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Jubsequent to the discovery of glycogen by Claude Demmard in 1857,
various procedures have been devised for the removal of glycogen from
tissue in order to study its nsture. The early plemeers in this field
noted that glycogen could not be extracted completely by hot or cold
water and acids. Frinkel described in 1892 a method wsing trichlorc-
acotic acid for extrackion but coomented that scme glycegen still re-
mained in the tissue residue, Losschcke made a similse observation
regarding weter extraction, In 1906 FiT&ger described an alksli method
for glycogen extraction which, though molified by various workers, has
remained to the present time the guantitative method of chiolece for the
determinztion of glyeogen in tissues., This method depends in the first
placs, upon the stability of glycogen in hot alkali, and secondly, upen
the insolubility of glycosmen in 60-70 per cemt alechol., lHowever, the
main drawback of ¥iifiger's methed 1s the difficulty of freeing the gly-
eogen precipitate from potassivm hydroxide and protein degradatiom
products, For this reason the qualitative preparction of glycogen used
in studying the nature of the molecule includes verious modifications of
water and acid extraction technigues. Jerious doubt has been east on the
stabllity of the glycogen molecule in alkali by later werkers. However,
Zell and Young'l) in 1934 noted that purified preparstions of glyeogen
obtained by hot water extraction or by the Prltfer methed do not exhibit
any difference in their physical and bnh-iul characteristios, such as
speeific rotation, ash content, reducing power, coloraticn with iledine,
and polarimstrie behavioer during hydrolysie by acid,
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itbtention toward the quantitative aspest of water-extractable
glycoyen was directed by Chise Teail2), 1In 1933 this worker showed that
in epite of repeated aquecus extracticns there always remained a small
quantity of glycogen in the realdue of rabbit's liver., His chbservations
were confirmed by Carruthers and Lms(:“; however, these investigators
noted that this hot wter-extractable fraction of glyecogen was relstively
constant irreapsctive of the variation in the total glycoren walues,

During a study of the phosphate trwt.im in liver and muscle,
Pinchot and Bloom'®) noticed that s significantly large fraction of the
glycogen in both of these tissues was readily extractable by cold trie
c¢hioroacetioc acld and that in each case this readily extractable fraction
seemed to maske up a conmstant and reproducible proportion of the total
glycogen. These observations led to a study by Elm,‘huis, Sehumpert
and Shen(%), in which this phencmencn was studied more eritically in
crdiz*- to determine if this difference might be an artifact of the method;
and, if not, to determine tie behavior of these {fractions in different
mlinlagiul situations, These workers showed that the acid-extractable
glyvogen makes up a eonstant fraction of the total glycogen as determined
by the hot alkali methed, The trichloroacetic acideextractable glycogen
camprised 85 por cent of the total glycozen of the liver and 55 per cent
of the total glyoogen of the resting muscle of fed rats, When the rate
were fasted, the acid-extraectsble glycogen disappeared more rapidly than
the total glycogen; after 24 hours fasting the former fraction was
nearly completely depleted, It was moted that upon feeding glucose to
24 hour fasted rats the acid-extractable fraciiom was cuickly restored,
However, the non~acid-extractable fraction was relatively unchanged
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during the fasting and feeding perioda, It should bo resambered that
Carruthers and Ling(3) alsc had reported that the nen-vater-extractable
glycogen was relatively constant, Finally Bloem and assoeistes showed
that in muscle the decrease in glycosen following the administretion of
epinephrine ocourred almost entirely inm the acidesxtractable fraction,

Hereafter, in this thesis, the spid-extractsble glycegen will be
ealled slso the ascidescluble or the labile fraction, while acid-inscluble,
stable, or residual fraction will refar to the non-acidesztractable
glycogen.

The fact that various dietary procedures effect the nonefasting
level of liver glycogen differently has been imown for a long period of
time, Mireki and coworkers(®) in 1938 undestook = study of the carboly-
drate preserve in rets following various distary regimens., These workers
reported that wmfasted animals fed s diet rich in earbohydrate had a
higher liver glycogem reserve than did animals fed a diet ri¢h in protein;
but following o 24 hour fast or when subjected to cold for several hours,
only traces of liver glycogen in the carbohpirate~fed animals could be
demonstrated while in the protein-fed {meat or casein) animals s consid-
erable amount of glycogem was present, In work experiment; the liver
glycogen disappeared te a great extent in both series of animals, the
protein-fed more than the carbohydrate~fed; however, after a rest of
four to twenty-four hours without food, the snimals whioh previously had
consumed a high protein retion demonstrated glyeogenesis with increased
levels of liver glycogen, while the carbelydrate-fed animals showed &
farther deorease in liver glycogen. These workers called this ability of
protein to maintain carbolydrate stores "the protein effect.” In faeting
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experiments the muscle glycogen behaved qualitatively the same as liver
glycogen in animals fed these two types of diets, Regarding the smount
of protein in the diet required to cause this effect, Mirski reported
that 50 per cent protein was the minimm snd 70 per cent protein wae the
optimum level. Thie "protein effect™ is abolished by adrenalectomy. The
demonstration of the "protein effect® on liver glycogem following a
24 hour fast wae confirmed by Newburger and Brown'”’ and by Cuest(®),

When studying the effeot of individual amine acids fed in conjunow
tion with sn othervise satisfactory synthetie dist Todd and soworkers'?)
showed that in animals fed a diet centaining 10 per cent glyeine (replace
ing an equal weight of the carbohydrate in the gontrol diet} for 42 hours
and then fasted 24 hours, the liver glyoogen values were around one per
gent, while in the control-fed animals the values were about 0.3 per cent.
Glyoine cansed liver glynogen to behave in 2 similar pattern to that
produced by a high probtein diet., It is interesting to note that this
fprotein effect” caused by glycine ean not be demomstrated in adrenaleo-
tomived animals,

Possible explanations of the "protein effect” of glycine include
the stimulation of glycogenesis hy glyoine, or the possible glycostatic
capacity of the amino acid, or a combination of the twe. Further
investigations were undertaken to elucidate the possible mechaniem.
Cuninghan, Barnes and Todd{10) in 1947 studied the ability of rats
prefed a glyeine diet to withstand a large dose of insulin following a
short fast in order to determine if this mechsnism of sction is a result
of the glycostatic capaciiy of the amine aeid, They observed that the
drep in musele and in liver glycogen as & result of insulin activity
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wes Loy greater in eﬁaﬁml»fﬁ& than in glyeine-fed animels, Before and
following insulin administration the blood sugar in the glreine-fed
mﬁm&ls was significantly higher than in the controlefed rsts, The
recovery from Insulin hypeslycemia was more rapid in the glyeine-fed
rats, It would do well to note that the sonbrol-fod snimale received
more earbohydrate than did the glyeire-fed rats, This group of experi-
mente ruled out the possibility of reduced glyeogenolysis in the zlyeine-
fed rats as a factor in accounting for the incressed glycogen reserves,

Todd and Talman‘ll) 1 1949 reported on studies cencerned with
the possibility that the extrs ecarbohydrate content of the glycine-fed
rats following & fast, might have arisen from the conversion of glyeine
stored as such or as a constituent of tissue proteins. Analyses of free
and total glyeine in bloed, liver, musale, intestine, snd kidney were
made, The date indicated that there is not sufficlent extre glyoine
ever: if completely converted o carbohydrate to sccount for the differw
ences in glycogen stores of glyclne~ and control-fed animals following
fasting, or stress such as insulin administratiem,

Olsen, Hemingway, and Nhr(m? fed fasted mice glycine labeled with
the stable isotope of carben in the earbogyl group. After 16 hours the
liver giycogen had increased due to the metsboliss of glyedne, but they
found a relatively amall amount - about ome per cent — of the fed isotope
present in the glycogen, The rise in the liver glycogen was more than
eould be accounted for by the conversion of glyeine to glycopen as
measured Ly isotope excess method. Desides the direct conversion of
glysine to glycogen probably through serine, glycine in some manner must
promote the formation of glycogen from other body somstituents, Dakincw )
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i 1921 belisved that glycine "esvses a disturbance in the normal egui-
libriue existing belweon the amine aolds or peptides in the body with the
rosult that obther smine acids, espable of furnishing glucese ars seb free,

Hé,m%:i%} reported that during a thres day fasting exporisent, his
animsle fod u high protein diet sxoreted larger smounts of nitrogen than
did the animals on & normal protein dist during the first two days of the
fast; by the third day the diffeorence had docreased but still the proteine
fod animals excreted more, Leng, Ealzin, and ‘h-;riu’} have shown that
adrenalectomized anizals are capeble of normal carbohydrate metabolism
vhile fed, but that a rapld disappearance of sarbohydrate reserves and
diminished nitrogen excretion osours during fasting. Wﬂ.ls{?"ﬂ has
shows that sdremalectorized animals are capable of metaboliszing dietary
protein but are upable to metabolisze endogenous pretein well during
tasting, Mireki'®? noted that in snimals fed with an excess of fat and
with the usual amount of protein in the dlet, maintenance of the glyco-
gen reserves was not obsorved during fueting., He coneluded that inereased
protein catabolism stimulates glycogenesis eso that in fasting and in
other stresses glycogen is newly formed in the liver,

The most likely mechanism for the "protein effect” of glysine also
seems to be increased glycogenesis, whish apparently is related to
increased adremal cortical secretion,



Te
EBQRLEN

The glycogen fractioms in liver and musole were studied in order
to determine if the "protein effect? of glycine may be attributed to
an increase in the non-acid-extractable fraction which iz knowm to be
little effocted by fasting and other stresses, Since the effect of
glycine might be due to increased adrenal eortical activity, extracis of
this gland were administered to controlefed, fasted animals to determine
which glycogen fraciion was effected,
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Aalmelss Two types of Sprague~Dawley rate from our ewm coleny
were used: young virgin femsles, about three months of age weighing
approcimately 200 to 250 grams, wers used exclusively for muscle glyco-
gen determinaticns while males, weighing 200 to 250 grams were employed
in liver glycogen determinations, The weights within the experimental
groups wers matched closely as posaible,

fationgy Coleay rats were maintained on Purina Laboratery Chow.
The compositions of the control ration and the glyeine ration used in this
and previous studies of the "protein effect” of glycine in this laboratory
are shown below:

Control Glyeine

Retion Ration
Casein 16 % 6%
Yeast (3quibb)* 10 10
Salt mixture (16) 5 5
Cod liver oil 2 2
Wessen oil 5 5
Dextrose ] 8
Dextrin Sk Ll
Glyeine 0 10

The compositions of the control and glyeine diets are identiecal exsept
that glysine was substituted for an equal weight of dextrin in the cone
trol diet, The large percentage of yeast satisfies the conditions that
2 high protein diet necessitates a high vitamin B intake Cor the most

% 43 per cent protein was supplied by 10 per sent Souibb's Brower's Yesst.
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efficient utilization of diet and for optimum food consumption. Several
investigators recently have reported that small doses of cortiscne
administered to normal rats required increased vitamin B intake in order
to maintain normal weight gsine, halr growth, and prevent decrease ia
thyms weight(17> 18, It can be inferred that possibly increased
adrenal cortical activity would require increased vitamin intake.

The food intake of gcentrol- and glycine~fed animals was @qualized.k
The animals were offered 12 to 15 grams of ration per 2/ hours, Data
are reported only from those rats which consumed the designated amount
of the experimental ration.

Methods: The animals were anesthesized with Nembutal (0.5 ml.)
intraperitoneally, When surgleal anesthesia had been attained in those
animals used for liver analyses, an abdominal incision was made, and the
right and middle lobes of the liver were exeised, the extra~-hepatic tissue
was cut away, and the liver blotted in order to remove as much blood as
possible from the surface. In rats used for muscle studies, the left
gastrocnemius muscle was freed of the plantaris and removed as a whole.
Care was exercised so thatrthe mus¢le underwent a minimel amount of com-
traction., Immediately following removal, the tissues were minced inte
previously weighed tubes containing 30 per cent potassium hydroxide or
10 per cent cold trichlorecacetic acid. Less than one minute elapsed
between the time the tissue was removed and imm@raed in the alkali or
acid., Approximately one gram of tissue was used for the alkali deter—
mination of glycogen while 0.5 to 0.7 grams was used in the trichloro-
acetic acid method.

The Good, Kramer, Somogyi modification of the FPfifger mﬁthed(lg}
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was used for the determination of teotal glycogen. Follewing the
digestion of the sample in alkell on a boiling water bath, 1,1 to 1.2
volumes of 95 per gent ethanol was added to preeipdtate the glycogen.

The sample was again immersed in the boiling weter bath untii the alechol
Just began to boll in order to eause coarser particles ef the glyeogen
precipitate to form, After eentrifugation amd draining off of the
supernatant, the precipitate was washed with 95 per cent aleohol, sentri-
fuged, and drained; the exscess aloohol evaporsted by plaeing the tube on
a hot water bath for a few minutes,

Determination of the scideextractable glycogen was accomplished by
adapting the method described by Bloom and coworkers'>), In this
procedure the weighed tissue in trichloroacetic acid was ground to a fine
suspension by a Potter-Elvehjem homogeniser. The contents of the tube
wers transferred quantitatively to a 40 ml. centrifuge tube, and the
grinder was washed with trichloroacetic acid so that the final volime of
acid used was 15 ml. After sembrifugation for 10 minutes at 12001500
TaPelisy Lhe supermatant solution was decanted and mixed with an equal vele
ume of cold 95 per cent ethanel; it was left in the old romm for at
least 24 hours, Then the white flecculent precipitate was separated by
centrifugation and washed ence with 95 per cent ethancl, Bloom reported
that when the protein precipitated by trichlorsscetic acid was reground
with aeid, less than 0,01 per cent glycoren was recovered from the
supernatant of liver residue whils no glycogen was found from the ree
extracted protein precipitate of muscle,

%o each of the glycogen precipitates 3 ml, of 1 ¥ sulfuric scid wss
added, and the samples hydrolyszed for three hours en & boiling water bath,
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Following hydrelyeie the acid solutiens were neviralized to the pheneol red
endpeint with dllute potassium hydroxide; these neutralized solutioms
were dilnted to such a volume that 5 ml, contained spproximately one
nilligram of glecose which was determined by the Shafler-Hartmann methed.

Flan of experimemt: In the afterncon rats were removed from the
colony, welghed and placed in individual eages which were equipped with
sereen {lcors te prevent coprophagy. Water wes offered ad 1ibitumy food
was offered in lurge cups which were designed to reduce spillsge and con~
tamination of food, Fach animal received 68 grams of the eomtrol ration
for the first night in order to accustom the rat to a powdered synthetic
dist and better to econtrol the amount of ration eaten during the succeed-
inz two days.

In the moming of the second day, the animal was offered 12 to 15
grams of the glyeine ration or ¢ontinued on this amount of the sontrol
rebion, On the morning of the third day, twoethirds of the daily ration
was given; the remaining ene-third was not offered until the last two
hours of the feeding pericd., This procedure was employed in order to
regulate the length of fasting., At this point the animal was fasted
for various lengths of time and then removed from the cage, weighed and
pacrificed for the glycogen determinations, In general, the animals
studied at O hour, 24 hour, and 42 hour fests were killed between ¢ and
12 a.m, Those animals fasted 16 hours were fed twice a day, st ¢ a.m,
and 9 pone, 4n order to eliminste the poseibility that all food comsumption
mipht occcur at night; these animals were killed at 1 p.m,
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Tables 1 snd 2 present a tabulation of the amounts of glyeogen
extracted by hot alkall or by trichloroscetic 2014 from liver tissue
of rats fed the control or the glyeine ratien, and thenm subjested to
varicus lengths of fastimg, In the Tables and throughout the discussien,
glycogen is expressed as grass of zlucose per 100 prams of wet tissue.
The velues of total glycogen resulting from dietary procedures clesely
appreach the values found previously in this laboratory. The difference
shown between the control-fed and the glycine-fed, unfasted animale does
not appear to be significant as demonstrated by the standerd erver of
the mean, The glycogen levele for the glyelne-fed animals and for the
control-fod animals are 4,77 per cent and 3.94 per cent respectively.
These wvalues compare well with the level of 'J;,. 58 per cent found in &
series of sonbrol-fed, unfasted animals studied in another comneotion,
In both series of unfasted animals, the nonescid-extractable fractiem
comprised 1015 per cent of the total glycogen.

Pollowing & 24 hour fast, the glycine-fed animals maintsined their
carbohydrate stores at a level almost three times as high as the controle
fed animals, This inereased level was found to be for the most part inm
the acid-extracteble fraction. Cempare, for instance, the values 0.89
per cent and C.24 por cent for the two fractions,

In the cass of the comtrol-fed animals the acld-selubls glycogen
was rapldily depleted during fasting. The nomescidesoluble glyeogen
was elightly decreased, and by the end of the 24 hour fast it comprised
45 per cent of the total glycogen.

The liver glycogen of the 16 hour fasted, control-fed snimals were
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studied next, Thie length of fast was chosen bacause previous work had
shown that the total glycogen walues of liver in such animals was sbout
one per cent which is comparable to the glvoogen level of glyainé-fd
rate following a 24 hour fast. It is interesting to note thst the
stzble glycogen comprised 22 per cent of the total glycogem in this
series of 1€ hour fasted, controlefod rats while in the 24 hour fasted,
glyeine-fed rate it amounted to 20,5 per cent (note the last column in
Table 1 and Tsble 2). Animals fed glyeine and fasted 16 hours showed
total glycogen levels around two per cent, and the stable glycogen com-
prised spproxiszately 17 per eent of this,

In addition, liver glycogen values wers collected for 32 end AR
hour fasting animals, The control-fed animals seem to resch a minimum
liver glyeogen comtent after about 32 hours of fast; this valve then
begins to increase gredually as shown by the 42 hour values., These data
agree well with the values reported by other workers‘2?), 0nm the other
hand, the glycine-fed rate show & continned Adecrease of glyocogen at both
of these pericds of fasting,

Since the mechanism of the "protein effect" of glyeine is thousht at
this time to be the result of inereased adrenal cortical ackivity, it was
of laterest o luvestigate which fractien of liver glycozen would be
influenced Ly the adeinistration of sdrensl eortical sxtract during a
24 hour faoting period. Adrensl cortieal avtrset administered o a
normal fasting animsl will cause the liver giyeogen reserve to be greater
than that of an animal not reveiving the extraet(14), This represents
the Imown stimulation of glycogenesis by adrenal hormones. Hate on the
conirol diet were fasted for 2, hours, Upjohn adrenmal cortical extrest
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was adminlstered subcutaneously in 1 wl, doses at 20, 16, 12, 8, &, and
& bours before the end of the fasting period. It can %e seen in Table 1
that adrenal eortical hormones cause an inerense in the aeideaxtractable
fraction. It io interssting %o note that adrenal sortlieal) extract
resulted in a liver glycogen reserve sizilar in composition to that found
in the 24 hour fasted, glycine~fed animel.

From Tables 1 and 2 these observations should be noted: (1) the
acld-extraclable glysogen is rapidly deprleted durdng fasting in the con-
trol-fod aningls and is diminished slowly in the glyoine-fed animals;
{2) the stable fraction is relatively little shanged by feeding either
of the two diots used, bul shows a gradual decline during fasting,
Graphs 1 and 2 {llustrate these salient points,

The question then arose: can the glycopen which is freed by treate
mant with hot alkell be extrasted completely by trichlorcacetic asid?
Twe sanples of minced liver from oach of a series of wnfasted, control.
fed anizals were studied, (ne of the samples wes trested as previcusly
described for total glycogen. The other sample was digested in alksli
for thm- hours in a bolling water bath, and the glycogen proeipitated
with ethanol., This wae centrifuged, washed with sthanol, eemtrifused
agaln, and the renaining traces of aleochol removed, Successive extractions
uslng 5, 4, 3, and 3 ml, of eold trichlorecacetic scid weres pade of the
Blyecgen precipitate. To the combined extractione 15 ml, of 95 per cent
ethancl were added Lo precipitete the slyecogen, Olycogen ws detemined
8s previcusly deseribed, The resulting residue was subjested to acid
hydrolysis in order to determine if any glycogen remained, On ocnme ocon~
sion petroleum ether was used to wash the residusl precipitate with the
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Uraph 1

Behavior of the Liver (lycogen Fractioms during Pasting
in Control-Fed and Glyeine-Fed Rate



(2

(qram %)

™N

MEF/‘\N GLYCOGEN

total 1|yco an
-~ aci8-aextractable glycogen

GLYCINE DIET

-
.
-
-

~ - -
- -
- -
e L
-
- -

Q 16 24 32 48
HOURS FASTING



traph 2
Liver Glycogen Practions versus Total Glycogen
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result that & eonsiderable portion of this residus dissclved, illustrafing
that some 1lipid had been precipitated with the glycogen,

Ihe resulls of this study ars shown in Table 3., The values for total
glycogen are not statistically different from those for Zlycogen exbracted
by trichlercecetic aeid following sllkeli digestion of tissve, In other
words, ne glycogen could be demonsirated in the residue fellowing acid
extraction. If, however, the tissuc was pob hydrolysed with alkali for
soveral hours, the residus shewed traces of glyeogen following the e
Craction procedurs. The resilt of this study lende support to the theals
thet alkall treatment frees glycogen from cther tissue canetituents and
sllows It Lo be completely extracted Ly acid, Tt should be elear Lhat
these findings do not indicate insccurnsy of the method used for total
glycogen, sinve In that precedure the glysegen precipitated along with
small smounts of protein and other lmpurities is subjected to a thres
hour hydrelysis with 1 § sulfuric acid, This converts all the glycogen —
fres and combined - 40 glucose,

In Table 4 are the results of studles mede on the total and acide
extrastable wuscle glycogen of fad and fasting rote revicusly fed sontrol
or glyeine dists., These data indiecsie that the samtrol-fed anirals have
a slightly higher nusele glycogmm sontent (0,76 por cest) than the glyuine-
fod rats (0,50 por cenb)e The stable glysogen comprissd 40 to 45 per
eent of bbe tebal iu both groups, Yollowing o 24 hour fast the selde
soluble fraction diminished to & somewhat grecter extent o the eontrol-
fed rats. This decline in the labile fraction 1s not nearly as pro-

nounced in musele glycogen as in liver glycogen under similar experimentol
eonditions, Ninkifé) also reported similar changes in total mussle
glycogen in fasted animels previcusly fed a high protein diet,
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The work reported here and that of Bloom and auaum&w(é’} support
the thesls that the fracticne of glyeogen form chameteristic proportions
of the two tissuss studled — Lhe agld-axtractable fraction forms approx=
imstely 8590 por eent of the Sotal liver glycogen and about 55-60 per
cent of the Lobal amssle glysogen in the unfasted rat, These two
fractions of glycogem behave differently when the physiological state of
the animal 16 sltered. The data of this study show that dietary glyeine
oflects the acld-extractable glycogen and act the nog-acid-extractable
fraction, which is in general, caly slightly altered by feeding and
fasting procedures. The "protein effect® of glyeine eannot be explained
on the basis that Zlycine feeding brings about an imcresse in the con-
centration of the glycogen fractiom whieh is relatively stable,

78a4(%1) roported 1n 1937 that the “cosbined glycogen® cwmtent in the
liver of cats was ealy slightly effested by 2.3 days starvation with or
without glucese feeding or by previous feeding on a high protein diet,

It should be of interest to remark in passing that Donhoffer and
Kaclood®) postulated two foms of 1iver glysegen existing in distinet
physiclogical states: ome being a storage form derived from preformed
glucese; and the other, a glycogenic form synthesized from proteinm,
lactic acid, and other glucose predurscrs, and not generally stored,
Later studies on carbohydrate metabolism and glycogen synthesis do not
support this hypothesis.

This differenve in behavior exhibited by these glycogem fractions
toward varying physiclogiesl ecnditions might be attributed to differences
in the state of tissue glycogen, Often the gquestion has been raised
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whetherPflycogen in tissue is combined with protein, Studies by Will-
stifbter and fchawald'??) in 1934 destgnated the water-extractable fraction
of liver glycogen as Ylyo-glykogem® and the unextracheble, "desmo-glykogem,”
They veported that the relative preportlons of these twe forms of glycegen
depended on the nubritionsl state of the animad: in the well fed animal
the lyo-glyoogen may amcunt $o 90 per cent of the totel, im the starved
enimal thie fracticn may be 10 fo &0 per cent of the totel, They believed

hab the dosmo-glycogem ie bound with protedin because it canm be set free
in part by peptie digestion and totally relessed by boiling the tissuve
residue in alkali, In vitro studiss lend support to a glycogen-protein
complex. FPraylecki and Hej:sk(zk} in 1928 demonstrated that glycogen can
be adsorved upon proteins and other colloids, but this glycogen can be
quantitetively eluted with water. When glyoogen or starch is added te
s wealdy alkaline sclubicn of myosin, the opalescende is intensified,
indicating that the particles havs besome coarser, ihen this solution is
neutralized, the precipltated glysogen carries down a considerable amount
of protein with it, Frayleckl in s series of papers published during
1534~35 postulated that ayosin and stareh form a cowpound whose composi-
tim is approximately 20 per cend st.&reh(ai* 26}. fo constant value was
stated for glycogen, In studies conducted by Bussianm workers, Rosenfeld
end Flychavsksja, glycogen treated with phosphorylase loses its ability
to resct with pwtem»a(zﬂ + Pheaphorylase incompletely cleaves glucose
residves froam terminal branches of the glycogen moleculs. They stated
that the formation of glycogen-protein complexes depends on the Lerminal
nen~aldehydio groups. FP{llger stiributed the inablility to remove glyco-

gen completely with hot water to the partial surrounding of glycogen by
goagulsted protedn.
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The nsture of the glycogen moleculs eliminates the posaibility of
primary velence bonds existing belween glycogenm and protein. Glycegea
is composed of glucose unilis linked primarily by alpha-lei glucesidie
linkages, By weans of wethylation studies of glycogen Haworth snd asso-

2 , ,
(22) vave debermined to whal exbtent bhe glycogen molecule is branched,

cistes
and thet this branching is primerily of 1-6 type. In tueir studies they
found two types of glycegen, wae conaleting of 12 glucese wniis per branch
point and Yhe other, 18 glucose units, They proposed for glycogen a
laminabed type of structurs in whleh each branch arises ram the preo-
eeding breach, Jlewdinger and lusemun ofiersd 2 conblike sbtracture for
glycogen in which sach braseh avese off the main chain, Heyer and co-
workers 29} proposed a multibranched, tres-like sirusture which cenaisted
of three to {ive glucoss unilts Lebween Lranch points aad slx Lo seven
wnits in the oubter branches, Thls theory bhas regeived the most support,
Mathemetisally Myrihek J°) proposed s theoretical form of glysogen whioh
closely resembled *bhnt structure based on chemical evidence propossd by
Neyer. Hecently, Larnsr and mrkeme 1 used an enzymatic degreodation
technique to study the glycogen molecule, Their results supported the
tres-like structure, Lamer stated that glysogen probably is s group of
compouds containing a spectrum of varying branch lemgthe, The glycogen
isolated may countain primarily shert or long branches whose length depunds
on the previous histery of the animel studied,

Studles by Meyer and associsbes support the theory that glycogen
itsell ocours in different degreos of polymerization with differemt solu-
bilities, Small glycogen molecules are easily extrscted from tissue while
deamo-glycogen is in reality a high palymeric fraction of glycogen wvhish—
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is inscluble in acid and water and soluble in alkali. This visw sbems
from experiments by Heyer and Jea.rﬂ.w(aﬁ in which they subjecten puri-
fied glyeogun to cenbrifugatlon or elsotrodialysis and separsted it inte
three mejer divisions depending upm thelr degress of solubility. C(ue
group wee insoluble in water swen though Lhe glycogen was freed [rom prow
tein, Meyer 1s in agreemmmt with I¥llger when he states that there are
ns grounds for assumlng & wnlcsm belwesn glysogen and protein ia tissue,
for the varisble solubdlitles of glycogen would be sufficient in iteelf
to explain the varying sclubilities in alkali, scid or waler, However,
the peseibility of a glycogemmproteln complex cannot be entirely e
slnded on the basis of the available evidence.

Unpublished work of wan der Wyek shows thad the moleculsr weight of
glyeogen amounbts to 1 to 10 mﬂ&imim:‘. He beliaves that glycogen molew
sulea moy be mechanically entangled to form amero maleculos, Ianm(%}
is of the opinion that extrastluwn, whether by alkall, acid, or waber,
ehanges the glycogen status of tisguve, [e hoe lsolatod & submicrvscopie
eamplex of glycogen by mesns of o high speod esntrifuge, Turther inves-
tigaticm of this "particulete glysogen®™ showsd thet 1t contained seven to
eight per sent water after thorough drying whieh lends support to the conw
cept of storage of wiber within the molesule, It is likely thst hydregen
bonding san oseur dus te the precencoe of unshared electrons in the hydrex-
¥l groups of the glucose wnits, I glycogen cxists in a helical structure
as proposed by Schlwdm(%), water melecules may be trapped within the
core, This may explain the 4ifficulty in freeing glyoogen from the last
traces of water., Separation of the partieulates glyocgen from tissue seems
to support the hypothesls that bound glycogen does exist in tissue bevause
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this couplex eommtains apprecimately 1 per cent protein. It is loteresting
to note that thess particles sre wtable at 37° €., bub san be dissoclated
inte sualler wnits by heat, tilchlorcacetiae acld, or potessiue hydroxide,
the agents ueed in glycogen extraction technloues, Ho reporte of 2 gly-
cogent free of sheapborus and of nitrogen have bean {ound in Lhe litera=
turg, This fact fo in sgreepent ’uﬂ;}: lezarov's fecling that some protein
always accompanies the most highly purified glycogen.

The sbove dleoumeion indiectes thet the probles of whether glycogen
exists in 2 free or in & bound form in tismees i3 met ssttled satioloce
terlly. Pvidence presented in this thesis is entirely in favor of the
view thet at lesct part of the glyeogen of liver and of muscle exists in
& homd form, This is based upon the observation that glycogen can be
extracted completely from tissus with m&am:um caly after the
tisoue has been digested for about three howrs with alkali, We evidenze
of glysogem remaining in the residus can then be found, The presedure
of digestion In hot alkali mey in soms manner broak the melesular bending
between glycogen and protein, possibly wuntangling the partionlate glyoo-
gen and dissoclating it into smaller umits, Certainly finer (echniques
have to be developad before & solutisn to this probles can de obtained,

Ono ndght theorize Lhat s partioular typs of cellular protein binds
glyeogen and thad during fasting this protein is depleted, Such a dople
tion would result in Lhe comversion of stable glyecgen to labile o
aold-axiyactable zlycogen,

Previous studies of liver glycegen during fasting reveal that glyoco-
gea decrossen rapidly during the first 24 hours of fanting and reaches o
low podnt arcund 32 hours followlng removal of food; then it begins to
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inevease again{2?), This incresse has been attributed to stimulation of
glyeogenssie, The tebel glyeogen level of the coatrol-fed mmﬂ# ia this
study show the same X;ﬁpid drep and lowost valus st approximstely 32 hours
felloving thelr last mesl and then a gradval imeresse, Ihe questim has
been raised whether this is 2 true incresse in tebal glycogen because the
values are sxpressed as grams of glycogen per hundred groms wet welght
of liver tiseue, Since ths weight of tre rat liver decreasss during
fasting, this ineresss adght be an artifect and express only a relative
incroase while thers is actually a real deerease in the total amount of
flyeogen rrecoent. The behavior of the acld-exbractable {racticn may helyp
$o apswer the cuestion, Ib will be seen in greph 1 that the labile glyco-
gen rapddly diminished during the Jivet 2 hours of festing, reached a
low point shout 3.2 hours and then began to Increase again, paralleling the
behavior of the t;r;tm. glycogen durdng the fest, This increase in the acid-
- soluble froction following the 32 houwr fssl would support inorsesed glyco-
gonesis, since the liver weight is still decressing.

Sinee the liver glycogen level in control-fed rats began to 'ia'cmu
after s fast period of sbout 32 hours, il may well be that the very low
level of labile glyeogen (around 0,02 per ceni) ie respomsible for trige
gering some machaniem resulting in adrensl certical stisulation. In
eqgreonent with such a view is the work of Desns and cowerkers (35) who
studied scme of the factors influencing glysogen synthesis by ret liver
slices in vitro. Uns observalien mede in this investigation was that the
liver slices iInltially must have low glycogen walues if syntheeis was te
ocm,‘ _

However, the liver glycogen levels of the WH animals did
not show the same behavior during fasting as cbserved in the sontrol-fed
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rabe. After 24 hours of fasting it was three times higher than the liver
glycogen level of the control-fed rats, By the end of L8 hours of faste
ing, the liver glycogen had not reached the low level obtained in the
controlefed animals earlier. Olycine fed at the lovel of 10 per cent im
the diet is unphysiological and may aet 8s = humoral stimulus for ine
creased adrenal cortiesl activity. Tt will be of interest to study
longer fasting periods with rats previously fed the glycine ration to
discover if the glycogen level falls to a mintmm value and bvegins to
show a secondary stimulus of increased glycogenesis,

Letually, sinee glycogenesis results in an additionsl glucose supply
to the body, one might expect the labile glycogen fraction to increase
vhen this precess is active, As mentioned previously, feading glucose to
a fasting animal does incresse this feactiom of liver glycogen,

I addition to bthis, the date indlcste that after the administra-
tlon of adrenal cortical hormone to somtrol-fed animals, the distribu-
tion of the two glycogen frections is altogether similar to the dia-
tribution in the 24 hour fasted, glycine-fed rate, This faet may be
interpreted as resulting frem increased adrenal ecortiesl activity during
the stress of fasting in the animals fed the glycine diet.

The cbservation that the asid-axtraatable fracticn of liver glycogen
in glycine~fed animals is wore efficiently maintained than in contvolefed
animals during fasting supports the theory that glycogenesis is stimlated
as & result of glycine feeding,
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SUKNARY

A arwéy was made to determine which fraction of liver glycogen is
increased as a result of the "protein effect® of fed glyeine in the rat.
It was found thst feeding glyoine influemces the acid-extractable Ely-
cogen, the fraction which shows great variability in amount and rapidity
of depletion and recovery during periods of fasting and fesding, The
effect of adrensl cortical extract on glycogen reserves during a fast
is also primarily concerned with the watintenance of the agideextracteble
fraction, These obeservations lemd further support to the theory that
wmm«mmammemmaMterm-
sreased adrenal cortical activity. The glycogen fractione of muscle have
also been studied during feeding and 24 hour fasting experiments. The
response was sinmdlar to thet found in the liwr} glycogen studies,

The significance of these two fractions of glycogen is discussed
in terms of present theories, ome of which states that glyeogen does
axist in 2 bound form whiech is not extracted casily from tissue, and the
second which sttribubes the partial inselubility to highly polymerie
forms of glycogen. '
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