopus oocytes or HEK 293
cells, cDNA was subcloned into vectors pGEM-HE (Liman et al., 1992;
gift of Dr. Tytgat, Leuven, Belgium) or pcDNAI (Invitrogen), respec-
tively. A perfect Kozak consensus sequence preceding the start codon
was introduced in all plasmids used for expression (Kozak, 1984).
cRNA was synthesized in vitro using the respective linearized plasmid
cDNA as template. In vitro transcription of cDNA, injection of cRNA
into oocytes, and preparation of oocytes for patch-clamp experiments
were performed as described (Bonigk et al.,, 1993, and references
therein). Expression in HEK 293 cells was performed as described in
Baumann et al. (1994). Dose-response relations of cGMP-activated
currents were studied in excised inside-out patches of plasma mem-
brane as described for oocytes (Altenhofen et al., 1991; Bonigk et al.,
1993) and HEK 293 cells (Baumann et al., 1994). The solution in the
pipette and the perfusion medium contained (in mm): 100 KCI, 10
HEPES-KOH, pH 7.4, and 10 EGTA-KOH. Leak currents recorded in
the absence of cGMP were subtracted from currents measured in the
presence of the ligand (5-1000 um cGMP).

The CaM sensitivity of cGMP-activated currents was determined in
either oocytes (ccCNGCa) or HEK 293 cells (ccCNGCaA5-6). The
experimental procedures for either expression system were similar. For
HEK 293 cells, KCl-based solutions were used; however, to suppress
Ca?"-activated CI~ currents in the oocyte membrane, KCI was replaced
by K*-gluconate. An intrapipette salt bridge similar to that described by
Baumann et al. (1994) was used. The basic solutions in the pipette and the
bath contained (in mm): 100-120 K* salt, 10 HEPES-KOH, pH 7.4, and
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Figure 1.

Gene structure of the chick cone CNG channel. 4, Top, Restriction map of chromosomal DNA encompassing exons 1-9 of the chick cone CNG

channel gene. B, BamHI; E, EcoRI, S, Sacl; X, Xbal. A, Bottom, Comparison of the exon structure of the chick cone CNG channel (ccCNGCa) and the
human rod CNG channel (hr CNGCew; Dhallan et al., 1992) with the transmembrane topology of CNG channels. Solid and open boxes, respectively, refer
to noncoding and coding regions of exons. Gray boxes refer to transmembrane segments S1-S6, the pore region, and the cGMP-binding site (cGMP); the
striped box indicates the highly charged domain in the N-terminal region of the polypeptide. The arrows refer to primer pairs CC1/CC2, CC3/CC4, and
CC5/CC6 used for amplification of cone-specific cDNA fragments, or to the primer pairs CR1/CR2, CR3/CR4, and CR1/CRS5 used for amplification of
rod-specific cDNA fragments. B, Nucleotide sequence (with splice junction donor and acceptor sequences of exon/intron boundaries in the cDNA) and
deduced amino acid sequence of ccCNGCe. Intron sequences at intron/exon boundaries are given in small letters. Numbering of nucleotide positions
refers to the cDNA sequence and begins with +1 at the adenine nucleotide of the start codon. Figure continues.

the indicated additions of EGTA, nitrilotriacetic acid (NTA)/Ca* buffer,
CaM, and cGMP.

After excision, the membrane patch first was perfused for 1-2 min with
a solution containing 10 mmM EGTA to remove all endogenous CaM that
might have been bound to the channel in the oocyte or the HEK 293 cell.
Subsequently, leak currents were recorded in a solution containing 50 um
free Ca®>" (0.8 mM Ca®" salt and 2 mm NTA). Finally, current-voltage
(I-V) relations were recorded in 50 uMm free Ca** with and without CaM
(0.6-1.2 uM) at saturating (500 um) and nonsaturating (20 uM) concen-
trations of cGMP.

RESULTS

Characterization of CNG channel transcripts and
organization of the chick cone CNG channel gene
Expression of CNG channels in pineal tissue was examined by
PCR, using as template first-strand cDNA synthesized from pineal
poly(A™) RNA. Overlapping cDNA fragments were amplified by
two sets of primers specific for the CNG channel a-subunit of
either chick rod (crCNGCa) or cone photoreceptor (ccCNGCa)
(Bonigk et al., 1993). No amplification products could be detected
using primers for the CNG channel a-subunit of chick olfactory
epithelium (coCNGCa), indicating that only photoreceptor CNG
channels are expressed in the pineal.

Primer pairs were chosen that allow amplification of the entire
coding region in two overlapping fragments (for positions of
primers, see Fig. 14). PCR with the ccCNGCa-specific primer
pair CC1/CC2 produced two fragments, which were both shorter
than expected from the structure of the cDNA cloned from retina
(clone pCCG8B of Bonigk et al., 1993). Sequencing of cloned

fragments revealed that segments of different length were missing
in the region coding for the intracellular N-terminal domain (Fig.
2A). Amplification with primer pair CC3/CC4 produced a single
fragment that matched in size and sequence the corresponding
fragment amplified from pCCGS8B. These results suggest that two
alternatively spliced forms of ccCNGCa are expressed in the
pineal organ.

To exclude possible PCR artifacts, we elucidated the structure
of the cone CNG channel gene. Comparison of genomic and
cDNA sequences revealed that the ccCNGCa gene is composed
of at least nine exons (Fig. 14). We cannot exclude the possibility
that additional exons exist in the 5" noncoding region. Consensus
sequences of donor/acceptor splice sites are observed at most of
the exon/intron boundaries (Fig. 1B). The boundaries of exon 5
and 6 are identical with the positions of deletions. Thus, alterna-
tive splicing in the pineal produces an internal in-frame deletion
of either 44 or 62 codons belonging to exons 6 or 5 and 6,
respectively. The longer channel form, designated ccCNGCaA6,
encodes a polypeptide of 691 amino acid residues with a calcu-
lated M,, of 79.5 kDa; the shorter channel form, designated
ccCNGCaAS5-6, encodes a polypeptide of 673 amino acid residues
with a M, of 77.4 kDa.

The genomic organizations of the human rod (hrCNGCe;
Dhallan et al., 1992) and chick cone CNG channels are similar in
that the N-terminal third of both polypeptides is encoded by seven
small exons, whereas the C-terminal two thirds, following trans-
membrane segment S2, are encoded by a single large exon (Fig.
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I I A A P V F Y N W C ML I C R A C F D EL Q I D H I K L 244
ATAATCGCAGCACCTGTGTTCTATAACTGGTGTATGCTTATATGCAGgta - intron - tagAGCCTGCTTTGATGAGCTACAAATTGACCATATTAAATTA 732
s2
WL FLDJYOCSDTITIZYVFDMTFVRFTR RT G F L EGQG L 273
TGGCTGTTCCTGGACTATTGCTCTGACATCATCTATGTTTTTGACATGTTTGTCAGATTCAGGACAGEtg —- intron - aagGCTTCCTTGAGCAAGGCTTG 819
S3
L VKDTETZ KT KTLT RDEHTYTS QTVQF K LDUVLSZLTLTZPTTDTLATYZLZKL 308
CTGGTAARGGACGAAAAGAAGTTACGAGATCATTATACCCAAACTGTGCAGTTCAAGCTGGACGTGCTGTCTCTTCTGCCAACAGACCTGGCGTATCTGAAGCTG 924
sS4
G L N Y P EL RF NRUILILWU RTIARULFET FT FDIRTETRTN Y P N M F 343
GGGCTGARCTACCCTGAGCTGCGATTTAACCGCTTGCTGAGGATCGCTCGCCTGTTTGAATTTTTTGACCGCACAGAAACCAGGACAAAT TATCCAAACATGTTT 1029
S5
R I ¢ NL V LY TIZLTITITIHWNASCTITYTFA ATISZ KTVTIGTFGTTDSWYV 378
CGTATTGGAAATCTTGTCTTGTACATTCTTATCATCATCCACTGGAATGCGTGTATATACTTTGCAATTTCAAAGGTAATTGGCTTCGGAACCGACTCTTGGGTC 1134
pore
Y P NV S I PEZYGRTLS®RTEKTYTIYSLYWSTTZLTTZLTTTIGTETFP P 413

TACCCCAACGTGTCCATCCCAGAGTATGGGCGCCTGTCGAGAAAGTACATTTACAGCCTGTATTGGTCGACGCTGACATTAACAACCATTGGGGAAACTCCTCCG 1239

S6
P V K DEEYLF VV IDF LV GGV L I FATTIVGDNUV G S MTI S N M 448
CCTGTGAAGGACGAGGAGTATCTCTTTGTGGTCATTGACTTCCTGGTGGGTGTGTTGATCTTCGCTACCATTGTCGGTAACGTGGGCTCCATGATTTCCAACATG 1344
N A S R A EF QA K VD S TI K QY MH FRI KV T KDT LEA AU RUVTII KWTF 483
AATGCGTCCAGGGCAGAATTCCAGGCCAAAGTCGATTCCATTAAACAGTACATGCATTTCCGAAAGGTAACGAAGGATTTGGAAGCCAGGGTTATTAAGTGGTTT 1449
D ¥ L WTNX K TV DEIKEV L KWNILU®PDI KTILIKAZETIATINUVHTLDT 518

GATTATCTCTGGACCAATAAGAAAACAGTGGATGAAAAGGAAGTTCTCAAARATCTGCCCGACAAGCTGAAGGCTGAAATCGCCATCAACGTCCATTTGGACACG 1554

L K K VR I F @ D C EAG L LI EL VL KTULI KU PTVF S P GD Y I CK 553
CTGAAGAAAGTGCGTATATTCCAGGATTGCGAAGCTGGGCTGCTCATCGAGCTGGTGCTGAAACTGAAACCTACTGTCTTCAGTCCTGGGGACTACATTTGCAAG 1659

cGMP-binding domain
K ¢ DI GREMYTITIZKTEGE KTLAVVYVYADDGTITOTFVVILSDGS Y 588
AAGGGAGATATTGGGAGGGAAATGTACATTATAAAGGAGGGARAATTGGCAGTGGTGGCAGACGATGGTATAACCCAATT TGTAGTCCTGAGTGATGGCAGCTAC 1764

F G E I s I L N I K G 8 K $ G NIRURTANTIURS I G Y $ DL F C L S K 623
TTCGGTGAAATCAGCATCCTCAACATCAAAGGCAGCAAATCTGGCAACAGCGAGGACAGCCAACATAAGCGAGTATCGGTTATTCGGATTTGTTCTGCTTGTCTAAA 1869
D DL MEALTETYUPEA AI K K ATLTEEI KT GRZ ©OQTIUILMTEKT DNTLTIDTEE A 658
GATGATTTAATGGAAGCCCTCACAGAATACCCAGAAGCCAAAAAGGCTCTGGAAGAGAAGGGCCGACAAATTCTGATGAAAGACAATTTAATAGATGAGGAAGCA 1974
A K A G A D P X DL EEIKIDA RTULETATLUDTULOGQT®RFARTILTILAZEY 693

GCAAAAGCAGGAGCTGACCCAAAAGACTTGGAAGAAAAAATAGACAGGCTTGARACAGCCCTGGATACGCTGCAGACGAGGTTTGCGAGGCTCCTGGCAGAGTAC 2079

S 8 s Q Q K V X Q R L ARV ETWZ RV IKI K YG S G S L 8§V G E P E P E K 728
AGCTCTTCTCAACAGAAAGTTAAGCAGAGACTTGCCAGAGTAGAAACCAGAGTGAAAAAATACGGTAGTGGCTCCTTATCCGTTGGAGAACCAGAGCCTGAARAA 2184
P E E Q0 K R D 735

CCTGAGGAGCAGAAAAAGGACTGATAGAGTATTTATATTTCATTACTTAAGGGAGAAGGTTGGAATGTGTGAAAGCCATAAATGTATATARATACGTGTGTGCAC 2289
ACATAGCCATGATTATTTTTATATGGACTTGAGAATGGTTTTTAGCATTTTTAACTGAAGCAGAATTTTCTTGTAAATAGGATAACGTCACCTTCTTCGTAGGGG 2394
AGATTTGGTCCATCATTTGGGTACATTTTTGTACTGGGAGTGGATTTCTTCTAAGTTGTGCTCAGACCATCCAGTGCGCGTATGGCATGTGTAGGTCTTGACACA 2499

CTCTATTCACACACACATTGTGTTAAGAAGGCATTATACTTAAAGTAGAGGGATTGTTATGATTTTTTTATTATTATTT 2578

Figure 1 continued.
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Figure 2. Transcript structure of ccCNGCa and cr CNGCa. Blot hybrid-
ization of PCR fragments amplified from cDNA with ccCNGCa-specific
(A4) and crCNGCa-specific (B) primer pairs (CC5/CC6 and CR1/CRS,
respectively). The blot was hybridized with radioactively labeled DNA
probes amplified with the same primer set and using cDNA clones pCCG6
and pCCG8B (Bonigk et al., 1993) as templates. Lanes in A: 1, retina; 2,
pineal; 3, testis. Lanes in B: 1, retina; 2, pineal. For negative control PCR,
no hybridization signals were detected (data not shown).

14,B). Exons 3, 4, 5, 8, 9, and 10 of hrCNGCa correspond to
exons 2, 3, 5, 7, 8, and 9 of ccCNGCa, respectively. Exons 6 and
7 of hrCNGCa correspond to a single exon 6 in the ccCNGCa
gene. The equivalent of exon 4 in the ccCNGCa gene is missing
in the hrCNGCa gene (see below).

With each of the crCNGCa-specific primer pairs CR1/CR2 and
CR3/CR4 (see Fig. 1A4), single fragments were amplified from
retinal and pineal cDNA, which matched in size and nucleotide
sequence the corresponding fragments amplified from cDNA
encoding crCNGCua (clone pCCG6 of Bonigk et al., 1993) (also
see Fig. 2B). This result demonstrates that no splice form of the
rod CNG channel exists in either retina or pineal.

The cellular responses of pinealocytes and their control by
neural pathways are fundamentally different in mammals and
birds (Takahashi et al., 1989). Therefore, we also examined the
expression of CNG channels in bovine pineal tissue. Fragments
encoding CNG channel a-subunits of rod and cone photorecep-
tors could be amplified using bovine pineal cDNA (data not
shown), which were identical to the fragments amplified from
cloned cDNA (clone pCGTE of Weyand et al., 1994, and clone
pRCG1 of Kaupp et al.,, 1989). Thus, in bovine pineal, only the
respective photoreceptor forms of channel a-subunits exist.

Expression of splice variants in other tissues

To examine whether pineal splice forms of ccCNGCa occur in
other tissues as well, primer pair CC5/CC6 instead of CC1/CC2
was used, which amplifies smaller fragments of the respective
region and thereby facilitates detection of bands with a different
size. Amplification of pineal cDNA with primer pair CC5/CC6
produced two fragments of 324 bp and 378 bp (Fig. 24, lane 2),
whereas only a single fragment of 510 bp was amplified from
retinal cDNA (Fig. 24, lane 1), which was identical to the corre-
sponding fragment amplified from cloned cDNA of ccCNGCe.
This result demonstrates that the pineal splice variants of
ccCNGCa are not expressed in the retina.

Recently, it has been reported that the o-subunit of the cone
CNG channel is expressed in bovine spermatozoa (Weyand et al.,
1994). Therefore, we analyzed the transcript structure of CNG
channels expressed in chick testis with the same set of primers. A
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single fragment of 324 bp was amplified (Fig. 24, lane 3). This
fragment was identical to the shorter fragment amplified from
pineal cDNA, suggesting that one of the pineal forms of
ccCNGCa is also expressed in chick spermatozoa.

Figure 2B illustrates the absence of any splice variants of the
rod CNG channel in the pineal and the retina.

Immunocytochemical localization

Using antibody 63-4 directed against a C-terminal peptide from
ccCNGCa (Bonigk et al., 1993), immunoreactivity was revealed in
chick pineal organs. Antibody 63-4 stained the apical region of
most cells that reach into the lumen of the pineal follicle (Fig.
3A4,B). These cells most likely represent modified pineal photore-
ceptors consisting of a rudimentary outer segment and an inner
segment. Immunoreactivity was also detected in the basal part of
the follicle, where para-follicular pinealocytes are localized (Voi-
sin et al., 1988). When antibody 63—-4 was omitted (data not
shown) or was preincubated with the corresponding antigen (Fig.
3E), no staining of chick follicular pinealocytes was observed.
Similar results were obtained with another antibody against the
same channel peptide (PPcCCl; data not shown).

Antibody PPcl15, directed against the C-terminal domain of the
bovine cone CNG channel bcCNGCa (Weyand et al., 1994),
stained few circular or ellipsoid structures in the lateral aspects,
i.e., the cortex, of the bovine pineal (Fig. 3C,D). Some of these
structures (& ~4-5 um) are smaller than the majority of bovine
pinealocytes (J ~15-18 um). Small cellular structures were also
recognized by an HIOMT antibody that specifically stains pine-
alocytes. It is difficult to decide whether these structures represent
a subset of small pinealocytes or subcellular compartments, which
could indicate a regional expression of the antigen within a cell.
When antibody PPc15 was omitted (Fig. 3F) or was preincubated
with the corresponding antigen (data not shown), no staining of
cells in the periphery of the bovine pineal was observed.

Functional expression

When injected into Xenopus oocytes, cCRNA derived from clone
pccCNGCaA6 did not give rise to ¢cGMP-stimulated currents.
Expression in a human embryonic kidney cell line (HEK 293) was
also not successful. Antibody PPcCC1 that specifically recognizes
ccCNGCa (Bonigk et al., 1993) only weakly stained a few trans-
fected HEK 293 cells. We did not further pursue heterologous
expression of ccCNGCaA6. Expression of the shorter splice vari-
ant ccCNGCaA5-6 in oocytes or HEK 293 cells gave rise to
c¢GMP-stimulated channel activity.

Figure 4 shows a series of macroscopic /- recordings from
inside-out patches of HEK 293 cells at different concentrations of
c¢GMP. Mean values for half-maximal activation K»» = SD (num-
ber of experiments) and the Hill coefficient n determined from the
Hill equation I/I,,,, = C25/(Clg + K2") for ccCNGCaAS5-6 were
241 = 8.1 uM,n = 1.8 £ 0.5 (10) at —80 mV, and 14.6 = 6.2 uMm,
n =19 * 0.6 (10) at +80 mV. Mean values for K- of the chick
ccCNGCa were 47 = 8.5 uM,n = 2.1 £ 0.5 (6), and 23.5 = 9.2 um,
n=21=05(6) at —80 mV and +80 mV, respectively.

Modulation by Ca®?*/CaM

Exon 4 of ccCNGCa encodes a segment of 61 amino acid residues
that is highly homologous to a slightly shorter N-terminal region
in CNG channels of OSNs. Sequence alignment of this region
from two cone-specific and two olfactory-specific CNG channels is
shown in Figure 5. In the rat olfactory CNG channel, this segment
carries a CaM-binding site (Liu et al., 1994), which provides the
channel with a pronounced CaM sensitivity. In contrast, the
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Figure 3. Immunohistochemical local-
ization of cone CNG channel in chick and
bovine pineal organ. A, Horizontal cryo-
stat section (12 wm) of the chick pineal
organ stained with antibody 63-4 and
visualized by peroxidase reaction. Cells of
two pineal follicles are labeled, whereas
pinealocytes outside the follicle are
stained less prominently. Scale bar, 20
mm. B, Same as in 4 at higher magnifi-
cation. Scale bar, 10 um. C, Horizontal
paraffin section (6 wm) of the bovine pi-
neal organ stained with antibody PPc15
and visualized by peroxidase reaction.
PPcl15 immunoreactivity is observed in
only a few cells in the cortex of the pineal,
whereas cells of the medullary part of the
organ are not labeled. Scale bar, 20 um.
D, Same as in C at higher magnification.
Scale bar, 10 um. E, Control section of
chick pineal. Specific staining is abolished
after preincubation of antibody 63—4 with
the respective antigenic peptide (20 ug/
ml). Scale bar, 20 wm. F, Control section
of bovine pineal. No staining was ob-
served when the primary antibody PPc15
was omitted. Picture was taken with No-
marski optics. Scale bar, 20 um.
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Figure 4. Activation of splice variant
ccCNGCaAS5-6 by cGMP. Series of I-} record-
ings in the presence of different cGMP concen-
trations. Inside-out patch of HEK 293 cells trans-
fected with plasmid pccCNGCaA5-6. The inset
shows the dose-response relation at —60 mV.
The Kv- value was 30 um, and the Hill coefficient
was n = 1.8. The cGMP concentrations were trace
1,5 uM; 2, 10 uM; 3, 20 um; 4, 30 uM; 5, 50 pM;
6, 80 uM; 7, 100 uMm; 8, 300 uM; 9, 1000 um.
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Figure 5. Sequence comparison of regions containing a CaM-binding motif in cone and olfactory CNG channels. Sequence alignment of exon 4-encoded
region of ccCNGCa with a homologous region of CNG channels from bovine cone photoreceptor (bcCNGCa; Weyand et al., 1994), rat olfactory
epithelium (roCNGCeq; Dhallan et al., 1990), and fish olfactory epithelium (foCNGCa; Goulding et al., 1992). Arrowheads indicate the two aromatic or
long-chain amino acid residues; + indicates the basic residues; and 4 refers to hydrophobic residues in the amphiphilic domain of the CaM-binding site.
The stars above the sequences indicate that at least three residues at this position are identical; open circles indicate that at least three residues at this

position are conserved.

a-subunit of the rod CNG channel, which is lacking this segment,
requires for CaM sensitivity a 240 kDa polypeptide (Hsu and
Molday, 1993) that has been identified as B-subunit (Korschen et
al., 1995). The CaM-binding motif is characterized by two aro-
matic or long-chain residues separated by 12 amino acid residues
and by a basic amphiphilic structure (Fig. 5B) (O’Neil and De-
Grado, 1990; Ikura et al., 1992). A CaM-binding motif suggests
that the activity of cone similar to olfactory CNG channels may be
modulated by binding of CaM to the a-subunit.

This prompted us to examine the modulation of cGMP-
activated currents of the cone CNG channel by Ca®*/CaM. Figure
6A4 shows an experiment with ccCNGCe. In the presence of
saturating cGMP concentrations (500 um), only a small or no
difference was observed between current recordings with or with-
out 1.2 um CaM and with 50 um Ca®* in the perfusion medium
(Fig. 6A, traces 1 and 2). When the cGMP concentration (20 um)
roughly equalled the Kv: value of channel activation, however, the

current was suppressed almost twofold by Ca®"/CaM (Fig. 64,
traces 3 and 4). The current suppression by Ca®>*/CaM was re-
versible. When the patch was perfused for a few minutes with
EGTA and no CaM, the current amplitude recovered and usually
reached the value before perfusion with CaM. Occasionally, the
current level did not recover completely. Because the saturating
current was also decreased, this effect was not attributable to
incomplete removal of CaM but rather was attributable to unspe-
cific run-down of patch current.

We also examined whether channel modulation by Ca**/CaM
is altered in the splice variant ccCNGCaA5-6. Figure 6 B shows
I-V recordings with ccCNGCaAS5-6 similar to those shown in A
for ccCNGCa. The current at a subsaturating cGMP concentra-
tion was reduced significantly in the presence of CaM (600 nm),
similar to the effect observed with ccCNGCu (Fig. 6B, fraces 3 and
4). At a saturating cGMP concentration, CaM had no effect (Fig.
6B, traces 1 and 2). In conclusion, the significantly shorter region
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Figure 6. Modulation of channel activity by Ca**/
CaM. A, Effect of Ca?"/CaM on the cGMP-
activated current of ccCNGCa expressed in Xeno-
pus oocytes (inside-out patch). The bath solutions
contained 120 mM K" -gluconate, 10 mm HEPES-
KOH, 50 uM Ca", and the following additions: 500
uM cGMP (trace 1); 500 um cGMP and 1.2 um
CaM (trace 2); 20 um cGMP (trace 3); 20 um cGMP
and 1.2 uM CaM (trace 4). B, Effect of Ca**/CaM
on the cGMP-activated current of splice variant
ccCNGCaAS5-6 expressed in HEK 293 cells. Same
conditions as in 4 except that the CaM concentra-
tion was 600 nM, and the solution was based on KCI
instead of K" -gluconate.
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Table 1. Modulation of K, ,, values by Ca>*/calmodulin

Values of K, (uM)*

. —80 mV +80 mV

Experiment

no. —CaM +CaM AK, ), —CaM +CaM AK, ),
ccCNGCua 1 42 55 13 28 33 5

2 42 53 11 15 25 10

3 38 55 17 17 35 18
ccCNGCaA5-6 1 25 55 30 15 33 18

2 23 40 17 12 28 16

3 22 55 33 13 32 19

4 38 50 12 27 33 6

“Values were determined from at least four cGMP concentrations.

between the putative CaM-binding site and the first membrane-
spanning segment S1 in the pineal form of the cone CNG channel
does not alter the Ca**/CaM effect.

Table 1 summarizes modulation of K. values by Ca?*/CaM
from several experiments with ccCNGCa and ccCNGCaAS-6.
The effect was small but was observed consistently in all experi-
ments and was of similar size as that reported for the rod CNG
channel (Hsu and Molday, 1993; Gordon et al., 1995; Korschen et
al., 1995; Nakatani et al., 1995).

DISCUSSION

Expression of CNG channels in the pineal

Here we demonstrate by PCR analysis of the respective cDNA
that the a-subunit of the cone photoreceptor CNG channel itself
or two shorter splice variants are expressed in the pineal organs of
bovine and chick, respectively.

Antibodies against the chick cone CNG channel recognize the
majority of modified photoreceptors in the chick pineal follicle,
although the immunoreactivity seems to be weaker as compared
with cone photoreceptors (Bonigk et al., 1993, their Fig. 5). In the
bovine, only few cells in the periphery of the pineal are labeled by
an antibody specific for the bovine cone channel. A similar label-
ing pattern has also been observed in the rat pineal with an
antibody directed against recoverin (Korf et al., 1992). Although
rod CNG channel-specific sequences can be amplified from pineal
cDNA of chick and bovine (Distler et al., 1994; Schaad et al.,
1995), two different antibodies directed against the bovine rod
CNG channel failed to specifically mark pineal tissue (data not
shown). This discrepancy and the moderate staining of the chick
pineal with the cone channel-specific antibody probably arises
from a low channel density. This conclusion is supported by
studies that estimated that excised membrane patches of chick
pinealocytes contain 3-10 copies of a CNG channel (Dryer and
Henderson, 1991, 1993). This channel density is roughly 100-fold
lower than in the outer segment membrane of rod photoreceptors,
but of the same order as that observed in the inner segment of rod
(Matthews and Watanabe, 1988; Torre et al., 1992) and the
synaptic region of cone (Rieke and Schwartz, 1994) photorecep-
tors. In these regions, CNG channels also escape unequivocal
detection by immunohistochemical methods (F. Miiller, unpub-
lished observations).

Previously, components of the light-dependent enzyme cascade
of retinal photoreceptors, such as arrestin, recoverin, rhodopsin
kinase, phosducin, guanylate cyclase, and cGMP-specific phos-
phodiesterase, have been demonstrated in the pineal (Kalsow and
Wacker, 1978; Somers and Klein, 1984; Korf et al., 1985;

Palczewski et al., 1990; Reig et al., 1990; Korf et al., 1992;
Carcamo et al., 1995; Yang et al., 1995; for reviews, see Lolley et
al., 1992; Korf, 1994). Some polypeptides have been identified by
cloning or isotype-specific antibodies. For example, pineal arrestin
and phosducin are virtually identical with their rod photoreceptor
forms (Abe and Shinohara, 1990; Abe et al., 1990), whereas the
cone-specific PDE is present in rat and bovine pineal (Carcamo et
al., 1995). Pinopsin, a unique rhodopsin-like molecule, is ex-
pressed exclusively in the pineal (Okano et al., 1994; Max et al.,
1995). Our results demonstrate that for the CNG channel both
rod and cone photoreceptor isoforms and some splice variants
co-exist in the pineal. In conclusion, the pineal polypeptide inven-
tory seems to be rather complex, raising several intriguing ques-
tions. Are the rod- and cone-specific isoforms of signaling com-
ponents expressed in the same cells or in different subtypes of
pinealocytes? Do pineal signaling pathways mix components from
rod and cone photoreceptors or are these segregated to different
cellular regions where they subserve diverse functions? It will be
an interesting and formidable task for future research to answer
these questions with immunohistochemical techniques on a cellu-
lar or subcellular level.

Physiological function

The existence of different splice forms and the dissimilar expres-
sion pattern of the cone CNG channel in bovine and chick pineal
could reflect the difference in the regulation of pineal function in
mammals and birds. Modified pinealocytes of birds and lower
vertebrates retained light sensitivity, and the cone CNG channel is
likely to be involved in light-dependent signaling in rudimentary
outer segments. At sites of synaptic input by VIP and NE, which
are known to increase cellular cGMP concentrations, the cone
CNG channel, because of its high Ca®*" permeability (Perry and
McNaughton, 1991; Frings et al., 1995; Picones and Korenbrot,
1995), could serve as a Ca*>* entry pathway and mediate the rise
in [Ca®*]; by VIP (D’Souza and Dryer, 1994) or other neurotrans-
mitters. This may even be the exclusive function in mammalian
pinealocytes that do not respond to light.

The splice variants of the cone CNG channel in the chick pineal
are lacking a highly charged segment in the N-terminal region
encoded by exon 6. This segment is present in CNG channels from
both rod and cone photoreceptors (Bonigk et al., 1993) but is
much less pronounced in olfactory CNG channels. In this respect,
the two splice variants are more akin to the olfactory CNG
channel. The N-terminal region, by allosteric interaction with the
ligand binding site in the C terminus, co-determines the ligand
sensitivity (Goulding et al., 1994), which is higher in olfactory than
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in photoreceptor CNG channels. Therefore, the shorter
N-terminal region in the splice variant most likely is responsible
for the twofold higher ligand sensitivity compared with the com-
plete cone CNG channels. Other functions of this region, if any,
are not known; it may control assembly of the multimeric channel
complex or direct expression of splice variants to different sites
such as, for example, the rudimentary outer segment or the
synaptic region of the cell.

Modulation by Ca?*/CaM

It has been shown previously that rod and olfactory CNG channels
are modulated by Ca**/CaM (Hsu and Molday, 1993; Chen and
Yau, 1994), whereas a similar modulation has not yet been dem-
onstrated for the native cone CNG channel. Ca®*/CaM can de-
crease the cAMP sensitivity of the olfactory CNG channel by
almost 20-fold (Chen and Yau, 1994). A segment of roughly 16
residues in the N-terminal region has been identified as a CaM-
binding site in the a-subunit of the rat olfactory CNG channel
(Liu et al., 1994). The effect of CaM on the rod CNG channel is
at least 10-fold weaker (Hsu and Molday, 1993; Gordon et al.,
1995; Nakatani et al., 1995) and requires the 240 kDa B-subunit
(Hsu and Molday, 1993; Korschen et al., 1995). Thus, the extent
and site of modulation by Ca®*/CaM is different for rod and
olfactory CNG channels.

The region of the cone CNG channel a-subunit encoded by
exon 4 is highly homologous to a region of the olfactory CNG
channel that harbors the CaM-binding site. At first sight, both
conservation of this motif and the moderate yet significant CaM
sensitivity of chick cone a-subunit would argue for a regulatory
role of Ca®>*/CaM in vivo. Several observations, however, caution
against a rash interpretation. First, although the binding motifs in
cone and olfactory CNG channels are rather similar, the Ca**/
CaM effect in the cone a-subunit is much smaller than in the
olfactory a-subunit. In fact, it is as small as that in the native rod
CNG channel (Gordon et al., 1995; Korschen et al., 1995; Naka-
tani et al., 1995). CaM-binding motifs similar to those in the
a-subunits of cone or olfactory CNG channels, however, cannot
be identified in the B-subunit that confers CaM sensitivity to the
rod CNG channel (Hsu and Molday, 1993; Korschen et al., 1995).
This suggests that sites for CaM recognition must be significantly
different in a- and B-subunits. Finally, no modulation by Ca**/
CaM was detected for the native cone CNG channel from catfish
(Haynes and Stotz, 1996) and the heterologously expressed bovine
cone CNG channel a-subunit (F. Miiller, unpublished
observations).

Recently, Gordon et al. (1995) provided some preliminary
evidence that an unknown cellular factor, in addition to or instead
of CaM, may control CNG channel activity in rod photoreceptors.
An unknown factor may also control the activity of the cone CNG
channel by binding to a site that can be used promiscuously by
CaM in some but not all species. It will be an important task for
future research to characterize the physiological significance of
this putative CaM-binding motif.
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