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PURPOSE. TO explore the distribution of guanylyl cylase-activating proteins 1 and 2 (GCAP1 and
GCAP2) in the mammalian retina.

METHODS. Cryostat and vibratome vertical sections and wholemount retinas from mouse, rat, cat,
bovine, monkey, and human eyes were prepared for immunocytochemistry and viewing by light
and confocal microscopy.

RESULTS. In all mammalian retinas investigated, intense GCAP1 immunoreactivity (GCAP1-IR) was
seen in cone photoreceptor inner and outer segments, cell bodies, and synaptic regions. Intensity
of the GCAP1-IR was strong in inner segments of rods in all species but weaker in outer
segments—particularly so in primates and cats. GCAP2 immunoreactivity (GCAP2-IR) was weak in
bovine, mouse, and rat cones but was intense in human and monkey cones. In all species except
primates, GCAP2 staining was intense in rod inner and outer segments. In primates GCAP2-IR was
intense in the rod inner segment but faint in the rod outer segment. A striking difference from the
GCAP1 pattern of immunoreactivity was seen with GCAP2 antibodies as far as the inner retina was
concerned. GCAP2-IR was evident in certain populations of bipolar, amacrine, and ganglion cells in
all species.

CONCLUSIONS. GCAP1 and GCAP2, which are involved in Ca2+-dependent stimulation and inhibition
of photoreceptor guanylyl cyclase, can be detected in mammalian photoreceptor inner and outer
segments, consistent with their physiological function. The occurrence of both GCAPs in the
synaptic region of the photoreceptors indicates participation of these proteins in pathways other
than regulation of phototransduction. The occurrence of GCAP2 in inner retinal neurons is
indicative of second-messenger chemical transduction, possibly in metabotropic glutamate, y-ami-
nobutyric acid (GABA) receptor, and nitric oxide-activated neural circuits. (Invest Ophthalmol Vis
Sci. 1998;39:1243-1250)

Guanylyl cyclase-activating proteins 1 and 2 (GCAP1
and GCAP2) are two calcium-binding proteins that play
a key role in phototransduction in the vertebrate reti-

na.1 In the dark, there is an inward current across the photo-
receptor outer segment resulting from the inflow of Na+ and
Ca2+ ions through the cyclic nucleotide cyclic guanosine
monophosphate- (cGMP) gated channels. This "dark current"
depolarizes the photoreceptor cell, causing release of neuro-
transmitter from its synaptic terminals. In the light, activation
of the visual pigment triggers a biochemical cascade that stim-
ulates phosphodiesterase, which induces hydrolysis of cGMP.
As a result, cGMP-gated cation channels close, stopping inflow
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of Na+ and Ca2+. The photoreceptor membrane hyperpolar-
izes, and release of neurotransmitter is terminated. However,
Ca2+ is extruded by means of a light-insensitive Na+-Ca2+

exchanger, and intracellular Ca2+ concentration declines. The
reduction in Ca2+ stimulates GCAPs to activate guanylyl cycla-
ses (GCs) to accelerate synthesis of cGMP, thus enabling pho-
toreceptors to return to the dark state.1"4

GCAP1 and GCAP2 have been localized to photoreceptor
cells in mammalian retinas by biochemical and immunohisto-
chemical methods.5"13 Both are members of the calmodulin
family of EF-hand proteins. GCAP1 and GCAP2 are 23-kDa
Ca2+-binding proteins5'7'8 that stimulate GC activity in rod
outer segment membranes. Human GCAP1 and GCAP2 genes,
arranged in a tail-to-tail array, have been located in the short
arm of chromosome 6,910 whereas in mouse the same genes
are found on chromosome 17.n

Both GCAPs are thought to be synthesized in the myoid
region of rod and cone photoreceptor cells,1012 from which
they are transported to different cell compartments of the
photoreceptor. Preliminary, immunostaining studies for
GCAP2 in mammalian retinas indicated strong labeling in cone
inner and outer segments, but weak labeling was reported in
rod inner segments. Little to none was seen in rod outer
segments.12

This curious difference between rod and cone labeling for
GCAP2, in particular, seemed worth a repeat immunostaining
experiment. Previous studies also mention the occurrence of
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GCAP2 in inner retinal neurons, and we therefore investigated
this further to see whether we could distinguish well-known
neural types by their morphologies and branching patterns.
Thus, in this study, we attempted to examine GCAPl and
GCAP2 immunostaining patterns in diverse mammalian retinas,
using consistent techniques of antibody source and dilution
and collecting data by light transmission and fluorescence
confocal microscopy.

MATERIALS AND METHODS

Immunohistochemical staining using fluorescence and the
horseradish peroxidase-complexed antibody to GCAPl and
GCAP2 was carried out on human, monkey, bovine, cat, rat,
and mouse retinas. Animal were handled and tissue acquired
according to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. The human material was
obtained, immediately after life support was discontinued,
from a donor maintained on a respirator at the University of
Alicante Hospital. Our work was performed according to our
institution's protocol for work with human eye tissue, ap-
proved by an institutional review board. The monkey eyes
were purchased from the Texas Primate Center (Alice, TX) and
were fixed according to our instructions and mailed overnight
to the Moran Eye Center. Cat eyes were received from col-
leagues at the termination of physiological experiments on the
brain. Bovine eyes were obtained from a local abattoir within
30 minutes of death.

After removal of the corneas and vitreous bodies, the
retinas were dissected from the eyecups. The isolated retinas
were fixed in 4% paraformalclehyde in 0.1 M phosphate-buff-
ered saline (PBS; pH 7.4) for 2 hours, washed in 0.1 M PBS, and
cryoprotected in 15% sucrose for 30 minutes, 20% sucrose for
1 hour, and 30% sucrose overnight at 4°C. The next day, some
retinas were embedded in ornithine carbamoyltransferase
(OCT) and were cut into 12-ju,m radial sections on a cryostat.
Other retinas were sectioned with a vibratome. For immuno-
staining, wholemount retinas first went through a freeze-thaw
procedure.14 After thawing, the retinas were placed in a solu-
tion of 1% NaBH4 for 5 minutes and H2O2 (1%) for 5 to 6
minutes to reduce background staining.

Immunoperoxidase Technique

Immunostaining with avidin-biotin complex was as follows.
The retinas were incubated in 10% normal goat serum in 0.1 M
PBS and 1% Triton X-100 for 1 hour at room temperature.
Without washing, the retinas were then incubated in the pri-
mary antibody, rabbit anti-GCAPl (polyclonal UW14, raised
against bacterially expressed truncated bovine GCAPl6) and
rabbit anti-GCAP2 (polyclonal UW50, raised against bovine
GCAP2 expressed in insect cells12; both antibodies kindly pro-
vided by Krzysztof Palczewski, University of Washington, Se-
attle, WA) at a concentration of 1:5000 for GCAPl and 1:1500
for GCAP2 in 0.1 M PBS and 1% Triton X-100 overnight, under
agitation. After further washes in PBS, the tissue was trans-
ferred to biotinylated goat anti-rabbit IgG diluted 1:100 in 0.1 M
PBS and 1% Triton X-100 for 2 hours. The tissue was washed
before transfer to a solution of the avidin- biotin complex in
0.1 M PBS and 1% Triton X-100 for 2 hours. Finally, the retinas
were washed in PBS and incubated in 10 mg 3,3-diaminoben-
zidine tetrahydrocholoride (DAB) per 20 ml 0.1 M PBS, with

0.01% H2O2 (3.33 ml 30% H2O2 in 10 ml DAB). The DAB
reaction was stopped by washes in distilled water.

Immunofluorescence Technique

Cryostat and vibratome sections were incubated in the primary
antibodies (same dilutions) overnight, under agitation; they
were washed in 0.1 M PBS and transferred to the second
antibody, fluorescein-conjugated goat anti-rabbit IgG in 0.1 M
PBS and 1% Triton X-100 for 2 hours. Wholemount retinas
were incubated 4 days with the primary antibody and over-
night with the second antibody. Control sections and whole-
mounts were run by omitting the primary antibody.

Immunostained wholemounts and sections were exam-
ined by light and confocal microscopy. Light micrographs are
taken (Kodak 100 film; Kodak, Rochester, NY). Confocal im-
ages were captured by a computer as tagged image file format
files and were pseudocolored and enhanced (Photoshop;
Adobe Systems, San Jose, CA) before printing as dye-substitu-
tion prints.

RESULTS

Bovine Retina

Because the UW14 (GCAPl) and UW50 (GCAP2) antibodies
used throughout this study were raised against bovine GCAPs,
we started with an immunostaining series on bovine retina.
GCAP1-IR was particularly dramatic in cone photoreceptors in
the bovine retina (Fig. 1A). The cell bodies, myoid regions of
the inner segments, outer segments, and cone pedicles were
strongly immunoreactive (Figs. 1A, 1C; arrow, ped, fine ar-
rows). It was notable that the ellipsoids of inner segments
appeared to be relatively nonimmunoreactive. Rod photore-
ceptors were not as intensely immunoreactive as cones, but
the antibody labeled the complete rod, from outer segment to
rod spherule (Fig. 1A; ros, rs, fine arrows). This result is
consistent with the reported findings of Gorczyca et al.6

In contrast, GCAP2-IR revealed bovine rods dramatically
but cones less so. All compartments of both photoreceptor
types were immunoreactive to some extent or another—that
is, outer segments, inner segments, cell bodies, and synaptic
endings in the outer plexiform layer (OPL) were intensely
immunoreactive for rods but faintly immunoreactive for cones
(Figs. IB, ros, ris; 1C, arrow). In addition to photoreceptors,
three other neural types showed GCAP2-IR. Figure 1C shows
reaction in cone pedicles, bipolar cell bodies, and amacrine
cell bodies. Displaced amacrine cells and ganglion cells were
also immunostained in other sections (not illustrated here).

Cat Retina
GCAP1-IR was observed in cone and rod photoreceptors (Fig.
2C; c, ris). However, cones were dramatically immunostained
from outer segment and inner segment cell body to pedicle
(Fig. 2C; c, arrow), whereas rods were intensely immuno-
stained only in the inner segments; poorly stained at the spher-
ules; and essentially unstained in outer segments, cell bodies,
and axons (Fig. 2C; ris only). There was fairly strong, nonspe-
cific GCAP1-IR throughout the inner plexiform layer (TPL). At
present, we can only suggest that this is an aberration caused
by the long-term anesthesia these cats had undergone (see
Materials and Methods section).
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FIGURE 1. Confocal microscope images of bovine retina im-
munostained with fluorescein-conjugated antibodies to guany-
lyl cyclase-activating proteins (GCAPs) 1 and 2. (A) Cone
photoreceptors are strongly immunoreactive (c, arrow) from
the outer segments (cos, short arrows) to the cone pedicles
(ped, small arrows). Rods are also immunoreactive from rod
outer segments (ros, small arrows) to rod spherules (rs, small-
est arrows). (B) Antibodies to GCAP2 reveal rod outer and
inner segments (ros, ris) and spherules. Cones are less intense
but are still immunoreactive. (C) GCAP2 immunoreactivity is
also visible in cone pedicles (ped, small arrow), in some
bipolar cells (b, arrow) and in amacrine cells (a, arrow). Scale
bar, 15 /im.

GCAP2-TR in the cat retina was so intense in the rods that
the cones were masked. However, the cones were probably
also weakly immunostained, because the pedicles were still
discernible (Fig. 2D). Rod outer segments showed dramatic
GCAP2-IR (Fig. 2D; ros). In the inner retina, many normally
placed and displaced amacrine cell bodies, and some ganglion
cell bodies were immunoreactive (Fig. 2D; A, g, arrows). The
GCAP2 signal was much more specific than the nonspecific
GCAPl signal (see earlier description). Even primary dendrites
of immunoreactive cell bodies were visible. Furthermore, two
bands of immunoreactivity were evident in the IPL. One band

appeared at the strata 2/3 borders and the other at the strata
3/4 borders (Fig. 2D; fine arrows).

Rat and Mouse Retina
GCAPl-IR was seen in cone photoreceptors from outer and
inner segment to pedicle in the outer plexiform layer (OPL;
Fig. 2E, c; arrows indicate cone inner segments). Rod inner
segments were strongly immunoreactive but outer segments
less intensely so. In the rat retina, we observed some GCAPl-IR
in amacrine cells (Fig. 2E; a, fine arrows).

GCAP2-IR was so intense in rod inner and outer segments
(Fig. 2F; ros, ris) that cone immunostaining was again masked.
Staining probably occurred however, because cone pedicles
were evident in the OPL. We base this conclusion on studies in
the mouse retina, in which colocalization of GCAP2 with
peanut agglutinin specific for cones indicated cones were
weakly labeled with GCAP2. In addition to photoreceptors,
inner retinal nevirons consisting of amacrine cells and ganglion
cells were faintly GCAP2-IR (Fig. 2F; a, g, arrows).

Human Retina
GCAPl-IR was only seen in rods and cones (Fig. 2A; c, ris). The
cones were particularly intensely immunostained from outer
segment to inner segment and through the cell body, axon to
pedicle. Weaker immunoreactivity was seen in the rod inner
segments (Fig. 2A; ris, arrowhead). The rod outer segments
appeared to be only slightly immunostained with GCAPl anti-
bodies (Fig. 2A; see pale, wispy rod outer segments).

GCAP2-IR was present in cones and rods, although the
latter were not intensely immunoreactive (Fig. 2B; c, arrow-
heads). Rod inner segments were nearly as intensely immuno-
reactive as when stained with GCAPl, but there was slightly
more immunoreactivity in the outer segments. In the inner
retina, two types of ganglion cell, one large (28-30 /xm diam-
eter) and the other medium (18-20 /xm diameter; Fig. 2B, g,
arrows) and a type of amacrine cell that stratified on the
stratum 3/4 border were also clearly immunoreactive to the
GCAP2 antibody (Fig. 2B, 3/4 fine arrows). Other bands of
GCAP2-IR could be seen running horizontally in the IPL: a band
of stain at the stratum 2/3 border was fairly clear (Fig. 2B; 2/3
fine arrows).

Monkey Retina
Cones were strongly immunostained with the antibody to
GCAPl in the monkey retina (Fig. 3A; c) from outer segment,
inner segment, and cell body through axon and pedicle. In
contrast, rods were less intensely immunoreactive throughout.
The inner segments show obvious GCAPl-IR but it was difficult
to visualize immunostaining in the outer segments (Fig. 3A; ris,
arrow).

As in human retina (discussed earlier), GCAP2-IR was
intense throughout the the cone photoreceptors from outer
segment to pedicle (Figs. 3B, 4A; c, arrows), and rod inner
segments were more intensely stained than when stained with
the GCAPl antibody. Rod outer segments showed faint immu-
noreactivity as well (Fig. 4A; ros, ris). Synaptic endings of both
photoreceptor types were intensely immunoreactive to
GCAP2, as can be seen in the wholemount retina in a photomi-
crograph obtained of the OPL (Fig. 4B). The cone pedicles look
like large, round-to-oval structures (Fig. 4B; cped, open arrows)
and the rods appear as a multitude of bright dots (Fig. 4B; rs,
fine arrows).
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FIGURE 2. Light microscopy of peroxidase-conjugated immunostaining to guanylyl cyclase-activating proteins (GCAPs) 1 and 2 in
three different mammalian retinas. Left column: retinas stained with antibodies to GCAP1; right column: retinas stained with
antibodies to GCAP2. (A) Human retina stained with antibodies to GCAP1 shows immunostaining in cones (c, arrowheads) and
rod inner segments. (B) GCAP2-positive immunostaining is seen in cones (c, arrowheads), amacrine cells, and ganglion cells (a,
g, arrows). GCAP2 immunoreactivity is seen in dendrites at strata 2/3 and 3/4 (fine double arrows). (C) In cat retina stained with
GCAP1 antibody, there is immunoreactivity in cones (c, arrowhead) and rod inner segments (ris), but none in rod outer segments.
There is considerable nonspecific immunoreactivity in the inner plexiform layer. (D) With GCAP2 antibodies, rod and cone inner
and outer segments are intensely immunoreactive (ros, ris). In addition, cone pedicles, rod spherules, amacrine cells, and ganglion
cells show immunoreactivity (a, g, arrows). Clear bands of immunoreactivity are seen at strata 2/3 and 3/4 (fine double arrows).
(E) In rat, rod and cone inner segments are intensely immunoreactive to GCAP1 (c, arrows and ris, arrowhead). Cone pedicles
are intensely immunoreactive, and some amacrine cells are faintly immunoreactive (a, small arrows). (F) Antibodies to GCAP2
indicate intensely immunoreactive rod inner and outer segments (ros, ris); amacrine and ganglion cells are weakly immunoreactive
(a, g, arrows). Scale bar, 15 jum.

GCAP2-IR was present in many neurons of the inner retina
in monkey, similar to its presence in human neurons (de-
scribed earlier). Many varieties of normally placed and dis-
placed amacrine cell were immunoreactive (Fig. 3B; a, arrows).
GCAP2-IR also outlined bipolar cell bodies in the inner nuclear
layer, and there was definite layering of immunoreactive bands
in the IPL, presumably made by stratified amacrine cells (Fig.
3B; b, fine arrows, IPL).

One amacrine cell in Figure 3B had a major dendrite
descending to stratum 3 of the IPL. Better resolution of inner
retinal neural staining is provided in the wholemount retina by
confocal microscopy (Fig. 4C). At the ganglion cell layer, dis-
placed amacrine cells and large and medium ganglion cells
were immunoreactive (Fig. 4C; g, a, arrows). The bright immu-
noreactivity was particularly concentrated in a ring surround-
ing the nucleus of these neurons, most likely associated with
the Nissl substance (Fig. 4C; fine arrows). Some ganglion cell
axons were intensely immunoreactive as well (Fig. 4C; ax,
open arrow).

Blood vessel walls in the ganglion cell and INL layers
appeared to be immunostained (Fig. 4C; bv). However, this

was nonspecific staining that we typically see in immunofluo-
rescently stained wholemount retinas.

DISCUSSION

Summary of Findings
In this study, we report our observations on immunostaining of
a variety of mammalian retinas with antibodies directed against
GCAP1 and GCAP2. The distribution of GCAP1 and GCAP2 are
summarized in Table 1., We have confirmed other investiga-
tors' observations that GCAP1-IR is located primarily in rod and
cone photoreceptors in all mammalian retinas. Where die
cones are numerous and large in shape—that is, in human
monkey, and bovine retinas, they show as the most obvious
immunoreactive neurons of the retina. Rod photoreceptor in-
ner segments in the various species are also immunoreactive to
GCAP1, but the outer segments seem either weak or not
stained (Table 1). In contrast to the GCAP1 antibody, the
GCAP2 antibody in most mammalian species seemed to reveal
rod inner and outer segments as strongly as cone inner and
outer segments (Table 1). Primates' rods were probably equally

GCAP2
FIGURE 3. Confocal images of immunofluorescent staining in monkey retina. (A) Antibodies
to guanylyl cyclase-activating protein-1 (GCAP1) reveal cones (C, arrows) from intense outer
segment (os, fine arrow) to pedicle (ped, fine arrows). Rods are also immunoreactive, most
intensely in the inner segments (ris, arrows). Immunoreactivity in rod outer segments is
questionable. (B) With antibodies to GCAP2, the full extent of cones and rods is immunore-
active, including the outer segments, although the rod outer segments are weakly positive (ris,
ros). Numerous bipolar and amacrine cells are also immunoreactive. Some banding of immu-
noreactivity occurs in the inner plexiform layer as well. Scale bar, 15 p-m.
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FIGURE 4. Confocal microscopy of sections and wholemounts of monkey retina immuno-
stained to fluorescein-conjugated guanylyl cyclase-activating protein-2 (GCAP2). (A) High
magnification of the photoreceptors showing that cone cell bodies (C, arrows) and inner and
outer segments are intensely immunoreactive (os, fine arrows). Rod inner segments are also
strongly immunoreactive. The outer segments show less immunostaining (ros, ris). (B) Whole-
mount retina with plane of focus at the outer plexiform layer just above the cone pedicle
bases. Immunostained rod spherules appear as bright dots and cone pedicles as larger
spheroids. (C) Wholemount retina with plane of focus in the ganglion cell layer, showing large
and medium ganglion cells. Axons and displaced amacrine cells are clearly immunoreactive (a,
g, ax, arrows). Immunostaining is brightest in a ring surrounding the nucleus of the neuron in
the position of the Nissl substance (double fine arrows). Blood vessels (bv) are somewhat
immunostained. Scale bar, 15 ju.m.
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TABLE 1. Distribution of GCAP1 and GCAP2 in Mammalian Retinas*

Cell
Type

Human Monkey Bovine Cat Rat Mouse

GCAP1 GCAP2 GCAP1 GCAP2 GCAP1 GCAP2 GCAP1 GCAP2 GCAP1 GCAP2 GCAP1 GCAP2

Cone os
Cone is
Pedicle
Rod os
Rod is
Spherule
Bipolar
Amacrine
Ganglion

* Strong immunoreactivity is indicated by + +, medium by +, faint by + —, and equivocal by ?
GCAP, guanylyl cyclase-activating protein, IS, inner segment; OS, outer segment.

immunoreactive to GCAP2 in the inner segments as in the
cones, but there was weak immunoreactivity in the outer
segments (Table 1).

One of the most interesting results of this study concerns
the presence of GCAP2-IR in varieties of bipolar, amacrine, and
ganglion cells in all mammalian species studied. In monkey
retina, we could even see the exact location of GCAP2-IR in the
larger inner retinal neurons, in the Nissl substance of the
perinuclear areas, and in axons of ganglion cells.

Comparison of Findings
Our results showing localization of the antibody to GCAP1 in
the various species largely confirm other investigators' find-
ings. In bovine retinas, results of original work suggest that
GCAP1-IR is located in inner and outer segments of rods and
cones.513 Later works indicate that GCAP1 is distributed
throughout the photoreceptor cells down to the axon and
pedicles or spherules,610'11 just as we have found here.

Our results differ from those of others, mainly in our
interpretation of the localization of GCAP2-IR. Most previous
investigators have been unable to see GCAP2-IR in rods; in
particular, none has been seen in rod outer segments in bovine
or primate retinas.61215 Moreover, GCAP2 had not been iso-
lated from rod outer segments by biochemical procedures,
causing investigators to suggest that GCAP2 does not have a
phototransduction function.12 In contrast, another group has
suggested that GCAP2 is entirely absent from bovine cones,
although present in rods.7 Some of these inconsistencies may
exist because of the different species studied in different lab-
oratories with different antibody dilutions, staining proce-
dures, and data collection tools. By trying to use consistent
procedures and, in many cases, trying all of the different
immunostaining experiments at the same time on the different
species, we sought to minimize experimental differences. Our
general conclusion concerning photoreceptor GCAP2-IR is that
rods are the more intensely GCAP2-positive of the two photo-
receptor types in nonprimate retinas. In fact, rod inner and
outer segments appeared to be showing so highly GCAP2-
positive that the cone content was masked. In primate retinas,
rods were probably just as intensely immunoreactive to GCAP2
as cones (Fig. 4C). However, their lesser volume compared
with that of cones caused an appearance of weaker immuno-
staining than was seen in cones.

Identity of Inner Retinal Neurons That Contain
Guanylyl Cylase—Activating Protein-2

In all species studied, GCAP2-IR was seen in some varieties of
amacrine and ganglion cells and in ganglion cell axons. In
bovine and monkey retina, we also saw an occasional bipolar
cell containing GCAP2-IR. The immunostaining was seen in the
body of a bipolar cell that ended in the center of the INL, and
staining continued to high in the INL. We suspect that it is a
cell type that connects with cones and that it is possibly one of
the depolarizing types because of its cell body location.1617

Future double-staining techniques will be needed to provide
the exact identity of this GCAP2-positive cone bipolar cell.

GCAP2-IR amacrine cells appeared to be of at least two
varieties. One type was normally placed in the INL or displaced
to the ganglion cell layer (in cat, human, and monkey retina;
Figs. 2C, 2D, 4C, respectively). This large-bodied amacrine-type
cell clearly had a wide-ranging dendritic tree of thick dendrites
stratifying approximately on the strata 3/4 border. The other
type of GCAP2-IR amacrine cell was a similar wide-field ama-
crine with dendrites on the strata 2/3 border. Both of these
amacrines are reminiscent of some of the on-off varieties of
amacrine cell that use GABA as a neurotransmitter in addition
to catecholamines, peptides, or nitric oxide.18"22 Future dou-
ble-staining experiments are needed to confirm this identifica-
tion.

In all species, some of the GCAP2-positive ganglion cells
exhibited markedly large cell bodies. In human retina, we saw
a "giant" cell body (Fig. 2C) that almost certainly belongs to a
G23 type of ganglion cell that we have described in Golgi
studies.23 The giant ganglion cell (G23) of human retina has its
dendrites in strata 4 to 5, and is thus probably an on-center
ganglion cell. We are rather certain that the giant ganglion cell
that shows GCAP2-IR in primates is not equivalent to an M cell
or an alpha ganglion cell of cat. Alpha cells in cat showed no
sign of GCAP2-IR. The alpha cells are always obvious in sec-
tions of cat retina, with their characteristic large cell bodies
that can be discerned even in unstained material. Other of the
GCAP2-positive ganglion cells were medium-bodied, deter-
mined from the immunostaining picture in human (Fig. 2B), rat
(Fig. 2F), and monkey (Fig. 4C). The axons were immuno-
stained as well, but the staining of the dendrites was not
extensive enough to classify the exact type.
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Function of GCAPs in Inner Retinal Neurons
It is known that the reciprocal relation between Ca2+ and
cGMP in photoreceptor outer segments is a mechanism of light
adaptation. It plays a role in recovery after light stimulation in
the transduction cascade and after downregulation of the sen-
sitivity of the photoreceptor to light.4'24'25 Decline in Ca2+ in
the light induces stimulation of the GCs. The GCs present in
outer segments responsible for the synthesis of cGMP are
controlled by the GCAPs, which in tvirn are sensitive to the
Ca2+ level.

However, GCAPs are apparently also present in high
enough concentrations in other neurons of the retina, apart
from photoreceptor outer segments, to be seen by immunocy-
tochemical techniques. As we have demonstrated in the
present study, GCAP1 and GCAP2 immunoreactivity is present
in synaptic terminals of rods and cones, and GCAP2-IR is seen
in certain bipolar, amacrine, and ganglion cells. Both GCAPs
may play a role in second-messenger chemical transduction
pathways in these non-outer-segment locations. Thus, on-cen-
ter bipolar cells in the vertebrate retina are activated at metabo-
tropic glutamate receptors that are linked to GC- cGMP- gated
cation channels.26'27 Many other transmission pathways of
amacrine and ganglion cells are also linked to GC- cGMP- gated
channels. For example, synapses involving amacrine cells in
feedback and feedforward pathways acting with nitric oxide
and certain neuropeptides and at GABAB receptors are cyclic
nucleotide and Ca2+ dependent28"32 and presumably are also
controlled by GCAPs.

Thus, there is ample opportunity for GCAPs to be part of
signal transduction in neurons of the inner retina, apart from
those of the outer retina. Of the GCAPs, GCAP2 is clearly the
strongest candidate for inner retinal neuron signaling. Exactly
defining these neural types by double-immunostaining tech-
niques will be necessary to pursue further the role of GCAP2.
This, together with an investigation of the role of GCAPs in the
Ca2+ feedback to control adaptation in retinal neurons
postsynaptic to photoreceptors, could provide promising
paths for future investigations.
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