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'The main factor that determines the weight of the heart,
kidneys, and liver protein is the amount of work these organs
are required to perform...'{Walter & Addis *'39). This doctrine,
while a convenient mnemonio for the experimentally discovered
fact of the regulation of the slze of these and other orgens,
unfortunétely provides no insight into ths mechanisms by whlch
this welght regulation is accomplished. The study of the phenome
enon of cémpensatory hypertrophy of the thyroid and adrenal glands
has resulted in the discovery in the last 15 years of the elaborate
mechanisu by which the size and funotion of these organs are under
the endoerine control of the pitultary body. It is hoped that a
similar study of the regulation and restoration of the liver might
lead to some eluoldation of the means by whioch this important
organ 1s maintained in its typlical proportion to the body as &
whole, and to the more fundamental problem of the control of growth
processes in general. | “

The operation of this control is perhaps nowhere more drame
atically illustrated than in the phenomenon of the restoratlon of
the liver after partial surglical ablation. This process is the
more immediate subjeot of this review,

This history of liver restoration, and the polemies on
certain hlStbloglcal agpects of it have bsen reviewed elsewhsrs in
gome detall; space does not permit a review of this 1nteresting

historical study. (podwyseozky 188, Fishbaok '28.)
| The anatomical arrangement of the lobes of the rat liver
permits of the ready removal of 701t 3% ; the median and left
lateral lobes constituting this proportion of the total liver mase.
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Within 10 days after partial hepatectomy, the rest (1.3;. the in-

- tao0t liver mass) grows to reach the original weight of the entire
liver! (Hlggins & Anderson '3la.) In the rabbit, 20% of the li#er
can restore the whole (ponfick *80). Fig.1,2 from Higgins and
Anderson's and Brues! (Brues et al 36a) data respectively demonatrate
the rate of weight restoration of the liver, The most generally
used baels of measurement is the ratio of liver-weight to body |
weight, Thig standard assumes that the 'normal growth! of the organ
is an sutomatic proceas that 1is independent of the phenomenon under
study, a conception that 1s perhaps erroneous. The variation of
‘the body welght over the duration of most exmeriments or ag a result
of oreration is too slight, however, to varylthe picture of what
happens.

These observations indicate that tuere is & rapld increase
in welght after oparaticn which 18 negatively cecelerated, the wt.
‘inorédase tapering off rather markedly after 5-7 days. In Higginkt
serles, the wet-welght owershoots the normal level, while the dry-
weight remailns on a plateau at the normal weight. Brues, however,
report a slightly lower plateau. These differences are probably
not statistically aignificant. While Hirgins olaims that there 1s
a oyclio variation in the rate of restoration, the data again are
not sufficiently refined to allow of such interpretations of de-
viatione of individual woints on the welght-tims curves, although
the results as a whole are unassailable, | ‘

The bugaboo of all growth measurements is the problem:of
what index to use., While perhaps most convenient, weight changes
do not adequately demonstrate our intultive concept of growth,

The welght of the liver is extraordinarily labile under different
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dietary conditions, and has furthermore a highly variable fzt content.
(Addis et al '36, Luck '36) Furthermore, calculations from data
on liver'wéights and fat content under different dietary conditions
~ including choline deficlency (Handler & Bernheim '43) indlcate that
the depoéltion of one gm. of fatty acid 1s associated with an ine
orease in liver welght of three grams. ¥et, the deposition of fat
ka'not ordinarily regarded as ‘growth'., The role of the liver as
the ‘commisariat'of the body' makes particularly difficult an estime
ation of what oonstitutes its growth. A coriterion that has been
used 18 oell-inorease, a process that is, as we shall see, not ai~
ways correlated with weight-incréaae. _
Brues, et al(isa) have made direct studles on eell number ig restor-
ing rat livers. Thelr results are summarized in Fig. 3. Zxcept
that there 1s no appreciable increase in cellsnumber during the flret
_day = after overation, the cell 1ncrease parallels the welght restore
“ation ofvﬁhe liver. In starved animals, however, the weight plateaus
at ébout the second day, whereas the cell-inorcase is not appreciably
"different from the fed controls. (fig. 3) This suggests the greater
| ‘sultability of this oriterion. In this paper analyses are repcrited
which indicate that the material taken in during the first day of
restoration s low in nitrogen. Thig material has been shown to
be 1ipoid {Handler and Bernhalm 43) Fenale rats, in o&rticalur
are prone to develop fsatty livers after partizl hepatectomy. Tha
baais ot this ocndltion has not been eastablished. Brues réporta
that & fatty dlet retards ocell-restoration well below that of faated
'voontrola, a faot of aome'elinical signifiocance, (Ravdin et al '43.)
‘The importance of dlet in restoration will be dlscussed in more de-

tall balow.
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To explaln the phenomenon of restoration, Higgins,‘nanﬁ
and their ocoworkers at the Mayo Foundation have gsuggested that the
‘portal bloed plays an important role. On the assugmtion that the
~1n§1ux through the mesenterlc arteries ls relatively constant,
tthe volume of blood which is delivered to any hepatic remannant
aefter partial hepatectomy determines largely thé extent of its
restoration.! (Hizging, et 8l., '32.) They prorose that the dimine
ution in the siame of the liver inoreasses the flow to the rement ,
which i1s responsible for the hyperplasis. More recently, Mann ('40)
has suggested that the presence of some substance in the portsl
blood oaly, or vascular nressure in the sinusoids may be factors.
In support of this hypothesis, the Mayo group have reported & Nume
ber of interesting experiments. |

Stephenson ('33) placed a loose ligature around the rortal
vein in the rat, partially obstructing 1%, end determined the welght
restoration after artial hepatectomy. Only two-thirds of the amcunt
reportéd above by Higzing and Anderson was found., Where large cole
lateral vessels were apparent, the extent of restoratidn was normsl.
From this one may conclude that a normal portal ciroulation is nooe
esgary for restoiation. In dogs, partial hevatectomy two months
-afte:vthe establishment of an Eck fistula resulted in no signs of
welght restoration. The effect of the Eck fistula 13 the dog is a
-80% atrophy of the liver with central fatty accumulation. (Mgnnfet
al 131a) ' o ¥
- 3 Tha venous anatomy of the domestic fowl 1a uniqﬁeAiﬁ'the

.
[pl I

‘exlstence of a lsrse enz:ztonassls betwsoen the portol and coval
drailn:ages via thecolocygeo-mesenteric vein, Studies on this animal

indicate a slight} if any, degree of welght restoration after the



P

partial hepatectomy. (Higginsg et al 135.) This 1s ascribed to the
drainage away from the portel vein through this anstomosis of exoess
blood after partial hepatectomy. If the vena cava 1sg ligated above
the renal velns, the extent of weight restoration 1s increased cone
- 8iderably (Gog)vover controls. In fact, the iigation alone, which
would deliver an increased volume of blood to the liver is renorted
to induce a slze inorease in four cases. These studies were, unfor=
tunately, based on welght determinations alone, subject to the crit-
ioisms above. Furthermore, transfersnce of concept® from the fowl
to the mammal is not immediately Justified., In confliect with these
results, (Crechowitsoch '36). complete restoration in the fowl and
dove after partial hevateotomy has been reported but the puvlished
data here are particularly inadequate.

Finally, Mann has succedded in estzblishling an open portal¥
caval lateral anastomosis in the dog. {Mann '40). In five cases, wt.
restoration was reported to be less than in the control animals.

?he basis of ocomparison is, &8 usual, liver welght, body weight, and
the assertion is made that for 200 animals, this ratio was .0345.
‘he wvurisnce of this mean value is not given, however, so thaet state
istical evaluation of his results is impossible.

- It would be most deslrable to have a<£emonstration in the
rat of the effect of an inoreased hevatic portal blood flow on
nitotic rates or celleincrease in the liver. Apparsntly for obvlous
technical reasons, a reverse Eck fistula has not been reported for
this (smgll) animal. | |

| | While the Mayo group has undoubtedly demonstrated a olose
relatiohship between the welght of the liver and an intact portal
~ supply, the latter belng a neoessary ocndition for weight restoration
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messuremsnts on blood flow in partially hepateotomized animalg h-ve
not»been revorted, and the proportional inorease to the hepatlc reme
nant is entirely suppositious. Ponfick {190) observed the tempofary
mesentaric congestlion that follows partial hevatectomy, but rejeots
thie as a cause of restoration on the basig of 1ts trensience. On
the other hend, the liver ig no passive container of blecod, but Wakim
and Mann ('42) have themselves demongtrated, by the translumination
tecinique of Knisely, that circulatory activity in the liver 1sa
intermittent, and apparently under some degree of sotive control,
Thermo-3tromuhr measurements indicate a recirrocel relation betvween
flow in the portal veln and hepatic artery, and that the liv-r may
alternately store end dlscharge blood. (Orindley; Herrick & Mann '41.)
An elabor:te 'sluloce-valve mechanism has been shown to rogulete portal
flow in the liver (Deysach '41.), and the hepatic flow can be influe
enced by sympotho= and parasympsthomimetic édrugs (Wakim '44) as well
as by symmethetio stimulation (Griffith and Emery '30) In view of
these researches, the statue of the liver clrculation in partizle
- hepatectomized snimals, and its relation to restoration must still
be regardied as unsettled. Further studles also show the unroellabil-
ity of welght data, | -
| “ A3 a basis for a hypothesisg of liver restoration, 1ts mod~
ﬂification and simulation bylexperimental tedhniques must be considered.
Such influences as dlet and hormonal reguletion have been studied.

In inanition, the kiver lcses more welpght proportionslly
ﬁh&n eny other organ, or than the body as a whols, >while it has
been suggested that this represants‘a utilization of the liver mate
eriale for the rest of tﬁe organism, experiments have been reported

whloh may indicate that the situation is ot 8o simple. (Jackson"15’A



Adais, et al '36)

In the rat, the weight of the liver can be reduced to
40 % of ite normal size by fasting (10 days). If a partially hep-
atectomlged animal is fasted, the remsmant, in this 30 %, lnoreases
to the 40 % of the intact, starved animals. +hese authors conclude
that the reduction in mass of the liver in stravation is due »rimalre
ily to a reduced liver requirement in ihe starved animsl. The
partiocular funotion of the liver that 1ls to be malntalned is not
indicated, nor the mechanism by which a changed 'functional demend!
can modify liver size. (Rous & McMaster '24.) Brues et sl (loc.oit.)
have shiown that ths cellular increase is not diminished 1n lhese
gtarved animals;, so that the functional demand that controls liver
8lze znd that controls cell-increase are not indentical. Thls mule
tiplication of hypothesis perhavs calle for Occam's Razor. Rous!
results can perhaps be interpreted by postulating that pertisl hepe
atectomy induces some stimulus to hepatlse growth, irrsspective of.
nutritional condition. In order to demonsirate that the relatlon of
liver size to portal flow is not oomparable to 1ts dependence on
food 1nt“xe, oytological studies or cell counts must be revorted
from yrat livers in which the portal blocd hss been dlverted, and
thig haas not been done. _

’ The liver oan be enlarged by varicus dietsry daniitions‘
sﬁah as casein refeeding (Luck '36). PSince no particular frection
of the liver hag been shown to be inoreased, it has been assumed
that en sotusl 'protoplasmie! increase has ocourred. ¥hile cell
eounté have not been made, it appears that there is a hyrertrophy
rather than a hyperplasia 6f the liver cells. Weilght increeses. are
wost marked on feeding dried liver or kidney, which hss been



interpreted as due to nuclelc moid ocontent, a sonclusion of vart-
igular interest in view of Marshak's recent obzervations (see below.)
(Waltér and Addie '39)

The optimum dlet for liver welght restoration 1is one ‘high
in caloric content, high in carbohydrate, adequate 1ln proteln, supw
plememted with vitamins and low, but not lecking in f:t.' (Mann '43a).

Other local conditlons can modify the rate of restoration,
Of these, the effeot of obstructing the hepatic duet is perhaps of
the grestest oliniecsl interest. Ligaticn of the duct in the rat
{where there is no gall bladder) leads to an enlargement'of the liver,
which ek subside if the potency of the dﬁct is reestablishsd with
solution of the ligature. Otherwise ths animels do not survive
longer than four weeks. If partial hepetectomy ls verformed lmmed-
l1etaly aftsr the obestruction, there is an epperent hypertroniy, cven
rore ra.id then in normally restoring llvers. MNloroscople examliiow
tion reveals, however, thet this hyrertrophy is cue to a distension
with REC and retained bile. This 1s accompsnied by fibrotic clanges,
a petholozical picture accepted by some as 'billery cirrhosis.’
there ig no evidenos of cell-proliferation es in normal restorction.
{(Hizgins & Anderson '33.) In the dog, survival after cholacystede
tomy end obstruction is much longer-probably indefinlte if the animsl
1s‘pr0perly nurged. One to seven weeke leter there are no mersed
histologlesl changes, but restoration doces not occur {on a welght
basis) after partisl resection. However, the vresence of an increased
number of mitotle fizures in the parenchyma 1s reported. Concurrently
there mwas avparent engorgesent of the sinusoids. (¥ann '3lb.) 1In
this enimal there is evidently less damace to the llver parcnchyma

after obstruction than in the rat. The nature of this ‘'damage’ is



not sufficlently well understood to zllow this effect to bo fitted
in to zny of the theories of liver restoraticn. That biliary obotruge
tion does 1limit the'growth potentialitiea! of the liver parenchymal
08lls 1is indicated by work on transplants. At best, autotrznsplanted
liver cells do not survive very well. Although the graft may take
for a tice, the perenchymal cells typleally disintegrate sfter 12
weeks, leaving a branching network of bille-~duct cells which may
persist considerably longer. (Cameron 'Z6, Loed '18, Otsuka '3%.) If
the trangplants are taken from livers that have already been obstructed,
survival of the graft 1ls very much curtalled, on obstruction of more
than thrse days belng critical. If the liver 1s cbstructed after
the gr-it is taken from the liver, the resulting Jjeundice doss not
influcnce the hepatio trensplant, {(Cameron '25.) Bile duct cells
prolifer=te in all clrcumstences. ,
zpepim=ntal cirrhosie incuced in the rat by rdminlstroe-
tion of CCly mer os algo limlts the extent of restoerczticon, fow
reétorat2Ve sirns being seen Af a fibretlce atrophy hes clrerdy 00
ocurred. (Mann et 81 '31c6.) Thst the rechaniem of liver restorztion
has broken down in the cirrhotic animal ig falrly clear, since tn
the esrly course of experimentzsl cirrhon~is, destruction by chsmicals
of massaes of liver parenchyms ie following by thelr replacegent by
the mitotlce nroliferation of undrmeged cells, o nrocess that is
analagous to restoration after surpgical resection. Wihen this rew
placement does.not occur, cirrhosis is established, {3chultz et al
123, ¥ann'43)., The newly restored liver is less sensitive to the
administration of CHCly and CCly, and more sensitive to Phes~horum
polsoning than is the normal ret liver. Ths wathology of the lesions

is however the same. (Andmrgon ‘33, Lacquet '33, Love '33.)
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Some attempts have been made to demonstrate ean endocrine
control of restorétion, but they have so far been quite inconclusive,
x.h@ efTects of hypochysectomy have been investigated by the Heyo
;orkara in relation to welght restoration, and vy others with celle
counts, in the rat. (Hizgins & Ingle '39, Franseen et al'33.) The
welght restoration is markedly diminished by hyvonnysectomy wverformed
1 week prior to the liver operation. This may be largely a matter
of appetite. Hypophysectomized animels regenerated '27° of the
welght of the liver which regener~ted in the adequately fed controls.!?
£nimals which were noired-fed with the hyporhysectomlzed rate rerene
érated 140;1 of that which regenerated in those animals wiaich ~te as
'‘much as they wished.' The sigrificence of this diiference is not
clezr, tut 1t i1s zpvarent that enorexia is the major factor in Qime
inlshing welght restoration. Frenseen restricted the dizt of his |
controls so thet thelr welght was comperatle to the hypophyzseclofe
ized erim:lg, 2nd found no significant dirference in the welzht
restor=tion., Furthermore, mitotic reztes anc cell«counts were noct
verizble between hypophysectcmized, semx~starﬁed and nermal rats
after hepatecony. The results of these inderendent observations
demonstrete that, unlike the control in other glunds such as the
thyroids and gonads, the hyporhysls does not play an important |
role in medGlating the compensatory hypertrophy of the 1iver¢_ One
week, however, is not long encugh to allow lnvolution of the »ii-
ultzary-controlled glands in the rat, so that Bhese expsrimants do
not disallow endocrine . control by other organs.

In contrast to the lack of effect of removal of the pltue

itery, the administration of piltultary extrzcts hasg been shown to

czuse & maried increase in the size of the liver. here 1s some

evidence that this 1s mediated through the thyroid. The administretion
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of a growthnhormong preparation,f7 units dailly for 1-16 days led to
an increase in liver wieght, absolutely and propcrtionately of 2bout
20%. This was acooépanied by increase in cellecount of about 18%,
which wes staﬁistically significant. Feeding influenced the size of
the liver cells, and of the total liver wieght, but did not affeot
liver cell number. The magnitude of this increase was not such aa
gould be reflected in mitotic rates, and colohicine was not used.
This observation if impoftant because it demonstrates that a 'true
grovth'! has taken place, and that the increass in liver welght is
hyr-erplastic, comparsble to the rogenerating liver. 3ince cell-in-
crease will occur in hypophysectomized restoring liversa, tihls eficot
of APL elther plays no role in normal restoratlcn, or plays on scue
other step in the cahin of events that controls restoration. (Lee &
Freeman '40.)

Fraeakel-8Gonrat (et. al. '42) have exanined the effects
of & series of redatively purifled pitultcory preparations on the

Ol

liver weicht of hypophysectomized rats, Uhe Ifrcctions used aad o
laotogenic, ACT, Somatotrophic, Thyrotrophic, ICSh and FSH zctivities.
Of these fracstions, only the growth and thyrotrophic hérmcne sctive
ones caused.signlficant increases in liver weight. The growth hormone
fraction, furthermore, had an hepatotrophic activity'comparaéle to
1t$ thyrotroshle action, go that thess suthors rostulate that the thy~-
roftroohic action,is that which 1ls responsible for the lncresse in
liver welght. The N contents of the hyrertropnied livers did not
vary aignifiéantly from the controls, ‘'go that they must be reba:dad
as aotual changes in the amount of liver substance.!

Ubgervations reported incidentally to the renotrophic affeots

of pituitsry extracts (Selye & Nielson '44) indloate thet the rrolonged



administration of crﬁde alk, extracts of APl over a ﬁeriod of twe
months can induce an absolute increase of liver size over controls
of almost 100%, and relative to body welght of 40 $. The oyto-
loglcal basia of this lnorease was not studied. While there are
ver& n;merous reports of changes in tisceral size under pituitary
variation, they will not be reported here becsuse of the ambiguity
of thelr interpretation in the absence of oytological information.

| In view of the speciflicity of TTH in stimulating liver
inoresse, the role of the thyroid gland in restoration seems promige
ing. Attempts to ascertain the effeots of hyperthyroidfém on re-
storetion are complicated by the faet that animals which hafe re-
celved previous treatment with thyroid 'dould not withstand the loss
of 70% of the liver.! (Higgins'33). It was necessary to perform
partisl hepatectomy before commencement of thyrold administration.
The administration of this thyroid ration to control animals czused
an increase in proportional and absolute body weight, and the festow-
ing livers under the influence of thyroid restored this increased}
welght (aprrox.. 25% greater.) Appreciable deviation from the normal
réstoration curves did not occur until the end of the first week of
restoration, the rate being most accelerated duriﬁg the second week.
In these animals which were not opersted on, the administration ;t
thyroid had no effect on liver weight until the seoond week of treat-
ment, This lag, compared to the very brief one in normal restore
ation may indicate that if the thyrold plays a role in normal re=-
storatibn, it may bevindirect. On the other hand, Sternheimer,
(8ternheimer '39) has reported a great qualitative inorease in
- mitoses in the liver only 48 hours affer the administration of a

large cose of thyroxine. Thig is another instance of a conflict
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of oytological and gravimetrlo interpretations., His data also
indioste a more rapid weight response of the liver to thyrnxina (in
thia'large’dosage: 4 mg/kg.) It has also been reported that there 1s
a dim%nution.of the thyrold glands after partial hepatectomy.
(Schmidt & Richter '41, Kellaway, et al, Endocrinology '45, A Re-
lation between Thyroid & Liver.)

This 'orucial experiment! that must be performed cleqrly
is the restorative capacity of the liver after the thyrocid has been
removed, preferably with the feedlng of standard doses of this hormone.
Thig has not been done. '

A The effects of the administrztion of male hormon~s to rats
and dogsa' livers have besn tested. (Hall & Korenchevsky '36, Blacke
man et al '44.) While relative hyrertrophy seema to ocour, szain no
cytological obsexrvations have been made, and the possibilty of
involved indireoct effects makes unfessible an extended analysis.

In view of the well-established function of the liver in the inact-
ivaetion of the estrogenic hormones, the effeots of thess hormones
must be conagldered, but no conolusive reports have as yet apreared.

A hormonal resgulation of liver could be demonstrated in
parablotic palrs of animaels, an attempt to do which 18 in progrees
in these laboratories. In toad larvae which have bzen parasbiosed
at an early developmental stage, the extirpation of the liver in
one palxr is claimed on the baslis of cne experiment to cause an
enlargement of the liver in the other. (Yamada '33.) The appii-
oabllity of this observation as a proof of a hormonsl mechanlism
in mammals in the adult »hase would be unnecessarily sneculativa.

Thus far the only egents whioh wlll stimulate mitosis 1n
the liver are &) the operation of partial hépateetomy, and b) tha
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administration of thyrold. One other agent of this sort has been
described: the administration of suspensions of homologoug liver
caused an épp&rent increase in mitotio rate of the intact liver
nearly comvarable to that sfter partial hepatectomy. If given to

a partially hepatectomized animal, mitotic rates of 15% those ue=
ually found in the restoring liver are seen. Unfortunately, the
method of expresslon of mitoses as average number per section is
unreliable to.variatibn in cell size, and in pronortion of CT celis,
etc., in the areas cdunted, and the figwres published show such
varisbility that a statistioal analysis seems desirable. (MeJunkin
& Breuheus '31.) The implications that these observations hold for
normal restoration is not clear, since 1t 1s difficult to concelve
how the quantities used of such material could occur normally or
after partial hepatectomy. Isolation of the active comvonent would
be very interesting. Apparently indevendently, Narshak ('45b.) hasg
studied the effecte of ‘chromatin' nreparations from liver on the
mitotlc rates of restoring iiver. 24-27 hours after reseotion. Ul
fortunately the method of counting is subject to a 1érge error, as
demonstrated within the naper itself, and the normal mitotio rate
is 2l80 quite variable in these restoring livers, 8o that the state
istical Justification of his oconoclusions 18 st best questionable.
It is olaimed, however, that the fresh chromatin preparation is the
wost active component, a large series of other compandQ having no
effect. Agaln the besring that thie might have on normal restoration
is not:clear, although the»adminiatration of exogenous chromatin
may be increasing the growth rate of the restoring liver by les:ene
»ing the possible limitingffactor of nuclelic acid rate of synthesis.

Thus while chromatin may be a valuszble asccessory factor, it has nct

been shown to be the trigger which sets off mitosis, and unfortunately
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‘data op the effect of these fraotions on mitotis rates of intact
1livers are‘not presented,

There are several papers on changes in the blood chemistry,
end on the chemistry, enzyme content and turnover rates of varlousg
components in restoring liver, which cannot be reviewed in detail,

‘he ohief slterations appear to be an inocreased blood globulin,
decreased albumin, and a very high turnover in P~ and in muclelc aclid.

A bibliography to thie rhase of the subject is apvended to the 1list
-of references oited. ’

Ths mechanism of liver restoration ia, thus, seen to be in
& hignly controversial state, and the need for further resloron eve
ident, particularly in the posslblebrole of humoral intermedistes,
be they specifio hormones, or metsbolites ordinarily disposed of by
the liver, end accumulsting in 1te reduction. Tae theoretiéal and

clinical importance of such an advance is obvious.
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