
not synaptically related to the type 1 
terminal. Since type 1 shows first a 
neurofilamentous degeneration reaction 
and then disappears after the optic nerve 
is cut, it apparently originates from the 
retinal ganglion cell. Since the other 
types of terminals are reduced in num- 
ber after optic nerve section, there is a 
possibility some of them also are of 
retinal origin (15, 17). 

Electron microscopic radioautographs 
of LGN laminae receiving radioactive 
axons revealed that tritium-containing 
material did reach the synaptic terminals 
(Fig. 2). Of the three synaptic types, 
only type 1 was definitely labeled, con- 
taining 60 percent of the 139 silver 
grains counted in the LGN (Table 1). 
Three grains were found over the cell 
membranes of an adjacent type 1 and 
type 2 terminal, but since the resolution 
in these radioautographs is 2000 A (18) 
there is an equal possibility that these 
grains originated from a radioactive de- 
cay occurring in either terminal. Within 
the type 1 terminals the greatest number 
of silver grains (33 percent) was over 
cytoplasmic areas rich in synaptic vesi- 
cles, but the resolution prevented ac- 
tually localizing them to the vesicles 
themselves. Mitochondria also contained 
numerous grains (23 percent), whereas 
the bundles of neurofilaments within the 
terminal were infrequently labeled (4 
percent). 

Light microscopic radioautographs in- 
dicated that the numbers of silver grains 
over the LGN neuronal cell body did 
not vary between laminae receiving 
radioactive and nonradioactive axons. In 
electron microscopic radioautographs, al- 
though silver grains were found over 
synaptic vesicles adjacent to the mem- 
brane density that apparently marks the 
site of synaptic interaction, there was no 
concentration of grains over the den- 
drites opposite this density. As judged 
from grain counts, labeling of neurons 
(5 percent) was little different from 
that of glia (7 percent) in the LGN, 
which indicates that neuronal labeling is 
caused by blood-borne tritiated leucine 
and not by a transynaptic movement of 
axonal labeled materials. This is in con- 
trast to a previous light microscopic 
radioautographic study of peripheral 
nerve which suggested a transynaptic 
movement of protein labeled with C14- 
glycine from hypoglossal nerve into 
tongue muscle (19). 
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Both a "rapid" and a "slow" rate of 
axonal movement has been shown in the 
visual system (2, 4, 5, 12). Since it has 
been reported that substances differing 
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in particle size and chemical composition 
constitute these two components in the 
goldfish visual system (5), the distribu- 
tion of label within the synaptic terminal 
might be different at shorter or longer 
survival times. The observation that re- 
gions rich in synaptic vesicles contain 
the greatest amount of label indicates 
that at least some component associated 
with these vesicles originates in the 
neuronal cell body. What axonal struc- 
tures contain this labeled material and at 
what point the vesicles appear as mor- 
phological entities is still not clear. In 
this connection, the small amount of 
label over cytoplasmic regions contain- 
ing neurofilaments within the terminal 
axon is interesting since both neurotu- 
bules and neurofilaments have been im- 
plicated in axonal transport (20). The 
observation that both axonal and termi- 
nal mitochondria contained silver grains 
is understandable since these organelles 
synthesize protein (21) and move be- 
tween the cell body and the axon (22). 

These data indicate that after an in- 
traocular injection of tritiated leucine, 
tritiated material is contained within the 
axons originating from the injected eye 
and is distributed throughout their ex- 
tent, including the synaptic terminal. In 
the LGN only the type 1 terminal is 
definitely labeled; thus it originates 
from the retina. The two nonlabeled 
synaptic terminal types apparently 
originate elsewhere. The labeled materi- 
al does not cross the synaptic gap into 
dendrites; neither does it appear to 
cross an axo-axonal synapse. 
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Hormones have been implicated in 
the control of the ionic content of cells, 
and the ensuing alteration in the intra- 
cellular environment may explain, in 
part, the effects of a hormone on a par- 
ticular cell or tissue (1). Adrenal gluco- 
corticoid hormones increase the uptake 
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of zinc in certain mammalian cell cul- 
tures (2). This enhanced accumulation 
of zinc is specific in that the uptake of 
other cations-for example, calcium and 
rubidium-is not altered and a num- 
ber of other monovalent and divalent 
ions do not compete with zinc for up- 
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Hormonal Induction of Increased Zinc Uptake in Mammalian 

Cell Cultures: Requirement for RNA and Protein Synthesis 

Abstract. The zinc content of HeLa S, cells is markedly increased after growth 
in medium containing adrenal glucocorticoid hormones. Studies with inhibitors 
indicate that the synthesis of RNA and protein is required for enhanced zinc 

uptake. When protein synthesis is blocked in the presence of the steroid, an 

intermediate, presumably messenger RNA, which specifies enhanced zinc uptake 
accumulates and is expressed when the inhibition of protein synthesis is removed. 
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take. The accumulation of zinc is mark- 
edly depressed by low temperatures, by 
sulfhydryl blocking agents, and by simul- 
taneous addition of inhibitors of gly- 
colysis and oxidative metabolism. Ki- 
netic studies show that cells must grow 
from 8 to 12 hours in the presence of 
the hormone before an increased ac- 
cumulation of zinc is apparent (2). 

I now present evidence that the in- 
duction of increased zinc accumulation 
by Al-hydrocortisone (prednisolone) de- 
pends upon the synthesis of RNA fol- 
lowed by the synthesis of protein neces- 
sary for enhanced transport or binding 
of zinc. An intermediate, presumably 
messenger RNA (mRNA), can accum- 
ulate in steroid-treated cells in the ab- 
sence of protein synthesis. When the 
inhibition of protein synthesis is relieved, 
the accumulated mRNA is expressed 
without a lag. Therefore, the hormone 
appears to act either to increase the 
synthesis of mRNA or to decrease its 
degradation, and this mRNA specifies 
the protein involved in the increase of 
zinc uptake. 

For these studies HeLa S3 cells were 
grown in suspension culture in minimum 
essential medium containing calf serum 
(7 percent) and antibiotics (50 units of 
penicillin and 50 /g of streptomycin per 
milliliter) (3). The cell concentration 
was approximately 20 to 30 X 104 
cell/ml. Samples of the cell suspension 
were placed in sterile 125-ml crlenmeyer 
flasks and were incubated in a New 
Brunswick gyratory shaker in 95 per- 
cent air and 5 percent CO2; inducers 
and inhibitors were added to the culture, 
as described in Tables 1 and 2 and in 
the legend to Fig. 1. Certain experi- 
ments were carried out in two steps; an 
incubation with inducer or inhibitors, 
or both, for 16 hours, followed by 
washing of the cells and further incu- 
bation in medium with or without 
further additions (Table 2). 

The nonradioactive zinc content of 
complete medium is approximately 0.9 
/xg/ml. Zinc-65 was obtained with a 
purity of greater than 99 percent (New 
England Nuclear Corporation) (specific 
activities varied from 2.30 to 3.87 mc/ 
mg). Cultures were incubated for 3 
hours with zinc-65 at a final concentra- 
tion of 2.3 txc/ml. After the labeling 
experiments, zinc efflux was prevented 
by carrying out all procedures at 0?C. 
The cell suspension was harvested by 
centrifugation at 0?C, washed three 
times with ice-cold 0.9 percent saline, 
and lysed in 0.5 percent deoxycholate. 
Cell protein and radioactivity were de- 
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Table 1. Effect of cycloheximide (1.0 Ag/ml) and actinomycin D (0.1 /ug/ml) on incorpora- 
tion of leucine-l-4C and uridine-2-14C in HeLa S3 suspension cultures grown with and with- 
out prednisolone (1.5 Aug/ml). Values are averages and ranges of duplicate assays. Cultures 
were incubated for 3 hours with each isotope (100 nc/ml) before they were harvested; 
P, prednisolone; C, cycloheximide; A, actinomycin D. 

Incubation time (hr) Incorporation 
with additions Leucine-l-14C Uridine-2-4C 

103 count/min Per- 103 count/min Per- 
P C A per milligram cent of per milligram cent of 

of protein control of protein control 

0 0 0 16.2 ? 1.3 82.6 ? 5.6 

24 0 0 16.8 ? 1.8 104 81.8 + 7.1 99 

0 5 0 1.4 ?0.3 9 84.6 +6.8 103 

24 5 0 1.2 + 0.2 7 87.2 - 5.9 105 

0 16 0 0.8 0.3 5 26.0 2.4 31 

0 16* 0 9.0 ? 1.2 55 50.5 ? 4.7 62 

0 0 5 15.8 ? 0.8 97 16.6- 0.6 20 

24 0 5 14.6 ? 1.6 90 15.8 ?0.9 19 

* Cultures were incubated in medium containing cycloheximide for 16 hours; then the cells were 
washed and reincubated for 6 hours in medium without added inhibitor. 

termined as described (2). Results are 
expressed as radioactivity per milligram 
of cell protein. In certain experiments 
cultures were incubated for 3 hours with 
either 100 nc of leucine-l-14C (31.0 
mc/mmole) or 100 nc of uridine-2-14C 
(55.2 mc/mmole) per milliliter. Radio- 
activity incorporated into material in- 
soluble in trichloroacetic acid was as- 
sayed by scintillation counting (4). 

The steroid-induced enhancement of 
zinc uptake in HeLa S3 cultures could 
not be attributed to a general stimulation 
of protein synthesis accompanied by 
zinc binding, since incorporation of 
radioactive leucine was about the same 
in cells grown in the presence or ab- 
sence of the hormone (Table 1). To 
determine whether the increased zinc 

accumulation mediated by the hormone 
required protein synthesis rather than 
an activation of a preexisting precursor, 
cycloheximide (1.0 jtg/ml) was given 
at various times after addition of pred- 
nisolone (Fig. 1). This drug completely 
blocked the increased uptake of zinc 
even when it was added as much as 5 
to 6 hours after addition of the hor- 
mone. If cycloheximide was added after 
enhanced zinc uptake became apparent, 
the inhibitor blocked further increase in 
zinc accumulation (Fig. 1). Cyclohex- 
imide concentrations of 1.0 jg per mil- 
liliter used in these experiments, inhibit 
incorporation of radioactive leucine by 
approximately 85 to 95 percent (Table 
1). 

In animals, hormones increase the 

Table 2. Enhancement of zinc-65 uptake after removal of inhibitor of protein synthesis from 
hormone-treated cultures. The experiment was carried out in two steps. In the initial step, 
HeLa S8 cells were incubated during the first 16 hours in medium with or without added 
prednisolone (P), cycloheximide (C), or actinomycin D (A). In the second step cells were 
washed and then incubated for the next 6 hours (16 to 22) in medium with or without 
added prednisolone or inhibitors. Values are the averages and ranges of duplicate assays. 
Cultures were then incubated for 3 hours with 2.3 Ac of zinc-65 per milliliter before they 
were harvested. 

First step (ug/ml) Second step (Ag/ml) Zinc-65 uptake 
(103 count/min 

P C A P C A per mg protein) 

0 0 0 0 0 0 3.2 0.4 

0 1.0 0 0 1.0 0 3.7 ?0.4 

0 1.0 0 0 0 0 3.9 ?0.5 

0 1.0 0 1.5 0 0 4.1 ? 0.3 

1.5 0 0 1.5 0 0 7.9 ? 0.7 

1.5 1.0 0 1.5 1.0 0 3.4 0.2 

1.5 1.0 0 1.5 0 0 6.6 0.4 

1.5 1.0 0 0 0 0 6.4 0.8 

1.5 1.0 0 0 0 0.1 6.0 0.2 

1.5 1.0 0.1 1.5 0 0 3.5 0.6 
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ever, the findings in Table 2 provide 
el 

"^ -- _W 
support that RNA is a necessary inter- 
mediate for enhanced uptake of zinc, 
since in the presence of the steroid and 
when protein synthesis is blocked by cy- 
cloheximide the cells accumulate an in- 
termediate (mRNA) which can express 
itself after the inhibitor is removed by 

._i .~washing (9). The enhanced accumula- 
tion of zinc occurs rapidly when the in- 

....4 30 hibition of protein synthesis is relieved 
without the usual 8- to 12-hour lag. 
Further support for the conclusion that 

de and acti- hormone-mediated RNA synthesis is re- 
L1 suspension 
th and with- quired for enhanced uptake of zinc is 
,ne and the shown in Table 2. (i) The hormone must 

hour. Zinc- be present during the period of incuba- 
number of tion with the inhibitor of protein syn- 

ler milligram thesis, since incubation with cyclohexi- Ils were in- 
lc of ereZn mide alone produces no significant in- 
To addition; crease in zinc uptake after the inhibitor 
.5 ug/ml); is removed. (ii) Although the hormone 
I.-0 g/ml); must be present during the incubation 
/~g/ml) and 

,g/ml) a.d with cvcloheximide, after removal of 
i --, ac- the inhibitor enhanced zinc uptake oc- 
id predniso- curs with or without further addition of 
- El, predni- hormone. (iii) Addition of actinomvcin 

et che 
time D after removal of cycloheximide from cyclohexi- 

hormone-treated cultures does not pre- 
vent the rapid increase in zinc accumu- 
lation, an indication that during the re- 

n target or- incubation period RNA synthesis is not 
of synthesis required for enhanced zinc uptake to 
d by the in- occur. (iv) If actinomycin D is present 

precursors with the cycloheximide during the ini- 
NA synthe- tial incubation with hormone the in- 
cells during creased zinc uptake is completely in- 
Dle 1); sim- hibited. 
ulture stud- The mechanisms responsible for en- 
7). Despite hanced zinc uptake mediated by adrenal 
es in RNA glucocorticoid hormones are not known. 
during in- The results indicate that prednisolone 
uptake by does not modify directly preexisting cell 

libitors sug- membranes so as to increase selectively 
-equired for zinc accumulation, nor does it activate 
Actinomy- a precursor of the transport or binding 
the pred- molecules. Moreover, the hormone does 

in zinc ac- not stimulate a general increase in RNA 
his concen- and protein synthesis, although the ef- 
incorpora- fects on zinc uptake do require RNA 
85 percent and protein synthesis. Our findings are 

)ss changes consistent with the accumulation of an 
erved after intermediate, presumably mRNA, which 
he presence when translated specifies a mechanism 
Lctinomycin for increased uptake of zinc. 
accumula- Several steroid hormones are believed 
protein or to exert their effects on RNA synthesis. 

Iced uptake Aldosterone appears to act by inducing 
de novo synthesis of proteins necessary 

low con- for enhanced sodium transport (10). 
when used Evidence has been obtained to show that 
; therefore, estrogen acts on the vagina and the 
libitor can- uterus (11) and that testosterone acts 
ence. How- on the testis by stimulating protein syn- 

thesis via an effect on nuclear synthesis 
of RNA (12). Experiments on uptake 
of zinc in cultured cells are similar to 
those reported by Tomkins and his col- 
laborators on adrenal glucocorticoid 
hormone induction of tyrosine amino- 
transferase in Morris rat hepatoma cells 
in cultures (7). The induction of this 
enzyme in this cell line is due to the 
increased synthesis and accumulation 
of enzyme protein. The synthesis of 
the enzyme requires RNA synthesis and 
the tyrosine aminotransferase mRNA 
can accumulate in steroid-treated cells 
in the absence of protein synthesis (13). 
Hydrocortisone induction of glutamine 
synthetase in chick embryo retina also 
can stimulate the accumulation of en- 
zyme-specific mRNA in the absence of 
protein synthesis (14). The marked simi- 
larity between experiments on hydro- 
cortisone induction of enzymes in cell 
culture and the steroid's effects on zinc 
uptake in HeLa S3 cells suggests that in 
mammalian cells the hormonal control 
of enzyme activities and regulation of 
concentrations of certain intracellular 
ions may be determined by similar 
mechanisms. 

RODY P. Cox 
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New York University School of 
Medicine, New York 10016 
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birds, and reduced eggshell thickness. 

Marked declines in populations and 
reproductive success of several species 
of North American and European 
raptors have occurred during the past 
two decades (1-3). These declines have 
been attributed to effects of organo- 
chlorine insecticides which these birds 
obtained from their food and accumu- 
lated in their tissues (1, 3-5). Repro- 
ductive failures of some species were 
associated with significant decreases in 
eggshell thickness (6, 7) and, especially 
in British species, with marked increase 
in frequency of egg-eating and of egg 
breakage in the nests (5, 8). These 
changes were ascribed to alterations in 
calcium metabolism of adult birds (7). 

We have investigated effects of two 
sublethal dietary levels of DDT and 
dieldrin (9), in combination, on repro- 
ductive success of captive American 
sparrow hawks Falco sparverius and the 
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influence of these chemicals on egg- 
shell thickness. 

The sparrow hawk was selected be- 
cause it had been bred successfully in 
captivity on a limited scale (10), was 
relatively abundant, was easily handled 
and sexed, and was closely related to 
the peregrine falcon F. peregrinus, a 
declining species of raptor (1). 

The principal experimental group 
consisted of 27 pairs of hawks, all ob- 
tained as fledglings in the summer of 
1964 from the Northeast and main- 
tained as pairs since early in 1965. 
Nine pairs of these birds were random- 
ly assigned to each of three treatments 
-control, low dosage, and high dosage 
(11). An additional group of nine pairs 
of hawks that had a heterogeneous his- 
tory and were housed at a different lo- 
cation were randomly assigned, three 
pairs each, to the same treatments as 
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the principal group. Females of this 
latter group were birds caught from the 
wild in Florida in the winter of 1965- 
66; males were produced by the parent 
colony in 1965 before dosage began 
on 11 March 1966. 

Low dosage represented amounts 
equal to residues often found in raptor 
food items in the field (12). High 
dosage was calculated to be just short 
of lethal to adults and it was equiva- 
lent to that obtainable in the field, at 
least in some areas containing prey 
items with unusually high pesticide res- 
idues (13). 

Birds of both sexes were carried over 
from one year of the experiment to 
the next. Females that died during the 
experiment were not replaced. Males 
that died during the experiment were 
replaced at the onset of each repro- 
ductive season. Dosed males that died 
were replaced with males of the same 
treatment when available; otherwise, 
they were replaced with nondosed 
males. 

In 1968, reproduction of first-genera- 
tion (yearling) hawks was investigated. 
These hawks were produced by the 
experimental colony in 1967 and were 
retained on the same diet as their par- 
ents. The 24 pairs of hawks used in 
this experiment were selected on the 
basis of body condition. In pairing 
them, the heaviest females were mated 
with the heaviest males to insure suc- 
cessful pairing. Siblings were not paired 
with each other. Dosages were randomly 
assigned to pens. In respect to age and 
history of pesticide exposure, yearling 
hawks were our most homogeneous 
group. 
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Table 1. Reproductive success of treated sparrow hawks. Data were analyzed by chi-square 
Abbreviations: C, control; L, low dosage; H, high dosage (11). 
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and presented as numbers of birds or eggs. and presented as numbers of birds or eggs. 

Parental group 

Northeastern females Florida females Yearling group 1968 
Category 

1967 1968 1967 1968 

C L H C L H C L H C L H C L H 

Pairs (clutches) 8 8 7 8 8 7 2 3 3 2 2 3 8 8 8 
Eggs laid 40 40 33 39 40 32 10 14 13 10 10 13 41 33 42 

Eggs taken for study 0 0 0 8 8 7 0 0 0 2 2 3 8 6 8 
Eggs incubated 40 40 33 31 32 25 10 14 13 8 8 10 33 27 34 

Eggs disappeared* 1 7t 9t 2 8t 10t 0 2 2 0 0 0 7t 4t 
Eggs remaining 39 33 24 29 24 15 10 12 11 8 8 10 33 20 30 

Infertile eggs$ 1 0 3 1 2 2 0 1 3 1 0 0 2 1 2 
Dead embryos 6 9 2 13 6 3 0 2 0 2 5 6 3 0 9? 

Eggs hatched 
of eggs incubated 32 2411 19t 15 16 10 10 9t 8t 5 3 4 28 19 19t 

Young fledged 
of eggs incubated 30 22? 18? 13 13 4? 7 8 7 4 3 4 28 19 13? 
of eggs hatched 30 22 18 13 13 4? 7 8 7 4 3 4 28 19 13? 

* May include disappearance of some young early in the post-hatching period. t Significant difference between dosed group and controls at P < .05. 
$ Refers to eggs without obvious embryonic development. ? Significant difference between dosed group and controls and also from other dosed group at P < .05. I Significant difference between dosed group and controls at P ; .06. T Significant difference between dosed group and controls at P F .07. 
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Dieldrin and DDT: Effects on 

Sparrow Hawk Eggshells and Reproduction 

Abstract. Patterns of reproductive failure in declining populations of several 
European and North American raptorial species were duplicated experimentally 
with captive American sparrow hawks Falco sparverius that were given a diet 
containing two commonly used organochlorine insecticides. Major effects on re- 
production were increased egg disappearance, increased egg destruction by parent 
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