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Abstract
Neuropeptide Y (NPY), an inhibitory neuropeptide expressed by a moderately dense population of
wide-field amacrine cells in the rat retina, acts through multiple (Y1–y6) G-protein–coupled
receptors. This study determined the cellular localization of Y1 receptors and the synaptic
connectivity of Y1 processes in the inner plexiform layer (IPL) of the rat retina. Specific Y1
immunoreactivity was localized to horizontal cell bodies in the distal inner nuclear layer and their
processes in the outer plexiform layer. Immunoreactivity was also prominent in cell processes
located in strata 2 and 4, and puncta in strata 4 and 5 of the IPL. Double-label
immunohistochemical experiments with calbindin, a horizontal cell marker, confirmed Y1
immunostaining in all horizontal cells. Double-label immunohistochemical experiments, using
antibodies to choline acetyltransferase and vesicular acetylcholine transporter to label cholinergic
amacrine cell processes, demonstrated that Y1 immunoreactivity in strata 2 and 4 of the IPL was
localized to cholinergic amacrine cell processes. Electron microscopic studies of the inner retina
showed that Y1-immunostained amacrine cell processes and puncta received synaptic inputs from
unlabeled amacrine cell processes (65.2%) and bipolar cell axon terminals (34.8%). Y1-
immunoreactive amacrine cell processes most frequently formed synaptic outputs onto unlabeled
amacrine cell processes (34.0%) and ganglion cell dendrites (54.1%). NPY immunoreactivity in
the rat retina is distributed primarily to strata 1 and 5 of the IPL, and the present findings, thus,
suggest that NPY acts in a paracrine manner on Y1 receptors to influence both horizontal and
amacrine cells.
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Neuropeptide Y (NPY) has multiple physiologic actions in both the central and peripheral
nervous system, including effects on blood flow, memory retention, food intake, epilepsy,
and pain (Lundberg et al., 1996; Munglani et al., 1996; Balasubramaniam, 1997; Blomqvist
and Herzog, 1997; Thorsell et al., 2000; Furtinger et al., 2001; Naveilhan et al., 2001). These
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effects are mediated by means of at least five G-protein–coupled receptors, designated as
Y1, Y2, Y4, Y5, and y6, which are coupled to pertussis toxin–sensitive inhibitory G-
proteins (Lundberg et al., 1996; Munglani et al., 1996; Balasubramaniam, 1997; Blomqvist
and Herzog, 1997; Michel et al., 1998). Y-receptors have been localized to specific regions
of the central and peripheral nervous system by receptor binding autoradiography,
immunohistochemistry, and in situ hybridization (Zhang et al., 1994; Bao et al., 1997;
Jacques et al., 1997; Dumont et al., 1998; Hökfelt et al., 1998; Gackenheimer et al., 2001).
Y1 receptor is the most studied Y-receptor and it plays key roles in many of the central and
peripheral effects of NPY (Lundberg et al., 1996; Munglani et al., 1996; Balasubramaniam,
1997; Blomqvist and Herzog, 1997).

NPY immunoreactivity is present in human, cat, guinea pig, mouse, and rat retinas (Bruun et
al., 1984; Tornqvist and Ehinger, 1988; Ferriero and Sagar, 1989; Straznicky and Hiscock,
1989; Li and Lam, 1990; Jen et al., 1994; Hutsler and Chalupa, 1994, 1995; Ammar et al.,
1998; Kang et al., 2001; Oh et al., 2001; Sinclair and Nirenberg, 2001). This peptide is
mainly localized to amacrine cells and displaced amacrine cells and, in cat and human
retinas, to small ganglion cells. In the rat retina, NPY immunoreactivity is localized to
moderately dense amacrine and displaced amacrine cell populations that ramify primarily to
strata 1 and 5 of the inner plexiform layer (IPL; D'Angelo and Brecha, 1999; Oh et al.,
2001).

The cellular distribution of Y-receptors, including the Y1 receptor, has not been determined
in the retina. However, several lines of evidence suggest that NPY acts on Y-receptors in the
retina: (1) NPY is localized to amacrine cells in many species, and presumably, there are
NPY sites of action in the retina; (2) exogenous application of NPY to whole rabbit and
chicken retinas stimulates the release of multiple neurotransmitters, including acetylcholine
and γ-aminobutyric acid (GABA), in a calcium-dependent manner (Bruun and Ehinger,
1993); (3) reduced cAMP accumulation in response to exogenous NPY application to the
rabbit retina suggests that NPY acts to inhibit adenylyl cyclase activity by means of G-
protein–coupled Y-receptors (Bruun et al., 1994).

The aim of the present study was to determine the cellular expression of Y1 in the rat retina.
Some of these observations have been reported in abstract form (D'Angelo and Brecha,
1999).

Materials and Methods
Animals

Adult Sprague-Dawley rats of either sex were used for these studies. They were housed and
fed under normal conditions with a 12-hour light-dark cycle. The animals were treated
according to the regulations of the Animal Research Committee of the University of
California at Los Angeles, and the Animal Ethics Committee of the Catholic University of
Korea, conforming to all NIH guidelines.

Tissue preparation
Rats were deeply anesthetized with an intraperitoneal injection of 30–70 mg/kg
pentobarbital and transcardially perfused with 50–100 ml of 0.1 M phosphate buffered saline
(PBS; pH 7.4) followed by 500 ml of 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB, pH 7.4) in PB at room temperature. Each eye was removed and dissected, and
the posterior eyecup containing the retina was immersed in 4% PFA for 1–2 hours at room
temperature then transferred to 25% sucrose in 0.1 M PB and stored overnight at 4°C. For
cryostat sections, the eyecup, including the retina, was cut perpendicular to the vitreal
surface at 12–16 μm. Sections were mounted onto gelatin-coated slides and stored at −20°C
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until immunohistochemical staining. For sliding microtome sections, the retina was isolated
and cut parallel to the vitreal surface at 25 μm. Sections of the retina were stored in 0.1 M
PB at 4°C until antibody staining.

Antibodies
An affinity-purified rabbit polyclonal antibody directed against a C-terminus fragment
(amino acids 370-382) of the rat Y1 receptor (Ab 96106) was produced by the Antibody/
RIA Core of the CURE/Digestive Diseases Research Center and generously provided by H.
Wong and J.H. Walsh of the University of California, Los Angeles (Zhang et al., 1994; Bao
et al., 1997; Ubink et al., 2001). Specificity of immunostaining was evaluated by
preadsorbing the antibody with 10-6 M synthetic Y1370-382. Specificity of immunostaining
of this Y1 antibody was also evaluated by using Y1 receptor-deficient mice (Ubink et al.,
2001). Sections from Y1-deficient mice did not show any specific Y1 immunoreactivity.
Mouse monoclonal antibodies directed against calbindin (CaBP; Sigma, St. Louis, MO;
Katsetos et al., 1994) and choline acetyltrans-ferase (ChAT; Chemicon, Temecula, CA;
Eckenstein and Thoenen, 1982) were used to identify horizontal cells and cholinergic
amacrine cells, respectively. A guinea pig polyclonal antibody to vesicular acetylcholine
transporter (VAChT; Chemicon; Arvidsson et al., 1997) was also used to confirm Y1
localization to cholinergic amacrine cell processes. Secondary antibodies were Alexa Fluor–
conjugated affinity-purified antibodies (Molecular Probes, Eugene, OR).

Immunohistochemistry
Immunostaining was performed by using the indirect fluorescence method. Cryostat sections
were rinsed in 0.1 M PB for 30 minutes, incubated 12–16 hours in Y1 (1: 3,000) antibody
with 0.5% Triton X-100 in 0.1 M PB at 4°C, then rinsed for 30 minutes with 0.1 M PB and
incubated in goat anti-rabbit immunoglobulin (Ig) G Alexa Fluor 488 antibody (Molecular
Probes) for 1–2 hours at room temperature. Sections were washed for 30 minutes with 0.1 M
PB and mounted onto gelatin-coated slides, if free floating and air-dried. Sections were
cover-slipped with Prolong anti-fade solution (Molecular Probes).

For double-label studies, sections were incubated overnight in a mixture of Y1 (1:2,000)
antibody and the CaBP (1:3,000) or ChAT (1:2,000) monoclonal antibodies or VAChT
(1:500) polyclonal antibody with 0.5% Triton X-100 in 0.1 M PB at 4°C. Sections were
rinsed for 30 minutes with 0.1 M PB and incubated in goat anti-rabbit IgG Alexa Fluor 488
antibody (Molecular Probes) and goat anti-mouse or goat anti-guinea pig IgG Alexa Fluor
568 antibody (Molecular Probes) for 1–2 hours at room temperature. Sections were washed
for 30 minutes with 0.1 M PB and cover-slipped as before. To determine that the secondary
antibody did not cross-react with the inappropriate primary antibody, some sections were
incubated in rabbit polyclonal primary antibody followed by anti-mouse or anti-guinea pig
secondary antibody, whereas other sections were incubated in mouse or guinea pig primary
antibody followed by anti-rabbit secondary antibody. These sections did not show any
immunostaining. Because the emission spectra of Alexa Fluor 488 and 568 partly overlap,
sections were double-labeled as well as single-labeled by using each secondary antibody and
compared with detect possible “bleed through.” No “bleed through” was detected at the
given concentrations.

Immunostained retinas were evaluated by using a Zeiss Axioplan 2 fluorescence microscope
(Carl Zeiss, Inc., Thornwood, NY) equipped with a 40× 1.3 NA Zeiss objective.
Immunostaining was photographed by using an Axiocam digital camera (Carl Zeiss, Inc.)
and data were stored digitally in “.zvi” format at 2,600 × 2,060 resolution. Some sections
were evaluated with a Zeiss 410 Laser Scanning Microscope with a krypton/argon laser.
Confocal images were acquired with a Zeiss PlanApo 100× 1.3 NA objective at a
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magnification zoom of 1×. Usually 10–20 optical sections were taken with a z-axis of 1 μm
and images were “stacked,” or combined to form a single image. Confocal data were
acquired and stored digitally as acquired at 72 dpi. The digital images were scaled to final
manuscript size; saved at 320 dpi in “.tiff” format; and adjusted for contrast and brightness,
labeled, and formatted by using Adobe Photoshop 5.5 (Adobe Systems, Mountain View,
CA).

Electron microscopy
The eyecups were fixed in a mixture of 4% PFA and 0.2% picric acid in 0.1 M PB for 30
minutes at room temperature. The retinas were dissected and small pieces from the central
region were fixed for 2 hours at 4°C in the same fixative. After being washed in PB, the
retinal pieces were transferred to 30% sucrose in 0.1 M PB for 6 hours, rapidly frozen in
liquid nitrogen, thawed, and embedded in 4% agar in distilled water.

The retina was cut with a Vibratome at 50 μm, and sections were placed in 0.01 M PBS (pH
7.4). They were incubated in 0.01 M PBS containing 3% normal goat serum for 1 hour at
room temperature to block nonspecific binding sites and were then incubated in the Y1
antibody (1:1,000) for 18 hours at 4°C. The sections were washed in 0.01 M PBS for 45
minutes, incubated in biotin-labeled goat anti-rabbit IgG for 2 hours, and washed three times
in 0.01 M PBS for 45 minutes. Sections were incubated in ABC solution for 1 hour, washed
in TB, and then incubated in 0.05% diaminobenzidine (DAB) solution containing 0.01%
H2O2. The reaction was monitored and ended by replacing the DAB and H2O2 solution with
0.05 M TB.

The stained sections were post-fixed in 1% glutaraldehyde in 0.1 M PB for 1 hour and, after
being washed in 0.1 M PB containing 4.5% sucrose for 15 minutes, they were post-fixed in
1% OsO4 in 0.1 M PB for 2 hours, dehydrated in a graded series of alcohol, and flat-
embedded in Epon 812. After curing at 60°C for 3 days, well-stained areas were cut out and
attached to an Epon support for further sectioning. Ultrathin sections (70–90 nm in
thickness) were collected on one-hole grids coated with Formvar and evaluated by using a
Jeol 1200EX electron microscope.

Results
Y1 immunoreactivity in the rat retina

Specific Y1 immunoreactivity was present in all retinal regions. In the outer retina, Y1
immunoreactivity was localized to the distal inner nuclear layer (INL) and the outer
plexiform layer (OPL). In the inner retina, Y1 immunoreactivity was observed in strata 2
and 4 of the IPL, and in puncta spanning strata 4 and 5 of the IPL (Figs. 1A, 2A). Very
faintly Y1-immunoreactive cell bodies were also visible in the INL, at the IPL border, and in
the ganglion cell layer (GCL; Fig. 1A). These cells were small (8–9.5 μm) and widely
spaced. Often, only a podium of the cell body or the main process entering the IPL was
immunostained. Immunoreactivity was absent from control tissue stained with Y1 antibody
incubated with synthetic Y1370-380 peptide (Fig. 1B).

Y1 immunoreactivity is localized to horizontal cells
Y1 immunoreactivity was evaluated by double-label histochemistry with well-characterized
antibodies that mark horizontal cells. In the outer retina, Y1 immunoreactivity was localized
to large cell bodies located in the distal INL and fine processes forming a dense plexus in the
OPL (Fig. 2A). Double-labeling experiments using antibodies to CaBP, which label
horizontal cells and their processes in the OPL (Röhrenbeck et al., 1987; Uesugi et al.,
1992), demonstrated colocalization of Y1 and CaBP in horizontal cell bodies and processes
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(Fig. 2B). Y1 immunoreactivity was observed predominantly in horizontal cell processes
and tips (Peichl and Gonzalez-Soriano, 1994; Fig. 2A). Counts of immunolabeled horizontal
cells from horizontal sections cut at 25 μm, from five different retinas, and processed by
double-label immunohistochemistry, showed 96% (n = 527) of the CaBP-immunoreactive
cells contained Y1 immunoreactivity in the distal INL (Fig. 3). The remaining 4% likely
have low levels of Y1 immunostaining and were below the level of detect ability in these
preparations.

Y1 immunoreactivity is localized to cholinergic amacrine cells
The pattern of Y1 immunoreactivity in the inner retina was evaluated by using double-
labeling immunohistochemistry with ChAT and VAChT, well-characterized antibodies to
established amacrine cell populations. In the inner retina, Y1 immunoreactivity was
prominent in strata 2 and 4 of the IPL and puncta that spanned strata 4 and 5 of the IPL (Fig.
4A). A few faintly immunoreactive cell bodies were in the INL and GCL (Figs. 1A, 4A).
Double-label experiments with Y1 and VAChT, which label the processes and terminals of
cholinergic amacrine cells in strata 2 and 4 of the IPL (Sawaguchi et al., 1999),
demonstrated the colocalization of Y1 immunoreactivity with VAChT (Fig. 4A,B). These
results were verified in other double-label immunohistochemical experiments with
monoclonal antibodies to ChAT, a marker for cholinergic amacrine cells (Voigt, 1986; Kim
et al., 2000). Y1 immunoreactivity colocalized with ChAT immunoreactivity in the
processes of cholinergic amacrine cells that ramify in strata 2 and 4 of the IPL (Fig. 4C,D).
ChAT immunoreactivity was similar to that of previous reports (Voigt, 1986; Kim et al.,
2000) with small cell bodies in the INL and GCL, and immunoreactive processes forming
dense plexuses in strata 2 and 4 of the IPL. Few cell bodies in the INL and GCL that
contained Y1 immunoreactivity were detected; therefore, it was difficult to establish
whether all cholinergic amacrine cells express Y1.

Electron microscopic evidence (given below) suggested that Y1-immunoreactive puncta
spanning strata 4 and 5 of the IPL are localized to amacrine cells. However, we have not
been able to determine the cell type expressing Y1-immunoreactive puncta in strata 4 and 5
of the IPL by double-label immunohistochemistry.

Synaptic connectivity of Y1 immunoreactive cells
Y1 immunoreactivity was identified ultrastructurally as an electron-dense reaction product
that was mainly associated with the cell membranes, mitochondrial membranes, nuclear
membranes, the amorphous cytoplasmic matrix, and synaptic vesicles. From previous
descriptions of processes and synapses in the IPL, the following criteria were applied when
defining the identity of the Y1-immunoreactive processes observed (Dubin, 1970; Kolb,
1979; McGuire et al., 1984, 1986): (1) terminals with synaptic ribbons were designated as
bipolar cell processes, (2) processes with synaptic vesicles that had chemical synapses or
electrical synapses were designated as amacrine cell processes, and (3) processes with clear
cytoplasm and microtubules were designated as ganglion cell dendrites.

The synaptic contacts of Y1-immunoreactive cells were observed in the IPL in tissue
samples taken from the central retina (Table 1). Y1-immunoreactive processes in the IPL
were identified as amacrine cell processes due to the presence of numerous vesicles and the
lack of synaptic ribbons. A total of 366 synapses were observed. Of these, 161 were
synapses onto Y1-immunoreactive amacrine cell processes from unlabeled amacrine cell
processes and bipolar cell axon terminals, and 189 were synapses from Y1-immunoreactive
amacrine cell processes onto amacrine, ganglion, bipolar, and unidentified cell processes. A
total of 16 synapses occurred between two Y1-immunoreactive amacrine cell processes. The
majority of synapses were observed in strata 2, 4, and 5 of the IPL.
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Postsynaptic labeling pattern—The most common synaptic input onto Y1-
immunoreactive amacrine cells was from unlabeled amacrine cell processes (65.2% of all
synaptic inputs in the IPL, n = 105). These synaptic inputs were observed in strata 2, 4, and
5 of the IPL. Figure 5 shows Y1-immunolabeled amacrine cell processes with densely filled
synaptic vesicles, which display homogenous labeling. These amacrine cell processes
receive synaptic input from unlabeled amacrine cell processes and, in Figure 5B, an
immunoreactive amacrine cell process forms a reciprocal synapse with nonimmunoreactive
amacrine cell process.

Synaptic inputs from bipolar axon terminals onto Y1-immunoreactive amacrine cell
processes were also frequent in strata 2 and 4 of the IPL and compose 34.8% (n = 56) of all
synaptic inputs observed (Figs. 6, 7). These synapses were, in most cases, dyads where one
postsynaptic element was a Y1-immunoreactive amacrine cell process and the other was an
unlabeled amacrine cell process (Figs. 6A,B, 7A). Rod bipolar cell axon terminals, identified
by the presence of a ribbon and the features of their postsynaptic dyads, were never
presynaptic to Y1-immunoreactive processes. This finding suggests that the bipolar cell
terminals engaged in synaptic relationships with Y1-immunoreactive amacrine cell
processes were ON- and OFF-type cone bipolar cells (Famiglietti and Kolb, 1975; Freed et
al., 1987; Chun et al., 1993; Wässle et al., 1995).

Presynaptic labeling pattern—Y1-immunoreactive amacrine cell processes form
conventional synapses onto unlabeled amacrine and ganglion cell processes in 164 synapses
observed in our study. The synapses onto amacrine cells and ganglion cells were observed in
strata 2, 4, and 5 of the IPL. Synapses onto bipolar cells were not observed in our study. Of
the output synapses of Y1-immunoreactive amacrine cells, 60% (n = 113) were onto
ganglion cells. Processes that contained microtubules and no synaptic vesicles in their clear
cytoplasm were considered to be the dendrites of ganglion cells. Figure 8 shows an
immunoreactive amacrine cell process synapsing onto ganglion cell dendrites. In Figure 8B,
an immunolabeled amacrine cell process makes an output synapse onto a ganglion cell
dendrite and a small process that is classified as “unidentified” (the process is too small to
be identified as a ganglion cell dendrite or an amacrine cell process). The incidence of
synapses onto unidentified processes was 13% of all output synapses.

Synapses onto unlabeled amacrine cells were observed in 51 cases (27%). Figure 9A shows
that a Y1-immunoreactive amacrine cell process establishes a conventional output synapse
onto an nonstained amacrine cell process. Synaptic contacts between two immunoreactive
processes have been also observed in strata 2, 4, and 5 of the IPL (Fig. 9B) and made up
4.4% (n = 16) of all synapses observed in the IPL.

Discussion
The present study investigated the distribution of Y1 immunoreactivity in the rat retina and
determined the synaptic connectivity of Y1-immunoreactive processes in the IPL by using
electron microscopy. Y1 immunoreactivity was present in the outer retina in cell bodies
located in the distal INL and processes in the OPL. Double-labeling with antibodies to CaBP
demonstrated that Y1 immunoreactivity in the outer retina was localized to horizontal cells.
In the inner retina, Y1 immunoreactivity was prominent in processes distributed to strata 2
and 4 of the IPL and puncta spanning strata 4 and 5 of the IPL. Double-labeling with
antibodies to ChAT and VAChT demonstrated that Y1 immunoreactivity in the inner retina
was localized to the processes of cholinergic amacrine cells. The cellular identity of the
puncta distributed to strata 4 and 5 of the IPL has not been established. Electron microscopic
observations of the IPL showed that Y1 immunoreactivity was confined to amacrine cell
processes and that these processes were postsynaptic to unlabeled amacrine cells and cone
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bipolar cells, and most presynaptic outputs were onto ganglion cell dendrites and unlabeled
amacrine cell processes.

Although, the distribution of NPY immunoreactivity is now established in the retinas of
various mammalian species, including human (Tornqvist and Ehinger, 1988; Li and Lam,
1990; Jen et al., 1994), cat (Hutsler et al., 1993; Hutsler and Chalupa, 1994, 1995), guinea
pig (Bruun et al., 1984), monkey (Marshak et al., 1986), mouse (Sinclair and Nirenberg,
2001), and rat (Ferriero and Sagar, 1989; D'Angelo and Brecha, 1999; Oh et al., 2001), this
is the first study investigating the distribution of any of the Y-receptors in the retina. There
are several lines of evidence suggesting that NPY may have a physiological role in the
retina: (1) the presence of NPY in amacrine cells in all mammalian retinas (Bruun et al.,
1984; Marshak et al., 1986; Tornqvist and Ehinger, 1988; Ferriero and Sagar, 1989; Li and
Lam, 1990; Hutsler et al., 1993; Jen et al., 1994; Hutsler and Chalupa, 1994, 1995; D'Angelo
and Brecha, 1999; Oh et al., 2001; Sinclair and Nirenberg, 2001) suggests that this peptide
may function as a modulator or transmitter as it does in other systems (Lundberg et al.,
1996; Munglani et al., 1996; Balasubramaniam, 1997; Blomqvist and Herzog, 1997; Michel
et al., 1998), (2) NPY release is induced with light flashes or potassium depolarization in the
frog retina in a calcium-dependent manner (Bruun et al., 1991), (3) exogenously applied
NPY affected the release of [3H]glycine, [3H]dopamine, [3H]5-hydroxytryptamine, and
[3H]choline chloride–derived radioactivity in rabbit retina and of [3H]GABA, [3H]5-
hydroxytryptamine, and [3H]choline chloride–derived radioactivity in chicken retina (Bruun
and Ehinger, 1993), and (4) exogenously applied NPY inhibits adenylyl cyclase activity in
the rabbit retina (Bruun et al., 1994). The present study showed the cellular localization of
the NPY receptor Y1, indicating several possible sites of action of NPY in the retina, and
furthermore, suggests that NPY acts directly on cholinergic amacrine cells and horizontal
cells to affect the release of acetylcholine and GABA.

Horizontal cells express Y1
Y1 immunoreactivity was observed in the rat outer retina and localized to horizontal cell
bodies in the distal INL and their processes in the OPL. The localization of Y1
immunoreactivity to horizontal cells and processes was confirmed in the double-label
immunohistochemical experiments using CaBP, a well-established marker for horizontal
cells (Röhrenbeck et al., 1987; Uesugi et al., 1992). Nearly all (96%) CaBP-immunoreactive
cells contained Y1 immunoreactivity, suggesting that all horizontal cells express Y1
receptor in the rat retina.

In other neuronal systems, Y1 receptor is primarily coupled to inhibitory G-proteins and its
activation leads to the inhibition of adenylyl cyclase (Lundberg et al., 1996; Munglani et al.,
1996; Balasubramaniam, 1997; Blomqvist and Herzog, 1997; Michel et al., 1998; Sun and
Miller, 1999; Sun et al., 2001). Other inhibitory G-protein–coupled receptors are expressed
by horizontal cells in the mammalian retina, and they have several actions, including the
coupling and uncoupling of horizontal cells by modulating gap junctions (Lasater and
Dowling, 1985; He et al., 2000). Dopamine receptors are expressed by mammalian
horizontal cells (Lasater and Dowling, 1985; He et al., 2000) and activation of Gi/Go-
coupled dopamine receptors expressed by horizontal cells decreases the electrical coupling
between horizontal cells by activating adenylyl cyclase, which results in the closure of gap
junctions (He et al., 2000.) Perhaps Y1 receptors could also modulate horizontal cell
coupling by inhibiting adenylyl cyclase. NPY, acting on Y1 receptors, could also modulate
horizontal cell properties by modulating K+ and Ca2+ channels expressed by horizontal
cells, as it does in other systems (Sun and Miller, 1999; Sun et al., 2001).
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Cholinergic amacrine cells express Y1
In the inner retina, Y1 immunoreactivity was localized to dense plexuses in strata 2 and 4 of
the IPL. Double-label experiments with cholinergic amacrine cell markers ChAT and
VAChT showed that Y1 immunoreactivity in these strata was localized to cholinergic
amacrine cell processes (Voigt, 1986; Sawaguchi et al., 1999).

Y1 is coupled to inhibitory G-proteins in other tissues and in cell lines (Lundberg et al.,
1996; Munglani et al., 1996; Balasubramaniam, 1997; Blomqvist and Herzog, 1997; Michel
et al., 1998), and presumably, it is also coupled to Gi/Go proteins on cholinergic amacrine
cell processes where it could modulate neurotransmitter release from these cells. An
inhibitory action on neurotransmitter release from these cells is inconsistent with early
observations that NPY stimulates the release of [3H]choline chloride from the rabbit and
chicken retinas (Bruun and Ehinger, 1993). Perhaps the action of NPY is on multiple circuits
and the overall effect of NPY overrides any specific inhibition the Y1 receptor has at this
synapse. Alternatively, Y1 may not be coupled to inhibitory G-proteins in these cells.
Cholinergic amacrine cells have been implicated in directional selectivity; however, their
exact role is not fully understood (Kittila and Massey, 1997; He and Masland, 1997;
Grzywacz et al., 1998; Tjepkes and Amthor, 2000; Yoshida et al., 2001). Our present
findings suggest NPY acting by means of Y1 receptors could also have an influence on the
response properties of these cells, perhaps to produce long-lasting changes in the cholinergic
plexus.

Synaptic connectivity of Y1-immunoreactive amacrine cells in the IPL
Ultrastructurally, Y1 immunoreactivity appeared as an electron-dense reaction product that
was associated with intracellular membranes, the amorphous cytoplasmic matrix and
synaptic vesicles. Intracellular membrane immunolabeling occurred as expected, because the
Y1 antibody is directed against an intracellular loop of the Y1 receptor. Intracellular labeling
with the Y1 receptor antibody could also be due to the presumptive pool of newly
synthesized Y1 receptor and any Y1 receptor internalization, which has been demonstrated
for this receptor (Parker et al., 2001). Intracellular labeling is also due to the diffusion of the
immunolabel associated with the postembedding processing of the retina for electron
microscopy.

Y1-immunoreactive amacrine cell processes receive synaptic input from amacrine cell
processes and bipolar cell axon terminals. Most synaptic inputs to Y1-immunoreactive
processes are from amacrine cells (65%). Bipolar cell synaptic inputs account for 35% of the
total observed. In addition, rod bipolar cell terminals, easily identified by their cytologic
characteristics in mammalian retinae (Kolb and Famiglietti, 1974; Famiglietti and Kolb,
1975; Kolb, 1979; McGuire et al., 1984, 1986), did not synapse onto Y1-immunoreactive
amacrine cell processes. These findings indicate that Y1-immunoreactive amacrine cell
processes receive bipolar cell axonal input, although which cone bipolar cell types (Euler
and Wässle, 1995; Hartveit, 1996) provide this input remains to be determined.

Y1-immunoreactive amacrine cell processes make conventional synaptic contacts onto
ganglion cell dendrites (54%) and unlabeled amacrine cell processes (34%) in both the ON
and OFF sublaminae of the IPL (Famiglietti et al., 1977). Y1-immunolabeled amacrine cell
processes did not form synaptic contacts onto bipolar cell axon terminals. These findings
indicate that Y1-expressing amacrine cells influence both ON- and OFF-type ganglion cells,
either directly by means of synaptic contacts onto ganglion cells or indirectly by means of
other amacrine cells. The identity of the amacrine cells that are postsynaptic to Y1-
immunoreactive amacrine cell processes is unknown. More than one amacrine cell type
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likely receives synaptic input from Y1-immunoreactive cells because Y1 cells form synaptic
connections with cell processes in several different strata of the IPL.

Double-label immunohistochemical experiments with ChAT have shown that a large portion
of the Y1 immunoreactivity observed in the IPL is localized to cholinergic amacrine cell
processes. Several studies have examined the cholinergic plexus ultrastructurally in the
mammalian retina. For example, in the rabbit retina, the principal input to cholinergic
processes in the IPL is from bipolar cell axon terminals, whereas most synaptic outputs are
onto ganglion cell dendrites (Famiglietti, 1983; Brandon, 1987). Another study in the rabbit
retina reported synaptic contacts between amacrine cells in the cholinergic plexus (Millar
and Morgan, 1987). In the monkey retina, cholinergic amacrine cells receive synaptic inputs
from bipolar cells (67%) and amacrine cells (33%) and synapse onto ganglion cells (62.5%)
and amacrine cells (37%; Mariani and Hersh, 1988). Our results in the rat retina generally
agree; Y1-immunoreactive processes receive synaptic input from amacrine cells and bipolar
cells and form outputs onto ganglion cells and unlabeled amacrine cells. Small variations in
the ratios of contacts are expected because not all Y1-immunoreactive processes in the IPL
are cholinergic amacrine cell processes and we have combined in our analysis all Y1-
immunoreactive profiles in the IPL. Finally, an ultrastructural analysis of the cholinergic
plexus in the rat retina has not been published, and we are comparing our observations with
findings from other mammalian species; there could be differences in synaptic connectivity
between species.

NPY as a paracrine neuromodulator in the retina
In the rat retina, there is a difference between the distribution of NPY immunoreactivity and
Y1 receptor immunoreactivity (Fig. 10). NPY immunoreactivity has been localized to
amacrine cells and displaced amacrine cells and their processes that ramify primarily in
strata 1 and 5 of the IPL (D'Angelo and Brecha, 1999; Oh et al., 2001). In contrast, Y1
immunoreactivity is expressed by cholinergic amacrine processes localized to strata 2 and 4
of the IPL, discrete puncta in strata 4 and 5 of the IPL, and horizontal cells in the distal INL
and their processes in the OPL. This difference in the distribution of NPY and its receptor,
Y1, indicates that this peptide acts at a distance from its site of release. In the mouse and
bovine retinas, Y-receptors are expressed in the retinal pigment epithelium (Ammar et al.,
1998). It is likely that NPY released from the retina acts in a paracrine manner on Y
receptors in the pigment epithelium. Other neuroactive substances, such as dopamine,
somatostatin, and substance P (Witkovsky and Schutte, 1991; Casini et al., 1997; Johnson et
al., 1998, 1999), are also distributed away from their receptors in the retina. For example, in
the rat retina, somatostatin is localized to amacrine and displaced amacrine cells and
processes that ramify primarily in strata 1 and 5 of the IPL, whereas the somatostatin
receptor 2A is localized to cone photoreceptors, horizontal cells, bipolar cells, and amacrine
cells (Johnson et al., 1998, 1999, 2000) and the somatostatin receptor 4 is localized to
multistratified ganglion cells (Vila and Brecha, 2001). Dopamine is expressed primarily by
wide-field amacrine cells with processes that ramify in strata 1 of the IPL (Nguyen-Legros
et al., 1997), whereas dopamine receptors are found throughout the retina, including
horizontal cells (Firth et al., 1997; Nguyen-Legros et al., 1999). These mismatches between
the localization of neuropeptides and their receptors support the hypothesis that many
neuroactive substances act in a paracrine manner on targets located far from the site of their
release to affect various aspects of vision, including visual processing.

In conclusion, Y1 immunoreactivity was localized to horizontal cells and cholinergic
amacrine cells. Y1-immunoreactive amacrine cell processes in the IPL receive synaptic
input from amacrine cells and bipolar cells and form synaptic outputs onto ganglion cells
and other amacrine cells. This expression pattern suggests that NPY acts at multiple points
in retinal circuits to modulate visual information.
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Fig. 1.
Y1 immunoreactivity in the rat retina. Fluorescence photomicrograph of a retinal section cut
perpendicular to the vitreal surface at 12 μm. A: Y1 immunoreactivity in the outer retina is
localized to horizontal cell bodies in the distal INL (large arrow) and to processes in the
OPL. Immunoreactivity in the inner retina is localized to faintly immunoreactive cell bodies
in the proximal INL and GCL (short arrows), strata 2 and 4 of the IPL, and to puncta
spanning lamina 5 of the IPL (arrowhead). B: Y1 immunoreactivity is absent from a retinal
section incubated overnight with Y1 antibody that was preincubated with 10-6 M synthetic
Y1370-382 peptide. Cryostat section. OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 30 μm in B (applies to
A,B).
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Fig. 2.
Confocal images of Y1 (A) and calbindin (CaBP; B) immunoreactivities. A,B: Y1 and CaBP
immunoreactivities in the same retinal section. A: Y1 immunoreactivity is in horizontal cell
bodies and processes in the OPL. B: CaBP immunoreactivity is in horizontal cell bodies and
processes in the OPL. A,B are a stack of eight, 1-μm scans. ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer. Scale bar = 20 μm in B (applies to A,B).
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Fig. 3.
Confocal images of Y1 (A) and CaBP (B) immunoreactivities in a horizontal section
through the outer retina. Y1 (A) and CaBP (B) immunoreactivities are colocalized to
horizontal cells (arrows indicate colocalization in two horizontal cells). Immunolabeled
processes in the image plane are also illustrated in the top portion of A and B. A,B are a
stack of five, 1-μm scans through the distal inner nuclear layer. Scale bar = 40 μm in B
(applies to A,B).
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Fig. 4.
Confocal images of Y1 (A,C), vesicular acetylcholine transporter (VAChT; B), and choline
acetyltransferase (ChAT; C) immunoreactivities in the inner retina. A,B: Y1 and VAChT
immunoreactivities in the same section. A: Y1 immunoreactivity is localized to processes in
strata 2 and 4 of the IPL and puncta primarily distributed to strata 4 and 5. B: VAChT
immunoreactivity, which marks cholinergic amacrine cell terminals and processes, is mainly
localized to strata 2 and 4 of the IPL. C,D: Y1 and ChAT immunoreactivities in the same
retinal section. C: Y1 immunoreactivity localized to processes in the inner retina. D: ChAT
immunoreactivity localized to cell bodies in the INL and GCL and processes in strata 2 and
4 of the IPL. A–D are stacks of ten 1-μm scans. INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Scale bar = 30 μm.
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Fig. 5.
Vertical sections through the IPL of a rat retina processed for Y1 immunoreactivity. A: Two
immunoreactive amacrine cell processes (stars) receive synaptic input (arrows) from two
unlabeled amacrine cell processes (A) in stratum 4 of the IPL, respectively. B: An
immunoreactive amacrine cell process (star) receiving synaptic input (straight arrow) from
an unlabeled amacrine cell process (A) in stratum 4 of the IPL. The immunoreactive process
makes synaptic output (curved arrow) back onto the unlabeled amacrine cell process. IPL,
inner plexiform layer. Scale bars = 0.5 μm in A,B.
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Fig. 6.
Vertical sections through the IPL stained for Y1 immunoreactivity. A: Y1-immunoreactive
process (stars) forms a postsynaptic dyad with an unlabeled amacrine cell process (A),
postsynaptic (arrow) to an immunoreactive amacrine cell process, at the ribbon synapse
(arrowhead) of a cone bipolar axon terminal in stratum 4 of the IPL. B: Immunoreactive
amacrine cell process is postsynaptic to the ribbon synapse (arrowhead) of a CB in stratum 2
of the IPL. IPL, inner plexiform layer; CB, cone bipolar axon terminal. Scale bars = 0.5 μm
in A,B.
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Fig. 7.
Vertical sections through the IPL stained for Y1 immunoreactivity. A: Y1-immunoreactive
amacrine cell process (star) forms a postsynaptic dyad with an unlabeled amacrine cell
process (A) at the ribbon synapse (arrowhead) of a CB in stratum 4 of the IPL. In the lower
part of the figure, a labeled amacrine cell processes (star) that is making synaptic output
(arrow) onto a ganglion cell dendrite (G) can be seen. B: A CB, postsynaptic (curved arrow)
to an unlabeled amacrine cell process (upper A), makes a ribbon synapse (arrowhead) onto a
postsynaptic dyad consisting of a labeled amacrine cell process (left star) and an unlabeled
amacrine cell process (lower A) in stratum 4 of the IPL. The labeled process receives
synaptic input (arrow) from another labeled amacrine cell process (right star). C: Two
labeled amacrine cell processes (stars) form a postsynaptic dyad at the ribbon synapse of an
axon terminal of a CB) in stratum 4 of the IPL. IPL, inner plexiform layer; CB, cone bipolar
axon terminal. Scale bar = 0.5 μm.
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Fig. 8.
Vertical sections through the IPL of a rat retina processed for Y1 immunoreactivity. A: G1
is postsynaptic (left, upper arrows) to two immunoreactive amacrine cell processes (left,
upper stars) in stratum 2 of the IPL. Another ganglion cell dendrite (G2) receiving synaptic
input from an immunoreactive amacrine cell process (center star) is seen. In the right lower
corner of the figure, an immunolabeled amacrine cell process (right, lower star) receives
synaptic input (right, lower arrows) from an unlabeled amacrine cell process (A). B:
Immunoreactive amacrine cell process (star) makes output synapses (arrow) onto an
unlabeled G and an unidentified process (U) in stratum 4 of the IPL. G,G1,G2, ganglion cell
dendrite; IPL, inner plexiform layer. Scale bar = 0.5 μm in B (applies to A,B).
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Fig. 9.
Vertical sections through the IPL of a rat retina processed for Y1 immunoreactivity. A:
Immunoreactive amacrine cell process (star) makes an output synapse (arrow) onto an
amacrine cell process (A) in stratum 2 of the IPL. B: Synaptic contact (arrows) between two
immunoreactive amacrine cell processes (stars) is seen in stratum 4 of the IPL. IPL, inner
plexiform layer. Scale bar = 0.5 μm in B (applies to A,B).
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Fig. 10.
Diagram comparing the distribution of NPY and Y1 immunoreactivity in the rat retina. NPY
immunoreactivity is localized to amacrine cells and displaced amacrine cells and their
processes that ramify primarily in strata 1 and 5 of the IPL. Some processes are also present
in strata 3 of the IPL (D'Angelo and Brecha, 1999). Y1 immunoreactivity is localized to
horizontal cells in the distal INL and their processes in the OPL, to cholinergic or “starburst”
amacrine cell processes that ramify in strata 2 and 4 of the IPL, and to discrete puncta that
are primarily localized to strata 4 and 5 of the IPL. NPY, neuropeptide Y; IPL, inner
plexiform layer; OPL, outer plexiform layer.
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