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IRTRODUCTION

The high energy phosphate compounds have leen shown to play
an important role in energy transfer nechanisms in the living
cell. The chemical reactions of the anaerobic gzlycolysis as well
as the Krebs cyecle are directed at the synthesis of these com-
pounds. These compounds are utilized in physical processes, such
as muscle contraction, nerve conduction, glandular secretion, and
sperm motility. A recent finding of great importance is the com-
bination of adenosine triphosphate (ATP) with actomyosin, the
contractile element of muscle. The reaction evolving from the
assoclation of ATP and muscle prateih suggests that ATP is the
substance directly utilized as the energy source in muscle conw
traction.

Control of the metabolism of the high energy compounds in
the organism represents a profoundly important and complex probe-
lem. Possible influential mechanisms of control are the nervous
system, hormcnes, parahormones, electrolytes, In contributing
to the elucidation of this problem it was considered of value to
determine whether the adrenal hormones in any way affect the
level of high energy phosphate compounds in muscle tissue. A4lso,
since these hormones influence numerous metabolic processes, it
would be quite interesting to observe whether changes in high

energy phosphate may precede these other metabolic changes.




The influence of the adrenal hormones on metabolism may be
investigated in several ways., It 1s probably best to study the
influence of adrenalectomy initially. If an effect is not ob=
served, it would indicate that injection experiments with specil-
fie hormonal substances may not be fruitful., If # positive re~
sult is observed a deternination »f the particular hormone or
hormones involved mey be carried out systematically. Fbr ex~
ample, it would be necessary to delineate cortical from medulw
lary influences. The purpose of this thesis, therefore, will be
to investigate the influence of adrenalectomy upon the metabo-
lism of high energy phosphates in skeletal and cardiac muscle in
the albino rat. 4 second aim will be to study assoclated changes
in the sodium and potassium ions,

LITERATURE

If a hormone is observed to cause an alteration in the econ=
centration of a given metabolite in the whole organism, it is
possible for the primary change to take place at one of a number
of different sites in the whole body. Starting from the external
environment the tragsrer of the basie organie fond-stuffs, which
are the precusors té the metabolite involved across the 1nteq~
tinal epithelium needs te be considered. PMurthermore, if the
concentration of material is determined, the events which degrade
the substance need to be considered. The review of the litera=-

ture will, therefore, attempt to include triefly all of these
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possibilities as they relate to phosphorus and its cellular meta-

bolism in energy requirements of muscle tissue,

Role of Phosphorus in Muscle Metaholism

On of the éarliest known facts of human tiochemistry was the

importance of phosphorus in the living organism, In 1893, W, B.

M. Davidson declared that "if the biographies of the elements

could be written, that of phosphorus would be the most intereste

ing of all." B8ince no other element exerts such a profound
influence on life phenomena this abtove quoted statement may be
considered a masterful prophecy. Considerable information about
many bialogical roles of phosphorus has been accumulated in the
past fifty ycars, Harden's (1908) demonstration of the need for
phosphates to produce fermentation of glucose by yeast extract
and for the breakdown of sugar that takes place in active muscle

extracts was an important early develcopment in our knowledge of

enzymatic degradation of carbohydrates. Many of the steps in the]

metabolism of carbohydrate by muscle have been worked out by
Meyerhof, Parnas, Lohmann and Cori in their laboratories, but |
it was not until 1927 that the role of phosphate éetabélism Was
definitely demonstrated ty Eggleton and Eggleton in England and
Fiske and Subbarrow in America., The Eggletons called their la-
bile phosphate substance phosphocreatina (PC) and determined its

structure to bes




//HE-—————— PO (GH)E
HN = C
\\R(Cﬁ)j———— 5o ~COOH
They alsc demonstrated the breakdown and reformation of phospho~
ereatine in active muscle, It was nct until Lundsgaard (1930)
demonstrated that PC supplied energy for muscle contraction that
the significance of this labile phosphate was recogniged. He
alse demonstrated that the hexosephosphate present was formed by
a transfer of a phosphate group from the phosphocreatine to a
hexose molecule.

The breakdown of a phosphate compound, adenosinetriphosphate
(ATP), after muscle activity was demonstrated by Lundsgaard in
1934%. In 1935 Lohmann determined the chemical structure of this
important phosphate and found it to be composed of adenine, ri-
bose, pyrophosphate and phosphate, The structural formula of
this adenylic acid compound is shown belows
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Adenylie Acid (AA)
Aden>sine Diphosphate (ADP)

Adenosine Triphosphate ( ATP)




Theories of Muscle Metabolism
ILundsgaard (1938) proposed the hypothesis that the energy

for muscle contraction came immediately from creatine phosphate
breakdown and glycolysis served to reconstitute the ATP for meta-
bolic energy both in glycolysis and synthesis of phosphocreatine.,
The dominant process was clearly established, however, when BEngles-
hardt (1942), produced myosin threads possessing elastie proper~
ties that reacted when suitably weighted to the application of
ATP in the‘presence of various organic and mineral substances,
ATP added to the muscle fibril preparation caused elongations
that were reversible upon removing the ATP., The work of Kenneth
Bailey (1942), demonstrated that the substance myosin vwas an en~-
zyme and was so closely associated with the adenosinetriphespha-
tase (ATPase) that we can regard them as identical. Myosin is the
contraetile protein found in the form of folded chains lylng
roughly parallel to the exis of the fibre. The reaction, accord-
ing to Bailey, which is capable of supplying free energy for con-~
traction is the breakdown by this ATP-ase of ATP to "ADP and phos=-
phate., Balley also has shown the ATP-ase is specifically acti-
vated by calelum ion., Calcium is necessary for muscle contrae-
tion and magnesium cannot be substituted for calcium fon. The
factor therefore, which limits the supply »f energy to the con-
tractile elementg is the rate of ATP resynthesis.




Szent-Gyorgl (1950) demonstrated that the fibrils produced
by Englehardt consisted of two proteins, actin and myosin, pre-
viously mentioned., He demonstrated that these threads formed
from these two proteins may be made to vary their length by alterw
ing the concentration of ATP, potassium and rmaynesium, These
findings seem to prove that ATP was the substance supplying ener-
gy for either contraction of muscle fibers or restoration of
fibers to its resting state., Munch-Peterson (1953) reported that
dephosphorylation of ATP to ADP 1s the metabolie process most
intimately connected with muscle contraction, but it is uncertain
when dephosphorylation occurs in the activity cycle., Muscles
fixed in the rising phase of a twitch show an,incréase of 6-7% in
quantity of ADP. This indicated that phosphorylation occurs at
the initial phase of contraction in a magnitude proportional to
heat production of a twitech. ATP according to Munch-Peterson
showved no change in short tetanie contractions, but was broken
down in tetanuﬁ of long duration. This would seem to cast doubt
as to whether ATP is decomposed in muscular contraction. Flecken-
stein, Janke et.al,, (195%) reported on isolated muscularis recti
of female Rana Temporaria that were frozen in liquid nitrogen
during the rise in the tetanic contraection curve 1.0-1.2 seconds
after the staert of stimulation. These muscles were compared with

paired resting muscles. Total acid-extractadle phosphorus and




creatine phosphate were measured directly; ATP and ADP were
chromatographed on paper and measured under ultraviolet light,
At 0° the muscles show greater fusion of twitches and greater
shortening at 2-5 stimuli per second than at 20°, The ATP and
ADP econtent of muscle was unchenged by temperature (0-20°) or by
or by atimulation, The tetanus tension was not related to the
ATP content of the fiber. During stimulation at 20° there was a
decrease in creatine phosphate but at 0° no decrease was observed,)
How to resolve the Janke findings in the light of the aforemen~
tioned findings of Fnglehardt and 8gent~(yorgl presents a preblemj

The most efficient fuel for muscular activity is carbohye
drate, although energy may be derived from protein or fat sube
stances, The carbohydrate of the body is largely in the form of
glycogen in the skeletal, cardiac and smooth muscle, as well as
the liver. These reserve depots allow for rapid mobilization of
emergency fuel, Other carbohydrate forms are presgent in minor
amounts and are not primarily used as fuel such as galactolipins
of nervous tissue (Peters, 1931), the pentoses associated with
nucleoprotein (Sevag, 1941) and the glucose in the glycoproteins
such as mucin in salivary secretion. Meyerhof's (1941) work
deronstrated the presence of several intermediate metabtnlites of

gluccse that are caught in transit as the gluccose 1s utilized.




The primary lmportance of carbohydrates were evidenced by
the increase in efficleney of animals on cartohycdrate cdiets, the
potentiation cf muscular effort after carbohydrate ingestion, the
hypoglycemia produced by muscular exercise and the production of
lactate during severe exercise ( Gemmill, 1942).

Entrance of Phosphate into Carbohydrate Metabolism

It, therefore, becsme necessary to estsblish the site of en-

trance of incrganice phosphate int: the glycolytic eycle. Cori,
et.al., (193%4) indicated that hexosemonophosphate was_produced»
after esterification of carbohydrates with irorganic phnsyhate.
The Cori éxperiment derongtrated that injections of epinephrihe
into anaerobic muscle produced a decrease in incrgarnie phosphate
which wag due to esterifications, There was no significant change|
in PC or ATP in these investigations. ‘

The work of Kalékar<(1939) illustrated that the first step
in the seiies of reactions by which sugar erters the metatolic
cycle of the cell is the addition of phosphate to the sixth car-
bon atom of the glucose molecule, The enzyme, hexokinase, re=
sponsible for this probably activates th&’glucosaxLolecnle in
such a way that it e¢an receive phosphste from a syitahle source.
The phcsphate donor and also th@ coengyme of this phosphorylation

reaction in this case is ATP., The chemical notation of the reac-

tion may be represernted as followss
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The amount of ATP present in the cell at any given time is small |
so ADP and AA must be eontinuously converted to ATP so that it
can act as a phosphate donor. M.P. Hele, (1953) reported that
different sugars are phosphcrylated at varying rates. The hgxo~
kinase-reaction reveals different patteriss according to ﬁhe
effect of changes in sugar concentration on the phosphorylation
rates. When the sugar c¢rrcentration is not the limiting factor,
phosphorylation varies with the concentration of ATP. Phosphory~
lation was different for glucose and fructose probably because
of existence of different hexokinases. The rate of hexokinase
reaction can account for the phosphorylation of at lesst 50%
(probably 70-100%4) of the carbohydrate consumed by a normal
150 gram rat'during 24k hours. |

Verzar and Luthy (195%) measured ATP-ase and hexokinase
in the epithelium of the small intestine in normal and adrenal-
ectomized rat. In adrenalectomized rats both ATP-ase and alka-
line phosphatase activities of the intestinal muccsa decrease
considerably and both enzyme activities can be restored within

& short time by treatment with cortlcoster-ids, However, there
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was no difference found in hexokinase activity following adrenal-
ectonmy.
Factors Influencing Fuel Utilization

Adequate carbohydrate intake will not insure its availabili-
ty for fuel utilizstion because carbohydrate metabolism is de;
pendent upon specific co~factors and enzymes., An intregal part
in carbohydrate metabollism is played by vitamin B compléx, thige
mine, phosphorus, magnesium and nicotinic acid. All the factors
required for a particular reaction are necessary for synthesis
and utilization of metabolites. The formation of carbon dioxide
and water from carbohydrate metabolism 1s the tasic reaction
demonstrated in these reactions which supply energy to support
the various functions of living cells. In this Qxidative pro=
cess it was demonstrated that carborn dioxlide largely arose by
splitting off of carboxyl groups from lower metabolic interme~
diates, Until recently, carbon dioxide was regarded as purely
an end product of metabolism. The main reaction in animals
involving carbon dioxide with biotin playing a catalytie role
is a carboxylation, or fixing of the carbon dioxide as the car-
boxyl group of dicarboxyliec acids, This refutes a notion that
carton dioxide is completely a waste product of metabolism.

The following diagram (Soskin, 1952) illustrates the points
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of action of vitamins and minerals in carbohydrate metabolisms
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Factors that Regulate Metabcolism in the Living Cell

Regulation of metaltolism is an essential characteristic of

living cells and in all probability no single effect regulates
total metabolic activity. Engzyme systems are numerous and they
demand the participation of hormones for regulation. Hormone
activity will require extensive study to enable- biochemist-and
physiologist to completely understand liberation and transfer
of energy derived from carbohydfata metabolism, All hormones
that are currently known can be shown to have some influence on
carbohydrate metabolilism. These hormonal substances appear to
influence metabolism without interaction with the substrate.
Among the hormones chlefly concerned with metabolism, we recog-~
nize insulin to be & protein as are also the thyroid gland and
anterior pituitary hormones. The posterior pituitary gland
secretions are polypeptide in nature. While the hormone of
adrenal medulla 1s a protein derivative, the adrenocortical and
gonadal secretions are steroids.

It 1s beyond the scope of this discussion to give a com-
plete description of sllthe machanisné 1ﬁvolved in hormone action
on metabdlism,so only those known physiologie effects can be pre~
sented to illustrate the rmanner of hormonal metabolie control.
The oxygen consumption of an animal 1s influenced by the thyroid

hormone c¢concentration in the blood. The rate of glucose phos-
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phorylation is influenced by insulin (8oskin and Leéina, 1940),
Cori in ip yitro experiments huas shown that insulin is an inhi-
bitor br the adrenal cortical or anterior pituitary inhibition
of hexokinuse in the conversion of glucose to glucose-bephosphate
in the presence of adenosine triphosphate. This has not been
ccmpletely confirmed but is an important possibility. FRegula=
tion of e&rbahyﬁrato storagp is ihflu@aueﬂ by hoth the pituis
tary gland and the adrenal cortex. The findings i dicate that
the anterior pituitary rezulates the rate of carbohydrate utili-
~zation and the adrenal cortex regulates the rate of gluconeo=
genesis. The influence of the adrenal gland on carbohydrate
metaboliem was fer a long time attributed to the influence of
the adrenal medulla, Porges, in 1909, described hypoglycemia

in A:dison's Disease, which was then recognized as a cortex dis-
order, He also demonstrated low carbohydrate levels by bilateral
adrenalectory in dogs. It was not until 1930, that any further
advance in knowleldge of carbohydrate functions of the adrenal
cortex was obtalned by Iritton, who emphasized the fact that
death in adrenalectorized azimals was associated with hypogly~-
cemia and low glycogen levels in addition to the effect on serum
sodium and potassium levels, The iuter-relatlanship of mineral
and carbohydrate effects of the adrenals then becasme apparent, |

Extractions ¢of the cortical hormones hag made it evident
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that the adrenal gland cammot be regarded as containing a single
active substance. Potent steroids separated from the extracts
by Reichstein  (1943) and by Kendell (1942) made possible accumu-
lation of data on each aspect of function of the adrenal steroids
independent of each other. Hartman (1940) described twe adrenal
 cortical factors which have separated actions, yet they poten~
tiate each other. One maintains the sodium 1evel§ of tissues
and the other factor preserves 1ife, appetite, and weight and
'normal behavior.

)~ In view of the effect of glycogen depletion that is known
to occur 1in adrenalectozized animals, it was considered impor-
tant to determine whether there was a- associated decrease in
the phosphate compounds that supply energy for skeletal and
cardiac muscle activity. & searéh of the literature failed to
reveal any previous attempts at specifically determining quanti-

tative changes in the incorganic and high energy phosphate com~

pounds following adrenalectomy., The effects of hypophysectomy,
cagtration and testosterone therapy on certain phosphorus frae-
tions in skeletal muscle was determined by Kare (1953). The
concentration of IP was decreased in some skeletal muscle fol-
lowing hypophysectomy and gonadectomy. The IP was increcased with
testosterone therapy. The concentration of the acid solutle
organic fractions was indifferent to alterations in the hormone

enviranment.

.



15

Harrison and Darrow (1938) originally reported the changes
in concentrations of‘sodium~anﬁ potassium ions after adrenal-
ectomy, . thereby, 1nd1¢at1ng the influence of these hormones; A
positive influence of loss of adrenocortieal hormones on the
quantity of phosphate must rirﬁt be established before any
attempt should be made to systométically evaluate the relation-
ship of particular corticel hormones on HEP., This constitutes

the basis for the investigation herein reported,
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METHODS AND MATERIAL

Erocedure

Albino rata‘uere obtained from the Hormone Assay Labora-
tories, Chicagé. The animals were housed in a constant tempera-
ture room and were given food and water at libitum. No salt
was added to this food supply since the main interest was con-
cerned with the development of & progressive insufficiency. In
& usual series of studies, adrenalectomized rats vere sacrifiéed
daily, starting from the first post aéfenalectomy day.( No animalq
were observed to die until about the sixth or seventh day. Only
a few arimals were carried this length of time, so that the incil-
dence of deaths cannot be accurately assessed. Occasionally, an
adrenalectomized rat seemed to survive for at least two weeks:
without significant change in weight. 1In these instances, 1t can
only be concluded that adrenalectom& was 1incomplete or that
aberrant tissues were present,

The animals were initially sacrificed by stunning them with
a blunt instrument, but this procedure was abandoned because it
was believed that the massive sympathetle responses prompted by
the trauma of the method might influence the chemical results.
Therefore, the animals were anesthetized by using Pentebarbital
Sedium (Abtbett) and urethane, The dosage was 20 mg/kg for each
drug.

The thoracic cage was opened immediately upon procuring come
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L)

plete relaxation of the animal and the heart was removed Ly sever
ing the great vessels at thé base of the heart. The entire heart
was then quickly frozen in an ether-cerbon dioxide snow mixture.
The gastrocremius muscle was then removed as ragidly as passiblé‘
and also qQulckly frozen. The time taken for the removal of the
heart was less than twé seconds from the time af thé opening of
the thoracic cage., The gastrocnemius muscle was frogen approx-
imately six seconds later, | |
Preparation of TCA Extract

A trichloroacetic acid (TCA) e#iract was prepared for‘the»
analysis of phosphate in the following manner. The welght of
cold tare was cbtaineé and the pulverized frozen tissue was added
to the cold tare. The difference between the welghts gave the
welght of the tissues The pulverized tissue wag ground in a pre-
cooled porcelain mertar with a small portion of twelve volumes
of cold five per cent trichloroacetic acid. The ground tissue
was then extracted with the remainder of the 5% TCA for 15 minuted
Gentle stirring assured adequate contaet of the 5% TCA with all
portions of the pulverized tlasue, The extract was then flltered
into a cold graduated cylinder using #1 Whatman Filter paper.
One drop of phenolphthalein indlcator was added to the filtrate
and the extract was neutralized with six normal sodium hydroxide

to the appearance of a pink color in the extract.
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The method used by Wollenberger (1947) was followed for the
estimation of the inorgarie phosphste, phosphocreatine sand aderno=
sine polyphosphate concentrations, The method 12 escentially a
compositeof the inorganic phosphate determination by Fiske and
Subbarrow (1929), phosphocreatine determination by Fiske and
Subbarrow (1929) and the sdencosine triphosphate determination
by Lohma:n, (1934). The latter two compounds are determined by

differance.

Approximately one gram ssrples were tsken from the tissues
and welghed, care being taken to remove vessels, valves, fat,
ete. The weights wvere recorded and the sa-ples placed into marked
digestion tubes. Approximately 4 ec¢ of coneentrated nitric ae;d
vere added to each tube, One clean plsss bead wag added to e.ch
tube to prevent bumping. The tubes vere digested on the digeas-
tion rack until only 1 cec or less of the acid remained, . Y%here~-
upon the contents were quartitively transferred to 100 ce volu-
metric flasks. ©One c¢c of two per cent lithium nitrate sclution
was pipetted into each flask, and the flask contents brought to
volume with distilled water. Sodium and potassium concentration
was then determired by the internal standard method, using the
Perkin Elmer Flame Photometer,
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RESULTS
The information pfesented in the following tables and graphs
was obtained from ventricles and gastrocnemius musecles of foure
teen normal, eight sham adrenalectormized and thirty~four adfenal—

ectomized albino rats.

The nglugngg of Adrenalectomy on Inorganic and High Ener hog~
phate in Rat Ventricle_and Jastrocnemius

As indicated in Table I the csneentratién value of high

energy and inorganic phosphate of the ventricle of normal albino
rats show considerable variation, This 1s perhans mainly due to
the fact that‘we are dealing with extremely labile compounds in
a very active tissue. Compared to the phosphate values for dog
ventricles, which have been :eported by Wollenberger, the values
in Table I are higher by 6.3 mg # for inorganic phosphate (IP);
lower by about 12.9 mg € for phosphocreatine, (PC); and lower by
15.3 mg % for adenosine polyphosphate, (APP), The phosphocrea-
tine content of mammalian cardiac mﬁsele wag reported in 1950 by
Fawaz and Hawa. Approximate average resting value for PC cbn«
tent of ventricles removed under pentobarbital anesthesia with
artificial respiration werein mg % frcsh tissues dog, 19; cat,
15; rabbit, 14; and rat, 9. Even lower values are reported in
the literature because the substance is decomposed rapidly.

The appearance of negative values in the column of PC analy-

sls i{s a result of the analytical method. Phosphocreatine con-




20

centration is calculated as the difference between the apparent
inorganic phosphorus (including phosphocreatine) and the true
inorganiec phosphorus, i.e,, the difference between phosphorus
present after thirty minute molybdie acid hydrolysis at room
témperature and tne phosphorus which 1s precipitated by calcium
at PH 8.8, It is believed that a high "true" inorganic phos-
phorus value is attalined since some A?P is co-precipitated in
the caleium procedure,(Kerr, 1935), The amount co-precipitated
is not considered to be an extremely large percentage of the APP
but 1s evidently a large fraction of the PC,

The gastrocnemius muscle contains a higher quantity of phos-
phorus than the ventricless The prinary difference beiﬁg the
relatively greater amount of high energy phosphorus that is pre~
sent. This may be related to the relative inactivity of this
tissue.

It ¥as considered important in this investization to eval~
uate the effect of the surgical procedure upon the phosphorus
content so that sham operated rats were 1lncluded in the studies.
Kramer in (1935) reported that after sham adrenalectomy capillary
resistance changed in a typical way, showing a pattern with &
successive phases: (1) a more or less pronounced increase in the
first days (2) a critical drop at the end of the first and the

course of the second week (3) a state of pathologically low resis-
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tance lasting about ? - -eks (4) a period of recuperation. The
entire phenomena, caplllary erisis, takes about one month., After
adrenalectomy only the second and third stages occurred and ree
sistance stayed at low levels indefinitely uﬁﬁess cortisone ad-
ministration was instituted., This quickly restored capillary
resistance, Inspection of Table 2 shows that 3,4,5, and 6 days
after the sham adrenalectomy there was no variation of any sig-
rnificant degree from the normal, as far as the ventricle results
are concerned., Any variation which may be seen in the hearts of
adre-alectomlzed rats is then not directly attributable to the
surgery itself. On the other hand, phosphate cnanges taqk place
in the gastrecnemius muscle. This indicates that some ceution
is required in the interpretation of these results. ’

As nwﬁed in the previous table a factor of time has lLeen in-
tr@ducéd.@nto this project, It was necessary to consider this
factor tecause of the possibility that retention of certain corti-
cal hormones may occur after adrenalectomy. Table 3 18 composed
of values obtained in the time course study of the concentration
of phosphate compounds in the rat ventricle. When compared to
the normal value of 39 mg %, it would appear that more IP was
present 1 day after the operation and less was present at the
sixth post-operative day. The average values of inorganic phos-

phorus then appear to decrease from & vslue of about k2 mg % te
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about 28 mg % from the first to the sixth post-operative day.

Phosphocreatl..e seems to be 8li:htly less than normal on
the first pqst»oﬁerative day and increases to a value above the
figure for the normal rat, The change is so small and the stan-
dard exror is relatively large, that it seems best to cdnsider
that no definite change haswbeen observed in the present study.
Since the PC content'vaiuést&ré low, 1t may be considered that
PC remains close to zero in all the experiments,

The adenosine polyphosphate cortent 1s apparently lower
than normal dﬁring the first five days post-operatively, but on
the sixth day the values are very close to the normal values It
may be sug-ested that the animels which survive for as long as
six days, may not have beenécompletely adrenalectomized. The
data for the ventricles may be summarized by notinrg that adeno-
sine polyphosphate decreases insiznificantly, inorganic phos-
phate first increases and then decreases, and phosphocreatine
which 1s close to gero concentration normally shows little sig-
nificant change followlnz the removal of the adrenals.

In the gastrocnemius muscle, inorganic phosphate 1ig in-
créésed above the normal following adrenalectomy, reaching a
peak on the fourth post-operative day as shown in Table 4%, Phos=-
phocreatine concentration is lowered by the adrenalectomy, but
must be c-nsidered due prirarily to the surgery since the values

are about the same as the sham operated rat. The adenosine poly~-
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phosphate content seer. to drop slightly below the normal level.
Here, too, the decreased values appear to be atiributed to causes
other thar the loss of fﬁe adrenals, per se. In general, phére
appears to be & tendency for high energy phosphate to remain un-
changed from the sham value and ilnorganic phssphate to incrense
in the gostrocnemius muscle after adrenalectomy., In all three
cases, the values on the fifth and the sixth post-operative day
appear to return towards normsl values., It is interesting to
note that the IP in heart muscle tends to decrease after the
first post-operativé‘day, wnile the IP values in skeletal muscle
rises with each #uccessi%e post-operative day, This may be re=-

lated to the fact thaffthe more active tissue may tend to lose

phosphate more readily from the Intracellular space.

The results of the investigation of,sodium and potassium ion
content in the normal, sham operated and adrenalectomized albino
rat in this study are limited to gastrocnemius muscle values due
to the fact that the entire ventricular tissue was utilizeﬂ for
study of the phosphate content. Approximately 0ne>gram*of tissue
was necessary to make accurate studies of ion content and the
total rat ventricle weight seldom exceeded 0.6 gram in the young
rats used in this study.

The average normal) velues as shown in Table 5 was 101 meq/L

|
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for K and 29 meq/L for Ka, Sham values illustrated by Table 6
are practically within one millequivalent per liter of the normal
figures and thus indicated no influence of operative procedures
on electrolyte content,

A congistent influence of adrenalectomy in our hand is evi-
denced by the time course study of the values of the two elecw
trolytes, Table 7 reveals a gradual depletion of sodium ion and
comparable increase in the potassium content of the cell., The
change in potassium content appears to be the most marged after
the fourth day when it is n~ted that ailarge upswing seems to
take place,

In order to allow a comparison of the catlon and phosphate
changes, the data has been summarized graphically in Figure 1.
Due to the large spread in the phosphate figures precise changes
caniot be indicated. It is evident however, that the absence of
the adrenal glands has caused marked metabolic alterations. The

primary changes seem to be an increase in potassium and a loss in

sodium in the gastrocnemius muscle, but there 1s no significant

change in the high energy phosphate content in cardiac tissue,

The result of the high energy phosphate findings were sub-
Jected to statistical analysis to determine whether the varia-

tions noted were significant in certain selected cases. The
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comparison of the sham and the adrenalectomized animals indica~
ted that the two groups were not significantly different from
each other.

The ventricular IP, and the ATP on the 4th, 5th, and 6th
post-operative days show no significant vsriations from the nor-
mal. Gastrocnemius PC & days post-operatively was statistically
insignificant, but IP and ATP had P values less than 0.0l, How~-
ever, compared to the sham values, these changes were not signi-
ficant., All the variations in Na and K ions are statistically
significant.
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_ DISCUSBION

This investigatian was instituted to determine the influence
of adrenalectomy upon the content of high energy phosphate com=~
pounds in skeletal and cardiac muscle. This study has demonstra-
ted that adrenalectomy results in no significant change in high-
energy and inorganic phosphate content in cardiac muscle and an
increase in inorganic phosphate in gastrocaemiu& mascles,  In
addition, an increase in potassium ion concentration and a de-
crease in sodium ion concentration were observed in skeletal
muscle, as reported initislly by Harrison and Darrow (1938).

Influence of adrenalectomy on sodium and potassium exchange
in muscle has been reported bty Fluckiger and F, Verzar, using
radioactive ions., Na and K permeability of the normal and adren-
alectomized rat diaphragm was determined after immersion for 1
hour in Ringer solution containing naZ“ and K“z. The muscle of

adrenalectomized animals tqok up less szh and more Kyg than that

2h uptzke in the muscles

of normal rats. Glucose reduced the Na
for normal and adrenalectomized animals, but did net influence
significantly the uptake of Khz. The Ra/K ratio in meq is 3 in
the muscle of normal animals and 2.4 with glucose. These find-
ings are in accord with changes in content observed by us and by
Harrison and Darrow,

The decrecase in sodium ion concentration in the gastrocnemius

———

Buscle should perhaps have early congideration in the discussion
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of the results., Sodium depletion is a well known concomitant of
adrenal deficiency. Since scdium is the major anion of extra-
cellular fluid, it may be pointed out that the volume of extra-
cellular fluid may be depleted under these conditioms. It, there-
fore, appears to be a fair assumption that the conecentration of
tissue substances is increased in terms of wet weight of tissue
since less water is available from the extracellular space. The
change in tissue potassium @ay nct be an 1ntracellglar change
but an indirect result of extracellular fluid loss, Unfortune
ately, the expression of these results in other terms, such as,
milligrams of nitrogen, was not carried out..

If this assumption is drawn for both tissues it would appear
that in the ventricle of the adrenalectomized animal, high energy
phosphate and inorganic phasph#ﬁe\wmuld have‘baen higher than
the sham values. . 8lnce the recorded values were not higher, this

appears to support an increased utilization of these compounds.

In the case of the gastrocnemius muaclq,‘the‘tende cy appears to
be the same. Inorganic phosphate does increase and the high
energy phosphate content remains essentially unchanged. .

To explain a possible decrease in high energy phosphate
content, two general possibilitiea need to be considered, viz.,
a decrease in the rate of formation or an increase in the rate of
utiligation. From information which is available in the litera

ture, it seems that the major impairment to carbohydrate meta~

U
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bolism 1s a decrease in gluconeogenesis (Soskin and Levine,1952).
Despite this change, the adrenalectomized animal does not exhibit
algns of hypoglycemia unless fasted. CSince the animals in the
present study were fed, it is quite likely that these animals
had sufficient substrate as far as avallability ih the extra-
cellular environment is concerned. With little infcrmation
available with regard to a specifie hormonal influence on enzyme
systems, 1t is difficult to suggest that a specifliec lesion may
exist 1n the tricarboxylie or glycolytle cycles. The observa-
tion that the oxidation of labeled glucose to carbon dioxide is
the same in adrenalectomized rabbits and normel rabbits given
€13 oxysteriods (Wick, Drury, and Mackay, 1951) is presumptive
evidence that there 1s not drasgtic change in cellular oxidation
of carbohydrate.

From a gross view p@int,'thare appears to be no general ine
dication that the rate of utilization of high energy phosphate
is increased in the adrenalectomized animal. The adrenal de-
ficient animal shows decreased activity, appears listless and
is easlly fatigued. Thus, there does not appear to be an in-
crease in energy demand., It is quite possible, however, that
the degradation of high energy phosphate into waste heat energy
may be increased by ceréain enzymes, l.e., adenosine triphoa-
phatase. There does not, however, appear to be any direct evi~

dence indicating thet the rate of utilization of adenosine tri-

N
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phosphate 18 inereaged under these conditions.

The fatigabllity of the skeletal muscle of the adrenalec-
tomized animal which was first éxplained on the basis of hypo~
glycemia (Ingle and Lukens, 1941) has been recently reviewed and
shown to be due to a drop in blood pressure (Goldstein, ﬁamey
and Levine, 1950). The loss of sodium results in a decrease in
extracellular fluid causing a decrease in blood volumn and hy-
potension, This may mean that the high energy phosphate content
de¢lines simply gs the circulation changes, In other words,
thers may be a lack of oxygen supply as circulation decreases,
s¢ that the low rate of oxidative procasses'ﬁay be responsible
for the Gerreagsed high energy phosphate content. It is not
imncssible that these conditions may increase adenosine triphos-
rhatase activity as well. This appears to be rather unlikely
since the change in high energy phosphate ¢ontent is not a ter-
minal change, i. e. after about the second post adrenalectomy
day the chemical changes appéar to have taken place.

The increased cell potassium which is observed in the un-
treated adrenalectomized animal may =2lso have a possible ine
fluence on the high energy phosphate content. Potassium is re-
quired in many enzyme systems. Hawevaf, it 1s diffiecult to
gingle out any particular step as being influenced by high'ccnn

centration of potassium, if this change is considered to be real,
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The increased extracellnlar potassium known to be present
may have some influence as well, Heart functions stop in the
presence of high extracellulsr potassium, Experiments on the
1solated rabtit heart have shown no significsnt influence of
high extracellular potassium on high energy phnsph&ta content
(Cowan, 1954). ‘

The finding of no significant alteration in high energy
phosphate content after adrenalectomy sesms to indicate that
the metatolism of these compounds may not be directly under con-
trol of the cortical hormones as is the case with the sodium and
potassium ion., At the present stage it seems that further work
is neeéssary in order to clarify the relationship between cell

potassium and high energy phosphate metabolism,.
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SUMMARY

l. Normal rat cardiae and skeletal muscle values for inore
-ganic phosphate, phosphocreatine snd &denpsine polyphosphate were
determined énd compared with these in sham operated and sdrenale
ectomlzed rats in a time course study. Normal sodium and po-
tassium values for these tissues were also obtained and compared
with the changes occurring after adrenalectomy.

2. The results in the ventricle indicate thzt the inorgsnie
phosphate, phésphocreatine and sdencsine triphosphate values did
not vary significantly from the normal after sham adrenalectomy.

3. With respect to high energy phosphate in the gastroene~
mius mugele, the changes were no greater than the values in the
sham operated rat. Inorganie phosphate, however, ihcreaseé in
the skeletal muscle, In addition, there was a‘definite"increase
in potzssium ion In the muscle after adrenalectomy and a com~
parable decrease in sodium eonptent.

4, The axplanation‘of these findings is not simple and
several possibilities were discussed. The relationship between
elevated cell potzssium and energy rich phosphataleoatent appears

" to deserve further study.
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TABLE 1

Concentration (in mg %) of High Energy and Inorganic Phos-
phate in Ventricle and Gastrocnemius Muscle of Normal Rat

Expa Yentricle Gastrocnemius

IP APP _Ip PC APP
8 Wb -l.2 17,2 622 -1.0 41,8
10 35.2 -3.8 15.8 71.8 7.2 k49,5
12 36,8 -3.8 31.1 274  W9.2 49,7
13 30,0 -3 128 28,0 34.8  37.2
14 35.0 -3.4 12,8 33.5 49,7 23.1
15 36,2 -1.4  15.8° 28.2 46,0 26.7
16 19.5 6.5 28.0 26,5 43.8 34,7
17 39.8 -2.7 25.k4 C27.7  40.7  37.2
19 4.9 1.7 9.6 36 26,3 . 38.6
20 38.3 0 11.9 59.0  7.%  19.4
28 44,2 1.5 15.5 33,0 24,3 30.§
b 26,7 3.3 3.6 90.6 3.2 ¥7.L
43 37.8 0.0 17.5 48,6 15.6 36.6
e BE o B3 Wt R B3
'S.E;of '
Mean & 1,8 41,0 32,1 +5.3 #5.2 42,5
Range 19.5 (-3.8) 9.6 to 26.5to (~1.0) 19.% to .

to 1@1&.2 t6605 3}*06 90;6 to?O.é b907
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TABLE 2

Conecentration (in mg %) of High Energy and Inorganic
Phosphate in Ventricle and Gastrocnemius Muscle of
Sham Operated Rat

Exp. P.0. Ventricie Gastrocnemius

Ne, _Day 1P PC APP 1P . APP
7 3 33,0 =19 17.7 24.6 B5.3 3.1
b6 3 3.2 -3.8 246 37.0 5.4 37.2
10 b 35.2 1.0 14,0 22.6 454  31.8
20 kb 35.5 <0.7 9.1 60.0 5.2  35.b
36 % 27,2 14 26.9 33.0 37,8  42.0
%1 5 40.0 -1.3 15. 73.2 -3.0 1Lk
51 5  28.2 3,8 15,0 62,4 22,8  39.6
il +1.8 +1,0 $£2.3 £7.6 £7.8  t3.3
Fange, 22,4 (3.8) 9.1 22.6 (~9.2) 1ll.bk

to to t

_ teo to to to
40,0 4,1 26,9 75.0 5.4 42,0
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TABLE 3

Concentration (in mg %) of High Energy and Inorganic Phos-
phate in Ventricle of the Adrenalectomized Rat

Exp, Py 0. D&y 1P —_¥¢ AFF
17 1 29.4 0 18.0
18 1 bk, 6 s ) 11.1
27 1 45,2 <1.7 11.3
35 1 L6 ~0y2

gfﬁ? of Mean | E‘é ﬁ ﬁ
9 2 43.8 0.3 646
18 2 32.0 -2.1 16.8
20 2 45,6 C 6uh 3.6
21 2 W2 1.7 8.9
Ly 2 : bk

gf%? of Mean éh: ;E?% %%Eé
9 3 28,9 0 22,2
11 3 35.2 4.8 4,1
19 3 32.4 3.3 12.0
22 3 Ll b 2.8 - 10.5
23 3 33.1 2.1 12.8
29 3 46.2 2.9 7.4
30 3 4O M 1.0 9.8
31 3 21.8 3.0 32.3

(continued)
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TABLE 3(¢Ontc)

Concentration (in mg %#)of High Fnergy =nd Inorganic Phos-
phate in Ventricle of the Adrenalectomized Rat

Exp,_ _P,0,Day IP PC APP
37 3 45.8 0.9 9.6
L9 3 29.1 1.9 23.3
10 '3 R 0;3 2&,3
Hean »9 2o 15.
S.E. of Mean +2,9 - 40.5 +2.6
7 b 35,0 0.2 9.2
12 L 27.8 -2.2 17.8
22 L 36.0 0.9 6.5
2k b 22.6 6.2 26.2
33 L 36.6 0.9 6.5
39 L 51.2 -0.8 2.9
%0 b 31.6 ~0.6 24,1
j2 b 22,0 4,8 29.8
53 : : _
Mean * 33.3 '%f%“ %gf%
8«E, of Mean 43,0 +1.0 +3.1
P “0.9 “0.6
26 5 19.5 547 21.
Ll 5 W¥1.3 3.1 8.5
15 6 32'0 *60& 21.6
Su 6 29{5 7n6 21,1
55 6 ;@,g 4,0 -
Mean ’ 28, 3¢5 %%fg
S+E. of Mean _ | +.3 +2.2 +2,
P Library 0.5 - N

Sirtch-School-ot-Madicine—
WeITe

1 ~nirnda Hnmoroeidy
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TABLE &

Concentration (in mg %) of High Energy and Inorganiec Phos-
"~ phate in Gastrocnemius Muscle of the Adrenalectcmized Rat

T Py TF FC 13
la 1 36.2 29.0 41.0
2 1 53.0 11.5 40,5
17 1 100 2.0 5640
18 1 23.6 35.2 24,8
27 1 37.5 7 15.0 32,5
35 1 .8 43,
gfag. of Hean ;IH;;? %%3% g%%
1b 2 7644 0.2 28.4
I 2 29.4 L1 29,0
5 2 23.6 L6.2 38.2
, 2 99+3 16.7 22.0
18 2 77.1 21.9 ~ 35.8
20 2 45,1 8.8 25.5
21 2 40,0 374 25.7
b : 2 TR ly
!gfag‘ of Mean . %%SZ | ?6?5 %ﬁ ,
9 3 89.6 Sh b 27.0
11 -3 . 734 -2.6 34,2
19 3 58.6 8.6 29.2

~ (continued)
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TABLE & (cont.)

Coneentration. (in mg £) of High Energy and Inorganic Phos-
phate in Gastroenemius Muscle of the Adrenalectomized Rat

Bp,F.0, By 2 FC IFE-
22 3 139.1- 15.5 27,7
23 3 107,2 31.1 33.5
29 3 46,2 2.9 PeH
30 3 404 1.0 9.8
31 3 21.8 3.0 : 32.2
37 3 99.0 4.2 35
38 3 30.6 43.2. 42,0
49 3 100.2 11.% 3646
L. 0 B #M M
g. E. of Mean 9.7 :SfB zefag
12 l 89.6 1.9 16.5
22 L 62.4 2.8 30.8 .
P L 119.2 19.5 35.8
32 7 L 102.7 3.6 6.0
33 4 108.5 33.6 LR
39 N 88.8 3.0 32.4
40 - 87.6 2 46,8
52 4 3.2 28,2 35.4%
53 I

Mean E%ﬁ% %%f% %%&2

{eontinued)




TABLE 4 (cont,)

43

Concentration (in mg %) of High Energy and Inorganic Phos-
phate in Gastrocnemius Muscle of the Adrenalectomized Rat

Exp, P, 0. Duy Ip PC_ APP
8. E, of Mean “'8-9 o}* "'!*01
P O. “047 -

1% 12.6 16,0 30.8
26 85&8 h‘loo - 2?.2
ey 7.4 2.0 ’
Mean «6 26.0° %i;
8. E. of 'Mean +20,0 + 7.9 +2.3
15 52.0 2242 2,1
54 | 504 225 39,0
55 )y 5. bl
Mean i%‘z; 2647 I,
3. E. of Mean f+.2 f*.3 4‘50""

4




TABLE §
Concentration {in Meq/L) of Potassium and
8odium in the Gastrocnemius Muscle of the
Normal Rat
o n X
8 28 99
10 34 95
20 | 24 o 87
35 o
6 3C 99
L 30 104
15 31 110
16 30 102
17 30 109
19 36 96
28 29 96
34 27 97
W3 30 106
47 0 99
B %
8.E, of Mean +1 +2
(




TABLE 6

Concentration (in Meq/L) of Potassium and
Bodlum in the Gastrocnemius Muscle of The
Bham Operated Rat

Exp. Paloe
Eo. Day Na K
46 2 LY 102

7 3 32 93
36 3 25 99
10 b 28 96
21 4 24 89
W1 b 32 107
13 5

6

26 97
Nean £ %
+1 +2

8. E. of Mean

b5




TABLE

7

Concentration (in Meq/L) of Potassium and Sodium in
The Gastrocnemius Muscle of the Adrenalectomized Rat

Exp. P, 0, Day Ka K
2 1 23 112
17 1 2k 101
18 1 35 96
27 1 30 9%
2, % ®
8. E. of Mean +2 +3
(N 2 22 102
2 23 108
2 20 111
20 2 23 86
21 2 2h 89
oy 3 B
8. E. of Mean + 0 +
11 3 22 110
19 3 35 96
22 3 36 96
23 3 19 103
29 3 23 100
30 3 22 101

(eontinued)




L7
TABLE 7 (cont,)
Concentration (in Meq/L) of Potassium and Sodium in
The Gastrocnemius Muscle of the Adrenalectomized EKat
Exp, P, 0. Day _Ne 4
31 3 23 105
37 3 21 111
38 3 21 10%
49 3 22 110
50 3 g% 2
Mean 2: 1%%“
8. B« of Mean - 0 ': 2
-7 Iy 25 122
12 L ik 111
22 I 21 97
24 L 19 105
32 L 21 104
33 L 21 111
39 4 19 116
O b 20 115
52 b 20 115
53 4 — 2D ‘ )
Mean . %5" %%%
S« Bs of Mean 0 t2
P R .0 V.01
(continued)




TABLE 7(cont.)

Concentrati-n (in Meq/L) of Potassium and S-dium in the
Gastrocnemius Muscle of the Adrenalectomized Rat

Exp. Py Oy Day Na Ka_

14 5 17 107

26 -1 21 107

LYy 5 22 127

15 6 23 102

5 6 19 120
6

55 %%é,
Mean %%
S E. of !&ﬂn + 1

P 0.01 0,02




Inrluenée of Qﬂnﬂmtéﬂa& on tim ébhée:j"strétion of Phosphates
and Cations in 8keletal and Cardiac Muscle
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