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THE RESTORATION OF THE LIVER

By Joshua Lederberg, A.S., V-12 UZRR.

A thesis in partial fulfillment of the requiraments for the course
in “uaysiolopy. (ollege of Phys'clans and Surgeons, Columbla Univere
sity. 13 May 1945.



'The main faotor that determines the weight of the heart,
kidneys, and liver orotein is the amount of work these organs
are required to perform, ..'(Walter & Addis '39). This doctrine,
while & convenient mnemonic for the experimentally discovered
£act of the regulation of the size of these and other orgens,
unrortungtely provides no insight into the meohanisms by whioch
this welight regulation 1is aocomplished. The study of the phenome
enon of compensatory hypertrophy of the thyroid and adrenal glands
has resulted in the discovery in the last 156 years of the elaborate
mechanisu by which the size and funotion of these organs are under
the endocrine control of the pltuitary body. It is hoped that a
aimilar study of the regulation snd restoration of the liver might
jead to some elucidation of the means by whioh this important
orgtan 1s maintained in 1ts typical proportion to the body &8s &
whole, and to the mare fundament al problem of the control of growth
processes 1in general. ._

The operation of thils gontrol is perhaps nowhere more dram-
atically illustrated than in the phenomenon of the restoration of
the liver after partial surglcal ablation, This process is the.
more immediate subjeot of this reviev.

This history of liver restoration, and the polemlies on
certaln hlstblogical agpeots of 1t have been reviewed elsewhere 1in
gome detall; space does not permit a review of this 1ntereéting

nistorloal study. (Bodwyssozky '86, Fishback '29.) |
| | The anatomical arrangement of the lobes of %the rat 1liver
permits of the ready removal of 70 %= 3% ; the median and left
lateral lobes gonstituting thls proportion of the total liver mass-
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¥Within 10 days after partial hepatectomy, the rest (i.e., the in-
taot liver mass) grows to reasch the original weight of the entire
liver! (Higgine & Anderson !3la.) In the rabbit, 20% of the lifer
can reatore the whole (ponfick '80). Fig.l,2 from Higgins and
Anderson's and Brues! (Brues et al 36a) data respectively demonstrate
the rate of weight restoration of the liver. The most generally
ugsed basis of measurement is the ratio of liver-weight to body |
weight, This standard assumes that the 'normal growth!' of the organ
is an automatic proceas that is independent of the phenomenon undar
study, a conception that 1s perhaps erroneous. 7Ths variation of

the body welght over the duration of most experiments or as a result
of oneration is too slight, however, to vary'thn plcture of what
happens.

These observations indlcate that there is & rapid increase
in welght after operation which 18 negativoly cecelerated, the wt.
inordase tapering off rather markedly after 5-7 days. In Higgink?
series, the wet-weilght owershoots the normal level, while ths dary-
welght remains on a plateau at ths normal weight. Brues, however,
report a slightly lower plateau. These differences are oprobably
not statlstically significant. Whileaﬁiggins claime that there ls
a oyclic variation in the rate of restoration, the data agaln are
not sufficiently refined to allow of such interpretations of de-
viatione of individual points on the welght-tims curves, although
the results as a whole are unassallable. o

_ The bugaboo of all growth measurements 1s fhe problem-of
what index to uses, VWhile perhape most convenlent, weight.ahangea
do not adequately demonstrate ocur intultive concept of growth,

The welght of the liver is extraordinarily labile under different
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dietary oonditions, and has furthermore a highly varianble fat content.
(Adais et al '36, Luck '36) Furthermore, caloulations from data

on 1iver weights and fat content under different dietary conditions

" dncluding choline deficlency (landler & Bernheim '43) indicate that
the dEpoéltion of one gm. of fatty acld 1s agasoociated with an ine-
orease in 1livexr welght of three grams. Yat, the deposition of fat
hi.not ordinarily regarded as 'growth'. The role of the llver as

the ‘commisarist'of the_body' makes partioularly difficult an estlime
'ation of what constitutes its goowth., A criterion that has been
used is cell-incorease, a process that is, as we shall see, nof ale
ways correlated with weight-inoreaae.

Brueg, et ax('se) have made direct studles on cell number ln restor-
ing rat livers. Their results are summarized in Fig. 3. Except

that there 1s no appreciable inorease in cellsnumber during the first
_day = after overation, the cell increase varallels the welght restor-
“ation or_the liver. In starved animals, however, the welght plateaus
at ébout the seoond day, whereas the cell-inorease ls not_appreciably
“daifferent from the fed controls. (fig., 3) Thls suggests the greater
| “gultability of this oriterion. 1In this paper analyses are repdrted
which indicate that the material taken in during the first day of
restoration Ls low in nitrogen. This material has been shown %o

be 1ip01d {Handler and Bernhelm 43) Fenale rats, in particdlar

are prone to de?elop fatty livers after partizl hepatectomy. Tﬁe
basls of this oondition has not been established. Brues réports

that & fatty dlet retards cell-restoration well below that of faated
‘oontrola, a faot of some olinlcal significance. (Ravdin et al ‘43.)
'Ths 1ﬂboftanos of dlet in restoration will be discussed in more de-
‘tall below. - :
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To explain the phenomenon of restoration, Higgins.;Manﬁ
and thelr ooworkers at the Mayo Foundation have sugmested that the
‘portal blocd plays an important role. On the assugmtion that the
“influx through the mesenteric arteries 1s relatively constant,

*the volume of blood which is delivered to any hepatic remsnnant
after partial hepatectomy determines largely thé extent of its
restoration.! (Higgins, et al., '32.) They prorose that the dimine
ution in the sige of the liver invreasss the flow to the rement ,
vhich 1s responsible for the hyperplasis. More recently, Mann ('40)
has suggested that the presence of some substance in the portal
blood oaly, or vasocular pressure in the sinusocids may be ractore._
In support of this hypothesis, the Mayc group have reported & nume
ber of interesting experiments. :

Stevhenson ('33) placed a loose ligature around the rortal
vein in the rat, partially obstructing 1%, and determined the weight
restoration after artial hepatectomy. Only two-thirdas of the amcunt
reported above by Higzing and Anderson was found. Where large cole
lateral vessels were apparent, the extent of restoratidn was normal.
Fyom this one may conclude that a normal portal oiroulatibn i1s neo=
eggary for reatcfation. In dogs, partial hepatectomy two months
'arter.the establishment of an Eck fistula resulted in no signs of
welghi restoration. The effect of the Eck fistula in the dog 1s a
-80% atrophy of the liver with ocentral fatty aacumulation.'(Msnﬁ et
al '3la) | | .
" the venous anatomy of the domestio fowl ia unique in the

[pd T

exlgstence of a larze encstonasis betwoen the portsl and caval
draln:ges via thJ:OlOO geo-mesenteric veln, Studies on this animal

indicate a slight} Af any, degree of welight restorstion after the
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partial hepatectomy. (Hlggins et al 133.! This 1s asoribed %o the
drainage away from the portal vein through thie anstomosis of exoess
blood after partial hepatectomy. If the vena cava 1s ligated above
the renal velns, the extent of weight restoration 1s increased cone-
slderably (60%).over controls. In fact, the ligation alone, which
would deliver an increased volume of blood to the liver ls revorted
to induce a size inorease in four cases, These studles were, unfore
tunately, based on weight determinations alone, subject to the crit-
toisms above. Furthermore, transfersnce of concepts from the fowl
to the mammal 18 not immediately Jjustified. In confliot with these
results, (Crechowitsch '36). complote restoration inm the fowl and
dove after partial hevateotomy has been reported but the puvtlished
dsta liere are partiocularly inadequate.

Finally, Mann has succedded in astzblishing an open portal-
caval leteral anastomosis in the dog. {Mann '40). In five ocases, wt.
restoration was reported to be less than in the gontrol animals.
fhe basis of ocompsrison is, as usual, liver welght, body waight, and
the assertion is made that for 200 anlmals, this ratio was .0345.

The voriance of this mean value is not given, however, 8o that stat-
1stica1 evaluation or his results is impossible.

It would be most desirable to have a demonstration in the
rat of the effect of an inoreased hevatio portal blood flow con |
nitotic rates or cell-increase in the liver. Apnarently for obvious
technical reasons, a reverse Tok fistula has not been reported fox
this (amall) animal, | |

| While the Mayo group has undoubtedly demonstrated a olose
relatiohship between the weight of the liver and an intact portal
supply, the latter being a neocessary condition for weight restoration
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measurenents on blood flow in partially hepateotomized enimalg hove
not been reﬁorted, and the proportional inorease to the hepztlc rem
nant is entirely suppositicus. Ponfick (!90) observed the temporary
mesentaric congesatlon that follows partial hervatectomy, but rejects
this as a causs of restoration on the basig of its trensisnce. On
the other hend, the liver is no passlve conteiner of blecod, but Wakim
and Mann ('42) have themselves demonstrated, by the translumination
technique of Xnisely, that circulatory activity in the liver 18
intermittent, and apparently under some degree of active_ccntrbl.
Thermo-3tromuhr measurements indicate a recirrocal relation betveen
flow in the portal vein and hepatic artery, and that the 1liv-r may
alternately store esnd dlscharge blood. (3rindley, Herrick & Hann '41.)
An elabor: te 'sluloe-valve mechanism has been shown to rogulste portal
flow in the liver (Deysach '41.), and the hepatic flow can be influ=
enced by sympetho- end parasympsthomimetic drugs (Vakim '44) as well
as by sympathétio stimulatioﬁ {(Grifrith and Emery '30) In view of
thése researches, the statue of the liver circulation in pertiale
hepatectomized animals, and its relation to restoration must still
be regaried as unsettled. Further studles aleo show the unroliabdil-
1ty of veight data, | - |
| A3 a basisg for a hypothsals of liver reatoratian, its mode
"1tication and simulation by experimental teohniquvs muet be conaidered.
Such 1nrlueneeé as diet and hormonal regulation have been studied.

B In inanition, the kiver lcaes more welght proportionslly
fhan any other organ, or than the body as a whols. ‘While 1t.haa' |
been sﬁggested that this representa‘a utilizetion of the liver mate
erialg for the rest of tﬁe organism, experiments have been reported

which may indicate that the situation is not so slmple. (Jackson '15’



Addie, et al '36)
_ In the rat, the weilght of the liver can be reduced to

40 % orf ite normal size by fasting (10 days). If a partially hep-
atactomlged animal is fasted, the remmant, in this 30 %, inoreases
to ihe 40 % of the intaot, starved animals. These authors conclude
that the reduction in mass of the liver in stravatlion is due primare
ily to a reduced liver requirement in ﬁhe starved animel. The
partioular funotion of the liver that 1s to be malntalned 1s not
indicated, nor the mechanism by which a changed ‘functiocnal demend!
can modify liver size. (Rous & McMaster '24.) Brues et sl (loc.oit.)
have shiown that the cellular increase 1s not dimlnished in these
starved enimals, 8o that the functional demand that controls liver
glze znd that controls cell-increase are not indentical. Tils mule
tiplicztion of hypothesis perhaps calls for Occam's Razor. Roug!
results can perheps be interpreted by postulating that pertial hepw
atectomy induces some stimulus to hepatic growth, irrsspective of
nutritionel condition. In order to demonsirate that the relatlion of
liver sizse to portal flow is not comparable to itas dependences on
food ihtake, ocytologzical studies or cell counts must be retorted
from rat livers in which the portal blood has been diverted, and
this has not been done. | _

| The liver oan be enlarged by varicug dletsry Ganﬁiticné,
such as casein refeeding (Luck '36)., Since no particuler fraction
of the liver has been shown to be inoreased, it has been assumed
that an sctual 'protoplasmio! inorease has ocourred. ‘hile cell
nounté have not been made, it appears that there is a hynertrophy
rether than a hyperplasia of the liver cells. Weight increases are
most marked on feeding dried liver or kidney, which hss been
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interpreted as due to nuocleic soid oontent, a conclusion of nart-
iguler interest in view of Marshek's recent ob:ervations (see below.)
(Waltér and Addis '39)

The optimum dlet for liver welght restoration 1s one 'high
in caloric content, high in carbohydrate, adequate 1ln protein; BUpw
plememted with vitamins and low, but not lacklng in £ t.' (¥ann '43=).

Other local conditlons can modify the rate of restoration.
Of these, the effeot of obstructing the hepatlc duct is perhaps of
the grectest olinical interest. Ligation of the duct in the rat
{where there is no gall bladder) leads to an enleorgement of the liver,
which may subside if the potency of the dﬁet is reestablished with
solution of the ligature. COtherwise the animels do not survive
longer than four weeks. If partial hepetectomy is verfermed lmred-
letdély aftsr the obetruction, there is an epperent hypertroniy, even
more ra~1d then in normally restoring llvers. Mloroscople examlliioe
tion reveals, however, thet this hyrertrophy is cdue to & distension
with RBC end reteined bile. This 1s accompsnled by fibrotic cihanges,
a pethological picture accepted by some as 'billery cirrhosis.'
there is no evidenoe of cell-proliferation as in normal restoratioh.
{Hizgins & Anderson '33.) In the dog, survival after cholocysteoe
tomy end obstruction is muoh longereprobably indefinite if the animsl
'1alproperly nursed. Ons to seven weeks leter there are no merised -
histologzlesl changes, but restoration does not occur {(on & welght
basis) after partial resection. However, the vresence of an increased
number of mitotlec figures in the parenchyma is reported. Concurrently
there mas avpparent engorgesent of the sinusoids. (¥ann '31lb.) 1In
this animal there 1s evidently less damage to the llver parcnchyma

after obstruction then in the rat. ZThe nature of this ‘damage' ia



not sufficilently well understood to allow this effect to b~ fitted
in to azny of the fheorles of liver raostoration. That billary obstruce
tion does limit the'growth potentialitien‘ of the liver parenchymnal
oe8lls is indiloated by work on transplants. At best, autotirsnsplanted
1iver cells do not survive very well. Although the graft may take
for a ti-e, the perenchymal cells typlcally disintegrate sfter 1-2
weeks, leaving a branching network of bile-duct cells which may
persist consliderebly longer. (Cameron 'Z6, Loeb '18, Otsuka '3%.) If
the transplants are taken from livers that have alrecdy been obatructed,
survival of the graft 1e very much curtailed, on obstruction of more
than three days being criticael. If the liver ls obgtructed oiter
the groit is teken from the liver, the rosulting Jeundice dozs not
influcnce the hepatio trensplant, (Cameron '25.) Bile duct cells
prolifer=te in all clrcumstences. ‘
Ezpeplm=ntal cirrhosis incduced in ithe rat by adminletro-
tion of CCly mer os algo limits the extent of restoerction, fow
-réetorative sirns being seen if a fibretlic elrophy hes alroerdy ooe
ourred. (Mann et a1 '3lo.) Thst the rechaniem of liver restorstlon
has broken down in the cirrhotic animal is fairly clecr, since 1n'
the early course of experimentel oirrho-is, deatruction by ch2micals
of masses of liver parenchyma ie following by thelr replacegent by
the mitotic proliferation of undrmeged cells, a nrocess that l1s
analagous to restoration after surgical reseotion. Waen this re-
placenent does‘hot occur, cirrhosis is established. {3chultz et al
123, ¥ann'43). The newly restored liver is less sensitive to the
adminlstration of CHCls and CCly, and more sensitive to Phosnhorus
poisoning than is the normal rot liver. Ths pnthology of the leslons

ls however the eame. (Andmrgon ‘33, Lacquet '33, Love 133, )
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Some atteupts have been made to demonstrate an endocrine
control of reatorétion, but they have so far been quite inconclusive.
Ihe effTects of hypochysectomy have been investigated by the iayo
;orkera in relation to welght restoration, and vy others with celle
sounts, in the rat. (Hizgins & Ingle '39, Franseen et a2l'33.) The
welght restoration is markedly diminished by hypophysectomy verformed
1 week prior to the liver operation. This may be largely a matter
of appretite. Hypophysectomized animels regenerated ‘277 of the
welght of the liver which regener~ted in the adequately fed controls.?!
ﬁnimals which were ncired-fed with the hyporhysectomized rates repens
;réte& '40;7 of that which iegenerated in those aninals which " te a8
‘much as they wished.! The significence of this dirference is not
cle=r, tut it 18 zpvarent thst enorexia is the major faclor in dime
inishinuz welght restorstion. Frenseen restricted the dizt of hils |
controls so thet thelir welrht was ccaoperatle to the hypophysecltons
ized erimclg, 2nd found no significent dirference in the wolght
regtorztion. Furthermore, mitotlc rates and cell-counts were not
verizble between hypOphysectcmiied, semi-sterved and normal rate
efter hepatecomy. The results of these inderendent observations
demonstrete that, unlike the oontrqi in cther glands such as the
thyroids and gonads, the hyporhysls dGoes not nlay an important
role in medliating the compensatory hysertrophy of the liver. One
wveek, however, is not long enough to allow involution of the ~li-
ultary-controlled glands in the rat, so that Bhese experimants do
riot disallow endocrine. control by other organs. _

In contrast to the lack of effect of removal of the pitu-

itery, the administration of pituitary extrzctc has been ghown to

czuse ¢ meried increase in the size of the liver. There is soue

evidence that this is mediated through the thyroid. The administration
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of a growvthehormone praparation,f’ units dally for 1-16 days ied to
an increase in liver wieght, absolutely and proportionately of 2bout
20%. Thls was scoompanied by increase in cellecount of about 18%,
which w8 stefistically B;gnificant. Feeding influenced the size of
the liver ocells, and of the total liver wieght, but did not affeot
1iver cell number. The magnitude of this increase was not such as
aould be reflected in mitotic rates, and colohicline was not used.
This obaervation ir 1mportant because it demonsirates that a 'true
growth' has taken place, and that the snepengs in liver welght is
hycerpiastic, compar:ble $0 the'ragenerating liver. Sincé gell=-in-
orease will occur in hgpophysecxomized restoring 1ivers, thls efiecot
of ArL elther plays no role in normal restoraticn, or plays on some
other step in the canin of events that controls restoration. (Lee &
Freeman '40.)

Fraeakel-Gonrat (et. al. '42) have exanmined the effects
of a series of rekatively purified oitultery preparations on tie
1iver weight of hypopnyaaouomizad rata., ihe froctions used aad $
1aotogenic. ACT, Somatotrophlc. Thyrotrophlc, Icsh end F“H.activltiea.
Of tnese fractions, only the growth and thyrotropnic horﬂﬁre gctive
ones czused signlfioant increases in liver weirht. The growth hormone
_rraetlon, furthermore, had an nepatotrophlc activity compexeble O
1ts thyrotroshie actlon, a0 that thess suthors ~ostulate thatl tre thy-
roftroshioc gction,is that which 1s responsible foxr the incrosse in
1iver welgnt. The N contents of the nyoertropnied livers did no%t
'vary aignifiéantly from tha controls, 'so that they must be regm;ded
as actual 6hanges in the amount of llver substance. '

obpervations reported incidentally to the renotrophic effeocts

of pituitary extraots (selye & Nielson '44) indloate that the rrolonged



administration of orﬁﬂe alk, extracts cf APl over a ﬁeriod of two
months can induce an absolute inocrease of liver size over controls
of almost 100%, and relative to body weight of 40 #. The oyto=
logloal basia of this lnorease was not studied. While thero are
very nurerous reports of changes in wisceral size under pituitary
variation, they will not be reported here becasuse of the ambiguity
of thelr interpretation in the absence of oytologicel information.

| In view of the specificity of TTH in stimulating liver
inorease, the role of the thyroid gland in restoration seems pPromisgse
ing., Attempts to ascertain the effeots of hyperthyroid€ m on re-
storetion are complicated by the faet that animals which hafe re-
celved rrevious treztment with thyroid *dould not withstand the loss
of 704 of the liver.'! (Higgins'33). It was necessary to perform
partial hepatectomy before commencement of thyrold administration.
The administration of this thyroid ration to control animals ccused
an increase in proportional and abasolute body weight, and the festorh
ing livers under the influence of thyroid restored this increased
weight (approx;, 25% greater.) Appreciable deviation from the normal
réstoration curves did not occur untlil the end of the first week of
restoration, the rate being most acocelercted duriﬁg the second Qéek.
In these animsls which were not opereted on, the administration Br
thyroid had no effect on liver weight until the second week of treat-
ment, This lag, compared to the very brief one in normal restore
ation may indicate that 1f the thyrold plays a role in normal re-
storation, it may belindirect. 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 dose of thyroxine., Thig is another instance of a conflict
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of oytologiocal and gravimetrie interpretations. His data also

1ndio te a more rapid weight response of the liver to thyroxina (in
this large dosage: 4 mg/kg.) It has also been reported that there is
a dim%nutiqn.of the thyroid glands after partial hepatectomy.
(Bchmidt & Richter '41, Kellaway, et al, Endocrinology '45, A Re~
lation between Thyroid & Liver.)

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

The effects of the administration of male hormon~s to rats
and dogs' livers have besn tested, (Hall & Korenchevsky '36, Blacke
man et al '44.) While relative hyrertrophy seems to ocour, szain no
cytological observations have been made, and the possibilty of
involved indireot effects makes unfeasible an extended analysis.

In view of the well-established function of the 1iver in the inacte
ivetion of the estrogenic hormones, the effeots of thess hormones
must be congldered, but no conolusive reports have as yet apreared.

A hormonal rsgulation of liver could be demonstrated in
parablotio palrs of animsls, an attempt to do whioch is in progress
in these laboratories, In toad larvae which have bzen parablosed
at an early developmental stage, the extirpation of the liver in
one palr is claimed on the basis of cne experiment to cause an
enlargement of the liver in the other. (Yamada '33.) The applie
0abllity of this obeervation as a proof of a hormonal mecianism
in mammals in the adult -hase would be unnecessarily smeculative.

Thus far the only agents whioh will stimulate mitosis in
the llver are =a) the operation of partial hépatectomy, and b) tha
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administration of thyroid. One other agent of this sort hag been
described: the administration of suspensions of homologous liver
causged sn apparent increase in mitotio rate of the intact liver
nearly comvnarable to that sfter partial hepatectomy. If given to

a p&rtially hepatectomized animal, mitotio rates of 15% those ug
ually found in the restoring liver are seen. Unfortunately, the
mathod of expresaibn of mitoses as average number per section is
unrelisble to_variatiﬁn in cell size, and in pronortion of CT celis,
etc., in the areas cdunted, and the figures published show such
varisbility that a statistiocal analysis seems desireble. _(HcJunkin
& Breuheus '31.) The implications that these observationas hold for
normal restoration 1s not clear, since it is difficult to conceive
how the qﬁantitiea used of such materlal could occur normally or
after nartial hepatectomy. Isolation of the active comvnonent would
be very interesting. Apparently indevendently, Narshak ('45b,) hasg
studled the effecte of ‘chromatin' nreparations from liver on the |
mitotic rates of restoring ilver. 24-27 hours after resection. Ufe
fortunately the method of counting is subject to a 1§rge error, as
demonstreted within the vaper iteelf, and the normal mitotic rate
is also quite variable in these restoring livers, so that the stat-
istiocal Justification of his conclusions 18 at best questionable.
It is claimed, however, that the fresh chromatin preparation is the
mosf active component, a large series of other oompoﬁnd;_having;na
effect. Again the bearing that this might have on normal restoration
18 not clear, although the administration of exogenocus chromﬁtln
may be increasing the growth rate of the restoring liver by lessene
_ing the possible limiting factor of nucleic acid rate of synthesis.

Thus while chromatin may be a valusble accessory 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 fractions on mitotic rates of intact
11vers are not presented.

Ehsre are several papers on changes in the blood chemistry,
and on the chemistry, enzyme content and turnover rates of varlous
components in restoring 1iver, which cannot be reviewed in detall.
bfhe ohief slterations appear to be an inoreased blood globulin,
deoreased albumin, and a very high turnover in P~ and in mucleic acid.

A bibliography to this vhase of the subject is apvended to the list

of references olted.

. ¥he mechanism of liver restoration is, thus, seen to be in
a hignly controversial state, and the need for further resarch eve
ident, particularly in the possible.role of humoral interiedlstes,
be they speciflio hormones, oOr metabolites ordinarlly disposed of by
the liver, end accumulating in 1ts reduction. Tae theoret1¢a1 and

elinicxl importance of such an advance is obvious.
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