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INTRODUCT T ON



INTRODUCTION .

| -Secﬂien 1.0 Histqgical.

| 1t vas discovered in the latter part of the last
century by sever?} #orkgr$=th&t-surgieal damage to the
.liverlwas followéd by é process of repair (Colucei 1883;
Tizzoni 1883). . For example von Pﬁdwyssozki‘(l886) removed
small wedge-shaped areas from the livers of rats and
rabbité, Within two and a half days of the ope¥ation,
mitoses were observed in the"ﬁepatie cells\adjacgnt to the
wound and often some considerable distance away from it,
Later WOrkeré'excisad complete lobes of the liver and dise
covered that this was followed by very rapid growth of the
remainder. Ponfick (1889; 1890) succeeded in removing
over two thi?dslof'thé liver in rabbits and dogs. Within
a'fewxmﬂggghe‘obsérved a threefold increasq in the size of
the remaining fragment.- He interpreted this as a response
to.the hepatic insufficiency which he had brought about.
These obser#étions were confirmed by von Meistei (1894),
who further discovered that a single animal could be sub-
jected to repeated partial hepatectomy, and that on each |
ocqasinn_the residuai‘fragment.woulé grow to the size of
the original intact orgpan. At e later date, Fishback (1929)
W&S'&blé tb corroborate this finding in dogs. He also

found that growth was more rapid when large amounts of



tisgue were removed. Eventually the liver could be pared
down to one lobe by repeated hepatectomy, and only techni-
cal &ifficulties~eoncerned #ithlhaemosﬁasis, seemed to
p#event indefinite repetition of the process. The mitotic
response vhich followed removalfof an entire lobe or lobes,
unlike that following removal of a small wédge, occurred
diffusely throughout the liver.

Other forms of damage to the liver were followed
by a similar sort of repair, Rﬁus and Larimore (1920)
showed that in the rabbit, ligation of the branch of the
portal vein suﬁplying one of the liver lobes caused atrophy
of th&t lobe and that this was followed by hypertrophy of
the other lébes~the portal blnod‘supply to which was un=
impairéd. Vhipple and Sperry (1909)‘produced varying degrees
of necrosis in thé-lifers'of dogs by prolonged chloroform
anaesthesia., The necrosis was confined to the areas in the
hepatic lobulé around the central vein., Necrotie debris
wvas cerried off by wandering cells, The undamaged hepatic
cellsg multiplied so rapi&lywby mitosis that regeneration
vas usually completed by the 11th to 2lst day. In later
experiments, Davis and Whipple (19193 1921) studied the
influence of diet on the fa%e of regeneration aftexr chloro-

form-induced liver necrosis and found that diets rich in



-3 -

carbohydrate or.in protein wewre better than their standard
diet, which in turn was better than a diet vrich in fatb,
The @oorest response of all was obtained in fasted animals.
By about 1921 therefore, it had become cleaxr that,
in general, damage to or removal of a substantial part of
the liver is followved by a diffuse compensatory hyperplasia
throughout the éurviving liver tissue. This process of
repair is usually called "liver regeneration", which is
réally a misnomer, If a lobe of the liver is removed, a
new lobe does not form at the site of the wound, Instead,
the other intact lobes all increase in size and cell number,
to an extent ﬁecess&ry to make good the deficiency. This
process can best be described as compensatory hyperplasia.
However, the expression "liver regeneration" is so well
established that it has become ﬁallowed by uéage and will be
used throughout the following pages to denote the restoration
process which follows partial hepatectomy or extensive

liver damage.
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Section 1.1 Increase in size and cell numbex.

Higgins and Anderson (1931) were the first investi-
gatoxrs to malke a systematic study of the rate of growth in.
the remaining liver fragment of rats after two-thirds
partial hépatec%omy. They found that the fragment alm;sﬁ
doubled in weight during the first two days. [Thereaflsr,
there was a period of relatively slower growth which con-
tinued at a diminishing rete for about three to four weeks,
by which time the liver fragment was aboutl the size of the
original intact drgan (Fig. 1.). Brues, Drury and Brues
(1936) re-cxamined +the process using slightly different
methods. They noticed that during the first 10 days aifver
partial hepatvectomy the body weight of the animals fell by
10 to 15 pex eceont, énd that this loss was subsequently
regained., They corrected the iﬁcrease in liver weight for
variation iﬂ body weight and found that a much smoother
curve wag obtained than that obtained by Higgins and
Anderson (Fig. 2.). Apart from the secondary increase in
the second week, the curve of restoration of liver size
followved the course of a process which begins at o maximal
rate and is progressively retarded as the final size ip
reached,

In contrast to livexr mass, cell number showed no
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by W.¢, Alston, M.B.

Chemical Aspects of Compensatory Hypexplasisa.

‘; "f o AThé'meéhanism con%?alling Liver regeheration after
pexrtial hepatectomy has heen investigated and théaprincipal
%héories put Torward by previeus_morﬁerslﬁhﬁaﬁeen re-oxamined
The theory %hat regeneration might be controlled by some
"Thumoral® factor airﬁuiatiﬁg in the blood gtream was?ﬁested
by injecting sevum from paxtially hepatectomised rats invo
normal rats., This failed to produce any Sign of grpwth in
the livers of the récipients; Onnversely;‘injgction of
normal sexuwn into partially hepatectemised animels failed to
inhibit 1ivef regenayation} In an atbompt to find a more
sabisfactory method of debecting the supposed humarai factow
a new‘t@ahniqu@ of ecross~circulation was deviseé by means of
which two rats exehanged spproximately one-quartery of theix
.blood volume Pper minute. WVhen one pariney in such & Crosge
civeulation was partially hepatectomised its liver regenerate
in the normal manner, but the liver of ive unoperated paxiner
shoved no sign of regenevation. These experiments appear to
exclude ‘the possibilidty that liver regeneration isg eontrolled
by anything in the nature of a "humoral" factor.

An oldex theoxy that regeneration is a response to.
the regidual liver fragment having te accommodate the same

total blood flow as the original intact oxpen was bested
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chiefly by su&gical procedﬁxes which increased the blood
flov through mne livexrs of noxmal anlma1,. None of them
produced vhe sorv of growvh response in the liver which
follows par vial hepatecaamy, so that thig theory algoe seems
to be dlsprovedn |

A third btheoxy tbthet plasma protein goncentraiion

might have an important role in liver regonevation, was teesbed

by observing the fell in plasma p*ob Ln lovel in rats after
parbtial hepatectomy. This proved to be small and transicnb.

On the  ovhew hand, when plasma protein levels in rats wvewe

substantially lovewxed by repeated plasmapherxcsis only a slight
mitotic vesponse was obbained in their livewrs, Converxsely,
liver ragenoﬂfénon in parvielly hepatectomised vrats was nod
inhibited when vhey wewe supplied wi&h extra plagma protein
by intravenous infusion of normal rat plasma. It seems
vnlikely %hérafére that plasma probein levels ave imporivant
in conbrol of liver regeneration,

lavesti pablon of the - ghemleﬂl changes in the
remaining Livex fr@gment after pavtial hepatbecvomy in vabs

showed a slight increase in sodium and water content within

- 10 minutes of the operation, a sharp fall in glycogen con=-

centration at 2 hours, and accumulation of total lipid {(but

not phospholipid) at 6 hours and an increase in RNA per cell
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at 12 hours. The rate et which the liver cleared injected
bromsulphthalein was diminished in proportion to ‘the amount
of tissue removed in the hepaitectomy and did nb% show any
improVeﬁén% within 48 bours of bhe operatioﬁ.

IL one partnex in o peir of ewoss—circulating vatvs

. was pertially h@pa£90uonjﬁea, the lipid contenv of its liverx
and the BNA content per liver cell increased in the same woy
as in gingle partially hepatectomised wat but'to.h lesser
extent. The livex of the unhepatectonmised pamxtner did not
shov an equivalent increase eithev in 1ipid ox in RNA, On
‘the other hand, the wate at which injected hroms ulphhhalefn
wvag cleared from the blood stream of a parvially hepatbectlomise
rat was substanvielly ineveased if it was linked in cross=—
civeulation with a normal wat.

-These resnlts-séemed congsistent with the view that
vhe sbimulus to liver regenervation might be the inability of
the remaining liver fragment to discharge the duties noxmally
pexrformed by the intact livewr, and that cross—ecirculation
with & normal wxal is insufficient to make up for the deficienc
An attenpt wes made to best bhis hypothegis by overloading
the livers of normal intact rats by parenteval administration
of amino acids. This produced a pronounced incrcase in the

RNA content pex eell in the liver, a less proncunced increose
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in protein pex cell and ulitimately a subsbantial increase

in mitotic activity.

In so for as these changes resemble
‘the chonges associated with liver regenerstion, they support
the hypothesis that liver wregeneration is a wesponse 1o a

functional overload.

Refervences
Aletbon, W.C., & Thomson, R,T. (1963)

Cancer Res., 23 (6), 901.




change for the first 24 hours but thereaiter it increased in
par&ilel with liver mass. Brues ¢t al., (1936) found that
in starved animals, the liver hypertrophied during the first
day and remained about the same size from 24 hours onward.
However, the number of cells<increased elmost as rapidly as
in animals vhich had: been fed, Abercrombie and Harkness
(1951) made a detailed study of the increase in number of
different cell types in regenervating rat liver up to 21 days
after partial hepatectomy, They confirmed that 24 hours
after operation the total number of parenchymal cells was
not significantly greater than normal, though the weight
of the livexr had increased considerably. Thercafter the
numbexr of parenchymal cells increased steadily, roughly in
propoxrtion to the weight increase. The incresse in the
total numbex of littoral cellg, ran approximately parallel
to that of the parenchymal cells during the first two post-
operative days. By 21 days, the total populations of both
perenchymal and littoral cells had returned practically to
those of normal liver,

It might be anticipated that the increase in cell
number would be associatbted with a high mitotic activity and
this is indeed the case, In normal adult liver, the

mitotic frequency is quite smally only ome or two
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mitotic figures cunvbe-de%ec%ed per 20,000 nuclei (Drucs &
Maxble, 1937). Abercrombie and Harkness (1951) found that
this.conaition”yersiéted for about 20 houxrs after partiel
hepatectomy after which there was e spectacular xise in
parenchymal cell mitosis»to & maximum of about 3 pex cent at
24 hours. At'this dime intervel, the mitotic rate of
littoral and hile-duct cells was still very low. Two days
later the mitotic rate in the parenchymel cells had dropped
but it was nov high in the littoral cells, bile-duct cells
and also in the mesoﬁgeliql lining ecells. At this bime,
mitosis wes also obscrved in the cells of dhe pesiportal
teonnective vigsue andfbf the endothelium of blood vessels

other than the sinuscids.

Section T,2  Structural changes.

Since the increase in liver size during the first
24 hours after partial hepatectomy is not due to an increase
in cell number, it must be attribu%able 0o an increase. in
mean cell mass cor extracellular material., An increaose in
cell volume hog in fact been demonstrated microscopically
and shown tb be associated with a larger increase in nuclear
and more especially nucleolar volumes (Stowellt 19483

Harkness, 1952BL These changes vere partly reversed once
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increased cell divisgion was set in train. The swelling of
the payenchymal cells produced a diminution of the extra-—
vaseular space from the normal figuve of 212 ml./ 100 g.,
liver “o @ minimum of 168 ml./ 100 g., liver at 24 hours,
followed by a veburn to normal within 48 hours, Vasculayx
space diminished also, but the minimum was observed at 48
hours and it was still below normal at 72 hours (Harkness,
1952b) .

Until quite recently, the commonly accepted view
of liver structure was that the hepatoecytes or parvenchymal
cells were arranged in more or less well-defined lobules
around +the central veins, It was ‘thevefore natural to
enquire whether, during liver regeneration, ithe existing
lobules simply increased in size or whether they were re-
organized in such a way that their number was increased,
Now that the livexr is regarded rather as a muralium of
cells, penetrated by portal tracts and contral velins, this
question hag less gignificance (Elias, 1963). It is of
inverest, howevewr, that & small increase in the number of
bile ducts and centrilobular veins does occur (Abercrombie
& Harxkness, 1951). Collagen growbth is vexry slow but the
intralobulax reticulin fraction regenerates vrather fester

(Harkness, 1957).
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The incvease in cell number in regenerating livex
must however, be acgompanied by some form of wreorgenization
so thatb hepatocytes, Tibrocytes, Kupffex cells and the oﬁher
cell types axe in the correét spatial relationship. I
might be anticipated that this would be vefleected in changes
in the way in which these colls behave in bissue culture.
such chaﬁgea have indeed been reported. Abercrombie and
Haxkneos {(1951) and Glinos (1949) obsexved a greater oub-
wandeving of cells in explents from regenevating than in
those from normal livers. A change in the elecurophoxetic
mobility of livex cells has also been reporited (lisenberg,

Ben~01, & Doljanski, 1962).

section .3 Chemicgl chaunges in the liver fragment,

&

Secetion 1.30 Introducti o,

The chemical éhangeé which occuy in the liver
fragment during regeneration are not easgy bto interprat.
The  difficulty arises partly from the fact that. the liver
consists of a varviely of cell types. Parenchymal cells,
which account for 920 pexr cent of the liver volume, con-
stitute only 60 per cent of fhe cell number, Moreover, wvhe
liver contains subsvantial but highly variable amounts of

glycogen and fat. Finolly, marked changes occuxr in
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vascular end extravascular space during livexr regenersiion
(see Section I.2). It is evident, thalt o change in any cf
these quantities ox in the propexrties of the different cell
types might produce changes in the ovewrall composition of the
livew which would not necessaxrily have any immediate relabion-
ship to the regeneration procoess.

To gome extent, the problem can be met By judicioug
gselection of the foxrm in which anelytical results are
expressod. The common praciice of expressing the amount of
gome bissue component as gc many ng., per unih wetv ox dry
veight of tissue or per unit weight of protein nitrogen is
informative only eo leng ag one can be confident bhat wet or
dry weight of tissue ox pyrobein content represent standards.
wvhich will not be effected by the phenomena under invesgti-
gation, This assumpvion is by no means a safe one. Torxr
example, starvatvion causes an increase in BNA concentration
per mg., wet weight of liver. This change is not due 0 an
increase in the +total amount of BNA in the liver. In fact,
in rats of initial body weight about 200 g., the total amount
of RNA in the liver was obserxved to fall by approximately 27
pex cent aftex 72 hours of starvationy; bul the liver weight
Lell almost 40 per cent in the same btime intexval; hence

the misleading increage in RNA concentration (Thomson, Heagy,
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Hubtehison & Davidson, 1953). 0OFf éourse. this soxt of
»émbiguity does nat afige if the‘total'amount-offthe'canm
sbituent in the  entirve organ éan be determined, This is
not always posgible since it requives exciéing the.entira
livexr and thevefore killing the animal, If, Tor example,
only a biopsy speé¢imen 1s available, some other solution to
~the problem has to be found, One posgibility.is to make use
of the well ¢stablished obsexvation that in any species the
DA eonﬁegt peé set‘&fdehremoéomes is congbant for all |
nuclied ¥ Congequently, the DNA content of a tissue sample
can be taken as a messure of the‘number of cells present and
by relaﬁing other components to DNA one;obtains a-measure of
the average amount per c¢ell., Unforbtunately, in liver the
situation is complicated by the fact bthat a lavge prepertion
of thesh@patoéytes.are tetrapiaiéa-' This)coﬁplication,hhaw~
ever, is less serious in practice than might be anticipated
sineoe iﬁ seems likely that t&tiaplaid hapatéeyfes afe in any
case.twicé the size éf'diploid;ﬁepatocytés.(ﬂarrisen, 1953) .
A morve fundamental limitafién is that in any tissue growing
as rapidly o liver doeshin‘the early stagég of regeneration,
‘there ﬁustinécessayily be many cells synthesising DNA in
preﬁaration fgi cell divisioﬁ{ so- that the~ave5age DNA pewr

nuecleus over th;g‘ﬁeriOd‘will be abnOrmally high. ~Never-

* Vendrely, R. (1955).
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theless, in the abgence of any more reliable guide, the use
of DNA as a shandard remeains the most useful key to under-

gbanding +the chemicel changes which accompany regeneration,

Section I,31 Increage in DNA

The moxrphological woxrk described in Secbion 1.2
hos made it clear that, in bthe end, liver regeneration is
achieved by an dncreage in cell number not cell gize, In
agreement with this conclusion, Thomson et _al., (1953) found
that the tobtel DNA content of the liver fragment increased
roughly in parallel with the increase in cell number buw
that the average cell content of protein, RNA and lipid
phosphorug, when regeneration was complete, wasg gimilax to
that of noxmal livex. However, during the most wapid period
of prowth, the avewrage DNA content per nuclous shows & sub-
stantial though bvemporary incresse, voriously reported ab
20 to 80 per cent (Price & Laiwrd, 19503 Thomson ¢t al.,
1953 Ultman, Hirshberg & Gellhorn, 1953). This synthesis
of DNA in which lazge numbewrs of cells arve parvicipating, is
manifestly due to a preperation for cell division, The
process of DNA synthesis has been vepeatedly demongtraved by
vadio=-isobopic methods. Heeht and Potiter (1956) using

14Cﬂnro%ate, showed thet synthesis began 18 houwrs after
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paxrtial hepatectomy and reached a'maximﬁm'a%_24 to 30 houws,.
These coﬁclusions were cenfirmed ana-ex%endedjby Gtii sham |
(1962) using,aﬂmthymi&ins éuﬁoradiﬂgraphy,'which made i%
posgible to digtinguish betwéen\diff@re&t celi.types. By
this ﬁechni@ue Gyisheamn showeawthat_s&nthesis in the hepato-
eybes began ab 12 to 18 hours, reached a maximum a2t 20 hours,
and had declined by 48 hours. The corresponding wave of
synthegis in the littoral and ductal eells-c&me‘élto 12
hours latew and waé spread over a ldnger period. = These
observations accord well with the morphdlagical-éVi&ence that
cell divisién beging in the hepatocytes and is observed in
the other cell types only after an interval of some hours

(see Section I.I).

Section 1,32 Increase in RNA.

It hos bheen lmown fox many years that growth

(presumably because it involves increased probein synthesis)

fotn

s associated with;incréaseﬁlconcentr@tionsvof RNA (Brachet,
1941§ Cagpersson, 1940). .in ﬁhe cage of liver regenerationm,
an increase in.the ﬁatal,améﬁnt 6f ENA‘péf ¢cell was observed
_byAPriee and. Laiéﬁ“(l950) as‘é@rly as 12 hours after partiasl-
- hepateetomy, riging.to 62 per cent at 24 hours.  The

increase appeared t¢ involve the microsomes and cell sap
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vabher bthan nuelei or mitochondria (Price & Lair&?ilgﬁQg
Von 33? NDecken & Multin, 19%8). On 4he other hand, Hecht
and Potter (1956) found %ha% 24 hauém,afﬁér partial hepa=—
tectomy incarpnx&%ion ox ldﬂmaroﬁa%e inbo RNA. wos @nitially
much more wepid indbo the nueleuns %haﬁ into bthe cybtoplasm.
Mueh move recently, Tsukada and Lieberman (1964a) have
meagured bhe amount of RNA synthesis both speetrophodbo-
metriecally and by means of 14Cmof0®&te inaoﬁparation and
found evidence of wvowry high gyonthetie activity in bhe nucleoii
of rogenersting liver., Tujioka, Koga and Lieberman (1963)
have alsge shown thet an increase in the wate of RNA synthesis
was demonstrable in liver immediately after partial hepa-
teetomy, and that it wveached a platesun value equivalent ho
twice the noxmal watve by 5 houws. The increased RNA syn-
thetic rate was obsewved in all subeellular fractiong. e
would appeaxr thewxeifore, that after partial hepatectomy an
inervease in RNA synthesis appears almosgt immediately, follow-
ed within 12 houws by en increase in the amount of RNA perx
cell; DNA synthesis starts afber about 18 hours and cell
divisien at about 24 hours. It would be very interesting
to unravel the welationship between the events in this
sequence of changes, Lieberman's group have shown that

amounts of p-fluorophenylalanine and actinomycin I} which
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have no effeet on INA synithesis in noxmal xat lived, com-
pletely suppress the inecreage in RNA synthesig afterx partial
hepatectomy. Moxeover, this suppression ig associated with
a delay in the start of DNA synthesis. It may be therefore,
{that bthe increased RNA synthesis is, in paxt, o preparation

for DNA gynthesis.

Seecbion T.33  Tree nueleotides.

Sinee inereased polynucleotide synthesis is
quau%ita%ively\one of the most important chemical feabures
of wegenewation, it ig not surprising Lhat changes in
concendrabion of the free mononucleotide precursors should
have been sought. Unforiunately, the significance of such
changes is ambiguous. A fall eouid be atbributed tc an
increased conversion te polynucleotide with consequent
depletion of +the mononucleotide pool. An increase would be
explained quite as plaugibly as evidence of increased mono-
nucleotvide synthesis in anticipation of an increased demand,
In practice, the deoxyribonucleosides and their dervivatives
aceumulatve after pariial hepatecltomy reaching a maximum ab
the onset of mitosis. This inerease ig accompenied by a
change in their relative propoxritions; in normal liver

deoxyeytidine accounts for 90 per cent of this meterial,
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In regenexating livex, up to 33 per cendb is in the foxm of
nucleotides (Schueider & Brownell, 1957). On the othex
hand, the cuncen%rations of the four ribonuclecosgide tri-
phosphates (ALY, CTP, GTP, and UTP) vhich ave the immediatbe
precursors of RNA all f2ll during wregeueration (Mandel,
Wintzerith, Klein-Pete, & Mandel, 1963).

Section 1,34  Chanpes in protein.

Since the bvemm provein includes all the enzymatic
and vart of the structural components of the cell, it is
eviden® that changes in total protein content are less easy
to interpredb. Two aspechs of protein synthesis in regenox-
ating liver have %o be considered, since it has ‘bo produce
more prohteins than are needed for its own growbh, in
addition to the provein wrequired for the construction of new
tissue, it must also compensate for the depletion of plasma
probeins which follows pazxbial hepatec¢tomy. The ecarly
invesbigators Ffound that bthe tobal nitrogen concenbration
fell during regenerabion (Brues, Drudy & Brues, 1936).

Gurd, Vars and Ravdin (1948) found also that protein cone
centration perlunit wet weight of tissue diminisghed aftex
parﬁia1 hep&tectamy. This fall in concentration is abtbtri-

butable to the atcumulation of ethexr cell congtituenis such
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as fabt., - The tebal ameuﬁﬁ of provein in the liven fragmentd
shows an increage shavbting from the fivst day after operation.
Thig net inmre@se in probein is refleocted in an incireasged upe=
ﬁake of labelleé)@mino acids which gbarts to increase 12 to

14 houws afber pardbial hepatecbomy and reaches‘&‘maximum
Yalue'a% about BQ.hauyﬁé theveafter deckining (Von Dex Decken
& Maltin, 1958). Incorporatbion of labelled amino acidsg into
- plagme albumin (which is of course synuh9%1sea in liver) was
ohﬁervéd Yo inerea se anlv af %pr T2 hours, bub the increase woes

sti1l epparent afbter 144 hours (Breun, Mavsh & Drabkin, 1962).

Secvion L.35 Hﬂhdnges in plycogen ond bobal 1ipid.

| Among the é&@li63$ and mosd obvinus,changea in
r@genéra%1ng liver avxe alterpbtions in the cytoplasmic
gtorage products, glyecogen and neutbtral fat.  There ins a
rapid dvop in glycogen concentvration bo almest zexo at 10
houws, Polloved by en irgegulaﬁ rise; oven at 72 hours the
value ig 8411l only about one thixd of noxmal (Harkness,

bvion wrises veny wvepidly in vegeneye

1952h) . ;ipia concentre
ating liver and wveaches a moximum by about 10 houwrs afterw
operations the total amount in the liver Efragment at thig
time is very close to thatb preéenﬁ in the liver preoperatively.

Ludewig, Minor, and Horbensbtine (1939) vho studied 13@?&
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fractions at later time intervals, found that they were all
considerably elevatod aftex 24 hours, the greatest elevation
being in newbral fat, which only returned to control value

by the Tth day.

Seetion 1,36  Changes in watben contvent during vepeneration,
| Thewe ip some &isagréeﬁent ghout changes in vadewr
content of the liver fr&gmenﬁiduring regenerabion, Higgins
" and Anderson (1931) omad SEégo{gn& Roberts (1949) both found
an appreciable &ro@ during the firvst 24 hours. However,
Gurd, Vars and RBavdin (1948) found no change in the waten
content of the liver fragment after 24 hours, and Harkness
(1952b) obbained a value of 708 per cent at 10 hours after
partial hepatectomy, thé value fer normal liver being 71
per cent, Harkness also found an increase in the water
content of the wegenevating liver fragment to a value of

73¢9 pexw eentv at 70 houws.

Secbion 1,37  Summary.

The chemical features of wegeneweatition may be
summearised in the following way. A xapid fall occurs in
glycogen and is accompsnied by an accumulation of neutral

lipid. These changés are probably indicative of hepatic
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insufficiency, but soon after they become manifest, changes
indicative of gxowth appear. Almost immediately aftew
partial hepatectomy, RNA synﬁﬁesis is accelaratedy increasge
in protein synthesis follows at 12 to 14 hours, and finally
at 18 hours DNA gynthesis is under way. The whole procoss
culminates in the outburst of mitotic activity which sterts .
at about 24 hours. The later stages of the regenerative
process ave charaeterised by a gradual wveburn to normals

the rates of synthegis of DINA, provein and DNA revert slowly
4o the resting levels, The scecumulation of neutral lipid
is geadually dispersed and a normal content of glycogen is

recovered.,

Section 1,40  fnzyme changes in regoneratbion,

The studies on livex composition during regency-
ation, deﬁéiled above, have been paralleled by similar
studies on ‘the liver enzymes. It is convenient to sub-
divide the deseripbive account into ‘two groups,

a) those enzymes concerned with nucleic aecid
synthesis and degradation,
b) those enzymes concexned with othex metabolic

activities.
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Section I.41 Imzvmnes gynthesising and degrading nucleic

acids,

Since the association belbween tvissue growth and
nucleic acid synthesis has been established fox a decade and
sugpected foxr much longewr, it is hardly surprising that a
great deal of attention has been given 1o the enzymes of
nucleic aci& synthesis in regenexating livex. It is well
known that in the liver of the normal intact adult rat, DNA
synthesis is scarcely detectable but ‘that withian 18 hours of
partinl hepatectomy there is o sudden increase (Hecht &
Potter, 1956). It might be expected that this sudden
alteration in synthetic acutivity would be accompanied by a
corresponding chenge in the enzymes catalysing the synthesgis
both of DNA and of its precursors. This expectation has “w
been fulfilled. For example the firét enzyme in ‘the pathe
wvay of pyrimidine biosynthesis, aspartate carbamoyltrans-—
ferase*(z.l.B.z) was found to increase to a maximum of bwice
normal after 50 hours and then to fall {to control level by
the 15%h day. The enzymes leading to the synthesis of
uridine monophosphate (UMP) and deoxyuridine monophosphate

(QUMP) were also observed to increase during liver regener-

3 . ) _
The number in parenthesis efter each enzyme is the Lnzyme

Commission number.



ation (Skgld, 1960). Uridine phqspﬁorylaée(2.4.2a3) which
éatalyses the convemsion of uvacil (U) to uwidine (UR)
increased threefold between 36 and 73 hours, deoﬁyuridine
phosphorylase increased fourfold after 48 hours, The syne
thegis of uridine monophosphate from uridine, catalysed by
uridine kinase(z.?.i.f) vas accelerated fivefold bhetween 24
and 36 hours, and the synthesis of deoxyuridine monophos— -
phate from deoxyuridine (UdR) by deoxyuridine kinase was 10
times more rapid afbex 36 to 48 hours. On the other hand,
the iﬁsorporaﬁion of labelled owotic acid into uridine mono=-
phosphate was found to increese five to sixfold about 48
hours after partial hepaieciomy. However, siﬁce this
information was obtained using cell extracts, il was not
possible to assess bthe velative efficiencies c¢f the orotic
acid pavhwvay and the uracil pathvay igmxgig. ALl ‘these
enzyme activities had veverted to that of norxmal liver aftewx
about 6 days.. The formation of deoxyuridine‘mdnoﬁhosphaﬁe
(AUMP) also occurs in vegenevating liver ffom égoxycyti&ine
monophosphate (dCMP) through the acbion ef deoxycybidylie
acid deaminase(3g5.4.b).(M&ley & Maley, 1960)., This enzyme
Whiéh wvas scarcely detectable iﬁ the livexw of‘the noxmal
adult rat, suddenly increased in activivy 12 hours afvew

partial hepatectomy, rose to a maximum at 48 hours, and then
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declined, Thymidylate synthevase which catalyses the
formabion of thymidine monophosphate (1MP) from deoxyuridine
monophosphate (AUMP), also essentially absent from normal
adult livewr, appeared about 18 hours after the opewration,
rose Lo a maximum at 30 hours and gradually declined there-
after, The next stage in the sequonce of synthetbic
reactions is_the convexsion of thymidine mohophnsphaﬁe ("TMP)
bo thymidine triphosphate (TPP) catalysed by specifie
kinases. This sequence of veactions is greatly increased in
regenerating livew in contrast to bthe kinases involved in the
phosphorylation of deoxyadenosine monophosphate (JdAMP),
deoxyguanosine monophosphate (dGMP), and deoxycytidine monow-
phosphate (ACMP), which have comparable activitics in normal
and rvegenerabing liver (Bellum & Potter, 1959). By 24
hours, thymidine kinasze(2.7.1.21) began to increase, reach-
ing a maximum in about. 30 hours, This was Ffollowed closely
by thymidine monophosgphate kinase(2.7.4.¢) and thymidine
diphosphate kinase(2.,7.4.6) in that order, meximum activities
being observed between 30 and 48 houwrs after partial hepa-
tectomy (Weissman, Smellie & Paul, 1960). 1In view of the
sequential appearance of this series of cenzymes from deoxye
cybtidylic acid deaminase 4o thymidine diphosphate kinase,

it has been suggested that the process of enzyme induction



FIGURE 3

The bicogynthesis of‘pyrimidine'deoxyribo-:"
nucleoside triphosphates in regenerating liver
(see text).
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might be operating in regenevating liver (Maley & Maley,

19603 Veissman, Smellie & Paul, 1960). Thus deoxyuridine
monophosphate (dUMP) the product of actbion of deoxyeytidylie
acid deaminase, could induce the formation of thymidylate |
synthetase. The product of action of the latter enzyme
thymidine monophosphate (TMP), could then effect the formation
of thymidine . monophosphate kinase, as previously found by
Hiatt and Borjavski (1960), and so on (Fig; 3.).

Thwtenzyme concentrotions alone cannot be the sole
factor regulating DNA synthesis in vegenerabing liver in vivo,
howevex, was demonstrated by Bollum and Potbter (1959)._

Using a bvechnique foxr comparing DNA synthesis in regeneraﬁing
rat liver in vivo and in cell-free supernatant fractions from
the same enimal in _vitro, they found that enzymatbic incorpor-
ation of thymidine into DNA appeawed at the same bime (18
hours alter operation) as DNA synthesis in vive but cone
tinued to increase over the period 138 te 30 houxrs while DNA
synthesis in vive was decreasing (24 to 30 hours). The

same invegbigators found that DNA nucleotidyl transferase
(2.7.7.7) the final enzyme in the pathway of synthesis of
deoxyribopolynucleotide, started to increase at about 18
hours and remained elevated even at 72 hours.

These changes in the enzymes associated with
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nucleic acid synthesis ﬁescribed'by Maley aﬁ& Maley,
Welssman et al., and Bollum and Potter iﬁvolved‘ﬁh99@33ay“éf
activity in soluble supérnatan% fracvions. Busag,gﬂhamboa,
Mandel and Weill (1962) howevewr, studied RNA nuqléb%idyi;»
trangferase(2.7.7.6) in nuelei. . Thege authors foun& that
its activity started bo increase 6 hours after paritial
hepateetomy, wrose shairply to a maximum at 12 hours and then-
declined %o normal by 48 hours, Tsukada andiLieBexman (19645)
re=investigated RNA nﬁcleotidyltransfer&se acbivity of~1ivér
nuelei and nucleoldi, vging enzyme pfepar&ﬁions which hed
been vendered soluble by treatment with deoxycholate.. The
acbivity of RNA nucleotiﬁyltraﬁsferase'in both nuclear and
nucleolar pr@pargtions started to increase immediately after
the operation; it incfsaﬂmilinéarly with time ané‘at 12
hours wes. about <twice the initial oneG. 'N§ Purthewr change. -
occurved by 20 hqurs. o

The increases in %he'enzymés of ﬁﬁcleiéﬁacidysyﬂm
%hésis degeribed nbove arevéf course all consisﬁeﬂt with the
process of gfew%h. However, tﬁej are accompanied by an
increase in acid &eoxyribonﬁclease acﬁiviﬁyfﬁ}l;4‘5), the
significémce of which is not quite clear. ‘There is some
evidence that such an increase may be a feature of.nonm

malignant growbth in other tissue also: (Brody, 1953a,&Db, 1958, .
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£

Brody & Thorell, 1957), Brody and Balis (1959) ohserved
that acid deoxyribonuclease activity increased as eavly as

12 hours after partial hepatectomy and reached a maximum
between 36 and 41 hours., Adams (1963) on the other hand,
found a maximum increase in acuvivity at 14 4o 20 hours,

The suggestion of Brody and Balis that the function of the
enzyme might be Vo terminate DNA synthesis seems Lo be
invalidatod by the finding of Adams that maximal total
activity coincided with the wapid phase of DNA synthesis,

In view of this observation, it seems more likely, as Adams
suggests following Keir and Aird (1962) that free acid deoxy—
ribonuclesnse actividy stimulates DNA synthesis by attacking
the DNA primer, meking more 3whydwoxyl groups aveilable on
the deoxyribose wvesidues as starting points foxr DNA synthesis
(Adams, 19633 Keir, 19623 Keir & Aird, 1962).

It hos been proposed by Reichard, Canellakis, and
Cenellakis, that DN& synbhesis takes plece most readily at
crivical concentrotions of the deoxyribonucleoside trie
phosphates, and that these compounds are components of a
homeostatic mechanism (Reichaxrd, Canellakis, & Canellakis,
1960). If $hig is so changes in nucleic acid precursors
might also be anticipated during regeneration. As already

stated above, an accumulation of free decoxyribosidic and a
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~The pothwoy of)uracil.&egraﬁatiah.
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decrease of freé ribosgidic compounds nccurvin the 1iver‘frag«A
ment after partiél hepatectomy. It is evident fhat the
amount of these nucleice aceid precursors present must depend
upon the balanqe of enzymes catalysing theix destrueﬁiénjand
“those effecting thoir synthesis. - The question naturally
arises as to bhow enzymatic activities are alterediiﬁ.favour '
of synthesis during regenerabion, . Fritzson-has prapéﬁed

- that the deoxyribosgidic precurébrs act ag repressors of
uracil catahkolic and inducers 6f anabolic enzyme s (Fritzson,
1962) . As evidence for this hypothesis, he has shown thotb
after partial hep@tectamy,'a=very stx@king decreasge oceurs

in the aectivity of three enzymes cetelysing the degradation
of uracil (Fig.)4;). The amounts of dihydrouracil &ehydr9~
'genase(l.B.l;Q)_and B—ureiﬁépxopianasé(B.5.1.6) decreased
rapidly.within.24 hours éf partiél hepatectamyvand ware:>
maintained ot éﬁwpex'eent of the normal level for the next
'd&y.V:fBoth;aétivitiqs.ré%urnedﬁowarﬁs*normal values between
the 4th and Tth days. Dihydropyrimidinase(3.5.2.2) acbivity -
decreaged to about 75 per cont of the normal level in the
first day and maintoined this level for the nest Glaays
before returning to normal, The met effect of theose changes
would be to increase the ﬁool of uraeil devivetives available
for polynucleotide synthesis i@mediately after partial

hepatectomy.



Secetion I.42 Changes in other enzvmes.,

The changes in activity of the other enzymes
‘ during fegeneratiqn arve less easy to interpret. In general,
~there is a sligﬁt decrease in the'actiﬁiﬁies of the microe
- somal enzymes relative to microsomal yrotéin. Comparing
microsomes frnﬁ vegenerabing with normal livér on the basis
of equal prétein content, Von Der Decken and Hultin (1960)
observed that the activities of glucose~6~phosphatesec(3.1.3.9)
NADPHzmcyt&chrqme ¢(1.6.2.3), and NADﬂgucytochreme c—reduc%&sés'
(1,6,2.1f, ﬁADPH2~(1,6,99.1) §nd‘NADH2~(1.6.4.3) diaphorases
all deefeasé& about 15 {e 20 éér éent beﬁw&en:lﬁ and 40 hourg )
;after~par£ial hepatectony. : The slight general decwrease
cbséxved in these.enzymes duxing the coufée of wegeneration
ma.y be:aue.ﬁa‘& changed propoxtion betﬁeeﬁ_the membranous
material and the nucleoproteins iﬁ:@hé'micraéamql preparations.
- Following partial hepaﬁgctomy; £he§e is &
depression also in the actvivities of miﬁochéndri&l enzyﬁes.
Novilkoff and Potler (1948) found decreased activity during
the fivst two days of succinate dehydrogenase(1.3.99.1)
malate dehydrogenase(l.1.1,40), oxaloacetate decarboxylase
-(4.1.1.3)‘énd“cytochrome reductase., In & study of several
miﬁoehpn&rial enzymes, including succinate dehydrogenase,

NADH,~cytochrome e reductase, rvhodanese(2.8.1.1), ATPase



- 2T -

(3.6.1,4), amine oxidase(l.4.3.4), and glutamate dehydro-
genase(l.4.1.3), Greenbaum, Greenwood, and Havkness (1954)
found that they were diminished relative to ﬁiasﬁe mass, and.
that the rate of recovery of aetivity was less than the rete
of restoration of tissue mess.

A decreage in aetivity after partial hepotectony
also ocecurs in catalase(l,.11.1.6) end txyptophan oxygenase
(1.99,2.¢) wvhich fall to half the noxmal value and slovly
vecover (Thomgon & Mossg, 1955: Stein, Skavinegki, Applemen &
Shugarmen, 1951). An incréase in alkeline.phosphatase (3.1,
3.1) activity oceurévre&ehing a maximum between one and tvo
‘d&ys in'liv@r and between two and three days in plasma
(Oppenheimer & Flock, 1947). This elevation of activity
howvever igs probably due to an impairment of tbthe process of
elimination due to reduction of the total functioning liver
ma.ss, the enzyme seems to be produced mainly in the intestine
absorbed into the blood stream, taken up by the liver and
seereted into the bile (Rosenthal, Fahl & Vars, 1952).
Aspartate aminotransferase(2.6.1.1) increages in eaetivity in
the regenerabing liver fragment at a rate greator than. the
regborvation of liver mass {(Greenbaum, Greenwood & Harkness,
1954). Avginese(3.5.3.1), on the other hand, vemains cssen-

tially unaltered in activity throughout the peried of hepatic
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regeneration (Thomson & Mogs, 1955).

Snnddan T BN Thrwatd an S wmanannawaddines Tdaonm

Section £,50 Tunetion in vepenerating liven,-

One of +the mosgt vemarkable Teatures of the liverw
is that even wvhen as much as 75 to 80 pex cent of the organ
is vemoved f{rom awv. experimeﬁtal animal no obvious signs of
hepatic insufficiency develop (Bollman & Mann, l936). in
sueh,circumstaﬂces, the only ghtriking deviation from normality
vas an elevaﬁion.in the concentvration of u?iclacid in the
blood and in its excvetion in the urine, Clinical and
pathological obsewxvations have also indicated that in human
patients liver demage musit be vexry exbtensive before the
clinical signs of hepatic insufficiency develop (Milne, 1909),
These pieces of evidence have led to the view that the normal
liver possesszses o large veserve capacity.

A detvailed examination of the composition of the
blood after parvial bhepatectomy supports bhis genervalisation,
FPor example, little change has been observed in bthe blood
glﬁcose*(Reineeke et ol 1948). Total plasma protein cone
centration begins to £a2ll only after about 16 hours afier
partial hepatectomy, veaches o minimum at 24 hours and then
reburns gra&ﬁally-ﬁm normal (Roberts & White, 1949). Bile

pigments tend to xise, but the increase ig shovi-~lived

* TReinecke, Rudolph, Bryson & Samuels (1948)
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(Royer & PBogetti, 1939&;&b). Some changes in plasma lipids
have also bheen:reported, including a rise in freé choleg-
terel (Chanutin & Tudewig, 1936; Royer & Bogetiti, 193%a,&Db;
Chanubin & Gjessing, 1949a,&b). |

The rate of urca foxmation in the parvially
hepatectomized animal has been vepoxted bto be virtually
normal (Bollman & Mann, 19363 Thomson & Moss, 1955). Ab
24 lhouxs, the liver Trapment wag producing 65 per cent moxra
ures per unit time bthan would be expected on vhe basis of its
glze,. However, bthe concentration of free amino nitrogen in
the liver fragment wag increased considevably between 20 and
30 hours after partial hepabectomy even though no change in
vhe free amino nitvogen of the plasma was obseyved. Asg
early as 6 hours afiver the opexetion, glutemic and agparvic
acids, lyﬁine and ebthanolamine phosphoric ester concen~
trations in the liver wevre all increased. Exgept in bhe
case of ethaualamiﬁe phosphoric ester these changes were less
marked at 24 hours and theve was an,incréase in glutatuione
(Fef%&xi & Harkness, 1954).‘

The suvrviving liver fragment might well be expected
0o have an increased requiremeni for eﬁefgy¢ In addition
to p@ffo&ming its noxmal function, it is discharging some

of the duties noymally perfoxmed by the excised lobes (Cellvs
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urea producﬁion)'aud it is olsc in a process of growth ow
prepavation for grewth.- The exygen consumption of livewm
slices from partially hepatectomized rets has indeed been
shown to be highex than that of normal liver throughout the
period of vegenerabion (Pexkingon & Irving, 1956).  Although,
as noted in Section 4.2 the level of +the mitochondrial

repirﬁtery enzymes ig actually lowered during regeneration,
it ds still high enough ‘o support a level of vespiration
many times greate“ than that acmually found in the inbact
cells (8 (,hwa,r‘u.a & Barkewr, 1957).

One of the main difficulties in studying liver
funstiohAduriné regeneration is bthe alteration in blood flow
produced by par%ial hepatectomy. More than two thirds of
the blood flow to the normal intact liver is provzdeﬁ by bhe
poxbal venous blood coming from the splanchnic viscers., It
is fairly well established that porbel venous flow wrabe is
vegulatbed laﬁgely by conditions in the prehepatic splanchnie
bed where 90 per cent of the pressure drop in the system
artery-portal veinwvena cava occuvs (Mig,., 5.). The livew,
on the other hand, offers only a very low resistance to the
passage of portal bleod, and therefore tends to accept
passively ﬁhate?ér_volum@ is supplied thirough the portal
~veln and hepatbic axtery, ,Par{ial hepatectomy does nob

greatly affect the volume of blood traversing the liver.
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Even though greatly diminighed, the liver is still able to
accommodate the blood flow weeching it. However, it folleows
that the blood flow per unit weight of liver tissue is greatvly
increased, Thig increese is initially almost threefold control
level (Ben&cerraf, Bilbey, Biozzi, Helpern, & Stiffel, 1957)
In oxdexr to avoid this difficulty, Leong, Pessgﬁi‘&nd Brauvern
(1959) used isolated perfused liver bto study the upbtake of
ealloidél chromium phogphate (vhich is a measure of Kupflex
cell activity) and the ap@cifie rate of bile flowv. ﬁy

this means they showed that 24 hours after partial hepa=
tecvomy the remaining liverw tiésue began to show an improved
capacity for colloid uptake. This weached a peak atv 72
hours and then declined véry sloﬁiy so that even aftewr 3
months, the colloid uptake efficiency was sbill well above
normal . The capacity of livexr tissue to seerete bile also
bepan to increase at 24 hours, reached a maximum after 72
houxs and thereatfter declined glovly to weach the novmal
value by 14 days. At its peak, 3 days after the operation,
it was found that the bile Tlow pewr unit weight of itissue vas
more than 50 per cent greater dthan in norxmal livewr., This
bransient increase in bile £fiov rate followed a course
@&rallél to the changes in mitotie freguency but 40 hours

latex, It has been observed by many workewxs that during
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the »rocess of regenerafibn mitoses fiwst appear in tbhe
peripheral zone of the liver 1§bule and nniy later become
evident in the widdle and cenbral zones (Milne, 1909;
Harknesg, 1932a5 Grishaﬁ? 1962)n Moreover, Lt has been
shown that many of the cells in the pewriphevral zone uundergo
more than one division while many'of the central zome cells
do not divide at all (Grisham, 1962). These observabtions

o

s%rbﬁgly suggest bthat the stimnlus %o hypexplasia following
partial hepatectomy acts primarily upon the peripheral zone
cells, At any ratbe, it is evident that in the process of
regeneration a velatively greatex increase oceurs in tbhe
cells dewived from the peripheral zone. There is evidence
indicating that bile secvebion is o Ffunetion in particular
of peripheral =zone cells (Forsgror, 1918; Novikeff, 1959).
Brauver has pointed out that if Pthis latber conclusion is
govrreet, then changes in bile sécretiﬂn rate and cell
praliferation.indic&te that during regenexation the livex
becomes for a time & predominantly "pewipheral zone" liver

{Braver, 1963).
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Seetbion 1,060  The mechanism of control of liver regeneration.

Although the remarkable capacity of liver tissue
to vestore itself yapidly after paxrtial removal or destruction
by hepatoxic agents has long been recognised, the mechanism
by which grvowth is stimulated and controlled is still
imperfectly understood.

vegtion T.61 ~ The woxk hypertryophy theoxy.

Ponfick (1889) vho was the fivst invesbigatbor bo
describe hepatic restorstion after wemoval of complete lobes,
atvtributed it to Functional stimulation arising from physioc-
logical lack, This view was supported by Milne (1909) in
a review of c¢linical and experimental aspects of the pwoblem.
Bvidence in favour of this view was obtained by Rous and
Larimore {1020). These authovs demoustrated +that compen—
satory growth of liver tissue could be induced by ligation
of a branch of the pe~inl veln, This procedure resulted
in atrophy of the lohes supplied by the branch concemrned,
together with hypexirophy of the others whose portal
civeulation was unimpairved. The atrophy was simple (mo
degeneration or increase of connective bissue was involved)
and was conditional, since it did not oceuy when hyper-
trophy in the other lobes was checked by ligation of thein

vespective bile ductsa,
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secbion 1,62  The blood-flow theowy.

A new phase in the study of the phenomenon of
liver wvesboration was initiated by Mann and Magath {1922).
These investigaitors were concerned to produce chronic
hepatic insufficiency in dogs for experimenial purposes.
They appreciated that the difficulty in producing such &
condition by paxrtial hepatectomy was due to ‘the enormous
regenerabtive power of liver, Therefore, +they soughbt to
produce conditionsg which would prevent this repair, It had
previously been demonstrated by Whipple and Hooper (L917) in
dogs, that when the portal blood is divexted Ffrom the liver
through an Bek fistula into the posterior vena cava, the
volume of wthe liver is reduced by half, Bespite the
reduction, with proper diet and mansgement, these animals
maintained apparent good healith {Mann, Fighback, Gay &
Green, 1931, Mann and Magabth (1922) performed TO ner cent

partial hepatectomies on a sewvies of guch animals and Ffound

that little or no regeneration occurved. In these animals
little immediate change was observed, After a few weeks,

however, bhey gradually lost weight, strength, appetibe
and became emsaciated.
The effect of impairment of blood supply o

regenerating livexr was studied in rads by Stepheuson (1932).
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He found +that by combining »partial hepatectomy with partial
ligation of ‘the portal vein, i1 was possible vo prevents, to
some extent, the restoration that follows simple paxrtial
removal of the liverw. By consgtricting the poxrbtal vein e
about helf its anormal calibre, he found that, over a period
of 4 weeks, the livers of a series of rats did not return to
more than 76 per cent of the expected weight. The body
weights of the animals were also below the pre-operative
leval.,
These results suggested that the prevailing view
of liver function required vevision. They suggested thawv:
a) since dogs with Fek fistulae and rebs with
partially ligatved powtal veine can exist
guite comfortably with smaller livers than
noymal, the volume of the liver in any normal
animal must bs functionally greater than
actuelly reguirved. Cliniecal and pathological
studies seemed Ho reinforce the conclusion
that the livexr possesses a large reserve
power and that an organism may funetion
adequately with greatly reduced parenchyma

(Miilne, 1909; Bollman & Mann, 1936):
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b) ﬁﬁhe volume of blood deliverxed o %ﬁevli%ey
per unid time must be considered as. a
faeﬁar in.conﬁralling the exteunt of hepatic
vestoration. Andersdﬁ (1932) pointed out
that he had always noted marked congestion
¢t the remnant of the liver during:the fivst
few days after two thivds parﬁia1 hepat§ctomy,

This last obﬁervatioﬁ,~taken together Wi%h the known
inhibiforf effoct of‘daprivatian‘ef Qnr%ai'ﬁlaod alrga&y 
deseribed, suggested to Anderson th&ﬁ“livervrestqratinn alter
partinl hepatectomy might be &ssﬁciated‘with %he increased
“volume of blood passing vhrough the resi&uai fragment. He
envisagad that the'hinusoiﬁa digtend in order to make 2
capillary %éd available that is adequate to handle the pre-
operadbive porbal blodd volumet - He belie#ed‘%ﬁai‘%his
distention induces coincident hypéftr&phy_of~ﬁhe_hepati$
cell Which,wiﬁh the oqcasinn&lrmitosia, may lswgely explain

: , ' : n
all that is involved in hepatic restoration.

-

Higging, Mann and Priestley (1932) cawried this.
' R

argunent a stage further, They reasoned that - if the
volume of blood that enteved the lobe of a liver largely

letermined the extvent of restoration that occurred afterx

partial removal of the organ, then conversely, an increase



of blood delivered to the hépatic remnant should induce an
increased amount of nev hepatic parenchyma" In order to
test this hypoth931s they used the domestic fowl because in
birds there is an anastomogis between the 1nfer10r me senteric
vein and the iliac veins. © Thué there is a direct venous
connection beﬁween the portal and postcava1“Vascular systems
(the circle of Jacobson). In the fowl, the liver is
divided inbo two main lobes. The 1éft lobe, which is about
40 pex cent of the total organ, may be removed surgically.
In o series of fowls treated in this way, the remaining liver
fragmantishowe&-SOme_increasé in weight.lbﬁt_even_after two
or three months {1%:did not attain the original pre-operative
weight of the intact organ. Higgins et al., (1932)
suggested that the reason why complete réétoratién did not
oceur was that some of the portal blood was dlverted through
the anastomosis of the 1nfer10r mesenteric and iliac veins
into the posterior vena cava thus reducing the volume of
portal blood delivered to the rem&ining.right lobe of +the
liver. - | ' |

In another series of fowls the posterior vena cave
vas ligated anterior to thé kidney, thus increasing the flow
of blood through the liver, Two or three weeks later, the

left lobe of the liver was surgically removed. In these
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birds Higgins and his colleagues discovered that restoration
of the liver always occurred, was usually complete and often
greatly in excess of the:tissue removed., Finally, a group
of four fowls was subjected to ligation of the posterior
vena cava above the kidney, without subseqguent partial
hepatectomy. When they were sacrificed after an interval
of four months, their livers were very much larger than
those in controls, - These experiments however, did not
indicate whether the stimulus'eausing the restoration was
tha portal blood iﬁself, or the presence in it of some
particular constituent.; Mann (1940)recognized that his
original experiments were open to criticism on three grounds,
a) the portal blood comprises about two thirds
of the liver blood supply end in its absence
there may ﬁot be enough blood for restoration,
b) failure of restoration may be due to damage to
the liver céll,
¢) perhaps the stimulus causing restoration is in
sufficiently high concentration to act only in
portal blood (it may be an absorptibn product
from the intesﬁinal tract or one of the organs

draining into the portal system).
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To meet these eriticisms Mann performed a szeries
of experiments in dogs in which he established a porto-
cavél anastomosis without ligation of the portal vein or
vena cava, thus permitting blood 1o pass freely botween the
two vessels, depending upon the difference in pressure in
them, In such dogs, subsequent partial hepatecitomy does
not result in the liver fragment having to afford possage to
the portal blood normally passing through the liver tissue
removed i.e., the portal hyperﬁension which follows partial
hepatectomy is prevented. In a series of dogs with such
poxrtoecaval anastomoses, Mann performed partial hepatectomy,
vemoving one third o one half of the total hepatic tissue,
Judging by the increase of liver weighv, little restoration
occurred in the remaining liver fragment compared to that of
normal controls, ﬁ@nn interpreted this result to mean that
regtoration of hepatic tissue fnllowing partial removal
depended primarily on the portal blood flow, and that
restoration occurred to establish an adequate portal path=
wey. Grindlay and Bollman (1952) showed in dogs that
following partial hepatectomy theye is indeed a congiderable
elevation of portal vein pressure which lasts for about 10

days.
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Mann's conclusion that the volume of portal blood
delivered to the liver affter partial hepoatectomy is the
primaxy stimulus to liver growth was generally accepted until
challenged by Weinbren (1955). This author ligated the
portael vein branch to the right posterior lobe of the liver
in a series of yrats. This led to a considerable atrophy of
the right posterior lobe, However, vhen a standard partial
hepatectomy was performed on such an animal, the usual
regenerative changes were evoked in this lobe (although
deprived of its portal blood supply). These regencrative
changes 1.e., increase in weight, cellular and lobular size
and mitotic rate veire apparent when sueh a lobe was com-
pared with the right posterior liver lobe of control rats
gimilarly treated but without hepatectomy.

The poesibility that liver regeneration might
depend on some specinl ingredient in portal bloed was
conazidered as being very unlikély by Mann (1940) following
his failure to produce regeneration in dogs with portocaval
anastomosis, as already described. Howvever, it was
definitely disproved by the demonstration of liver regener~
ation in dogs which had previously undergone portocavel
transposition (Child, Barr, Holswade & larrison, 1953),

Liver regeneration was also shown to follow partial



- 4] -

hepatectomy in dogs with an arterialised poxtbtal supply
(Fisher, Russ, Updegraff, & Fisher, 19543 TFisher, Russ, &
Bluestone, 1955). The artevrialiged dog livex was found %o
attain a slightly greater than normal equilibrium weight,
although the hepatic blood flow was almost three times as
large as novmal.

By about 1955, thevefore, it seemed unlikely +that
the blood flow theory of livewr regeneration could be correect
at least in the simple form in whiech it was orxiginally pro-

pounded.

Seetbion 1,63  The "humoxal' theory.

a) The parabiotic experiments

The possibility that the control of liver growth
might be exerxcised by o specific humoral factor was suggested
independently by three groups of workers. Chyristensen and
Jacobsen (1949) set up parabiosis between three pairs of
young rats of bthe same Liibher and sex,. Four months later
one parabion of each peir was paxtially hepatectomised, and
all animals killed 32 hours later. In the hepatectomised
parabions the mitetic index of the regemnerating liver atb
death was in the renge 160 to 730 per 100,000 nuclei. In

J,

the wunoperated parabions however, it was 4 to 33 per
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100,000 nuelei which they reported as being above the normal
lovel. Venneker and Sussman (1951) set up 8 pairs of rats
in perabiosis, and performed parxvial hepatectomy on one
parabion of each pair after an interval of only 5 to 6 days.
Ags controls they used 16 single partially hepatectomised
rats. The animals wexe killed at various intervals up to
14 days following partial hepatectomy. They obtained the
ugual increase of wet weight in the liver fragment of the
partially hepatectomised parabion, However, in each of the
unhepatecbomised parabions the livexs were larger thaun
nermal. Moreover, the mitotic index in the livers of the
unhepatectomised parabions was greatly increased over
controls, especially in the first three days when it
.attained values in the range 60 to 220 pex 100,000 nuclei.
Bucher, Scott and Aub (L951) performed pavtial hepo-
btectomies on one paritnexr ¢f each of Lourteen parabiotie
pairs, and on two partners of each of three sets of para-
biotic ftriplets, The intexval which.elepsed between para=-
biosis and partial hepatectomy varied from 7 weeks Ho 5
months, At intervals of 48 to T2 hours afiter partdial
hepatectomy, the intaet livers of the unhepalbectomised
partners all exhibited a higher'mitutic rete than the control

livers removed at the time of hepetectomy. In pavxabiotic
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"twins'" the mean value was 6 times and in "tripleds" it was
50 times that of controls.

These results were interpreted as evidence of a
blood~bozrne "humoral" factowr, which, when present in
sufficient quantity stimulates liver cell mitosis. The
humoral agent was believed to be carried fyxom the operated
o the unoperated twin or triplet. Chrigtensen and
Jacobsen's (1949) conclusions wexre based on the resulis of
only three pairs of animals and the degree of mitotic
gtimulation obtained was very slight. Venneker and Sussman
(1951) hovever, obtained a much greater mitotic stimulation
in the liver of the unoperated parabion of eight pairs.
However, unlike Christensen et al. and Bucher gt al., they
paxrtially hepatectomised the rats only 5 to 6 days after
establishment of the parabiosis,. Thig enhanced responge
may well represent the result of the combined operations,
Bucher, Scott and Aub (1951) pointed out that a correlation
existed between the amount of tissue vemoved and the degree
of mitvotic stimulation achieved. If 68 to 80 per cent of
the liver is removed from one of a parabiotic peiw, the
total liver mass removed from both is only 30 to 40 pex cent,
whewveas 80 per cent hepatectomies performed on two out of

three means that the totel mass wremoved from the tryio is
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@bau% 53 per cent, Differénce- in exparxmenta3 tochnzqu@
may account to some extant for tha great vaz ciation in
results between the three groups of vorkers.

| Unfortunately, these carly promising resulds could
not be cons sigbently repaabed by later workérs. Hurowitsz
and Studer (1960) obtained an 1n¢reased mitotie index in the
liver of the unoperated pariner of & parabiotic pair aftex

C partial hepatecuomy of the other, in 62 pov sent of the
intact anzm&ls,  Islami, Pack and Hubbard (1959) however,
obsexrved no inerease in mitotic index in the unoperated
livers of parabiotic rats 48,to 72 hours after one paviner
hoad been partially hep&tehﬁomiéedQ Finally, Rogers, Shaka,
Pecheﬁ‘&nd MaeDonald (1961) in an extensiverand carefu?ly
contrelled seyries oF experiments on parablat&c rats, failed
to cbtaln any evidence fox the existence of a humoxal
mechani gm uontralllnw rag @aeratlon. As eriteria of ﬁ?owﬁh,
they used hoth mitotic actxvlty and BNA synthesis ag measured
by autorvadiographic counts of nuclear incowporation of 3&«
thymidine, Sham operation alone ﬁas found to increase liver
mitasié and DNA.  They Pound tha% the effect of partial
hepabecucmy of one parbnexr of thns on hepatlc miuomls and .
DNA synthesis in the intact partner was no greaher +han sham

operablon alone. Also, in uriplets, partial hepauectnmy
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of two lateral members induced higher but not significantly
higher» mitosis and DNA synthesis in the intact middle partner
thon in similax sham-operated triplets, buv lesg {than in

control, un~operated vriplets.

b)_Factors in sorum

X

=

liver wvegeneration is brought about by & humoral
mechanism as indicated by the early povebiotic experiments,
it might be anticipated that the humoral factors concerned
would be demonstrable in the blood plasme. Aceordingly,
gseveral invegbigotors tested the effect of injeecting serum
from partlally hepatectomised rats into normal ones.
Friedrich-Frekse and Zeki (1954) reported that intraperi~
toneal injections of serum Ffrom rats hepatectomised 23 Ho

72 hours previously into normal in%&c% rats coused a Loxtly
fold increage in livew mitobic activity. Similar results
wvere obtained by Hughes (1960)., On the othexr hand Smythe
and Moore (1958) obsewxved no significant increase in liver
weight after five injections of serum remove&lfrom rate 24
hours aftbter partial hepatectomy, into normal rats, but did
notice a slight increase in mitotic acvivity. Laguexrriere
and Leumoniey (1960) e¢leimed that a similar procedure caused

an inecrease in the DNA content of the liver nuclei.
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Zimmeryman and Celozzi (1960) found inereased incoxporation
of 3H»ﬁhymidino and Mmorobic acid into livex DNA of intact
rato that received injections of gerum from partially
hepatectomised animals, Thege experiments all seemed o
indicave that thevserum of hepatecbtomised animels had the
property of stimuleting liver growth in normal animals,

Other workers tested the effect of injections of
normal sexum inbo paxtislly hepatectomised rats for its
possible growth-controlling capacity. Smythe and Moore
(1958) found that intravenous injection of normal plasme into
paxbtially hepatectomised recipients depressed 32?04uptake
invo DNA and retarded liver weight gain, but the mitotic
activity of the liver was nol diminished, Stich and Florian
(1958) reported depression of mitotic activity 48 hours after
parbial hepateetomy in rats injected 15 to 16 hours previously
with normal serum, intraperiboneally. XKohn (1958)
injeeted normal serum at 8 hour intervals intraperitoneally
into parvially hepatecivomised rats and sacrificed vhem at 72
hours. Doses of 12 ox 20 ml., every 8 hours decreased the
rate of liverx vegeneration as determined by weight.

Veinbyren (1959) injected normal serum into rats 10 hours after
“paxbial hepatectomy and found a 50 pex cenlt reduction in

mitotic activity 29 hours post operatively.  Buecher (19%8)



hovever, was unable to obbain any effeet on livewr wregenecx-
ation after intravenous injection of normal serum at four—
hour intexrvals for 30 houwrs,

Finelly, some workexs have tested the effect of
injections of serum from partially hepatectomised wrats into
obthers gimilarly operated. Following such %reatment,_Sﬁich
and Plovian (1958) and Smyth and Moore (1958) obsexrved
iﬁcreased proliferation in regenerating livers. Abidi,
Paschlkis and Cantarow (19%9) compared the effects of serum
dexived f£xrom the general circulation with thot teken fxom the
hepatic viens of voats partlally hepatectomised 24 houwrs
previously. They found that both sera stimulatoed prolifer-
ation in the regenerating liver and that hepatic vein gerunm
vag twice ag pobent as that derived from the pgeneral civcu-
lotion. Taken togethewr, these results seemed to indicate
that plasma from paxtlally hepatecbomised »ats had a
sbtimilatory effeet on liver growth and normal plasma bhad o
depressing effect,

Unfovtunately, tbthis clear and simple picture vas
gsoon complicated by the rosults of latexr workers. - Glinosg. .
(1952, 1958) and Poters (1962) independently repeated the

xperiments of Friedrich-Frokse and Zaki nad faiied b0 find

S
P
any exfeet on liver mitotic Lrequency. Also MaoBohald ond
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Rogers (1961) using m"oﬁle_frequency and DNA syntvhesis
measured by autoradiographic esblmation of Sﬂ-ﬁhymidine
incorpovation ag indices of liver growish, tested the three
combinations of serum injections deseribed above and noted

no effect in any of the combinationsg,

Secbion 1.64'V Glinos 08, Lheory.

In o series of papers, Weiss (1947, 1955, 1957)
elaboraﬁe& a2 geneval theory vo ac&ount for ‘the phenomenon of
organ regenerabion, Aecording to this bheory, each organ
secretes int§ the cireulating blood a growbh-inhibitowry
fagbor specific for itself, Damagd or removal of part of an
oxgan would result in o diminished production of its specific
inhibitory ;actay thus allowing it bo grow méfe rapidly
until it would be large enough 4o produce sufficient of the
factoxr bo imhibit growth once again.

Glinos (1958) influenced by the theory of Veiss,
proposed a mechanism of control of livewx regenér&tion baged
on the concept that liver cell growbth ig regulated by such an.
inhibitor,. He suppdrtéd thisg theory with two lines of
evidence,

a) if explants of adult liver cells are culbuwed

in plasma, their ouwtgrowbth is more rapid if
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the plasma is taken'froﬁ'a hepateetomised
‘aniﬁal (Glinos & Ggy, 1952),\. |
h) it is ﬁéssible tosstimﬁlmté the mitoﬁié
frequency in the lzver of a normal 1nuao%
rat by plasmapher981s (a procedure wh1ch
- causes dilution of the plasma censtltuents).
Moreover, an inecrease in the level of plasma
@rotéiﬁaachieyed by meané.ef £luid restriction
wa@ found bo inhibit cell mitosis in
'reéenér&ting liver. | ‘
‘Glincs en?isage& a system oﬁ,aﬁtOmatie'selfm?eéulatian involve
ing the livex itself as being the 1te of myuﬁheais of the
inhihktery‘facteré. He i&entlfzed these inhibitory agents
with the p]asm@ proteins most of vhich are syn%h@sised in
liver, Aeeordlng to his theory the .plasma, probelng,
especlally albumln, in the qnteratltial fluid bath 1ﬂgbhe
‘p&renchymal eells 1nh1b1t cell growth and d1v1$¢0n. Cone=
.ﬁequently, any meonsg of re@ueing the coneentyatxon of pTaﬂma
proteins in thls reglan might-lead to a release af “this
inhibition with subsequent parenchymal cell~growth and
‘mitosig.- Aecordlng to Glinos, following pﬁrtxal hepatectomy
two mechanisms wau?d tend to effcct thisg ehange. First,

during ‘the znltlal 24 hours ox more after the Qper&tlun,



the elevation of Fam%al»blnad pressure would cause increased
trongudation of dhe non~colloid fraction of the plasma Into
the inberstitial space with consequent dilution of the plesma
- proteinsg in $his ﬁpace; Thig effect, which would be elmost
immediate, would provide the inidtial stimulus to livexn

- growth.  Secondly, sfter a time it would be reinforced by &
fall in plasme pretein coneentration due to the inebility of
the livex fragment to synthegise plasme proteins at the seme.
rate as bthe intact livewn. aAs'fhé liver fvagment regenersted,
the portal pressure and plasma protein level would. return to
normel so bthat. the regeneration process would be sel?
regulaﬁiﬁé1_ The increaged transudabvion of the non-colloeid
fraction of the plasma would be most pronounced in the rvegion
of the cells nearest the porial aveas in view of +the parallel,
radial arrangement of the liver sinusoids, so +the theowy
vould be able 4o account Toxr dthe early, initial burst of
mitosis in the periportal zones of the livex.

This.%heary, although atbrective, hos several
gerious disaévaﬂtages. The actual changes in plasma pia%ein
concentration which follow partial hepatectomy in well
nouxished rots seem too small Lo cause the massive prolifer~
ative wesponse of the livex. Changes of the same oxder

produced by plasmaphewvesis in the experiments wveporied by



Glinos gave rise t0 increases in liver mivotic xate which
scarcely exceed those weportved in wvelation to diurnsl eycles
(Halberg, Baropum, Silber, & Bittner, 1958; Jaffe, 1954).
Glinos proposal of an early diminution of intewrsititiel Fluid
plasma proteins in the periporbtal zones caused by elevated
porﬁal-vein pressure is also open vo objection for vwo reasons,
a) such a mechanipm obviously cannot apply to the
littoral cells, in vhich mitosis oceur plenti-
fully, and |
b) the proposed mechenism cannct be reconciled with
present knovliedge of extracellular fluid
formation in the liver, and of the neb
countvercurxent flow of lymph and blood
dictated by anatomical welations for the livers
of most mammals {(Breauer, 1963).
Hemingway (1961) has proposed a modification of
Glinos theoxy. Plasma proteins have been shown to c&rry'
corticosteroids (Sandberg, Sleunvhite & Antoniades, 19573
Potersen, 1959) and Hemingway suggest that the plesma protein
influence on liver cell mitosis may be atitribubable, at least
in paxt, vo the asgsociated cortvicosteroids, changes of protein
levels automatically alteving the corticosteroid inhibition,

EBvidence fox this view wags obtained by repeating Glinos
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‘experiment on the effect of fluid resitriction on rats altewr
partial hepateciomy. In a control gyoup of fluid=deprived
paxrtially hepatectomised rats he confirmed that regeneration
wag depressed; buit in advenslectomized fluid=deprived
animels this did not happen. Indeed +the adrenalectomized
fluid-deprived animals showed even more regeneration than
the animals allowed unvestricted access 4o filuid,
Intevesting as this expeviment is, the objections to Glinos'
theory already described, are equally applicable %o

Hemingvay's modification of Glinos' theowy.

The situation in 1962,

At the beginning of the present investigatbion, the
situation could be summarised as follows. The "blood~flow"
theory proposed by Mann and his colleagues was obviously open
to grave objections, On the ovher hand, the albernative
"humowral" theoxry lacked conclusive proof and even if iv weve
accepued bthe nature and mode of action of the postulaied
humoral sgent were quite cbscure. Tinally Glincs' ‘theory,
wvhich combined some of the features of the other {wo was still
largely speculative. The time seemed ripe for a Ffresh

attack on ‘the whole problem,



RESULYTS SECTION



-t 5.3\ -

RESULTS SICTION,

Section 2.1 Introduction to the problem and the paxabiotie
| phase,

At the outset of this investigation the humoral
theory seemed to provide a much more attractive explanation
of the control of livep regeneration than either of its
rivals. I+ secemed reasonable in the light of the available
evidence'to assﬁme that the organism produced a specific
'hormote! or 'humoral' factor(s) which either stimulated or
inhibited liver growth. The results of the parabiotic
experiments suggested.that this 'humoral' agent was trans-
ferable, Therefore the most fruitful approach to the problem
seemed Ho bé7an attempt to isolate and characterise the !
‘humoral' agent, As a prelinminary to this investigation,
it was obviously essential to try to demonstrate its existence
unequiveocally and to devise an assay for it.

As already detailed in the Introduction (Section
1.63) belief in the existence of the 'humoral’ faetor was
based mainly on the results of parabiotic and sexrum injection
experiments., Because the latter type of experiment is
technically so much easier than the former, it seemed a good

starting point -for the present project; also since it was



Table L

The effeat of wopeated injections of wat blood serum
on the frequency of mitoses in the livers of normol
PALE , The treated animels wexe pgiven 6 intravenous
injections each of 2 ml., at 12~hour intorvals. The

enimals weve killed 12 houvrs after the last injection.

Treatmensy No, Mitoses perx
¥
animals 100,000 nucled

(Mean ¥ gtandard erron)

Noxmal sexum 4 ot 2
sexum from pertially
hepateetomised 4 5 & 2

onimals

The diffecrences between the means for bthe three groups

are notv significantly different ( PO 0405).
¥



uncertain &héther the humoral agent stimulated growth or
"inhibited i+, both possibilities had to be investigated.
Thé first expériment‘was designed to test whether the serum
oflﬁépatectqmised‘réts stimulated liver growth in normel rats,
The main defect‘of all previous éxperiments had been the
relative:smallhéss of the response produced. In the present
expérimehts&thefefore. an attempt was made to overcome +this
defect;\ First it was decided to inject the serum intra-
‘venouslj'rather then intraperitoneally, Secondly, to augméﬁt
- any stimﬁlatqry.effegt of the SGrum, multiple injections

wvere performed, éix 2 ml,, amounts being administered at 12
hour interfais. The .animals-were killed 12 hours after the
last injection. . With these improvements of technique it was
hoped o 0b£ain results at least comparable to those of
FriedrichéFreska and Zaki (1954), However, contrary to
expectatiqn; it is evident from Table X thaﬁ serum from
hépatectomiﬁéd-aonor rati.did not produce any increase in
liver miiotigfra@e in the recipients., This experiment, there-

:fére, did not suppoft the view that the serum of partially
"‘hepateé%émiSéd'raté c0ntains a 'humoi&13 factor which
stimulates liverjéeils to divide; These results are quite
contrary to those of friedrich—ﬁreska and Zaki (1954) who

gave a single injection of 1 to 5-m1.; of regenerating serunm,



Table 2

The effect of vepeated injections of blood serum ivom
nowmral rabs on the frequency of mitoses in the livers
of paritially hepatectomised rave. A beotal of 6 x 2 ml.,
injections was given av 1l2«hour invervals starting 24
hours after hepatectomy. The onimals were killed 24

hovrs after the last injection,

Treatment No ., Mitoses per
animals 100,000 nucled

(Mean % standard error)

Controls (given

injection of 6 . 246 L 89
physiological saline)
injectiong of nermal
serum 6 131 & 22

The difference between the means fox the two groups

is not statistically significant ( P > 0:05).
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killéd'the-animals 24 %o 72 hours later and reportod & 40
fold 1ncrea se in mitotic frcquency. .They aré contrary
also the the results of Hughes (1960) and Moore (1958); but
R thé& are in ﬁarmony-with the negative findings of MacDonald
'and Rogers (1961) (see Section I.63b).

Table 2 presents the results of an experiment to
tést the=effects of‘nnrmal serum -administration on the
frequency of mltosls 1n the livers of hepatectomlsed anlmals.

It is clear that the normal serum did not algnlflcantly

~,.depress.the m;tptlc frequency below the'level-found,ln control

animulsxgiVeﬁxinjections of saline, This experiment, there-~

yforé; gaﬁq*nb_sﬁpgﬁrt to the view that normal serum contains

@ factox whicﬁ inhihits ;i#er%cells from dividing, Again
'these rvesults are in sharp‘coﬁtra"t to the positive responses

"freported by Stlch and Blorian (19)8), Kohn (1958), and

| Veinbren (1959) but in ngreement with the negatlve results

of Bucher (1958). and . MacDonald and Rogers (1961).

The results of these two - experlments do not dig=
prove the humoral theory., It is possible that the supposed
humoral factor may have & very short half life iﬁ vivo. In
that case, the limited amount present in the volume of serum
llngected mlght be destroyed before 1t had time to produce its

effect, Clearl 1ncreasmn*ﬁthe'numben o; frequency of serum
Ly D g t . y
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injecvions would not provide an answer. There is obviously
a limit bto the amount of serum which can be injected without
fatally overloading the animal's circulation. The problen,
essentially, was to transfexr sufficient of the supposed
hunmoral agent from a hepatectomised animal to a noxmal orx
vice versa. The obvious alternative to multiple injections
was to try to exchange plasma oxr whole blood between a normal
and a partially hepatectomised animal, Provided injection
and withdrawal were pexrformed at a suitable rate, there would
be ne theoretical limit to the extent or number of such
exchanges. The procedure of multiple withdrawsls and
injections, however, poses technical problems. The obvious
method would be to make the injeoctions and withdrawals from
a suitable vein using a syringe end needle. The superficial
veing of the tail are o fairly convenient site for injection
or for withdrawal of small quantities of blood, Howvever,
repeated puncture tends to provoke either collapse or throm-
bosis of the vein, The external jugular vein presents less
difficulty in these respects butveasy access to it can only
be obtained by surgiecal exposure, which virtually excluded
very frequent injections or withdrawals from this site.

In view of the cumuletive problems associsted with

multiple'venepunetures, the use of an indwelling catheter had
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to bé eensidereé;‘ ‘Sueh a procédure implied some fowm of
.ﬁﬁmobiliéaﬁienrof the‘eﬁperimenfal"animal, which in turn
1nGV1tably meant sedatton of the rat almost to the level of
surgmcal anaesthesaa. In view of the dlfficulty in with-
dravel from VBins, 1t was deelde& to use an &rterxal cannula
for w;thdrawal and a venous ~ecannula for 1n3ect10n. To avoid
~the labour anvolved in repetitlve transfers of blood from
one rat’ to another, it was decided to connect up the venous
cénﬁula of'onarrét tnithegﬁxterial of its portnesr and vice
’gg§§9,7 Initially; it was intended 1o use some sort of pump
(hand or'éﬁtomﬁtic)lto effect exchange and to énsure that there
vas na n@t'ﬁranfer‘of bicoﬁﬁfram‘one animal to the othewr,
Transfer by hand pumpmng hoWever, oeemed te&lous and the
development of a meﬁhanlcal pump would ‘have been time=consuming .
The possibillty of uszng the arterio~venous pressure differcence
" instead Of a pump fcr the transfer of blood seemed attractive.
Therefore a %rlal.experlment was set up with cannulae joining
the carotld arterv of one partner to the jugular vein of the
“other and vice versa.: iﬁltlully a threemway metel stopecock
was 1nterpcsed ot each cannula ta regulate the flow, but

clatting 1nev1tably oecurred insmde and eventually it was

- - found satlsfactnry:to omit it.. It was necessary to prevent

clattlng in the cannulae, to heparinize the animals., With
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scrupulous attention to surgieal technique, heemostagis and
dosage of ansesthetic employed, it wes possible to keep
crogg--circulated rats alive for periods up to 48 hours.
Provided the exchange of blood between the two
partners can be made so rapid and extensive that they virtually
share a common circulation, cross~circulation should provide
a certain means of detecting a humoral mechanism, In the
experiments, the theoretical rate of flow (v) in each cannula
can be ealculated (provided the blood flow in the cannule is

non-turbulent) from the formula:-

. . =zPxt
- 8 1n

where P = pressure difference between the carotid artery and

the jugular vein (assumed to be 90 mm., of mercury i.c.,

120 x 10°

dynes/sq. cm.)
v = internal radius of cannula (00375 cm,)

n viscosity of blood (assumed to be 0¢04 poise)

i

1 = length of cannula (30 cm.).

Uging the fowrmula, it can be calculated that under
the conditions deseribed, the value of v is 4 - % ml,/minute,
whieh is equivalent to an exchange per minute of about a
quaxter of the blood volume of each animal, To ascertain
vhether this extracordinarily high figure was realized in

practice, a cross—circulation of the type described above was
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set up hetwveen two normal rats, One of the animals was
given an intravenous injection of approximately 02 ml,, of
» saline susponsion of erythrécytes\previously labelled with
5103; Blood samples (002 ml.,) were then withdrawn at
intervals from the left jugular veins of both animals and
assayed for radiocactivity. If it is assumed that the bhlood
which flows through the canmula from one animal to another is
complete and instdﬁtaneously mixed with the blood of the
second animal, the difference:x in specific activity bhetween
the two enimals will diminish with time according to the
equaticnam

*i%:*}é' = 2 kx

wvhere k is the fraction of the total blood volume exchanged
between the two animals per minute, Substituting for k the
value 0¢25 calculated above, the difference in specifiec

activity between the two dnimals aftéf 10 minutes may be

dalculatédzu
dx -
- a@’ e 2 kx
integrating,
-2kt
X = .'Ko e
and 2kt = Inx, = 2303 log x/



Table 3

The Specific Activity of blood withdrawn from s pair
of parvablotic rats at varying time intexvels aflter

injection of labelled exrythrocytes into one of them,.

Specific Activity

(counts/min./ml, blood)

Time aftew Partnex Partnexr
injection given given
(min,) injechion injection
6 4260
9 4500 4340
19 A270 4349

29 4130 4210
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2k
log X, = = .2 % 025 x 10
x . 2303 2303
therefore
log X, - .
o= 2= 2171
x
and ,
x
-2 = 14842

x
therefore at 10 minutes from the staxrt of the experiment the
difference in speoiflic activities between the red cells in

the cireculations of each rat = _100 = 0v67 per cent
LABe2 ‘

This prediction is in good agreement with the
experimental results shown in Tab;e 3. It thevefore seems
safe b0 proceed on the assumpition ﬁh&t the cealeculated value
for the rale of oxechange between the two animels is at least
approximately coxrect. An exchange as vapid as this approaches
%hé ideal situation in which {the two pariners shaxe a common
circulation, Any humoral agent produced in either animal
must be vapidly transferred to the other, I£, therefore,
liver regenérgtion is initiated and contreolled solely by
humoral factors, it should follow that parbial hepatectomy of
one pariner should result in an almost equal degree of

compensgatory hyperplasia in both partners, Table 4 shows



Table 4

The frequency of mitoses in the livewrs of parabiovie
vate after paritial hepatechtomy of cne pardhner. Tn
experiments l=-6 inclusive, perabiosis was established
approximately 30 minutes afbter hepatectomy. In

experiment 7 the coxrrvesponding interval wes 48 lLioure,

Exp. Duretion Miteoses pexr 100,000 nueclei
No . of parabiogis Hepatectomised - Yaviner
{hours) partner not opereted
upon
i A8 671 2
2 48 709 20
3 48 276 | 27
4 48 ‘ 902 14
5 36 175 4
6 28 140 14

7 23 - 267 36



the rosults of a sexvies of such experimentse. Within 36 +to

48 hours of paxrtial hepatectomy the livers of +he hepa-~
ﬁee%omizéd pavtners showed the s&meﬁhigh mibotic frequency
foﬁnd in gingle animals ﬁubjecté& o the same operation.

The.livers of the uﬁhep&toctomizgd partners, on the other

haﬁd, showed only the low mitotic frequency found in ‘the

livers of noxmal adult rats. These reéults give no support
to the view that the control of 1iver‘fegenemation is

effected by meons of (a) humoral agent(s).

Section 2.2 The bleood~flow phase.

The apparent overthrow of the humoral theoxy
deseribed in the previous seéﬁion pr0mpted o reconsideration
of the aliternative and much oldexr "blood-flow" theoxry. As
alveoady indicated'(Sectian T.62) the work of Weinbroen (1955)
argued strsngly'thaf it could not by itself account for the
regenerative process, but the pomsibility thet it might make
some contribution had to be congidered. It has also heen
mentioned in +the Indroduection (Seetion I.62) thatb the.”
strongest evidence in favour of the vasculax theory was the
servies of experiments using fowls carried out by Higgins,
Mann and ?riestlej, (1932). These workers cloimed that an

- inerxease in the volume of poxrtal blood delivered to the liver
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b& ligation of the poslecaval vein in fowla produced a
definite increasge in the wet weight of the intact liver.

The experiments in which these vesults were obtained ineluded
only a small numbeyr of fowls. Moreover, little or no
information wag given about the histology or composition of
the hypertrophied organ; and the expevimenhs did not indicate
vhethex the hypervrophy had occurred with the expleosive
rapidity characteristic of liver regenerotion or whether it
had been a gradual process over several weeks or months, If
the blood-flow theory was to be soriously reconsidered there-
fore, the obvious staxting point would bhe a repetition of the
fovl experiment on a larger scale and uging posﬁwoperatiya
mitotie activity as the critevion of growth,

The posslble form of partial hepatectomy in any
specieg is dictated largely by the architecture of the liver,
Small biopsis amounting to only a few per cent of the liver
mass can easily be obtained. Howevewr, easy surpgical removal
of a 1&?39_@@?@ of the liver is only possible whexe the crxgan
is lobulated. In the domestic fowl the liver is divided
into a wight and a left lobe. The former accounts for about
60 peyxy cenb of vhe total mass of the organ, but because the
gall bladder is closely attached to its undersuriace it

gcennot eaglily be excised without disturbing the normal flow



Tabie B
The frequency of mitoses in the livers of fowls

befere and after partisl hepatectomy.

Time bebtween Mitoses per 100,000 nucledl

partial hep.

and death at opevation at death
(days)
1 6 10
2 - 167
3 5 465
3 3 125
4 L4 106
i G 14
J 5 38
6 8 15
7 14 10
Il 4 33
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of bile, Conseguently, partizl hepatectomy has to take the
form of vemoval of the left lobe, which accounts for about .
40 per cent of the organ, The operation mey easily be
performed through an incision in the left flank, the leftd
liver lobe being ligated and éxcised by the game technique as
in the rat. The operation is attended by a slight blood loss,
but this is nol usually sexrious.

Table 5 shows the effect of this operation on the
frequency of mitosis in the remaining liver fragment. There

is

o5

pronounced although ivregular increase for the first
fouxr days, followed by a decline. These findings suggest
that a regenerative response does ceccur in fowls; admitbedly
less drametic than in the wrat, but this mey simply be due to
the fact that the proportion of the organ exeiged is much
smallex. Table 6 illustratves the effect on liver mitotbic
index of ligetion of the postecaval vein (Tig. 6). This
operation, though technically wvather difficult because of the
inaccessibility of the vein was not attended by haemoxrrhage
or obthexr complications. Tor the period 2 to 7 days after
the operation the mitobic activity was certainly increased,
though to a variable degvee, over the low resting value found
in unoperated animals (Table 5)., It is 9viden%; hovever,

that sham operation produced an almost similay response
B P



Table ©

The frequeney of mitoses in the livexs of fowls after

ligation of the postcaval vein or gham operation,

Time between Mitoses pex 100,000 nucledi
operatbion and at death
death {(days) sham operation posteaval vein

ligation

2 56,10 ,6 12,20,34,144
3 8,26,16,37 31,30,14,54,18
5 30,12,17,26,57 78,29,16,42,24
7 23,10, 10 63,9,12,7

Kach figure vepresents & single animal, An analysis
of variance indicates that the two treatments wveve
gignificently different at the 5 per cent bub not at

the 2¢5 per cent level ( 005> P > 0.025),
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(Table 6). it apfears‘therefﬁre, that ligetion of the post-
cavéi vein doéé-ﬁo£ préduce in fowls a mitotic wresponse
enﬁparable ta=tﬁat-prgduced in rats by part@al hepatectomy.

| The ane-unequifoca; piece of evidence, for the blood=-
flqw‘theury'wasithus seriously weakened. Tt may be objected
however, that the results in Tables 5 and 6 are toe variable
and ambiguous ﬁqJCOnsﬁitﬁﬁé_adequate grounds for rejecting
the thenry”autrighﬁ r@tﬁer than regarding it as unproven.
There w&s-én obﬁicus*need for & more critieal test., . It was
cleaxly &eairable to perform this test in some mammal in which
it was kﬁown that partial hepatectomy was followed by liver -
regenexation'offﬁﬁe ciassicai type. As in the case of the
fowls;ytha‘most sﬁitahle form of experiment would be to
incraase fhé\peftél blbo& flow to the liver in an otherwise
~normaligmima.l'.mui‘hese requirgments were met by.using the dog
an exPe?imentgl»sﬁbjgct. The increase in the portal blood
“fiow w@s)géhiéved by perfarming a reverse ek fistula (side-
to-side anastémosis of the pertal vein and the inferior vana
cave, with ligation of the latter above the level of the
anastomeais)'(31g118 - compare with the normal in Tig. 7).
_?his operation was generally well tolerated and the dogs

. premained fairly normal throughout the experimental period.
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Table 7

The effeet of Revewrse Bck Fisbtula and paydiel hepatechomy

on mitotic freguency in the liver ¢f +the dog.
q Z

Animal Operation Mitoses pex 100,000 nuclei

No. before J days 6 days 9 days

operation  later later later
1 Reverse Hck 5 6 - -

Fistula o
2 = o 83 13 - -
3 == 2 (4 - -
4 wal Qo 18 0 - -
5 0= 7 - 6+ 520% -
6 1 O 47 - 34 -
7 = O 3 - 10 -
8 () Qem 3 - ~ 15
9 -3 0= 5 - - 15
10 Qe T - rs 8
11 Partial 3 382 198 381
hepatectomy |

% Dbiopsy from left lobe (see text)
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Table 7 shows +the effeéts of this procedure oun the
mivotic frequency in ﬁhe livers of dogs. The time intervals
of 3, 6 and 9 days were selected bgcause; in ﬁhejdbg, miiotic
activity wvesulting fraﬁ parbtial hepatectomy is apparent on
the Zﬂd day‘af%ar‘the pperation agnd ig¢reases to o maximum
between the 4th and the 10th day (Eiéhback, 1929),., A single
“parbial hepatectomy gave in our hands the same type of
respohaé (Table T). ."It is quite cleax from Table 7 that, in
genexal, the shunt produced nﬁ significant'incfe&se in mitotic
frequancy . There was, however,‘ona¢exqeption; In general,
vhen the snimals were under»&ﬁa@sﬁhesia before being sacvificed,
the livers were .a dﬁ&k*biuish‘coleur with vounding of the
normally sharp edges. At death the livexr of aniﬁalvnumber
5 aid not have the usual homogeneous dawk colour. The left
central and left lateral 165@5 were a bright red in egntrast
to the bluish colour of the rest of the liver. This colour
diffevence disappeared after death when the‘liveé was exelised,
The.miﬁatic_indeﬁ of the red lobes was extremely high and of
- bthe ovder ef‘that seen following partial hepatectomy (Table 7).
Thesevresultﬁ clearly inﬂicate-thaﬁAinpraa$ed portal blood
flow per se does not lead to hyperplasié of the liver, This
conclugion is not affecited by the anomalous resuld given by

dog numbex 5 in Table 7. It may be that in +this pardicular
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| FIGURE 10

" Splenectony in tilli'e ‘d'og“‘,
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Table 8

The portal pressure in the dog after various surgical
operations, Each figure represents o mean forx the
number of snimals shown in paventhesis, Since the
| portal pressure varies from minute to minute, mo attempt

has been made Ho caleculate standard deviationg.

Operation Portal pressure ( cm, saline )
Control (pre- Time after operation
operative) immediately 3 days 6 days 9 days
after

Spleno= 128 ' 147 L5 165 1Ge5
porial (5) (3) {3) {2) (4)
shunt

131 170

(12) SN (12)
Spletie 144 157 137 135
ectomy (4) (3) (3) (4)
Aoprto=- 111 181 213 223 225
portal (2) (2) (2) (2) (2)

shunt



Table ©

The effedét of a splenic artery-portal vein shunt on

the mitotie frequency in the liver of +the dog.

ﬂeg No. Mitoses per 100,000 nueclei
before after  aftex af%er
opevation 3 days 6 days 9 da&s
1 4 10 - 5

2 0 7 - 10

3 0 - 10 -

4 2 T - 10

5 2 - 6 16

6 4 - 5 -
7 2 - 4 .21

8 3 3 - -

9 2 - 0 -
10 5 - 19 -
1l 0 - 5 6
12 0 - 26 o



‘;:;, ' s ‘. L T&bl@ 10 N
. .iThe offect of ‘splencetoiy’on the mitobie frequemcy

iﬁ7the‘1ivef16f;ﬁhéf&ng.'*;_‘

DogiNo. Liver mitoses per 100,000 nuclei
‘before ~.aftgr"' after after

operation 3 d&ys i 6days | 9 days

o 2 e =

n

3 10 . 16 - -
4 16 19 -

aw
-

L%+

=9 22,

® = @
) s-=c:'~c s
(W)
o8
'
- 3



— HH -

case the liver hacmodynamics wasg digturbed in such a way that
bhe lefb lobes were being perfused by an inereased proportion
of hepatic arteriel blood. This finding suggested the
possibility that in a situstion where delivery of high
pressure hepatic avrterial blood to a liver fragment is pre-
ferred to portal blood, the resultant increase in oxygen
saturetion of sinusoidal blood might be a stimulus to liver
regenexation.

In oxder to test this possibility, it was necessary
to artexrialise the portal vein. Accoxdingly, a series of
dogs was subjected to an end-~to~side anastomosis of the
gsplenie értéry to the portal vein, with concomitant removal
of the spleen (Fig. 9). Table 8 shows that this procedure
wags followed by a smoell but progressive inerease in portal
pressure vhereas splenectomy had no effect. It can be seen
from Table 9 that this type of shunt did produce a very
sligh?t increase in liver mitotic index. However, it is
evident from Table 10 that splenectomy alone gave an increase
of compavable size (Fig. 10). In viewv of these negative
results a more vigorous form of arterislisction was desirable,
Therefore, in another series of dogs a shunt between the
abdominal aoxte and the portel vein was created by means of

a surgical grefting operation (Fig, 11)., This procedure



FIGURE 31_1

The aynthetxc ﬁhﬂﬂt ereated between bhe
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Table 1l

The effect of aorto-portal shunt on the mitotie

frequency in the liver of the dog.

})eg No .
before after
operation I deys
1 1 50
2 0 b

26 108

LN

Liver mitoses pey 100,000 nuelei

after after

¢ days 9 days
45 10
16 3
138 -
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almost doubled the portal pressure. Table 11 shows its
effect on liver mitobvic index, There is evidentiy a
variable increase, on the average slightly greater then in
the spleno-povtel shunt., Dog number 3 has given a sizcable
response, but in this case the vesting mitobtie vabte was gquite
high, On the whole, the resulis may be congidered negalive,
In spiﬁe of its drestic nature, the operatbion has not pro-
duced the soxt of mitotic respense found in liver regenewaibion,
It may be contluded therefore, that neither an increased
portal blood flow, mor an increase in the partial pressure of
oxygen in the liver provide an adeguabe explanation of liver

regeneration.,

Section 2.3  Glinos theowy.,

The demonstration of the inadequacy of the humoral
and blood-flov theories did not exelude the possibility that
liver regeneration might be the wesult of the two mechanisms
acting in concexrt. Such o theowy had alwready been proposed
by Glines (1958). An account of Glinos' view and of the
evidence which he brought fcrwér& to support it hes been
given in the Introduction (Section I.64), It will suffice
heve vo restbate his central idea, which wasg thab paritiel

hepatectomy would wesult first in an inerease in portal
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p%éssqgg;’and %heﬁ1in-&vfaiirin pl@sma.pretein. Hach of
‘;vhﬂ é*facﬁé@s would tend‘te bring aboubt a fall in extra-
ccllular‘protozn csncenbratxon in the liver, end +$hi
d'@ccerdlng Lo Gllnos is tac immedlate t&mu#ua to eell
@ivision.’ Clearly such a theoxy ig amenable %o experimen%al‘
%gg@;** Ié‘i% ig correct iﬁléhnuld be possible to cause liver
grovth 1n on - etherwz é normal animal eiﬁhér\by inereasing
the-paxuml pre& sure or by diminishing the plasma protein
cbncéntratzan, Turthexmoref;the changes in pertal pressure
ox pl&sm& pratexm goncentration neoe&sary o produce bhis
effecb shnuld not be any larger than the corresponding changes
" produced by'partaal hepateqtomy.
The question of presﬁure may conveniently be
*ceusidered Pivab, Zn the previous sectlnn a descrlthon
. Was glven of  three types of experiment éesigned 0 1nerease
portal blood Flow to the liverw of the dog,

l)‘.%hefréversé Bel Pistula,

2) spleno-portal shunt,

3) aarto~pevtal Fhﬂﬁu.
The aeﬁuwl jncrenres jn porta pressu?e produced by these
opgxaﬁlve-procedures are shown in Table 8, - As might be
éxpééﬁe&, much %he i@rgest incxaése was §rodﬁeed by the

aorto-portal shunt (almost a twofold increase)s. As in
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" The difference in pressure between the poxrtal and

jugular veins in the rat hefore and after partial

hepatectomy. Since the portal pressure Fluetuated

slightly fyrom minute to minute the wresults for caeh

group are showil as & range.

Condition of animals
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24 hours after partial hepatectomy
48 hours after partial hepatectomy

72 hours after partial hepatectomy

Preassure
difference
(Gm. of

saline)

12=-14
14«15
14w15
12=14



evident from Tables 9, 10 and 11, none of these procedures
produced anything comparable wo ‘the mitovic response
obsewxved in livex rvegeuneration. The changes in poxial
pressure in partially hepetectomised rats are shown in
Migure 12 and Table 12, Although there is a very pronounced
initial elevation immediately after operation there is &
rapid decline in the ensuing 4 to 5 hours. Hovever, even
after 48 houwrs it is still slightly elevated. Taking the
evidence of the dog and rat experiments together, it seems
safe to conclude bhat an increase in porival pressure of the
magnitude found after partial hepatectomy could not by
i%self,aceounﬁ for liver growth.

The second factor to be conszidered in Glinos'
theory is the fall in plasma protein concenbration afier
partial hepatectomy. Previous voxrk performed by Robexts and
Vhite (1949) on this topie hed indicated that although a fall
in cirvculating plasma prctain-bagins about 16 hours after
partial hepatectomy it does not become pronounced until 24
hours. However, the results veported in Table 13 would
geem wo indicate that o subgtantial fall in both total plasma
protein and albumin is not evident until 48 hours after
paxtial hepatectomy. Since tvhe most rapid gwowih rate in

bterms ¢f both mitotic index and liver weight oceurs during



”ﬁ vTabié“l3

‘The;plasm&;prb%eigfl?%el in the rat after pértial

‘lhﬁpatecﬁdmy; E

Animai- o

N@ -g.\ s ? *

3 albumin

tafa1 

2‘&1bumin

total

-3 albumin

*ﬁotél .

4 albumin

total. . -

albumin

W3

Plasme protein concentration

before

operation

3403
4495

_2&37137;’

Ge2s5

.‘(g-/lﬂG ml. plasma)

after
24 hours
310
4960

517

2095
5435

afver
48 hours

237

4o 42

250
4T3
250

500

oze22

4052,

- 2¢05

4075



the fizst 48 hours, it is diffieult vo reconcile these
findings with Glines’ ﬁheéx . |

The contenbtion that plasme protein concentration
may diminish in the immediate envirvonment of the hepatie
parenchymal cells as a consequence of increased portal
pressure is difficult to test diréculy. Glines did not
étﬁempt o do so but based his conclusion on the effects of
pl&smaphéresis on liver mitotie frequency. It was decided,
therefore, to re-examine thisfqueétian and bo determine if any
xélatianship could be obsexrved between the lowering of
civenlating plasma protein and liver mitobtie frequency.
Tabl@ 14 shewg‘the vesults of o pilot experiment indicating
cextent and dﬁr&ﬁion of plasmaphevesis, the levels of total
plapme protein and'plasm@valbﬁmiﬁ abboined and the wreszulting
mitobic index, . Theze ig no obvious reletionghip. TFiguwve
1B presents the results of a move deteiled investigation,
Again thewre is no obvious relabtionghip between +the fall in
plagma proﬁein and mitobtic diandex. In genewal, the pitotic
aetivitieg‘abﬁainﬁ&'by plasmapheresis are ﬁuch lower than
those found‘in'regenarating»liver, |

Table 15 presents the vesults of ﬁhe”eanvera&
expeviment, i.e., the a%%empt'ﬁé inhibit or depress livew

cell mitosis aftexr paxtial hepateciomy by artificially



TABL$'14

’Tho cffect of wepeated. plnsmaphereglﬂ cn the

plesme protein 1evel and llver matntlc treqnency

the omount of blood which was exch&nged on. oach
occasion, i.e., 4 x 1 means that 4 ml.; of blood
We.E WJthdrawn, centrlfuge& and the plasma exehangedV

for physxologlcal saline.

in ?@%r; he Lower sect:on of the tabte 1nd1catesv-“



 Table 14

Animal - Plaogme probein doneentrations at coeh

'plasm&phéresis-(gé/lﬂo ml.lplésma)

Day 1 Day 2 - Day 3 Day 4 Mitoses perw
aae  pem. 100,000 nuelei
L albumin 3+2 3.1 209 3e5 3.9 136

botal 5e8  6e0 46 4e9 6ol

2 albwmin 204  1+9 3¢z 3.0 3k 50
total. ‘4;§.A 387 45 5e0) "Be b

3 albumin: 323 2¥1 . 204 267 = 98
tobal . 6¥8  4¥3 4.5 - 54 -
4 albumin ;3*67"ééﬁ. "3?3“y 2-7 : - 19
tobel  5+9 @0 AT 4T =
Day of
‘ | Sacrifice
1 4%1  4x1  4xl 4xl 4%h
2 4x1 4m1  4xl 4nil 4th
3 5x1 5x2 5x2 - 3zd
4 5x1 5=xn2 Bxé - 3rd
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The relatlonQPlp between the fall in tatal

‘"gl&sma protelns and the mltotlo 1ndex 1n at llver.'__
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‘*partlaliy hepatectomised at tha start of the
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-‘&he Pffecu of 1ntravenaus 1n3ectlans of normar
t piasma ar salzne OL the nxﬁotlc 1ndex 1v

gnncrnuiug r&b li?ﬁr. 3 ”hrev groups af rats‘were

perlment.J' Gne gruup was ﬁreated w;th plasma,?

wlth salzne and onp was untreated. 41 hours ‘?{f?i?*ff

ter partlal henatertomy all three groups were

criflﬁed &nd llver biop31es taken for hlatology.Aﬁf'u'V




Animal

No.

£ W D

m_

7.

10
11

8 houwrs:

\-Tablé1i§

~@§é&ﬁméut

2-mLl., normal plasma

- intravenously every

‘firsﬁ

injection immediately

after operation,

vé mi,, physlologlcai
'fsmllne lnbravenously

;evory 8 hours' |
zflrst Jngoctlon
f;lmmadlatgly after

None

Numb@r of mitoses per
100 000 nuglel S
;66
123

82
35
43

49
51
55

5

66

An an&1y31s of- Varlanco of the three gﬁﬁnps of

fmlhotlc 1ndlces shows that there was no 91gniflcanu

-dlff@rence between the treated and untreated groups

%y>00m



increpsing the level of cirveulating plasma protein. It is
guite clear that the results eve agein negative.

In viewv of ‘bthe failuwe %o stimulate mitotic
frequency in livey much beyond the normal range even by
vigorous plasmaphexresis, and the complete failure to inhibit
or suppress the normal proliferative response Lollowing
paxrtial hepatectony by intravenous plasma infusion, it seems
safe to conclude that plasma protein concentvrabion is unlikely
o be the main factory in contirolling livewxr cell growth and

division,

Sgevion 2.4  Changes in chemical composition of regenerating

livex,

The apparvent failure of vhe three existing theories
0 account for the mechanism of livey wegeunevation
necegsitated a new approach to the problem. It was surmised
that o careful sbtudy of the early chemical changes occurring
in the liver fragment following parxtial hepatectomy might
indirectly shed light on the mechanism of growbth contrel,
After partial bepatectomy a lavent period of 14 to 16 bouwrs
elapses before DNA gynthesis begins. Presumably it is
during this letent peviod that the stimulus bo vegenerate

begins to act on the liver fragment. Some understanding of



its vatuve and mechanism of action might therefore be gained
by looking for chemical chenges in the wvesidual fragment

before DNA synthesis gets under way.

Changes in glyeogen concentbrabtion,

The rapid disappeavance of glycagén is one of the
earliest and most dramatic features of regeneratving livew
(see Introduction section I.35). The mechanism of this
change has not been specificelly invesuvigated., IHewvever,
since glycogen is belng econtinuously synthesised and degwaded
in livew, its decrease must represent an imbalance between
these two processes. Whether & change in its wate of
synthesisg might oceur during vegeneration is unknown, but it
might be reasonable to expeel an increased breakdown %o
meintein blood sugaw. Obviously, to pexrform thig lattew
funetion the liver fragment, having only one third the
quantity of glycogen, will have to degrade its storve three
+imes as fast to maintain the normal blood sugar level, notb
to mention the increased requirements following the stress
of operation. The wvole of the liwver in the homeostatic
regulabtion of blood sugar has long heen appreciated. Mann
(1927) for example, found that while the level of blcod sugar

decreased in animals with reduced hepatic tissue, a level was
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Table 16D

The effect of liver biopsy on liver glyecogen

concentration,

Animal Glycogen concentration
No « (8+/100 gs wet wb. of liver)
at operation 2 hours later per cent fall

1 4043 130 69
2 Bel | 0«96 32
3 5048 167 69
4 557 4464 17
5 2023 168 25
6 3025 2407 36
(f 1025 087 20
3 2+61 131 50

average fall in livewr glycogen A7



finally weached at which the blood sugar remained consbant,
regardless of the further decrease in hepatic bissue, He
concluded that the liver stubbornly. maintains an adequate
level of blood sugar even though greatly incapacitated by the
loss of much of its substance.

The exvent and rapidity of the process of glycogen
di.sappearance in vegeneraving liver Ls shown in Table l6a.
It is cleawr, however, that over the short fime 510 wval of
2 houwrs, a vizbually equivalant fall in pglycopgen takes place

. L \J

if only a small liver biopsy is removed ingbead of the Pfull
two thirdg (Table 16bh). I+t soems reasonable to assume that
in bthis latter eose, the logs of glycogen is simply a response
to stress. In view of +the 'labile! nature of this glycogen

store and its wegponsiveness to s

P ad

ress, it would obvicusly be

di€ficult to relate changes in its concentyation in liver to

the wegeneration process.

Changes in lipid concentration,

Lipid infiltration of the wesidual liver fragnent

s one of the eavliest and most striking changes in livew

!Jo

regeneration, Although this phenomenon has been investipgated
from various points of view neithew its undexlying cause

not iws physiological gignificance has heen fully elucidated.



Table 17

The coneenbration of %Gﬁal.lipid and phospholipid P

in the liver fragment at time intewxvals afber partial

hepatectomy.
Animal  Time interval = Lives
No. between partial Total 1lipid Phospholipid P

hepatectomy and (g./100g.vet wbt.) (mg./100g.vet wh.)

sacrifice (hwr.) before at befoxre ab
cperabion death operation death

1 2 . 256 474 123 176
2 2 3.42 4;58 148 158
3 4 359 497 182 164
4 4 402 6226 178 181
5 8 40 67 Te94 7T 173
6 8 4+02 805 162 189
7 10 417 0«08 140 232
8 10 4+83 517 173 153
9 12 4+ 88 8+01 157 201
10 12 203 1006 82 196
11 24 4012 11«73 160 170
12

24 384 Te9l 163 163



Table lé :
- The conpentr&ﬁion of total lipid and phospholipid P
in vhe livex and ﬁlasmalat bime intexvals afber
Livew bhiopsy.
Animal  Tinme Plasme | ' Liver

Ne. between Phogphol, Total phospholipid Total lipid

biopsy &  P. 1ipid. P,
_deathf mg/lOOml; mg/lOOml. mg/lOOyg. g/ 100g.,
 '(hr}). | - f at at - ab o,

oper. death oper, death

1 5 963 285 33 171 350

372
2 6 - B34 260 110 170  4+01  3+98
3 12 3-89 278 - 178 3487 3495
4 12 7+85 285 - 161 273 329
5 | ‘

24 6296 226 - 159 2098 5416



- T4 -
Horkness (1952h) found that 1lipid concentration was already
maximal 10 hours after dthe opervation although Szego and
Boberts {1949) wreported +that the maximum came later. The

o

results of a re-—examination of the extent of lipid deposition

at intervals after partiel hepatectomy is shown in Table 17,
An increase in total lipid is already apparent at 2 hours
and increases steadily from a control value of 3 to 4 perwr
cent to veach 8 to 13 pexr eent between 12 and 24 hours.

Since very little change occuryved in vthe phospholipid fraction,

the major part of this increase must hove been due bo none

iy

phespholipid. This is in agreement with the finding o
Ludewig, Minor and Horbensbtine (1929) that the accumulated
1ipi& is mainly neutral f£at. Removal of a small biopsy

from the liver also cauged a small increase in non-phospholipid
the effect being most pronounced after 24 hours (Table 18).

A more detailed examinetion of liver lipid concentratlion 6
hours after surgiecal biopsy (Table 19h) shows theb although
there is some vaviation of sresponge, g definidte increame is
evident, the values venging from 3 %o 30 pexr cent., By
comparison, a gimilar sewvies, previously parxtielly hepo-
tectomised, gave a much larger increase after the same +time,

the values ranging from 29 o 81 pew cent (Table 19a).
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The congentrabion of jotal lipid ik wet liver bhefowxe .
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Table 19b

The coneentvyation of total Lipid in wat liver before

and 6 hours aftex Lliver biopsy.

Animal No. Total Lipid g./100 g. per cent
liver (wet wb.) increase
before aftver

1 2+ 80 303 8

2 2242 315 30

3 305 383 26

4 203 253 25

p! 2° 82 3062 28

6 20904 303 3

average increase 24

The two population means of tebles 19a and 19b axe

significantly different. ( P<T 0:05)



The question of the origin of this increased none
phospholipid occurring in the liver after both partial
hepatectomy and biopsy wemained to be answvered. Chanutin
an& Gjessing (1949a, b) observed an elévated seyum.leval of
total lipid in ?aﬁs et one and bwo days after partiesl hepa-—
%@ctqmy; Janion and Szenberg (1959) obt&ined evidence for
the viev that fatty infilbtration occurring in the early sbages
_Qf‘liver regeneration is partly due to transfer of reserve
fat from fat depots to the livewr, it is clear from Figures
‘14a and 14b that an elevation of plasma totel lipid does follow
partial hepatectomy and theat it is most pronounced in the
first 4 hours. Ié is also clear»tha% very little cﬁ&nge
. oecurs in the plasma phospholipid, so thatb fhe}¢ncreaae&-
lipid concentration must be ascribed vo the other fractions.,
Howevex, as can .be seen from Figufe 14 and Table 18 tﬁere is
also 5 suhstanti&l,.ausﬁainad vise in\pl&sm&_total Lipid |
after sham operation, |

Tableg 20 and 21 pyesent_the results of tvo series
of experiments to test whether in o cross-cireulation the
livex of an intact partner (Table 20), or of & biopsied
partner {(Table 21) was able to compensate for the leoss of
liver substance in the partially hepatectomised partner at

least in its ability to metabolise lipid. It is howeven,
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-Hepatectemy on - the level Of total 11p1d in theiff'
circulgting'blgad plasma»of;the ra&;,v Eagh*”

~experiment was performed on one animal. .

The effecb of sham cperation and partial le,
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clear that after creésmcirculation fer 6 houwrs, the liverw

of the”uncper&%@& partner has a subgbantially lover lipid
concentration than the resiéu&ldliverlfragmant of the
hepaboctonised parbney (Table 20). The crossecirculation
therefore had not abolished the diffevence between the Hwo
partners in this vegpect. On the other hand, the concen-~
tration in the unoperated paviner atv the end of the crogge
cizeulation was uniformly higher than that in the partially
hepatectomised pariner at th@>beginuing of the experimen%5‘
This suggested that thewe had been gome accumulation of lipid
in the livewr of the unoperehed pa?ﬁnerf This coneclusion is
confirmed by the repults shawn-ih Table 21. In this
experiment baﬁh the partially hepatectomised and biopsied
parfners shawe&, on average, an increasse in lipid content.
However, +he incredse was significanﬁly laxger in the
paxrtially hepatectomised animals. 4 moy be concluded, then,
that the liver of the normal partner wes able to compensate,
though not completely, for the deficieney of liver in the

parbially hepatectomised one with rvegard to lipid metabolism.



Table 20
The effeet of a G-hour corvss~civeulation on tobtal
1ipid conecentrabion in the livexr” off both tbthe normal

intact and the partially hepatectomised ratb.

xperviment - Liven btobal lipid cone. {g./100 g. wet wi.)
No, “hepavectonised partaew intact pariner
before - at b
crogg—~civculation sacrifiece sacyrifice
1 2+ 87 4017 3220
2 34053 598 3052
3 3012 6430 3493
4 2:65 4473 3¢50
5 236 3226 341
6 3.21 5¢57 4456
7 3038 4423 422
- 8 ' 335 445 4+ 60
averago |
cone. 3-00 | 500 388

The difference beitwoen the mean values of the liver
lipid concentwation in the two animals ot the end of

the experiment is highly significant, { P< 0-01)



Tablo 2L
The effect of a. G-hour cross-cirgulaiion on tobal lipid

ceoncentration in the liver of both the blopsioed and

. partially hevatectomised rots’

lxpeviment  Livey bobal lipid cone. {g./100 g. wet wh.)

‘Ho. ~hepateetomiged . - - “bhiopsied .
partnee “per cent  paritner - per cend

before  afier change before aftor  change

3:0%.  4416.  38e

1 2 3483 3.83 0
2323 f3f7°:m 1445 2002 3+33. 140
3 o3, -3e28 2001 2076 2064 = 403

4. 2484 3465 285 3003, 345 ; 1349
5 2058 3052 36e5 - 2064 3200 1740

avefége increase'27'§ ' average.in;reasé 8e 12

The differvence. between the mean lipid increase for tvhe
two enimals after the cross-circulation is significant.

( Pc 6-02)
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The mecharnism of liver lipid devosition after norbial

hepatectony. '

Thav the livew plajs a significant role in the
invermediary metabelism of lipids has long been appreciated.
Since this organ is concerned not only with the oxidation of
fats but also their synthesis and vetransport. in lipoprotein
form, a change in liver lipid concentretion may theowetically
be due 1o a change in any of these activities. The resultls
reported in this secticn conceyning elevated plasma lipid
levels suppoxt the view thet increassed lipid deposition is
partly due te an increased deliveny of lipids to the liver.
Even & normal rate of delivery of lipid tvo a liver one thind
noxmal size might be expected to exceed its capacity to
mebtabolise it. The atteinment of & Liver lipid concentration
of about three.ﬁimes conbtrol value after about 12 hours
suggests bthat there ig o homeostatic control of the total
amount of lipid in the liver. This conclusgion ig, of course,
complicated by the fact that the proportions of the various
fractiong are altered, there being o welatively greatew
inerease in neubtral lipid,

Recently Steinberg (1963) has demonstrated that in
dogs with intaet livers, an increased deposition of neutral

lipid can be produced by an intravenous infusion of nor-
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edrenaline and also of free fatty acids (FFA). That noy-
adrenaline wes nov mediating its achion by hepatotoxic effeet
butv by &fﬁﬁﬁ.mbbilizing acbion was.indisated by the fiunding
that intraportal infusion caused no elevation of liver lipid
but that switcehing the infusion 1o a.ﬁeriphéﬁal vein caused
the usgual increage in liver briglycerides. It ig knowyn from
the work of Frédericksan and Gordon (1958) that free FF4
complexed vo serum albumdin are a major transpoyt form of f&t;
Purther it was discovered that serwn FLA is under tbhe
controlling influence of hormones (L&ng&pn. 19690) . Adzxenom=
cnrtiaétrﬂphie hormone, adrenaline, novadrénaline, Growth
Hovmeune and Thyroi& Stimulating Hormone all increase, wheveas
-insqlin lovers +the level of sexum FFA. On +the basgis of his
resulvs on degs, Steinberg (1963) gencluded that ele?aﬁian

» 3

of serum FFA concentrations per_se was an adequate basis fop
the development nf'fat%y'liver.‘ He fuzrthewr proposed that an
"excessively rapid mobilization of FIFA to the liver, even
though the latbter is functioning noxmally, can exceed the
capacity of the liver to dispose of FFA by oxidation ox
resecretvion in ester foxm via lipoproveins”.

According vo this theery,'faﬁty liver would he
expected to occux on the basis of an imbalance bebween the

rate of uptake of FFA by the liver and the capacity of the
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liver ﬁa &isboée of YFA by,
Ca) oxidation,
b) Q&ﬁe;ific&%ian and rebransport in lipoprobein
forﬁf
,Prdv;ﬂed;&he?e is ne alberation inithe rate of oxidation ow
'esterificaﬁipn’é% FFA in the liver fragmeﬁﬁ afver paxﬁial
hépaﬁecﬁomy;:al$imiiar explanatbion might account Ffor the
. accumulation of newiral fat which occurs in whe carly stages
of regeneratipn.‘. In vhis caase, although the elevation of
otal lipid in pldsma‘w&s found to be maxlked only for bhe
fixsﬁ‘fgw hourgfaf%ex epergbion, perhaps a normal. rate of
"délivery of'iipi& in the form of TFPFA ﬁcva liver veduced %o 6ne
thixd of control size would be sufficient bo account for the

Caccumulabion. .

ificance of lipid accunulation in

T regenerating liven.

An obvicus explanation of lipid accumulation is
thaﬁmiﬁ répreﬁents a state of wxelative hey&%ie insufficiency’
iy@;; thé livex fr&gmant is being funcitionally overloaded, :
Evidenée”v@ich supports bhis concept is available from the
Aresuits efﬂﬁheroroséncif6u1aﬁiun experiments alveady descyibed

(Tables 20, 21). The liver of the inbact or biopsied pariner
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Qf o cyousas-circulated pair wvas able to agsist, to some exvent,
the liver fragment of the partiaily hepavectomised pariner
in ite ability to mevaboliise lipid.

Indirvect support for this vievw is provided by vhe
observations of other workers. MacKay and Carne (1938) found
that both adrenalectomy and infusion of glucose markedly
éedﬁced the amount of the lipid deposition in the livew
remnant of rats afiter partial hepatecitomy. Ferrari and
Hazkness (19%4) also noted the inhibitory effect of adrenge
lectony on lipid deposition after partial hepatectomy. Both
of these offects can new be undevstood in tewxmg of the theory
of Steinberg (1963). T4 has been shown +that both insulin
and giucoge act by inhibiting the release of I'FA from adipose
fissue. It is probable that an elevaved level of glucoge
in vivo svimulates the endogenous secretion of insulin.
Moreover, accoxding to Steinbexrg (1963), adrenocortical
steroids condition the metvabolic sbtate of adipose tissue to
permit maximum responsge ‘bo catecholamines e.g., adrenaline.
It seems likely, +then, that the effect of glucose infusion
and adrenalectomy in diminishing lipid accumulation in liver
after partial hepatectomy is mediated by their known actions
on the sexum level of TTA,

A second possibility is that the increased cone
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ceptrdﬁion'of liﬁid in the liver fragment after partial
-he?atectomy miéht Tacilitate regeneration by providing move
enexgy for the synthesis of ﬁitrogéa containing components
de€ay proteins, LRNA and DNA. The worlkk of Campbell and
Kos%eriiﬁz (}948), Munro and Naisnith (1953), Calloway and
Sped%or'(lQﬁS) hasg demonstrated that the prolein content of
ot %iVer varies with variations in encrgy inbake.  The
generai‘eqnclusion”derived from this work is that the protein
coﬁteﬁ%'of tﬁe liver is sensgitive to caloxpic intake when the
Qieﬁ containg a&equaﬁa amounts of pvotein, Munro and
Nad gmith {lQﬁé)finvestiga%ed vhe effect of dietary addition
of«carbahy&r&ﬁe.&nd.fat to the protein nitrogen contbent of
rat livex, They found that each nutrient had similar effects
in promoting Llncrease of probein aitrogen content. These
~authors found moreover, +that although most off +the nitrogen
retdiné&-as‘a{reSulﬁ of increasing caloxic ivtake was
depositédiin:the'éarcass,-because of ‘the small sivne of the
liver wzelative te the cexcass, tbthe effect on liver protein
coﬁtent vas much more dramatic than on carcass protein
content., Iv scems probable that onergy intake influences
uwhilization of amino acids for all gsynbhetic processes.
Althoagh these conclusions vegarding the beneficial

effect of incressed carbohyvdrate and lipid intake on nitrogen
o



Table 22
Compayigson of the RNAP and DNAP content of median, left
lateral and right lateral lobes of the liver of a ratb,

The results for ecach lobe azre in duplicate.

Lobe pe./g. wet wt. liver '
| RNAD
RNAP DNAP DNAP
Median 90306 2860 3.16
0552 29840 - 3420
Left lateral 84T+ 6 26640 3018
866+ 8 2560 338
‘Right lateral 8012 22440 356

8012 2520 3018
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vetention by the tissues have been derived from dietary
studies, it seems reasonable to apply themn to the regenevating
liver fragment. Since thexe is an almost threefold increase
in ﬁhe perfusion vate of the liver fragment after partial
hepatectomy, the supply te the liver of glucose, fatty aclide

and amino scids ig presumably also trebled,

Changes in RNA and protein concentration.,

One of the esrliest manifestations of regenexation
in the liver is an increase in RNA concentration {(Harkness,
1957). Before investigating this change, however, it was
obviously degirvable Lo make sure that the different parts of
the liver wewre indeed chemically unifoxm with respect to RNA
congentvration, The results of analyses of the median, left
lateral and rvight Lsderal lobes of the liver of a single rat
are presented in Table 22. From this it can be seen that
within the limits of experimental accuracy, the concentration
of RNA and DNA do not vary from one lobe to another, Henece,
it is reasonable to assume that they are Tairly constant
throughegt the whole liver. The next step in the investi-
gation wvas to measure the changes in BNA and DNA which took
place in the firast 24 hours after partial hepatectony. Fron

the results in Table 23, it can be seen that, while ‘there is



Table 23

The ehange in RNAP/DNAP matio 24 hours afber partial

hepatectony.

Andimal

No .

o~
Tl

R

10
11

DNAP
hefore aftex
opexaﬁién ojefatiﬂn
3015 3+ 80
2074 3080
302 385
358 428
3048 407
357 4+ 17
2+ 64 375
2453 3070
303 373
432 433
328 4043

average increase

“Per cenv

inerease

2046
3846
27+ 5
19+6
1640
15-8
42

462

2509



Teble 24

The change in RNAP/DANP wyatbtio 12 hours after partial

hepatectomy .

Animal %%%%

No. befove aitexr pexr eenty
opereabvion operation increase

1 4+00 477 175

2 402 530 318
3 4201 4045 1097
4 382 394 314

5 3+69 475 287

) 362 482 331

average change 209



3 LAY TR

able 2

The chonge in protein/DNAP watio 12 hours afber partial

IS

hepatectony,

U Animald

N@Q .

%

before

aperavion

358

)sazf:v
315

200
363

. 366

- Protein
DNAD

afber : pexr cent

operavion . change

337 - - 5e8T
356 722
ar 0

222 on
308w al5e2
400 - C11e8

"average inecrease .- C 1§
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‘considerable variation from one animal to anotvher, the cone
centration of RBNA consisiently increased after the operabion.
Iven moxe significant was the fact that bthe RNA/DNA ratio,

which feyreaents"the average RNA content pew é@ll, showved a
mean inére&se of 26 pewr cent. Table 24 presents the corres-
ponding wresults for an interval of 12 hours after the operation.
Vhile again there is o considerable variagtion in the rxesponse

of individual rats, there is a meen increase in BNA/DNA ratio

tein/

Luds

of about 21 pexr cent. Table 23 shows changes in protein
DNA ratio (+the average protein conbent éer cell) after 12
houws, The change in this ratio as & wyesult of the
operation varies greatly between animalsg, bubt on the average
it is very small,

Although the average incvease in RNA/DNA ratio of
21 pex cent atb 12_h0uwa is nov vexry gwveat, it scemed lawge
enough to be used as an indication of regeneration. It was
necessory, however, to ensure that it was in faet a response -
to. the partial hepatectomy and not merely to the shock of the
operation, ~Accor&ipgly,’%he experiment was repeated, bub
in this case on1y¥a small biopsy sample of ‘the livexr was
rem6VGd. The procédnreaconsists in passing a 100p'of coarse
linen thread avound the base of the left segment of the clef%

median lobe, and ligating it firmly (see Appendix on Methods).



Table 26

The change in RNAP/DNAP ratio 12 hours afber biopsy

oi bthe livor.

Animal %%%%
No ¢ ' before after pex eceny
operavion operation ' change
1 4002 - 400 | 0
2 3«74 3777 0
3 372 4+006 , 9el
4 4+20 - 414 - 1e4
5 4+19 o 4+ 58 9+3
6 3403 323 6+ 6
averaée chaﬁge| 39

The avervage changes in RNAP/DNAP ratio 12 hours aftex
“livex biopsy:and partial'hepatectomy (Table 24) arec

significantly different. ( P< 0002)
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The liver segment distal to the ligature may be cleanly
removed with a scalpel. It constitutes less than one tenth
of the liver substance. The results in Table 26 clearly show
thet the removal of such a biopsy did not significantly alter
the RNA/DNA ratio. It mey thervefore be concluded that the
change in the corresponding ratios shown in Table 24 nmust

be a response to the substantial loss of liver substance and
not merely to the stress of the operation. These findings
are in harmony with the vesults of :Fujioka: et _nl.,(1963)
wvho demonstrated that more than 10 per cent of the liver must
be removed bhefore increased incorporation of 14C-orotate

into liver RNA occurs.

Table 27 shows the results of a series of cross-
circulations in which one of the partners was submitted to
partiel hepatectomy and the other to excision of a liver
biopsy immediately before the cross-circulation was established.
It is quite elear that there is a distinet diffevence between
the two paritners. On the whole, the biopsied partners show
no chaonge or a slight fall in RNA/DNA ratio., On the other
hand, the hepatectomised partners show an increase in RNA/
DNA although this increase was slightly less than that found
in single partially hepatectomised rats at the same time

interval (Table 24). These rvesults show that in a cross-—



: Taﬁle;Q?lf

hdﬁang95 inAthQ RNAR/DNAD raﬁié-in-the livgr‘nf -
Qé;bially hep@%ééﬁpmised campdrgdiﬁo that of o liver- -
biopéimd réﬁ aftex they had beéﬂ;ﬂQQSSmciyculaﬁed for

Tap, S DNAD

- No . ' . Blopsied xat : . Paibtially hep., wat
per eent - -  per:centh
befove aftewn change  before after . change’

feumt

3048 3030 = 5el7 2068 2093 - 9e32
"2 3v28 2497 = 9445 3626 356 ©e20

pen
(¥s]
.
Ut
o

| 3440~ 4049 - 2092 3652 20054
4 3e56 3270 3493 3:20 © 341 6456
3030~ 6-25 3440 3207 = 97

I
e
.
i
)

3489 = 3eTL 376 3492 4925

,:ﬂ».
I
[ 3
R
=~

7 3493 3456 = 9:41 3498 4¢30 - 3401
8 3.38 , 3-19' - 5-62 ,?:62 | 3+ 89 Ted5
9 3e6T | 370 082 . . 30 81 435 '27'2‘
'j 10 - 2{99 S 3:34" C Be36 3480 390 2-63
“i; L2092 3032  _:13{7;~ 2430 2070 . 17439

‘average change = = 1¢57 7. .average chornge 8+90

. #The mean values 6f the two population increases ave

| pigniticantly different (P < 0002).
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circulation, partial hepatvectomy of one pariner does not
produce identical regenerative changes in the livers of both
partners. Whatever the stimulus may be which causes RNA to
accumulate in the residual liver fragment of the hepatectomnised
animal, it is not effectively transferred to the biopsied
partnexr. This result confirms the negative results obltained
in the 48 hour cross-circulation experiments in which mitotic
index was used as an index of growbth (Section 2.1). Like

the latter it is difficult to reconcile with the existence of

e humoral mechanism.

Physiological significance of changesg in RNA,

The increased synthesis of RNA which occurs in
regenerating liver is presumably an integral part of the
cellular preparation for cell growth and division. Two
pleces of evidence support this point of view,

1) A threshold amount of liver tissue (corresponding
b0 10 per cent of the total organ) must be
removed before an increased incorporation of
precursors into liver RNA is observed (Iujioka,
Koga & Lieberman, 1963). The removal of a
similar amount of tissue, reporbted as 9¢4 to

12%3 per cent, must be removed to effect a
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significant stimulation of DNA synthesis
(MacDonald, Rogers, & Pechet, 1962),
2)  If p-fluorophenyalanine or actinomycin D is

injected into partially hepatectomised rats

in concentrations which will not effect normal

RNA synthesis, the increase in the rate of

synthesis produced by partial hepatectomy

can be completely suppressed (see Section 1,32),

In rats treated in this way, a delay occurs

in the initiation of DNA synthesis (Fujioka,

Koga, & Lieberman, 1963).
If this point of view be acecepted, then the abgence of
increased syﬁﬁhesié of RNA in the liver of the biopsied xat
cross~c¢irculated with a partielly hepatectomised partner,
confirms that no growth changes have been evoked in this
liver, It is interesting however, that in these eross—
circulation experiments the RNA increase in the livers of the
partially hepatectomised partners was, on the average, some=
what less than in single partially hepatectomised animals
after the same time interval. This observation suggests
that the liver of the normal partner was compensating to
some degree, for the deficiency in the partially hepatectomised

rat (in other words, it may be that the normal increase in
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- RNA synthesis after partial hepatectomy may be a response to
“gome ‘aspect of‘héﬁétid'insﬁfficieﬁcy.)

An’ 1nterest1ng analogy to this phonomenon, is
offered by the response’ of the remalnlng kidney of a rat
whlch has been unilaterally nephrectomlsed. It has been
"recently demonstrated by Halliburton and Thomson (1965) that
althbugh thewﬁitoﬁiébfeéponse of such a kidney is quite small,
~the amount of’ RNA per cell 1nureases dramatically- to rench a
plateau value of about 30 per cént above control va]ue by
24 hour~ after operatlon. Moreover, they have further shown
~that feeﬁlng a high protexn diet to rats can cause an RNA
_increase per cell;of the same order. A high urea diet fed
to rats algo aauséd an increase of RNA per cell and protein
pex eell‘bgh 1o é 1@35&# degree.v These authors hoﬁevégr
think that the increase of RNA,pef'kidney céliiin'animals on
- & high protein diet is not enti;ely due to increased urea
production, K£~any rate, it is possibl@.ﬁhét so&é ofséha
increase aftor tnineﬁhrectomy'may be éttributad to functional .

overload or wofk;hypertrephy of the remaining kidney.

‘{’l'r v



‘Tahls 28

The concentration of soluble sodium, and potassium,

in the wxat Llivex befdre and 10 min., afier partial

" hepatectony,

Rat | ‘. Milliequivﬁients/kg, wob wt.‘liver -
No. Ne,* K"
| before after Dhefore after
1 323 3545 97s5 88
2 So29er 30 89 100
3 2408 33-§i‘, 9202 92+8
4 3.2 392 o7 8745
5. 3043 33 95 8748
6 .29 353 95 9748
9642 8695

U L 327 383



Table 28 {(contd.)

The congentration of scoluble inorganic phosphorus and
: P

vober in ‘the vat liver befove and 10 min., after partial

hepatecﬁamy.‘
Rat ‘Milliequivalents/ . Per cent
No o kgs web wi. Lliveyr waber
Jul
4
before atter before aften
1 S 14l 142 7202 7502
2 1249 1443 71 T4
3 8+0 9e2 70 T35
4 1de2 12+8 72 738
5 4803 89 63+ 1 7003
6 9e3. 1047 6802 69+8

7 89 Tel 692 T0*3



Table 29

The concentbration of scluble sodium and potagsium

in bhe wat liver before and 10 min., after shanm

opPeTavion,s

Ratv | Miilieqﬁiv&lenis/kg, web wi, liver

No. | Ne* | K

before aftew befoxe aftor

1 39 28«4 105 100
2 313 20- 100 1025
3 183 221 99«5 045
4 372 311 950 1137
5 26 4 2602 100 99

6 247 393 87 97



Table 29 (contd.),

The concentvration of soluble inorganic phosphorus and

vater in bthe wat liver before and 10 min,, afber sham

operoabion,
Bat N Milliequivalenbs/ Per cent
~No. kga, web woe liver . - wehew
R,
Ps |
befere after . bafore after -

T 1302 - é-sv 68473  6gen
2. Re15 9435 693 68+8
370 si9s 100 7048 6848
4 0505 112 698 ‘ TO

'fo: - ﬂ§56‘ S 956 T0:0 | 69 4

6 “ges U 10v6 7140 . Tiez



The changes in the concenirations of RNA, lipid
and glycogen in the livex fragment which follow pawxbial
hepatectomy are detectable within a few hours aftexr the
operation.‘ Presumably therefore the stimulus o regeneration
is likely to begin its action vexy soon after the operation.
In this connection it is of particular interest +thatb
Lieberman, Gingold, Kane and Short (1965) found a significant
increage in sodium and inorganic phosphate concentration in
the liver within minutes of partial hepaivectomy. Such rapid
changes might perhaps be the trigger of the enbirxe
regeneration process. Table 28 presents the results of a
gtudy of sodium, potassium, inorganic phosphate and water
contént of the liver, beforxe and 10 min., after partial
hepatectony. As a control, the same changes wewxe studied in
liver befove and 10 min., after biopsy (Table 29). It is
evident that following sham operation, there was no change
in any of ‘these elements. However, following partial
hepatectomy, there was a consistent though variable increese
in sodium, and an increase in water content of 1 to 3 per
cent (Table 28). DPotassium and phosphate showed no change.
Licberman et al. (1965) however, think that these changes ave

probably unrelated to the subsequent enzymaivic changes
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associated with regeneration e.g., the increase in RNA
nueleoctidyltransferase activity. The significance of
these changes in vater and ionic concentration remain to be

determined.

Section 2,5 Liver function during regeneration.

In view of the known large funcitional reserve of
the liver it might be expected that when two thixrds arxe
removed, the remaining third would be able to work at almost
three timeg the normal rate end thus at least partly compen—
sate for the defiecienecy. Unfortunately, the funcitions of
the liver are numerous and varied and some of the most
important, e.g., ite role in carbohydrate metabolism and in
urea synthesis, are not easy to measure., However it secemed
worthwhile to txy one simple test of liver funcition before
and after the loss of hepatic tissue. The dyestuff brome
sulphthalein is vremoved from the cirvculating blood almost
exclusively by the liver and excreted in the bile (Hoffman,
1955) . The rate of removal of this test substance from the
cireulating blood pex unit of time may therefore be used as
an index of functional liver tissue.

Previously, it was believed that the process of

removal of bromsulphthalein sodium (BSP) from the plasma of
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1
onimals follows a conventbional first-ordex time course L.e.,
the wrate of disappearance of dye from the blood is pro-

portional to the concentration of dye in the blood (Ingelfingert

19463 'Iﬁgélfinger, Bradley, Mendeloff & Kiamer. 1948) .

This conclusion was derived from work on the human subject
within eéifain resfricfians.af\dose and tiﬁe of abservation;
.It’is not truevthaf plasma‘eleardﬁCeﬁof BSP follows first-
order kinetics in mammalian species in general (Krebs, 19)6}.
Under the experzmental cnndltzons &esaribed in the Methcds
Appendlx, however, injected BSP does dlsappear from the |
circulatlon.ln an exponential fashion, at least within the
fivst 6 miﬁ., of obseérvation (Fig. 15). Its &isaﬁpearance
may therefore be plotted on semlmlogarmthmxc graph paper and
" the rate of dlsappearance may he represented by a- smngle
fipure, theu Kl 11£e. For a normal intact rat the halfulife

 of injected BSP isiapprOXimately 2 minutes, and for a given
animal could be;reproduced after subsequent injections of the
dye (Fig. 16); +the BSP half-life for any given animal, under
similar caﬂditions. seems thenjiofﬁé constant. Pa;r'bia,l~
hepatec%qmy, involving removal of about two~thirds of the
liver, increased the half-life apprbximately threefold ‘
(Pig. 17). Theérefore the capacity to excrete the dyestuff :
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Clearance of bromsulphthalein from the rat

‘v immed1ate1y ufter partzal hepatectamy (open clrcles),

8 S

Ahi'iplfml}_fe 5 25 Xﬂln.,‘ a:nd &g&ln 48 hours 13"791’ ".“_‘:‘f ,

‘f”(hlcsed cmrcles),ﬂ halfullfe 4-30 mln.
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Clearance af bromsulphthaleln from the'rat‘

Higibeore blopsy (apen circlea),_ halfmlzfe‘ogﬁo mzn;'

- and in the same anlmal 15 min. after blopsy

 ‘if(r1osed clrcles) half—lzfe 2 75 mln.

¥,
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may be uged as a vough index of functional liver tissue.

B8P clearance was determined in partially hepatectomised vats
immediately after thé operation and after 48 houvrs (Fig. 18).
It is quite cleax that little change occurrved in the half-
life of BSP excreﬁian during this period, Wish regard o
this function, it did.not appear that the liver fragment

- could compensate fox the missing»lebes by operating three
times ag efficiently as normal,

It is interesting that liver biopsy, a procedure
involving the wvemoval of about 10 per cent of liver substance,
caused a barvely detectable increase in the half-life of
exeretion of the dyestuff (Fig. 19). It would seem then
that the 1i§er was able to compeﬂéate.almost completely for a
logs of up to 10 per cent of its substance, As already
veferved to in the previous scetvion, this quantity also
repregents the thréshold amount of tissue which must be rew
‘moved to initilate increased RNA synthesis, ( Fujioka: ot _al.
1963) and to initiate DNA synthesis in liver (MacDonald
et al. 1§62) .

The experviment involving the injeetion of 150rm
labelled exythroeytes confirmed that the cross-circulation of
rats gave an exchange of blood of the order of one quarter of

each animal's blood velume pexr minute (Seetion 2.1). It
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Clearance of bramaulphthalein fram two normal}}j:/v l ;

i‘§TOQS~Glr¢ﬂ1&ﬁﬁﬁ rats after 1nJect10n of the dyen*fjtjgfﬁ'“

 ’ The cloged clrcles represent the non-ingected

’fp?rtner. ’;s |

'Stuff into one of the partners (open czrcles).;§3?%iﬁfjﬁﬂﬁffrx
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Llearance of bromsulphthaleln from two °r°55“1"*ﬁ¢.1m

' 4-'circu1ated rats. ' Gne partner was partlally

’a_h patectomlsed and 1nJected W1th the dyestuff

(open clrcles) " The’ closed clrcles represent thef?f;¢ Z-1

 _n0n-1nJecte&, norm&l partner.‘; ij
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seemed worthwhile to demonstrate this exchange by another
entirely different method, It was decided to investigate
whether a rapidly metebolised compound would get from one
partner to the other in & crosgs-circulation, BSP secemed to
lend itself to thié purpose. since, as shown abo#e, it ig
removed from bhe circulation of a normal animal with a half-
1ife of abouv 2 minutes. Fig. 20 shows +the result of one
such experimert in which a cross-circulation was esteblished
between two normal animels and the usual quantity of BSP was
injected into one of them. It ig evident, that although
rapiﬂly removed from bthe circulation it is transferwed
raplidly from bhe injected ral Ho its pariner. Tig. 21 shovs
a similar experiment in whieh one parbtner was hepatectonised.
Finally Fig. 22 shows the effect of vate of clear-
ance of BSP from a partially hepatectomised wxat before and
after the esgtablishment of a ¢voss-circulation. In bthe firat
case the BSP half-life was G*2 minutes; cross—circulation
reduced this figure to 3+6 minubes. Cleaxrly, thexefore in
a cross«éirculatian the intect pariner can make a substantial
contribution towvard compensating the partially hepatectomised
paxtner for its hepatic insufficiency, at least so far as

the excretory funetion is concerned.
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’*h patectomlsed r&t hefore (apen clrcles) and after B

:(closed earoles) #stabllshmeut of cress-eircula 10nfx”“

 with a narmal partner.; The halfmlzfe of alear&nce}lj

- before Cro8s wcirculatlan was G 2 mxn. anﬂ after crass-,Eﬁ
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Seetion 2,6  Changes in free amino acid nitrogen in blood

end in the liver fragment afic afue Jpartial

hepateetnmy.

In view of the cetablished aésoci&tion of inecreased
concentrations of amino acids with the growth of gevewral
types of tissues c¢.g., yeasts (Roine, 1946), bacteria (Gole,
1947) and also the key nelé played by the livew in theirx
metabolism, 1t seemed natural to looﬁ for changes in theiwx
concentration in the 1i§er fraément and blood. after paritial
~hepatectony, If the livex fragment is overloaded with amino
acids. this may be partly responsible for the stimulugsbo
" compengatory growth.

Regarding the changes iﬁ free amino acids in ‘the
civenlating blood, different results have been oblteined by
diffevent workers. Tor example, Des Marais and Dugal
(1948) found o risé in plasma free amino acids in the firat
day after partial hepatectomy. On the other hand,
Chrisbensen, Rothwell, Sears and Streicher (1948) obtbained
only =a véry>sma11 inerease 24 hours after partial hepatectomy-
and Fervvari and Harvkness (1954) found no significant change
during ‘the same period of bime. In the present investigation
it wag found that sham operation (Table 30) (delivery of the

median and left lateral lobes through an abdominal lncision



CPable 30

' Companison of the effect of cennulotion and cannulation
 plus pavdial ‘hepatéctomy on the blood soluble amine aeid

nitrogen in xavs.

Pime intewrval . g smino acid nidrogen/ml. blood

after operation:

(min.,) . ' ﬂham‘eperatiuﬁ‘ intact conbrol
0 4694 468

15 58+ 8 A8 0

30 D22 4840

60 . ALeS ‘ 450

90 AT e 4 - 495

120 L 27 - 4940



Table 3]

3 L I

© Comparizon of

the opersbions of sham hepatectomy and

- pexbial hepatectomy on the blood soluble amino acid

Cndtrogen in ravs.

Time ofbter
operation

(min,) - ~ Bhem opevation

Short term experiment’

0. e i 822
15 % aBes
30 . Baso

a5 456
60 . 5248

90 w60

120 A Tieh
250 520,
) ggng bexm eﬁpéfiment:
- (hours) N » .
o 5205
4 42

Pardial

‘hepateciomy -

6242
558
6le2

57
57
66



<
iy 9 Zl.‘ i

followed by their replacement and suture of +the wound)

caused a temporary elevation of the blood level of free amino
acids. Table 31 compares changes in the blood level of free
amino acids after peaxtial hepatectomy and after sham
operation, In the short term experiment, it is clear that,
with the exception of the value at 250 minutes, the elevation
wvhich occurred was of vhe same ordey in both animals, Again,
in the long texm experiment litt;e differvence was observed
between the test and conbtrol animal. These results agree
with the Ffindings of Ferveri and Harkness (19%4), The
changes observed seemed too small and irregular to justify
further investigation along these lines.

Howevewr, the possibility still had to be considered
that even -though little oxr no change oceurred in the hlood
free amino acids, after partial hepatectomy, the livewxy Ffrage
ment might be taking up or releasing more amino acidg than
before. Consgequently, a change in the free amino. acid pool
might occur in this way. Table 32 presents results which
are suggestive that, at least for a short time after pariial
hepatectony, the liver fragment may be teking up more amino
acids than previously. Unfortunately, owing to technical

difficulties, this expewviment was difficult to repeat.



Table 32

Comparison of the effect of sham hepatectomy and
partial hepatectomy on the blood soluble amino acid

nitrogen in the portal and hepatic veins in rats.

Time intervel Source of Sham Partial

after operstion Dbloed operation Diff. hepatectomy Diff,

(mino)
0 portal v. 565 - 60
G5 02
hepatic v. 51 598
15 portal v. 576 63
14 120
hepatic v, 5062 51
30 portal v, 505 475
wm{}e 5 13

hepatic v, 5l 4602
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4 is eleax fxom Table 33 that no consistent change
in the concentration of amino aeids of the liver Tfragmentd
from the control level could be detected after 6 and also
after 12 houwrs of regeneration, Thege findings agree with
Ferrari and Harxkness (1954) who observed a change only after
24 hours, though Braun, Marsh and Drabkin (1962) obtained an
increase after 14 houws.

Although no increpse in tobal free amino acids in
liver wag detectable beforve 14 hours after parxitial hepatectomy
indirect evidence suggests thot theiyr uptake Ffrom the blood
plasme velative Yo the liver gize is greatly increesed.

As alveady described in the Intreduciion (Seetibn 1.50), the
production of uwea per unit weight of liver is greatly
augmented afbter partial hepatectomy (Thomson & Moss, 19%5).
If, as maintained by Christensen (1964) "the liver is geared
bto destroy amino acids constantly, and to destroy them even
faster when they are furnished in large amounts," it may bhe
supposed that even though the flow of amino acids to the
livew increased after partial hepatectomy, its capaecity to
oxidisge them and convexrt the amino nitrogen to urea might
prevent the appearance of increaged amounts of free amino
acids, at least for o time. The increased concentration in

the liver fragment at 6 hours of glutamic and aspartic acid



Table 33

The effeet of pavitial hepatecvomy on the soluble amino

acid nitrogen in rat liver, before and after 6 and 12

hour inbervals.

Animal

No.

F

Soluble amino aeid nitrogen pg/g. livex (wot wi.)

hefore

after

beforo

afber

before

cfter

before

after

before

aftowy

before

aftey

200
400

286
386

308
305

363
308

340
292

305
316

6 hours

difference

100

100

- 57

- 48

11

12 hours

201

202

338

398

300
271

369
291

265
287

247
407

differonce

22

160

The mean alterations in amino scid nitrogen concentration

both at 6 and 12 hours ave:not gignificantly different

from zexo { P> 0:05).
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and the decrease in glutamine may he wvelated to this
increased urea production, The significance of the increase
in liver lygine concentratvion after partial hepatectomy
reportbed by Ferrari and Harkness (1954) and confirmed by
Pujioka et al (1963) is not so casy to explain. The formew

authors suggested that it may be welated to the fact of its

metabolic ineritness, il.e., vhat it does not undexgo trang-
amination like +the other amino aeids, Since the flov of
amino acids to the livexr must be inereasged ofter the operation,
it would be expected thatv those amino acids which are
metabolised slowly would accumulate. Another factor which
may contribute to the increase in liver free amino acid
concentration is a diminution in the rate of amino acid
catabolism which hasg been wreported during the first poste
operative day (Burke, 1962).

The capacity of the liver to btake up amino acids
in increased quantities from the blood wasg demonstrated in
dogs by means of intra—axterial infusion (Van Slyke & Meyew,
19134a,b &c)The increase in amino acid concentration in liven
was greatew than muscle as a result of the infusion but the
major quantitative site of deposition was muscle owing to the
fact that it represented 40 pexr cent of the body weight as

opposed to 3 per cent for liverw. Thege authors concluded
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therefore, that muscle is a major resexvoir in the
homeostasis of amino acid metabolism.

Gurd, Vars and Ravdin (1948) studied the regener—
ation of liver protein after partial hepatectomy both in
protein fed and probvein depleted rats. They found +that now
only was livewr protein regenerated independent of dietary
provein, but also that in texms of percentage increase, the
rate of appearance of new liver protein was greater in the
protein~gtarved than in the casein~fed geries. These authoxs
suggested that this indicates a more povent svimulus Lo
liver protein recovery in the animals vwivh a move sevewre
reduction of liver substance. The liver fragment after
partial bhepatectomy in protein depleved rvats, being smallew
in size in velation to hody weight, will experience a greater
inflov of endogenous amino acidsg from the tissues.

Braun, Marsh and Drabkin (1962) have pointed outb
the analogy between the wresponses of the livexr aflexr parbial
hepatectomy and in the nephwotic state. In the severly
nephrotic rat a large propoxtion of the civculating plasme
albumin is lost daily in the urine., To meet this emexgency
Marzh and Braun (1958) have demonstrated that amino acids
are mobilized mainly from muscle to the liver where

they are channelled into the production of plasma proteins
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all of which are presumably sﬁnthesised'at greatly
accelerated rates (Marsh & Drabkin, 1960), These changes

are accompanied by an increase liver size, RNA and DNA

(Maxrsh & Drablkin, 1958). This suggested to these authors
that liver regeneration after. partial hépatectomy and liver
hypertrophy in neﬁhrdsis are both conditioned by the amount

" of metabolic work the tissue is called upon to perform,

They found that in nephrotic rats no consistent change could
be obsexrved in the concentration of free amino acids in
plasma but that there vas a consisteni £all in muscle (1962) .*
They assumed that the increased rate of removal of amino acids‘
from blood Vo liverxr and their increased rate of incorporastion
into plasma proteins in liver may malte plasma changes
difficult to demonstrate, In this connection, it is
interesting that Christensen et al. (1948) found a slight

~ decrease in muscle a~amiﬁo nitrogen 18 to 20 hours after
partial hepatectomy., The two conditions differ in that while
in nephrosis-émino acids are ﬁséd almost entirely for the
synthesis of plasme proteins, in the early stages of
regeneraﬁion & greater increase occurs in the synthesis of

total 1iver”brotein.

* Drabkin, Marsh & Braun (1962) -
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Section 2,7  Induction of wepenerative changes in noxpmol

©v - intaeth rat?livep.

'Tﬁe,previéus sections have deﬁcribé& ﬁhe results of
invegtigations uf,theséegeneraﬁing liver fragment from
various poi?%s‘bf view. On the basis they provided, an
attempt had to be méﬁa to formulate a new experimental
édﬁp@d&ch té;fhé‘pxoblem'af the regulation of liver cell growih
in vive. As gﬁovn in Seetion 2.2 +he bleod flow per se
cculé not gccbﬁﬁ@ for alterations in the wate of liver cell
growﬁh; Iﬁlwaéla feaénn&ble‘assump%ion that the factowx
controlling liver cell growith was some unspecified chemical
change in thé_airculating blood, but this change was apbaxently
due neiﬁharx$Q ﬁum0ra1 factors nor to plasma probeins, That
‘oxygeﬁ:p@rtiai<pressure-in'tﬁéfcirculating blood wes not a
limifing f&cﬁdr.w&s.prove@»by the experiments on arterial-
isation quthé'portél‘vein.

The studies on changes in cell composition, Ffunction
and:&miné acid metabolism in the. regenerveting livexr fragment
p&oved moxre f@ﬁitful.“ In general, they indicated that ﬁhe.
reéidqgi livgr fraément following paxtial hepatectomy was
'probabiy bging subjeéfé& to & functional overload or “work
hypertrophy", aﬁdfﬁhat this condition continued until

relieved by vestoration of the noxmal "functional mass" of
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the owvgan, To some exﬁent,sii seemed that the situation
might be illuminated by comparing regenerafing liver with ane
other rapldly growing system i,.e., b&cteriai‘callﬁ in the logayw=
ithmic phase of growth, Step~up cultuves of Tscherichia Coli
cells iué;; celléfsubpulture& f?om a minimal to an enriched
medium shéw écﬁ§~adab%ational,éhanges in cell composition
Kanalogaué to these oecprriﬁg in iiver cells after partisl hepa—
tectomy. Kurland and'Maalﬁe'(l962) in "balanced growth"
experiments observed an imme&iate aceeleration of RNA synthesis
- following transfer of a culture of T. Coli from a minimal to an
amino acid supplemented medium, and conversely an immediate
ihalt to RNA~Sjﬁfheéi$ upon'ﬁransferring a culture from a wich
to alminimal medium. Moreover, Stent and Brenner (1961) have
preseﬁteﬂ’évideuce that in'the normal suxotrophic bacterial
cell, RNA synthesis is under strict control by the intra-
¢ellular pool of amino eacids. They proposed that the inter—
- vention of aminO*acidé in ﬁhe regulation of RNA synthesis
‘fallowé the bacterium té adjust its steady-state level of RNA
in accorﬂahee with the nutyritional limitations imposed on the-
overall »ate of protein gynthesis.

It was cleay that if functionel overstimulation of the
liver fragment by the blood nubrients i.e., fatty acids,glucose,

-and amino acids was the "sgdimulusg" to liver restoratvion, then



T43L33134?au&.b; ﬁ-

The efd ect Of lntravenous xnfusman Of 10 per“f”

: éent Aminésql on the chem;cal csmpasitlon of the
AVllVe? 0f noxmﬁl»rat (prevzous)y b;mpumeﬁ) Thé *i'

injections vewa made uhrough 8 catheter d rectly ;;ﬁf,i
- into'thev'u¢u1ar veln &t quarternhour :ntervals for }§;~*
12 hours, 2A ml., in toto. belng admlnlstered ta each?a

rat.

A contro} group of rats was treated w1th an .’

"isocalarxe amount ef 10 per cent glucose, each

et belng given a. tetal quantlty of ?6 ml..‘a]sc

{lover 1? haurs at quartermhour Lntervalsu«_ixlf“AJUb
'fThroughout the dur&tlon cf tho experlment the rats

:w?re kept arausthetiaed.
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- BNAP

Animal  Treadnend - L;‘., _ :ﬁﬁﬁ?

No « : ’ - before, - afbew per cent
teeatment - breatment change

1 Aminosel © 3014 3076 1908
2 " 2048 - 3e11 2503
3 " 316 . 3e81 2046
4 " 3.3 C 4e31 1546
5 " 3428 3+66 11+6
6 5 $e43 . 3476 9+6
average ehangé N 171
T Glucose 3530'_, 380 80
8 W 418 - - 3096 e o2
9 " o 3284 302 21
10 w 2:68 290 76
1L n 2495 2098 120

average change 2+ 81

‘The average changes for the two treatments ave

significantly different ( P<C 0.02).



Table 34 b

- Rroveln
" DHAPR

- No, ‘ . beforve after per ecend

o

Anim

b

i Treatmend

wreatment - treatmentd change

1 Aminogol 816 ‘ '_:362 e 6

B

mo 382 410 . 165

wl

W gs0 650 0
4 S 1 N L 198

" | ' wv\ | BTG . 58{3 ’ L6
6 w567 T 609 7ed

>

ayevege ¢hange . . E 839

7. Gludose 497 494 - 006

8. Cose5 sy - 006
'féf ';;; " e ’6%0:~ —13+4
w0l v aes 45— 9e2
‘¥?f{5( LR N A

average change . - Ge19

;The'aﬁerage~¢h@ngea for the two treatments are not

significantly diffewent ( P> 0405) 4
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it should be pussiﬁle to_sﬁgmulats growth in the‘liver of a
normal indact r&%jby ovexnourighing it. As alpeedy indicated,
one.of the earliest and most conspiecuous changes in regéneraﬁing
liver is an increase in RNA concentration per ﬂeli. Since in
bacterial ¢ellsg RNA pynthesis ig noymally undexr the control of
~the intracellular amino acid pool, it seemed perbinent to
'examine_wﬁethRt%HA synthesig in liver cells of a normal intact
rat | | |
a) could be .stimulated by increasing the
amoﬁﬂt of free aﬁino acids delivered o
vhe li#ér per gnit of tbime, aud
b) iff%his be the case, vhether it would be

follawed by increasged eell growih and division,

The_firs% peséibiliﬁy vas vested by infusing a 10
~per cent solution of aminq'acids (Aminosol) intravenously by
means of a eaﬁhétex into the jﬁgular vein in an ansesthetised
rav. ‘I%‘is‘eviéent from the results repqrﬁ@&'in Tables 34da
and b that infﬁéiéu of amino ac¢ids @quivalentrt@ 204 Eey OF
cagein, caused a significant increase in RNA and alse protein
coneentvration pex cell in livew, of the oxdexr of 17 and 8 per
eeﬁt‘(mean values) wvespectively. Infusion of én iso-calorie
~amount of glucose canged ﬁery 1ittle increase of RNA and o
~ decrease in prétein, the resgpective mean #&1ues being 2+8 and

and <62 per centd, The glucose effects may be accounted for



PO

- »-“m_fBLES 3‘5 ‘,,a,; 1}:“-"&- e,

T ie effevt of 1ntrayer1tcne&1 1ngectiuna of 10

r cont Am;no&o1 an the Gh@m&ﬁ&l compeelulon af the

liver of nafmai rwts (prevxcusly bacyaled) ;Thgwlk:f7-‘“”

T

with 4 ml., Am;naaol every hours untll sacrlfiee o

8

»abs used vcra thhxn the body welght range ZDG g.,'

10. Th@y'vore ﬁlvidad lntﬂ two groups, test ana _?5 {:1" ]f

nfrél.’{ Lach anxmal 1n the test grovp Wﬁﬁ 1n3ected A

'ter 48 hours. : Iach anlmal in the control graup

vas similarly ufeated thh Qe 9 per cent sterlle

'gﬁhysxologzeal ;allne and sacrlfzced after 48 hours.




Animal

No

L™

The average changes for the two treaiments arve

Table 35 a

Treotmend

Aminogol

1)
t

1

Saline

n
1]

£

hefore

treatmont

2+ 83

293
24906
267

ENAL
" DNED

after

tyeatment

472
395
339
365

average change

3085
2+ 88
2277
241

377
338
2291
258

average change

signifiecantly diffevent ( P < 0:05).

per centd

change

HGe8
3448
1445

3647
382

- 201
1ie4
4

. <o

-2
[ ]
fomd



Pable 35 b

Animal  Treatmentd ; protein
DNAP
No before after per cond
vreatment breatmnentd change
i Aminasol 439 567 383
2 L 457 476 39
3 " 389 403 30
4. i 362 459 263
avernge change 1862
9 Saline 569 520 - HBog
6 " 421 430 2+ 1
7 " 398 442 111
8 i 351 366 4¢3
average change 202

The avevage changes for the tvo treatments ave not

significantly differvent ( P> 0405).



Table 35 e

of

Animal  Treatmenty Mitvomes pex 100,000 nucled

No. = = . - before afboy
treatment tveatment echange

t Amimosol - = 24 w3 109
2 L 27 212 245
3w 73 344 271
4 o 9 7 521 512
5 Saliume w8 -2

6 oo S VAR 1 P

-3
G

6 -8

v
o

s o n 34 21
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. by supposing.ﬁh&t‘elevation of blecod sugar couses an increased
seeretion qf.inSulin. Oﬁe of the known effects of insulin is
to sbimulate amine acid upbtake especially inmbo muscle and alwo
@nhanceigéaﬁéiﬁ"synthesis there (Munxo, 1964). Hénce the

v effect of glucose infusion will bé to diverd & lavger pro-

. portion of ‘the plasma amine acids into musele and diminigh -the
supply to liver.

To tegt the gecond possibility that increased BNA
synthesis would be followed by an increased mitotic rate it was
necessary bo administer the aminb'acid solutvion over a 1engéf
period of time. In view of the possibility of serious mebam—

" bolic upset it was obviously undesivable o prolong the pexriod
of ansesthesis beyond 12 hours. Therefove it was deeided o
inject the Aminosol solution at intewvals of 4 hours intraw
peribtoneally ovexr a period of 2 days. The rots wewre allowed
water and food ad libitum a®v all {times. Table 352, b and ¢
show that after 48 hours of such treatment the cell content of
BNA showed a mean increase of 38 per cent and of protein pen
cell of 18 pexr cent. These chemical changes were aecompanied‘
by a dramatic incvease in mibobie activity. Saline injected
convwols éver blie  same period showed a mean RNA change per cell
of 7 per cent and mean pgofein change per cell of 2 per cent.

Mitotic activity in this group vas not significantly affected.
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- TABLES 3(5,‘9;.,_,157{@;‘:,5;

ver of norma] r&ts (prevzously b;npsxea) 5 The
ta used vere thhan the body welght range 185 g,
5 e They vere lelded 1nto two groups, test and

ntrol. Each anxmal 1n the test group was

wgeated With 4 mla, Amlnasol Pvery 4 hours untll

crifice after 44 haurs. Davh én1ma1 1n the

1trol group Was sxmllarly treateﬁ w1th Qe 9 per

,The efaecu of 1ntraper1tonea3 lngectlcnw af ]Ozﬁfizggyifﬁr.

A ceﬂt Amznasgl on the chemxcal compoultlﬂn of the‘{f’~r-w :

nt stexlle sallne and. sacrlfleed after 44 hours, !LE”7;:““



Table 30 o

. i i LENAL
13.\.[13. ma 1 j. 3; @ afbmtp IT%.’ DI‘I A}?
Nos , before afber per cenw
treatment - brestment change
1 Aminosol 20064 436 65
2 " 3e31 . 4080 45
3 " | on 4425 -
4 " 2282 400 42
5 n 2¢84 3+61 27
6 " 202 362 79
average change 51e6
T Saline 2004 20 49 - 22
8 " 258 271 5
9 - A 205 251 225
10 " | 2012  2.62 2345
11 " 216 2040 11
average change 17

The avervage changes for the two treatments are

significantly different ( P < 0+01),



Tabio 36 b

. . YPOHeln
Animal  Treatment EQLILL

DNAD
No » hefore’ afbor - pex change
hreatmend treatmentd change
Lo Aminogol 601 - 679 | 13
2. " 623 548 -12
3 " - 588 -
4 " 558 607 9
5 n 746 815 | 903
6 N 718 1006 - 40
gverage change . Li-4
7 ‘Saline 464 541 16+ 6
8 " - 659 549 w1627
9 L ¥ 247 3e5
10 e 466 460 0
13, L 405 436 Te7
| .. average change ‘ S 282

The average changes Ffoy the two treavments are nov
. £ .

significantly diffevent ( P> 0¢05).



Animal

No,

7

10
11

Table 36 ¢

PTreatment

Aminosol

3]
"t
"
L]

L]

Saline

"
"
il

11

Mitoses per 100,000 nuclei

beforg

breatmentd

L)

33
26
16

24
20

13
26

aftér

treatment

196
732
477
372
833
126

28
25

259
P’i4

change

190
730
473
339
807
110
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Tables 36a, bvﬁﬁd.éApreéeni réaultg-féam a siﬁilar experiment
éxtending over &4 h9urs;\f:It is evident ﬁhat"ﬁﬁGTGHanges
obtained ‘here were of the éame arder. However, in the saline
injeeted controls one of the rats gave a mitet;c index increase
of 246, quite out of lln@ with the other fxgures reportod. |
- Thig latter change capnot be‘accounted for. Macra&eap&
examination of the livers of the rats at death indicated no
unusual appearances in the eoﬁt?ni EToups . In the Aminesol=
~treated ETOuUDs, however, uhe leers vere obviously largew in
‘_“am@ cases than ab biopsy 44 te 40 hours pr@v1ougly. Mereovéf;
‘the . lobes were domemshaped fleshy in cong1steney and @hoveé
rounding of the edgeﬂf Al so the celour had altered fram the
“noxmal deep red to a ﬁale bxawn..f‘These changgs vere reminise
egent of those Obﬁéfféd in liver in the e&rl& stages of regenerw,
ation.  . |

In viev of ﬁhese'enéouraging resﬁlts‘ib w@é decided
to stuéy the. effsct of Amlmcsal treatment over a period of two
to three days on liVer RNA and proteln per call, m1t0tic index
and liver/body W&;ght ratio. 3 The objeet of,ﬁhlﬁ,expexlment
wasfta detarminefifg“b? theé9 ériteria, the liver of the normal
intact rat (pf@Vlouﬂly bl@psied) could be ﬁemonstr&teﬁ to grov
and to continue growing . untll a new equilibzium of liver to
- body W@ight ratio was attamned{J It was surmiéeﬁ vhat this

now equilibrium size would be adjusted to the artificially.
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raiged level of nutbtrition. Befére emﬁarking on this experi-
ment, a study was made of the ndrmal livex %o body weilght
vatio the resulits of which are shown in Pig. 23, A linear
vegression line was calculated to fit the best line of points.
Using this relationghip i+ ve.s then possible to caleulate the
ﬁer cent deviation from normal, of the liver of each rat ot
sacrifice.,

Trom the results in Table 37a it is seen that there
is consideyable variation among the individual values for liver
o body weight change. In the carly stages of the experiment,’
perhaps partly owing to the previoug biopsy, the ratio is belovw
normal. However, from 36 hours onwvards, there is a gradual
upward vendency in the range of values until 60 hours indicat=
ing continuous liver growth. I4 would seem then, that the
time course of the experiment was too short to observe a
flattening out of the curve of liver weight incresse, On the
whole, there isg an upwvard trend in the mitotic index but the
geatter of wvalues ig too great to permit any further con-
clugions, Tables 37b and ¢ show the changes in RNA and protein
content pexr cell during the course of the experiment. Again
the individual values at each time point show considerable
variation, An incresse in the cellular content of each com=-
ponent would be expected to cccur until cell division got under

way when a decline should resul+d. The results reported in the



. TABLES 3;,7 &, : b_ &e. T

::Tho OLPOGU 0? Amznoss1 treatment on vhUAﬁi;%,;fﬁ;; T%j”

*-{chemmc¢1 compoultxﬁn and mltctzc 1ndex of the 11verf,;,s¥’iﬂﬁ-‘/

, _ifof nsrmal v¢us (prevxausly b10p51ed) A grnup of ;;;._;.\;,

29 rats of bedy welvht 180 g. u 10 was subgected

4o 1;ver blepsy. &fter allewzng a day fcr the

. a}imals to recover fram the opexatlon each rat waﬁfi'
B ven A ml., Amxnosol Jntraperatcnea]ly every 4

" h urs. ALl rats were permmtted free access tn

lw ter an& fogd aﬁ all times. The rats were then {f.;-f4'fv

‘Tﬂ?killed in graupg of 3 at tlme 1ntervals, 18. 24,i

| S
.”3T’ 36. 42, 48 and. 60 hours after the begann:ng of,;

';t?e experlmpﬁb.,, At uhe 60 hour perloﬁ 4 rats wer@}ﬁ

hﬁkilled. . The rats' body and total lzver welghts

wwre determ:ne& at sacrlflce.~




Tabie 3% o

Animal CRime Pex coent change
interval / of livex/body
No » between wie ratio from
svart of before aftew caleunlated
exp. & death normal value.
(hr.) treet. treat. change

Al 18 8 6 -2 - 5287

A2 18 9 95 86 1728

A3 1.8 7 20 13 =13e15

B 24 2 19 17 - 593

n2 24 a7 99 52 - Qo2

B3 24 0 12 12 1513

o1 30 18 19 1 - 9-93

c2 ‘ 30 0 101 101 -15¢58

c3 30 0 43 43 - 40035

DL 36 13 18 5 1507

D2 36 19 23 4 8056

03 36 18 25 7 Qe85

Bl 42 2 240 238 253

B2 : 42 10 33 23 6208

B3 42 3 18 15 1200

1 48 0 63 63 16023

2 48 24 97 73 2727

¥3 A8 31 5 -23 0-98

GL 60 15 18 3 123

G2 60 0 17 7 3490

G3 60 2 122 120 3585

G4 60 6 11 5 22095
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Animal Time BNAP

interval BRNAP
No, bhetweon
start of before after pew centd
exp. & death \ -
(hr.) treabment treatment ehange

Al 18 ~ 2+93 371 .27
A2 18 407 4o 48 10
A3 18 3067 A 38 19
81, 24 3+51 4052 29
B2 24 4o A8 . 5076 29
B3 24 40 87 5e 10 5
c1 20 4022 525 24
C2 30 438 4682 10
C3 30 4¢10 448 - 9
Dl 36 4058 6:00 31
D2 36 405 C Ae AT 10
D3 36 4426 6517 45
Bl : 42 3+ 44 5e 27 ! 53
B2 42 4+10 4206 0
173 42 381 492 30
71 48 4+00 479 20
2 48 3255 418 18
3 48 3+ 86 5403 30
Gl 60 4e14 4+ 66 13
G2 60 4+10 5+35 31
G3 60 4+ 00 4«50 11

G4 60 4+ 41 4e74 8
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Animal Time protvein

interval DNAR
No, between

stert of before after pey ceny

axp. & death
(hre.) treatment treatment change

Al 18 733 738 0
A2 18 872 800 - o3
A3 18 819 827 1+0
Bl 24 760 922 21e3
B2 24 1020 1035 1.5
B3 24 1015 988 = 27
cl 30 944 1050 11e2
c2 30 874 O17 48
C3 30 838 738 ~-12+0
Pl 36 055 1135 18508
n2 36 873 892 2¢2
n3 36 082 1140 161
oy 42 700 883 261
12 42 839 T66 - G
3 42 755 952 261
Pl 48 942 084 4o 5
2 483 77 862 110
73 A8 805 833 348
Gl 60 1204 1280 6e3
G2 60 1008 1135 13
G3 60 1193 1282 Te3

G4 60 975 907 - 720
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Tablesﬁjﬁb‘aﬁd'a show;éniﬁﬁwa?d trend in the cellular content

- of bhowh RNA and - pre%eln, bu& sgwinlthe~sc&tﬁe:‘of values vas

5

'f,too gvoau ta pexmlt any further eonbiugien&.

Tb is evident that bhig 1atter exparlmenu has several
' shortcomings. i bhe first place $ho range of biological
vaxiatién in’responae.%a:the troabnent is quite censiaer&ble.
This di culty can only be circumvonteﬁ by the use of 3 much
larger ‘number o animal 'so thet the statlatﬂcal erYoY 1nvalved
in gempling hecomes ﬁ@dh@@ﬁ tn permlt ROTO rellable analyﬁis.
It would be desivable . %ﬁ use ot least five animalg at ea@h
time point . so that an averaglng of resul%s could be Gfiﬂ@t@&.
In ‘the .second plmve, the breaﬁnont 3nvelv113 Lrequent intrae
peritonenl inge ctions produep& caumlderab?a stress in the rats
" and iﬁ-is well konowvn thot a&ren&l éorﬁicasﬁer@iﬂé éra_éotent
inhibitors of. liver aell mitosis (Hemingwe ’ 1960) _Inr
pracvice, %han $he Temponue cbtaxnod may r@pxe ent a b&lanﬁe of
effects between emino &olds on one: h%nd aad adraaal coxrticos—
terclds on the cther. In araef to obvmate the effect of stre%e,
it would be desirable_to accustom the rats to the injgctien
~prﬂﬁédurﬁ‘fOT?3@mG vime before ﬁhefﬁtaxt.9f tha’experimen%.

in spité‘ofhthes@‘&rawbacks, the vesulibs obhained
‘&emanaﬁratedédite uﬁé@uivac&lly,thét'it-ia:pesﬁabla_mc ef;egﬁfuﬁi
g%nwﬂh in %he livewn af &n ;nt&ﬁt g&% hey@nd its nermal rlze

'\by elevatlng Lhe 1eve1 of blood &minn &clds.



DISCUSSION



w 106

DISCUSSION,
3.0 Tn mammals the capacity for resbovation and repair
varies greatly from one tissue to anotherv, In genexal, i%

is most pyvonounced in the epithelial +$issues e.g., skin,
gut mucosa, and also in hone marrow and lymphatic tissue.
Swann {(1958) has pointed out that an inverse relstionship
exiats between the cell's sbate of differventiation and its
capacity for division. The most highly specialised cells,
©.g8., neurones and skeletal musele cells, have little ox no
capaclity to divide, and hence vepaiy after damage oxr vemoval
in such tissues 1ls very limited. |
The phenomenon of regenerative growvith has been
invegtigated in many tissues both in the adultd and the embryo
(Needham, 1952). However, the most intensively investigated
systems with rvegaxd to the underlying mechanisms have been,
1) 1liver regeneration following partial
hepatectomy,
2) TDbone marvow proliferation following
haemovrrhage or exposure bto hypoxia,
3) compensatory growth of +the remaining
kidney following unilateral hephrectomy.
Compensatory growth may occur by an increase in cell size

(hyperbrophy), by an increase in cell number (hyperplasia),
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or by both means.  Restoration of red blood cells after loss
occurs entively by an incweased rate of division of precursor
cells (pure hyverplasia) {Linman & Bethell, 1960). Com-
vensatory gwrowbth of liver after damage ox parbtial removal is
mainly by hyperplasia and to a much smaller extent by hynerw
trophy (Havkness, 1957). Compensatory renal growth afltex
unilateral nephrectomy ig mainly by hypertrophy and to a much
legser extent by hyperplasia (Simpson, 1961).

It has been an underlying assumpiion in much of
the reseaxrch into the nature of liver regeneration thal
following partial hepatectomy the organism is informed of the
deficit of liver tiasue. It is surmiged thet the oxganism
then 'directs'! the restoration of the deficient organ until
it atbtaing the previous equilibrium gize. The nature of
this process by means of which the body becomes aware of the
Liver 'deficiency' and < stimulates' the restoratiocn process
hasg given vise to a greal deal of speculation and indeed
provides the impetus bo curvvent research devoted to eluci-
dating ‘the mechanism of growth control in vivo. Although
suspected for a long time, cenclusive evidence of the '
presence of the growith controlling faecthors in the circuleling
blood has only very recently been demonstrated, by the

ingenioug expewiments of Leong, Grisham, lole and Albright
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(1964) . ‘These workers succeeded in transplanting bhe median

lobe of the wvat's liver to the abdominal subcutaneous tissue

by a two stage procedure. tage one consisted ol a pedicle
transfer of the median lobe +. thyough the midline abdominal
incigion %o ‘the subcutbancous situation. Stage bwo, performed

after an interval of two weeks involved ligation with a steel
ligature of the pedicle and its blood vessels, buv excluding
the effluent branch of the bile duct fxom the lobe. This
bechnigue, thevefore, left the autograit dependent on a
collateral blood supply from the subcutaneous bissues budb

préaerved its normal bile drainage. In such a prepavation
Leong gt _al., were ahle to demonstrate that parhtial hepa-
tectomy of the main part of the liver, one to three months
after esbablishment of the autograft, produced DNA synthesis
and mitogis in the graft ag well as in the residual liver,
Howevewr, the authors peoiuvted out that the nature, oxvigin, and
mpnner of aection of the blocd-borne mediator of livew
regenerabvion were not indicated by their investigation,

The present investigation has shed some light on
this problem. The cross—civculation experiments (Section
2.1) seem bo exelude the possibility bhat the supposed blood-

borne factor is a sbtable hormone or humoral agent capable of

being transferred from animal o anothewx. The experiments
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on plasmapheresis (Section 2.3) moke it unlikely that the
factor takes the form of plasma proteins. On the other hand,
the changes in chemical composition of the residual liver
fvagment (Section 2.4) and the experiments with bromsulphe
thalein (Section 2.5) ave consistent with the view that the
liver fragment after partial hepatectomy is subject to a
funetional overload, Finally, the experiments on aming acid
administration (Section 2.7) suggest that the functional over=—
load may take the form partly of an abnowmally large supply
of amino acids. The uormal intact liver may be regarded as
analogous to bacterial cells growing very slowly on a minimal
medium. When the liver is "subculiured" into a "xichew
medium" either,
a) by increasing the level of cireulating
nuibrient especially amino acids, ox
b) by altering the proportion of Liver tissue

present to the amount of "endogenous nutrient"

i.0., by partial wemoval of liver substance,
vhe remaining liver cells will start to grov and divide quite
gpontaneously until a new equilibxium is attained between

civculating nutrient to functioning livexy Utissue.



" Regarded in this light, growth limitation of liver
-cells'igﬁby:ﬁéé,§@§unﬁinf nubrwenb presenbeﬂ ;a the  functional
‘liﬁerigubsb@ﬁﬁéyper ﬁnit.cf time. __Thls vglue will determine
;tﬁéfiimiﬁ bfiihe éize'ﬁcvwhichlﬁhe‘liver will grow, but the
factual'pwééégs“ef éréwth itself is sponbansous. This view,
it will be.appréci&téé, gives sense to whe fact that a
gﬁhxesﬁcld @mbuﬁt'of liver ﬁissﬁe h&S‘ﬁD be removed before the
process of'regeneraﬁicn i&_set_in—train, vwhether the criterion

of bhls yroces beuDNA synthesis, RENA synthe si (Tugloka

el al,g.1963) Qr mitotic index (MacDonald. ot al., 1962) .
"The same lnberpretauxon may be made of the f1pd¢nos of
Llebevm&n and Shcfﬁ (196)) that ligat tion of the branch of ‘the
(por%wl vein tc Lbe median and lefd latexal lobes of the 1iver

Cin vats caumed &$rophy of mhc se 10bea. agether with 1nc?cased
-synﬁheﬁi- fzrgt a* RNA and then of DNA in the regidual lobes

V at a xate Jdontical with that follov1ng paxtaal h@p&tecuomy

~ Tha &cmual value fﬁ; this ﬁhreshald amount of livewr
: %iség¢~%o¥hecfém§ve& to initiate the prmcegs of regencration

v\varies.&cebrﬂiﬁgf%o uhe 1nvemilgwior and rlteria iged.

fhu: M&cDonal& eb al (196?) obtained a value of 9+4 bo 123

'p%&lcen%j§efore ﬁNA gynthesis is increased.  VWeinbren and

Tarsh (1964) however, found that removal of the caudate lobe

(a procedure involving the wemoval of 8¢6 per cent of the
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liver) caused a significant buvsdt of mitoses in the residual
liver afver 72 hours. Goss (1964a) suggests that regenevative
orowth in livewr probably follows the vemoval of even smaller
amounts of tissue but by the usual cwiteria, bthe growth
response remaing undetected. Grisham (1962) has pointed out
that in the noxmal intact livercellular wreplacement occurs
uniformly from all parts of the lobule. The same pattern is
seen afbter partial hepatectomy if only a small proportion of
the organ is excised, I£ 4wo thirds are rvemoved,mitoses are
initially confined to the perxiportal and midzonsl aveas.
Thisg "vestbricted" digtribution persists éuly for the firsv 36
hours of wregeneration. Theveafter cellular weplacement
occurs Trom all parbs of the lobule. Moreover eviéenﬂe

that
exigts™ /7 the appearance of a restricted type of proliferation,
in wvhieh cell mitoses ocecur in the periportel and midzonal
areas, may be related to the amount of liver removed owx
degtroyed and that et least 20 to 30 pex cent must be removed
before this happens. It may be that removal oxr destruction
of a crxitical amount of, btissue is required, befove the level
of endogenous nutrient supplied to the residual fragment is
increagsed sufficiently 4o cause a detectable growith response.
It is equally evident that this theory could account for the

established fact that the rate of vegeneretion following



- 112 -

partial hepatectomy is move rapid the more +tissue is removed
(Pishback, 19293 MacDonald et _al., 1962),

It will be noted that this theory disposesg of the
need for a "gpocifie midvotic" or humoral agent stimulating
liver cell divigion, The question mey be raised howvever,
how does this theory account for the "orpgan specific nature®
of the stimulus? In obther words, how is it +that only liver
cells respond go dramatically to pardtial hepatectomy, and no%
cells of other tissues, Glinos (1958), for example, studied
the effeet of partial hepatectomy on the mitotic frequency in
parotid gland and pancreas in the rat, and found that no
effeet was detectable in theme tisgsues. However, the faet
that the gbimulus isg not so specifiec, as formerly believed,
wvas demonstrated by Paschkipg, Goddard, Cantavow, and Adibi
(1959), These latter authors found that partial hepatectomy
in ‘bhe rat caused a significant elevation of mitotic index
in the cornea 4 days after the operation. Partial hepa-
tectomy also increaged the compensatory enlargement of the
residual kidney after unilsteral hephreectony, and algo
significantly increased epiphyseal width of the proximal
tibis in hypophysecbomized rats. The same authors also
found +that growth of certain transplanted rat tumors is

enhanced by partial hepatectomy.
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i

‘When it is conceded that dther tigsues may particie-

pate in-the_gréﬁthlprocess-which follows partial hepatectony,
;it'stii{ remaiﬁs neeessary to account. for the more dramatic

Tesponse QE the residual. liver disgsue., The asnswer to this

queutlcn may resxde in thc faet that the liver is especially

sen51t1veaand=respon51ve to the level of circulating endogenous
- nutrients. ) Consxaerlng the key role of the livexr as the

Ecentr&l oxrger ur "clearmng house" of intermediary metabelism,

e.g.{ the regulgtionrof.blood sugar, the oxidation and syn-

thesis of amina;acids,'thé formabion of proteinsg for the

regulation of thé“function and nutrition of all tissues, the

theory seems apt.‘A That liver tissue is sensitive 1o the

,levels an clreulatxng nutrlents is well knowm. The classical

| _work of Ada§s, Ppoxand pew (&936) showed that during a fasth,

the-liﬁer‘l@séé"protein more rapidly, and on refeeding with

& T4 per cent casein diet, regains protein more vapidly than

almost any other tissue. Also o similar loss of protein,

RNA and. phosphcklpld from liver wes demonstrated to ogecur in

~rats iasted 01 on a, proﬁelnnfree diet (XKosterlitz, 1947).

In thas context &150, it may be recalled that Gurd et al.,‘

(1948) fnund @~mar9 rapid regeneration of liver protein after

:Lpaftialnhepateetgmy‘in protein depleted rats, indicating

. that the "smallex" liver fragment was responding more
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dramatically ox that a more potent sbimulus to livew protein
recovery occurred in the animalg with o more severe reduction
of liver substance.

Another impoxtant objection. to be aeccounted for, in
terms of this theoxy, concerns the experiments of Leong gt al.
(1964) on the heterotopic liver transplant. It may well be
asked, how does the transplant experience tbthe necessazy
"funetional overload" of cireculating nutrient. This is
clearly a problem which can not easily be explained. Since
the blood levels of free amino acids and glucose do not altewx
greatly after partial hepatectomy, the only way an increamed
delivery could occur would be by an increased rate of per—
fusion., DMoreover, it is difficult ot present to envisage
how partial removal of the mein orxrgan could cause haemo=
dynamic changes in ‘the liver trensplant. However, in view
of the transplant's less well defined blood supply, it would
be expected that nny rvesponse to a functional overload would
be atienunated, which is what Leong gt al., have found.

Finelly, it may be urged in support of this theory
relating liver ceell growth to the functional demands made
by the tissues, that it has the merit of being physiologically
appropriate. Iv is fairly well established thav the

fundamental controlling factor in the wvegulation of
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exythropoiesis is the oxygen tension in the cireculating
blood (Linman & Bethell, 1960). It scems likely that at
least part of the stimulus to renal hypextrophy following
unilateral nephreoctomy is due to the increased excrebvory
load, since it has been shown that an inereased intake of
sodium c¢hloride increases venal mitoses in novmal intaecd
vats (Goss, 19645) and also increasing the excretory load

of aeid by administration of ammonium chlorvide substantially
increases venal cell mitoses (Lotspeich, 1965)., Therefore
a relationship of liver cell growth to funcition sceenp bothl

reagsonable and natural from the expeximental evidence.
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.- SUMMARY OF EXPERIMUNTAL RESULTS,

4.9 1. Yhe mechanism controlling liver regeneration

- afber -partial hepaltectomy has been investisated in the wat
\.A'A . P a

the dog and %he_domestic fowl, and the principal +heories
pxopﬁsed by prevmou workers have been re~examined,
2.~ The “bheory that regeneration. mlghu be contrclle&

by some "humor 1" factor civculating in the blood st?eum wos

cr bestbed by{injeﬁﬁing sorum from paxtially hepatectomised rats

1qta normal r&ts." This failed to produce any -sign of growth

o

in. the lxvers of the recmplents. - CGonversely, injection- of

noxmal sgerum 1nto partially hepabeetomlsed aninals fallod to

r.a

1nh1bit liver regeneraﬁlun. In an attempb to find a more

<séiisfacﬁury method of &etécting the supposed humoral factor,

a nev technlque of crossmc1rcu1&tlnn was devised by means of

'&.vhleh two rats. exchanged &PPrOX1m&taly oneuquarter of theix

”’blgod volume per minute. When one partner in such & Cross~—

cirveulation was partially hepatectomised, itbs liver fragmend
regéﬁeraéed in ‘the normal manner, but the liver of its
unoperaued partner showed no sign of regeneraiion. These

perlments appear to ehclude ‘the possibility %ham liver

“3regeneratidn is éontfolled by anything in bhe natuve of a

Mhumoral" factor.
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3. The theory that rogeneration is & vesponse to
the residual liver fragment having to accommodete the same
votal blood flow as the original intact orxgan was invesbigated
in wats, dogs and domegibic fowls. In vots, it was found
that the pregsure in bthe porbal vein did xise sharply aftex
pertial hepatectomy but that it returned almost to the normal
level within the first 24 hours. In dogs three surgical
operations were performed in an atbempt to produce o sube
stential increase in blood flow through the liver. These
weres side~to-side porto-caval anagbomosis with Ligaticn of
the inferior vena cava above the level of the anagtomosis
{(reverse lick fistula); spleno-portal arteriovenous shunts
and sorvo-portal ariericvenous shuntb, Tach of these oper—
ations produced some increase in portal pressure. The latter
two operations would be expected also vo increase oxygen
tension in ‘the livew. None of them, however, produced the
gsovry of growbh response in the livez which follows partisl
hepatechomy., In +he Ffowl, increased bLlood flow bthrough the
liver was obtained by ligeting the postecaval vein and thus
diverting caval blood via the portow-systemic anastomosis
(circle of Jacobson) into the poxrbal vein, In this case
also there wag no dramatic indicetion of liver growth. Taken
all bogether, these vesults appear to exclude bthe possibility

that the residual liver fragment remainiang after partial
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ﬁe@aﬁeééqﬁy;is é£imula%ed~to grow becaué@'iﬁ has to accepd
more than its ncéﬁél bloed flow.

.4, The theory that piésma protein ﬁﬁ”eaﬂeen%r&ﬁién
mightd pla&nan impérf&nt roﬁé in liver regeneration was tésﬁed
by observing the fail in the plasma}protgin.level in rats;
after partial hgpgtectomy. This pro%ed +0 be swall and
Cbrans 1ent. '\thfhe otheiﬂhand,'whén the plasma protein level
in rormal intact rats waQ ubstantlally lowexed by repc&t@d
pl&smaphe%ési$;~on1y a sli ght mitobie respcnse o8 obta1ne&
in.ﬁheirflivéxs.‘ Conversely, liver: regeneration in partially
hepateétomisad‘rats wasfnat inhibited'when they weré supplied
With‘éxﬁfa'plamm& protoin by 'ntravenous infusion of normal
;r&t plaum&. It seems unlikely, therefero that plasma pr0uela
leve]s are lmportanb in %he control of 11ver regeneratlan.

) 54 Investxgaticn of ‘the chemical changes in +the
_x@méinihg\iiver ff@gm&nt-aftar parbial hepatectomy in rats
‘ showedxaﬂsiigh%“inexease in ge&ium and‘v&tér content within
io minﬁtea of'the‘operatian, a shérp fall in glycogen éeﬂn
eentraticnlat 2 hours;\énd accumulation of total Lipid (but
not ph@séholiﬁi&)iﬁﬁ 6 hours'gnd'an:incre&se in BNA pey ecell
at 12 hours. The rate at whieh the liver éleawad injected
bromsulphthéiéin-ﬁas diminiéhed'in proportion to the amount
of tissue}reﬁnvéa\iﬁlﬁh@ he@aﬁeeﬁamyianﬁ did not. show any

improvement within 48 hours of the operation.
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"6,-If one partner in a pair of crosg—circulating
rate wes hepatectomised, the 1lipid content of its liver and
the ENA cbn&ent‘per‘liver cell dincreased in thelsame way as
in single partially hepatéc%omised rats, but to a lessew
extent. The liver of the unhepatectomised pariner did not
show an equivalénf increase éiﬁher in Yipid ox in RBNA, On the
bther‘hana,"the rate which injected bramsulphthalein Wa s
cleaved from the blood stream of a pertially hepateetomised
 ?&£ wa.s subsianﬁiallj increased if it was linked in crossg=
cirvculation with a normal rat.

T+ The vesults described in paragraphs 5 and 6
séamed.consistent with the view that the stimulus to livew
regeﬁeration might be the iunebility of +the remaining liver
frdgment vo &ischérge the duties ndémally performed by +he
inbact livey, and that eﬁoss»cireulatian with & noxmal vat is
insufficient to méke up for the deficieney. An attempt vas
ﬁaae“tm;test‘ﬁhis;hypéthesis by overloading the liver of normal
intact rats by'parehteral administration of amino seids, Thisg
produced‘d"prondhnceﬁ.incre&se in the RNA content per cell in
the liver, a . less pronounced increase in protein conteunt perw
cell end ultimafgly o substential inerease in mitotie activity.
In so far as thege changes resemble the changes associated
with liver regeneration, they éupport=the hypothesis +thad

A

liver vegeneration is a response to a functional overload.



EXPERIMENTAL
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APPENDIX ON_EXPRRIMENTAL METHODS,

Animals,

A%y
»
P et

Male and female albino wats from the Deparimental
Colony weighing 150 to 250 g., were used except wheve othore
wise stated. The experiments on liver lipid deposition were
carried out on male and f@maie hooded r»ats in the same weight
renge and from the same souvee. All rats wexe melntained on
o convenbtional diet of "rat-cubes", and wevre given watey and

food ad libitum,

The‘foﬁls used were.pullets of the "Sussex legbar"
strain from the West of Scotland College Poultry School
“approximately 26 weeks old and weighing ebout 1200 g,

The dogs used were mongrels weighing approximatbely

20 kg., from the Wellecome Labofatoyy of the University.

5.2 SBuypicsgl proceduxre.

C5.21  Experiments wibh fowls,

Partial hepotectomy was pewformed through an

incigion on the left side parvallel to the edge of {the sternum
and dbout 1 cm., above i%, and extending for the Ffull length
of the livew, The entive left. lobe of the liver wag ligated
and excised, The operabtion was tolervated well and there was

no mowrvality.



- 121 -

Ligation of -the posiceval vein-wes achieved hy
making an incision in the wight Llanlk, dissecting down to vhe
vein and ligating iv with o stout cotbon thread. . Provided

the vein was not accidentl torn, there was no morbality and
the bivds appeared qu?te novmal after the operation,. Thé
~wdund$ wvere in each cagse c¢losed in two layers with interwzupted

t

aubtures,

b

o2 . Brporiments with dogs.

Partial hepatectomy in dogs wes performed by dhe

method of Si igel (1963). The teehniqué is basged on careful
dquccﬁion ond individual closure of the blood vassels and
‘hile due#s supplying +the povt on of liver to be rescected.
Undew. genewal an&e&thesi& the sbdomen was opened through o
veprtical midline incisién. The bwxanches of the hepatbic
arbory, porbtel vein to and the bile duet fyom the left and
central divisions of the livew wére garefully dissectod outd,
ligaﬁed and divided, The hepatvic vein fyom the left
divigsion was clamped and-divided. The stwmp was closed with
an aﬁtorlal &11k ligature., The hepavic vein #rom the
gentral division vas also ligated and divided. The livewr
tissue to be wesected was Qlevated 6u% through the operative

] -

incision and o ligature applied axound the isgthmus of the
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papillaxy process in an awea of viable tissue. The tissue
bridge was then sectioned and “the left and central divisions
removed,  The ahdomen-was closed in:two layors. The

resected speeimen vepveaenued 71 perw cenb of the whole liver.

The he«ersochk floﬁula (poxto~caval, anasﬁamogis)

Ve s performod by the. toohntque dese¢1be& by Markowitz (19)4).
Under general ah&emuhe gia the abdomen wag opencd through a
lazge wight subecostal ineision. The powxbal voin and infevior
vena cave weve disgected free, and a ligeture placed azoundj
the vena cava bub not died. The posterior aspechs of the
two vessels were approximated by a continuous 40 braided
nylon subtuve. A 20 braided nylon guture on a sgtraght rounde-
bhodied needle was then passed through bthe poxtal vein elose |
o the sutuwre line and weturned through the vena cava {the
ting suture)., The closed anastomosisg was completed
anterionrly so that it included the cutbting suture, and the
figtula was opened by sawing through the vessel wolls with
the cutvting suture. Bleeding Lrom the subure line was
easily contvolled by pressuve from a swab. The opexatvion
wo.s comple%ed by ligation of the inferior vena cava. APter
the selected pexriod of time the dogs were we-ansesthetised,

and the anasbomosis excised between clamps and cexamined



closely. Unless the fistula was unequivocally open, the
animal was nod included in the study. Livey hiopsies were
- taken before eglablishment of the fistula and at intervals of

time during the course of the experiment.

The spleno-pertal arderio-venous snagbomosis. Under

ygeneralKaﬁaes%h@siﬁ;f%hrqugh a midline abdominal ineision, the

splenie artery wvas ﬁebilise& and implanited endsto-zide into
A

+the portal vein near itz origin. Splenectony was perfovrmed,

Livéﬁ;biopsi@s'were taken before establishment of the

onagbomogins and at intervals of time during the course of the

“expexriment.

The aortamver%alAaiteﬁgumvenaua_anasﬁomos&s.‘ Undex
general anaesthésia‘&'xight tharacqmaﬁﬁéminal incision was
made., Using é.jugular vein gralt, a ﬂhun% wag made heﬁﬁeen
the lowver thoracic aorva and the portal véin.‘ Again iivef
biopsies were %aken before the exeation of the shunﬁg and at

intervals during the course of the experimentd.
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Ba.23 Experiments with patg,

]
)

Portial henatectomy. - This was cexvied oul under

e%hew‘anaésﬁhﬂﬁia by the method of Higgins and Andevson
(1931). A midline abdominal incision wvas madaff?omlabou%

1 oem., absva‘ﬁhe xiphoid process downwards bo about 2 cem.,
b@lbﬁ;“ Using gentle pressurve on the lower pewt of the thowvax
andf@ppex.abﬁamea, the median and left latewxal lobes wewe
delivered thréugh the incision. A loop of linen thread was
p@ﬁﬁa& axvound these lobes and gsecured in posi%ian. The
ligature was dthen bightened go that the median and left
lateral lobes could be cleanly excised, The abdominal

wvound was eloged with inderzupted sutbures.

Liver hiopgy. Two méethods wewe uged,

‘a) HMethod 1., 'Phe ledt lateral lobe of the
liver vas delivered through a midline
incision and a small trisngular plece of
bigsue (weighing about 100 mg.,) excised
from its anterior edge. The cuﬁ'@ﬂges of
bhe liver were brought togethewr and secured
by means of dwo suturcs. The abdominal

wound wvas closed with interzupted subures.
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b}  Method 2, Théuméﬁian and left lateral
|  10b@$ W@?@f&élivawed‘ﬁhrough a midline

‘éﬁ&eﬁinal incisien,.as in ‘the opezatvion of
parvial hap&ﬁeeﬁomy; A loop of linewn thread
was passged &ﬁﬁuﬁ& the left radicle of the
medién lobes avsecuve 1ig&€ure wve g made
at the pediele ox isthmus joiuning bhe
éadi@leﬁg and the left radicle subsequently
execiged. @his fragmnent veprésents lesa than
10 per-eént of the totel liver subgbanece.
The ebdominal wound wag elomed with

interrupved sutures.

Crogsg—civeulation exveriments. Cross—civculation

Ve, g eg%&bliéhe&.between pairs of rats of the same sex and
body weipght #s followss  Both animals were premedicated with
nembutal (10 mg./kg., body weight). Under ether anaesthesia
the firS{ animal wasg paxtially hepa%eatoﬁise&. A midline
skin ineision was then mede from its ehin bo the anterior end
of th@~s%efﬂum.n Through this incision.the right external
jugular v@iﬂAwag located and gently‘dissecﬁad free from
connective %isége for 510 mm., disbal to its junobion with

the- axillary vein. It was then cannulated inithe usual
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manner”(Markﬂwi%z; 1954) with o 30 em., nylon cannula (bare,
075 mm.; external diameter 094 mm.) previously £illed with
physi gie al galine containing 5 mg /mw¢9 heparin and elipped
about halfway down its Jengbh with a small Dieffenbach's bull-
dng elamp. Thyough - the same ineision the »ight common caro-
tid sxvery was located by blunt di abectlan deep between the
gberno-mnagvoid and sterno=cleoid muscles and similarly
_cannulaﬁéd. By the same procedure vhe fvee ends of these
éannulaeAWE?e"in%rG&uee& into whe émrrespondiﬂg blood vessels
of the second animal, so that the carobld sxbtery of each
animal wag connee%@d'%o the jugunlar vein of its parbtnewn,

oth animals werejthen 1&1& sideo hy 31de on a fyramework over
2, werm %able and uhe Dmelgenb&ch 3 c)amps opened to allow
eheh&nge of blood beuween ﬁhom. Bn%h animals usually vee
covered énnsciouwne within 20 minubes f the opewation.
Cr933mﬁtvculamian V@S ﬂontlnued foxr up o 48 houps, During
this pexlad"bﬂuh ggima1s were gedabed with' phenobarbitone
and kepb hﬁpariniééda The following scheﬁule gave satige
Tacbery wresults, A@iinjectians~w&$e~ma&é subeubancously.

Fiwst day: |

10:00 AWM.

3

- parbial ‘hepatectomy; - crosse
girculation esteblished,.

11330 AiM, - phenobaxbitone, 30 mg./kg.
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5:00 P.M, - heparin, 5 mg./kg.; pheno-
barhitone, 70 mg./kg.
Second doys
9:00 AM, - heparin, 3 nmg./kg.
5800 P.M, = hepavin, 3 mg./kg.; pheno=
bavbitone, 20mg./kg.
Third day:
10:00 AM, =  both animels killed.
Prom time to time duziﬁg the erosg-cireulation both animals
vere allovwed to drink water containing 10 per cent gluecose ad
libitum. In agreemend with observabions of othor workers
on dags (Firor, 19313 nﬁﬁeenfield & Howvath, 19593 Robertmon
& Horvath, 1958) crosg-cireulabion appeared to produce ne ill
reffecths,

Tor the 6 houwr Q?és&»eiyculation experiments we-
porbed in Saction‘2;4;‘it a3 consideved move satisfactory bo
keep the animals fully anaesthetised. In ovder to control
the'dépﬁh ef anaesthesia satisfactovily, each external jugulayr
vein was cannulated in the way desexibed.  One’ cannula was
ted inbo bhe cavotid &f@ery of its partner. To the end of
the other cannula was inserted a needle atbbached to a 2 ml.,
syringe with a solution of physiological saline containing

phenab&rbi%enﬁ'zgmg.fml~ By thig means, it was possible %o
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keep a congbant surveillsnce ovey the state of each animal,

Blood pressuve measurement. Porbal pressure was

esbtimated undsy-etﬁér anaestvhesia by in%raducing a No. 14
hypodermic needle atvached Ho a nyigm cannula into a branch
of the splenic vein and measuring the pressuve by means of @&
manometer containing heparinized saline. Pressuve in the
Cjugular vein was megsured dirvectly with e similar cannula.
Since the absolute values 0? both thege presgsurves vary with
the pogﬁura.mf.th@.animalVand the position of the monometber,
only the diffevence bewween them is shown on Table 12 and

Pig, 12,

Aminosol administration. Amimosol Vidrum 10 pewr

ceﬁ$ (Manufac%u?ers Vitwum, Stoekholm, Swedeﬁ)-gonsists of
‘aminoe acids and lew-moleculay veight peptides obtained by
enzyﬁaéie hydrolysis of sdequate preteins, and also conbainsg
Na“icn in a ccngen%ra%iaﬁ of 160 mBg./litre and X ion in +he
concenbration 05 mllg ./ Litre .
a) Tor administration of Aminosol inbra-:
venously over a period of 12 hours, the
rat had b0 be kept under anaegthesia,

The animal was premedicated and prepaved
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in the seme way os descvibed for crosse-
circulatbion. Both exvernal jugular weins
were exposed and cannulated, Injections
of Aminasol (best sevies) or glucose {control
gserics) weve pewformed ﬁhrough one cannula
from an atbached 2 ml., syringe, at 13
minu{e intervals for a pexiod of up to
12 hours. Injections of a saline soluﬁien
of phenobaxrbitone (2 mg./ml.) were mede
through the othewr egnnula as naeﬁeﬂ.nA

b) In ordew 'bo sbudy the effoot of “Aminosol
over a longer period of +time, 1% had 4o be
administerad in%rap@ritenaallyfinta'conscieus
animals: Usually aboub 4 bo 5 ml., of
Aminosol (test series) ox saline (condrol
sories) were injected at 4 oz 5 hourly
dntvevvals for a pewviod of 44 bo 48 houws.

I

Dromsulphbhiialein (BSP) cleavance. Undey snsesge

thesia with phenobarbitone and ether, L ml., of 0+5 per acend
(w/v) bromsulphbhalein (sodium salit-Koch-Light Laboratories)
in. 0*9 per cenh {w/v) sodium chleride was injected via eithex

the left exbernal jugulax vein ox bhe tail vein, and samples
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of blood vemoved fvom the right external jugﬁl&r vein atb
one minubte intervals, sharbing one minute after injection,
0¢2 ml,, of each gample was added to =z centyrifuge btube cone
bvaining 4 ml,, of 09 per cenv saline, and bthe tube spun ab
1,500 v,p.m., for five minuvtes. The supernabtant was
pipetted off. into a eclean htest bube and 02 nl,, of N NaOH
added. The colour developed was then wead on the Unicam

SP500 speebrophobometber at 580 mp. As & blank, 0¢2 ml., of

N H20H was added %0 4 ml., 09 pewx.cent NaCl,

Sexum injecbion. Serum fox injection wag obitained

D,

by pooling hlood withdrawn by sywinge from the infenrior

5

vena cava of donor ravs undex ebher anaegthesia, allowing it
to clob and ﬁhéh'éentxifugiggwi' iﬁ was stored ab ~15°c.
Injections of~éexam Wére made via o ball vein under Lightd
ether anaesthesia.

Lo

Plasmapheresis. © Undev ether anaestvhesia, the

jugular vein was e¢xposed by a skin incision and bluntg
dissecbion, Farﬁtheaperaﬁian‘a 5 ml., syringe fitted with
& No, 14 hypodexmic needle was used. The barrel of the
syxinge was moistened with hepaxinisad saline to preveny

globting. The needle was covefully ingerted inte the vein
&
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and about 3+% to 4+5 ml., of blood withdrawn. The sywringe
vag inverted several times vo- ensure adequate mixing, and the
blood ﬂhen delivered into a 15 ml., centbrifuge tube and the
cells spun down, (2,000 z.p.u. foxr about 5 min.,). The
supernatant serum was removed and presexved for plasma probein
estimation. The cells wewe mubsequently made up to the same
volume with sterile (physiological) saline and veinjected inbo
the vein, Thi. 5 procedure was repe&teé over 2 o 3 days after
which the &nimais were sacvificed and samples of liver taken

for histology.

530  Analytical Methods,

5.31  Histolopical methods ond mitotic counts,

Specimensg of liver wepe taken Tyom all animals at
death and fixed in Bouin's fixative. Sections were cutb
approximately<7 B ohick and sbained with haemalum gnd cosin,
The mitosgs in an entire section wewve countbed, The avea of
the section was then determined by projeeting iteg image with
a photographic enlarger at & known megnification and measuring
the area of the image with a planimeter,  The number of
nuclei pexr sq.mm., of the section wvas estimated by eoqnﬁing
the number of nuelei in ben oileimmersion fields taken atb
random. From these measurements bthe number of mitoses pow

100,000 nuclei wasg caleulated.
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5.32  lemoval and sborage of tissues,

The animals were killed by cervical dislocation ow
by exsanguinaﬁion under ether ansesthesia. Where tvotel
liver wet weight was wequired, the orgen was carefully
dissected out, blotited free of excesg blood and weighed on o
tovsion balance. A small piecee of tisgsue was fixed fox
histological examination, and about 5?5 g., was accursitely
weighed aut:fo? vhole tissue anslysis. Tisgues were preserved
by freezing.ih & miﬁﬁuxe of =olid carxbon dioxide and ethanol

and stoved at ~T75%¢.

533 __Extraction of 1lipid from blood plpsme.

The method described by Foleh, Ascoli, Lees, Meath

~and, LeBaroni (1951) was used. The veagenlts were as followss

‘A Absolude mebhanol (A.R.)
B Chleroform (A.R.)
C Chlovoform~methenol mixture 2:1 {(v/v)

1 ml., of plasma was added o 20 ml., of %he chlovo-
form-methanol  (2:1) reagent and the mixture thoroughly
shaken in a measuring cylinder. The mixture was then trange
ferred to a volumetric flasgk, the measuring cylinder being
vinsed with *three successive porbions of solvent-vesgent

vhieh were ccmbined with the mixtuve. Afber mixing, and

*



making up to volume, +he flask contents were £ild 9r06 into

1

a,gla33wstap§a§eﬂ vesgel, A beaken of slightly largér
capacity %haﬁ %hesvclumé of,gxtrae% to be washed, ﬁ#s gulb-
mexrged in aklérger beakew Q/lO%hs full of watey. f;The aliquotd
of exﬁracﬁ;ﬁax”% tal exbract was then deliveved into the
amall beaker from a volumedbric pipette. The system wa
‘allowed %o sband Qvergighﬁ. Thawfa&lewimg'day, the'watér

phage was removed as‘eampl@%ely.as"poﬁsible vithouwt dige-

iy

.tuybing the interfacial fluff betbween %he‘phageég a layer o
waber only 3 owx 4 mm.;eﬁhick-being left. Methanol was added
to the chlof@form salud“on; fluff ond watewr in the beakew
until a single phase was formed.  This wvas ﬁransferre& o 8
voidméﬁ?ic;flésk, the bheaker being winsed with hvee suceessive
aliquc%é of chlowoform—methanol mixture and the £lask

contents ma&é‘up o volume.

Be3d  Bxbtvachtion of 1ipid from liver dissue.

The method deseribed by Foleh, Lees and Sloan
Stanley (1957) was used. The reagents were as follows:
A Chlovoformemethanol mixture 2:1 {v/v)
B Purve solwvents "upper phase’ and "lower phase".
Chlorofrom, methanol and agueous 0458 per

pent NaCl wewre mized in a separatbory
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(%]

fuanel in the propoxtions 854 : 3 by
volume, After standing a biphasic
system was obbained; +the two phases

“weyre collecued separabely and shored

About 05 g., liver dissue vas homogenised with
about 10 ml,, of the chloroformemethanol]l mixture {(2:1) using
& Waring blendowm, 3_minuﬁ93'usually being sdequate. The

1

i.")

‘ﬁn%dl extract and ﬁhg waghings from the hcmapanising vess
vere filbered through a filber poper into a me&éuring cylinder,
The filtex oﬂ extract wad mlxed dhoroughly with 002 wvolume of
0+29 pex cent NaCl By ﬁh&kﬁng aheroughlyA;n the eylindew.
| The mixture was then alloved to separabe into dwo phages, with-
out interfacial fluff, by standing. As much ag passible‘qf'
the upper phase wasg wremoved by. siphoning, and wemoval of its
-seluﬁes was complebed by rinsing the inberface three times
with small amounts of pure solvents "upper phase" in such a
way ag not bo disbturb bhe lower phase. Tinally, the lowew
phage and remaining rinsing fluid were mede into one phese by
the addition of methanol, and the vesulting solution diluted

to the degired wvolume by the addition of 2:1 chlovofoim-

metvthanol mixture
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5,35  DLsbimetion of totnl linid.

A modificabion of Elsax's‘me%had (Paul, 1958) we s
used for esvimating botal lipid. The weagent was as followss

A Chromiec Acid, This ﬁe&gent vas

prepared by dissolving 8¢5 g., of
notassium dichromate in a minimum
volume of water and making up bo e
final volume of 50? ml ., with cone
centrabed 1,80, (cﬁdinary grade) .

An aligquot of the chloroform—mebhanel extbraet wasg
transferred o a boiling tube and evaporated to dryness in a
TOOG; waber bath, 3 mls, of the chromic acid rRAZeNt Wers
added to the residue abﬁain&&, and the boiling tube placed in
a boiling watexr bath for 15 minubes. The tube was vemoved,
cooled, 3 ml., of vaver added and bheon the green colouw
measured in a Unicam S5PH500 spec%raﬁhetome%er;aﬁ 620 mp.

Stearic acid dissolved in methanol wes used asz a sbandaxd.

5626 . Isbimobion of phogsphorus in Lipid extroects.

Analysis of the 1lipid residues fox phosphorus wasg
pe¥formed asccowvding vo o modificadion of the method of
Allen (194Q). The reagents use&.ware ag foiloves

A 10 N sulphuric acid

N 100 vol., hydwogen pervoxide (M.A.R.)
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¢ Amidol veagent. 1 g., amidol
(234-diaminophenol hydréchlariﬂe)

&iSsai%eﬁ in IOQ‘ml;, of a stock 20

pew qen% (w/v1 solution of sodium - : R
metabimulphiﬁe.

D - 8'3Mper aént (w/v) ammonium molybdate

Bgln%iOﬂ_conﬁaining a few dvops of
~ammonium hydroxide.

An dliquﬁﬁ of the ehloroform-methanol extract,
estimated'ta convain between 20 and 150 pg of phosgphorus,ves
je%ﬁpaf&ﬁeﬂ bo dryﬁess in ‘e boiling tube which was placed in
2 waber babh at T0%¢. The dried vesiduc vas bhen digesbed
wiﬁh\l-E ml., 10 N sulphuaric acid and a few drops of 100
vol., hﬁ&rééeﬁ'percxide in a graduated micro-Kjeldahl flagk
until the @ésidne became:éolaurlesa. When digestion was
complete %ﬂe'flask wag allowed to cool and aboud 5 ml.,
distilled water were added followed by 2 ml., smidoel reagend
and 1 ml., 83 pew cent;(wfv} aﬁmmnium'malyb&a%e. The

solution in the flask was then mede up to a botal volume of

o

5 ml., with digbilled waber, The intensity of the blue
colour which developed was measured between 10 and 30 minutes
after the addition of the reagents, in an SPS00 gpectro~

photomoter at 720 mp. . A calibrabion cuwxve for the method
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vas prepared uging sevial dilutiouns of a sbandard solution

of potassium dihydrogen phosphate.

o7 Txbraction and egtimabtion of glveogen in liver,

The method uged wasg that of Carroll, Longley, and
Roe (1956). The reagents gsad were as follovs:
A Anthrone reagent, This is e
solutvion made by adding 50 mg.,
anthrone and 10 g., thiouvea 4o
malke a woval volume of 1000}m1.,ﬂ
with 72 per cent aqueouns sulphurie
acid, Complete solution is eiflected
by warming bhe mixture gently ﬁo 80%
to 90%. occasionally shaling the flask

o mix bhe contenta.

B 5 per cent trichlowracetic aold
C 9% poex cent ethanol
D Glucoge sbandard.

a)  Stock solution - 100 mg., of dry,
glucose in 100 ml., of satursated
benzoic acid solution,

b) Warh@né\sﬁan&ar& -~ 5 ml., of the

gbock solution made up to 10O ml,, with
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2 ml., of whis solution. containing
O+«1 mg., of glucose were uped ay
shandard,

A

A piece of bissue weighing-&hoﬁ% Qe85 g.p, vas homo=
cgenlged in aboub 5 ml;g'ef btrichloracetic acid for 3 minutes,.
The homogenate was cenitrifuged an& the supernatant fil%ér&ﬂ
i@ta‘a gyaduaﬁed cylindex. The xesi&ue was.$h§n vransferrved
\qaa&%ita%ivaiy to the bl@n&éx.with an appropriste volume of
‘trichlaraaatic agid and hémoganised again fér'ane MLRVEE »

The mixtbure was again sen%rifugéd-&nd the supernabtant fiuid
~poured through the same filter. Two more exbractions wexe
made in the same way, and trichleracebic acid added bo the
extragt in wvhe measuriﬁgtﬂylinae@ o give o Lfinel volume
containing 10 +to 200 pg. of pglycogen peg ml.; I ml., of %he
trichloracevic acid filtrate wvag pipetted into a 15 ml.,
pyrex centyrifuge tube. ﬁuplicéta semples of each unlknown
were analysed. To each tube were added 5 volumes of 95 pewn
cent ethenol with careful mixing. Tho tubes were bthan capped,
and placed in a waber bath ab 4G°et for 3 hours. Aftew
precipitation was campieﬁé. ﬁhe‘preaigiﬁa%e in the tubes was
spun dowvn at 3,000 r.p.a. for 15 minutes. The cleaxr liquid

wvas genbly decanted from the packed glycogen and the tubos
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were allowed bo drain in an inverted position for 10 minutes.
The glycogen was then dissolved by addition of 2 ml,, of
digtilled water. 2 ml., water were used as reagent blank
and 2 ml, of standard glucose soluéian (containing 01 mg.,

of glucose) were used as sbandaxd. 10 ml., of anthrone re-
agent was then delivered into each tube with vigorous blowing,
and the tubes covered with metal caps. The tubes were then
placed on & cold water bath until they had reachéﬁ bhe
temperature of the cold vater. They were then immerssd in a
boiiiné wvater bath for 15 minmutes, after which they were

: feﬁﬁved and cooled to room temperature, The contents of each

tube weve read at 620 mp in an Unicam SP500 speetbrophotometer.

5.38  Extraction of RNA and DNA from liver tissue,

These”tis&ue'companents.werelextracted and RNA
estimated by a modification of the method of Séhmidt and
Thannhausexr (1945%) (Fleck & Munro, 1962; Iutehison & Munro,
1961). DNA was estimated by the method of Cerxiobti (1952;;1955)
The reagents ugsed for extraction and sepavation were as
followss

A f 03 N potassium hydroxide

B .-096‘N perchloric acid

¢  0¢2 N perchloric acid



The liver tissue wag homogenised in 20 vols., ice=

were pipetbed into a centrifupe tube and 2+5 ml., of lce=cold
0+*6 N perchloric acid added, After thowough agitation the
mixture was alloved Ho stend 10 minutes in an ice:;batbh,
The mixture was vhen centrifuged, the supernatant discaxded,
and +the precipitate washed bwice with icewcold 02 N pep-
chloxic acid. Following +the second wash, the excess acid
was drained off by iﬁveiting the tube briefly over filter
paper. After thisg btreatment, 4 ml., 0+3 N pobassium hydroxide
wvere added to the sediment and the mixture incubated in an
air oven at 37%c. for one hour. The tube and contvents were
then cooled in ice, 5 ml., 0+6 N ., perchloric acid added,
and after standing 10 minutes in the cold, the mixture was
then centvwifuged. This precipitate was washed twice with
5 ml,, 0¢2 N pexchloric acid and the supernatant and washings
added to a 100 ml,., c¢ylindex. 10 ml,, 06 N perchlowxic acid
vere added Vo the eylinder, and the solution was made up
to 100 ml,, with water. This gives the RNA}fraeﬁion in
0«1 N pewchloric aéid.

The precipitate was dissolved in 5 ml,, 0¢3 N

potassium hydyoxide and transferred to a 50 ml., cylinder,
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of 12 ml., O¢3 N potassium hydroxide.

The volume was made up to 50 ml., with water. This gave

the DNA fracbtion in 0+l N potassium hydroxi&e;

539 Istimation

ENA was
by its extinction

- RNAP/mi.,

5,40 hsbimation

of RNA in +the extragt.
esbimated in the pewchloric acid extract

at,ZGO T 3 oxtinction of 100 = 294 LG .

of DNA in the extract.

The DNA
DNA by the method

fraction of ‘the extract was estimaived fox

of Ceriobtti (1952; 1955). The weogents

nsed were as Tollovws e

A Indole. Q04 pexr cent in distilled
vatewn.

B ‘qgnéen%ra%ed hydrochlorie acid (S.G.
1.,19--Analax) .

C chloroform (ansesthetic grade).

D DNA standard., Calf thymus DNA prepared

hy the method of Kay, Simmons and Dounce

(1952) was used., About 20 mg., DNA were

digsolved in 50 ml,, distilled vater with

the aid of o little NaOH to give a stock
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‘Stand&rd‘golﬁ%ion;. 2 ml,, of this
stock standard solution vere diluted
to 50 ml,, wi%hﬁwater to give a
standard solution for roubine use
(16 pg DNA/mi.).

2 ml., of the DNA solution, 1 ml., indoloc reagont
and 1 ml,, concentrated hydrochloric acid were thoroughly
mixed in a ground glags stoppe&ed test bube and placed in a
boiling woter bath for 10 minuvtes, The +tube was then cooled
in~ruﬁniug water. A stenderd DNA solution and a blank
congisting of weter, were similarly trested. Tach vesd

golution wasg examinéd in duglica%e. - The resulting soluvion
vas then extracted thyee times with 4 ml., of chloxroform
uging a Pasteur pipetbte and digecarding the chlﬁfoform layer
on each occasion. On the last exvraction, the mixture was
centrifuged at 500 ».,p.m. for 5 minutes to obtain clear
separation of the phases. The colour in the aqueous phase
wes then reed in s Unicam SP500 or Beckman DB speetbro-

photometer at 490 mp.
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5:41  DBestimption of the phosphopus gconbtent of DNA,

The method used wes thet of Grigwold, Humollex and

MeInbyre (1951).

A
B

D

The xeagents were as followss
10 N sulphuriec acid

4 N pewchlovic aecid

" potassium dihydrogen phosphate standexd

(29193 g., in 500 wml,., of distilled watber).:-
Befove use the standard ves dilubted 1 in
500 with distilled water %blgive o final
concentration of 2 pg P/ml.

reducing &géntg 136 g., sodium metaw~
bigulphite, 1 g., sodium sulphite (N
(N&2S93.6 H20) and 025 g., 2-naphthol-

1 amino=4 sulphonie acid (BDH) in 250

‘ml., distilled water.

aqueous 2+5 per cent (w/v) ammonium

molybdate.

An aliquot- of the aquéous DNA solutlion was added wo

a graduated best tube which was then placed in a sand bath at

100°c. to evaporate off the water. To the evaporated residue

of DNA in the gradusted test tube wewe added 0-5 ml,.,, 10 N

sulphuric ac¢id and 0+5 ml., 4N pexrchloric acid and the

mixture digested until the solution was clear. 1 ml,y of
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the diluted standard solution and 1 ml., of water were
treatved in ihe';@me vay to give standawrd and blenk readings.
The tubes wvere goéle& and the solutions diluted to approxi=-
mately 3.ml. To this 0+5 ml., reducing agent vasvadded
followed by 0+5 ml., 25 per eent (w/v) ammonium molybdate
with cerveful mixing aiter cach addition. The solutions were
made up to § ﬁl.. and the tubesg heated in o boiling watexr
bath for 10 minutes. The intensity of the colour was wead
in the Unicam SP500 speéﬁraphgtome%er at 820 mp ageinst a

blank solution.

5,42 Tgtimetion of Elésma proteins,
Plasma_proteins vere estimated by the method of
Gornall, Bérﬂawfll and David (1949)., The reagents were as
followss
A 09 pov cent (w/v) sedium chloride
22+6 per cent (w/v) sodium sulphato
(sbored ab 37°a)a
¢ ether
D biuret reagent. 15 g., cupric sulphaie
(Cu804}§ HQO) and 60 g., sodium poitassium
tartrate (HaKG4H406.4H20) were dissolved in

- apout 500 ml., waltery 300 ml,, of 10 per
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cent (w/v) NaOH were then added with

censgbant mizing and. the volume made

up to 1000 ml., with distilled watewr,

The reagent was stored in e parvaffine

lined bottle.

0+5 ml,, plasma wvas dilﬁt@d with 95 ml., of 226

per cent sodium sulphate. 20 ml,, of the solution werve
pipetted off for the estimation of tobsl protein. 3¢0 ml,,
evher were added to the remainder of the solution. The +two
phases were mixed for 30 seconds by flicking the tube and
then separated by centrifugation. 2*0 ml,, of the aqueous
phase were pipetted off for the egtimation of albumin,
Totel protein and albumin were estimated by adding 8 nl., of
bivwet reagent.ta each and measuring the colour developed at
540 mp after stending for 30 minutes at room temperature., A
standard solution of bowvine serum albumin was used to

calibrate the method,.

Hed3d Tstimgtion of liver total protein.

Esbtimation of Hotal liver protein was by the
method of Lowry, Rosebrough, Farr and Randall (1951), The
reagents used were as Ffollows:

A 2 per cent (w/v) sodium carbonate in

0*1 N sodium hydroxide.
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B 045 per cent (w/v) cupric sulphate
(CuSO4.5 HZO) in 1 pex cend sodium
.01 potagsium btartate.
C allkkeline copper solutiony 1 ml.,Aof
reagent B was added to 50 ml., of
Creagent A,
D diluted Folin reagenty Foline
Ciocalteau reagont (The Britisgh Drug
Héuﬂés Ltd., Poole, England) was .
“titrated with NoOH using phenole-
 phthelein es indicator. .On.the basis
of this titration, it was dilubed bo
" meke it 1 N with vespect to acid.
i 8 sbandard soluﬁicn of bovine serum
albumin in water wos used to calibrate
vhe method.
1 mt,, of the test solution (conbaining 25 to 500
RS praﬁéin) was added to o best tube followed by % ml,, of
alkaline;copper sa1uﬁian. Aftor 10 minutes 0% ml,, diluted
" Folin reaggnt‘ﬁ&sladded r&piﬁly and the solutions mixed
i@medi#tely. After steanding 30 minutes or 1ang9r. the
calours‘of dupliéaﬁ@ samples were read in the Bgckmén B

spectrophobometer at 500 or 750 mp. A ealibration curve
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for the method was made using the sbandaxd bovine sexrum

albumin solution. .

544 Extfaction of free, amino scidg from livex.

The method used was o modificaetion ¢f that deseribed
by Tallan, Moore and Stein (1954). The reagents were as
followss

A 1 per eent piervie aecid (w/v)

B Dowex 2 resin (purchased from Calbiochem

Lbd., Log Angeles, U.S.A,.)

A weilghed @moﬁnt of liver tissue (usually about 0+4
Bey) WOB homogehised{ig'éiNelco.blendox with 10 volumes of 1
per cent picrdc aecid, The precipitate was prémptly
vemoved by centrifug#tion. To rehove excesé picric from the
proteinmfree,tissue extrac%s,\the solutions were passed
through pplumhs of Dowéxlz‘(QiS em., in d;éﬁéter); a bed 2
cm.,, highﬁwaa used foxr 10 ml., of extract. The walls of the

Kl

chromatograph 4ube and the resin bed were washed 5itim&siwitl

i

0+4 ml., quantitics of 002 N HCl, ‘The colourless effluent
wvas collected into 15 ml., graduated centrifuge tubes and
made up to volume with distilled wvater, & €inal volume of

10 ml., being obtained from 0s4 to 0¢5 £ey liver timsue,



w 148 =

5 od5 Extraeﬁipﬁ of free amino acids from blood.

| The method used was a modification of thot described
by Tallan, Moowe and Stein (1954). The reagents were the
same a8 those déscribed in the laat seciion, 0*2 mi,, of
blood was added to 0+8 ml., 1 per cent (w/v) picvie acid,
The mixture was thovoughly mixed by #licking the tube several
times and then centrifuged at 2,000 r.p.m. for 5 ﬁinutes.
The superhatant was bthen passed through a column of Dowex 2
(08 em., in diemeter)s; a bed 1 em., high was used. The
precipitafa-Was washed 5 times width 0«2 ml., quantities of
002 N HC1 and the washings used to wash the column, The
efflueu%“extract was collegved ih-gr&&u&teﬂ centrifuge tubes
and made up to é total volume of 4 ml, Appropriate aliquuﬁs,
- of ﬁhe'extracts‘were taken for the esgvimation of total free .

amino nitrogen.

346 _Esbimation of tobtal amino acid nitrogen,

The meﬁhod'used wvas a modification of that descyribed
by Yomm and Cocking (1955). The reagents weve as follows:
| A 0+2 N citrate buffer, pH J; 21°008 g.
citrie acid (CgHoOrWH,0) were dissolved
in 200 ml,, of distilled water, 200 ml.,
of N godium hydroxide were added and the

mixture vas diluted to 500 ml.
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n 0%0) M potessium cyanide
.€ ©  potassium cyanide-methyl cellosolve
soluvion. 5 ml., of 0.0l M potassium

’cy&nide diluted to 250 ml., with methyl
cellesolve.
D nethyl cellosolve-ninhydzin solutbion,
5 pex centd (wfv) solution .of ninhydwvin
in methyl cellosolve.
0+1 ml., clear liver cxtwract (Section 5.44) wvas
pipettéd’intq a test tube; this smount was found bo contain
not moxre then 540 pg., of emino acid nitrogen. To- vhis were
added 29 ml,., of eitvate buffexr pH, 0¢4 ml., of the methyl
celloaoivemninhydrin solution and 2 ml,, of the potassium
cyanide-methyl c9110501V& solution, A blank solution wasn
made up omitbting the amine acid extract and using 30 ml,, of
citrate buffer.rf hach test was performed in duplicate.
Afbex mixing well, the solutions were heated at 100%¢c foxr 15
minutes, and bhen cooled in running tap water for % minutes.
In the case of the blood, 0¢25 ml., extract wvas
used, with 275 ml., citrate buffer.
The colour developed was read in the Reckmen DB
spectrophotometer at 570 ﬁ@. A calibration curve was
construeted usiné.serial dilutions of a sbtandard solubion of

glyecine,
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5,47  Estimation of the water content of liver tissue.

At macwifice, & very small piece of liver tissue
was layered on to a weighed, elganﬁwaﬁchmgl&ss and weighed.
.The watech-glass and-%issﬁe-were then incubated in a hot air
oven at 70°¢ foxr 24 houwrs and reweighed. The water conbent

. : _
was obltained by difference.,

5.48  Tstimation of sodium and poivasgium in liver tissue.
Esdimation of sodium and pobassium vas made in a
5 pex centd txichlo?écatie aeid exhtwract of liver tissue,
The reagents used were as followsa“
A Stendoard sodiuvm cehlorxide. A
solution containing 127 g., sodium
chloride per litre was usged as sbtandard.
Foxr use, this solution was diluted 1 in
100 with disvilled watex to give a
concentration of 5 mg., sodium ion/litve,
B Standard potassium chloride. A
golubtion contvaining 960 mg.,. potassium
chlovride pex litre was uvsed as standexd.
- Foxr use, this sclution wes diluted 1 in
50 with distilled water to give o
concentration of 10 mg., potassium ion/

litre.



A picee of liver bissue, usually about 05 g.,
(wet weighﬁ) was homogenised in 10 volumes of § per éént
trichloracetic aeid at 0% $ﬁi& Nelco blendoxr fox 3 minuteg@ﬂh
.The mixture wes then cenﬁrifaged'&nd the'ahpefnatanﬁ poured

over a filter paper in a funnel,; into a.measuring cylindeﬁ.
The precipitote ves washed twiceé with 5 volumes § per cent
trichiaraeetic acid, and the washings &lﬁp‘filtereé into the
measﬁring cylinder. The eﬁﬁrac% vas made up to 10 ml,

1 ml.,‘qudntities>pf this extractd wére-used fow inerganic
phosphorus’ estimation, A 1 in 25 dilvtion of the extract in
vater was made for sodium and potassium esbtimation. As a
blank foxr +the latbor estimations a inin 25 dilution of 5 per
cent trichloracetbice &aidgwas used. Before each asﬁimaﬁioﬂ
‘the flame photometer calibratioﬁ ves checked using the
appropriate standard solution,  After eagﬁ-eﬂtim&tion, the

ingtrument was flushed through with distilled water until the

‘zero position was again atvained.
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L3

Inorganic phosphorus egvimation was made in a 5
per cent trichloracetic acid extract of liver tissuo. The
reagoents uged were as followss

A mélybdis acid solution: 25 g.
ammonium molybdate wexe &iﬁsﬂlved in
300 ml, digtilled watew. A cooled
mixture of 75 ml., concentrated mulphurie
acid and 125 m15,~distilled wator was
added - and thelsolutiﬂn made up %o a
final %olume of 500 ml,

B hydrequinone solutiont 3.0 g. hydxo=
quinone were dissolved in 1 litwe
digbilled wvater and 10 drops concenbrated
gulphuric acid were added.

C sodimn sulphite: 200 g. evysitalline
sodium sulphite (NaZSGB.? Hgo) were
dissolved in digbilled water and the
solubtion made up bo o final volume of
1 litre.

D standard phosphatbe solutions: 00439 g,
potassiun &ihydregenhphasPhaﬁe in 1 lityre

distilled watexr (2 ml. = 0¢02 mg, Phosphorus) . -
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A 5 per cent trichloracetic acid extract of liver
tissue was made in the way described in the previous Section
(5-48). 1 ml., of this extract was pipetted into a 10 ml.,
graduated cylinder followed by 2 ml.,, molybdie acid, and
after mixing, 1 ml., sodium sulphite and 1 ml., hydroquinone.
The mixture was made up to a final volume of 10 ml. A blank
was prepared in the same way using water in place of the
tissue extract solution, A standard was prepared using 2 ml,.,
standard phosphate solution (containing 002 mg., phosphorus)
instead of the tissue extract. After allowing to stend for
30 minutes, the colours were read in a Unicam SP500 spectro-

photometer at 720 mp.

Tegts of Statistieal Significance

In the experiments in which statistical analysis
was performed, two types of approach have been used. Vhere
three groups of deta are compared simulteneously they were
analysed using an enalysis of variance (Snedecor, 1946).
Where only two groups of data are compared, they were analysed
by the Students' t test. The expressions P<C 005 and
P < 0+01 are used in the conventional sense to indicate
significance at the 5 pexr cent and 1 per cent levels

respectively.
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