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ABSTRACT

The ferret is the premiere mammalian model of retinal and
visual system development, but the spectrum and proper-
ties of its retinal ganglion cells are less well understood than
in another member of the Carnivora, the domestic cat. Here,
we have extensively surveyed the dendritic architecture of
ferret ganglion cells and report that the classification
scheme previously developed for cat ganglion cells can be
applied with few modifications to the ferret retina. We con-
firm the presence of alpha and beta cells in ferret retina,
which are very similar to those in cat retina. Both cell types
exhibited an increase in dendritic field size with distance
from the area centralis (eccentricity) and with distance from

the visual streak. Both alpha and beta cell populations ex-
isted as two subtypes whose dendrites stratified mainly in
sublamina a or b of the inner plexiform layer. Six additional
morphological types of ganglion cells were identified: four
monostratified cell types (delta, epsilon, zeta, and eta) and
two bistratified types (theta and iota). These types closely
resembled their counterparts in the cat in terms of form,
relative field size, and stratification. Our data indicate that,
among carnivore species, the retinal ganglion cells resem-
ble one another closely and that the ferret is a useful model
for studies of the ontogenetic differentiation of ganglion cell
types. J. Comp. Neurol. 517:459-480, 2009.
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taxonomy

Ganglion cells are the output neurons of the retina, provid-
ing the channel through which information is transmitted from
the retina to central visual areas. Recent work suggests that
mammalian retinas possess more than a dozen anatomically
distinct types of retinal ganglion cells (Kolb et al., 1981, 1992;
Amthor et al., 1989; Peichl, 1989; Watanabe and Rodieck,
1989; Rodieck and Watanabe, 1993; Sun et al., 2002a,b; Kong
et al., 2005; Coombs et al., 2006). These types are distin-
guished by unique patterns of central projection, retinal dis-
tribution, dendritic arborization, and synaptic affiliation in the
inner plexiform layer (IPL). Each type appears to establish a
characteristic mosaic, with somata arranged in a quasiregular
lattice and dendritic fields minimally overlapping such that
they efficiently tile the retinal surface (for review see Wassle
and Boycott, 1991).

A central challenge for retinal biologists is to understand the
developmental mechanisms driving the differentiation of
these neuronal cell types. An attractive model for such studies
is the ferret, which by comparison with other mammals has an
immature visual system at birth (Jackson and Hickey, 1985;
Henderson et al., 1988; Reese and Urich, 1994). Many events
critical to shaping ganglion cell form and function occur post-
natally in the ferret. These include specification of the size of
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the ganglion cell population; the emergence of topographic
variations in cell density, synaptogenesis, and sublaminar
specialization within the IPL; dendritic outgrowth and remod-
eling; and axonal target refinement (Greiner and Weidman,
1981; Vitek et al., 1985; Maslim and Stone, 1986, 1988; Hen-
derson et al., 1988; Penn et al., 1994, 1998; Bodnarenko et al.,
1995, 1999; Wingate and Thompson, 1995; Lohmann and
Wong, 2001; Stellwagen and Shatz, 2002).

The central goal of the present study is to lay the foundation
for future developmental studies of ferret retina by providing a
more complete accounting of its ganglion cell types. Earlier
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work has established the existence of alpha and beta cells
closely resembling their counterparts in cat retina and has
outlined their distribution, relative frequency, and central pro-
jections (Henderson, 1985; Vitek et al., 1985; Amthor and
Jackson, 1986; Wingate et al., 1992). Both of these types have
also been shown to comprise OFF and ON varieties, arboriz-
ing, respectively, in sublamina a and b of the IPL (Kageyama
and Wong-Riley, 1984; Peichl et al., 1987a; Wingate et al.,
1992), although stratification has yet to be analyzed quantita-
tively. In at least one important respect, however, ferret alpha
and beta cells may differ markedly from those in cats: their
dendritic fields have been reported to exhibit no systematic
variation in size as a function of retinal location or ganglion
cell density (Wingate et al., 1992; but see also Vitek et al.,
1985; Peichl et al., 1987a). This raises the possibility that
factors and principles governing ganglion cell dendritic devel-
opment may be idiosyncratic in the ferret retina, limiting its
utility as a general model of ganglion cell development.

A second set of unresolved issues concerns the diverse
population of ferret ganglion cells that are neither alpha nor
beta cells. Several provisional types or groups have been
identified within this population (Vitek et al., 1985; Wingate et
al.,, 1992), but a formal taxonomy has not been advanced.
Substantial progress has been made, however, in the formal
classification of ganglion cell types in the retina of cats (Boy-
cott and Wassle, 1974; Leventhal et al., 1980; Kolb et al., 1981;
Famiglietti, 1987; Dacey, 1989; Pu et al., 1994; Stein et al.,
1996; Berson et al., 1998, 1999a,b; Isayama et al., 1999, 2000;
O’Brien et al., 2002), which belong to the same taxonomic
order as ferrets and share with them many aspects of retinal
organization (Weidman and Greiner, 1984; Jackson and
Hickey, 1985). We were interested in the possibility that the
cat classification scheme might provide a useful framework
for classifying ferret ganglion cells.

Here we report findings based on a large sample of ferret
ganglion cells stained by intracellular dye injection in vitro.
This study provides new details regarding the stratification
and topography of ferret alpha and beta cells and demon-
strates the existence of at least six other ferret ganglion cell
types, each with an easily recognized counterpart in cat ret-
ina.

MATERIALS AND METHODS
Intracellular staining

Methods were similar to those we have used for staining cat
ganglion cells in vitro, as described in detail elsewhere (Pu
and Berson, 1992; Pu et al., 1994; Berson et al., 1998, 1999b;
Isayama et al., 2000). All procedures were approved by the
Brown University Institutional Animal Care and Use Commit-
tee. In short, eyes were enucleated from adult female pig-
mented ferrets >20 weeks old (n = 48) under deep barbiturate
anesthesia (Nembutal, 25 mg/kg). Afterward, the animals were
killed with an overdose of Nembutal. The globe was he-
misected just behind the limbus, and the lens and vitreous
were removed. Several relieving cuts were made, and the
tissue was mounted on filter paper (MSI, Westboro, MA) vit-
real side up, either as a flattened eyecup or after isolation of
the retina from the other layers of the globe. The tissue was
placed in a chamber on a fixed-stage epifluorescence micro-
scope (Olympus Corporation, Lake Success, NY) and super-
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fused at approximately 4 ml/min with Ames’ medium supple-
mented with 10 mM dextrose (pH 7.4; Sigma, St. Louis, MO) at
room temperature.

Ganglion cell bodies were stained by adding to the bath a
small amount of the vital dye acridine orange (50-100 ul of a
100 pg/ml solution in Ames’ medium). Micropipettes (tip di-
ameters <1 pum; 100-300 MQ) contained 4% Lucifer yellow
CH (LY; Sigma) and 4% biocytin (Molecular Probes, Eugene,
OR) in 0.05 M Tris buffer (pH 7.4) and had DC resistances of
50-200 MQ. The pipette was advanced with a micromanipu-
lator (Leitz) onto a labeled soma while viewing both tip and cell
with a x40 water-immersion lens (Nikon, Garden City, NY).
Cells were impaled by delivering very brief pulses of oscilla-
tion (capacitance overcompensation) or of voltage with an
intracellular amplifier (Cygnus Technology, Inc., Delaware
Gap, PA). Care was taken to keep the intensity and duration of
the pulses as low as possible to avoid damage to the cell.
Dyes were injected into the cell for several minutes with bi-
phasic current pulses (up to -4 nA and +0.5 nA). As many as
50 cells were filled in each retina over periods lasting approx-
imately 8 hours.

Retinas were fixed for 2 hours (4.0% paraformaldehyde in
0.1 M phosphate-buffered saline, pH 7.4), processed immu-
nocytochemically for LY and biocytin (Pu and Berson, 1992),
mounted on glass slides, and coverslipped with 60% glycerol
in phosphate buffer. To minimize shrinkage in retinal thick-
ness and facilitate the analysis of dendritic stratification, the
retinas were neither dehydrated nor cleared. The resulting
sacrifice in optical resolution was modest, so even thin pro-
cesses were easily traced to abrupt endings.

Labeled cells were examined under brightfield microscopy.
The positions of the area centralis and visual streak were
identified from an examination of the density of cells in the
ganglion cell layer (GCL), visible from nonspecific histochem-
ical staining or by oblique illumination. The area centralis, the
region of peak ganglion cell density, lies approximately 2.5
mm temporal to the optic disk. The visual streak is a horizontal
band of elevated ganglion cell density in the nasal retina that
grazes the optic disk and intersects the area centralis (Hen-
derson, 1985; Vitek et al., 1985). By using a digital morphom-
etry system (Neurolucida; MicroBrightField, Colchester, VT),
we measured each cell’s eccentricity (defined as its linear
distance from the area centralis) and its minimum distance
from the axis of the visual streak.

Dendritic-field dimensions were measured only in cells with
complete filling of their distal dendrites. We used NeuroLucida
to determine the area of a convex polygon minimally encom-
passing the cell’s dendritic profile (i.e., with its vertices at the
tips of the most peripheral processes) and calculated the
equivalent diameter (diameter of a circle equal in area to this
polygon). Soma diameters were taken to be the average of the
maximum and minimum diameter as measured with an eye-
piece graticule. For the photomicrographs of Figure 5, cells
were photographed with a green interference filter and T-Max
100 film. Negatives were digitally scanned (Nikon Coolscan)
and then processed and printed in Photoshop (Adobe Sys-
tems, Inc.). Only globally applied filters (e.g., adjust levels)
were used on each image.

Analysis of stratification

Depth of dendritic stratification was assessed by through-
focus observation in retinal wholemounts using brightfield
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Figure 1.
Camera lucida drawings of representative alpha cells of the ferret retina stained by intracellular injection. Both cells had filled axons, but these

have been omitted for clarity. Distance from the area centralis, or eccentricity (e), and distance from the axis of the visual streak (s) as follows.
A:e = +0.7 mm; s = +0.7 mm; B: e = +5.7 mm; s = +1.4 mm. Negative values of e indicate locations in temporal hemiretina; negative values

of s indicate locations in inferior retina. Scale bar = 100 um.
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optics and a x60 objective lens with a correction collar (nu-
merical aperture 0.85, working distance 0.43). The limits of the
IPL were inferred from the depth of somata in the GCL and of
the innermost cell bodies of the inner nuclear layer (INL),
visible from nonspecific histochemical staining or by oblique
illumination. The depth of the outer border of the IPL could be
estimated more precisely (typically £1-2 um) than the inner
border (+3-4 pm), because the cell density was higher and
the soma smaller and more uniform in the INL than in the GCL.
For 113 cells, mutual overlap of dendritic fields with one or
more other cells permitted through-focus assessment of the
relative depth of dendritic stratification of different types. For
four cells, we quantified the differences in depth with Neu-
roLucida. Depth measurements were corrected according to
Snell’s law as described elsewhere (Berson et al., 1998).

For 10 alpha and beta cells, we analyzed dendritic stratifi-
cation quantitatively in radial sections. Cells selected for
study were filled optimally and were well isolated from other
stained elements. Cells were drawn with a camera lucida,
excised with a dermal punch (Acuderm, Ft. Lauderdale, FL),
dehydrated in graded ethanols, and embedded in plastic
(Poly/Bed 812 resin; Polysciences, Warrington, PA). Radial
sections of ~20-um thickness were cut on a sliding mic-
rotome, mounted on glass slides, coverslipped with plastic
film and fresh epoxy resin, and cured. We restricted study to
the periphery of the dendritic field, so low order dendrites
ascending to the main layer of arborization were excluded
from the analysis. Camera lucida drawings were made of
stained processes and of somatic profiles in the INL and GCL,
which were visible from background staining. Within each
section, the depths of dendritic segments were measured at
regularly spaced horizontal intervals amounting to one-
twentieth of the horizontal extent of the measured process.
Depths were expressed as a percentage of the total thickness
of the IPL (with 0% corresponding to the scleral boundary and
100% to the vitreal boundary). For stout processes, the middle
of the dendrite’s thickness was used for such measurements.
Typically, 20 sites were analyzed per section for alpha cells
and 10-15 sites for beta cells.

RESULTS
Alpha and beta cells

Cells very similar in form to cat alpha and beta cells were
easily recognizable among the ferret ganglion cell population,
as previously reported (Vitek et al., 1985; Amthor and Jackson,
1986; Peichl et al., 1987a; Wingate et al., 1992). Ferret alpha
cells (Fig. 1) had the largest somata (see Fig. 14, Table 1) and
thickest axons of all ferret ganglion cells. Their stout dendrites
formed a radiate, largely nonoverlapping arbor that was
among the largest of all ferret ganglion cell types (270-690
pm in diameter; see Figs. 3A, 13B). Dendrites ramified either in
sublamina a (OFF sublayer) or in sublamina b (ON sublayer) of
the IPL.

Beta cells (Fig. 2) were intermediate among ferret ganglion
cells in cell body size (see Fig. 14, Table 1) and axon caliber.
Their bushy dendritic arbors were smaller in diameter than
those of any other class of ferret ganglion cell (50-210 pm in
diameter; Figs. 3B, 13B). Beta cell arbors ramified broadly
either in sublamina a or in sublamina b of the IPL.

Topography of dendritic field size. Alpha and beta cell
dendritic fields increased in size as a function of eccentricity
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(distance from the area centralis; Fig. 3A) and also as a func-
tion of their distance from the visual streak (Fig. 3B; see also
Figs. 1, 2). In the nasal retina, field size was more closely
related to its distance from the streak than it was to eccen-
tricity, accounting for more than twice as much of the variance
for both cell types (linear regression analysis, Table 2). This
was not true in the temporal retina.

The eccentricity data (Fig. 3A) are replotted in Figure 3C,D
using different symbols for distinct ranges of distance from
the streak. In the nasal periphery, much of the variability in
field size was attributable to the influence of the visual streak.
The largest nasal fields lay far from the streak (open circles)
and the smallest ones lay near it (solid lozenges). This source
of variability did not apply to the central retina, where all cells
are, by definition, near the streak. Consequently, the correla-
tion between distance from the streak and field size (Fig. 3B)
ensures at least a weak relationship between field size and
eccentricity (Fig. 3A). The influence of the visual streak can be
factored out by restricting consideration to cells lying very
near the streak (solid diamonds in Fig. 3C,D). In the nasal
retina, mean field diameter for these cells increased by one-
third from the area centralis to the peripheral streak, a trend
more apparent for alpha cells (Fig. 3C) than for beta cells (Fig.
3D). For alpha cells, this difference in field size was compa-
rable to that between peripheral streak and peripheral non-
streak retina (compare solid diamonds and open circles in Fig.
3C). For beta cells, by contrast, fields roughly doubled in
diameter between streak and nonstreak periphery, about
three times as large an increase as that between area centralis
and peripheral streak (Fig. 3D).

In the temporal hemiretina, beta cell field diameter was
correlated with eccentricity, roughly tripling in size from cen-
ter to periphery (Fig. 3D). Little if any of this correlation, how-
ever, was attributable to the influence of the visual streak.
That is, beta cells near the streak were not markedly smaller
than those far from the streak at a given temporal eccentricity.
This was presumably because the streak is weakly developed
in temporal retina (Henderson, 1985). A similar trend was
apparent among alpha cells temporally (Fig. 3C), although the
sample is small.

Table 2 lists the constants defining the least-squares re-
gression lines shown in Figure 3A,B. The ratio of slope (m) to
Y-intercept (b) is a measure of the proportional increase in
dendritic field diameter per millimeter of retinal distance.
These ratios were substantially higher for beta cells than for
alpha cells. They indicate that beta cell dendritic field areas
increased about 3.4-fold from the area centralis to the far
periphery (7 mm eccentricity), whereas alpha fields increased
only 1.7-fold. Similarly, beta cell fields increased in area an
average of 7.5-fold from the visual streak to the superior or
inferior periphery (6 mm from the streak), whereas alpha cell
fields increased only 2.9-fold. If each type’s dendritic field
area is inversely proportional to its local density (Wassle and
Boycott, 1991), this suggests that the ratio of beta cell to alpha
cell density should be two or three times higher in the central
retina than in the periphery.

Stratification. Ferret alpha and beta cells exhibited pat-
terns of dendritic stratification very similar to their counter-
parts in cat retina. Each comprised a paramorphic pair of
types (Famiglietti and Kolb, 1976) that closely matched one
another in somadendritic form but ramified separately in either
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TABLE 1. Dendritic Field and Soma Sizes of Ferret Ganglion Cells’
Dendritic field Soma
Type Mean diameter (um) SD n Mean diameter (um) SD n
Alpha 423 75 154 25.4 3.9 47
Beta 115 34 315 18.2 2.0 39
Delta 327 81 20 15.4 1.7 18
Epsilon 406 92 16 16.3 2.1 14
Zeta 160 36 59 13.7 1.4 59
Eta 195 46 33 14.0 1.3 33
Theta 183 38 7 13.7 1.3 s
lota 304 53 19 15.4 1.7 19

1Samples of individual cell types were similar to one another in topographic distribution (cf. Figs. 3B-D, 13A).

Figure 2.

Camera lucida drawings of beta ganglion cells of the ferret retina. Cells A-C all lay within the nasal visual streak, but at progressively greater
eccentricities from left to right. Cells D-F all lay outside the visual streak, with increasing eccentricity and distance from the visual streak from
left to right. Axons omitted for clarity. Cell locations as follows (conventions as for Fig. 1): A:e = +0.1,s = +0.1; B:e = +3.3,s = +0.0; C: e =

+6.9,s = +0.1;D: e = -1.6,s = -0.4; E: e = +3.0, s = +3.0; F: e = +5.8, s = +4.3. Scale bar = 100 pm.

sublamina a (OFF sublayer) or sublamina b (ON sublayer) of
the IPL. Adopting conventions used in cat retina (Wassle and
Boycott, 1991), we will refer to these four types as OFF alpha,
ON alpha, OFF beta, and ON beta cells. Figure 4A-F illustrates
the stratification patterns revealed in radial sections of each
type. OFF beta cells ramified throughout sublamina a and ON

beta cells in most of sublamina b, sparing only its innermost
part (Fig. 4C,D,F). ON and OFF alpha cells costratified exten-
sively with ON and OFF beta cells, respectively, but were more
narrowly stratified (Fig. 4E,F).

Analysis of stratification by through-focus examination in
wholemounts at points of intersection between overlapping
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Figure 3.

Topographic dependence of dendritic field size for ferret alpha and beta ganglion cells. A,B: Dependence of dendritic field diameter on
eccentricity (i.e., distance from the center of the area centralis; A) and distance from the axis of the visual streak (B). No distinction is made in
A or in B between superior and inferior hemiretinas. Lines indicate linear least-squares fits to the data. Regression constants shown in Table
2. C,D: Plots illustrating relative contribution of eccentricity and distance from the visual streak to dendritic field size of alpha (C) and beta (D)
cells. Each symbol type indicates a range of distance from the axis of the visual streak, as indicated in the key. Negative eccentricities lie in the
temporal hemiretina.

TABLE 2. Regression Constants for Dendritic Fields as a Function of Eccentricity or Distance From Visual Streak’

Cell type Independent variable Hemiretina Slope (m) Y-intercept (b) m/b r?

Alpha Eccentricity Nasal 15.5 367.4 0.04 0.12
Alpha Eccentricity Temporal -81.5 328.5 -0.25 0.41
Beta Eccentricity Nasal 9.0 87.1 0.10 0.18
Beta Eccentricity Temporal -27.3 55.4 -0.49 0.41
Alpha Streak distance Nasal 37.7 360.9 0.10 0.34
Alpha Streak distance Temporal -69.6 358.4 -0.19 0.28
Beta Streak distance Nasal 22.6 76.1 0.30 0.62
Beta Streak distance Temporal -27.3 77.0 -0.35 0.52

1Regression constants for least squares fits of Figure 3A,B.

dendritic profiles (Fig. 4G,H) suggested somewhat narrower depth values were normalized to the depth of the ON alpha
stratification than indicated by the radial-section data (Fig. dendrites (horizontal dashed line at 0 depth). The OFF alpha
4E,F). Figure 4G compares the relative depth of ramification of cell’s dendrites (solid bars) always lay at least several mi-
three cells with mutually overlapping dendritic fields: an ON  crometers distal to those of the ON alpha. The ON beta cell’s
alpha, an OFF alpha, and an ON beta cell. For clarity, the dendrites (stippled bars) spanned a broader depth range than
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Depths of dendritic stratification for ferret alpha and beta ganglion cells. A-D: Camera lucida drawings of representative radial sections. A: OFF alpha; B:
ON alpha; C: OFF beta; D: ON beta. Black somata and processes belong to the injected cell; the soma for the cell in A lies out of the plane of the section
illustrated. Shaded profiles represent other cell bodies of the ganglion cell and inner nuclear layers. E,F: Histograms of relative frequency of dendritic
processes at depths in the inner plexiform layer (IPL), expressed as a percentage of its total thickness; 0% corresponds to the distal border and 100% to
the proximal border of the IPL. For both alpha cells (E) and beta cells (F), stippled bars indicate dendrites of ON type, solid bars those of OFF type. Data drawn
from one ON alpha, one OFF alpha, three ON beta, and three OFF beta cells. G,H: Relative depths of stratification of alpha and beta cells as revealed by
quantitative through-focus analysis in a single retinal whole mount of cells with overlapping dendritic profiles. For each panel, a single alpha cell was selected
as a reference cell. At each point of intersection between the dendritic profiles of the reference cell and another cell with an overlapping field, the difference
in depth between the two dendrites was measured. The histograms plot the distribution of these depth differences. G: Comparisons between a reference
ON alpha cell (horizontal line) and two overlapping cells, an OFF alpha (solid bars) and an ON beta cell (stippled bars). H: Comparisons between a reference
OFF alpha cell and two overlapping beta cells, one OFF (solid bars) and one ON (stippled bars). Cell locations (conventions as for Fig. 1): G: e = +4.4,s =
-3.4; H: e = +4.7, s = -3.4. Scale bar = 20 um.
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those of the OFF alpha cell. They clearly costratified with the
ON alpha’s dendrites but extended substantially farther into
the proximal part of sublamina b. Figure 4H displays a similar
analysis for another triad of cells: an OFF alpha and a pair of
beta cells (one ON and one OFF). The data were normalized to
the depth of the OFF alpha dendrites (dashed line). Although
the OFF alpha and OFF beta cells partially costratified, the
OFF beta arbor extended substantially farther distally into
sublamina a. There was no overlap in depth between the ON
and the OFF beta dendrites, and a gap of several micrometers
separated the ON beta arbor from that of the OFF alpha cell.

The discrepancies between the results obtained with the
two methods are not surprising. In the through-focus analysis,
the benchmarks for depth (i.e., the reference cell’s processes
at points of intersection) lay very close to the dendrite under
study both in the plane of the retina and in depth. In the
radial-section analysis, by contrast, the depth benchmarks
(i.e., IPL boundaries) were more distant in depth and had to be
located by horizontal interpolation when the nearest somatic
profiles were laterally displaced from the point of measure-
ment. For these reasons, the through-focus measurements
were less influenced by undulations in the position or thick-
ness of the IPL or its sublaminae. Taken together, the data
suggest the laminar arrangement summarized in Figure 12.
ON beta cells ramify broadly in sublamina b (S3 and S4),
whereas OFF beta cells arborize throughout most of sub-
lamina a. Alpha arbors ramify more narrowly than beta arbors:
ON alphas costratify with the distal part of the ON beta arbor
(in S3 and S3/4), whereas OFF alphas costratify with the
proximal part of the OFF beta arbor (in S2 and S1/2). A small
gap near the S2/3 border separates the ON and OFF arbors of
both types.

Other ganglion cell types

We stained many ganglion cells that belonged to neither the
alpha nor the beta morphological types. Generally, these cells
had smaller somata and thinner axons than did alpha and beta
cells. Dendritic structure varied widely among these cells, as
reported by others (Wingate et al., 1992). In view of the wide-
spread similarities between cat and ferret retina, including the
presence of alpha and beta types, we reasoned that the ferret
might possess homologues of several of the morphological
types of ganglion cells described in cat retina. Here we pro-
vide evidence for at least six such types in ferret retina.

Most examples of each type possessed a well-filled axon in
the optic fiber layer, but in some cases an axon could not be
identified with certainty because of inadvertent bulk labeling
of several axons in the vicinity of the cell or transection of the
axon during somatic impalement. Such cells were left out of
the following analysis unless they could be unambiguously
identified as one of the following six types on the basis of their
somadendritic structure and size at that retinal position. As-
sertions concerning the laminar positions of dendritic arbors
are based partially on assessments of each cell’s approximate
depth of stratification relative to the borders of the IPL. These
assessments were refined substantially by close examination
of relative depth of dendritic stratification in 89 instances of
overlap among two or more cells of different type (see Fig.
12B).

Delta cells (Fig. 6). We stained 25 ferret ganglion cells that
closely resembled the delta or monoamine-accumulating gan-
glion cell type of the cat retina (Boycott and Wassle, 1974;
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Dacey, 1989). Ferret delta cells had small somata (mean di-
ameter 15.4 um; Table 1, Fig. 14) and large dendritic trees
(mean diameter: 327 um; Table 1, Fig. 13B). The dendritic
profile was radiate in form, with only occasional recurving
processes (Figs. 5A, 6). Dendrites branched with moderate
frequency and at fairly regular intervals. Dendritic overlap was
uncommon, though perhaps slightly more prevalent than is
typical for cat delta cells. Terminal dendrites stratified nar-
rowly in S1, largely or completely distal to the dendrites of
OFF alpha cells (Fig. 12A,B). Cells with similar form but ram-
ifying in sublamina b were not encountered in our material.
Dendritic field size varied little over the retina (Fig. 13A).

Epsilon cells (Fig. 7). We encountered 26 cells that resem-
bled the epsilon ganglion cell type of cat retina (Leventhal et
al., 1980; Pu et al., 1994). These cells had small somata (mean
diameter 16.3 um; Table 1, Fig. 14) and radiating, sparsely
branching dendritic trees (Figs. 5B, 7). Their dendritic fields
were some of the largest we have observed among ferret
ganglion cells (mean diameter 406 um; Fig. 13B, Table 1) and
exhibited no systematic topographic variation in size (Fig.
13A). Dendrites were generally smooth but in a few cells
exhibited fine hair-like processes and spines. Dendrites were
narrowly stratified in the middle of sublayer b of the IPL (~S4),
where they costratified and lay partially proximal to those of
ON alpha cells (Fig. 12A,B). We did not encounter cells with
similar dendritic profiles ramifying in sublamina a.

Zeta cells (Fig. 8). Eighty-nine cells in our sample closely
resembled zeta cells of the cat retina (Berson et al., 1998).
These cells had among the smallest somata (mean diameter
13.7 pm; Table 1, Fig. 14), smallest dendritic arbors (mean
diameter 160 um; Table 1, Fig. 13B), and thinnest axons of all
ferret ganglion cells. Terminal and preterminal dendrites were
thin, densely branched, and studded with short twigs, spines,
and hairs (Figs. 5C, 8). There was little overlap among den-
drites, although some terminal branches closely approached
one another or even made contact. Dendrites stratified nar-
rowly at or near the a/b sublaminar border (S2/3) in the gap
separating ON and OFF alpha dendrites (Fig. 12A,B). Dendritic
fields were slightly smaller on average within the visual streak
than in the superior or inferior periphery (Fig. 13A).

Eta cells (Fig. 9). Forty-two cells resembled the eta gan-
glion cell type of cat retina (Berson et al., 1999b). They had
very small somata (mean diameter 14.0 um; Table 1, Fig. 14)
and thin axons. Their dendritic fields were small (mean diam-
eter 195 um; Table 1, Fig. 13B) and apparently varied little in
size over the retina (Fig. 13A). Dendrites were thin and typi-
cally smooth, although in some cells they were moderately
spiny. Dendrites generally followed courses that were roughly
radiate in relation to the soma (Fig. 5D). However, their wavi-
ness, mutual overlap, and high branch frequency gave most
profiles a tangled aspect. Branch density varied somewhat
among cells; the cells illustrated in Figure 9A,B represent the
extremes of the spectrum. Dendritic arbors stratified through-
out most of sublamina a (Fig. 12A,B). Most of the processes
costratified with those of overlapping OFF alpha cells, but
some lay more distal in S1 (Fig. 12). No paramorphic type of
sublamina b was encountered.

Theta cells (Fig. 10). We encountered 94 ferret ganglion
cells resembling the theta cell, a bistratified cell type of the cat
retina (Isayama et al., 2000). Ferret theta cells had very small
somata (mean diameter 13.7 um; Table 1, Fig. 14) and small



Figure 5.

Photomicrographs of representative ferret non-alpha/non-beta ganglion cells. A: Low-power micrograph of a delta cell. Cell location (conven-
tions as for Fig. 1): e = +0.6 mm, s = +0.6 mm. B: Low-power micrograph of a epsilon cell: e = +4.2 mm, s = -1.7 mm. C: Low-power
micrograph of a zeta cell: e = +5.2 mm, s = +1.5 mm. D: Low-power micrograph of an eta cell: e = +3.0 mm, s = +2.7 mm. E: Low-power
micrograph of a theta cell: e = +5.1 mm, s = -4.6 mm. F-H: An iota cell, shown at low magnification (F) and at higher magnification at planes
of focus corresponding to the proximal (G) and distal (H) dendritic arbors. Cell location: e = 5.8 mm, s = —0.6 mm. Scale bars = 50 um.
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Camera lucida drawings of representative delta ganglion cells of the ferret (A,B) and cat (C) retina. Asterisk in this and subsequent figures
indicates examples from the cat. Axons omitted for clarity. Cell locations (conventions as for Fig. 1): A:e = +5.4 mm, s = +5.2 mm; B: e = -0.9
mm, s = -0.6 mm; C: e = +3.5 mm, s = +1.8 mm. Scale bar = 100 um.

dendritic arbors (mean diameter 183 um; Fig. 13B, Table 1).
Dendritic profiles were very complex, displaying denser
branching and more extensive overlap than any other ferret
ganglion cell type (Fig. 10). Dendrites meandered chaotically,
bearing no consistent orientation relative to the soma. The
dendrites were thin and appeared moderately varicose in
most cases (Fig. 5E) and some had a number of spines.
Dendrites were concentrated in two strata lying on either side
of the a/b sublaminar border and corresponded to the levels
of stratification of the ON and OFF alpha cells (Fig. 12A,B).

This bistratification was obscured somewhat by the large
number of dendritic segments bridging the two strata but was
detectable throughout the arbor except for a few areas of
sparser branching. Overall, the density of branching was com-
parable in the two strata, but in a few cells total dendritic
length appeared greater in either the proximal or the distal tier.
Dendritic fields were slightly smaller on average in the visual
streak than elsewhere (Fig. 13A).

lota cells (Fig. 11). We stained 30 ganglion cells strikingly
similar to the iota cell of cat retina, a bistratified type pre-
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Figure 7.
Camera lucida drawings of epsilon ganglion cells of the ferret (A,C) and cat (B) retina. Axons omitted for clarity. Cell locations (conventions as
for Fig. 1). A:e = +49 mm, s = +1.8 mm; B: e = +2.4 mm; C: e = +2.2 mm; s = +2.2 mm. Scale bar = 100 pum.
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Camera lucida drawings of zeta ganglion cells of the ferret (A,B) and cat (C) retina. Axons omitted for clarity. Cell locations (conventions as for
Fig.1): A:e = 441 mm; s = +1.0 mm; B: e = +6.1 mm, s = +0.3 mm; C: e = +6.4 mm; s = -0.2 mm. Scale bar = 100 pum.

sumed to correspond to the ON-OFF direction-selective cell
(Famiglietti, 1987; Berson et al., 1997; O’Brien et al., 1999,
2002). In ferrets, as in cats, iota cells shared many similarities
with theta cells. Viewed en face, they exhibited richly
branched profiles with extensive dendritic overlap (Figs. 5F-H,
11A,B). Their bistratified dendrites ramified in roughly the
same two strata as those of theta cells (Fig. 12A,B) but had
many fewer dendrites interconnecting the two strata. This
made it much easier to discern the inner and outer arbors,
which individually exhibited little or no dendritic overlap (Figs.

5G,H, 11B). In addition, iota cells had larger dendritic fields
(mean diameter 304 um; Table 1, Fig. 13B), thicker dendrites,
lower branching density, and larger somata (mean diameter
15.4 pm; Table 1, Fig. 14) than theta cells. Dendritic fields
tended to be slightly smaller in the visual streak than else-
where (Fig. 13A).

Unidentified varieties. The great majority of the cells in
our sample belonged to one of the types described above.
The remaining cells were most likely encountered in cat retina
as well, but these morphological types were not studied ex-
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Camera lucida drawings of eta ganglion cells of the ferret (A,B) and cat (C) retina. Axons omitted for clarity. Cell locations (conventions as for
Fig.1): A:e = 448 mm,s = +1.8 mm; B: e = +3.9 mm; s = +2.9 mm; C: e = +6.0 mm; s = +0.6 mm. Scale bar = 100 um.

tensively in either species, so rigorous comparisons were not
made. These unclassified ganglion cells all had dendritic fields
at least as large as those of delta and iota cells and branching
densities lower than those of zeta and theta cells. Otherwise
these cells were heterogeneous in form. Some were narrowly
stratified; others were bistratified or ramified diffusely in both
a and b sublaminae. We also stained large numbers of pre-
sumed displaced amacrine cells in the GCL. These cells

lacked axons in the optic fiber layer, although some extended
multiple axon-like processes into the IPL. Cell bodies were
typically smaller than those of ganglion cells, but there was
substantial overlap between the populations. Several of the
amacrine cells clearly resembled those reported among cat
amacrine cells, but we have not studied them in detail.
Quantitative comparisons among types. Here we sum-
marize some of the quantitative criteria by which the 10 gan-
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Camera lucida drawings of theta ganglion cells of ferret (A,B) and cat (C) retina. Axons omitted for clarity. Cell locations (conventions as for Fig.
1):Aie=+13mm,s = +1.3mm; B: e = +3.5 mm, s = +3.3 mm; C: e = +1.5 mm, s = +1.3 mm. Scale bar = 100 pum.

glion cell types studied here may be distinguished. Figure 12
summarizes patterns of dendritic stratification. Four types
ramify exclusively in sublamina a. Among these, the OFF alpha
and delta cells are both relatively narrowly stratified but ramify
in largely distinct strata of the OFF sublamina. The others, the
OFF beta and eta cells, ramify broadly throughout the OFF
sublayer. Three types ramify exclusively in sublamina b, the
ON alpha rather narrowly and the ON beta and epsilon cells
more broadly. One type, the zeta cell, ramifies narrowly at the
a/b sublaminar border and exhibits minimal overlap in depth
with ON alpha, ON beta, or OFF alpha cells. The remaining two
types (theta and iota) are bistratified; for both types, the distal

arbor costratifies with dendrites of OFF alpha cells and the
proximal arbor with those of ON alpha cells.

Figure 13 and Table 1 compare the dendritic field sizes of
ferret ganglion cell types that fall within four broad ranges.
Beta cells have the smallest dendritic fields at all retinal
locations. The next smallest are the zeta, eta, and theta
cells, with substantial overlap among these types. lota and
delta cells have medium-sized dendritic profiles, whereas
alpha and epsilon cells have the largest fields of all types
studied.

Figure 14 and Table 1 compare soma diameters among
these types. Alpha cells had the largest cell bodies, whereas
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Camera lucida drawings of iota ganglion cells of the ferret (A,B) and cat (C). Inner (1) and outer (2) arbors are displayed separately at reduced
magpnification for the cell in B. Axons omitted for clarity. Cell locations (conventions as for Fig. 1): A:e = +6.1 mm, s = +0.2 mm; B: e = +3.5
mm, s = +3.2 mm; C: e = +4.0 mm, s = +3.8 mm. Scale bar = 100 um.
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Figure 12.

Comparisons of dendritic stratification among ganglion cell types of the ferret retina. A: Schematic radial section of the inner plexiform layer (IPL)
summarizing the patterns of dendritic stratification inferred for each type from the data in Figure 4 and other through-focus observations as
described in text. S1-S5: strata 1-5 of the IPL. Dashed line marks the boundary between the OFF sublamina (a) and the ON sublamina (b).
B: Summary of data on relative depth of stratification of various types obtained by through-focus inspection of overlapping dendritic arbors.
Symbols in each cell of the matrix indicate whether the ganglion cell type listed to the left (row heading) stratifies proximally (downward arrows),
at the same depth (double-headed arrows), or distally (upward arrows) to the type listed above (column heading). Numbers indicate the number
of overlapping arbors studied. For the bistratified types (theta and iota), the inner (ON) and outer (OFF) arbors are considered separately.
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Comparison of dendritic field size among six non-alpha, non-beta ganglion cell types of the ferret retina. A: Dendritic field diameters of each
type as a function of distance from the axis of the visual streak. Negative eccentricities correspond to locations in the temporal hemiretina.
Statistics for each type are given in Table 1. B: Comparison among these types and with alpha and beta cells of the ferret retina. Each outline
represents the envelope of the field size distribution of a single type, drawn from data shown in Figures 3B and 13A. No distinction has been
made between nasal and temporal hemiretinas.
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Figure 14.
Comparison of soma size among ferret ganglion cell types. Statistics
for each type are given in Table 1.

beta cells were intermediate in size. The remaining types form
two groups: delta, epsilon, and iota cells have small to
medium-sized cell bodies, and the zeta, eta, and theta cells
have very small somata. Nonetheless, there is substantial
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overlap among the soma size distributions of virtually all
types.

DISCUSSION

The present study extends earlier descriptions of the mor-
phology of alpha and beta ganglion cells of the ferret retina
with respect to the dendritic stratification and topographic
variations in dendritic field dimensions. In addition, it provides
evidence for the presence of at least six additional ganglion
cell types in ferret retina, each with a clear counterpart in cat
retina.

Morphology of ferret alpha and beta cells

Our data confirm and extend prior work demonstrating the
existence of alpha and beta cells in ferret retinas (Vitek et al.,
1985; Amthor and Jackson, 1986; Peichl et al., 1987b; Wingate
et al., 1992; Penn et al., 1994). The dendritic profiles of ferret
alpha and beta cells are very similar to their counterparts in
cat retina (Boycott and Wassle, 1974; Kolb et al., 1981; Wassle
and Boycott, 1991; Stein et al., 1996). Both types occur as
paramorphic pairs (i.e., as forms virtually identical in morphol-
ogy except for their stratification in different layers of the IPL;
see, e.g., Famiglietti and Kolb, 1976). In both species, alpha
cell dendritic fields are about three to five times larger in
diameter than beta cell fields at any retinal eccentricity, with
no overlap between the two types (Boycott and Wassle, 1974;
Kolb et al., 1981; Vitek et al., 1985; Wingate et al., 1992).

Alpha cells are apparently a universal feature of the mam-
malian retina, with a strongly conserved pattern of dendritic
stratification (Peichl et al., 1987b). Our quantitative assess-
ment shows that ferret alpha cells conform to this stratifica-
tion pattern, as anticipated by the qualitative observations of
Peichl et al. (1987b). Compared with ferret beta cells, alpha
cells have more narrowly stratified arbors. Our data also con-
firm the existence of ON and OFF subtypes of beta cells in
ferret retina (Kageyama and Wong-Riley, 1984; Wingate et al.,
1992) and show that their stratification pattern is comparable
to that reported for beta cells of the cat retina (Famiglietti and
Kolb, 1976; Watanabe et al., 1985; McGuire et al., 1986; Weber
et al., 1991).

Topography of alpha and beta cells

Individual ganglion cell types form mosaics that preserve a
characteristic amount of dendritic overlap among members
despite large topographic variations in scale (Wéassle and
Boycott, 1991). One virtue of these mosaics is that they ensure
that each type covers or “tiles” the retinal surface, without
gaps. They also ensure that every point in the retinal image
falls within the receptive field centers of about the same
number of cells of each type, regardless of location. In addi-
tion, they may ensure a match between the spatial resolution
of individual type members and the Nyquist limit set by the
spacing of type members, an arrangement that optimizes
spatial acuity while avoiding aliasing (for review see Wassle
and Boycott, 1991).

The ferret is in many ways an ideal species in which to study
the ontogenetic mechanisms that form such mosaics. Many of
these processes occur postnatally in ferret ganglion cells,
including outgrowth, differentiation of branching patterns,
activity-dependent segregation of dendritic arbors within spe-
cific laminae of the IPL, and programmed cell death leading to
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regional variations in ganglion cell density (see the introduc-
tory paragraphs). There is, however, little direct evidence that
ferret ganglion cells form regular dendritic mosaics. Indeed, it
has been questioned whether alpha or beta cells exhibit an
inverse relationship between dendritic field size and local
density, a prerequisite for such mosaics. Although such a
relationship received some initial support from retrograde fill-
ing studies (Vitek et al., 1985) and was corroborated for alpha
cells by reduced silver methods (Peichl et al., 1987b), it was
subsequently called into question for both alpha and beta
cells on the basis of intracellular staining (Wingate et al.,
1992).

Our own data support a systematic relationship between
alpha and beta cell field size and retinal topography. More-
over, the magnitude of the systematic variation in field area is
comparable to that of the topographic variation in density, as
required by a mosaic with uniform dendritic overlap (Wassle
and Boycott, 1991). The density of all ganglion cells and of
alpha cells varies four- to eightfold over the region studied
(Henderson, 1985; Vitek et al., 1985; Peichl et al., 1987b). This
predicts that mean dendritic field diameter of each type
should vary about 2- to 2.8-fold, close to the observed values
of 1.7-fold for alpha cells and 2.7-fold for beta cells (Fig. 3B,
Table 2). The fact that beta cells exhibit a larger proportional
variation in field size than do alpha cells implies that beta cells
have a steeper topographic gradient in cell density. In other
words, beta cells make up a larger fraction of the ganglion cell
population in the central retina than in the periphery. This
appears to be true also for beta cells of cat retina (Stein et al.,
1996) and midget cells in the primate retina, which may be a
homologous cell type (Rodieck et al., 1985; Dacey and Brace,
1992).

The negative result of Wingate et al. (1992) concerning such
topographic dependence is attributable to the indirect
method used for estimating ganglion cell density together
with weak systematic variation in field size. Topographic gra-
dients in beta and alpha cell field size (and, by inference, cell
density) are far more modest in ferret than in cat retina. Among
alpha cells, mean local field diameter varies less than twofold
in ferrets compared with fourfold in cats. For beta cells, the
variation is only threefold in ferrets compared with tenfold in
cats (Boycott and Wassle, 1974; Kolb et al., 1981; Stein et al.,
1996; Berson et al., 1998).

Generally, alpha and beta cell dendritic fields are about the
same size in the two species. In the central retina, however,
they are substantially larger in ferret than in cat. Because
beta-cell resolution seems likely to be a limiting factor in
spatial acuity among the Carnivora (see Stein et al., 1996), this
difference in itself suggests lower maximum acuity in ferrets
than in cats. This difference is amplified by the ferret’s smaller
eye and lower retinal magnification (i.e., millimeters of retina
per degree of visual angle) and accounts in part for the lower
spatial resolution of ferret geniculate neurons compared with
those in cat (Price and Morgan, 1987). A further point of
distinction between ferret and cat retina is in the relative
development of the area centralis and visual streak. In the
ferret, the streak is more prominent than that in the cat,
whereas the area centralis is less so. This is evident in maps
of ganglion cell density and in plots of field size as a function
of retinal location (see, e.g., Boycott and Wassle, 1974;
Wassle et al., 1975; Hughes, 1981; Henderson, 1985; Vitek et
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al., 1985; Peichl et al., 1987b; Wong and Hughes, 1987; Stein
et al., 1996). The visual streak is a prominent retinal feature in
vertebrates inhabiting open terrain and may facilitate a form of
panoramic vision; the area or fovea centralis is best devel-
oped in vertebrates with high acuity binocular vision and
well-developed gaze control (Hughes, 1977; Stone, 1983). Dif-
ferences between ferrets and cats in retinal topography may
thus reflect distinctions in visual ecology.

Other ganglion cells

Substantial morphological heterogeneity has been ob-
served among ferret ganglion cells that are neither alpha nor
beta cells (Vitek et al., 1985; Wingate et al., 1992). By analogy
with work in other vertebrate retinas, it seems reasonable to
assume that these cells comprise a large set of morphologi-
cally distinct types, each with a characteristic pattern of den-
dritic branching, field size, stratification, retinal topography,
and central projection (Rodieck and Brening, 1983; Stone,
1983; Wassle and Boycott, 1991). Wingate et al. (1992) took an
initial step toward developing a classification scheme for
these ganglion cells by dividing their sample of intracellularly
stained ganglion cells into three broad groups (termed tight,
loose, and sparse) that differed in dendritic complexity and
patterns of central projection. However, there is substantial
intragroup heterogeneity with respect to branching structure
and stratification. To provide a basis for understanding this
diversity, we explored the possibility that the ferret’s ganglion
cell population contains counterparts of many of the ganglion
cell types that have been identified in cat retina. This ap-
proach was anticipated by Vitek et al. (1985), who identified a
likely equivalent of the cat’s epsilon cell among ferret retinal
ganglion cells stained by retrograde transport. Here, we con-
firm and extend that observation and provide evidence that
the ferret retina possesses counterparts of at least five addi-
tional cat ganglion cell types: delta, zeta, eta, theta, and iota.
The present findings suggest that each of these morphologi-
cal classes represents a “natural type,” empirically demon-
strable by the covariation of its members on many indepen-
dent morphometric dimensions and by the absence of
intermediate forms (Rowe and Stone, 1977; Rodieck and
Brening, 1983).

This provisional taxonomy is by no means exhaustive. Al-
though we believe that the great majority of ferret ganglion
cells belong to one of the types identified here, both our
sample and that of Wingate et al. (1992) contain cells that
apparently do not. Similarities between such cells in the ferret
and those qualitatively surveyed in the cat retina (see, e.g.,
Kolb et al., 1981) suggest that further parallels in ganglion cell
typology in these species will emerge.

The dendritic fields of each type are generally of about the
same absolute size in the two species but, because of differ-
ences in retinal magnification, are substantially larger in ferret
than in cat when expressed in terms of visual angle. The rank
order of these types by field size is very similar in the two
species, suggesting that their relative frequency may be sim-
ilar.

Delta cells. We identified delta cells in the ferret retina
(Fig. 6) similar to those in cats (Boycott and Wassle, 1974;
Wassle et al., 1987; Dacey, 1989; see also G18 and G19 of
Kolb et al., 1981). Wingate and colleagues (1992) included
presumptive delta cells within their loose group (see espe-
cially cell vii of their Fig. 9 and the loose cells of Fig. 19).
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According to Wingate et al. (1992), loose cells project ipsilat-
erally from the temporal retina and innervate both the mid-
brain and the thalamus, properties they share with cat delta
cells (D.M. Berson and M. Pu, unpublished observations). In
cat retina, delta cells accumulate exogenous monoamines
and correspond to OFF center tonic W-cells (Wassle et al.,
1987; Dacey, 1989; O’Brien et al., 1999). In agreement with the
description of cat delta cells by Dacey (1989) and Kolb et al.
(1981), we did not encounter a paramorphic counterpart of the
delta cell stratifying in the ON sublamina in ferrets. These data
contrast with those of Wassle et al. (1987) and Peichl (1989),
who described delta cells with dendrites stratifying in sub-
lamina b in cats and rats, respectively.

Epsilon cells. Epsilon cells in the ferret (Fig. 7) closely
resembled those in the cat (Leventhal et al., 1980; Pu et al.,
1994). In cat, they correspond to ON center tonic W-cells and
perhaps also to Q cells (Pu et al., 1994; Troy et al., 1995). A
similar morphological type has been described in the retinas
of primates (Leventhal et al., 1981; Rodieck and Watanabe,
1993) and dogs (Fig. 4k of Peichl, 1992). Epsilon cells appear
to represent the predominant type within the sparse group of
ferret ganglion cells (Wingate et al., 1992; see especially cell x
of their Fig. 9 and the sparse cells of Fig. 19, top). However,
other types were apparently included among the sparse cells
by Wingate and colleagues, because some of them, unlike
epsilon cells, ramified in sublamina a. Sparse cells in the ferret
apparently innervate both the midbrain and the thalamus and
project ipsilaterally from the temporal retina (Wingate et al.,
1992), properties they share with cat epsilon cells (Pu et al.,
1994).

Zeta cells. Zeta cells in ferrets (Fig. 8) and in cats (Berson
et al., 1998) had among the smallest fields, and the tiniest of
these present in the visual streak, suggesting a strong ten-
dency to concentrate there (Fig. 13; Berson et al., 1998). In cat,
zeta cells correspond to an ON-OFF phasic W cell, also known
as a local edge detector (Berson et al., 1998; O’Brien et al.,
1999). Zeta cells bear a strong resemblance to the local edge
detectors in rabbit retina (Amthor et al., 1989; van Wyk et al.,
2006) and may be homologous to the maze cell of macaque
retina (Rodieck and Watanabe, 1993). Zeta cells were encoun-
tered in the ferret retina by Wingate et al. (1992; see cells i, iv
and the cell just below iv in their Fig. 9 and also their Fig. 10C).
They included these cells within the group they termed tight,
which we believe also includes eta cells and possibly also
theta cells (see below). According to Wingate et al. (1992),
tight cells project contralaterally from the temporal retina, a
property they share with cat zeta cells (Berson et al., 1998).

Eta cells. Eta cells in both ferrets (Fig. 9) and cats (Berson
et al., 1999b) have moderately small, densely branched arbors
that stratify broadly in sublamina a. Ferret eta cells were
encountered by Wingate et al. (1992) and included by them in
their tight group (see their Fig. 9, cells ii and v). For cat retina,
it has been suggested they correspond to phasic OFF center
W cells (Berson et al., 1999b; O’Brien et al., 1999). Cat eta cells
project ipsilaterally from the temporal retina, whereas ferret
tight cells project contralaterally (Wingate et al., 1992; Berson
et al., 1999b).

Theta cells. Theta cells are found in both cats (Isayama et
al., 2000) and ferrets (Fig. 10) but might not have been en-
countered in earlier studies of ferret retina, insofar as bistrati-
fied ganglion cell types were not reported previously. Bistrati-
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fication in theta cells can easily be overlooked because of the
extensive cross-linking of the ON and OFF arbors. At least one
tight cell illustrated by Wingate et al. (1992; Fig. 9, cell iii)
closely resembles a theta cell. In cats, theta cells project to
the lateral geniculate complex as well as the superior collicu-
lus (Isayama et al., 2000). Preliminary evidence suggests that
cat theta cells are ON-OFF phasic W cells (O’Brien et al.,
1999).

lota cells. lota cells in ferrets (Fig. 11), like those in cats
(Berson et al., 1997), have bistratified dendritic arbors of in-
termediate size. Wingate et al. (1992) did not encounter this
type, insofar as they observed no bistratified forms. Both
ferret and cat iota cells closely resemble the type | bistratified
cell of rabbit, the morphological counterpart of the ON-OFF
direction-selective cell (Amthor et al., 1984, 1989; Famiglietti,
1992; Yang and Masland, 1992; Oyster et al., 1993; Vaney,
1994; Yang and Masland, 1994; O’Brien et al., 1999).

CONCLUSIONS

The present study advances our understanding of the gan-
glion cell types present in the ferret retina, including their
topographic organization and patterns of stratification. The
findings demonstrate a remarkable degree of similarity to
ganglion cell organization in the cat, despite lower retinal
magnification and shallower topographic gradients in cell
density and field size. Most of the same morphological types
that have been described so far in the cat retina are repre-
sented in the ferret. Their relative field dimensions and strat-
ification patterns are virtually indistinguishable from their
counterparts in cat retina. Alpha cells, beta cells, and at least
some other types exhibit an inverse relationship between den-
dritic field dimensions and ganglion cell density, as expected
for regular ganglion cell mosaics. Taken together with the
altricial development of the ferret visual system, the results
underscore the promise of the ferret retina as a model system
for studies of the differentiation of individual ganglion cell
types, including their specific patterns of dendritic stratifica-
tion and the generation of characteristic sampling arrays.
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