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ABSTRACT We report a light- and electron-microscopic examination of the 
inner plexiform layer of the central retina of young (c. 1 year) and old (3-4 
year) goldfish. There were no new neurons added to this region during the 
growth period. Nonetheless, there were substantially more synapses (per cell, 
per mm2, or per degree2) in the older retinas. This result is discussed in the con- 
texts of retinal function and neural development. 

The retinas of vertebrates grow by adding 
new neurons. In mammals and birds, this neu- 
rogenesis stops before, or soon after, the eye 
begins to function (Sidman, '61; Fujita and 
Horii, '63; Kahn, '741, but in fish and amphibi- 
ans, retinal growth continues well beyond 
that time (Muller, '52; Hollyfield, '68; Gaze 
and Watson, '68; Chung et  al,,, '75; Johns and 
Easter, '77; Easter et  al., '77; Johns, '77). The 
numbers are  quite impressive; a small 
goldfish, 4 cm long and less than a year old, 
has about 3 million retinal cells, while a 23 cm 
fish, four to five years old, has about 20 mil- 
lion in a very much larger retina. These new 
cells are all added a t  the retinal margin 
(Johns, '77), with the result that  the oldest 
neurons are generally located centrally, the 
younger ones toward the periphery (Muller, 
'52; Johns, '77; Morest, '70). The marginal ret- 
ina is therefore analogous to embryonic tissue 
in other animals, and, not surprisingly, shows 
many of the same features, such as immature 
photoreceptor outer segments (Muller, '52). 

Concurrently with this marginal neuro- 
genesis, the older central retina is also chang- 
ing. Radially, it thickens slightly. Tangen- 
tially, the cells move apart, but not propor- 
tionately in all layers, with the result that  the 
ratios of various cell types differ in large and 
small retinas (Johns and Easter, '77). The 
magnification factor, defined as the number of 
micrometers on the retinal surface per degree 
in the visual field, increases (Easter et  al., 
'77). If the number of synapses in the central 
retina remained constant, an increase in reti- 
nal thickness would be expected to  lower the 
number of synapses per unit volume. If, how- 
ever, new synapses appeared, a different re- 
sult would be predicted. The work reported 
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below was prompted by the question: Are syn- 
apses added to the central retina as it grows? 

With the electron microscope, we have ex- 
amined quantitatively the inner plexiform 
layer in the central retinas of young and old 
goldfish. In this layer, the neurons of the inner 
nuclear layer (bipolar, amacrine, and in- 
terplexiform cells) contact each other and the 
ganglion cells. Two types of synapse have been 
identified: ribbon and conventional. The 
former is so called because the presynaptic 
terminal (from a bipolar cell) contains a rib- 
bon-shaped organelle in addition to synaptic 
vesicles (fig. 1A) ; this terminal contacts 
amacrine and ganglion cell processes (Dowl- 
ing and Boycott, '66; Raviola and Raviola, '67; 
Witkovsky and Dowling, '69). The conven- 
tional synapse lacks a ribbon (fig. 1B); its 
presynaptic terminal may come from an 
amacrine cell (Dowling and Boycott, '66; 
Raviola and Raviola, '67; Witkovsky and 
Dowling, '691, or an  interplexiform cell (Dowl- 
ing et  al., '761, or a neuron in the brain with an 
efferent fiber to the retina (Witkovsky, '71; 
Sandeman and Rosenthal, '74). In addition, a 
bipolar cell if sectioned in such a way that the 
ribbon was not included, could erroneously be 
identified as containing a conventional syn- 
apse. Of these four possibilities, the amacrine 
is believed to be the most numerous. The post- 
synaptic process involved in a conventional 
synapse may belong to an amacrine or a bipo- 
lar or an  interplexiform or a ganglion cell 
(Dowling and Boycott, '66; Raviola and 
Raviola, '67; Witkovsky and Dowling, '69; 
Dowling et  al., '76). 

METHODS 

Goldfish (Carassius auratus, Common 
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Fig. 1 Electron micrographs (A) ribbon synapse (arrow), (B) conventional synapses (arrows). Calibration 
bars = 0.5 pm. 
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strain) were obtained commercially. Six fish, 
three small and three large, were used. The 
two groups differed in age tless than one year 
vs three to four years), body length (5.4 -+ 0.6 
cm vs 15.5 f 0.6 cm, tip to tip, mean -t S.D.) 
and lens diameter (1.62 -t 0.12 mm vs 2.90 5 
0.12 mm, mean -+ S.D.). We assume that  the 
small fish resembled an earlier stage of the 
large ones, so that  whenever we compare the 
two groups we are assessing the effects of 
growth. 

The fish were anesthetized, both eyes re- 
moved, and the lens, iris and cornea trimmed 
away. The lens diameter was measured for cal- 
culation of the retinal magnification factor at 
the level of the middle of the inner plexiform 
layer (Easter et  al., '77). The ventral edge of 
the eye cup was marked for purposes of orien- 
tation and the tissue was pre-fixed in buffered 
aldehydes, post-fixed in buffered osmic acid, 
stained en bloc with uranyl acetate, and 
embedded in Epon. All eyes were sectioned in 
the horizontal plane and all samples taken 
from a region 200-500 pm rostra1 or caudal to 
the optic disc. Semithin radial sections (1 pm 
thick) stained with methylene blue were 
viewed light microscopically. Nuclei in the in- 
ner nuclear and ganglion cell layers were 
counted and their diameters measured. The 
thicknesses of the inner nuclear and inner 
plexiform layers were measured. The ganglion 
cell layer, only one cell thick, was not mea- 
sured. Thin radial sections (60-90 nm) 
through the  inner plexiform layer were 
stained with uranyl acetate and lead citrate 
and viewed in the electron microscope. In each 
retina, one or two sets of electron micrographs 
were taken of contiguous regions covering 
about 1,000 pmZ from the inner nuclear to the 
ganglion cell layer. Prints of these negatives 
(final magnification 26,000 X -27,000 X ) were 
then used to construct photomosaics which 
were scored for conventional and ribbon syn- 
apses (Dubin, '70; Fisher, '76). Typically each 
photomosaic yielded relatively few ribbon syn- 
apses ( l - l O ) ,  and many more conventionals 
(30-50). To increase the sampling of ribbons, 
an  additional set of 12 mosaics, one per retina, 
each covering about 4,000 pm2, final magnifi- 
cation 12,000 x , was prepared and scored for 
ribbons only. 

RESULTS 

All synaptic contacts were measured, and 
the mean lengths (Dubin, '70; Fisher, '76) of 
both kinds of synapse were determined. The 

mean length of the conventionals was the 
same in both large and small fish; so too was 
the mean length of the ribbons. We infer that, 
as the retina grew, the size of the individual 
synapses did not change, on the average. 

Light micrographs were analyzed using the 
Abererombie correction (Abercrombie, '46) for 
ganglion cell nuclei and stereological sam- 
pling (Weibel, '69) for inner nuclei. Electron 
micrographs were analyzed using Dubin's 
modified Abercrombie correction (Dubin, '70). 
These procedures generated several quantita- 
tive descriptors listed below: 
(1) Numerical density: the number of ele- 

ments (nuclei or synaptic contacts) per unit 
volume (1,000 pm3) of the layer in question 
(e.g., inner nuclear or inner plexiform). 

(2) Retinal planimetric density: the num- 
ber of elements per unit of retinal surface 
(1,000 pm?, as viewed from the lens. The sur- 
face considered here is orthogonal to the plane 
of section of the micrographs, and passes 
through the middle of the layer in question 
(e.g., inner nuclear, inner plexiform, .or gangli- 
on cell). In solid geometric terms, the retinal 
planimetric density is therefore the number of 
elements within a layer which project onto a 
unit surface in the layer. This number was ob- 
tained by multiplying the numerical density 
by the thickness of the layer in question 
(inner plexiform: 27 pm in the small fish, 34 
pm in the large; inner nuclear: 36 pm, small; 
39 pm, large). For instance, the retinal 
planimetric density of conventional synapses 
was obtained by multiplying the numerical 
density of conventionals by the thickness of 
the inner plexiform layer. 

(3) Visual planimetric density: the number 
of elements per unit of retinal surface, also as 
viewed from the lens, but measured in (visual 
degreed2. This descriptor was obtained by 
multiplying the retinal planimetric density by 
(retinal magnification factor) 2/1,000 (retinal 
magnification factor: 31 pm/degree for the 
small fish, 56 pm/degree for the large). The 
planimetric densities are measures of the 
"synaptic grain" of the retina, to use an 
analogy with photographic film. 

(4) Synapseshucleus: the mean number of 
synapses per nucleus, obtained by dividing 
retinal planimetric density of synapses by ret- 
inal planimetric density of nuclei. 

The data are summarized in figures 2 and 3, 
ten bar graphs which compare small and large 
fish with respect to these four descriptors. In 
all cases, computations were carried out for 
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Fig. 2 (A) and (D) numerical densities, (B) and (E) retinal planimetric densities, ( C )  and (F) visual 
planimetric densities of ribbon and conventional synapses, respectively. Light columns: small fish. Dark col- 
umns: large fish. Error bars: & 1 SEM. Densities for small and large fish were compared using Student's t- 
test (Fisher, '46); p < 0.01 for A, C, E, and F; p > 0.1 for B and D. 

individual photomosaics, and the means (-t 
SEMI were plotted. 

The numerical density of ribbon synapses 
decreased with growth, as shown in figure 2A. 
The retinal planimetric density of ribbons re- 
mained roughly constant (fig. 2B). The visual 
planimetric density of ribbons (fig. 2C) more 
than doubled owing to the increased retinal 
magnification factor of the larger eyes. 

Figure 2D shows that  the numerical density 
of conventional synapses did not change. The 
retinal planimetric density of conventionals 
was slightly higher in the big fish (fig. 2E), 
but the greatest change was in the visual 

planimetric density, which increased roughly 
S-fold, as shown in figure 2F. 

The ratio - retinal planimetric density of 
synapses in the inner plexiform layerhetinal 
planimetric density of nuclei in the inner nu- 
clear layer - increased with growth, as 
figures 3A and B show. This demonstration 
that the mean number of synapses per nucleus 
increased does not necessarily imply that all 
cells in the larger fish have more synapses. 
The denominator (78/1,000 pmZ in the small 
fish, 35/1,000 pm2 in the large) refers to nu- 
clei of several types: bipolar, amacrine, in- 
terplexiform, and perhaps some undifferenti- 
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Fig. 3 The number of synapses in the inner plexiform layer per nucleus in the inner nuclear layer (A and 
B) or per nucleus in the ganglion cell layer (C and D). Light columns: small fish. Dark columns: large fish. 
Error bars: 1 SEM. 

ated cells. Horizontal and Muller cells were 
not included, as their nuclei are easily recog- 
nized. The increased ratio might have resulted 
from any or all of the following changes: 

(1) Individual neurons which made syn- 
apses in the young retinas made more of them 
in the older ones. 

(2) Cells which made na synapses in the 
young retinas made them in the older ones. 
This implies a transformation of neuroblasts 
into neurons. As in the first alternative, these 
cells might have their nuclei in the inner nu- 
clear layer or in the brain. 

(3) Inner nuclear layer cells which made 
relatively few or no synapses in the young 
retinas have disappeared from the older 

ones. Cell death is well documented in other 
developing nervous systems (Cowan, '73; 
Glucksmann, '65) and may occur in the adult 
goldfish inner nuclear layer (Johns, '77). How- 
ever, cell loss cannot be greater than about 
50% (Johns, '77) which would halve the 
denominator and double the ratio. Figure 3 
shows that the ratio has more than doubled for 
the conventionals. Therefore, cell death can- 
not be the only process involved here. 

Finally, the ratio - retinal planimetric den- 
sity of synapses in the inner plexiform layer/ 
retinal planimetric density of ganglion cell 
nuclei - also increased with growth, as is il- 
lustrated in figures 3C and D. Since we cannot 
recognize a ganglion cell dendrite, we cannot 
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estimate what fraction of  these synapses 
involved ganglion cells directly. But the in- 
crease suggests that, as the retina grew, the 
ganglion cells (retinal planimetric density: 
7.9/1,000 pm'in the small fish, 1.9/1,000 pm' 
in the large) were served by a more complex 
synaptic network. 

In summary, although no new cells have 
been added to the central retina (Johns, '771, 
its inner plexiform layer has changed marked- 
ly with age. The synaptic grain has become 
much finer, especially with respect to conven- 
tional synapses. And, on the average, the num- 
ber of synapses per cell has increased sub- 
stantially. 

DISCUSSION 

Considered in the context of retinal func- 
tion, it seemy reasonable to assume that a 
higher visual planimetric density of synapses 
enables the retina to analyze the visual image 
more thoroughly. Therefore, these results sug- 
gest that the retina of the larger goldfish is a 
better analyst of the visual image than the 
smaller. In support of this idea, we note that 
big fish have higher visual acuity than their 
smaller conspecifics (Baerends et al., '60). Al- 
though this behavioral change was attributed 
to finer photoreceptor grain (increased visual 
planimetric density of receptors), the neural 
basis of visual acuity is not well understood. 
The idea that the spacing of receptors should 
entirely account for visual acuity is made 
unlikely by numerous recent demonstrations 
tha t  photoreceptors are coupled t o  one 
another (Baylor et al., '71; Custer, '73; Raviola 
and Gilula, '73; Witkovsky et  al., '74; Copen- 
hagen and Owen, '76; Fain et al., '76). We sug- 
gest that the finer synaptic grain of the older 
fish retinas may also contribute to acuity. 

Considered in the context of cellular de- 
velopment, the growth and differentiation of 
the goldfish inner plexiform layer can be di- 
rectly compared to the homologous process in 
the two other vertebrates which have been ex- 
amined: an amphibian, the larval Xenopus 
laeuis (Fisher, '761, and a mammal, the 
neonatal Mus rnusculus (Fisher, '75). In all 
three cases, the numerical density of con- 
ventional synapses is maintained constant as 
the animal ages. In Xenopus and goldfish, this 
constancy holds even as the retina grows. For 
ribbon synapses, in contrast, the  retinal 
planimetric density is constant. Restated, 
there is a constant ribbon synaptic input to a 
given retinal area, and a constant conven- 

tional synaptic complement within a given 
volume. We can offer no compelling reasons 
why these two descriptors should be main- 
tained constant, but we speculate that the 
constant numerical density of conventionals 
might represent a compromise between two 
(hypothetical) conflicting effects. On the one 
hand, a higher density of synapses might 
improve the neural image-processing. On the 
other hand, i t  seems likely that synapses can 
not be spaced arbitrarily closely and still con- 
tinue to  function effectively. One synapse 
might interact adversely with a very close 
neighbor in any of several ways. For instance, 
the synaptic transmitter might diffuse beyond 
its local zone to affect the post synaptic mem- 
brane of the neighbor. Or the currents in one 
synapse might deplete the nearby extracellu- 
lar fluid of ions essential to the function of the 
neighbor. Perhaps the numerical density 
which we have observed represents the high- 
est density consistent with synaptic indepen- 
dence. 

The evidence that synapses are added to  the 
central 2 t ~ !  ';pi:. implies that  the adult fish reti- 
na is in fact a. developing nervous system. This 
has long been suspected from the observation 
that the numbers of cells increase steadily 
(Muller, '52). But the events in the central ret- 
ina have not previously been considered, nor 
could they have been, without an ultrastruc- 
tural analysis. The surprising conclusion that 
synaptogenesis continues even as the eye 
functions suggests an expanded role for the 
fish retina in future studies of growth, de- 
velopment, and plasticity. 
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