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FACTORS AFFECTING TISSUE GROWTH

JAMES F. CAIRNEY, M.B,, Ch.B.

A study has been undertaken of various factors which affect the

growth of tissue, It has been known for over a century that, when

~ one of the kidneys of a laboratory animal or of a human being is
diseased or has been surgically removed, its partner undergoes
compensatory growth., This phenomenon is termed compensatory
renal hypertrophy and has been used as the basic experimental model
in the present investigation. The index of growth used in these
studies was sometimes total renal weight, or total renal weight
relative to body weight and on other occasions kidne;lr composition
was estimated by making use of the fact that in the kidney the DNA

" content per cell is constant, An estimation of the DNA content of
the kidney, therefore; will give an indication of the number of cells
.present, and by relating other cellular constituents to DNA, an
indication can be obtained of the average cell composition. Some
experiments were also performed in vitro using adult rat kidney cells
aggregating on micropore filters and fbrming a biochemically viable
colony; in these experiments growth was estimated by assay of the

incorporation of radioactive isotope into DNA, RNA and protein.

It has been shown that the correlation between total renal weight
and rat body weight is not particularly good, whereas that between

liver weight and rat body weight is good; the correlation between

e




the dry weight of the kidneys and rat body weight is fairly good as
is that between the dry weight of the liver and body weight. The
best correlation between the various parameters is that between the

dry weight of the kidneys and the weight of the liver.

In seeking the stimulus to the compensatory growth which occurs
after removal of one kidney, changes in the physiological and
biochemical state of the rat have been investigated after unilateral
nephrectomy. In fact, very little change occurs in the more
important physiological and biochemical parameters following unilateral
nephrectomy. There is no alteration in plasma sodium levels in the
first 48 hours after unilateral nephrectomy in the rat when compared
to sham operated animals. Both nephrectomized and sham operated
rats have an elevated pH 16 hours after unilateral neﬁhrectomy; the
indications are that this occurs as a result of hyperventilation

causing loss of CO Plasma amino acid analysis has shown a

2 .
reversal of the normal glutamine/glutamate ratio with a marked fall

in the plasma glutamine level and a corresponding increase in the
plasma glutamate level; this is. present only at 14 hours after
unilateral nephrectomy. There is no congistent alteration in the
blood ammonia level in the first 4é hours after unilateral nephrectomy.
There is no significant increase in the amidotransferase activity of
the remaining kidney 48 hours after unilateral nephrectomy. However,

there is a suspicion that sham operation depresses the level of

kidney amidotransferase activity. Unilateral nephrectomy causes no




immediate alteration in the level of arterial blood pressure. Thus,
there is little indication of what might be the stimulus to compensatory

renal hypertrophy.

Growfh of the kidney might theoretically be modified by various
dietary and parenteral means. It has been shown that the repeated
intravenous injection of a urea/saline mixture has no effect on renal
weight or composition in the otherwise intact rat and produces no
alteration in the normal growth response of the kidney remaining after
unilateral nephrectomy. The administration of excess quantities of
sodium chloride or potassium chloride in the diet does not incifease |
kidney weight in the rat. The administration of a diet high in the
protein gelatin produces an increase in renal weight in the rat and in
addition increases the RNA and protein contents of the kidney. The
changes in kidney composition are similar to those which occur in
the kidney remaining after unilateral nephrectomy but are not identical
since gelatin does not produce the increase in RNA/100 mg or prote'm/
100 mg which is found after unilateral nephrectomy but does produce
a marked increase in mean cell mass; this suggests the accumulation
of some other substance within the cell, perhaps water. A diet
containing a quantity of glycine equivalent to that which is contained
in the gelatin-supplemented diet causes an increase in kidney weight
of much smaller order than that produced by gelatin; analysis of the
kidneys shows an increase in RNA and, interestingly enough, an

increase in mean cell mass, i.e. the growth is of the same type as




that produced by gelatin and seems once more to be of a different
type to that which occurs in the kidney remaining after unilateral
nephrectomy. The amino acid arginine Hbl causes an increase in
kidney weight and a marked fall in body weight and a fall in liver
weight proportionally greater than the fall in body weight; the

amino acid arginine—free base causes no increase in kidney weight
but produces an increase in the kidney weight/body weight ratio.
Presumably arginine is toxic to the rat in large quantities; the
increase in renal weight found after feéding arginine HCI must be due

to a metabolic acidosis induced by HCI1.

The administration of sodium and potassium citrate also affects
kidney weight and composition., Potassium citrate gives an actual
increase in renal weight as well as a relative increase, i.e. it also
increases the renal weight/body weight ratio; it shows an interaction
with glycine in reducing renal RNA content and in increasing the
RNA/DNA ratio. It would appear that the reduction in RNA caused
by a diet high in potassium citrate is due to its ability to act as an
alkalinizing agent whereas the increase in the RNA/DNA ratio in the
kidneys of rats fed a diet high .in glycine as well as potassium citrate
suggests the interplay of some other factor, perhaps overhydration of
the cell. The reduction in body weight found after potassium citrate
administration seems to be due to the potassium ions since sodium
'c~itrate has no effect on rat body weight but shpws the same effect as

potassium citrate on kidney weight when fed along with glycine.




Sodium acetate causes an increase in renal weight which is of
the same order as the increase in the renal weight/bpdy weight ratio
whereas potassium acetate causes only an increase in the renal
weight/body weight ratio, i.e. potassium acetate causes a greater
fall in body weight than potassium citrate., Potassium citrate has
no effect on the kidney lipid content. An increase in the
glucuneogenic activity of the rat produced by feeding a high fat diet
has been shown to cause no increase in kidney weight or liver
weight. However, a high fat protein free diet causes an increase
in the liver weight/body weight ratio, but does not affect the kidney

weight or the kidney weight/body weight ratio,

The hypothesis that cbmpensatory renal hypertrophy is initiated
by a humoral substance has been investigated by an 'in vitro
technique involving adult rat kidney cells aggregating on micropore
filters. Evidence has been found for the presence of such a
substance in the blood of nephrectomized rats during the present
investigation. The reason for the failqre to demonstrate the presence
of this factor or factors in previous in vivo experiments has also been
explained; the concentration of plasma required to produce a
positive result is such as could not be obtained by transfer from one

animal to another.

In addition, 2 experimental models previously found to increase

the growth of the kidney remaining after unilateral nephrectomy have




been re-investigated. Simultaneous partial hepatectomy has no
effect on compensatory rena'l hypertrophy in the rat;  also,
simultaneous unilateral nephrectomy has no effect on the rate of
growth of the liver fragment remaining after partial hepatectomy in
the rat. This disproves the présence of general growth promotional
agents in the blood. Simultaneous renal denervation and
contralateral nephrectomy has been shown to produce profound
changes in the physiological state of the rabbit, causing
hypernatraemia, hypocalcaemia, a fall in PCV and acute renal
nephrocalcinosis. These changes invalidate the use of this

experimental model in the study of compensatory renal hypertrophy.

Future work should be directed towards isolating and
characterising the humoral agent, towards studying the earliest
changes in RNA metabolism in the kidney remaining after unilateral
nephrectomy and during the adml;.nistration of gelatin, glycine,
citrate and acetate salts and towards investigating the possible
effects on cell and body growth of variations in the cellular and

extracellular concentrations of sodium, potassium and water.
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SECTION 1

INTRODUCTION



COMPENSATORY RENAL HYPERTROPHY

1.1 GENERAL INTRODUGTION

Total nephrectomy is followed by death within a few days;
however, the removal of one kidney is perfectly compatible with a
normal life span (Hinman, 1943). If one kidney is diseased to the
point of atrophy, its partner shows a corresponding hypertrophy.
This hypertrophy is also seen after surgical removal of a kidney;
the process is called Compensétory Renal Hypertrophy and has been
under investigation since it was firét described by Rayer in 1841

(Braun-Mendenez, 1952).

1.2 . STRUCTURAL ASPECTS OF COMPENSATORY
RENAL HYPERTROPHY

1.2,1 : Renal Mass

Many observations of the increase in renal mass following
unilateral nephrectomy have been made and the most important of
these are shown in Table 1. Despite inevitable biological variation,
there appears to be general agreement about the rate of hypertrophy.
In the rat - the most studied species - there is a true incre.ase in
dry mass of the order of 3% after 24 hours. Reported increases of
wet mass of 17% after one day in the rat and 10 -20% after two hours
in the rabbit are rather more than average, and changes :m wet
weight generally parallel changes in dry weight. After the first day

growth is rapid, 30 -40% at the end of one week, 50% at 17 -40 days,



TABLE 1
, Observed Weight
Investigator(s) | Date |Species BOdSZ \;V'elght Increase in the
1 g Remaining XKidney
. 3% at 1 day
Kurnick 1955 Rat 160-240 40% at 18 days
Becker 11% at 3 days
and 1959 Rat 180 35% at 10 days
Ogawa 44% at 17 days
Montfort and 22% at 10 days
Perez ~-Tamayo 1962 Rat 79-159 39% at 20 days
Addis and Lew 1940 Rat None given 70% at 40 days
Strauber . 40% at 14 days
and Patt 1961 | Mouse | Various 50% at 26~36 days
, , i Significant at 1 day
Fajers 1957 | Rabbit 1500-2800 20% at 10-20 days
N O, -
Addis, Myers 1924 | Rabbit None given 58% at 15-33 days

and Oliver

66% at 106-126 days

The effect of unilateral nephrectomy on the weight of the

remaining kidney.

N
.



and 70% in the longest intervals includéd in experimental studies.
Similar results have been obtained in mice and rabbits, with smaller

increments in the dog.

1,2,2 : Growth of the Nephron : Histology

No new nephrons are formed during compensatory growth even if
unilateral nephrectomy is carried out in the neonatal period. The
diameter of the glomeruli doubles or triples, but no new glomeruli
are formed. Hiramoto, Bernecky and Jurand (1962) have shown that
glomeruli uniformly labelled with anti-rat kidney serum show no
dilution with unlabelled glomeruli even after seven months in the
renoprival state. Compensatory growth consequently consists of

growth of the nephrons already present.

1.2.3 : Mitotic Index

Most growth of the tubules is accounted for by hypertrophy,
i.e, increase in cell size, but hyperplasi{:l, i.e. increase in cell
number, also occurs. Johnson and Vera Réman (1966) report that in
the rat at five days after unilateral nephrectomy a 7% increase in
renal cell number accounts for 25% of the growth, hypertrop_hy

accounting for the remaining 75%.

The rate of cell division in the normal adult rat kidney is very
low. Franck (1960) reports it as 15 to 40 per 100,000 and Goss
and Rankin {(1960) as 24 per 100,000, McCreight and Sulkin (1959)
report the' mitotic frequency as 100 per 100,000 in the proximal

tubule of young adult rats, falling to 25 per 100,000 in senile rats.



Argyris and Trimble (1964), using colchicine to arrest mitoses in mice
kidney, found a mitotic frequency twice as high in males as in
females . In the normal kidney the mitotic rate is known to vary with
the time of the day. Blumenfeld (1242) and Williams (1961) both
place the maximum at between 2 and 4 p.m. but, whereas Blumenfeld
places the minimum at 10-12 p.m., Williams (1961) puts it at 6 -8
a.m. Zakharov {(1961) has also found mitotic frequency high in the
morning and low at night. This type olf diurnal variation is also
found in other organs, notably the liver (Jaffe, 1954). Mitoses are
most numerous in the proximal tubules, least numerous in the distal
tubule and collecting ducts and intermediate in the ascending limbs

of the loops of Henle (Williams, 1961).

Following nephrectomy there is an increase in mitotic activity,
generally in the rat in a burst occurring on the second day (Rollason,
1949). Some investigators note two peaks of mitotic activity.
Ogawa and Sinclair (1958) and Franck (1960) repoft one at two days
and another on the seventh day. Sulkin (1949) reports two peaks,
one at three days and the second at ten days. Williams (1961)
reports the primary mitotic response at 40 hours, with a smaller

secondary response at 3 -4 days.

The magnitude of the response is not great. Franck (1960) and
Goss and Rankin (1960) report the mitotic rate as 3 -6 times normal.
Argyris and Trimble (1964), using colchicine to arrest mitoses in

mice, found a sex difference, the increase being elevenfold in males



and fivefold in females. McCreight and Sulkin {(1959) investigated
age differences and report a sevenfold increase in young rats and
five- to sixfold in senile rats. Bugge-Asperheim and Kiéf (1968a)
report an eightfold increase in the dog and a fourfold rise has been

reported in hamsters by Reiter (1968).

The distribution of the mitotic increase follows the same pattern
as in the normal kidney. It is highest in the cortex, particularly
the tubular cells (Carnot and May, 1938; Ogawa and Sinclair, 1958).
The outer medulla responds to a lesser extent and the inner medullé

hardly at all.

1.2.4 Fine Structure

In the rat cytoplasmic basophilia -intensifies within hours and
soon after the number of free ribosomes and small vesicles in the
proximal tubule increases. The cisternae of the rough endoplashic
reticu.lum dilate, the Gdgi membranes and the agranular reticulum
proliferate and at 96 hours there is a further increase in the number
of cytoplasmic ribosomes. In the cortical portion of the collecting
duct a less differentiated type of cell appears at 72 hours.‘ In the
distal tubule de-differentiation does not occur, but besides that the

pattern is much the same (Anderson, 1967).

Leak and Rosen (1966) have done a similar ultramicroscopic
study in the mouse. The main feature reported by them is the
appearance of many whorls of membranous structures in the medial

and basal portions of the proximal tubular cells at 48 hours. Malt



(1969) suggests that these may be present as early as 30 minutes
after unilateral nephrectomy. These structures have no ribosomes
attached to them and the investigators report no inérease in the

number of ribosomes attached to pre-existing membranes.

1.3 CHEMICAL ASPECTS OF COMPENSATORY
RENAL HYPERTROPHY

1.3.1 DNA Synthesis

The DNA content per set of chromosomes is constant in the somatic
cells of different tissues of any given species (Vendrely, 1955).
Kidney cell nuclei all have about the same DNA content and therefore
are presumably all diploid. The increase in cell number occurring
after unilateral nephrectomy is paralleci by an increase in total renal
DNA. Mandel, Mandel and Jacob (1950a) report increases in DNA
of 16% at 15 days, 18% at 30 days and 37% at 80 days. Kennedy
(1960) reports a 15% rise at 21 days and 58% at 42 weeks.

Threlfall, Cairnie, Taylor and Buck (1964) found a 21% increase at
21 days. Barrows, Roeder and Olewine (1962) report no variation

in the response between young and old rats.

This increase in DNA is not evident immediately after the
operation. Miyada and Kurnick (1960) found no increase in rat
renal DNA in the first four days but found a 30% increase between
the sixth and sixteenth days. Mandel, Mandel and Jacob (1950a)
found a 4% increase at 7 days, and Lotspeich (1965) found a 20%

increase at this time. In a recent report, Kurick and Lindsay



(1968) found a 10% increase in DNA at 9 days and 25 -30% at 2 weeks.

Halliburton (1966) found that cell division gets under way at 48 hours
after operation at which time an increase in DNA is just detectable.
At 96 hours he found a 10% increase in kidney DNA. In the mouse,

Malt and LeMaitre (1968) found a 14% increase in DNA at 4 weeks.

Cytophotometric evidence suggests that, when a cell is about to
divide, it accumulates the additional amount of DNA beforehand
(Howard, 1956). Consequently a proportion of the nuclei in a
population with frequent mitoses should possess a greater than
normal DNA content. Kurnick (1955) found no increase in mean DNA
per nuclei using chemical analysis of nuclei isolated in bulk;
however, Ogawa (1961} found a 15% increase between 3 and 5 days
during compensatory renal hypertrophy, using similar methods.
Franck (1958) and Becker and Ogawa (1959), making cytophotometric
measurements of individual nuclei, report that a few days after
operation the number of nuclei with twice the normal amount of DNA

is significantly increased.

Isotope uptake has also been used to demonstrate increased DNA
synthesis and the kinetics of DNA labelling agree with the ‘histolo:;;ic
and chemical patterns. The speciﬂc activity of the precursor pools
of the deoxynucleotides must also be measured if a true picture of
DNA synthesis is to be measured. Simpson (1961), using 32}?,
found an increase in labelling of the major deoxynucleotides of 1-2

times at 24 hours, 2-5 times at 48 hours post-operatively, falling




thereafter but showing a secondary rise at 9 days. Royce (1963)
also found an increase in 321? uptake 2 days post-operatively. Other
workers have found roughly similar results, using 3H thymidine and
autoradiography. Lowenstein and Stemn (1963) found an increase in
labelled cells at 2 days post;operatively and also that the majority
of the labelled cells were in the cortex. Reiter and McCreight
(1965) report almost identical results to those of Lowenstein and
Stern. Benitez and Shaka (1964) found a significant increase in the
ﬁumber of labelled cells at 24 hours after nephrectomy; the number
fell slightly after 48 -72 hours but still showed an increase over

controls.

Noltenius, Klempermann and Oeklert (1964) found that the number
of labelled cells fell in the first 2 days but rose from the third to the

sixth day.

It can be seen that the chemical, cytophotometric and isotopic
estimations of DNA synthesis are in agreement with the histological
observations of mitotic activity seen in compensatory renal

hypertrophy.

1.3.2 RNA Synthesis

In contrast to the slow and small increase in DNA during
compensatory hypertrophy of the kidney, RNA shows a large and
rapid increase. Mandel, Wintzerith, Jacob, Perey and Mandel
(1957) report an increase in RNA before any o;chér tissue components

the incfease in RNA was 20% after 24 hours and 30 ~-40% after 3 days.
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This increase is consistent with the idea that the RNA is being
accumulated in preparation fér extensive protein synthesis, rather
than merely as part of a general growth of the tissue, Afte} seven
days of compensatory growth Lotspeich (1965) reports a 37%
increase in RNA. Barrows, Roeder and Olewine (1962) have
investigated the effect of age o.f the rats on the increase in RNA and
report that after 8 weeks there is a 45% increase in RNA in young
adult rats but only a 34% increase in old animals. Halliburton and
Thomson (1965) and Kurnick and Lindsay (1968) have studied the
changes in RNA in the first few days after nephrectomy. There is
a 7% increase in RNA at 12 hours, rising to a peak of 33% at two
days, at which time DNA synthesis is most active. Malt and

Lemaitre report the peak as being 20% in the mouse.

As has already been stated, DNA per cell nucleus is virtually
constant; consequently a picture of the average composition of the
cell can be obtained by comparing other constituents to DNA.
Mandel et al. (1950) and Barrows et al. (1962) have shown that two
months after unilateral nephrectomy the RNA/DNA ratio of the
hypertrophied kidney is the same as in normal kidney, although the
total RNA and total DNA have both increased. Kurnick (195'5)
however showed that the RNA/DNA ratio increased in thé first 3-4
days and thereafter returned to the normal value on the ninth day.
Halliburton and Thomson (1965) investigated mean cell composition
by these.methods and found an increase in RNA/DNA ratio,

detectable at 12 hours, reachin'g 25% at 24 hours and remaining at



10.

or above this level between 48 and 96 hours.

Malt and LeMaitre (1968) have studied not only the accretion but
also the turnover of RNA during compensatory renal hypertrophy in
mice. They report that the half-life of ribosomal RNA (r RNA) which
makes up 85% of the RNA of the cell .is 4,5 days in both normal and
hypertrophying kidney. Therefore this increase in RNA must
represent de novo synthesis rather than diminished breakdown of
RNA. This elevated RNA synthesis is réflected in increased numbers
of polyribosomes in the hypertrophied kidney, but there is no
alteration in the distribution of sizes of either polyribosomes found |
free in cytoplasm or those bound to the endoplasmic reticulum (Malt,
1969; Priestley and Malt, 1969). Halliburton (1970) reported an
increase in single ribosomes, though this work was done on the rat
and different methods of preparation of polyribosomes were used

than in Malt's studies.

Polysomes are the gsites of protein synthesis in the cell and are
made up of a number of ribosomes attached to a strand of messenger
RNA (m RNA). An increase in polysomes could result from :

(@) An increased number of ribosomes binding

to an unchanged amount of RNA;
(b} An increase in available binding sites;
{c) An increase in m RNA;

(d) A combination of the above.



11.

Classes of RNA

Recently a great deal of attention has been devoted to the study
of the changes in the different classes of RNA during.compensatory
renal hypertrophy. S-inc’:emmore ;chan 85% of RNA is ribosomal and
since the accretion of RNA following unilateral nephrectomy is so
rapid there can be little doubt that r RNA is increased but the
magnitude and time of onset of the increase is still in doubt (Malt,
1969). Halliburton (1966) found no difference in 3H adenine
incorporation into RNA, between sham-operated and nephrectomised
animals. However, using 3H orotic acid he found that the
ratios of the specific activities of kidney r RNA to liver r RNA were
between 25% and 120% greater in nephrectomised animals than the
corresponding ratios in control sham-operated animals., These
animals were rats and were sacrificed from 20 minutes to 2 hours
after nephrectomy. Malt (1969) has found that in mouse kidney
the labelling of nucleolar precursors OfﬁNA with uridine is
depressed immediately after either unilateral nephrectomy or sham
operation. Malt and Stoddart (1966) have shown that 4 days after
nephrectomy ribosomes from the remaining kidney are labelled with

4C orotic acid 2 -4 times faster than after sham operation.

However, these experiments must be interpreted with some care,
and with justifiable reservations concerning the equating of rates of
labelling with rates of synthesis, and the discrepancy in the above

results may be due to differential incorporation of orotic acid and
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uridine into kidney RNA.

Malt and Stoddart (1967) in a series of experiments in which
nuclear precursors of r RNA and mature cytoplasmic RNA were
compared found a cyclic alteration-in r RNA synthesis in the
remaining kidney, with maxima at 2 and 8 days. They showed that
the ‘increase in polysomes is in part at least due to synthesis of
new ribosomes. Also, ribosor;les that remain free in the cytoplasm
are synthesised before membrane-bound ribosomes (Malt and
Leﬂﬂaitre, 1967). In the kidney, 75% of all ribosomes are free in
the cytoplasm whereas in other organs such as liver or pancreas
75% of these structures are membrane-bound (Priestley and Malt,
1969) . The liver and pancreas are organs which manufacture much
protein for eprrt and it is the membrane-bound ribosomes on which
these are made. In the kidney, glydopfoteins are manufactured on
the bound ribosomes (Malt and Lemaitre, 1967); the fami/l@iigf the
free ribosomes is unknown. No change has been found in the
proportion of free to bouhd ribosomes during compensatory growth
(Priestley and Malt, 1969). m RNA has not been so extensively
investigated mainly because it cannot be identified with certainty

after extraction and it is liable to degradation.

Nuclear RNA
Cell nuclei may be fractionated into nuclecli and nucleoplasm.
Willems, Musilové and Malt (Malt, 1969), using polyacrylamide

gel high resolution analysis, have shown that for an hour after
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laparotomy alone there is inhibition of labelling of nucleolar RNA;
nucleclar RNA is the source of mature cytoplasmic r RNA. Somewhat
later, after contralateral nephrectomy, there is increased labelling

of precursors of r RNA.

However, within less than one hour they have found increased
labelling of nucleoplasffiic RNA. Nucleoplasm contains répidly
labelled heterodisperse RNA (Hn RNA), the most common type of RNA
found in the nucleus (Darnell, 1968). Its function is unknown and
it is not thought to be a precursor of m RNA. It has a very rapid
turnover and it has been suggested that it represents a pool of
non-specific components of RNA which may be incorporated into the

pathway most required at a particular time.

The acceleration in Hn RNA processing begins at 10 minutes after
uninephrectomy and lasts at least 7 days, and this suggests that
uninephrectomy initiates immediate changes in the remaining kidney.
It is not known whether Hn RNA metabolism is affected in other
growing organs.

In summary therefore, uninephrectomy produces a change in RNA
metabolism within the first hour. Later RNA syﬁthesis starts and
reaches a peak at 2 days, after which DNA synthesis reaches its

peak and mitos¢s occurs.

1.3.3 - = Protein Synthesis

There is no doubt that protein synthesis increases in the first

24; hours of compensatory renal growth., Coe ahd Korty (1967)



réport 2 peaks with one active phase in the first 24 hours, a slowing
down between 24 _and 48 hours, and a second increment between 48
and 72 hours to give a 28% increment which remains constant after
96 hours. The endcgenous pool of free amino acids has been
re_ported as decreasing in the first 24 hours after uninephrectomy
an'd increasing between the 8th and 15th days, thereafter returning
to normal. After unilateral nephrectomy the rate of incorporation of
L-leucine into protein is accelerated, but that of L-glutamine is not

(Bignall, Elebute and Lotspeich, 1968).

1.3.4 Enzyme Changes

The enzymes of nucleic acid metabolism are still very much under
investigation and little is known of their control as yet. Some have
already been mentioned in the section on DNA synthesis. Royce
(1967) noted an increase in alkaline RNase (pH 7.8) in the renoprival
rat kidney, but Malt (1969) in the mouse and Halliburton (1966) in

the rat do not confirm this observation,

Lotspeich (1967) reports an increase in glutaminase in the
renoprival rat kidney, though the increase was less than that seen
in ammonium chloride acidosis. E-lysine acylase increases 35%

in the first 3 days after unilateral nephrectomy (Paik and Kim, 1966).

Nowinski and Pigon (1967) found that isolated rat glomeruli

contained all the enzymes of the Krebs cycle and the-fe;z showdono

e P i . ’
change inactivity or in ATP content during compensatory growth.
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Nowinski ===, (1968) alsolreport an increase of 100% in glutamic
dehydrogenase activity in proximal and distal tubules 2 weeks after
unilateral nephrectomy and an increase of 70% in alkaline
phosphatase in the same time interval. Nowinski (1966)

previously reported no increase in the enzymes of the Krebs cycle

in the gldmeruli of the kidneys undergoing compensatory hypertrophy.
Johnson and Amendola (1969) have shown that the number of
mitochondria increases in parallel with kidney growth; hence an
increase in oxidation-reduction enzymes contained in the
mitochondria might be expected, Succinic dehydrogenase is
increased ‘slightly 2 days after uninephrectomy but the activity of
cy.tochrome oxidase and NAD cytochrome reductase is unchanged
(Dies and Lotspeich, 1967; Rosenthal et al., 1962; Mascitelli-
Coriandoli and Ierano, 1968)”. Gluéose—G—Phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase, the first enzymes of the
Hexose monophosphate shunt, which vields ribose and NADPH,
show marked elevations‘ in‘ compensatory growth of the kidney; the
increase is 25% at 36 hours, falls off at 48 hours and rises again

to 40% at 72 hours, then falls off again (Farquhar et al., 1968).

The enzyme Na-K-ATPase which is now thought to be

- responsible for operation of the sodium pump has been investigated
and found to be elevated in the renoprival rat kidney. Katz and
Epstein (.1 967a) féund that the activity of this enzyme per milligram

of kidney tissue rose 55% in the first 3 weeks after unilateral
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nephrectomy, while sodium reabsorption increased 21%. Fanestil
(1968) drained the ureter of one kidney into the peritoneal cavity
and found that this did not increase the activity of Na-K-ATPase in
the othef, whereas unilateral nephrectomy and ureteral ligation did.
This is said to prove that the cause of the increase is loss of
functioning renal mass and not the increase in excreted load.
However, it is possible that ureteroperitoneostomy itself may have
had a depressant effect on Na-K-ATPase concentrations which would

otherwise have been high.

1.4 THE CONTROL OF COMPENSATORY RENAL HYPERTROPHY

The mechanism controlling compensatory growth of the kidney is
unknown,., There are two principal theories :
(a) The Work Hypertrophy Theory

(b) The Humoral Theory.

1.4.1 The Work Hypertrophy Theory

This states that the stimulus to kidne.y growth in the renoprival
state is the need to carry out duties normally shared between two,
and that some early change in renal work might trigqger renal growth.
The study of kidney function following unilateral nephrectomy is
obviously of some importance to this theory. There is scanty
evidence of impaired renal function after unilateral nephrectomy,
and since intermittent function of nephrons is unlikely (Pitts, 1968)

the smaller number of remaining nephrons must work harder.



Renal Function after Uninephrectomy

Hartman and Bonfilio (1959) report that after uninephrectomy the
mouse kidney becomes visibly engorged and within one minute rat
glomeruli are hyperaemic. The blood flow to the solitary dog
kidney increases rapidly, rises 50 to 100% and remains elevated for
several weeks (Rous and Wakim, 1967). Glomerular filtrat;on rate
would be expected to increase immediately and it is easy to see how
an increase in the rate of flow of filtrate could be a stimulus to renal
growth. However, reported results are at variance. One difficulty
of measuring G.F.R. is that there is a 10% error (Pitts, 1968).
Therefore, early small changes cbviously are difficult to interpret.
Katz and Epstein (1967b) have shown that in rats over 250 gm. in
weight there is no change in G.F.R. or tubular reabsorption of sodium
until 3 days after unilateral nephrectomy. Of the original G.F.R. of
2 kidneys, 65% is restored at 3 days, 80% at one week and 88% at
2 -3 weeks, and at this time G.F.R. and tubular reabsorption of
sodium per gm. of kidney tissue are 27% greater than normal. During
the first few days there is an‘incx;ease in sodium excretion and urine
flow, the possible reasons for which will be discussed in a later
section.

Peters (1963), using rats of less than 250 gm., reports a
decreased reabsorption of sodium and water and increased excretion
of potassium within one hour of unilateral nephrectomy. He also
found that the G.F.R. increased within 2 houré; by 12 hours the

G.F.R. showed a 20% increase and Effective Renal Plasma Flow

i7.




(ERPF) showed a 12% increase. In dogs the GFR and ERPF shows a
100% increase in 24 hours and remains elevated by 50% for some
weeks (Rous and Wakim, 1967; Bugge-Asperheim an& Xi@, 1968a
and 1968};)).

It has been suggested that the early changes in renal function,
in regard to GFR, sodium and water excretion, are the result of
extrarenal regulatory mechanisms and that the later changes are due
to growth of the kidney (Malt, 1969). This will be discussed more

fully later.

Renal Function in Kidney Donors and Recipients

- Some aspects of renal function are more easily observed in human
beings than in animals. Kidney donors regain 70% of their original
total GFR and 65 - 80% of their original total ERPF; the greater part
of the increase occurs within the first week of operation. 80% of
the original ERPF is restored in young donors in their twenties, but
only 45 -70% of those over 50 years of age. The blood urea
nitrogen level rises from 13 to }.6 mgm. per 100 ml. in the early
weeks (Krohn, Ogden and Holmes, 1966; Donadio, 1967;

Flanigan et al., 1968; Ogden, 1967) . GFR, ERPF and the ability
to maintain sodium balance in the transplanted kidney have been
shown to be nearly identical to that of the donor's kidney (Blaufox,
1969). Thus, functional compensation occurs in both the recipient
and the donors of transplanted kidneys and is obviously independent
of nerve supply in the early stages, though the nerves do eventually

regenerate (Norvell et al., 1969).
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The time of onset of compensation is not settled, but a return of
74% of GFR and 69% of ERPF has been reported within one day,
though this observation was made on a single patient (Sugino et al., 1967).
Also, creatinine clearance was used to measure GFR and creatinine
is not merely passively filtered -but pfobably also aétively excreted
by the tubular cells; thus endogenous creatinine clearance is not a

true reflection of GFR in man (de Wardener, 1967).

Hayslett et al. (1968) have performed elegant micropuncture
studies in the rat which show how the compensations in sodium
and water reabsorption occur. Urine flow increases 60% at 2 weeks
after unilateral nephrectomy. Since the GFR almost doubles, sodium
reabsorption must increase to maintain_ homec-‘)stasis . The transit
time of the ultrafiltrate in the proximal tubule is uncﬁanged as
compared to controls; this means that reabsorption in this segment
does increase for the flow down the tubule is proportional to the 96%
increase in volume at this level at this time after uninephrectomy.
In the distal lcubule, however, transit time is increased 80%,
presumably due to lengthening of Henle's loop. The distal tubule
is doing more absorptive work per unit length. Gottschalk et al.
(1969) report that fluid inulin/plasma inulin ratio is constant at all
levels and glomerulotubular balance is maintained, and the rates
of delivery and reabsorption of sodium at any point in the tubules
change in proportion to the GFR. Malt (1969) reports that sodium
excretion increases progressively as renal tissue is lost, and that

the site of the control of sodium excretion is likely to be the distal
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tubule, although Bricker (1967) suggests that the site is the
proximal tubule. The possible mechanisms will be discussed in

another section.

The kidney expends about 80% of its energy in reabsorbing
sodium (Bricker, 1967), hence if the work hypertrophy theory is
considered, it is reasonable to suppose that most of the increased
work will be required to reabsorb sodium, and it is tempting to rel_ate
the reports on altered proximal tubular sodium reabsorption and
altered RNA metabolism. However, there is no evidence that the
alteration in RNA metabolism leads to new transport enzyfnes or
other cytoplasmic proteins required for sodium transport. Furthermore,
no change in tubular reabsorption of sodium occurs for 3 days after
unilateral nephrectomy whereas growtﬁ is well established by that

stage (Katz and Epstein, 1967b).

There is, however, some evidence for the Work Hypertrophy
Theory, and several workers have investigated the effects of
diverting urine to a site from which it would be absorbed and
re-excreted. Hartman‘(l 933), in the dog, found that an anastamosis
between urinary bladder and distal end of the ileum caused |
enlargement of the kidneys in the next 6 -8 weeks. Fortner and
Kiefer (1948) transplanted dogs' ureters to the duodenum and found
in some cases hypertrophy of the contralateral kidney. Bollman and
Mann (1935) found that growth of the renoprival kidney was increased
following transplantation of its ureter into the duodenum. However,

Block, Wakim and Mann (1953) found that transplantation into the
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duodenum did not cause increase in growth of the contralateral
kidney. There is apparently some clinical evidence to support the
claim that ureteric transplantation leads to renal hypertrophy. In
the treatment of severe disease of the bladde;" it may be necessary

to transplant the ureters. Uretero~sigmoidoscopy, i.e. transplantation
into the colon, leads to severe complications and marked enhrgement
of the kidney, but the cause of the renf;l enlargement is far from
clear. The urine is reabsorbed from the colon; the reabsorption of
urea causes a rise in the blood urea. It is claimed that the reabsorption
of chloricll%:/\iss important because they are absorbed at a faster rate
than sodium ions and this, with the absorption of ammonium ions
formed in the colon by the action of bacteria on urea, causes a
hyperchloraemic acidosis, i.e. that ureteral transplantation is
equivalent to a continuous infusion of ammonium chloride. Also,
there is an intractable pyelonephritis {de Wardener, 1967). Now,
there is no doubt that there is enlargement of the kidneys, but
whether the enlargement and the hypertrophy are a response to the
neéd to excrete more water, urea, sodium, chloride, hydrogen. or
ammonium ions or a compensation for tissue damage produced by
pyelonephritis is not clear. Acidotic coma occurring as a
complication is usually associated with an exacerbation of renal
infection (de Wardener, 1967). This fact must throw in doubt the
theory that the acidosis is due to accelerated chloride reabsorption,
although the acidosis alleviates in a few months and this is said to

be due to §otfmmand chloride being absorbed at the same rate.




Transplantation of the ureters to an isolated segment of ileum is not
accompanied by such marked enlargement of the kidneys; but
infection is less of a problem and the urine is in confact with the
mucosa for a shorter time. Thus the clinical picture in this case

does not explain the discordant results above.

Some workers have allowed the ureter to drain into the peritoneal
cavity., Mason and Ewald (1965) found enlargement of the
contralateral kidney. Goss and Rankin (1960) report no increase
in the mitotic index after ureteroperitoneostomy. Simpson (1961)
used 32P to measure DNA synthesis and found no increase on the
unqpera{ted side. In the previous paragraph the guestion which
could be raised against positive resulté is that they may be due to
infection. In the case of ureteroperitoneostomy, Royce (1963)
wondered whether irritation of the pe‘ritoneal cavity was the cause
of negative results -he obtained. He had noted inflammation of the
peritoneum in all of his test animals. He therefore introduced a
talc suspension into the peritoneum of animals which he unilaterally
nephre_ctomised; this completély inhibited compensatory growth in
the remaining kidney. It is possible, therefore, that the ff':lilure

of some of the above experiments was due to associated inflammation,

The effect of ureteral ligation has also been investigated. The
obstructed kidney shows hydronephrosis and an increase in weight
and mitotic index. The opposite kidney shows a slight increase in
weight and mitotic index (Hinman, 1943; Goss and Rankin, 1960;

Mason and Ewald, 1965).
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The importance of the results of the above is difficult to assess
because all the experiments are open to the criticism that the growth

obtained occurs in the presence of what may be a pathological state.

The Other main body of evidence advanced in favour of the work
hypertrophy theory is the response of the kidney to high protein diets.
Reader and Drummond (1925) found kidney hypertrophy after some
months in rats fed diets containing 45 to 90% caseinogen. Osborne
et al. (1927) found that high protein diets produced kidney
hypertrophy in as little as 8 days. M!‘:ﬂ'fciéy, BMQcKay and Addis
(1927) and Wlckay and M¥ckay (1931) found that the extent of the
hypertrophy varied directly with the protein content of the diet.
More recently, similar results were obtained by Konishi and Brauer
(1962). The liver responds similarly t‘o high protein diets but not
the spleen, adrenals, testis, thyroid, pituitary or seminal vesicles
(v} ckay et al., 1928; Campbell and Kosterlitz, 1950; Leatham,
1945),

The response to unilateral nephrectomy is greater in animals fed
a high protein diet (Moise and Smith, 1927; R4cKay, Addis and
M¥fekay, 1938; Reid, 1944; Konishi and Brauer, 1962). Konishi
(’1 962) showed that a high protein diet increases the mitotic response
to unilateral nephrectomy. Conversely, Mandel et al, (1950b) have
shown that a protein-free diet will decrease the response to
unilateral ﬁephrectomy. The kidney weight)RNA and protein
contents are decreased, although DNA content is not affected. As

might be expected from the response to a protein-free diet,
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starvation has a marked effect on the response to unilateral
nephrectomy. Kurnick (1955) found that in normal, unoperated rats,
starvation depresses total RNA and protein content after 2 -3 days,
but does not affect DNA content. Thus the célls are diminished in
size but not in number. Saceydotti (1896) found that starvation
inhibited the response to unilateral nephrectomy. Hall and Hall
(1952) confirmed this early finding. Williams (1962) found that

the mitotic activity in the renoprival state was depressed in faste_d
animals. Royce (1963) and Reiter (1965) report that, after unilateral
nephrectomy, the swrviving kidney does not increase in weight or in
DNA content if the animals are deprived of food and water. These
workers also found that food and water deprivation caused normal
kidneys to decrease in size and DNA content and conclude that,
when animals are unilaterally nephrectomised and deprived of food
and water, the two effects cancel out and the kidneys remain the
same size as before, Halliburton and Thomson (1967) and Halliburton
(1966) have investigated the effects of high protein diets and
starvation on the response to unilateral nephrectomy in rats. The
rise in RNA/DNA occurs whether or not the animal is starved, but
the rise in protein/DNA content is abolished in starved anim.als .
Malt and LeMaitre (1968) showed that in starved mice the increase
in RNA/DNA was the same as in fed animals but thatl the peak was
delayed from the second to the fourth day. Halliburton (;966)
found that high protein diets produced renal hypertrophy. He

found that a diet containing 45% casein produced a 15% increase in
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renal mass and a 23% increase in RNA/DNA over control animals,

He also found that the effect;s of a high protein diet were Simw-AR

to those of unilateral nephrectomy. Halliburton alsb found that a
diet containing 15% casein plus 40% gelatin produced a 60% increase
in renal mass and a 30% increage in RNA/DNA, i.e. gelatin has a
greater effect than casein on renal weight and composition. This
phenomenon had been noted pxéviously (Wilson, 1933)., Reid (1947)
found that whole proteins caused renal enlargement whereas

mixtures of amino acids sufficient to double the nitrogen intake did
not. Moore (1967) fed animals amino acids in the proportions and
quantities found in the gelatin diet described above and found only
50% of the response. This he found was almost wholly attributed

to glycine which, when making up 8% of the diet, produced a 25%
increase in renal mass and increased both RNA/DNA and protein/DNA
ratios.

It was originally claimed thét the effects of high protein diets
were due to increase in renal work required to excrete the additional
urea. It is now known thét urea is simply passively filtered by the
kidney (Pitts, 1968) and has no effect on renal workload. Osborne
et al, (1925) found kidney enlargement comparable to high p‘rotein
diets by feeding large quantities of urea. Further, the fact that
whole proteins are more effective than amino acid mixtures throws
further doubt on the hypothesis. Gelatin is known to increase the
GFR and was formerly used as a diuretic (Vogl, 1953) though it is

not known whether this has anything to do with its effect in




causing renal growth. It is also possible that the effect is not due
principally either to the quantity or the nature of the protein per se

but to some contaminant.

Another possibility is that the response to a high protein diet is
due to the extra acid which needs to be excreted. Sulphuric acid
would be produced by metabolism of cysteine and methionine
residues. Chronic metabolic acidosis produced by the addition of
ammonium chloride to the diet or drinking water has produced a true
growth of the kidney comparable to that of unilateral nephrectomy
(Lotspeich, 1967; Halliburton, 1966), although the RNA/protein
ratio is notl altered. Further, the effect was found by Lotspeich
to be additive to that of unilateral nephrectomy. Bignall et al,
(1968) report that in compensatory renal hypertrophy the surviving

kidney incorporates L-leucine at a faster rate than L-glutamine,

whereag in NH,

Cl acidosis the opposite is true. This suggests
that the mechanisms are not identical. Neither sodium bicarbonate

(Lotspeich, 1965) nor ammonium citrate (Lotspeich, 1965;

Halliburton, 1966) have any effect on kidney weight.

The effect of acidosis is intergasting and appears to support the
work hypertrophy theory, but one has to remember that the main
function of the kidney is to reabsorb sodium. Numerous workers
have investigated the effects of increasing the sodium chloride
content of the diet. Osborne et al. (1927) found no growth of the
kidney with a variety oﬁ salts in concentrations of up to 25%.

Allen and Mann (1935) fed sodium chloride in a concentration of

26,



15% by weight of the diet to unilaterally nephrectomized animgls with
no effect on kidney weight. . I—Iélliburton (1966) reports no effect
with a diet containing 33% by weight of NaCl. However, Goss and
Rankin (1960) found that substituting 1% NaCl for drinking water
produced kidneys with a higher }evel of cell division than control
animals at 5 days. They then nephrectiomized the animals and found
that the level of cell division in those given the salt in their drinking
water was lower than in those given normal drinking water, They
explain this by saying that in those given salt to drink hypertrophy
has already occurred and the response to unilateral nephrectomy is
correspondingly reduced., The reason for this does not seem to be
cleér. It is however interesting that solid NaCl has no effect

whereas salted drinking water does produce an effect.

Water has not been greatly investigated for its overloading
capacity. Zakharov (1961) injected 1 ml, of normal saline into
mice and 5 ml. into rats and noted a decrease in mitotic activity

in the kidneys 1, 2 and 3 hours later.

Thus, experimental work td ‘date on the work hypertrophy theory
does little to provide an indication of the control of compensatory
renal hypertrophy. The mechaniém of growth induced by high
protein diets remains obscure and none of the most obvious causes
seem satisfactory. The results with ammonium chloride are
encouraging but dé not seem to providethe key to the main
mechanism involved in compensatory growth. The effects of salted

drinking water, especially the fact that the response is not
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additive to that of unilateral nephrectomy suggests that compensatory
renal hypertrophy occurs as ,é response to disturbed salt and water
balance; however, the phenomenon requires further investigation;

as yet the only index of growth used has been the mitotic index and
a more thorough investigation of the effects of saline drinking water

on protein and nucleic acid metabolism would seem to be indicated.

1.4.2 The Possible Role of Humoral Agents

For many years now there has been a search in serum and tissue
extracts for factors which control growth in specific organs (Weiss,
1952; Te'u"_and lahtiharyii, 1961; Bullough, 1965). There is also
considerable evidence to the contrary; Alston and-Fhemsen (1966),
in a series of cross-circulation experiments on rats, found no

evidence for humoral mediation of liver regeneration.

Sacerdotti (1896) reported that serum from nephrectomised dogs
increased kidney size when injected into normal dogs. Cameron
and Kellaway (1927) injected kidney homogenates into unilaterally
nephrectomised guinea pigs, with no leffect on the extent of the
hypertrophy. However, Breuhaus and McJunkin (1932) found that
kidney homogenates injected into normal and nephrectomised
animals caused an increase in mitosis in both groups. Semenova

(1961) reported similar results in mouse kidney.

Saetren (1956) reported that injected kidney macerate inhibited
the respdnse to partial nephrectomy in the mouse and Steuart (1958)

found that kidney and liver homogenates both inhibited the response
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to removal of one kidney and half of the other one; the kidney
homogenate was the more potent. Stitch (1960) has also reported
inhibition of kidney growth with liver homogenate in unoperated baby
rats. These experiments are complex to interpret because of
possible effects on the animals® diet and general health. This was
illustrated by Williams (1962b) who found that injection of kidney
macerate spread o-ver the peritoneum depreésed the response to
unilateral nephrectomy but also diminished the animal's food intake;
starvation for the same time also depressed the response. Liver or
spleen macerates did not inhibit the response but did not affect the
animal's appetite. Roels (1965) found that injection of kidney
homogenates diminished the response to unilateral nephrectomy at

2 days, but noted no difference in body weights between test and
control animals. He therefore disagrees with Williams' opinion
that the result is due to technical complications, and believes the
results are due to a hormone produced by the renal cells and
controlling mitotic actiﬁty in the nephron; Unilateral nephrectomy
might produce a reduction in the concentration of this hormone and
thereby cause renal growth. This idea was first advanced as a

general cause of growth in damaged tissues by Bullough (1965).

Goss (1963a) performed a series of experiments with fresh,
cooked, frozen and trypsin dissociated kidneys which he injected
intra-peritoneally to nephrectomised rats. He found they reduced
the mitotic index by 50% but so did homogenatesc!{liver, testis,
s;ﬁleen and blood. These results provide no evidence of tissue -

specific growth regulating agents.




Attempts to demonstrate growth regulating factors in serum from
nephrectomised animals by passiye transfer of such serum to
recipient animals have also given contradictory results, Both Goss
(1963a) and Williams (1962) found no difference in the response to
unilateral nephrectomy. between rats injected with serum from other
nephrectomised rats and thoge injected with serum from sham
operated animals. These workers gave their animals one injection
each. However, Lowenstein and Stern (1963) gave their animals
(rats) 2 injections per day of 0.5 ml. serum for 4 days and reported
an increase in incorporation of 31—1 thymidine into the kidneys but
not the livér of normal animals receiving serum from nephrectomised
animals. These results suggest that it is difficult to transfer
sufficient of the supposed stimulating‘ hormone £:38 the recipient

E%the donor.

This difficulty can in theory be overcome by using parabiotic
animals, Steuart (1958) combined rats in threes to make up
parabiotic "triplets” and bilaterally nephrectomised each of the
outer 2 animals. He reported that this resulted in a burst of
mitotic activity in the intact animal. More recently, Kurni‘ck and
Lindsay (1968) and Johnson and Vera Roman (1968) report failure to
demonstrate a humoral agent in parabiotic pairs, although Kurnick
and Lindsay believe that such a factfexists. Thepe experiments
are difficult to interpret because of the small number of animals

used and the possibilities of incomplete mixing of the circulations.
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A special case of parabiosis is that between mother and foetus.
Goss {(1963b) found no evidence of compensatory renal hypertrophy
in foetal kidneys 2 days after unilateral nephrectomy of the ﬁother,
berformed on the 19th davy of gestation. Thi;.s negative result may
be due to the fact that the foetal kidneys were already growing
maximally; alternatively the humoral agent may not cross the
placenta.

There are 2 reports of stimulation of growth of kidnesf{‘"cells
growing in tissue culture being stimulated by serum from nephrectomised
animals. Ogawa and Nowinski (1958) found that nephrectomy serum
added to foetal kidney cells growing in tissue culture gave mitotic
activities twice as high as normal serum. The factor was tissue-
specific but not species-specific as it also affected puppy kidney
cultures.. Lowenstein and Lozner (1966) also found evidence of such
a factor. The measured isptope incorporation into DNA in foetal
kidney cultures inoculated with serum from unilaterally nephrectomised
rats and report an increase in isotope incorporation between these

cultures and those inoculated with serum from sham operated animals.

Malt (1969) believes that a growth promoting.factor.exists in.serum
and that it may be released from the kidney. Bump and Malt
(unpublished data) have diverted the renal outflow of one kidnéy
directly to the liver and found no change in RNA/DNA in either kidney
during 2 weeks of observation. He concludes that either the factor is
completely and promptly inactivated by the 1i\/;er or it is independent

of hepa‘éic inactivation.



a It has been suggested that the lymphatic system has a role in
the control of compensatory renal hypertrophy. Fox and Wakim (1968)
suggested that a humoral agent may act indirgctly on the kidney by
preventing differentiation of lymphocytes in the regional lymph nodes
and thus inhibiting the manufacture of proteins that limit growth by a
feedback mechanism. This theory is disputed for several reasons;
firstly, compensatory renal hypertrophy occurs during intensive
immunosuppression (Malt, 1969); secondly, compensatory growth
is normal in mice with neonatal thymectomy and immature lymphatic
systems (Bump and Malt); thirdly, compensation begins too fast
for all the postulated steps if the control is to be regulated via a

lymphocytic intermediary.

Other more specific substances have been suggested as affecting
renoprival growth. Royce (1967) suggests RNase; as previously
stated, this enzyme has been reported as increased in kidneys
undergoing compensatory growth and it can easily be seen how it
might affect RNA metabolism and so unbalance control mechanisms.
Royce {1968) has also identified an abnormal e ~globulin in the
serum of bilaterally nephrectomised rats one hour after operation,
and this may play some part in controlling the process, but its

presence has yet to be proved after uninephrectomy.

In conclusion, therefore, the evidence for a humoral control of
compensatory renal hypertrophy is by no means conclusive, although

there is sufficient evidence to warrant further investigation.
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1.4.3 Endocrine Effects on Compensatory Renal Hyperirophy

The extent to which the endocrine glands affect compensatory
renal hypertrophy has, with most of the other aspects of the
investigation of this phenomenon, given rise to some controversy.
However, the role of the pituitary has been fairly definitely
established. Fogelman and Goldman (1966) showed that in
hypophysectomised rats the response to contralateral nephrectomy
is scarcely different from normal in the first 48 hours, but soon
declines. The profound inhibition in compensatory growth over
the long-term is due mainly to lack of Growth Hormone (GH)
(Astarabadi, 1962a). Hypophysectomy reduces kidney size in two
ways : it results in a loss of kidney weight relative to body weight;
it also results in a cessation of growth of the animals (Rolf and
White, 1953). Since the decline in body weight secondary to
hypophysectomy, but not all the decrease in renal weight is prevented
by growth hormone, there may be another pituitary hormone responsible
for the maintenance of renal weight. The loss of renal weight after
W})f@nnot be prevented by feeding a high protein diet
(ieatham, 1945) and even if a rat is force~fed sufficient nutrients to
prevent weight loss, renal mass remains depressed (Levin, ‘1944) .
Following unilateral nephrectomy there is an increase in thymidine
incorporation in the pituitary (Nakamura, 1964) and an increase in
acidophil cell number (Findley and Davis, 1956). This sﬁggests

reorganised pituitary function following unilateral nephrectomy.
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Other pituitary hormones affect the compensatory process.
Antidiuretic Hormone (ADH) produces a slight increase in mitotic
activity, but if given in conjunction with a saline infusion there
is a 40- to 50~fold increase in mitoses (Reiter, 1969; Devenyi,
1964). Hay (1946) showed that a purified thyrotrophic substance
from the anterior pituitary increased kidney size in normal and
hypophysectomised rats. Thyroxine increases kidney weight
(Selye et al., 1945), they’ mitotic index (Pisi and Cavalli, 1955)
and they protein and RIJA content (Mandel and Revel, 1958).

Thyroidectomy restricts renal growth though thiourea in drinking
water doesl not (Reiter, 1969). Following unilateral nephrectomy
columnar cells in the thyroid enlarge and follicles are depleted

of colloid (Nakamura, 1964).

Adrenocorticotrophic hormone (ACTH) on the other hand has no
effect on kidney weight and histology (Simpson, Li and Evans,
1946), and has no effect on the changes induced by hypophysectomy
(Astarabadi, 1962b and 1963g: McCreight and Reiter, 1965). The
effect of adrenalectomy on compensatory renal hypertrophy was in
disagreement until Goss (1965) showed that previously contradictory
results (Goss and Rankin, 1960; Williams, 1962; Astarabadi, 1963)
were due to variations in salt intake. Goss (1965) showed that
adrenalectomy diminished the response if the animals were given
water to.drink, but had no effect if they were given saline drinking
water. This has since been confirmed (Reiter and McCreight, 1965).

It appears that an adequate sodium level is essential for



compensatory renal hypertrophy to occur and that the imporiance of
the adrenals to the process is that the mineralocorticoids which
they produce promotes sodium retention. The injection of
deoxycorticosferone acetate has been shown to increase kidney
weight and mitotic index (Ludden et al., 1941; Goss, 1965), and
enhance thymidine incorporation in intact rats (Mdraski, 1966).
Castles and Williamson (1965) report that aldesterone increases

RNA synthesis.

Several other steroid hormones exert an effect on compensatory
renal hypertrophy. Cortisone acetate has been shown to inhibit
completely the process (Goss and Rankin, 1960). The sex hormones”
exert an effect; if unilateral nephrectomy is performed before
puberty in mice, the response shows more hyperplasia than if the
operation is performed after puberty (Malt, 1969). In male mice,
castration reduces renal weight (radial et al., 1967; Kassenaar
et al., 1962), but oophorectomy has no effect on female rat kidneys
(Malt, 1969). Nortestosterone abolishes the effect of castration
on compensatory renal hypertrophy (Kassenaar et al., 1962; Fadial
et al., 1967), and iln(intact animals injection of nortestosterone
increases the kidney size and the rate of amino acid incorporation.
(Kassenaar et al., 1962). Castrated mice do show some degree of
compensatory growth, but RNA increases as kidnexlr weight increases
rather than at a faster rate as in normal mice or castrates receiving

A,
nortestosterone (]”eling)% 1964), Schaffenburg and McCullough
(1953) report that large doses of oestrogens given to male | mice

have a significant depressant effect on compensatory growth following
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unilateral nephrectomy and Shimkin et al. (1963) report a reduction
in renal weight relative to body weight in male mice receiving a

single injection of oestrogen.

There is no doubt, therefore, that many of the hormones secreted
by the endocrine glands play some part in the control of compensatory
renal hypertrophy. All the hormones discussed in the precejding
paragraphs, except AﬁH, exert an influence on many aspects of an
animal's metabolism, affecting most tissues and organs and, while
the presence or absence of some of them has been shown to affect-
the extent of compensatory process, none is absolutely essential for

its occurrence.

1.4.4 Extraordinary Influences on Kidney Growth

Prom time to timé during the many years that compensatory growth
of the kidney has been studied, various phenomena which are
associated with growth of the kidney have come to light. Some of
these may be related to the events occurring following removal of one

kidney from an animal.

Argyris and Trimble (1964) have studied the effects of mild degrees
of tissue darﬁage. They report that minor degrees of damagé to
mouse kidney produces both ipselateral and contralateral inérease
in mitotic index. In the male mouse, sham operation produces a 5-
fold increase in mitoses 2 days later and cortical damage to one
kidney produced by needle puncture results in an 11 -fold increase

in mitotic indéx in the contralateral kidney.
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Benitez and Shaka (1964) report that unilateral ureteral ligation

evokes no mitotic response in the opposite kidney in the first 3 davys,

although there is an increase in mitoses in the obstructed kidney:
Paulson and Fraley (1969) report a decrease in polyribosomes in

acutely obstructed mouse kidney.

Other workers have sought a relationship between kidney growth
and the regulation of blood pressure. Masson and Hirano (1969)
found that unilateral renal artery occlusion produced contralateral
hypertrophy only if the ligated kidney became atrophic. However,
Lytton et al. (1968) report that ipselateral ischaemia at the time of
contralateral nephrectomy produced a kidney which was 25% hea'\}ier

than nephrectomy alone produced.

Reiter (1968) has investigated the effects of cold exposure on
the renal mass in hamsters. He found that hamsters kept at
temperatures between 4OC and 7OC showed marked hypertrophy of
the kidney, and tﬁat the effect was additive to that of unilateral
nephrectomy, in that there was a small effect due to cold exposure.
Of course, the hamster is a hibernator and water-conserver (Reiter,
1969). Cold exposure also activates the thyroid and Johngon (1969)
has shown that at this temperature in rats there is a marked increase
in the BMR, and feels there may be also an increase in cardiac
output and GFR. It may be that one of these associated phenomena

is the cause of the renal hypertrophy which occurs.
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Nervous and physical stimuli were investigated by Allen and Mann
(1935). 1In the rabbit they noted that renal decapsulation and contra-
lateral nephrectomy results in 40% increases in response at 6 months.
Halliburton (1966) studied the effects of renal decapsulation at a
shorter interval (48 hours) in the rat. He found no difference in the
compensatory response in animals which occurred after unilateral
nephrectomy as a result of decapsulation of the remaining kidney.
Clearly, therefore, the presence of a capsule on the kidney has no
effect on the extent of the combensatory response in the short time
interval. These investigators also studied the effect of renal
denervation on the compensatory response in the rabbit and again
reported an increase. However, the presence of compensatory
growth in dene;vated transplanted kidneys has virtually disposed

of the renal nerve supply as an important stimulus to compensatory

renal hypertrophy.

Ee
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Threlfall et al. (1967) and Threlfall (1968) in the rat and Bagerga
et al., (1968) in the mouse report on the effects of folic acid injection
on growth of the kidney. Injection of 5-50 mgms. of folic acid
produces the greatest known growth respohse in the kidney. Malt

(1969) reports that an injection of Vitamin B,, has the same effect.

12
In the rat kidney RNA conterft increases by 50% in 24 hours and
doubles by 4 days. DNA rises toa maximur; of 70% greater than
normal in 3-4 days; this rise in DNA is precegded 5y a doubling of
RNA polymerase. After 36 hours the 1abe§,1ing §f DNA and the

number of cortical mitoses increases 16 times. In contrast with
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u‘nilateral nephrectomy only, the wet weight increases during the first
day; thereafter both wet and dry weights increase by 60% and 30%
respectively; also in contrast with events occurring after unilateral
nephrectomy there is a marked increase in medullary mitosis. In

the mouse DNA synthesis is increased by 20 hours, reaching a peak
at 30~60 hours, by which time there is a 100-fold increase in mitoses.
The effect is additive to that of unilateral nephrectomy in the rat

(Threlfall et al ., 1967).

The explanation for these cﬁanges in nucleic acid synthesis is
not clear. 1If it were ever shown that the ef.fect was pteridine-
induced, this would be of immense value in the study of the control
of nucleic acid synthesis. However, there is no evidence for this.
On the other hand, most workers believe that the effect is purely a
mechanical one. The early increase in wet weight and the increase
in medullary mitosis, coupled with the production of similar effects
by the intratubular precipitation of uranyl nitrate crystals {Taylor et
al,, 1968) and the finding that after injection of folic acid precipitates
occur in the tubules (Bazerga et al., 1968; Taylor et al., 1968) would
suggest that the experimental model is that of an acutely obstructed

kidney.



1.5 THE SITUATION IN 1967

Much of the work reviewed in the preceeding paragraphs has
been published between 1967 and 1969, and muost of it, notably
that of Malt and his¥ co-workers in Boston, is of great value in
clarifying the earliest changes in the kidney remaining following
contralateral nephrectomy. However, in spite of this, the
control mechanisms remain obscure and it seems necessary to
look at various theoretical possibilities and some of the changes
which might possibly occur following unilateral nephrectomy in
an attempt to arrive at a reasonable hypothesis to explain the

phenomenon of renoprival compensation.
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SECTION 2

MATERIALS AND METHODS
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2.1 GENERAL

2.1,1 Animals_

Adult albino male rats from the departmental colony were used
in almost all experiments. Their body weights were between 120
and 260 g. During experimeﬁts they were caged individually at
2600 and were fed ad libitum on stock diet (Table 2), except during
dietary experiments when they were fed measured quantities of diet
at regular times. They were allowed free access to water at all
times.

In a few experiments, rabbits were used. These were adﬁlt
Dutch strain animals, with body weights ranging from 1.6 kg. to
2.5 kg. These were housed individually and fed ad libitum on

stock diet with free access to water at all times.

2.1.2 Isotopes

Isotopes were obtained from the Radiochemical Centre,
Amersham, Tritiated L-leucine labelled at position 4 and 5 (Code
No. TRK 170), 140 Adenine, labelled (Code No. CFA 219) were

. . o}
used in most experiments. Both isotopes were stored at -10 C

until required.

2,1.3 Diets

Dariy/
Halliburton (1966) reports that 15 g. of stock diet.is sufficient

food intake for rats of 150-200 g. body weight. The composition of
stock diet (Diet 41, Bruce and Parkes, 1949) is given in Table 2.

In dietary experiments, synthetic diets were used; the composition
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of these is given in Tables 3-9. The calorie intake was controlled
- to provide 1,450 calories per square metre of body surface per day
iﬁ ordér to maintain nitrogen balance (Munro and Naismith, 1953).
The.body surface was computed from the formula S =12.54 x WD'60
sq. cm, where S is the body surface area and W the body weight
(Lee, 1929). Consequently the animals were offered 15 g. of food

per day, 7 g. at 10 a.m., initially after a 17-hour fast, and 8 g. at

4 p.m. All animal weights recorded were taken at 10 a.m.

2.1.4 Slirqical Procedures

2.1.4.1 Unilateral Nephrectomy

' Anaesthesia : Ether. Animal : Rat

Right unilateral nephrectomy was performed via a lumbar incision.

After shaving, the skin and peritoneum were opened and the kidney
manipulated through the incision, decapsulated and the pedicle
ligated with cotton thread 5 mm:, from the kidney. The peritoneum
Was' closed with a continuous cotton suture and the skin with
interrupted sutures. The kidney was washed in water and blotted
on filter paper, weighed on a torsion balance and stored in the
frozen state at -7OOC . In sham operations, the kidney wa\s
manipulated through the incision, handled for a length of time
equivalent to that required for excision, returmed to the peritoneal

cavity and the wound closed as before.
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2.1.4.2 TUnilateral Nephrectomy and Partial Hepatectomy

BAnaesthesia : Ether Animal : Rat
After shaving the skin, a midline abdominal incision was made
just below the xyphoid process and the entire median _1obe of
the liver delivered through it. A loop of cotton thread was passed
over the entire lobe and tightened. The lobé was then.excised.
The abdominal wound was closed in layers. Unilateral nephrectomy;
was then performed through a lumbar incision as previously

described (2.1.4.1). . -

2.1.4.3 TUnilateral Nephrectomy and Contralateral Renal Denervation

Anaesthesia : Induction - intravenous pentobarbitone
(Nembutal) BP 0.75 ml/Kgm injected into

the ear vein.
Maintenance - ether

Sterility : Full sterile precautions {gown, mask,

gloves, sterile instruments and sutures).
Animal : Rabbit

Via a mid-line abdominal incision the left kidney was located and
stripped of fat. All visible nerve fibres were cut and the fascial
sheath stripped from the renal artery from the hilum of the kidney
to the ;)rigin of the artery from the aorta. The fat was stripped from
the upper 2 cm: . of the ureter and all visible nerve fibres divided.
The aorta was then stripped of all nerve fibres surrounding it for 1 cm.
on either side of the origin of the renal artery. Care was taken not
to damagé the adrenal glands during this procedure {(Allen and Mann,

1935).
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The right kidney was now located, stripped of fat and the capsule
removed. The pedicle was ligated with silk suture 1 cm./from the
hilum and the pedicle divided. Packs used to displace were now

removed and the wound closed in layers with silk sutures.,

2.1.4.4 The Measurement of Carotid Blood Pressure

Anaesthesia : Pentobarbitone (Nembutal) BP
0.5m!l-. 1 in 5 dilution injected

intraperitoneally. -

Manometer : The manometer consisted of a length of
fine polythene tubing‘taped to a vertical
board to form a U, open at one end and
partially filled with mercury; the length
of tubing between the mercury and the
end to be inserted into the carotid artery
was filled with heparinized saline

(prepared by mixing 0.5 mls. of heparin

BP 1000 iu/ml, and 4.5 mls. normal saline).

Animal : Rat

The neck was shaved and an incision made along the right lateral
aspect of the trachea and the right carotid artery was located and
exposed over a length of 1.5 cms . Proximally a small clip was used
to clamp the artery. Distally a loop of thread was placed 1‘mder the
artery aﬁd by gentle traction on this loop the artery was kept slightly
stretched. Using watchmaker's forceps, the fascial sheath was
stripped from the artery and then, using fine scissors, with the aid
of a binocular magnifying lens, the artery was incised but not

completely divided. The free end of the polythene tubing was
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inseried into the artery and pushed proximally, then tied in place
with a suture round the artery. The fine clamp was now released
and blood pressure recorded.
B.P., = Alteration of height of mercury column x 2 mmlé/.Hg.
Unilateral nephrectomy was now performed as described previously
and the blood pressure again recorded. Serial feadings were made

for 30 minutes and the animal sacrificed.

2.1.4.5 Withdrawal of Blood Samples

Venous: Anaesthesia : Ether Animal : Rat

The neck was shaved and opened over the jugular vein and
samples withdrawn with a syringe and needle. The wound was
closed with cotton sutures.

Animal : Rabbit
The ear vein was nicked with a scalpel, with anaesthesia, and

the blood collected into a test tube.

Arterial: Anaesthesia : FEther Animal : Rat

The abdomen was opened with a left paramedian incision, the
stomach and spleen displaced to the right and blood was withdrawn
with a syringe and needle from the aorta just below its exit-from the

diaphragm. The animal was then sacrificed.

2.1.4.6 Injection of Urea Saline Mixture

Anaesthesia : Trilene Animal : Rat
The mixture was injected into the tail vein as described by

Thomson (1970).



2.1.5 Tissue Dry Weight Analysis

This was estimated by weighing the tissue on a previously
weighed watch glass, mincing it with scissors and re-weighing

after 3 days in an incubator at 700(3 .

2.1.6 Statistical Analyses -

These were performed according to Snedecor (1949). Where
P is used, it is in the conventional sense, e.g. P{ 0.0l indicates

a significar'lce' at the level of 1%.
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TABLE 2

ANALYSIS OF DIET 41 (BRUCE AND PARKES, 1949)

Protein 13.7%

Fat 3.5%
Carbohydrate - 49.0%

Fibre 1.5%
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TABLE 3

COMPOSITION OF SEMI-SYNTHETIC DIETS

The physiological calorie V’PUHJLQ,S t3 of the substances used

in the diets are :

Protein ' 4 calories per gram
Carbohydrate 4 calories per gram
Fat . 9 calories per gram
V.M.R.* 3.5 calories per gram
Amino acids 4 calories per gram
Citrate 2.8 calories per gram
Inorganic salts 0 calories per gram

The diets used had a calorie equivalent of 4.18 calories per gram.
Animals were offered 15 g. of food per day; where inorganic ions
were added to the diet, the quantity offere