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¡4¿:raBor,rsu oF cr,ucosp-u_cr4 ss soNE

abstract'. The rnetaborign of gJ.ucose-u-c14 ïas stuèied in vitro by i,cu-
bating calvarLal preparations fro¡¡ one- to tuo-day o1d Long Þuans rats
with varying levels of this substrate r I:rcubations r genera$r lasting
f,or tr¡¡o hours r l,¡ere carried out at !foC. i¡ air with ceJ.cir:m_free phos_

phate- or ÎIlÆr{-buffered ¡nealiun (pH ?.4). carbon dio¡cide r either meta-

boric arone r or total after addition of acid ùo the tissue, i.¡as coll_ected.,

chenicaS'þ dete¡ml¡ed by nanonetric proceduresr and assayed for ra¿ioac-

ütvíty' Glucose and lactate were obtained frm the nedir¡n after incube-

tion by el-ubion wÍth a Ii¡rear HCr gradient fron Ðor¡ex-r--cr ar¡ion exchange

resin coh¡¡¡ns. Gl-ucose was deteruined by the glucose oxidase¡.3r3 r _di_

netho:grbenzidine (o-dianisidine) proceduf,e¡ êh.d lactate by the DFN-lactic

deþdrogenase proced're. Li.ke carbon dioxide: these corapounds 
'rere

assayed for radioactivity: al]. acüvity deterxdnations in these erçeri-
ment s were carrÍed out either u:ith a thin window gas flow tube or þ J_iquid

sci¡tillation. rn so¡ne of the e:rperi¡enb s, after incubation¡ the skurls
were extracted ¡¡ith varÍous solvents so as to deter¡Line the distribution
of activiùy i¡ different conrponents of the tíssue. paper chromatograpþ

and radioautograptgr were used to identify and estinate the quantity of
radioactivity i¡¡ these conponents of the èissue¡ a,nd in netabol-ic inter-
nediates found in the nedir¡n aJter i¡cubat ion.

lwo prelinrinarSr e4erjrnent s r in which calvaria ¡.¡ere incubated with
1r

glucose-1t-c'4 5n phosphate-buffered. mediun (pH 2.4) for two hours¡ were

perforoed. From the oqrgen uptake of Lh.3h pnoles/gran wet ueight/hourr
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and lhe carbon dioxide pro¿iusÞion ot 16,-73 proles/gram r'ret weight/2 hours r

an R.q. of 0.58 vras deterrnined. The i¡verse refation betueen the specific

actitrity a.nd produc¿ion of lactic acid i¡dicated varying degrees of endoge-

nous dilution. On the baeie of previous work by Dowse et a].: 1963r it was

tikeþ that gþcogen uas the sou¡ce of thís dj-lution. The speci-fic acti-

vities of carbon dioxide and lactate r"¡sre considerabþ louer than thaù of

glucoser but the specific activity of the C02 u"as much lj}e that of the

lactate. T¡erefore ¡ uuch nore dilut j-on t¡as occi¡rri-rìg in the gþcolyLic

cycle than between pyruvate and the decarbor$rlation steps of the TCA

cycle. fn one instar¡c e t tre specific aetivity of the C02 actualþ exceeded

thal of the Lactic acid: this would be possible jJ the hexose monophos-

phate shunt were more active j-n this case.

h experÌment 2 ceJ-vari¿ were Lnq¡rbated as j-n ùhe preliminary ex-

peri.nents. The quantity of glucose u!i]i2sd a¡d its utilization rate

l,tere. detenninedo Gfucose uptal<e ¡¡as constant, as uas the fraction of ufi-

lized activÍty i¡ Lactat e and C02. The specific activity and production

of lastate Ì,ere qot individually constant¡ but were inverseþ reLated to

each ot!¡e ro Frc¡n the above results it coutd be seen that r at e given

phosphaùe level ¡ the conversion of glucose-Cl4 to lactate-Cf4 r,¡as unaf-

fected þ the varying degrees of endogenous dilution r¡hich r¡ere occurringn

In experiment s 7t è: and IO¡ calvaria ¡¡ere i¡cubated wíth varying

concentrations of glucose-U-Cl4 for two hours j¡ ¿ir. Phosphate and THA¡{

buffers (pH 7.4) v¡e¡e used. in e4peri:uenüs 7 and 6r and 10 respectíveþr

The specific activity of the gtucose in the neùium after j¡cubation rn¡as

louer than that of the original specific actÍvity: and the effect raas
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¡nore marked i-a phosphate t hån j-n THAM buffer . 1¡fit hi-n a given e)peri-nent ,

i¡ l*rich the phosphate level r*as constanå: the specjfíc activity of the

lactate rose rrith increasilg levels of glueose i¡¡ the neùir:m. Hencer at

a given phosphate concentf,ationr the production of lactate-Cl4 fræ glu.cose-

C14 was directly dependent on the glucose concentration. ldÊ-th sj¡ilar
iilitial glucose r and therefor€ sjnúIar gJ-ucose-1-phosphate concenàrat,ions¡

on the basis of specific aetivitíes r ¡rore èilution of the lactate occurred

in phoophate than i¡ TH^AM buffer. The above reoults supporùed the hy-

pothesis already developedr that endogenous dilution lras occurri-ng, and.

that gþcogen uas 1ike1y responsible for this dilution. The Lrydroþsis

of g ycogen is díreetþ dependeni on the ratio of LnorÂanic phosphate
glucose-I-phosphate.

The average percentage of uti-Lized activity j¡ the l_act¿te fon¡ed

in phosphate buffer (e4erjment 8) ¡¡.æ';s 29ß as compared. to AOI for that

forned l-n THAM buffer (eryeriment 10). In both erçerinents, 2-\$ of Lhe

utÍLized acùivity was recovered ln the CO2. lJp I,o 58i8 of the utilized
activity was calculated to be in compounds other than glucose and ractate

in the nediu¡n afUer i¡cubation Ín experi¡nent 8r and up Lo 3t+fl i-r¡ Ðçeri-
nent 10. lh-3gfr of the total- counts utili_zed. r,¡ere calculated to be in
the tissue of both e:çeriments.

Paper chronatograpty and radioautograptõ¡ '¡',.ere uged to identijy
and estinate ùhe arnount of activity in various components of calvaria.

The etìrano1 exbract of tissue i¡cubated u:ith glucose-U-Cl4 jn phosphate

buffer (pH 7.4) f or 2 hou.rs j¡ erçerj¡ent 3 contai¡ed. label_ed. phosphory-

lated gþcolybic i¡tenneùiates, artrino acids¡ end organic acids. Gruta¡¡ic
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and lactic acids v¡ere more heavily l-abeled than aqy of the other meta-

bolic Íntermediates. tr: experìrnent 5 radioautogra,¡ns were prepajred from

eths,nol exbracts of sl<ulIs i¡cubated with glucose-Il-Cl4 in phosphate

buffer (pH 7.4) for 1! ninutes¡ l0 rnÍnutes r t hour¡ 2 hours ¡ and ! hours

respectively. After 15 ¡ri¡utes there was more activity i-n the phosphory-

lated gþcolybic i¡rte¡neèiates than in the a¡ni¡o acids, but after J hoursr

there was a mueh greater quantity of ac¿iv:ity in a¡tino acids such as

glutarûate than in the phosphorylated intermeùiate s. This sho ed thatr

çlth time¡ much of the activity fron the gtucose had moved on ùhrough

the gþcolyLic and trÍcarbo:ryIic acid cycles to forn 1abeled glutanic

acid¡ which j.s used j¡ pro¿ejJ¡ synthesis.
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CHAPTM T

INTNODUCÎTON

LiÈt1e conprehensive rn¡ork has been d.one on carboþdrate

neüabolísn j¡ calva¡ia. Investlgators in this fj.eJ-d have genera$r
preferred to use metaplglseal" bone preparations (Borler Nicholsr and

Nicholsr l961a t I96Ob: Lekan¡ Laskinr and E:geJ_r 1p60; Cobn and.

Forscher¡ L96\ !962at L962bi Vaes and Nichol_s¡ IJ6].I !p62ar llg62b).

Ho¡'/ever, a b ioc hernical stud¡r of calvaria frqn neuborn rats Ìras

carried out by Do¡rse eL aJt !g63. The netaboric behaviour of cal-
varia uas found to be qual_itativeþ si¡n.ilar to that, of metaplryoeat

preparations of bone. In the present report an attempt vlas nad.e to
elucídate furbher èhe raeùabor-ic behaviour of carvaria by incubating
the tíssue ra'ith glucose-U-Cl4 ¡S vLtro and tracing the products of
netabol"ism.

I. PIIRPOSE OF TiM STUÐY

The netabor-isn of glucose-u-c1& by calvaria i¡ different buffers
at JloC. i¡ air v,¡as Ínvestigated. The object of the study ¡¡,as to (J-)

detersnine ¡ by the use of paper chrøratograptgr¡ the distribution of
radioactiulty in the components of the nedir¡n after incubation and i¡
various exbracts of the si<u1ls after incubation of the latter with
glucose-U-g14; (Z) ¿eterm:¡re the utilizati.on of orrygen, and. the pro_

ducfion a.d specific activity of ¡netabor.ic c02 during the íncubation
of calva¡ial preparations; (J) aeterrnine the uüÍIization of glucose by
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calvaria and to assess the specific actÍvity of the glucose jn the

¡qedj"re before and after i_ncubation; (4) assess the production and

specifLc actívity of lactic acid for¡ned dur:ing the i-ncubation of
calvarLal preparat ions; (5) aete¡mine the fate of gtucose-II_Cl4 r¿hen

calvari¡.]- preparations ¡vere i¡cubated i¡¡ nedr.a containi-ng dlfferent
level-s of substrate and different buffers.

Fbm the infornation obtai¡red on the above para¡neters i¡ normal

calvariar it should be possible to stu{y naore inüeIligentþ the effect
of parattgæoid exbract on the metabolism of glucose-U_C& by calvaria.

II. REIAT]OI{ OF 1I{E SIIJDT TO C.AABOTUÐNATE }4Ef,.SBOITSM TN BONE

Alùhcugh much work has been done on the effects of parattgrroid

ho¡rnone on carbolgrdrate metaboLisn in netaplSrseal bone preparationsr

the results have not always been too neanilgful ¡ due to an Ínadequate

understanding of carbot¡¡drate netabolisn in nor¡cal_ netapþsea1 bone

preparations. Cot¡: a¡¡d F'orscher (Ig62b) i¡cubated epipþseal_netapþseal

slices fron the femr¡rs of control and. parattiyroid extract_treaùed

rabbits wÍth glucose-U-Cl4r glucose-l-Cl4, and glucose-ó-C14. The¡¡

found an i¡crease i¡ the totar activ:i-ty i¡corporated i'to c02r but did
not l<now ¡uhether this inc¡ease was due to net cha'ges of carbon:dio¡cide

or sjmply to i¡creases ín specific activity. Irr the present investiga_
tion inforuat ion uas i,o be obtalned on the specific activity of meta_

bolic C02 produced þ calvaria fron normal rats.
Þqreninents uere to be perforned to deterrnine the percentage

of uöiIÍzed activity which wour-d be present i¡ various i¡rtezmedr.aùes
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formed by incubatiag calvarÍa fro¡n nomal anj¡als irith glucose-U_Ç14.

To ou¡ lmowledge, no data has yet appeared on the fate of glucose_U-gl4

upon be5ng i¡cubated wLth cal"va¡ia. An adequate representation of the
dLstrlbutíon of, labe1 in the skurlsr co2r and coraponenùs of the nedirn
afèer i¡cubation of contror- carvariar preparations uas to be obtai¡ed.
This uould help to create a more conplete pícture of carboþdrate meta_

bol-isn i¡ ¡orrna-L calva¡La. The ground-work r,¡oul_d ren be J-aid for a

fuiure i¡vestigation of the effects of paratlyroíd hormone on glucose-u-c1&

netaboLisur in celvaria.

$T. L]MTTAIIONS OF THE ]NI]îESTTGATTON

The calvarir¡n, containing a lerge number of ce].lsr is a ready-
nade tissue sl-ice ¡¡hich can be readiþ exbracted from nev¡born rats.
Accordirrg to Gail.l_ard¡ I95g t Lhe chief advantages of this tíssue are

com¡enience r reproducibÍlity, and responsiveness Èo parathyroid hor*one
jn vitro. Ilo-rqeve¡¡ it ís euphasized that since tl¡e present study is
conducted on calva¡ia¡ the fÍndings maJ¡ or nâJr not appþ to bone ce11s

il general.

Firschein (A962), diseussing the parathyroid honnone a¡¡d carbo_

þdrate metabol-ien in boner compares resurts obùei¡ed frør i-a vÍvo and

in vLtro studies. The j.n vivo data shows that bone is constantþ syn_

thesízing and releasi_ng citTate lnto the circulation¡ and that para_

üÌ1¡roid hormone sti:nulates this process. since bone ¡ni¡erar c¿m rernove

cLùrate frcm the rnedi'n by phosphate exchange and binding to the crystaler
Lhe bone slice woul_d not be very suitable for studying the effect of



4
parathyroid hor:none upon citrate rretabol_ism. Hov¡everr FirscheÍn

mentions several workers (laskÍJr and E:rge! 1956; l,ekan et alr 1!60;

Ferrneyr 196O; Hek:kelnan t Lg61-1' Ner¡¡ran a¡¡d Douser J-!6I; Vaes and

Nichols¡ 1961) wl¡o: by using i¡ v:itro oysteins r have nevertheless been

able to de¡nonstrate an effect of parattgrroid ho¡mone upon citrate neÈa-

bolign. The j¡ vir¡o stu¿ies of Firschej¡ e"" al't !95gt have shorr¡r¡ that
parathy¡old homone also stÍmulates the fonnstion and release of lactic
acid by bone. These fi'dlngs r^¡ere confi:¡¡red by means of ühe i¡ ritro
bone slice syste'n (Borle et aL r!60b; Neruun and Dorrse ¡ rp6r; schart,n
and Nichols¡ 1961). HowÞver, Firschei¡ (Ig62) nentions that the

evidence fron Ln vivo studiee j¡rdicates that citrate is capable of
causi-ng bone díssolutionr v¡læreas ¡ & rüg, there seems to be no corre-
lation between tire a¡nornt of citrate (or þct¿te) produced by bone and

derrireraJ-izatíon. IIe suggests that the limitations of the þ g@
bone sl-ice system may be responsible for this d.iscrepancy. Si¡ce the
present report on glucose-U-Cl-4 uetabol_isn by calvaria ís based on

results obtai¡ed f,ron an i¡ v:itro systenr it is neceesary to keep this
j¡ rt.i^nd when reading this stud¡ro

ff. Dff'INItIoNS OF TR¡.{is USEI)

Calvaria a¡rd skullÊ. Íhese üerms are used irrterchangeabþ ín
this report and represent that fraction of the cranir¡n consisting of
the greater part of the parietar boaes and that portion of the frontal_

bone above the eye sockets.
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g!g. This is an abbreviåtÍon which stands for. counts per mi¡ute,

Þ. This is tÌ¡e abbreviatLon used for dis5:rtegrations per

ni-nute" ?Ihen liquid scÍntilratlon was used to assess the radioactivity
of sanpres r co*êction of the actual effÍciency of the systen to rool4

was made by the char.nels ratio nethod.. nbsoluüe activity deterr¡inations

ûåde in this ra"ay are designated as 4pn in thís report.

9"2. This representg the rate of orygen consueption.

LQ. This sta¡rds for respiratory quotientr and is caleulated

þ finùirrg the raüio betr,{een the rate of carbon ùio¡cide production arìd

olgrgen consurnption.

S.¿. This is used to represent the specific activity of a
Ettbgtance.

TCA. This shorthÐxd notation stands for trichloroacetic acid.

TlfÁirI-buffered ne@o TIÍAM refers to Tris(þdro4rrnet$l)anj¡o_ ,,., ,.vv --óv\¡.ùg¿ vq/¡¿e vrv¡,/, cr¡¿!-t¡¡\r_

nethane¡aeubstancesometi:nesusedinstead'ofphosphatebufferir¡the

nediun of incubation flasks.

¡lmole ar¡d ¡rM. these tÌ¡o fornrs are used interchangeabþ throrghout

thethesistostandforeicrqnole¡theforneri¡thetexbandthe]-atterr

because of shorLage of space¡ i¡ the tables sJìd figures. Attention is
drawn especia.lþ to the use of the sylrbol_ uM in this sense as it is sone_

¡úat at varÍance with comnonþ aecepted practice.



V. ONG¡NIZÀTION OF TI.IE NESI OF THE NÐPOBT

T:a Chapter IT there is a &iscussion of trr.evious irrvestigations of

problems slmi.J-ar to the one reviewed in the present repor{. Chapter IIf
gives an account of the nethods of procedure and experi-"r¡ental techniques

used to irvestfuate the present problen. paper chromatograpþ and radio-

autograpf¡r uere used to separate and identífy various metabolic iater-
nediates formed frqr¡ glucose-U-C14 by calvarial preparations: this is
descnibed in Chapter IV. llro preli:ninary experimenb s designed to yleld
.general ir¡formation concerning glucose-IJ-C14 netabolism by calvarÍ.a are

described 1n Cahpter V. In Chapter VI the¡e is an accour¡t of an experi-

nent i¡ which the quantlty of glueose utiJ.ized by calvaria uas dete¡srined¡

a¡ld èhe percentage of total- counts utÍlized present j¡ varLous end-

proúrcts was calculatedo Chapter ÍlI describes the effect of different

substrate l-eve1s ar¡d nediun phosptrate concentration upon gþcoþsls jrr

calvaria. I:n Chapter Ii"lII there is a description of the effect of dif-
fe¡ent subst¡ate levels and rediun phosphate concentration upoh the ùis-

tributior¡ of actívity j¡ various cøponenüs of the rat calvarirm. The

last chapterr Chapter fX, srlrûnarizee the developnents of previors

chapters and states the more ir4Fortant ccnclusions of the whole stu{r.



CHAPTffi, IT

TIISTORY OF TiIE LTTM,ATURE

Chapter II contains a brief résuné of the literature re.lated to
the present probl-en. si¡ce bone is not too suitabr-e for bÍocheu.ical

¡retabolic studiesr progress in the stu{y of this tissue has been srow.

Tn the pastr nl¡¡¡erous scientists have used nretaplyoeal preparations of
boner al-though these are seriorsþ contanlnated with marrow eelr.s. ¡.
the present studyr glucose-U-C14 netabolism by calvaria frcm one- to tuo-
day old rats is studied" untir- the present time¡ li"tü-e comprehensive

work has been done on calvaria.

T. MEIABOLTSM OF BONE CF.ÍT.S

Borle et al (196oa) exanined the netaboric behavr.or of bone cer.lg

i-n vitro by usi'g sl-ices fro$ the naetaplyses of t t¡e 3-ong bores of adult
¡nice¡ They found thaù bone ce1ls utilized o:$¡gen slo'ily as cornpared to
othe¡ tissues such aE r-íver, but con$med grucose at a brisk rate. This

indicated that the najor porüion of the substrate consr¡ned passed thrrugh
the gþcoJ¡rbic pathwa¡rs r and that on\r a small percentage r.rras left to go

through the tricarborylic acid cycle or for synthetic procêsses. The

chief end product of bone cell rnetabolisqr i^ras lactic acid., even under

aerobic conditi ons, and the citrÍc acid produced u.as ].ess than V?O of
the amount of l¿ctate fon¡edo

ïn another investigationr Borle et a1 (1960b) incubated netapþses
of nice pretreated. wiüh paratiryroid exbract to stud¡r the ¡netaboric pattern
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of resorption, ¿nd eetapkyses of the long bones j.n male ¡lice treated.

w:ith estrogenic hor¡rones ùo stu{y the netabolisn of accretion. c ontror

sanples ¡¡ere used as welL. No significant di-fferences were found

betr¡reen the rates of orygen consumption detenni¡ed for the three grcups

of ani¡nals. This i¡dicated that tricarbo:rylic aeid cycle function and

preswably the rate cf citric acid production .hrere not grea¿lJr altered
during the processes of resorption and accretion j¡¡ boneo

The netabolic study of b or¡e j_n vitro begun earlíer by Bor:Le êt aJ.

(f96Oa ana 1960b) r¡as cmti¡ued by Vaes and Nichols (lg61). lhey incu-
bated netapþseal bone preparations frcm adurÈ'na're r¿ice üreated r¿ith

parattyroid exbract a¡rd est¡adio1 respectively. The production of
lactate frcm. pynrvate and o¡rar-oacetate by bone from nornar mice was about

100-fo1d that of citrate. bthen no¡gtral bone cel].s i,¡ere jncubated ¡+ith

hi-gh levels of citrate¡ the rate of citrate o¡cidation was higher than the

rate of citrate productiono

Vaes and Niehols (Ig6Zb) used netapþseal preparations fron rats
ar¡d ¡nice to study the ål glBl nelabolisn of gþcirre labeled witir cr4 ¡¡
the carboryl carbon. They found that a_lthogh snall a¡no¡nts of gþci:re

irere decarboçr]-ated, much larger araounts were incorporated intact i¡to ttæ

organic ¡latrix of bone fron 2-nonth-old rets. Larger rates ¡¡erre found i¡
young than i¡l older arri¡nalE. This i¡dicateai that the fo¡nation of bone

is more rapid ín young than Ín o]-der 41im4l so ÌIence, it is to be e:cpected

that calvaria from ner,rborn rats wourd be rnetaborically verï¡ actíve. rhe

rate of glyci¡e 5,corporation into the organic natri,c of i¡rcubated bone

sa.rnpÌes was found to depend also on the presence of varÍous horrones o
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Vaes and NichoLs demonstrated the imporbance of endocríne factors i¡¡
the control of bone natrirc foruation.

I¡r a series of extr¡erj¡nents in **hich epipþseal and metaptgrseal

bone preparations fr@r 6-week-o1d rabbit s uere i¡cubated 1n vitro with

glucose-1-C1&¡ glucose-6-C14, glucose-{J-{14, p¡rruvate-24l4, a¡rd.

lactate-2-Cl4¡ Cohn a¡d Forscher (Lg62a) studied the aerobic netabolisn

of glucose by bone. They found that under their erqperiment aI conditions

the major end produet of glucose metabolisn r,¡as l-actic acid. The

specific activity of the lactater cortrparecl !úith the i¡iti a'l glucose

specífic actinityr lÛas of al:nost theoretical va1ue. This i¡dicated

that all of the l-actíc acl"d arose frot the added glucose. Froni data on

the ùifferences ín formation of C1ÀO2 fron glucose-6-C14 and glucose-l-C14,

and on the degradation of l-actate ¡ it ¡¡as dete¡rni_ned thaü about 15É of the

lactate devolved frcm the pentose cycle, a.nd the rest: fron lhe Ênhden-

tr[eyerhof pathwaye Because of the large accunu]-ation of lactate and the

relativeþ srnalJ- productton of C1b2, Cohn and Forscher conclud.ed that

the role of the Krebs cycle in the metaboli$n of glucose by the bone

slices appeared to be rai¡orr

11 a¡rother series of experjnent s, Cohn and Forscher (Lg62b)

studLed the rnetabolism of LabeLed glucose þ ueanling rabbíts treated

with paratþroid extract. þi¡þseaI+etapþseal slices frcm the distal
end of fenurs and ni-nces of sofè tissue lære incubated with glucose-U-Cl4r

glucose-6-C14r a¡rd glucose-1-C14. In these e)eerj.nents there r.¡as not a

2¡1 relationehíp betr.reen the ,.¡ noJ-es of lactate fonoed and the p noles of
glucose consÍned¡ I:a an earlier paper (Cohn and. Forscherr 1962a), ll
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appeared that all- of the lactfc aeid produced ¿rose fron the added

glucose.

A cørprehensive bioche¡¡ical_ stu{y of calvaria frcm. newborn raùs

Ì,Jas carried out by Dowse el aL, !963. In terros of its chenical compo-

sitionr the tissue vlas found to be i¡te¡mediate beti^¡een soft tisgue and

rÞlure bone¡ rts netaboLic behavior rras qual-itativeJy similar to thrat

of netaptryseal- preparations in that it sholr-ed excess reserve succinå,ie

deft¡drogenation capaclüyr low orrygen consunptionr high gþcoJ¡rbic

capacityr and a high rate of ¿erobíc glycoþsis ( ilconplete paeteur

effect). Accorrå3ng to this reporb r there would seen to be no reason

to doubt the ëcistence of the TCA cycle in bone. It uas found to be

present fron succi¡ate to citrate in calvariar and citrat e can be

furfher metabolized.

II. VARYI¡\¡G INITTAI GLUCOSE LEIItrS

Activity j¡ecglpgra'Led into C02. Cohn and Forscher (196I) used

epipbyseal and netapts¡sea1 slices fron weanljng rabbLts to study the

netaboLisrn of osseous tissue. They found a greater increase i¡r the

totê1 actirity i-neorporated into co2 at louer substrate revers th¿n at

hjgher leve1s. Sj¡ce no data uas given on the specific activlty of
c02r it ïas not clear whether this j-ncrease uas due to a rise in specjjic

activityr or i¡ the chemicaL q¡antity of COr"

Production of lactateo Borle et a-l (l_960a) found t hat the quan_

tity of lactate produced by metapþseal_ preparations from mice depended
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on the presence of substrater Much greater quantitiee of 1actete lrere

produced when glucose r¡ias present than when it vlas absent.

Calvaria-l preparations r¡ere incubated w:ith varying 1evels of
glucose by Ðowse et aI (1963). They fornd that lactate production

increased rapídþ wÍth i¡creasj¡g concentrations of glucose up to

about i¡ nilli:noLar. Beyond this level of glucoser lactate productíon

ínc¡eased more sJ-ol,rþ.

IïJ. RESIILTS CtsT4TNEÐ !'JITH DIFEEAff{T BüFFmS

Borl-e et ¿ (1960a) found that the quantity of l_actate produced

by met,apþseal preparations frcm mice depended on the kind of buffer

used. lfi-th glucose and o:$¡gen presentr 3O1l more l¿ctate was produced

l-n bícarbonate buffer than in phosphate buffer.

þiptryseal. and metapþseal bone preparations from 6-week-olcl

rabblts were incubated in vit¡o with various substrates by Cohn and

Forscher (L96Za) to investigate the aerobic ¡netaboliqn of glucose by

bone. Il¡e to the slnilarity of C14O2 productíon in THAM and bicarboh-

ate buffers ¡ they felt t h¿t most of the CO2 evolved from Krebs r cycle

activity. Bicarbonate buffer promoted lactate formation when compared.

to TI|AM bufferr and they suggested that this was due to the specific

effect of tü01 or CO^.
)4

Calvarial- preparations ¡vere i¡cubated ruith phosphate and bi-
carbonate buffers by Ðowse et af (1963). BÍcarb onate ion r¡ras at a

25 mil3-i¡no1ar concentralionr and phosphate at a 1o2 mill¡nola¡ concen-

t¡ation in ùhe bícarbonate-buffered rnediun. Bicarbonate ion was abEent:
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and phosphate was at a 16 ¡nil-Llno.Lar cor¡centration in the phosphate-

bu-ffered medi¡m. l,actic acid production was dete¡ni¡ed after jO and

60-mi¡rute i¡cubations¡ Under aerobic conòiü.ons r considerabþ morre

3-actate uas produced i-n phosphate thån irì bicarbonate meðium. Lddi-

tion of bÍearbonaùe suppressed the phosphate effect. When phosphate

at L6 ni]li¡nolar ånd bica¡bonate at 25 nilLinolar concentrations l¡ÞtÞ

present in the sane uediumr the q,antity of Lactate produced was almost

ùhe sane as that found in the standard bicarbonate-buffered medium.

Ðov¡se et aL used the CO2 buffer tecbnique suggested þr pardee and

developed þ Krebs (Urbreit r Lg|¡Z) fo detennine the eoa No differenee

in this pararneter r¿as found i¡ bicarbonate and phosphate-buffered neèir:m.

use of l{arburgl s lrindlrectlr rnethod yielded va.lues for the eo, whlch llere

3 ti-ues as high in the bicarborìete as ín the phosphate-buffe¡'ed rædir:m¡

No explanation for the above díscrepancies r,¡as suggestedr although a

variable C02 retention þ the tissue is one possibility.



CHÁPTTA fT]

GEX{TA,AI I{EIHODS EMPLOYSD

Chapter III gives a¡r accormt of the nethods utilized i¡ t!æ

e¡peri:ænt s descrÍbed i¡ this reporL. The first part of the chapter

deals ¡,¿ith the ana\rtical rnethods for detenmination of t, he chenical

a.mount s of l-actate and glucose. Tr,¡o methods for assessing the quan_

títy of radioactivity Ín cI4-laber-ed substance. are then described.

Thís is foll-owed by a section on the uÞteriar-s used and. incubation
procedureÊ. Finallyr a description of the separation of radioactive

ccurponents from the medir¡n after i¡cubaùion by anion exchange

chronrat ograp try is given.

Ï. DEEMMTN.{,TTON OF LACTIC ACTÐ

Pri¡ciple of the nethod. ldhen lactic acid is oxidized: Ít forms

p¡rnruic acid. Lactic detrydrogenase, a w:ideþ distributed enzõnne, cata_

þzes this oxidation of l_actic acid. w-ith DpN.

c00H
IH+
I

cH3

Snrvic acid

.-+ Lactic

@"c"rìa*

c00H

I
IICoH +

I

un3

Lactic acid

DPIIH
DPN

The above 4Lagreai was taken fron White et aL¡ 1959. The absorbance of
DPNH at a uavelength of J66 ny is r¿easured j¡ a Beclman DII spectrophoto_

meter' The ¡rore ÐpNH that is forrred.r the greater is the opticar densJ.ty.
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T¡ turn¡ the anou-nt of DPNH depends on the quantity of Lactíc acid
present. Hence: when a sanple of lactie acid solution is al_l_o¡¡ed to
react ï:ith buffer¡ DPN¡ a¡rd lactic dehydrogenase, a measure of the

optical density of the resulting solution (afLer two hours at room

tenperature) is a direct i-rdication of the anount of lactic aeid

there was in the origj-nal sol_ution.

Þqceni.nental þrocedure. The lactic deþdrogenase-ÐFN nethod

used uas based on the uork of Cohen a¡¡d NoeIL (1960) and Horn and

Bruns (1956). The microassay method developed by Cohen ar¡d lrloel]- rras

used. A stock lactate solution¡ 3 nill isolar-zinc lactate ¡ or

6 mi 1'l js61¿1'-tr-lact¿te r was rrade up. Sba¡dards consisted. of 10 and

2J ¡tl of stock solution, nacle up to the vóLume of the J.argest, sâqFle.

Blanks were set up just l-ike stand¿rds, except that they contaj¡ed

uaùer instead of }actate sampl_es.

254OO pI of the neutralÍzed sanples to be assayed vrere pipetted

i¡to 10 X 75 wt test tubes. The vo!¡raes j¡ alL tubes ûere aüusted

wÍth l¡ater to that of the J-argest sa[rple. 500 )il of gþci,e-Na0H bufferr

Pll 1Oo5: contai¡l-ng senicarbazide-lgrdrochlorid.e, were then added to each

t'be. This was foltoued by 100 ¡rl- of a solutÍon of DpN.4H2O/tube. l,ast

ef ¡al ¡ 25 pI of a eolution of lactic dehydrogenase uere add.ed to each

tt¡be. The enzyme solution used h,as nade by ùirution of the concentraÈed.

solution 1:4 r,r-ith 6l NaHCO3.

The tubes were sealed with parafì]n, shaken, (as one unit ) and

a'l'l oned to stand at roo¡lL tenperature for at l_east tr¡o hours. There r¡as
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no visible col-or development. The absorbance of the sarnples ¡,¡as read.

in microcuvettes at, 366 q¡ agai_nst the brank sanrpre. r1 order to ex_

clude CO2r and thereby prevent pH change ¡ it r¿as necessary to seal the
blank cuvette with paraf,ì ]nr. All test tubes uere sealed l,ÉÈh parafìla
unôll- the contents uere read. on the Beclalan ÐU spectrophototeter.

uaierials used. The forr-olri¡g naterials were use. i¡ the ractic
acid nethod:

L(+)-I,actic .0.cid:1 zinc lactate. The uater of crystarlization was

12,9/-

GþcÍ-ne-lrla0H Buffer: pH L0.5. The buffer uas prepared by ftixi-r¡g a
6S soluùion of secicarbazlde r^r:ith 0.2J nolar-g1ycine.

p-Diphosphopyridine-Nucl-eotide:2 assay, pgS. ft ïas corrected for
lçlþ0 per uole r,¡tren prepared. CozJm¿se. Frono yeast. The solution
used contai¡ed 15 4C DFff.4UaO/rf.

f,actic Deþdrog"oase¡3 type rr. crystarline from muscr-e. sub-

stantr a1fÍ f¡ee of pJ¡ruvate ki nass. (NH4)2SO4 euspensi.on. 10 ng/¡î.f .

Accurasï¡ of the method. In a series of 2I_ separat e anaþses
tÌæ nea¡r diffe¡ence betr.¡een dupLicate determi¡ations of eta¡¡dard

lThe zjnc lactate was prepared by pfanstiehl Laboratoriesr
Jrrc. r trg¿¿çsgan ¡ lllinois.

^ 
2 t31y,e DpN and en4anê üere obtaj¡ed. from the Sigma ChemÍcal_Conpar¡rr Sb. Louis 18¡ MiisourL¡ U.¡;il--- ---*
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sa,npl-es of lactic acid l.,as 0.149 pC t O.O3t_ pC (S.8. ) at the !.J ¡rg

level and 0.134 Fc !o.O22 pe (S.8.) at the L3.3 ¡g revel.

ÏI. GTUCOSE OXTDASE ]"IEÎI¡3D FOR DSTMÌ"M{ATION OF G,I,UCOSE

Principle of the nethod.. Accoròing to Ki_ngsley and. GetcheJ-l

(19óo), ¡¿ät1er (f9es) first denonEtrated that ftEtucose orcidase

promoted the ocidation of glucose by molecu.1-ar o4ygen to gluconic acid.

Then Fra¡ke and Lorenz (t93?) ¿iscovered that þdrogen peroxi-de is
s5multaneorsþ forrned i¡ thís reaction. This HbO2 ïüt quantttativeþ

oxidÍze cerbai¡ ami¡o subsüituted dLbenzene derivatives to fonn colored

conpounds. o-tolidi¡e ar¡d o-ùianisidine have been used by most r,¿orkers

and the ove¡all reactions represented. by the equations

g3-ucose oxidase
Glucose+02+H20 gluconic acid + H202

peroxidase
H202 + o-dia,nisidine ___-_____+ col_or

o-tol-ídine

have fonned the basis of a large nunLber of nethods¡ differtng slightly
in detail. Mcocmb and Tushol{ (19j8) discovered that the addition of

concentrated. sulfuric acid changed the col_or of the odian-isidi¡e

reaction ¡i.ixbure frorn anber to a deep pÍl,k color that uas stable for
several hours. ft is the absorption of this pink color r¿hich is read

o¡l the BeclsÂan DU spectrophotonreter. The intensity of the col_or is
directþ proporbional- to the quant ity of þO2 forrned and: therefore¡ to

the a¡nount of glucose present in the samples.
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Procedure. Gl_ucose llas determined by a glucose o:aÍdase-3r3r_

d:imet,ho:rybenzidi¡re (o-dia¡risÍaLine ) rnethod nodífied from that of Kingsley

and Getchell (fç00). Samples ot 25-2OO ¡:1_ were pipetted into 10 X75 wn

test tubes. llnplicate standards of 5r l0r 25t and.50 ¡rI of a soLution

eontaining glucose at a concentration of 0.1¡ l¡g4¡l were also put inüo

appropriate test tubes. The volumes in all_ tubes were adjusted to 200 pl
vcith distili-ed water. Blank tubes contai¡ed 200 ¡1 of water i¡stead of

glucose sample.

To each tube were added 8OO pl of the buffer-reagent sol_ution¡

a¡ld then 100 p1 of glucose oxidase solution. All samples rvere ùhoroughþ

ütÍ¡ced, cürered with parafilmr and incubated aL 37oe. for 60 minutes (the

time rr¡as not too critical¡ it could range frøn 45 lo f5 r¿i¡utes. Hou-

everr ühe time should be the same for all tubes).

At the end of the j¡rcubation períodr l¡OO ¡r1_ of 3?.4Ø suffurÍc

acid were added to each tube. The tubes ¡¡e¡e cool-edr and the cont ents

èhorouglr-þ mixed on a vorbex mixer. The absorbance of each solution was

read in a mícrocuvett,e against the blank saa,ple ín a Becknan Ðu spectr.o-

photcrneierr The samples v.¡ere read. at a vavelength of 530 ml¡.

lfaterials used. The following material_s were used in the

glucose o¡<idase method for deterrnination of glucose:

Glucose Oxidase:4 cnrde; contains catal-aseo

_ h¡r. glucose o:cidase was obt aÍned from the Sigma Chomical-
Cornpany r St' Louis 18: Missourl-r U.S.A.
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Glucose:5 d.extrose. Reagent r .A,.C.S. Anþdrous potìrder.

Peroxidase:6 horseradish þpe I. There r.¡ere approrcimately ?O (20 sec)

Purpuroga'l lÍrr Unit s/ne.

O-Dianisi¿ine 17 3r3t -l)^tho:çzbenzidine . O.zrc gn r,,Þre dissolved. j-n

25 sl of neth¡l- a,].cohol.

Pero$.dase Buffer Reagent: 0.8409 en of NaaHpO4 and 1.1194 Cn of

KH2P04 were dissoLved jn dlstilled ¡¡ater. 5.625 ng of peroxidase

were added to the above solution¡ wh1ch.r¡as then adjusted to ,OO û1.

5.625 ßL of o-dianisidine solution r,Þre added to the top of the 50û nl[.

Accuracy of the method. In a series of 1l¡ separate analJses

the mean difference betffeen duplícate determinatíons of standard.

sainpJ-es of glucose r€s 0.055 pg t O.O1I l¡C (S.8. ) at the d.O ¡g
Ieve1 and 0.16,l yg t 0.043 ¡g (S.8.) at the 20 pg teve]-.

fiI. ÐEIffi¡M{ATTON OF Tts,E TOT4T ACTWTTT OF OT4-TABfl,ED SOMPOUNOS
BY OT]ÐATTON WITH POTASSII¡II Pffi,SUi.,NATE

Pri¡¡ciple. Tþe persulfate o)cidation as d.escribed by Osburn

arrd lrÍerls*n (]'932) .an be used. for ¡¡ater-soIuble compo:nds on\r. This

5'7The glucose ar¡d o-dianigÍdine were obtai¡ed. froro Mat hesonr
Co:Le¡nanr & Bel1r Division of the Matheson Compargrr f.Lc. Norwood(C:nc:"nnat:.), Ohío; East Butherford.¡ N.J. , U.3.,A,.

_ 
61he^pe_ro:ridase ¡.¡as_obtained fror¿ the Sigrre Chenical Ccnrparr¡rr9b. l,ouis l$r lulissouri¡ U.S.A.
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Rethod has been adopted by Ì{einhouse (1949) and AnÈhony a¡¡¿ f,one (t952)

for C14 assay. VolatiLe as wel-l as nonvol-atile compound s na¡r be oxi-
dlzed by t !¡-is nethodr as rong as the compound.s are water-sor-uble (Katzr

Abraharnr a¡rd Baker¡ 1954).

This reactÍon can be descríbed þ the follow:ing equatiou

LI?O K2S2% > 2Krffro4 L/2 oz

obtained fr@r ân article by .Abraharn ar¡d Hassid (];gi7).

nbcperi.sentaL procedure. The o:cidation nethod used uas based on

the work of 4braha¡n and HassÍd (1957). .About 5O0 to 600 mg of solid
poÈassium persulfate uere placed i¡to the mai-n cøopartnent of the frask.
îhen the sa,npLe (which should yield. fron lo to 8o nag of Bato3) and r+ater

r'¡ere added to the nain conpartnent to give a volu¡ne of 5 to 15 ¡nl. Afber

the flask had been swirl-ed to parbialry dissofve the persurfate¡ the ¡¡ix-
ture was acidified r¿ith a fe¡¡ drops of diluie H2SO4. 1 ¡rl of l+Í silver
nitrate soLution was then added to the ¡ni¡rture. E:rough co2-free NaoH üo

absorb the c0, forrred during the oxidation was d.elivered i¡to the center

well.

After the flask had been closed. with a rubber stopper, it vras

evacuâtêd by Snserbíon i¡to the stopper of a 22-gage needre connected.

to a vacuurn liner The fLask i!"as pJ.aced into a wate¡ bath at l|O to 50%.

and brought to ¿bot¡t 7Oo0. in 15 to 20 nrinutes. It ¡¡as l_eft at 7ø-75oe.

for appro*íi,rüately 30 ninutes (L.e.¡ until the nixbure r,ras cJ.ear). To

ensure complete go2 absorption, the flask was reft Ín the water bath for
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an addition¿I 15 lo N mlnutes.

AfLer the flask had cooled to roon tønperature, the vacuu¡n ,hras

released by iaserùion thr.ough the nrbber otopper of a tü¡podenric neeèle

conneoted to a soda-lime tube. The flask !¡as opened a¡rd the contents of
the center well we¡e rapídþ ar¡d quantit¿tiveþ transferred, by neans of
suction, Ínto an hleruneyer frask eontafnÍng I r,1 of saturated bariu'
cÌùoride sol-utÍon.

îhe above procedu"e was used for the cørbustion of C&-lactate
a¡¡d glucose-U-C14.

Preparatíon of BaClb3 precipltates. fhe eaClb3 precipitates

obtaj¡ed after addition ot Na2ClÀO3 to a saturated BaC12 sofution were

transfer¡ed to weighed Z¡ mn ¡@Uiflipore filters, tlæe HA or RÂr by

¡neans of Pasteur plpettes. these trLilripore firters had been thor:o'ghþ
dried in a desl-ccator before use¡ and ¡oere moùrted. in a Milü.pore firter
holderS before applicatio¡r of the ra*j.oactive precipitater

After additioÐ of BaCIh3 to the M:iltipore filtersr they Ìrere

d¡led in a desiccator for at reast 12 hoursr and ühen rer.æighed. The

conpJ-eteness of oxidation was checked by these wefuht s of bariu¡n car-
bonater since enough carrier carbol¡ydrate such aE lactate rras added to
the radioactive sa.rnple before oxLdati.on to yield l0 ng of BaC03 or

z d# on the plar,rcheÈs used. The chenieal amo*nt of Bac03 obtained

:il:i:ì1;

.- . %n¡t r¿as obtained from the r{írlipore Fílter corporêtion¡ BedfordrI{assachuEetts ¡ U. S.Â.
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frem the r¿dioactive sample was negligible. Sanples of G0, Ìn NaOH did
noü have to be oxidized and. vrere precipitated directþ as BaCOr. Againr

enough carrier was added to yield abor¡t I0 ug of BaGO3.

0or¡nting of Ba0lh3 preciplt¿ües. The rad.ioactive BaCO3 samples

on l{illipore fÍlters }rere put ínto stainress oteel planchets and held

down with brass ríngs especialþ constructed fo¡ this purpose. A thin
v¿indow gas fLow tube !,as used to count the sarnples. si¡ce there r,¡as a

ce¡tain amount of self-aboorption of r¿dioactivity by the sanrpJ_es thetr_

selvesr the cpmr obtai¡ed were correcied to inf,inite thÍ¡nesso This self-
absorption co¡rectíon took into acc ount the wej€ht of, Ba0o3. The a¡aount

of self-absorption ls given by the quotÍent I,/Io and na¡r be rep.resented

by the follor,r-ing equation taken from Aronoff (L9j6) z

wl¡ere T is the observed activlty

Io is the activity at infl¡ito thLnness

t is the weight of BaC03 per unÍt arca (roe/clr'?).

ff. gEIffiI..üNATTON OF THE ACT]Ii:TÍY OF C1A-LABfi,ED COMPOifiÐS
BT L&irID sctNTrIJJtTloN

Liqríd sctnùiIlation counting nade possible the rapid deter_

¡ninatl"on of radfoactivity in toluene-soLuble cmpounds. A Nuclear_

chicago three chenner llquid sciatillation r¡nit iq¡as used. The solvent

enployed was trLLquifluorr diluted !t2i t a toluene-based eolvent systeu

!=
ro
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containjrg 4 gn xPPOr [Zr 5-Oip¡er¡'fo:cazole] an¿I 50 m€ npopopÍ [lr4-Uis-
2-( 5-pher¡y1o:cazoþ1) -benzene] per r-itre. The channer.s ratio count ing

technlque ïas uged to detennine the aciu¿1 efficíency in hørogeneous

counting syotems of tol-uene or toLuene-methanoL and enable absolute

activlty to be c¿lcul_ated¡

By definitionr liquid scíntil_l_atÍon eounting i6 a nethod of

deteetin€ radioactivity by means of a solutLon of fl"uors and a photg_

mùtipJ.ier tube. The energr of the prjlaa¡y p¿rticle enûltted by the

radLoactive sanple is converbed. to light by the acintirlatÍon solution

and the phototube responds to this light energr by producing a charge

puJ-se which can be araplf.fied and counted by a scaling circuit¡
The channels raùio countj¡g technl-que is based on the fact that

r.rhen there is quenchingr the height of the pulses produced by beta

parbioles isr on the &verage deereased.. As a resr,¡l.t r the spectrtn

shífts to¡^¡ards a Ìower energy (Figure t). Hencer when the pulse height

spectrr,n of an isotope is properþ divided i¡to tl¡o counting ehannels¡

the ratio of the counü ¡ates in the two channels will change ín a unique

a'nd directþ related'anner with the anount of quenchÍng and.r therefore¡
with the countíng efficiency for the isotope. Because of this correlatÍon
between the count raùe ratio and counting efficiency it Ís possible to
construct a quênch correcùion curve such as that Ín Figure 2r by count_

ing a seríes of stand¿rd sa:npres of larown activity $xd varyi-rìg degrees of
quench. once the quench correction curve is prottedr effÍciencies for
sampl-es of unkaown quench can be read dírectþ frcn the cl¡rrre as soon a$

Èhe channels ra¿io for each is carculated" Nonnalþ a quench correctio,n
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Figure 1, Effect of quenchi-ng on the ener-gy s.oectnr,'l of an isotope.
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RATIO =13-L4/ L3-L5

Figure 2. Quench eorrecti-on curve. Relationship betueen efficiency
aird ratio of counting in tl¡o cha:rnels.
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curve pl-otted for one type of sample with a cerbain qrenching agent can

be used for mêny types of sa.mples of the same isoüope r,¿ith differenü

quenching agentsr

CharureÌs ratio coru¡tinE of quenched C14 saniples onlv¡ In this
procedure the cbannels ratio techníque is used to count quenched g14

sa.rrpl-es' The quench correction ratior counting r+ì¡dovls r ¿nd channels

used ¡,ere these !

8ÂTT0 1=L3-LL = CHANNEt 3
L3-L5 EHA¡INEL 2

Total- Counting Windol - L3-L5.

The rr0a.l-ibration Þrocedure for Counting Sanples of One Isotope Onl¡rl

(Nuclear-chlcago Liquld seintíl-lation Þfanual" for Liquial scl¡tiU-ation
Systens ?2lr a¡rd ?25) was used to set the data and gate ope rat ing voltages

at the baLa¡rce poíntr or optjnrn value I ¡¡here maximum count rate was

obtai¡ed in a totar counting rv-indow deflned by a rower Level dl"scri.ni-

nabr (f.3) and an upper level díscrjmj¡etor (L5). The voltages at the
'bhree discrì'nJ nator levels used, r¿ere Q.5c 2.3t ütd 7o9 respectiveþo

The total counting window ¡r¿s split into two overlapping u:ïndo¡¡s

on two separated channêIs for quench correction using ihe channels

raÈio techniqte as followsc The Ghannet 3 selector was set al L3-Lh;

the Channel- 2 selecto¡ vras set at L3-L5. The Level 4 disc¡iminator

control- was set so as to obtain a valu€ as elose as possible to O.J

for the RL ratío: si¡ce the ratio of 0.3 for an unquenohed C14 sa,nple

has been found to produce the besÈ posslbJ_e efficiency versuo ratio
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curve for the najority of 0f4 corinting (Nuclear-chicago Liquid scintil-
lation Ma¡uar ).

tho graph tn Figwe Z, page 23r of effíciency versus the

L3-L!+/L3'L5 ¡atlo for quenched standards Ì{as plotted by deter:n-ining the
efficiency of counting for the tol_uene-Cl4 standard obtajned fron
Nuclear-Ghicago. Idhen the vêl_ue for RL vras adjusted to 0.3, the efficiency
obtained for the standard was 67í. Efficiency ¡¡as car"cur-atecr by crividing
the recorded co'nùs/nrinute for the standard by the disintegratf-onoftrÍnute

for the stürdard, or!

EFFICTnNSf = gPYsffi.
I{ence r the r¡alues obtained. above (R1=O.3: effÍoÍency=óf fi) werc used. to
plot the híghest point on a quench co¡rectíon curve¡ The rest of the
cufire was obùained fron the one ín the Nucrear-chieago Liquid scintir.-
latíon l{anualo Ðvery point, on thio: newþ-conEùructed. curve h.s Il unLts
below the corresponding poÍnt on the curve in the Manual, since the
efficiency of côunting of the C14 standard rcith a¡¡ B-l value of 0o3 on

the latter cufire was J8$ as opposeð, Lo 67í on the fo¡rner curve. The

efficiency versus ratio cìlrve Ìùas used to detersrine the counting effíciency
for unknorm quenched CI& sa.urples once t,he L3-Lhh3-L5 raùio of ihese

sanples v¡as deter:níned.

Y. TÍÁÎEA,T]ILS USED .A¡{D INCUBAÌTON PAOCEüJNES

Elçerfurenüs ¡¡ere done on the calvaria of one_ to two_da¡r o1d

Long-Erans rats. Previous work had been d.one on calvaria ¡ they were

used to show histologÍcal effects of parathyroid homone (Gaillard, 1959),
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resotTtion in tissue culture (Gotdhaberr f96O), the oellufar roLe in
naintalning cal-ciurn levels above those due to passive sol_ubil-ity onþ
(Raisz, Au, and Teppensan, 1961-) ¡ an¿ öhe ¡neèabol_ic effects in bone

resulting fron purified parathyroid ho¡mone added Í¡ vitro (Ðowse et e1:

1963).

Mosf of the biochenical studies of netabolism i¡ bone have been

carried o't w:ith sliced or crushed metapLgrsesr as ùiscussed. in sone

deÈail i¡ chapter rrr allhough these are conùa¡ninated with ¡n¿rrow cells.
rn the carvarir¡qr theze is little contaninatLon with narrolr celrsr ar¡d

the ce11 populatíon is high for bone. The folrov'ing five generar cerl
tJæes predorü.nate norphologicalþl osteobl_astsr osteoc¡rtesr osteoclastsr

carfilage cellsr and preosseous mesenc$mal celte ( Dowse e+, aL, 1963).

This ùl-ssue can be obtained readiþ with a ninimr¡m of eut or danaged

cells. Âccordjl¡g to GaillanL L959t Lhe nain advantages of the calvarLu¡¡

are conveni-ence, reproducibiJ-Ítyr and responsiveness to parathyroid hor-
r¡one ín vitro. si¡ce future experi:nents on Èhe effect of paratlyroici

hornone on glucose netabolisn by calvaria are plannedr it is rdise to

work with a tissue responsi"ve to paratþrord horuoner The resurts r.n

this report are based on grucose-u-cIÀ netaboliEm by calvariar and. rnay¡

or ma¡r notr appþ to bone cells in general.

l{ethod sf preparationo One- to two-day o}d Long_Evans ¡ats of
either sex fron a col-ony naj¡tained in t,he Facul.ty of D,entistry uezre

used.

The rats were decapitated and the head grasped firnly by i-nser.üing
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one lirnb of a pair of folceps through the occipital cavity. The skjn

uas peeled back to reveal the sln¡IL The thi¡ layer of loose connective

tissue whích covers the bone was removed and a piece of the skuì"l com_

prising the major f¡action of the parÍetar bones and that portion of the

frontal bone superior to the rye sockets r^ras cut out Í,:ith a scalpel.

The calvaria thus renoved were inverbed and any con¡ective tissue

adherent to the inner surface removed. They were then divided do'rn ùhe

¡¡idLi¡e and the sagittat suture region cut ¿wayr This latte¡ secti-on of
the parietal bones and the occÍpital bone were excluded frør the tissue

to be lncubated as hístological stu$r showed thaà a variable arnount of
carbilage was present in these regions of the slcu1l.

After renoval fr¡on the rats, the calvarial preparations were

praced ln weighêd beakers containing ice-cold incubatÍon med.i'm. The

tissue was randonized among flasks. Wet weight r{å,s used as the basis

of reference. Accordi¡g to Dowse ef a]. t Ig63: this r¡¡as found ùo be at
leasü as reliable as dr¡r weÍght, noncol-l-agen nitrogenr or deo:qrribonucleic

acid.

T¡rcubation procedures. The bone tissue was incubated in air in
calcÍun-free phosphate or ÎHÁM-buffered me¿iu.n (pu 2,4) in a rrêter bath

aL 37oC. The ionic cornposition of the ¡nedium Ís shown i.n Table I. Va¡y_

i¡g concentrations of glucose-u-cI4 were used, in the ¡nediun of òiffer.ent

e4perimentso Furtherr¡ore r the specific activity of the radioactive
glucose in the ¡nedium before incubation varied. ín different açerímenis

due to varying dilutions of the tabeled glucose r¡rith car¡ler glueose.
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TIre ca¡bon dLoxide given off during the experj-urent t,as collected in
ca¡bon dioxide-free NaOH in the cente¡ welJ, of the fl"ask. Drring the

incubationr the flask Ìr¿c contj"nuously shaken i¡ a rrrater baüh.

The period of lncubatíon was generalþ two hours: arqr variatj_on

is j¡ldicated i¡ the description of the individual e)q)erime¿t. Türo

methods were used io stop the incubations; êither the fLask uas pJaced

on ice and the calvaria rel¡.oved fron the üediì¡n i¡nediately, or acid

uas tipped frqr a side-arm into the naln comparbment of the flask. The

slculls i.vere rinsed uith ice-cold 0.154 M Na0lr and then frozen. The

t"r0lh¡ fron Èhe cente¡ Ì,tsIl ¡las ¡onoved. by suction and stored ín the

col"d r¡ntÍl lt ras subsequently assayed as eaefAO, Ín a thin-r,¡indoff gas

fl"o¡r counter or directþr after absorptlon on paperr in a liquid scintil-
lation systern. llhatever was lefb in the nain compartnent afÈer rerroval

of the calvaria was re¡¡oved and frozen unüir it coul"d be ana\rzed further.
Parb of this nediu¡n obtained after incubatÍon was subJected to anion

exchange chrouratograp$r, parb lras anaþzed chemically for gluco se and

lact¿te¡ and part uag assessed f,or radioactiviðy. Aliquoús were al-so

used for the preparation of radioautograns. Details of the ¿nalytical
procedurres used are given subsequentþ.

\TT. SPE¡RITION O¡'RAD]OASTIVE SOUPONENTS EROM lHE UEÐTIJM AFTM,
T}ICI]BATION BT AXITON ÐrcHANCE CHBOMATOOAAPHT

$ernples of aediun following i¡cr¡bation were pipetted onto

Dowex-l--cr resi¡ coluans t ! x, f c¡a Ín sizec fhe anion exchange resinr
t-&[r 200-l+O0 rnesh, u¿s prepared fon use by being vøshed alternateþ
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with 2 N NaOH and 2 N NaCL¡ This recycling was carried out twice u:ith

each solution. Between additions of the OH- and Cl- ionsr the resi¡r

uas thorough\r rínsed r+i_th distilled water.

A llnear HC1 gradient: from 0-0.02 N over 4OO ¡nI r after the

nar¡ner of Kinoshitar Masurat and Helfant (lg|Ð, lras used. to e}¡te
the radioact ive conponents of the medír¡m. A rnicropump frorn Buchler

ï¡reünmed¡ts was used to pump the líquid. through the colurnn. The con_

tents of the first six tubes ¡¡ere coll-ected by elution v¿it h water only:

the labeled glucose was presenú Ln the fírst few f¡actionsr Each tube

contained approx!.nrate1y 4-r¡1 fr¿cüions. Ol4-lactic acid r¡las usually

found in appro:clmateþ tubes 2!-J0. The aontents of tubes cont ainLng

radioactive glueose or l-aetate were þophilized.r and. then rnade up to
a relaÈiveþ srnall volu¡ne ¡ so that aliquot s could be assessed for
chemical quantity and radioactivity. paper chromatograplry a¡¡d radio_

autograpþ of these aliquots vlas also carried out.
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P.E¡ER CIIRO},ÍÁTOGÊAPHT

Paper chrcuntograptryr a techníque for effecting the separation

of olosely related substa'ces, 
',"s used to separate C14-l_abeled products

of ¡neteboris¡n found in the medi¡, after i¡cubaÈionr and. varisus l-abel,ed.

compounds present i-n the aleohoL extracts of calvaria after incubatíon.

For convenience, the posÍtion of a substance on a ohrc¡natogra¡n is
specifl-ed by iüs trR É: whÍch is d.efined as the distance the naterial
lras moved fron the originar po5nt of apprication dívided by the distance

the solvent front has travelled from thai point (tuith, 1960).

heparation of the pape¡s. !fuêtùtan #lr paper was generalþ uoedr

but on occasion Blaatrran #1 paper was used. as lve11. Frior tó use, the

paper rdas washed for 2 hours in a lf oxal"ic acid sol-utionr to enabl_e it
to bind heavy netals and thus prevent phosph¿te esters from stickÍng on

the or:igin (Mosesr 1960). rt r^¡as then rinsed. lox with diEtirr.ed ,ater
over a period of two da¡rs. This ïas done in a porcelain trayr with a
farse perforated. bottcqn on ¡¡hich to plece ühe papêr. the sheets were

then thoroughþ dried aü roon ternperature.

tr'or t¡,¡o-dlmension¿l_ chrom¿tograplyr the papeß lrere cut 10 i-n.

square to fiü into a stainlese steeJ- frane especialþ constnrcted to
hold paper chronaùogra.ns. Holes were punched i¡to the paper at each

corner, so thåt the chrcmatogra¡rs v¡or¡ld fit onto the steer rods ín each

frane.
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Iþscription o! the solvent systems used.. Ascending paper

chrûnatogr¿phf rn¡as used in al_l cases. The chronatograrns r¡¡ere put into
gl¿ss tanks closed by heavy grass prateso rn two-dimensÍonar chro¡na-

tograpþr the papers uere first arlowed to run Ln a phenol*uaèer solvent ¡
prepared by mixing 1O0 g of phenot r,nith 39 ¡nI of distilled ræ.ter. After
the sheets had been thoroughþ dried wernight in a fi:me hood (an aÍr
fan at room temperature was used to hasten the initÍal phases of the d¡y-
ing process)¡ t hey rvere deveroped in.a second solvent eystemr n-buta¡roI-

propionic aoi.d-r,¡ater¡ ín a directÍon at rtght angtes to the first rrrnr

ThÍs solvent uaô used second because it is Ímpossible to remove all
traces of propS.onic acid þ drying the papers at room têlry)erature. Two

solutionsr Ä and Br were required to nske up thÍs second solvent,
Solution A contained 919 ml of n-butanol and gL nl of disüilled !,.ater¡

whereas so}¡b ion B contained A69 nf of propionic acid and 53I ¡nl of
distÍLled v{ater. rnunediateþ before user equar volumes of sorufi.ons a

and B r¿e¡e mixed (Mosesr l!60). Having boen developed in the second sol_
vent¡ the paper chrøutograns Ìrere reÍaoved from the tank and thoroughþ
dríed in â current of air at room temperaturee They were now read¡r to be

t,reaied with staiuing reagents.

standa¡ds used. stand¿rd solutions of a¡nino and organic acidsr

and of glucose rære prepaned. The concentration of the a¡rino acíd
sofutions h'ås 50 mg,ôo ¡¡1¡ and thåt of the orga.nic acid soLutions was

200 ng/10 n]. The þ¿¿s¡ two soluùions were mad,e up irr 101 isoprorpanol,

The glucose solution was prepated at, a conc ent rat ion of I ghOO ¡al of a
O.$ soluàíon of isopropanol
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Location reagents¡ A 0.21 solution of nínþdrln in acetone (/v)
v',as used to spray paper chrcnratograrns contaÍ_ning anino acíds. The

solution uas either obtalned eomrnereialþ or pr.epared in the laboratory.
Having been sprayed, the papers were hung up at room terrperatrrre r orr
after the acetone had evaporatedr they uere heaüed tor 2-3 minutes in an

oven at 105oC. Irlost of the asd.no acids yielded purple colors with ni-n*
hydlin.

A solution of acridj¡e eonL aining 0.I g :n 100 nI of 99.5í etytxtol
r.¡as prepared (Nordraann and No¡d¡nann¡ l9ó0). ChrcûnaÈogra¡ns containLng
organ:ic acids were rapÍdry drawn through the reagent â.nd then laid flat
on a sheet of filüer paperr pale yel_low õpots on a ¡¡hite background

âppeered for acidic conpoundso under ultra-violet llght r¿ctic acid
fluoresced dark b1ue. llost of the other organi.c acids e¡chibited a
greenaellow:ish f luorescence.

AnilÍne-þdrogenphühalate reêgent was prepared as followo ¡

O.9 ¡nl" of aniline and

1.6ó g of phthalÍc ¿cLd were ùissolved i.r¡

100oO m]- of acetone.

The papers were dippêd thrcugh the reagenÈ (Kar.ærau, 1960) ¡ a¡ld then
heated for 15 ¡ninutes at 100oC. Glucose reacted to forur a brotm spot

on the chrøatograrn. The color was stable for rnar¡y nonths.

IdentifLcatíon of standard anLno acids. 10 pJ. of a ¡rixbure of
nÍne Etar¡dard amino acids were applied a¿ the origin of a paper ehræa_
togran in ùwo 5711 quantiùies. The paper was thoroughl¡r dried bet¡¡een



34

addition of öhE ,-Ft alf.quots. 5.556 yg of each a¡ri.r¡o aoid were applied
to the chronratogran. IlaviJ.g been thoroughry dried i¡ ar-rr the sheeÈ vùas

subjected to two-dimension¿l chrom¿tograpþ as outr-i¡ed earrlr-er in this
chapter. rt r'¡as then spra;¡ed u:it h ninþdrin solution and a-r'ì olJed to dry
at room üenperatureo Most of the a¡rr"no acids ch¡onatographed turned a
purple colorr but trypèophan, proLine, and hydro:ry_prolj¡e did noto

Trypt'ophan was grayish l¡ cororr p¡orine uas yellorcish-gra,rrr and trydrorg-
prorine vlas pare yellorr. The ni¡e a¡irino acids separated are shown in
Flgure Jr The corresponding íaient íficat ion key for these eni-no acids 1s

given in Figure l¡¡ page 36. Sin ce lryd.rory-proline ras pale yelloÌ,r, it
dÍd not show up in the photograph in Figwe !o

&cposuie of paper chro¡natoerans ùo X-ray fiLm. paper chrma_

tograrns containing radioactive substances were e:qpoaed. Èo Ï_ray filn in
the dark. The type of film used riras llford ttd. X-ray filmr vrith ån

rlfex safety base. The papers were alLor¡ed to reÌ[aiJr in contact with
the fÍIm for varyÍrrg periods of tjme¡ Eone times up to several months¡

Thereafèer the X-råf fiL¡n r,¡as developed Èo show up darkeaed &¡eas oã :

the filn. T¡ese areao of blackening corresponded w:ith active a¡eas on

the paperr

The ¡adioautograms obtained were very useful¡ Frqn the rff'¡,r values 
,

deterrninable fron the x-ray fi1-ur it was possibre to identify labeled sub- l

stances" These co'rd be cornpared, to stained arnino acr.ds or organi-c aoids

on the correspondlng paper chronaèogram, Fro¡n the intensity of the
darkened area on a filmr the quantÍty of label in a parbieular coûlpo.rnd

could be estinated.
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Result s of radíoautograph¡r in experi-ment 3. Áfter incubating

for two hours i¡r a phosphate-buffered solution eontaJ.nilg glucose_U_C14,

sku]Lls in e:perinent 3 were ¡enoved and extracted with ethanol (chapter

vr page l¡f). alíquots of the arcohol exbract were chronatographed, and

the resultant chronatograms were exposed to r-ray firns as deecribed i-r¡

the previous sectl,on¡

.å, typical radioautogram is shown in Figure 5r page Jp. Glucose

and Lactate were heaviþ labeled: and there was a far.r amo'nt of r-abel

in the a¡¡ino acidsr aspartater gluta,rnate, and ala.nine. Seri¡e .was not
quite as heaviþ Labeled as the amino acids alrea$r nentioned. Glucose_

óahosphate r{Es nore heaviþ labeted than f¡rrctose-6-phosphate or 3_

phosphoglyceric acid. This indicated t hat the total a¡ror¡nt of radio_

actlvity in the glucose-6-phosphate pool uas greater than that j¡ ùhe

fnrctose-6-phosphate or J-phosphogþceric acid pools. A trace of activity
was defected j¡ cltrl"c and rnal_ic acids, internediates of the TCA eycle.

-Areas containlrg radioactive compounds were cut out of dupricate
chrønatograms, one of which is that jn Figure i¡ page Jp. They r,,rere

then put fnto Liquid sciritfllatíon vials ånd counted.. Fron Table Iïr
ít can be seen that resur-ts uere reprod.ucibre for a ce¡tain substance

from one chromatograrn to another¡ except for Lactic acidr The activity
fotmd in this substance on one sheet ¡,¡as approxÍmateþ ha_lf that fotmd

on the other sheet¡ The second sorvent r n-butanol1>ropionic acid-waterr
uas an acidic one¡ The most likeþ erçlanation fo¡ the poor agreemenù

betr'reen the lactie acid fÍgures r"ras unequal loss of this co'opound r r,¡hich

is volatile in the un*issociated formr during dn/ing of the ch¡cn¡atograrns.
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ÐISTR,ISIJTION OF ACTTTITTT TN ME|T.A.BOLIC ]T{T}æI,IEDIATES PRESEhIT
IN ¡QI}EOUS ETH.âNOL ETTA,ACTS OF CALV¿NIÂ

IN E]{PEA,IMENT 3

ß

Spot Nunber fdentitya cpn Sheet #4 cpn Sheet l6b

2

3

l+

5

6

7

I
I

10

IL

t2

TLz

189

ltt6

r17

27

38

133

r29

78r

2238

455

1l¡f,

118

L83

tn
t20

2ß

29

r39

1,24

701-

2009

968

137

Origtn

Glucose-6-phosphate

J-Phosphogþcerie

Fructose-6-phosphate

Citric

Ma].lc

Asparblc

Seri¡e

Glutanic

Glucose

Laciíc

Álanine

For e:çeri¡¡ental details see Tab1e fVr page 49.
Chrøatographed on lfhatman #4 ln phenol-þO:n-butano3--propionic acld-H2O.

a6ee Fi$re 5.

bstreet 16 a¡rd Sheet #4 dupficate chrmatograns.
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Figure J. Reproduction of radioautograrn of 2-ùi:lensionar- chror¡.atogu'ail of
49çÞof extract of calvarj.a incubated for 2 hours with glucose_
ü-C"*. Experiirient J. For key to m¡mbers see Table II.
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The relativeþ large arnount of 1abe1 in lactic acid supported. the

concept of an ¿ct ive aerobÍc glycolysis i¡r calvaria (Dowse et aL, 1963).

Eince cLtrate a¡¡d nal-ate were also Labeledr this indicated the existence

of the trl-carboz¡rlic acid cycle in bone. ¡\¡rther e:çeri,nents l,ere done

to elueidate the incor'¡roration of cl& i¡ùo the above interrnediates r,,¡ith

fimer In eqeriment 5, radioautogra.ms were prepared fron alcohol

exLract s of slnrlls renoved frq¿ i.ncubation ¡ned,ia at varyJ.ng tjmesr

Preparation of radioaubograjqq in expeli.neni i. The purpose of
orperùnent 5 r"¡as to foltow the incorporation of c14 int,o skuus u:ith

ti.:¡e. A total of twenty-one calvarÍa i:r one flask were all_o¡çed to meüa-

bolize in phosphate-buffered nediun (pH 2,4) containing glucose_U_C14

The a¡¡rou¡t of tissue removed after v¿ryi¡g pe"iods of incubation is
indicated i¡ Table III.

trmediaieþ after withdrawal_ ¡ the tj_ssue was rinsed with cold

0.154 nolar saline r btotted dryr put onto a fílterj¡g funnel¡ and

exLracted w'ith ethanol, 2 ú, of boiling g0l ethanol: boili¡e 201

ethanoL and boiling water respectively were used to extract the tíssue

for successive 3O-minute periodsr Afte¡ each extraction: 'the skul-ls â¡jd

ext'ract'ing solvent lære centrifugedr and the supernatantg saved.o The

rinse uater uas pooled with the previous alcohol extracts to yield one

alcohol- exbract. The above proeedure was carried out for all five
groups of tissue shown in Tabte IIIo

The pooled alcohol exbracts were frozen¡ and, subsequentfy lyo_
philized. Alf.quots were subJected to tr*o-di:nensionar paper chronatogrâprly.

The chronatogralns l4¡ere exposed to J(-ray fil¡¡r for ?O days.
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qu.ANTrfy .AND lnm OF jNCUBATTON oF TtsslrE FþE .ALCO¡{OL

E]MNASTTON, ETPEA,]MENT 5

%

Þcbractl-on Nunber Tlne of Incubatíon Nu¡nber of Oafvaria Removed
fron the Flaek

4f,

I. 15 ni¡utes

II. 3O ¡ninuteo

IIf I hour

rv. 2 hours

V. j hours

P þlves

l-0 halves

ê halves

? l¡alves

I haLves

? 1nll plrosphate-buff ered mediun. Tncubation in air.Initial glucose coneentration L.l05 uM/'tù. -
Initíål glucose specific acùirxity f.¡S X fOó cqthlt

r"*%}"í1W
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Results of radLoautographv in erqcerjment 5o Tþere uas a stead¡r

progression of 1abel into metabolic inùerxediates found in the alcohot

exbract of sk¡l1-s incubated for varying periods of time wiåh gì_ucose-

u-c14. P¿dioautogrå¡ns Îrere prepared frorn alcohor exbracts of skur-rs

l¡cubated for l-5 ¡ninut,es r 30 rninutes r r hourr 2 hours r and 3 hours res-
pectiv6lyÕ

After 15 mi¡utes of incubationr a fair anount of label_ had been

fncorporated into lactic acid¡ Ho¡¡ever r glucose r.ras by far the nost

heavíþ labeled subEtance in the alcohol extraet. The ¿mino acids

gruüa,ic and aspartLcr cloeely linked to the TCÂ cycler rvere disùlnctþ
label-ed. The spot for alanine uas bareþ perceptibre. a smarl anou¡t

of activity had been i¡colpoxated i¡Èo citric and nraríc acids¡ ùhís

denonstrated the existence of the TC"a cycle ín rat calvaria. Ther.e vlas

nore ac¿ivity in the phoephorl¡lated inb ermed:iate s near the onigin than

in the anino acids; irerr the spots for glueose-6-phosphate and

Jjhosphogþceric acid wore darker than the spots corresponùing to
asparbÍc and glutain:ic aeidsr

Fr.uctose-6-phosphate yielded a rauch lighter spot than glucose_ó-

phoephateo This coul-d be due t,o unequd pool sizes of these two sub_

stanees. Kahana et al- (1960) measured. the equilibrirm concentrati.ons

of gì-ueose-6-phosphaàe and fructose-ó-phosph¿te. Equllibrirxr ni:<bures

of the two phosphates were obtained by using rabb it muscle isomerase.

They found that at 38ot 39ot ar¡d 20o ratios of glucose-6-phosphate to
fructose-ó-phosphete r¿ere 3,061 3.36t and. J.gJ respectiveþ, In a

later paper¡ LolnXr et af- (1964) describe substrate level_s in ¡nouse
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brain before and efter periods of ischeurÍa. Âgain r the raüio of

glucose-6-phosphate to fructooe-6-phosphate was )l_. In fact ¡ it
exceeded ùhe expeeted value of J:l obtained by Kahana et al (1960).

They zuggest that this níght jndicate that equilibriu¡n is not quite

¡nainùai¡ed¡ although there Ls a possibility that the true frtctose-6-
phosphate values were soureluhat higher th,an the obserrred levels. Hess

(1963) gtu¿ied ùhe steady-state concentrations of gþco]¡rtic inter-
mediates formed by Er¡rl"Ích ascites tumor ceLlso llnder endogenous con-

ditÍons the ¡atio of glucose-6-phosphate to fructose-6-phosphate was

approximately 2¡ and under conditions of glucose saturation, 4.3g.
Both brain and Ehrliclt ascites tr¡nor cells exhibiú an active aeroblc

gþcoþsfsr The above reports shor,¡ that glucose-6-phosphate and

fmctose-ó-phosphaèer int en¡¡ediat e s of glyeoþsis, a,l¡e preeent in a

ratio of approxin,ately 3:1 l¡ these tissr¡es¡ since catvaria have been

shorn¡¡¡ to exhibit an actíve aerobio gþcoþsls (Dowse et a!, 1963), íf
i.s reasonable to assume thåt the glucose-6-phosphate pool in this tissue

!¡ou1d be l-arger than the fructose-6-phosphate pool.

the radioautogran prepared frcør the alcohoL exb¡act of skt¡lls

Lnoubated for 3 hours r{as very different frqn the one d.escribed above.

Lactic as wel"l- as glutarnl_e acid were approxinately as heaviþ labeled.

as glucose. This indicated acùive participation of the gþcolyùic and

tricarborylic acid cycles i¡r the rretabolisn of gÌucose-u-cl4 by calvaria.
Aoparùic ael-d r¡ras more heaviþ l-abered than in the earl-ie¡ radioaulogra:l:

since it Ls reversibþ rirked to ft¡¡naric and oxalaeetic acids ln the TCA

cycl-e ' this Índicåted that ¡ro¡e activity uas being incorporated into TC.&
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cycJ-e intennediates with time. The spot for alanine had a]-so beeone

da¡ker. Si¡ce this a¡nj¡o acid und,ergoes a reversíble reaction with

pyruvic acid¡ it appeared that a greater percentage of the original ac-

tivJ.ty present in the glucose appea¡ed Ín the ccrpounds of the gþcolybic

cycle r,riùh timeo Citric a¡rd rralic acids also yiel-ded d.arker spots.

lherefore¡ a greater quår¡tity of radioactivity had been incorporated

i¡ùo i¡tennediates of the TC.a cycle after 3 hours thar¡ after 15 minutes.

After 3 hours r there was also a nuch greater quantÍty of activity Ín
gluÈanic acid than in the phosphorylated intemediates. This suggestedr

that ¡ with time¡ much of the activity from the glucose had moved on

ttüþugh the gþcoJ"¡rbic and trj"carbo:glÍc acid cyoles to forrn Labeled

glutanic acidr which Ís used in protein synthesis. Ib appeared ttrat at

the glucose LeveL used (1.1"05 irrrol-es /rnl) t tat calva¡ia were syntheoizing

glutanic acidr andr therefore¡ proteino This concept r,¡as further eupported

by the fact that proliner formed fro¡n glutanic acid¡ had also becone

Iebel-ed afLer a 3-hour incubation period.

After 3 hours ¡ some actiuity t¡ad also been incorporaüed into the

a¡ni¡o acidr serine. No spot for seri-r¡e was detectable after the L5-ninute

Íncubation. Sl¡c e serine is forrned by a three-step process frø !-phos-
phogþceric acidr r^¡hich is largeþ csnverted to 2-phosphogþceric acíd¡ it
is to be expected that a relative\r snaIl fraction of the total activity
would be incorporated into serine. since serine is an intenrediate in
the fon¡ation of the nucl@otide Ínosine-¡¡onophosphate r important in the

synfhesis of the nucl"eíc acÍds nNÀ and DNAr ít is conceivable thatr i¡r
this systenr ¿ snall anount of radioactivity could be forind i¡ il{A and. DûlA.
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PAEI,TMTNARY Ð(PEA,TUENTS

Tuo preliminary e:çerÍment s Ì,ere perforned in order to yfeld
general ínf æmat ion concernÍng glucose-U-Cl4 netabolígn by calvarial
preparations. ThÍs chapter gives an account of the procedures carried.

out in experiments l- ar¡d 3r the results obtaÍned¡ and the conclusions

draÌ'rn frcm these resul_ts.

I. M$M,TAT AIID TNOII8ATTON PNOCEDUNE

In experimeüb 1, approxirateþ 100 ng of bone were placed in
each of six Warburg flasks. Two of the flasks r¡ere oontrols and. con_

tai¡ed 2 mJ- of substrate-free phosphate meùiun (p¡l ?.4) i¡r the main

conparbment and 0o5 trL of r7.5% t¡ícffloroacetic acid in the side-am

of each. The four e¡cperjmental fLasks contained 1o5 ml of medir¡n

(pH ?.4) and OoJ rú- ot l7¡5fi TCA eaoh. Gl-ucose-U-Cf4 (1.96 X rc4

op'n/¡moIe ) rras present i¡ the ¡¿eùiu¡n of the four erperi"rnental flasks.
I¡: the center well of each of the six fl_asks were 250 ¡rL of N NaOH.

Forby-two rats were randqnized,¡ and èivided into three groups

of fourbeen each. Fr-asks r- a.nd 2 contai,,ed. oeven skur-ls or fourteen

haLves each: alternating halves ¡ j..e.¡ ¡ig¡¿ or 1efbr were put into
flasks I and 2 respectively. Si¡nil_arlJrr flasks 3 and 4r and 5 æd 6
contained fourbeen skulls per pair.

fncubation uas carried out i¡ â Harburg apparatus at 37oC. ft
was stopped at t i¡ne zero i¡ the cont rol frasks and after 2 hours i¡ the
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e:æerlnental flasks by the addÍtion of trichLoroacetic acid frc¡n the

side-¿r*. C02 evolved was absorbed j¡ the atkali i¡ the center wel_I¡

Recording of the 02 uptake during Ín cubation nade it possible to deter-

nine the Qor.

Afber the ineubation r the contents of the center v¡e1L in each

flask were transferred by suction to a 5-n1 volurnet ric flask¡ The

volume was adjusted to 5 r¡.Ir a¡d later suitable aliquoùs we¡e removed

for detennination of the CO2 content on a Warburg apparatus. Frør the

difference in c02 content of sanples from experJ.nental and. control fLasks'

it lfas possible to c¿l-culate the netabotic co2 production. aliqlrots ì{ere

also re¡noved for actÍvity deüermin¿tions.

The fCA supernatants obtalned after incubation r,¡ere frozenr ag

were the skulls.

The seeond prel5mínary experinent, experiment 3, was carried out

for two main reasons. fnfor¡ration rn¡as to be obtained on the presenee of

labe1 in intemed:iates idenüified by paper chrøaatograpkic techniqueso

AIso: it uas to be det,ermined in a preUmina4,¡ tray if the specific

actÍvity of the ¡oetabolic c02 could be assessed. more aecurateþ þ corlect-

ing and assayÍng the co2 produced during the i¡cubation onþ rabher than

the total after addition of acid.

I:r øçerirnent 31 27O ng of tissue vue¡e used. To acconmodate this
quantitlr of tissuer a Iarger fl-ask r¡as requi!€d thsn in experi.nent J-.

Hencer a 50-n1 fuIer¡neyer flask with a fused-j-n center ¡¡eLl vas usedc

&.0 ¡n1 of phosphate urediurn (pH ?.4) of the usual ionic cøaposJ.ùion were

put into the ¡¡ain ccrnpartment of the flask: glucose-u-g14 ¡las present
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at a speoific aotivÍiy of 1.3O I l0ó cpnr/¡rnole. The center uell of the

flask conLained 0.4 nl of 2 N NaOH. The incubation uas carried o'¡t in
a shal<ing uater bath at, 3?oC.

After tv¡o hours¡ the f,task v,as removed. from the ¡¡ater bathr and

the contents of the center uelr. ¡¡ere üransferred to a 5-rrt volr¡metríc

flask as in e:çeriment 1o As beforer aliquots were used to detenaine

chenical quantity arid radioactivity of Go2. sj¡rce no acid was added to

the i¡cubation flaskr the figure for the a¡ro¡nt of C02 liberated was

ótained frøL c02 evolved from tissue a¡rd ¡nedium duning the tr¡o-hour

inoubatfon perÍod onþ.

The contenùs of the ¡nal¡ comparbrnent of the fr¿sk ar¡d the tissue

were then rapidþ transferred to E furmel. The lÍquid Ìras removed b5r

sucüion. A few n1 of water were used. to ¡,¡ash the tissuer rn¡hich was then

exbracted for t hour periods successiveþ with 5 r¡1 of boiling É01 eth¿norr

2 m.l" of boil5ng 201 ethanol ¡ a¡¡d 2 nl_ of boiling uaùer. After each

ext¡action¡ the skuIls and extracti:rg solvent werre centrifuged. ln each

caser the supernatant s !,¡ere saved. and pooled ldth previous ones to fort
one alcohol extract. After þophilization of this alcohoL exLract ¡

snall aliquots r.¡ere subjected to two-djmensional paper chrcnatograply

(Ctrapter lVr page 32).

After exb¡action ¿s above¡ the tissue remaining uas decalcified

by diaþsis against etlSrlenedia*rinetetraacetíc acia (E[IIA). ft was then

vrashed by dialysis against watero Tbe ¡¡ateriaf remainÍng was dried on a

planchet r weighedr and counted.

As in e:qreriment L tkæ roedir:¡¡ obtained ¿fter j¡cubation r¡as
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frozen. Lactic acid deterninations were subsequentlJ¡ carried out on

thís mediun and on the neutrar.ized protein-free triehroroacetr.c acld

exbract frwr experjment 1o rn order to obtain the specific activity
of the l-¿ctate in the nedia of both experinents I and 3r it r¡as

necessalï¡ to eeparate the lactate frcrn the other radioactive corß_

ponents of the nnedir¡n. Thie v¡as d.one by puttfng a sarnpl-e of medir¡m

onto e Dowex-l--Cl anion exchange colunnr and elutlng the sanple by

using a line¿r ll0L gra¿ient as described elsewhere (Chapter IIIr page

3o). sorne of the lactic acid obtained in this l¡¿y ¡ùas oxidr.zedr ar¡d

sorTre vra,s analfzed chernicalþ. rn experiment rr 5 ng of carri.er Lactic

acid were added to each sample of radíoactive ¡nediun before it vas put

onto the resLn column. No carrier uas added to the nedium in experi-urent

3.

TÏ. U{PNRTMSNTÁI, RESULTS AND DTSCUSSTON

The læight of tissuer vofurne of mediumr and j¡itial quantity of
glucose per flask Ln experiments I and 3 are given j¡ Table TV. Various

paraneiers for laetic acidr whethe¡ detenni¡ed experimentalþ or cal_

cuLaüedr are also included in this table.

tactic acid producüion and qpecifíc activity. Althorgh the pro-

duction of l"actic acid per gram uet weÍght of tissue v¡as quite variabler

an inverse correratlon between this and the specific activity of the

lactic acid was present so that the fracti-on of the total original activity
which uas presènt, in the laci:ic acid forraed r.¡as much nore constanto
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the ratio of the specÍfic acti\,Ìi¿ies (in cpn"/paton of carbon) of
glucose and lactic acid ranged fron J:l to 6¡I. This i.:edieated a

dil-uùion of the glucose to lactic acid pathway by ar,r end.ogenous sub-

strate. ft has been sho,m previouely that gþcogen present Ín the

tissue ca¡¡ produce considerable qua.ntities of r-actic acid under con-

ditíons where no external substrate is added (Dowse et ab LJ6J). Ât

the level of glucose used in these experjments (1.11 pnotes/m1): there

coul-d be varyi¡g degrees of dilution by endogenors substrate. This it
is thought is probabþ gþcogen,

lGiEbo1ic C02 production. T!¡o possible neùheds of det,ennining

¡netabolic CO2 production Ï'ere considered.. It was decided that a
d.ifferentiat manøetric approach r,rcur.d be unsatisfactory because of the

labile nature of the large qu¿nt ity of CO, dernonstrated þ Borle et al_

(1960a) in meàaptçrseal- bone preparations. Ttrat the co2 in carvaria is
l¿bi1e is clear also from the rarge rerease of co2 found in experiment !
durirrg Íncubatlon (Table vrr page Jl). The method chosen, thereforer uas

one in v¡hich the difference between the tobal c02 content, of tissue and

medit¡¡r i¡¡ experimental and controL fl¿sks was determlned¡

since the varues for metabor-ic coa production uere obtained fro¡r
figures differing by onry about 10$r there was a', i¡herent error in this
method which limited the rer"iab ity of the estÍnation of this pa,raneter

in experiment 1o From Tabre v 1t can be seen that the average varue for
netabolic C02 production i¡ three flasks l¡ experiment I !¡as l"ó.?3 ¡u,o!es/
gra,rn wet weígl]É,/2 hours¡ Uhen thls is compared to the average eo, deter_
ni-ned of f4.3r+ ¡¡noles,/era¡n wet weigh!/hour: an R. q. of 0.5g is obtaÍned.
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Slnce t'he Ro Q. obtai¡ed has a rather low value, furLher stud¡r would

be necessary to assesg the retiability of this method for deterîinj¡g
metabol-ic C02 Þroduction. fhe prôblen ¡las not pursued furLher in the

present work.

Metabolic GO2 specffic activityo The specific aeÈiviùy of the

netebolic 0O2 in e:<.perinent 1 (Table VI) ranged frcrrn. )J.8-2?.5fi ot

thaÈ of the glucose (to calculate these percentages, the specific 
..

activities of both CO2 and glucose in terrns of cpur,/¡raton of carbon

were used). This ind.fcated that a large parb of tho CO2 Ìras produced

e19ercherethaninthehexosemonophosphateshunü.Ita1soindicated

that nost of the netabolic C02 aroEe from sources other thar¡ the glucose

added¡ As mentioned eêrl"ier in this chapter (paee 5O), it ls J-tkely

that at the glucose l-eve1 used in thls erperirnenù (I.11 pnofes/nf)

ther€ are varying degrees of dilut ion by endogenous substrate¡ which is
probably glycogen.

The specific activity of the ¡netabolic CO2 in experiment I 
;,,.,:

(taUfe ff) varied f,ro¡¡ 39.I-L26.8ß of that of the lactic acl-d (as above¡ ,.

these percentages r4rere calcutated by using specific activities e:çressed ' .

as cpn/¡raücm of carbon). Frorn these results it appeared that the systøn

was probabþ not at equilíbrir:m after ¿ 2-hour incubaôíon period. It ls
t-ikely ühat after a longer period of incubation the specific activity of i

the tO2 would be very close to thaÈ of the lactic acid, or even exceed

itr as it ùid in one insüa¡.ce abc¡veo In the case hrhere the spêcific

activity of the C02 was greater tha¡r that of the lactater it is obvioos
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that the lactate uas diluted more than the tO2: this couLd happen if
scrne of the C02 were forned j¡ the hexose monophosphate sletrnt.

002 production ar¡d specific aatirity in expe¡jrent 3. A sur-

prisi.ngly large arnount of 002r anount ing to sone ñfi of ttp þþ! COe

eotimated to be present i¡ the tissue, uas evolved. during the l_ncuba-

tíon in this experfment. This is evidence of the narkedþ labile

nature of the CO2 presenè in such preparatíons of bone. It is interest-

íng to note thaÈ 8or1e et ¿ (f9óþa) produced. evidence for the reverse

phenøaenon r i¡ê¡¡ & cons iderable net uptake of CO2 during i¡cr¡bation

l¡ bÍc¿rbonate nedir¡sr of netapþseal preparâtions fron mieeo

ïn trso l-ater pâpers, Vaes a¡d Nichols (1962a and 1p62b) assurner

sonewhat surprisÍngþr È hat, exchange of metabolicaì_ty produced COz rdith

the ca¡bonate in the ¡aineral of slmil¿r preparations wiIL be ¡ni¡lmal on

the basis of earlier work by Buchanan a¡rd Nakao (J:g|,?). The studj.es of

Buchar¡an and Nakao¡ however¡ were concerned with in vivo turnover rates

of CO2 in whole bones measured over exbended, periods of tjme and probabþ

have Little ¡eleva¡rce to the i¡ vitro condit Íons of the present ¡¡o¡k and

thaü of Vaes ar¡d Nichols. In a furùher recent paper, wiühout reference

to argr supportlve evidence ¡ and r the¡ofore, presunably based upon the

sa¡ne i¡ g@ data of Buchar¡an and Nakao referred to in their earlier
papers, Vaes and Nichols (1963) assune ùhat the spec5fic acüivi.ty of

the bone ni¡eral CO2 r,ras zero. They state that this assr.rnption was nade

beeause exchange of bone raLneral CO2 with the ¡¡edir¡¡r C02 seems to proceed

sJ-owþ and is incornplete over the short periods of incubat ion uEedo

Ðata obtai¡ed by Buchanan a¡¡d Nakao (Ig52) indisated. th¿t even
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slight grovrbh stimulated the turnover of bone carbonate' They studied

the turnover rates of bone carbonâte in rats and mice of various agesr

Since the calve,rir¡¡n used fui the present stud¡r was a rapÍdfy grol,ûring

tissu.e r it is likeþ that àte tuthover of bone carbonate in this tissue

preparation v',as quite high. Buchanan ar¡d Nakao (f95S) studied the loss

of bone carbonate fron powdered rabbit bone in phosphate buffer (pH l.l¡).
After an i¡terval of 3 hours r they fomd that approximat ely 25fi of LYlr.

bone carbonat e had been lost. There was a progressive loss of 45f of

the carbonate during the first 2 da¡rs and }ittle thereafte¡. Fron thls

it appeared that approxÍmateþ half of the bone carbonate Ì{as qÌdte

labile.

Bor1e et al (196Oa) demonstrated a net upùake of 002 during incu-

bation in þiaarbonate nedium of metaplqrseal prepaf,¿tions fro¡a mLce:

Buchanan and Nakao (t958) were able io shol¡ ê net l-oss of CO2 from

ponder€d rabbit bone in phosphate buffer. I{encer a greater furcorporetion

of C14O2 into bone mÍneral- nuight be expected in bj.carbonate than in phos-

pbate buffer. The total activity pr€sent in the C02 collected Íl experi-

nenü 3 r"¡as equivalen! lo 2.2ß of the original actívity present as glucose-

U-CI4¡ onLy slightly lower t han the corresponding vaLues obtaíned in

experiment I (labl-e VL page Jf). this shohr$ that l-ittle act Ívity rnras

i¡corporated as carbonate into the calvarial preparations during incu-

bation j¡ phosphate-buffered med1r¡n.

Data ie¡ thereforer available on the net uptake and net lose of

CO2 bV various bone preparations during incubation iq vitro. Þ<perimeaÈ s

Buch as those of Buchar¡an and Nakao noted above have supplied data on Èhe
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rate of exchange of bone carbonate 
'nder 

in vÍvo conditions. There isr
howeverr no quantitative inforsn¿tion on the anount of CO2 exchange

oceurring during the i¡cubation of parbicular bone preparations in vitro.

. Frør the radio_
autograns of the two-dimensional paper chromatogra.ns of the tissue
extract (Figure 5, page 39), íl could be seen that label was present in
approxlmateþ èquar a¡nount in alani¡e r esparbic acid¡ and glutanic acid.
Lactic acid¡ of courser flas heaviry rabeled and faint spots coûespond.i.ng

to some of the phosphorylated gþcoþtic fntersrediates were presentr

sligtr' traces of activity courd be deÈected in the positions which would

be occupLed by a few of ùha Krebs cycr-e intermedr.ates: but these courd

not be visualized chemicar-þr since rnarry of these acids combrne with
bone mlneraLr ùheir concentration in an alcohol:vrater exbract mað¡ be

very J-ow. cohn and Forsche¡ (rç6za) found lees i.yøn lß of the utilized
activity preseni Ín Krebs Çycle intermediates separated on sÍlícic acid
fron a perchroric acid exbract of metapþseal pr€paratÍons incubated ¡¡ith
glucose-U-Cll¡ und.er conditions simiLar to the present ones. Aftelr ex_

t¡acüion a¡d decaLcificationr the resÍdr¡al tissue in e:çeriment J
cor.¡nted at I X 104 cprn when directþ plated. It is reason¿ble to
assume tlet this materi¿I is lergeþ protef.n.

StmnnsrT. Fron the results of experjment s 1 and. 3 lt lr¿s possible
to ¡each certai¡ conclusions. I¿ctic acid production and specific
activity r¡ere not constant but r,lere inverseþ rel"ated to each other¡
This j¡dlcated endogenous dilution r possibþ by glycogen. The esùj¡rated
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metabo}ic CO2 production þ the ti.ssue of L6.73 ¡noles/gra,m uet weight/

2 hours indicated a J.ow R. Q. of O.Jto The markedþ lower specific

activity of the metabolic CO2 compared, to that of glucose i¡dicated
that endogenous dilution was oceurring. Evidence indicating that the

CO2 content of ùhe tissue lrÞ.s verXr labile¡ was obtaí¡ed. In the a¡eíno

acids asparbate a*d glutanaüe, closelJ linked to the TCA cycler there

was found to be raèioactivityr as well ae in the ingoluble residue

afLer decalcjfication. I{encer active synthesis of high ¡¡oleeular

weighb ccrnponente ¡¿as still continuÍng.

l'uture experiment s were planned j¡ order to det,errni¡re ühe quan_

tity of glucose consumed and its rate of conswption per flasko From

the totar nr¡mber of count s utillzed¡ it wour.d be possible to cer.culate

the peroentage of utílízed activity preoent j¡ lactic acidr C02r and

other products of gluco se metabol_ism. This would be essenüial l¡
estinating the incidence of va¡Íous paühways of glucose netabolisn.



CH,qPTER, VI

GLUCOSE UlJT.IZffi) BY CAT"VNNI]T DI]RTNG TNCUBATION

The preliminary experimenL s had supplied sone infor:mation on the

lactic acid productionr orygen uptake, and carbon ùioxide produclion of

the eells Ín a calvarial preparation. fnfo¡mation concerni-ng the

specific activíty of the lactic acid, [totaltr carbon dioxide¡ and meta-

bolic carbon dioxide formed during the incubation had also been obtaLned.

Howeverr no data r,¡as available on the a¡rount of glucose util-ized, or its
utllÍzation rate.

fn experìment 2 an atternpt uas made ùo elucidate further the neta-

b olion of glucose-U-Cl4 by cal-varia. An analysis of the glucose in the

medium before ¿nd afLer incubation was carÍed out. From this i"t was

possibl-e to cal-culate the gluco se util-ized ¿nd its rate of utiLization

Ín ar¡r partieular flask during incubation.

Ï. EXPMN,IENTAI, PNOCÐIIRE

lwq 50-n1 ÞlenrLeyer flasks wlth fusod-in center wells were used.

in experiment 2o Fhosphate buffer (pH 2.4) of the usuar ionic ctr4position

was uged: it conüaj¡red glucose-U-Cf4 with a specific actÍvity of loJO X

105 cpnn/pnoIe at a concentraùion of 1"11 ¡moles/rn1-. In flask Lr there

uere 10¡O srl, of rnediun¡ and in flask Z, 7.5 rlù- of medium (Tab]-e VIf).
A total of fifty calvaria were used j¡ flask J-; il flask 2r ühe re were

forLy-fiveo In both fl-asks¡ 0.5 ¡nf of sodiun lçrdroxide were pre sent in
the center uell to absorb carbon dioxide.
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TABLE VIT
(al¡, ZATroN oF eI,ucos¡-u-c14 By c¿l,v¡n¡¡,

E]G@,]}IENT 2

Fl-ask Nrmber

ïfet Wbight of Tissue (ng)

Vofr¡me of Medir¡n (rll)

Sxitial- Glucose (pM)

Glucose Utilized (¡rM)

Utillzation nate (¡rtvt/gnl2 hou"s)

Tota1 Cou¡ts Orígina1 (spa)

lota-l Count s Utj.lized ( cpn)

789

10.0

11.1

b.2t

5.33

1.44 x to6

5.tß x ::o5

589

7.5

8.33

3.19

5.33

1.08 x 106

4.15 x 105

Phosphate-buffered nedium. hcubatíon tj:¡e 2 hor¡rs in air.tnttíal- glucose concentratíon l.tJ. È4ln1; -clucose specÍfic activity 1.30 x 105 bpr/p¡¡.
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Afüer the fl_asks had. been incubating fo¡ two hours, t"iehloro_
acetic acid kras added to the ¡nain conpartmenL by means of a needre and

syringe. The needLe projeeted through a stopper into the flaskr and

håd pol¡rLhene tubing a! the bottør. This üubing fitted into the frask
so that it was just above the liquid 1eve1. After the TCA had been

administered¡ ùhe needle was removed fron the stopper. Ihring the tro-
hour incubatÍon periodr the needle uas plugged with a wad of parafilm.

2rl ml of Lífi rcL were added to frask 1¡ a'd 1.g75 n1 to flask 2. Each

flask was t hen left to shake for another hour at 3?oC.

After rentoval of the flasks frs¡n the water bathr the contents of
the center welL were tra¡rsferîed to a !-nr volumetric fr.esk. The riquid
in the volumetric flask lras nade up to the nark with boiled ¡¡ater. Ali-
quots were renoved fronr this volr¡¡retric frask and anaþzed for che¡nical

quantiùy and radioactivity of C02.

Íhe neutrarized protein-free triehloroacetic aeÍd exLracüs and

calvaria obtained afàer incubatÍon were frozen. some of the extract
uas subsequentþ anaþzed for glucose and ractíc acíd., and s.o'.e ]res

put onto ani-on exchange resin coru¡¡ns. No carrier lactate was added to
the sarrples put onto Dowex-r-cr corr¡nns. The specific activity of lactic
acid .luted frøn the colum¡ls rr's d.eterminedo The fractions f¡on fr¿sk r
containing lactie acid uere þophiliøed and alJ.quots chromatographed on

llhat¡¡an #f paper. The br¡Jfered phenol solvent A of McFarren (tg5f) ,s
used. Gl-uta¡ric acid lcas identÍfied i¡ the earlier fractions ar¡d its
specÍfl-c activity detersined.
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rI. nÆsul.ls lND DISCT,SSION

Becoverr¡ of CI4. Only J6fi ot f,he radioactivity of ühe glucose-

u-cf4 netaborized uas recovered in expeniment 2 in the i-nte¡rnediaùes

isolated. 4bout 28ß was present in the ractLc acid fonnedr 7i& rn thß

C02 and 1l tr ti¡e glutarnic acid. Sj¡¡ilar results were obtaÍned in
experfunents 1 and 3 as to the fraction of activity originalþ present

l¡ the ¡nedium which appearod in the lactic acid and COr. lf the

assurption uas made that the glucose uptake ras sjmllar in all experi_

nents, thereforer ebo't two-thi¡ds of the labor ¡netabolized was not yet

accounted for. The radioautogre¡ns prepared in experiment 3 indicated
the fate of a part of thioo AJ-aniner aspartic acid and glutanic acid
were al"l label"ed in s,pp¡oxfuEteþ equar a.ûiount. Faint opots cor¡e'pondi^ng

to swp of ùhe phosphorylated gþcoþtic i¡ieræedlates were presenùr

0ohn and Forscher (rg62s) reeovered abøi. 6aß of the utirized activity
i¡ lactic and pyruvic acids and abocib 6f, in the CO2. They incubated

netaphyseal preparations of bone i,*ith glucose-u-cl4 unde¡ condit,íons

similar to the pr.esent ones.

'Lactic acid production and specific activitv¡ As i¡ experiment s r
and 3r ühe production of ractic acid per gram of tissuo ¡¡as quÍte variabre

a1-though an i¡verse co¡¡er-ation bet¡¡een this and the specÌfic activity of
the lactic acid was presentr Ðespite a üwo-fol-d diffe¡ence in t,he net
lactic ¿cid production a very sinrilar fraction¡ approxìnately 2gl of the
aotivity utilizedr r,rìas present i¡ the lactic êcid of both flasks Jn e:çeri-
nent 2 (Tab]-e VIII). Sínce the ratios of the specific actlvities (the
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TABLE IÆTI

INCORPOBATION OF CABBON-I4 INTO LACTIC ACTD
BY CALVÁRTA, EXPEn,TMENT 2

flask Nunber

Lactic Acid Produced (¡rM)

Production n¿te (r¡H/gm/z hours)

S.A. Lacüic Acid ( cpm,/pM)

Total Co:nt s j¡ Lactie Acid (cpm)

fi of ToLaL Counts Utll-ized

Ø of Tota1 Counts Original

6.2o

7.90

2.61 x 104

1.62 x l:O5

29.6

11.2

2r l+2

4.II
l+.68 x rc4

1.13 x 105

27.2

10.5

See Tab]-e VfI for experimental details.
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specific actÍvities r¡sed fqr the calculations were expressed. in te¡ms

of c¡rn/patcrr of carbon) of glucose a¡rd lactic acid. were approximately

2.5 artd l.4r thÍs i¡dicated a dilutior¡ of the grucose to lactie acid
pathuay by an endogenous substrate. As discussed in Chapter V¡ thÍs
endogenous substrate is likeþ glycogen. Eecau.se of the nerked vari_
atl-on in }actic acid production noted above r yet the apparent consùancy

of the glucose uptake (Table VIL page i9)r it l_s argued that the con_

cenüration of gì-ucose selected has been such as to aLlow varying degreeo

of dil-ution by endogenous substrate. Oohn a¡rd Forscher (1962a) found

the specìfíc activity of the lactÍc acid produced by nnetaprryseal bone

preparat ions i¡cubated wíth glucose-IJ-gl4 (at a concentratíon armost

identical to that used fur the present study) in bicarbonaüe buffer to
be the same as that of the glucose. This indicated that all of the

lactate arose frqn the added glucoser andr thereforer that there was no

endogenous diluüion of the ractate. They arso found that apprnxlrnateþ

1¡mole of lactate appeared. for eaeh pmol_e of glucose uhich disappeared.

Th5-s suggested that oÈher products besides ractate rr¡ere beírg for*ed

fron the glucose. In a later paper, Cohn and Forscher (1962b) Ìeport,

results r,.¡hich show that in the metaphyseal bone preparatÍon they utl_
lized¡ thore was conside¡able variation i¡ the ratio between the lactate
formed (in ¡notes ) and the glucose consumed (in ¡mofes). Frone figures
given in Table f of their paper (unfortunateþ means of g or 9 Íncubation

flasks rcith no r¡reasure of the varia¡¡ce) r it can be carcurated that when

the initial sub strate concentration ¡¿as 0.5 ¡uroles/mL tbe ratio of
Lael¿te fomred (in ¡moles) to glucose consuned (tn ¡moles) ranged fron
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0'88 to 1o !/a. lrlhen the initial_ substrate concentr¿tion was drO Fnoles/
nJ-r the ¡atio of laetate fosned to grucose cons'med. varied. from !.32 to
L.78" This variation in l-actate prodr:ction at a given glucose J_evel

could hâve been due to varying degrees of endogenous èilution by gþcogen.

Although no data directþ concerning the gþcogen content, of their pre_

parations is avail¿ble ¡ l¿gkín and negel (1956) dsnonstrated gþcogen

l-n similar preparations frorn adul-t rabblts. si-nce cohn and Forscher

(1962b) do not reporb the specific activity of the l_actic acid f o¡med¡

it is lrpossibre to decide whether or nob the obse,.¡ed variation in
lactate production was due to endogenous d.ilution by gþcogen.

R¿dioactivity in C02o Althorgh the toùal counts r¡til_ized Ín
f,lasks 1 and 2 varied þ abouÈ ZFfit þhe total cor¡nt s in the CO2 al-so

varied by about ihe same amount r so ¿hat, the percentage of total counts

utilized. present in the CO2 v¡as ¿}nost identLcal Ín the two flasks
( fa¡fe U). T¡e percentage of toLal origlnal counts Ín the C02 nas of
the same order as that in operimente l- and 3. Hence, Ít was reasonable

to assumer as on page 61, that at ttris glucose l-evel about |fi of Lls
total count s uùilized appeared in the CO2.

Summarv. .ApproxÍmateþ 281 of the utilized activity was

recovered in the lactic acj.d: 1fi in the c02r and l_ø in the gluta¡ic
acid¡ this indieated a nore ccrnplex fate for substrate glucose than

appe¿red to be the case from earlier non-tracer studies. Glueoee uptake

appeared to be constant as did the fxaction of ut ized activity appearing
ín lacèic acid and 002. Äs found ín experi¡nents I and 3r lactic acid
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TABTE IX

]NCONPORAT]ON OF CAABON.i4 ]NTO C.ARBON DTOXIDE
BÏ C.Atr.VÁRTA, HEER,IMENT 2

Flask Nunber

Total C02 ¡'oun¿ (¡¡!I)

Tota1 C02 round (È/gn)

S.A. Totat- co2 (crnâtu)

Tobal Cor¡nts in C02 ( cpn)

f of Tota]- Counts Util-ized

14 ot. 5lotal- Count s Origtura"Ì

130.0

l.:6l+.7

2.8L x 102

3.65 x lol+

6.7

2.5

90.9

L54.5

2.99 x ro2

2.73 x üoh

6.6

2.5

See Table VIL page 59t for experi:nental de!al1s.



66

production and specific åcülvity v¡er€ noL colx¡tant but were inverseþ
related to each oüher. This indicated, end.ogenous díLution r possibþ

by gþcogen.



CHAPIXR, VII

lHE EF'FECT OF D]FFERENT SIJBSTRATE LE\IE,S AIÙD MEDTi]I,{ PHOSPHÂTE

CONCENTR.A,TTON UPON GLYCOLYSIS IN CALVARIA

In the experiments performed up to this tine, the i¡ritial glucose

l-evel used. was always t,ll ¡roolesr/nl. To obserwe the effects of changíng

the glucose level i¡ the rnedium a series of experjinents in which ihe glu-

cose concentration varied fro¡r 0"4o0 to 2.l-89 pnoles/ml i,es pJ-anned and

the results of three of these are reporbed and di-scussed in this a¡¡d the

followirrg chapter.

ïn an earl-ier preliminazy exlgerirnent r the specific activity of the
glucose separated by Íon exchange from the medium after incubation was d,e-

te¡:ni¡ed and found to be r-olrcr than the initiar specific activity r pre-

sunab\r due to the release of grucose into the rnedi'rn by the tissue. The

most likeþ source of the grucose released. þ the tissue was glycogenr the

rate of þdrolysis of whlch by phosphorylase is dependent upon the raùio
of the concentrati ons of glucose-l-phosphate and inorganic phosphate. The

effects of variation i¡ the i¡itiar glucose concentration and in the nedÍun

phosphate contenü upon the change in glucose specific activity Ì¡ere, there_

forer Ínvestigated.

I. DE.çCBTPTION OF T}IE E]EEN,I¡{BJÎS PMFORMET)

Contents of the fiasks. phosphate-buffered rnediu¡n (pH 2.4) of the

usual ionic composition was used in experiments z ar¡d g; T}rAM-buffered

rrediura (pH ?.4) l,¡as used. Ln experiment 10. trilarburg ftasks wlüh two side-
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arms eaoh sen¡ed as i¡¡cubation flasks. 0.4 rnl of 2 N NaoH rriere put into

the center well and 1.0 ¡nl of rneùir¡n j-nio the naÍn comparLrnent of each

flask. In experilent 7r the nr¡rnbers frorn 1-þ were arranged in ra¡rdoÍt

order, and every set of four numbe¡s assigned to flasks I-l¡ respectiveþ.

llencer every flask contaÍned 10 calvaria picked out 
"a¡doml.y. 

The same

råndcmization procedure was used for assigníng rats to flasks jr¡ experi-

ments I and lOc

Four flasks were used in experS-ment Jr The glucose levels were

ot547t L,o94¡ l-.641r and 2.18! ¡.uno1es/nl respectivelð¡, and the i-nitÍal
specific aetivity of the gluoose was !.1ó X 106 cipn/¡xrol-e (Table X,

page 70). All radioactivity determinations in experi-nent s Z¡ 8¡ a¡rd 10

were done by liquíd scintiLtetion¡ unless i-ndicated otherwise.

In experjment 8r four fl-asks were also used. In flasks I and 2

the glucose concentration was 0.ÀO pnoles/nil r and i¡ flasks 3 and 4r

1.60t ¡motes/mt. the initial specific activity of the glucose r,¡as 4.99

T 106 dpn/¡¡lole (îabte X¡ page ?0).

Three sets of duplicate inoubation flasks were used in experiment

J-0: flasks 1 and 2 contained O.57h ¡.moLes/nrI of glucose each¡ flasks 3

and 4, 10149 ¡nnoJ-es/m1' and fLasks 5 a¡d ór 1.723 lr¡¡naLes/ú.. In this
e:çeríment the initia-l- specific activity of the gJ-ucose was lower than

tbat i-n e¡<periments ? and 8r it uas 2.88 X Lo6 dEn/Imole (Table Xr

pace 70).

Þoefirnental procedwe. The foltow:ing prooedure uas caryíed out

for every flask in experiments 7r Br and 10. After a two-hour. i¡cubaiion
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aL 37o. in air the flask lras renoved. frcm the shakìng water bath and pul

onto iceo the contents of the cenLer r¡ell i,,¡ere i-nnrediately transfer¡ed

fo a 5-rl1 vo}¡metric flask by suction: the voh¡ne was adjusted to 5 nl
with boiLed water. Alíquots ¡¡ere later assessed for radioactÍvity.

The tissue was t,hen removed from the mediun as rapidly as possibler

rinsed with 1 mL of 0o154 mol-a¡ NaCl solutionr ar¡d frozen. The medium ob-

tained after incubation wag frozen¡ and subsequently analyzed for glucoser

lactater and t otal- C14 content. From each flask¡ 500 ¡l of rnedium after

incubation uere put onto a Dor¡rex-L-Cl. anion exehange coh:¡nn. No carrier

glucose or l-actate uas added to ar{t¡ of the sanrples. Chsmicat and radio-

activity determinations ere done on the glucose and. Iactate eluted fro¡n

the co}¡nn.

ïn e4periment 7¡ the contents of lndividual tubes eontaini¡g labeled

glueose and l-actate were þophilized. .A1lquots frqn each tube v¡ere then

subjected to chenical- and radioâctivity detenninations. Tn e:çerinents I
ar¡d l0r radioactive glucose sarnples eluted frcrn a certaj¡ column r¡ere

pooledr put j¡to a 100-{nl round or pear-ehaped flask¡ lyophilizedr and

dissolved in a surall quantity of uatex for subseqrænt analysisr The sa¡ne

procedure lês carried out w'ith the lactate såmples.

fl. RESIILTS .AND DTSCUSS]ONS

Change in the specific activüy of glucose durina incubation. The

effects of varying jrit,ial glucose concentration and rneùium composition

on the fina-l- specifíc activity of the nedir¡n glucose in experjments f¡
8r and 10 are shovrn in Tabl-e Xo As the initial glucose cÕncentration
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i¡creased in eçerinent 7r the final specl-fic activlty of the g3_ucose

in the nedir¡¡a rose arso. Hov¡ever¡ the fl¡aI specific ectir,:ity seened

to level off as higher inttial glucose concent ratLons r¡rere used., i.e.,
there Ìras a snerler dr.ffer"ence between the final glucose specific ac-
tivtty i¡¡ fl-asks 3 and 4 than between that i¡ fLasks I and 2. T¡e spe_

cifÍc activíty of the glucose i¡ the meùium after incubetion appeared to
be approachÍng the initial glucose specific activity asynptotical\r uith
5ncreasÍng glucose concentratíon.

r:r expeninent 8r l¡ r¡t¡ich ùrpricate frasks were used¡ the specÍfic
actlvity of the grucose ln the nedir¡¡ after íncubatlonr rike that in
experJ.ment 7, uas considerabþ higher i¡ the flasks with a higher ir¡itiêl
glucose concentration. The final glucose opecific aetivities i'' dupr-i-

cate f3¿sks were j¡ close agreerænt at each glucose concentration.

Ir erçer5"nent t0 there uas no significa¡lt variatLon i¡ the final
specif,ic activity of, the gtucose between flaske with different i-nit,Ía1

glucose concentrations. Fì¡¡bher¡¡ore r the fi¡a1 glucose specific ac_

tivíty rias al¡oost identicaì- lr1th that of the initial_ glucose specific
acùlvity. As shorm i¡r Table Xr page 7Ot L!¡e gr"eatest percentage d,ecreage

in specifLc actÍvity was JJi6, as compared to t&19 and 33ß for experinents

7 and 6 respectiveþ. trr Fígure 6r there ís a comparison of the final
specific activlty to the r¡itiar specific aetívity of ¡¡ediunr grucose in
e:çerÍments ?¡ 8r a¡rd I0.

The abwe results indícated that there was less rìi 
'¡!iç¡ ef f,þs

labered glucose i¡ e¡periiûent ro than in e:çerínents 7 or g. Furbhernorer

v¡l¡en THAII buffe¡ uas usedr there was littre dirution of glucose-u-cI4 ai
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anJ¡ glucose level. Because of the difference betl¡een the initial and

fi-nal glucose specj.fic activities it was possible to calcuJ.ate the gIu-

cose uptake from isotope dilution. The fol1orar"Íng fo¡rnula t,r¿,s used. to
cal-oulate the quantity of gluoose taken up by the ùissue:

GrÂr - c¡,ÂF

= Q;,
AI

where G1 represents the grucose concentration in ¡.ur.o1es/ml i¡¡ ùhe mediu¡r

bef or.e incubat,ion

AI represents the i¡itlal- specific activity of the glucose

G¡ represents the glucose concentration in pnoles/nl in the

ne¿ium after incubation

Ap represents the final_ specifie actiuity of the glucose

and eU xepresents the glucose uptake calcutated frno¡n isotcrpe

dilution.

Tho value s obtained fron the above forrnura were actuarly mi¡i¡ral varues

since 1t v{as assutred that the specLfic activíty of the glucose taken up

by the tissue was equal to that of the initlaf speaific activiùy. It
would¡ i:r actual factr have been somewhat rower than the initiar specific
acüivity.

Table Xf conpares tLÞ glucose uptake calculated frron iootope dL_

lution to that found by chenrical anal¡¡sis¡ T¡e dÍfference between the

t rro represents the ¡ni¡imal- quantity of glucose released by the tissuer
ït can readily be seen that quoh smsLler quantíties of glucose were
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released by the tissue in e:çeriment IO than jn experirnenL s ? and g.

Since the najor difference between experf.ments Z and 6r and 10 l_a¡¡ in
the phosphate level of lhe medir¡nr variation in this paraneter could be

largeþ responoible for the observed. differences l-n endogenous dílution
of the gl-ucoser Íhe rnost likeþ sorrce of the glucose released by the

tissue was glycogen.

The rate of þdroþsis of glycogen by phosphorylase is dependent

upon the ratio of the concentrati-ons of glucose-l-phosphate and i''organic

phosphate. The reaction of gLycogen vrith inorganic phosphate is readiþ
reversibler and can be represented as follows:

[C6H1OO5J¡ + H3FO4 C:* [C5H1sO5Jn_r + glucose-t-p04

Accorùing to conn and sr¿unpf (L96Ð, the equitibrlurn ls independent of the

poþsaccharide concenüration, provided a cerbain mj:¡imum concentration is
exceeded. Hence¡ at any given pl{ the equiJ-ibrÍlr¡a constant dopends on the

relêtive concentrations of glucose-l-phosphate and i¡organic phosphate.

K-^ =
[C6H1so5J¡-1 [glucose-L-p04J

[c6H1s05J¡ [H3PoÀ]

lglucose-l:P04]

IHiPCI4]

o.3

(pH 7.0)
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Tn the THAlil-buffered mediun used in experiment IO¡ the inorganic

phosphate level- was lowr approxìmateþ l-oJ ¡nilr.imoIar. Heneer the system

'¡vas out of equilibriun, a,rid glyeogen synthesis was favored.. Very smal1

qrantitÍes of glucose were released. þ the tissue¡ I¡ the phosphate_

buffered mediu¡n used in exeeriments Z and 8¡ on the other handr the

inorganic phosphate level at 15'6 mitli¡norar r ü,as considerabþ higher and

glycogenoþsis tùu,s favored.. Much larger quantities of glucose were

released by the tissue in experjments ? and I than in experÍment 1O.

Gl-ucose utilization rate¡ As shor¡n in Table XL page 24, rr*ren

the glucose uptake rate was carcur-ated on the baÉis of figures obtai¡ed

from iootope dilution rather than fro¡n ehemical- analysis r di-fferent val-ues

were obtained for the uùilization rates. In scme cases the rates calcu-

lated on the baeÍs of chemical- analysis were in considerabr-e error, as

indicated in the table.

The utilization rate of gJ_ucose see,,ned. to reach a steaQy state i-rr

phosphate medir¡n after an initial- grucose concentration of I niuimolar
had been reached in experìment f. However¡ the¡e was a s.bea$r increase

in the utilizat'ion raùe of glucose with i¡creasing glucose concentrations

in the flasks in experiment r0. Figure f shows the relationship betr,,¡een

glucose uptake rate carcur-ated on the basfs of isotope d ution¡ and i¡i-
tÍal gl-ucose concentrat,ion jn et<periments ?¡ gr and 10o

Production rate and specific acùivit:¡ of }¿ctic åcid Droduce., ir¡

experj¡ents 71 6r and 10. As shqnn j¡ Table :(Ifr page 7gr the production

rate of lactic acid by carvariar preparations in phosphate-buffered me dium
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l¡as qui¿e variable, and bore no direct relationship to the initial glu-

cose concent,ration i¡ the medium. fn TH.AM-buffered rnediun¡ hov,rever, the

production rate of l-actíc acid increased steadiry with increasing levers

of glucose in the nediun.

As the inltial- glucose level_ rose in the flasks of experiment ?¡

there r+as a l-inear increase in the specífic acti.vity of the lact ic acid
produced. This can be seen in Table XII¡ page /8.

Si¡nilar results were obtained in experiment B. îlith J_ncreasing

initial glucose concentrationsr there was a linear increase Ín the

specific actÍvlty of the lactic acid produced. IÞspite a vari-able pro_

duction rate of lactate 5n duplicate fl-asks r the specLfic activíty uas

almost identLcal. llence¡ wl¡aüever was responsl-ble for bhe va¡iable rate

of lactate production $,as affecting the forrnatíon of u¡label-ed lactate

Ín the same way as the labeled.

As in the phosphat,e-buffered mediu¡nr the specífic activity of

the lactate produced increased linearþ ln T}IAM-buffered mediun with

increasing i¡itiå] grucose concentrations. This can be seen in Figure gr

Ågain¡ the values for dupricate flasks agreed. werl. unl-il<e the situation
Ín experirents ? ar¡d 8: the production raie of l_actate u.as almost id.entical
for duplicate flasks in experÍment 10. Hence¡ in a pair of fLasks l¡r this
experÍmenù similar production rates of lactate gave rise to lactate v¡ith

si¡ilar opecific activities.

Table XIII¡ page 81r shows the percentages of total lactic aeid

produced coming from unifornþ tabeled grucose. These vaLues were calcu-

lated by fj¡ldi-ng ühe ratio betrueen the specific acùiuities of lactate



A Experiment Z

o Experiment 8

o Experiment l0

0.5
INITIAL

r.0 r:5 2'.O 2-.5

GLUCOSE CONCENTRATION
(uM / ml.)

Figure 8. Ratios of the specific activities of lacta.te and
glucose uith varying glucose concenirations in
phosphate ( er¡reriments ? and 8) a¡d THAM-buffered
medium ( eq>eriaent 1O). Approxi.:aateþ 100 ng
tissue ineubated in 1n1 neûium. Iasubation ti- e
2 hours in air.
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and glucose, and nultiplyirìg by 200, as in¿icated in the following

forrnula¡

I of total lactate from glucose-U-cl4: 9'4'' Ipctate lcem,/¡¡nole ) x ,6oÈr.4. glucose ( cpn/;tnoJe,

since àhe percentage of lactate produced frorn uniformly labered glucose

increased with i¡creasi¡g glucose levels: this indicated less di-rution

of the lactate. As nentioned earlier in this chapter (page /J), t ire

most likeþ source of dilution is glycogenr the rate of t¡ydrolysis of
which by phosphorylase depends upon the ratio of the concentrations of
glucose-l-phosphate and lnorganic phosphate.

In e:çerirnent 8r the phosph¿te l_evel was identical in the medium

of alJ- flasks studied. lloweve¡¡ the glucose level in flasks 3 and 4 was

four times as high as that in flasks I arid 2. Henee, it ís reasonable to
assune that the glucose-l-phosphaüe pool would be greater in flasks 3 and

4 than in l- and 2o As a resultr the ratio of glucose-l-phosphate to
ínorganic phosphate ì{ould be higher ín flasks 3 and 4 than in 1 and 2r and

3-ess glycogenoþsis wo'1d be expected to occur in the former fl-asks than

in the latter (pagu 75). This concept uas supported by the facü that

averages of 15.4 artà 33.9i6 of the total lactic acid produced cane from

glucose-g-gl4 j¡ flasks L and.2¡ and 3 ar¡d l¡ respectiveþo A rise j¡
the percentage of lactate produced fron unj-forrnl,y labeled glucose with

inci'easi¡g glucose levels occurred also irl experirent s Z a,nd 10¡ a¡rd

could be explained on the same basis. Furthe rmore ¡ ldadsen (l_96L) ma¿e

the observation that UDP-glucose acts as a conpeüitive fuhibitor of bac-

t'eria] and rnuscre phosphorylase r w'ith about ihe sanre affinity for the



enqa!.e as glucose-1-phosphate. Hence r an ínc,rease j¡ the concentr"rr":'
of llDP-glucose in vivo not onry vouLd stjmulate gþcogen synthe sis but

ni€ht alEo 5¡hibit lts degradation. The same effect na¡r occur i¡r car-
varia Ln vitro. Sinoe lÐp-glucose Ls direcùþ lir¡ked to glueose by a
reversible reactionr ít stands ùo reagon that the concentration of uDp-

glucose wourd Íncrease ¡¿ith i¡creasiag grucoee concentrations i¡ the

medium of i¡cubatÍon flasks.

I{hen fraeks with si¡n ¿r i¡ittal grucose levers but different phos-

phate J-evels were conpared. (Tab1e XIII, page gt)r it could be seen that
more dilution of the lactate ¡^¡as occurri¡g Ín flasks contalnlng phosphate

buffer than i¡ those contai-ning TIIAM buffer. ThÍe supporbed the argunent

presented on page 76, t bal, gþcogenoþsis is favored uhen the i¡orgarric
phosphate leveL is highr or r¡hen the ratio of, glucose-l__phosphate to
Saorganic phosphate is l_oÌrered. ilence, if the glucose-I_phosphate pooi_

is constant ín sizer an j¡crease i¡ the 1evel of Íaorganic phosphate

wiIL pronote gþcogenoþsf.s, and gfycogen synthesis lrill li-keþ be de_

preosed. This ís supporbed þ the work of Cabib (196Ð, who noted that
i¡ the instar¡ce of glycogen synthetase the phosphoryl_ated enzyme is the

inactive fo¡m.

suryary. r{hen carvaria wÞre r-ncubated i-n phosphate-buffered mediu¡n

(ptt 7.4) r,r:ith gluco se-u-cf4, the specific aclivity of the glucose i¡ the

rediun afber incubation decreased. to as LÍtt1e as 60S of the original
specífio activity. rn TlrÁIf-buffered ¡neôiu¡r (pH 2.4)r ù]re rowest specific
activity of the glucose was 8gí4 of ùhe or5.gina1. These results i¡¡di.cated
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übat endogenous difution of the glucose was occurring, and on the basis

of previous rdork, glycogen r.¡as the nost likely source of this dilution.
they also ir¡dicated that a greater percentage of t,he glucose was being

d.lluted ín phosphate than in THÁM-buffered mediu¡no That nore gtyco-

genoþsis occurred 5n phosphale than j¡ lHÁM-buffered medÍun r.¡ith simi-

1ar glueoser and, therefore, simiLar glucose-l-phosphate levelsr raras

indicated by the fact thatr on the basis of speclfic activtty deter-

mj¡ations of lactater rnore di lution of the lactate was occurring 5.n

flasks containÍng phosphate buffer¡ lfithin a given e: erjrnent: in

which the phosphate l-eveJ. was the sa¡ne in each flask¡ a snaller percentage

of the lactate was fonaed directþ fron glucose-U-Cl4 in the flasks wlth

a l"olver initial glucose concentration. thusr r^¡henever the ratio of

glucose-l-phosphate to inorganic phosphate w.as l-owe¡edr rnore gþco-

geno\ysis occurred.



CI{APTEfr, V]TT

THE EFFECT OF DIFFERENT SI,BSTNÂTE IE",/X[,S AND ¡4ED1IJT4 PHOffiH.{TE

CONCENTRATTON IJPON THE DTSTMSUTION O¡'ACTTVITT TN V¿RIOUS

COMPONA{TS OF ?HE RAT CALVAB]TIM

The fjrst part of the results j¡r Èhis chapter deals with the fate

of glucose-U-C}4 in experiments I and J-O during incubat ion of cal.varial

preparatÍonso The peroentages of utilÍzed activity in CO2r varioug con-

ponents of the nedium¡ and lhe tissue fron frasks }'rl-th different levels

of glu.cose and different buffersr are given. To deter:¿ine the distribu-
tion of acti\,:ity in varlsus ccmponents of the r¿t calv¿riunr it Í,as ne_

cessary to extract the tÍssue with di-fferent solvents. fnformation ob-

tained þ counting sarnples of these tissue exbracts is discussed i¡ the

latter parb of this chapterr

Details of the general e:rperimental_ procedures in e:çeriments g

and L0 are gíven in Chapter VTI: pages 62-ó9. The steps empÌoyed in the

exbraction of the tÍssue in these experiments are given in the following

section of t,his chapter.

I. ¡,{ETHODS ÜSED

E:<braction of tissue. The frozen skul-ls fron e:çeriments g and

10 were \rophilized. The stnrlls from each fLask were kept ín a separate

test tuber Íee.r the tissue ¡¡as not pool_ed. After þophilizetion approri_
måàely hau of the dried r¡aterial i¡r each fl-ask was put Í''to another set of
test trrbes. The d:y weight of the tissue frcn each frask was obtained¡
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The tissue in one set of tubes (designated the ra[ group), was exbracted.

¡rith KOHr washedr driedr and counted. That ín the second set of tubes

(the nbo group) uas extracted. successiveþ with ethanoL r petroleum etherr

tríchloroacetic acid.r and KOH.

The trar group uas dealt wittr as follows: to each of the ten tubes

in this group r¡¡ere added 3 nI of 30ø KoH. Each sample was then heated j¡
a water bath at 8O-99o6. for t hour¡ A1l sarnples nere frequently sh¿J<en

durÍng the heating period. After they had cooled to roqn tenperature:

the tubes uere centrÍ.fuged at lr50O rpn for twenty minutes. The super_

natênt (KoH exbract ) was removed from each tube¡ ¿nd the precipítate vas

v¡ashed twlce with 2 nl- of distilled waterr d ri"ed.r ånd tranõferred to a
planchet. A thin w'j¡dow gas flow tube was used to count the radioactivity
in e¿ch precipitate.

50 ¡r1 al-tquot s r,lere removed from the supernatant or KOH extract

obtained by the above pnocedure frcrn each of the ten sampleso These

aliquots were assayed for total Cf4 content. part of the supernatan!

from each sanple uas then t,reated with methanor to cause precipitation

of åhe gþcogenr To 1 ml. of supe rnatarrt were added 250 ¡¡1 of a solution

contaÍling I ng of carrier gþcogen: and 4 ml of anr¡rdrous methanol. The

mjxbure was heated to 4OoC.r cooled j¡ the refrigerator overright, and

centrifuged. T¡e precipitates of glycogen uere fur"Lhe r purified twj.ce by

reprecipltation w"ith 4 ml of anqrd¡ous nethanol fron sol-utÍon tn I ¡nl of
distilled l^ater. The gþcogen thus obtaÍned.'as put onto planchetsr

d¡íed¡ and counted l¡ith a thin wÍnd.ow gas fJ-ow tube.

The rrbrt group was deart with as forrows: t,o each of the ten tubes
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Ln this group Írere addedr fon successive l5-ninute períodsr 1 nl of
boilfng @ß eLtwtort 1ml. of boiri-ng 6oí etywtoJ', ar¡d r dt of boili-ng
r,¿ater. ÂlL tubes ¡vere shaken Ín the rack eveqy 5 ¡ainutes du¡i-ng ex_

traction. The exLracts llere pooled. Theu l more nl of boiljlg water
v¡as added to each tube and allo'r¡ed to sit for r- hour. The contents of,

the tubes containi,g the pooled alcohor Ð<bractsr and the ones containing
the fi¡al n!- of rinse-water, were þçhilized. AJ_iquots were assayed for
radioaetiv5.ty.

HavÍlg been ext ¡acted. u'ith ethanoL the st<ulls r,cere þophilized for
a second ti¡ne. 2<n1 qnantities of petroleun ether r¡er€ added to eaeh tuber
alro¡¡ed to sit for turrf an hourr and. poured off. The process .res repeated

for the sa,ne length of time and with the same volume of petroleur ether.
These exbracts were pooled.¡ and, ca -ed pE r (petroreun ether eecbraction r).
Another 2 n1 of petroreum ether were added to each üube for a ùhird tirne.
This exbract !¡as kept aparü fron pE rr and carred pE rrr. Àl-iquots from

each extraction !üere assayed for redioactivlty.

l- n]- of 314 BCl, was added to each tube contai¡:i ng slolls alnea{y
subJected to aLcohol and petroleu¡n ether exbraciíons. The tubes ¡¡e¡e

placed Írr the refrigerator a¡¡d shaken at several i¡tervals during the
nexu feÌ¡ dåðrs. the TCA ¡¿as then poured off, i¡to other tr¡bes¡ and frozen.
.A1íquots of the TCA solution uere subsequentþ co¡¡nted.o

Af'er the TCA extractÍon¡ the tissue ín eacb tube roas rinsed ¡cith
5 nl of distilled ¡ater¡ which ùas decanted and discarded. The sku].].s

were d¡ied on üllratnar¡ #I paper, and put into approprlateþ J.abeled test
tubes. 3 nI of 30í XOH rrcre added to each tube. All of t Ì¡e sanples rene
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fhen heated Ln a r,¡ater bath at SO-gOo(). for I hour. The tubes ryere

shaken appro:<!¡ateþ every IJ ainutes during heati_ngr and al-lowed to
remFj¡l j.n the water bath as Ít cooIed.. Although the major parb of the
sk'Ils dissolved completeþ l¡ the KOH, very snajll parbicLes could stjLl
be seen in the líquid. Aliquots of the KOH exLract vere assayed. for raùio_
actinityo

lI. EESIILTS .AT,ID ÐTSCUSSIOXI

ÐistrÍbutíon of radioactivity anone various product,s fomed frþm

Flucose-u-c14 bv carvårial p¡¡êpara*-ons. The percentage of total counto

uÈil-ized whích uas found i¡ lactate 
'¿ried to quite an exbent jgr phosphate-

buffered medium. As can be seen i¡ Tabre xrvr much more uni.f,o¡sr varues were

obtai¡ed in THAü-bufferêd mediÌu,o rn the r¿tùer mediun¡ arsor varues .f,or

ùrpl-Ícate flasks r.¡ere closer than those iJ¡ phosphåte meùft¡m.

Bhen a.11 the flasks J-n e:çerfments ê and fO are e:<a¡¡.i¡¡edr it can be

seen that the average percentage of utilized activity in the l¿ctate formed

5-n phosphate-buffered nearr¡n (eg.95l) is r-ower thar¡ that in the TtfaM-

buffered nedtun (l+o.4oø). The percentage of utirized actíîity in co2 rÉs
fairþ s5.nrilar for al_l flasks of ecper5ments g ar¡d 10. I{o!ìrever, in both
buffer systens, there uas a sLight d.ecrease in the percenba,ge found. in C02

frm flasks u"ith higher tnitial glucose concent¡ations.

A greater fraction of ut*r-zed actÍvity was calcur.ated to be in cm-
pounds other than glucose and r-actate i¡ the mediu¡ i¡ experi,oent g than in
expertuenù r0r up to 5êi8 0r 1.he utilized activity ia the phosphate-buffered

ned:ir.¡n of experÍ!.er¡ü Br a¡d a naxi¡u:n of on\r 3t+í tn tne TH.AM-buffered mediun
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of experì-uenl 10. Table XIV sholrs these results. To calculate these

values, the activity j¡ the neèir¡¡q glucose and lactate was subtracted

frør the total activity i¡ the nedium afber incubatl"on.

The calculated percentage of total counüs utilized to appear in the

tissue varied beÈween 14.4 a¡¡d 38,.Oí jn experiments I and 10. These value s

were obèained þ deterui-ning the radioaetivity i:o allquots of medium before

and after i¡cubation. The loss Írr activity fron the medium represenled

that goirg i¡to carbon dioci.de a¡rd tissue. Si-nce the åcti\¡:ity i¡ the car_

bon dioxide given off was dete¡nined¡ it was posslble to caLculate the per-

centage of util-ized actitity i¡ the tissue.

lotaL ac¿ivity found in the,I{gli extractable tissue of the ¡rar Aroup.

A negligib3-e a¡nount of actiuity was detected ín the sorid residue of ùissr¡e

Left after extraction r^¿ith KOH. On]'y O.O3-O.09/ of the total counts uti-
l-ized ¡¡ere recor¡ered i¡ this solid resiùre o

Much greater quantities of radioact ivity were f ound j¡i the KO¡¡ ex_

tract. Frour 8.2-19.1fi of i.he counts utírized. ûere recovered. i¡ the K0lf

e¡rtractabJ.e tissue of e:qrerÍ.ments I and I0 (faþb ¡ff1, paee 94). On the

whole r values for duplicate flasks agreed quite uellr although the agree-

ment 'was better for the flasks i¡ rHAlvf-buffered than i-n phosphate-buffered

neðh¡n. There was less activity l-n the KOH $cbract of skulls i¡cubated

with a hfuh than w'ith a l-ower i-rìitLar glucose concentration i¡r the ¡oediun.

This effect ¡ras more ¡narked i¡ phosphate ùhan in fH.aM-buffered meùirm.

Gþcogen uas obtained by addition of nethar¡oL to aliquots of the

KOH exbracts. very sma13- qi¡ar¡tities of radíoactivity were found in the
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precipÍtates of gþcogen: onþ 0.0I-O.07fi of i.he total countE util_lzed

?rere recove¡:ed in this c onpoundo

Percentase distribution of the recovered utiLized activltv i_n

various exLracts of the tissue jJI the rbrr Eroup. Tabte III shoï6 the

percentages of the recovered utilized actirity found l¡ the varior¡s ex-

tracts of ealvaria. The aqueous eÈha¡¡o1 and I{oH exbracts of skrrrre in-
cubated 1n phoEphate-bu:Sfered nedir¡n contaLned approxi¡nately equ¿t quan_

tities of activity. A total of 534616 of the recovered acùivity j¡r these

skurls flas found l¡ the ethanol and IloH exb¡acts¡ wlth the excepÈion of
one flagk¡ al]- aqueous ethanol exbracts of carvarla incubated i¡ THÂM-

buffered nedir:¡¡ conÈai¡ed approxfuat eiy 62-67fi of ùhe recovered actiuity
l¡ these skurls. tsetween f.0-2616 was found ia the KoH exLract¡ ln both

buffer eystems r the iræorporatÍon of activity i¡to the ethanol a¡¡d KOH-

exbractable compoaênts of the tissue ras independent of the futtíar gru-

cose concentrationg used. r¡: TlÍAM-buffered. nredirmr a greaier percentage

of the uti"lized activity r,¡as found in the aqueous etha¡rol extracts of the

tLssue than ln phoephate nedirnr but a gnaller percentage was found l¡ the

KoH e:rtracts. Áqueor¡s ethanol- ex|racts of ca.tvaria contain anino acids¡

organic acids r phosphor$aüeit gþcolybic i¡¡temedLates, and perhaps snåll
peptidesr ¡'¡hereas KoH extracts contain dissolved proteia frcæ¡ the skulrs¡
Hencer for sla¡rls incubated ¡uith glucose-u-cl4 in phosphate buffer¡ most

of the activi-t'y S.ncorporated into the skull.s wae i'corporated i¡to snêrl
morecul¿r weight ccmpounds and proteín¡ whereas for those l¡crrbated in
THAM bufferr most of the actÍvity uas incorporated into smal1 ndlecular
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lveight conpoundsr a¡¡d relatÍvely littLe i¡to protein. This suggests that
higher leve1s of inorga.nic phosphate i¡ the lncubêtfon meèir¡m tend. to
cause an j¡crease in the percentage of activity incorporated i¡to the

protei¡ of cafvaria.

Relativeþ srla3.l quantíties of the recovered activityr approxl-

met e\y L-2fit arrd L-l+ß, were found i.n the petroleun ether exbracts of the

skulls i¡cubated i.r¡ phosphate â¡id t'.HAM buffers respectiveþ. The trí-
chloroacetLc acid exbracùs of skul_ls lncubated 5n phosphate buffer cotr-

tained apprnoxi¡rabelJ. 13-3-51 of the activity recovered. l.n these skl¡Llsr

at both gJ-ucose level-s stud.Led. For skr¡Ils incubated in THÁM bufferr

approxl$ateJ¡r 27i6 at tne J-owest glucose l_evel¡ a^r¡d appro<irat eW 1516 at

the hlghest glucose l-eveI studied, we¡.e fou¡d in the TCA exbracts. This

lndicated that for skulls incubated in ?HAM-buffered med.Lr¡m: a greater

percentage of actiuity ¡,as being fnco4rorated Ì-nto peptides a.nd polJsac_

ch¿rides at løu tha¡ at higher fu¡itial glucose concentrations.

A comparison of the caLcul¿ted and experinentally deteruj¡ed. per-

centages of utílÍzed activity Ln calvari¿. The a¡rounts of ca¡bon-l4

recovered frqn the tissue sarq>le s by the extraction procedures used i¡
group rratr and group ubtr are conpared in Table X\If to the a.noun¿ s cal-
cul¿ted to be present in the tissuer bcÈh beÍng expressed. as a percent-

age of the glucose-U-Cl4 utilized.. If the calcuJ-ated. values r based on

direct assay of the nediun, are assuned to be accurate, the recoveries

þ the different exbraction proced.ures are seen to be incønplete, beiñg

lio-áOfi lA group tratr aûd l2-31fi Í¡l group ttbÍ. [s ¡]ì t iss¡s fractions
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r,fere assayed ühe poor recove¡y is presunabþ due to e:cperlnentat loss

during the subsequent ha"ndllng of the tissue. This is borne out by the

fact that the percentage reeovery in group nbrr ¡vhl_ch r,ras seriaì_þ ex-

tracted ¡rith a nr¡¡nber of solvent s r is l-ess than thãt i:r group rrarrr ¡¡here

a ging1e exb?action with KOH was carried otrt. Agree.nent betrceen duplL-

categ uas¡ on the wholer good. Therefore¡ although the distributim pat-

terrr sho¡¡n in lable XY, page 92r Ls presr¡nabþ weighted i¡ favor of the

earlier fractions ¡ neanÍngful cøparísons can stil-L be nade between the

fate of glucose-û-Cl4 5n phosphate and i¡ Ti{AM-buffered meùia.

SumÞ,rT¡. Tlæ average percentage of utilized. activiöy in the Lac_

tate fomed in phosphate-buffered mediun (eryer5.nent S) was %.95ß as com-

pared to la0.llo$ ror that fomed in the TäaM-buffered nedium (e:rperirnent

L0). The percentage of utilLzed activity jn C02 was fairþ sinilar for
all flasks of e:qrerirnents I and 10r althor.rgh there wâs a sllght decrease

in the percenùage found 5n c02 fron flaEks with higher i'itiar grucose

eoncentr¿tions. tJp Lo ßß of the utilÍzed activity was calculeted to be

i¡r qcnnpounds other than glucose and lactate i¡ the nedLum after l¡cubation

in experiment 8r and up to 3t+16 iÃ qcperiment 10. The calculated percentage

of total counts utlllzed to appear j¡r the tissue varied between 14.4 an<t

38.Oß ín eçeri.ments I and L0.

ldhen the sk¡¡Ils ìúere directþ exbracted w:ith KOH, fron g.2-il9.Lß

of the counts utilized ïrêrþ recovered in Èhe KoH extractable tissue of
ex¡rerìments I a¡¡d 10. A negliglble a,nount of acüivity renained i¡ the

solid residue of tissue after e:rtraction u"ith KOH.

A portion of ùhe skr.¡Ils ln ocperi.:nenùs I a¡d I0 were exLracted
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r.¡Íth a series of solvents to deterni¡e the distribution of acticity in
various conponents of the rat calvarir¡n. The aqueous ethar¡ol and KOH

exbråcts of sku11s lncubated jn phosphate-buffered medium contained

approri.mateþ equal quanlities of activ:ity: a total of 83-86ß oî the

recovered actívity in these s]írll-s hras found in these extracts aü both

glucose levels studied. Ilence, it appeared that for skull_s lncubated

with glucose-u-ct4 i¡ phosphate buffer¡ nost of the activity i¡corporated

i¡rto the skurls ¡,¡as irrcor¡rorated ínto sm¡rr morecular weíght conpounds

and protefur. ùn1ï L-2ß of ¿he recovered util_lzed aetivity ¡es found j¡
the petroleun ether exLracts of these slfl¡l-Ls ¡ and approni:nat eJ+ B_I\i¿
i¡ the trichLoroaceüic acid extracts' The l-atter extracts contai¡ed

peptides and poþsaccharides.

Þccept for one flask ¡ âìl aqueous etha¡rol exbracts of ealvaria

l¡rcubated ln Tl{AM-buffered medium contair¡ed apprøci.mateþ 6Z-67ß ot the

recovered activity jri these skr¡_Lls. Between lA-26ß of the recovensd

actÍvity ¡¡.as found i¡ the KOII exLract. Onl¡r from I-Lí of the recor¡ered

actÍvity of tÀe slnrl-Ls r¡i¡as detected i¡ i r Fid naòeri¿r. at the lowest

glucose level stu¿ied, app¡o:d.Eate].'. Zlfl, and at the highe st glucose

level- studied: approxi.rnatell l5i| of tl¡e ¡ecovered. activity in the skulls
was found i¡ tl¡e TCA exLracts. Thereforer at lower glucose J-eveLs a

greater percentage of activity was be5rg ileorporated j¡rt o the poþsac_

char:Ldes of skurls l¡cubated ir¡ TI{AM nedium than at hlgher glucose l_evers.

ïlhen KOH was èirectþ added !o the slq¡Ils i¡ e:(perjments g and

1Or approri:nateþ half of the calculated activity was actua$r recor¡ered.
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in the KOH exLract. A total of I2.35-3O.O0S of the calculated activity
in the tissue v¡as ¡ecovered in aqueous ethanoL r peüroleum ether¡ TCAr

and KoH exüracts.



CHAP{ER, IX

su¡.{r{ÂRY ArùD coNcI,us]oNs

The j4 vitro retabol-isn of glucose-U-Cl4 by calva¡ia uas studÍed

i.:a the present reporbr Calvaria from one- to two-day o1d long-Evans rats

were i¡rcubated in air jn calcir¡r-free phosphate o¡ THÄM-buffered mediun

(pH 7.4) i¡ a water bath at Jfog. The dr¡ratl-on of i¡cubation uas genef,-

al-þ two hours. Varying concentrations of glucose-U-Cl4 *ur" used i¡ the

medir¡m of different e:cperL:nents.

Glucose r,rag determi¡ed by a glucose oxidase-3¡3 t -di-rnethorybenzi-

dine ( o-d5-anisidine ) nethod. The lactic detSrdrogenase-DPN ¡rethod de-

veloped by Horn and Bruns (1956) and Cohen and Noel1 (1g60) was used. to

deternine the quantity of lactic acid. T¡ro ¡nethods r.¡ere used to assess

the C14 content of ¡adioactive sampJ-es. The poÈassírrm persulfate oxi-

dation described by Ábrahan and Hassid (f95?) was used for radíoactivity

detemi¡¿tions up to scperíment 7. Iabeled sanpJ-es were oxidized to

C1h2, r,Ur:.ch uas col-Lected. ín C05free NaOH to fora ttart1403. The raèio-

active soòir¡m carbonate Ìlas then precipiüated i,rith BaCL, to forra BaGlh3,

wl¡ích was platedr and counted wÍth a thin wj.ndorr¡ gas floa¡ tube. A1l radio-

actívity deterninations j.n açeriments 7¡ 8r and 10 nere done by liopid
scintillation¡ u'nless inùicated otherr¡¡ise. Hom.ogeneous counti¡g systens

of toluene or toluene-methanol- were usedc

Separation of the nedirn obiained after jr¡cubation j¡to itg radio-

active components was achieved þ pipettÍng a sample of the neèiun onto a

Dowex-L-Cl resin colu¡nn and eluting ít $ith llCl¡ over a ra¡ge of 0-0.02 N.
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Paper chrørat ogrqp iV and radioautograpÌgr were used to identify and estL-

eate the anoìrnt of racLioactívlty in various Labeled products of glucose-

U-C14 netabolím.

Tuo prelì'nl ¡ryy e:çeri.oenÈs i¡ ¡yhich calvaria ¡¡ere i¡rsubated l-r¡

phosphate-buffered medir¡l (pH ?.4) for t¡¡o hours l¡ the presence of glu-

cose-U-C14 were perforrned j¡¡ order to furnish some genera-l j¡foruation

on gJ.ucose-U-C14 ¡netaboJ-is by calvarial preparations. The orygen uptake

and C02 production of the tissue r¡e¡e deter::njned on a Warburg apparatus.

Frø¡ the o:grgen uptake of i.h.3l+ ¡:noles/gran wet reight/hourr a¡d the

uetabolLc C02 production of L6.73 proles/gra.n r,uet weight/2 hours, an B.e.

of 0oJ8 r¿r¿s calculated. Since the R.e. obtained had a rather lolr¡ value r

furtber study worJ-d be necessary tc assess the relÍabillùy of the nethod

uged for detennining netabolLc co2 production. The probJ.en rrras not pur-

Eued f,urüher 5rt the preoent work.

the specific aetivities of both the C02 and lactÍc acid produced

were congiderabþ lower than that of the originsl glucose-U-C14. Thig

is evidence for di-l-ution of the aetivity by ruirabeled. intemedi¿tes of
endogenoìrs origín during the netaboll.s of the glucose-U-C14. The diJ-
ference betlreen the specåfic activities of the c02 a¡¡d lactic acid. uas,

by conparison, nuch less, that of the former varying bet¡çeen 39-it271¿

that of the l¿tter. These data show that much ress endogeno's dilution
oceulTed between pynrvate a¡rd the decarbo:ryLation steps Ìn the TCA cycle

thên i¡ gþcoþsis. rt is even possíbJ-e that dirution of the Laber after
pyruvate was negligible ¡ the lor,¡er specific actirnity of CO2 relative to
tbat of lactic acld beÍng due simpþ t,o a srolrer approach to an equiJ-ibril¡rn
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specific activity of the i¡terrnediates j¡ the TCA cycle.

The specific activity of Èhe C02 ac¿ual_ry exceeded that of the

lactate ín one instâJxce' Ilence¡ the ìactate Ì¡as diluted nrore then the

coz' this ¡¡ould be possible iJ the hexose monopÌrosphate shunt had been

nore active i¡ this case. the origÍn of the endogenous dilution could

be glycogen which Dowse et, aI (19ó3) have sho¡¡n is presenü in calvarial
preparations ar¡d can produce considerable quantities of l¿cti.c acÍd. under

conditions whe¡e no exbernal substrate is presenL.

!\rrther stu{y of the ¡reüabolis of uniformJ¡r labeled. glucose by

calvaria in phosphate-buffer€d ¡nediu¡r (pll ?.4) was carried out r.n e:çerr.-

merù 2. Anaþsis of the glucose ln the nedh¡n before a'd. after i¡cr¡ba-

tion nade ít possible to calcurate the quantity of glucose ut ízed and

its rate of util-ization Ín any particutar frask during incubation. Thl_s

enabred a more detail-ed anaþsís of the probren of dilution noted. earlier
to be carried out. The upùake of glucose was found to be ggnstaJ¡t as Ìras

the fraction of the utilized activity appearing jn laeùlc acid and CO2.

Horùeverr the productÍon raÈe and specLfÍc activity of the lactic acid
produced were not individr¡al-lv constant but ¡,lere rather l¡werse\¡ related
to one another tn any given fl-ask. These facts lead to the concrusion

thåt, arthough the amounb of endogenous dir-ution occurring varied between

flaEksr the uptake of glucose-cl4 and. t¡e netabolis of this to ractate-cI4
t¡as ir¡dependent of such varíation.

ApproxS-mateþ 28$ oî tlte utílized activrty !'r¿s recove¡ed i.n the
laetic acLdr ?fi in tne c02r a,nd 1l i¡ ttre glutanic acid. This indicated
a more conplex fate for substrate glucose than appeared to be the case
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frø earl-ier non-tracer etudies: al¡nost two-thirds of the label metabo-

Lized was not yet accounted for. Radioautograns prepalÞd from the al-co-

hol- extracts of calva¡ía 5n e>qperÍmeot J indicated the fate of a par! of

this. Alani¡er asparbic acid, and gluta.rnic acid ue¡.e alt quite heaviþ

labeled. Failt spots correspondirg to some of the phosphorylated gþ-
colytic intemedLates were presentr and traces of actívity i"¡ere detected

in el-tric a¡¡d nal-ic acÍds, j.ntefllediates of the TGA cycIe.

Iecorporation of label j¡to i¡temediates of glucose ¡netabolism

u'ith time ¡¡as studied i¡ experinent l. S<r¡ILs l'¡ere re¡noved fron phosphate-

buffered rredirln (pH ?.4) conüaini¡g glucose-li-Cl4 .ft." L5 ninutes, 30

ni¡utee: L hourr 2 hours¡ ¿nd J hours of i¡cubation respectively. fr¡o-

dlnensional paper chroretograpty of al-lquots of the a-lcohol exbracts of

ùhese sku].l-s Íùas cêÌTLed out. Fron the radf.oautograms of these paper

chronatograne it eould be seen that there was a stea$r progression of

1abel i-nto the netabol-ic intermeùi¿tee for.med. Af,ber 1! nínutes of j¡r-

cubationr lactate uas fairþ heaviþ l-aþeled¡ but glucose yielded a rnuch

darker spot. The phosphorylated gþcoJ¡rbic inter:nediates corÉ ai¡e d more

activity than the a¡rino acl"ds. Ilarkened areas corêsps¡¿¡ ng to citric
and nalic acids v{ere bareþ perceptlbl-e. After 3 hours of i¡cubationr

lactic as weLL as glutanic acid had. become approxim¿teþ as heaviþ

l-abeled as glucose. ThÍs indicated actj.ve parbicipatÍon of the gþcolybic

ar¡d tricarbø{rlic acid c,ycles Ín the netabolisn of glucose-U4l4 Uy ca}-

varia. Asparbic r eitricr and nalic acids yielded darker spots the¡ those

in the earlier radi.oautogra,n: a greater quaritíty of radioactívity had

been incorporated i¡to j¡termediates of the TCA cycle after 3 hours than
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elt er Ll ninuteE. There uas a nuch greater quantity of aetiviöy 5n

glutanS.c acid than in the phoephorylated gþcoJ¡rbíc j¡¡bennediates afber

3 hours. This sholved that, v,:ith timer much of the activity fronr the g1u-

cose had ¡ûoved on through the gþcolybic and tricarborylic acíd cycJ-es to

f,om label-ed glutanic acid. SÍace glut¡rnì c acid is used i¡ protein s¡m-

thesis¡ Ít was quite 3-Íkeþ that at the glucose levet used (1.105 ¡.rno1es/

rn1) r rat calvaria uere synthesizilg protein.

trr experj!¡ents ?r 8r ar¡d 10¡ the effect of different substrate

Ievels and nediun phosphate conc ent ration upon glucose-U-C14 ¡¡etabotiso

þ calvaria uas studiedr In a givên e:q>erf.nent r ¡,¡-ith the same phosphate

concentratÍoh j¡ each fLaskr the production of lactate-tf4 frø glucose-

C14 was direcùþ dependent on the glucose concentratíon. The specÍfic

ecüivity of the glucose in the medlum after incubation ras fol¡nd to be

lotter than the initi¿I epecific activityr the decrease being gr.eat* i.rl
phosphate-bufferod ¡¡e*iur thån i-r¡ THAt{-buf,fered meùium. In flaske hrith

si¡i1ar glucoser and therefæe slmil-ar glucose-I1lhosphate leveLs the

specific åctivlÈy of the tactale produc ed was al-so lower i¡ phosphaÈe

thån ín lH.AM-buffered mediur¡. Thus the production of u¡l_abeled glucose

and Lactate was dependent upon the nediun phosphate concenirration. Allow-

ing for the variabílÍty ¡¡hich occurred j¡ the phosphate-buffered medir¡mr

the production of unlabel-ed lactate was lndependent of, the glucose conc€n-

tration. Fro¡n the ab ove result s it can be seen tbêt whenever the ratío of

the concentrations of glucose-lahosphate to i¡organic phosphate was

l-on¡rered more dil-ution of the glucose a¡rd Lactate occu¡¡ed. As developed

nore fully in Chapter VrI¡ this fjnding is consistent with the trypoùhesis
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thât the major source of the endogenous ¿ilution occurríng t,as gfycogen,

the Ìydroþsis of tùtich is dlrectþ dependent upon tlre ratio

i¡rorgeqric phosphate
glucose-1-phosphate.

The spëcific activity of the intennediates of glycoþsis and

therefore of ¡11 su¡sstlrent netabolíc i¡È e n¡ediate g ¡eilf be nodifiab].e

h¡ the presence of glycogen i¡ the tissue to an exbent dependent upon

its rate of þdroþsis. this will be mor€ pronounced at 1ow glucose

and,/or Ìrigh inorganic phospLrate J-evelso There is no data èo indicate

the effect of varSring glycogen leve]-s upon the rate of þdroþsis r bul

accordi-r¡g to Cor¡n and Sbumpf r L963r i.¡he equilibrÍrmr of the phosphoryIase

reaction Ís i¡dependent of the poþsacchanide concentration, provided a

cerLai-n minimr¡n concentration is exceeded.

It is of j¡terest to relate the present Ì,rork to som.e of the recenù

f5aùings on the action of parattryroid homone. Effects of this hol¡rono

on vario¡¡s âepects of celluLar and subcelJ-ular metabolisn ¡¡hich have been

reporbed to date are ma¡g¡, and as yet inter¡elationships between arar¡¡r of

the¡n are unclear. Hovæver, a conslderable amount of evidence exists shol¡-

ì.ng stÍmulation of phosphate uptake by inùact beef hearb nitochond¡ia

(BrierJ-eyr Bacluna¡¡¡rr ar¡d Greenr 1962) and by rat 1íver mitochondria (Sa11is,

De[,uca¡ ancl Rasnussen t I963a ar¡al 1963b), of P32 j¡co¡poration jnto the

organic phosphates of bone ( calvarÍun) j¡ ratg (Egawa ana Neu¡¡ar¡r 1963)r

and of phosphate accumulation and trênsporL by the rat íntestile (Borler

Keutna¡¡rr a¡¡d Neu¡ran ¡ l-963).

ïnorgarúc phosphate occupies ar¡ i.q>ortant positíon as a control_
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mechanism ín gþcoþsís and has been shown in the present ¡¿ork to j¡-

crease the rate of breakdor,un of gþcogen to pyruvate but noü appaænLl¡

to affect the rate of uptake of glucose. rn earli.er work ¡¡"ith ident ical-

ù!.ssue preparations (Dowse et aL 1963) it was denonstrated that lactate

accr.¡mulation was greater i,n phosphaËe-buffered meèir:n than in bica¡bor¡ate

med:ium¡ that lactaÈe accumulation r,vas increased by the addition of para-

tþroid homone to a greater degree in bicarbonate nediun than 5rr phos-

phate and that the effect of the ho¡mone uas present to the sane degree

ovex a range of medir¡¡r glucose concentration from o to l-z nrlrll¡noLar. rf
this accumul¿tion of lactate were due to an increase in lactate productíonr

both glycogen breakdoun and glucose uptake must hEve been sti.nulated þ
the homoner a¡l effect whåch nay lve!- have been a sequence ùo an i¡rcreased.

intracellular phosphate concent¡ation. Data on glucose uptake and l-actate

specífic actirity under such conditions would. enabLe a nore positíve con-

clusion üo be ¡nade on this point. rt is signifíca¡¡t r that the effect of
the hormone on lactate was absent Ln anaerobiosisr for the stinn¡l-ation of
the nitochondrial- uptake of phosphate by the horurone is aLso abolished

under anaerobíc condi.tions.

f:c order to get neanLngfu"l" ¡esults on the effects of parathyroid

horm.one on the total metabolisn of glucose-U-tl4 by calvaria¡ it is
necessarlr to have a clear picture of the netabolLwa of gtucose-U+4 by

no¡ma1 calvarÍâr so that adequate comparisons can be nadee For this
reason, a quantiùative study of the utiJ-ization of glueose-U-Cl4 by nomal

calva¡cia ûsas made. the overalL fate of glucose-u-cl4 during incubation of

calvarial preparationo i¡¡ phosphate (experiment 8) and rHÁM-buffered nedil¡n
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( eçerinent 1O) rnras deterrnined. f¡ the fonner medir¡n¡ the average per-

centage of the uti-lized aetivity i.¡: the lactat e was 2Êo95ßt and in the

latter medium, lû.\Oß. The percentage of utilized acti\ñity ln C02 was

faírþ sS.mt1ar for al-I fl-asks of eryerirnents I and 10, but vas sliehtly

l-on¡er with higher inittal glueose concentretions. ¡Jp Lo 58ß of the uti-
lized activity in experfurent I and 34ß in e:çeriment f0 in¡as calcul-ated to

be ín compounds other than glueose a¡rd Lactate in the ¡nediir¡n aJter lncu-

bation. The calsulated percentage of tota,l counÈs utilized to appear 5n

the tissue ranged frorn U+.14-38.O1¿ in these enperjrents.

!ühen skulls frør eperi-nrent s I aJ¡d L0 were directþ extracted ¡rith

KOil (group n¿n)¡ $o2-1p.11 of the counts utilized we!€ recovered in the

e.:atract r and a neglígible amowlt j¡ the solid resldue¡

A porLion of the skul.ls fron experi-rnents I and 10 (group ribrr) were

extrac¿ed with a series of solvents. The aqueous ethanol and KOH extlacts

of sku1ls incubated in phosphate-buffered rrediun contajned appro:rirnateþ

equal quarrtities of activity t 83-86fi of the recovered activity i¡ these

slfl¡lIs ¡¡as for:nd j¡ these exb¡acts. With one excepiionr the aqueous

ethanol exbracts of calvaria incubated i¡ TllAM-buffered medium conbained

approxi-mat eþ 6Z-6716 ot the recovered activity in these sl<u11s. Bet een

LO-2.6ß was found i¡ the KOH exbract. llencer j¡ phosphate buffer: most of

the acbivity incorçorated i¡to the skuJ.ls was 5ncorporated i¡to s¡naIl-

molecuJ-ar weight compor:nde and proteinr and j¡ THAM buffer¡ most of iü

was j-ncorTorated inlo småll molecular weighb conpounds. 0n1y 1-2Ø and

l-4ß ot the recovered utitized acùivity was found in the peüroJ-eun ether

exb¡acts of slc¡J-l.s fron e:qgerS.ments I and J-0 respectiveþ, Approxi.rnateþ
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].3-!51¿ ot. the recoverrd uiilized activity w¿s for¡nd in the ÍcA exbracts

( cont,aialng poJ"ysacc harides ) of skulls frøn e:çeri:nent 8r and 27i6 af t,be

lowest glucose J-evel anÃ )-516 at the highest glucose l"evel studied fu¡

experùnent 10.

N4Oll of the calcul-ated activity in the skulJ_s uas reco¡ered j.n

the exbracts of the tratr group, and l2-3Oß ia the exbracts of the xbr

group of experiments I and L0. as al"r tissue fractions were assayed the

poor recovery was presurnabþ due to experimental l_oss dur"ing the subse_

quent handllng of the tíssueo This was sup¡:orted by the fact that the
percenüage recoverïr Ín group obtrr which was serial\r erLracted wlth a

number of solvents r llas less than that in grotp n¿rrr ¡¡here a single ex-

tracùion with KOH ¡¡as car¡ied outo
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