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METABOLISM OF GLUCOSE-U-cl4 BY BONE

Abstracts The metabolism of glucose-U-Clh was studied in vitro by incu-~
bating calvarial preparations from one- to two-day old Long Evans rats
with varying levels of this substrates Incubabionss generally lasting
for two hourss were carried out at 37°C. in air with calcium-free phos~
phate~ or THAU-buffered medium (pH 7e4)e Carbon dioxide, either meta-
bolic alones or total after addition of acid to the tissue, was collected>
chemically determined by manometric proceduress and assayed for radioac-
tivity. Glucose and lactate were obtained from the medium after incuba-
tion by elution with a linear HCl gradient from Dowex—-1-Cl anion exchange
resin columnss. Glucose was determined by the glucose oxidase~3,3!-di-
methoxybenzidine (o-dianisidine) procedures and lactate by the DPN-lactic
dehydrogenase procedurse Like carbon dioxide, these compounds were
assayed for radicactivity: all activity determinations in these experi-~
ments were carried out either with a thin window gas flow tube or by liquid
scintillations In some of the experiments, after incubations the skulls
were extracted with various solvents so as to determine the distribution
of activity in different components of the tissuee. Paper chromatography
and radioautography were used to identify and estimate the quantity of
radioactivity in these components of the tissues and in metabolic inter-
mediates found in the medium after incubatione

Two preliminary experiments, in which calvaria were incubated with
glucose-U~C4 in phosphate-buffered medium (pH 7.4) for two hours, were

performede From the oxygen uptake of 14e34 pmoles/gram wet weight/hour,
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and the carbon dioxide production of 16.73 pmoles/gram wet weight/2 hourss
an ReQe of 0058 was determined. The inverse relation between the specific
activity and production of lactic acid indicated varying degrees of endoge-
nous dilutione On the basis of previocus work by Dowse et als 1963, it was
likely that glycogen was the source of this dilution. The specific acti-
vities of carbon dioxide and lactate were considerably lower than that of
glucoses but the specific activity of the CO, was much like that of the
lactates Therefore, much more dilution was occurring in the glycolytic
cycle than between pyruvate and the decarboxylation steps of the TCA
cycles 1In one instance the specific activity of the CO, actually exceeded
that of the lactic acid: +this would be possible if the hexose monophos-
phate shunt were more active in this cases

In experiment 2 calvaria were incubated as in the preliminary ex-—
perimentss The quantity of glucose utilized and its utilization rate
were determinede Glucose uptake was constants as was the fraction of uti-
lized activity in lactate and COse The specific aectivity and production

of lactate were not individually constants but were inversely related to

each othere From the above results it could be seen that, at a given
phosphate level, the conversion of glucose—clh to lactate-Cl4 was unaf-
fected by the varying degrees of endogenous dilution which were occurringe
In experiments 7, 8, and 10, calvaria were incubated with varying
concentrations of g].u.cose-U»(?.:u+ for two hours in aire. Phosphate and THAM
buffers (pH 7e4) were used in experiments 7 and 8, and 10 respectivelye
The specific activity of the glucose in the medium after incubation was

lower than that of the original specific activity, and the effect was
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more marked in phosphate than in THAM buffer. Within a given experiment,
in which the phosphate level was constant, the specific activity of the
lactate rose with increasing levels of glucose in the mediume Hences at
a given phosphate concentrations, the production of lactate-Cl4 from glucose-
o4 was directly dependent on the glucose concentration. With similar
initial glucoses and therefore similar glucose-l-phosphate concentrationss
on the basis of specific activities, more dilution of the lactate occurred
in phosphate than in THAM buffer. The above results supported the hy-
pothesis already developeds that endogenous dilution was occurring, and
that glycogen was likely responsible for this dilutione The hydrolysis

of glycogen is directly dependent on the ratio of inorganic phosphate
glucose-l-phosphate.

The average percentage of utilized activity in the lactate formed
in phosphate buffer (experiment 8) was 29% as compared to 40% for that
formed in THAM buffer (experiment 10)s. In both experiments, 2-4% of the
ubilized activity was recovered in the COZ- Up to 58% of the utilized
activity was calculated to be in compounds other than glucose and lactate
in the medium after incubation in experiment 8, and up to 34% in experi-
ment 10e. 14-38% of the total counts utilized were calculated to be in
the tissue of both experimentse

Paper chromatography and radicautography were used to identify
and estimate the amount of activity in various components of calvariae
The ethanol extract of tissue incubated with glucose-U—ClA in phosphate
buffer (pH 7e4) for 2 hours in experiment 3 contained labeled phosphory--

lated glycolytic intermediates, amino acidss and organic acidse Glutamic
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and lactic acids were more heavily labeled than any of the other meta-
bolic intermediates. In experiment 5 radioautograms were prepared from
ethanol extracts of skulls incubated with glucose-U~014 in phosphate
buffer (pH 7.4) for 15 minutess 30 minutes, 1 hour, 2 hours, and 3 hours
respectively. After 15 minutes there was more activity in the phosphory-
lated glycolytic intermediates than in the amino acids, but after 3 hours,
there was a much greater quantity of activity in amino acids such as
glutamate than in the phosphorylated intermediatess This showed that,
with time, much of the activity from the glucose had moved on through

the glycolytic and tricarboxylic acid cycles to form labeled glutamic

acid, which is used in protein synthesise
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CHAPTER I
INTRODUCTION

Little comprehensive work has been done on carbohydrate
metabolism in calvaria. Investigators in this field have generally
preferred to use metaphyseal bone preparations (Borles Nicholss and
Nichols, 1960as 1960b; Lekan, Laskin, and Engel, 1960; Cohn and
Forscher, 1961, 1962a; 1962b; Vaes and Nicholss 1961, 1962a, 1962b).
However, a biochemical study of calvaria from newborn rats was
carried out by Dowse et als 1963, The metabolic behagviour of cal-
varia was found to be qualitatively similar to that of metaphyseal
preparations of bone. In the present report an attempt was made to
elucidate further the metabolic behaviour of calvaria by incubating
the tissue with glucose-U-GL4 in vitro and tracing the products of

metabolisme
I. PURPOSE OF THE STUDY

The metabolism of glucose-U-—ClLP by calvaria in different buffers
at 37°C. in air was investigated. The object of the study was to (1)
determine, by the use of paper chromatography, the distribution of
radiocactivity in the components of the medium after incubation and in
various extracts of the skulls after incubation of the latter with
glucose-U-CL4; (2) determine the utilization of oxygen, and the pro-
duction and specific activity of metabolic COo during the incubation

of calvarial preparations; (3) determine the utilization of glucose by




calvaria and to assess the specific activity of the glucose in the
medium before and after incubation; (4) assess the production and
specific activity of lactic acid formed during the incubation of
calvarial preparations; (5) determine the fate of glucose-U-Clh when
calvarial preparations were incubated in media containing different
levels of substrate and different buffers.

From the information obtained on the above parameters in normal
calvarias it should be possible to study more intelligently the effect

of parathyroid extract on the metabolism of glucose-U—ClA by calvariae
II. RELATION OF THE STUDY TO CARBOHYDRATE METABOLISM IN BONE

Although much work has been done on the effects of parathyroid
hormone on carbohydrate metabolism in metaphyseal bone preparations,
the results have not always been too meaningful, due to an inadequate
understanding of carbohydrate metabolism in normal metaphyseal bone
preparationse Cohn and Forscher {1962b) incubated epiphyseal-metaphyseal
slices from the femurs of control and parathyroid extract-treated
rabbits with glucose-U-CL1%, glucose-1-Cl4, and glucose~6-Gll. They
found an increase in the total activity incorporated into CO2s but did
not know whether this increase was due to net changes of carbon dioxide
or simply to increases in specific activity. In the present investiga-
tion information was to be obtained on the specific activity of meta-
bolic COp produced by calvaria from normal ratse

Experiments were to be performed to determine the percentage

of ubtilized activity which would be present in various intemmediates




formed by incubating calvaria from normal animals with glucose—U—Clhc
To our knowledges no data has yet appeared on the fate of gﬁl.\.tcase—U--C:u+
upon being incubated with calvariae An adequate representation of the
distribution of label in the skullss 002, and components of the medium
after incubation of control calvarial preparations was to be obtainede
This would help to create a more complete picture of carbohydrate meta-
bolism in normal calvariae The ground-work would then be laid for a
future investigation of the effects of parathyroid hormone on glucose-U~ClA

metabolism in calvariae
ITT. LIMITATIONS OF THE INVESTIGATION

The calvarium, containing a large number of cells, is a ready-
made tissue slice which can be readily extracted from newborn ratse
According to Gaillards 1959, the chief advantages of this tissue are
convenience, reproducibility, and responsiveness to parathyroid hormone
in vitro. However, it is emphasized that since the present study is
conducted on calvaria, the findings may or may not apply to bone cells
in general.

Firschein (1962), discussing the parathyroid hormone and carbo-
hydrate metabolism in bone, compares results obtained from in vivo and
in vitro studiess The in vivo data shows that bone is constantly syn-
thesizing and releasing citrate into the circulations and that para-~
thyroid hormone stimulates this processe Since bone mineral can remove
citrate from the medium by phosphate exchange and binding to the crystelss

the bone slice would not be very suitable for studying the effect of




parathyroid hormone upon citrate metabolisme Howevers Firschein
mentions several workers (Laskin and Engel, 1956; Lekan et als 1960;
Ranney, 1960; Hekkelman, 1961; Neuman and Dowses 1961; Vaes and
Nichols, 1961) whos by using in vitro systems, have nevertheless been
able tc demonstrate an effect of parathyroid hormone upon citrate meta-
bolisme The in vivo studies of Firschein et al, 1959, have shown that
parathyroid hormone also stimulates the formation and release of lactic
acid by bone. These findings were confirmed by means of the in vitro
bone slice system (Borle et al, 1960b; Neuman and Dowses 1961; Schartum
and Nicholss 1961)e However, Firschein (1962) mentions that the
evidence from in vivo studies indicates that citrate is capable of
causing bone dissolution, whereass in vitro, there seems to be no corre-
lation between the amount of citrate (or lactate) produced by bone and
demineralization. He suggests that the limitations of the in vitro
bone slice system may be responsible for this discrepancy. Since the
present report on glucose—U—Clh‘metabolism by calvaria is based on
results obtained from an in witro system, it is necessary to keep this

in mind when reading this studye
IV. DEFINITIONS OF TERMS USED

Calvaria and skullse These terms are used interchangeably in

this report and represent that fraction of the cranium consisting of
the greater part of the parietal bones and that portion of the frontal

bone above the eye socketse
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Cpme This is an abbreviation which stands for counts per minute.

Dpme This is the abbreviation used for disintegrations per
minute. When liquid scintillation was used to assess the radiocactivity
of sampless correction of the actual efficiency of the system to 100%
was made by the channels ratio methode Absolute activity determinations

made in this way are designated as dpm in this report.

Qope This represents the rate of oxygen consumptions

BsQo This stands for respiratory quotient, and is calculated
by finding the ratio between the rate of carbon dioxide production and

oxygen consumptione

SeAe This is used to represent the specific activity of a

substances
ICA. This shorthand notation stands for trichlorcacetic acide

IHAM-buffered mediume THAM refers to Tris(hydroxymethyl)amino—

methane, a substance sometimes used instead of phosphate buffer in the

mediun of incubation flaskse

pmole and uMe These two forms are used interchangeably throughout

the thesis to stand for micromoles the former in the text and the latter,

because of shortage of spaces in the tables and figures. Attention is

drawn especially to the use of the symbol uM in this sense as it is some-

what at variance with commonly accepted practicee.



V. ORGANIZATION OF THE REST OF THE REPCRT

In Chapter II there is a discussion of previous investigations of
problems similar to the one reviewed in the present reporte. Chapter III
gives an account of the methods of procedure and experimental techniques
used to investigate the present probleme. Paper chromatography and radio-
autography were used to separate and identify various metabolic inter-
mediates formed from glucose—U—Cla by calvarial preparations: this is
described in Chapter IVe Two preliminary experiments designed to yield
general information concerning glucose-U-Cl4 metabolism by calvaria are
described in Cahpter Ve 1In Chapter VI there is an account of an experi-
ment in which the quantity of glucose utilized by calvaria was determined,
and the percentage of total counts utilized present in various end-
products was calculateds Chapter VII describes the effect of different
substrate levels and medium phosphate concentration upon glycolysis in
calvariae In Chapter VIII there is a description of the effect of dif-
ferent substrate levels and medium phosphate concentration upon the dis-
tribution of activity in various components of the rat calvariume The
last chapter, Chapter IX, summarizes the developments of previous

chapters and states the more important conclusions of the whole study.




CHAPTER II
HISTORY OF THE LITERATURE

Chapter II contains a brief résumé of the literature related to
the present probleme Since bone is not too suitable for biochemical
metabolic studies, progress in the study of this tissue has been slowe
In the past, numerous scientists have used metaphyseal preparations of
bones although these are seriously contaminated with marrow cellse 1In
the present study, glucose-U-Clh metabolism by calvaria from one— o two-
day old rats is studiede Until the present times little comprehensive

work has been done on calvariae
i, METABOLISM OF BONE CFELLS

Borle et al (1960a) examined the metabolic behavioer of bone cells
in vitro by using slices from the metaphyses of the long bones of adult
mices They found that bone cells utilized oxygen slowly as compared to
other tissues such as liver, but consumed glucose at a brisk rate. This
indicated that the major portion of the substrate consumed passed through
the glycolytic pathways, and that only a small percentage was left to go
through the tricarboxylic acid cycle or for synthetic processese The
chief end product of bone cell metabolism was lactic acids even under
aerobic conditions, and the citric acid produced was less than 1/70 of
the amount of lactate formed.

In another investigation, Borle et al (1960b) incubated metaphyses

of mice pretreated with parathyroid extract to study the metabolic pattern



of resorption, and metaphyses of the long bones in male mice treated
with estrogenic hormones to study the metabolism of accretion. Control
samples were used as welle No significant differences were found
between the rates of oxygen consumption determined for the three groups
of animalse This indicated that tricarboxylic acid cycle function and
presumably the rate of citric acid production were not greatly altered
during the processes of resorption and accretion in bones

The metabolic study of bone in vitro begun earlier by Borle et al
(1960a and 1960b) was céntinued by Vaes and Nichols (1961)s They incu—
bated metaphyseal bone preparations from adult male mice treated with
parathyroid extract and estradiol respectivelye The production of
lactate from pyruvate and oxaloacetate by bone from normal mice was about
100-fold that of citrate. When normal bone cells were incubated with
high levels of citrate, the rate of citrate oxidation was higher than the
rate of citrate production.

Vaes and Nichols (1962b) used metaphyseal preparations from rats
and mice to study the in witro metabolism of glycine labeled with CL% in
the carboxyl carbone They found that although small amounts of glycine
were decarboxylated, much larger amounts were incorporated intact into the
organic matrix of bone from 2-month-old rats. Larger rates were found in
young than in older animalse This indicated that the formation of bone
is more rapid in young than in older animals. Hence, it is to be expected
that calvaria from newborn rats would be metabolically very active. The
rate of glycine incorporation into the organic matrix of incubated bone

samples was found to depend also on the presence of various hormoness
P P



Vaes and Nichols demonstrated the importance of endocrine factors in
the control of bone matrix formation.

In a series of experiments in which epiphyseal and metaphyseal
bone preparations from 6-week-old rabbits were incubated in vitro with
glucose-l-Clh, glucose—é-Clh, glucose-U—Clh, pyruvate—2-014, and
lactate-2-G1Y, Cohn and Forscher (1962a) studied the aercbic mebabolism
of glucose by bonee They found that under their experimental conditions
the major end'product of glucose metabolism was lactic acide The
specific activity of the lactates compared with the initial glucose
specific activity, was of almost theoretical values This indicated
that all of the lactic acid arose from the added glucose. From data on
the differences in formation of clhoz from glucose—é—clh and glucose—l—Clh,
and on the degradation of lactate, it was determined that about 15% of the
lactate devolved from the pentose cycles and the rests from the Enbden—
Meyerhof pathwaye Because of the large accumulation of lactate and the
relatively small production of,Clhoz, Cohn and Forscher concluded that
the role of the Krebs cycle in the metabolism of glucose by the bone
slices appeared to be minors

In another series of experiments, Cohn and Forscher (1942b)
studied the metabolism of labeled glucése by weanling rabbits treated
with parathyroid extract. Epiphyseal-metaphyseal slices from the distal
end of femurs and minces of soft tissue were incubated with glucose—U-Clh,
glucose—é—clh, and glucose-1-C14. In these experiments there was not a
2:1 relationship between the‘p moles of lactate formed and the p moles of

glucose consumede In an earlier paper (Cohn and Forschers 1962a), it
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appeared that all of the lactic acid produced arose from the added
glucosee

A comprehensive biochemical study of calvaria from newborn rats
was carried out by Dowse et als, 1963 In terms of its chemical COmpoO=~
sition, the tissue was found to be intermediate between soft tissue and
mature bonee TIts metabolic behavior was qualitatively similar to that
of metaphyseal preparations in that it shoWed excess reserve succinate
dehydrogenation capacitys low oxygen consumptions high glycolytic
capacity, and a high rate of aerobic glycolysis (incomplete Pasteur
effect)s According to this reports there would seem to be no reason
to doubt the existence of the TCA cycle in bone. It was found to be
present from succinate to citrate in calvaria, and citrate can be

further metabolized.
II. VARYING INITIAL GLUCOSE LEVELS

Activity incorporated into CO,. Cohn and Forscher (1961) used

epiphyseal and metaphyseal slices from weanling rabbits to study the
metabolism of osseous tissues They found a greater increase in the
total activity incorporated into COs at lower substrate levels than at
higher levelss Since no data was given on the specific activity of

002, it was not clear whether this increase was due to a rise in specific

activity, or in the chemical quantity of 002.

Production of lactates Borle et al (1960a) found that the quan-

tity of lactate produced by metaphyseal preparations from mice depended
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on the presence of substratee Much greater quantities of lactate were
produced when gluccse was present than when it was absente

Calvarial preparations were incubated with varying levels of
glucose by Dowse et al (1963)e They found that lactate production
increased rapidly with increasing concentrations of glucose up to
about 4 millimolare Beyond this level of glucoses lactate production

increased more slowlye.
IIT. RESULTS OBTAINED WITH DIFFERENT BUFFERS

Borle et al (1960a) found that the quantity of lactate produced
by metaphyseal preparations from mice depended on the kind of buffer
useds With glucose and oxygen present, 30% more lactate was produced
in bicarbonate buffer than in phosphate buffer.

Epiphyseal and metaphyseal bone preparations from 6-week-old
rabbits were incubated in vitro with various substrates by Cohn and
Forscher (1962a) to investigaté the aerobic metabolism of glucose by
bonee Due to the similarity of 01402 production in THAM and bicarbon=-
ate bufferss they felt that most of the COo evolved from Krebs! cycle
activitys Bicarbonate buffer promoted lactate formation when compared
to THAM buffer, and they suggested that this was due to the specific
effect of HCO; or CO,.

Calvarial preparations were incubated with phosphate and bi-
carbonate buffers by Dowse et al (1963)e Bicarbonate ion was at a

25 millimolar concentretions and phosphate at a le2 millimolar concen-

tration in the bicarbonate-buffered mediume Bicarbonate ion was absent
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and phosphate was at a 16 millimolar concentration in the phosphate~
buffered mediume Lactic acid production was determined after 30 and

60-minute incubationse Under aerobic conditionss considerably more
lactate was produced in phosphate than in bicarbonate mediume Addi-
tion of bicarbonate suppressed the phosphate effecte When phosphate
at 16 millimolar and bicarbonate at 25 millimolar concentrations were
present in the same medium, the quantity of lactate produced was almost
the same as that found in the standard bicérbonate-buffered mediume
Dowse et al used the COp buffer technique suggested by Pardee and
developed by Krebs (Umbreit; 1957) to determine the QOZ- No difference
in this parameter was found in bicarbonate and phosphate-buffered mediume
Use of Warburg!s "indirect" method yielded values for the Q°2 which were
3 times as high in the bicarbonate as in the phosphate-buffered mediums
No explanation for the above discrepancies was suggested, although a

variable CO, retention by the tissue is one possibility.



CHAPTER III
GENERAL METHODS EMPLOYED

Chapter III gives an account of the methods utilized in the
experiments described in this report. The first part of the chapter
deals with the analyticél methods for determination of the chemical
amounts of lactate and glucoses Two methods for assessing the quan-
tity of radiocactivity in Clh;labeled substances are then describede
This is followed by a section on the materials used and incubation
procedures. Finallys a description of the separation of radioactive
components from the medium after incubation by anion exchange

chromatography is givene
I. DETERMINATION OF LACTIC ACID

Principle of the methode When lactic acid is oxidizeds it forms

pyruvic acid. Lactic dehydrogenase, a widely distributed engymes caba-

lyzes this oxidation of lactic acid with DPN.

COCH COOH
G0 + DPNH + &' 2t . mok + DN
| “dehydrogenase |
CH3 CHS
Pyruvic acid Lactic acid

The above diagram was taken from White et al, 1959. The absorbance of
DFNH at a wavelength of 366 mp is measured in a Beckman DU spectrophoto-

metere The more DPNH that is formeds the greater is the optical density.
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In turn, the amount of DPNH depends on the quantity of lactic acid

presente Hence, when a sample of lactic acid solution is allowed to
react with buffer, DPN, and lactic dehydrogenases a measure of the
optical density of the resulting solution (after two hours at room
temperature) is a direct indication of the amount of lactic acid

there was in the original solutione

Bxperimental procedure. The lactic dehydrogenase-DPN method

used was based on the work of Cohen and Noell (1960) and Horn and
| Bruns (1956). The microassay method developed by Cohen and Noell was
usede A stock lactate solutions 3 millimolar-zine lactates or
6 millimolar-L-lactates was made upe Standards consisted of 10 and
25 pl of stock solution, made up to the volume of the largest samples
Blanks were set up just like standardss except that they contained
water instead of lactate samples.

25-200 pl of the neutralized samples to be assayed were pipetted
into 10 X 75 mm test tubess The volumes in all tubes were adjusted
with water to that of the largest sample. 500 ul of glycine-NaOH buffers
PH 10455 containing semicarbazide-hydrochlorides were then added to each
tubee This was followed by 100 pl of a solution of DPN.AHzo/%ube. Last
of all, 25 pl of a solution of lactic dehydrogenase were added to each
tubes The enzyme solution used was made by dilution of the concentrated
solution l:4 with 6% NaHCO3.

The tubes were sealed with parafilm, shaken, (as one unit) and

allowed to stand at room temperature for at least two hourse There was
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no visible color development. The absorbance of the samples was read
in microcuvettes at 366 mp against the blank sample. In order to ex-
clude COys and thereby prevent PH change, it was necessary to seal the
blank cuvette with parafilm. All test tubes were sealed with parafilm

until the contents were read on the Beckman DU spectrophotometers

Materials usede The following materials were used in the lactic

acid method;

L(+)-Lactic Acid:t zinc lactatee The water of crystallization was

12+9%

Glycine-NaOH Buffer: pH 10e5s The buffer was prepared by mixing a

6% solution of semicarbazide with 0e¢25 molar-glycine.

/Q-Diphosphopyridine—Nucleotide:2 assays 98% It was corrected for
AHZO per mole when prepared. Cozymases From yeaste The solubion

used contained 15 mg DPN.:,Hzo/ml.

Lactic Dehydrogenase:3 type II. Crystalline from muscle. Sub-

stantially free of pyruvate kinasee <NHA)2804 suspension. 10 mg/ml.

Accuracy of the methode In a series of 21 separate analyses

the mean difference between duplicate determinations of standard

1The zinc lactate was prepared by Pfanstiehl Laboratories,
Ince, Waukegan, Illinoise

233The DPN and enzyme were obtained from the Sigma Chemical
Company, Ste Louis 18, Missouris UeSelde
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samples of lactic acid was Oel49 ng + 0.03L pg (SeEe) at the 5.3 ne

level and Oel13L pg + 04022 pg (SeEs) at the 133 pg level.
IT. GLUCOSE OXIDASE METHOD FOR DETERMINATION OF GLUCOSE

Principle of the methode According to Kingsley and Getchell

(1960), Miller (1928) first demonstrated that 3-glucose oxidase
promoted the oxidation of glucose by molecular oxygen to gluconic acide
Then Franke and Lorenz (1937) discovered that hydrogen peroxide is
simultaneously formed in this reactione This HyOp will quantitatively
oxidize certain amino substituted dibenzene derivatives to form colored
compoundse O-tolidine and o-dianisidine have been used by most workers
and thekoverall reactions represented by the equations

glucose oxidase

Glucose + O, + H50 N gluconic acid + Hy0,
peroxidase
Hy05 + o-dianisidine , color
o-tolidine 4

have formed the basis of a large number of methods differing slightly
in details McComb and Yushok (1958) discovered that the addition of
concentrated sulfuric acid changed the color of the o-dianisidine
reaction mixture from amber to a deep pink color that was stable for
several hours. It is the absorption of this pink color which is read
on the Beckman DU spectrophotometere The intensity of the color is
directly proportional to the quantity of HyOp formed and, therefore, to

the amount of glucose present in the samples.
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Proceduree Glucose was determined by a glucose oxidase-3,31-
dimethoxybenzidine (o-dianisidine) method modified from that of Kingsley
and Getchell (1960). Samples of 25-200 ul were pipetted into 10 X 75 mm
test tubess Duplicate standards of 5s 10, 25, and 50 pl of a solution
containing glucose at a concentration of Q.4 pg/pl were also put into
appropriate test tubese The volumes in all tubes were adjusted to 200 pl
with distilled waters Blank tubes contained 200 pl of water instead of
glucose samples

To each tube were added 800 pl of the buffer-reagent solution,
and then 100 pl of glucose oxidase solution. ALl samples were thoroughly
mixed, covered with parafilm, and incubated at 37°C. for 60 minutes (the
time was not too critical: it could range from 45 to 75 minubese How-
ever, the time should be the same for all tubes).

At the end of the incubation periods 400 pl of 37s4% sulfuric
acid were added to each tubes The tubes were cooled, and the contents
thoroughly mixed on a vortex mixer. The absorbance of each solution was
read in a microcuvette against the blank sample in a Beckman DU spectro-

photometers The samples were read at a wavelength of 530 mpu.

Materials usede The following materials were used in the

glucose oxidase method for determination of glucose:

Glucose Oxicka.se:zP crude; contains catalases

A'I’he glucose oxidase was obtained from the Sigma Chemical
Company, Ste Louis 18, Missouris UeSeAe
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Glucose:”? dextrose. Reagents Ae¢CeSo Anhydrous powders

Peroxidase:® horseradish Type Is There were approximately 70 (20 sec)

Purpurogallin Units/mg.

O—Dianisidine:7 353'-Dimethoxybenzidines 0250 gn were dissolved in

25 ml of methyl alcohol.

Peroxidase Buffer Reagent: 08409 gm of NazH?Oh and Lle1l19L gm of
KHpPO,, were dissolved in distilled waters 5¢625 mg of peroxidase
were added to the above solution, which was then adjusted to 500 mle

56625 ml of o-dianisidine solution were added to the top of the 500 ml.

Accuracy of the methode In a series of 14 separate analyses

the mean difference between duplicate deteminations of standard
samples of glucose was 04055 jg + 00011 pg (SeEe) at the 4.0 pg
level and 00167 pg + 0.043 pg (SeEe) at the 20 pg level.
ITI. DETERMINATION OF THE TOTAL ACTIVITY OF ClA—LABELED CCMPOUNDS
BY OXIDATTION WITH POTASSIUM PERSULFATE

Principles The persulfate oxidation as described by Osburn

‘and Werkman (1932) can be used for water-soluble compounds onlys This

53 1The glucose and o-dianisidine were obtained from Mathesons
Colemans & Bell, Division of the Matheson Companys Inc. Norwood
(Cincinnati), Ohio; East Rutherfords Nedes UsSeAe

6The peroxidase was obtained from the Sigma Chemical Company »
Ste Louis 18, Missouris UsSeAe
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method has been adopted by Weinhouse (1949) and Anthony and Long (1952)
for Clh assays Volatile as well as nonvolatile compounds may be oxi-
dized by this method, as long as the compounds are water-soluble (Katz»
Abrahams and Bakers 1954).

This reaction can be described by the following equation

Hy0  +  K,5,04 > 2KHSO, + 1/20,

obtained from an article by Abraham and Hassid (1957).

Experimental procedure. The oxidation method used was based on
the work of Abraham and Hassid (1957)e About 500 to 600 mg of solid
potassium persulfate were placed into the main compartment of the flaske
Then the sample (which should yield from 10 to 80 mg of BaCOB) and water
were added to the main compartment to give a volume of 5 to 15 ml. After
the flask had been swirled to partially dissolve the persulfate, the mix-
ture was acidified with a few drops of dilute H2304° 1 ml of 4% silver
nitrate solution was then added to the mixture. Enough COo-free NaOH to
absorb the 002 formed during the oxidation was delivered into the center
well.

After the flask had been closed with a rubber stoppers it was
evacuated by insertion into the stopper of a 22~gage needle connected
to a vacuum lines The flask was placed into a water bath at 4O to 50°C.
and brought to about 70°C. in 15 to 20 minutess It was left at 70-75°C.
for approximately 30 minutes (ieees until the mixture was clear)e To

ensure complete CO, absorption, the flask was left in the water bath for
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an additional 15 to 20 minutess

After the flask had cooled to room temperature the vacuum was
released by insertion through the rubber stopper of a hypodermic needle
~ connected to a soda~lime tubee The flask was opened and the contents of
the center well were rapidly and quantitatively transferred, by means of
suctions into an Erlenmeyer flask containing 1 ml of saturated bariﬁm
chloride solution.

The above procedure was used for the combustion of Cl4-lactate

and glucose—U—Clh.

Preparation of BaClAOB precipitatess The BaClh03 precipitates

obtained after addition of NazclhOB to a saturated BaCl, solution were

transferred to weighed 25 mm MﬁEDMillipore filters, type HA or RA, by
means of Pasteur pipettes. These Millipore filters had been thoroughly
dried in a desiccator before uses and were mounted in a Millipore filter
holder® before application of the radiocactive precipitates

After addition of BaCl403 to the Millipore filterss they were
dried in a desiccator for at least 12 hourss and then reweighede The
completeness of oxidation was checked by these weights of barium car-
bonate, since enough carrier carbohydrate such as lactate was added to
the radicactive sample before oxidation to yield 10 mg of Ba003 or

2 mg/cm? on the planchets useds The chemical amount of BaCOB obtained

8‘I‘his was obtained from the Millipore Filter Corporation, Bedfords
Massachusetts, UeSsAe
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from the radioactive sample was negligiblee Samples of 002 in NaOH did
not have to be oxidized and were precipitated directly as BaCOB- Again,

enough carrier was added to yield about 10 mg of BaCOB.

Counting of BaC1403 precipitatese The radioactive BaCOB samples

on Millipore filters were put into stainless steel planchets and held
down with brass rings especially constructed for this purposes A thin
window gas flow tube was used to count the samplese Since there was a
certain amount of self-absorption of radioactivity by the samples them-
selvess the cpm obtained were corrected to infinite thinnesse This self-
absorption correction took into account the weight of BaCOB. The amount
of self-absorption is given by the quotient I/Io and may be represented
by the following equation taken from Aronoff (1956):

I - 1-¢93%
I, 0e29L

where T is the observed activity
I, is the activity at infinite thinness
L is the weight of BaCO3 per unit area (mg/cm?)e

IV. DETERMINATION OF THE ACTIVITY OF ClA4-LABELED COMPOUNDS
BY LIQUID SCINTILLATION

Liquid scintillation counting made possible the rapid deter-
mination of radioactivity in toluene-soluble compoundse A Nuclear-
Chicago three channel liquid scintillation unit was usede The solvent

employed was "Liquifluor" diluted 1225, a toluene-based solvent systenm




22
containing 4 gm "PPO" [2,5-Diphenyloxazole] and 50 mg "POPOPH [1s4~bis=
2—(5-phenyloxazolyl)—bénzene] per litres The channels ratio counting
technique was used to determine the actual efficiency in homogeneous
counting systems of toluene or toluene-methanol and enable absolute
activity to be calculated.

By definition, liquid scintillation counting is a method of
detecting radiocactivity by means of a solution of fluors and a photo~
multiplier tubee The energy of the primary particle emitted by the
radicactive sample is converted to light by the scintillation solution
and the phototube responds to this light energy by producing a charge
pulse which can be amplified and counted by a scaling circuite

The channels ratio counting technique is based on the fact that
when there is quenching, the height of the pulses produced by beta
particles is, on the average decreasede As a results, the spectbrum
shifts towards a lower energy (Figure 1)e Hences when the pulse height
spectrum of an isotope is properly divided into two counting channels,
~the ratio of the count rates in the two channels will change in a unique

and directly related manner with the amount of quenching and, therefore,

with the counting efficiency for the isotopee Because of this correlation

between the count rate ratio and counting efficiency it is possible to
construct a quench correction curve such as that in Figure 2, by count-
ing a series of standard samples of known activity and varying degrees of
quenche Once the quench correction curve is plotteds efficiencies for
samples of unknown quench can be read directly from the curve as soon as

the channels ratio for each is calculated. Normally a quench correction



NS

0
G2

x

4

<3
A ig

(14

S UNQUENCHED
> 3 x
= =
D [l 25
Zy{ om gd
w ;g-J ifi:
= R
Z| |z -~

ou

ENERGY

Figure 1. Effect of quenching on the energy spectrum of an isotope.

100

% EFFICIENCY

0 T T T | T T T T T T
0 0. 0.2 0.3 04 0.5 0.6 Q.7 0.8 09 10

RATIO = L3-L4/L3-L5

Figure Z. Quench correction curve. Relationghip between efficiency
and ratio of counting in two channels.




Rl

curve plotted for one type of sample with a certain quenching agent can
be used for many types of samples of the same isotope with different

quenching agentse

Channels ratio counting of quenched Gt samples onlye In this

procedure the chamnels ratio technique is used to count quenched clé
samplese The quench correction ratios counting windowss and channels
used were these:

RATIO 1 = L3-L4 = CHANNEL 3
L3-L5  CHANNEL 2

Total Counting Window = L3-L5.

The "Calibration Procedure for Counting Samples of One Isotope Onlyt
(Nuclear—Chicagé Ligquid Scintillation Manual for Liquid Scintillation
Systems 724 and 725) was used to set the data and gate operating voltages
at the balance point, or optimum value, where maximum count rate was
obtained in a total counting window defined by a lower level discrimi-
nator (L3) and an upper level discriminator (L5)e The voltages at the
three discriminator levels used were Oe5s 23 and 79 respectivelye

The total counting window was split into two overlapping windows
on two separated channels for quench correction using the chamnels
ratio technique as followse The Channel 3 selector was set at L3-Li;
the Channel 2 selector was set at L3-L5. The Level )4 discriminator
control was set so as to obtain a value as close as possible to 0e3
for the Rl ratio, since the ratio of 0«3 for an unquenched clh sample

has been found to produce the best possible efficiency versus ratio
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curve for the majority of G4 counting (Nuclear-Chicago Liquid Scintil-
lation Manual)e

The graph in Figure 2, page 23s of efficiency versus the
L3-L4/L3-L5 ratio for quenched standards was plotted by determining the
efficiency of counting for the tcluene-Cl4 standard obtained from
Nuclear-Chicagos When the value for Rl was adjusted to 0e3s the efficiency
obtained for the standard was 67%. Efficiency was calculated by dividing
the recorded counts/minute for the standard by the disintegrations/minute
for the standard, or:

EFFICIENCY = CPM
SAVMPLE DPM »

Hence, the values obtained above (R1=0s3: efficiency=67%) were used to

plot the highest point on a quench correction curve. The rest of the
curve was obtained from the one in the Nuclear-Chicago Liquid Scintil-—
lation Manuale Every point on this newly~constructed curve was 11 units
below the corresponding point on the curve in the Manuals since the
efficiency of counting of the cla standard with an Rl value of 0e3 on

the latter curve was 78% as opposed to 67% on the former curve. The
efficiency versus ratio curve was used to determine the counting efficiency
for unknown quenched clk samples once the L3-L4/L3-L5 ratio of these

samples was determined.
V. MATERTALS USED AND INCUBATION PROCEDURES

Experiments were done on the calvaria of one- to two~day old
Long~Evans ratse Previous work had been done on calvaria: they were

used to show histological effects of parathyroid hormone (Gaillard, 1959)»
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resorption in tissue culture (Goldhaber, 1960), the cellular role in
maintaining calcium levels above those due to passive solubility only
(Raiszs Au> and Tepperman, 1961), and the metabolic effects in bone
resulting from purified parathyroid hormone added in vitro (Dowse et al,
1963)s

Most of the biochemical studies of metabolism in bone have been
carried out with sliced or crushed metaphyses, as discussed in some
detail in Chapter II, although these are contaminated with marrow cellse
In the calvarium there is little contamination with marrow cellss and
the cell population is high for bones The following five general cell
types predominate morphologically: osteoblastss osteocytes, osteoclastss
cartilage cells, and preosseous mesenchymal cells (Dowse et als 1963)
This tissue can be obtained readily with a minimum of cut or damaged
cellse According to Gaillard, 1959, the main advantages of the calvarium
are convenience, reproducibility, and responsiveness to parathyroid hor-
mone in vitro. Since future experiments on the effect of parathyroid
hormone on glucose metabolism by calvaria are planned, it is wise to
work with a tissue responsive to parathyroid hormonee The results in
this report are based on glucose~U—014 metabolism by calvaria, and may,
or may not, apply to bone cells in generale

Method of preparatione One- to two~day old Long-Evans rats of

either sex from a colony maintained in the Faculty of Dentistry were
usede

The rats were decapitated and the head grasped firmly by inserting




27

one limb of a pair of forceps through the occipital cavitye The skin
was peeled back to reveal the skulle The thin layer of locse connective
tissue which covers the bone was removed and a piece of the skull com~
prising the major fraction of the parietal bones and that portion of the
frontal bone superior to the eye sockets was cut out with a scalpel.

The calvaria thus removed were inverted and any connéctive tissue
adherent to the inner surface removeds Thgy were then divided down the
midline and the sagittal suture region cut awaye This latter section of
the parietal bones and the occipital bone were excluded from the tissue
to be incubated as histological study showed that a variable amount of
cartilage was present in these regions of the skulle

After removal from the rats, the calvarial preparations were
placed in weighed beakers containing ice-cold incubation mediume The
tissue was randomized among flaskse. Wet weight was used as the basis
of reference.‘ According to Dowse et al, 1963, this was found to be at
least as reliable as dry weight, noncollagen nitrogens or deoxyribonucleic

acide

Incubation procedurese The bone tissue was incubated in air in

calcium-free phosphate or THAM~buffered medium (pH 7e4) in a water bath
at 37°C. The ionic composition of the medium is shown in Table T. Vary-
ing concentrations of glucose—U—(:lLP were used in the medium of different
experimentse Furthermore, the specific activity of the radiocactive
glucose in the medium before incubation varied in different experiments

due to varying dilutions of the labeled glucose with carrier glucosee
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The carbon dioxide given off during the experiment was collected in
carbon dioxide-free NaOH in the center well of the flaske During the
incubations the flask was continuously shaken in a water bathe
The period of incubation was generally two hours: any variation
is indicated in the description of the individual experimente Two
methods were used to stop the incubations; either the flask was placed
on ice and the calvaria removed from the medium immediatelys or acid
was tipped from a side-arm into the main compartment of the flaske The
skulls were rinsed with ice-cold Oel54 M NaCl, and then frozen. The
Na201A03 from the center well was removed by suction and stored in the
cold until it was subsequently assayed as BaClAOB in a thin-window gas
flow counter or directly, after absorption on papers in a liquid scintil-
lation systeme Whatever was left in the main compartment after removal
of the calvaria was removed and frogzen until it could be analyzed further.
Part of this medium obtained after incubation was subjected to anion
exchange chromatographys part was analyzed chemically for glucose and
lactate, and part was assessed for radioactivitys. Aliquots were also
used for the preparation of radicautograms. Details of the analytical
procedures used are given subsequently.
VI. SEPARATION OF RADIOACTIVE COMPONENTS FROM THE MEDIUM AFTER
INCUBATION BY ANION EXCHANGE CHROMATOGRAPHY
Samples of medium following incubation were pipetted onto
Dowex~1-Cl resin columns, 1 X 7 cm in sizee The anion exchange resin,

1-XkLs 200-400 meshs was prepared for use by being washed alternately
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with 2 N NaOH and 2 N NaCle This recycling was carried out twice with
each solutione Between additions of the OH™ and Cl- ions, the resin
was thoroughly rinsed with distilled watere

A linear HCl gradient, from 0-0.02 N over 400 mls, after the
manner of Kinoshita, Masurat and Helfant (1955)s was used to elute
the radioactive components of the medium. A micropump from Buchler
Instruments was used to pump the liquid through the columne The con-
tents of the first six tubes were collected by elution with water onlys:
the labeled glucose was present in the first few fractionse Each tube
contained approximately 4-ml fractions. Cllé-lactic acid was usually
found in approximately tubes 25-30. The contents of tubes containing
radiocactive glucose or lactate were lyophilized, and then made up to
a relatively small volume, so that aliquots could be assessed for
chemical quantity and radioactivity. Paper chromatography and radio-

autography of these aliquots was also carried oute



CHAPTER IV
PAPER CHROMATOGRAPHY

Paper chromatographys, a technique for effecting the separation
of closely related subsbances, was used to separate clh-labeleq products
of metabolism found in the media after incubations and various labeled
compounds present in the alcohol extracts of calvaria after incubatione
For convenience, the position of a substance on a chromatogram is
specified by its "Rf", which is defined as the distance the material
has moved from the original point of application divided by the distance

the solvent front has travelled from that point (Smith, 1960).

Preparation of the paperse Whatman #, paper was generally used,

but on occasion Whatman #l paper was used as wells. Prior to uses the
paper was washed for 2 hours in a 1% oxalic acid solutions to enable it
to bind heavy mebtals and thus prevent phosphate esters from sticking on
the origin (Moses, 1960)s It was then rinsed 10X with distilled water
over a period of two dayse This was done in a porcelain tray, with a
false perforated bottom on which to place the papere The sheets were
then thorcughly dried at room temperature.

For two-dimensional chromatographys the papers were cut 10 in.
square to fit into a stainless steel frame especially constructed to
hold paper chromatograms. Holes were punched into the paper at each
corner, so that the chromatograms would fit onto the steel rods in each

framee



32

Description of the solvent systems usede Ascending paper

chromatography was used in all casess The chromatograms were put into
glass tanks closed by heavy glass platese In two-dimensional chroma-
tographys the papers were first allowed to run in a phenol-water solvent,
prepared by mixing 100 g of phenol with 39 ml of distilled waters After
the sheets had been thoroughly dried overnight in a fume hood (an air
fan at room temperature was used to hasten the initial phases of the dry-
ing process), they were developed in a second solvent system, n-butanol-
propionic acid-water, in a direction at right angles to the first rune
This solvent was used second because it is impossible to remove all
traces of propionic acid by drying the papers at room tempergtures Two
solutions, A and B, were required to make up this second solvent.
Solution A contained 919 ml of n-butanol and 81 ml of distilled water,
whereas solution B contained 469 ml of propionic acid and 531 ml of
distilled water. Immediately before use, equal volumes of solutions A
and B were mixed (Moses, 1960). Having been developed in the second sol-
vent, the paper chromatograms were removed from the tank and thoroughly
dried in a current of air at room temperatures They were now ready to be

treated with staining reagents.

Standards usede Standard solutions of amino and organic acidss

and of glucose were prepareds The concentration of the amino acid
solutions was 50 mg/10 mls and that of the organic acid solutions was
200 mg/10 mle The latter two solutions were made up in 10% isopropanol.
The glucose solution was prepared at a concentration of 1 g/100 ml of a

0+5% solution of isopropanol.
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Location reagentse A 0e2% solution of ninhydrin in acetone (w/v)

was used to spray paper chromatograms containing amino acidse The
solution was either obtained commercially or prepared in the laboratory.
Having been sprayed, the papers were hung up at room temperature, or,
after the acetone had evaporated, they were heated for 2-3 minutes in an
oven at 105°C. Most of the amino acids yielded purple colors with nin~
hydrine
A solution of acridine containing Os1 g in 100 ml of 99.5% ethanol
was prepared (Nordmann and Nordmann, 1960). Chromatograms containing
organic acids were rapidly drawn through the reagent and then laid flat
on a sheet of filter papere. Pale yellow spots on a white background
appeared for acidic compoundse Under ultra-violet light lactic acid
fluoresced dark bluee Most of the other organic acids exhibited a
green-yellowish fluorescences
Aniline~hydrogenphthalate reagent was prepared as follows:
O0e9 ml of aniline and
166 g of phthalic acid were dissolved in
10040 ml of acetone.
The papers were dipped through the reagent (Kawerau, 1960)5 and then
heated for 15 minutes at 100°Ce Glucose reacted to form a brown spot

on the chromatogram. The color was stable for many monthse

Identification of standard amino acidse 10 pl of a mixture of

nine standard amino acids were applied at the origin of a paper chroma-

togram in two 5-ul quantitiese The paper was thoroughly dried between



34
addition of the 5-pl aliquotse 5¢556 pg of each amino acid were applied
to the chromatograme Having been thoroughly dried in airs the sheet was
subjected to two-dimensional chromatography as outlined earlier in this
chapters It was then sprayed with ninhydrin solution and allowed to dry
at room temperatures Mbst of the amino acids chromatographed turned a
purple color, but tryptophans proline, and hydroxy-proline did note.
Tryptophan was grayish in colors proline was yellowish~gray, and hydroxy-
proline was pale yellowe The nine amino acids separated are shown in
Figure 3¢ The corresponding identification key for these amino acids is
given in Figure 4, page 36. Since hydroxy-proline was pale yellows it

did not show up in the photograph in Figure 3.

Exposure of paper chromatograms to X-ray filme Paper chroma-

tograms containing radiocactive substances were exposed to X-ray film in
the darke The type of film used was Ilford Ltde X-ray film, with an
Ilfex safety basee The papers were allowed to remain in contact with
the film for varying periods of time, sometimes up to several monthse
Thereafter the X~-ray film was developed to show up darkened areas on
the filme These areas of blackening corresponded with active areas on
the papers

The radiocautograms obtained were very usefuls From the "Re!" values
determinable from the X-ray film it was possible to identify labeled sub-
stancess These could be compared to stained amino acids or organic acids
on the corresponding paper chromatograms From the intensity of the
darkened area on a films the quantity of label in a particular compound

could be estimatede
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Two-dimensional paper chromatogram of standard amino acids.
Sprayed with ninhydrin. 5.5 pg of each amino acid chromato-
graphed. For identification of spots see Figure 4.
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Results of radiosubography in experiment 3s After incubating

for two hours in a phosphate-buffered solution containing glucose—U—Clhs
skulls in experiment 3 were removed and extracted with ethanol (Chapter
Vs page 47)e Aliquots of the alcohol extract were chromatographeds and
the resultant chromatograms were exposed to X-ray films as described in
the previous sectione

A typical radiocautogram is shown in Figure 55 page 39« Glucose
and lactate were heavily labeled, and there was a fair amount of label
in the amino acids, aspartate, glutamate, and alanine. Serine was not
quite as heavily labeled as the amino acids already mentioned. Glucose-
b-phosphate was more heavily labeled than fructose~6-phosphate or 3-
phosphoglyceric acide This indicated that the total amount of radio-
activity in the glucose-6-phosphate pool was greater than that in the
fructose-6-phosphate or 3-phosphoglyceric acid poolse A trace of activity
was detected in citric and malic acids, intermediates of the ICA cycles

Areas containing radioactive compounds were cut out of duplicate
chromatograms, one of which is that in Figure 5, page 39 They were
then put into liquid scintillation vials and countede From Table II,
it can be seen that results were reproducible for a certain substance
from one chromatogram to another, except for lactic acide The activity
found in this substance on one sheet was approximately half that found
on the other sheete The second solvent, n-butanol~propionic acid-water,
was an acidic onee The most likely explanation for the poor agreement
between the lactic acid figures was unequal loss of this compounds which

is volatile in the undissociated form., during drying of the chromatograms.



TABLE IT

DISTRIBUTION OF ACTIVITY IN METABOLIC INTERMEDIATES PRESENT

IN AQUEOUS ETHANCL EXTRACTS OF CALVARIA

IN EXPERIMENT 3

M__—m

Spot Number Identity2 cpm Sheet #h cpm Sheet #6P
0 Origin 112 118
2 Glucose-6-phosphate 189 183
3 3~-Phosphoglyceric 146 139
L Fructose~6-phosphate 117 120
5 Citric 27 28
6 Malic 38 29
7 Aspartic 133 139
8 Serine 129 124
9 Glutamic 781 701

10 Glucose 2238 2009
11 Lactic 455 968
12 Alanine 141 137

For experimental details see Table IVs page 49.

Chromatographed on Whatman #4 in phenol~H90:n—butanol—propionic acid—Hzo-

85ee Figure 5e

Psheet #6 and Sheet #, duplicate chromatogramse



Figure 5. Reproduction of radiocautogram of 2-dimensional chromatogram of
alcohol extract of calvaris incubated for 2 hours with glucose-
U-C~*. Experiment 3. For key to numbers see Table II.
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The relatively large amount of label in lactic acid supported the
concept of an active aerobic glycolysis in calvaria (Dowse et al, 1963).
Since citrate and malate were also labeled, this indicated the existence
of the tricarboxylic acid cycle in bonee Further experiments were done
to elucidate the incorporation of Clh into the above intermediates with
timee In experiment 5, radiocautograms were prepared from alcohol

extracts of skulls removed from incubation media at varying timese

Preparation of radioautograms in experiment 5 The purpose of

experiment 5 was to follow the incorporation of CL4 into skulls with
times A total of twenty-one calvaria in one flask were allowed to meta-
bolize in phosphate~buffered medium (pH 7o) containing glucose-U-Cl,
The amount of tissue removed after varying periods of incubation is
indicated in Table III.

Immediately after withdrawal, the tissue was rinsed with cold
Oel54 molar salines blotted dry, put onto a filtering funnel, and
extracted with ethanole 2 ml of boiling 80% ethanols boiling 20%
ethanol, and boiling water respectively were used to extract the tissue
for successive 30-minute periodse After each extractions the skulls and
extracting solvent were centrifugeds and the supernatants saveds The
rinse water was pooled with the previous alcohol extracts to yield one
alcohol extracte The above procedure Was carried out for all five
groups of tissue shown in Table IITe

The pooled alcohol extracts were frozen, and subsequently lyo-

philizeds Aliquots were subjected to two-dimensional paper chromatographye.

The chromatograms were exposed to X-ray film for 70 dayse



TABLE III

QUANTITY AND TIME OF INCUBATION OF TISSUE FOR ALCOHOL
EXTRACTION, EXPERIMENT 5

Number of Calvaria Removed

Extraction Number Time of Incubation from the Flask
I. 15 minutes 9 halves
II. 30 minutes 10 halves
IIT. 1 hour 8 halves
IV, 2 hours 7 halves
Ve 3 hours 8 Halves

2 ml phosphate-buffered medium. Incubation in aire
Initial glucose concentration 1e105 pM/ml. 6
Initial glucose specific activity le58 X 10° cpm/uM.

FAMERBITE™N
7/ N\
{ Libramy |
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Results of radioautograply in experiment 5e There was a steady

progression of label into metabolic intermediates found in the alcohol
extract of skulls incubated for varying periods of time with glucose~
chlhc Radiocautograms were prepared from alcohol extracts of skulls
incubated for 15 minutess 30 minutes, 1 hours 2 hours, and 3 hours res-
pectivelye

After 15 minutes of incubation, a fair amount of label had been
incorporated into lactic acide Howevers glucose was by far the most
heavily labeled substance in the alcohol extracte The amino acids
glutamic and aspartic, closely linked to the TCA eycles were distinctly
labeleds The spot for alanine was barely perceptible. A small amount
of activity had been incorporated into citric and malic acids: this
demonstrated the existence of the TCA cycle in rat calvaria. There was
more activity in the phosphorylated intermediates near the origin than
in the amino acids; ieees the spots for glucose-6-phosphate and
3~phosphoglyceric acid were darker than the spots corresponding to
aspartic and glutamic acidse

Fructose-6-phosphate yielded a much lighter spot than glucose~6-
phosphatee This could be due to unequal pool sizes of these two sub-
stances. Kahana et al (1960) measured the equilibrium concentrations
of glucose-b6-phosphate and fructose-6-phosphate. Equilibrium mixtures
of the two phosphates were obtained by using rabbit muscle isomerasee
They found that at 389, 30°, and 20° ratios of glucose-6-phosphate to
fructose-6~phosphate were 3.06, 3436, and 385 respectivelys In a

later paper, Lowry et al (1964) describe substrate levels in mouse




43
brain before and after periods of ischemiae Again, the ratio of
glucose-b-phosphate to fructose-6-phosphate was >l. In fact, it
exceeded the expected value of 3:1 obtained by Kahana et al (1960).

They suggest that this might indicate that equilibrium is not quite
maintained, although there is a possibility that the true fructose-6-
phosphate values were somewhat higher than the observed levels. Hess
(1963) studied the steady-state concentrations of glycolytic inter-
mediates formed by Ehrlich ascites tumor cellse Under endogenous con-
ditions the ratio of glucose-6-phosphate to fructose-6-phosphate was
approximately 2, and under conditions of glucose saturations Le38e
Both brain and Ehrlich ascites tumor cells exhibit an active aerobic
glycolysise The above reports show that glucose-6~phosphate and
fructose~6-phosphate, intermediates of glycolysiss are present in a
ratio of approximately 3:1 in these tissuese Since calvaria have been
shown to exhibit an active aerobic glycolysis (Dowse et al, 1963), it
is reasonable to assume that the glucose-6-phosphate pool in this tissue
would be larger than the fructose-6-phosphate pools

The radioautogram prepared from the alcohol extract of skulls
incubated for 3 hours was very different from the one described aboves
Lactic as well as glutamic acid were approximately as heavily labeled
as glucoses This indicated active participation of the glycolytic and
tricarboxylic acid cycles in the metabolism of glucose-U—ClA'by calvaria.
Aspartic acid was more heavily labeled than in the earlier radioautograms
since it is reversibly linked to fumaric and oxalacetic acids in the TCA

cycle, this indicated that more activity was being incorporated into TCA
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cycle intermediates with times The spot for alanine had also become
darkere Since this amino acid undergoes a reversible reaction with
pyruvic acid, it appeared that a greater percentage of the original ac-
tivity present in the glucose appeared in the compounds of the glycolytic
cycle with times Citric and malic acids also yielded darker spotse
Therefore, a greater quantity of radiocactivity had been incorporated
inteo intermediates of the TCA cycle after 3 hours than after 15 minutese
After 3 hours, there was also a much greater quantity of activity in
glutamic acid than in the phosphorylated intermediatese This suggested,
that, with time, much of the activity from the glucose had moved on
through the glycolytic and tricarboxylic acid cycles to form labeled
glutamic acids, which is used in protein synthesise It appeared that at
the glucose level used (1e105 pmoles/ml)s rat calvaria were synthesizing
glutamic acids and, therefores proteine This concept was further supported
by the fact that proline, formed from glutamic acids had also become
labeled after a 3-hour incubatioh periode

After 3 hours, some activity had also been incorporated into the
amino acids serines No spot for serine was detectablé after the 15-minute
incubatione Since serine is formed by a three-step process from 3-phos-
phoglyceric acid, which is largely converted to 2-phosphoglyceric acid, it
is to be expected that a relatively small fraction of the total activity
would be incorporated into serine. Since serine is an intermediate in
the formation of the nucleoctide inosine~-monophosphate, important in the
synthesis of the nucleic acids RNA and DNA» it is conceivable that, in

this systems a small amount of radioactivity could be found in RNA and DNA.



CHAPTER V
PRELIMINARY EXPERIMENTS

Two preliminary experiments were performed in order to yield
general information concerning glucose-U-Clé metabolism by calvarial
preparationse This chapter gives an account of the procedures carried
out in experiments 1 and 3» the results obtaineds and the conclusions

drawn from these resultse
Y. MATERIAL AND INCUBATION PROCEDURE

In experiment 1, approxﬁnatelf 100 mg of bone were placed in
each of six Warburg flaskse Two of the flasks were controls and con-
tained 2 ml of substrate-free phosphate medium (pH 7e4) in the main
compartment and Oe5 ml of 17e5% trichloroacetic acid in the side=arm
of eache The four experimental flasks contained le5 ml of medium
(PH 7e4) and 0e3 ml of 17.5% TCA eache Glucose-U-Cl4 (1,96 X 104
cpm/pmole) was present in the medium of the four experimental flasks.
In the center well of each of the six flasks were 250 pl of N NaOH.

Forty-two rats were randomized, and divided into three groups
of fourteen eache Flasks 1 and 2 contained seven skulls or fourteen
halves each: alternating halves, isees right or lefts were put into
flasks 1 and 2 respectivelys Similarly, flasks 3 and 4, and 5 and 6
contained fourteen skulls per paire

Incubation was carried out in a Warburg apparatus at 37°C. It

was stopped at time zero in the control flasks and after 2 hours in the
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experimental flasks by the addition of trichlorocacetic acid from the

side-arms CO, evolved was absorbed in the alkali in the center welle
Recording of the O, uptake during incubation made it possible to deter—
mine the QOZ.

After the incubation, the contents of the center well in each
flask were transferred by suction to a 5-ml volumetric flaske The
volume was adjusted to 5 ml, and later suitable aliquots were removed
for determination of the COp content on a Warburg apparatuse From the
difference in CO, content of samples from experimental and control flaskss
it was possible to calculate the metabolic CO5 productions Aliquots were
also removed for activity determinationse

The TCA supernatants obtained after incubation were frozen, as
were the skullse

The second preliminary experiment, experiment 3, was carried out
for two main reasonse Information was to be obtained on the presence of
label in intermediates identified by paper chromatographic techniquese
Also, it was to be determined in a preliminary way if the specific
activity of the metabolic €O, could be assessed more accurately by collect-
ing and assaying the COs produced during the incubation only rather than
the total after addition of acide

In experiment 3, 270 mg of tissue were useds To accommodate this
quantity of tissues a larger flask was required than in experiment l.
Hence, a 50-ml Erlemmeyer flask with a fused-in center well was usede
4+0 ml of phosphate medium (pH 7+4) of the usual ionic composition were

put into the main compartment of the flask: glu.cose--U—i."al)‘L was present
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at a specific activity of 1e30 X 106 cpm/ﬁmole. The center well of the
flask contained Osk ml of 2 N NaOHe The incubation was carried out in
a shaking water bath at 37°C.

After two hours, the flask was removed from the water bath, and
the contents of the center well were transferred to a 5-ml volumetric
flask as in experiment le As before, aliguots were used to determine
chemical quantity and radiocactivity of CO5e Since no acid was added to
the incubation flasks the figure for the amount of G0, liberated was
obtained from CO, evolved from tissue and medium during the two=hour
incubation period onlye.

The contents of the main compartment of the flask and the tissue
were then rapidly transferred to a fumnele The liquid was removed by
suctions A few ml of water were used to wash the tissues which was then
extracted for 1 hour periods successively with 5 ml of boiling 80% ethanol,
2 ml of boiling 20% ethanols, and 2 ml of boiling watere. After each
extraction, the skulls and extracting solvent were centrifugede In each
case, the supernatants were saved and pooled with previous ones to form
one alcohol extracte After lyophilization of this alcohol extract,
small aliquots were subjected to two-dimensional paper chromatography
(Chapter IV, page 32)e

After extraction as aboves the tissue remaining was decalcified
by dialysis against ethylenediaminetetraacetic acid (EDTA). It was then
washed by dialysis against watere The material remaining was dried on a
planchet, weighed, and counteds

As in experiment 1, the medium obtained after incubation was
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frozene Lactic acid determinations were subsequently carried out on

this medium and on the neutralized protein-free trichloroacetic acid
extract from experiment le In order to obtain the specific activity
of the lactate in the media of both experiments 1 and 3, it was
necessary to separate the lactate from the other radiocactive com-
ponents of the mediume This was done by putting a sample of medium
onto a Dowex-1-Cl anion exchange column, and eluting the sample by
using a linear HCl gradient as described elsewhere (Chapter III, page
30)e Some of the lactic acid obtained in this way was oxidized, and
some was analyzed chemicallye In experiment 1, 5 mg of carrier lactic
acid were added to each sample of radioactive medium before it was put
onto the resin column. No carrier was added to the medium in experiment

3.
IT. EXPERIMENTAL RESULTS AND DISCUSSION

The weight of tissue, volume of medium, and initial quantity of
glucose per flask in experiments 1 and 3 are given in Table IV. Various
parameters for lactic acids whether determined experimentally or cal-

culateds are also included in this tablee

Lactic acid production and specific activity. Although the pro-

duction of lactic acid per gram wet weight of tissue was quite variable,
an inverse correlation between this and the specific activity of the
lactic acid was present so that the fraction of the total original activity

which was present in the laectic acid formed was much more constante
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The ratio of the specific activities (in cpm/patom of carbon) of
glucose and lactic acid ranged from 3:1 to 6:l. This indicated a
dilution of the glucose to lactic acid pathway by an endogenous sub-
strates It has been shown previously that glycogen present in the
tissue can produce considerable quantities of lactic acid under con-
ditions where no external substrate is added (Dowse et als 1963)s At
the level of glucose used in these experiments (1.1l pmoles/ml), there
could be varying degrees of dilution by endogenous substrate. This it

is thought is probably glycogene

Metabolic €O, productions Two possible methods of determining

metabolic COp production were considerede It was decided that a
differential manometric approach would be unsatisfactory because of the
labile nature of the large quantity of C02 demonstrated by Borle et al
(1960a) in metaphyseal bone preparationse That the COp in calvaria is
labile is clear also from the large release of €Oy found in experiment 3
during incubation (Table VI, page 53). The method chosens therefores was
one in which the difference between the total COo content of tissue and
medium in experimental and control flasks was determinedo

Since the values for metabolic C0, production were obtained from
figures differing by only about 10%, there was an inherent error in this
method which limited the reliability of the estimation of this parameter
in experiment le From Table V it can be seen that the average value for
metabolic G0, production in three flasks in experiment 1 was 16.73 pmoles/
gram wet weight/2 hourse When this is compared to the average QOZ deter-

mined of lkhe34 pmoles/gram wet weight/hour, an R. Qe of 0e58 is obtainede
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Since the Re Qe obtained has a rather low values further study would

be necessary to assess the reliability of this method for determining

metabolic CO, productions The problem was not pursued further in the

present worke

Metabolic COp specific activitye The specific activity of the

metabolic COy in experiment 1 (Table VI) ranged from 13e8-27+5% of
that of the glucose (to calculate these percentages, the specific
activities of both CO5 and glucose in terms of cpm/patom of carbon
were used)s This indicated that a large part of the CO, was produced
elsewhere than in the hexose monophosphate shunte It also indicated
that most of the metabolic CO, arose from sources other than the glucose
addeds As mentioned earlier in this chapter (page 50), it is likely
that at the glucose level used in this experiment (le1l mmoles/ml)
there are varying degrees of dilution by endogenous substrates which is
probably glycogene

The specific activity of the metabolic COy in experiment 1
(Table VI) varied from 39+1-12648% of that of the lactic acid (as aboves
these percentages were calculated by using specific activities expressed
as cpmvkwxom of carbon)e From these results it appeared that the system
was probably not at equilibrium after a 2-hour incubation periods It is
likely that after a longer period of incubation the specific activity of
the CO, would be very close to that of the lactic acid, or even exceed
it, as it did in one instance abovee In the case where the specific

activity of the COp was greater than that of the lactate, it is obvious
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that the lactate was diluted more than the CO2: this could happen if

some of the CO, were formed in the hexose monophosphate shunt.

CO, production and specific activity in experiment 3¢ A sur—

prisingly large amount of CO,» amounting to some 50% of the total CO»
estimated to be present in the tissue, was evolved during the incuba-
tion in this experimente This is evidence of the markedly labile
nature of the CO, present in such preparations of bone. It is interest—
ing to note that Borle et al (1960a) produced evidence for the reverse
phenomenon, ieee, a considerable net uptake of COp during incubation
in bicarbonate medium of metaphyseal preparations from micee

In two later paperss Vaes and Nichols (1962a and 1962b) assumes
somewhat surprisinglys that exchange of metabolically produced G0, with
the carbonate in the mineral of similar preparations will be minimal on
the basis of earlier work by Buchanan and Nakao (1952)s The studies of
Buchanan and Nakao, however; were coneerned with in vivo turnover rates
of COp in whole bones measured over extended periods of time and probably
have little relevance to the in vitro conditions of the present work and
that of Vaes and Nicholse 1In a further recent papers without reference
to any supportive evidences ands therefore, presumably based upon the
same in vivo data of Buchanan and Nakao referred to in their earlier
paperss Vaes and Nichols (1963) assume that the specific activity of
the bone mineral CO, was zeroe They state that this assumption was made
because exchange of bone mineral 002 with the medium CO, seems to proceed
slowly and is incomplete over the short periods of incubation usede

Data obtained by Buchanan and Nakao (1952) indicated that even
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slight growth stimulated the turnover of bone carbonates They studied
the turnover rates of bone carbonate in rats and mice of various agese
Since the calvarium used in the present study was a rapidly growing
tissues it is likely that the turnover of bone carbonate in this tissue
preparation was quite high. Buchanan and Nakao (1958) studied the loss
of bone carbonate from powdered rabbit bone in phosphate buffer (pH Toli)o
After an interval of 3 hours, they found that approximately 25% of the
bone carbonate had been lost. There was a progressive loss of 45% of
the carbonate during the first 2 days and little thereafters. From this
it appeared that approximately half of the bone carbonate was quite
labilee

Borle et al (1960a) demonstrated a net uptake of GO, during incu-
bation in bicarbonate medium of metaphyseal preparations from mice:
Buchanan and Nakao (1958) were able to show a net loss of COp from
powdered rebbit bone in phosphate buffere. Hences a greater incorporation
of 01&02 into bone mineral might be expected in bicarbonate than in phos-
phate buffer. The total activity present in the CO, collected in experi-
ment 3 was equivalent to 2¢2% of the original activity present as glucose=
U,Clh, only slightly lower than the corresponding values obtained in
experiment 1 (Table VI, page 53). This shows that little activity was
incorporated as carbonate into the calvarial preparations during incu-
bation in phosphate-buffered medium.

Data iss therefore, available on the net uptake and net loss of
CO, by various bone preparations during incubation in vitro. Experiments

such as those of Buchanan and Nakao noted above have supplied data on the
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rate of exchange of bone carbonate under in vivo conditionse There is,
howevers no quantitative information on the amount of 002 exchange

occurring during the incubation of particular bone preparations in vitro.

Results of paper chromatography in experiment 3. From the radio-

autograms of the two-dimensional paper chromatograms of the tissue
extract (Figure 5, page 39)s it could be seen that label was present in
approximately equal amount in alanine, aspartic acids and glutamic acid.
Lactic acid, of course, was heavily labeled and faint spots corresponding
to some of the phosphorylated glycolytic intermediates were present.
Slight traces of activity could be detected in the positions which would
be occupied by a few of the Krebs Cycle intermediates; but these could
not be visualized chemicallye. Since many of these acids combine with
bone mineral, their concentration in an alcohol:water extract may be

very lows Cohn and Forscher (1962a) found less than 1% of the utilized
activity present in Krebs Cycle intermediates separated on silicic acid
from a perchloric acid extract of metaphyseal preparations incubated with
glucose-U-CL4 under conditions similar to the present ones. After ex—
traction and decalcifications the residual tissue in experiment 3

counted at 1 X 104 cpm when directly plateds It is reasonable to

assume that this material is largely protein.

Summarye From the results of experiments 1 and 3 it was possible
to reach certain conclusionse Lactie acid production and specific
activity were not constant but were inversely related to each othere

This indicated endogenous dilutions possibly by glycogen. The estimated
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metabolic 002 production by the tissue of 16e73 pmoles/gram wet weight/
2 hours indicated a low Re Q¢ of 0e58s The markedly lower specific
activity of the metabolic CO, compared to that of glucose indicated
that endogenous dilution was occurringe Evidence indicating that the
CO, content of the tissue was very labiles was obtainede In the amino
acids aspartate and glutamate, closely linked to the TCA cycles there
was found to be radioactivity, as well as in the insoluble residue
after decalecifications Hence, active synthesis of high molecular
weight components was still continuing.

Future experiments were planned in order to determine the quan-
tity of glucose consumed and its rate of consumption per flaske From
the total number of counts utilized, it would be possible to calculate
the percentage of utilized activity present in lactic acid, €0y and
other products of glucose metabolisme This would be essential in

esbtimating the incidence of various pathways of glucose metabolisme




CHAPTER VI
GLUCOSE UTILIZED BY CALVARIA DURING INCUBATION

The preliminary experiments had supplied some informatioﬁ on the
lactic acid productions oxygen uptake, and carbon dioxide production of
the cells in a calvarial preparation. Information concerning the
specific activity of the lactic acid, "total" carbon dioxides and meta-
bolic carbon dioxide formed during the incubation had also been obtainede
However, no data was available on the amount of glucose utilized, or its
utilization ratee

In experiment 2 an attempt was made to elucidate further the meta~
bolism of glucose-U-Cl4 by calvariae. An analysis of the glucose in the
medium before and after incubation was carried oute From this it was
possible to calculate the glucose utilized and its rate of utilization

in any particular flask during incubatione
T. EXPERIMENTAL PROCEDURE

Twq 50-ml Erlenmmeyer flasks with fused-in center wells were used
in experiment 2e Phosphate buffer (pH 7el) of the usual ionic composition
was used: it contained glucose-U-Cl4 with a specific activity of 130 X
lO5 cpm/pmole at a concentration of 1.1l pmoles/hl- In flask 1, there
were 1060 ml of medium, and in flask 2, 7.5 ml of medium (Table VII)e
A total of fifty calvaria were used in flask 1; in flask 2, there were
forty-fivee 1In both flaskss 0o5 ml of sodium hydroxide were present in

the center well to absorb carbon dioxidee
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TABLE VII
UTTLIZATION OF GLUCOSE-U-C% BY CALVARIA,
EXPERIMENT 2
Flask Number 1 2
Wet Weight of Tissue (mg) 789 589
Volume of Medium (ml) 10.0 7.5
Initial Glucose (uM) 11.1 8¢33
Glucose Utilized (pM) Le21 3.19
Utilization Rate (pM/gm/2 hours) 5.33 5033
Total Counts Original (cpm) 1ol x 106 1.08 x 100
Total Counts Utilized (cpm) 5.48 x 10° hel5 x 107

Phosphate~buffered medium. Incubation time 2 hours in aire.

Initial glucose concentration lell mM/mle
Glucose specific activity 1.30 x 105 cpm/pM.
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After the flasks had been incubating for two hours, trichloro-
acetic acid was added to the main compartment by means of a needle and
syringes The needle projected through a stﬁpper into the flasks, and
had polythene tubing at the bottoms This tubing fitted into the flask
so that it was just above the liquid levele After the TCA had been
administered, the needle was removed from the stopper. During the two-
hour incubation period, the needle was plugged with a wad of parafilme
2¢5 ml of 15% TCA were added to flask 1, and 1.875 ml to flask 2. FEach
flask was then left to shake for another hour at 379C.

After removal of the flasks from the water baths the contents of
the center well were transferred to a 5-ml volumetric flaske The liquid
in the volumetric flask was made up to the mark with boiled waters Ali-
quots were removed from this volumetric flask and analyzed for chemical
quantity and radioactivity of COp.

The neutralized protein-free trichloroacetic acid extracts and
calvaria obtained after incubation were frozens. Some of the extract
was subsequently analyzed for glucose and lactic acids and some was
put onto anion exchange resin columns. No carrier lactate was added to
the samples put onto Dowex-1-Cl columnse The specific activity of lactic
acid eluted from the columns was determinede The fractions from flask 1
containing lactic acid were lyophilized and aliquots chromatographed on
Whatman #1 paper. The buffered phenol solvent A of McFarren (1951) was
usede Glutamic acid was identified in the earlier fractions and its

specific activity determinede.
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ITe RESULTS AND DISCUSSION

Recovery of Clik. Only 36% of the radioactivity of the glucosew=

U-Cl4 metabolized was recovered in experiment 2 in the intermediates
isolated. About 28% was present in the lactic acid formed, 7% in the
€O, and 1% in the glutamic acide Similar results were obtained in
experiments 1 and 3 as to the fraction of activity originally present
in the medium which appeared in the lactic acid and 002. If the
assumption was made that the glucose uptake was similar in all experi-
ments, therefore, about two-thirds of the label metabolized was not yet
accounted fore The radiocautograms prepared in experiment 3 indicated
the fate of a part of thise Alanine, aspartic acid and glutamic acid
were all labeled in approximately equal amounte Faint spots corresponding
to some of the phosphorylated glycolytic intermediates were presents
Cohn and Forscher (1962a) recovered about 60% of the utilized activity
in lactic and pyruvic acids and about 6% in the COpe They incubated
metaphyseal preparations of bone with glucose-—U—Cll+ under conditions

similar to the present ones.

Lactic acid production and specific activitye As in experiments 1

and 3, the production of lactic acid per gram of tissue was quite variable
although an inverse correlation between this and the specific activity of
the lactic acid was presente Despite a two-fold difference in the net
lactic acid production a very similar fractions approximately 28% of the
activity utilized, was present in the lactic acid of both flasks in experi=-

ment 2 (Table VIII)e Since the ratios of the specific activities (the




TABLE VIII

INCORPORATION OF CARBON-14 INTO LACTIC ACID
BY CALVARIA, EXPERIMENT 2

62

Flask Number 1 2
Lactic Acid Produced (M) 6420 2642
Production Rate (u/gm/2 hours) 790 Lell
SeA. Lactic Acid (cpm/pli) 2,61 x 104 Le68 x 104
Total Counts in Lactic Acid (cpm) 1.62 x 105 1.13 x 10°
% of Total Counts Utilized 29.6 27.2
% of Total Counts Original 11.2 10.5

- See Table VIT for experimental detailse
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specific activities used for the ealculations were expressed in temms

of cpm/patom of carbon) of glucose and lactic acid were approximately
2¢5 and leks this indicated a dilution of the glucose to lactic acid
pathway by an endogenous substrate. As discussed in Chapter V, this
endogenous substrate is likely glycogen. Because of the marked vari-
ation in lactic acid production noted aboves yet the apparent constancy
of the glucose uptake (Table VII, page 59), it is argued that the con-
centration of glucose selected has been such as to allow varying degrees
of dilution by endogenous substrate. Cohn and Forscher (1962a) found
the specific activity of the lactic acid produced(by metaphyseal bone
preparations incubated with glucose—U-Clh (at a concentration almost
identical to that used in the present study) in bicarbonate buffer to

be the same as that of the glucose. This indicated that all of the
lactate arose from the added glucoses ands therefores that there was no
endogenous dilution of the lactate. They also found that approximately
1 pmole of lactate appeared for each pmole of glucose which disappearede
This suggested that other products besides lactate were being formed
from the glucosee In a later papers Cohn and Forscher (19620) report
results which show that in the metaphyseal bone preparation they uti-
lized, there was considerable variation in the ratio between the lactate
formed (in pmoles) and the glucose consumed (in pmoles)e From figures
given in Table I of their paper (unfortunately means of 8 or 9 incubation
flasks with no measure of the variance)s it can be calculated that when
the initial substrate concentration was 0e5 pmoles/ml, the_rgtio of

lactate formed (in pmoles) to glucose consumed (in pmoles) ranged from
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0e88 to le54e When the initial substrate concentration was L4eO pmoles/
mly the ratio of lactate formed to glucose consumed varied from le32 to
Lle78s This variation in lactate production at a given glucose level
could have been due to varying degrees of endogenous dilution by glycogen.
Although no data directly concerning the glycogen content of their pre-
parations is available, Laskin and Engel (1956) demonstrated glycogen
in similar preparations from adult rabbits. Since Cohn and Forscher
(1962b) do not report the specific activity of the lactic acid formed,
it is impossible to decide whether or not the observed variation in

lactate production was due to endogenous dilution by glycogene

Radioactivity in CO2e¢ Although the total counts utilized in

flasks 1 and 2 varied by about 25%s the total counts in the CO, also
varied by about the same amounts so that the percentage of total counts
utilized present in the CO, was almost identical in the two flasks
(Table IX)e The percentage of total original counts in the CO, was of
the same order as that in experiments 1 and 3¢ Hences it was reasonable
to assumes as on page 61s that at this glucose level about 7% of the

total counts utilized appeared in the COo.

summarye Approximately 28% of the utilized activity was
recovered in the lactic acids 7% in the CO2s and 1% in the glutamic
acide This indicated a more complex fate for substrate glucose than
appeared to be the case from earlier non-tracer studiese Glucose uptake
appeared to be constant as did the fraction of utilized activity appearing

in lactic acid and COz¢ As found in experiments 1 and 3, lactic acid
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TABLE IX

INCORPORATION OF CARBON-1/4 INTO CARBON DICXIDE
BY CALVARIA, EXPERTMENT 2

Flask Number 1 2
Total COp Found (pM) 130.0 90+9
Total COp Found (jif/gm) 1647 15405
SeAe Total COp (cpm/pM) 2.81 x 107 2.99 x 10°
Total Counts in COp (cpm) 3065 x 10% 2.73 x 10%
% of Total Counts Utilized be7 6.6
% of Total Counts Original 25 25

See Table VII, page 59, for experimental detailse
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production and specific activity were not constant but were inversely

related to each others This indicated endogenous dilution, possibly

by glycogene




CHAPTER VII

THE EFFECT OF DIFFERENT SUBSTRATE LEVELS AND MEDIUM PHOSPHATE

CONCENTRATION UPON GLYCOLYSIS IN CALVARIA

In ﬁhe experiments performed up to this time, the initial glucose
level used was always l.11 pmoles/mls To observe the effects of changing
the glucose level in the medium a series of experiments in which the glu~
cose concentration varied from 0.400 to 2.189 pmoles/ml was planned and
the results of three of these are reported and discussed in this and the
following chapters

In an earlier preliminary experiment, the specific activity of the
glucose separated by ion exchange from the medium after incubation was de-
termined and found to be lower than the initial specific activity, pre-
sumably due to the release of glucose into the medium by the tissuee The
most likely source of the glucose released by the tissue was glycogens the
rate of hydrolysis of which by phosphorylase is dependent upon the ratio
of the concentrations of glucose~l-phosphate and inorganic phosphatee. The
effects of variation in the initial glucose concentration and in the medium
phosphate content upon the change in glucose specific activity weres there-

fores investigated.
I. DESCRIPTION OF THE EXPERIMENTS PERFORMED

Contents of the flaskse Phosphate~buffered medium (pH 7.4) of the

usual ionic composition was used in experiments 7 and 8; THAM-buffered

medium (pH 7.4) was used in experiment 10. Warburg flasks with two side-
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arms each served as incubation flaskse Oe4 ml of 2 N NaOH were put into
the center well and 1.0 ml of medium into the main compartment of each
flaske 1In experiment 7, the numbers from 1-40 were arranged in random
orders; and every set of four numbers assigned to flasks 1-4 respectively.
Hence, every flask contained 10 calvaria picked out randomly. The same
randomization procedure was used for assigning rats to flasks in experi-
ments 8 and 1Q0.

Four flasks were used in experiment 7 The glucose levels were
Oe5475 Le0%%s 1e641,> and 2.189 pmoles/ml respectively, and the initial
specific activity of the glucose was 5¢16 X lO6 dpm/pmole (Table X»
page 70). All radioactivity deteminations in experiments 7, 8, and 10
were done by liquid scintillations unless indicated otherwisee

In experiment 8, four flasks were also usede In flasks 1 and 2
the glucose concentration was Oe40 pmoles/ml, and in flasks 3 and Ls
1.601 pmoles/mls The initial specific activity of the glucose was Le99
x 106 dpm/pmole (Table X» page 70).

Three sets of duplicate incubation flasks were used in experiment
10: flasks 1 and 2 contained Oe574 pmoles/ml of glucose each, flasks 3
and 4s 1149 pmoles/ml, and flasks 5 and 6, 1.723 pmoles/mls In this
experiment the initial specific activity of the glucose was lower than
that in experiments 7 and 8: it was 288 X 106 dpm/pmole (Table X»

page 70)e

Experimental proceduree The following procedure was carried out

for every flask in experiments 7, 8, and 10s After a two-hour incubation
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at 37° in air the flask was removed from the shaking water bath and put
onto icee. The contents of the center well were immediately transferred
to a 5-ml volumetric flask by suction: the volume was adjusted to 5 ml
with boiled waters Aliquots were later assessed for radiocactivity.

The tissue was then removed from the medium as rapidly as possibles
rinsed with 1l ml of Oel54 molar NaCl solutions and frozene The medium ob-
tained éfter incubation was frozen, and subsequently analyzed for glucoses
lactates and total CL4 contente From each flasks 500 pl of medium after
incubation were put onto a Dowex-1-Cl anion exchange column. No carrier
glucose or lactate was added to any of the samplese GChemical and radio-
activity determinations were done on the glucose and lactate eluted from
the columne

In experiment 7, the contents of individual tubes containing labeled
glucose and lactate were lyophilizede Aliquots from each tube were then
subjected to chemical and radiocactivity determinationss In experiments 8
and 10, radioactive glucose samples eluted from a certain column were
pooled, put intc a 100-ml round or pear-shaped flasks, lyophilizeds and
dissolved in a small quantibty of water for subsequent analysise The same

procedure was carried out with the lactate samplese
IT. RESULTS AND DISCUSSIONS

Change in the specific activity of glucose during incubations The

effects of varying initial glucose concentration and medium composition
on the final specific activity of the medium glucose in experiments 7s

85 and 10 are shown in Table Xeo As the initial glucose concentration
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increased in experiment 7, the final specific activity of the glucose

in the medium rose alsos However, the final specific activity seemed
to level off as higher initial glucose concentrations were useds ieeces
there was a smaller difference between the final glucose specific ac-
tivity in flasks 3 and 4 than between that in flasks 1 and 2. The spe-
cifie aetivity of the glucose in the medium after incubation appeared to
be approaching the initial glucose specific activity asymptdtically with
increasing glucose concentration.

In experiment 8, in which duplicate flasks were useds the specific
activity of the glucose in the medium after incubation, like that in
experiment 7, was considerably higher in the flasks with a higher initial
glucose concentratione The final glucose specific activities in dupli-
cate flasks were in close agreement at each glucose concentration.

In experiment 10 there was no significant variation in the final
specific activity of the glucose between flasks with different initial
glucose concentrationss Furthermores the final glucose specific ac-
tivity was almost identical with that of the initial glucose specific
activitye As shown in Table X, page 70, the greatest percentage decrease
in specific activity was 11%s as compared to 40% and 33% for experiments
7 and 8 respectively. In Figure 6, there is a comparison of the final
specific activity to the initial specific activity of medium glucose in
experiments 7s 8, and 10.

The above results indicated that there was less dilution of the
labeled glucose in experiment 10 than in experiments 7 or 8. Furthermore,

when THAM buffer was useds there was little dilution of glucose—UmCll‘L at
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Figure 6. Comparison of final specific activity to initisl specific
activity of glucose with varying glucose concentrations in
phosphate (experiments 7 and 8) and THAM-buffered medium
(experiment 10). Approximately 100 mg tissue incubated in
1 ml medium. Incubation time 2 hours in air.
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any glucose levele. Because of the difference between the initial and
final glucose specific activities it was possible to ealculate the glu~
cose uptake from isobtope dilutions The following formula was used to

calculate the quantity of glucose taken up by the tissue:

GrAp - GpAp

= Gy,
Ar
where Gy represents the glucose concentration in pmoles/ml in the medium
before incubation
Ay represents the initial specific activity of the glucose
Gp represents the glucocse concentration in pmoles/ml in the
medium after incubation
Ap represents the final specific activity of the glucose
and Gy represents the glucose uptake calculated from isotope
dilutione
The values obtained from the above formula were actually minimal values
since it was assumed that the specific activity of the glucose taken up
by the tissue was equal to that of the initial specific activity. It
would, in actual fact, have been somewhat lower than the initial specific
activitye
Table XI compares the glucose uptake calculated from isotope di~
lution to that found by chemical analysise The difference between the
two represents the minimal quantity of glucose released by the tissue.

It can readily be seen that much smaller quantities of gluccse were
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released by the tissue in experiment 10 than in experiments 7 and 8
Since the major difference between experiments 7 and 8, and 10 lay in
the phosphate level of the medium, variation in this parameter could be
largely responsible for the observed differences in endogenous dilution
of the glucosee The most likely source of the glucose released by the
tissue was glycogen.

The rate of hydrolysis of glycogen by phosphorylase is dependent
upon the ratio of the concentrations of glucose-l-phosphate and inorganic
phosphates The reaction of glycogen with inorganic phosphate is readily

reversibles and can be represented as follows:
i06H1005]n + H3P0), === [CgHy005]p1  + glucose-1-F0,,

According to Conn and Stumpf (1963), the equilibrium is independent of the
polysaccharide concentration, provided a certain minimum concentration is
exceeded. Hence, at any given pH the equilibrium constant depends on the

relative concentrations of glucose~l-phosphate and inorganic phosphates

[CeH 0051 [glucose-1-F0, ]

il

Keq

{glucose~l~POh]
(570,

iz 0'3

(pH 7.0)
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In the THAM-buffered medium used in experiment 10, the inorganic

phosphate level was lows approximately le3 millimolar. Hence, the system
was out of equilibrium, and glycogen synthesis was favorede Very small
quantities of glucose were released by the tissue- In the phosphate-
‘buffered medium used in experiments 7 and 8, on the other hands the
inorganic phosphate level at 15+6 millimolars was considerably higher and
glycogenolysis was favorede Much larger quantities of glucose were

released by the tissue in experiments 7 and 8 than in experiment 10

Glucose utilizabion ratee As shown in Table XI» page Ths when

the glucose uptake rate was calculated on the basis of figures obtained
from isotope dilution rather than from chemical analysis, different values
were obtained for the utilization ratess In some cases the rates calcu~
lated on the basis of chemical analysis were in considerable errors as
indicated in the tables

The utilization rate of glucose seemed to reach a steady state in
phosphate medium after an initial glucose concentration of 1 millimolar
had been reached in experiment 7. However, there was a steady increase
in the utilization rate of glucose with increasing glucose concentrations
in the flasks in experiment 10. Figure 7 shows the relationship between
glucose uptake rate calculated on the basis of isotope dilution, and ini-

tial glucose concentration in experiments 7s 8» and 10

Production rate and specific activity of lactic acid produced in

experiments 7, 8, and 10. As shown in Table XITI, page 78s the production

rate of lactic acid by calvarial preparations in phosphate-buffered medium
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was quite variable; and bore no direct relationship to the initial glu~
cose concentration in the medium. In THAM-buffered medium, howevers the
production rate of lactic acid increased steadily with increasing levels
of glucose in the mediume

As the initial glucose level rose in the flasks of experiment 7,
there was a linear increase in the specific activity of the lactic acid
produceds This can be seen in Table XII, page 78

Similar results were obtained in experiment 8. With increasing
initial glucose concentrations, there was a linear increase in the
specific activity of the lactic acid produceds Despite a variable pro-
duction rate of lactafe in duplicate flaskss the specific activity was
almost identicale Hence, whatever was responsible for the variable rate
of lactate production was affecting the formation of unlabeled lactate
in the same way as the labeleds

As in the phosphate-buffered medium, the specific activity of
the lactate produced increased linearly in THAM-buffered medium with
increasing initial glucose concentrationse This can be seen in Figure 8.
Again, the values for duplicate flasks agreed welle Unlike the situation
in experiments 7 and 8, the production rate of lactate was almost identical
for duplicate flasks in experiment 10. Hences in a pair of flasks in this
experiment similar production rates of lactate gave rise to lactate with
similar specific activitiese

Table XITT, page 8ls shows the percentages of total lactic acid
produced coming from uniformly labeled glucose. These values were calcu—

lated by finding the ratio between the specific activities of lactate
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and glucoses and multiplying by 200, as indicated in the following

formula:

—U-cly _ SeA. lactate (cpm/umole)
% of total lactate from glucose-U-C S.8. glucose (opn/jmole) X 200

Since the percentage of lactate produced from uniformly labeled glucose
inereased with increasing glucose levels, this indicated less dilution
of the lactate. As mentioned earlier in this chapter (page 75), the
most likely source of dilution is glycogens the rate of hydrolysis of
which by phosphorylase depends upon the ratio of the concentrations of
glucose-l-phosphate and inorganic phosphates

In experiment 8, the phosphate level was identical in the medium
of all flasks studiede However, the glucose level in flasks 3 and 4 was
four times as high as that in flasks 1 and 2. Hence, it is reasonable to
assume that the glucose-l-phosphate pool would be greater in flasks 3 and
4 than in 1 and 2« As a results the ratio of glucose-l-phosphate to
inorganic phosphate would be higher in flasks 3 and 4 than in 1 and 25 and
less glycogenolysis would be expected to occur in the former flasks than
in the latter (page 75)e This concept was supported by the fact that
averages of 15.4 and 33.9% of the total lactic acid produced came from
glucose—U—014 in flasks 1 and 2p and 3 and L respectivelys A rise in
the percentage of lactate produced from uniformly labeled glucose with
increasing glucose levels occurred also in experiments 7 and 10, and
could be explained on the same basis. Furthermore, Madsen (1961) made
the observation that UDP-glucose acts as a competitive inhibitor of bac~

terial and muscle phosphorylases with about the same affinity for the
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enzyme as glucose-l-phosphate. Hence, an increase in the concentration
of UDP-glucose in vivo not only would stimulate glycogen synthesis but
might also inhibit its degradation. The same effect may occur in cal-
varia in vitro. Since UDP-glucose is directly linked to glucose by a
reversible reactions it stands to reason that the concentration of UDP-
glucose would increase with increasing glucose concentrations in the
medium of incubation flaskse

When flasks with similar initial glucose levels but different phos-
phate levels were compared (Table XIIT, page 81), it could be seen that
more dilution of the lactate was occurring in flasks containing phosphate
buffer than in those containing THAM buffers. This supported the argument
presented on page 76s that glycogenolysis is favored when the inorganiec
phosphate level is highs or when the ratio of glucose~1-phosphate to
inorganic phosphate is lowered. Hences if the glucose-l-phosphate pool
is constant in sizes an increase in the level of inorganic phosphate
will promote glycogenolysis, and glycogen synthesis will likely be de~
presseds This is supported by the work of Cabib (1963), who noted that
in the instance of glycogen synthetase the phos@honylated enzyme is the

inactive form.

Summary. When calvaria were incubated in phosphate-buffered medium
(pH 7e4) with glucose-U-C14, the specific activity of the glucose in the
medium after incubation decreased to as little as 60% of the original
specific activity. In THAM-buffered medium (pH 7e4)5 the lowest specific

activity of the glucose was 89% of the original. These results indicated
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that endogenous dilution of the glucose was occurring, and on the basis
of previous work, glycogen was the most likely source of this dilution.
They also indicated that a greater percentage of the glucose was being
diluted in phosphate than in THAM-buffered mediume That more glyco-
genolysis occurred in phosphate than in THAM-buffered medium with simi-
lar glucose, and, therefore, similar glucose-l-phosphate levels, was
indicated by the fact that, on the basis of specific activity deter-
minations of lactate, more dilution of the lactate was occurring in |
flasks containing phosphate buffers Within a given experiment, in
which the phosphate level was the same in each flask, a smaller percentage
of the lactate was formed directly from glut::ose—U—C:U+ in the flasks with
a lower initial glucose concentratione Thus, whenever the ratio of
glucose~-l-phosphate to inorganic phosphate was lowereds, more glyco-

genolysis occurreds




CHAPTER VIII

THE EFFECT OF DIFFERENT SUBSTRATE LEVELS AND MEDIUM PHOSPHATE
CONCENTRATION UPON THE DISTRIBUTION OF ACTIVITY IN VARIOUS:

COMPONENTS OF THE RAT CALVARTUM

The first part of the results in this chapter deals with the fate
of g].ucc:se--U-—ClLL in experiments 8 and 10 during incubation of calvarial
preparations. The percentages of utilized activity in €05»> various com-
ponents of the medium, and the tissue from flasks with different levels
of glucose and different buffers, are givens To determine the distribus
tion of activity in various components of the rat calvarium, it was ne—
cessary to extract the tissue with different solvents. Information ob—
tained by counting samples of these tissue extracts is discussed in the
latter part of this chaptere

Details of the general experimental procedures in experiments 8
and 10 are given in Chapter VIT, pages 67-69. The steps employed in the
extraction of the tissue in these experiments are given in the following

section of this chapters
I. METHODS USED

Extraction of tissuee The frozen skulls from experiments 8 and

10 were lyophilizede The skulls from each flask were kept in a separate
test tube, ieeces the tissue was not pooleds After lyophilization approxi-
mately half of the dried material in each flask was put into another set of

test tubes. The dry weight of the tissue from each flask was obtaineds
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The tissue in one set of tubes (designated the "a" group)s was extracted
with KOH, washeds drieds and countede That in the second set of tubes
(the wpm group) was extracted successively with ethanols, petroleum ethers,
trichloroacetic acids and KOHe

The "a" group was dealt with as follows: to each of the ten tubes
in this group were added 3 ml of 30% KOHs Each sample was then heated in
a water bath at 80-90°C. for 1 houre All samples were frequently shaken
during the heating periode After they had cooled to room temperature,
the tubes were centrifuged at l,ﬁOO rpm for twenty minutese The super-
natant (KOH extract) was removed from each tubes and the precipitate was
washed twice with 2 ml of distilled water, drieds and transferred to a
planchete A thin window gas flow tube was used to count the radioactivity
in each precipitates |

50 1 aliquots were removed from the supernabant or KOH extract
obtained by the above procedure from each of the ten samplese These
aliquots were assayed for total CL% contente Part of the supernabant
from each sample was then treated with methanol to cause precipitation
of the glycogene To 1 ml of supernatant were added 250 pnl of a solution
containing 5 mg of carrier glycogen, and 4 ml of anhydrous methanole The
mixture was heated to 409 .5 cooled in the refrigerator overnight, and
centrifugeds The precipitates of glycogen were further purified twice by
reprecipitation with 4 ml of anhydrous methanol from solution in 1 ml of
distilled watere The glycogen thus obtained was put onto planchetss
drieds and counted with a thin window gas flow tubes

The "b" group was dealt with as follows: to each of the ten tubes
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in this group were added, for successive 15-minute periods, 1 ml of
boiling 60% ethanols 1 ml of boiling 60% ethanols and 1 ml of boiling
watere All tubes were shaken in the rack every 5 minutes during ex-
tractions The extracts were poolede Then 1 more ml of boiling water
was added to each tube and allowed to sit for 1 houre The contents of
the tubes containing the pooled alcohol extractss and the ones containing
the final ml of rinse-water, were lyophilized. Aliquots were assayed for
radioactivity.

Having been extracted with ethanol, the skulls were lyophilized for
a second timee 2-ml quantities of petroleum ether were added to each tube,
allowed to sit for half an hours and poured offe The process was repeated
for the same length of time and with the same volume of petroleum ether.
These extracts were pooled, and called PE I (petroleum ether extraction I).
Another 2 ml of petroleum ether were added to each tube for a third time.
This extract was kept apart from PE I, and called PE ITI. Aligquots from
each extraction were assayed for radiocactivitye.

1 ml of 3% TCA was added to each tube containing skulls already
subjected to alcohol and petroleum ether extractionse The tubes were
placed in the refrigerator and shaken at several intervals during the
next few dayse The TCA was then poured off into other tubes, and frozen.
Aliquots of the TCA solution were subsequently countede

After the TCA extraction, the tissue in each tube was rinsed with
5 ml of distilled water, which was decanted and discardede The skulls
were dried on Whatman #L paper, and put into appropriately labeled test
tubes. 3 ml of 30% KOH were added to each tubes All of the samples were
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then heated in a water bath at 80-90°C. for 1 houre The tubes were
shaken approximately every 15 minutes during heating, and allowed to
remain in the water bath as it cooled. Although the major part of the
skulls dissolved completely in the KOH, very small particles could still
be seen in the liguide Aliquots of the KOH extract were assayed for radio-

activity.
IT. RESULTS AND DISGCUSSION

Distribution of radioactivity among various products formed from

glucose-U-gL4 by calvarial preparationse The percentage of total counts

utilized which was found in lactate varied to quite an extent in phosphate-
buffered mediume As can be seen in Table XIV, much more uniform values were
obtained in THAM~buffered mediume In the latter medium, also, values for
duplicate flasks were closer than those in phosphate medium.

When all the flasks in experiments 8 and 10 are examineds it can be
seen that the average percentage of utilized activity in the lactate formed
in phosphate-buffered medium (28.95%) is lower than that in the THAM~
buffered medium (40+40%)s The percentage of utilized activity in COs was
fairly similar for all flasks of experiments & and 10. Howevers in both
buffer systems, there was a slight decrease in the percentage found in €O,
from flasks with higher initial glucose concentrationse

A greater fraction of utilized activity was calculated to be in com—
pounds other than glucose and lactate in the medium in experiment 8 than in
experiment 10, up to 58% of the utilized activity in the phosphate-buffered

medium of experiment 8, and a maximum of only 34% in the THAM-buffered medium
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of experiment 10. Table XIV shows these resultse To calculate these
values, the activity in the medium glucose and lactate was subtracted
from the total activity in the medium after incubation.

The calculated percentage of total counts utilized to appear in the
tissue varied between 1lhel and 38.0% in experiments 8 and 10. These values
were obtained by detemining the radioactivity in aliquots of medium before
and after incubation. The loss in activity from the medium represented
that going into carbon dioxide and tissue. Since the activity in the car-
bon dioxide given off was determined, it was possible to calculate the per-

centage of utilized activity in the tissuee.

Total activity found in the KOH extractable tissue of the "al groupe

A negligible amount of activity was detected in the solid residue of tissue
left after extraction with KOHe Only 0.03-0.09% of the total counts ubi-
lized were recovered in this solid residue.

Much greater quantities of radicactivity were found in the KOH ex—
tract. From 8e2-19.1% of the counts utilized were recovered in the KOH
extractable tissue of experiments 8 and 10 (Table XVI, page 94) On the
wholes values for duplicate flasks agreed quite well, althoﬁgh the agree-
ment was better for the flasks in THAM-buffered than in phosphate-buffered
medium. There was less activity in the KOH extract of skulls incubated
with & high than with a lower initial glucose concentration in the mediume
This effect was more marked in phosphate than in THAM-buffered mediume

Glycogen was obtained by addition of methanol to aliquots of the

KOH extractse Very small quantities of radiocactivity were found in the
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precipitates of glycogen: only 0+01-0.07% of the total counts utilized

were recovered in this compounds

Percentage distribution of the recovered utilized activity in

various extracts of the tissue in the "b" groupe Table XV shows the

percentages of the recovered utilized activity found in the various ex—
tracts of calvarias The aqueous ethanol and KOH extracts of skulls in=-
cubated in phosphate-buffered medium contained approximately equal quan-
tities of activitye A total of 83-86% of the recovered activity in these
skulls was found in the ethanol and KOH extractse With the exception of
one flask, all aqueous ethanol extracts of calvaria incubated in THAM-
buffered medium contained approximately 62-67% of the recovered activity
in these skullse Between 10-26% was found in the KOH extracte In both
buffer systems, the incorporation of activity into the ethanol and KOH-
extractable components of the tissue was independent of the initial glu-
cose concentrations useds In THAM-buffered medium, a greater percentage
of the utilized activity was found in the aqueous ethanol extracts of the
tissue than in phosphate mediums but a smaller percentage was found in the
KOH extractse Aqueous ethanol extracts of calvaria contain amino acidss
organic acids, phosphorylated glycolytic intermediatess and perhaps small
peptides, whereas KOH extracts contain dissolved protein from the skullse
Hence, for skulls incubated with glucose-—U—(Jll+ in phosphate buffers most
of the activity incorporated into the skulls was incorporated into small
molecular weight compounds and protein, whereas for those incubated in

THAM buffer, most of the activity was incorporated into small molecular
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weight compoundss and relatively little into protein. This suggests that
higher levels of inorganic phosphate in the incubation medium tend to
cause an increase in the percentage of activity incorporated into the
protein of calvariae

Relatively small quantities of the recovered activity, approxi-
mately 1-2%; and 1-4%, were found in the petroleum ether extracts of the
skulls incubated in phosphate and THAM buffers respectivelye The tri-
chloroacetic acid extracts of skulls incubated in phosphate buffer con-
tained approximately 13~15% of the activity recovered in these skulls,
at both glucose levels studieds For skulls incubated in THAM buffers
approximately 27% at the lowest glucose level, and approximately 15% at
the highest glucose level studieds were found in the TCA extractse. This
indicated that for skulls incubated in THAM-buffered medium, a greater
percentage of activity was being incorporated into peptides and polysac~—

charides at low than at higher initial glucose concentrationse

A comparison of the calculated and experimentally determined per—

centages of utiligzed activity in calvaria. The amounts of carbon-1/

recovered from the tissue samples by the extraction procedures used in
group "a'" and group "b" are compared in Table XVI to the amounts cal-
culated to be present in the tissue, both being expressed as a percent-
age of the glucose-U-Cl4 utilizeds If the calculated valuess based on
direct assay of the medium, are assumed to be accurate, the recoveries
by the different extraction procedures are seen to be incomplete, being

L0-60% in group "a" and 12-30% in group "bM. As all tissue fractions
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were assayed the poor recovery is presumably due to experimental loss
during the subsequent handling of the tissue. This is borne out by the
fact that the percentage recovery in group "b", which was serially ex-—
tracted with a number of solventss is less than that in group "al, where
a single extraction with KOH was carried oute Agreement between dupli~
cates was, on the wholes goode Therefores although the distribution pat-
tern shown in Table XV; page 92, is presumably weighted in favor of the
earlier fractions, meaningful comparisons can still be made between the

fate of glucose—U—-Cle in phosphate and in THAM-buffered media.

Summary. The average percentage of utilized activity in the lac~
tate formed in phosphate-buffered medium (experiment 8) was 28¢95% as com-
pared to 40¢40% for that formed in the THAM~buffered medium (experiment
10)s The percentage of utilized activity in €O, was fairly similar for
all flasks of experiments 8 and 10, although there was a slight decrease
in the percentage found in GO, from flasks with higher initial glucose
concentrationse Up to 58% of the utilized activity was calculated to be
in compounds other than glucose and lactate in the medium after incubation
in experiment 8, and up to 34% in experiment 10. The calculated percentage
of total counts utilized to appear in the tissue varied between lhely and
‘38-0% in experiments 8 and 10e

When the skulls were directly extracted with KOH, from 8¢2-19.1%
of the counts utilized were recovered in the KOH extractable tissue of
experiments 8 and 10. A negligible amount of activity remained in the
solid residue of tissue after extraction with KOH.

A portion of the skulls in experiments 8 and 10 were extracted
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with a series of solvents to determine the distribution of activity in
various components of the rat calvariume The aqueous ethanol and KOH
extracts of skulls incubated in phosphate-buffered medium contained
approximately equal quantities of activity: a total of 83-86% of the
recovered activity in these skulls was found in these extracts at both
glucose levels studiede Hence, it appeared that for skulls incubaﬁed
with glucose—U-Clh in phosphate buffer; most of the activity incorporated
into the skulls was incorporated into small molecular weight compounds
and proteine Only 1-2% of the recovered utilized activity was found in
the petroleum ether extracts of these skulls, and approximately 13-15%
in the trichloroacetic acid extractse The latter extracts contained
peptides and polysaccharidese

Except for one flask, all aqueous ethanol extracts of calvaria
incubated in THAM-buffered medium contained approximately 62-67% of the
recovered activity in these skulls. Between 10-26% of the recovered
activity was found in the KOH extracts. Only from 1-4% of the recovered
activity of the skulls was detected in lipid material. At the lowest
glucose level studied, approximately 27%, and at the highest glucose
level studied, approximately 15% of the recovered activity in the skulls
was found in the TCA extracts. Therefores at lower glucose levels g
greater percentage of activity was being incorporated into the polysac-
charides of skulls incubated in THAM medium than at higher glucose levels.

When KOH was directly added to the skulls in experiments 8 and

105 approximately half of the calculated activity was actually recovered
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in the KOH extracte A total of 12¢35-30.00% of the calculated activity

in the tissue was recovered in aqueous ethanol, petroleum ethers TCA,

and KOH extractse



CHAPTER IX
SUMMARY AND CONCLUSIONS

The in vitro metabolism of glucose-U-C14 by calvaria was studied
in the present report. Calvaria from one- to two-day old Long-Evans rats
were incubated in air in calcium-free phosphate or THAM-buffered medium
(pH 7e4) in a water bath at 379Ce The duration of incubation was gener—
ally two hourse Varying concentrations of g:;lz,v.cose--U-ClLP were used in the
medium of different experimentse

Glucose was determined by a glucose oxidase-3,3'-dimethoxybenzi-
dine (o-dianisidine) method. The lactic dehydrogenase-DFN method de-
veloped by Horn and Bruns (1956) and Cohen and Noell (1960) was used to
determine the quantity of lactic acide Two methods were used to assess
the C1* content of radioactive samples, The potassium persulfate oxi-
dation described by Abraham and Hassid (1957) was used for radiocactivity
determinations up to experiment 7. Labeled samples were oxidized to
01402, which was collected in CO,-free NaOH to form NaZClAOB. The radio-
active sodium carbonate was then precipitated with Ba.Cl2 to form BaClhOB,
which was plated, and counted with a thin window gas flow tube. All radio-
activity determinations in experiments 7, 8, and 10 were done by liquid
scintillations unless indicated otherwisee. Homogeneous counting systems
of toluene or toluene-methanol were usede

Separation of the medium obtained after incubation into its radio-
active components was achieved by pipetting a sample of the medium onto a

Dowex-1-Cl resin cclumn and eluting it with HCl, over a range of 0-0.02 N.
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Paper chromatography and radioautography were used to identify and esti~
mate the amount of radioactivity in various labeled products of glucose-
U-G1* metabolism.

Two preliminary experiments in which calvaria were incubated in
phosphate-buffered medium (pH 7¢4) for two hours in the presence of glu-
cose—U-Clh were performed in order to furnish some general information
on glucose-U-GlA-metabolism by calvarial preparations. The oxygen uptake
and CO, production of the tissue were determined on a Warburg apparatuse
From the oxygen uptake of 1he3) pmoles/gram wet weight/hours and the
metabolic CO, production of 16473 ymoles/gram wet weight/2 hours, an ReQ.
of 0¢58 was calculatede Since the ReQe obtained had a rather low value,
further study would be necessary to assess the reliability of the method
used for determining metabolic COp productione The problem was not pur-
sued further in the present worke

The specific activities of both the €O, and lactic acid produced
were considerably lower than that of the original glucose—U—Clh- This
is evidence for dilution of the activity by unlabeled intermediates of
endogenous origin during the metabolism of the glucose—U-014- The dif-
ference between the specific activities of the C0, and lactic acid was,
by comparison, much lesss that of the former varying between 39-127%
that of the latter. These data show that much less endogenous dilution
occurred between pyruvate and the decarboxylation steps in the TCA cycle
than in glycolysise It is even possible that dilution of the label after

pyruvate was negligible, the lower specific activity of CO, relative to

that of lactic acid being due simply to a slower approach to an equilibrium
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specific activity of the intermediates in the TCA cyclee

The specific activity of the 002 actually exceeded that of the
lactate in one instance. Hence, the lactate was diluted more than the
C0se This would be possible if the hexose monophosphate shunt had been
more active in this casee The origin of the endogenous dilution could
be glycogen which Dowse et al (1963) have shown is present in calvarial
preparations and can produce considerable quantities of lactic acid under
conditions where no external substrate is presentes

Further study of the metabolism of uniformly labeled glucose by
calvaria in phosphate-buffered medium (pH 7e4) was carried out in experi-
ment 2. Analysis of the glucose in the medium before and after incuba-
tion made it possible to calculate the quantity of glucose utilized and
its rate of utilization in any particular flask during incubation. This
enabled a more detailed analysis of the problem of dilution noted earlier
to be carried outs The uptake of glucose was found to be constant as was
the fraction of the utilized activity appearing in lactic acid and CO2.
However, the production rate and specific activity of the lactic acid

produced were not individually constant but were rather inversely related

to one another in any given flaske These facts lead to the conclusion
that although the amount of endogenous dilution occurring Varied between
flaskss the uptake of glucose~Cl4 and the metabolism of this to lactate-CL¥
was independent of such variation.

Approximately 28% of the utilized activity was recovered in the
lactic acid> 7% in the COp> and 1% in the glutamic acide This indicated

a more complex fate for substrate glucose than appeared to be the case
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from earliér non-tracer studies: almost two-thirds of the label metabo-
lized was not yet accounted fore. Radioautograms prepared from the alco-
hol extracts of calvaria in experiment 3 indicated the fate of a part of
thise Alanine, aspartic acid, and glutamic acid were all quite heavily
labelede Faint spots corresponding to some of the phosphorylated gly-
colytic intermediates were presents and traces of activity were detected
in eitric and malic acids, intermediates of the TCA cycle.

Incorporation of label into intermediates of glucose metabolism
with time was studied in experiment 5. Skulls were removed from phosphate-
buffered medium (pH 7.4) containing glucose—U—Glh after 15 minutes, 30
minutess 1 hours 2 hourss and 3 hours of incubation respectivelye Two-
dimensional paper chromatography of aliquots of the alcohol extracts of
these skulls was carried oute From the radioautograms of these paper
chromatograms it could be seen that there was a steady progression of
label into the metabolic intermediates formede After 15 minutes of in-
cubations lactate was fairly heavily labeled, but glucose yielded a much
darker spote The phosphorylated glycolytic intermediates contained more
activity than the amino acids. Darkened areas corresponding to citric
and malic acids were barely perceptibles After 3 hours of incubation,
lactic as well as glutamic acid had become approximately as heavily
labeled as glucose. This indicated active participation of the glycolytic
and tricarboxylic acid cycles in the metabolism of glucose-U-Cl4 by cal-
variae Aspartic, citrics and malic acids yielded darker spots than those
in the earlier radiocautogram: a greater quantity of radiocactivity had

been incorporated into intermediates of the TCA cycle after 3 hours than
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after 15 minutese There was a much greater quantity of activity in
glutamic acid than in the phosphorylated glycolytic intermediates after
3 hourse This showed that, with times much of the activity from the glu-
cose had moved on through the glycolytic and tricarboxylic acid cycles to
form labeled glutamic acide Since glutamic acid is used in protein syn-
thesis, it was quite likely that at the glucose lével used (1.105 pmoles/
ml), rat calvaria were synthesizing protein.

In experiments 7s 8, and 10, the effect of different substrate
levels and medium phosphate concentration upon gluGOSe—U—ClL* metabolism
by calvaria was studiede In a given experiment, with the same phosphate
concentration in each flask, the production of lactate-Cl4 from glucose~
clh was directly dependent on the glucose concentrations The specific
activity of the glucose in the medium after incubation was found to be
lower than the initial specific activity, the decrease being greater in
phosphate-buffered medium than in THAM-buffered mediume In flasks with
similar glucose, and therefore similar glucose-l-phosphate levels the
specific activity of the lactate produced was also lower in phosphate
than in THAM-buffered mediume Thus the production of unlabeled glucose
and lactate was dependent upon the medium phosphate concentration. Allow-
ing for the variability which occurred in the phosphate-buffered medium,
the production of unlabeled lactate was independent of the glucose concen-
tration. From the above results it can be seen that whenever the ratio of
the concentrations of glucose-l-phosphate to inorganic phosphate was
lowered more dilution of the glucose and lactate occurrede As developed

more fully in Chapter VII, this finding is consistent with the hypothesis
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that the major source of the endogenous dilution occurring was glycogen,
the hydrolysis of which is directly dependent upon the ratio

inorganic phosphate
glucose~l-phosphatee

The specific aetivity of the intermediates of glycolysis and
therefore of all subsequent metabolic intermediates will be modifiable
by the presence of glycogen in the tissue to an extent dependent upon
its rate of hydrolysis. This will be more pronounced at low glucose
and/or high inorganic phosphate levelse There is no data to indicate
the effect of varying glycogen levels upon the rate of hydrolysis, but
according to Conn and Stumpf, 1963, the equilibrium of the phosphorylase
reaction is independent of the polysaccharide concentration, provided a
certain minimum concentration is exceededs

It is of interest to relate the present work to some of the recent
findings on the action of parathyroid hormonee Effects of this hormone
on various aspects of cellular and subcellular metabolism which have been
reported to date are many, and as yet interrelationships between many of
them are unclear. However, a considerable amount of evidence exists show-
ing stimulation of phosphate uptake by intact beef heart mitochondria
(Brierley, Bachmann, and Green, 1962) and by rat liver mitochondria (Salliss
Delucas and Rasmussen, 1963a and 1963b), of P32 incorporation into the
organic phosphates of bone (calvarium) in rats (Egawa and Neumans 1963),
and of phosphate accumulation and transport by the rat intestine (Borles
Keutmann, and Neuman, 1963).

Inorganic phosphate occupies an important position as a control
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mechanism in glycolysis and has been shown in the present work to in-
crease the rate of breakdown of glycogen to pyruvate but not apparently
to affect the rate of uptake of glucose. In earlier work with identical
tissue preparations (Dowse et al, 1963) it was demonstrated that lactate
accumulation was greater in phosphate-buffered medium than in bicarbonate
medium, that lactate accumulation was increased by the addition of para-
thyroid hormone to a greater degree in bicarbonate medium than in phos-
phate and that the effect of the hormone was present to the same degree
over a range of medium glucose concentration from O to 17 millimolar. If
this accumulation of lactate were due to an increase in lactate production,
both glycogen breakdown and glucose uptake must have been stimulated by
the hormone, an effect which may well have been a sequence to an increased
intracellular phosphate concentrations Data on glucose uptake and lactate
specific activity under such conditions would enable a more positive con-
clusion to be made on this pointe It is significant, that the effect of
the hormone on lactate was absent in anaerobiosiss for the stimulation of
the mitochondrial uptake of phosphate by the hormone is also abolished
under anaercobic conditionse

In order to get meaningful results on the effects of parathyroid
hormone on the total metabolism of glucose-U-Cl4 by calvaria, it is
necessary to have a clear picture of the metabolism of glucose-U—Cl4 by
normal calvarias so that adequate comparisons can be made. For this
reasons a gquantitative study of the utilization of glucose-U—Clh by normal
calvaria was made. The overall fate of glucose-U-CL& during incubation of

calvarial preparations in phosphate (experiment 8) and THAM-buffered medium
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(experiment 10) was determineds In the former medium, the average per-
centage of the utilized activity in the lactate was 28095%, and in the
latter mediums 40e40%. The percentage of utilized activity in COs was
fairly similar for all flasks of experiments 8 and 10, but was slightly
lower with higher initial glucose concentrationse Up to 58% of the uti-
lized activity in experiment 8 and 34% in experiment 10 was calculated to
be in compounds other than glucose and lactate in the medium after incu-~
bations The calculated percentage of total counts utilized to appear in
the tissue ranged from lhe4~-38.0% in these experimentse

When skulls from experiments 8 and 10 were directly extracted with
KOH (group Ma"), 8¢2-19.1% of the counts utilized were recovered in the
extracts and a negligible amount in the solid residuee

A portion of the skulls from experiments 8 and 10 (group 'b") were
extracted with a series of solventss The aqueous ethanol and KOH extracts
of skulls incubated in phosphate-buffered medium contained approximately
equal quantities of activity: 83-86% of the recovered activity in these
skulls was found in these extractse. With one exception, the aqueous
ethanol extracts of calvaria incubated in THAM-buffered medium contained
approximately 62-67% of the recovered activity in these skullse Between
10-26% was found in the KOH extracte Hence, in phosphate buffers most of
the activity incorporated into the skulls was incorporated into small
‘molecular weight compounds and protein, and in THAM buffer; most of it
was incorporated into small molecular weight compoundse Only 1-2% and
1-4% of the recovered utilized activity was found in the petroleum ether

extracts of skulls from experiments 8 and 10 respectively. Approximately
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13-15% of the recovered utilized activity was found in the TCA extracts
(containing polysaccharides) of skulls from experiment 8, and 27% at the
lowest glucose level and 15% at the highest glucose level studied in
experiment 10«

40-60% of the calculated activity in the skulls was recovered in
the extracts of the "a" group, and 12-30% in the extracts of the "b!
group of experiments 8 and 10. As all tissue fractions were assayed the
poor recovery was presumably due to experimental loss during the subse-
quent handling of the tissues This was supported by the fact that the
percentage recovery in group "b", which was serially extracted with a
number of solvents, was less than that in group "al, where a single ex~

traction with KOH was carried oute
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