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ABSTRACT
The cholinergic amacrine cells in the rabbit retina slowly accumulate glycine to very high

levels when the tissue is incubated with excess sarcosine (methylglycine), even though these
cells do not normally contain elevated levels of glycine and do not express high-affinity
glycine transporters. Because the sarcosine also depletes the endogenous glycine in the
glycine-containing amacrine cells and bipolar cells, the cholinergic amacrine cells can be
selectively labeled by glycine immunocytochemistry under these conditions. Incubation ex-
periments indicated that the effect of sarcosine on the cholinergic amacrine cells is indirect:
sarcosine raises the extracellular concentration of glycine by blocking its re-uptake by the
glycinergic amacrine cells, and the excess glycine is probably taken-up by an unidentified
low-affinity transporter on the cholinergic amacrine cells. Neurobiotin injection of the On-Off
direction-selective (DS) ganglion cells in sarcosine-incubated rabbit retina was combined
with glycine immunocytochemistry to examine the dendritic relationships between the DS
ganglion cells and the cholinergic amacrine cells. These double-labeled preparations showed
that the dendrites of the DS ganglion cells closely follow the fasciculated dendrites of the
cholinergic amacrine cells. Each ganglion cell dendrite located within the cholinergic strata
is associated with a cholinergic fascicle and, conversely, there are few cholinergic fascicles
that do not contain at least one dendrite from an On-Off DS cell. It is not known how the
dendritic co-fasciculation develops, but the cholinergic dendritic plexus may provide the
initial scaffold, because the dendrites of the On-Off DS cells commonly run along the outside
of the cholinergic fascicles. J. Comp. Neurol. 421:1–13, 2000. © 2000 Wiley-Liss, Inc.

Indexing terms: cholinergic amacrine cells; glycine uptake; methylglycine; direction-selective
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Although the cholinergic amacrine cells in the rabbit
retina are one of the best characterized types of amacrine
cells in any retina, new findings about these cells have
continued to surprise retinal neuroscientists in the 20
years since the cells were first identified by Masland and
Mills (1979). Four characteristics in particular stand out
as novel and unexpected (Vaney, 1990). First, there are
two mirror-symmetric populations of cholinergic amacrine
cells, one with somata in the inner nuclear layer and the
other with somata displaced to the ganglion cell layer
(Hayden et al., 1980; Vaney et al., 1981). The orthotopic
cells stratify narrowly within sublamina a of the inner

plexiform layer whereas the displaced cells stratify nar-
rowly within sublamina b. Correspondingly, the type a
cholinergic (Ca) cells are Off-center cells, whereas the type
b cholinergic (Cb) cells are On-center cells (Bloomfield and
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Miller, 1986). Second, the dendritic-field overlap of the
cholinergic amacrine cells is an order of magnitude
greater than that of integrating retinal neurons (Tauchi
and Masland, 1984; Vaney, 1984). Despite this overlap,
the cholinergic dendrites do not blanket the retina but
show a striking fasciculated topology, with bundles of
dendrites surrounding dendrite-free lacunae (Tauchi and
Masland, 1985). Third, the distinctive “starburst” den-
dritic morphology of the cholinergic amacrine cells reflects
the spatial segregation of the synaptic connections, with
the excitatory input from bipolar cells distributed over the
whole dendritic tree and the synaptic output to ganglion
cells confined to the varicose distal zone (Famiglietti,
1991). This input-output offset appears important for the
function of cholinergic amacrine cells in facilitating the
responses of ganglion cells to image motion (He and Mas-
land, 1997). Fourth, the cholinergic amacrine cells con-
tain, synthesize and accumulate g-aminobutyric acid
(GABA) (Brecha et al., 1988; Vaney and Young, 1988).

We now report that the cholinergic amacrine cells in the
rabbit retina can also accumulate glycine, by an uptake
mechanism that is distinct from that used by glycinergic
amacrine cells. Almost all amacrine cells contain elevated
levels of glycine or GABA and, in the rabbit retina, the
putative glycinergic neurons account for '60% of the am-
acrine cells (Crook and Pow, 1997; Wright, 1998). The
glycine-containing amacrine cells express the glycine
transporter GLYT1 (Menger et al., 1998; Vaney et al.,
1998; Pow and Hendrickson, 1999) and they can be revers-
ibly depleted of their endogenous glycine by incubation
with sarcosine (Pow, 1998), which is a competitive inhib-
itor of GLYT1 and thus prevents the re-uptake of released
glycine (Guastella et al., 1992). In the rabbit retina, how-
ever, the cholinergic amacrine cells accumulate glycine to
very high levels in the presence of sarcosine, which pre-
sumably increases the concentration of extracellular gly-
cine that is accessible to the cholinergic cells. This uptake
mechanism enables the cholinergic plexus to be visualized
with remarkable clarity in glycine-immunolabeled whole-
mounts, thus providing a novel tool for studying the den-
dritic relationships between the cholinergic amacrine cells
and other retinal neurons. Parts of this study have been
reported in preliminary form (Vaney et al., 1989; Pow and
Vaney, 1998).

MATERIALS AND METHODS

All experiments were approved by the University of
Queensland animal experimentation ethics committee
and were conducted in accord with the Australian code of
practice for the care and use of animals for scientific
purposes. Adult pigmented rabbits and Dark Agouti rats
were obtained from the University of Queensland Central
Animal House. Biochemical reagents were obtained from
Sigma Chemical Co. (St. Louis, MO) unless indicated oth-
erwise.

Sarcosine incubation

Rats were euthanased by intraperitoneal injection of
sodium pentobarbital, the eyes enucleated and he-
misected, the retina removed and placed in carbogenated
serum-free Ames medium at 36°C under normal room
light (Ames and Nesbett, 1981). The retinas were incu-
bated with 0.5 mM sarcosine in Ames medium for 3 hours

(Pow, 1998). Rabbits were euthanased by intravenous in-
jetion of sodium pentobarbital, the eyes enucleated and
hemisected, and the posterior eyecup placed in Ames me-
dium at room temperature or 36°C. The eyecups were
usually incubated with 0.5–1.0 mM sarcosine in Ames
medium for 4–6 hours. For immunolabeling of retinal
wholemounts and Vibratome transverse sections, the tis-
sue was fixed with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.2) for 60–90 minutes. For immunola-
beling of semithin resin sections, the tissue was fixed with
2.5% glutaraldehyde in phosphate buffer for 16 hours.

Immunocytochemistry

The retinas were immunolabeled for glycine using our
well-characterized antisera, according to established pro-
tocols that are detailed elsewhere (Pow and Crook, 1993;
Pow et al., 1995; Wright et al., 1997). The glycine antisera
have previously been demonstrated not to cross-react with
a variety of amino acids that occur naturally in the retina.
We have subsequently demonstrated that the antisera do
not cross-react with sarcosine dot blots that have been
exposed to aldehydes (data not shown) and it would be
expected that the methylation of the amino group would
prevent the fixation of sarcosine with aldehydes. Further-
more, the glycine antisera did not cross-react with sar-
cosine dot blots that were fixed with carbodiimide, which
binds to the carboxyl group.

Autoradiography

To examine the effects of sarcosine on the uptake of
exogenous glycine, pieces of rabbit retina attached to the
sclera were initially incubated for 30 minutes at room
temperature in serum-free Ames medium, which contains
6 mM glycine. The tissue was then incubated for 30–180
minutes in Ames medium containing 1.0 mM sarcosine
and 50 ml/ml of 3H-glycine (16.2 Ci/mM; TRK71, Amer-
sham, Little Chalfont, England), giving a final glycine
concentration of 9 mM. The tissue was further incubated
in Ames medium for 30 minutes before fixation in 4%
paraformaldehyde and 0.2% glutaraldehyde in phosphate
buffer for 90 minutes at 4°C. The retina was embedded in
resin and processed for autoradiography, as described
elsewhere (Wright et al., 1997).

DAPI labeling

The rabbits were deeply anaesthetized with 4% halo-
thane, and 0.4 mg of 4,6-diamidino-2-phenylindole (DAPI)
in 20 ml of water was injected into the vitreous chamber,
1–2 days prior to the intracellular injection experiments
(Masland et al., 1984). DAPI is a fluorescent nuclear dye
that selectively labels three types of amacrine cells in the
rabbit retina, comprising the Ca and Cb cholinergic cells
and the glycinergic DAPI-3 cells (Tauchi and Masland,
1984; Vaney, 1984; Wright et al., 1997). The nuclei of
retinal ganglion cells are only weakly labeled by DAPI but
they are clearly defined and differ in their shape and size.
Many of the On-Off direction-selective (DS) ganglion cells
have a large crescent-shaped nucleus, enabling these cells
to be targeted for intracellular injection with a high suc-
cess rate (Vaney et al., 1989; Vaney, 1994).

Intracellular dye injection

Our procedures for preparing the superfused retinal
wholemount and for intracellular injection of microscopi-
cally identified neurons with either Lucifer yellow or Neu-
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robiotin have been described in detail elsewhere (Vaney,
1984, 1991; Hampson et al., 1992). In all of the
Neurobiotin-injection experiments, the rabbit retina was
incubated and superfused with 1.0 mM sarcosine in Ames
medium at room temperature. After being immersed in
this solution for '5 hours, the tissue was fixed for glycine
immunolabeling of the wholemount. The Neurobiotin in
the injected cells was visualized with FITC-tagged
streptavidin (Amersham, Little Chalfont, England) and
the accumulated glycine in the cholinergic amacrine cells
was visualized with Texas Red-tagged secondary antibod-
ies, according to our published double-labeling protocol
(Wright et al., 1997). In one series of experiments, Lucifer
yellow was injected into an On-Off DS ganglion cell and
overlapping Cb amacrine cells (Vaney et al., 1989). Fol-
lowing fixation in 4% paraformaldehyde for 60 minutes,
the Lucifer yellow was converted to an opaque reaction
product by photo-oxidation in the presence of diaminoben-
zidine (Maranto, 1982), as detailed by Vaney et al. (1991).

Photomicrography

The immunofluorescence preparations (see Figs. 4–6)
were imaged with a BioRad MRC 600 confocal laser-
scanning microscope (768 3 512 pixels) mounted on a
Zeiss Axioskop; FITC and Texas Red were visualized us-
ing the blue and green lines, respectively, of the krypton-
argon laser. The immunoperoxidase wholemounts (see
Fig. 2) and the autoradiograph (see Fig. 3) were imaged
with a Hamamatsu video camera (1,000 3 1,000 pixels)
mounted on an Olympus microscope. Photomicrographs of
the immunoperoxidase sections (see Fig. 1) and the
Lucifer-injected cells (see Fig. 7) were taken on various
Zeiss microscopes and the images digitized with a Nikon
film scanner.

Image processing

The brightness and contrast of the digital images were
adjusted using Adobe PhotoShop 5 and most images were
sharpened using the Unsharp Mask filter. The confocal
micrographs of the double-labeled preparations (see Figs.
5, 6B) were subject to special treatment. Two Z-series of
images was taken at 1 mm intervals through the inner
plexiform layer of the wholemount to record the morphol-
ogy of 1) the Neurobiotin-injected cells and 2) the overlap-
ping glycine-immunoreactive cholinergic cells. In each
confocal image, the dendrites in sublamina b of the inner
plexiform layer were selected using the lasso tool and
these dendrites were then collapsed down to a single im-
age, thus excluding the dendrites in sublamina a and the
somata in the ganglion cell layer. The contrast of the
glycine-immunoreactive Cb plexus was inverted and re-
duced, and the variations command of PhotoShop was
used to add red to the midtones and shadows, and to add
cyan to the highlights. The contrast of the Neurobiotin-
injected cells was inverted and increased, and this black/
white image was then multiplied by the red/cyan image of
the Cb dendritic plexus.

RESULTS

Sarcosine has different effects on rat and
rabbit retinas

Figure 1 shows transverse sections of rat and rabbit
retinas that were incubated for several hours in either

Ames medium containing excess sarcosine or control
Ames medium. The experimental and control tissues were
embedded together in the resin block and they were sub-
ject to identical glycine immunolabeling and silver inten-
sification. The control rat retina shows the normal pattern
of glycine immunoreactivity, with moderate to strong la-
beling of many amacrine cells and bipolar cells (Fig. 1A).
The elevated levels of endogenous glycine in these cells
are almost totally depleted following incubation with 0.5
mM sarcosine for 3 hours (Fig. 1B), and the same effect
has been observed in chicken, cat, and monkey retinas
(Pow, 1998). The pattern of glycine immunoreactivity in
the control rabbit retina is comparable to that in the
control rat retina, although the glycine-immunopositive
bipolar cells are less pronounced in the rabbit retina (Fig.
1C).

Incubation of rabbit retina with 0.5 mM sarcosine for 4
hours has two contrasting effects (Fig. 1D). As expected,
the glycine-containing amacrine and bipolar cells lose
much of their glycine, although the depletion is not as
complete as found in the rat retina. Much more striking,
however, is the development of glycine immunoreactivity
in two populations of cells: one type has strongly labeled
somata in the inner nuclear layer and stratifies narrowly
at '20% depth of the inner plexiform layer, whereas the
other type has intensely labeled somata in the ganglion
cell layer and stratifies narrowly at '70% depth. These
cells show much stronger glycine-like immunoreactivity
than the most intensely labeled glycinergic amacrine cells
in the control retina.

It was immediately apparent to us that the mirror-
symmetric populations of glycine-immunoreactive cells
correspond to the mirror-symmetric populations of cholin-
ergic amacrine cells: their appearance in transverse sec-
tion matches that obtained with immunolabeling for cho-
line acetyltransferase (ChAT) (Brandon, 1987; Famiglietti
and Tumosa, 1987). This identity was further supported
by their appearance in retinal wholemounts (Fig. 2C–F).
Each population is present at a density of '350 cells/mm2

in mid-peripheral rabbit retina, matching the density of
cholinergic amacrine cells at this eccentricity (Vaney et
al., 1981). Moreover, the pronounced fasciculation of the
cholinergic plexus is readily apparent in the glycine-
immunolabeled wholemounts (Tauchi and Masland,
1985). We did not directly test whether the glycine-
immunoreactive cells contain ChAT, partly because their
identity was so obvious and partly because ChAT immu-
nolabeling is problematic in the rabbit retina. Indeed, the
glycine immunolabeling shows the structure of the Cb
dendritic plexus much more clearly than has been pos-
sible with either ChAT immunolabeling or neurofibril-
lar methods.

Four to six hours were required for the sarcosine-
induced glycine immunoreactivity to reach maximum con-
trast. Both the depletion of endogenous glycine from the
glycinergic amacrine cells and the accumulation of glycine
by the cholinergic amacrine cells developed slowly, regard-
less of whether the incubation was undertaken at 36°C or
room temperature. The Ca amacrine cells were invariably
less glycine immunoreactive than the Cb amacrine cells,
even at the cut edge of retinas where the penetration of
sarcosine or antibodies would not be a limiting factor. In
some preparations, the levels of accumulated glycine in
the Ca somata were only slightly greater than the levels of
depleted glycine in the glycinergic amacrine cells. In other

3GLYCINE ACCUMULATION BY CHOLINERGIC NEURONS



preparations, where the Ca somata were selectively la-
beled with high contrast (Fig. 2D), their dendrites still
showed much less immunoreactivity than the overlapping
Cb amacrine cells (Fig. 2E,F).

The striking observation of glycine-immunoreactive
cholinergic cells in sarcosine-incubated retina was not
unprecedented as we had previously observed that the Cb
amacrine somata show elevated levels of glycine immuno-
reactivity when rabbit retina is incubated in control Ames
medium for extended periods (Fig. 2A), although the im-
munoreactivity is less than that of most glycinergic ama-
crine cells (Fig. 2B). If the moderate accumulation of gly-
cine in the control medium, which does not contain
sarcosine, is mediated by the same mechanism as the
intense accumulation of glycine in the sarcosine-

containing medium, this would suggest that the glycine
accumulation by the cholinergic cells does not depend
directly on sarcosine. Rather, the effects of sarcosine ap-
pear to arise secondarily from blocking the re-uptake of
glycine released from the glycinergic amacrine cells (Pow,
1998). We tested this hypothesis using a variety of strat-
egies, as outlined in the following section.

Mechanism of sarcosine-induced glycine
accumulation

The biochemical metabolism of glycine, sarcosine (meth-
ylglycine) and choline are closely linked. In principle, sur-
plus choline can be dehydrogenated to form betaine, which
can be transmethylated to form dimethylglycine, which in

Fig. 1. Effects of sarcosine on glycine immunolabeling of the ret-
ina. Transverse resin sections of rat retina (A) and rabbit retina (C)
incubated in control Ames medium show glycine immunoreactivity in
subsets of the amacrine cells and bipolar cells. Incubation with excess
sarcosine in Ames medium depletes the endogenous glycine in rat
retina (B) but leads to the intense accumulation of glycine by the

cholinergic amacrine cells in rabbit retina (D). The two strongly
labeled type a cholinergic cells in the inner nuclear layer (INL) strat-
ify narrowly in sublamina a of the inner plexiform layer (IPL) and the
intensely labeled type b cholinergic cell in the ganglion cell layer
(GCL) stratifies narrowly in sublamina b (arrows). Scale bar 5 20 mm.
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Fig. 2. Glycine immunolabeling of rabbit retinal wholemounts. A,B:
Tissue incubated in sarcosine-free Ames medium, with the focus on the
ganglion cell layer (A) or the inner nuclear layer (B). The elevated levels
of endogenous glycine in subsets of the amacrine cells and bipolar cells
are retained (B) while the type b cholinergic cells show moderate accu-
mulation of glycine (A). C–F: Tissue incubated with excess sarcosine in

Ames medium shows specific glycine immunolabeling of the type a and
type b cholinergic cells, whose somata are located in the inner nuclear
layer (D) and the ganglion cell layer (C), respectively. The cholinergic
dendritic plexus in sublamina b of the inner plexiform layer is labeled
intensely (E) and the cholinergic dendritic plexus in sublamina a is
labeled moderately (F). Scale bar 5 100 mm.



turn can be successively demethylated to form sarcosine
and then glycine:

Choline 3 Betaine 3 Dimethylglycine 3 Sarcosine 3
Glycine.

This presents a myriad of possibilities of how extracel-
lular sarcosine could raise the intracellular glycine in a
cholinergic neuron, with the most obvious candidates re-
quiring uptake of glycine or sarcosine by either a glycine-,
sarcosine-, or choline-transporter. We have undertaken
experiments to exclude many of these possibilities, but we
first describe our positive results that support the simple
hypothesis that the elevated levels of glycine in the cho-
linergic amacrine cells are derived by the uptake of glycine
from the extracellular space.

Glycine. The above hypothesis was tested directly by
incubating rabbit retina with 3H-glycine and excess sar-
cosine in Ames medium for 3 hours. Autoradiography of
transverse sections of the retina revealed both intense
radiolabeling over somata with the size and position of Cb
amacrine cells and moderate radiolabeling over a greater
number of somata in the amacrine sublayer of the inner
nuclear layer (Fig. 3). Short incubation times of 15–30
minutes were ineffective, although they resulted in strong
radiolabeling of amacrine and bipolar somata in the inner
nuclear layer when the tissue was incubated without sar-
cosine (Vaney et al., 1998). This provides further support
that the sarcosine-induced accumulation of glycine by the
cholinergic amacrine cells is a slow process.

If the raised levels of intracellular glycine are taken-up
directly from the extracellular pool, then reducing the
extracellular glycine concentration should reduce the gly-
cine uptake by the cholinergic amacrine cells. It was
rather surprising, therefore, that these cells still showed

strong glycine immunoreactivity when the retina was in-
cubated with sarcosine in glycine-free Ames medium.
However, further experiments revealed that incubation of
the retina in the glycine-free medium alone for 4–6 hours
did not qualitatively affect the normal pattern of glycine
immunoreactivity, although the labeling intensity was
somewhat reduced. That is, the retina can largely main-
tain its glycine metabolism when placed in a glycine-free
medium, presumably by the efficient re-uptake of glycine
released by the amacrine and bipolar cells.

The cholinergic amacrine cells do not express either of
the two high-affinity glycine transporters that have been
identified in the central nervous system: GLYT1 is ex-
pressed by the glycinergic amacrine cells only (Zafra et al.,
1995; Vaney et al., 1998; Pow and Hendrickson, 1999) and
GLYT2 has not been detected in the retina of the rat or
rabbit (Zafra et al., 1995; DV Pow, unpublished observa-
tions). This suggests that the cholinergic amacrine cells
may accumulate glycine using less selective amino-acid
transporters that have a low affinity for glycine. Two such
candidates are the alanine-preferring transporter system
and the alanine-serine-cysteine transporter system (Ser-
shen and Lajtha, 1979). 3H-glycine-uptake experiments
on the retina indicated that 90% of the low-affinity uptake
can be inhibited by 5 mM alanine, proline or serine (Chin
and Lam, 1980; Kong et al., 1980; Marc, 1984). However,
none of these amino acids had any significant effect on the
sarcosine-induced accumulation of glycine by the cholin-
ergic cells (Fig. 4C), and the retinas showed a normal
pattern of glycine immunoreactivity when incubated with
5 mM serine in sarcosine-free Ames medium (not illustrat-
ed). Thus the transporter responsible for the sarcosine-
induced accumulation of glycine appears to be different
from the low-affinity glycine transporters that are com-
monly used by non-glycinergic neurons to transport gly-
cine and certain neutral amino acids for metabolic pur-
poses. Moreover, the selective labeling of the cholinergic
amacrine cells is not consistent with glycine uptake by a
transporter that is ubiquitously distributed, leading us to
consider transporters that may be selectively expressed by
cholinergic neurons.

Choline. The fact that only the cholinergic amacrine
cells accumulate glycine in the presence of sarcosine
raised the possibilities that surplus choline is converted to
glycine, that glycine is taken up by the choline trans-
porter, or that sarcosine is taken up by the choline trans-
porter and then converted to glycine. These possibilities
seemed unlikely because the cholinergic amacrine cells in
other retinas do not accumulate glycine in the presence of
sarcosine, and two simple experiments excluded a role for
choline or its transporter. First, incubation of the retina
with 1 mM choline in Ames medium for 5 hours did not
affect the pattern of glycine immunoreactivity (not illus-
trated), indicating that the accumulation of surplus cho-
line does not result in glycine formation. Second, incuba-
tion of the retina with 1 or 5 mM choline did not prevent
the sarcosine-induced accumulation of glycine by the cho-
linergic amacrine cells (Fig. 4D), indicating that the gly-
cine or sarcosine is not taken-up by the choline trans-
porter, which would be saturated by the excess choline.

Sarcosine. It is clear that sarcosine can be trans-
ported in tissues such as the liver and kidney (Glorieux et
al., 1971; Ballevre et al., 1991) and GLYT1 would be an

Fig. 3. Sarcosine-induced accumulation of exogenous glycine. Au-
toradiograph of a transverse section of rabbit retina that was incu-
bated with 3H-glycine and excess sarcosine reveals strong labeling of
somata with the size and position of cholinergic amacrine cells. Scale
bar 5 20 mm.
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obvious candidate to function as a sarcosine transporter in
the brain. However, the fact that excess sarcosine de-
pletes the endogenous glycine in the amacrine cells that
express GLYT1 indicates that any glycine derived from
transported sarcosine is not retained in these glyciner-
gic neurons (Pow, 1998). Indeed, sarcosine dehydroge-
nase, which catalyzes the conversion of sarcosine to
glycine, appears to be absent in the brain (Daley, 1990).
If true of the rabbit retina, this would also exclude
production of glycine from betaine or dimethylglycine,
which are the earlier intermediaries in the postulated
choline 3 glycine metabolic pathway. Betaine is trans-
ported by the betaine/GABA transporter BGT-1, but it
is not known which retinal neurons express this trans-
porter or if BGT-1 is capable of transporting sarcosine.
However incubation of rabbit retina for 5 hours with
either 1 mM betaine or 1 mM dimethylglycine did not
affect the pattern of glycine immunoreactivity (not il-
lustrated). It is possible that the transporter responsi-
ble for the slow accumulation of exogenous 3H-glycine
by the cholinergic amacrine cells of the rabbit retina
also transports sarcosine but, if the accumulated sar-
cosine is to contribute to the observed glycine immuno-
reactivity, it would also be necessary for these cells to
express sarcosine dehydrogenase.

Dendritic plexus of cholinergic
amacrine cells

Cholinergic amacrine cells. The dendrites of over-
lapping cholinergic amacrine cells are bundled together
in fascicles that form an irregular meshwork surround-
ing dendrite-free lacunae (Tauchi and Masland, 1985;
Brandon, 1987; Famiglietti and Tumosa, 1987). The
contribution that a single cholinergic cell makes to the
fasciculated dendritic plexus was revealed by injecting
Neurobiotin into Cb amacrine cells in retinal wholem-
ounts that were superfused with 1 mM sarcosine in
Ames medium. Following fixation, the Neurobiotin-
injected cell was visualized with FITC-tagged strepta-
vidin and the overlapping Cb dendritic plexus was vi-
sualized by glycine immunofluorescence using a Texas
Red-tagged secondary antibody. The Cb amacrine cell
illustrated in Figure 5A has a dendritic tree of '320 mm
diameter and each point on the retina would be over-
lapped by the dendritic fields of '45 neighboring Cb
cells (Tauchi and Masland, 1984; Vaney, 1984); thus the
injected cell accounts for only 2–3% of the Cb dendrites
in the field. The lacunae outlined by the fascicles are
quite variable in size, ranging from 5–30 mm diameter
at this retinal eccentricity.

Fig. 4. Negative confocal micrographs of transverse retinal sec-
tions immunolabeled for glycine. Pieces of rabbit retina from one eye
were incubated for 5 hour under different conditions; they were then
fixed, sectioned on a Vibratome, and immunoprocessed identically. A:
control Ames medium. B: 1 mM sarcosine. C: 5 mM serine and 1 mM

sarcosine. D: 1 mM choline and 1 mM sarcosine. Saturation of either
the low-affinity glycine transporter with excess serine (C) or the
choline transporter with excess choline (D) had no effect on the
sarcosine-induced accumulation of glycine by the cholinergic ama-
crine cells. Scale bar 5 20 mm.

7GLYCINE ACCUMULATION BY CHOLINERGIC NEURONS



The dendrites of a cholinergic amacrine cell run rela-
tively straight and, thus, the rings of fascicles surround-
ing the lacunae are formed tangentially by the dendrites
of many cells. Some isolated cholinergic dendrites run
across the lacunae, and this is apparent for both the
Neurobiotin-injected Cb amacrine cell and the glycine-
immunolabeled plexus. Over 95% of the dendrites of in-
jected Cb cells run in fascicles and this provides a baseline

for comparing the dendritic relationships between cholin-
ergic amacrine cells and other types of retinal neurons.

Direction-selective ganglion cells. We previously
demonstrated that the cholinergic amacrine cells co-
fasciculate with the On-Off direction-selective (DS) gan-
glion cells by injecting Lucifer yellow into a DS ganglion
cell and some of the overlapping Cb amacrine cells (Vaney
et al., 1989), but the dense cholinergic plexus could be only

Fig. 5. Confocal micrographs showing the co-fasciculation between Neurobiotin-injected cells (black) and
the glycine-immunolabeled cholinergic plexus (red). A: part of the dendritic tree of a type b cholinergic
amacrine cell. B: the sublamina b arbor of an On-Off direction-selective ganglion cell. Scale bar 5 20 mm.
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partially labeled by this method. More recently, we have
demonstrated dendritic fasciculation between On-Off DS
cells with different preferred directions, by injecting Neu-
robiotin into two or three overlapping ganglion cells
(Vaney, 1994; Amthor and Oyster, 1995). However, these
studies did not reveal whether all cholinergic fascicles are
associated with dendrites from On-Off DS ganglion cells,
and vice versa. The ability to label the whole Cb dendritic
plexus with high contrast using glycine immunocytochem-
istry provided the means to examine this question di-
rectly.

Neurobiotin-injected On-Off DS cells were identified by
their distinctive type 1 bistratified morphology; the outer
arbor co-stratifies with the Ca amacrine cells and the
inner arbor co-stratifies with the Cb amacrine cells
(Amthor et al., 1984; Famiglietti, 1992). When a single
On-Off DS cell was injected with Neurobiotin (Fig. 5B),
almost all of the ganglion cell dendrites closely followed
the course of a cholinergic fascicle, although many of the
fascicles within the dendritic field did not co-fasciculate
with the dendrites of the injected ganglion cell. Thus the
meshwork of ganglion cell dendrites has a coarser period-
icity than the meshwork of cholinergic fascicles, with the
looping terminal dendrites usually surrounding several
cholinergic lacunae. It seemed probable that the unat-
tached cholinergic fascicles mark the dendritic course of
overlapping DS ganglion cells whose preferred directions
complement that of the injected ganglion cell.

This was examined directly by injecting Neurobiotin
into three overlapping DS ganglion cells with closely
spaced somata, which presumably comprised three of the
four subtypes of On-Off DS cells present at each retinal
location (Oyster and Barlow, 1967; Vaney, 1994). The
three ganglion cells are shown at low magnification in
Figure 6A, and the sublamina b dendrites in the shaded
central area are shown at higher magnification in Figure
6B. In the region where all three cells overlap, at the
bottom-right of the enlarged field, most of the cholinergic
fascicles are associated with one or more dendrites of the
injected ganglion cells, but a few cholinergic fascicles in
this region remain unattached. It is possible that they
mark the dendritic course of the fourth subtype of DS
ganglion cell, but this remains to be tested as our attempts
to inject four overlapping DS ganglion cells were unsuc-
cessful. In any event, the extent of co-fasciculation be-
tween the dendritic plexus of the cholinergic amacrine
cells and the meshwork of the On-Off DS ganglion cells is
very striking.

Symmetry of dendritic fasciculation. He and Mas-
land (1997) obtained clear evidence that the On-Off DS
cells receive symmetrical input from surrounding cholin-
ergic cells by using a laser to selectively ablate Cb ama-
crine cells located on either the preferred side of the gan-
glion cell or the opposite null side (see also Vaney et al.,
2000). In contrast, Grzywacz et al. (1997, 1998) have in-
terpreted their own electrophysiological results as indicat-
ing that the On-Off DS cells receive strong input from
cholinergic cells located on the preferred side and weak
input from cholinergic cells located on the null side. In
support of this conclusion, the authors cite abstracts of a
morphological study showing that “the amount of den-
dritic material in proximity to DS ganglion cells’ dendrites
is larger for preferred-side cholinergic cells than for null-
side ones” (Amthor and Grzywacz, 1995; Grzywacz et al.,
1995). Because this result conflicts with our preliminary

findings (Vaney et al., 1989), we went back and re-
examined our relevant material, as described below.

Lucifer yellow was injected into an On-Off DS ganglion
cell in mid-peripheral rabbit retina and then the Ames
medium was drained from the tissue chamber, the retina
briefly coverslipped, and the cell’s dendritic morphology
recorded in a focal series of micrographs (Fig. 7A). Lucifer
yellow was then injected sequentially into 10 Cb amacrine
cells whose somata were distributed in a ring around the
dendritic tree of the injected ganglion cell (Fig. 7B). Fol-
lowing fixation, the Lucifer yellow in the DS ganglion cell
and the cholinergic amacrine cells was converted to an
opaque reaction product by photo-oxidation in the pres-
ence of diaminobenzidine (Fig. 7C). The dendrites of each
injected Cb amacrine cell extended almost as far as the
soma of the injected DS ganglion cell, so that only den-
drites on one side of the ganglion cell would make contact
with preferred-side cholinergic cells (although the
preferred-direction of the ganglion cell is not known). The
preparation was examined directly at high magnification
(Fig. 7D) and the injected cells were painstakingly recon-
structed under a drawing tube (Fig. 7E).

Each point in the dendritic field of the injected ganglion
cell was overlapped by the dendritic fields of 3–5 injected
Cb amacrine cells, thus labeling '10% of the Cb dendritic
plexus. Although the labeling of the plexus was more
complete near the bottom-left of the field, many ganglion
cell dendrites on all sides of the soma closely followed the
emerging cholinergic fascicles, presenting a pattern that
is qualitatively similar to that observed when the whole
Cb dendritic plexus was labeled by glycine immunocyto-
chemistry (Fig. 5B). However, some ganglion cell den-
drites at the top-right of the field did not follow cholinergic
fascicles, perhaps reflecting the rather sparse labeling of
the Cb dendritic plexus. Consequently, this experiment
does not exclude the possibility that there is an asymme-
try in the co-fasciculation of preferred- and null-side cho-
linergic dendrites with a DS ganglion cell.

DISCUSSION

Glycine accumulation by cholinergic
amacrine cells

The sarcosine-induced accumulation of glycine by the
cholinergic amacrine cells of the rabbit retina was a to-
tally unexpected finding. Sarcosine is a potent competitive
inhibitor of the high-affinity glycine transporter GLYT1
(Blasberg and Lajtha, 1966; Guastella et al., 1992) and it
depletes the elevated levels of endogenous glycine in the
GLYT1-immunoreactive amacrine cells, presumably by
preventing the re-uptake of released glycine (Pow, 1998).
Sarcosine also depletes the endogenous glycine in the
glycine-immunoreactive bipolar cells, which do not ex-
press GLYT1 but which appear to obtain their glycine
stores by neurotransmitter coupling through gap junc-
tions with glycinergic amacrine cells (Vaney et al., 1998).
Like most other GABA-containing amacrine cells, the cho-
linergic amacrine cells do not express GLYT1 and, in other
retinas, sarcosine has no apparent effect on the glycine
and GABA levels in the cholinergic amacrine cells (Pow,
1998; Pow and Hendrickson, 1999). The paradoxical effect
of sarcosine in the rabbit retina is particularly striking
because the induced glycine-immunoreactivity of the cho-
linergic amacrine cells greatly exceeds the normal glycine-
immunoreactivity of the glycinergic amacrine cells.
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The available evidence indicates that the sarcosine-
induced accumulation of glycine by rabbit cholinergic
amacrine cells results from the direct uptake of glycine
from the extracellular space. Strong support for this
conclusion is provided by the autoradiographic experi-
ments, which showed that exogenous 3H-glycine is

slowly taken up by somata with the size and position of
cholinergic amacrine cells when the rabbit retina is
incubated with sarcosine. Moreover, other incubation
experiments provided no support for the alternate hy-
pothesis that sarcosine is converted to glycine within
the cholinergic cells.

Fig. 6. Co-fasciculation between the dendritic plexus of the cho-
linergic amacrine cells and the meshwork of the On-Off direction-
selective ganglion cells. A: confocal Z-series through the full depth of
three overlapping ganglion cells that were injected with Neurobiotin
(1–3); cell 1 was tracer coupled to a ring of surrounding cells of the
same subtype, one of which is included in the field (C). B: The sub-

lamina b dendrites in the pink area of A are shown at higher magni-
fication, together with the glycine-immunolabeled plexus of the type b
cholinergic cells; large lacunae (asterisk) are delineated by both the
cholinergic fascicles and the ganglion cells dendrites. Scale bar for A
5 50 mm.
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Fig. 7. Symmetry of dendritic fasciculation. Lucifer yellow was
injected into an On-Off direction-selective ganglion cell (A) and ten
surrounding type b cholinergic cells (B) and then photoconverted to an
opaque reaction product (C); the dendritic field of a single cholinergic
amacrine cell is shaded in pink. The preparation was examined di-
rectly at high magnification (D) and the injected cells were recon-

structed under a drawing tube (E). This revealed that many ganglion
cell dendrites on all sides of the soma co-fasciculate with the emerging
cholinergic fascicles, and thus the ganglion cell dendrites follow cho-
linergic dendrites that point in any direction. Scale bar for E 5 100
mm (A and D after Vaney et al., 1989).
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Sarcosine appears to produce its effect by increasing the
extracellular concentration of glycine as a result of block-
ing the re-uptake of glycine by the glycinergic amacrine
cells, rather than through any direct effect on a glycine
transporter. Support for this conclusion comes from two
observations. First, when the rabbit retina is incubated for
an extended period in control Ames medium, which does
not contain sarcosine, the Cb amacrine cells show moder-
ate glycine immunoreactivity (Fig. 2A). Second, the Cb
amacrine cells in the rabbit retina begin to show glycine
immunoreactivity within 10 minutes of death (Pow and
Crook, 1994). Under both conditions, the uptake of re-
leased glycine is likely to be impaired due to energetic
constraints, thus raising the extracellular concentration of
glycine.

The identity of the transporter responsible for the
sarcosine-induced uptake of glycine is not known, other
than by exclusion. The incubation experiments indicate
that the uptake is not mediated by a transporter for cho-
line, sarcosine or the intermediary metabolites, and the
high-affinity glycine transporters GLYT1 and GLYT2
have already been excluded. The glycine does not appear
to be taken up by ubiquitous low-affinity glycine trans-
porters, which should be blocked by excess alanine, pro-
line or serine (Chin and Lam, 1980). It might appear that
rabbit cholinergic amacrine cells express a low-affinity
glycine transporter that is not found in other types of
retinal neurons or in the cholinergic amacrine cells of
other vertebrates. However, it is also possible that the
pattern of glycine accumulation reflects a distinctive in-
terplay between the intracellular glycine metabolism of
cholinergic amacrine cells and the extracellular glycine
metabolism of the avascular rabbit retina. The sarcosine-
induced accumulation of glycine appears to be a
temperature-insensitive process that proceeds very slowly
but concentrates the intracellular glycine to a very high
level, particularly in the Cb amacrine cells.

Dendritic architecture of the
cholinergic plexus

The dendritic co-fasciculation that was demonstrated
previously by injecting Lucifer yellow into a DS ganglion
cell and some of the overlapping cholinergic amacrine cells
(Vaney et al., 1989) is shown in this study to be compre-
hensive. Almost all dendrites of each On-Off DS ganglion
cell closely follow the fasciculated dendrites of the cholin-
ergic amacrine cells (Fig. 5B). Moreover, the dendritic
meshwork formed by the overlapping subtypes of DS gan-
glion cells corresponds closely to the meshwork of cholin-
ergic fascicles (Fig. 6B). In fact, the patterns are so similar
that it is possible that “the ganglion cell dendrites may be
the actual framework upon which the cholinergic lattice is
built” (Brandon, 1987). Support for this conclusion comes
from an electron microscope study of the rabbit retina,
which described fascicles of ganglion cell dendrites as
running a “gauntlet” of flanking cholinergic boutons
(Famiglietti, 1991). However, our confocal microscope
study presents a somewhat different picture in that it is
apparent, even when the cholinergic plexus is viewed in
only two dimensions, that the dendrites of DS ganglion
cells commonly run along the outside of the cholinergic
fascicles. This suggests that the cholinergic plexus may
develop before the meshwork of ganglion cell dendrites,
which is commensurate with the early maturation of the

cholinergic system in the retina (Wong and Collin, 1989;
Wong, 1995; Feller et al., 1996).

The morphological studies reinforce earlier physiologi-
cal studies showing that the On-Off DS ganglion cells
receive a massive excitatory input from the cholinergic
amacrine cells (Masland and Ames, 1976; Ariel and Daw,
1982; Grzywacz et al., 1997; Kittila and Massey, 1997).
The cholinergic input appears to be symmetrical and thus
could not underlie the asymmetrical generation of direc-
tion selectivity in the retina (He and Masland, 1997).
Rather, the cholinergic amacrine cells probably facilitate
the responses of the ganglion cells to moving stimuli,
regardless of the direction of motion.

Three features of the neuronal architecture of cholin-
ergic amacrine cells can be rationalized in this context.
First, the proximal-distal segregation of the input and
output synapses of cholinergic cells (Famiglietti, 1991)
provides the spatial offset that is a prerequisite for motion
facilitation. Second, the large dendritic fields of the cho-
linergic cells ensures that the facilitatory mechanism is
responsive to both small and large displacements. The
extensive dendritic-field overlap is not redundant because
each cholinergic cell that provides input to a local region of
a ganglion cell’s receptive field would be most responsive
to a different vector of motion (Vaney, 1990). Third, the
dendritic co-fasciculation of the cholinergic amacrine cells
and the four subtypes of On-Off DS ganglion cells would
enable each cholinergic dendrite to contact several sub-
types of ganglion cells efficiently (Vaney, 1994).

Although the facilitatory cholinergic input to the On-Off
DS ganglion cells appears to be symmetrical (He and
Masland, 1997), the strong null-direction inhibition en-
sures that the facilitation is demonstrable only for move-
ments with a component in the preferred direction (Gr-
zywacz and Amthor, 1993). Consequently, the difference
between the preferred- and null-direction responses is
significantly enhanced by the cholinergic input. Thus the
DS ganglion cells respond much more strongly to moving
stimuli than to stationary flashed stimuli (Vaney et al.,
2000).

Glycine immunolabeling of the cholinergic plexus may
prove useful for ultrastructural investigation of the syn-
aptic mechanism of direction selectivity. It would enable
the cholinergic amacrine cells to be selectively labeled in
glutaraldehyde-fixed tissue, thus optimally preserving the
synaptic morphology. Moreover, double immunolabeling
against both glycine and GABA would enable the cholin-
ergic dendrites to be distinguished from other GABAergic
dendrites, which probably mediate the null-direction in-
hibition that underlies direction selectivity (He and Mas-
land, 1997; Vaney et al., 2000).
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