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INTRODUCTION

For a more complete understanding of morphogenesis,
1t 1s imperative to correlete biochemical, physlological
and morphological events occurring during ontogeneslis. In~-
vestligations along these lines have been undertaken in
various species such as gulnea pig (Flexner et al, ‘48, '50,
153), amphibian (Sawyer, '43) and the sea urchin (Gustafson,
'54) . The following study 1s one of 2 series being earried
out in our laborastories in an attempt to further analyze
the blochemical modifications underlying observable morpho-
logical and rhyslological changss in the chick embryo.

It has been postulated that modification of the ac-
tivitiss of speclfic enzymes in developing embryonlc tissue
are related to the functional roles characterized by those
enzymes (Moog, '52). An enzyme whlch is limited in loca=-
tilon to a certaln type of adult tissue would be expected to
show a pattern of develovment in that partlicular tlssue
differing from that in other, more general, sites. In con-
trast, enzymes whose activities are more universal in loca-
tion would De expected to have similar developmental
patterns in all tissues.

Taking the above into conslderation, 1t appeared
worthwhile to investigate in a speciallzed tlssue the de-
velopment of enzymes whlch might be considered "constitu-

tional." Due to its epeciallzation, relatlvely large size
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and long perlod of development, the central nervous system
of the embryo offered a suitable tissue for such a study.
Also, 1t hss been reported that in the central nervous sys-
tem of amphiblan embryos, cholinesterase, an enzyme accepted
as characteristic of nervous tissue,‘accumulates at a rate
-different from other, lese, specific enzymes (Sawyer, ‘43,
Beoll and Shen, '50). Its measurable activity differs with
spatial location in the nervous system of chick embryos
(Wenger, '51, Nachmansohn, '39). Thls nonlinearity of
accumulation hag been accredited to the epecialléed func-
tional role of cholinesterase in nerve tissue by these
authors. It was declded %o compare such observations with
the results one might obtain from a study of enzymes more
generally dlstributed than cholinesterase. The recent
description (Lowry et al, '54b) of a series of mlcrochem-
ical technigues adaptable to the minute quantities of tissue
avellable has made 1t possible to carry out such blo-
‘chemical determinations on separate embryonlc organs of the
chick.

In order to cover more nearly the total metabolle
pattern, representative enzymes active in the glycolytie
cycle, the tricarboxyllic acid cycle and the electron trans-
vort system were selected. These were aldolase, succinic
dehydrogenase and cytochrome oxldase respectively. Tissues
selected for thls study were taken from portions of the
central nervous syatem and from the developing heart and

JLiver. It was felt that the results of such a survey would
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give both an indicatlion of the baslc metabolic patterns
in nervous tissue and the manner in whlch these patterns

differ in non-nervous structures.



HISTORICAL REVIEYW
I. Early studles on enzyme content of
embryonlic chick tissue

Early work relating specific enzyme activitles to the
development of the chick must be accepted with caution.
Due to the crude methodes of anslysls and the selection of
poor bases of reference, much of the work reported previous
to the past decade appears to be of historlcal value only.
Most of the early observations are merely indications of the
absence or presence of a particular enzyme through the use
of a negatlve or poslitive sign. GQuantltatlve data are
missing for the most part and, if present, are related only
to the entire egg as a basis for the determination. All in
all, the studies made during the early perlod of enzymatic
embryology must be considered severely limited in value.

Contemporary criticism of the era was stated elo-
quently by Needham in hie introductlon to enzymatic studles
throughout ontogenesis ('24). The following quotation
taken from his work, written a quarter of a century ago,
exposed the vulnerability of enzyme gquantitation and has
sounded an admonition to further work in the fileld.

"A good deal of the work which must be mentioned in
-this section seems to have been lnsvired by the idea that,
if one could get hold of the original egg-cell, no enzymes
would be found to be present at 2ll, and that they all

~l
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arise, one after the other, in a kind of ontogenic proces-
slon from an ovum completely innocent of anyl This idea.
has only to be stated for its absurdlty to be recognized.

. + « It seems likely that the embryonic body starts lifé
with an assortment of fundamental enzymes to which, as
development goee on, certaln othere are added, and from
which poesibly some are subtractsd. One has the uncomfort-
able feeling throughout that a (reported) negative result

as often as not may mean no more than the method employed

in the case 1n questlon was not sensitive enough to discover
the presence of the enzyme so early in development. . . .

In thls way there may be nothing at all final about most of
the (negative) data contained in this section. . . .*

One of the first of the early systematlc studles of
enzymes in the chick embryo was attempted in 1907 by Her-
litzka. Her results are expressed solely by an 1lndleation
of the presence or abesence of particular enzymes. Accord-
ing to the observations reported in thls paper, lactase,
peroxidase and catalase were found in the embryo, but not
in the yolk of the infertile egg, whereas amylase was found
in both the embryo and infertile egg yolk. Glycolytic
enzymes Wwere reported to be entirely absent 1ln beth embryo
and yolk.

In addltion to these general enzymes, Aberhaldene
and Steinbeck ('10) demonstrated the presence of pepsin in
the ten day chick embryo. Again, only the presence of the

enzyme was oited without any evaluation of quantity.
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Bone phosphatase in the chick was studled by Kay ('26),
in the ossifylng cartilage present by the twelfth day of
incubation. This was judged to be the earliest stage at
which phosphatase determinations could be made. No measure
-of activity was given, save the observation that the phos-
phatase content per . gram of bone in the embryo was three.
times that in the bone of the newborn chick.

In 1928, Pryzlecki and Rogalski, studying the ensymes
of yolk, detected xanthine oxidase in chick embryos of seven
days' incubation. The same article included uricase deter-
minations on these animale. This latter enzyme was detect-
able asfter the second day of incubation.

Probably the most complete and enlightening research
of the work done prior to 1930 was that of Galvialo ('26)
who, by use of mlcro methods, extracted an amylase, a pro-
tease mnd a lipase from a one day chick embryo. Not only
did he use individual samples for each of hls determinations,
but he also referred the observed activity to a standard
nltrogen unit., For the first time one could compare the re-
sults of a study on some basls other than that of the whole
egg. The activities of the three enzymes prepared by Gal-
vialo from this primitive streak embryo were greater than
the correeponding activities of the same enzymes in horse
blood. Thus, his work indicated that embryonic cells,
however young, do contain certain fundamental enzymes in
amounts comparable to adult tissue., This was the first

experimental observation of the views expressed by Needhom
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in the quotatlon glven abhove.

In an artlele describing the sulfhydryl dependence of
embryonic tlssue for growth, Sachs and his collaborators
('33) mentioned in 2 short note that dehydrogenation of
‘hypo;anthine,'succinic acid, citric¢ =aclid and lactic acld
could he observed ln embryonic tlssuss. The preparation
used by the author was an extract of an elght day chick
‘embryo prepared for tissue explant studies. However, no
data were presented relative to the comparative amounts of
the dehydrogenase activities reported.

In 1935, Booth while attempting to prove the identity
of zanthine oxldase and the Schardinger aldehyde oxidase
enzyme, investigated the time at which each of these en-
zymes appeared in the chick embryo. He reported the time of
appearance to be identical in both cases--on the third dey
in the yolk sac and by the ninth day in the embryo. Booth
tested other substrates to be sure that what he had observed
was not a non-specific dehydrogenase. In the process, three
other enzynes were described as belng present in the eight-
day old embryo. These were succinic dehydrogenase, lactic
dehydrogenase and glucose dehydrogenase. Once more, no
indication as to the amount of individual enzyme activity
present was given.

Mystkowskil (136) studied the appearance of cathepsin
in chick embryo tissue using gelatin, ovalbumin and
lecithovetellin as substrates. The age of the embryo ex-

tracts used as an enzyme source varled from four days to
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nineteen daysg of incubation.. In the 18-day embryo extracts
were made from individual tlssues, 1.e., liver, kidney and
"head parts." Apparently, thie was the first reported use
of selected portions of the embryo for enzymatlc determina-
tions. The results revealed very little modification of
cathepsin activity during the entire developmental period.

During 1937 the most complete blochemical work on
carbohydrate metabolism of developing chick tissue wuas
published in a serles of articles by NHeedham and his asso-
clates ('37a, b, ¢). Although destined later to be crit-
ically reevaluated, this work was monumentasl in two respects.
First, it was primarily an embryologlesl study of intermed-
iary metabolism, rather than an offhand ovservation of
embryonic material as part of a more general report on tissue
enzyme content. Secondly, the work involved an organlzed
‘approach to the entire problem of intermedilate carbohydrate
metabolism differing from the poorly related determinations
employed previously.

In this work, Needham and his co-wWorkers concluded
that 1n the chick embryo there exlsted four gavs 1n the
phophorylation route of glycolysis. The first of these
reported defieits ('37a) was deduced from the fact that
glycogen was not converted to lactlce acld by the embryo.
This was interpreted as Indicating a lack of the necsssary
enzyme(s). for the hydrolysis of glycogen. Also, of a ssries
of carbohydrates tested, only glucose and mannose were

metabolized (!37c).. Since the embryo resembled brain tissue
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in this respect and since the proportion of nervous to non-
nervous tlssue was exceedingly large in the embryos, the
experiments were rerun using only trunk or limb hud mater-
isl. The results obtained wlth these selected tlssues were
similzr to those obtained with the whole embryo.

The second major observation ('37b) was that coenzyme
1 (diphosphopyridinenucleotide)* was not demonstrable in the
enzyme, HNegative results using an enzyme system dependent
specifionlly on DPN as n coenzyme, led to this concluslon.
On the other hand, the prssence of coenzyme II in the embryo
was established through positive experiments with the glu-
cose dehydrogenase system. In the sams article {'37b) the
quantity of adepyl,perphosphaﬁe found 1in the phosphorous
fraction of the embryo extracts was assumed to be insufflclent
for phosphorylative glycolysls.

The last of the deficlencles rerorted wss the absence
of the enzyme, "dismutase," which would convert the triose
phosphates, dihydroxyeacetone phosphate and 3-phosphoglycer-
aldehyde to lactic acid ('37b). Other component enzymes
of the cycle up to and including aldolase were found to be
vrresent in sufficlient guantities for phosphorylative
glycolysis.

Ag will be noted further in this review, these ob-
servations muet be reappraised in the light of some later

studles by Novikoff, Petter and LePage ('48) &nd Meyerhof

#In this paper the followlng abbreviations will he
‘uged: DPN = diphosphopyridinenucleotide; ATP = adenosinetri-
‘phosphate.
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and Perdigon (t40).

In a comprehensive study of succinic oxidase system
in some thlrty tissues, Elllot and Grelg ('38) included
meterial from a seven day chick embryo. The QOp given for
this embryonic tissue was five to ten times less active
than any adult tissue studied. Apparently, since the em-
phesis in this study was directed toward neoplastic mammal-
ian tissues, no comments concerning this observatilon were
offered by the suthors.

Kleinzeller and Weiner also in 1938 studied the
changes in cetalase activity during the development of the
chick embryo. They related the catalage activity to the
wet weight of the chick embryo and concluded that the
activity of this particular enzyme rose toward the end of
development.

II. More fecent studles on the enzyme content
of embryonlc chick tissues
A, Protelin metabolism

Levy and Pzlmer in 1938 reported the distribution of
dipeptidass sctivity in the cephalic reglon of the three
day chick embryo. Embryos were cub on a freezlng mlcrotome
and alternate sectlons were utllized for enzyme determins-
tion., The intervening sections were used to determine the
volume of ectoderm, mesenchyme and cephalle fluid. The
dipeptidese content was then related to these components.
Ectoderm contained about three times the activity of

nmesenchyme while cephalic fluld d1d not have a demonstrable
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amount of enzyme.

In 1940, the same authors did a more complete survey
of chlck embryo dlpsptldase content, using materisl from
embryonic chleks incubated for from one and a half days to
18 days. The age of the early embryos was estimated from the
beginning of incubatlon and evaluated to the second decimal
point in units of "days." Using this method of evaluating
the age of the chicks, Levy and Palmer concluded that there
was a period of rapid enzyme accumulation, up to the fourth
day followed by a slower accumulation to the fifteenth day.

In 2 related article, Levy and Palmer ('43) described
the development of amino peptldese in chick embryos from
1 1/2 to 19 days of incubation. The sge of the embryo in
this study wese derived from sn equation based on the log
of the wet weight of the embryo. In this way, the authors
felt that they eliminated the variables occurring between
embryos of identlecal incubation age. The aminopeptidase
study revealed a relative accumulation of this enzyme up to
L 1/2 days of age followed by a period of stability for
three days and a rapild increase in accumulation from that
time to the fifteenth day.

Recently, Rudineck and associates ('54) studled the
glutamine synthetase and transferase enzymes ln a survey
attempting to elucldate the relationship of glutamine and
glutathlione metabolism to protein syntheses. Chlck embryo
material was selected by the authors because of the assump-

tion that "in embryonic 1life the anabolic rate of protein
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metabolism outweighs by far the katabolic rate." The results
indlcated that the transferase enzyme 1s detectable shortly
efter one day of Incubation whereas glutamine synthetase
could not be assayed in homogenates of embryonic tissue of
eny age. Also, interestingly, glutamine transferase activ-
ity in the embryo lncreases during incubation in a manner
directly proportional to protein growth of the whole system.
The final observation in this paper deals with the amount
of glutamine transferase found in individual speclalized
organs such as liver and brain. In five day liver, the
earliest isolated, the specific glutamine transferase activ-
ity ie already high, but reaches a peak at ten days. In
contrast, the brain shows only minimal transferase activity
untll the eighteenth day. These results point out the need
for assays of individual tissues in order to have a more
complete apprecistion of the fluctuations of enzyme actlv-
ities within the whole embryo.
B. Carbohydrate metabolism

By 1940 Meyerhof and Perdigon had demonstrated that
early chick embryos (three to nine days) readily glycolyze
hexose dlphosphate forming lactlc acid. Thils waes 1n direct
contradiction to Needham's earlier work ('37b) in which a
triose phosphete dehydrogenase was postulated to be absent
‘in the chick embryo of this age. Also in the same article
and agein 1n contradiction to Needham, Meyerhof concluded
that chick embryoe from four to nine days o0ld contsin at

least 1.5 to 3 mg of DPN per gram of dry tlssue.
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In 1947 Stumpf reported finding certain phosphorylated
intermedliates in homogenates made from five, eight and ten
day chick embryos. The author described the presence of
fructose-1-6 diphosphate, phosphoglyceric acid andiade-
ncsinediphosphate from theee extracts following barium
precipitation. In the barium soluble but alcohol insoluble
ffaation,»he found glucose-6-phosphate, fructose-é?phosphate
and giucose»l-phOSPhatea Since these compounds appeared in
approximately the same concentratlon. in the three different
age groups, it was concluded that the usual phosﬁhbrylating
pathwayé do exist in the chick embryo.

Novikoff, Potter and LePage ('48) strengthened the
above view by use of two experlmenfal procedures on the
embryos: 1) direct chemlcal analysis for the intermedlates,
much in the same manner as Stumpf, and 2) use of chick
‘homogenates as enzyme sources in glycolytic systems utilizing
glucose, hexose diphosphates, glucose-6-phosphate and fruc—
tose-6-phosphate as substrates. The direct chemical investi-
gations which wére carried out on three to ten day chick
embryos resulted in positive findings of all of the phos-
phorylated compounds reported by Stumpf, plus certaln others
not previously found. These other compounds reported were
triose phosphate, phosphopyruvic acid, ATP, phosphocreatine
and pentose phosphate. In additlon, direct chemical evidence
Jas gilven for the presence of DPN. In those experiments
utllizing the embryo as a glycolytic enzyme source, five to
eight day embryos were shown to attack all the substrates in
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& system properly fortified with DPN and ATP. Since this
tlssue appears to have the essentials for the normal path-
way of phosphorylating glycolysie, Needham's postulate of a
non—thSphorylating glucolytie pathway in the early chick
would not seem necessary.

In a more recent note, Lentl and Caflero ('51) have
reported somewhat eimilar findings, with the addition that
in their seven and eight day chlck extracts, lactate 1s
formed from glucose without the addition of DPN or ATP.
Since thelir description of the preparation of the homogen-
ates 18 somewhat vague, the guestion 1is stlll oren ss to
whether ATP and DPN may not be present in adeguate amounts
Wlthin the living embryo.

C. Hesplratory enzymes

Philips ('41) reported on the total oxygen conswap-
tion of sarly chick embryos. His study was limited to em-
bryos of from four hours: to 72 hours of age. Both anterior
and posterior portions of these embryos were compared with
one another and gave similar QO0, values. Also, the oxygen
consumption of a series of embryos incubated for 4, 15, 24,
36, 48 end 72 hours did not differ even when compared on a
nitrogen basiz. This rate was the same as that which was
Tound in four, five and six day embryos. The author con-
‘cluded that the rate of Oz consumption of the sarly chick
émbryo when compared to adult mammalian tilssues such as
thyrold, testie and kidney was "nelther unusually high nor

unusually low."
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Later, the same investigator ('42) using a Cartesian
diver microrespirometer, compared the respiratory rates of
different reglons of the chick blastoderm incubated up %o
37 hours. No correlation could be made between the 00p
valuezg observed snd the regional differences known %o exist
in the embryo at this age. The rate of oxygen consumptlon
appeared once more %0 reach a constant level after a short
time interval.

‘Albaum and Worley ('42) studied the pattern of cyto-
‘chrome oxidase accumulation in the chick embryo. The enzyme
acti@ity was assessed by measuring oxygen uptake in the
presence of p-phenylenediamine and cytochrome in extracts
of chick embryo incubated from 2-12 days. This oxygen con=-
sumption'ﬁas then related to the total niltrogen content of
the extract. The results led the authors to conclude that
cytochrome oxidase did not appear in the embryo until the
fourth day of incubation. However, after the seventh day
there was a sharp lncreass of enzyme activlty which continued
until hatching.

Moog {'43) took exceptlon to these findings, pointing
‘out that this. enzyme had been observed in lower forms at a
comparable state in development. She clalmed thet the fall-
ure of Albaum and Worley to find cytochrome oxidase after
_two to three days incubation was due to the lack of suffi-
icient sensitivity in theilr methods. Conseguently, Moog
attempted to demonstrate the presence of this enzyme in

the eariy chick stages. She selecied as a suiiable
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technique, the histochemical detection of the enzyme
"indophenol oxidase" which is supposedly quantitatively de-
pendent on cytochrome oxldase (Bumner and Somers, !53),

The results of thils investigation indicated the presence

of the indophenol oxidase in chick embryos of 16 hours!
incubation. The enzyme increased in its actlivity up to the
middle of the second day. Addition of sodium azide, which
theoretlecally would halt the action of cytochrome oxldase,
dld not exert a complete inhibitive affect during the
period of study, possibly indleating the coparticipation of
non-azide sensiftlve oxidases during the early stages in the
chick.

In 1946, Albaum, Novikoff and Ogur related the de-
velopment of coytochrome oxldase to the succinoxldase system
in the chick., This was done in an attempt to distinguish
between the two enzymes, cytochrome oxldase and succinle
dehydrogenase, since previously 1t proved lmpossible to sep-~
arate them by centrifugetion of cytoplasmic particles. For
the study, embryos of from 21 hours! to 21 days' incubation
were used. The enzymeg were assayed manometrically in War-
burg vessels. It is interesting to note that up to L4
embryos were pooled for each run in order to obtain suffi-
cient tissue for an indlcation of activity. Usling this
~amount of tisegue, Albaum et al reported cytochrome oxldase
2ctivity in chick embryos incubated for only 25 hours."

‘The succinoxldase system, however, was not evident until

the fourth day of incubation. The ratio of cytochrome
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oxidase activity to succinoxidase activity was given for
selected time periods. The ratio rapidly droppea from a
high of 30-1 at four days, leveling off in the final stages
to a 6-1 ratio. From this it was concluded that cytochrome
oxidase differs from the succinoxidase system both in time
of appearance and in rate of development.

Levy and Young (V48) restudled the problem expressing
the enzyme amctivity on a dry weight basis. Using embryoniec
material of from three to 16 days of incubatlion, these
authors reported that the enzyme activity d4id not accumulate
on a scale directly proportional to dry welght. They chose
as A means of expression a double log plot of age versus
enzyme activity. This method of evaluatlion revealed a
steady accumulation of the enzyme up to 4 1/2 days, followed
by a period of constant activity and a second increase in
rate after 11.8 days.

In 1954 Sippel reported on a study of succinoxidase
activity in the developing hearts of chick embryos. For
his discussion he assumed that succliniec dehydrogenase was
the restricting factor in the succinoxidase system, since
cytochrome oxidase was never found to be limlting. The data
glven in this paper show two separate lncreases 1in enzyme
activity; the first from two to five days of incubation
and the second from about the ninth day of incubation to
éermination of embryonic develovrment. Also indicated 1s
the independence of this accumulation of enzyme activity

from the rate growth of cardiaec tissue.. However, in place
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of thls poselble relationship between enzyme activity and
growth, Sippel postulated a relationshlp between enzyme
activity and the prhyslological or functional maturation of
the heart, expressed as cardlac effectiveness. From this,
‘he suggested that the role of succinlc dehydrogenase activ-
ity in the heart should be considered not only ae a con=-
stitutional one, but also as a speclalized one, presumably
as a result of the high early physlologlcal activity of the
heart.
D. Other enzymes

Moog ('44) described the appearance of alkaline and
acld phosphatase during embryogenesls by use of the histo-
chemical technigue of Gomori. She found both phosphatases
present in the unincubated blastoderm and in all embryonic
tlissues during the first two or three dayes of development.
From-one to filve days of incubatlion the enzyme was found
uniformly distributed. From the seventh or eighth day on,
the phosphatases was localized according to the adult pat-
“tern of 1ts appearance. %2uantitation of amount present
was estlmsted by grading the observable precipitate into one
of 16 quantitative groups. These ratings vwere based on the
number of hours of incﬁbation necessary to bring forth a
"recognizable black deposit." The limited precision of
this type of quantitation should be kept in mind, especially
8ince some tissues were lncubated up to 16 hourss:

In 1950, the same author described the development
of alkaline phosphetase in the duodenum of the chilck: In
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this study, alkaline phosphatase was not only studied histo-
chemically as before, but also by ﬁireét bilochemieal analysls.
Thus, the guantlative data expressed in this paper have a
more precise meaning. The results given in the paper indi-
cated that the enzyme accumulates slowly in ths chick from
the ninth to seventeenth day of incubation and then rises

to ite peak level Just after hatching. These results when
compared with her 1944 paper, in which a basal level of
phosphatase activity was found in all embryonic tisesues,

led the author to the observation that "enzymological factors
are produced in correlation with the funetion they subserve.'
A more complete description of this concept of enzyme modi-
fication during development is found in & review paper

(Moog, '52) dealing with that topic.

In order to evaluate the relastlonship of early em--
bryonlc growth and differentiation to hlgh energy phosphate
sourees such as ATP, Moog and Steinbach ('45) determined
‘apyrase activity in the chick embryo. For the study, embryos
up to 12 1/2 days of incubation were used and the total in-
organic phosphate liberated from ATP was estimated as a
measure of this eﬂzyme activity. Although the activity was
gulte variable, the results indicated a low level of apyrase
activity up to the sixth day, followed by a three-fold in-
crease between the sixth and the twelfth day. This ob-
A;ervation was interpreted as 1ndlcating that rapid growth
up to the sixth dsy did ﬁot impose heavy demands on the

‘energy~transferring apyrase system, but, rather, that the
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onget of funectlon in varlous organs resulted in the abrupt
increasge 1in enzymé activity.

Te test this hypothesls further, Moog ('47) deter-
mined the apyrase activity in varioue organs of the chick
embryo. Those organs studlied included brain, liver and
muscle. The time interval chosen for the investigation
extended from 12 days of incubation until 14 days after
hateching. The results differed 1n all of the organs studled.
For brain, the activity continued rising fairly lirearly
even durling the first week following hatching, after which
it leveled off at a congtent rate. Heart muscle demonstrated
a“péak activity at 16 deys of incubation followed first by
a decline to 2 low level immediately after hatching and then
by 2 rapld rise to the adult level by 14 daye post hatching.
The liver demonstrated no change in activity over the entire
period of study. On the other hand, skeletal muscle reach-
ed a peak at hatching and then declined to & lower, adult
level,

Clark ('51) reported on the appearsnce of carbonie
anhydrase sctivity throughout embryonic development. It
wze observed that this enzyme made lts appearance ;n the
tiseuee before the 12th day of incubatlion but not in the
bloed until after that time. Since only red blood cells of
the definitive serles ars formed from the fifth day on, 1t
was concluded by the author that the slte of carbonic an-
hydr&se formation for blood in the chick 1s limited to the
8ite of the adult formatlon of the red blood cells, i.e.,
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the bone marrow.

Wenger ('51) reported on the cholinesterase activity
in different spinal cord levels in the chick embryo. He
reported a flve-fold rise in the enzyme sctlvity following

the onset of nervous functlon. Also, samples from both limb
reglions on the spinal cord were stated to have generally
higher activity than those from the thoraclic and cervical
levels. This apparent relationship of enzyme content to
physiologlcal function is intriguing.

Lipase activity, as demonstrated by the histochemical
method of Gomori, was located in the early chick embryo by
Buno and Marino (1'52). They described enzyme activity
within the embryo after three days of incubation but only
in the intestine and derivativses of the gut. Some positive
reactions were given by perlichordal, endocardlal and pre-

cartilogenous mesenchyme cells.



MATERIALS AND METHODS

I. Preparation of tlssue
Fertlle eggs of the New Hampshire Red strain were

placed in an incubator maintained at 37.5'C., Embryos taken

from these eggs at varlous time intervale were lifted free
of the yolk, placed in isotonic saline and the degree of

development evaluated according to the Hamburger-Hamllton

stage series ('52). For some of the determinations on the

younger stages the entlre embryo was used as an enzyme

However, only the selected organ parts wsre used
The

gource,
for the experiments carried out on the older embryos.
embryonlc orgsans analysed in this survey included brain,

liver and heart. These were rapldly dissected with finely

sharpened watchmaker's forceps and iridectomy sclssors

under a dissecting mlcroscope. The braln was freed of dursa

and divided into the three major divislone, hindbrain, mid-

brain and forebrain. Samples of liver were not taken before

stage 28 since the liver buds up to -that time were not

readily dissectable. The heart was 1solated in toto; no

attempt was made %to separate atrial from ventriocular por-
tions,
Immediately after removal the tlssues were suspended

in water or phosphate buffer maintalned at a temperature

less than 5'C. The material was then homogenized in the

cold with a glass micro homogenlzer of the Ten Brock type

-22-
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designed by Wenger for this particular type of gstudy. The
total final volume of the homogenate was approximately 50
ul. Since preliminary studies indicated no decrease of
aldolace sotivity in frozen homogenates, the material to be
used in the aldolase analysie wee placed in a deep freeze
maintained at -30'C. 1In contrast, studizs cn cytochrome
oxidase and succinle dehydrogenase activitlass were run on
the fresh tlssues within fifteen minutes following their

removal from the embryo.

II. Enzyme assays
A, Aldolase

Aldolase activity was assayed by the Lowry ('54b)
micro modification of the Sibley and Lehninger method ('49).
In our procedure, approximately two to four microliters of
the homogenate containing one to five gamma of protein were
incubated for the prescribed time 1n the substrate resgent
mixture. The homogenate was delivered by use of a modifiled
Levy ('36) constriction pipette, designed during the course
of this investigatlon. The modification conslsted of sub-
stituting a rubber dlaphragm patterned after the Spemann
embryologlcal pipette (see Hamburger, '42) for the usual
rubber tubing used for dellvery. The plpette design 1is
shown in Figure 1. The substrate reagent and all subsequent
reagents ﬁere delivered by use of the mlcro syringe burette
describsd by Lazarow ('50).

Redistilled trichloracetlc acid stopped the enzyme

reaction after the appropriate time interval. Additions
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of NaOH, dinltrophenylhydrazine snd methyl cellusolve were
made at the designated tlmes and the extinction of mixture
was read at wave length 570 mu in a Beckman DU adapted for
micrc determinations {Lowry and Bessey, '46). All deter-
minations were carried out on triplicate samples of homogen-
ates with the exception of the youngest stages (8-15) in
which only duplicate aliguots were ecmpared.

Aldolase activity was expressed 1n units of "moles of
hexoaediphosphate split/hour/gamma protein." This was de-
rived from the molar extinction data given by Lowry et al
('54d4). Appropriate changes were made in these calculations
for certain differences in homogenate volume.

B. Cytochrome oxldase
In thies study the microspectrophotometric method of

Cooperstein and Lazarow ('51) was used for the guantitative
deteection of cytochrome oxldase. This microadaption of
Potter's technique permits measurement of the enzyme activ-
1ty on as little as 1 microgram (protein) of tissue. In addi-
tlon, the technigue has the advantage of utllizling as the
reaction indicator the naturally ococurring substrate, cyto-
chrome ¢, rather than a nonphyslologleal dye.

In thie survey the prrocedure descrlbed by Cooperstein
and Lazarow was followed exactly as presented in their
paper with the theoretically permissably sxceptlon that
ljél'x 1075 1 cytochrome ¢ solution was used 1n place of

the 1,70 x 1075 H cytochrome c¢ solution indicated. It might

be mentioned that samples of cytochrome ¢ obtalned
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commerclally proved unsatisfactory for use 1in the technlque,
demonstrating an apparent autooxidation following reduction
with sodlum hydrosulfite. A preparation of cytochrome ¢
from Wyeth Laboratory which did not undergo this auto-
oxidation was generously supplied by Dr. Cooberstein. The
etandard cytochrome oxlidase preparstion called for in the
rrocedure was also obtaiped from the same source. The chick
exbryo homogenates were prepared as described in the above
degceription for the aldolase determinations.

To the cytochrome ¢ solution previously reduced with
godlum hydrosulfite, two to eight microliters of the hom=
ogenate were added at zero time. Buccessive readings were
teken throughout the run at thirty szcond intervals for three
minutes 2% 550 mu on the spectropvhotometer. After the addi-
tion of 2 Tew grains of potassium ferrlcyanlde at the end
of the dete;minatinn, a final resding was taken on the
oxidized sample.

The cytochrome oxidase content of the tlssues was
expreassed in terms of "enzyme activity/microgram protein."
The standard enzyme activity was calculated according to the
originsl paper. This notatlion (enzyme zctivity) ie rropor-
tional to the slove of a line mezeuring the drop in con-
centration of redueced cytochrome c per unit ftime. To deter-

mine thig-line, optical denalty of the completely oxidized

aghple was subtractsd from that at any given time and since

the reaction i1s a first order one, the log of this differ-

ence was plotted against time.



-27-

C. Sucecinic dehydrogenase

A similar technique was utilized for succinile
.dehydrogenase determinations (Coopersteln, Kurfess and Laz-
arow, '50). This procedure also makes use of cytochrome ¢
as an indlcator of the reaction. The method, 1n essence,
involves the addition of succinate and oxldlzed cy tochrome
¢ to the enzyme suspension. Addition of sodium cyanide
inhibits any cytochrome oxidase present in the sample.

Thus, the dehydrogenation of succinate is quantitated by
measurement of the resulting reduction of cytochrome c.
The cyanlde acts to prevent further undesired steps in the
succinoxidase system.

The reduction of cytochrome ¢ in this reaction was
measured on the Beckman. Readings were taken at thirty
‘second intervals for three minutes, followed by a final
reeding of the completely reduced sample after the addition
‘of sodium hydrosulfite. The succinic dehydrogenase activ-
1ty was also expressed as enzyme activity/mlicrogram protein.
In this case, the standard unit of enzyme actlivity was
estoblished in a fashion similar to that used for cytochrome
oxldase assay. The extlnction at any glven time was sub-
tracted from that of the completely reduced sample and the
logarithm of this difference plotted against time. The
slope of this line was a measure of the drop in concentra-
iﬁiqnfof oxidized cytochrome ¢ per unit time and 1s expressed

as enzyme activity.
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III. Protein determinations

The micromethod described by Lowry et al ('51) was
employed for the measurement of protein in these samples.
Certain mindf changes were made in the original procedure
and a nonfprptein standard was introduced.

Thé followlng method was used routinely in this study
for the determination of protein. Five milliliters of a 10%
copper sulfate solutlon was brought to 100 milliliters with a
1.05% solution of potassium tartrate. To 0.5 milliliters of
this copper tartrate complex, 24.5 milliliters of 2% sodium
-carbonate and 2.5 milliliters of 1.1N sodium hydroxide were
added. One hundred microliters of the resulting reagent were
delivered by use of the syringe burette into a micro test
tube containing iwo to four microliters of the unknown pro-
tein sample. After 45 minutes, 10 microliters of the Folin
-and. Clocalteu phenol reagent, prepared according to Louwry
were added with immediate mixing. Readings were taken on the
Beckman at 750mu after an additional thirty minute wslt.
Builtable blanke and standards were determined together with
the samples. All assays were run in triplicate.

Since 1t was observed in osur laboratory that this
method of proteln analysis has & somewhat limited range,
an approximation of the protein content was rapidly made
in the samples by the simple procedure of introducing a
selected aliguot of the sample into a tube containing the
alkaline copper tartrate complex and lmmedlately adding the

proper amount of phenol reagent. The color thus produced
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gave a rapld visualization of the approximate protein con-
tent of the undiluted aloguot. Modifications of this
dilution could then be made before the determination was
run in triplicate.

In regard to the standard seleoted for the protein
determination, 1t was found that standards prepared from
human serum albumin and frozen in individual vials did not
glve reproducable results from day to day. Differences in

results were noted both between separate vials and after

varlable periods of freezing. In order to overcome this
difficulty, glutathione, a tripeptide, wae used as a standard
for the individual runs and then converted to actual protein
units at the end of the experiments. With glutathione the
exact chemical nature of the standard is known and there-
fore is readily reproducible. Also, 1t will keep in the
cold wilthout the necesslty of freezing and under these ocon-
ditions does not change in extinction appreclably for time
periods exceeding one week., The calibration curve for
glutathione resembles precisely that for the proteiln except
that the gram extinctlon values of the tripeptlide 1s five
times less than that of the protein. The one disadvantage
to the use of glutathione as a standard might lie in the
fact that 1t 1s not completely precipltated by TCA. How-
ever, since.protein measurements were run on separate
aiiquote of the sample and not on a TCA precipitation frac-
tion, this drawback did not affect our study.
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IV. Expression of activities

It is generally agreed that growth in most blologiecal
processes does not follow a linear curve. However, most
studies of chemical accumulations during the growth of chick
embryos have described time of development in a linear
fashion. Levy ('52) has taken exception to this method of
expression and gives a convincing argument for the abandon-
ment of such procedures. He alternatively estimated age
by the weight of the embryo and then converted this to a
logarithmic function. While in agreement wilth this procedure,
it was felt that the Hamburger and Hamilton stage series of
the chick embryo gave a more reliable indlcatlon of the de-
gree of development than wet welght eince more than one eri-
terion ‘WW used for the determination. The stages in thils
series were reinterpreted in terms of average hours of
development and were converted to days of age (see Table I).
Enzyme accumulation was plotted as a function of the log of

age thus derived,
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TABLE 1
NORMAL STAGES OF THE CHICK

1 0 24 96
2 6 1/2 25 108
3 12 1/2 26 114
Iy 18 1/2 27 120
5 20 1/2 28 132
6 24 29 14k
7 24 1/2 30 156
8 27 1/2 31 168
9 31 32 180
10 35 1/2 33 186
11 42 1/2 34 192
12 47 35 204
13 50 36 240
14 51 1/2 37 264
15 52 1/2 38 288
16 53 1/2 39 312
17 58 4o 336
18 €7 41 360
19 70 42 384
20 71 43 408
21 - 84 an 432
22 8l b5 492

90 u6 516

N
W



RESULTS

I. Aldolase

Aldolase activity in the organs selected for this
study remained at a constant level durlng the extent of
their development., This 1s graphleally shown in Figures
2 and 3. Although the enzyme content of the indlividual tis—
sues appeared to be constant as noted, there was some vari-
ation in amounts of activity when the organs were compared
one to another% In order to demonstrate this, the mean and
the standard efror of the mean for the enzyme activity in
each group was determined. Those results are expressed in
Table'II%, From these figures a comparison of significant
differences \®re derived according to Edwards ('54). VWhen
tested by this method, heart, liver and all parts of the
brain studled, varied significantly from the early whole
animal at the 1f level. Similarly, both heart and brain
were significantly different from liver at the same level
of conflidence. On the other hand, all parts of the brain
when compared with the heart dld not demonstrate a true
variation even at the 5% level. Llkewise, the individual
portions of the brain did not contain significantly dif-
ferent amounte of enzyme activity when tested at that

level.
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TABLE II

ALDOLASE LEVELS OF INDIVIDUAL EMBRYONIC CHICK TISSUES

Barly Whole
Animal
Liver
Heart
Hindbrain

Midbrain

Forebrain

Number of
Samples
21
22
33
37
35

36

Mean Value
of Activity®
6.30
5.27
8.37
8.03

8.10

8.05

Standard
Error of Mean

0.33

0.22
0.33
0.20
0.36

0.42

*Expressed as Moles of Hexose-di-phosphate gplit/hour/
micrograms protein x 10-10,
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II. Cytochrome oxidase

In contrast to the constant level reported in the
aldolase study, cytochrome oxidese exhibited a marked in-
crease in activity throughout development in certain tissues.
‘Thie 1s lmmedlately apparent from observation of the graphs
presented in Figure 4. One should note that the straight
lines appearing in these graphs are fitted to the points by
sight only and ean be interpreted only as an indication of
the approximate slope. Keeping this caution in mind it can
be seen that cytochrome oxidase activity demonstrated the
earliest lncrease in the embryonle heert, doubling in ap-
parent content in the perlod from the fifth day to the
eleventh day of incubation. This continuous rise in enzyme
activity results in a threefold increase at hatehing over
the level observed at four days. In like fashion, liver
cytochrome oxldase actlvity exhiblts a steady increase per
unit of protein during the developméntal perlod. Although
the rise in the liver activity lags behind that in heart,
the rate of accumulation appears surprisingly similler in
both liver and heart. The data in Teble III indlcate such
a trend.

In general, braln tissue cytochrome oxldase activity
‘appears to exhiblt more of a sluggish accumulation. How-
ever, one comment might be made ln regard to the individual
porgions of the brain studied. That is, increases in en-
zyme activity during development are progressively greater

in samples taken from the more rostral portions of the brain.
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TABLE III

COMPARISON OF CYTOCHROME OXIDASE ACTIVITIES
IN DEVELOPING LIVER AND HEART

Day of Cytochrome Oxidase Cytochrome Oxidase
Development  Aetivity® of liver Actlvity® of Heart Ratilo
7 2#30 4,15 1.8
9 2.60 L,92 1.9
10 2.90 5.39 1.9
13 3.22 5.64 1.8
20 L.51 7.50 1.7

#Expressed as Enzyme activity/microgram protein x 10'2.
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This is revealed by comparing the approximate slopes of
the plots in Figure &. Forebrain exhibits a greater rise
in enzyme activlty than does midbrain while hindbrain dls-
plays a relatively constant amount. Due to the amount of
variation in the determinations earried out on forebrain
and midbrain, this observation can be consldered only of a

suggestive and preliminary nature.

ITI. Succinlc dehydrogenase

In a qualitative sense, the results of the investiga-
tion on succinic dehydrogenase content were much the same
as the cytochrome oxldase study (Figure 5). With the ex-
ception of the heart, enzyme activity in the individual
organs was difficult to determine with any degree of relia-
bility prior to the fifth day of development. Beyond that
time the overall pattern of enzyme sccumulation is indicated
‘by the graphs.

Liver samples exhiblted the greatest amount of vari-

atlion and due to this fact it was ilmpossible to derive a
ratio of hesrt to liver activity as had been descrlbed for

cytochrome oxidase. However, 1t was possible to express a
ratio of succlinic dehydrogenase activity to cytochrome
oxidase activity throughout development in the other tlssues
studled. Such a series 1s presented in Table IV. This
rat19 while demonstrating differences in the individual
tgsa;es, does not reveal a general trend in the tlssues

during development.
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TABLE IV

COMPARISON OF CYTOCHROME OXIDASE AND SUCCINIC DEHYDROGENASE
LEVELS IN VARIOQUS TISSUES THROUGHOUT DEVELOPMENT

Age of Cytochrome Succinie
Piosue  _ (Dahl .  Aotlvityt  _ Aetivizy® .  Eatlo
Heart 6 3.70 | 1.62 2.3
10 5.39 2.00 2.7
15 6.51 2.78 2.3
Hindbrain 6 1.52 0.40 3.9
10 1.48 0.70 2.1
15 1.45 0.70 2.1
20 1.50 0.89 1.7
Midbrain 6 1.42 0.42 3.4
10 1.45 0.49 3.0
15 1.50 0.55 2.7
20 1.59 0.62 2.6
Forebrain 6 1.71 0.32 5.0
10 2.72 0.4k 6.2
15 3.25 0.50 6.5
20 3.40 0.57 5.9

¥Expressed ﬁs Enzyme activity/microgram protein x 1072,



DISCUSSION

I% is possible to approach the results of thls study
from two separate points of view. The first involves an
evalustion of the data solely with regsrd to the comparative
levels of the different enzymes throughout the development
of a given tissue. In thls respect, 1t 1ls obvious that the
three enzymes under study have distinct and separate pat-
terns of develorment in general., The second method of inter-
preting the resuvlts iInvolves the comparison of the selected
tissugs with respect to a particular enzyme. One should
review the results from both considerations for a more com-
plete evaluation of their signiflcance.

I. Comparison of the levels of the varlous
enzymee during development

Reports of aldolase activity in embryos have been
limited, Tor the most part, to demonstrations of 1its presence
without any attempt to follow the pattern of 1ts accumula-
tion (Needham, '37b). The only study other than cur own
reported in the literature describing the actual levels of
aldoclase actlvity throughout development was included in
a paper by Gustafson and Hasselberg ('51). In this article,
aldolase activity was followed in developing sea urchin
eggé up to the pluteus stage. During the entire period
covered by this study, the activity of aldolase remained

constant. Our dzata on the chlck indicate 2 similar

-l}Pem
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unchanging level for this particular enzyme over the entire

time of incubation.

¥When interpreting such results, it 1s enticing to
assume as Lowry ('54b) has guggested that the level of
aldolase activity as assayed 1s proportional to the total
amount of glucose metabolized by way of the Embden-Meyerhof
scheme for the given sample. The use of thie assumption
would indicate unmodified level of activity for this major
glycolytic cycie throughout development in the chick. Only
related, direct studles of the total cyecle and similar
eetimationg of other enzymes functionling in the scheme can
reveal the validity of this assumption. Such surveys are
presently being.undertgke<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>