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THE SOURCE OF LIVER GLYCOGEN IN RATS STUDIED

WITH THE AID OF DEUTERIUM

IN?RODUCI'ION

Since Bernard's discovery in 157 that glycogen
was synthesized in the liver, and his revelation of its
importance in netabo1isin, investigations have proceeded
in quest of the nature of the original precursors and of

their

Probably the greatest step
goal was made when Cori succeed-

pathways of conversion.

in the realization of this
ed in the iL vitro synthesis of glycogen from glucose.
This accomplishment came almost a century after Bernard's
classical work. In the eighty-odd years of research
between these two great discoveries, such men as Rubner,
Lusk, Voit, Dakin, Meyerhof, Lipmann, Krebs, and many
others have made their contributions to the store of
knowledge concerning carbohydrate metabolism. With the
advent of the use of isotopes in biology 15 years ago,
the search has increased in pace with a corresponding
Increase in results. The amount of present day knowledge
indicates that the years of research were well spent.

Literature Survey
Thousand8 Of contributions to the literature of
carbohydrate metbo1isii have been
years.

ade in the pa3t eighty

Since it would be impo8sible to attempt a litera

ture survey of such proportions, it is intended to record
very briefly only what are considered the major develop..

mente in the field, and to follow wIth a

rtiore

thorouJi

survey of the literature specifically related to the
problema bin;,

studied.

?urtheriore, since thi8 investi

gation involves a study or

tiie

g1ycoenic propertlee of

two general classea of foodatuffa, carbohydrates

axid aziino

acids, the literature survey will be directed along these

two main lines.
Claude Bernard (25) showed that glucose was con»

vertible to glycogen, and he believed that protein could
likewise fern glycogen.

This belief was confirmed by

Wolffborg in lß76 and Kuiz in lt9l.

A comparison of

glucose, fructose, and galactose in the formation of liver

glycogen was made by Lusk (40).
investigated in 1926

(14.)

This problem was re

when it was shown that galactose,

absorbed from the alimentary tract at a rate equal to that
of glucose, wa

much more slowly converted to glycogen.

Fructose, absorbed more slowly than the other hexoses, was
found to fora glycoen as weil as glucose.

Mandel and Lusk (hl) were among the first to make
contributions to the study of the intermediary metabolism
of carbohydrate.

They showed that lactic acid was eithin-

ated as urinary glucose when fed to a dog rendered diabetic

with the drug phiorizin.
During the period when the interconversions of the

carbohydrates were being investigated, there was also much
interest in the problem of the conversion of amino acids
to carbohydrate.

Stiles and Lusk (42) were probably the

first to make such a study.

Ringer and Lusk (SO) concluded

that alanine and glycine were converted to sugar by the

phiorizinized dog.

This was confirmed by Osonka (le)

found that these two amino acids produced urinary glucose
in phlorizinized dogs practically as rapidly as glucose

itself.

It was shown (50) that leucine was

riot

a pre-

cursor of carbohydrate, and Dakin (19) later arrived at
the same conclusion concerning isoleucine.

From his study,

which included several amino acids, Dakin drew certain conclusions concerning their glycogenic properties.

One con-

clusion was that all straiht chain, two, three, four, and
five carbon aruino acids could be transformed into carbo-

hydrate.
Other studies of the glycogen forming abilities
of amino acids were made by Wilson and Lewis (70), by

Butte and coworkers

(22,

29, 36), and by Stohr (62).

The result5 of these invest1ations lead to confusion re-

garding the fate of some amino acids.

For example, while

it was agreed that alanine was a [ood

glycoen former and

leucine was not, the evidence for glycine (62, 9, 43) was
contradictory.

The role of isoleucine was also questionable

(7).

The results of these studies as well as those on

the glycogenesis of hexoses were obtained for the most part

by four types of experiients; the excretion of extra glucose
by a phiorizinized animal fed the compound in question, the
rise in liver

1ycogen after feeding previously fasted

anivals, the anti-ketogenic effects produced by glycogenic
compounds, and

vitro experiients using tissue slices and

observing the increase in carbohydrates when the precursors
were added.
The contradictory results of these various determi-

nations of the glycogenic abilities of amino acids has lead
to the statement, "When all the quantitative

eviãice is

summarized, it may be seen that definite information is

available about only six amino acids.

Alanine,

aspartic

acid, and glutarnic acid are converted to carbohydrate in

definite proportions and by known pathways.

Lysine,

tryptophane, and leucine are not converted to any measurable degree.
(56).

There our quantitative information ends.0

5

Ae the over,11 rections involved became more

aorent, attention
the conversions.

we

turned on the actuJ.

tudiee with yeast

hd

athwys

of

produced schemes

for the breakdown and synthesis of glucose, but it was

years later before it

realized that essentially these

same reactions occurred in

animal

tissue.

An outstsnding contribution to the knowledge of

intermediary metabolism of carbohydrate

ws mde

Krebs proposed the citric acid cycle (35).
of

crbon

isotooes, Wood (72)

confirm the citric acid cycle.

hs

when

With the

aid

been able to improve and

Now known as the tricar-

boxylic acid cycle, it is generally considered to be a

mechanism for the oxidation of carbohydrates, fats,

nd.

Wood says of it,

HIn

proteins by the animal body (56).

this broad function of the cycle it is assumed that in
part, at least, e.ch of these types of substances may give
rise to a common intermediate which is subject to oxidation
in the cycle."

Another big Fdvance

in

carbohydrate metabolism was

made by Lipmann (38) when he proposed the high energy phos-

phate bond as a source of energy for biological rections.

Information on the rel'tionship of

glycogen

synthe-

sis to the tricarboxylic acid cycle has been obtained by
Wood. and

by the grout of Investigators at Harvard (72).

Both of these groups used the carbon isotope technicue and

the

vivo method in their experiments.

When deuterium was discovered in 1932 (66), biolo..
gists were quick to see its value as a biological tracer.

Bonhoeffer was probably the first to use it in this way and
he and his associates have published several papers on its

use since 1934.

metabolism of

Their work was chiefly concerned with the

yeast and other micro-organisms.

Ussing (67)

was an early worker who applied the tracer technique to the

study of protein and carbohydrate metabolism.

In this

country, Schoenheimer and collaborators (54) made use of

deuterium in studying biochemical problems and with it
arrived at the now-famouß concept of the dynamic state of

body

constituents.
Bonhoeffer

(4.9)

used a technique in which he grew

his yeast in a medium containing heavy water.

Naterials

isolated from the yeast after a period of growth were found
to contain deuterium which had been incorporated into the

molecules during their synthesis by the organism.
enabled him to use D20 for tracing

This

vivo reactions.

In

studying the carbohydrate metabolism of fungi (26),

Bonhoeffer compared the isotope content of the end products
with that of the nutrient media.

Thus he found that fungi

grown in a nutrient solution containing sugar and D20,

incorporated 50 per cent as much deuterium in the mycelium
as was present in the nutrient

soluion.

In studies with

7
yeaat grown on diets of different hexoses in a media of

heavy water, Bonhoeffer found (2e) that the deuterium
content of the g1ycoen isolated was lower when glucose was
He also observed that fructose, mannose, and

the nutrient.

glucose were

interconvertible, presumably

through

enoli.-

However, these transfor!r.ations, although allowing

zation.

the fixation of deuterium atoms, could not explain the

amount of deuterium incorporated.

In another similar

experiment (4), Bonhoeffer found that glucose resulted in
an

,3

per cent incorporation of deuterium in

hile

glycoç;en

fructose caused a 4.5 per cent incorporation,
3tetten and Boxer (59) undertook investigations

alon

similar lines in the study of the carbohydrate

metabolism of rats.

Using the technique of enriching body

water with D20 and then determining the deuterium content
of glycogen after feeding; various glycogen precursors,

Stetten determined the half-life of liver and carcass
glycogen.

These values were found to be 1 day for liver

glycogen and 3.6 days for carcass glycoen.

It was also

found that when glucose was fed to normal rats, the maxhiuin

deuterium content of
the body water.

the 1ycogen

was 29 per

cent of that of

When glucose was fed to previously fasted

rats (5), deuterium was incorporated to the extent of
per cent.

3

Similarly, when lactate was fed, the value was

57 per cent.

Having established, with Ussin' (6a1, that

3/

per

cent of the hydrogen po$itions of g1ycoen are fully

exchangeable and thus would lose their deuterium during the

isolation of the glycoen, Stetten
the

arid

Boxer concluded that

of deuterium which could be incorporated
would be 66 per cent of the body water deuterium. To
attain this level, the hydrogen atoms of the precursors of
glycogen would have to be in complete equilibrium with those
maximum amount

of the body water at sorie stage during the transformation.

that the value of 57 per cent for lactate
was an approach to this theoretical maxiniun, His expla.
nation for the different values obtained for lucose after
Stetten

as8uined

..

normal feeding and after fasting was that two pathways
existed for the conversion of glucose to glycogen.

The

difference in the two values, 29 per cent as compared to
3

per cent, was considered to indicate that after fasting,

the stress due to low glycogen stores caused the predoni..

nance of the faster route of conversion, and that this was

by way of small fragments, as with lactate.

Hence, more

deuterium was incorporated in glycogen formed after de
pletion of reserve stores than during normal glycogen
synthesis.

Upon the inclusion of fructose and galactose

in his studies (60), Stetten found a value of

44.

per cent

for the former and 33 per cent for the latter sugar as the

relative amounts of deuterium uptake from the body water

when previously fasted rats were used.

A value of 32 per

cent for galactose was obtained with noriially fed animals
(5f".

From results obtained when biologically labelled
glucose was degraded in such a way that the deuterium
content for each carbon position could be deterxiried (61),
3tetten concluded that glucose and fructose were not inter-

convertible through the endiol structure to an appreciable
extent.

Upon weigbirg the possibilities for the conversion

of galactose to glucose, he suggested (60) that galactose

must split into two triose fragments which inediate1y
recombine to form glucose without incorporation of much

deuterium.
From the results of an experiment

ifl

which he fed

deutero-labeiled glucose, Stetten calculated that 31 per
cent of the hydrogen atoms of g1ycoen are derived directly

from tho dietary

lucoss.

Other investigators, using carbon

isotopes, have found that their results cannot support the
concept of direct conversion of dietary constituents into

body

torg' products.

These results do not necessarily

contradict the observations of $tetten, however, inasmuch
as glucose itself can be considered a special case, at

least from a standpoint of the direct conversion pathway.
Thus Vennesland, et al.,

(69)

using lactate labelled in

the alpha or beta position with radioactive carbon, have

lo

reported that while 21 per cent of the fed lactate could be
accounted for as

lycogen, only 3.2 per cent could be asswned

to go directly to glycogen.

In earlier experixents with

carboxyl-labelled lactate (12), they found the glycogen
increa8e to account for 30 per cent of the fed lactate but

only 1.6 per cent could be traced directly to glycogen.
Ölsen,

et al.,

i per cent

(46)

with labelled glycine, could only trace

of this compound directly
The Purpose

The

was

twofold.

to glycogen.

of the investi;.ation

purpose for the undertaking of

First, to attempt to

this research

confirm the work of

Stetten and coworkers on the uptake of deuterium during

the formation of liver glycogen in a heavy water medium.
It was felt that success in this undertaking would be of

its confirnation
investigators, and in its
value in

of the observations of these

proof of the reliability and
accuracy of the technique in new hands. This would then
allow the pursuit of the second objective -- use of the
technique in the study of new problems. The problem
chosen was that of confirming previous work on the glycogenie properties of certain amino acids by use of a new
approach. In addition, lt was hoped that the £aethod could

the glycoenlc efficiencies of amino acids
in the presence of dietary carbohydrates.

be used to study
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EXPERI1IENTAL

Introduction
The experimental procedure, briefly summarized

before being explained in detail, was as follows:

Fasted

rats were given enough D20 by intraperitoneal injection to
raise the D20 level of the body water to approximately 1.5
per cent.

The compound being studied was administered 1 hour

later, and after a suitable period, the rats were anesthe-.

tized and their livers removed,

Glycogen was isolated from

the liver tissue, purified, and dried.

It was then combusted

in an atmosphere of oxygen and the water of combustion was

trapped by freezing.

The glycogen, having been synthesized

in a medium of heavy water, contained deuterium.

This

resulted in the presence of D20 in the combustion water
which was purified by distillation aid its D20 content

determined by a densimetric method.

A sample of body tissue

from the rat was frozen and water distilled from it in vacuo.
This water, also containing D20, was purified and its D20

content determined.

A comparison of these two values,

the

D20 content of the water from the combustion of the glycogen,
and the D20 content of the body water, gave an indication
of the metabolic pathway of the compound fed.

12

The

Analytical Method

great deal of the success of tracer technique
depends upon the accuracy and reliability of the analytical
method. With deuterium, unlike other isotopes, physical
differences between it and hydrogen can be made the basis
A

for analysis.

Most of the tracer

experiments using

deuterium have depended upon tile density differences of

analytical method. Several procedures
have been developed to determine the difference in density
1)20

and

1120

for

an

between samples containing varying amounts of

the density of

1)20

is

Since

10.7 per cent greater than that of

sensitivity

attained.
The density determinations generally used are the
pycnorn eter method, the submerged float method (51), and the
falling drop method (31). The first is accurate but
tedious and requires a relatively large sample. The submerged float method is very sensitive and of good precision
ut not readily adapted for routine determinations. The
falling drop method overcomes the objections to the above
methods without extensive weakening of their good points.
Samples can be very small, as little as 50 mg. compared to
5,000 mg. for the pycnometer method, and it can be used
routinely. A good theoretical discussion of the falling
drop method for the determination of deuterium is given by
1120, a

high degree of

can be

13

Cohn (30).

The falling drop method makes

ue

of Stoke8'

law which relates the variation between rate of fall of
a drop through a medium with the density of the drop, the

size of the drop, the density of the mediwn, and the

viscosity of the medium.

Since each of these variables is

affected by temperature, rigid control of temperature is
necessary.

For use of the falling drop method, therefore,

a water bath constant to

¿ 0.00100. and a pipet capable of

delivering drops of a constant size are necessary.
It was pointed out by Cohn and confirmed in this

work that purification of the samples is the most critical
part of the procedure.

The error involved here is of the

order of 0.02 per cent D20.
The Constant Temperature Water Bath

The bath which was doveloped to meet the require

ment of temperature constant to 0.0010C. is illustrated in

Figure 1.
the other.
in depth.

It consists of two cylindrical tubs one within

The inner bath is 15 in. in diameter and 32 in.
It is supported within the outer bath by three

2-inch pillars.

The outer bath has a diameter of 24 in.

and is 34 in. in depth.
i in. of their tops

Both baths are filled to within

with water and are equipped independently

with drain and constant level outlets.

Figure 1.

The Constant Temperature Water Bath
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The dropping tube, which is in the inner bath, is

viewed by means of an alcove in the outer bath leading to
a window in the inner bath.

Except for this window, the

inner bath is completely enclosed on sides and bottom with

water of the outer bath.

In turn, the outer bath is

insulated with glass wool.
Only the outer bath is heated directly, the inner
bath being

heated

by conduction.

The heating element is a

300 watt, copper sheathed, loop immersion heater connected

through a slide wire rheostat which allows regulation of
the heat input.

The heater is controlled by an electronic

relay which is activated through a mercury contact with a

toluene-filled

of l3

mni.

thermostat. This

thermostat, which is made

glass tubing, encircles the inner bath at the

top and has legs extending to the bottom.
of about one liter of toluene.

It has a volume

The expansion of the

toluene forces mercury from a u-tube into a capillary where
contact is made with the relay.

This

arrangement gives

extreme sensitvity to temperature fluctuations in the outer
bath.

screw

The temperature is adjusted by means of a metal

which

raises

or lowers

the

relay contact wire in the

mercury-filled capillary.
The water of the outer bath is thoroughly circu-

lated by means of two 1/30 H.P.pumps running continuously.

They are arranged to throw jets of water

16

countercurrently, one at the top and one at the bottom of
The heat produced by these pumpe is sufficient

the bath.

to raise the temperature of the bath above that desired

making it necessary to counteract their effect with cold
tap water running continuously into the bath.

The temper-

ature of the outer bath is constant to - 0.02°C.

The

inner bath is equipped with a belt-driven propeller type

stirrer with the motor mounted on the outside of the bath
so as to avoid heating effects,

This stirrer is operated

only when the inner bath is being brought to its equilibrium
The

temperature and during the density determinations.

temperature of the inner bath varies with room temperature
8ince it has no heating element and depends on conduction

from the outer bath for its heat.

Two Beckmann thermometers

and an absolute 0.1°C. thermometer are used to gauge the

Before a determination is uade,

temperature of this bath.

the bath is brou&ht nearly to the desired temperature by

the addition of hot water.

At the same time, the tempera-

ture of the room is adjusted to that of the bath.
equilibrium

is attained,

is constant to

Once

the temperature of the inner bath

0.001°C.

The dropping tube is mounted in the inner bath.
It is l

ima.

in diameter and 35 in. in length.

Two

marks 15 cm. apart are engraved about half way down the
tube.

These are viewed throu;h two telescopes equipped

17

with hair line.

During a determination, paralax is

avoided by viewing the reference mark through the te1e
scopes so that it is lined up with the hair line.

The

dropping tube is lit by the reflection of light fron a
tube similar in size filled with NaC1 crystals and located

immediately behind the dropping tube.
The Precision Pipet

The precision pipet devised to deliver drops of

uniform size is illustrated in Figure
from a tuberculin syringe and

2 min.

2

The pipet, made

capillary tubing, is

mounted on a microscope housing in such a way that it can
be raised or lowered with the coarse adjustment knob.

The syringe is sealed to the capillary with sealing wax and is arranged in the microscope housing so that

the shoulder bears the force of the actuating mechanism.
The pipet is equipped with a side arm and stopcock for ease

of filling.

It is completely filled with mercury which

transmits the action of the plunger to the sample in the
tip.

The plunger in turn is actuated by a micrometer screw.

Rotation of this screw drives the plunger forward and
expels the drop fromthe tip of the pipet.

A compression

spring enclosing the plunger returns it to its origina].
position when the nicroxneter screw is reversed.

This

used in filling the tip of the pipet with the sample.

i

Figure 2.

The Precision Pipet
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To insure that the micrometer screw is always

rotated through the same distance, it is equipped with two
stops which engage a stationary stop projecting from the

microscope mount.

The micrometer stops

cari

be adjusted to

give onethird, two-thirds, or a complete revolution of
the screw.
The pipet is evacuated during filling with mercury
so as to insure the removal of all air bubbles.

These

give a cushion effect when pressure is applied to deliver
a drop and interfere with the accuracy.

Filling is

accomplished by inverting the pipet, evacuating at the
tip, and introducing mercury at the side arm.

Several

evacuations are usually necessary to remove all of the
entrapped air bubbles.

A test of the

completeness of the

evacuation is to rotate the filled pipet around its

horizontal axis, noting the raove:nent of the mercury column
in the tip.

This movement should not exceed 2 or 3 mm.

During use, the pipet is mounted on the water bath

with the tip directly above the dropping tube.

Its range

of vertical movement must be great enough to allow immersion
of the tip in the medium of the dropping tube at one

extreme, and elevation above the dropping tube to allow

filling at the other.

20

Preparation of Standard
The standards used to

curve shown in Figure

cent D20.

3

construct the calibration

were riade by

dilution of 99. per

Clean stoppered flasks were accurately weighed,

then 99. per cent D20 added and the flasks stoppered and
reweighed. Double-distilled water was added and the flasks
weighcd again.

these weights and the density of D20
and 1120 at the temperature of weighing, the concentration
in volume per cent was calculated.
Several standards
ranging in concentration from 0.07 to 4..6 per cent D20
were prepared. At two separate later dates, additional
standards were prepared and their calculated and observed
concentrations found to check well with the previously
prepared samples. In the preparation and use of these
standards, no attempt was made to remove dissolved gases,
it being felt that errors introduced in this way would be
standard in all determinations and hence cancel out.
From

The

Experimental Procedure
Animal Experiments

Unless otherwise noted, white, adult, maie

rats of

to 250 ems. body weight were used in all experiments.
Each feeding period was preceded by a k hour fast during
150

22

which the rats were kept in individual cages with drinking
water available.
The substances fed were administered by stomach

tube and in some cases supplemented
No

uniform level of feeding was

by feedin

ad lib.

attempted except that the

constituents were given so as to ìnure maximum absorption.
The length of absorption was varied between 3 and 24 hours.
The experimental period was started, after the
¿f

hour fast, by the intraperitoneal injection of 99.

cent D20 at the rate of i ml. per 100

gins.

per

of body weight.

level of

This was calculated to give a body water D20

about 1.5 per cent assuming the tissue to be 66 per cent
water.

One hour was allowed for the attainment of

equilibrium between the injected heavy water
water. The anivals were then fed by stomach
(McDougall

(4.4)

and the body
tube.

has shown that within 1 hour, injected

D20 is uniforcly distributed throughout the body.)

Feedings were repeated at intervals designed to insure

maximum absorption.

At the desired time, the rats were

anesthetized with sodium amytal and their livers removed,
blotted, weighed, and placed in a mortar containing an
amount of lO per cent trichioracetic acid solution equal
to their weight.

The total

elapsed time from

liver removal to this point was less than a

start of

minute.

Quartz sand was added and the livers were raacerated by
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grinding.

Two

volumes of

5

per cent trichioracetic acid

were added and the grinding repeated.

then filtered

The

suspension was

the residue ground with another volume of
5 per cent trichioracetic acid and filtered.
Glycogen was
precipitated from the conibined trichioracetic acid
arid

solutions by the addition of 1.2 voiwnes of 95 per cent
ethanol. After centrifuging, the supernatant was decanted
and the precipitated glycogen washed with 60 per cent
ethanol followed by centrifugation and decantation. This
procedure was repeated with 95 per cent ethanol and
acetone and the product then dried in vacuo over phosphorus
pentoxide. The dried glycogen was weighed and the per
cent glycoren calculated.
This method for the determination of liver glycogen
was found to check well with the classical Good, Kramer,
and Somogyï method (27).

It

has the advantage of speed and

the production of glycogen of greater purity. The glycogen
obtained was found to yield 95 per cent of the theoretical
amount of glucose upon hydrolysis and to give approximately
1 per cent ash upon combustion.
The body water samples were taken from a section
of the fat and muscle tissue along the backbone.
was

placed in a dry 100

ml. round bottom flask

in vacuo into a trap immersed in dry ice.
body water was obtained in this way.

and

This

distilled

About 0.5 ml. of
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Combustion of Samples
In order to obtain sufficient water from the

combustion for analysis, approximately 100

were required.

:s.

of glycogen

When insufficient glycogen was obtained

from the test animal, a known amount of unlabelled glycogen,
similarly prepared, was added to the accurately weighed
test sample.

From this dilution ratio, the D20 content of

the original test sample was calculated.

The glycogen sample in a porcelain boat was corn-

busted in an atmosphere of pure oxygen over a catalyst of
CuO.

The combustion tube was of Vycor glass equipped with

a side arm at one end and tapered to a No. 12/30 ground

glass joint at the other to which the dry ice trap was
attached.

Oxygen was admitted at the side arm, allowing

easy access to the samples from the stoppered end.

heating units were a 12 in. and an

The

in. combustion furnace

while the sample itself was burned with a bunsen flame.

Resistance wire wrapped around the tapered joint and the
fore part of the trap was used to heat these portions to
prevent water from condensing before reaching the dry ice

trap.
The combustion

tube was heated and swept out

dry oxygen before the samples were burned.

with

The traps used
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to collect the saMple were dried by heating under vacuum

just before usez

Purification of Water Samples
Studies on water from unlabelled

;lycoen samples

showed that distillation from CaO_kFinO4 was sufficient to

remove contaminants.

Two exposures to these chemicals

were given to all combustion water samples.

To the trap

in which the water was obtained from the coibustion,

added a few mgs. of CaO and KMnO4.

was

This trap was then

connected to the distillation train, designed after that
of Fetcher (24), and the water gently refluxed by heating

with a tiny heater made cf resistance wire and controlled

with a variable resistor.

The sample was then vacuum

distilled into another trae containing CaO-kUinO
in a dry ice bath.

immersed

The refluxing process and distillation

were repeated and the sample distilled into
surrounded by dry ice.

e.

third trap

This trap contained no chemicals,

serving only as a safety trap in case of mechanical introduction of CaO or KLriO.

From this, the sample was

distilled into the final trap.

Body water samples were shown to be essentially
pure when obtained, body water from normal rats having
the same falling time as double distilled water.

However,

as a precaution against unforeseen contamination, these
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samples were distilled once from CaO-K14n04, after refluxing,
and from the safety trap into the final trap.

Cleaning and Drying of Glassware
In this work cleanliness was secondary to dryness

except in the case of final traps and pipets in which the
sample was contained prior to the density determination.
It was shortly realized that ordinary drying was not

sufficient to remove all of the interferin- water adsorbed
on the glass surface.

The procedure adopted was to evacuate

and to heat with bunsen flame all traps and flasks with
which this was possible.

After a suitable period of heating

and evacuation, dry air was admitted and the process of

heating and evacuation repeated.

This method was the most

convenient and efficient one tried, but some

water remained

even after this treatment.
To attain dryness in pipets and transfer cups which

could not be evacuated, a rinsing in ether followed by

heating in a bunsen flame was used.

Samples were always

kept well stoppered when not in use.

Determination of the D20 Content
After the water samples were purified by successive

distillations through the train into the final trap, they
were transferred to small cups by means of capillary bulb
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pipets. These cups were

provided with a glass

steri

for

ease of handling, and were used to fill the precision
pipet0 The pipet was first flushed out with a portion of
the sample, this drop expelled, and a second portion drawn
up.

All filling and expulsion of drops was done by rotat-

ing the micrometer head on the pipet.
The tip of the pipet was carefully wiped with

filter

paper which had been made impermeable

stopcock grease.

to water with

Care was taken to remove all

water on

the outside of the tip without leaving an air bubble in
the tip.

The tip of the pipet was then lowered beneath

the surface of the fluid in the dropping tube, and the
micrometer head rotated very slowly between its two stops.
The drop at the pipet tip was viewed with a hand lens during

its

formation.

The

pipet

was

carefully raised until the

drop was broken loose as the tip passed through the surface
of the fluid.

The time required for the drop to fall past

the two reference marks was

determined with a stop watch.

Several drops were used for each determination. The
average falling tLe was compared with a curve which had
been

constructed from the falling time of known D20

standards, and the corresponding 020 content obtained.

Errors
Several sources of error were encountered in this
research.

These can be divided into two main groups, experi

mental and biological.

These errors will be considered and

their effect upon the results discussed.
An experiiental error observed repeatedly was that
the combustion of unlabelled glycogen or glucose resulted
in water samples of density equivalent to that of approxi-

mately 0.01 per cent D20.

Smith (55) has pointed out that

cylinder oxygen may contain heavy oxygen in excess of the
norrïmal

abundance.

Whether this was the source of error

encountered here, could not be determined without a mass

spectrographic analysis of the oxygen used in the
bustion.

corn-

The National Bureau of Standards was asked to

make this analysis

ari1

their results indicated a slight

excess of heavy oxygen to be present.

However, the accuracy

of their mass spectrograph was not great enough to give

significance to the differences obtained.
The combustion error, if due to

O,

would be

constant except for the necessity of using a dilution factor
in some of the analyses.

would be positive,

0.0].

To allow for tills error, which

was subtracted from the D20

contents of combusted sarnples before the results were

multiplied by the dïlution factor.
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An insidious source of error was the presence of

moisture on all glassware with which the D20 containing

samples came in contact.

Dilution, especially in the

case of more concentrated samples, was appreciable.

Even

unstoppered samples were gradually diluted, probably due
to exchange with moisture of the atmo8phere.

Precautions

taken against this source of error have been rientioned.

Even after those safeguards were taken, however, an error
of the order of 0.02 por cent D20 was encountered.

This

could be considered approximately constant since uniform

conditions were iiaintained as nearly as possible during
all analyses.

Errors due to contamination of the samples were
potential but not encountered as far as is known.

Cleanli-

ness of final traps, transfer pipets and cups, and the
precision pipet was striven for at all times.

It is felt

that such errors would be gross and therefore apparent.
An error which could have been eliminated had it

been detected in time was that due to the failure to insure
the complete removal of deuterium held in labile positions
on the glycogen molecule.

established that
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Stetten (59) and Ussing (6g) had

per cent of the hydrogen positions of

glycogen were completely labile and that any deuterium

occupying these positions would be lost during the isolation
of the sample.

Although a method different from that of
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Stetten was used in this research, it was assumed that the

observations of Stetten would hold true.

This point was

not checked until the latter part of the research when it

was found that a small amount of deuterium in these labile

positions

carne

through the isolation procedure0

This

error amounted to 0.02 per cent D20 and was established as
approximately constant by two different approaches.
Although this error could have been eliminated by additional

preeipitations
the glycogen,

frorri

distilled water during the isolation of

it was felt that the research had progressed

too far to make the change.

greatest detriment was

in

Being a constant error, its

giving results which were slightly

high throughout.
Errors which were minor but worthy of mention were

those due to

temperature

fluctuations of the water bath,

imperfections in the precision pipet, and personal errors
in using the stop watch and in delivery of the drop.

Biological errors, always encountered in work

requiring the use of experimental animals, were of greater
variance and more difficult to control.

As Cohn has

pointed out (30) ".... in most biological problems, the
error involved in analysis with the falling drop method is

usually negligible compared to other errors involved in the

experiment ."
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Biological errors can be attributed to individual
variations in the test animals0 The two main errors
encountered in this category in this work are those due
to the presence of residual, unlabelled

4

g1ycoen after

a

hour fast, and to the lack of constancy in the body

level of D20.
It has been observed before that Lasting does not

completely eliminate glycogen from the liver of a test

animal. Furthermore, the
is subject to

considerable

amount of this residual glycogen

variation between

individuals. In spite of this,

different

there is no alternative

but to consider the error as a constant one.

introduces a complication, however,

when

This

insuíficient

glycogen is obtained, requiring the addition of unlabelled

glycogen and the subsequent use of

the dilution factor.

The residual glycogen causes an error in

the dilution

factor, which in the case of a high factor, is appreciable.

On the other hand, in experiments of longer duration, the

presence of residual glycogen

is

of less consequence

because of the dynamic state of the liver glycogen

whch

results in a complete turnover every two days, and also
because larger yields of glycogen are obtained rnakin

dilution with

normal

glycogen unnecessary.

With these points in

:riind,

it was decided to make

suitable corrections for this residual glycogen in all
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experiments up to 12 hours in length.

The average amount

of residual glycogen present in fasted rats was determined

to be 0.05 per cent.

The error due to the lack of constancy in the D20

level of the tissue

water arose as

a result of referring

the D20 level of the glycogen synthesized throughout the

experimental period, to that of the body water determined
at the end of the experiment.

In

order to help maintain a

constant level throughout this period, additional D20 Wa8

given either as drinking water
acid solutions.
content of

or

with the sugar

arid

amino

The lack of extreme variations in the D20

the body

waters is an indication that this

error is not of serious consequence.

Method of Calculation
To illustrate how the data were obtained and calcu

lated, the results of one of the experiments conducted in

this investigation is

mixture of

its liver

presented.

Etat number 34,

fed a

1ucose and isoleucine, was anesthetized and

removed.

The

yield of labelled glycogen

35.1 mgs. and to this was added

5.9

rngs.

of unlabelled

glycogen making a total for combustion of 121.0
After coabustion and

was

rngs.

purification, the water obtained

subjected to the density determination.

was

The falling time

in seconds of three drops of the sample were

.67,

9.50,
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and 90.49 -- an average of S9.55.
value, 0.0112,

The reciprocal of this

corresponded to 0.17 per cent D20 on the

calibration curve.

Before converting this value to the

actual D20 content of the original labelled

corrections were made.

lycogen, two

The combustion error of 0.01 per

cent D20 was subtracted and the error due to residual

glycogen was corrected by substracting
for residual

obtained.

the average value

;lycogen from the amount of labelled

1ycogen

In this case the correction ainounted to 2.1 mgs.

This changed the dilution factor from 121/35.1 to 121/33.0

and multiplication of the corrected D20 content, 0.16 per
cent, by this dilution factor, gave the value, 0.59 per

cent D20.

This was the

D20

content of the original labelled

glycogen corrected for the errors i;ientioned.
The body water obtained from rat number 84 was

purified and its falling time deteruiiried.

The values of

four consecutive drops were 33.82, 34.02, 33.99, 34.08, an
average of 33.98.

Upon taking the reciprocal and using the

calibration curve, it was seen that this corresponded to

1.33 per cent D20.

The D20

content of the glycogen, 0.59

per cent, amounted to 44.4 per cent of the body water D20
content, this value being the exchange ratio.

This meant

that the glycogen synthesized in the media of heavy water

contained deuterium atoms equivalent to 44.4 per cent of
those of the body water.

Re$ults
The Glycogen Exchange

atio Re8ulting

From the Feeding of D-Glucose

The

results of this

experiment, in which glucose

fed to previously fasted rats, are shown in Table I.
Male rats were used, except nuraber 36 and 37, and were
fasted 4 hours. The sugar was given by stomach tube in
was

equally spaced feedin:s and in the 24 hour
feedings.
experiments this was supplemented with

two or more

For this and following experiments, dosage will be defined
as the amount of substance fed per 100

gs.

of body weight

per hour.

While the dosages were
it is

felt

not comparable in amount,

that they can be considered so in view of

Con's observation that absorption of the hexoses -fructose, glucose, and galactose, is independent of their
concentration

in the intestine.

(17)

The lack of corre-

lation between the amount of glycogen formed and its
exchange ratio is evidence that the food intake in these
experiments is not critical.
The "exchange ratio" is defined as the ratio, in

percentage, of D20 in the water

formed by combustion of

the glycogen to the D20 of the body water.

It can be

seen that there is very little variation in this value in

TABLE I
THE EFFECT OF D-GLUCOSE ON THE UPTAKE OF DEUTERIUM FROM BODY WATER

Adult male and female rats, previously Lasted 4 hours, were given D20 Intraperitoneally, i inl./lOO gins. body weight. One hour later, a solution of D-glucose was
Ad
feeding
given by stomach tube and the dosage repeated at equal intervals.
was substituted for part of the stomach tube feedings in the 24 hour experirents.
Rat

aa.

Dosage/lOO gin. body wt./hr.
and length of absorption

liver
lycogen

% D20,
body water

%
lycogen water

Exchane
ratio

17

166 mgs. -

3 hrs.

0.9

l.2

0.4.2

32.a

7

250 mgs. -

4

hrs.

1.9

1.16

0.36

31.0

11

250

zngs. -

4.

hrs.

3.0

1,25

0.29

23.2

6

150 mgs. -

4.

hi's.

0.7

1.29

0.4.9

3.O

69

150 mgs. -

4.

hrs.

1.0

1.32

0.4.7

35.6

166 mgs. -

6 hrs.

3.2

1.30

0.47

36.1

1

166 mgs. -

6 hrs.

1.5

1.19

0.4.0

33.6

lO

166

rags.

-

6 hrs.

1.9

1.05

0.29

27.6

19

125

rags.

-

8 hrs.

1.3

1.15

0.39

33.9

20

125

rags.

-

8 hrs.

1.6

1.13

0.38

33.6
average 32.5
'J'

TABLE I (continued)
Rat
no.

Dosage/100 gin, body wt./hr.
and 1enth of absorption

%

liver

g],ycozen

D0,
body water

% D20,
glycozen water

Exchange
ratio

36

90 mgs. -

24.

hrs.

4.4

1.10

0.23

20.9

37

90

24.

hi's.

3.6

1.20

0.30

25.0

54.

133 rngs. - 24

hi's.

1.3

1.14

0.36

31.6

55

133 mgs. - 24 hrs.

7.0

1.19

0.26

21.9

mgs. - 24 hrs.

5.9

1.26

0.44

34.9

- 24 hrs.

2.7

1.25

0.4.3

34.4.

27.

ings.

70

3

71

3 rags.

-

62

62 rags. -

hi's.

3.4

1.15

0.32

63

62 mgse - 24 hi's.

6.0

1.22

0.37

24.

30.3

average

2.4

toti avcr;c

30.7

o'

37
the short term

experiments.

The same is not true of the

longer term experiments, however, and at present there is
no explanation for this other than that it is due to

individual variations which do not appear during shorter
absorot ion periods.
The Glycogen Exchange Ratio

Resulting

From the Feeding of D-GaL:.ctose

The

results

Lasted animals are

obtained after feeding galactose to

shom

in Table II.

Considerable vari-

ations in the dosages occur because of the
In later experiments

these were

lib feedings.

eliminated entirely in

order to get better control of food and water intake.

The

animals were found not to tolerate galactose as well as
glucose and fructose, hence smaller dosages were used.

The

feedings were made in the same way as the glucose experimerits.

It was necessary in

two of

the short term experi-

ments to combine the glycogen samples.

In these cases,

the body waters were analyzed separately and their weighted

average calculated according to the weight of the animal.

While these results are probably not as accurate as those
in which the glyco gen was sufficient for individual

determinations, it is felt that they are of value and should
be included.

TABLE II
THE EFFECT OF D-GALACTOSE ON THE UPTAKE OF DEUTEìUUM FROM BODY WATER

Adult male rats, previously fasted 4 hours, were given D20 intraperitoneafly,
One hour later, a solution of D-galactose was given
i inl./lOO gins, body weight.
by stomach tube and the dosage repeated at equal intervals. Ad lib feeding was
substituted for part of the stomach tube feedings in the 24 h3r experiments.
Rat
no.

Dosage/lOO gin. body wt./hr.
and length of absorption

% liver
1ycogen

% 1320,
body water

% D20,
p1ycozen water

Exchange
ratio

52-53

200 mgs. -

4 hrs.

0.3

l.l

0.36

30.5

50

l7
l7

mgs. -

4 hrs.

0.7

1.27

0.35

27.6

mgs. -

4 hrs,

0.7

1.19

0.33

27.7

48-49

80 mgs. -

6 hrs.

0.4

1.20

0.31

25.8
average 27.9

56

52 mss. - 24 hrs.

2.2

1.39

0.44

31.6

57

42 mgs. -

hrs.

2.2

1.22

0.35

28.7

59

46 mgs. - 24 hrs.

1.5

1.25

0.44

35.2

60

46 mLs. - 24 hrs.

0.6

1.17

0.41

35.0

61

50 mgs. - 24 hrs.

1.1

1.21

0.41

33.8
average 32.9

51

24.

total average 30.6
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As in the case of glucose, there is more variation
in the values of the exchange ratios after long absorption

periods than after the shorter periods0

The average value

is seen to be close to that obtained far glucose.

The Glycogen Exchange Ratio Resulting

From the Feeding of D-Fructose
Table III shows the results obtained after feeding
fructose.

The exchange ratios are seen to be appreciably

higher than those obtained after glucose or galactose

feedin.
low.

36.9.

The value found for rat number 66 is unusually

If this value is excluded, the average value becomes

Again there is greater variation in results from

the long term experiments.
saine

The dosages were made in the

manner previously described.

The Glycogen Exchange Ration Resulting Frox

the Feeding

of DL-Alanine with and without D-Glucose

Having established the reliability of the method
by approximate confirmation of Stetten's results in the
above experiments, it was decided to proceed towards a

study of the glycogenic properties of amino acids.

From

a large number of experiments, a basal exchange ratio for

glucose had been obtained.

It was thought that if an

amino acid was Led with glucose, the effect of the amino

TABLE III
THE EFFECT OF D-FRUCTOSE ON THE UPTAKE OF DEUTERIW

FROM BODY WATER

Adult male rats, previously fasted 4 hours, were given D20 intraperitoneafly,
i inl./100 gms. body weicht.
One hour later, a solution of D-fructose was given by
stomach tube and the dosage repeated at equal intervals.
lib feeding wa substituted for part of the stomach tube feedings in the 24. hour experiments.
Rat
a2.f

Dosage/lOO gin. body wt./hr.
and ].enjth of absorption

% liver
ç1ycogen

Do,
body water

% D20,
glycogen water

Exchange
ratio

64

o nigs. -

5

hrs.

O.

1.30

0.59

4.5.4

6

o mgs. -

5

hrs.

1.7

1.33

0.54.

40.6

2

166 mgs. -

6 hrs.

2.1

l.l

0.5].

4.3.2

29

166 mgs. -

6 hrs.

2.2

1.20

0.46

3.3
average 41.9

42

137 rags. - 24 hrs.

5.9

1.23

0.41

33.3

43

137

rags.

- 24. hrs.

3.0

0.94

0.3e

4.0.4

44

116

rags.

-

24.

hrs.

2.0

1.25

0.50

40.0

45

116

rags.

-

24.

hrs.

1.1

1.23

0.45

36.6

66

96

rags.

- 24 hrs.

1.1

1.23

0.31

25.2

67

96

rags.

- 24 hrs.

1.9

1.29

0.4./+

34.1
average 34.9

total average 37.7
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acid would be superimposed upon that of gluco3e.

That is,

the exchange ratio obtained from the joint feeding would

be higher than that of glucose, and the difference would be

due to the effect of the amino acid.

Not only would such

an experiment give qualitative evidence of the glycogenic

ability of the amino acid, but it would also serve to
compare the

lycogenic

efficiencies of the amino acid and

the sugar when both were available to the animal.

Further-

more, such a technique would allow the study of amino acids

which were difficult to study alone due to poor absorption,
insolubility,

or toxic effects.

Alanine, being' a known glycogen former, was chosen
for the first experiment of this type.

feeding alanine alone are

shoì

The results of

in Table IV.

The average

value for the exchange ratio is seen to approach the

theoretical maximum value of 66.

In Table V are found

the results from the joint feeding of glucose and DL-

alanine.

In these experients glucose and DL-alanine were

fed together,

either by stomach tube or

lib.

The results of feeding glucose and alanìne together

indicated that the technique of using the uptake of

deuterium as a means of studying glycogen formation from
amino acids was promising.

Alanine, a known glycogen

former, had been shown to compete successfully with glucose
in its influence upon the metabolic pooi.

The next problem

TABLE IV
THE EFFECT OF DL-ALANINE ON THE UPTAKE OF DEUTERIUM FROii BODY WATER

Adult male rats, previously Lasted 4 hours, were given D20 intraperitoneafly,
i m:L/100 gins. body weight.
One hour later, a solution or DL-alanine was given by
stomach tube. In the 24 hour experiments, this was supplemented with
lib feedings.
Rat
no.

Dosage/lOO gru, body wt./hr.
arid length of absorption

% liver
zlycogen

D20,

body water

D20,

glycogen water

Exchange
ratio

14

166 mgs. -

6 hrs.

1.3

1.00

0.53

53.0

16

166

¡zigs.

-

6 hr's.

1.9

1.00

0.51

51.0

34

50

¡zigs.

- 24 hr's.

0.4

1.26

0.62

49.2

35

66 mgs. - 24 hrs.

0.7

1.26

0.77

61.1
average 53.6

TABLE V

THE EFFECT OF DL-ALANINE AND D-GLUCOSE QN THE UPTAKE OF DEUTERIUii FROM BODY WATER
Adult male rats, previously fasted 4 hours, were given DO intraperitoneally,
One hour later, a solution oF DL-alanine and Dcrlucose
1 rnl./lOO gins. body weiht.
was given by stomach tuse. In the 24 hour experiments, this was supplemented with
feedings.

Rat
no.

72

22

32

33

Dosage/lOO gm. body wt./hr.
and lenth of absorption

glucose
alanine

- 42 mgs.
- 75 nigs.

-

glucose - 82 mgs. alanine - 2 mgs. -

illycogen

% DO
body water

$ liver

D20

glycogen water

Exchange
ratio

4.

hi's.

4.

hrs.

1.5

1.34

0.62

46.3

6 hi's.
6 hi's.

0.7

1.01

0.52

51.5

0.7

1.28

0.73

57.0

2.0

1.12

0.63.

glucose - 46 mgs. alanine - 46 zngs. -

24.

glucose - 46 mgs. alanine - 46 ngs. -

24.

hz's.

24.

hrs.

hrs.

24. hi's.

4.

average 52.

44.

the method to study amino acids which were
questionable in their glycogen forming abilities. G'ycine

was to use

and

isoleucine were chosen for this study.
The Glycogen Exchange

Ratio Resulting From the Joint

Feeding of Glycine and D-Glucose

lists

Table VI

the results of experiments in which

glucose and glycine were fed together. According to MacKay
(43), glycine was comparable to glucose in its glycogen
forming

abilities

glycogen for the

but showed a delayed action, f ori ing no

first

6

hours and reaching a level equal

to that of glucose after 14. hours. The experiments with
glycine were therefore modelled sQrnewhat after those cf
MacKay with similar dosages and with absorption periods up
to 12 hours.

Preliminary experiments had shown that one feeding
of glucose and glycine resulted in low glycogen levels

after 12 hours.

a supplementary

To overcorre this, it was decided to give

feeding of glucose

5

hours after feeding

the mixture. The exchange ratios show considerable
variation but have an average significantly higher than

that of glucose alone.
In an additional experiment ìnvolving two rats in

which glycine alone was fed and absorption allowed to

TABLE VI
THE EFFECT OF GLYCINE AND D-GLUCOSE ON THE UPTAKE OF DEUTERIUM FROM BODY WATER

Adult male rats, previously fasted 4 hours, were given D20 intraperitoneally,
i ml./].00 grris. body weight.
One hour
a solution containing 225 rngs. glycine
and 2O mgs. D-glucose per ml. was given by stomach tube at the rate of 1 ml./lOO gins,
body weight. In the experiments running 7 hours and longer a supplemental feeding of
200 mgs. D-glucose per 100 gins. body weight was given 5 hours after the first.

later

Rat
___

Length of
absorption

% liver
glvcozen

% D20
body water

% D20

glycoen water

Exchange
ratio

74

5 hi's.

1.1

1.51

0.61

40.4

78

5 hi's.

1.5

1.36

0.57

4.1.9

79

6

hi's.

0.5

1.50

0.60

40.0

76

7 hi's.

0.7

1.30

0.48

36.9

77

9 hi's.

1.9

1.32

0.53

4.0.1

80

12 hi's.

0.9

1.4.2

0.50

35.2

81

12 hrs.

1.4

1.37

0.63

4.6.0

average 40.1

Ui

continue for 14 hours, very low yields of glycogen were

obtained.

These were combined, however, and the exchange

ratio found was 54.7.
The Glycogen Exchange Ratio Resulting From the Joint

Feeding of DL-Isoleucine and D-Glucose

The

results

from the feeding of glucose and DL-

isoleucine are shown in Table VII.

The experients of

Butts (7) had shown that isoleucine exhibited a delayed

action in glycogen formation, appreciable amounts being
found only at 10

or more hours.

The experients with

glucose and isoleucine were conducted according to this
observation with absorption periods up to 11 hours.

to tIte low solubility and rate of absorption of
(11)

Due

isoleucine

the dosage used was lower than in previous experiments

but sufficient to insure maximum absorption.

The feedings

Because of the low soLihility

were repeated every 4 hours.

of isoleucine, the amino acid and glucose were given as a

gum tragacanth suspension.

previously by Butts

()

The Glycogen Exchange

This was a technique used

for difficultly soluble compounds.

Ratio

Resulting From the Joint

Feeding of DL-Leucine and D-Glucose
The feasibility of the tracer technique for

studying the coíuparative glycogenic abilities of sugar

TABLE VII
THE EFFECT OF DL-ISOLEUCINE AND D-GLUCOSE ON THE UPTAKE OF DEUTERIUM FROM BODY WATER

Adult male rats, previously fasted 4 hours, were given D20 intraperitoneally,
One hour later, a gum tragacanth suspension containing
i iiil./lOO gins. body weight.
and
DL-isoleucine
175 mgs. D-glucoseper ml., was given by stomach tube at
125 rngs.
weight. This was repeated every 3 hours.
gms.
body
the rate of i ml./lOO
Rat
no.

a2

Length of
absorption

% liver

% D20,

glycoen

body water

% DO,

gycoen

water

Exchange
ratio

5

hrs.

O.E

1.33

0.59

44.4

5

hi's.

O.

1.33

0.47

35.3

6 hrs.

2.9

1.26

0.4.5

35.7

hi's.

3.1

1.22

0.57

46.7

10 lu-s.

0.3

1.21

0.4e

39.7

10

hi's.

2.1

1.32

0.61

46.2

11

hi's.

1.9

1.20

O.4

40.0
average

4.1.2

and amino acids having been established by the above

experiments, the final problem was to study an acuno acid
which was known to be non-glycogenic.

Leucine was chosen

for this study and the results of feeding it with glucose
are shown in Table VIII.

The average exchange ratio

obtained, 33.3, is nearly identical with that obtained in

previous experìonts in which glucose alone was fed.

This

indicates that leucine has a negligible effect upon the
synthesis of glycogen.

TABLE VIII
THE EFFECT OF DL-LEUCIME AND D-GLUCOSE ON THE UPTAKE OF DEUTERIW

FROM BODY WATER

Adult male rats, previously fasted 4 hours, were given D20 intraperitoneally,
I nLl./100 guis. body weight.
One hour later, a gum tragacanth suspension containing
125 rngs. OL-leucine and 175 mgs. D-glucose per ml., was given by stomach tube at the
rate of i mis/lOO gins. body weight.
This was repeated every 3 hours.
Rat
no.

Length of
absorption

% liver
glycogen

% 020,
body water

D20,

lvcoien water

Exchange
ratio

100

9 hrs.

0.6

1.20

0.41

34.].

101

9 hrs.

1.0

l.1

0.37

31.3

102

6 hrs.

0.7

1.44

O.4

33.3

103

hi's.

1.6

1.33

0.46

34.6
average 33.3
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DISCUSSION

Discussion of iesu1ts
The studies which have been uiade in this investi-

gation have helped confirm a concept that has become

few

increasingly popular in the past
is that of the metabolic pool.

initial rnodfications

in the

years.

This

concept

It implies that after

first

sta"es of nietabolism,

all foodstuffs become incorporated in a system of common

carbon fragments no longer distinguishable as to origin.

Reversible and irreversible processes, forming cycles,
govern the operation of this metabolic system.

When

one type of fragment is present in excess or an end product
is lacking,

the cycles are set in motion so as to produce

the end product and metabolize the fragment.

This end

product could be glycogen or fat and possibly protein

although the concept is lacking in its explanation of this.
It is possible that the system operates so as to convert

proteins to carbohydrates and fats but not the reverse.
Since water is undoubtably a constituent of this

metabolic pool, heavy water can be used to label the pool.
When the cycles composing this pool operate, deuterium is

picked up by exchange with labile

hydrogen

positions which may later become stable.

atoms, entering
In this way,

deuterium finds its way into the end products giving an
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indication of how the cycles operate.

This is only a

qualitative method, however, and can do no xiore
indicate the general reactions.

than

Specific intermediate
By itself,

reactions show up only in the overall results.

this tracer technique is of little value, but in con-

junction
useful.

with results obtained in other ways, it is very

The studies with glucose, fructose, and

a1actose

have approximately confirmed those of Stetten and coA coiparison of the

workers on the uptake of deuterium.
results

of

the latter workers with those obtained in this

investiation is shown in Table IX.
From experiments on fasted rats fed glucose for
3

hours, the Stetten group found an exchange ratio of

3.

From comparable experiients of

3

to

hours duration,

the value found in this laboratory was 32.5.

The differ-

ence can be explained as due to differences in technique,

standards, and possibly to the strain of rats used.

Using

normal rats, a high carbohydrate diet, and extrapolating
to

infinite time,

exchange ratio.

Stetten obtained a value of 29 for the
similar experiments were not performed

here although the experiments of 24 hours duration should
somewhat approximate this normal condition as far as

carbohydrate metabolism is concerned.
in this case was

2.4.

The value obtained

The average exchange ratio for

TABLE

U

£ G4PARISON OF THE RESULTS OF PREVIOUS WORKERS WITH THO
OBTAINED IN THE PRESENT INVESTIGATION

Previous Workers (5.59.6

Substance fed

Duration

Exchange ratio

Present Investigation
Duration

Exchange ratio

glucose (fasted rats)

3

hrs.

3a

3-

hrs.

32.5

fructose (fasted rats)

3

hrs.

44

56

hrs.

41.9

galactose (fasted rats)

3hrs.

33

4-6 hrs.

27.9

glucose (fasted rats)

*

29

24 hrs.

2a.4

galactose (fasted rats)

*

32

24 hrs.

32.9

24

34.9

fructose (fasted rats)

*

hi's.

Normal rats were used and values were extrapolated to infinite tiïe.

'JI
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both types of experiments was 30.7.

It is not felt that

the difference in the short term and long term results can

be used to suggest a difference in the predominance of

pathways as Stetterì has done.

However, it can be said

that

confirm

these differences

tend

to

the observations of

Stetten.
The observation that two

pathways

synthesis of glycoen was not new.

suspected for some time.

The

This had been known or

interesting point

glucose was converted to glycogen by two
at approximately the sanie rate.

direct conversion of

existed for the

was

that

pathways operating

It would seem that the

glucose to glycogen by

way

of glucose-

l-phosphate and glucose-6-phosphate would be much xore
rapid and efficient.

The indirect pathway for glucose

would involve formation of both the i and 6 phospho com-

pounds, then

the complete breakdown to pyruvate, and

possibly passin{; through the tricarboxylic acid cycle
before beinc? re-synthesized to glycogen.

point in

An interesting

this respect was the conclusion of Lorber, et al.

(39), from studies with radiocarbon-labelled lactate, that
this compound is converted to lycoen by two pathways.
One, the direct reversal of glycolysis, and the other by

conversion to pyruvate and going through the tricarboxylïc
acid cycle.

Their evidence indicated

that four times as

much glycogen was formed by the latter pathway.
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The 8tudies with ga1actoe and fructose, as shotin
in Table IX, resulted in exchange ratios similar to those

obtained in the Stetten laboratory.

For short term

experiìents, the value 27.9 comnared to 33 was obtained
for galactose and 41.9 compared to 44 for fructose.

The

24 hour experiments save an average exchange ratio of

32.9 for galactose compared to an extrapolated value of
32 obtained by the Stetten laboratory from longer experi

ments with normal animals.
The value for fructose after 24 hour experiments

was 34.9 (36.9 after eliminating one exceptionally low
value) for which there was no comparable value from the

previous workers.
The results with ¿alactose indicate that this

hexose undergoes a metabolic fate similar to that of
glucose.

The difference in amounts of glyco.en formed by

the two sugars suggests that the
is much the slower of the two.

conversion of gal.ctose
There is considerable

confusion in the literature concerning the conversion of

galactose to glucose.

Thus

Stetten (60)

has suggested

that galactose is converted to glucose by a cleavage to

triose fragments which quickly recombine.

He cites the

somewhat analogous case in which glyceraldehyde studied

under the same conditions as galactose and glucose results
in an exchange ratio of 43 while its equilibrium partner,
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In order for such

dihydroxyacetone, gives a value of 56.

a conversion to occur without incorporation of deuteriuni
atoris in

stable positions, the triose fragments would have

to be extremely

unreactive, perhaps as

a result of re-

duction accompanying the cleavage of the hexose.

At

present, no such fragments are known to occur in inter-

mediary metabolism.
In 1937, Kosterlitz,

showed the presence of

(32)

a galactophosphate in the livers of rabbits fed galactose.

Cori (13) with in vitro studies, observed that galactose-

1-phosphate was not converted

to

glycogen by the same

enzymes which catalyzed the conversion of glucose-1-

phosphate.

He had earlier shown (15) that this galactose

phosphate was not attacked by the phosphatase enzyme which
splits glucose-1-phosphate to glucose.
more recent studies, Kosterlitz (33,

31f)

As a result of

has proposed that

galactose-1-phosphate is converted to glucose-6-phosphate
and on to glycogen.

Iíeyerhof

(4.5)

found evidence of an

enzyme capable of converting galactose to "a fermentable

Recently Caputto and coworkers (lo) have

hexose.

presented evidence indicating the existance of two enzyíies
involved in the conversion of galactose to glucose-6-

phosphate.
The exchange ratio of 27.9 after galactose feeding
is somewhat lower than the value obtained following glucose.
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This could be explained as due to a greater preponderance
of the direct conversion pathway in galactose iiaetabolisni

with the consequent reduction in deuterium uptake.

It

seems conceivable that the slow conversion of galactose to

glucose, indicated by the low glycogen yields after feeding

galactose, might affect the glycogenic systems differently
than would glucose itself.

The glucose effect might be

visualized as a flooding action forcing both pathways to be
used at maximum rates, an influence which the more meager
source of glucose after galactose feeding would not exert.
Fructose, as shown bj Stetten and confirmed in
this work, results in a greater exchange ratio than

glucose or galactose when fed to fasted Iats.

This could

mean that the smaller fragment pathway contribute
greater extent when thi3 hexose is present.

to a

Several

investigators (21) maintain that fructose results in a
greater lactic acid level in the blood than other hexoses.
There are

sorne

contradictions to this in the literature,

but if such was the case, it would explain the greater

uptake of deuterium when fructose is fed.

Another point,

which might explain the difference between fructose and
glucose, is seen from an examination of the cycles for

glycogen synthesis.

The equilibrium between glucose-6-

phosphate and fructose-6-phosphate is reached when 70 per
cent of the former and 30 per cent of the latter are
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present.

The reaction by which fructose is converted to

fructose-6-phosphate is irreversible but the same reaction
for glucose is reversible through the action of phosphatase.
An equilibrium also exists between fructose-6-phosphate
and fructose-1-6-diphosphate.

The diphosphate is then

split into two triose fragments.
in large quantities,

Fructose,

then, absorbed

and being irreversibly converted to

the 6-phosphate, might pile up, forcing the equilibrium
to be re-established by formation of both glucose-6-

phosphate and fructose-1-6-diphosphate.
diphosphate,

The excess

in turn, resulting in triose fragments,

the

upset of equilibria being transmitted through the rest
of the cycle eventually resulting in a formation of

glycogen from smaller fragments.

These reactions, if

occurring in a D20 media, would incorporate more deuterium
than would occur from glucose because the equilibria are

more favorable to glucose.

Attempts have been made in the past to study the
glycogenic abilities of a compound by feeding it with

glucose and observing the increase in glycogen over that
obtained by glucose alone.

Stöhr (63) fed acetate with

glucose and observed an increased glycogen formation

sufficient to lead him to declare that acetate could form
glycogen under certain conditions.

Deuel, et al.,

(23)

from similar experiments with butyrate, concluded that

this compound did not augment the liver glycogen.

It Is

to be expected that experihients of this kind could not be
conclusive.

Individual variations in the glycoen synthe-

sizing abilities of rats would require large differences
in the amount of glycogen formed before significance could

be

attached to the results.

An

approach with

this type of

experiment can be made, however, by the use of isotopes.
Thus Buchanan, et al.,
propionate,

(6)

using carboxyl-labelled acetate,

butyrate fed

and

with glucose, found enough

isotopic carbon in the glycogen to conclude that the three
and four carbon fatty acids were glycogen precursors but
acetate was not.

Even this technique is of doubtful con-

clusive evidence,

however, as

Lifson, et al.,

(37)

is

shown by

the fact that

using isotopic acetate and butyrate

without glucose, concluded that acetate was also a glycogen precursor.

In this laboratory, a third approach

to

the use

of this technique to study glycogen formation has been

tried.

Here the compound being studied, an amino acid,

is given along with glucose to an animal whose tissue

water has been

enriched

with D20.

If the amino acid has

an effect on the metabolic pool from which glycogen arises,

excess deuterium will be

incorporated in the glycogen.

This excess will be above that resulting from the feeding
of glucose.

Implicit in this reasoning is the assumption
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three carbon

that the amino acid is degraded to a two or

fragment before influencing the equilibria of the metabolic pooi, while the sugar can form glycogen from six

carbon units

which do not influence the pool

rate stably bound deuterium.

nor incorpo-

With this technique, regard-

less of the amount of glycogen formed, the influence of

seen.

the amino acid can be

Table

X

summarizes the results

obtained in these studies.
TABLE X
A SUIIMAPJ OF SUGAi-ANINO ACID STUDIE$

Exchane ratio

Substance fed

Duration

D-glucose

3-

hrs.

32.5

DL-alanine

6-24.

hrs.

53.6

4.-24 hrs.

52.3

5-12 hrs.

40.1

5-11 hrs.

41.2

6- 9 hrs.

33.3

D-glucose

DL-alanine
Glycine

,L

D-glucose

DL-isoleucine
DL-leucine

D-glucose
D-glucose

The studies

interesting points.

forrners

with amino

Alanine,

among the amino

acids have revealed some
one of the best glycogen

acids, apparently compares

ably even with glucose, the prime glycogeri
fact,

the results indicate

that

former.

favor-

In

alanine has a greater

influence on the equilibria resulting in glycogen synthesis

6o

then glucose.

The results obtained by feeding

alone are only

a1nine

1ightly higher than those obtained by

feeding the mixture.
comparative rite

The interpretation must he one oÍ

which

1ed

to the conclusion th.t

1anine Is raDidly deaminted to pyruvte, nutting it

immed1ely
i3 oxerted.

into the metabolic pool where ite influence

This viewioint does not inmly th.t the

a1nine crbon skeleton itself end up in the glycogen
molecule.

The more general conclusion, practically a

necessity as a result of recent tracer work, is thet the

glycogen precursor, for

exmle

lanine, once a tart of

the constituents of the tool, loses its identîty

influences the formation of glycogen.

fated animal,

its influence is

and.

Of course,

probbly large

only

in a

since other

sources of fragments have been exhausted.

From the results of glycin

and.

isoleucine feeding,

it mu;t be concluded that these amino solds are Dotentia].

glycogen )recuraors.
tool

and.

That is, they enter the metabolic

exert an influence on glycogen synthesis.

?revious investigations have left the fate of glycine somewhat cuestionrble as far as glycogen formation is concerned.
In

e

recent review the author (6)

he's

not felt the

evidence conclusive enough to warrant its inclusion with
the known glycogen formers.
the

Years ago Dakin (20)

dvanced

suggestion that glycine ves not directly converted

6].
into glucose but that it caused a disturbance in the normal

equilibrium existing between amino acids and peptides with
the result that other amino acids capable of conversion to

glucose were set free.

Present day

tending to confirm this viewpoint.

investigations are
Before

Dakin's work,

had experinented with glycine and found

Osonka (le)

practically equal to glucose in
sugar in phiorizinized dogs.
and riacKay, et al.,

(43)

iving rise to

it

urinary

Later, Butts, et al.,

(9)

reported glycogenic properties

for glycine, the latter investigator finding it to compare
well with glucose as a glycogen former.

These two groups,

as well as Olsen (46) have observed a delayed action in

the formation of glycogen from glycine.
of glycogen

re found

by MacKay

for

the

maximum formation occurring at 14 hours.

Only small amounts

first

6 hours, the

Negative results

with glycine as a glycogen former have been obtained by
Wilson

ad

Lewis (70) and Reid (4e).

This research has revealed that glycine has an

effect on glycogen formation in a relatively short time,

contrary to the observations of MacKay.
ranging from

5

The experiments,

to 12 hours in length, showed exchange

ratios as large in the shorter periods as those of the
longer periods.
Having established that glycine has a definite
effect on glycogen formation, the question arises in what

form does

it

assumed that

(4.7)

Another

have

recently isolated

oxidation of glycine to

This enzyme, glycine

glyoxalic acid.
occurrence.

coworkers

catalyzes the

an enzyme which

aldehyde

probably be safely

it does so as Lither a two or a three carbon

Ratner and

fragment.

It cn

exert this effect?

oxidase, is of wide

enzyme, already knoïn

oxidase, was found to catalyze the

xanthine
conversion of

as

glyoxalic acid to oxalic acid.

3everal workers have shown

that oxalic acid is excreted in

varying amounts by different

test animals.

experiiients,

Adolph and Liang (1),

came

to

from

well-controlled

the conclusion that only about 40 per

cent of ingested oxalic acid

is excreted

by

the

rat.

They

were unable to account for the remainder and suggested
that it was disposed of in the animal body.

Conversion to

glycogen would seem to be a ¿ood possibility.
Another possibility is that glycine is first con-

verted to serine

Recent work
that this

wich

has glycoenic properties (s).

with isotopic glycine (71, 52, 53) has

conversion takes place.

ev-

1d

Further evidence for a

three carbon fragment from glycine is the observation of

Yudeles (73)

results in
blood.

shown

that glycine given intravenously to doss

an increase in the pyruvic acid content of

Anker

(2)

the

in experiments with radio pyruvate, has

that pyruvate is

a

precursor of glycine, but

not known whether the reaction is reversible.

it is
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Olsen, et

al.,

(46) using isotopic glycine, were

led to conclude that only a small part of the glycine
ingested became converted to glycogen. They postulated
that glycine prociotes the formation of glycogen from other
body constituents, a viewpoint which fits in well with the

metabolic pool concept.

Only a few investigations have been made concerning the glycogenic qualities of isoleucine.

Dakin (19)

concluded that it was not a glucose former and Butts and
coworkers (7) stated that it did show glycogenic properties
as well as ketogenic properties.

investigators

postu1:d

To explain this, these

that either de-rnethylation or

de-ethylation could occur, leaving a three or four carbon
fragment.

In their experiments,

appreciable aniounts of

glycoen were formed only after 10 hours absorption.

This

laboratory found isoleucine to behave like glycine in this

respect with the effect on the exchange ratio appearing
in the short experiments as well as the longer ones.

The observed effect of isoleucine on the deuterium

incorporation of newly formed glycogen is most easily
explained by the postulation of Butts.

A three carbon

fragment, possibly pyruvate, resulting from the deethylation of isoleucine, could exert an effect on the

metabolic pooi causing the synthesis of glycogen.
This postulate is given added weight by the results of

the experiments with leucine.

This amino acid, by the

same technique as that used for alanine, glycine, and

isoleucine, caused no increase in the exchange ratio over
that obtained by glucose alone.

Leucine has long been

known to be nonglycogenic and this experiment

serves to

validate the conclusions drawn from the earlier ones.
The delayed glycogenic action of glycine and

isoleucine noted by

previous investigators was not ex-

hibited in the present research.

Fundamentally, this

delayed action is probably due to slow rates of conversion
into glycogenic fragments, but the reason for its apparent

absence here may be due to another factor.
these two amino acids may

exhibit a

Ing glycogen because the glucose

When fed alone,

delayed action in form
other intermediates

formed are first takenì for purposes other than glycogen
formation.

That is, the fasted organism may require other

body constituents or fuel for oxidation to such an extent

that these intermediates are used before they
verted to glycogen.

can be con-

Another viewpoint could he that

glycogen, although formed, is irnitediately

used.

Until

these emergency demands of the biological systems are met,

no glycogen

is deposited.

Once these immediate demands

on the glycogen or its precursors are satisfied, glycogen

begins to accumulate.

action noted

by others.

This would explain the delayed
In this investigation, the
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situation is different in thut glucose is available for any
serious deficits which have arisen as a result of fasting.

Rapid satisfaction of these early requirements allows

speedy deposition of glycoen to occur and prevents the
appearance of the delayed action effect of the amino acids.

Some amino

acids such as

alanine, glutamic acid,

and aspartic acid, are known to have direct entries into

the metabolic pool.

The results reported here, indicate

that other relatively slow acting amino acids must have

access to the metabolic pooi also.

Furthermore, these

substances enter the pooi even in the presence of an excess of glucose and glucose-born fragments.

Thus the inter-

relationship of carbohydrate and protein metabolism is
illustrated in a new nanner.
Conclusions
The results of this investigation lead to the

conclusion, in confirmation of those of the Columbia group,
that glucose, galactose,

glycogen by two pathways.

and fructose are converted to

The

similarity

of the results

obtained from the feeding of glucose and galactose viewed
in the light of current developments

in other laboratories

lead to the conclusion, in contradiction of the Stetten
laboratory, that galactose is directly transformed into
glucose before being converted to glycogen.

The

proposal

is also made that the effect of fructose on the incorpo-

ration of deuterium by glycoen is due to equilibrium
conditions inherent in the glycogenic cycles.
It is further concluded that glycine and isoleucine

are glycogenic by virtue of an effect on the equilibria of

the metabolic pool and the glycogenic cycles.

acida, like alanine,

These amino

exert their effect on the metabolic

cycles in the presence of glucose, alanine being even more

effective than the carbohydrate.

Leucine has no effect on

the metabolic p001 as far as carbohydrate formation is

concerned.
Critique
There are several limitations to the technique of

tracing biological reactions with deuterium.

In the first

place, this technique is not capable of extreme sensitivity
as is the case with radioactive tracers.

Consequently the

analyses must be conducted on a semi-micro scale and many

problems cannot be studied with the method.

Technical

difficulties which impede accuracy are another limitation.
A third is the danger of the deleterious affect of deuterium

on biological reactions.

Such an effect would result in

producing abnormal body reactions and hence give rise to
false conclusions.

Thorn (65) has recently conducted an

experiment which illustrates the danger arising from this
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source.

He found enzyme action to be slowed considerably

when succinic acid, a constituent of the tricarboxylic
acid cycle, was labelled with deuterium.

It should be

noted, however, that this experiment would be equivalent
to a 100 per cent concentration of D20 in the body.

It

has been known for some time that high concentrations of
D20 in tissue water had an antagonistic effect on body

reactions,

but the assumption has been made by all investi-

gators using the deuterium tracer technique that low

concentrations, of the order of i or

2

per cent have no

such effect.

Another limitation,
the technique as

used in

already pointed out, is

this investigation

that

can give no

indication of any but the overall and generai reactions.
None of the intermediate reactions of a compound entering
the metabolic cycles are elucidated by the amount of
deuterium that eventually appears in the glycogen.

All

that can be said is that if deuterium is incorporated,
the compound must have undergone reactions which

resulted

in labilization or replacement of part of its hydrogen

atoms.

The extent of the deuterium incorporation gives

some indication of the extent of the labilization during
the reactions.

Likewise, the method as used in this

laboratory is limited considerably by the condition that
many compounds seem to give the same results.

For example,

hexoses may all result in a 30-40 per cent incorporation
of deuterium, due to their Liultiple pathways, while trioses,

or compounds degraded to trioses,

approach the 66 per cent

While this is only an assumption, our present

maximum.

concepts of metabolism make it appear quite likely.
true,

If

it limits considerably the conclusions which can be

drawn from the type of experiments conducted in this
research.
In spite of these limitations ¿nd the errors in-

volved, the data which can be obtained and the interpre-

tations which can be made, make the technique a useful
tool for investigations of biological reactions.

From an

economic standpoint, it has an advantage in that many

investigations can be performed which would be impossible
with the expensive radioactive isotopes.

Furthermore,

some of the criticisms of the method can also be made of

tracer techniques involving the radioactive isotopes.
it is felt that certain modifications

in the

present technique will improve the method for future use.

Concerning the use of laboratory animals, more attention
should be paid to the establishment of uniform feeding
habits.

While the results obtained so far have not

indicated any effects due to variable feeding levels,
the elimination of such variations would be an improvement
in that it would further standardize the method.

Another

desirable is to adopt a 24 hour fasting
period instead of the 4 hour fast used in this experiment.
change which seems

There is considerable argument in the literature as to
the procedure to be preferred.

co-workers (3) and the

Cons

For example, Barbour and

(16)

have presented evidence

that a 24 hour fast is preferable from a standpoint of

both the amount of residual g1ycoen present and its
constancy.

On the other hand, the group at the University

of Southern

California under Deuel have steadfastly used

the

4.

hour fast in all of their investigations on glycogen

formation.

In the light of these differences of opinion

a choice is difficult, but the shorter fast at least has

the advantage of shortening the experimental period.
To eliminate waste, the scope of the deuterium

analyses should be videned.

Other organs and end products

should be examined for their deuterium content.

By the

technique used, deuterium becomes distributed throughout
the animal body in fat, protein, carbohydrates, and in

waste products.

It is a waste of opportunity if all these

substances are discarded without examination.

The data

from these widened investigations would greatly increase
the conclusions which could be drawn.

Certain of the errors mentioned previously could
be eliminated in future work,

hodifying the method of

isolation of glycogen by re-dissolving and re-precipitating
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the glycogen would complete the removal of labile deuterium

atoms and avoid this error.

The shortened fastin: period

already suggested, if the results of Cori and Barbour are
correct, would help to eliminate the error due to residual

glycogen.
The sensitivity and accuracy of the analytical

method iight be increased by a re-designing of the precision
pipet, water bath, and distillation train.

Use of siialler

bore tubing for the train, by reducing surface area, would

reduce the error due to dilution.
would also help.

Improved drying technique

A thorough study of the pipet and water

bath uight reveal improvements in design which would
increase the accuracy attainable.
3uggestions for Further Investigations
There are several lines of investigation which
could be followed in future work.

A continuation of the

present line to include all amino acids, simpler fatty
acids, and other hexoses would yield much useful data.

From such data, comparisons as to the glycogenic abilities
of all these substances could be drawn and the importance

of the metabolic pool concept could be viewed.

With these

investigations there could be a more detailed study of
each substance.

The effects of fasting, level of feeding,

length of absorption period, amount of glucose jointly fed,
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and other variables could be studied.

At the saine time,

a more thorough investigation of the effect of each

substance on muscle

1ycoen, fat, and waste products

could be made.
A technique which would yield valuable

information

if it could be perfected, would be that of the use of

inhibitors to block certain cycles or enzymes, noting the
effect on deuterium incorporation £rom body water.

technique, frequently used with
be more difficult to apply

j

This

vitro studies, would

vivo but should be very

fruitful.

Sunmary

White rats, their body water enriched with D20,
have been used to study glycogen formation following the

administration of some hexoses and amino acids.

Glucose,

fructose, and galactose were fed separately to fasted
rats

arid

the resulting deuterium incorporation in the newly

formed glycogen determined.

In other experients, mixtures

of glucose and alanine, glycine, isoleucine,

or leucine

were fed, and the deuterium incorporation noted.
The results of the sugar feedings have been found
to confirm those of previous workers.

The studies with

the amino acids fed jointly with glucose have shown that
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alanine,

1ycine, and isoleucine result in glycogen

formation even though sugar is present.
been found to show this effec

Leucine has not

with the technique used.

The results of the studies are discussed and explanations

offered.
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