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The cyclic GMP-gated cationic channels of vertebrate photo-
receptors are essential for visual phototransduction. We have
examined the developmental regulation of cGMP-gated chan-
nels in morphologically identified cones in the chick retina.
Expression of cone-type cGMP-gated channel mRNA can be
detected at embryonic day 6 (E6), but expression of functional
channels, as accessed by patch-clamp recordings, cannot be
detected until E8. Plasma membrane channels in embryonic
cones have a high turnover rate because inhibition of protein
synthesis or disruption of the Golgi apparatus causes an almost
complete loss of functional cGMP-gated channels within 12 hr.
Different subpopulations of cones begin to express functional
channels at different developmental stages, but all cones ex-
press channels by E10. Expression of cGMP-gated channels in
at least one cone subpopulation appears to require one or more
soluble differentiation factors, which are presumably present in

the normal microenvironment of the developing retina. Applica-
tion of chick embryo extract (CEE), a rich source of trophic
factors, causes marked stimulation of cGMP-gated channel
expression in chick cones at E8, but not at E6. Inhibition of MAP
kinase (Erk) signaling using PD98059, or inhibition of PI3 kinase
signaling by LY294002, blocked the stimulatory effects of CEE
on E8 cones. Several recombinant trophic factors were also
tested, but none could mimic the stimulatory effects of CEE on
channel expression. In summary, the developmental expression
of cGMP-gated cationic channels in embryonic cones appears
to be regulated by epigenetic factors. The ability of cones to
respond to these epigenetic factors is also developmentally
regulated.
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The cGMP-gated cationic channels of photoreceptors are es-
sential elements of vertebrate phototransduction cascades (for
review, see Stryer, 1986; Molday and Molday, 1998). Consid-
erable progress has been made toward understanding the mo-
lecular aspects of gating (Liu et al., 1996, 1998; Ruiz and
Karpen, 1997; Matulef et al., 1999; Paoletti et al., 1999; Sham-
mat and Gordon, 1999), permeation (Goulding et al., 1993;
Root and MacKinnon, 1993, 1994; Dzeja et al., 1999; Seifert et
al., 1999), and modulation (Gordon et al., 1992; Hsu and
Molday, 1993; Molokanova et al., 1997, 1999a,b, 2000; Grun-
wald et al., 1998; Weitz et al., 1998) of these channels. In
contrast, little is known about regulation of the developmental
expression of these channels in photoreceptor plasma mem-
branes. This is an important question, because reduced plasma
membrane expression of these channels leads to photoreceptor
degeneration in rodents (LeConte and Barnstable, 2000) and
humans (Dry ja et al., 1995).

In developing rat rods, the expression of cGMP-gated chan-
nel a-subunit transcripts can be detected by the time of birth
(Ahmad et al., 1990). Immunochemically detectable rod-type
cGMP-gated channel a-subunits are not initially detected until
the seventh postnatal day and increase thereafter (Chiang and
Barnstable, 1998). The expression of cGMP-gated channel
proteins in rats coincides with the expression of several other
rod outer segment proteins, including opsins (Treisman et al.,

1988; He et al., 1998), arrestins (Ni et al., 1992), and cGMP
phosphodiesterase (He et al., 1998). However, the stages at
which functional cGMP-gated channels are expressed in pho-
toreceptor plasma membranes has not been determined in any
species or cell type, and it is not known whether the normal
expression of these channels is regulated by inductive cell–cell
interactions or trophic factors.

The differentiation of photoreceptors has been extensively
studied in embryonic chicks (for review, see Adler, 1993), and
these cells are well suited for studies of neuronal differentiation.
A significant technical advantage of the chick is that at least one
class of photoreceptor, the cones, can be readily identified in
dissociated retinal cell cultures on the basis of morphological
criteria in unstained cells. Postmitotic cells in the vertebrate
retina can differentiate into several different cell types, but several
lines of evidence suggest that photoreceptors represent the “de-
fault” pathway for differentiation of postmitotic chick retinal cells
(Adler, 1986; Adler and Hatlee, 1989; Repka and Adler, 1992;
Belecky-Adams et al., 1996). The fate of developing chick retinal
cells can be influenced by application of various trophic factors,
including CNTF (Fuhrmann et al., 1995, 1998a), BDNF (Das et
al., 1997; Frade et al., 1997), and bFGF (Hicks and Courtois,
1992; Lillien and Cepko, 1992), which are endogenously ex-
pressed in the chick retina.

The purpose of the present study was to determine the devel-
opmental stages at which functional cGMP-gated cationic chan-
nels are first detectable in morphologically identifiable embryonic
chick cone photoreceptors, to determine whether this develop-
mental time course is regulated by trophic factors, and to provide
information as to the turnover rate of plasma membrane
channels.
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MATERIALS AND METHODS
Cell isolation and culture. Chick retinas were dissociated at different
embryonic stages from embryonic day 6 (E6) to E10, essentially as
described by Adler and Hatlee (1989). Briefly, retinas were dissected and
incubated in a solution comprised of (in mM): 123 NaCl, 5.36 KCl, 9.51
Na2HPO4, and 1.48 NaH2PO4, with 0.1 gm/ml glucose and 0.5 mg/ml
trypsin at 37°C for 25 min and then dissociated by trituration using a
fire-polished Pasteur pipette. Retinal cells were grown on glass coverslips
coated with poly-D-lysine (molecular weight 276,000) and maintained in
a 5% CO2 incubator at 39°C in the dark for various lengths of time in a
medium consisting of Eagle’s minimal essential medium (Biowhittaker,
Walkersville, MD) supplemented with 10% heat-inactivated horse serum
(Biowhittaker), 2 mM glutamine, 50 U/ml penicillin, and 50 mg/ml strep-
tomycin. In most experiments, the medium also contained 20 ng/ml
recombinant rat ciliary neurotrophic factor (CNTF). In some experi-
ments, E10 chick embryo extract (CEE), heat-inactivated CEE, various
drugs, and/or recombinant trophic factors were added to culture media at
concentrations indicated in the text. To obtain CEE, an E10 chick
embryo was passed through a 10 ml syringe into a centrifuge tube
containing 3 ml of Earle’s balanced salts solution (Sigma, St. Louis, MO).
This extract was kept at 4°C for 2 hr and then centrifuged at 15,000 rpm
for 1.5 hr. The supernatant (CEE) was stored at 4°C for 1–2 weeks. CEE
was heat-inactivated by incubation at 90°C for 30 min. All recombinant
trophic factors (CNTF, TGFb-1, BDNF, IGF-1, basic FGF, GDNF, and
b-neuregulin) were obtained from R & D Systems (Minneapolis, MN).
Anisomysin, LY294002 and brefeldin-A were obtained from Calbiochem
(La Jolla, CA). All other chemicals, including PD98059, were from
Sigma. These drugs were applied to cultured cells for the durations
indicated in the text. It bears noting that these drugs were not present in
the bath salines used for patch-clamp recording. Moreover, in separate
control experiments we observed that acutely applying these drugs in
bath salines during patch-clamp recording had no effect on responses of
patches to cGMP (data not shown), indicating that these drugs do not
produce direct effects on the channels (i.e., they are not channel pore
blockers or gating modifiers).

Electrophysiology. Recordings were made from cells containing one or
more prominent oil droplets in the soma (Fig. 1). This morphological
feature is a hallmark of cones and can be easily observed in living cells
in dissociated preparations. A substantial number of these cells were
obtained in all culture conditions, but especially in cells dissociated at E6,
as noted by others (Adler and Hatlee, 1989; Gleason et al., 1992). Oil
droplet-containing cells can be observed in cultures of E6 retina as soon
as they adhere to the substrate. At that time, the cell bodies are somewhat
rounded. After 2–3 d in culture, the cell bodies of oil droplet-containing
cells become more elongated, and small neuritic expansions, possibly
representing truncated outer segments, can be observed in many cells
under Hoffman optics (Adler and Hatlee, 1989). Methods for inside-out
patch recordings of cGMP-gated channels have been described else-
where (Dryer and Henderson, 1991, 1993). Briefly, inside-out patches
were excised into a divalent cation-free bath saline (in mM: 145 NaCl, 10
Na-HEPES, 1 EGTA, and 10 glucose, pH 7.4) and held at 265 mV.
Pipette solution was the same as the bath saline. Recordings were
performed at room temperature (22–23°C). Only one patch was excised
from any given cell, and all electrodes had a resistance of 5 MV.
Channels were activated by gravity-fed application of varying concentra-
tions of cGMP in bath saline. Data were stored on magnetic tape in FM

mode before off-line digitization at 20 kHz (Axoscope; Axon Instru-
ments, Foster City, CA) and analysis (Fetchan; Axon Instruments).
Concentration–response curves were fitted with the Hill equation Is 5
IMax [S/(KD 1 S)]n where S is the concentration of cGMP, KD is the
dissociation constant, and n is the Hill coefficient. Curve fitting of
concentration–response curves was performed using a Levenburg–Mar-
quardt least-squares routine (Origin version 6.0; Microcal, Northhamp-
ton, MA). In most of the experiments, channels were activated by bath
perfusion of 100 mM cGMP, which causes maximum activation of cGMP-
gated channels in retinal photoreceptors maintained under these condi-
tions. In a series of pilot experiments, we determined that average
capacitance of excised inside-out patches, a measure of membrane sur-
face area, did not vary as a function of the developmental stage or culture
conditions of the cones from which patches were excised. Therefore,
maximum response amplitudes provide a good estimate of channel
density under the conditions used in these studies, and additional nor-
malization procedures were not performed systematically. All statistical
analyses were performed using Statistica software (Statsoft, Tulsa, OK)
and consisted of the Kruskal–Wallis ANOVA-by-ranks test (when com-
parisons were made between multiple groups), and the Kolmogorov–
Smirnov one-sample test for deviation from a normal distribution. The
Kruskal–Wallis is a nonparametric version of the standard one-way
ANOVA and was used because most of the data sets described below
contain groups in which the data showed significant departures from a
normal distribution (Siegel and Castellan, 1988). These data sets were
also analyzed by standard one-way ANOVA, which in all cases resulted
in the same conclusions. Throughout, p , 0.05 was regarded as signifi-
cant. All data sets were based on recordings from between 9 and 40
inside-out patches per group.

Developmental regulation of retinal cGMP-gated cationic channel tran-
scripts. Retinas were collected from E6, E9, E13, and E18 embryos and
chicks 2 d after hatching, and total RNA was isolated using a commer-
cially available version of the guanidine isothiocyanate method (Genosys,
Woodlands, TX). Ten micrograms of total RNA from each age group was
used to quantify expression of cGMP-gated cationic channel mRNA by
RNase protection assay (RPA) using radiolabeled riboprobes. The probe
for cone cGMP-gated channel transcripts consisted of a 284 bp fragment
obtained by RT-PCR (RT-PCR Select; Stratagene, La Jolla, CA) using the
following matched primers: 59-TCG-CTA-CCA-TTG-TCG-GTA-ACG-39
(forward) and 59-CGC-AAT-CCT-GGA-ATA-TAC-GCAC-39 (reverse).
These primers were designed based on sequences reported by Bonigk et al.
(1993) and amplify a region with no sequence conservation between rod
and cone-type channels. The probe for chicken b-actin consisted of a 68 bp
fragment obtained by RT-PCR using the following matched primers: 59-
TGC-TGT-GTT-CCC-ATC-TAT-CGTG-39 and 59-TCT-TTC-TGG-
CCC-ATA-CCA-ACC-39. Products of the expected size were cloned into a
TA vector (pCR II; Invitrogen, San Diego, CA) and sequenced. RPA
probes were synthesized using a Stratagene RNA transcription kit (catalog
#200340) using 32P[UTP] (DuPont NEN, Boston, MA), and RPA was
performed using Hybspeed kits (Ambion, Austin, TX) according to the
manufacturer’s directions. Briefly, total RNA from each age group and
radiolabeled riboprobes were coprecipitated and allowed to hybridize, and
nonhybridized RNA was digested with RNase. Double-stranded probe/
mRNA hybrids were precipitated, separated on denaturing polyacrylamide
gels (5.7% acrylamide, 7 M urea, 13 Tris-Borate-EDTA), and signal was
quantified by autoradiography on x-ray film followed by densitometric
analysis (Scion Image, Bethesda, MD). Data are expressed as the ratio of
cone cGMP-gated channel signal to b-actin loading control. In addition,
channel transcripts were determined at the same developmental stages by
RT-PCR. For these experiments, a constant amount of total RNA from
each stage was reverse-transcribed using random primers, amplified for 25
cycles using the primers described above, and products were separated on
1.5% agarose gels containing ethidium bromide. In addition, a sample of
posthatch RNA was subjected to PCR without previous reverse transcrip-
tion (RT 2 control). Results of RT-PCR were in qualitative agreement with
results of RPA.

RESULTS
Normal developmental expression of cone-type cGMP-
gated channels in chick retina
Expression of cGMP-gated cationic channel mRNA was deter-
mined from total retinal RNA isolated at various stages of em-
bryonic development. Low but detectable levels of channel tran-
scripts were detected as early as E6 by both RT-PCR (Fig. 2A)

Figure 1. Two different Hoffman optics photomicrographs of embryonic
chick cones isolated at E6 and maintained in culture for 5 d. Arrows
indicate oil droplets, the principle criterion for identification of this cell
type in dissociated cell culture. Scale bar, 10 mm.
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and RNase protection assay (Fig. 2B). The RNase protection
assays, which are more quantitative, also indicate that levels of
these transcripts increase relative to b-actin loading controls until
after hatching (Fig. 2B). It bears noting that Ahmad et al. (1990)
and Chiang and Barnstable (1998) were able to detect cGMP-
gated channel transcripts several days before appearance of chan-
nel proteins in the developing rat retina. To determine whether a
similar pattern is observed in chick retina, the time course of the
expression of functional plasma membrane cationic channels was
determined by recording the amplitudes of currents evoked by
cGMP in excised inside-out patches. Excised patches were held at
265 mV, and recordings were made in the absence of divalent
cations in the bath or electrode (Dryer and Henderson, 1991). In
these experiments, chick retinal cells were dissociated at various
stages of embryonic development and cultured overnight in the
dark, which was necessary to allow cells to adhere to the substrate
sufficiently to excise patches. Recordings were made only from
cells containing cell bodies with detectable oil droplets (Fig. 1).
We have observed that these cells can be stained with peanut
lectin, a marker for cones (data not shown), an observation
consistent with previous reports (Adler et al., 1984; Blanks and
Johnson, 1984; Gleason et al., 1992). In addition, Gleason et al.
(1992) noted that oil droplet-containing embryonic chick retinal
cells cultured under similar conditions have ultrastructural fea-
tures diagnostic of cones. Patches from cells isolated at E10 and
cultured overnight (E10 1 1 cells) typically contained multiple

(7–12) cGMP-gated channels based on maximal responses to high
concentrations (100 mM) of cGMP (Fig. 3A). Channel activation
was dose-dependent, with a mean KD of 40 mM and a mean Hill
slope of 1.95 (Fig. 3B), consistent with previous studies of cloned
chicken cone-type cGMP-gated channel a-subunits in heterolo-
gous expression systems (Bonigk et al., 1993). In contrast, signif-
icantly ( p , 0.05) lower maximum currents were evoked in
patches excised from E8 1 1 cells compared with patches from
E10 1 1 cells (Kruskal–Wallis test) (Fig. 3C). Moreover, cGMP-
gated channels could not be detected in the vast majority of E6 1
1 cells, although cells at that stage contain oil droplets, and
channel transcripts are present in retina at that stage. These data
suggest that expression of cone cGMP-gated channel transcripts
in chicks precedes expression of functional plasma membrane
cationic channels, as observed previously for rat rod-type chan-
nels (Ahmad et al., 1990; Chiang and Barnstable, 1998). However,
examination of mean and SEM alone does not reveal the entire
developmental pattern; it bears noting that the distribution of
response amplitudes exhibits qualitative differences with the de-
velopmental stage. Thus, in E6 1 1 cells and E10 1 1 cells, the
distribution of response amplitudes was not significantly different
from a normal distribution (Kolmogorov–Smirnov one-sample
test). Specifically, almost none of the patches excised from E6 1
1 cells contained functional channels, whereas nearly all patches
from E10 1 1 cells contained many functional channels. In
contrast, the distribution of response amplitudes in patches from
E8 1 1 cells is significantly different from a normal distribution
( p , 0.05; Kolmogorov–Smirnov test) and appears distinctly
bimodal (Fig. 3D). At this stage, the number of cones that express
many channels or that fail to express functional channels was
approximately equal. These distributions raise the possibility that
different subpopulations of cones acquire a substantial density of
cGMP-gated channels at different developmental stages (as op-
posed to a more gradual acquisition of channels occurring at a
uniform rate in all cone cells). Alternatively, one could also
explain these data by differential cell death of cone photorecep-
tors, i.e., those cones that fail to express substantial densities of
cGMP-gated channels could die between E8 and E10. However,
recent studies indicate that chick photoreceptors do not undergo
cell death (apoptotic or otherwise) between E4 and the second
day after hatching (Cook et al., 1998), although other retinal cell
types do undergo apoptotic cell death (Frade et al., 1997; Cook et
al., 1998; Diaz et al., 2000). Therefore, differential survival of
subpopulations of cones cannot explain the data on the time
course of cGMP expression.

Regulation of cGMP-gated channel expression in cone
photoreceptors developing in vitro and evidence for
trophic control
The results described above indicate that there is an increase in
the expression of functional cGMP-gated cationic channels be-
tween E6 and E10 in chick cone photoreceptors. This time course
could reflect a developmental program that is intrinsic to the
cells. Alternatively, normal developmental expression of these
channels could depend on some type of trophic control mecha-
nism, at least in some cells. To examine this issue, retinal photo-
receptors were allowed to develop for various lengths of time in
vitro, and the density of cGMP-gated channels was compared with
age-matched control photoreceptors that developed primarily in
ovo (Fig. 4). In this experiment, cells were isolated at E6, and
patch-clamp recordings were made on the next day (E6 1 1 cells)
or after 3 d (E6 1 3 cells) or 5 d (E6 1 5 cells) in dissociated cell

Figure 2. Developmental expression of cone-type cGMP-activated chan-
nel mRNA in embryonic chick retina. A, Detection of cGMP-activated
channel transcripts by RT-PCR. Total RNA was isolated at the indicated
developmental stages, a constant amount was reverse-transcribed, and
channel cDNA was amplified using matched primers designed to obtain a
284 bp product (arrow). No product was obtained in the negative control
lane in which the reverse transcription step was omitted (RT2). Other
developmental stages are indicated above the lanes, and PH indicates 2 d
after hatching. B, Quantitative analysis of developmental expression of
channel transcripts by RNase protection assay. Top panel shows represen-
tative data showing signal obtained for channel transcripts, or b-actin
loading controls, as indicated. Bottom panel summarizes data obtained
from three replications of this experiment. The ordinate is the relative
mean channel/b-actin transcript ratios, and error bars represent SEM.
Both methods indicate that cone-type cGMP-gated channel transcripts
are present as early as E6 and increase during embryonic development.
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culture in the dark. Age-matched controls consisted of E8 1 1
cells and E10 1 1 cells, which developed primarily in ovo. Chan-
nel density was then determined by measuring mean current
amplitude evoked by bath application of 100 mM cGMP to excised
patches. As noted above, the majority of patches from E6 1 1
cells did not contain detectable cGMP-gated channels. In con-
trast, we observed that substantially more E6 1 3 cells expressed
functional cGMP-gated channels and that the resulting mean
current and the distribution of current amplitudes was similar to
that observed in patches from E8 1 1 cells. Specifically, there was
a significantly non-normal ( p , 0.05; Kolmogorov–Smirnov test)
and apparently bimodal distribution of response amplitudes, such
that only a subpopulation of patches from E6 1 3 cells contained
functional channels (data not shown). From this we conclude that
at least one population of photoreceptors can express functional
cGMP-gated channels under these culture conditions, probably
the same population that normally express these channels by E8.
However, this conclusion cannot be extended to all cells with
photoreceptor morphology. Thus, E6 1 5 cells showed the same
pattern as E6 1 3 cells, i.e., a subpopulation of patches contained
functional cGMP-gated channels but the overall distribution was
significantly ( p , 0.05) non-normal and apparently bimodal (Fig.
3B). Moreover, the response amplitudes in this group were sig-
nificantly ( p , 0.05; Kruskal–Wallis test) less than those ob-
served in the age-matched E10 1 1 group (Fig. 4A), which
exhibited a distribution of response amplitudes not significantly
different from a unimodal normal distribution (Fig. 4B). This
pattern was observed regardless of whether cells were cultured at
either low or high cell density (data not shown). In other words,
these data suggest the existence of a second population of cones
for which expression of functional channels requires some sort of
epigenetic factor not present in these culture conditions.

To test this hypothesis more directly, a similar experiment was
performed on retinal cells cultured in medium supplemented with

10% CEE, a rich source of trophic factors. Control cells were
cultured in the absence of CEE or in the presence of heat-
inactivated CEE (Fig. 5). CEE did not have a noticeable effect on
cone survival or cone morphology. However, we observed that
CEE could increase the mean density of functional cGMP-gated
cationic channels in patches excised from cones, but that this
effect depended on the stage at which retinal cells were isolated.
Thus, 10% CEE had no effect on mean current evoked by 100 mM

cGMP in E6 1 5 photoreceptors, which had response amplitudes
similar to those observed in cells cultured in the absence of CEE
or cells cultured in heat-inactivated CEE (Fig. 5A). The resulting
distribution of current amplitudes was non-normal and bimodal
in all three groups. This pattern was also observed in E6 1 3 cells
(data not shown). In contrast, 10% CEE caused a robust and
significant ( p , 0.05) stimulation of cGMP-gated current in cells
isolated at E8, indeed this effect could be observed after just 12 hr
of culture (Fig. 5B). CEE treatment of E8 cells resulted in mean
currents in excised patches comparable with those of patches
from E10 1 1 cells and with an apparently unimodal distribution
not significantly different from normal. An identical effect could
be observed with 5% CEE (data not shown). Heat-inactivated
CEE did not produce significant stimulation of channel expres-
sion, and the amplitude and distribution of currents in patches
from those cells were similar to those observed in cells cultured
without a medium supplement. These data are consistent with a
model in which optimal expression of functional cGMP-gated
channels in at least a subpopulation of cone photoreceptors
requires trophic support, but that either the emergence of these
cells, or the ability of this population of cells to respond to trophic
factors, is developmentally regulated and dependent on the nor-
mal microenvironment of the retina.

Are the stimulatory effects of CEE associated with synthesis of
new channel molecules? To test this, E8 cells were cultured for 12
hr in the presence of CEE, in the presence of CEE plus the

Figure 3. Developmental expression of functional cGMP-
gated channels in developing cones of embryonic chick
retina. A, Typical currents evoked by bath application of
various concentrations cGMP to an excised inside-out
patch from an E10 cone. Fully closed states are indicated by
dotted line, and cGMP concentrations are indicated to the
right of each trace. Note presence of multiple cGMP-gated
channels in this patch and increasing response amplitude
with concentration. B, Concentration–response curve con-
structed from a different E10 inside-out patch. Data points
are shown with superimposed least-squares fit to the Hill
equation, with KD and Hill slope as indicated. C, Mean
currents evoked by bath application of 100 mM cGMP to
inside-out patches excised from cone photoreceptors at the
developmental stages indicated. No current was detected in
the vast majority of patches excised from E6 cells. The
mean current levels at E8 and E10 are significantly ( p ,
0.05) different from each other and from E6 (Kruskal-
Wallis test). D, Distribution of current amplitudes from
data shown in C. Data obtained at E6 and E10 are not
significantly different from a normal distribution. In con-
trast, data obtained at E8 are significantly ( p , 0.05)
different from a normal distribution (Kolmogorov–Smir-
nov one-sample test) and appear to be bimodal, suggesting
existence of multiple cell populations.

224 J. Neurosci., January 1, 2001, 21(1):221–229 Ko et al. • Development of Retinal Transduction Channels



reversible translational inhibitor anisomycin (0.1 mg/ml), or in
the absence of medium supplements (Fig. 6A). We observed that
anisomycin not only blocked the stimulatory effect of CEE, it
caused an almost complete loss of cGMP-gated channels in all
cells. A similar effect was observed in photoreceptors treated with
brefeldin-A (1 mg/ml), a drug that causes disruption of the Golgi
apparatus and thereby blocks targeting and translocation of
plasma membrane proteins (Fig. 6A). These inhibitors resulted in
a lower density of cells in the cultures, but those that were present
appeared healthy by electrophysiological criteria. Together, these
results indicate that cGMP-gated cationic channels have a high
turnover rate in cone photoreceptors at this stage of development
and suggest that the mean plasma membrane channel density
reflects a balance between biosynthesis–plasma membrane inser-
tion and degradation. These data are consistent with the hypoth-
esis that the trophic effects of CEE are associated with synthesis
of new channel molecules, although they do not rule out trophic
effects on degradation of channel molecules. A number of differ-
ent cytokines and growth factors evoke changes in gene expres-
sion through transduction cascades that include the mitogen-

activated protein kinase Erk (for review, see Derkinderen et al.,
1999) and the lipid kinase phosphoinositide-3-kinase (PI3-K).
PI3-K is of special interest because of its involvement in insertion
and translocation of membrane proteins (for review, see Fruman
et al., 1998; Anderson et al., 1999). Therefore, we have examined
whether inhibitors of these signaling pathways block the stimula-
tory effects of CEE. To test for Erk involvement, we pretreated
cells with PD90859, a selective inhibitor of MEK1 (Alessi et al.,
1995; Dudley et al., 1995), an enzyme required for Erk activation
in most signaling pathways (Matsuda et al., 1992; Seger et al.,
1992). Treatment with 50 mM PD98059 throughout the period of
CEE application prevented the increases in cGMP-gated chan-
nels normally evoked by CEE (Fig. 6B). A similar effect was
produced by LY294002 (50 mM), a selective inhibitor of PI3-K
(Vlahos et al., 1994; Brunn et al., 1996) (Fig. 6B). Neither of these
drugs altered the behavior of channels that were already in the
membrane, and in contrast to anisomycin and brefeldin-A, did
not cause a decrease in basal levels of channels. These data

Figure 4. Evidence for epigenetic regulation of cGMP-gated channel
expression in developing cones. A, Summary of mean currents evoked by
bath application of 100 mM cGMP to inside-out patches excised from cells
isolated at E6, E8, or E10 and then maintained in culture in the dark for
various periods of time after dissociation. Cells isolated at E6 did not
express channels 1 d after isolation (E6 1 1) but expressed an interme-
diate level of channels 3 d (E6 1 3) or 5 d (E6 1 5) after isolation.
Channel expression in E6 1 3 is similar to that observed in age-matched
E8 1 1 cells. In contrast, channel expression in E6 1 5 cells is significantly
( p , 0.05) less than that observed in age-matched E10 1 1 cells,
indicating the need for a factor not present in these culture conditions. B,
Distribution of response amplitudes in E6 1 5 cells and E10 1 1 cells
from data shown in A. Note significantly ( p , 0.05) non-normal and
apparently bimodal distribution of response amplitudes in E6 1 5 cells
and normal distribution of response amplitudes in E10 1 1 cells, suggest-
ing that populations of cells differ in their ability to express functional
channels in these culture conditions.

Figure 5. Chick embryo extracts (CEE) stimulate functional expression
of cGMP-gated channels in cones developing in vitro. The effects of CEE
depend on the stage at which cells are removed from the retinal micro-
environment. A, E6 1 5 cells were cultured for all 5 d in the presence of
basal medium (no CEE), in medium containing 10% CEE, or in 10%
heat-inactivated CEE (H-CEE). None of these treatments had a signifi-
cant effect on the expression of functional channels in cones isolated at
E6. B, Application of 10% CEE to E8 1 1 cells for 12 hr caused a robust
stimulation of channel expression, whereas heat-inactivated CEE (H-
CEE) had no effect.
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suggest that the stimulatory effects of CEE on functional expres-
sion of cGMP-gated channels are attributable in part to well
known signal transduction cascades.

Given that CEE causes stimulation of cGMP-gated channel
expression in cone photoreceptors at E8 or later, we have also
examined the effects of several recombinant trophic factors cho-
sen because they have been shown by others to play some role in
retinal differentiation and development or in regulation of ion
channel expression in other systems. CNTF was of special inter-
est, because the receptors for this growth factor are not detectable
in the chick retina until E8 (Fuhrmann et al., 1998b) and because

application of this factor tends to promote acquisition of other
cone phenotypes in chick retinal cells (Fuhrmann et al., 1995).
However, none of the factors tested, including CNTF, caused
significant stimulation of cGMP-gated cationic channels in E8
photoreceptors (Table 1). (The controls for the CNTF experi-
ments consisted of culture media lacking this factor). These data
suggest that some other factor is responsible for the trophic
effects of CEE, or alternatively, that simultaneous application of
multiple trophic factors is required to obtain functional stimula-
tion of cGMP-gated channels.

DISCUSSION
The cyclic GMP-gated cationic channels of vertebrate photore-
ceptors are essential for visual phototransduction. In this study,
we have examined the developmental regulation of the cone form
of these ion channels in the cone-rich chick retina. We have
shown that expression of cone-type cGMP-gated channel mRNA
in embryonic chick precedes expression of functional plasma
membrane channels. Channels in the membrane appear to turn
over at a high rate, at least at this stage of development. More-
over, the data presented here, taken together with previous stud-
ies (Cook et al., 1998), are consistent with the existence of at least
two different subpopulations of cones, which begin to express
functional channels at different developmental stages. Finally,
expression of functional cGMP-gated channels in a cone sub-
population appears to require one or more soluble differentiation
factors that are presumably present in the normal microenviron-
ment of the developing retina. Trophic regulation of cyclic
nucleotide-gated channel expression has not been reported previ-
ously in any species or cell type.

Chickens express several morphologically distinct classes of
cones, including at least three types of single cones and two types
of double cones (Morris and Shorey, 1967; Morris, 1970, 1973).
Chick retinal cells leave the cell cycle between E4 and E8 (Fujita
and Horii, 1963; Kahn, 1974). Different morphological classes of
cones are initially formed at somewhat different developmental
stages, although there is substantial overlap in their birth dates
(Morris, 1973), and it is clear that individual precursor cells can
give rise to multiple retinal cell types (Cepko, 1993; Belecky-

Figure 6. Effects of protein synthesis inhibitors and kinase inhibitors on
channel-stimulatory effects of chick embryo extract (CEE) in developing
chick cones. All experiments were performed on E8 1 1 cells. A, Appli-
cation of CEE for 12 hr caused a robust stimulation of functional channel
expression compared with control cells cultured in basal media. Channel
expression was markedly reduced when CEE was applied in the presence
of either the translational inhibitor anisomycin (0.1 mg/ml) or brefeldin A
(1 mg/ml), an agent that causes disruption of the Golgi apparatus. Mean
current amplitudes in anisomycin- or brefeldin A-treated cells were sig-
nificantly lower than those observed in either control or CEE-treated
cells, suggesting that functional plasma membrane channels turn over
rapidly. B, The stimulatory effects of CEE are completely blocked by
PD98059 (50 mM), an inhibitor of Erk MAP kinase, or LY294002 (50 mM),
an inhibitor of PI3 kinase. Current amplitudes in drug-treated cells are
not significantly different from controls cultured in the absence of CEE.
These drugs do not produce direct blockade of the channels.

Table 1. Effects of recombinant trophic factors on expression of cGMP-
gated cationic channels in embryonic cones

Trophic factors, concentration,
and number of observations

Response amplitude
compared to controls

CNTF (20 ng/ml); n 5 27 NSa

BDNF (25 ng/ml); n 5 13 NS
BDNF (100 ng/ml); n 5 11 NS
bFGF (20 ng/ml); n 5 15 NS
GDNF (10 ng/ml); n 5 25 NS
IGF-1 (20 ng/ml); n 5 12 NS
b-neuregulin-1 (10 nM); n 5 9 NS
TGFb1 (1 nM) n 5 18 NS

Inside-out patch recordings were made from dissociated E8 chick cones treated with
recombinant trophic factors at the indicated concentrations for 12 hr. Responses
were evoked by bath application of 100 mM cGMP. Growth factors tested included
ciliary neurotrophic factor (CNTF), brain-derived neurotrophic factor (BDNF),
basic fibroblast growth factor (bFGF), glial cell line-derived neurotrophic factor
(GDNF), insulin-like growth factor-1 (IGF-1), and transforming growth factor-b1.
None of these factors produced a statistically significant stimulation of mean re-
sponse amplitudes compared to controls cultured in the absence of recombinant
factors (denoted by NS).
aIn this experiment, CNTF-treated cells were compared to control cells cultured in
the absence of CNTF.
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Adams et al., 1996). More recent studies of photoreceptor cyto-
genesis in chick retina using “window-labeling” methods suggest
that essentially all photoreceptors leave the cell cycle by E6
during normal in ovo development (Belecky-Adams et al., 1996).
At E6, we detected few if any functional cGMP-gated channels in
cells with containing oil droplets. Close to half of patches from
morphologically identifiable cones contained substantial numbers
of these channels by E8, and essentially all cells with cone mor-
phology express these channels by E10. Therefore, these data
provide additional evidence that cones undergo a period of func-
tional differentiation after they leave the cell cycle, and that the
length of time required for functional differentiation is not uni-
form in all photoreceptors.

This observation is reminiscent of the regulation of cone opsin
expression in the developing chick retina, in which long-
wavelength (red and green) opsin transcripts are initially detect-
able at E14 in the central retina, whereas short-wavelength (blue
and violet) opsin transcripts are initially detectable 2 d later
(Bruhn and Cepko, 1996). One caveat of the cone opsin study is
that transcript expression was measured by nonradioactive in situ
hybridization, which may not have had sufficient sensitivity to
detect low but functionally significant expression of these tran-
scripts. Nevertheless, those data provided the initial evidence that
different types of cones differentiate at different rates. It is pos-
sible that the bimodal distributions of channel expression ob-
served at E8 reflect subpopulations of cells fated to differentiate
into different types of cones. Unfortunately, it is not possible to
distinguish different types of cones in dissociated cell culture
because the outer segments are rudimentary, and the oil droplets
lack detectable pigments. These morphological features do not
change significantly even after long periods in cell culture.

A key observation of the present study is that the functional
expression of cGMP-gated channels requires trophic support.
Thus, at least a subpopulation of cones that develop in cell culture
fail to express cGMP-gated channels at anything like normal
levels. Application of chick embryo extract, a rich source of
trophic factors, allows essentially all cones to express functional
channels, provided that they are placed in culture at E8. One
explanation for the latter observation is that exposure to the
retinal microenvironment is required for some photoreceptor
cells to respond to trophic factors, possibly because expression of
receptors for one or more of the essential factors is regulated by
inductive interactions (see further below). Compared with other
neuronal phenotypes, relatively little is known about the factors
that regulate the developmental expression of ionic channels. The
available studies indicate that different modes of developmental
regulation of channels can exist, even within a single cell type.
For example, developmental changes in the action potential wave-
form in Xenopus spinal neurons and striated myocytes are essen-
tially identical in cells that develop in vivo or in single-cell cultures
(Henderson and Spitzer, 1986). Consistent with this, expression
of several classes of ionic currents in these cells, including delayed
rectifier and transient K1 currents (Desarmenien et al., 1993)
proceeds according to a cell-intrinsic program. Similar results
have been obtained for Na1, Ca 21, and delayed rectifier K1

currents in developing chick parasympathetic neurons (Dourado
and Dryer, 1992). In contrast, expression of other ionic channels
in chick parasympathetic neurons (e.g., A-type K1 channels and
Ca21-activated K1 channels) is regulated by inductive cell–cell
interactions (Dourado et al., 1994) mediated by soluble neurotro-
phic factors (Subramony et al., 1996; Cameron et al., 1998, 1999;
Lhuillier and Dryer, 2000). A similar situation may pertain in

chick photoreceptors. Thus, Gleason et al. (1992) observed that
essentially all chick cones express L-type Ca21 channels by the
developmental stage at which these cells form ribbon synapses
with second-order neurons, even when they develop in dissociated
cell culture. In contrast, expression of cGMP-gated channels in at
least some cones requires an epigenetic factor that is not present
in the dissociated cell culture environment but that is present in
chick embryo extract. Indeed, the data in the present study cannot
rule out the possibility that expression of these channels in all
cones requires inductive interactions, which occur in some chick
cones before E6.

An initially surprising result of the present study was that
inhibition of protein synthesis (using anisomycin) or disruption of
the Golgi apparatus (using brefeldin-A) caused a marked fall in
functional cGMP-gated channels within 12 hr. This occurred
even in the presence of chick embryo extracts. Moreover, acute
application of these drugs did not cause direct pore blockade of
channels that were already in the plasma membrane. These data
indicate that cone cGMP-gated channels in the plasma membrane
turn over at a high rate at this stage of development. This may
reflect continuous membrane turnover characteristic of verte-
brate photoreceptor outer segments (Young, 1967; Anderson et
al., 1978) including rods and cones of chicks (Young, 1976), but it
may also be a more general feature of at least some types of ionic
channels. Although rates of ion channel turnover have not been
studied in many cell types, there is precedent for this type of
observation. For example, turnover of various K1 channels (Levi-
tan and Takimoto, 1998) and N-type Ca21 channels (Passafaro et
al., 1992; Sher et al., 1998) can occur at similar rates and may
provide a dynamic mechanism for fine tuning of channel expres-
sion (Passafaro et al., 1994). In this regard, the outer segments of
cultured embryonic chick photoreceptors are quite rudimentary,
and there is no evidence to date for rapid membrane turnover in
other parts of the photoreceptor cell.

To date, we have not identified the active channel stimulatory
factor present in chick embryo extracts or a single recombinant
trophic factor that can mimic the effect of chick embryo extract.
Although a number of plausible candidates were tested, there are
certainly additional trophic factors that are likely to be present in
the retina. However, it is also possible that stimulation of these
channels requires the integrated action of more than one trophic
factor. There is precedent for this, because regulation of the
expression Ca21-activated K1 channels in developing chick para-
sympathetic neurons is regulated by multiple trophic factors that
have synergistic and antagonistic actions (Dourado et al., 1994;
Cameron et al., 1998, 1999). In this regard, it bears noting that
receptors for CNTF are not expressed in chick retinal photore-
ceptors until E8 (Fuhrmann et al., 1998a,b), which is also the
stage at which photoreceptors acquire the ability to respond to
chick embryo extracts. Therefore, although CNTF alone does not
mimic the channel stimulatory effects of embryo extract, we
cannot yet exclude a role for this factor in regulating acquisition
of mature electrophysiological properties of cones. The present
study also indicates that channel stimulation chick embryo ex-
tracts requires activation of an Erk form of mitogen-activated
protein kinase and phosphoinosite-3-kinase. Both signaling cas-
cades are used by many different growth factors. Nevertheless,
this observation may eventually provide a clue to elucidate cel-
lular mechanisms underlying the regulation of these ionic
channels.

In summary, we have described the development of functional
cGMP-gated channels in cones of the embryonic chick. These
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channels are expressed early in the embryonic development of the
chick, and their expression in at least some cells appears to
require epigenetic control mechanisms most likely mediated by
trophic factors present in the microenvironment of the develop-
ing retina.
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