
Table 5. Cell dimensions of magadiite, kenyaite, SH, and keatite, assuming tetragonal symmetry. 

Dimensions Magadiite* Kenyaite* SH* Keatitet 

a, A 12.620 4- 0.020 12.810?- 0.054 13.0004- 0.032 7.456 
c, A 15.573 - 0.079 19.875 ? 0.094 13.678 i 0.029 8.604 
V,Aa 2480.24- 12.81 3261.5 ? 27.49 2311.4? 10.73 478.3 

* Data from Tables 2-4. t Data from Shropshire et al. (3). 
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months does not change the x-ray pat- 
tern of either mineral. Hence the H20 
from H20- must not occupy struc- 
turally sensitive positions. Baker et al. 
(6) in their study of the system Na20 - 

SiO2 - H20 synthesized the compound 
3Na20' 13SiO2 1 1H20, but they did not 
investigate the compositional range in 
which magadiite and kenyaite occur. 

The geologic implications of the 
magadiite deposit at Lake Magadi are 
considerable. Because of its chemical 
composition and its stratigraphic per- 
sistence, (it probably covers over 50 
square miles-or 130 km2), the maga- 
diite layer most likely represents a 
chemical precipitate from alkaline 
brines of the precursor of Lake Magadi. 
Jones et al. (7) found that present-day 
Magadi brines contain as much as 
1450 parts per million SiO2. Dilution 
of such brines by fresh water could 
precipitate magadiite and the fine lam- 
ination may represent annual incre- 
ments of deposition. During subsequent 
burial, magadiite remains stable, par- 
ticularly in the presence of alkaline 
pore fluids. The formation of kenyaite 
nodules in the magadiite bed is prob- 
ably due to a gradual removal of 
sodium by percolating waters. The 
presence of laminated chert in the 
center of the larger nodules indicates 
that this process continues and may 
eventually lead to the complete con- 
version of the magadiite bed to kenyaite 
and then to a chert bed, still preserving 
the laminations of the original deposit. 
SH is not formed in the process be- 
cause of the high pH values involved. 
I have outlined a mechanism for the 
formation of laminated chert deposits 
in the absence of organic activity. 
Govett (8) has recently summarized 
evidence with respect to the depositional 
environment of the Precambrian iron 
formations and has concluded that a 
lacustrine environment is most prob- 
able. The mechanism proposed here for 
the formation of the chert beds can be 
extended to include the iron-rich bands. 
In sodium carbonate lakes silica would 
be precipitated and iron would be stored 
in solution during the lower-pH, dilute 
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stage, whereas iron would be precipi- 
tated and silica stored in the brines 
during the dryer, high-pH stages. The 
alternation would then simply be gov- 
erned by rainfall and evaporation. We 
do not yet fully understand why alka- 
line lakes form (9), but we know that 
the Na/Ca, C02/Cl, and C02/SO4 
ratios of the inflow waters must be 
comparatively high. If sodium carbon- 
ate species are the main constituents in 
the closed-basin waters, evaporative 
concentration will cause a rise in pH 
well above 9 and as high as 11 (7). 
Volcanic and igneous terranes are the 
most obvious sources for such inflow 
waters, and in fact most alkaline lakes, 
including Lake Magadi, lie in volcanic 
terranes. Extensive volcanic terranes 
were probably much more abundant 
during Precambrian times, and we may 
postulate that many lacustrine basins 
then were of the sodium-carbonate- 
bicarbonate rather than the sodium- 
chloride type. This provides a simple 
explanation for the great preponderance 
of banded iron formations during the 
Precambrian. 

HANS P. E.UGSTER 
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Baltimore, Maryland 21218 
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Lysosomal Enzyme Inhibition by 
Trypan Blue: A Theory of 
Teratogenesis 

Abstract. A mechanism of mammali- 
an teratogenesis involving inhibition of 
embryotrophic nutrition is suggested 
and exemplified by the action of trypan 
blue on pregnant rats. There is evidence 
for the localization of trypan blue in 
heterolysosomes of the epithelium of 
the visceral yolk sac, and our experi- 
ments indicate that the dye is an in- 
hibitor of a selection of hydrolytic en- 
zymes present in lysosomal fractions 
from homogenates of rat visceral yolk 
sac. It seems likely that trypan blue in- 
hibits the intracellular digestion of em- 
bryotroph by the visceral yolk-sac epi- 
thelium; the conceptus may therefore 
be deprived of essential nutrients at 
critical stages of development. 

Agents which cause congenital mal- 
formations in mammalia must owe their 
activity to an effect upon the embryo, 
the mother, or the site of exchange be- 
tween mother and fetus. Investigations 
of teratogenic mechanisms must there- 
fore be concerned with the identifica- 
tion of both the target organ and the 
particular injury which it receives. For 
the majority of teratogens neither of 
these problems has been resolved, and 
in some cases the possibility that drug 
metabolism takes place renders the 
identity of the active material uncer- 
tain. 

Certain features of the teratogenic 
activity of trypan blue and related 
bisazo dyes suggest that in rodents the 
site of their action is the visceral yolk- 
sac endoderm. Of the available evi- 
dence, reviewed elsewhere (1), the fol- 
lowing relevant observations may be 
cited. Action of trypan blue on the 
embryo seems unlikely since there is no 
evidence to suggest that the dye is 
metabolized and since most authors 
agree that it cannot be demonstrated in 
embryonic tissues after administration 
of a teratogenic dose to the mother (2). 
An indirect action of the dye, mediated 
by changes in maternal metabolism, is 
rendered less plausible by the well-doc- 
umented teratogenic effect of these 
dyes on chick eggs (3, 4). The yolk- 
sac endoderm in rodents and chicks ac- 
tively accumulates trypan blue in large 
quantities and is the only fetal mem- 

Lysosomal Enzyme Inhibition by 
Trypan Blue: A Theory of 
Teratogenesis 

Abstract. A mechanism of mammali- 
an teratogenesis involving inhibition of 
embryotrophic nutrition is suggested 
and exemplified by the action of trypan 
blue on pregnant rats. There is evidence 
for the localization of trypan blue in 
heterolysosomes of the epithelium of 
the visceral yolk sac, and our experi- 
ments indicate that the dye is an in- 
hibitor of a selection of hydrolytic en- 
zymes present in lysosomal fractions 
from homogenates of rat visceral yolk 
sac. It seems likely that trypan blue in- 
hibits the intracellular digestion of em- 
bryotroph by the visceral yolk-sac epi- 
thelium; the conceptus may therefore 
be deprived of essential nutrients at 
critical stages of development. 

Agents which cause congenital mal- 
formations in mammalia must owe their 
activity to an effect upon the embryo, 
the mother, or the site of exchange be- 
tween mother and fetus. Investigations 
of teratogenic mechanisms must there- 
fore be concerned with the identifica- 
tion of both the target organ and the 
particular injury which it receives. For 
the majority of teratogens neither of 
these problems has been resolved, and 
in some cases the possibility that drug 
metabolism takes place renders the 
identity of the active material uncer- 
tain. 

Certain features of the teratogenic 
activity of trypan blue and related 
bisazo dyes suggest that in rodents the 
site of their action is the visceral yolk- 
sac endoderm. Of the available evi- 
dence, reviewed elsewhere (1), the fol- 
lowing relevant observations may be 
cited. Action of trypan blue on the 
embryo seems unlikely since there is no 
evidence to suggest that the dye is 
metabolized and since most authors 
agree that it cannot be demonstrated in 
embryonic tissues after administration 
of a teratogenic dose to the mother (2). 
An indirect action of the dye, mediated 
by changes in maternal metabolism, is 
rendered less plausible by the well-doc- 
umented teratogenic effect of these 
dyes on chick eggs (3, 4). The yolk- 
sac endoderm in rodents and chicks ac- 
tively accumulates trypan blue in large 
quantities and is the only fetal mem- 
brane which does so (5, 6). In the rat, 
cessation of the teratogenic effect of 
trypan blue (7) coincides with the es- 

SCIENCE, VOL. 157 

brane which does so (5, 6). In the rat, 
cessation of the teratogenic effect of 
trypan blue (7) coincides with the es- 

SCIENCE, VOL. 157 



tablishment of a functional chorioallan- 
toic placenta; from this time the embryo 
is no longer dependent upon the yolk 
sac for its nutritional requirements. In 
the chick, where the yolk sac continues 
to serve as the principal organ of nutri- 
tion, no sharp cessation of activity oc- 
curs, and one can produce defects [for 
example, of the limbs (3)] characteristic 
of later developmental stages. 

Since its endodermal cells absorb 
and degrade embryotroph (6, 8, 9), the 
yolk sac in both birds and rodents is an 
organ of nutrition. Macromolecules are 
taken into these cells by endocytosis 
and come to lie in vacuoles (heteropha- 
gosomes) demonstrable by both light 
and electron microscopy; these struc- 
tures become associated with hydrolytic 
enzymes to form composite digestive 
organelles (heterolysosomes) within 
which hydrolysis -of ingested material 
presumably takes place (6, 9). We have 
treated rats with trypan blue and dem- 
onstrated that the dye is taken up to- 
gether with embryotroph and eventually 
comes to lie with it in these digestive 
vacuoles (Fig. 1). The dye has been seen 
in similar organelles within the proxi- 
mal kidney tubules of treated rats 
(10). 

When the activities of a selection of 
lysosomal enzymes were tested in the 
presence of trypan blue, considerable 
inhibition was observed. Visceral yolk 
sacs from near-term rat conceptuses 
were homogenized in 0.25M sucrose 

with a Teflon-on-glass homogenizer. A 
fraction rich in lysosomal enzymes was 
prepared by centrifugation (16,300g 
for 20 minutes) of the supernatant of 
a homogenate previously centrifuged at 
3300g for 10 minutes. Figure 2 shows 
the reduction in activities of acid phos- 
phatase, p-glucuronidase, ribonuclease, 
and deoxyribonuclease in this fraction 
in the presence of various concentra- 
tions of trypan blue; acid protease, as- 
sayed by a modification of Anson's 
(15) method, was also inhibited, but 
only at concentrations of dye above 1 
mg/ml. Similar results have been ob- 
tained with lysosomal fractions pre- 
pared from rat liver (16), and it has 
been further observed that addition of 
protein to the assay mixture reduces the 
degree of inhibition caused by trypan 
blue. This may account for the high 
concentration of trypan blue needed to 
inhibit acid protease, for the substrate 
of this enzyme is itself a protein. The 
effect of protein is also relevant to the 
question of whether trypan blue could 
inhibit lysosomal enzymes in vivo, since 
the dye almost certainly enters cells in 
combination with protein and since no 
inhibition would take place until it had 
been removed and inhibitory concentra- 
tions of free dye had been reached. 
However, since lysosomes contain pro- 
teases and there is electron-microscopic 
evidence for a concentration of the dye 
as phagosomes pass more deeply into 
the cell, these inhibitory concentrations 

Fig. 1. Supranuclear region of a visceral yolk-sac epithelial cell from a rat treated 
with trypan blue (75 mg/kg) 24 hours previously. Concentrated granules of dye are 
confined to deep digestive vacuoles (heterolysosomes) lying near the nucleus. 
8 SEPTEMBER 1967 
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Fig. 2. Inhibition of five lysosomal en- 
zymes of rat yolk sac by trypan blue. 
Acid phosphatase was assayed at pH 
4.0 with 10-"M p-nitrophenyl phosphate 
used as substrate (11); the lysosomal prep- 
aration was previously incubated for 10 
minutes to inactivate microsomal phos- 
phatases (12). p-Glucuronidase was as- 
sayed at pH 5.0 with 1.25 X 10-3M phe- 
nolphthalein mono-D-glucuronide used as 
substrate (13). Ribonuclease was assayed 
at pH 5.0 with ribonucleic acid used (1.5 
mg/ml) as substrate (14). Deoxyribo- 
nuclease was assayed at pH 5.0 with de- 
oxyribonucleic acid (1.5 mg/ml) used as 
substrate (14). 

of free trypan blue are likely to be at- 
tained. 

Morphological evidence for a locali- 
zation of injected trypan 'blue in the di- 

gestive vacuoles of the yolk sac, together 
with the biochemical demonstration of 

enzyme inhibition in vitro, suggests that 
the intracellular digestive function of 
this fetal membrane will be deranged 
by the dye, with consequent impairment 
of embryonic nutrition. Histochemical 
observations of Nebel and Hamburgh 
(17) support this hypothesis. Such a 
disturbance of yolk-sac function by 
the dye may be evanescent since cellu- 
lar regulatory mechanisms might be 

expected to make good any deficiency, 
possibly by an increased production of 
lysosomal enzymes. In fact, certain tera- 

togens are active when applied for very 
short periods (18, 19) and such ef- 
fect may also operate for bisazo dyes. 
No information concerning the precise 
nature of the nutritional deficiency 
caused by administration of trypan 
blue is available; this may be a specific 
factor necessary for normal embryo- 
genesis, but a more general nutritional 
lack might also be expected to result 
in a characteristic pattern of malforma- 
tions, depending upon the developmen- 
tal stage at which it is operative. 

The suggestion that inhibition of em- 
bryotrophic nutrition may result in 
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the production of congenital deformi- 
ties is widely applicable. Though this 
communication is principally concerned 
with teratogenesis induced by trypan 
blue, it is probable that a variety of ex- 
ogenous and endogenous inhibitors of 
enzymes could find their way into the 
digestive vacuoles of the fetal mem- 
branes and exert a similar action. In the 
rat, digestion of histiotroph is carried 
out by the visceral yolk-sac endoderm, 
but in many mammals, including man, 
this function is largely served by other 
extraembryonic membranes. Perversion 
of embryonic nutrition by inhibition 
of enzymes within lysosomes may there- 
fore involve a variety of placental tis- 
sues in various species. 

F. BECK 
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Photoperiodic effects on organisms 
are of necessity based on the ability 
to distinguish one naturally occurring 
day length from another and to this 
extent imply the existence of a bio- 
logical time-measuring system. The hy- 
pothesis that the photoperiodic efficien- 
cy of any given light-dark cycle de- 
pends primarily on which portion of an 
underlying circadian sensitivity rhythm 
is illuminated was first developed by 
Biinning (1). The major feature of this 
hypothesis is the assumption of the 
existence of such a circadian rhythm 
of sensitivity to the inductive effects 
of light. The circadian clock, which 
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controls many biological rhythms (for 
example, activity), is assumed also 
to control the rhythm of photoperiod 
sensitivity. There is by now a body of 
data which is consistent with this 
hypothesis. Many of these data are 
more or less inconsistent with the some- 
what vague alternative hypotheses which 
have in common conceptualization of 
the photoperiodic time-measuring sys- 
tem as an hourglass which times the 
length of the dark period (2). How- 
ever, there are in the literature very 
few direct and critical tests of Biinning's 
hypothesis (3, 4). 

The difficulty in testing the Biinning 
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hypothesis arises from its prediction 
that light will have a dual action in 
photoperiodic systems (3). In addition 
to its inductive effect (for example, on 
flower formation or gonadal develop- 
ment) light, according to this hypoth- 
esis, must affect the phase of the 
underlying sensitivity rhythm because 
this rhythm is coupled to the circadian 
clock. This means that different light 
regimens will "position" the sensitivity 
rhythm differently with respect to the 
light portion of the cycle. Unless one 
knows the effect of a light regimen on 
the phase of the sensitivity rhythm, one 
does not know which portion of the 
rhythm is being illuminated and thus 
cannot predict the inductive effect of 
the regimen. Therefore, a meaningful 
test of Biinning's hypothesis is impos- 
sible without information concerning 
both effects of light. Assays of induc- 
tion abound, but the sensitivity rhythm 
by its nature cannot be assayed inde- 
pendent of induction. The best one can 
do is to use some readily measurable 
overt circadian rhythm (such as loco- 
motor activity) and make the assump. 
tion that both it and the sensitivity 
rhythm are controlled by the same un- 
derlying timing mechanism. Further, 
one must assume that these rhythms 
maintain a fixed relationship to one 
another. The behavior of the measured 
rhythm can then be taken to reflect 
the behavior of the hypothesized rhythm 
of sensitivity to photoperiodic stimuli. 
The number of cases in which a "test" 
of the Biinning hypothesis has included 
measurement of such an overt rhythm 
remains very small, and, as a result, 
much of the published discussion of 
this hypothesis is based on, at best, 
circumstantial evidence. 

If some way could be found to 
separate the two actions of light (for 
example, discover a light signal which 
would be photoperiodically inductive 
but which would not affect the phase 
of a measured overt rhythm), various 
critical tests of the Biinning hypothesis 
would be possible. One such test arises 
from the prediction that for "long day" 
responses a single, very short daily light 
pulse would be inductive if it could 
be positioned so as to illuminate the 
appropriate portion of the sensitivity 
curve. 

Using the house sparrow Passer 
domesticus we have made an effective, 

hypothesis arises from its prediction 
that light will have a dual action in 
photoperiodic systems (3). In addition 
to its inductive effect (for example, on 
flower formation or gonadal develop- 
ment) light, according to this hypoth- 
esis, must affect the phase of the 
underlying sensitivity rhythm because 
this rhythm is coupled to the circadian 
clock. This means that different light 
regimens will "position" the sensitivity 
rhythm differently with respect to the 
light portion of the cycle. Unless one 
knows the effect of a light regimen on 
the phase of the sensitivity rhythm, one 
does not know which portion of the 
rhythm is being illuminated and thus 
cannot predict the inductive effect of 
the regimen. Therefore, a meaningful 
test of Biinning's hypothesis is impos- 
sible without information concerning 
both effects of light. Assays of induc- 
tion abound, but the sensitivity rhythm 
by its nature cannot be assayed inde- 
pendent of induction. The best one can 
do is to use some readily measurable 
overt circadian rhythm (such as loco- 
motor activity) and make the assump. 
tion that both it and the sensitivity 
rhythm are controlled by the same un- 
derlying timing mechanism. Further, 
one must assume that these rhythms 
maintain a fixed relationship to one 
another. The behavior of the measured 
rhythm can then be taken to reflect 
the behavior of the hypothesized rhythm 
of sensitivity to photoperiodic stimuli. 
The number of cases in which a "test" 
of the Biinning hypothesis has included 
measurement of such an overt rhythm 
remains very small, and, as a result, 
much of the published discussion of 
this hypothesis is based on, at best, 
circumstantial evidence. 

If some way could be found to 
separate the two actions of light (for 
example, discover a light signal which 
would be photoperiodically inductive 
but which would not affect the phase 
of a measured overt rhythm), various 
critical tests of the Biinning hypothesis 
would be possible. One such test arises 
from the prediction that for "long day" 
responses a single, very short daily light 
pulse would be inductive if it could 
be positioned so as to illuminate the 
appropriate portion of the sensitivity 
curve. 

Using the house sparrow Passer 
domesticus we have made an effective, 
though far from absolute, separation 
of the two actions of light and have 
used this separation in a critical test 
of the hypothesis. The feasibility of 

SCIENCE, VOL. 157 

though far from absolute, separation 
of the two actions of light and have 
used this separation in a critical test 
of the hypothesis. The feasibility of 

SCIENCE, VOL. 157 

Circadian Clock in Photoperiodic Time Measurement: 

A Test of the Bunning Hypothesis 

Abstract. A technique has been developed for effectively separating the direct 
inductive effect of a light signal from its effect on the phase of the rhythm of 
sensitivity to photoperiodic induction. With this technique it has been shown 
that a 75-minute pulse of light per day, when appropriately positioned with 
respect to the circadian activity cycle of the sparrow Passer domesticus, is suf- 
ficient to produce a response normally produced only by long days. The results 
cannot be interpreted in terms of a requirement of an absolute amount of either 
darkness or light and offer strong confirmation of Biinning's hypothesis concerning 
the mechanism of photoperiodic time measurement. 
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