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ABSTRACT 
Although Syrian hamsters and Mongolian gerbils are closely related, they 

have quite different patterns of retinal ganglion cell distribution and different 
patterns of retinal growth that produce their distributions. We have examined 
the morphology and distribution of catecholaminergic (CAI neurones in adult 
and developing retinae of these species in order to gain a more general under- 
standing of the mechanisms producing cellular topographies in the retina. C 4  
neurones were identified with an antibody to tyrosine hydroxylase ITH), the 
rate limiting enzyme in the production of catecholamines. 

In adult retinae of both hamsters and gerbils, most CA somata were 
located in the inner part of the inner nuclear layer (INL) and CA dendrites 
spread in a outer stratum of the inner plexiform layer (IPL). Their somata 
varied with retinal position, being largest in temporal and smallest in central 
retina. In hamsters, but not gerbils, a small number of CA interplexiform cells 
was also observed. In development, CA somata of hamster retinae were 
observed first in the middle and/or scleral regions of t,he cytohlast layer (CBL) 
at P (postnatal day) 8. By P12, CA somata were commonly located in the inner 
part of the INL and their dendrites spread into the outer region of the IPL. In 
developing gerbil retinae, CA somata were first observed at. PG in the middle of 
the CBL. Over subsequent days, they migrated into the inner part of the INL 
and spread their dendrites into the outer strata o f  the IPT,. 

In hot,h hamsters and gerbils, CA cells were initially concentrated in the 
superior temporal margin of the retina. In hamsters. this supero-temporal con- 
centration persisted until adulthood, whereas in adult gerbils, the greatest 
density of CA cells was found just superior to the visual streak. These distribu- 
tions were distinct, from those of the ganglion cells in adult and developing 
retinae of each species. We discuss the role of maturational expression of TH,  
cell death, and retinal growth in the generation of the distinct. distribution of 
the CA cclls. 

Key words: amacrine cells, retinal topography, superior-inferior maturation, 
tyrosine hydroxylase 

Recent data from several laboratories suggest that the 
function of  CA amacrine cells is strongly associated with the 
activity of rod photoreceptor cells (Pourcho, '82; Hamasaki 
c t  al., '86; Ikeda et al., '86; Hokoc and Mariani, '87; Voigt and 
Wiissle, '87). The distribution of amacrine cells in the retina 
may also provide an index of their function. The distribu- 
tion ol' CA neurones has now been studied in several species 
and has proved relatively distinctive (cats: Oyster et al., '85; 
Mitrofanis e t  al., '88h; humans: Mitrofanis and Provis, '89; 
rats: Versaux-Botteri e t  al.; '86; Mitrofanis et al., '88b; rab- 
hits: Brecha e t  al., '84; Negishi et al., '84; Mitrofanis et al., 

0 1990 WILEY-LISS, INC. 

'88b; opossums: Kolb and W'ang, '85; monkeys: Mariani et 
al., '84; guinea pigs: Mitrofanis e t  al., '88b; turtles: Kolb e t  
al., '87). Their distribution is largely independent from that 
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of the ganglion cells; other amacrine cells; and, except per- 
haps in the monkey (Mariani et  al., '84), the rod photore- 
ceptor cells (Mitrofanis et al., '88b). For example, in cat reti- 
nae (Oyster et al., '85; Mitrofanis et  al., '88b), CA cells do not 
concentrate a t  the area centralis, a region where the density 
of ganglion cells is highest (Stone, '78). Similarly, the peak 
density of CA cells is peripheral to any concentration of gan- 
glion cells in rats and guinea pigs (Mitrofanis et  al., '88b). 

Tt is noteworthy that other t.ypes of amacrine cells also 
have distinct distributions. For example, the distributions 
of adrenergic amacrines in rats (Versaux-Botteri et  al., '86); 
nicotiriamide adenine dinucleotide phosphate (NADPH) 
diaphorase amacrines in humans (Provis and Mitrofanis, 
'89), cats (Wassle et  al., '87), rats (Sandell, '85), and guinea 
pigs (Cobcroft et al., '89); and of somatostatinergic ama- 
crines in rabbits (Sager, '87), cats (Mitrofanis et  al., '89c)? 
and humans (Mitrofanis et al., '89c) are distinct from the 
distributions of retinal ganglion cells in those species. These 
differences raise interesting questions as to the functional 
significance of amacrine cell distributions, and of the devel- 
opmental mechanisms that make them possible. 

In this study, we have examined the distribution and cell 
morphology of CA neurones in adult and developing retinae 
of Syrian hamsters and Mongolian gerbils. Their changes in 
distribution during development were then compared to the 
changes in the distribution of ganglion cells in both species. 

We chose these species because, although they are closely 
related phylogenetically (both of the family Cricetidae), 
they differ significantly in brain weight (Perez et al., '88), 
retinal topography (Tiao and Blakemore, '76; Sengelaub et  
al., '83, '86; Wikler et  al., '89), retinal cell number (Senge- 
laub et al., '86; Wikler et  al, '89), and visual acuity (Emerson, 
'80; Ingle, '81). For example, the topography of the hams- 
ter's ganglion cell layer (GCL) is fairly uniform (Sengelaub 
et  al., '83, '86), whereas the GCL of gerbils has a prominent 
visual streak (Wikler, '87). 

MATERIALS AND METHODS 
Subjects 

Retinae were obtained from Syrian hamsters (Mesocriw- 
tus nurntus)  and Mongolian gerbils (Meriones unguicu- 
latus) aged P4, P6, P8, P10, P12, P15, P18, P25, and adult. 
P1 was taken as the day of birth, which in the hamster is the 
155th post-conceptional day (PCD) and in the gerbil, the 
27th PCD. With this criteria, hamster pups open their eyes 
a t  P15, and gerbils at  approximately P18. 

Immunocytochemical procedure 
Animals were anaesthetized with urethane and perfused 

transcardially with 0.1 M phosphate buffer (PB, pH 7.4) fol- 
lowed by 4 '( buffered paraformaldehyde. The superior sur- 
face of each eyeball was marked with a felt pen and later by 
an incision for orientation. Eyeballs were enucleated and 
the cornea and lens removed. The eyecups were then 
immersed in a fresh solution of fixative for approximately 20 
minutes. Retinae were dissected free in one piece, washed in 
phosphate buffered saline (PBS, pH 7.4) containing 1 oo 

Triton X-100 (Ajax), and subsequently incubated in i) rab- 
bit serum containing anti-TH (Eugene Tech. Int., 12400) 
for 48 hours at 4°C; ii) biotinylated anti-rabbit Ig (Sigma; 
1:1000) for 2 hours a t  room temperature; iii) the avidin-bio- 
tin-peroxidase complex (Sigma; 1:750) for 1 hour a t  room 
temperature, and iv) a nickel-enhanced, 3,3-diaminobenzi- 

dine (DAB; Sigma) solution (Adams, '81). For control exper- 
iments, the anti-TH was replaced by either normal rabbit 
serum or PRS with the addition of 1% bovine serum albu- 
men (Sigma) and then reacted as above. Control retinae 
showed no positive immunoreactivity for T H  in either spe- 
cies. When reacting postnatal retinae, segments of adult 
retinae were incubated simultaneously to ensure the effec- 
tiveness of the technique. Smaller segments of retinae-seg- 
ments including regions where the axon layer is thickest, i.e., 
around the optic disk-were also incubated and compared 
quantitatively to retinae reacted as a whole. There were no 
discernible differences in number or distribution between 
the smaller retinal fragments and retinae react,ed as a whole, 
indicating that antibody penetration was equal across the 
whole retina. Retinae were laid receptor-side down on gela- 
tinized slides and left to dry overnight a t  room tempera- 
ture, to ensure firm adhcsion to the slide. They were then 
dehydrated in ascending alcohols, cleared in xylene, and 
mounted in Permount. For retinal sections, wholemounts 
were reacted as before, "sandwiched" between two pieces of 
filler paper, and dehydrated in ascending alcohols. They 
were then embedded flat in Paraffin and sectioned on a 
microtome a t  10 gm. 

Ganglion cell identification and staining 
Nissl staining. After completion of the immunocyto- 

chemistry, some ret,inae were counterstained with cresyl 
violet as in Stone ('81), thus allowing ganglion cells to be 
mapped. Retinae were then dehydrated and mounted as 
before. Ganglion cells were identified according to the crite- 
ria set out by Stone ('78). 

HRP labelling. Animals were anaest.hetized with 
Nembutal. The skin, bone, and dura mater covering the 
superior surface of the brain was removed and the retino- 
recipient nuclei exposed. Approximately 1 gl of HRP (grade 
I ,  lyophilized, Boehringer-Mannheim) was soaked in a small 
piece of acrylamide gel and implanted into the retino-recip- 
ient nuclei of both sides. Approximately 48 hours later, ani- 
mals were re-anaesthetized and perfused transcardially with 
0.1 M PB, followed by 470 paraformaldehyde and 0.5% glu- 
taraldehyde in 0.1 hl PB. Eyeballs were enucleated and the 
retinae dissected free and processed for their HRP content 
by either the Hanker-Yates reagent (Sigma) or DAB. 

Mapping, retinal area, and soma size analysis 
Retinae were mapped systematically in 500 pm steps with 

the aid of a calibrated eyepiece graticule. The data collected 
are shown as either isodensity, dot, or interpolated maps. 
Isodensity lines were traced by hand on translucent paper 
from the original maps and superimposed upon a computer 
video screen. The isodensity lines were constructed by 
including values equal to or less than a criterion density 
inside the isodensity line. The area inside the isodensity line 
was then shaded to represent the density or the cells: the 
darker the shading, the higher the density. The dot maps 
were constructed by using the Magellan programme of Hal- 
asz and Martin ('84). For the standardized maps, counts of 
three retinae were replotted by their radial and circumfer- 
ential position with respect to the superior rectus and the 
optic disk in hamsters, and with respect to the visual streak 
and optic disk in gerbils. In this way, a direct comparison of 
data a t  identified topographical points could be made across 
ret,inae. No correction was made to  the total numbers for 
shrinkage, since retinae were firmly adherent to the slides 
before dehydration, presumably limiting shrinkage to less 
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Fig. 1. CA cells in adult hamster (a,b,c) and gerbil (a) retinae. In hamsters, most somata were in the INL 
and their dendrites spread in the outer IPL, encircling non-labelled somata (arrow, a). Small numbers of 
somata in the INL (b) also had a process extending toward the OPL (arrow, c). In gerbils, most somata were 
in the INL and dendrites in the outer IPL, encircling non-labelled somata (arrowed, d). Cells were photo- 
graphed with Nomanki optics. Scale = 20 pm. 

than 5 5  (Stone, '81). Analysis of soma size was also under- 
taken with the Magellan programme. Somata were sampled 
from the upper temporal and upper nasal margins, as well as 
from a central region just above the optic disk. Samples of 
cells were tested for significant differences in their mean 
soma diameters with a chi-square test. 

RESULTS 
The morphology of CA cells 

Hamsters. The majority of the somata of CA cells in 
adult hamster retinae were in the inner part of the INL (Fig. 
1 a) and a minority in either the GCL or IPL (Ballestra e t  al., 
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Fig. 2. CA cells in hamster retinae aged P8 (a,b,c), P12 (d,e), P1.5 (f,g), P25 (h) and adult (i). See text for 
descriptive details. Cells were photographed with Nomarski optics. Scale for a,d,f,h,i = 50 grn (in h); Scales 
for b,c,e,g = 10 p m  (in c) .  

'84). Their diameters averaged 15.2 pm (range, 9-20 pm), 
which varied significantly (I' i 0.05) with retinal position, 
being largest in temporal and smallest in central retina (Fig. 
31). From each soma, several primary dendrites extended 
into an outer stratum of the IPL (Fig. l a )  and ol'ten encir- 
cled non-labelled somata (arrowed, Fig. la) .  Small numbers 

of CA cells with somata in the inner INL (Fig. Ib) also had a 
process ext,ending in the OPL (arrowed, Fig. lc), and are 
prohahly interplexiform cells. 

TH-immunoreactivity was first observed a t  P8 in either 
fusiform somata located in  the middle of the CBL (Figs. 
2a,b), or in rounded somata located in more scleral regions 
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Fig. 3. Frequency x suma diameter histograms of CA cells in adult 
and developing hamster and gerbil retinae. Somata were sampled from 
temporal (thick lines), central (shaded) and nasal (thin lines) regions of 
retina. Sample numher ranged from 49 to  60 cells, and SD ranged from 
0.6 to 2.0. 

of' t.he CBL (Fig. 2c). Their diameters averaged 5.1 pm 
(range, 4-8 pm), which did not vary significantly ( P  .'z 0.05) 
across the retina (Fig. 3A). By P12, CA somata had grown 
conhiderably (range, 5-12 pm; mean 8.1 pm). Growth was 
greatest among temporal (43'(.) and least among nasal cells 
(Xi',') and t,he resultant soma size gradient was significant 
( P  <: 0.05; Fig. 3C). A t  this age, most labelled somata were 
rounded and found in the inner part of the INI, (Figs. 2d.e): 
CA somata were not detected in scleral regions of the INL. 
Dendrites were apparent on these cells, extending toward 
the out,er part or the IPL (Figs. 2d,e). By P15, CA dendrites 
spread in an outer stratum o f the  IPL and encircled small 
noii-labelled somata (arrowed, Fig. 2g). Their somata a t  this 
age averaged 11.4 pm in diameter (range, 7-20 pm). From 
PI2 to P15, soma growth was greatest among temporal and 
nasal cells, both increasing approximately 20?:1., as against 
14", for central cells (Fig. 3E). At  P25, the morphology 
(Figs. 2h) and soma diameters (Fig. 3G) of CA cells were 
similar to those in adults. 

As in hamsters, most CA somata in adult ger- 
bil retinae were in the inner part of the INL (Fig. Id). Their 
diameters averaged 13 pm (range, 6-77 pm), which varied 
significantly ( P  .< 0.05) across the retina, being largest in 
temporal and smallest in central retina (Fig. 35). Their den- 
drites spread into an outer stratum of the IPL and encircled 
or part.ially encircled non-labelled somata (arrowed, Fig. 
Id). Small numbers of CA somata were also in the GCL or 
IPL and their dendrites spread in the same plexus in the 
If'T, a s  those of the somata in the INI,. CA interplexiform 
cells were not, detected in gerbils. 

TH-immunoreactivity was first observed a t  P6 in fusi- 
form somata located in the middle of the CBL (Figs. 4a,b). 
Their diamet.ers averaged 6 pm (range, 4-8 pm), which did 
not vary significantly ( P  > 0.05) across the retina (Fig. 3B). 
By P12> CA somata had grown considerably (range, 6-12 
pm; mean 8.9 pm) and significant ( P  -: 0.05) gradients in 
diameter were apparent across the retina. Somata were 
larger in temporal and nasal retina than in central (Fig. 3D), 
indicating that growt,h between P6 and P12 was greater 
among peripheral cells than among central cells (36% and 
:Uf( as against 27'( ,) .  A t  this age, most CA somata were 
rounded and 1ocat.ed in the inner part of the INL (Figs. 
4c,d). A small number were observed in the GCL or IPL. From 
each soma, dendrites extended into an outer stratum of the 
IPL (Fig. 4d), and by P18, were seen to encircle smaller, non- 
labelled somata as in adult retinae. Some cells had thin pro- 
cesses directed towards the axon layer (arrowed, Fig. 4f). At 
P18, the majority of CA somata were in the inner INL (Fig. 4e) 
and a minority in either the GCIA (Fig. 4f) or IPL. Their diam- 
eters averaged 10.2 pm (range, 5-16 fim) and from P12, soma 
growth was greatest among temporal cells, with an increase of 
approximately 18%. For central and nasal cells, the increase 

and 13Y, respectively (Fig. 3F). A t  P25, the morphol- 
s. 4g) and soma diameters (Fig. 3H) of CA cells were 

Gerbils. 

similar to those in adults. 

Distribution and number of CA cells 
The distribution and number of CA cells was examined in 

three hamster and gerbil retinae at each postnatal age and 
in the adult. Figure 5 shows the development of CA cell 
number and mean density, and the increase in retinal area 
of hamsters and gerbils. The distribution of cells in typical 
flatmounts (Figs. 6, 7) and their mean distributions with 
respect to defined retinal landmarks are both presented 
(Fig. 8). 
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Fig. 4. CA cells in gerbil retinae aged P6 (a,b), P12 (c,d), P18 (e,f), P25 (g), and adult (11). See text for 
descriptive details. Cells were photographed with Nomarski optics. Scale for a,c.e,g,h ~ 50 pm (in g ) ;  b.d,f = 

10 Mm. 

485 
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Fig. 5 .  Graphs of the changes in total number (A,& mean density (C,D), and number in the GCL 
(E,F) of CA cells in developing hamster and gerbil retinae. Changes in retinal area of both species are also 
shown (G,H) of CA cells. K = 1,000 cells/mm2. The plots are mean counts of three different retinae from each 
postnatal day examined. 
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Fig. 6. Maps ofthe distrihution of presumed ganglion cells, total CA cells, and CA cells in the GCL, in the 
same hamster retina at  each postnatal age examined. Note that the density ranges in the adult retina (L) 
closely match the density ranges of HRP-labelled cells in Figure 8A. K ~ 1,000 cellsimm'. 
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Fig. 7. Maps of the distribution of presumed ganglion cells, total CA cells, and CA cells in the GCL, in the 
same gerbil retina at  each postnatal age examined. Note that the density ranges in the adult retina (L) 
closely match the density ranges of HRP-labelled cells in Figure 8C. K = 1,000 cells/mm'. 
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Fig. 8. Interpolated maps of the distributions of ganglion cells (A,C) and of CA cells (B,D) in adult ret.i- 
nae of hamsters and gerbils. Ganglion cells were identified after retrograde transport of HRP from the reti- 
norecipient nuclei. Their number in hamster retinae ranged from 72,204 to 84,679 (n = 3), confirming the 
estimates reported by Linden and Esberard ('87). In gerbil retinae, their number ranged from 100,137 to 
117,176 (n = 3),  confirming the estimates reported by Wikler e t  al. ('89). K = 1,000 cells/mm'. 

Humsters. Total CA cell number in adult hamst.er reti- 
nae averaged 438, with a mean densit,y of 1 2/mm2 (Table I). 
Density was maximal in superior temporal retina (36/mm2) 
and minimal in a broad area around the optic disk (4/mm2; 
Figs. 6M, SR). This area of low density was presumably riot 
due to inadequate penetration of the antihody, since smaller 
fragments of retina also had minimal densities in this area. 
CA cells in the GCL numbered 55, forming 13'1, of the total 
CA cell numher (Tahle I ) .  The distribution of CA cells in 
this layer was relatively iiniform (Fig. 6N). 

The distrihution of ganglion cells in adult hamsters was 
markedly different from the distribution of CA cells. Gan- 
glion cells concentrat,ed in a hroad area centered around the 
optic disk and density was generally higher in inferior than 
in superior retina (Figs. GL, 8A). Density ranged from 2,500/ 
mm2 i n  central retina to 450/mm2 in the superior periphery. 
These results confirm those of Sengelaub et al. ('83). 

A t  P8, a distinct, concentration was observed among CA 
cells a t  the superior margin. In central and most of inferior 
retina, very few cells were evident (Fig. 6B). By contrast, the 
density of presumed ganglion cells at this age was relatively 
uniform (Fig. 6Aj. The number of CA cells at this age aver- 
aged 251, with a mean density of 21/mm2 (Table 1). Density 
ranged from 1 09/mrn2 in superior to 4/mm2 in central retina 
(Table 1). By P12, CA cell density had increased in inferior 
retina, hut clear areas of high density were still apparent a t  
the superior margin. Minimal densities were found around 

t,he optic disk (Fig. 6D). 'I'he distribution of presumed gan- 
glion cells, on the other hand, was almost. inverse to that of 
the C A  cells, with a peak in density in central retina (Fig. 
K). At P12, the number of CA cells increased considerably 
from P8. averaging 611. Mean density was 35/mm2, ranging 
from 191/mm2 in superior t o  5/mm2 in central retina (Tahle 
1). A4t, P15, peak CA cell density was more localized within 
superior temporal retina and closer to  the optic disk and 
areas of low density were again evident in central retina 
(Fig. 6G).  The number of CA cells a t  this age was slightly 
lower than at P12, averaging 472 (Table 1). Mean density 
was 'L7/mm2, ranging from 81/mm2 in superior to  7/mm2 in 
central retina (Table 1). At P25, the distrihution of CA cells 
resembled that of the adult, except t h a t  density was higher 
in the periphery (Fig. 65). The number of CA cells at this age 
was similar to that at, PI 5, hut higher than in adults, averag- 
ing 589 (Tahle 1). Mean density was 27/mmz, ranging from 
56/mm2 in superior to 9/mm2 in central retina (l'able I). 

I n  the GCL, the number of CA cells increased from an 
average or41 at. P12 to adult values of 60 a t  P25 (Table 1). In 
rlistribution. labelled cells in this layer a t  P12 were mostly 
found in superior retina (Fig. GE), but by P15, they were 
located in  all retinal regions (Fig. 6H), as in adults (Fig. 
6N). 

In  adult gerbil retinae, CA cells concentrated 
in an area extending almost horizontally across the retina, 
superior to the concentration of ganglion cells. Peak density 

Gerbils. 
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TABLE 1. CA Cells in the Retina of the Hamster 

NO. 

Retina 

P8 
8H1 
8H2 
8H3 
Mean 
PI2  
l2Hl 
12H2 
12H3 
MefXl 
P15 
15H1 
15H2 
15H3 
Mean 
P25 
25H1 
25H2 
25H3 
Mean 
Adult 
AH1 
AH2 
AH3 
M a  

Area 
(m2) 

14 
12 
10 
12 

22 
16 
17 
18 

24 
15 
14 
18 

24 
23 
20 
22 

37 
38 
36 
37 

Total INL GCL RANGE XD 
cells ceus ceus 'Z GCL (/mm2) CP ratio (Imrn') 

4-92 123  18 240 240 - 

4-100 1% 21 258 258 - 

4-1.36 1:34 25 266 256 - - 
- 4-109 127 21 251 251 (CBL) - 

414 376 38 12 aim 123 19 
757 712 45 16 6228  1:57 47 
662 621 41 17 4-164 1:41 38 
611 570 41 18 5-191 1:38 35 

- 
- 

616 570 46 9 8-68 1:9 26 
377 345 32 10 %?d 1:21 26 
422 366 56 15 8-92 112 30 
472 427 45 11 7 4 1  1:11 27 

I34 573 71 11 am 1:s 27 
580 524 56 10 1 2 5 6  1:5 26 

569 529 60 10 9-56 1:6 27 
542 489 53 i n  E-52 1:7 27 

376 323 53 14 4-32 1:8 i n  

438 383 55 13 4-36 1:9 12 

481 420 61 14 4-26 1:9 13 
456 412 44 10 4-40 1:lO 13 

TABLE 2. CA Cells in the Retina of the Gerbil 

No. 

Area Total INL GCL Range xn 
Retina (mm') cells cells cells % GCL (/nun2) C:P ratio (lmm-) 
F6 
6G1 
6G2 
6G3 
Mean 
Pf 2 
12G1 
l2GZ 
12G3 
Mean 
Plic 
lac1 
18G2 
18G3 
Mean 
P25 
25Gl 
25G2 
2563 
Menn 
Adult 
AG1 
AG2 
AG3 
Mean 

16 15 

15 
15 

27 
31 
19 
27 

30 
34 
23 29 

42 
36 
32 
37 

58 
52 
40 .50 

418 
469 
381 
423 

717 
716 
923 
785 

705 
6% 
760 
717 

880 
694 
792 
7 89 

1228 
991 
803 
1007 

418 
469 
381 
423 (CBL) 

703 
700 
889 
764 

690 
665 
738 
697 

a47 
668 
765 
760 

1195 
949 
768 
970 

14 
16 
34 
21 

18 
21 
22 
20 

33 
26 
27 
29 

33 
42 
35 
37 

2 
2 
4 
3 

as6 1:12 
4 4 4  1:21 
4-76 1:19 
j-85 1:17 

1 6 5 2  1:3 
1 M 6  1:s 
32 116 1:4 
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was in superior temporal retina, in an area midway between 
the optic disk and superior temporal margin (Figs. 7M, 8D). 
The total number of CA cells averaged 1,007 (Table 2), with 
a mean density of 20/mm2, ranging from 5/mm2 a t  the 
superior edge to 47/mm2 just above the visual streak in tem- 
poral retina (Table 2; Figs. 7M, 8D). In the GCL, CA cells 
numbered 37 and formed approximately 4% of the total CA 
cell population (Table 2). In distribution, most CA cells in 
this layer were located in the periphery (Fig. 7N). 

Ganglion cells in adult gerbils peaked in density in an 
elongated area just superior to the optic disk. Density 
ranged from 200/mm2 in the superior periphery to 5,500/ 
mm2 in the visual streak (Fig. SC). Density was fairly uni- 

form across the visual streak, with no clear evidence of' a 
localized peak in temporal retina. Density was generally 
higher in inferior than superior retina. These results are 
similar to those of Wikler et  al. ('89). 

CA cells at P6 were largely confined to the superior retinal 
margins (Fig. 7Bj, whereas the density of ganglion-like cells 
peaked in a broad area around the optic disk (Fig. 7A). At 
this age, the number of CA cells averaged 423 (Table 2). 
Mean density was 28/rnm2, ranging from 85/mm2 in superior 
to 5/mrn2 in inferior retina (Table 2). By P12. the area of 
peak CA cell dcnsity was more localized in superior tempo- 
ral retina and density in inferior retina had increased sub- 
stantially (Fig. 7D). Ganglion-like cells a t  P12 peaked in 
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Fig. 9. Graphs of the changes in density of CA and of ganglion cells during development. Densities indi- 
cated a t  each retinal region were the average of a t  least four adjacent 1 mm samples and values for both 
classes of cells were from the same retinae a t  each age. K = 1.000 cells/mm2. 

density in an elongated area just above the optic disk (Fig. 
7C). At this age, the number of CA cells almost doubled 
from P6 to a mean of 785 (Table 2). Mean density was 301 
mm', ranging from 73/mm2 in superior to 20/mm2 in inferior 
retina (Table 2). By P18, the area of peak CA cell density 
was situated closer to the optic disk than at  P12 (Fig. 7G). 
Their number was similar to P12, averaging 717 (Table 2). 
Mean density was 27/mm2, ranging from 57/mm2 in superior 
to 12/mm2 in inferior retina (Table 2). By P25, the distribu- 
tion of CA cells was almost adult-like, except that density 
was higher in the periphery (Fig. 75). At this age, their num- 
ber averaged 789 (Table 2). Mean density was 22/mm2, rang- 
ing from 52/mm2 in superior to l l /mm2 in inferior retina 
(Table 2). 

In the GCL, the number of CA cells continued to increase 
from an average of 21 a t  P12 to 37 by adulthood (Table 2). In 
distribution, labelled cells in this layer a t  P12 were located 
in the retinal periphery (Fig. 7E), as in the adult (Fig. 7N). 

Comparison of CA and ganglion cell densities 
during development 

Figure 9 shows the changes in density among CA and pre- 
sumed ganglion cells during development a t  the superior 

temporal periphery (area of peak CA cell density), central 
retina (area of peak ganglion cell density) and the inferior 
retinal margin. Densities indicated a t  each retinal region 
were the average of a t  least four adjacent 1 mm samples and 
the values used for both classes of cells were from the same 
retinae at each age. 

Hamsters 
Superior temporal periphery From P8 to P12, the den- 

sity of CA cells in this region increased by 25°C , whereas the 
density of presumed ganglion cells decreased by 40"0. From 
P12 to P15, the densities of CA and of presumed ganglion 
cells both decreased, with the decrease being greatest among 
CA cells (62rct  as against 1SrU ). From P15 till adulthood, the 
densities of CA and of ganglion cells declined by approxi- 
mately the same proportion (47"0 and 5890, respectively). 

Except for a period between P12 and 
P25 where it increased slightly, CA cell density stayed rela- 
tively stable during development. Conversely, the density 
changes of presumed ganglion cells in this region were also 
minimal. 

From P8 to P12, the densities of CA and 
of presumed ganglion cells in this region decreased by 
approximately the same proportion (66 OO as compared with 
51', ). From P12 to P15, howevrr, the density of CA cells 

Central retina. 

Inferior retina 
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increased by 71% whereas the density of ganglion cells 
underwent no significant change. From P15 till adulthood, 
the densities of CA and of ganglion cells declined by the 
same proportion (57% and 61%,  respectively). 

Gerbils 
Superior temporal periphery.  From P6 to P12, the den- 

sity of CA cells in this region decreased by 54 %, , whereas the 
density of presumed ganglion cells decreased by only 29 76. 
From P12 till adulthood, the density of CA cells changed lit- 
tle, whereas the density of ganglion cells declined by 73 %. 

The densities of CA and of presumed 
ganglion cells stayed relatively stable during development in 
this region. 

From P6 to P25, the density of CA cells 
stayed relatively the same, hut the density of presumed gan- 
glion cells declined by 58 7;). From P25 till adulthood, the 
densities of CA and of ganglion cells declined by the same 
proportion (50% and 41 '36, respectively). 

Central retina. 

Inferior retina. 

DISCUSSION 
We have examined CA neurones in adult and developing 

retinae of hamsters and gerbils by means of TH-immunocy- 
tochemistry. This technique demonstrated cells only after 
they expressed T H  and our analysis of their distribution 
considered changes in maturational expression of TH, cell 
death and retinal growth. We also compared the develop- 
mental changes in the distribution of CA cells to those of 
presumed ganglion cells. In adult retinae, ganglion cells 
were identified after retrograde transport of HRP injected 
into the retino-recipient nuclei, whereas in developing tissue 
(and in some instances, also in the adult), we relied on Nissl 
staining to distinguish them from other cells in the GCL. 
This latter method, however, is less reliable for positive 
identification of ganglion cells, particularly in the develnp- 
ing tissue (see Stone et al., '82: Wong and Hughes, '87; Hen- 
derson el  al., '88; McCall et al., '87; Robinson et al., '89). Our 
counts therefore, may be Subject to a certain degree of error. 
Nonetheless, the data generated on their distribution pro- 
vided a useful comparison with the CA cells. 

The emergence of CA cells in hamster and 
gerbil retinae: comparison with other species 

The development of CA cells in mammalian retinae has 
now been examined in several species, including rats 
(Nguyen-Legros et al., '83; Mitrofanis et al., '88a; Martin- 
Martinelli et  al., '89), cats (Mitrofanis e t  al., '89a), and rab- 
bits (Mitrofanis et al., '89b). Although the time course of 
appearance of retinal CA cells varies greatly between spe- 
cies, the relative timing is strikingly similar. For example, in 
rats, TH-immunoreactivity is first apparent a t  P3 (Nguyen- 
Legros et al., '83; Mitrofanis ct  al., '88a; Martin-Martinelli et  
al., '89), at approximately 70°0 of the caecal period (period 
of "blindness"; Dreher and Robinson, '88). In hamsters and 
gerbils, CA cells first appear at 74%) (P8) and 73% (P6) of 
the caecal period, respectively. Further, in cat (Mitrofanis et  
al., '89a) and rabbit (Mitrofanis et al., '89b) retinae, CA cells 
are first apparent a t  fairly similar stages of the caecal 
period, a t  82% (E59) and 63c6 (E'27), respectively. Thus, 
the similarity in the relative timing of the cell generation 
and cell loss in the mammalian retinofugal pathways 
(Dreher and Robinson, '88), may be extended to the emer- 
gence of TH-immunoreactivity in mammalian retinae. By 
contrast, the relative timing of the first expression choline 
acetyl transferase (ChAT) in retinal cells varies substan- 

tially between species. For example, in chick retinae (Spira 
et al., '87), ChAT-immunoreactive (IR) cells first appear a t  
32 5) (E6) of the caecal period, whereas in cats (Mitrofanis et 
al., '89a) and rats (Mitrofanis et  al., '88a), they first appear 
a t  78% (E56) and 100"0 (P15) of the caecal period, respec- 
tively. Thus, while the first appearance of CA cells may con- 
form to a common mammalian "timetable," the expression 
of ChAT in retinal cells does not. The significance of this 
difference is yet to be determined. 

Morphological development of CA cells 
In each mammalian species studied, TH-immunoreactiv- 

ity is initially observed in small somata located in the inner 
and middle regions of the CBL. With subsequent retinal 
maturity, they migrate into the innermost regions of the 
INL and spread their dendrites in the outer strata of the 
IPL, forming dendritic rings by about the time of eye open- 
ing (Nguyen-LeGros et al., '83; Mitrofanis et al., '88a: '89a,b; 
Martin-Martinelli et al., '89). In developing hamster retinae, 
unlike other species, TH-immunorsactivity was first ob- 
served in two types of somata located in either the middle or 
in more scleral regions of the CBL. Labelled cells located in 
scleral regions of the INL were not apparent a t  later ages, 
suggesting that t.hey may have either migrated into the 
inner part of the INL, or been a class of horizontal cell that 
loses TH-immunoreactivity with retinal maturity, as does 
GABA-immunoreactivity from horizontal cells in the rabbit 
(Osborne et  al., '86) and mouse (Schnitzer and Rusoff, '84). 

In hamster and gerbil ret,inae, as well as rat (Nguyen- 
Legros et al., '83; Mitrofanis et, al., '88a; Martin-Martinelli et 
al., '89) and cat (Mitrofanis et, al., '89) retinae, soma growth 
of CA cells was greatest in temporal and least in central 
retina. The lesser growth of somata in central retina may be 
a t  least partially due to the high density of cells in this 
region restricting the growth of individual somata (Rapa- 
port and Stone, '83). The larger sizes of CA and of ganglion 
cells in temporal retina (Sengelaub et  al., '83; personal 
observations), on the other hand, may be determined "in- 
trinsically" (Rapaport and Stone, '83). 

Changes in the number of CA cells during 
development 

There is considerable evidence that large numbers of 
amacrine cells in the GCL and INL of the retina die during 
development (Sengelaub et  al., '86; Horsburgh and Sefton, 
'87; Wikler, '87; Wong and Hughes, '87; Robinson, '88). 
However, in this study, the overall number of CA cells in 
both hamsters and gerbils did not reduce during the periods 
of amacrine cell death that occur during early postnatal life 
(Sengelaub et  al., '86; W-ikler, W), suggesting that they may 
be excluded from cell death. I t  is of course possible that con- 
siderable numbers of potential CA cells may die before they 
have they have the opportunity to express TH. These find- 
ings concur with those reported in rat (Mitrofanis et  al., 
'88a; Martin-Martinelli et  al., '89) and rabbit retinae (Mitro- 
fanis et al., '89b), where no reduction in overall CA cell num- 
ber is apparent. In cat retinae (Mitrofanis et  al., '89a), on the 
other hand, the number of CA cells declines by about 70% 
during the period of amacrine cell death (Robinson, '88). It 
is unclear whether this reduction is due to cell death, or to a 
loss of immunoreactivity. It should be noted however, that 
in hamster and gerbil retinae, there appeared to be a small 
loss of CA cells in superior retina, but the overall numbers 
were balanced by the appearance of new CA cells in central 
and inferior retina. 
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Contributions of cell generation, cell loss, and 
differential retinal expansion to the 
developing distribution of CA cells 

Our data on the development, of the distribution of CA 
cells in hamster and gerbil retinae suggest that  as in rats 
(Mitrofanis et al., ’88a), rabbits (Mitrofanis et al., ’88b), and 
rats (Mitmfanis et al., ’89a). its generation requires more 
t,han one devcloprnental mechanism. These include patterns 
of maturational expression of TH, cell loss, and retinal 
expansion. 

From very early postnatal life, the development of the 
rlistribntions of  CA cells and of ganglion cells in hamsters 
and gerhils was distinct. For example, the appearance of CA 
cells appeared to follow a superior-inferior progression, 
whereas during t.he satne period, a concentration of pre- 
sumed ganglion cells emerged in central retina (see Senge- 
laub et al., ’86; Wikler et al., ’89). I t  is noteworthy that in cat 
(Mitrofanis et al., ’89a) and rat (Mitrofanis et al., ’88a) reti- 
nae, a similar superior-inferior gradient of CA cell appear- 
ance is also apparent. Thus, what factor cause this asym- 
metrical appearance of CA cells? One possibility is that 
their appearance reflects the sequence of their generation. 
However, amacrine cells (as a group) are generated centro- 
peripherally in gerbils (Wikler e t  al., ’89) and uniformly in 
hamsters (Sengelaub et al., ’86). Perhaps CA cells are gener- 
ated very late during amacrine cell cytogenesis and their ini- 
tial generation is “displaced” from central retina (where 
other cells concentrate) to the superior temporal periphery. 
Indeed, Evans and Batelle (’87) report that  dopaminergic 
amacrine cells of rat retinae are born relatively late during 
amacrine cell cytogenesis and the same may be true for 
these cells in gerbils and hamsters. Alternatively, CA cells 
may be born in a pattern similar to other amacrine cells, and 
some other mechanism “switches on” the expression of TH 
in a superior-inferior progression. 

Our analysis o f  the contributions of cell loss in the genera- 
tion of the distribution of CA cells in hamster and gerbil 
retinae, suggests that  it may only play a minor role. For 
example, during early development, there was a small loss of 
CA cells in superior retina and not elsewhere (see Fig. 9). I t  
is difficult. to comment on the significance of this loss, since 
it does not substantially change their distribution. In cat 
retinae, on the other hand, patterns of cell loss among CA 
cells significantly change their distribution and is an impor- 
tant determinant in the generation of their distinct distribu- 
tion (Mitrofanis e t  al., ’89a). I t  seems unlikely, however, that  
the patterns of CA cell loss in hamsters and gerbils signifi- 
cantly affect or  create their distinct distribution. 

As in cat, (Mitrofanis et al., ’89a) and rabbit (Mitrofanis et 
al., ’89h) retinae. the difyerential expansion of the retina in 
hamsters and gerbils appears to contribute to the lowering 
of peripheral densities of CA cells (and of ganglion cells), 
especially between P25 and adulthood. The patt,ern of reti- 
nal expansion in gerbils is different from that in hamsters. 
Before PlO, gerbil retinae are elongated along their horizon- 
tal axes. From PI0 to adulthood, gerbil retinae expand more 
along their vertical (superior-inferior) than their horizontal 
(naso-temporal) axes, forming almost hemi-spherical reti- 
nae in adults (Wikler e t  al., ’89). This asymmetrical growth 
is of primary importance in the formation of the gerbil’s 
prominent visual streak (Wikler et al., ’89). Similarly, this 
type of growth may also affect the distribution of CA cells. 
For example, CA cell density in gerbils declined more a t  the 
superior and inferior margins (30-50%), than a t  eit.her the 
temporal and nasal margins (10-20%) between P25 and 

adulthood. Hamster retinae, on the other hand, undergo 
symmetrical differential expansion with each area of the 
periphery expanding equally (Sengelaub e t  al., ’86): gan- 
glion cell and CA cell density both decrease by 40-50 “r in all 
areas of the periphery between P25 and adulthood. As a con- 
sequence, the distribution of CA cells in hamster retinae is 
not strongly oriented along the horizontal meridian and 
remains high in the mid-retinal periphery, reflecting its 
original distribution. In gerbil retinae, the peak of CA cell 
density is displaced from the superior periphery toward the 
centre of the retina and made visual streak-like by this 
asymmetrical growth. 
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