THE JOURNAL OF COMPARATIVE NEUROLOGY 407:65-76 (1999)

Kainate Activation of Horizontal, Bipolar,
Amacrine, and Ganglion Cells in the
Rabbit Retina
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ABSTRACT

Patterns of excitation in populations of retinal bipolar, amacrine, and ganglion cells were
mapped by activating a-amino-3-hydroxyl-5-methylisoxazole-4-propionic acid (AMPA) and
kainate (KA) receptors with KA in the presence of the channel-permeant guanidinium
analogue 1-amino-4-guanidobutane (AGB). Registered serial thin sections were probed with
immunoglobulins targeting AGB, glutamate, glycine, and y-aminobutyric acid (GABA) to
visualize KA-evoked responses and the neurochemical signatures of distinct cell types.
OFF-center cone bipolar cells and both type A and type B horizontal cells were strongly
activated by KA. ON-center cone bipolar cells displayed weak AGB signals that arose at least
partially, if not entirely, from coupling with KA-responsive glycinergic amacrine cells, whereas
rod bipolar cells exhibited no detectable AGB permeation after KA activation. GABA-positive
amacrine cells displayed a range of KA responses, some possessing little AGB signal even after
strong KA activation, whereas all identifiable glycine-positive amacrine cells were driven by
KA. Quantitative agonist responsivities of cells in the ganglion cell layer revealed that
starburst amacrine cells are the most KA-responsive cell type in that layer. Ganglion cells
varied in KA responsivity across morphologic subtypes, with a large a-like ganglion cell group
the being the most KA responsive. Some ganglion cells displayed weak KA responses, even
with saturating doses, that may have been be due to an absence of AMPA/KA receptors or to
the existence of AGB-impermeant AMPA/KA receptor complexes. J. Comp. Neurol. 407:65-76,

1999.  © 1999 Wiley-Liss, Inc.

Indexing terms: «-amino-3-hydroxyl-5-methylisoxazole-4-propionic acid receptors; kainate
receptors; glycine; y-aminobutyric acid

The organic cation 1-amino-4-guanidobutane (AGB) per-
meates ion channels activated by glutamate binding, and
its accumulation in activated neurons can be detected
immunocytochemically. Different types of retinal neurons
appear to express varied mixtures of a-amino-3-hydroxyl-
5-methylisoxazole-4-propionic acid (AMPA), kainic acid
(KA), and N-methyl-D-aspartate (NMDA) receptors, and
these mixtures may influence stimulus detection thresh-
olds and visual response dynamic ranges. Many more
retinal cell types have been described by using anatomical
techniques than by using physiological techniques, and
detailed comparisons of responses activated by glutamate
agonists across comprehensive populations of cell types
are not available. This report demonstrates that KA-
evoked responses of mixed neuronal populations can be
analyzed within single preparations, revealing differences
in KA effectiveness across cell types and homogeneous
responses within cell types.

The rigid glutamate analogue KA activates AMPA recep-
tors in a nondesensitizing mode and activates KA recep-
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tors with rapid desensitization (Lerma et al., 1993; Pater-
nain et al., 1995). Because AGB permeation reports the
integrated entry of cations through an activated channel,
its signal will disproportionately reveal AMPA receptors,
although bona fide KA receptors are known to exist in the
vertebrate retina (Hughes et al., 1992; Mller et al., 1992;
Morigawa et al., 1995; Peng et al., 1995; Brandstatter et
al., 1997). Even with this bias toward nondesensitizing
activations, differences in the ability of KA to trigger AGB
permeation in different cell types reveals that their gluta-
mate receptor mixtures cannot be identical.

To make the case that a response reveals differences
across cell types, one must demonstrate that at least some
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responses are homogeneous (i.e., quantitatively consis-
tent) within an identifiable group of cells. This has not
been achieved electrophysiologically, because cells neces-
sarily must be recorded one by one, but it is quite possible
with AGB mapping, especially when combined with neuro-
chemical markers. This paper reports simultaneous com-
parisons of KA-activated responses in type A and type B
horizontal cells, OFF-center and ON-center cone bipolar
cells, rod bipolar cells, two broad groups of glycinergic
amacrine cells, at least three groups of y-aminobutyric
acidergic (GABAergic) amacrine cells, including starburst
amacrine cells, and three varieties of ganglion cells.

MATERIALS AND METHODS
Isolated retinal preparations

Adult male and female albino and pigmented rabbits
were tranquilized with intramuscular ketamine/xylazine,
deeply anesthetized with intraperitoneal urethane in sa-
line, and killed by thoracotomy, all in accordance with
institutional animal care and use guidelines. Both eyes
were rapidly removed, and isolated retina pieces were
prepared as described previously (Marc, 1999; Marc and
Liu, 1985). Sets of retinal chips were incubated as matched
series for 10 minutes in 100 pl droplets of Ames medium
containing 5 mM AGB plus various KA doses. The data
reported here came from the same population of samples
described in the accompanying paper (Marc, 1999).

~ Specimen preparation and
immunocytochemical visualization

Specimens were processed as described previously, seri-
ally sectioned in the horizontal plane at 250 nm onto
12-spot Teflon-coated slides (Cel-Line, Newfield, NJ), and
probed with anti-AGB, anti-glutamate, anti-GABA, anti-
glycine, anti-glutamine, and anti-glutathione immuno-
globulins (1gGs) (Signature Immunologics Inc., Salt Lake
City, UT; the author is a principal of Signature Immunolog-
ics Inc.).

Image analysis

Quantitative images of immunoreactivity were captured
as described previously with fixed CCD camera gain and
gamma in which gray value (GV) scales linearly with log
concentration over a 2 log unit range. Calculations of the
limits of IgG binding to surface targets show that the
operating range of postembedding immunocytochemistry
is from =50 pM to 13 mM, beyond which no further IgG
binding can be accommodated sterically (Marc, unpub-
lished data). Silver visualization produces density-scaled
images, and linear image inversion produces intensity-
scaled images. Serial images were aligned to within 250
nm rms error by conventional first-order image registra-
tion algorithms (PCl Remote Sensing, Richmond Hill,
Ontario, Canada) with or without mosaicking. K-means
pattern recognition classifications and data explorations
were performed on registered, inverted images by using
applications written in IDL (Research Systems Inc., Boul-
der, CO) by R. Murry of the University of Utah. An
overview of and reference lists for pattern recognition
methods are summarized in the report by Marc et al.
(1995). In brief, common points on registered images are
equivalent to lists of signals linked to a spatial position;
K-means clustering methods separate statistical classes
from these lists, and probability density histograms are
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extracted from the theme classes. Statistical separability
indicates that the means and covariances for a set of
N-dimensional data allows classifying a sample of those
data into distinct classes. The probability of error (Pe) in
classification is estimated from the transformed diver-
gences of the classes assuming equal a priori probability
densities (for a discussion of transformed divergence and
P., see Marc et al., 1995). Most cell classes described
herein were separable with P, =< 0.01, except where noted
otherwise. Separable classes are also inherently statisti-
cally significant classes (P <« 0.01). Sizes of cells were
measured from calibrated grids superimposed on images
and were not corrected for shrinkage.

Homogeneity of responses was judged as the width of a
normalized AGB response histogram. Narrow, broad, and
multimodal AGB response histograms are easily distin-
guished. Patches of classified cells often appeared to form
regular arrays, and these were characterized numerically
by their conformity ratios (the ratio of the class mean
nearest-neighbor distance to its standard deviation). The
statistical significance of the conformity ratio as a devia-
tion from that predicted for a random pattern was deter-
mined from the conformity ratio “ready-reckoner” of Cook
(1996).

Agents and sources

Ames medium was either purchased from Sigma-
Aldrich Corp. (St. Louis, MO) or made according to Ames
and Nesbett (1981) and supplemented with 5 mM AGB
(agmatine sulfate; Sigma-Aldrich). KA was obtained from
Research Biochemicals International (Natick, MA).

Figure preparation

All images are digital and were assembled from the raw
data captured by CCD camera (see Image analysis, above).
Selected frames of raw Tagged Image Format files were
extracted for display, each was sharpened by unsharp
masking, and, after entire images were assembled as a
single figure, contrasts were adjusted with linear remap-
ping to correct for out-of-gamut effects during printing. On
large mosaics, occasional defects, such as cracks, folds, or
dirt, were removed prior to classification by excision and
replacement with neighboring background pixels. All final
images were prepared in Adobe PhotoShop (version 4.0;
Adobe Systems, Mountain View, CA).

RESULTS

The diversity of cell types in the inner nuclear layer
(Strettoi and Masland, 1995) complicates interpretations
of AGB response patterns. Do responses viewed in vertical
sections represent stable but differing patterns of perme-
ation into different cell types or intercellular variability
within cell types? The combination of horizontal thin
sections, image registration, amino acid immunoreactivity,
KA-activated AGB signals, and pattern recognition pro-
vides evidence that intercellular variations arise from
unique subpopulations of neurons with stable but differing
KA responsivities.

KA activation in horizontal and bipolar cells

In the presence of a strong but subsaturating dose of KA,
a diverse pattern of AGB signals appears in the distal half
of the inner nuclear layer (Fig. 1). Some cells display
strong AGB signals, some posses weaker but distinct
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signals, and other parts of the image appear empty. The
underlying cell types can be identified by extracting char-
acteristic signatures. For example, ON-center cone bipolar
cells can be discriminated from all other glutamate-rich
bipolar cells by their glycine signals (Cohen and Sterling,
1986; Pourcho and Goebel, 1987; Kalloniatis et al., 1996).
All rabbit horizontal cells contain elevated glutathione
(Pow and Crook, 1995; Marc, unpublished data) and high
glutamate levels. Rabbit type B horizontal cells have an
elevated glutamine content (Marc, unpublished data).
Muller cells are characteristically deficient in glutamate
and glycine but have a strong glutamine signal and a
modest glutathione signal.

All four metabolite signals can be combined with the
KA-activated AGB signal in a five-dimensional clustering,
revealing statistically separable groups of cells. Viewing
the AGB signal alone (Fig. 1A) reveals that 43% of the
retinal space lacks any KA-activated signal. If the data are
viewed as a color triplet encoding glycine signals as red,
AGB as green, and glutamate as blue (glycine - AGB -
glutamate — red-green-blue [rgb] mapping), then the
unresponsive space clearly is comprised of two cell groups:
some type of glutamate-rich bipolar cell (pure blue cells in
Fig. 1B) and Muller cells.

This is only one of the 20 unique data triplets possible
with five signals, and it is not practical to display or
attempt unaided visual interpretation of such image ar-
rays. Pattern recognition solves this problem by defining
unique cell groups based on their statistical properties and
creating a theme map of those statistical groups. In Figure
1C, six unique populations emerge: type A horizontal cells,
type B horizontal cells, rod bipolar cells, OFF-center
bipolar cells, ON-center bipolar cells, and Muller cells. Two
basic measures of each population can be extracted from
pattern recognition analysis. First, the cells of a single
theme class have characteristic mean AGB, glycine, and
glutamate signal values that are visualized as different
image densities or brightnesses (Fig. 1A,B). Second, the
variances of amino acid and AGB signals differ across
classes. Although this cannot be discerned by examining
images, it can be displayed in probability density histo-
grams.

The quantitative features of these cell types may be
displayed as a signature matrix (Fig. 2) composed of a
probability density histogram for each signal type (col-
umns) and each cell type (rows). The y-axis of each
histogram denotes the peak normalized probability of
encountering a given amino acid or AGB concentration in a
cell type. The x-axis represents the range of detectable
intracellular concentrations (0.1-10 mM on a log scale).
The alignment of the histogram peak on the x-axis indi-
cates the modal concentration for that cell type. The width
of the histogram indicates the range of possible concentra-
tions of an amino acid or of AGB in that cell type, and the
dispersion of signals indicates the homogeneity of the KA
response for that type. Exposure to 30 pM KA induces
strong AGB signals in horizontal cells and in a subset of
bipolar cells. The width of the AGB response histogram is
very narrow in horizontal cells, which indicates that they
possess homogeneous KA responsivities. ON-center cone
bipolar cells, which are identified by their distinctive
glycine contents, have a bimodal response to KA, ranging
from very weak to moderate. One class of bipolar cells has
no response to KA and can be identified indirectly as rod
bipolar cells (see below). By exclusion, the remaining cells

are OFF-center cone bipolar cells, which exhibit strong
heterogeneous responses to KA, as evidenced by their
broad AGB histogram. Multiple morphologic subtypes of
mammalian ON-center and OFF-center cone bipolar cells
exist (Famiglietti, 1981; Wassle and Boycott, 1991; Mills
and Massey, 1992; Euler and Wassle, 1995), and the broad
KA response histograms for each of these cell types shows
that the mechanisms of AGB permeation cannot be identi-
cal across subtypes within each class.

The patterns and sizes of cells classified in Figure 1
similarly indicate that ON-center and OFF-center cone
bipolar cell populations represent mixed subtypes, whereas
the rod bipolar cells represent a singular population. The
distributions of type B horizontal cells and rod bipolar cells
are regular. Nearest-neighbor spacing measurements yield
a conformity ratio (also known as a “regularity index”;
however, see Cook, 1996) of 3.6 for type B horizontal cells
(n = 25) and 3.0 for rod bipolar cells (n = 50), characteristic
of regularly distributed singular cell types (Wassle and
Reimann, 1978; Vaney, 1985; Mills and Massey, 1991).
Both ratios are significant at P < 0.001. Conversely,
ON-center and OFF-center cone bipolar cells have confor-
mity ratios of 1.1 and 1.3, respectively, suggesting that
their patterning arises from uncorrelated superposition of
several independent mosaics. In fact, these ratios are
actually lower than is characteristic of random distribu-
tions, which suggests that some clustering is present.
Finally, the soma diameters for each class are as follows:
type B horizontal cells, 16.1 = 1.0 ym (mean £ 1 S.D.; n =
9); rod bipolar cells, 11.3 = 1.8 um (n = 36); ON-center cone
bipolar cells, 9.1 = 2.4 um (n = 67); and OFF-center cone
bipolar cells, 9.2 + 3.7 um (n = 87). The type B horizontal
cells and rod bipolar cells are significantly different from
all other cells (P < 0.01 and P < 0.026, respectively;
Student’s t-test), but the cone bipolar cell sizes are
indistinguishable from one another. Cone bipolar cells also
have larger size variances, again implying that each
population is composed of subtypes.

The identities of horizontal cells and ON-center cone
bipolar cells are unambiguous, but the data in Figure 1
alone do not permit identification of the KA-unresponsive
group as rod bipolar cells, although they are a unique
statistical class. The axon terminals of rod bipolar cells can
be visualized as arrays of strongly glutamate-positive
elements in horizontal sections of the border between the
inner plexiform layer and the ganglion cell layer (Fig. 3A).
KA activation of AGB permeation is restricted to some
processes surrounding the rod bipolar cell terminals, which
are AGB immunonegative (Fig. 3B). Thus, the only bipolar
cells that are labeled strongly by KA activation in the
rabbit retina appear to be OFF-center cone bipolar cells,
and the only completely unresponsive cells are rod bipolar
cells. Attempts to activate AGB permeation of ON-center
cone bipolar or rod bipolar cells through a cyclic nucleotide-
gated channel by elevating isobutylmethylxanthine or by
applying exogenous, permeant cyclic GMP analogues were
unsuccessful.

KA activation in the amacrine cell layer

Although it is not possible to uniquely classify every
amacrine cell type with amino acid immunocytochemistry,
virtually all amacrine cells display GABA- or glycine-
dominated signatures (Marc et al., 1995; Kalloniatis et al.,
1996). GABA- and glycine-positive amacrine cells dis-
played a range of KA-activated AGB signals (Fig. 4). Some
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GABA-positive cells were strongly activated by KA,
whereas some equally GABA-immunoreactive cells dis-
played very weak AGB signals (Fig. 4A,C). All glycine-
positive cells showed moderate to strong responses to KA
activation (Fig. 4B,C). Some resolution of these popula-
tions can be achieved with GABA - AGB - glycine — rgb
mapping (Fig. 5A) and pattern recognition (Fig. 5B). Even
with single-dose KA activation, it is possible to separate
the amacrine cell layer into seven statistical classes (Fig. 6).
The GABA-positive population is complex, with at least
three statistically significant classes (P, = 0.05), each of
which has a broad response histogram indicative of the
existence of cellular subtypes in each class expressing
functionally different AMPA/KA receptors. Two statisti-
cally separable (P, = 0.01) classes of glycine-positive
amacrine cells are present in this sample of retina. One of
those classes possesses a uniform soma size and pattern
with a conformity ratio of 2.5 (n = 60; P < 0.01) and
perhaps represents rabbit A,; amacrine cell (Mills and
Massey, 1991). Two remaining groups, classes 6 and 7,
likely represent OFF-center and rod bipolar cells, with the
possible inclusion of some amacrine cell types that have
lost too much of their transmitter signal to be classified
(Murry and Marc, 1995).

KA activation in the ganglion cell layer

The ganglion cell layer of the rabbit retina contains both
ganglion and amacrine cells (Vaney and Hughes, 1976;
Vaney, 1980; Hughes, 1985; Peichl et al., 1987; Amthor et
al., 1989a,b), subsets of which posses signatures that can
be classified by pattern recognition (Marc et al., 1995;
Kalloniatis et al., 1996). Figure 7A displays neurons in the
ganglion cell layer after exposure to 6 pM KA with GABA -
AGB - glutamate — rgb mapping. The combination of
strong red GABA signals and strong green AGB signals
produced an array of bright yellow cells of similar morphol-
ogy. Conversely, many pure blue glutamate-positive cells
and magenta glutamate- and GABA-positive cells lacked
any significant AGB signal. Certain large cells demon-
strated weak AGB responses to KA and, thus, appeared
tinted cyan. The cells in Figure 7A represent a set of 228
neurons that can be grouped by pattern recognition into
five statistically separable classes with distinctive bio-
chemical signatures (Fig. 8), populations, and sizes (Ta-

Fig. 1. Bipolar and horizontal cell responses to 30 uM kainate
(KA). A: 1-Amino-4-guanidobutane (AGB) immunoreactivity in a
250-nm section through the distal half of the inner nuclear layer after
activation by 30 pM KA. Five kinds of cells are indicated by arrows in
A-C: The pale blue vertical arrow indicates a nonresponsive area that
is actually the soma of a rod bipolar cell, the pale red horizontal arrow
indicates a weakly responsive ON-center cone bipolar cell, the oblique
downward orange arrow indicates a type A horizontal cell, and the
pale and dark green upward oblique arrows indicate an OFF-center
bipolar and a type B horizontal cell, respectively. B: Glycine - AGB -
glutamate — red-green-blue (rgb) mapping of three serial 250-nm
horizontal sections, including the section shown in A. Arrows, as in A,
reveal the pure blue glutamate signal of rod bipolar cells, the reddish
glycine-rich signal of ON-center cone bipolar cells, and the green
AGB-rich signals of OFF-center bipolar cells and horizontal cells. C: A
theme map based on a K-means classification of these signals (plus
glutamine and glutathione signals) defines five cell classes: white,
Muller cells; pale red, ON-center cone bipolar cells; pale green,
OFF-center cone bipolar cells; pale blue, rod bipolar cells; dark green,
type B horizontal cells; orange, type A horizontal cells. Scale bar =
20 pm.
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Fig. 2. Probability-density histograms of bipolar cells (BCs) and
horizontal cells (HCs) derived from pattern recognition. Each column
represents the histogram for one signal (glutamate, glycine, or AGB in
the presence 30 uM KA), and each row represents the signature for
each class. The y-axis of each histogram is the peak normalized
probability of encountering a given signal concentration, and the
x-axis represents the range of detectable intracellular concentrations
(log mM). Histogram alignment on the x-axis indicates the concentra-
tion range for that cell type. All classes were separable with a
probability of error (P,) of <0.01.

ble 1). After activation with 63 uM KA (Figs. 7B, 8), many
more cells display strong AGB signals, with some interest-
ing exceptions. Class 1 cells are large to medium-sized
glutamate-positive cells, likely including « ganglion cells
(Peichl et al., 1987), which express modest responses at
low KA doses but are the most KA sensitive of ganglion
cells. Small to medium-sized class 2 cells lack responsive-
ness to low KA doses and exhibit weak-to-moderate re-
sponses at high doses. Because classification is based
solely on biochemical signatures, the distinctiveness of
class 2 cells is secured further by the fact that they are
smaller than class 1 cells, with P = 0.01 (Table 1). Class 3
cells represent the presumed GABA-positive ganglion cells
of the rabbit retina (Yu et al., 1988) but may include
unidentified amacrine cell types, lacking low-dose KA
responses but appearing biochemically and morphologi-
cally complex. Class 3 cells exhibit substantial signal
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Fig. 3. Evidence for the lack of KA responses in rod bipolar cells.
Serial horizontal 250-nm sections through the proximal inner plexi-
form layer were viewed as registered, density-scaled glutamate (A)
and AGB (B) signals in response to 30 uM KA. Asingle rod bipolar cell
terminal in the glutamate-immunoreactive array of rod bipolar cell
terminals is circled in both Aand B. No rod bipolar cell terminal shows
any AGB signal. A ganglion cell soma (g) barely protrudes into the
proximal inner plexiform layer. The arrows indicate fine ganglion cell
dendrites that show responses to 30 uM KA, validating the ability of
registration to capture detail. Scale bar = 12.6 um.

Fig. 4. Amacrine cell responses to 30 uM KA. A: y-Aminobutyric
acid (GABA) signals from one of three serial 250-nm horizontal
sections centered on the amacrine cell layer (a portion of the inner
plexiform layer protrudes into the field at the left border and at upper
right center in A-C). Two strongly GABA-positive cells (downward
black and white arrows) and one GABA-negative cell (horizontal black
arrow) are indicated in A—C. B: Glycine signals reveal a unique, strong
signal in a subpopulation of amacrine cells. C: AGB signals are strong
yet vary across cell types. The white arrow indicates a weakly-
responsive GABA-positive amacrine cell, and the black arrows denote
distinct AGB signals after activation with 30 uM KA. Scale bar = 20 um.
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Fig. 5. Amacrine cell responses to 30 uM KA. A: GABA - AGB -
glycine — rgb mapping of the images shown in Figure 4. Multiple hue
classes of cell somata are evident against a black glial background,
and apparent patterns of some individual cell types can be discerned
(see text). B: A theme map based on a K-means classification of these
signals defines eight cell classes (the code is shown at the bottom).
Scale bar = 20 um.

dispersion at higher KA doses. Starburst amacrine cells
form class 4 and are the most KA sensitive of all cells in the
ganglion cell layer. A sparse set of GABA-positive ovoid
cells (class 5) lacked responses at 6 pM KA, and this was
the only means by which they could be distinguished
statistically.

DISCUSSION
KA responses of horizontal cells

There are three types of horizontal cell elements in the
rabbit retina: the somata of cone-driven type A (axonless)

and type B (axon bearing) horizontal cell somata and the
rod-driven type B horizontal cell axon terminal arbors
(Dacheux and Raviola, 1982). Both somatic types are
labeled similarly by AGB after KA activation (Fig. 1), and
their responses are very homogeneous. The data presented
here do not resolve the responses of axon terminals. Each
horizontal cell type in rabbit retina seems similar pharma-
cologically (Massey and Miller, 1987), and the somata of
type A and type B have similar AMPA/KA thresholds
(Marc, 1999) and similar responses to 30 uM KA (Figs. 1,
2). Horizontal cells are known to express subunits for both
AMPA (Qin and Pourcho, 1996) and glutamate receptor
(GIluR) 6/7 KA subunits (Morigawa et al., 1995; Brandstat-
ter et al., 1997, 1994), suggesting that their postsynaptic
responses will have a complex pharmacology and that they
should respond strongly to both AMPA and KA. In fact,
horizontal cells do respond to AMPA more strongly than
bipolar cells (Marc, 1999), which indicates that KA recep-
tors may play a more powerful role in the endogenous
glutamate responsivities of horizontal cells, even though
some KA receptor subunits also have been found in bipolar
cells (Brandstatter et al., 1997). However, because KA
desensitizes true KA receptors, evidence of the unique
properties of horizontal cell glutamate receptors is not
available from these responses alone.

KA responses of bipolar cells

There are three types of mammalian bipolar cells: rod
bipolar cells, ON-center cone bipolar cells, and OFF-center
cone bipolar cells (Wassle and Boycott, 1991). Pattern
recognition of endogenous amino acid signals in the mam-
malian retina reveals only two biochemical classes of
bipolar cells, and it is known that one of those classes is a
mixture of rod and OFF-center cone bipolar cells (Kallo-
niatis et al.,, 1996; Marc et al., 1999). However, AGB
visualization adds another dimension of separability based
on glutamatergic drive, yielding three distinct bipolar cell
populations. Mixed patterns of bipolar cell responses were
induced by KA (Figs. 1, 2), as expected from electrophysi-
ologic data showing that OFF-center bipolar cells preferen-
tially bear classical ionotropic GIuRs and are KA sensitive,
whereas ON-center bipolar cells employ metabotropic
GluRs and are predominantly KA insensitive (Slaughter
and Miller, 1981, 1983; Karschin and Wassle, 1990; Ya-
mashita and Wassle, 1991, de la Villa et al., 1995; Euler et
al., 1996; Hartveit, 1996, 1997; Sasaki and Kaneko, 1996).
The responses of OFF-center bipolar cells are strong and
show more dispersion than horizontal cells. The AGB
histogram half-widths were 0.5, 0.3, and 0.2 log units for
OFF-center bipolar cells, type A horizontal cells, and type
B horizontal cells, respectively. This suggests that not all
OFF-center bipolar cells have identical responses and that
they likely vary in AMPA/KA receptor types.

Weak but significant AGB signals were induced in
ON-center cone bipolar cells by KA, which is at variance
with most prior physiologic data. However, most in situ KA
responsivities of ON-center cone bipolar cells have been
analyzed in amphibian retinas (see, e.g., Hensley et al.,
1993), whereas data from mammalian retinas usually are
from isolated cells and/or rod bipolar cells. The KA-evoked
responses reported here imply that KA should evoke small
currents in mammalian ON-center cone bipolar cells,
perhaps due to small numbers of AMPA/KA receptors on
these cells or, more plausibly, indirect depolarization
through coupling with A;; amacrine cells that have distinc-
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Fig. 6. Amacrine cell probability-density histograms derived from
pattern recognition. Seven cell classes were separable with P, = 0.01
except for classes 1-3, which were separable from one another at P, =
0.05 and from classes 4-7 at P, = 0.01. Class 1 cells were GABA-
positive (y*) amacrine cells (ACs) with strong but clearly multimodal
responses to KA, class 2 cells had weaker responses, and class 3 cells

tive KA responses (Boos et al., 1993). Hartveit (1997)
recently reported that rat ON-center cone bipolar cells
possess KA-activated currents and similarly concluded
that they arose indirectly through coupling with A, ama-
crine cells. The AGB signals of ON-center cone bipolar cells
were distinctly bimodal. If the entire AGB signal in
ON-center cone bipolar cells arises from coupling leakage,
then different ON-center cells must possess different cou-
pling efficacies (see Cohen and Sterling, 1986).

Rod bipolar cells show no AMPA/KA-activated AGB
entry under any circumstances, consistent with most
physiologic reports (Hartveit, 1996). Inconsistent in-
stances of KA activate currents have been observed in rod
bipolar cells, however (Karschin and Wassle, 1990). Hughes
and colleagues (Hughes et al., 1992; Hughes, 1997) have
reported expression of the GluR2-long flop variant subunit
in mouse rod bipolar cells. The relative permeability of

had extremely weak responses. All glycine-positive (G*) cells (classes 4
and 5) had good responses to KA, but the two classes were clearly
separable. Small, KA-responsive and unresponsive cells were derived
partly from bipolar cells positioned deep in the inner nuclear layer but
may also have included small amacrine cells that were depleted of
neurotransmitter by KA-evoked efflux. MC.

AGB through receptor assemblies incorporating GIuR2(R)
edited subunits is unknown, but the incorporation of a
single edited GluR2(R) subunit into an assembly substan-
tially attenuates Ca2* permeability (Gieger et al., 1995;
Washburn et al., 1997) and decreases unitary conductance
(Swanson et al., 1997). Thus, the presence of edited
GIuR2(R) is perhaps one type of AMPA receptor variation
expected to block AGB permeation and to display small
currents when it is present. The role of such an ionotropic
receptor on rod bipolar cells remains mysterious.

KA responses of amacrine cells

There are large numbers of amacrine cell types in the
mammalian retina (Vaney, 1990), but most displayed
strong KA-induced AGB signals. GABA-positive cells re-
flect a continuum of cell types that range from highly
responsive to relatively unresponsive, the latter being few



Fig. 7. Responses of neurons in the ganglion cell layer to KA.
A: Responses to 6 uM KA viewed as a GABA - AGB - glutamate — rgb
map of three registered serial 250-nm sections. This low dose of KA
preferentially activates GABA-positive starburst amacrine cells (bright
yellow; class 4), whereas other cell types are either unresponsive
(classes 2, 3, and 5) or have weak responses (class 1). B: Responses to

63 uM KA viewed as AGB immunoreactivity. A variety of response
strengths is present, including strong responses from class 1 cells
(bright cyan) and class 4 cells (yellow). Even at this dose of KA, some
ganglion cells (classes 2 and 3) fail to generate strong signals. ipl,
Inner plexiform layer; ofl, optic fiber layer. Scale bars = 20 um in A, 50
umin B.
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Fig. 8. Ganglion cell layer probability-density histograms derived
from pattern recognition, inclusive of over 200 cells each for the 6-uM
and 63-uM response columns, respectively. Note that the class 4
(starburst amacrine cell) histogram reveals stronger responses than
any other cell type at 6 pM KA. Class 1 cells have weak 6-uM

responses but strong 63-uM responses. Class 2 and class 3 cells are
poorly responsive at low doses and reveal complex response patterns
at high doses. AGB signals were not discriminated for class 5 amacrine
cells at 63 uM KA.

TABLE 1. Summary Properties of Neurons in the Rabbit Ganglion Cell Layer

Classt

Measure 1 2 3 4 5
Characteristic signature Glutamate+ Glutamate+ Glutamate+, GABA+ GABA+ GABA+
Absolute KA sensitivity scaled as 1-5 (high to low) 2 4 3 1 5
High-dose KA responsivity scaled as 1-5 (high to low) 2 34 3-4 1 1
Percent of cells in the ganglion cell layer (midinferior retina) 22 26 32 12 8
Diameter mean * S.D. (um; not corrected for shrinkage) 135+ 4.4 114+ 26 10.7 £ 24 8.6 + 0.6 87+14
Diameter significantly different from other classes (P < 0.01;

Student’s t-test) 2,3,4,5 1,4,5 1,4,5 1,2,3 1,2,3
Probable ganglion cell (GC) or amacrine cell (AC) types « and other GCs Mixed GCs Mixed GABA+ GCs Starburst ACs GABA+ ACs

1KA, kainate; GABA, y-aminobutyric acid; +, positive.

in number. This is consistent with the evidence that
dopaminergic cells are the only amacrine cells established
to be resistant to KA excitotoxicity (Morgan, 1983), and
they represent one of the least numerous cell types.
Furthermore, mammalian dopaminergic neurons are
GABA positive (Wulle and Wagner, 1990). Although the
lack of AGB signals in this set of GABA-positive amacrine
cells could be due to the presence of AGB-impermeant
forms of AMPA receptors (see below), it is better explained
by the existence of a cell type that lacks significant
numbers of AMPA/KA receptors. The glycine-positive ama-
crine cell group was completely KA responsive, with one
group of small cells showing the greatest responsivity and
a class similar to A;, amacrine cells in size, distribution,
and conformity ratio, displaying weaker but distinct re-

sponses. The mean response magnitude of this class of
glycine-positive amacrine cells was identical to that of the
stronger response mode of ON-center cone bipolar cells, as
expected if effective coupling between the two types al-
lowed rapid intercellular equilibration of AGB.

In the amacrine cell and ganglion cell layers, the re-
sponses of starburst amacrine cell s were evident in both
KA- and AMPA-activated preparations (Marc, 1999). Iden-
tification of class 4 cells as cholinergic cells, per se, is not
possible, because AGB and choline acetyltransferase immu-
nocytochemistry are incompatible. However, such a corre-
spondence is not required to make a robust identification.
The displaced starburst amacrine cells are the largest
population of GABA-positive cells in the ganglion cell layer
(Vaney and Young, 1988), as are class 4 cells. This alone is
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sufficient to assert that they are starburst amacrine cells,
but the correspondence is bolstered by additional evidence.
Class 4 cells arborize at inner plexiform layer level 70, and
their counterparts in the amacrine cell layer arborize at
level 20, identical to values for rabbit starburst amacrine
cells (Brandon, 1987a,b). They form a nonrandom array
with a conformity ratio of 2.9 (n = 75; P < 0.0001), which is
statistically indistinguishable from the conformity ratio of
dye-injected starburst amacrine cells (conformity ratio =
3.1; Masland et al., 1984). Their distributions, proportions,
and sizes match those determined from choline acetyltrans-
ferase, glutamate decarboxylase, and GABA immunoreac-
tivity as well as from neurofibrillar staining (Vaney et al.,
1981; Brandon, 1987a,b; Brecha et al., 1988; Vaney and
Young, 1988). Thus, it is not surprising that the sensitivity
of starburst amacrine cells determined by AGB mapping
(Marc, 1999) matches that determined for [**C] acetylcho-
line release (Linn et al., 1991). Other than a single type of
OFF-center bipolar cell with unique channel properties
that are not discussed in this paper, starburst amacrine
cells appear to be the most KA sensitive cell in the retina.

KA responses of ganglion cells

Most, but not all, ganglion cells exhibit strong KA-
activated AGB signals. However, Massey and Miller (1988)
reported that all units in a large sample of rabbit retinal
ganglion cells were KA responsive. Similarly, all cat « and
B cells (Cohen et al., 1994) and nearly all primate retinal
ganglion cells (Cohen and Miller, 1994; Zhou et al., 1994)
are KA responsive with quinoxaline block of those re-
sponses. The limitation of these physiologic reports is the
absence of quantitative comparisons across ganglion cell
types. In contrast, the AGB mapping method reveals
different degrees of responsivity across neighboring cells
in the ganglion cell layer, arguing that trigger features of
ganglion cells are derived in part from different types of
AMPA/KA receptors. Class 2 ganglion cells (Figs. 7, 8)
exhibit weak KA-activated AGB signals and are quite
common. Unlike bipolar and amacrine cells, no ganglion
cell types have been characterized previously as lacking
AMPA/KA receptors. One explanation of this difference
could be that all ganglion cells use AMPA receptors but
that AGB may not permeate all types of AMPA-gated
channels effectively. AMPA receptors comprised of sub-
units GIuR1, GIuR3, and GluR4 exhibit substantial Ca?*
permeability, whereas inclusion of the edited GIuR2(R)
subunit in any AMPA receptor complex leads to diminution
of Ca?™ permeability and single-channel conductance (for
reviews, see Hollman and Heinemann, 1994; Burnashey,
1996; Swanson et al., 1997; Washburn et al., 1997). The
GIluR2(R) subunit similarly may restrict entry by AGB.
Consistent with this, GluR2 mRNA signals are abundant
in the inner nuclear and ganglion cell layers of the rat
retina (Hughes et al., 1992; Muller et al., 1992). Alterna-
tively, some class 2 ganglion cells could have a paucity of
AMPA receptors, with substitution of KA receptors as the
fast ionotropic mechanism and KA receptor desensitiza-
tion (Paternain et al., 1995) effecting diminished AGB
entry. Regardless of the mechanism underlying restriction
of AGB entry, the overall properties of the AMPA/KA-gated
channels on different cell types of ganglion cells cannot be
equivalent.

The sizes of the class 1 ganglion cells suggest that they
most certainly account for « ganglion cells and could
include other cells as well. Thus, class 1 ganglion cells,

which are the most KA sensitive cells, certainly include
some “brisk” ganglion cells. Conversely, class 2 ganglion
cells are smaller, with significant within-group variability,
and almost certainly includes some “sluggish” ganglion
cells. One prediction of AGB mapping is that brisk and
sluggish ganglion cells will have distinctly different KA
thresholds and, consequently, different thresholds for the
endogenous ligand glutamate. Class 3 GABA-positive cells
have never been knowingly recorded physiologically, but
they also show diverse responses to KA, suggesting that
multiple receptor types are expressed and that there is
likely more than one subtype of GABA-positive ganglion
cell.

Future directions

Because KA does not desensitize at AMPA receptors,
AGB mapping after KA activation provides a robust cata-
log of AMPA receptor distributions in the retina. However,
the degree to which these same cells depend on KA
receptors cannot be characterized accurately. Moreover,
AMPA activation patterns are similar to those of KA but
are clearly distinguishable in the strength of activation
and numbers of cells activated (Marc, 1999). The use of
desensitizing ligands and antagonists selective for AMPA
receptors may further discriminate subtypes of OFF-
center cone bipolar, amacrine, and ganglion cells, using the
basic classifications established with KA activation as a
reference. Similarly, patterns of NMDA activation are
quite different from both AMPA and KA activation and will
permit further refinement of classifications.
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