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Summary. Our basic question was whether the survival 
of developing neurons is critically dependent on the level 
of protein synthesis in the axonal target region. The ex- 
periments were carried out on the projection from the 
isthmo-optic nucleus (ION) to the contralateral retina 
in chick embryos. The ION is known to undergo almost 
60% neuronal death between embryonic days (E) 12 and 
E17 and to be critically dependent on the retina for tro- 
phic support throughout this period and shortly after- 
wards. Various concentrations of the protein synthesis 
inhibitor cycloheximide were infused into one eye from 
E15 to E19. Moderate inhibition (up to about 40%) 
of retinal protein synthesis, which did not lead to retinal 
degeneration, had no detectable effects on the number 
of neurons, nor on the general morphology, in the ION. 
Only when the inhibition was as high as 50%, leading 
to widespread degeneration in the retina, did massive 
degeneration occur also in the ION. It was also shown 
that a single intraocular injection of cycloheximide at 
El 5 that inhibited retinal protein synthesis by as rauch 
as 70-90% during the subsequent 24 h had little effect 
on the ION in embryos fixed at E19. These results indi- 
cate that although the ION neurons are critically depen- 
dent on the retina, they can resist major reductions in 
the level of retinal protein synthesis, which argues 
against the widespread belief that neuronal survival dur- 
ing development is regulated by the limited production 
of trophic molecules in the axonal target area. The data 
are, however, compatible with alternative hypotheses. 
Most plausibly, survival may be regulated by limited 
access to a nonlimiting supply of trophic molecules. 
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Introduction 

Neuronal death is a major event in neural development, 
the bulk of it oecurring at approximately the time when 
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the neurons are attempting to form synapses on their 
target cells (Clarke 1985a; Oppenheim 1991). Whether 
a neuron will live or die may be influenced by several 
factors (e.g. Clarke 1985 a, b), but of these the best estab- 
lished, and probably the most important, is the receipt 
of a retrogradely transmitted signal from the axonal tar- 
get zone. The signal is believed to be conveyed by the 
retrograde transport of a neurotrophic substance (or 
substances) which is in general different for different 
systems (e.g. Berg 1982; Davies 1986; Oppenheim et al. 
1988). Although only one such neurotrophic substance 
has been unequivocally identified - nerve growth factor 
(NGF) - a few other candidates bave been purified, and 
of these the most plausible are all proteins, as is NGF 
(Berg 1984; Barde 1988, 1989; Dreyer et al. 1989; Wa- 
licke 1989). 

While it is widely accepted that failure to receive en- 
ough trophic substance is a major cause of neuronal 
death, it remains controversial why this failure should 
occur. The most straightforward and widely held hy- 
pothesis is that only limiting amounts of trophic sub- 
stance are produced in the target zone, with the corollary 
that the dependent neurons must compete for the few 
available molecules (e.g. Davies 1986; Barde 1988). An 
alternative hypothesis is that it is not the quantity of 
the trophic factor produced that is limiting, but access 
to it (e.g. Clarke and Cowan 1976; Lamb 1984; Lamb 
et al. 1988). These two have recently beef~ termed the 
production hypothesis and the access hypothesis (Oppen- 
heim 1989), and we shall use these terms. For complete- 
ness, we shall briefly consider other hypotheses including 
even the possibility that neuronal death might in some 
cases not be regulated by trophic molecules at all. 

Our chosen system for tackling this question is the 
isthmo-optic system of chick embryos. Virtually all the 
neurons of the isthmo-optic nucleus (ION) project to 
the contralateral retina where they form synapses mainly 
on amacrine cells and probably also on displaced gangli- 
on cells (Maturana and Frenk 1965; Dowling and Cow- 
an 1966; Cowan and Clarke 1976; Crossland and 
Hughes 1978). There is a transient ipsilateral isthmo- 
optic projection during embryogenesis (Clarke and Cow- 
an 1976) but this is so small that it can be neglected 
in the present context. Some of the ION neurons may 
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send co l l a te ra l  axons  to va r ious  d iencepha l ic  s t ruc tures  
(Gal i f re t  et al. 1971; A n g a u t  and  R e p é r a n t  1978), bu t  
these p ro j ec t i ons  have no t  so far  been  es tab l i shed  un-  
equ ivoca l ly  (Cross l and  and  Hughes  1978), and  in any  
case do  no t  p rov ide  the  I O N  neurons  wi th  suff icient  
r e t r o g r a d e  t roph ic  s u p p o r t  to survive in the absence  o f  
thei r  t a rge t  neu rons  in the  re t ina  (Cla rke  et al. 1976; 
Cats icas  and  Cla rke  1987). A l t h o u g h  there  is a b u n d a n t  
evidence for  the t r oph i c  dependence  o f  the  I O N  on the 
re t ina  ( C o w a n  and  Wenger  1968; C la rke  et al. 1976; 
C la rke  1982a,  1984; O ' L e a r y  and  C o w a n  1984; Cats icas  
a n d  C la rke  1987), the  ac tua l  chemica l  na tu re  o f  this  sup- 
p o r t  has  no t  to our  knowledge  been  inves t iga ted .  

We were  the re fore  ob l iged  to  devise an  ind i rec t  ap-  
p r o a c h  tha t  d id  no t  requi re  knowledge  o f  the  t r oph i c  
molecules .  O u r  bas ic  expe r imen t  has  been  to test the 
effect on  the  I O N  neurons  o f  reduc ing  p ro t e in  synthesis  
in the  re t ina ,  du r ing  the I O N ' s  p e r i o d  o f  n a t u r a l  neuro-  
nal  dea th ,  by  the  i n t r a o c u l a r  in jec t ion  o f  cyc lohex imide  
(CX).  One  o f  our  reasons  for  select ing CX,  r a the r  t han  
some o the r  i nh ib i to r  o f  p ro t e in  synthesis ,  was tha t  C X  
is k n o w n  no t  to ac t  on  m i t o c h o n d r i a l  r i bosomes  (Tedes- 
chi 1976); i t  is the re fore  un l ike ly  tha t  the C X  w o u l d  
di rec t ly  affect  the  i s t h m o - o p t i c  axons .  We w o u l d  stress 
tha t  ou r  m a i n  ques t ion  was n o t  whe the r  the I O N  neu-  
rons  d e p e n d  for  surv iva l  on  p ro t e in  synthesis  in the ret i-  
ha,  b u t  whe the r  the ex ten t  o f  p ro t e in  synthesis  was the 
cr i t ica l  fac tor .  To have  p o s e d  the fo rmer  ques t ion  w o u l d  
have  been frui t less for  a t  leas t  two reasons .  Fi rs t ,  such 
dependence  is v i r tua l ly  cer ta in  on  the basis  o f  p rev ious  
exper imen t s  (see above) .  Second,  the  r educ t ion  o f  p ro -  
tein synthesis  will  affect  m o s t  or  all aspects  o f  re t ina l  
d e v e l o p m e n t  a n d  n o t  j u s t  the  p r o d u c t i o n  o f  the h y p o -  
thet ica l  t r oph i c  subs tance(s)  for  the  I O N  neurons ,  so 
any  resul t ing  degene ra t i on  o f  the  I O N  w o u l d  be diff icul t  
to  in terpre t .  

But  p i lo t  exper imen t s  ind ica t ed  tha t  the  I O N  neurons  
were surpr i s ing ly  res i s tan t  to a subs tan t i a l  r educ t ion  in 
re t ina l  p ro t e in  synthesis .  This  res is tance w o u l d  be diffi- 
cul t  to expla in  in te rms o f  nonspeci f ic  mechan i sms ,  so 
we were  encou raged  to pu r sue  the p ro jec t  fur ther .  Some 
o f  the resul ts  have  been  pub l i shed  in abs t rac t s  (Blaser  
et al. 1988, 1989; C la rke  et  al. 1989). 

Materials and methods 

Fertile chicken eggs of the White Leghorn strain were incubated 
at 38 ° C and 60% relative humidity. At death, their developmental 
stages were estimated according to the criteria of Hamburger and 
Hamilton (1951). 

Intraocular injections. A window was opened in the shell in the 
region of the air sac, the overlying membranes were removed, and 
the embryo's head was gently raised with an L-shaped plastic tool. 

The continuous intravitreal infusion of cycloheximide (CX) was 
achieved by means of Alzet mini-osmotic pumps, model 2001. 
These provided a continuous flow of 24 gl per day of CX solution 
(1 to 10 gg/day in 0.9% saline) that was red through a polyvinyl 
catheter (20 cm long, 0.28 mm i.d., 0.64 mm o.d.) into the vitreous 
body of the right eye. The end of the catheter was preformed 
at right angles so as to leave a 7 mm distal part that was inserted 
through a small puncture in the sclera near the upper part of the 

corneal limbus. The catheter was fixed by a drop of cyanoacrylate 
glue at the puncture and by a stitch of fine thread through the 
upper beak. A loose coil of catheter was left within the egg so 
that it would not be wrenched from the eye when the embryo 
moved, The rate of flow was calculated from the speed with which 
the catheter was filled and its known cross-sectional area; the result 
was always 1.0 gl per hour, as expected. The mini-pumps were 
set in motion at E14.5 so that the catheters would be filled and 
ready to insert in the eye at the chosen moment (E15.0). The cathe- 
ters were left in place until the time of sacrifice (E19.0). 

Single intravitreal injections of CX (20 gg in 5 gl 0.9% saline) 
or [3H]-L-leucine (see below) were made by means of a 10-gl Hamil- 
ton microsyringe, whose needle was inserted through the sclera 
into the centre of the vitreous body. For embryos older than El5 
the sclera was anaesthetized with 2% xylocaine. 

When the above operations were complete, the eggs were re- 
sealed with adhesive tape and returned to the incubator. 

Tissue processing for paraffin sections. The embryos were heavily 
anaesthetized with chloral hydrate, after which the eyes and brains 
were removed and fixed by immersion in Carnoy's fixative for 
2 h, dehydrated through a graded series of ethanols, oriented, and 
embedded in paraffin. Serial sections were cut at 12 gm, mounted 
on slides and counterstained with cresyl violet. 

Quantitative analysis. In 13 brains, the neurons in both IONs were 
counted in the cresyl violet-stained paraffin sections. Counts were 
made in every fourth or fifth section, and numbers in the intermedi- 
ate ones were derived by interpolation. A X40 objective was used, 
and the counting was facilitated by a grid of 5 squares x 5 squares 
inserted in an eyepiece. In the ION, the neurons can be distin- 
guished by their large, round, pale-stained nuclei, which contrast 
with the small nuclei of the glia (Clarke 1982 b; Catsicas and Clarke 
1987). Neurons were counted only if a nucleolus was visible in 
the nucleus, and a correction factor (see appendix of Clarke 1985 b) 
was applied, since most ION neurons have more than one nucleo- 
lus. Manifestly degenerate cells were not included in the counts. 

In the retinas, cell densities and widths of layers were deter- 
mined in the central region. The chosen sections were perpendicular 
to the plane of the retina, as could be seen by the fact that the 
receptors were parallel to the plane of section. Retinal cell densities 
were estimated by counting cell nuclei in standard strips of 30 gm 
in the inner nuclear layer and 60 gm in the ganglion cell layer 
using a X100 oil immersion objective. The widths of the inner 
nuclear and inner plexiform layers were determined using a cali- 
brated scale in one eyepiece. To test whether the CX affected the 
tangential growth of the retina, equatorial sections of the retina 
were traced at about x 15 magnification, and their lengths mea- 
sured by means of a ruler and a piece of cotton. 

Leucine incorporation assay. Two hours after an intravitreal injec- 
tion of [3H]-L-leucine (2.5 gCi in 5 gl saline; specific activity 52 
Ci per mmol; from Amersham International), the retinas were re- 
moved and homogenized in 2 mM potassium phosphate buffer, 
pH 6.8, at 4 ° C. The radioactivity in the TCA-precipitable fraction 
was estimated using the method of Mans and Novelli (1961) and 
was divided by that of the whole homogenate to eliminate the 
scatter that would otherwise have been introduced owing the rapid 
loss from the eye of a variable proportion (typically about 10%) 
of the injected [3H]-leucine. From the ratio (Rox) obtained in CX- 
treated retinas and that (Ru) obtained in CX-untreated retinas, 
the percentage inhibition of retinal leucine incorporation was de- 
rived: ( 1 -  Rcx/Ru)100%. 

Results 

We chose to  inves t iga te  the effects o f  c on t i nuous  in fus ion  
o f  C X  f rom E15 to E19, or  o f  a single in jec t ion  o f  C X  
on E15. Since n e u r o n a l  dea th  begins  in the  I O N  soon  
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Fig. 1. Effects of continuous infusion of 6 gg/ 
day CX (circles) or a single injection of 20 gg 
cycloheximide (CX) (triangles) into the eye at 
E15.0 on retinal [3H]-leucine incorporation at 
various time intervals. Zero hours corre- 
sponds to E15.0. Each point represents a sin- 
gle embryo 
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Fig, 2. Effects of continuous in- 
traocular infusion of various 
doses of CX from El5.0 onwards 
on retinal [3H]-incorporation 26 h 
later. Each point represents a sin- 
gle embryo 

after El2 (Clarke et al. 1976) it would have been interest- 
ing to investigate the effects of CX before E15, but we 
declined to do so because the doses of CX required to 
inhibit protein synthesis substantially proved incompati- 
ble with the survival of the younger embryos. Moreover, 
we considered that the side-effects of CX on the retina 
would be less after E15. 

Effects of CX on retinal [3H]-leucine incorporation 

Continuous CX-infusion (6 gg per day) into the eye from 
El5.0 El9.0 led to maximal inhibition of [3H]-leucine 
incorporation within a few hours, after which the level 
remained relatively constant, as expected, although it 
declined somewhat during the latter part of the first day 
for unknown reasons (Fig. 1). We therefore took the lev- 
el of inhibition reached after 26 h as representative of 
the whole period of infusion and evaluated the effect 

of varying the dose at this time point alone. The extent 
of inhibition increased with the dose level up to 6 gg 
CX per day, but began to saturate above this dose 
(Fig. 2). 

In the single-injection experiments, a dose of 20 gg 
CX caused almost total inhibition 3 h later, and 60 70% 
inhibition for most of the first 26 h, after which the ef- 
fects have not been investigated. 

Effects of CX on retinal morphology 

The retinal morphology was systematically studied in 
Nissl-stained sections. In most cases the main morpho- 
logical features were preserved (Tables 1, 2, Fig. 3). The 
only exceptions were the two embryos (J3 and L6) which 
received a continuous infusion of 10 pg CX per day; 
in each of these, a large part of the retina of the infused 
eye had degenerated. In the non-degenerated parts of 
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Table 1. Cell densities in the inner nuclear 
layer and ganglion cell layer. Counts were 
made in regions of central retina that 
were oriented perpendicular to the plane 
of sectioning. Each figure in the table is 
the mean of three counts of the nuclei in 
a 30%tm (inner nuclear layer) or 60-gm 
(ganglion cell layer) strip through the 
thickness of the retina (+_ denotes SD). 
The percentages represent densities from 
CX-infused eyes as % of control 

Embryo gg CX Inner nuclear layer % Ganglion cell layer % 
per day 

CX-infused Control CX-infused Control 

Continuous infusion 

K4 6 162_+ 7 164_+ 3 99% 26.7_+3.8 30.0___1.0 89% 
L1 6 125+_13 167+__12 75% 23.3_+0.6 26.0___1.0 90% 
L3 6 160-t-13 164_ 6 98% 24.3_+1.1 26.3_+2.5 92% 
j3 a, b 10 144_+12 141_+ 2 102% 23.0_+1.7 20.7__0.6 111% 
L6" 10 155_+11 167_+ 8 93% 19.0__2.0 26.0_+1.0 73% 

Single injection (20 gg) 

013 147_+ 8 136_+ 9 108% 19.7-+3.8 24.7-+0.6 80% 

" See footnote b ofTable 3 
b In these embryos, the ventral hemi-retina (J3) or nasal hemi-retina (L6) of the CX-infused 
eye had largely degenerated. Counts were made in regions of central retina that appeared 
intact 

Table 2. Thickness of retinal layers. Mea- 
surements were made in regions of central 
retina that were perpendicular to the 
plane of sectioning. Each estimate is the 
mean of three measurements (+  denotes 
SD). The percentages denote thicknesses 
from CX-infused eyes as % of control 

Embryo Bg CX Inner nuelear layer % Inner plexiform layer % 
per day (gm) (gm) 

CX-infused Control CX-infused Control 

Continuous infusion 

K4 3 75_+4 65_+1 115% 26_+3 31_+2 84% 
L1 6 73_+6 73+2 100% 24+2 33_+1 73% 
L3 6 65+2 77_+2 84% 26__0 42_+3 63% 
j3 ~, b 10 51_+1 53-I-_3 96% 22-+2 30+_1 73% 
L6 b 10 71-+1 64_+2 111% 17_+2 31+1 55% 

Single injection 

O13 58-+1 67+3 87% 25-+1 37___4 68% 

a See footnote b of Table 3 
b In these embryos, part of the retina had largely degenerated (see footnote b of Table 1). 
The measurements were made in regions of the central retina that appeared intact 

these re t inas ,  a n d  t h r o u g h o u t  the ent i re ty  o f  all  o thers ,  
the cell densi t ies  (per  uni t  t angen t i a l  a rea)  in the inner  
nuc lea r  a n d  gang l ion  cell layers  were  a p p r o x i m a t e l y  nor -  
mal ,  as was  the  th ickness  o f  the  inner  nuc lea r  layer.  
In  con t ras t ,  the inner  p l ex i fo rm layer  was n a r r o w e r  t han  
n o r m a l  in the  CX- in fused  eyes. The  in jec ted  and  unin-  
j ec ted  eyes d id  no t  differ  s ignif icant ly  in size; nor ,  a p p a r -  
ently,  d id  the t angen t i a l  extents  o f  the  two re t inas ,  since 
the  lengths  o f  re t ina  in e q u a t o r i a l  sect ions were a p p r o x i -  
ma te ly  equal .  These  resul ts  ind ica te  tha t  the C X  d id  
no t  affect  re t ina l  cell numbe r s  (except  in J3 and  L6), 
bu t  s lowed the o u t g r o w t h  o f  processes.  

Effects on the ION of  continuous infusions of C J( 

Even in the  saline con t ro l  embryos ,  the  n e u r o n a l  
num ber s  in b o t h  I O N s  were s o m e w h a t  lower  t han  nor -  
mal ,  a n d  pa r t i cu l a r ly  so in the  left  ! O N  i.e. con t r a l a t e r a l  
to the  eye tha t  received the in fus ion  (Table 3). We at t r i -  
bu te  these r educ t ions  to  the nonspeci f ic  effects o f  the 
surgery,  and  especia l ly  i n ' t h e  inevi table  d a m a g e  to the 
re t ina  caused  by  the i m p l a n t a t i o n  o f  the cannula .  In  
ou r  a t t e m p t  to  a l low for  the b i l a t e ra l  nonspeci f ic  effects, 
we have  expressed  these neu rona l  counts  as the  pe rcen t  

Table 3. Counts of neurons in the two IONs of chick embryos 
that received a constant infusion of CX fi'om E15.0 to E19.0. All 
embryos were fixed at E19.0, when the ION would contain 9,000- 
9,500 neurons in unoperated chick embryos (Clarke et al. 1976) 

Embryo gg CX Neurons in ION (I-NL/NR/100%) 
per day 

Left (NL) Right (Ne) 

Wl 0 ~ 4745 7325 35 
W3 0 a 7 373 7 974 8 
K2 1.0 6115 6 243 3 
K3 1.0 6901 8165 15 
K4 3.0 5 668 7 390 24 
W4 3.0 5 585 8 615 35 
W5 3.0 9291 9666 4 
L1 6.0 5428 9281 44 
L3 6.0 5 874 8184 29 
J3 b 10.0 2241 ~ 10280 79 
L6 10.0 1 118 ~ 9864 89 

a Embryos W1 and W3 received saline as a control 
b In embryo J3 the minipump was stopped at EIS.0 but fixation 
was at E19.0; this change in protocol presumably made no differ- 
enee, since events in the retina take at least 24 h before affecting 
the ION 

The massive loss of ION neurons in embryos J3 and L6 may 
have been largely due to the occurrence of retinal degeneration 
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Fig. 3A-D. Retinas from embryos that were fixed at E19.0 after 
receiving intraocular infusions of CX continuously from El5.0. 
A 6 gg CX per day; B contralateral retina from same embryo. 
C 10 gg CX per day; D contralateral retina from same embryo. 

ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
Bar 40 gm 

100%- 

50% 

6 pg/24 h. 

, Saline " r  3 1~g/24 h I I 

I "~ I I 
. . . .  -~=5-~~7~TE . . . . . . . . . . . . . . . . . . . . .  F . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4-.- 
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Inhibition of 3H-leucine incorporat ion 

"10  ~g/24 h 

50% 

Fig. 4. The effect of inhibiting 
protein synthesis (inhibition of 
[3H]-leucine incorporation mea- 
sured at E16.0) by continuous in- 
traocular infusion of CX (from 
E15.0) on the survival of ION 
neurons (counted at E19.0). CX 
was infused from E15.0 to EI9.Ö. 
The experimental design necessit- 
ated using different embryos for 
the counts and for the measure- 
ments of [3H]-leucine incorpora- 
tion. Thus, the thick horizontal 
bars show individual counts at 
the mean inhibition for that par- 
ticular infusion rate of CX; and 
vice versa for the thick vertical 
bars. See Table 3 

additional cell 1OSS=(1--NL/NR)100% , where NL and 
N Rare the numbers  of  healthy-looking neurons in the 
left and right IONs (Table 3, Fig. 4). 

The main conclusion was that only the highest dose 
of  CX (10 ~tg per day) caused massive degeneration in 
the I O N  (Figs. 4, 5); it may  be significant that rauch 
of  the retina degenerated at this dose, as is described 
above. With 6 ~tg per day, there was a small patch of  
frank degeneration in the lateral par t  of  the I O N  in 

one of  the two embryos (Fig. 5), and the percent addi- 
tional cell loss was slightly greater than with saline, but 
this difference was scarcely significant (Table 3, Fig. 4). 
Thus the I O N  can tolerate a reduction of  up to about  
40% in retinal protein synthesis between E l5  and El9  
without there being a major  increase in the I O N  neuro- 
nal death. 

We have not carried out a detailed morphometr ic  
analysis o f  the IONs,  but our impression is that when 
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Fig. 5A-F.  Isthmo-optic nuclei from embryos that were fixed at 
EIg.0 after receiving intraocular infusions of CX continuously 
from El5.0: J pg per day (A, B), 6 gg per day (C, D) or 10 gg 
per day (E, F). The IONs contralateral to, and therefore liable 

cell death was not enhanced other characteristics - lami- 
nation, nuclear size, perikaryal size, intensity of Nissl- 
staining - were normal. 

Effects on the ION of  single injections of  CX 

The first series of experiments suggested that trophic 
material is produced in excess in the retina, raising the 
possibility that it might accumulate to, form a trophic 
reserve (see Discussion). According to this latter hypoth- 
esis, the ION neurons should be able to tolerate a still 
greater reduction in retinal protein synthesis than in the 
infusion experiments if its duration was relatively brief, 
since there could be no effect on the ION until the re- 
serve had been depleted. We have tested this possibility 
by making a single intraocular injection of 20 gg CX 

to be affected by, the CX-infusions are shown right. The other 
IONs (leR) serve as controls. Dorsal is up, medial is inwards. Bar 

200 lam 

at E15.0, which caused a substantially greater inhibition 
of leucine incorporation over the first 26 h than occurred 
with even the highest dose (10 I~g/day) in the continuous 
infusion experiments. Despite almost 100% inhibition 
initially, followed by almost 70% inhibition for more 
than a day (Fig. 1), there was almost no detectable effect 
on the histology of the retina (Fig. 6, Table I), and there 
was little effect on the ION (Fig. 7). Thus in an embryo 
that received such an injection at El5 and was allowed 
to survive until E19, there were 6,566 neurons in the 
contralateral ION and 6,174 in the ipsilateral ION. In 
a second such embryo that survived until E20, there 
were 7,046 neurons in the contralateral ION and 6,061 
in the ipsilateral. These figures are admittedly lower than 
normal (about 9,500 - Clarke et al. 1976), but since the 
reduction was no greater (and in fact slightly smaller) 
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Fig. 6. Retias from an embryo that  received a single intraocular 
injection of 20 lag CX at E15.0, and was fixed at El9.0. Left, retina 
from injected eye; right, contralateral retina. For layering, see 
Fig. 3. Bar 40 lam 

contralateral to the injection than ipsilaterally, it may 
most plausibly be ascribed to nonspecific effects of the 
operation. 

D i s c u s s i o n  

The main result of this study was that the neurons of 
the isthmo-optic nucleus were able to survive a consider- 
able reduction (up to about 40% for several days or 
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70-90% for a day) of protein synthesis in their axonal 
target territory, the retina, at a time when they are 
known to be very dependent on the retina for survival 
(Catsicas and Clarke 1987). Although a still larger reduc- 
tion in retinal protein synthesis led to increased isthmo- 
optic neuronal death, the latter may most plausibly be 
ascribed to the accompanying widespread retinal degen- 
eration. These results indicate that the isthmo-optic neu- 
rons are not critically dependent on the precise amount 
of trophic factor produced, which argues against the 
production hypothesis. 

Ambigu i t i e s  and poss ible  ar t i fac ts  

First, we would emphasize that the CX-induced reduc- 
tion in the supply of the hypothetical trophic factor(s) 
to the isthmo-optic fibres cannot be assumed to be pro- 
portional to the overall reduction in retinal protein syn- 
thesis, for reasons explained in Fig. 8. This difficulty 
is dealt with at various points in the following discussion. 

An almost trivial explanation of the present results 
would be that the lack of sensitivity to intraocularly 
injected CX was due to its leaking into the general circu- 
lation and thence reaching the cell bodies of the isthmo- 
optic neurons in sufficient amounts to block the intracel- 
lular mechanisms required for their death. Indeed, it has 
long been known that naturally occurring cell death is 
in many cases prevented by blockade of transcription 
or translation (Tata 1966; Lockshin and Zakeri-Milo- 
vanovic 1984), and this has recently been shown for 
chick embryo motoneurons (Oppenheim et al. 1990). 
However, recent experiments on E15 chick embryos (M. 
Catsicas and Clarke 1990) indicate that although system- 
ically administered CX does prevent the death ofisthmo- 
optic neurons deprived of retrograde maintenance, the 
minimal quantity of CX required to produce such an 
effect at El5 exceeds that which would have been avail- 
able systemically in any of the present embryos. A fur- 
ther control is provided by experiments (Blaser et al., 
in preparation) in which the injection of 20 gg CX into 
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Fig. 7A, B. Isthmo-optic nuclei from an embryo that  received a single intra-ocular injection of 20 lag CX at E15.0 and was fixed 
at El9.0. A ION contralateral to the injeetion; B control ION. Dorsal is up, medial is inwards. Bar 200 pm 
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Fig. 8. Diagram showing that the supply of trophic factor (TF) 
to the ION will depend not only on the synthesis of TF but also 
on other events that will have been modified as a result of the 
CX, including the synthesis of other retinal proteins (e.g. those 
involved in the mechanisms of secretion and re-uptake). Only the 
shaded boxes (all in the retinal cellular compartment) will be direct- 
ly affected by the CX, but the resulting changes in TF-uptake 
will affect various feedback loops (thin arrows) that will further 
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complicate the interpretation. The direct pathway from production 
of CF to its effect on the ION is shown with thick arrows. This 
diagram is by no means exhaustive; e.g. it ignores the possibility 
of post-translatory modification of TF, presumably by enzymes 
whose concentration would be reduced following a reduction in 
their synthesis. The + and - signs indicate the probable normal 
interactions (not the CX-induced changes) 

one eye at E15 (as in the present single-injection em- 
bryos) was combined with the injection of  colchicine 
into the other eye at E15 or E l6  (or both, in some cases) 
thereby blocking axoplasmic transport.  The extent of  
the resulting ION neuronal death in nine such embryos 
was compared with that in ten controls that had received 
colchicine alone, and it was found to be virtually un- 
changed, impliying that leaked CX was insufficient to 
protect target-deprived ION neurons. It is noteworthy,  
however, that in the embryos subjected to a continuous 
infusion of  CX, the number of  neurons in the ipsiIateral 
eye tended to be slightly higher for the larger doses (Ta- 
ble 3), which does suggest that there may have been a 
slight reduction of  naturally occurring neuronal death 
in the ION because of  leaked CX in the embryos which 
received 6 gg/day or 10 gg/day. But if such a reduction 
occurred, it was certainly small. 

A related possibility is that, by preventing naturally 
occurring cell death within the retina of  the CX-injected 
eye, the CX might have increased the number of  avail- 
able target cells sufficiently to counteract the effects of  
the reduced availability of  trophic factor. This is not  
very plausible, however, because cell death in the inner 
nuclear layer of  chick embryos is believed to end at El5  
(Hughes and LaVelle 1975), and moreover our present 
observations indicate that the numbers of  cells in the 
inner nuclear layer (and ganglion cell layer) of  the CX- 
injected eyes were approximately normal. 

Another  possibility is that if there is normally compe- 
tition between isthmo-optic fibres and intraretinal ax- 
ons, a CX-induced reduction in the competitive strength 
of  the latter might compensate for the CX-induced re- 
duction in production of  trophic substance (Fig. 8). We 
cannot  exclude this, but there is at present no evidence 
for such competition, and even if it occurred it would 
surely be a surprising coincidence that the CX-induced 
reduction in competition should be of  exactly the magni- 

tude required to counteract the reduction in trophic fac- 
tor reduction. 

The question arises also whether the CX may have 
blocked the synthesis of  different proteins to different 
extents, with relative sparing of the hypothetical trophic 
molecule(s). CX is believed to block the synthesis of 
all proteins nonspecifically by inhibiting the initiation 
and extension of  peptide chains (Beard et al. 1969; 
Obrig et al. 1971), but experiments in vitro indicate 
that CX treatment can in specially contrived situations 
cause a selective accumulation of  a few particular 
mRNAs (Garfield and Moscona 1974; Subramaniam 
and Shanmugam 1988). Whether that could be the case 
in our experiments in unclear; even if it could, we do 
not think that such an effect could be great enough to 
explain our results - especially in the case of the single 
injections of CX, since the inhibition of  protein synthesis 
then attained almost 100%, albeit briefly. 

Finally, it might be suggested that the trophic sub- 
stance(s) were formed by post-translational modification 
of  a much more abundant  inactive precursor molecule, 
and that modest reductions in the pool of  precursor did 
not affect the production of  trophic factor. We cannot 
rule out this possibility, but the post-translational modi- 
fication would presumably be performed by enzymes 
whose synthesis was reduced by the CX, so it is difficult 
even on this scenario to see how the amount  of  trophic 
factor could be totally unaffected. 

The production hypothesis and its alternatives 

The present experiments were intended as a test of the 
production hypothesis. By their very design they cannot 
distinguish between the alternatives, which are several 
but include the access hypothesis as well as the possibility 
that the ION might not  be dependent on trophic mole- 
cules at all. 
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Production hypothesis. The best evidence for this sterns 
from quantitative assay of  the concentration of  nerve 
growth factor (NGF)  and of  its m R N A  in the peripheral 
nervous system. It has been shown that N G F  is not 
produced in the sympathetic and sensory ganglion cells, 
hut only in their target organs, where the levels of  N G F  
and its m R N A  are roughly proportional  to the density 
of  sympathetic innervation (Korsching and Thoenen 
1983; Shelton and Reichardt 1984). Moreover, the quan- 
tity of  N G F  is not  only small, but is sufficiently small 
to be largely removed by the innervating axons, by which 
most of  the N G F  produced is transported to the parent 
ganglia (Heumann et al. 1984; Davies et al. 1987). As 
might be expected on the basis of  this latter result, there 
is competition between axons for NGF,  as is shown by 
the fact that elimination of  the sympathetic innervation 
of  a field can lead to an almost threefold increase in 
the level of  N G F  in the sensory neurons innervating 
the same field (Korsching and Thoenen 1985). 

But while all of  this tends to support  the production 
hypothesis, it is not decisive, for two main reasons. First, 
the amount  of  trophic factor required for the survival 
of  a given neuron is unknown; without this information 
it remains possible that the small quantities of N G F  
available may nevertheless be substantially above the 
threshold necessary to maintain all the dependent neu- 
rons. Second, although inter-axonal competition for 
N G F  has been demonstrated (see above), it is possible 
that this operated at least in part  via competition for 
access to localized sources of  NGF.  In addition, since 
all the quantitative measurements of  N G F  levels were 
carried out in the peripheral nervous system, the target 
territories being mostly skin and/of  muscle, one should 
be eautious in extrapolating to the central nervous sys- 
tem. 

A number of  experiments do in fact tell against the 
production hypothesis. The report  that immature retinal 
ganglion cells could survive partial blockade of  axoplas- 
mic transport  in their axons (Matthews et al. 1982) is 
difficult to reconcile with it, as is the observation in 
Xenopus tadpoles that when both sides of  the spinal cord 
were induced to innervate a single hindlimb bud, an 
almost normal population of  motoneurons survived on 
each side (Lamb et al. 1988). 

The access hypothesis is grounded to a great extent 
on evidence against the production hypothesis, in situa- 
tions where there is experimental support  for trophic 
molecules. Thus, Oppenheim (1989) emphasizes that the 
production hypothesis cannot  account for the reduction 
in motoneuron death that occurs when neuromuscular 
synapses are blocked by curare, since there is then no 
enhancement of the survival-promoting capacity of  mus- 
cle-extract when tested on motoneurons in vitro (Tanaka 
1987) or in vivo (Houenou et al. 1989). 

The access hypothesis also accommodates most readi- 
ly the observation that many of  the neurons which die 
in development are those whose axons grow to targets 
that are inappropriate by adult standards (Clarke 1981; 
O'Leary et al. 1986), as has been shown in at least orte 
system where there is direct evidence for trophic mole- 
cules - the neuromuscular system (Lamb 1984; Lamb 
et al. 1988) - and, of particular relevance to this study, 
in the isthmo-optic projection in chick embryos (Clarke 

and Cowan 1975, 1976; O'Leary and Cowan 1982; Cat- 
sicas et al. 1987). It would seem plausible that the "aber-  
r an t "  axons might have subnormal access to trophic 
molecules. 

Other alternatives. Logically, several possibilities remain. 
For example, ION neurons which normally survive 
might inherently require many times less trophic materi- 
al than those that normally die. Or the maintenance 
of  the ION by the retina might not be due to trophic 
molecules at all, which seems unlikely in the light of  
current knowledge, but cannot be entirely ruled out 1. 
Combinations of  the different possibilities are also con- 
ceivable. For example, limited production of trophic 
substance might exacerbate problems of  access to it. 

The present results clearly militate against the pro- 
duction hypothesis. The fact that almost 50% inhibition 
of protein synthesis for several days was required before 
the isthmo-optic neuronal death was increased shows 
that during the period investigated (El5 onwards) the 
overall level of  trophic factor production was not a criti- 
cal factor in the regulation of  the extent of  neuronal 
death. Of  the alternatives, the access hypothesis is the 
most likely on the basis of  current theory. 

Acknowledgements. We are grateful to Dr. Paul Honegger for ad- 
vice and help in measuring [3H]-leucine incorporation, to Mr. S. 
Daldoss and Miss M. Birchen for photography and artwork, and 
to Mrs. C. Vaclavik for typing the manuscript. The research was 
supported by grants 3.158.85 (to H. Van der Loos) and 31-9469.88 
(to P.G.H.C.) from the Swiss National Science Foundation. This 
article is being submitted by P.F. Blaser to the Medical Faculty 
of the University of Lausanne in partial fulfilment of the require- 
ments for the degree of Doctor of Medieine. 

References 

Angaut P, Repérant J (1978) A light and electron microscopic study 
of the nucleus isthmo-opticus in the pigeon. Arch Anat Microsc 
67: 63-78 

Barde Y-A (1988) What, if anything, is a neurotrophic factor? 
Trends Neurosci 11 : 343-346 

Barde Y-A (1989) Trophic factors and neuronal survival. Neuron 
2:1525-1534 

Beard NS Jr, Armentrout SA, Weisberger AS (1969) Inhibition 
of protein synthesis by antibiotics. Pharmacol Rev 21:213~45 

Berg DK (1982) Cell death in neuronal development; regulation 
by trophic factors. Curr Top Neurobiol 6:297-331 

Berg DK (1984) New neuronal growth factors. Ann Rev Neurosci 
7:149-170 

Blaser PF, Catsicas S, Clarke PGH (1988) Dependence of develop- 
ing neurons on protein synthesis in their axonal terminal territo- 
ry. Eur J Neurosci [Suppl 1]:83 

Blaser PF, Catsicas S, Clarke PGH (1989) Survival of developing 
neurons when protein synthesis is blocked in their axonal termi- 
nal territory. Acta Anat 135:97 

Catsicas M, Clarke PGH (1990) Neuronal death during embryo- 
genesis is prevented by cycloheximide. Eur J Neurosci [Suppl 
2]:285 

Catsicas S, Clarke PGH (1987) Abrupt loss of dependence of retin- 
opetal neurons on their target cells, as shown by intraocular 
injections of kainate in chick embryos. J Comp Neurol 
262 : 523-534 

Catsicas S, Thanos S, Clarke PGH (1987) Major role for neuronal 

1 To cite just one of several possibilities, direct interactions between 
the pre- and post-synaptic membranes might induce second mes- 
sengers presynaptically. 



24 

death during brain development: Refinement of topographical 
connections. Proc Natl Acad Sci USA 84:8165-8168 

Clarke PGH (1981) Chance, repetition and error in the develop- 
ment of normal nervous systems. Perspect Biol Med 25 (1):2-19 

Clarke PGH (1982a) Labelling of dying neurons by peroxidase 
injected intravascularly in chick embryos. Neurosci Lett 
30:223 228 

Clarke PGH (1982b) The genuineness of isthmo-optic neuronal 
death in chick embryos. Anat Embryol 165:389-404 

Clarke PGH (1984) Identical populations of phagocytes and dying 
neurons revealed by intravascularly injected horseradish peroxi- 
dase, and by endogenous glutaraldehyde-resistant acid phos- 
phatase, in the brains of chick embryos. Histochem J 16:955- 
969 

Clarke PGH (1985a) Neuronal death in the development of the 
nervous system. Trends Neurosci 8 : 345-349 

Clarke PGH (1985b) Neuronal death during development in the 
isthmo-optic nucleus of the chick : Sustaining role of afferents 
from the tectum. J Comp neurol 234:365 379 

Clarke PGH, Cowan WM (1975) Ectopic neurons and aberrant 
connections during neural development. Proc Natl Acad Sci 
USA 72:4455-4458 

Clarke PGH, Cowan WM (1976) The development of the isthmo- 
optic tract in the chick, with special reference to the oecurrence 
and correction of developmental errors in the location and con- 
nections of isthmo-optic neurons. J Comp Neurol 167 : 143-164 

Clarke PGH, Rogers LA, Cowan WM (1976) The time of origin 
and the pattern of survival of neurons in the isthmo-optic nuele- 
us of the ehick. J Comp Neurol 167:125-142 

Clarke PGH, Blaser P, Catsicas S (1989) Letter to the editor: Neu- 
rotrophic theory. Trends Neurosci 12:494495 

Cowan WM, Clarke PGH (1976) The development of the isthmo- 
optic nucleus. Brain Behav Evol 13:345-375 

Cowan WM, Wenger E (1968) The development of the nucleus 
of origin of centrifugal fibers to the retina in the chick. J Comp 
Neurol 133:202240 

Crossland WJ, Hughes CP (1978) Observations on the afferent 
and efferent connections of the avian isthmo-optic nucleus. 
Brain Res 145:239 256 

Davies AM (1986) The survival and growth of embryonic proprio- 
ceptive neurons is promoted by a factor present in skeletal mus- 
cle. Dev Biol 115 : 56-67 

Davies AM (1988) The emerging generality of the neurotrophic 
hypothesis. Trends neurosci 11 : 243-244 

Davies AM, Bandtlow C, Heumann R, Korsching S, Rohrer H, 
Thoenen H (1987) Timing and site of nerve growth factor syn- 
thesis in developing skin in relation to innervation and expres- 
sion of the receptor. Nature 326:353-358 

Dowling JE, Cowan WM (1966) An electron microscope study 
of normal and degenerating centrifugal fiber terminals in the 
pigeon retina. Z Zellforsch Mikrosk Anat 71 : 14-28 

Dreyer D, Lagrange A, Grothe C, Unsieker K (1989) Basic fibro- 
blast growth factor prevents ontogenetic neuron death in vivo. 
Neurosci Lett 99:35-38 

Galifret Y, Condé-Courtine F, Repérant J, Servière J (1971) Cen- 
trifugal control in the visual system of the pigeon. Vision Res 
[Suppl 3]:185-200 

Garfield S, Moscona AA (1974) Glutamine synthetase in the em- 
bryonic chick neural retina: the effect of cycloheximide on the 
conservation of labile templates for enzyme synthesis. Mech 
Ageing Dev 3:253-269 . 

Hamburger V, Hamilton HL (1951) A series of normal stages in 
the development of the chick embryo. J Morphoi 88:49-92 

Heumann R, Korsching S, Scott J, Thoenen H (1984) Relationship 
between levels of nerve growth factor (NGF) and its messenger 
RNA in sympathetic ganglia and peripheral target tissues. 
EMBO J 3:3183-3189 

Houenou L, Prevette D, Oppenheim RW (1989) Motoneuron sur- 
vival in vivo following treatment with extracts from active and 
inactive muscle. Soc Neurosci Abstr 15 : 436 

Hughes WF, LaVelle A (1975) The effects of early tectal lesions 

on development in the retinal ganglion cell layer of chick em- 
bryos. J Comp Neurol 163:265-284 

Korsching S, Thoenen H (1983) Nerve growth factor in sympathet- 
ic ganglia and corresponding target organs of the rat: Correla- 
tion with density of sympathetic innervation. Proc Natl Acad 
Sci USA 80:3513-3516 

Korsching S, Thoenen H (1985) Nerve growth factor supply for 
sensory neurons: site of origin and competition with the sympa- 
thetic nervous system. Neurosci Lett 54:201 205 

Lamb AH (1984) Motoneuron death in the embryo. CRC Crit 
Rev Clin Neurobiol 1 : 141-179 

Lamb AH, Sheard PW, Ferns MJ (1988) Meritocratic selection 
hypothesis in the control of motoneuron death during develop- 
ment. In: Pollack ED, Bibb HD (eds) Developmental neurobio- 
logy of the frog, Neurology and Neurobiology vol 44. Liss, 
New York, pp 53-76 

Lockshin RA, Zakeri-Milovanovic Z (1984) Nucleic acids in cell 
death. In: Davies I, Sigee DC (eds) Cell ageing and cell death, 
Soc Exp Biol Seminar Series 25. Cambridge University Press, 
Cambridge, pp 243-268 

Mans RJ, Novelli GD (1961) Measurement of the incorporation 
of radioactive amino acids into protein by a filter-paper disk 
method. Arch Biochem Biophys 94:48-53 

Matthews MA, West LC, Clarkson DB (1982) Inhibition of axo- 
plasmic transport in the developing visual system of the rat 
- II. Quantitative analysis of alterations in transport of tritiated 
proline or fucose. Neuroscience 7:385-404 

Maturana HR, Frenk S (1965) Synaptic connections of the centrifu- 
gal fibers of the pigeon retina. Science 150:359-361 

Obrig TG, Culp WJ, McKeehan WL, Hardesty B (1971) The mech- 
anism by which cycloheximide and related glutarimide antibiot- 
ics inhibit peptide synthesis on reticulocyte ribosomes. J Biol 
Chem 246:174-181 

O'Leary DDM, Cowan WM (1982) Further studies on the develop- 
ment of the isthmo-optic nucleus with special reference to the 
occurrence and fate of ectopic and ipsilaterally projecting neu- 
rons. J Comp Neurol 212 : 399-416 

O'Leary DDM, Cowan WM (1984) Survival of isthmo-optic neu- 
rons after early removal of one eye. Dev Brain Res 12:293-310 

O'Leary DDM, Fawcett JW, Cowan WM (1986) Topographic tat- 
gering errors in the retinocollicular projection and their elimina- 
tion by selective ganglion cell death. J Neurosci 6:3692-3705 

Oppenheim RW (1989) The neurotrophic theory and naturally oc- 
curring motoneuron death. Trends Neurosci 12:252-255 

Oppenheim RW (1991) Cell death during development of the ner- 
vous system. Ann Rer Neurosci 14:453-501 

Oppenheim RW, Haverkamp L J, Prevette D, McManaman JL, 
Appel SH (1988) Reduction of naturally occurring motoneuron 
death in vivo by a target-derived neurotrophic factor. Science 
240: 919-922 

Oppenheim RW, Prevette D, Tytell M, Homma S (1990) Naturally 
occurring and induced neuronal death in the chick embryo in 
vivo requires protein and RNA synthesis: evidence for the role 
of cell death genes. Dev Biol 138:104-113 

Shelton DL, Reichardt LF (1984) Expression of g-nerve growth 
factor gene correlates with the density of sympathetic innerva- 
tion in effector organs. Proc Natl Acad Sci USA 81:7951-7955 

Subramaniam M, Shanmugam G (1988) Effects of serum, cyclo- 
heximide and actinomycin D on protein seeretion by quiescent 
mouse embryo fibroblasts. Mol Biol Rep 13 : 1 3 3 - 1 3 8  

Tanaka H (1987) Chronic application of curare does not increase 
the level of motoneuron survival-promoting activity in limb 
muscle extracts during the naturally occurring motoneuron cell 
death period. Dev Biol 124: 347-357 

Tata JR (1966) Requirement for RNA and protein synthesis for 
induced regression of the tadpole tail in organ culture. Der 
Biol 13:77-94 

Tedeschi H (1976) Mitochondria: structure, biogenesis and trans- 
ducing functions. Springer, Vienna New York 

Walicke PA (1989) Novel neurotrophic factors, receptors, and on- 
cogenes. Ann Rev Neurosci 12:103-126 


