
Neural circuitry and light responses of the dopamine amacrine cell
of the turtle retina

Purpose: To understand the circuitry and electrophysiology of the dopamine cells in the turtle retina.
Methods: Preembedding immunocytochemistry for tyrosine hydroxylase (Toh) was done on vibratome sections of turtle
retina. Resultant Toh-immunoreactive (Toh-IR) amacrine cells were then serially thin-sectioned for analysis by electron
microscopy (EM). Some sections of Toh-IR cells also were post-embedding immunostained for glycine and GABA content.
Intracellular recordings and dye markings were made from the turtle eyecup and slice preparation to determine the light
responses of cells called A28, which have the same morphology as Toh-IR amacrine cells.

Results: Physiologically A28 cells were L-type (luminosity) and gave sustained depolarizing (ON center) responses to
light pulses. High intensity light pulses produced immediate transients and long depolarizations, lasting beyond the stimulus
duration. An after-hyperpolarization and an antagonistic surround could be elicited. EM reconstruction of a Toh-IR cell
revealed new circuitry over that described before (Pollard, J. & Eldred, W.D. (1990) J. Neurocytol. 19, 53-66). Bipolar ribbon
synapses occurred in all three dendritic tiers. However, amacrine cell inputs dominated numerically (95% amacrine input,
5% bipolar input) many of them in a serial synaptic configuration. GABA+ inputs were seen but not glycine+ inputs.
Output from Toh-IR profiles was primarily to large ganglion cell dendrites but also to bipolar cell axons, GABA-IR
amacrines, unspecified amacrine cells and other Toh-IR dendrites.
Conclusions: The synaptology of the dopamine cells of the turtle retina suggests that sustained inhibitory amacrine cell
pathways, including GABAergic pathways, are chiefly responsible for their response characteristics at low light levels.
Conversely, at higher light intensities, transient excitatory amacrine cells probably have influence.
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In the turtle retina, Toh-IR amacrine cells are medium-
field sized, tristratified amacrine cell types (1-4). They are
called A28 because of their morphological resemblance to
Golgi-impregnated amacrines named A28 cells (5) that have
similar branching patterns and stratification levels. The
dendrites of turtle Toh-IR amacrine cells form a dense plexus
in stratum 1 of the IPL, as in other species, but they also have
two other tiers of dendrites branching in the strata 2/3 and 4/5
borders. A previous EM study of turtle Toh-IR cell connectivity
(1) provided initial data on synaptic input density and general
connectivity. Since then, new information concerning the
physiology and laminar organization of the bipolar, amacrine,
and ganglion cells that might have input to this cell type in
turtle retina has become available (6-10). We thought it
worthwhile to repeat a synaptic analysis and correlate it with
new and past intracellular recordings (6). We hope herein to
provide a richer interpretation of the role of such cells in the
turtle retina in particular, and in the vertebrate retina in general.

MATERIALS AND METHODS

Pre-embedding procedures—Young adult turtle (Pseudemys
scripta elegans) retinas were fixed flat between filter paper in
2% formaldehyde and 0.5% glutaraldehyde for 2 hrs before
transferring to an overnight fixation in 4% paraformaldehyde
in PBS with 0.1 M NaHCO3 (pH 10.4). The following day the
retinas were put through a freeze-thaw procedure (11) after

which they were washed in PBS and sectioned into 50 µm
vertical slices on a vibratome. After incubation in 10% normal
goat serum for 1 hr at 4˚C they were placed in the primary
antibody, rabbit-anti-Toh (Eugene Tech) at a concentration of
1:500 in PBS for 4 days at 4˚C. After further washes in PBS
the tissue was transferred to biotinylated goat anti-rabbit IgG
diluted 1:100 in PBS for 2 days at 4˚C. More washes in PBS
occurred before transfer to a solution of the ABC (avidin-biotin
complex) in 0.1M PBS for two days. Finally, the retinas were
washed and incubated in 3,3-diaminobenzidine
tetrahydrochloride (DAB), with 0.01% H2O2 for 15 min.
Subsequently, the slices of retina were post-fixed in 1% OsO4

in 0.1M PBS for 1 hr, and processed for plastic embedding
and serial thin sectioning for electron microscopy (34).

Post-embedding immunostaining of ultrathin sections—
Some of the EM thin sections were processed for post
embedding immunocytochemistry as described in previous
work from our laboratory (34). Incubation was in rabbit anti-
GABA conjugated with 1% bovine serum albumin (BSA)
(Chemicon) diluted 1:500 or rabbit-anti-glycine (Chemicon)
used at various concentrations (1:40, 1:80, 1:160 and 1:320) +
0.5% Triton in TBS for 1 hr on a shaker at room temperature.
Incubation took place in the secondary antibody of anti-rabbit
IgG conjugated with gold particles (15 nm) (Janssen/
Amersham) diluted 1:20 for GABA and 1:20 or 1:40 for glycine
in TBS + 1% BSA + 0.5% Triton for 1 hr on a shaker at room
temperature.

We analyzed large montages of GABA or glycine stained
sections in order to determine significant staining of inner
nuclear layer cell bodies over background. For the GABA data,
we accepted only stained profiles in tissue where the "hot"
cells labelled 8X or better over the background while for
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glycine we accepted profiles labeling 9X over background (34).
The images of neuropil containing colloidal gold showing
GABA, for example, were always followed through 5 or 6
serial sections (all sections of the grid) and profiles were
considered labeled when there were a consistent 4 -6 particles
of gold present compared with neighboring, unlabeled profiles
with next to no particles through the series.

Electrophysiology—Intracellular recordings and staining
with HRP-filled microelectrodes were done on an everted eye-
cup preparation as described in detail in Ammermüller and
Kolb (6). The light stimulation protocols were the same as in
previous papers (6, 7). After recording and HRP injection  A28-
like amacrine cells were processed for HRP histochemistry
(6). Stained cells were drawn by camera lucida to reveal their
branching patterns and to make a careful assessment of their
stratification level within the IPL. Some recordings were
performed in a retinal slice preparation. The preparation
procedure closely followed that of Burkhardt et al. (12). Exact
stimulus parameters are indicated in the figure legends.

RESULTS

Light microscopy of Toh-IR amacrine cells— The amacrine
cell type that was immunocytochemically stained with
antibodies to tyrosine-hydroxylase (Toh-IR) has the appearance
described before (1-4) of a medium-field, tristratified amacrine,
classified as A28 (5) (Figs. 1a, 5a). It is characterized by a
medium cell body (10 x 12 µm) and 300-500 µm diameter
dendritic field consisting of very fine diameter, curvy,

multibranched dendrites bearing appendages and terminals
(Fig. 1a). A plexus of dendrites lies in strata 1 of the IPL under
the amacrine cell bodies at the inner nuclear layer (INL) IPL
border while two other, well-defined plexi branch loosely on
approximately the 2/3 and 4/5 borders of the IPL (Fig. 1b).

We could find no evidence for any Toh-IR processes or
HRP-injected processes originating from such amacrine cells
in either the INL or the OPL, so they do not appear to be
interplexiform cells in the turtle retina. Nor have we seen
evidence of putative dopamine amacrine cells of turtle having
"axon-like" processes as has been seen for dopamine amacrine
cells in cat and primate retinas (13,14).

Electron microscopy of Toh-IR amacrine cells— We
performed an EM study on three Toh-IR amacrine cells taken
from 20 µm thick radial sections. One of these cells was rather
completely reconstructed, allowing us to look at the entire cell
body and major dendrites in 150 µm wide and 60 µm depth of
the IPL neuropil (cell reconstructed in Fig. 4). Figures 2 and 3

Figure 1a. LM view of a wholemount Toh-IR cell. LM view of
a wholemount Toh-IR cell. Scale bar 10 µm. Figure 1b. Vibratome
vertical section of Toh-IR amacrine cell. Vibratome vertical section
of Toh-IR amacrine cell. The dendrites clearly form three tiers of
branches in stratum 1 (S1), S2/3 and S4/5 of the IPL. Scale bar 25
µm.

Figure 2. a) An amacrine profile (A) makes a narrow-cleft
synapse with small caliber synaptic vesicles (arrowhead) upon the
base of the Toh-IR cell body in stratum 1 of the IPL. The Toh-IR cell
cytoplasm contains dense-cored vesicles (white arrow). b) Bipolar
(B) ribbon input (arrow) to a Toh-IR profile in S1 of the IPL. c) A
dense-cored vesicle (fine arrows) containing amacrine profile (A) is
presynaptic (large arrow) to a Toh-IR process in S1 of the IPL. d) A
bipolar cell profile (B) is presynaptic (arrow) to a Toh-IR profile in
S2/3. e) A GABA+ amacrine (Ga), containing colloidal gold particles,
is presynaptic to a small Toh-IR profile in S3. f) Two wide-cleft
synapses from amacrine cells (A, curved arrows) upon a Toh-IR
process in S4/5. Scale bar for all 0.5 µm.



show example micrographs of synaptic input and output to
and from the Toh-IR cell.

Bipolar ribbon synapses occurred to both large and small
diameter Toh-IR dendrites in all three tiers of dendrites (Fig.
2b and d, arrow points to bipolar ribbon). These ribbon
synapses came from bipolar axons in both stratum 1 and strata
2/3 and 4/5 borders. In some instances we could also see Toh-
IR profiles making synapses upon bipolar axons particularly
in stratum 1. Amacrine cell synapses were very numerous on
the cell body (Fig 2a) and over all the dendrites in all three
tiers of dendrites (Figs. 2c and f). Some cytological
characteristics distinguished one amacrine cell from another.
For example, many of the presynaptic amacrine profiles were
of large diameter, electron lucent, and had very distinct, large
clusters of synaptic vesicles at presynaptic membranes of wide-
cleft synapses (Fig. 2f, curved arrows). Other amacrine profiles
were smaller in diameter, with small synaptic vesicles and little
or no enlargement of the synaptic cleft (Fig. 2a, arrowhead).
Many of the presynaptic amacrine profiles contained dense-
cored vesicles (Fig. 2c, two fine arrows). Dense cored vesicles
were also present in the Toh-IR cell body itself and major
dendrites (Fig. 2a, white arrow). Stratum 1 of the IPL was
particularly dense in Toh-IR dendrites making and receiving
amacrine synapses and many amacrines were in serial synaptic
arrangements (Fig. 2f, curved arrows).

A small number of sections were postembedding labeled
to determine whether glycine or GABA was present in pre-
and postsynaptic amacrine profiles. We found only GABA-
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Figure 3.  EM of Toh-IR amacrine cells: Toh-IR profiles
presynaptic to bipolar axons, ganglion cell dendrites and amacrine
cell profiles. a) Toh-IR processes are presynaptic to other Toh-IR
processes (white arrow) and to a ganglion cell (GC) dendrite (black/
white arrow) in S1. The GC dendrite is also postsynaptic to an
unstained amacrine cell (A). A neighboring unstained amacrine cell
(A) is presynaptic to another Toh-IR process. b) A vesicle-filled Toh-
IR process is presynaptic (black/white arrow) to an unstained
amacrine cell (A) in S1 of the IPL. c) A large Toh-IR process makes
a synapse upon another smaller Toh-IR profile in S1. d) A Toh-IR
profile on the S4/5 border synapses upon a colloidal gold-containing
GABA-IR (Ga) amacrine profile. Scale bar 0.5 µm.

containing amacrines to be involved with the Toh-IR dendrites
(Fig. 2e, Ga, arrow). GABA-IR amacrine synapses were seen
upon Toh-IR dendrites in strata 1 and 3 but since the sample
was small we cannot rule out such input to the other levels of
stratification.

Synaptic output from Toh-IR dendrites to postsynaptic
profiles were often difficult to discern because of the
immunostain density. However, we have evidence for Toh-IR
profiles presynaptic to bipolar axons, ganglion cell dendrites
(Fig. 3a, black and white arrow) and amacrine cell profiles
(Fig. 3b, black and white arrow) at all stratification levels of
the Toh cell's dendritic tree. Some of the amacrines proved to
be GABA-IR profiles (Fig. 3d, black and white arrows, Ga).
Toh-IR dendrites frequently engaged in synapses between
themselves as shown in Figures 3a and c (white arrows).

Summary and quantitation of synapses upon the Toh-IR
amacrine cell— A summary drawing showing the Toh-IR cell
body and its major dendrites running in stratum 1 and passing
down to the strata 2/3 and 4/5 borders is shown in Figure 4.
All of the synaptic arrangements that could be positively
identified in the serial section analysis are indicated on the
drawing and in Table 1. The pre- or postsynaptic GABA-IR
profiles are indicated in the drawing (Fig. 4) but their number
are not quantifiable relative to the other numbers, because only
a limited number of postembedded stained sections were
available for study.

This Toh-IR cell type received primarily amacrine cell
inputs (Fig. 4, red squares) but also a few bipolar cell ribbon
synapses (Fig. 4, green squares) (95% amacrine input, 5%
bipolar input, Table 1). The amacrine inputs seemed scattered
throughout the five strata of the IPL while the bipolar inputs
were concentrated to the three tiers of dendrites. Clearly the
tier of dendrites in stratum 1, where the thickest plexus of

Figure 4. Reconstruction of a Toh-IR cell body and main
dendrites in S1 and passing to S2/3 and S4/5. Other Toh-IR dendrites
in the tissue were studied but did not necessarily get traced to the
Toh-IR cell body. In the 15 µm thick slab of tissue studied by EM, the
Toh-IR cell and related processes received mostly amacrine synapses
(red) in all strata of the IPL, and a few bipolar ribbon synapses (green)
to the main tiers of dendrites in stratum 1, strata 2/3 and 4/5 borders.
Toh-IR stained profiles were presynaptic to amacrine and ganglion
cell processes (blue, yellow). Postsynaptic ganglion cell dendrites
costratified in the three main dendritic tiers of the Toh-IR cell.
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Figure 5. Light reponses of A28 cell. a) Camera lucida drawing
of an intracellularly recorded and HRP labeled A28 reconstructed
from the slice stain. Scale bar 50 µm. b) Light responses of the cell
as revealed by intracellular recording and staining in the slice
preparation. Responses to slits of various widths (from top to bottom:
0.025 mm; 0.45 mm and 0.66 mm slit width) and a black bar (0.15
mm width) surrounded by light. Log. rel. int. = -2. c) Responses to
621 nm (red), 505 nm (green) and 404 nm (blue) monochromatic
slits (0.45 mm width; 2.3 x 108 Quanta/sec/cm2). d) Responses to
621 nm slit stimuli (0.45 mm width) of increasing intensity. Log.
relative intensity is indicated by numbers. Full intensity (Log. rel.
int. = 0) was 2.3 x 1012 Quanta/sec /cm2.

overlapping Toh-IR dendrites is found, is most heavily laden
with all types of synaptic inputs and outputs (Fig. 4). Output
from Toh-IR profiles was to large ganglion cell dendrites (Fig.
4, yellow squares) (Table 1, 30% output to ganglion cells) and
like the bipolar inputs, occurred rather strictly in the three tiers
of dendrites. The numerically superior output to amacrine cells
(Table 1, 60% output to amacrine cells) occurred mostly in
stratum 1 but also throughout all the IPL neuropils (Fig. 4,
blue squares). Toh-IR dendrites synapse amongst themselves
en passant particularly in stratum 1 (Table 1, 10% Toh to Toh
cells) (not illustrated in Fig. 4). We noted a few synapses from
the Toh-IR cell to bipolar cell axon terminals (Table 1, 1%
output to bipolar cells).

Intracellular recordings from A28 cells that have the same
morphology as Toh-IR amacrine cells— Three HRP-filled,
tristratified, medium-field amacrine cells, called A28 cells, with
the morphology of the Toh-IR amacrine cell of the turtle retina,
were intracellularly recorded and dye-injected (6). The three
cells gave the same general types of responses to light spots
or slits of different sizes, intensities, annuli and color, although
they varied slightly in details of response shapes.

Figure 5 shows the morphology of one of the HRP-injected
A28 cells recorded from a slice preparation of turtle retina
and its intracellular responses to light of different shapes,
intensities, and wavelengths. Receptive field center stimulation
with slits of white light of increasing width produced sustained
depolarizations (Fig. 5b). The black bar and the widest slit
brought in some surround inhibition indicative of a center
surround receptive field organization. Stimulation with red,
green or blue light produced the same signed ON center
responses, although red light was the most efficient (Fig. 5c).
All three A28 cells that we have recorded over the years turn
out to be red sensitive like most of the neurons of the turtle
retina (6,7,21). The A28 cell was very sensitive to light,
saturating at log relative intensities of around -4 (Fig. 5d). At
highest intensity, the sustained depolarization lasted

Table 1 Summary of synaptic input and output to/from the
reconstructed turtle Toh-IR cell  Present study's data, upper value.
Pollard and Eldred's data, lower value.

considerably longer than the duration of the light flash (lowest
trace in Fig. 5d).

Intracellular recordings from another A28 cell recorded
in the eyecup preparation revealed essentially the same
physiology (Fig. 6). The cell gave a sustained depolarizing
response that increased in amplitude with increasing spot
diameter (Fig. 6a). At the smallest spot size and highest light
intensity, the immediate depolarization was quite transient. At
light OFF, especially with medium intensities, small, long-
lasting hyperpolarization was typical (Fig. 6a). The receptive
field center diameter was larger than the dendritic field size
(drawing of cell not shown). Stimulation with large annuli
produced definite surround antagonism (Fig. 6a, lower traces
show the response is now a sustained hyperpolarization). Like
the other two A28s recorded (Fig. 5 and Ammermüller and
Kolb [6]) the cell was not color-opponent, the waveforms being
the same for all three wavelengths of light stimuli (Fig. 6b).
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DISCUSSION

In this paper we have studied the morphology,
electrophysiology and ultrastructural connectivity of the
presumptive dopamine amacrine cell of the turtle retina. The
dopamine cell is the tristratified A28 amacrine cell described
before for turtle retina (1-4) and proves to be a sustained
depolarizing cell with response characteristics dependent on
light levels of stimulation. Its synaptic circuitry indicates it to
be essentially an interamacrine cell, often with GABAergic
cells being the amacrines involved.

Our findings differ somewhat from those of the previous
EM study of a Toh-IR cell in turtle retina by Pollard and Eldred
(1) (Table 1). We were able to see many more synapses,
calculate different percentages to the inputs and outputs, and
qualitate the types of synapses with postembedding
immunocytochemistry. A notable and important difference
between our and their study was the bipolar circuitry associated
with A28 cells. We found bipolar axons of strata 1, the 2/3
border, and the 4/5 border to make synaptic contacts and
receive reciprocal synapses from the dopamine cell, whereas
the other study did not detect these. The bipolar inputs are
important in respect to dopamine effects on bipolar cells and
sites of dopamine receptors (discussed in a later section).
However, despite finding more specific bipolar inputs, we
found, in general, bipolar inputs to be far less in number
compared to amacrine inputs, a finding that contrasts

significantly with Pollard and Eldred's study (1). Our dopamine
cells were heavily innervated by amacrine cells, many of which
are probably GABAergic (Table 1). Our findings suggest that
dopamine cells in turtle are essentially controlled by amacrine
circuits interposed between bipolar and dopamine cells. A
further difference between the two studies is our dopamine
cells' greater output to ganglion cells in all three strata in the
IPL (Table 1).

 Light responses of presumptive turtle dopamine cells—
Intracellular recordings of three A28 cells, which are
presumptive dopamine cells in turtle retina, have yielded
consistent results. Thus all three cells give similar slow,
depolarizing responses to light, with slow hyperpolarizations
following the OFF of the light stimulus. At high light intensity
stimulation, small depolarizing transients occur on the
sustained response, and an antagonistic surround is evident.

Recent evidence in the literature increasingly suggests that
dopamine cells in vertebrate retinas are depolarizing response
types (15-17). This, despite the fact that the vast proportion of
dopamine cells in vertebrate retinas have the bulk of their
dendrites running in the OFF-center sublamina (sublamina a)
of the IPL where they would receive putative hyperpolarizing
(OFF-center) bipolar cell inputs. The turtle cell would be no
exception concerning this presumed bipolar input, as no
depolarizing (ON-center) bipolar cell has yet been seen
branching in sublamina a in this species (6). However, all
evidence points to sign-inverting amacrine inputs being more
responsible for dopamine cell response patterns, in turtle at
least, than bipolar inputs (8).

Architecture of the dopamine amacrine cell in the turtle
retina—Recent reports on intracellular recordings and dye
marking of the neurons that contribute to the IPL of the turtle
retina (6, 7, 18) have given us insights into the response
characteristics of neurons that are likely to be involved with
the dopamine amacrine cell. These findings, taken together
with other electrophysiological, morphological and
neurochemical identifications of neural subtypes in the turtle
retina (for reviews: 19-21) allow us to draw a putative wiring
diagram of the turtle dopamine system. It is shown in Figure
7A.

There are 6 possible bipolar cells that could have synaptic
input to turtle dopamine amacrine cells, three of which are
ON-center (center-depolarizing) types physiologically, and
three are OFF-center (center hyperpolarizing) types (6,22). B4
and B9 are OFF-center cells but the most attractive candidates
for bipolar inputs because they have precise costratification
with the dopamine cell (Fig. 7A). B7 is the only center
depolarizing candidate (Fig. 7A). B9 is known to be a
serotonin-containing bipolar cell (9,23,24). Presumably the
small amount of hyperpolarizing B4 or B9 bipolar input
compared with amacrine cell inputs cannot as yet be detected
in our intracellular recordings.

There are several candidate amacrine cell types having
input to the dopamine cell, for 36 different amacrine cell types
have been described in turtle retina so far (6). There are
particularly large numbers of monostratified types, with
sustained hyperpolarizing response characteristics, that run in
stratum 1 amongst the main Toh-IR dendritic plexus (6, 21).
We suggest that the candidate input amacrines are mainly

The cell was quite red-sensitive as most neurons of the turtle
retina are (6).

Figure 6. Light response of another A28 cell recorded in the
eyecup preparation. a) The largest depolarizing transient rides on the
depolarizing response to the smallest spot stimulation (660 µm).
Increasing the spot size (from top to bottom, 660 µm, 1300 µm and
2000 µm) make the depolarizations smoother and more sustained.
An after hyperpolarization is present with small spot stimulation and
turns into the sustained surround response after stimulation with the
two large annuli (3.2 mm/1,4 mm and 3.2 mm/0.9 mm o.d./i.d.). Light
intensity = 1.6 x 109 Quanta/sec/cm2. b) Red, green and blue spot
stimulation (600 µm dia., wavelengths shown) elicit the same
sustained depolarizing responses.
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hyperpolarizing sustained types because the dopamine
amacrine cell is a sustained depolarizing cell, and presumably
receives sign-inverting sustained amacrine cell input (black
cells in Figure 7A). A12 is the most likely hyperpolarizing
amacrine candidate of all, because of its complete dendritic
tree overlap with that of the Toh-IR cell. It is a putative
glucagonergic cell, a subpopulation of which also contains
GABA as a neurotransmitter (25, 26).

There are also candidate sustained, depolarizing amacrine
cells that could synapse on the Toh-IR amacrine cell (gray
cells in Fig. 7A) to play a role in forming the surround that
was seen in the A28 cell's physiological responses. Of these,
A15 is bistratified to match two dendritic levels of the Toh-IR
cell (Fig. 7A). It is also a putative serotonergic cell, thought
possibly to synapse upon the dopamine amacrine cell (9), and
our EM findings did reveal there to be a number of synapses
from amacrine cell types that contained dense-cored vesicles
typical of serotonergic amacrines.

There are two transient ON-OFF amacrine cells that have
exact co-stratification with the stratum 2/3 border tier of the
Toh-IR cells dendrites (Fig. 7A, A2, A34). We include them
as possible candidates for synaptic input responsible for the
transients on the initial depolarizing response of A28 to intense
light stimulation.

In this study, we saw clear evidence of Toh-IR processes
making synapses upon ganglion cell dendrites. This correlates
well with Liu and Lasater's study (10) where they found two
sorts of responses to dopamine in isolated turtle ganglion cells.
Both effects were upon voltage dependent Ca++ channels
through the D1-cAMP-PKA pathway. But in some ganglion
cell types, dopamine application reduced the sustained Ca++

currents while in others it facilitated it. It is tempting to suggest
that ON-center and OFF-center ganglion cells form the two
populations as in other vertebrate retinas (27-32): cells like
G19 and G18/G20 respectively (Fig. 7A). Many other turtle
ganglion cell types could be postsynaptic candidates as well,
of course. However, cells G18, G19 and G20, are most likely

equivalent to Liu and Lasater's (10) cells based on cell body
measurement.

G20 and G18 are sustained OFF-center types while G19
is a transient ON-center type (6, 7). Smaller-body ganglion
cells that may have been missed in the isolated cell studies
(10) could obviously also be candidates for dopaminergic
amacrine input: G11 can be particularly selected because of
its exact costratification with the Toh-IR cell (Fig. 7A).

Role of the dopamine amacrine cell in the circuitry of the
IPL— Critz and Marc (8) found that glutamate antagonists
that block center-hyperpolarizing bipolar cells produce
dopamine release in the turtle retina. They surmised that the
effect of the hyperpolarizing bipolars on the dopamine cell
was through an intermediary GABAergic amacrine cell
because of the effects of bicuculline on dopamine release. The
present study has shown that GABA-IR amacrine cells have
direct synapses upon Toh-IR cell dendrites, confirming similar
contacts that have been seen in other vertebrate retinas (fish,
33; cat, 34). Thus in figure 7B we show the circuit involving
hyperpolarizing bipolar (black cell) input to both the dopamine
amacrine and a hyperpolarizing sustained GABAergic
amacrine, which in turn has inhibitory (sign-inverting
synapses) upon the dopamine amacrine. We presume, as
suggested by Critz and Marc's data, that the action of GABA
is at GABA-A receptors on the dopamine amacrine cell body
and dendrites (Fig. 7B). The serotonergic B9 cell (9, 23, 24,
35) is probably the hyperpolarizing bipolar involved (6) and
may partially explain the reported interactions between
serotonin and dopamine systems in the turtle retina (36). The
GABAergic amacrine cell could be the A12 (colocalizing with
glucagon, 25,26).

We also show in this study that Toh-IR dendrites made
synapses upon ON-center bipolar cells. Thus, the pathway
Maguire and Werblin (37) and Wellis and Werblin (38) have
recently described in tiger salamander retina, where dopamine
modulates the GABA-C receptors mediating inhibition of
transmitter release from ON bipolar cells (B7 types) could be

Figure 7. a) Wiring diagram of the possible input and output neurons that the dopamine amacrine cell (Toh-IR, A28) is most likely
involved with in the IPL of the turtle retina. The tristratified Toh-IR cell (red) is probably driven primarily by B4 and B9 bipolar cells and
amacrine cells A12 and A15 because of complete costratification of their processes although all other amacrine and bipolar types could also be
involved in a more minor role. The Toh-IR cell most likely synapses upon ganglion cells G11, G18, G19 and G20 for reasons described in the
text. The five strata of the IPL are indicated and the center response sign of the various candidate cells are also indicated as black for OFF-
center, gray for ON-center and black/gray for ON-OFF cells. b) Putative synaptic pathway, neurotransmitter systems (DOPA, Glut, serotonin,
GABA) and receptor types (GABAc, GABAc D1 and D2) that could be influencing the response characteristics of the dopamine amacrine
(DOPA, red cell).  See text for a more detailed explanation.
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