Synapses onto Different Morphological

Types of Retinal Ganglion Cells

Abstract. The percentage of bipolar and amacrine synapses onto ganglion cell
dendrites of the ground squirrel has been determined by electron microscopy of
cells impregnated by the Golgi method. One group of ganglion cells has mainly
amacrine input (approximately 97 percent); the other group has an approximately
equal bipolar and amacrine input. Morphologically distinct types of ganglion cells
usually have a consistent synaptic input, but exceptions may exist.

Electron microscopy of neurons im-
pregnated with silver salts by the Golgi
method is a potentially powerful method
for the quantitative determination of
synaptic contacts onto different types of
neurons. However, fine structural pres-
ervation of tissue processed by the
Golgi method has not previously been
of adequate quality to allow such studies
routinely, although several reports have
described the use of Golgi impregnation
coupled with electron microscopy to
identify the location of processes within
neural tissue (/). We have found that
a twofold modification of the Golgi-
Colonnier method results in a much im-
proved fine structural appearance of the
retina of the ground squirrel (Citellus
mexicanus). Basically, these modifica-
tions are (i) postfixing with osmic acid
after initial glutaraldehyde fixation, and
(ii)) a reduced staining time of 1 day
each in potassium dichromate and sil-
ver nitrate (2). In such tissue, synaptic
contacts onto silver-impregnated proc-
esses are well preserved and can readily
be recognized (Fig. 1).
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We have used this method to ask two
questions concerning the ganglion cells
in ground squirrel: (i) Do morphologi-
cally different ganglion cells have differ-
ent synaptic inputs, and (ii) if so, can
these quantitative differences in synaptic
input be related to the physiological
properties of the ganglion cells? The ret-
ina of the ground squirrel has been
used, because Michael (3) showed that it
possesses two major functional classes
of ganglion cells [similar classes of
ganglion cells have been described in
the retinas of many vertebrates (4, 5)].
One class of ganglion cells in the ground
squirrel responds tonically to retinal il-
lumination; its receptive field can usually
be mapped into center and surround
areas that are mutually antagonistic.
These cells are termed contrast-sensitive
units. Other cells of this class show
color opponent characteristics, and the
antagonistic regions of these fields may
overlap either partially or completely.
The second class of ganglion cell in the
ground squirrel responds phasically to
spots of light presented to the center of
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Fig. 1. Electron micrographs of synapses onto silver-impregnated ganglion cell den-
drites in the retina of the ground squirrel. (a) Bipolar synapse. The ribbon in the
bipolar terminal (arrow) is directed between two postsynaptic processes, one of which

is a silver-impregnated ganglion cell dendrite.

(b) Amacrine synapse. A cluster of

synaptic vesicles closely opposed to the presynaptic membrane (arrow) marks an
amacrine synapse onto an impregnated ganglion cell dendrite. With Golgi impregna-
tion, silver salts are deposited throughout the cytoplasm but organelles such as
mitochondria (m) are spared. Each marker equals 0.25 um.
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its receptive field, and they have the
additional property of responding vig-
orously to movement of a spot through
the field center in a “preferred” direc-
tion. The receptive fields of these two
classes of ganglion cells in the ground
squirrel differ in a further respect; tonic
cells tend to have larger center field
diameters than phasic cells. This size
difference provides a means of cor-
relating the anatomy with the physiology
of such ganglion cells.

Anatomical and physiological studies
suggest that these two functional classes
of ganglion cells may have different
synaptic inputs. For example, intracel-
lular recordings in the retina of the
mudpuppy (5) have shown that ama-
crine cells show receptive field proper-
ties and phasic activity very similar to
that of phasic ganglion cells. On the
other hand, bipolar cells show receptive
field properties and tonic activity similar
to those of tonic ganglion cells. Because
amacrine and bipolar cells provide the
only input to ganglion cells, it has been
proposed that phasic ganglion cells have

" mainly amacrine input, whereas tonic

cells have a substantial bipolar input
(5). The anatomy can now readily be
correlated with the physiology by em-
ploying the improved fixation of Golgi-
processed tissue since amacrine and bi-
polar synapses can be distinguished
anatomically. Bipolar synapses are rec-
ognized by a presynaptic ribbon (Fig.
la), amacrine synapses by a cluster of
vesicles along the presynaptic membrane
(6) (Fig. 1b).

Golgi-impregnated ganglion cells in
the retina of the ground squirrel were
studied by light microscopy in thick (50
num), vertical sections and classified by
the following criteria: (i) extent of
dendritic spread, (ii) the level (or levels)
in the inner plexiform layer in which
the dendrites are confined, (iii) the diam-
eter and texture of the dendrites, and
(iv) the gross branching pattern of the
dendrites. Cells were classified as differ-
ent morphological types if they varied in
one or more of these criteria. For ex-
ample, cells were considered as separate
types if their processes ran on different
levels in the inner plexiform layer, even
though their branching patterns were
similar. Conversely, cells whose proc-
esses were contained within the same
layer were classified separately if their
branching patterns appeared different.
With these criteria, we could identify at
least 15 morphologically different gan-
glion cell types in the ground squirrel
(7). Each of the classes appears distinct,
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because little, if any, gradation between
the types is observed. Examples of
some of these types are shown in Fig. 2.
Well-isolated examples from each of
these 15 types were subsequently thin-
sectioned for electron microscopy to
determine what percentage of their input
was amacrine and bipolar. The smaller
cells could usually be completely seri-
ally sectioned and as thoroughly in-
spected as desired. An equally thorough
analysis of the larger cells was prohibi-
tively difficult. So these were studied by
serial sectioning through only the middle
plane of their dendritic fields. Because
some of these tended to have only
sparse, long-ranging processes, the num-
bers of synapses counted in these cases
were considerably less. No axosomatic
contacts were observed; and on the strat-
ified cells, very few synapses were
found on dendrites between the perikar-
yon and their main levels of branching.
For simplicity we report here only
the nine most commonly observed
ganglion cells in our preparations (Table
1). Study of the less commonly stained
cell types indicates that they also con-
form with the general pattern of results
presented. Certain types of cells that
have common morphological features
and similar synaptic inputs are grouped
together in Table 1. For example, types
2 and 3 are bistratified cells [that is,
they have processes that run at two
separate levels of the inner plexiform
layer (see Fig. 2e)] and have similar
dendritic spreads (60 to 70 um), branch-
ing patterns, and very similar inputs.
Nonetheless they were classified as dis-
tinct types of ganglion cells because
their processes are confined to different
zones of the inner plexiform layer.
Ganglion cells in ground squirrel can
be grouped into two general classes with
regard to synaptic input (Table 1).
Group A has a very high percentage of
amacrine input (~97 percent). Group
B has an approximately equal frequency
of bipolar and amacrine input, although
one type in group B (type 1b) has a
clear predominance of bipolar input.
All of the amacrine-dominated group A
have rather small dendritic fields (40 to
100 pm); on the other hand, two of
the types of cells in group B have den-
dritic spreads of over 200 to 500 um.
Michael (3) determined the physiological
sizes of receptive field centers for gan-
glion cells of the ground squirrel. Phasic
cells have small receptive field centers
(60 to 115 um) matching well the den-
dritic spreads of the ganglion cells with
primarily amacrine input. The tonic
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cells have receptive field centers ranging
from 60 to 500 um, matching reason-
ably well the dimensions of dendritic
spreads of group B, We have termed the

type with a 20-um dendritic spread

“midget” ganglion cells (Fig. 2c), be-
cause with their limited dendritic spreads

they are likely candidates for receiving
input from the midget bipolars we have
observed in the retina of the ground
squirrel that are postsynaptic to only
a single cone. Since the midget ganglion
cells in the ground squirrel are small, it
is possible that their receptive fields

Table 1. Synaptic input onto different types of ganglion cells of the ground squirrel. For
purposes of ganglion cell classification, we have arbitrarily divided the inner plexiform
layer into six equally spaced layers ~ 10 ym thick), numbered from the distal to proximal
borders. The number of the layer or layers to which the dendrites of a cell are confined is
given in the column headed “Layering.” Abbreviations: Mono, monostratified; Bi, bistratified.

Average input Dendritic morphology
—————————  Range Syn- ~
Cells Am Bi of bi- apses Maxi-
Type studied a- 1- polar ob- i . mum
(No) crine  polar  input served Detslgl:p Liaz;r lateral
(%) (%) (%) (No.) spread
(um)
Group A
la 3 100 0 0-0 203 Mono 3 40-50
2and 3 3 96 4 3-5 212 Bi land 3, 60-70
2and 5
6-8 3 95 5 4-7 132 Mono 1,2,4 90-100
Average 97 3
Group B
1b 2 22 78 73-79 46 Mono 3 40-50
9 3 54 46 33-57 123 Midget 4 20
11 2 53 47 4449 40 Mono 4 > 200
13 3 52 48 47-50 27 Mono 4-5 > 500
Average 46 54
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Fig. 2. (a-e) Light micrographs c;f Golgi-impregn;ted ganglion cells of the “ground
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squirrel. The cell-type number is indicated along the top of each micrograph. See
text and Table 1 for discussion and description of the cells. Each marker equals 30 um.

s1



have not as yet been detected, explain-
ing their absence in Michael’s data.

Each of the types of ganglion cell so
far studied in replication has been found
t0 have a rather consistent ratio of
amacrine to bipolar input (Table 1).
For example, three cells of type 1a have
been carefully examined. All have
shown only amacrine input. No sug-
gestion of any bipolar input onto these
cells has been observed even though one
of these was examined in its entirety,
section by section. Onto this cell, 95
amacrine synapses were observed, which
may represent at least half of the syn-
apses onto that cell (8). Because the
synaptic ribbon of the bipolar synapse is
easy to detect, we are confident that
this cell type has no bipolar input. Such
ganglion cells are of particular interest,
because they indicate that some gan-
glion cells have exclusively amacrine
input and are, therefore, at least fourth-
order neurons along the visual pathway
in the sequence of receptor to bipolar to
amacrine to ganglion cell. Although it
has been previously proposed that gan-
glion cells may receive only amacrine
input (9), this is the first direct dem-
onstration of this. On the other hand,
the other cell types in group A (types
2, 3, and 6 to 8) always have some
bipolar input even though the over-
whelming majority of their input is
from the amacrine cells. Provided
enough sections are examined, a small
bipolar input of about 5 percent can
always be detected on the cells belong-
ing to these types.

It thus appears that a particular
morphological type of cell, as presently
defined, has a ratio of amacrine and
bipolar synaptic input that is consistent
from cell to cell. However, we have
found so far one possible exception to
this generalization. Cell types la and
1b appear to us morphologically indis-
tinguishable in the light microscope (Fig.
2, a and b). Their dendrites are found
at the same level in the inner plexiform
layer, they appear to have a similar
branching pattern and dendritic spread;
yet they have different synaptic inputs
(100 percent amacrine, 0 percent bi-
polar input compared to 22 percent
amacrine, 78 percent bipolar input). So
far we have been able to distinguish be-
tween these cells only on the basis of
their synaptic inputs (10). The five cells
examined could be assigned unequivo-
cally to one class, or another, after even
preliminary electron microscopic study.
No examples with an intermediate ratio
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of synaptic input have been seen, and it
is interesting that these two light micro-
scopically identical cells are so dissimi-
lar with regard to their synaptic input.

Two conclusions follow from our
results. (i) Ganglion cells in the retina
of the ground squirrel can be divided
into two main classes based on synaptic
input. One class receives the over-
whelming majority of its input from
amacrine cells. The dimensions of the
dendritic spreads of these cells suggest
that they are the phasic ganglion cells.
The second class of ganglion cell re-
ceives a substantial bipolar input rang-
ing from 46 to 78 percent of its total
input. The dimensions of these cells
best match those of the tonic ganglion
cells. This is in accord with the sug-
gestion that phasic cells receive the
bulk of their input from the amacrine
cell system, whereas contrast-sensitive
and opponent-color cells receive a more
substantial bipolar input. In the ground
squirrel some cells may have no bi-
polar input, but there are no gan-
glion cells without amacrine input.
(ii) Morphologically distinct types of
ganglion cells have consistent synaptic
inputs so that input ratios can now be
predicted from light microscopic ob-
servations. However, there may be ex-
ceptions to this rule. Certain ganglion
cells in the ground squirrel have ap-
peared so far morphologically identical
by light microscopy, yet electron mi-
croscopy reveals they have very different
inputs. At the moment, we must further
conclude that it is not always possible
to correlate dendritic morphology of
ganglion cells with a particular synaptic
input. Thus, form, or at least level of
dendritic branching of a ganglion cell,
may not determine its connectivity as is
often presumed (11). That level of den-
dritic branching in the inner plexiform
layer does not strictly determine the
synaptic input to a cell is indicated also
by the finding that other types of gan-
glion cells have processes that run in
the same strata of the inner plexiform
layer but have rather different synaptic
inputs (for example, types 8 and 11:
see Table 1).

It is difficult to understand why there
are so many variations in ganglion cell
morphology in the ground squirrel. Only
a relatively few physiological types of
ganglion cells have been described in
the retina of the ground squirrel so far,
and many of the morphologically dis-
tinct ganglion cells have a very similar
ratio of amacrine to bipolar synaptic

input. We wonder if the rich variety of
dendritic layering, spread, and branch-
ing pattern of ganglion cells that has
received so much study over the years
reflects an equivalent variety of physio-
logical types. From the results of our
study, this appears not to be the case.
ROGER W. WEST
JouN E. DowLiNG
Biological Laboratories,
Harvard University,
Cambridge, Massachusetts 02138
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