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THE RISING RATE oFr RESPIRATIOHYIN DEVELOPING EGGS
Te Introduction

In all animal eggs‘in which the respiration at early
developmental stages has been studied it has been found that
the rate of oxygen consumption rises as development proceedse
The phénomenon of the rising rate is characteristic of that
part of the development which includes cleavage stages, gas-
trulation, and earlj differentiations During this period
there 1s practically no change In mass. Nothing is taken in
from the outslde in the case of marine eggs except water,
inorganic salts and oxygen; water and oxygen in fresh-water
eggss and only oxygen in terrestrial eggs. During the suc-
ceeding stages of develoovment, which for many animals may be
designated as the larval period, the rate of respiration, in-
gofar as it has been studied, does not exhibit any special
character, but may rise, fall, or remain constant, or, in some
cases, alternately rise and fall, For this reason, a rising
rate of resgpiration is observable only in those forms where
the eggs can be studied shortly after fértilizatione Where
only relatively late stages are obtainable this phenomenon
cannot always be demonstrated. Thus, in the chick, first
studied by Hasselbalch (1900), the rate of respiration per
unit mass of embryo drops throughout the period of incubation.
As is well knoﬂn, the chick egg undergoes considerable develop-
ment in its passage down the oviduet of the hen, having already
completed gastrulation at the time of laying. Similarly,

the rate of oxygen consumption of the eggs of Ascaris was found
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by Fauré~-Fremiet (1913) to decrease slowly from the 24th hour
of deve'lopment on, The respiration at earlier stages was not
reported.

The rising rate of respiration has been demonstrated
in the eggs of a wide diversity of forms. Among the earliest
“work waé that of Godlewski (1900) who reported an increasing
respiratory rate in developing amphibian eggs. In 1908, Warburg
showed that the respifatory rate of sea urchin eggs slowly roae
during early cleavage; his data stop at the 32-cell stagé. In
the same year, Buglia reported an increasing rate in the eggs
of the sea-hare, Aplysia. UNone of these early measurements
were very accurate, however, gnd could only serve to indicate
the general trend of the respirations In 1915, Warburg applled
the Barcroft manometric technique to eggs, thus enabling for the
first time gas exchange measurements to be made at short inter-
vals of time. In his 1915 paper, Warburg repeated his carlier
work on the sea urchin, verifying his previous finding and ex-
tending the measurements ag far as gastrulation (the 24th hour
after fertilization), His data show that the rate of oxygen
congumption rises in an almost linear fashion from the one-cell
stage to the gastrula. The total increase over the whole period
wag almost 400 percent, The manometric technique has since come
into almost universal applications The rising respiratory rate
was rirst shown in fish by Hyman (1921), working with Fundulus:
in insects by Fink (1925); in Chaetopterus by Whitaker (1933) 3
in Ciona, bendraster, Strongylocentrotus, and Urechis by Tyler

and Humason (1937)., These results have been verified by a
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numbervof'other workers., Irregularifies in the rate have been
found in fish and insect embryos, In the former, according to
Hyman (loc. cilte.), the rate‘alternately rises and falls during
development, with peaks at 2, 4, end 10 days after fertilization,
This is confirmed by the recent measurements of Trifonova (1937)
.on thé developing perches In Insects, the respiratory rate drops
during pupation (Fink, locs cits) and during diapause (Bodine,
1929) . |

The present work was undertaken in order to elucidate
tho nature of the respiratory increase and its relationshlp to
developmental processes in the eggs of two marine invertebrateg
~-Urechis caupo and Strongylocentrotus purpuratus. Such a
study 1s of importance in connection with the problem of the
energy changes in development which has been investigated in
recent years principally by Tyler (see review, in press), It
wag first necessary to measure the oxygen consumption over a longer
period than has heretofore been done in these forms, in order to
determine the way In which the rate of respiration varies through-
out development and where, 1f at all, the rate finally ceases %o
Increases In order to determine the nature of the substrate
bprncd at various developmental stages, Lhe resplratory quotient
was measured in Urechis. To examine the relationship of respir-
atlon to synthetic processes the nitrogen metabolism of this fornm
was slgo studied, especially with regard to the possible synthesis
of proteins To investigate the relationship of the rising rate
to incréase in nuclear material, experiments on the effect of

polyspermy were performed, To ascertain its relationship to
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morphoiogical changes, the effect on respiration of reversibly
stopping develooment at a particular stage was studied. To

decide what limits the rate.at different stages, experiments

were performed in which the respiration was stimulated by dinitro-
phenol at variocus times in development. The substrate burned

by thé dinitrophenol~-stimulated respiration was determined,

It will be shown that the changes in the rate of res-
piration which occﬁr as development proceeds bear no immediate
relationship to simultaneously occuring morphological changes,
but can bé related 1h part to changss in the available subastrate
within the egg and in part to changes iIn the respiratory catalysts.
The latter may umean either that new catalysts are synthesized
as development proceseds or that all are preasnt at the start
but must be brought into action by being placed in more favor-
able relatlionship with the substrate. The evidence points %o
the second alternative, Evidence will be presented to indicate
that metabolic changes in the embryo precede the corresponding
morphological changes. The hypothesis will be suggested that
metabolic changes are involved in the process of morphological
determination and that the rising rate of respiration is related
to the increasing spatial differentiation of elements associated

with the process of determination of embryonic partsg.
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IT, Materials

The greater part of the work to be presented was done
with the eggs of Urechis caupo (Fisher and lacGinitie, 1928).
This worm occurs in the mud flats at several places along the
coast of California., The animals used for these experiments were
collected at Anahelm Slough, near Long Beach, Californla and at%
Morro Bay, California, The worms inhabit U-tubes in the mud,
two to three feet deep. These tubes are almost invariably be-
low the average low-tide level, DBecause of this fact, the animals
can be collected only st exceptionally low tides and at certain
times of the year. They are easily kept in the laboratory over
perlods of many months. The usual practise in this laboratory is
to place them in glass tubes on the bottom of aguarium tanks through
which fresh sea water is continuously run. They can be kept for

shorter periods of time (1-2 weeks) in jars of sea water through

which air is constantly bubbled, Males and females are kept in
separate tanks, Under laboratory conditions the animals do not
spawn, so that eggs and sperm can be obtained the year around,
The gea urchin, Strongylocentrotus purpuratus, which
was also used,}was collected from the rocks along the shore at
Corona del Mar, California, The animals spawn intermittently
over a period extending from December to June. At other times
of the year and during the early parts of the iﬁtermspawning
periods they contain no mature germ cells. They can be kept in
the laboratory in tanks with continuously changing sea water.
Where sea water is not availabls they can be maintained for a

short time in the cold, if kept moist. Since a large part of
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the pregent work was done where running sea water wasg not avail-
able, Urechis was used wheérever possible, it belng more easgily

maintained under thegse conditions.

III. General Methods

Handling of the eggs.

The eggs of Urechis are contained in six modified neph-
ridial sacs. They are removed by the insertion of a fim-polnted
plpette into one of the six gonopores. The tension on the sac
forces the eggs into the pipette, Eggs so obtained are placed in
a finger bowl and washed in several changes of filtered sea water.
This 1is accomplished by filling the dish with sea water, allowing
the eggs to gettle, and gsiphoning off the supernatant. Washing
18 necessary in order to remove the slime which oftem comes off
the surface of the animal during the removal of the eggs and the
‘excess jelly which geems to surround theme This material, aside
from being undesirable where respiration meagurements or analyses
are bheing made, often prevents fertilization. After waghing, the
eggs are fertilized with several drops of a dilute sperm suspen-
sion, Sperm is removed from the males in the same manner as
ars the eggs [rom the females, The sperm 1s kept "dry"--l.e.,
undiluted--until ready for use, since sperm suspensions rapildly
lose their fertilizing ability when diluted. Only suspensions
in which at loast 95 porcent of tho eggs were fertilized were used
in the experiments, With Urechis, 100 percent fertilization

l1s eagily obtained, Following fertilization, the eggs are again
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washed several times to remove excess sperm., One of two procedures
is then followed: 1if the eggs are to be used immediately for
resplration or analysis, the? are concentrated by allowing them
to settle in a beaker or a tube which is then made up to the
desired volume, If later developmental stages are required, the
eggs afe partlitioned among a number of finger bowls and allowed
to develop at room temperature until the desired stage is reached.
They are then pipettéd off (if the swimming stages are used only
top-swimmers are taken), waghed again, and concentrated to a
small volume. In the case of gswimming embrycé, the wasghing and
concentrating are done In a pair of No., 3 sintered glass filters,
It was found that the strong swimming movements of the larvae
prevent their being driven down in a centrifuge unless forces are
applied which are sufficient to injure them, Such treatment
results in irreversible deformation of the embryos and weakening,
or loss, of the swimming action.

For the eggs of Strongylocentrotus, the procedurs, with
a few modifications, was the same ag that outlined above, The
animals are opened by cutiting away the lower part of the test with
scigsors along a line about 1 cm. below the egquator. The gonads,
in the case of females, are removed with a spoon or spatula and
placed in a net of fine bolting cloth suspended in sea water.
The eggas extrude from the ovaries and drop through the cloth,
leaving the ovarlan tissue and visceral fragments behind. In the
case of males, the testes are placed in s Syracuse dish contain-
ing a sméll amount of sea water and the sperm diluted up when nesaded,

In culturing sea urchin eggs in large quantities 1t was
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sometimés’found advisable %o égitata'the eggs in order to inaure
a sufficient supply of oxygen. This was accomplished by placing
the culture dishes on a mechanical agitator adjusted so as to
impart just’enough motion to keep the eggs rolling along the
bottom of the disheas.

| In most of the experiments, the final washing of the
eggs was done in buffered, carbonate-free sea water, as describsed
by Tyler and Horowitz (193%), and this was used as the final sus-
pengion medium. Buffered ses water was used in order to eliﬁ%te

changes in pH occasioned by the removal of COg and carbonates

by the alkali in the manometer vessels. Aside from the possibility
that changes in pH might influence the respiration directly,
conastancy of pH was cgpececislly necosgary in %ho dinitrophenol
oxperiments. Tyler and Horowltz (1937 have shown that the ac-
tion of substituted phenols is dependent on the pH of the externsl
mediume

Carbonate~frees sea water is prepared by acidifying =ea
water to pH 245 (6 cc. 1 M HCLl per liter of sea water), This
is then equilibrated with the atmosphere by bubbling air through
it for 24 to 36 hours. To this acidified, equilibrated sea water
analytlcally pure glycylglycine 1s then added to a concentration
of 0,015 M, plus sufficient alkall to bring it to the desired
pH of ca, 8,0. Ag shown by Tyler and Horowitz, glyCylglycine
buffers in the range pH 7.5-8,5 and is non-toxlic to eggs in the
concentration employed.

bThe raliability of respiration data on marine eggs ob-

tained in carbonate-free sea water has recently been questionsed
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by Laser and Rothschild (1939)., These authors report that in
experiments with Psammechinus miliaris eggs the rate of respira-
tion in Warburg vessels Qontéinimg alkali is lower than in vessels
to which alkall has not been added. They ascribe this effect to
an inhibitory action of bicarbonate-lack on the respiration,
resulting from the fact that the alkali, in removing COg from

the suspension medium, displaces the carbonic acid/bicarbonate
equilibrium toward fhe gide of carbonic acid. This finding, if
confirmed, wust result in s radical change 'in the present methods
of conductling resplratlon ex@eriments;' In the vresent work, no
measurements were made in which alkali had been omitted from

the vessels, Since moét of the measurements, however, were madse
in carbonate-free soa wator 1t was deemed advisable %o compars
the respiration of eggs in carbonate-free and in ordinary sea water,
alkali being present in both cases. Thls ig shown in Table I,
Both of these medis are bicarbonate~deficient, in the senge of
TLaser and Rothschild. They differ widely, however, in their
bicarbonate content, sven in the presence of alkali., Whitaker
(1933a) has reported that CQg equilibrium between sea water not
containing eggs and the alkali in Varburg vessels is notbattained
even after 20 hours, (The vessels were shaken for the first

4 hours)s He points out that in the presence of egga the attaln-
ment of equilibrium must be even slower due to the production of
carbon dioxide, and that a steady state in COg exchange may be
reached between eggs, sea water, and alkall, In view of the
variabllity of the eggs themselves, the differences in Tabls I

cannot be regarded as significant, except for the srd snd 4th



Tabls I

Comparison of rates of oxygen consumption in sea water and car-
bonate-free sea water, Values given in mm.9 Op per 105 eggs
per hour, Temperature, 20° C.

Urechils Strongylocentrotus

Hours from COg'” free C03™~ free
fertilization  Se.wel SeWe SeWe SeWs

3 5,61 7465 | 7836 Be 17

4 6.42 819 9.62 9.23

5 8401 Be73 10,44 10,61

6 1la71 | 11,60 11,40 1259

7 16,00 16,14 12,52 13403

8 19,90 19.84

9 2380 2370

1 From Tyler and Horowitz (1938a), corrected to 105 eggs and 20° C,

hours in the case of Urechis. Here the respiration in carbonate-
-free sea water is higher than in ordinary sea water, contrary to
the finding of Laser and Rothschild. To what extent the respira-
tlon would have been altered had no alkali been used carnot be
agtated positively, Nevertheless, it seems extremely likely that
a bicarbonate effect, if such exists, would manifest itsslf in
sugpensions differing so widely in bicarbonate content as %those
presentedvin Table I, The opposite view entaila the assumption
of a high bicarbonate threshold, below which the resoiration is
unaffected by changes in the bicarbonate concentration, and above

which the rate of respfration rapidly increases with inereasing



concentrations, No such threshold,'to the present writer's know-

ledge, has ever been demonstrated.

Manometric

The resviration meagurements were made by the VWarburg
manométric technique. This technique is described in Dixon (1934).
Four types of manometer vessels were used in the experiments
(see Figure 1):

(1)e Large cylindrical Vessels, taking approximately 7 cc,.
of egg suspension and with vessel constants around l.1
were used for ordinary measurements.

(2)e Small cylindrical vessels, described by Tyler (1936)
were uged when only small amounts of msterisl were a-
vailable, These took lel CcCe., with vessel constants
around O.2.

(3)e Conical vessels of the usual type, with one side-arnm,

.

were used in the dinitrophenol experimenits and ir other

Instances where it was desired to add a substance to

the egg suspensilon without interrupting the experiment,

These held approximately 4.5 cc. of suspension, with

vessel constants near l.2,

(4), Conical vessels with two side-arms were used in the measure-
ment of respiratory quotients. Their use will be de-
scribed in connection with the experiments. They took
4 cco of suspension, with vessel constants for oxygen
of ca, 146 and carbon dioxide constants of cas le9.

All meoszurements were made at 20° C, The water bath was kept



FIGURE 1

Types of manometer vessels used in these experiments,
Types 1 and 2 are similar in shape; type 1 is larger
and is without the amall stopcock shown in the daraw~
ings Relative slzes of vessels not as indiecated,

(Vessel 1,2 reproduced from Tyler, 1936a;

3 and 4 from American Instrument Co., Bull-
etin 801.)



constant within 0,01 degree. The rate of shaking of the manometers
wag. varied from 70 to 90 round-trips per minute, depending upon
the silze of the vessels,‘the.concentration of egge, and the nature
of the material, The amplitude of shaking (half arc) was varied
between 2 cme and 4,5 cme It was found, in sgreement with other
workeré, that sea urchin eggs are very sensitive to viclent shak-
ing. The eggs of Urechis, on the other hand, are more resistant
in this as in other respects to experimental treatment, and 1lit-
tle difficulty was found in causing them to develop nofmally in
the manometer vessels, 1In all the experiments, the general prac-
tise was to examine the eggs at the end of the run and to elim-
inate from the calculations those cases where there wag an indicg-
tion of damage to the embryocs due to sghalkting or other factors.

The eggs were distributed to the manometer vessels by
means of automatic, calibrated pipettes. These pipettes can be
filled rapidly to a known volume, thus insuring accurate sampling
of the egg suspension, In an actual test to determine the pi-

petting error the following results were obtained:

Table II

Varisbility in weight of water delivered by auntomstic pilpette
Mo, 3. Temperature, 20° C,

Sample Wte (grams) AV

1 1,080 0.003
2 1080 0.003
3 1,073 0,004
4 1,071 0.006
5 1,079 0,002
6 1.075 0,002
7 1.080 0.003
Mean 1077 0.0033

Mean deviation a 0,306 percent
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After placing the vessels in the bath, a period of
10 to 20 minutes was allowed for equilibration. This is nec-

essary for the attainment ofvtemperature equilibrium and of

COo eguilibrium between the alkali in the vessels and the other

contentsa,

Counting

Counts ofvfhe number of embryos were wmade in most of
the resplration experiments and in the analytical work. This
was done In the followling manner: from the egg suspension to
be pipetted into the vessels, or to be used for analysis, a
sample of known volume was removed and diluted with a known
volume of sea wabter. Successlve allguol porltlons were then
removed from the diluted sample, the embrycs killed by addition
of a drop of Bouin's solution, and counted directly under the
microscope. A pipette drawn out to a fine point was used to
pick the embryos up, one by one, as they were counted. The
average of a number of such counts was taken, and from this the
number of embryos per cc. of the original suspension was cal-
culated. The sampling error involved in this method is concerned
almost entirely with the samples actually counted and is equal
to A m/N , where m is the mean number of eggs per samnle and
N is the number of samples, The percentage error ig equal to
the reciprocal of the sguars root of the total number of eggs

counted.l The error in the sample taken for dilution is neglible, <

1 Given s large population, distributed at random, from which
successive small samples are drawn, the probabllity P, that
a given sample will conbtain exactly n individuals 1s given
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In comparison with the error In the Sample taken for countinge.

Since, on the average, 500 eggs (embryos) were counted in a

by the Poisson (1837) exponential function,

= mil o~l

Pn T
where m 1s the mean number of individuals per sample and e is
the base of natural logarithms. It ls desired to know the stan~-
dard deviation of the mean, 6, of the distribution so obtained.
It can be shown that the second moment about the mean of a Pois-
son distribution is equal to the mean (see Rietz, 1927). Since
the standard deviation is equal to the sguare root of the second

moment, we have
S zzt/m

The standard deviation of the mean is defined by

.Sm =S

NEl

where N 1s the number of samples taken, For a Poisson distribu-
tion, then

g

Cm

The percentage error is

Om
m

£ ./ a/N
m
1

N/ mil

M

|-

where M 1is the total number of individuals counted,

2 This follows from the fact that in the gsample taken for dilu-
tion M is a very large number (of the order of 3 x 104) and
1/4/M 1is therefore very small,
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determination, the sampling error is less than 5 percent.

IV, Rate of Oxygen Consumption During Early Development

of Urechis

Historical

The respiration of the unfertilized egg of Urechis
caupo has been studied by Tyler and Humasson (1957). The rate
of oxygen consumption was found to vary over a wide range, de~
pending upon thé length of time the animals had been kept in

L -

the laboratory an

. - bt IR I 4
uponr the localilt

Ca

hey originated.
The range of variation, as reported by these authors, was from
1,38 mmed Og per hour per mgs. egg N to 5,07 mmed; or, taking

1,40 x 10-5 mge 88 the nitrogen content of one egg (sees Part
VII), from 1493 to 7,08 mmed Og per hour per hundred thousand
eggse In the same paper Tyler and Humason plot the oxygen up-
take of fertilized Urechis eggs for the first 10 hours of devel-
opments It was found that fertilized eggs respired at a constant
value, regardless of the pre~fertllization rate. Thelr curve
shows a rapidly rising rate of oxygen consumption during develop-
ﬁent, the increase amounting to 500 psrcent between the first

and tenth hours, The only other data of a simllar nature to De
found in the literature are in the paper of Tyler and Horowitz
(16388, In this paper the respiration of fertilized Urechis

eggs was plotted for the first 19 hours of development. Two
curves are presented, one for the first 12 hours and one for the

lzth to the.lgth hours inclusive, The two curves are not contin-
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uous, however, since the temperatureé at which the eggs were
reared differ in the two cases., The curves show, however, that
the rate of respiration is still rising rapidly at the 19th
houre

It was desirsble for the present investigation to de-
termihe the oxygen consumption of develcplng Urechis eggs under
congtant condltions and over a longer period of time than that
plbtted in the abo#enmentioned papers. It was of interest to
learn where the rate of oxygen uptake ceased its rapid accel-
eration and to determine the general shape of the curve. More
particularly, it was desired to know whether sharp changes oc~
curred and whether or not these were associated with specific

morphological changes.

Normal development

Fertilization in Urechis has been described by Tyler
(1931)., Cleavage and early development have been investigated
by Tyler (loc. cits) and by Newby (1932). The development is
very much like that of Thalassema (Torrey, 1903), and is sgimilar
to that in annellids. Cleavage 1s of the spiral type. After
cs 8 clea%ages (256~cells) a ciliated blastula is formed which
breaks through the fertilization membrane., The swimming blastula
subgequently invaginates by the inpushing of the cells surround-
Ing the antipole. The blastopore does not form the anal opening,
a8 in echinoderms, but elongates and migrates to the future
Ventral.side of the larva, Here 1t constricts off, leaving an

opening which forms the mouth. The enteric cavity becomes di~
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vided into esophagus, stomach, and intestine by the outgrowth

of layers of cells from the wall of the cavity at about the

24th hour from fertilizatioﬁ (see Figure 2). The anus subse-

guently breaks throughe. Following the 24th hour, the trochophore

larva enlarges and becomes relatively thin-walled (Tyler, 1951).

A summary of the most importsnt stages is vresented in Table III.
Table IITI

Summary of the development of the eggs of Ursechls caupo. Tem~

perature 20° 1° C,

Hrs./min, from

fertilization Stage

0/30 1st polar body

0/50 2nd polar body

1/15 2~cell

1/44 4~-cell From Tyler (1936b)
2/9 8-cell

2/39 16~cell

8/0 Swimming blastula
14/0 Formation of enteron ,

16/0 Formation of mouth and esophagus
24/0 Formation of stomach and intestine

The larval period lasts several months, at least under labors-
tory conditions (MacGinitie, personal communication)., The met-
amorphosis into the adult is very slow. A nine-months old worm,
reared by MacGlnltle, was only 3 mm. in length, but hsd dug s
burrow for 1tself in the mud on the bottom of the dish, similar

to those dug by the adult worms,



Fics. 13-16.

ap, apical plate; bl, anterior portion of original blastopore: ¢xn,

in-

H iﬂ,

enteron

stomach. Normal embryos

nts of preserved specimens.

pr, prototroch; st

wsophagus;
from artificially activated eggs: drawn from total mou

testine; mo, mouth; ce,

Sixteen-hour trochophore.
Fic. 14. Twenty-hour trochophore.
Fi1G. 15. Twenty-four-hour trochophore,
FiG. 16. Forty-eight-hour trochophore.

Fic. 13.

FIGURE 2

1931)

(Reproduced from Tyler,
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Results

The way in which the rate of respiration varies during
the develobment of Urechis is shown in Figure 3. This represents
cu. mme Oo consumed per hundred thousand embryos per hour, plot-
ted against time, the moment of fertilization being taken as
zero., Each poinﬁ is the asverage of 3 to 6 measurements. Figure
4 is the summation of the curve of Figure 3 and shows the total
oxygen consumed by & hundred thousand embryos from the second
hour after fertilizatlon to time t, represented as the abscissa.
The data from which the curves were plotted is to be found in
the Appendix.

Figure 3 is a composite of a number of separate deter-
minatlons made at successiﬁe 1ntervéls along the abscissa. It
is impossible, unless special precautionsg are taken, to extend
resplration measurements over a period longer than 8 to 10 hours
without incurring the danger of significant errors due'to the
- growth of bacteria in the Warburg vessels. This has been clearly
demonstrated by Tyler, Ricci, and Horowltz (1938) in experiments
with unfertilized Arbacila eggs. These authors showed that the
riging rate of oxygen consumptlon exhlbited by unfertilized eggs,
reported by a number of different investigators, was due entirely
bto tho recspiration of bacteria contaminating the vessels. The
disintegration of the eggs provided substrate on which the bac~
teria were able to multiply. Since even with developing eggs
it 18 imposeible to exclude the death of a few of the ombryos
in the course of a run, none of the present measurements were

extended over longer than 8 hours. To obtain later stages, sets
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mms® Oo per 105 eggs

1200

1080

- 960

840

720

600

480

360

240

120

FIGURE 4

Total oxygen consumption of de-~
veleoping eggs of Urechis caupo.,

] i

20 30 :
agqurs fram fortilization




-10~

of eggé were reared as described previously, under identical
conditions, and were then used for respiration measurements.
Care was taken to avoid_inciuding dead sembryos, only top~ swim-
mers being used, The absence of any significant discontinuities
in the resulting data (Figure 3) justifies this procedure.

| The points of Figure 3 fall along a slightly skew
logistic curve, Several investigators have made mathematical
sanalyaeg of oxygen‘consumption curves of developlng embryos
in an attempt to ascertaln the casuse of the rising rate. Bia~-
lagzewicz and Bledowski (1915) found that an empirical eguation

of the type v = kt2 + u fitted their data, where y is the rate

of oxygen consumption of fertilized eggs (frog) at time L from
Tertilization and u is the unfertilized rate., Gray (1925) fit-
‘ted his data for the respiration of the sea urchin, Echinus, with
the functlon y = Aekt, where e is the base of natural logarithms,
More recently, Atlas (1938) has fitled Lhe resplration of two
- gpeclies of frog also with the equation IWEWQQEE; a change of
constants must be made after the 47th hour, After the onset of
rapld growth by the embryo,'Atlas finds that the rate of respira-
tion is fitted by the expression y z AeKL-C, where L is the
length of the embryo,.
In the present instance, the resviration of Urechis

eggs‘could be fitted by a functlon of the type

J = K o 3
1+ keMlt + motl +m3t3

the general egquation for sigmoid curves., Uothing is to be gained

by caleulation of the constants., Except for purposes of accurats



interpolation, the value of empiricai equations for the rats/
time relationship seeme highly questionable. The type of egua-
tion selected to reprasént the data is to a certain extent ar-
bitrary., This is illustrated in the above example, where both

a parabola {Bialaszewilcz and Bledowski) and an exponential func-
tion (Atlas) are taken to depict the respiration of the frog's
egge Thers is, unfortunately, no known objective method for
selecting the best,ﬁype of mathematical expression to fit a

set of data, In addition, it hardly needs emphasis that an
empirical eguatlon repressntlng the mathematical relatlonshlps
of a set of variables does not, of itself, give any insight into
the causes of the vhenomenon under considerations For example,
the curve of Figure 3 is typlecal of monomolecular asutocatalytie
reactions. Following the example of some authors (e.Z., Robert-
son, 1923) one would be forced to conclude that the rate of
respiration of fertilized Urechis eggs is proportional to the
concentration of a certain substance in the eggs which increases
in an autocatalytic manner, Schlenk (1933), as a result of his
studies of the respiraﬁion»df trout eggs, has accepted a similar
idea as a working hypothesis; This view may be correctl, but

in the absence of any Information ol a more direct nature it is
clearly only one of a number of possible hypothesess. Similar

remarks apply to Atlas' suggestion, prompted by the mathematical

1 Warburg (1934) and his coworkers have shown that the rate of
reduction of cytochrome 1in yeast cells eguals the rate of res-
piration, Since the rednetinn nf cytochrome is dependent upon
the presence of hydrogen tramporters [0,g., the yellow enzyme) in
the cell, the S-shaped curve could be explained by the autocat-
alytic growth of one or more hydrogen Uvansporicss.
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relationship of respiratory rate to tall growth (see above),
that the increase in respiratory function is due to the increase
in cell number. It is impoésible, from the mathematical expres-
sion, to determine whether respirstion is dependent on cell
nuhber, or cell number on reapiration. or whether both phenomena
are related through some third factor operating in the organism.
A similar relationship could be drawn from the present data,
Reference to Table.III (pe 14) shows that from the second mat~
uration division on, cell divisions succeed one another at close
to 30-minute intervals. Since the number of cells at a gilven
instant is equal to 28, where g is the number of cell divisions
that have occurred, it follows that the number of cells is an
exponential function of time. As indicated above, the rate of
respiration is also an exponential function of time. By elim-
inating t between the two equations, one obtains an expression
relating respiration to the number of cells, covering'at least
the interval in whlch the rate of division has been determined.
It is obvious, however, that such an expression has no demon=-
strative value.

More significance 1s to be attached to theoretical, as
opposed to empirical, functions for the oxygen consumption data.
If from a set of assumptions an expression can be derived which
éccurately describes the phenomenon under consideration, this
congtitutes evidence for the correctness of the initial assuunp-
tions., They may then be used as a working hypothesis for further
investigation, Such a theoretical constructlon has been attempted

by Gray (1927) to account for the rising rate of resviration in
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Echinus eggss He assumed the respiration to be divided into two
fractions, one associated with the "growing elements" of the
egg and the other with the "non»growing elements," The respira-
tion of the "non-growing" elements remsins constant, whereas
that of the "growing elements" increases proportionally with
the Increase in these elements, From these considerations Gray

obtained the equation R = Pé—Qekt, where R 1is the relative rate

of oxygen consumption at time t from fertilization, P is the
resplration of the "non-growing elements", and Q is the resvira-
tlon of the "growing elements". The equation is satisfactory
only for the first seven hours of development, One must assume,
on the basis of Gray's argument, that after the seventh hour
either the original conditions ceasec to operaste, or new factors
come into playe

More, perhaps, is to be galned by a direct study of
the respiration curve itself, in order to detsrmine whether its
- shape 1g related to stages of morphological development, Thiz,
however, will be deferred until further experiments have besn
described, particularly with regard to the resniratory quotient
and the heat production,

The data of Figure 3 go as far asgs the 27th hour of
developments The respiration after this time was also investigated.
After repeated attempts to measure the oxygen consumption cof
30«40 hour old larvae, hovwever, it became clear that an unknown
factor was disturbing the results. It was impossible %o obtain
reproducible measurements from day to day. The respviration showed

a tendency to be distinctly higher than vreviously, bub wlth



-3

no consistency as to the extent of the increase. This was en-
tirely unexpected, inasmuch as the measurements up to the 30th
hour were readily reproducibie. The suddenness of the break
which seemed to occur at the 27-30th hours of development, beyond
which the extreme variability in the results appesred was espec-~
1811y remarkables. For this reason it seemed likely that the
incongistencies were due not to any inherent variability in the
experimental materiél, but rather to variations in the external
conditions,

It was decided to investigate the possibility that the
larvae normally begin to feed at about the 30th hour., It should
be noted that the intestinal tract of the trochophore is open
and differentiated into esophagus, stomach, and intestine at the
24th hour from fertilization. Feeding might explain the results
obtained, since the bacterial population of the dishes in which
the embryos were reared might vary considerably from déy to day
and from dish to dish, depending upon the number of dead eggs on
the bottom, the length of time of storage of the sea water,
etc. To determine the time at which ingestion beging, embryos
were reared in flagks in whiéh powdered carmine was suspended.
The flasks were immersed in a thermostat kent at 20° C. Under
the miéroscope the larvase are sufficiently transparent to ob-
serve dye onarticlss within the intestine of the lkving form,

It was found that the first embryos began to ingest carmine at
the 27th hour following fertilization, By the 32nd hour the
intestinal tracts in over 80 percent of the embryos were quite

full of the dye particles, The details are listed in Table IV,
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Tavle IV

Percentage of Tirechis smbryos showing carmine in the intestinal

tract at various times from fertiliza
Hrse./min. from
fertilization Pe
27/0
28/0
29/30
33/10
35/30

It was thus established that the time
the raste of oxygen consumption occurs
at which the embryos were observed to

from the environment. There zesms no

tion. Temperature, 20° C,.

rcent
2

10

25

85

90

at which variability in
ig identical with the time
ingest visible particlss

reason to doubt that under

natural conditions the embryos would begin to ingest diatoms

and other microorganismg at the corre
time.

Some evidence of a8 relations

sponding developmental

hip between feeding and

oxygen uptake had been obtained in measurements on trochophores,

It was found in some cases that week-0ld larvae vresented an

abnormal appearance (see Figure 5) in

being somewhat shrunken.

These were interpreted as starved embryvos. lMeasurements of the

larvae respired at a very

low rate, One batch of 115 hour~-old trochophores consumed only

43 mmed of oxygen per 109 larvae per hour, This corresponds to

the respiration of 13 hour-old embryos.

The relationship of oxygen consumptlon to assimilation



FIGURE B

Relative sizes of normal and "starved" em~
bryos. The two trochophores on the right
are shrunken embryos, 80 hours o¢ld, The
one in the lower laft, taken from the same
dish, 1is of pormal siza,
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of food wag finally established in an experlment in which the
embryds were given substances approximating their natural food
and the resniration measured»at the same time. Trochophores
were reared in finger bowls in the usual way, except that special
precautions were taken to keep bacterial growth at a minimum-~-
the sea water was changed daily, dead eggs were removed from

the bottom of the dishes, etc. They were maintalined under these
conditions for a week in order to deplete as far as possible
their own stored food supplye Four hours before the start of
the measurements 15 cces of nutriment in the form of a boiled,
filtered extract of sea urchin eggs was added to half of the
dighes. At the end of the four hours it was observed under the
microacope that the embryos had ingested gquantities of the sug-
pended varticles, The Intestinal tracts of the controls were
for the most part empty. DBoth sets of embryos were then wacshed,
ag described above, and placed in the Warburg vessels, ' The

oxygen consumption is tabulated in Table V. It is seen that

Table V

Effect of feeding on respiration of Urechis larvae. Experimental
set given extract of sea urchin eggs 4 hours before start.
leagurements begun 172 hours after fertilization, Values ex-
pressed as mm.S O per 109 larvae per hour. Temperature, 20° C,

Hours from

fertilization Controls Controls Feeding Feeding
174 2640 ’ 250 45,5 4240
e 36,9 3560 50,3 51e5

the fed trochophores consume, on the average, 54 percent more

oxygen per hour than do the controlse.
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The respliration of polyspermic eggs

In order to teat the often suggested hypothesis that
the increasing rate of oxygeﬁ consumption of developbing eggs is
related to the increase in the amount of nuclear material, it
wag of interest to measure the respiration of polyspermic eggse.
Tyler-and Schultz (1932) have described a method for the artifi-
cial production of pilyspermy in Urechis eggs by means of treat-
ment with acid-sea water. Warburg (1910) made a few measurements
on the respiration of polyspermic sea urchin eggs in order to
dlscover whelher Lhe lncrease ln rate of oxygen consumptlon upon
fertilization was due to the bringing in of respiratory catalysts
by the spermatozoan. He did not describe his method for the
production of polyspermy. The results he obtained showed a
slightly higher rate of respiration in the polyspermic eggs than
in the controls, but Warburg did not consider the difference
significant. It is impossible to tell from Warburg's short
experiment whether the respiration is influenced by the amount -
of nuclear materlal, since even assuming that polyspermic eggs
in the 2~-cell stage resoire at the same rate as monospermic eggs
in the 4=~cell stage, the difference would be too slight to meas-
ure accurately. The differences would become gpparent only
at later stages. Brachet (1%34b) has measured the cxygen con-
sumption of polyspermic frog eggs obtained by treatment with
sodlum lodlde. He found a marked difference 1in the regpiration
of polyspermic and normal eggs, the polyspermic eggs consuming
70 percént more oxygen during the second hour after fertilization

than the controls. After 4-5 hours, however, the rate of oxygen
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consumption was equal in the twolloﬁs. Brachet does not indicate
whether more than two sperms were involved in the polyspermy,
nor whether the polyspermic‘eggs continued to divide after the
gecond houre

To produce polyspermy in Urechis, the eggs were insem-
inatéd, and one minute later HC1l was poured into the suspension
to a concentration of 0,001 M, The eggs remained in this solu~
tion for 25 minuteé, during which time the fertilization process
was reversed without ejection of the sperm, as described by
Tyler and Schultz {loc. cite)s The eggs were then removed to
ordinary sea water and reinseminated; the controls were also
inseminated at this time. In general, 70-90 percent of the eggs
go treated were bispermic, as indicated by cleavage Into 3 or
4 cells at the first division.

The results of the oxygen consumption measurements
for two experiments are shown in Table VI. It can be seen from
the table thét the bispermic eggs respire at a lower rate than
the controls throughout the entire period of the measurements.
Examination of the eggs at the end of the runs showed that in
a1l cages a large percentage (20-70 percent) cf the bispermic
eggs had not clesved, but had developed into unicellular-=~prob-
ahly multinuclear-~swimmers, This, presumably, was a result
of the shaking of the Wérburg vegselss For this reasoh it is
difficult to draw any conclusions from these data regarding the
respiration of polyspermic eggs at later developmental stages.,
The observed lower rate of respiration of the bispermic eggs

at the earlier stages may have been due to the same factors
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Table VI

Oxygen consumpticn of mono~ and bispermic Urechis eggse Values
oxpressed a8 mmed Oo consumed per 105 eggs per houre, Teupera-
ture, 20° C, :

Hburs from Experiment A Experiment B
fertilization Monospermic REigpsrniec Monospermic Bigpermic

3 9.28 7487 9479 7463

4 10,31 Be53 10,05 747

5 11;26 9441 12,06 948

6 13.88 10,87 14,36 | 12.10

7 - 15.22 19,16 15,61

8 20470 17421 2299 18,72

which prevented cleavage. It has been shown by Tyler and Horowitz
(1938a) and by Brachet (1938) that treatments which prevent or
retard the cleavage rate also retard the increase in respiratory
rate., It may, on the other hand, be a direct resultbof poly-
spermy, with the resulting abnormal nucleoplasmatic ratio and
deranged mitotic sctivity, in which cage one would be forced to
conclude that the rising rate of respiration of developing eggs

is not a direct result of the Iincreasing guantity of nuclear ma-
terial, The preszent data are not sufficient to permit an answer

to this problems



“20=
V. The Respiratory Quotient

Introduction

An analysis of the rising rate of oxygen consumption
in eggs would be incomplete without measurements of the carbon
dioxide productione. The ratio of carbon dioxide produced to
oxygen consumed is the so-called respiratory guotient (RaQe) o
From this quantity it 1is possible to make certain important
deductionsg concerning the metabolic processes of the egge The
value of the respiratory quotlent enables a distinction to be
made between respiration ¢oncerned with the combustion of food-
stuffes and "respiration" concerned simply with the addition of
oxygen to substances within the egg; knowing the nitrogen ex~
cretion, it makes it possible to distinguish between the com~
bustlon of carbohydrate, fat, and protein; and, in some casce,
it reveals whether an interconversion of these foodstuffs 1s
occurringe Finally, from the respiratory quotient and the oxy-

‘gen congsumption it is possible to calculate the aerobic heat

production,

Historical

Very little of a reliable nature is known concerning
the ReQ. of marine eggs. ilost of the information to be lound
in the literature was obtained by the use of methods which can-
not be considered as giving more than spproximately correct values,
Since the significance of the R.Qs depends to a large extent on
relatively small differences, no very preclse conclusions can be

drawn from them, Only those values which may be regarded as
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fairly accurate will be considered here. The rest, which are
mogtly of higtorical interest, are adeguately reviewed 1ln Need-
ham's (1931) treatises.

In Warburg's 1915 paper, he reports measuring COg pro-
duction in sea urchin eggs. He found the value of the Re.Q.
to be 0.9 for fertilized eggs. He made no measurements at
later developmental stages. The method nged was similar to that
to be described in ﬁhe next section, except that oxygen consump-
tion and COo production were measured on different sets of eggse.
This introduces s source of error, but Warburg considered the
accuracy of hig results to be within 5 percent. A more serious
criticism lay in his use of a bicarbonate~free salt solution as
the suspension medium, rather than carbonate~free sea waters
The galt solution employed (Warburg, 1914) was lacking in mag-
nesiume Herbst (1897) showed that developing eggs are adversely
affected by magnesium lacke Shearer oxtonded Warburg's work in
1922, but used a less accurate method for the estimation of
COg, His method consisted simply in taking the difference between
the pressure changes in vessels with and without alkali for
absorption of COge No correction was made for CO2 retention
by the cells and medium. Shearer himself called attention to
the roughness of the procedure and laid no stress on the results
obtained, Nevertheless, his values, which cover the first hour
following insemination, agree with Warburg's in belng around
0,9, Rapkine (1927) measured the COg production of sea urchin
eggs for the first 40 hours of development, He did not use a

manometric method, but analysed for dissolved gases 1in the medium.
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No correction was made for retention by the eggs. His values
for the R.Qe. a8t the beginning of development are much higher than
those of Warburg and Shearer; and are, in fact, higher than can
be-accouhted for by ordinary metabolic processes. They range
from l.6 to 4,2. After the 1l4th hounr of development the valuesg
vary between 0.5 and 1,0, with peaks at 24 hours and 40 hours.
Rurstrom (1933) has studied the respiratory metabolism of freshly
fertilized sea urchih eggs; his value is identical with that

of Warburg and of Shearer (0,9). Needham (1933) has measured
the respiration of the eggs of the shore crab, Carcinus. He
uged artificial, bicarbonate~free sea water to eliminate dif-
ficulties encountered in COg determinations due to the bicarbonate
in ordinary sea water, He found an R.Qe 0f 1,0 at Stage I of

his arbitrary classification. At Stage II the quotient had fal-
len to 0,72, but by the time of hatching it had risen again

to 0e80. Amberson and Armatrong (1933) havo measured the R.Qe
of developing Fundulus sggs, Although a marine fish, the eggs
are capable of developing in distilled watere. Amberson and Arm-
strong used this medium in order to eliminate bicarbonate errors.
They found a falling R.Qs. a5 development proceeds., The quotients
are 0490 for the first day, 0.77 for the second to fourth days,
ahd 0.72 for the fifth to twelfth days.

Rather more is known of the R.Qs in terrestrial and
fresh-water seggs than in marine eggs, since Dbicarbonate may bse
readily eliminated from the mediume. Among the invertebrates,
the eggs of the pond snail, Lymnea (Baldwin, 1935) and of the

grasshopper (Boell, 1935) have recently received attention.
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Baldwin found an average R.Q. of 1le05 for the cleavage and early
developmental stages of Lymnea. There was no indication of a
gignificant change over the ?eriod studieds Boell reported a
falling R.Q. in the pre-diapause Melanoplus egge. The values he
obtained were 0,95 for the first week and 0,70 for the third
week,-with no reliable data for the second week. Among the
vertebrates, the chick has naturally been the subject of a large
number of investigafions. The most accurate measurements for
the early stages are probably those of Needham (1932), He de-
termined the R.Q. of the blastoderm and yolk sac lsolated from
the rest of the egg, since the values obtained by previous workers,
uging the whole egg, had been confused by the large amount of
inert yolk, white, and shell, with their unknown alkali reserves.
He obtained values close to 1400 for the period from the second
to sixth days of developments. MNMeasurements for later stages
have been obtained by Hasselbalch (1900), Lusanna (1906), and
Murray (1927). The best values are probably those of Murray.

He found that the R.Q. fell from 0.82 to 0470 during the last

10 days preceding hatching, ‘The values he obtained for earlier
stages are probably unreliable, for the reasons stated above.
Brachet (1934a) has measured the R.Q. of developing frog eggs.
He found that the R.Q., rilses from 0,66 in the zegmenting egg to
approximately unity at gaétrulation, where it remains until
hatchinge. The eggs of the rainbow trout have been studied by
Schlenk (1933)., He found that the gas exchange during the first
two weeké of development was too slight to be meagured by the

method he employed. For the 14th to the 30th days, however, he
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obtained an R.Q. of 0,65, which rose in the succeeding two weeks
to Oe72.

The chief interest bf these investigatlons is in the
changing value of the R.Q. throughout development., Needham
(1931, ps 986 £f.) has made the generalization that the early
stages>of development are characterized by high values of the
Re@e, and that the R.Q. falls off as developument proceeds,

From this, he derives the concept of a "sudcession of energy
sources" in ontogeny--these being carbohydrate, protein, and

fat in the order named. From the investigations cited above,

it can be seen that a falling R.Q. does in fact obtain in most
cases, The outstanding exception is the frog., In Lymnea, any
decrease would probably have been obscured by the synthesis of
fat, which according to Baldwin {loc, cite) occurs during devel-
opment in this form. The data for the trout and for the sea
urchin are too fragmentary or too inaccurate to enable conclusgions
to be drawn from thens

In view of the fundamental significance of the respira-
tory quotient in metabolie studies, it is surprising that so
few reliable data exist for marine eggs. The chief difficulty
in the determination is probably, for reasons to be explained,
in the high bicarbonate content of gea water. It is believed
that this difficulty has been removed in the present work,

The main interest in the eggs of marine invertebrates
from the standpoint of a succession of energy sources In ontogeny
is that they are homolecithal, in contrast with those of fish,

amphibia, insects, and birds., The yolk is more evenly distrib-
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uted throughout the egg and is a parﬁ of every cells Thse trans-
formatlon of yolk into 1living tlssue occurg within the cells

and without any visible iﬁcréase in the size of the embryo.

In the telolecithal types, on the other hand, the yolk is spatially
dlstinct from the embryonic part of the egg, serving as a reser-~
voir ét the expense of which the embryo grows. The succession
of energy sources postulated by Needham could be explained by

a selective action éf the yolk enzymes or to the relative ease

of transportability of the various foodstuffs from yolk to em~
bryo, rather than to developmental necessity. In homolecithal
eggs the question of ease of transportabllity would appear not

to enter, If the succession of energy sourcesg can be shown

to occur in these eggs, then it would seem likely that the source
of energy is dependent upon a succession of enzymes within the
egg and is probably related more or less directly to develop~

mental changess

Special methods

The method used for the measurement of the resviratory
guotlient was a modification of the method of Meyernof and Schmitt
(1929), sometimes referred to as the First Method of Dickens
and Simer (1930), The principle of this method is as follows:
two seta of Warburg vesseis are run, in the usual manner, except
that they contain acid In a special gide-arm which can Dbe tipped
into the main compartment at any desired time; in the first
gset of vessels, the acid is wmixed wlth the other contents immed-

iately after eguilibration, driving off the COs held in the
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'tissues, medlum, and alkall; the positive reading so obtained
gives the total CO5 present at the start of the measurementse
In the second set of manometefs oxygen consumption measurements
are made In the usual manner; at the end of the experimental
period the acid is tipped in and the resulting positive pressure
read; this glves the amount of COp present at the end of the
experiments The difference between the COo present at the start
and at the finish, divided by the observed oxygen conzumntion
gives the respiratory quotient,

The advantages of this over other methodsl are, first,
that the oxygen consumption and COo production are measured on
the same eggs; and, second, that the method takes into account
the COo chemically bound in the eggs and medium, This lasgst is
most lmportant where glycolysis is suspected, since the production
of lactic acid in the course of an experiment drives off guantities
of COg which would otherwise invalidate the results; the overall
effect would be an abnormally high value for the R.,Q. The re-
verse occurs in non-glycolysing tissues with a high alkali reserve,
Here the COg produced in respiration would be bound in the cells;
the effect would be an abnormally low value for the R.Q. The
latter 1s the situation most frequently encountered in embryonic
material,

For the present viork, vesgsels with two side-arms as
descrlbed on page 11 were used. The eggs were placed in the main
compartment, O« N NaOH in one side-arm, and 3 il citric acid in

the other. The 3l1kali absorbed COg in the courss of the runs.

- v e

1 E,g., the direct method and the "improved method" of Warburg;
gee Dixon (loc, cit.) for discussion of other methodse



At the proper time both side-arms were tipped into the main
compartment, cytolysing the eggs and releasing the COge
Measurements of the pH of the‘mixed contentes showed it in no
cagse to be higher than 2,0, thus insuring complete displacement
of the hound COg.

In order to obtain the best accuracy with this method
1t is necessary to reduce the COp content of the alkali and the
sugpension medium to as low a value as possible, For this nur-
vose buffered, carbonate-free sea water, as described previously,
wa s empioyed. The alkall used in the vessels was diluted up
from conceﬁtrated, carbonate-free NaOH, If these precautions
are not observed the blank COo 1s so large as to obscure the
relatively slight amount of COg formed by the eggs. Along with
these meagures it ls important to run the determinations for s
sufficlent period to insure enough COs production for accurate
measurements Two hours usually suffice with a moderate éoncena
tration of eggse The valuesgs of the ReQe 30 obtained were taken
as representing the middle of the two-hour interval,

The Bunsen coefficioﬁt,0(002, which enters into the
calculations, varies, as is well known, with the electrolyte
concentrations The value for sea water at 20° C, as used in

these caleulations was 0,778 (Runnstrom, 1933),

Results
Figure 6 shows the COg production of developing Urechis
egge plotted against time; the corresponding oxygen consumption

is plotted for comvarison, Each point 1s the average of several



EXPLANATION OF FIGURE 6

Oxygen consumptlion and carbon dloxide production in devel~
cping eggs of Urechis. Curve A: rate of oxygen consumption.
Curve B: rate of carbon dloxide production.

EXPLANATION OF FIGURE 7

Rate of heat production in developing eggs of Urechis, cal~

culsted from oxygen consumption and respiratory quotient
data.
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values. It is seen that the two curvés start at the same level
at the second hour from fertilization, but diverge a= develop-
ment proceeds. The data from which the curves were plotted and
the resulting R.Qe's are tabulated in Table VII, From a value
of 1,07 at the second houf, the R.Q. drops to 0,76 at the sev=-

enth hour, and to 0,71 at the thirteenth hour, where it remains

Table VII

Regpiratory quotients of developing Urechis embryos. Tempera-

ture, 20° C,

Xgo = mmed 0o consumed per vessel during the experimental period.

XGcog = mm.d5 COg produced per vessel during the experimental
period,

Hrs,/min. after
fertilization X02 XCc0g ReQe Aves

2/0 7263 80,2 1,11
T1e2 7162 1,00
2/15 3346 3047 0.91
3247 42,1 1.28
2/20 41,6 44,5 1,07 1,07
6/40 41,6 3008 0e74
4:7.1 . 55;8 03’76 ’
48.2 373 0a77 0.76
13/10 79,8 5645 0a71
71.7 50,7 ' 0.71
1447 8048 5046 0463
79.1 5703 0472
28/20 116,65 71.2 0061
11645 84,0 0,72
120,8 7946 0.66 0,68

without significant change through the twenty~eighth hour from

fertilizations The value 1le07 1s not sigrnificantly greater than
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1,00s This value is indicative of carbohydrate metaboligm,
or of ovrotein metabolism, providing the protein is metabolized
to ammonia rather than to ufea. Since, as will be shown later,
no protein catabolism occurs in these eggs, we may conclude that
the egg combusts carbohydrates as ilts sole source of energy
during the first hours after fertilizatione The carbohydrate
metabolisgm lasts for only a short time, however, and ls soon
displaced by fat n’qc‘ta‘bolism, az the value 0,68 indicstes. The
value 0,76 which occurs at the seventh hour is the result of s
mixed carbohydrate and fat metabolism, since protein metabolism
has been ruled oute

It was attempted to measure the R.Q., of unfertilized
eggs as well, in order to determine whether the short period of
carbohydrate metabolism at the outset of development ig gimuvly
a continuation of the pre-fertilization metabolism, or whether
it is connected specifically wlth the early cleavage stagesas
As stated previously (p. 15) the unfertilized egg of Urechis shows
congiderable variability in its rate of oxygen consumptione.
It was believed that this might be associated, nevertheless,
with a2 constant R.Qs. This, however, turned out not to be the
cases Only two sets of determinations were made on the unfer-
tilized eggs, The values agreed very well for a given batch of
eggs, but the difference between the two batches was considerable,
These results are gshown in Table VIII. Average values of 0.69
and 0,89 were obtained, indicating a fat metabolism and a mixed
fat-carbohydrate metabolism respectively, It 1s rather surprising

n

that the unfertilized egg--generally regarded as a "resting™



cell--should be capable of such profound alterations in its

metabolic processes.

. Table VIII

Respiratory quotients of unfertilized Urechils eggs. Results
exprossed as mmsd gas consumed or produced per vessel during
the experimental period. Temperature, 20° C.

Experiment Xoo Xcoo ReQ» Ave,
Al 34,4 24.1 0,70
A2 3648 2546 0,70
A3 2346 157 0.67 0.69
Bl 1843 1647 0.91
B2 3444 2946 0e86
B3 2248 2042 0.89 0,89

It is to be concluded from these data that the egg
of Urechis is capable of metabolizing both carbohydrate and fait;
that the carbohydrate phase lasts for only a short time in em~
bryonic life; and that early in development--due possibly to
the exhaustion of its carbohydrate supply, or for energetic
reasons yet unknown--~the organism changes over to a wholely
fat metabolism, The data thus support Needham's view of a8 suc-~
cession of energy sources in ontogeny. The succession proceeds
in the direction predicted (carbohydrate to fat). As will he
shown later, however, Urechis differs in one fundamental respect
from the chick, upon which Needham's theory was originally
founded, in not metabolizing protein at any stage in its embryonic

life.
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Stability of the R,Q.

It wag of interest to know whether by artificial means

the energy source at a giveh stage could be altered sufficiently
to reflect iIn the developmental processes., For this purpose,
embryos were reared in gea water containing 4 percent glucosee
It seémed likely that with a plentiful supply of combustible
carbohydrate available the period of carbohydrate metaboliam
might bo oxtended §ver a longer period of time than is normal,
Nothing of the gort occurred, however. As can be seen from
Table IX, where a typical experiment is shown, the metabolism

wag unaffected by the additional supply of carbohydrate,

Table IX
Lack of effect of glucose on the R.Q. of Urechis embryoss. Eggs
placed in sea water containing 4 percent glucose 10 minutes
after fertilization., Embryos 16 hours old at start of measure-
ments. Results expressed as mmad gas consumed or produced per
veasel during the experimental period., Temperature, 20° C,
X02 XCO2 ReQos
Control 250,01 166,0 0,66
Glucose 61,6 44,5 0,72

Glucose 55,0 39.9 073

1 The difference between amount of gas exchange in controls and
experimentals is due to the greater number of embryos used in
the control vessel,.

The apparent inability of the embryos to utilize glucosse
le surprising in view of the fact that the necessary enzyme
systems for the combustion of carbohydrate are evidently present,

ag can be seen from the high R.Q. at the beginning of development.
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Evidently, exhaustion of the available carbohydrate does not
enter in here, A gimilar finding in the chick has been reported
by Needham (1926). He showéd that the injectlion of glucosgss into
the chick egg does rot prevent the combustion of protein which
normally occurs in the middle of the develoovmental periods.
Needhém has pursued the question fMrther in his recent (1937)
serlies of papers on the carbohydrate metavbolism of the chick
embryo, Ho hasz ehéwn that two paths of carbohydrate brsakdown
exist in the chilck, one proceeding through phosphorylation,

ag in yeast and muscle, and one taking the course of non-phos-

phorolytiec glucolysis. The phosphorylating mechanism

1 o llly UAE

bl

plete in the early embryo, however, so that the main path is

that of simple glucolysis, ?hethernthe same holds true for
marine eggs cannot be stated as yete In any case, these findings
bring us no nearer to a solution of the problem of the succes-
sion of energy sources. They do not explain the turnihg of the
path of metabolism from carbohydrate to fat in the courge of

development,



O
VI, Heat Production

Introduction

From the oxygen consumption data and the respiratory
Quotient it is vossible to calculate the heat nroduction of the
embryoe. This calculation involves certain assumptlons., These
may be stated as follows:

(1) That all of the oxygen consumed during development is
used in the combustion of carbohydrate, fat, or pro-
tein, or their derivatives.

(2)s That all of the oxygen used in respiration is derived
from the atmosphere.

(3)s That the end products of the carbohydrate and fat met-
abolism are carbon dioxide and water,

(4)s That no accumulation of the productz of anaerobic met-
abolism occurs in the eubryo.

The gquantity of proteliln metabolized by the embryo is known to
be zero.

The first assumptlion implies that oxygen ls not used
in the production of pigments or other oxygen-containing sub-
slancesl whlch are not directly lnvolved 1n the metabollsm of
the embryo, Although pigment granules are to be seen in Urechis
embryos in asgsociation with the cilia, it is unlikely that they
irreversibly combine with more than a small fraction of %he
regpiratory oxygen, if at all, The second assumotion implies

that the embryo containsg no "oxidizing reserve" to suvplement

(24

1 ilore properly, "oxidized substances", in the electronic sense.
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the oxysen derived from the slr. Such a reserve has been found
in the frog's egzg (Brachet, 1934a), vut functlons only when

the eubryoc has been deprived of atmospherlc oxygen; upon rsad-
mittarce of alr, t e depleted reserve is restored, as lndlcated
by the abnormally low ReQe. The third assuaption 1s in agreement
vilth the lmown facts of normal metabollsm. The incomplete oxilda-
tion of fats and carbohydrates 1s lmown to occur only 1n path=-
olozgical conditiong~=e.ge, disbetes. There is no veasgcn to
believe that the present naterial 1s atyplcal in this resspecte.
The fourth sgsumption involvesg the question as to what extent
anaerobhic oxidaticns occur in smbryonlc tissues. This point

will be discussed in detall below. For the present it will suf-
flece tc polant out thnat if =eat ig liberated in the present material
by snaerobic procesges it willl in all probabillty be very slight

in cowparlson with the aserohilc heat production.

Results

In Teble £ the neat production and the corresponding
gxnounts of fat and carhonvdrate burned are szhown for the stages
Indicated. The conversion of Rele and oxygen consumption into
gran calorles, fat, and carbohydrate was made with the aid of
the table of Zuntz and Schumberg, modifled by ILuslk, modifled
by licClendon, to be found in Bodansky (1934, p. 509). The heat
production (rate) is plotted in Figure 7.

Three investigaticns into the heat production of mnar-
Ine ezgs have been nmade using the method of direct calorimetry.

These studies (lieyerhof, 1911; Shearer, 13922; Rogers and Cole,
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1926) were all made on the sea urchin egg., It is nevertheless
intarcsting to compare their results, obtalned dirsctly, witlh
the present ones obtained indirectly. For the second hour
of development, the following values were found:
Gm. cals. per 105
eggs per hour

Meyerhof 06027 (Paracentrotus)

Shearer 0.040 (Echinus)

Rogers and Cole 0.052 (Arbacia)

(Partly from Needham, 1831)

The corresponding value obtained for Urechis, taken from Table
X, 1s 0,040 gram calories per 109 eggs per hour, The agreement
is striking, It should be pointed out, however, that the val-
ues obtained by direct calorimetry represent the actual heat
output of the eggs, whereas the values obtained by indirect
calorimetry reovresent the total heat production irrespective
of whether part of the heat (energy) i1s stored in the egg or
note The guestion of whether developmental processes inveolve
the storage of heat as potential energy will have to be decided
by parallel investigations by direct and indirect calorimetry
made on the same eggse.

The close agreement here indicates, nevertheless,
that the heat production of Urechis and sea urchin eggs ars
of the game order of magnitude, although the sizeg of the eggs
differ considerably (1C8 microns and 72 microns in diameter,
respectively)s This signifies that the metabolic rate per
unit mass 1ls much lower in Urechis than in eea urchin eggs,

Whitaker (1933b) has found that the rate of respiration of the
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fertilized eggs of a variety of marine invertebrates are closely
the same. Urechis evidently falls outside the range of values
found by Whitasker., As pointéd out in a later (1935) communica-
tion by Whitaker, however, the method he emnloyed for obtaining
volumes of egg substance (centrifuging) is subject to large
absolute errors, and no reliance csn be placed on absolute

rates referred to centrifuge volumes. If the respiration or
Urechile and Strongylocentrotus eggs as moasured in tho present
investigations sre calculated in terms of volume of egg substance,
it is found that Urechis eggs consume 1,31 cu, mm, of oxygen

per ten cu, mm. of eggs per hour as againgt 3.47 cu. mm. of
oxygen per hour for the same volume of Strongylocentrotus eggs,
at the third hour after fertilization, On the basis of the rate

per egg the values are 8.41 and 7.36 cu, mm. per hour per 10°

eggs, respectively. These values are much more alike, Taking
Warburg's (1915) value of 0.9 for the R.Q. of =ea urchiﬁ egge,
-the heat production of Strongylocentrotus eggs comes out to be
04038 gram calories per hour per 105 eggs, in good agreement
with the values obtalned by direct calorimetry as well as with
the heat production of TUrechis eggs. It is difficult %o decide
at present whether any significance is to be attached to this
reseublance 1n heat productlon of the eggs of two widely sep-
arated species, It would be of interest if coumparable data

were available for other forms to investigate this point further,



‘The relationship of oxygen consumption to the release of energy

within the embryo

The possibility was.suggested above that a small amount
of heat may have been produced in the eggs by anaerobic processes
which are not coupled with oxvgen-consuming reactionss. This
point involves the question as to what extent oxygen consumpe~
tion can be taken as a measure of the energy released within
the egg for develophental procegses, In living organisms energy
is liberated by two general types of reactions: oxidative
and fermentatlve, The first consists essentially in the in-
direct combination of oxygen derived from the atmosphere with
foodstuffs within the cell, with the formastion of carbon dioxide
end water, The second consists in the anaerobic splitting
of carbohydrates to smaller moleculesg of lower energy value.

The work of recent years has shown that the processes of oxida~
tion and fermentation are actually very similar in mech'anism‘,
and, In higher organisms, are closely linked metabolically,
Oxidation differs essentlally from fermentation only in having
an additional hydrogen acceptor-wmolecular oxygen--at the end
of the chain of reactions. Tissues which glycolyse rapidly
under anaerobic condltions no longer do so, for the most part,
in the presence of oxygen. It is also known that some of the
most important reactions in biological systems are primarily
anaerobic (e.ge., muscle contraction), but are coupled in the
recovery phase with aerobic reactions in such a way that the
liberatién of energy for the over~all transformation appears

ag san aerobic process.



-48-

How far these findings may be applied to the phenomenon
of development is as yet an unsettled point, ILoeb (1895) showed
that development in the sea urchin ceases when the eggs are
deprived of oxygen, At the same time, however, he demonstrated
that the eggs of the minnow, Fundulus, are capable of dividing
for 15 hours under anaerobic conditions. MNMore recently, Brachet
(1954&)‘has~shown that frogs'! eggs can develop as far as gastrul-
ation in the absencé of atmospheric oxygen or when poisoned by
KCN, Brachet has investigated the problem further and has
found that under such conditions an oxygen debt is built up
within the eggs. This is indicated by the abnormally low R.Q.
and the abnormally high rate of oxygen consumption exhibited
by the eggs upon the readmittance of oxygen. From his data
it cannot be decided conclusively whether the oxygen debt is
equal to the oxygen which would have been consumed under normal
conditionses Brachet concludes from his studies that cieavage
is a fundamentally anaerobic process, similar to contraction
in muscles and conduction in nerves., This implies that oxygen

is concerned only in the restitution phase of the process.

=3
03]

pointed out above, this does not necessarily mean that oxygen
consumption 1s unrelated to the release of energy. Only if

it could be shown that the anaerobic reactions proceed inde-
pendently of the oxygen supply, without involving oxygen even
secondarily, wculd it be clear that the consumption of oxygen

is not related to the release of energy. Such,prqcesses are

well known in microorganisms, tumors, and isolated enzyme systems.

The most important of these reactions is aerobic glycolysis.
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Aerobic glycolysis has not generally been considered
a8 occurring in embryoniec tiseues., That practically no asrobic
glycolysis occurs in the chiék embryo was first shown by Warburg,
Posener, and Hegelein (1924), Negelein (1925) demonstrated that
no perceptible aerobic glycolysis occurs in rat embryos. Brachet
(1934a) has éhown the same thing for cleavage stages of the frog.
He found evidence for aerobic glycolysis from gastrulation
on, however, in confirmation of an earlier finding by Lenner-
strand (1933)., Trifonova (1937) has found that bursts of lac-
tic acid production corresponding with periods of ramid growth
occur in the developing perch; during periods of little growth
and rapid differentiation the lactic acid is removede The find-
ing of Whitaker (1933W) that the rate of oxygen consumption
decreaszes upon fertilization in the eggs of Chaetopterus and
Cumingia has prompted the suggestion that "in an egg =such as
that of Chaetépterus which reduces itg acrobie oxidatioh rats
at fertilization, it 1= poséible that anaerobic oxidations in-
crease at fertilization so that the total oxidations may not
decrease at this time when energy requirements would appear to
be increased." (Whitaker, locs cite.)s The crucial ;oinﬁ appears
to be whether it 1s possible to cause an egg to attain a given
stage of development with a lower consumption of oxygen than
normally, without incurring an oxygen debt. Tyler (1936) has
ghown that this cannot be done by varying the temperature at which
development occurs, Whether other physical or chemical sgents

are capable of producing this result cannot be stated at present,
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- VII. The Partition of ilitrogen in Urechis Eggs

Introduction and Historical

In connection with the studies on the respiratory
metabolism of the developing egg, it was necessary to investi-
gate the nitrogen metabolisme This was of interest from two
points of view: first, to make vossible a correct interpreta-
tlon of the R.Qe.; and, second, to determine whether the deve lop~
ment of the egg involves a synthesis of protein,

Very little information céncerning the nitrogen metab-
ollism of eggs during the earliest stages of develooment exists
in the literature. The extensive luvesllgallons of thls sub-
ject in the‘hen's egg do not take into account the period of
considerable development preceding the laying of the egg.
Ephrussi and Rapkine (1928) have analysed the sea urchin (Par-
acentrotus lividus) egg for total nitrogen at three develop~-
mental stages: the unfertilized egg, the 12 hour embryo, and
the 40 hour embryo. They found a decresse in total nitrogen
during this period. These suthors made no separste analysis
for protein, but assumed that all the ritrogen was protein ni-
trogen, Hayes (1933) made analyses of sea urchin (Echinometra
lucunter) eggs for total nitrogen and amino nitrogen during the
first 25 hours of development, Hisg finding are inexplicable in
that they show an increase of total nitrogen during the first
4 hours after fertilization. Such a process, in the author's
words, is extremely improbable, After the fourth hour, a dscrease
in total and amino nitrogen was found, Russo (1922), cited

by Needham (1931), has analysed three stages of the developing
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gilkworm. The same author (1926) has made a detailed inves-
tigation of the nitrogen distribution in immature sea urchin
(Paracentrotus lividus) eggs. His results will be discussed

below,

Special methods

The embryos were reared as described previously.
They were removed from the finger bowls at the desired stages,
washed, counted, and concentrated to a small volume (5-10 cc.)
by the methods outlined. above, After concentrating, trichlor-
acetlic acid was added to the suspension %o give a 2.5 percent
solution, The trichloracetic acid killed the embryos immed-
iately, precipitated the proteins, and prevented subseguent
autolysis. The suspension was then frozen in a dry ice-sther
mixture and ground in a mortar until all the embryos were pul-
vorized, as obsorved under the microscopes This prooédure was
the only one féund to give satisfactory results. Other methods
that were tried were lmmersion in distilled water and addition
of ether and saponin to the'suspension; none of the agents were
gffective in breaking down the egg membrane. UNor was it pog-
‘gible to crush all of the eggs by grinding in an agate mortar
with fine guartz, as can readily be done by the freezing and
grinding method.

After thawing, the suspension was made up to volume
and analysed by the micro-methods of Borsook and Dubnoff (un-~
published), which sllow complete analyses to be msde on as 1lit-

tle ags 1 milligram of egg nitrogen., The egzge wers analysed for
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total, total non-protein, amino, veptide, amide, and ammonia
nitrogens Protein nitrogen was obbtained by difference. A
general outline of the methods employed follows:

(1)e Total and non-protein nitrogen were determined by a
micro=-Kjeldahl method,

(é). Amino nitrogen was determined by a micro-formol ti-
tration,

(3). Peptide nitrogen was determined by micro-formol ti~-
tration following hydrolysis by means of an actlve pep-
tidase extract obtained from the mold, Aspergillus
wentii.

{(4),.Amide nitrogen was dstermined by acid hydrolysis and
subseguent distillatlon of the freed ammonias

(5)s Ammonia wasg determined by distillation from alkaline
solution,

All titrations were electrometric (glass electrode).

Regults and Discussion

Analyses were made on the unfertilized egg, the &
hour blastula, the 14 hour gaétrula, and the 24 and 30 hour
trochophores., The analytlcal results are summarized in Lable XI,
From the table it can be seen that there is no change
in the total nitrogen pef embryo up to the twenty-fourth hour
after fertilization. The gslight variations are within the
limits of experimental error, the greatest part of which was
in the counting; as shown on p. 14, the counting error was

less than B percenk, In the sea urchin, Ephrussgi and Rapkine
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{loc, éit.) found that the total nitfogen decreases from 10,7
percent of the dry weight in the unfertilized sgz to 9.7 percent
after 40 hours of developmeﬁt, They concluded from this a loss
of nitrogen during development. Their own data, however, show
an incfease in the dry weight of 546 percent during the game
period of timee. This practically cancels out any loss of nitro-~
gen, calculated as milligrams per embryo. It can be concluded
that the combustion>of protein does not occur in either Urechis
or gsea urchin eggs. This is.in agreement with the R.Q, measure-
ments on Urechis eggs, described above. These egys thus dif-
fer from the chilck egg, which passes through a period of protein
combustion iIn the course of its development. This difference

is possibly related to the relative amounts of protein in the
eggss As can be seen from the table, less than 60 percent of
the nitrogen of the Urechis egg 1s 1n the form of prokein,

This is similar to Russo's (1928) value for the nearleripe
ovarian eggs of the sea urchin, in which he found 862 percent
protein nitrogen, In contrast, Needham (1927) found 95,6 per-
cent of protein nitrogen in the chick egg at laying.

At the thirtieth hour a decrease in nitrogen aﬁounting
to 8 percent occurs. Although small, this difference iz outside
the experimental error and is probably real, This stage is
ldentical with that that at which feeding would begin, as shown by

the .
atarmine experiment described on p. 23, Whatever significance

there may be in this coincidence, it would have to be detsermined
oy expsriments in which the food supply is carefully controlled,

It should be noted that the loss of nitrogen at this stage
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occurs partly at the expense of protein, but to a larger extent
at the expense of the undetefmined fraction, This fraction
iﬁcludes, among others, the imino groups of arginine, histidine,
prollne, and hydroxy-proline, together with the cytoplasmic
purines and pyrimidines.,

While there is no change in total nitrogen during the
first 24 hours of development there ls, as Table XI shows, an
increase in protein nitrogen amounting to 8.7 percent. This
probably represents synthetic activity within %the embryo. The
increase 1In protein can be accounted for by the loss of amino
and peptide nitrogen. An analysis for protein and non-protein
nitrogen was made on the 50 hour trochophore (not shown in the
table) to determine whether any change in the relative proportions
of these occurred at a later stage. The results, in percentages

cof total nitrogen, were as follows:

Protein N 59s4 percent

HePolls 4046 percent

There is no change over the 30 hour stage,

When one considers the large number of cell divisions
and the considerable amount of morphological development under-
gone by the embryo during the first 24 hours after fertilization,
1t 1s surprisling that Lhe over-all proteln synthesls 1s go glight,
This does not imply, of course, the total absence of synthetic
activity; for, on theoretical grounds, and by analogy from what
ig known of the metabolism of nitrogen in the chick (see Nesd-
ham, 1931), 1t is probable that a continuous breakdown of yolk

proteins and their resynthesis into the living vroteins of the
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embryo occurs throughout development. leverthelssz, as can be
seen from the table, the composition of ths trochophars, as faw
a8 its nitrogenous constituents goes, 1ls not very different from
that of the unfertilized egeg. o analyses of adult Urechis
tissves were made, but it 18 very probable that the preponderant
pert bf the nitrogen In the adult is in the form of protein,
This 1s the case in all adult tiesues which have been analysed
(Tarroine, 1933). Table XII, from Terroine, Hée, and Roche
(1931), sfter Terrocine (loc. cits), s£ihows the proportion of
protein nitrogen in the muscle of two typlcal vertebrates and

two typical Invertebrates:
Table XII

Tortolse Frog Snail CGrayflsh

Total N (percent

wetb Weight) 2.69 2.54 2.68 2:12
Protein I {percent
wet weight) 257 2.41  2.556 2403
Protein i (percent
of total 1) 96 b 9B o6

Other tlssues glve slullar values.

In the ahserce of any exact knowledge concerning the
conditions for proteln synthesis in vivo, one can only speculats
as to the reasons for the apparent inability of the embryo to
synthesize more of 1ts awuino nitrogen into protein. One pos-
gsible expnlanation that guzzests iteelf is & deficliency in cne
or more essential amino scids which wust bhe gupplied in the food
befora.synthesis can occur., Teleologicelly, one may supnose trat

" a certsin advantapge results tc any organlsm, which like Urechls,



must undergo & certain degree of netamorphosis in transformiag
from the larval to the adult form, in keepilng its nitrogen in
a moblle stete. 1In thls way 1t perlisps svoide the niecesgity
of a thorougn-golng histolysis, such as is found in insects, which
would otherwilge be imposed by the changs into the adult type.
That lnsect eggs differ markedly [rom Urechis eggs in the par-
titlon of nitrogen can he seer from Russo's (1926) ficures for
the silkworm egg, which shiow that 96 percent of the nltrogen
of these eggs is bound ss protelne

Ho attempt wlll be made hers to interpret the observed
variations In armmonia and amide ritrogen throughout development
(Table XI), The amide fraction, in particulsr, was present
In such small smounts as to approach the limits of sensitivity

of the analytlcal metnod.
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VIIT. The Respiratilon of Strongylocentrotus

Introduction

Although a large body of knowledge exists concerrning
the resplration of sea urchin eggs, only two investigatlions have
been reported in which the respiration wag nsasured over an
extended period of time: Warburg (1918) followed the oxygen
consumptilon of Strongylocentrotus lividus eggs for 24 hours
following fertilization; Rapkine (109287) extended the measure-
ments tc 40 houra. The rate curve published by “iarburg is atill
rising at the 24th hour and shows no =sign of attaining a plateau.
Rapkine's curve levels off precisely at the 24th hour and con-
tinues without further rise to the 40th hour. Since the plateau
ls reached very sharply in Rapkine's curve, there 1s noc contra-
diction, in thls respect, with VWarburg's work. Rapkine's curve
disa;rees with Viarburg's, however, in the esrlier stayes, since
it shows = drop 1n the rate of resonlration during the first
4 hourg after fertllization, wheress “arburg's curve rises in
almost a stralght line frowm the moment of fertilization on.
Inasmuch aa Warburg's technigue was the ~ore accurate (the man-
ometridmethad, as opposed to the Viinkler titration) Varburgls
curve nas heen accepted in preference to Rapltine's. The cor-
rectness of Warburg's observations has been borne out by the
repssted measurements of numerous workers. This lesves the
guegtion - f the attainment of s plstesu still opens. In view of
this fact, and Irscsmuch as it was necessary to know the course
of the resplration in Strongylocentrotus for the purposes of

he experiments to be deserived later, 1t wase decided to reinveg-



tigate this problem.

Nornel development of Strongylocentrotusg

Tyler (1936b) gives the following schedule of develop-
ment for this forn:
Table XIII
Summary of development of the eggs of Strongylocentrotus pur-

puratus. Temperature, 20° C. From Tyler (1938b).

Hrs./min. from

fertilization Stage
1/17 2~cell
2/6 4-coll
25/0 1/8 gastrulated
28/48 1/2 gastrulated
31/24 3/4 gastrulated
49/0 Prisw with skeletal rods

The change from the prism Into the pluteus larva is very gradusl,
The pluteus becomes recognlzshble as such sghortly after the 60th

“hour of developmente.

Results

The results of the oxycen consumption measurements are
plotted In Filgure 8., The curve represents cu. mm., of oxygen
consumed per hundrad thousand embryos per hour, pletted agailnet
time, the moment of fertillzation being taken as zero. Each
point 1s the average of several messurements. The curve for
total oxygen consumption is shown in Figure 9., As with Urechis,
the curves are composites of several determinations made at

succesgive Intervals along the abscissa.
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FIGURE 8

Rate of respirstion of the developing eggs of Sirongylocen-
trotus purpuratus.
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The curve of Figure 8 l1s similar to Varburg's for the
first 24 hours. 1t levels off at later stages, but much more
gradually than is indicated by the curve of Rapkine. In con-
trast with the curve obtained for Urechis (Figure 3), this one
is not S-chaped: nor doeg the rate incresse so rapldly. on ths
whole, as with Urechis. .hereas In Urechils the rate Increases
over B0OO0 percent between thie third and the twentleth hours,
1t increases by less than 300 percent during the same interval
1n Strongylocentrotus, althouzh the inltial rates are almost
ldenticale 1t 18 Interesting to note that the slower rige in
Strongylocentrotus is correlated with a slower rate of devel-

opnent {compare Tables III and XIII).

Oxvygen consumptlon of Dauerblastulsae

Herbst (1895), ir. the course of his classical studies
on the effects of inorganic salts on the development of marine
eggs, discovered that the addltion of votassiws thlocyanate
to the sea water suppressed gastrulatlon in the egzs of Asterlas.
Thie finding hasg veen confirmed and extended by Runngtrom (1928)
and by Lindahl (1936), working with the epgs of Paracentrotus.

It was of irnterest in connection with the present investigatlon
to measurs the oxygen consumption of such "Dauerblsstulae',
gince 1t seemed posslble to demonstrate here & clear-cut connec=-
tion between respiration and develomnental procesgses.

Bgge trested with thiocysnate develop normally as regsrds
clesvage rate and clesvage pstbtern. After the 24th hour of

development, however, they bacome viegibly different from the
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controlss whereas the latter invaginste to form an archenteron,
the treated smbrvos do not, but remain in the blastula form
{see Figure 10). 1In typlcal cases, the subsequent formstion
of the sksleton is also inhiblted. The mesenchyme remsins as
a pud within the blastocoel, near the vegetal pole. If the
embryos are renoved to ordinary sea water at sufficiently early
gtages they gastrulate, so that the eflfect 1s to a cerftaln extent
reversibls. A detalled description of the development of these
embryos is to be found in Lindahl's paper (loc. cite)s

To obtain Dauerblagtulae, Strongylocentrotus eggs were
reared In sea water contairning 1.75 percent of an lsotonic
(0.55 1) WaSCH solutlon. The procedure followed in all subsequent
operatlons was the same ag that described previously (p. 6 ff.),
except that the viashing of the treated embryos was done 1in
NaSCH~-sea water instesd of ordinary sea water., Three sets of
meagurensnts were made, a8t different intervals fromn fertiliza-
tion, so that the curves cobhitained are composgites, as previcusly.
In all csses, 95-100 percent of the treated sggs developsd into
Dauverblastulas.

The rate of oxvgen consunpticn of thiccyanate-treated
eggs at varilous times from fertilization 1s shown in Filgure 11,
together with the oxygen consumption of controls run simultan-
eouvaly. The curves contain several points of interest. First,
the inltisl rste of resvyiration is the same In treated and control
eggs, skhowing that HaSCH hag no depressing actlon on the respir-
aticn a8s such. Thisg important point was tested further in an

experiment In which the resgpiratlon of untreated eggs was neas-



FIGURE 10

Normal embryos and NaSCN-Dauerblastulae of Strongylocen-
trotus purpuratus.
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Dauverblastulae, 24 hours from fertilization.

Normal embryo, 24 hours from fertilization, showing
beginning of gastrulation.

Dauerblastulae, 36 hours from fertilization.

dormal embryo, 36 hours from fertillzation, showing
archenterons.

Dauerblastula, 60 hours from fertilization.

Hormal prism, 60 hours from fertilization, showing
gut, skeleton, and beginning arm-buds,

Embryos reared in finger-bowls at 20° % 1° C,
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PIGURE 11

Comparison of respiration of Dauerblastulae of S. purpur-

atus with controls. Curve A: controls. Curve B: Dauer-
blagtuls
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ured over a sihort period after which HaSCH was added to the
sugpension from a silde~erm and the nessurements continued,.

The HaSCli exerted no depressing action (Table XIV)., Second,

Tahle XTIV

Absence of Inhibltory effect of HaSCl on the initisl rate of
respiration of fertilized eggs. Values expressed as mm.d Oo
congumed per vessel per hour. Each vessel conitalned the asue
number of eggs. Final concentration of Ha8CH = 1.75 percent of
g 0,88 i solution, Temperature, 20° C,

Hra.,/min. from Vesgel

fertilization H22 # 23
2/50 2645 274

NaSCH added
3/20 3046 3048
3/50 3347 3442
4/20 34,7 3645
1aSCH added

4/50 3647 3645
5/20 39.8 41,1
5/50 40,8 4141

the rate of respiratlon of the treated eggs does not ircrease
to the seme extent as that of the controls, but attains a nlatesn
at a lower level., Tnird, the maximun rate of respiratiocn attained
by the Lauerblastulae is equal to the rate of the controls at
24 nours after fertilization, at which time gastrulation begins
in the untreated eggs. Fourth, the rate of resplration of the
treated sgys diverges from that of the controls long before
gastrulatlion actually occurs,

If, ag the evidence seems to Iindicate, we may regard
HaSCH as acting speciflcally unon the gastrulatlon mechanism,
then the above facts demonstrate s clear correlatlon befween

netabolic rate and morphologlcal change in the embryoc. Dauer-



blasgtulse sre not only morphologlical blastulas, but they ars
metabollc blastulae asg well. Of greater Interest ls the fact
that the Dauerblastulse become metabolically different from the
controls before they are morphologically distingulshable froum
theme. The two curves of Filgure 11 are clearly divergent after
the 10th hour from fertilizetion; morphologically, however, the
two types are practically ldentical until the 24th hour. Thils
Indicates that metabolic changes which originate in the egg as
early as the 10th hour are responeible for treansformatlons that
lead to gasstrulation at the 24%h hour and the subsequent dif-
ferentiation of the vluteus. This is essentially & statement
of the concept of determination, long familiar to embryologilsts,
It implies more than the spstilsl dlfferentlstlcn of psrits usually
agssociated with this concept, however; it 1mplles not only con=-
figurationsl fixation, but metabolic fixation as well.

While experlments on the progress of determination
with time heve not been made on thls sea urechin, Horstadlus
(1938) hae carried out an exhaustive serles of iInvestigations
with the eggs of the clogely releted form, Paracentrotus liv-
idus. Thleg form develops faster than does Strongzylocentrotus
purpuratus. According to Horstadius (loc. cit.), the blastula
of Paracentrotus is swimnlng at the 10th hour from fertilizatlon,
and gastrulation begins at the 16th hour at 20° C. (compare
Table XIII). By means of cutting and transplantation experiments,
Horstadlus was able %o demonstrate the progresglve determination
in time of various parts of the embryoc. As is well knowun from

the work of Driesch (1891-92}, the blastomeres of the sea urchin
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eggs lsolated at the 2~ or the 4-cell stage, are able to regulate
and form plutel of 1/2 or 1/4 normal size. Horstadius showed
that merldionesl halves taken at later sthtages gradually lose

their ability to regulate; 1f the embryo 1a cut in half at the
6th hour after fertilization, only slight differences ars obeserved
In the resulting pluteil, but if cut at 8 hours, the pluteil show
marked counplementery deficlencies, while if the cutting ls de-
ferred until gastrulatlion half-plutel result. Similar results
were obtained with regard to the determination of particular
organs &nd reglong of the enbryo. For example, an animal hslf
lsolated In early cleavage does not develop a normal apical

tufts If lsolated at the 8th hour after fertilization, however,

& normal tuft develops. Horstadius found the eariisst indications

o

of determination to occur &t the 6th Lour from fertilization,
or 37.5 percent of the distance in time between fertilization
and gastrulations The filrst sign of metabolic differentiatlon
In the tresgent experinments occurred at 10 hours, or 41,7 percent
of the distance In time vetween fertilization and gasstrulation.
In view ol the difference In the rate of develoument between the
two forms, 1t is unsafe to draw too meny conclusions from these
flzures, especlally since the time at which determination cccurs
may vary for different structures. lieverthelsss, it seems clesr
that metabolic differentlation and morphological deteraination
occur at anproximately the same time in the echinoderm egg.
Several aslternative hynotiheses suszzest themsslves in
exnlanatlion of the respiration curve of Dauerblastulae., Tyler

and Horowitz (1938a) have shown that the slower than normal
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increase in the rate of resuniration of parthenogsnetlc and of
pvhenylursthans-treated Urechils eggs 18 due to thelir slower devel-
opment, Braschet (1938) hss arrived at the sane concluslon with
regard to KCl-activated egge of Chastopterus. The retardsd
regpiration of Dauverblastulae may thue woscibly be explained

by aﬁ Inhibitory effect of 1abCl on the rate of development

or the rate of cleavags after thne 10tn hour from fertilizatlona.
Since no counarative study of cleavage rates In late stages

of Dauerblastulse and normal eubryosg has been aads, thls noz-
silblllty cannot be completely excluded, This explanatlon sesens
unlikely, however, in view of the Tact that the rate of cleavage
in early stages is not affected. The possiblllty that NaSCH
retards developnental processes ssg & whols at later stagss also
appears laprobable, since on thle basis one would expect the
Tauerblastulae to eventually gastrulats, wilch thsy do not do.
That the effsct of 1asSCli on development 1s an inhibltory one 1ls
undenlable. The position taken by the present author, howevar,
is that NaBCl specifically inhibits that nart of the metabollism
which hag to do with the determlinetlion of the zasbrulas The
mechanigm of the inhibition is unknown. The results suggest,
however, thet one may aggume as 8 working hypothesis the sup~-
pregsion of the senergy-supplying reactlons which make deternina-
tion posslble, by interference with the release of necessary sub-

strate or with the production of necessary respiratory catalysts.



T{. Experiments with 2,4-Dinitrophenol

Historical

Clowes snd Erahl (1938: also, Krahl and Clowes, 19338)
were the first to show that nitro- and halophenols exert a stim-
ulating effect on the respiration of marine (sea urchin) eggs.
They algso demonstrated that as the concentratlion of the substi-
tuted nhenol 1ls incressed the regpiratory stimulatlon passes
through s maxiaum, and at the same time 8 reversible cleavage
block occurs. Thesgs results were conflrmed by Tyler and dorowitsz
(1987b; 1938b)« Tyler and Horowltz further showed that the
effectiveness of a given concentration of substltutesd phenol
ls dependent on the pH of the external medium, the Internsl pH
of the egg, snd the dlgsoclatlon constant of the substance in
gaestion. They presented evidence to show that the substituted
phenols nenetrate the cell in the undissociated Torm and exert
their effect in the dissociated forme. Krahl and Clowes (1938,
a,b) confirmed the finding that penetration occure in theﬁ%is—
soclated form and that resplratory stimulation is sffected by
the ion; they consider cleavage block and respiratory inhibitlon,
however, to be due to the undissociated molecule.

The intersst of the substituted phenols from the physgio-
logical gtandpoint lies in the fact that the effects they produce
are conpletely reveraible, Even in concentrations which block
cleavaze and inhibhit resplration, permanent injury to the eggs
doeg nob results. This 1ls in contrast to other resoiratory stia-—
ulanta, such as oxidation-reduction indicators (Barron, 1929;

Runngtrom, 1830). The substituted phenols can thus be used to
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investigate the nature of the respiﬁatary mechanism in eggs without
incurring tha dangesyr that the resulfts may be artefscis rasulting
from injury,.

In the experiments %o be desecribed, the action of 2,4~
dinitrophenol on the resniration of Urechls and Strongylocentrotus
eggs ﬁas gtudied in relation to the risging rate of oxygen consunp-
tlon during developmente It was desired to ascertain whether the
stimulability of the respiration iz Independent of the initial
rate of resplration or whether it 1s a function of the already
exlsting respiration. It wag shown by Clowes and Krahl (1936)
that fertilized and unferitllized eggs of Arbacia differ in their
sugceptibility to stimulation by the substituted phenols. They
found that a concentration of dinitro-o-cresol which produced a
alxfold increase 1In the rate of oxygen uptake of unfertilized eggs
produces only a threefold increase in the rate of oxygen uptake
of fertilized eggs. Since the initlal rate in fertilized eggs
is four times that of unfertllized eggs, however, it can be seen
that on the basis of absolute units the substituted phenol is
60 percent more effective in fertilized than in unfertilized eggs.
These findings were extended in the present experiments to cover
claavage and later developmental stages. An investigatlon into
'the nature of the substrate burned by dinitrophenocl-stimulated

eggs wWes also made.
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Effect of dinitrophenol on respiration of Strongylocentrotus

eggs a8t variocus developmental stagses.

Inagmuch as the respilretlion of dinitrophenol-stinulated
egzy passges through 2 nmaximun with lncreasing concentrations, it
is firet necegsary ln working withh these substances to deternlne
the optimum concentration. The optimunm concentration has been
defined by Tyler and dorowitz (1038b) ag that concentration of
substltuted phenol which produces the greatesst increase In rats
of regpiration which does not diminlsh with time. This has been
determined for the eggs of Strongylocentrotus ag 6.8 x 10=9 M
in terms of undisaociated molecules (Tyler and Jorowltz, 1938b).
It should be noted that the concentration of undissociated mole-
cules is proportional to the concentratlon of anions, the active
forn of the molecule within the cell, Inasmuch as the concentra-
tion of the undigsoclated form may vary signiflcantly with small
changes 1n external pH, concentrations will always be given in
termns of undissoclated molecules, rather than as total concentra-
tion.

Uging concentrations near that which was found to be the
optilmun, the relative and sbsolute stimulation at various intervals
from fertilization was determined, For thls purpose, eggs vers
reared as described previously untll the desired stage had been
reached, They were then washed and concentrated and placed in
Warburg vessels of the one-~side~-arm types. The sids-~arm contailned
2,4-dlnitrophenol in a concentration which, when added %to the nain
compartuent, gave a concentratlon somewhat below the ophimum;

2 gub-optilmal concentration wasg used in order to avoid the cleavage
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block ﬁhich would otherwlse have been incurred by a sligzht in-
crease in thé hydrogen lon concentration of the medium in the
course of the run and the resulting lacrease ln the concentratlon
of undlsgoclated dinitrophenols The solutlons in the vessels
were buffered with glycylglyclae at pH ca. 8.0, and the pH was
agaln ®mken at the end of the experiment. The normal resplra-
tlon of the eggs was first messured for a short time, after

which the dinitrophenol was tipped in and the measgsurements con-
tinued,

Using a concentration of B340 x 10-9, the curves for
relative and absolute stimulation shown in Figure 12 were ob-
tained. The relative stlmulation, or percentage stimulation, as
used 1n the following paragraphs 1ls defined ag the guotient of
the oxygen consumed during the hour followlng addition of dinitro=-
phenol by the oxygen consumed during the hour preceding the ad-
dition of dinitrophenol, multiplisd by ons-hundred, The abanlute
stimulation is the difference in the rate of respiration during
the hour following addition of dinltrophenol and the hour pre-
ceding the addlition. Figure 12 shows that as deveslopment pro-
ceeds (l.0., a8 the normal rate of respiration increases), the
percentage stimulation decresses. The absolute stimulation remsins
constani'durimg the first 30 hours of development, after which
1t also falls off, |

Lindahl and Uhman (1938), on the basls of investigations
of the effects of lithium and pyocyanin on the respiration of
gsea urchin eggs, have suggested that two systems are responsible

for the resplration of developing eggs, one of which increasges



EXPLANATION OF FIGURE 12

Stimulstion of resplration of Strongylccentrotus eggs at
varlous intervals from fertilization by 3.0 x 109 1 dinitro-
phenol. Curve A: absolute stlmulation. Curve B: relative
stimilations

EXPLANATION OF PFPIGURE 13

8t1lmulation of respiration of Urechis eggs at varlous Inter-
vals from fertilization by 1.3 x 10=8 li dinltrophenol,

Curve 4, @clid line: absolute stimulaticn of normal embryos;
dotted line: absolute stimulation of "starved" embryos.
Curve B, s0lid line; relative stimulation of normal embryos;
dotted line: relestive stimulation of "starved"embrvos.
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in activity as developmsnt proceeds and the other of which remains
at constant activity until a certain stage of development is
attained (compare Gray's hybothesis, pe 22). They believe that
pyocyanin stimulates only the constant fraction of the respiration,
Thils scheme would 1t the present data, The constant level of
gtimulability (absolute) during the first 30 hours would result
from the action of dinitrophenol upon the constant fraction of

the respirations After the 30th hour, the heretofore constant
fraction would begin to increase in activity, resulting in a
decreagse in the apparent stimulation due to dinitrophenocl. At~
tractive as thils hypothesis is, 1t must be remembered that there
igs no direct evidence for the existence of the postulated systems
in the egg. Lt appears that the present results, at least, can

be explained on a lesgs hypothetical basis; namely, on the amount
of available substrate within the egg. There is ample evidence

to indicate that the substrate is not a limiting factor in the
respiration of the cleaving egg. As development proceeds, however,
and as the rate of oxidation rises, the substrate is depleted
until it may well approach a limiting value unless supplemented
by feeding. IZxperiments to determine the time at which feeding

ig normally initiated in the sea urchin, similar to that described
for Urechis (p. 23) showed that the pluteus is unable to ingest
carmine particlesgs from the sea water before the 100th hour of
development at the earliest. The fact that, molecule for mole~
cule, dinitrophenol shows no loss in activity up to the 40th

hour of development must indicate that the substrate is not

limiting up to this stage. Beyond thls time, nhowever, the de-
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pleted substrate ig less able to support the added respiratory
load, resulting in a gradually.diminishing etimulability, until
at the 135th hour of development the stimulation approximates

Z8Tr'0e

Effect of dinitrophenol on respiration of Urechis eggs at various

developmental stages.

Since the optimum concentration had not previously been
determined for the eggs of Urechis, it was first necessary to
investigate this, For this purpose, fertilized eggs were placed
in a geries of single~-gide~-arm Warburg vessels. The side-arms
contained 2,4-dinitrophenol in a graded seriles of concentrations,
All solutions, as previously, were buffered with glycylglycine
at pH ca. 8.0. The respiration was measured for a short time,
after which the dinitrophenol was tipped in and the measurements
continued for several hourse. The opbtimum concentratioﬁ wag de-

. termined on the basgls of the definition stated above.

FPigure 14 shows the oxygen consumption curves of fertilized
egge for a number of different concentrations of dinitrophenocl.
It can be seen that the optihum concentration lies between 2,51
x 1078 ¥ and 5,02 x 1078 M in undissociated moleculess The
moan is 3.8 x 10-8 M, or five and one-half times the critiecal
concentration in Strongylocenbtrotuse This difference can be ex-
plained by assuming a lower intermal pH In Urechis eggs than
obtains in the eggs of Strongylocentrotus, a sghift of six-tenths
of a pH unit being sufficient to account for the obsgerved dif-

ference, The stimulability at various intervals from fertiliza-



EXPIANATION OF FIGURE 14

Effect of different concentrations of 2,4-dinitrophenol on
rate of resplration of fertilized Urechis eggse. Dinitrophenol
added 30 15M after fertilization in the following concentra-
tiong:

Curve A, 1le37 x 10"8 M

Curve B, 2,51 x 108 u

Curve C, 5.02 x 10-8 m

In terms of undissoclated moleculese The optimum concentra-
tion lies between B and C,

EXPLANATION OF FIGURE 15

Effect of different concentrations of 2,4-dinitrophenol on
rate of respiration of 43 hour old trochophores of Urechis.
Dinitrophenol added 43h 30Mm after fertilization in the fol-
owing concentrationss

Curve A, 1.33 x 10~8 M
Curve B, 1,69 x 108 M
Curve C, 3.31 x 10-8 M

in terms of undissociated molecules. The optimum concentra-
tion lies between A and B,
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tion was then determined. Using a céncentration of 1.3 x 10~8 M,
the curves for relative and absolute stimulation shown in Flgure
13 (so0lid lines) were obtained, The curves show that as develop-
ment proceeds (as the rate of respiration rises) the percentage
stimulation decreages rapldly., The absolute stlmulatlon, however,
rises-rapidly; in other words, molecule for molecule, dinitro-
phenol produces a greater response at later than at esarlier stages
of developments |

Thig result at first appeared difficult to explain on
the basis of any reagsonable stimulation theory; for, as develop-
ment proceeds and more and more of the resplratory enzymes of
the egg come into play in normal respiration, and as the combust-
ivle reserve of the egg grows less and less, one would expect
the absolute stimulability to decrease~-as In Strongylocentrotus
eggg--rather than increase, The best explanation seemed to lie
in a ghift of the optimum concentration toward lower values as
development proceeds. Thus, a concentration of undissociated
dinitrophenol which produces a sub- maximal effect at the 3rd
hour of development would prbduce a maximal, or nearly maximal,
effect at the 50th hour. Such a shift was demonstrated and is
shown in Figure 15, where the stimulation of 43 hour bld trocho-
phores is plotted., It will be seen that the optimum concentration
drops from 3.8 x 10~8 1l at the 3rd hour of development (Figure
14) to 1.5 x 1078 11 at the 43rd hours. The shift is possibly due
to increases in pH in micro-regions of the cell during the course
of development, resulting in an increased concentration of dis-

sociated dinitrophenol at the respiratory centers. Such changesg



7B

in pH have been described for the eggs of another annelid, Nereis,
by Spek (1930), Dxperiments with sea urchin cggs chowed no vsr-
iatlion in the optimum conceﬁtration during developmente

The effect of a limiting supply of oxidizable substrate
can be ghown st late stages of Urechis development, using the
"starved" embryos described on p. 24. These embryos, as stated
previously, exhiblt a very low rate of oxygen consumption, com-

parable to 13 hour old blastulas. But whereas the respiration

of 13 hour blastulae can be gtimulated 120 percent by the con-

"atarved"

centraticn of dinitrophenol used, the respiration of
embryos is stimulated less than 60 percent with the same con-
centration., This is shown by the dotted lines of Figure 15.

The effect of feeding on the stimulability at late stages was
tested, but neither the additlon of the extract of gea urchin
egrs used previously (p. 26) nor glucose produced any significant

increase in the stimulabilitye. This probably means that even in

these cases the substrate wag still a limiting factore.

Effect of dinitrophenol onvthe ReQe and nitrogen content of

Urechis eggg.

In view of the enormous stimulation of the oxldative
processes of eggs produced by diniltrophenol, 1t would not be
surprising if vart, or even 8ll, of the excess respiration Involved
the combustion of réserves not ordirarily utilized in development,
To provide sn answer to thls problem, the ReQ. of dinitrophencl-~
stirulated eggs was measured, Clowes and Krahl (1936) found no

58
gsignificant changs of the R,Q, in Arbacia eggs due to dinitro-
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o~cresol, The conclusion to be drawn from their finding 1ls that

the stimulation represents simply an increase 1in the actlvlty of

the normsl respiratory mechanisum.

Bodine and Boell (1938), on

the other hand, found a significant increase in the R.Q., of

dinitrophenol-stimulated grasshopper cmbryos--the R.Q. rising

from a value of 075 to 091

By measuring the ammonia productilon,

they showed that the increace could be accounted for by the com-

bustion of protein to ammonia as the end product.

This finding

indicates that dinitrophenol initiates the breakdown of tissue

proteing--a process foreign to the normal embryo.

For the present experiments, the two-side-arm vessgels

previously described in connectlon with ReQ. measurements were

used, Dinitrophencl in the proper concentration was added bto

the egg suspension immediately before pipetting the eggs into

the vessels. MNeasurements were made both at early and late stages

of development. Ths results obhbkained are shown in Table XVa

Table XV

Effect of 2,4-dinitrophenocl on the R.Qe of developing Urechis

eggse uoncentration of undissociated dinitrophenol = 5,0 x 10~9 1,

Valueg expressed as mm.5 gas consumed or produced per vessel per

hours, Temperature, 20° C,

Hrs,/min, from Controls
fertilization Xgg Xcog
1/29 16,7 20.2
2/5 35,0 40,6
14/42 11845 84,0
16/35 ~ 113,0  80.0

ReQe
1.21

1,16

0,71

0e71

Dinitrophenol
Xog  Xcop  ReQs
753 6646 0«89
66¢3 5244 0479

25040 229.,0 0,92
22240 197,0 089
22540 1760 0478
20040 151.0 Ce'76
245,40 18645 0476

21440

161.5

076
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Ag shown in the table, dinitrophenolltends to lower the R.Q.

at ocarly asteges, when it is high, and to raise it at later stages
when 1t is low, The time of the experimentg at early stages

was very short in order to avoid the using up of the carbohydrate
reéerve, which might result in a premature shift to fat metabol-
ism ahd an apparent lowering of the R.Qe The results seem best
interpreted on the basis of the combustion of the protein reserve
within the egge Sihce the ReQs of protein combusilon (0,80)

is intermediate between those of carbohydrate and fat, this

would explain the effects observed. This is in agreement with
the observations of Bodine and Boell (loc. cit.) who worked with
relatively later stages., The observed R.Qe.'s may, on the other
hand, be interprsted as signifying mizxed carbohydrate-fat wmetab-
0lisme This implies that stimulation at early stages causes the
egg to draw on its fat reserve, and stimulation at later stages
causes it to draw on its carbohydrate reserve. Against this

view it can be pointed out that the existence of a carbohydrate
reserve is gquestionable and that the embryo is unable to utilize
carbohydrate at late stages even when supplied 1t in excess

(ps 40),

In order to clarify thils point, an investigation of the
effect of dinitrophenol on the nitrogen content of the embryos
wag carried out. Fertilized eggs were placed in ses water con-
taining undissociated dinitrophenol in a concentration of 5.0
x 109 M, After 6 hours they were removed and washed three
times in filtered ses water in order to remove the dinitrovhenol,

tlaking ample allowance for any dinitrophenol which may not have
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been removed from the eggs by washing, calculation showed that
the extra nlitrogen due to dinitrophenol was btoo slight to be
detected by the analytical method and so could not interfere with
the results. After washing, the eggs were concentrated, counted,
and snalyged by the method of Borecook and Dubnoff (zce p. 52).

| The analytical resulte are shown in Table XVI, There
ls eignificantly less nitrogen in the treated than in the con-

trol eggse. The decrease in total nitrogen is 5,6 percente.

Table XVI

Effect of dinitrophenol on the partition of nitrogen in Urechis
eggse Eggs in dinitrophenol during first 6 hours of develcpment,
Fixed at 7 hoursg after fertillzatlon.

Controls Dinitrophenol

Mg/egg Per- Mg/egg Per-

x 10 cent x 160 cent

Protein N 04787 550 0,805 5946
Ne Pe Ny 04643 45,0 04545 4044
Amino ¥ 0,441 3069 0e453 3346
Ammonia 0.011 0679 0,009 0465
Undet'!'ds 04191 13.31 0.083 6415

Total N 1e43 100 ' 1,35 100

The error of sampling was 37 percent. That the loss of nitro-
gen is real is supported by the fact that 1t appears to occur
at the expense of the undetermimed fraction, In this it is
similar to the loss previously noted in 30 hour trochophores
(see ps 55)s There ig no significant change 1n the prolein,
amino, or ammonia fractions., The ratio of protein to amino

nitrogen is the same in treated and control eggs. The present
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evidence, combined with the fact that the loss of nitrogen in
30. hour embryos occurs chiefly at the expense of the undeter-
mined nitrogen, suggests that this fraction contains the most
readily combustible reserve nitrogen. The most probable con-
gtituonts of thia fraction arc licted on pe 55, It cannot be
stated at present which of the constituents named, if any, are
metabolized. The fact that no loss occurs in the amino frac-
tion indicates that arginine and histidine, if combusted, are
not broken down completelys. However, the growing evidence of the
importance of arginine phosphate in the metabolism of inverte-
brates (see review of Kubscher and Ackermann, 1933) suggests
thét arginine may be involved here,.

These results indicate that the normal substrates--
fat and carbohydrate--are not supplied in sufficient guantities
to keep pace with the additlonal respiratory load imposed by
dinltrophenols other substrate must be provided. It is to be
expected that if the substrates of the embryo are depleted by
the rormal metabolic activity and are not replenished, then
the sgubsgtrate will limit the gtimulation produced by dinitro-
phenol. Tris was the resuit'obtained with "starved" embryos,
In conjunction with the previous experiments on the results of
feeding {(pe 25), these findings lead to the conclusion that sub-
strate limits the rate of reaspiration at late stages. At early
stages, however, there is no such limitation. The stimulability
does not begin to decrease until development has proceeded =2
considefable distance., The factor which limits the respiration

at early stages cannot be the substrate, bubt must reside with
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the availébility of resgpliratory catalystse The stimulation
experiments show, however, that catalysts are present at early
stages in sufficient amounts to carry a much greater respiratory
load than is normally imposed upon them at this time. It must
be concluded that the respiratory catalysts are presént at early
stages in excesg of the reqguirement, but are for the most part
inactive, Runnstrom (1930) has arrived at a simllar conclusion,
The nature of the "inactivation" of the respiratory catalysts

during early development will be considered in the next sectlon.
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Xe Discussion

A number of investigaﬁors in the past have attempted
to relate the oxygen consumption curves of developing eggs to
the‘visible changes of developments. There has been, on the
whole, 1little consistency or agreement in the results obtained.
With regard to cleavage, it has been recognized since the early
work of Warburg that no simple relationship exists between the
rate of respiration and tﬁe increase in the number of cells.
The exponential increase in cell number during cleavage ig not
reflected in a proportional increase in respiration (Warburg,
1908), Nor is the rising rate related to the Increasing surface
of the developing embryo, Warburg (loc. cit.) showed that the
rate of respiration was independent of the partial pressure of
oxygen down to concentrations 1/4 that of the atmosphere, This
means that the rate of transfer of oxygen across the cell sur-
face does not limit the rate of resplrations On the other hand,
there are two lines of evidence which indicate an Intimate con-
nection between division rate and respiratory rate during early
cleavage., The firgt of these is to be found in the recent work
of Brachet (1938) and Tyler and Horowitz (1938a) in the respira-
tion of activated and of phenylurethane-treated eggse. Although
the initial rate of regspliratlon 1n thess cases was nob altered
by the experimental treatment, 1te svbsequent rise was retarded;
this was correlated with retarded cleavage rates in the treated
eggse The second line of evidence is from temperaturs coeffic-
‘ient data. Tyler (1936b) has shown that the temnerature coef-

ficients of cleavage and oxygen consumption are the sgame in the
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eggs of four marine invertebrates. Although this is in contra-
dictilon Lo Lhe results of earlier workers (o.ges Losb and Was-
teneys, 1911) there are several reasons for preferring the more
recent data, Tyler's finding has been confirmed Ly Atlas (1938)
on the eggs of the 'frog. The temperature cocfficicnt ovidence
is not éonclusive, but it supports the hypotheslis that respira-
tion and cleavage, if not mutually interdependent, are related
through s thirgd reaction.

Attempts to relate respiration to the increase in nu-
clear material, rather than in the number of cells, have not
been entirely satlsfying from the experimental side (see results
of polyspermy experiments, p. 26 ff.)e On the analytical side
some indication of the situation may be obtained by comparison
of the oxygen consumption curve of Paracentrotus obtained by
Rapkine (1927) with the curve showing the increase in nucleic
acld during‘development obtained by Brachet (1933) in the same
animal, Rapkine's curve shows no increase in rate of respira-
tion from the 24th to 40th hours of development, Brachet's curve,
however, shows a steady increase ln Lhe nuclelc acld content of
the embryosg over the same pefidd. Information of a similar
nature was obtained in the present investigation by observing
the number of mitotic figures in embryos fixed and stained at
different develbpmental stéges. In Urechis it was found that
although the rate of oxygen consumption (Figure 3) is falrly
congtant between the 20th and 30th hours of development, cell
divisionsrocéur frequently, although with a decreasing rate, over

the same period; mitosis does not cease, in fact, until the
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90th hour after fertilization. In Strongylocentrotus, mitotic
figureg are fairly numerous up to the 60th hour from fertiliza-
tion, after which they appear less frequently; mitoses are still
to be seen, however, at the 105th hour after fertilization. It
is clear in both cases that the attainment of a plateau in the
rate bf oxygen consumption does not correspond with the cessation
of cell divisions., It 1ig not to be expected, however, that
respiration and ceil divigion will bear the same relation to
one another at late as at eafly stages of development, since
as development proceeds the embryo becomes the site of many new
oxygen-consuming activities, Ag was shown in the case of Dauer-
blastulae, the oxygen consumption is influenced ag early as the
10th hour from fertilization by factors in the embryo which do
not manifest themselves morphologlcally until many hours later,.
Parnas and Krasinska (1921), in their study of the
resplratory metabolism of the frogis egg, found that the rate
of oxygen consumptlion was accelerated at three points in develop-
ment: gagtrulation, formation of the medullary plate, and forma-
tion of the external gills;' Gray (1927) observed a sudden increase
in the rate of resgspiratlon of sea urchin egge at the time when
the blastulae began to swim. Atlas (1938) observed a discontinu-
ity in the rate of respiration of frogs' eggs at the time of the
initiation of tail growth, Other workers have not found such
clear evidence of the interaction of develoomental vrocesses and
respiration. Thus Brachet (1934a) working with frogs' eggs and
FischerAand Hartwig (1938) working with Amblystoma eggs found

no abrupt changes in the rate such ag described by Parnas and
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Krasinska and by Atlass The present results tend to support

the former workers. Reference to the respiration curve of
Urechis (Figure 3) shows that it has three points of interest:
{a) the time at which rapid acceleration of the rate begins,

(b) the point of inflection, and (c¢) the time at which the pla-
teau ié reached, During the first few hours following fertiliza-
tion the rats of oxygen consumption rises only very slowly,
Between fhe fourth aﬁd fifth hours there occurs a sudden increase
in the rate, This continues for about 8 hours, at which time

the curve inflects. Finally, at the 20th hour following Tfertil-
ization, the rate of respiration becomes constant. There has
been an increase of 900 percent In the rate of oxygen consumption
over the whole period. None of these peculiarities of the curve,
except perhaps the‘point of inflectlon, can be readily related

to visible, concurrent developmental changes. The point at

which the curve begins to vise rapidly (4-5 hours) is marked by
no great developmental change, except possibly the development

of cilia; but swimming does not begin until several hours later,
This region of the curve does correspond, however, with the
change from a carbohydrate to a fat metabolism by the eubryo.

It is not surprising that this event 1s reflected in Tthe oxygen
consumption rate of the egg. Assuming that the maintenance and
development of the egg require the expenditure of a certain num-
ber of calories ner hour, one would predict an lncrease iIn the
rate of oxygen consumption at this point if development is to
continue; gince more4oxygen is required for the production of

a given amount of heat when fat 1s burned than when carhohydrate
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is burned. (This cannot account for the whole inecrease, howsver,
as can be soen from the hoat production curve [Figure 7] which
also rises in this region)s The point of inflection of Figure

3 corresponds with the begilnning of gastrulation, but 1t 1s

inci-

73]

c

o}

difficult to see what significance, if any, lies in thi
dence. .The attainment of the plateau in the Urechis curve cor-
responds with no particular morphological change. In view of
the sharb ascent from the plateau which occurs when feeding
starts, however, it sesms reagsonable to regard the plateau asg
resulting from a relative substrate deficlency preventing further
rise, rather than to developmental necessitye.

The respiration curve for Strongylocentrotus (Figure
8) presents no significant discontinuities, The slow leveling-
off of the curve cannot be agcribed to any particular develop-
mental stage. It can be said, however, that the rate of res-

ration does not increase so rapidly after gasbtrulation (24

b

P
hours) as before gastrulation., This was also found in the case
of Urechis (see above), It 1s important to note that although
the respiration of Strongylocéntrotus has attained a plateau,
or practically so, at the 50th hour from fertilization, the
definitive pluteus does not develop until after the 60th hour.
It would appear that the change from the prism to the pluteus
occurs without any accompanying increase in the rate of oxygen
consumption.

It hag been shown that no sudden breaks occur in the
oxygen cohsumption curves of either Urechis or Strohgylocentyotus

eggs at the time when important developmental changes such ag
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swimming, gastrulatlon, and differentiation of various parts

arc manifested. It can be concluded from this that no immediate

relatlionship exlsts Dbetween morphological changes and the respir-

ation of the embryo. What, then, is the relationship between

‘the rigsing rate of respniration and morphogenesis? The view

of the ﬁresent author has already been outlined in part in the

discussion of the respiration of Dauerblastulae (pe 60 £fa)e

In theselexperiments; development was stopped by an agent

(NaSCN) which prevents gastrulation in an apparently specific

manner. The resulting smbryos remain permanently In the blastula

stage., When the respiration of these embryos was measured, it

wag found that their rate of oxygén consumption never rosge be-

yond bthat of normal ewbryos at the same sbage of morphological

development. If respiration were totally independent of morph-

ological changes, 1t would be expected that the rate of respir-

ation would rise in the normal fashion regardless of the stop-

ping of morphological development. In addition, 1t was found

that differences in the respiration of treated and control embryos

became evident long before any morphological distinction appeared.

Tt was concluded from this that thiocyanate inhibited transform—

ations in the egg which, if allowed to proceed normally, would

result in gastrulation, It was suggested that the transformations

in question are thoge which are known collectively as "deter-

mination". In order to make the relationship clearer 1t will

be necessary to consider the mechanism of determination.
Experimental svidence indicates that we may regard the

unfertilized egg as an anisotropic system consisting of an ag-
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gregate of qualitatively different, morphologically significant
elements., Thec dotormination of parts, on this vew, would consgist
in the directed redistribution of elements, as development pro-
ceeds, into circumscribed regions of the embryo, where their
subsequent changes produce the visible differentiation of parts.
This théory, which has been called the "mosaic" theory of devel-
opment, has been considered in detail by VWilson (1928, Chap.
XIV)s Wilecon shows that the theory is applicable not only to
mosaic-type eggs, but to regulative eggs as well, the differences
between the two types being dus, for the most part, to the way
in which the ooplasmic materials are separated in early cleavage,
In principle, the development of both types is the same.
FFollowing the above line of argument, 1t ls clear that
the same principle which applies to the determination of the
morphology of the embryo will apply to its metabolism as well.
The present evidence, together with that of other authore, shows
that each stage of development and each part of the embryo and
of the adult has a characteristic metabolisme The successlion
of energy sources in ontogeny and the reproducibility of respir-
ation measurements at any given stage of development, as well
as the respiration of Dauerblastulae, indicate that each mor-
phological stace is characterized by a particular metabolic
level., Recent work on the respiration of the various regiong of
the amphibian embryo (e.g., Fischer and Hartwig, 1938; Brachet,
1939; Boell, Needham, and Rogers, 1939) clearly show that metabolic
differenﬁiation proceeds simultaneously with morphdlogical aif =~

ferentiation, In echinoderms, Tyler (1933} has shown that dwarf
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and normél enbryos develop at the same rate and consume the same
amount of oxygen per mg. egg nltrogen ag far as gastrulablon,
Afterbthis point, the development of the dwarfs becomes glower
than that of the controls. If the view presented above is cor-
reet, one would expect the rising rate of oxygen consumption

to be fetarded in the dwarfs at this time. Tyler reports that
fhis 1s the case. We may assume that the differentiation of the
morphology and of the metaboliasm of the embryo come about through
the same fundamental mechanism--i.e.,, the spatial redistribution
of the elements of the egge On this bagis we can relate the
rising rate of respiration with developmental processes.

In the dinitrophenol experiments it was shown that the
rate of respiration in early development is limited by the avall-
ability of respiratory catalysts., These experiments showed that
it was possible to raise the rate of respiration in eggs at
early stages of development by several hundred percent, indicat-
ing that the respiratory systems of the egg are capable of much
greater activity at these stages than is normally exhibited.

At late developmental stages, the stimulability of the respira-

tion decreased, It was concluded that respiratory catalysts are
present in early development In excess of the normal require-

ment, but are inactive. The rising rate of respiration during
development would then consist in the activation of these catalysts,
The inactivity of part of the respiratory system in early develop-
ment may be regarded asg resulting from breaks in the chain of
hydrogen-carriers linking the substrate on one hand with molec~-

ular oxygen on the other (compare Runnstrom, 1930)., The redis-
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tribution of elements in the course of development results in
the conlng Logelher ol enzyme-substrate complexes in the egg,
with'a cqnsequent increase in the rate of respiration as devel-
opment proceeds., The respiration continues to rise ag long
as the substrate concentration is high. When the latter is
depletéd the respiratory rate ceases to increase; if substrate
is then not provided, the rate will eventually decreasge.
These results were indicated in the feeding experiments with
Urechis embryos, in the observations on "starved" embryosg, and
in the dinitrophenol experiments.

The concept outlined above brings into relation
with one another several of the most important facts established
in the preceding inveastigationa, It relates the rising rate of
oxygen consumption with morpholgical changes, not lmmediately,
but through a process common to both; it indicates how each
gtage in morphogenesis is characterized by & pecullar métabolic
state and clarifies the connectlion between respiration and de-~
termination shown by the Dauerblastulae experiments. It offers
a mechanism which explaing how 1t 1s possible to stimulate the
regpiration (short-circuiting of the respiratory chain), as
with dinitfophenol, without affecting the rate of development,
wirich can proceed no faster than the distribution of morphogen-
etic elements; bubt why it is impossible to stop development
(as in Dauerblsstulae) without at the same time stopping the

respiratory increase.
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XI, Summary

The rates of oxygen consumption of the fertilized eggs of
Urechls caupo and of Strongylocentrotus purpuratus have been
measured to the 29th and 48th hours of development respec-
tively. In both forms, the rate risce as devolopment proceeds

~and finally attains a plateau at the 20th and 40th hours

respectivelys

It has been shown that after the 30th hour of development,
the respiration of Urechis larvae is dependent on the food
Supplye

No increase in the rate of respiration of polyspermic Urechis
eggs over that of normal eggs could be demonstrated,

The R.Qes of Urechis embryos was measured at wvarious intervals
from fertilization. The results show that the embryos sub-
sist on a carbohydrate metabolism during the first hours of
development and on a fat metabolism from the 6th hour onward.
The addition of glucose after the 6th hour does not restore
the carbohydrate metabollsme. These flndings are dlscussed

in relation to the succescsion of energy sources in ontogeny.

The heat production of Urechis ecmbryos has beon calculated.

Analyseg of total, total non-protein, amino, peptide, amide,
and ammonia nitrogen were made on Urechis embryos at different
developmental stages. No nitrogen is lost during early devel~
opment. Only a slight amount of protein gsynthesis occurs.

The rate of consumption of artificial Dauerblastulse of Stron-
gylocentrotus has been measured, It does not attain the =ams
level as that of normal embryos. The difference in rate of
regpiration of Dauerblastulae and controls appears earlier
than do observable morphological differsnces, This isg dis-
cugged in relstion to the problem cf determinations

The effect of 2,4~dinitrophencl on the regpiration of embryos
at different stages of development has been tested, The
relative ctimulability of the respiration decreases ag devel-~
opment proceeds. The absolute stimulabllity of Urechls eggs
first increases and then decreages as development proceeds.
The sbsolute stimulebility of Strongylocentrotus eggs decreases
after a period during which it remains at s comstant level,
Dinitrophenol lowers the R,Q. at early developmental stages
of Urechis and raises it at later stages, Analysis shows
that a loss of nitrogen is incurred, These findings are dis-
cussed in relation to the availability of substrate and of
resplratory catalysbts Jdurlng developmente.

The relationship of oxygen consumptlion to developmental processes

iz considered, and a hyvotheslis to account for the relationship
18 proposed.
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APPENDIX
A, The regpiration of developing Urechis eggs. Plotted in Fig-

ures 3 and 4. ZEach value is an average of several measurements,

Hrse/min, after mmed Op per 105 Total Op per

fertillzation eggs per hour 10° eggs
2/15 Be22 8e22
3/10 | 8441 16463
4/10 0e63 25 ¢ 26
5/10 9,463 34489
6/10 11,30 46,19
7/10 15,87 681.26
8/10 , 19,64 81,50
9/10C 25 o 65 107,15
9/40 27480 121,10
15/2 54,3 32648
15/32 5545 349,.4
16/32 58,8 408,2
17/32 64,6 47248
18/32 : 6742 540,0
19/52 6946 609.6
20/32 7145 68141
21/32 72.0 75361
23/45 7246 89643
25/0 74,5 989,.2
26/0 7541 106443

27/0 4,7 1139.0
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B, The respiration of developing Strongylocentrotus eggs. FPlotted
in Figures 8 and 9, Each value is an average of several
measurements., ‘

Hra./min. from mm.2 Oo per 10° Total Og per

fertilization egge per hour 10° eggs
3/0 7436 7ot
4/0 9.62 17.0
5/0 10.44 27 .4
6/0 11,40 38.8
7/30 13,07 5860
7/40 14463 6064
8/40 14,69 75.1
9/40 15,68 9048
15/30 16,92 188,6
16/30 17,14 205 417
17/30 17,99 22367
18/30 18,21 241,1
20/0 19,60 27140
20/10 21,9 274,6
21/10 21,8 206,4
22/10 22,0 31844
23/10 21,2 33946
24/10 29,2 36148
25/10 22,2 384,0
26/10 2248 40648
27/10 2542 430,0
28/10 2346 453,46
28/30 24,8 46149
29/30 25,42 48741
30430 25,8 51249
31/30 26,2 539.1
43/25 26,5 85549
44/25 - 27.8 88367
45/25 2645 910.,2
46/25 265 950647

47/25 2748 96445
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C. The respiration of Dauerblastulae of Strongylocentrotus.
Values expressed as mmeo Og per 10° eggs per hour. Each
value is an average of several mesgurements.

Hra./min, from

fertilization Dauerblastulae Controls
2/40 10,29 10,24
4/40 9495 10.61
5/40 12462 12,86
8/40 11.69 12,90
7 /40 134,56 14,63
8/40 13.80 14,69
9/40 , 14,26 15,68
15/30 15465 17,50
28/30 18.5 24,8
29/30 20,8 2542
30/30 2142 25.8
31/30 2045 2642
41/20 2149 3244
42/20 226 31e6
43/20 19.6 2942
44/20 22 o6 3048
45/20 2140 30.0
46/20 21,4 2945
47/20 21,7 295
48/20 2246 3040

49/20 19.6 2042
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