
Vol. 85 CATIONS AND ACID MUCOPOLYSACCHARIDES 351

Meyer, K., Davidson, E. A., Linker, A. & Hoffman, P.
(1956). Biochim. biophy8. Acta, 21, 506.

Muir, H. M. (1961). Symp. biochem. Soc. 20, 4.
Overbeek, J. T. G. (1956). Progr. Biophy8. biophy8. Chem.

6, 58.
Overman, R. T. & Clark, H. M. (1960). Radioisotope

Techniques, p. 330. New York: McGraw-Hill Book
Co. Inc.

Park, J. T. & Johnson, M. J. (1949). J. biol. Chem. 181,
149.

Rothmund, V. & Kornfeld, G. (1918). Z. anorg. Chem. 103,
129.

Sandell, E. B. (1950). Colorimetric Determination of Traces
of Metals, p. 425. New York: Interscience Publishers Inc.

Schubert, J. (1952). J. phys. Chem. 56, 113.
Schubert, J. (1956). Meth. biochem. Anal. 3, 247.
Sobel, A. E. (1955). Ann. N.Y. Acad. Sci. 60, Art. 5, 713.
Strauss, U. P., Woodside, D. & Wineman, P. (1957).

J. phy8. Chem. 61, 1353.
Wolfrom, M. L. (1958). In Polysaccharides in Biology,

Trans. 4th Conf., p. 115. Ed. by Springer, G. F. New
York: Josiah Macy, Jun. Foundation.

Yule, G. U. & Kendall, M. G. (1945). An Introduction to the
Theory of Statistics, p. 315, London: Griffin and Co. Ltd.

Biochem. J. (1962) 85, 351

A Comparative Study of Nicotinamide Nucleotide Coenzymes
during Growth of the Sheep and Rat

BY P. CAIGER AND R. K. MORTON
Department of Agricultural Chemistry, Waite Agricultural Research Institute, University of Adelaide

AND 0. H. FILSELL AND I. G. JARRETT
C.S.I.R.O. Division of Biochemistry and General Nutrition, Adelaide, South Australia

(Received 6 April 1962)

Although observations have been made on the
concentrations of nicotinamide nucleotide co-
enzymes in the tissues of a number of laboratory
animals, there appears to be no information on the
concentration of the oxidized and reduced forms of
these substances in ruminant tissue.
Many aspects of carbohydrate metabolism in the

adult sheep differ from those in monogastric
animals (see Lindsay, 1959), and differences in
enzyme patterns have been shown to exist between
lamb, adult-sheep and rat tissues (Jarrett & Filsell,
1958; McLean, 1958a; Gallagher & Buttery, 1959).
Moreover, the metabolism of a young lamb more
closely resembles that of a non-ruminating animal
than that of an adult sheep, which relies largely on
lower fatty acids for its energy requirements
(Jarrett & Potter, 1952, 1953).
The quantitative significance of glucose in the

metabolism of mature ruminants and the inter-
relationships between glucose and lower fatty acids
has still to be elucidated (Lindsay, 1959; Jarrett &
Filsell, 1961). Since nicotinamide nucleotide co-
enzymes are required for both oxidative meta-
bolism and reductive syntheses, further informa-
tion is required on the supply and demand for
these coenzymes in ruminants that use acetate
both for oxidative metabolism and for lipogenesis
(see Lindsay, 1959; Annison & Lindsay, 1961).
The rate of synthesis and the cellular concen-

trations of nicotinamide nucleotide coenzymes in

the liver increase considerably during growth of
the mouse and rat (Branster & Morton, 1956;
Morton, 1958; Dawkins, 1959), and appear to be
closely related to the rate of cell division (Morton,
1961). Similar information with respect to rumi-
nants has not been available.
The concentrations of both oxidized and reduced

nicotinamide nucleotide coenzymes in the livers of
lambs and sheep, and of young and mature rats,
have now been measured. The results are discussed
in relation to the growth and changes in metabolism
of these animals.

EXPERIMENTAL

Enzyme preparations
I8ocitrate dehydrogena8e. This was prepared from pig

heart (Graflin & Ochoa, 1950); the ammonium sulphate
fraction obtained between 50 and 60% saturation was dis-
solved in 0 04M-sodium potassium phosphate buffer,
pH 7-4, dialysed against the same buffer for about 8 hr. at
0° and then stored at -15°.

Gluthathione reducta8e. This was prepared from dried
peas (Kaplan, Colowick & Neufeld, 1953); the ammonium
sulphate fraction obtained between 40 and 60% saturation
was dissolved in 0-lm-tris-HCl buffer, pH 7 5, and stored
at - 15°.

Alcohol dehydrogenase. A 1% (w/v) solution of the
crystalline enzyme (C. F. Boehringer und Soehne, Mann-
heim, Germany) was used.
Enzyme 8pecificity. Under the conditions of assay used
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(see below), these dehydrogenase preparations were shown
to be sufficiently specific for reliable estimation of each
coenzyme in a mixture of NAD, NADH2, NADP and
NADPH2.

Other material8. Oxidized gluthathione and sodium iso-
citrate (containing 42% of the D-isomer) were obtained
from Sigma Chemical Co., St Louis, Mo., U.S.A.

Animale
Four Merino ewes, age 3 years, and four groups of wether

lambs, ranging in age from 4 days to 8 weeks, were obtained
during the months of August to October. The sheep had
been grazing on an improved mixed pasture and the lambs
had been running with their dams in a separate area on the
same type of pasture.

Albino rats ranging in age from 4 to 28 days and a group
of 7-month-old rats (500-600 g. body wt.) were used: these
had been fed on a commercial preparation containing
wheat (45%), oats (40%), fish meal (8%), dried yeast
(1%), dried skim milk (5%) and NaCl (1%). Each ton of
the cubes contained a supplement ofvitamin A (8 x 106 i.u.),
vitamin D3 (2 x 106 i.u.), vitamin E (2500 i.u.), riboflavin
(3 g.), thiamine hydrochloride (1 g.), vitamin K (1 g.),
pantothenic acid (1 g.), nicotinic acid (5 g.), choline
chloride (50 g.) and vitamin B12 (6-8 mg.).
The sheep and lambs were removed from their source of

food about 2 hr. and the rats about 30 min. before
slaughter.
Sampling procedure. The animals were killed by severing

the neck and cervical cord and the livers were removed
within 30 sec.; livers from the young rats were pooled
from groups of animals at the various ages. With sheep and
lambs, a number of slices (approx. 5 mm. thick) were taken
from each lobe; with rats the whole liver was sliced. The
final sampling was done by rapidly chopping the slices into
small pieces (2 mm. cubes) and thoroughly mixing the
chopped material. Weighed portions were then taken for
the estimation of nicotinamide nucleotide coenzymes,
nuclear count, dry weight and total nitrogen. A standard-
ized time-schedule was used and the extraction of both
oxidized and reduced nicotinamide nucleotide coenzymes
was commenced within 3 min. of the death of the animal,
except with the pooled livers when the time was extended
by 2-3 min.

Extraction and assay of coenzymes
Extraction procedures were based on those ofJacobson &

Kaplan (1957); the oxidized and reduced coenzymes were
extracted simultaneously from separate samples of the
tissue. The concentrations of each of the coenzymes in the
appropriate extract were estimated from the changes in
extinction at 340 m,. after specific enzymic oxidation or
reduction (see Ciotti & Kaplan, 1957). Extinction changes
were measured at regular intervals and the reaction was
considered to be complete when no further change was
observed during a 5 min. period; the amount of enzyme
added was sufficient to ensure complete oxidation or
reduction in about 10 min. at 250. All assays were com-
pleted within 5 hr. of the death of the animal.

Oxidized nicotinamide nucleotide coenzymes. Approx. 1 g.
of tissue was weighed and homogenized at 2000 rev./min.
for 2 min. in 15 ml. of ice-cold 0-5M-trichloroacetic acid
with a Potter-Elvehjem glass homogenizer and Teflon

pestle (A. H. Thomas and Co., Baltimore, U.S.A.). The
homogenizer was rinsed with 5 ml. of 0 5M-trichloroacetic
acid and the volume of the combined suspension was
measured. The clear extract obtained by centrifuging at
2500g for 5 min. at 20 was used for assays.

For NAD, each cuvette (4 cm. light-path) contained 2 ml.
of tissue extract and 3 ml. of a solution containing 94 mg.
of glycine, 50 mg. of NaOH and 0-15 ml. of ethanol; the
final pH was about 9 5. The coenzyme was reduced by the
addition of 0-025 ml. of alcohol-dehydrogenase solution.
For NADP, each cuvette (4 cm. light-path) contained 2 ml.
of tissue extract, 3-5 ml. of 0 3M-tris, 0-1 ml. of 50 MM-D-
isocitrate and 0-1 ml. of 0.1M-MgCl2; the final pH was 7-5.
The coenzyme was reduced by the addition of 0-02 ml. of
isocitrate-dehydrogenase solution.

Reduced nicotinamide nucleotide coenzyme8. Approx. 1 g.
of tissue was weighed and homogenized at 2000 rev./min.
for 2 min. in 15 ml. of 0 1 M-Na2CO3 in a Potter-Elvehjem
homogenizer in a bath of boiling water. The homogenizer
containing the carbonate solution was preheated in the
same bath for 10 min. The Teflon pestle of the homogenizer
was machined to give a clearance when hot equal to that of
the homogenizer used in the extraction of oxidized co-
enzymes.
The extract was immediately poured into a polythene

bottle in liquid nitrogen, the homogenizer was rinsed with
5 ml. of 0-1 M-Na2CO., and the rinsings were combined with
the homogenate. The extract was thawed, adjusted to
pH 7-5 with 1Oim-maleic acid (approx. 0-6 ml.) and the
volume measured. The homogenate was shaken with 2 ml.
of liquid paraffin (British Drug Houses Ltd.) to assist in
the clarification of the extract, and then centrifuged at
60000g for 30 min. at 20. The clear aqueous layer was used
for assays.
For NADH2, each cuvette (1 cm. light-path) contained

2 ml. of the tissue extract, 1 ml. of 0 2M-tris-HCl buffer,
pH 7 5, and 0-025 ml. of 0-5m-acetaldehyde. The coenzyme
was oxidized by the addition of 0-025 ml. of alcohol-
dehydrogenase solution.
For NADPH2, each cuvette (1 cm. light-path) contained

2 ml. of the tissue extract, 1 ml. of 0 2M-tris-HCl buffer,
pH 75, and 0-2 ml. of 01 M-oxidized glutathione. The
coenzyme was oxidized by the addition of 0-02 ml. of
glutathione-reductase solution.

Other procedumre
Counting of nuclei. Approx. 1 g. of tissue was weighed

and homogenized in 9 ml. of ice-cold 0-85% NaCl (adjusted
to pH 7-2 with 0 2m-Na2HPO4), and the nuclei in a suitably
diluted portion of the homogenate were stained and counted
in a haemocytometer as described by Yokoyama, Wilson,
Tsuboi & Stowell (1953); at least 3000 nuclei were counted
in each sample. DNA was extracted by Schneider's (1945)
method and estimated by a modification of Webb & Levy's
(1955) method in which N-NaOH saturated at 20° with
trisodium phosphate was used to develop the colour.
Phosphorus was determined by the method of Allen (1940).
With pooled livers from two groups of 28-day-old rats the
values were 219 and 304 jug. ofDNA phosphorus/g. fresh wt.
These samples contained 313 x 106 and 359 x 106 nuclei/g.,
corresponding to values of 0-70 x 10-12 and 0-85 x 10-12 g. of
DNA phosphorus/nucleus respectively, which is in good
agreement with published values (see Davidson, 1960). This
indicates that reliable counts of nuclei were obtained.
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Dry weight. Chopped tissue (approx. 2 g.) was weighed

before and after drying at 960 for 48 hr.
Nitrogen. Material used in the determination of dry

weight was analysed by a micro-Kjeldahl procedure.

RESULTS

Estimation of nicotinamide nuceotide coenzymes
in liver tissue. The methods of extraction and esti-
mation of coenzymes used in this work were based
on studies by a number of previous workers (see
the Experimental section). The use of sodium
carbonate solution gave a less-coloured extract,
more suitable for spectrophotometry, than one

obtained with sodium hydroxide. The specific
enzymic reactions used in conjunction with
spectrophotometric procedures were of adequate
sensitivity for the determination of each of NAD,
NADH2, NADP and NADPH2 in the livers of
individual animals, except for young rats for which
it was necessary to pool livers. Table 1 compares

the values for livers of adult rats with pertinent
values obtained by other workers. The concentra-
tions of the four coenzymes in the present study
fail within the range of values reported by other
workers.

Concentrations of nicotinamide nucleotide co-

enzymes in livers of sheep and rats. Table 2 shows
the concentrations of nicotinamide nucleotide co-

enzymes in the livers of sheep and rats of various
ages, together with the corresponding values for
body wt., liver fresh wt., liver dry wt., nuclei/g.
fresh wt. of liver and nitrogen/g. fresh wt. of liver.
An analysis of variance was carried out on these
results and showed little significant difference in the
concentrations of coenzymes between any of the
groups of lambs. However, there was a twofold
rise in the concentration of total coenzymes from
the lower levels characteristic of the young lambs
to those found in adult sheep (mean value 1031 ,um-
moles/g. fresh wt.).

Differences were found in the other parameters
determined. The percentage dry wt. of the livers
and total nitrogen/g. of liver of both lambs and
rats increased during development. The number of
nuclei/g. fresh wt. differed little in any of the
groups of lambs but the number was greater than
that found in the livers of adult sheep. In young
rats there were almost twice as many nuclei/unit wt.
of liver as in the adult.

Total amounts of nicotinamide nucleotide co-

enzymes in livers of sheep and rats. From the results
in Table 2 values for number of nuclei and amounts
of coenzymes in the whole liver of each animal were
derived. Regression analyses were carried out on

those variates deemed to be relevant to this investi-
gation. It was necessary to take logarithms of both
the dependent and determining variates to produce

23

Q)

0

P..b

.s

0)

Q

0)

4.)

0

Etq

O* *4

Co¢- X

C:;

C- 10 C- -
¢ tc-

z

4.

-

0)

d

¢
N

m c

m

fq

e

¢ 10 Co 10

aqeDQ s s
O D10 1e0

P-

¢xo CoX C

Z xo

-.Q I XCs

m4 -

Bioch. 1962 85

Vol. 85 353



P. CAIGER, R. K. MORTON, 0. H. FILSELL AND I. G. JARRETT

Cat o qrecz ODCO¢(00 ao o m eq LcaqO+X oo cqo aq m _ q 4i uL-0 Ct10r 0Xo- 10 t410 00 'Dt-r1000t 4
E 0 0 -400

nP10CO 10E'-<OO O: 4CtO0OCO0COW1

in¢ >- t 4- _ _ =c loc t aq
oo " m

e
r-

: O
- (Z tro co c0 q co =

ao
m

es

0° 0°t 0 - 0 0eq0 eq o c oo t0o o0to c¢q c cq -eq-a _ 4 eqecOm

OO 0010-t'.ro3,00t-O0
¢CMOOX OC=MO= oocc 0 -Es 000
Z cOqOC COeqm * 10Cc 4 -.t

- -- -4c --ocoF -co¢-1 c 0 ' toi ooco co4 -ecqo

10q t- Om 00 0C0t-00t- CO=
coma eoq t lo eq oeqqqeCe-eqe

Z 0 MM eq-O - P-Oeq CO-CO CO co
*¢ COCOC_1CO COC COCOC*O OCOC

F ~ -I_-_ _

x

o c cq c--cqcq -qeqc c cqcN cOctN _0
Z
d.4

(D;
o- -- _oIqc010 _p __ ot,co ,-C-I10

i eq 10

",: cq oo aq u:C4 oo M O- r- r o oeooo c= u: _q eb_;4-X; X6 'L - ob b L4 6 6 ObOb6 ob C+
0 i>C

10
0

0
O 0 _:-

~O10~ 00 ~ 0 -4

1o010~ t- eq 00
- eqC eq CO O 4 CO- eq e e COeq

r- .4 to .l4 km o0 coer

10 X0 10 0100 to I-

CeUeU UCOeqeqCO

_ Ocm cos C00 O
t- eq- 0 CD 000

- CO 0 C O1010CO 0

c O co 000u1 O
eq 1000000000Cq

eq 44C CO-- - _

0=99010)09

aq m_ mmoo

C) COc I"CC

00 cqrO _

aq: co w 00 m (M m

* . 00100. .. .

)a qOsC000ecta O

4* . t. 10 1* .

Oi ob ch cb o r) in

"000 COX f UCO O to w

e--q
-

0

ao

354 1962

00
10
m

0

0
-

0

Ci
1a
4.

V4-

0101

~I

"0~

I6

01

0

0*

1.;
01

eq

0

Ca
0

~od
Ca

cC

C.
0

4-
~0

0

0)

(D

0
0

0)

0t
01B
C

0] d

CO 0t-C
* --



NICOTINAMIDE COENZYMES IN SHEEP AND RAT

homoscedasticity and linearity. Fig. 1 shows the
regression of the amount of coenzymes/liver with
liverdrywt. (Fig. 1 a) andwith numberofnuclei/liver
(Fig. 1 b) for the sheep. The similar regressions for
the rat are shown in Figs. 2 (a) and (b) respectively.
For the sheep, the regression of ([NADP] +

[NADPH2]) on liver dry wt. was almost linear, and
thus the concentration of this coenzyme remained
unchanged with increasing size of liver. However,
with ([NAD] + [NADH2]), and thus also with total
coenzymes, there was a greater increase in the
amount of coenzymes/unit increase in wt. of liver
in the larger livers, i.e. in the more mature animals.
Similar trends were shown by the regressions on
number of nuclei/liver (Fig. 1 b).
Fortherat, the regressions of([NAD] + [NADH2]),

of ([NADP] + [NADPH2]), and thus of [total co-
enzymes], on liver dry wt. were each linear
(Fig. 2a). However, the gradients of the regression
curves of each of ([NAD] + [NADH2]), ([NAD] +
[NADPH2]) and of [total coenzymes] on the
number of nuclei/liver increased during develop-
ment, i.e. animals with larger numbers of liver

nuclei contained proportionally a greater amount
of coenzymes in the liver.
To assess the rate of change of the number of

nuclei/unit change of coenzymes, the regression of
the log (10-8 x nuclei/liver) on log (total coenzymes/
liver) was derived and the resulting equation was
differentiated after conversion to the original units;
for sheep, N = 27.04C06278, whence dN/dC =
16.98C-08722; for rats, N = 3.98CO07687, whence
dN/dC = 3.06C-002818, where N is the number of
nuclei/liver and C is the total amount of coenzymes
(,moles/liver). Figs. 3(a) and 3(b) illustrate these
relationships and show the change in the number of
nuclei/unit change of total coenzymes relative to
the amounts of coenzymes.
From the values of ([NAD] + [NADH2]) and of

([NADP]+[NADPH2]) obtained from the regres-
sion equations shown in Fig. 1 (a) (curves B and C)
and Fig. 2 (a) (curves B and C), the coenzyme ratio
([NAD]+[NADH2]) :([NADP]+[NADPH2]) was
calculated for selected liver dry weights. The plots
of these values against liver dry wt. gave the curves
shown in Fig. 4 (a) for sheep and Fig. 4 (b) for rats.

Go

4)

0
4)

5-4
425

0
4)

2000

Liver dry wt. (g.) 10-8 x Nuclei/liver

Fig. 1. Changes in amounts of nicotinamide nucleotide coenzymes of liver during development of the sheep.
Curves were drawn from the regression equations:

A, log[total coenzymes] = - 0.0462 + 1-2265 log W;
B, log([NAD] + [NADH2]) = - 0 3795 + 1.3001 log W;
C, log([NADP] + [NADPH2]) = - 0-2941 + 1-1037 log W;
D, log[total coenzymes] = - 19335 + 14708 log N;
E, log([NAD] + [NADH2J) = - 2 3317 + 1-5421 log N;
F, log([NADP] + [NADPH2]) = -2-0816 + 13548 log N;

where W is the liver dry wt. (g.) and N the number of nuclei x 10-8. In each case P < 0 001. To illustrate the
fit of observations to the regression curves, some estimates of nicotinamide nucleotide coenzymes are shown for
various values of liver dry wt. (curve A) and of number of nuclei (curve B) selected from the range of values
shown in Table 2; for clarity, not all observations are illustrated. *, [Total coenzymes]; A, ([NAD] + [NADH2]);
*, ([NADP] + [NADPH2]).
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Fig. 2. Changes in amounts of nicotinamide nucleotide coenzymes of liver during development of the rat. The
lettering and symbols are as for Fig. 1. Curves were drawn from the regression equations:

A, log[total coenzymes] = 0-4587 + 1-0330 log W;
B, log([NAD] + [NADH2]) = 02541 +0-9802 log W;
C, log([NADP] + [NADPH2]) = 0-0255 + 1-1235 log W;
D, log[total coenzymes] = - 0-7604 + 1-2809 log N;
E, log([NAD] + [NADH2]) = - 0 9037 + 1-2163 log N;
F, log([NADP] + [NADPH21) = - 1-3002 + 1-3929 log N.

In each case P < 0 001.
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Fig. 3. Rate of change of number of nuclei, N, per unit
change of total coenzymes, C, in liver during development
of (a) the sheep and (b) the rat. The curves were derived
from the appropriate regression equations (see Figs. 1 and 2,
curves D). For sheep, dN/dC - 16-98C-003722; for the rat,
dN/dC = 3.06C-0-2313
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Fig. 4. Change in coenzyme ratio
([NAD] + [NADH2]) : ([NADP] + [NADPH2])

in the liver during development of (a) the sheep and (b) the
rat. The curves were derived from the regression equations
of Fig. 1 (curves B and C) and of Fig. 2 (curves B and C)
for the sheep and rat respectively. For the sheep, the
values shown are for various liver dry wt. values selected
from the range of observed values (cf. Fig. 1 and Table 2).

obtained. Fig. 4(a) shows that, during develop-
ment of the sheep, ([NAD] + [NADH2]) increased
more rapidly than did ([NADP] + [NADPH2]);
during development ofthe rat, however, ([NADP] +
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NICOTINAMIDE COENZYMES IN SHEEP AND RAT
[NADPH2]) increased more rapidly than did
([NAD] + [NADH2]) (Fig. 4b).
The following regressions of animal body wt. and

liver dry wt. on age can be used to determine either
of these parameters in terms of the other.
For sheep:
log (body wt., kg.)

_ 04039+0-43401og(age, days)
log (liver dry wt., g.)

= 1-2749+O03725log(age, days).
For rats:
log (body wt., g.)

= 0-1889+l10986log(age, days)
log(liver dry wt., g.)

= -1-7733+1*08171og(age, days).

DISCUSSION

Reference base8 in Liver tis8ue. A number of
studies (see Kosterlitz, 1958) have clearly indicated
that, in any evaluation of analysis done on liver
tissue, the choice of a reference base depends on the
type of experiment. In the first instance the data in
Table 2 were grouped under ages and an analysis of
variance between and within age classes was per-
formed. However, it was thought that liver wt. or
total number of nuclei/liver gave a better indication
of the stage of development of the liver than age,
which makes no allowance for different growth
rates within an animal group. The information
gained from the regression analysis of the data in
Table 2 was considered to give a better assessment
of the comparative changes in amounts of co-
enzymes on the basis of liver dry wt. or total
number of nuclei, which have a more direct bearing
on liver metabolism. However, regression analysis
on the basis of age, although not quite as precise,
still gave a highly significant relationship resulting
in the same general conclusions.
In the comparison of coenzyme concentrations in

tissues, the amount/g. fresh wt. has been the most
commonly used reference base (see Table 1).
However, an erroneous impression may be gained,
particularly when comparing tissues of different
species or tissues of one species at different stages
of development, if this is the only parameter used.
Leslie, Fulton & Sinclair (1957) showed that, in a
comparison of glycolysis rates in embryonic and
malignant tissues, results expressed on the basis of
unit dry wt. showed no difference between the two
types of tissue; however, when the metabolic
quotients were expressed on a 'per cell' basis clear
differences appeared.
A similar phenomenon was noted in the present

study. Jedeikin, Thomas & Weinhouse (1956) and
Dawkins (1959) have reported that the concen-
tration ofNAD (jtm-moles/g. fresh wt.) in the liver

of the young rat reached the adult level by 7 days
after birth. A similar conclusion would be reached
in this study if results were compared on this basis.
When compared as concentration 'per average
cell' (with the nuclear count as the reference base)
the concentration of NAD at 7 days was less than
half that obtained for the adult rat (23 x 1O-7 ,um-
mole/cell) and even after one month had only
reached two-thirds of the adult level. It is clear
that multiple reference bases are needed for com-
parative studies.

Nicotinamide nucleotide coenzymes and growth.
Low concentrations of nicotinamide nucleotide
coenzymes are a characteristic of rapidly dividing
tissues (see Morton, 1958, 1961). Such widely
varying tissues as mouse mammary carcinoma
(Jedeikin & Weinhouse, 1955), dye-induced hepa-
toma and Krebs ascites tumour in the rat (Glock &
McLean, 1957) and foetal-rat liver (Dawkins, 1959)
have much lower concentrations of nicotinamide
nucleotide coenzymes than the comparable tissues
in the normal adult animal. Increasing the co-
enzyme concentration by injection or implantation
ofnicotinamide is accompanied by a decreasing rate
of cell division in methylcholanthrene-treated tissue
in the mouse (Fujii & Mizuno, 1958) and in re-
generating rat liver (Oide, 1958).
During normal growth of the liver in both sheep

(Fig. 3a) and rats (Fig. 3b) the concentration of
total nicotinamide nucleotide coenzymes has
reached a maximum value when growth has
ceased. The concentration of total coenzymes/
average cell was of the same order in the adult-liver
tissue of both rat and sheep. In young animals of
both species the concentration was about half this
value. It would therefore appear that the concen-
tration of total nicotinamide nucleotide coenzymes
reflects fundamental growth relationships in tissues.
This coenzyme concentration is related to the
concentration of the nuclear enzyme, nicotinamide
mononucleotide adenylyltransferase, which is lower
in embryonic, regenerating and tumour tissues than
in the corresponding normal adult tissue (Branster
& Morton, 1956; Waravdekar, Powers & Leiter,
1956; Dawkins, 1959; Stirpe & Aldridge, 1961;
Morton, 1961).

Nicotinamide nucleotide coenzymes and meta-
boli8m. The importance of nicotinamide nucleotide
coenzymes in metabolism is apparent from the
evidence, which indicates that the major metabolic
sources ofenergy are channelled into a few mechan-
isms in which these coenzymes play a determining
role (see Dickens, 1961). NAD appears to be
largely concerned with biological oxidations and
NADPH2 with reductive syntheses (see Lowenstein,
1961). In certain instances the proportions of these
coenzymes have been shown to be a limiting factor
in the utilization of particular metabolic pathways,
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e.g. the oxidative pentose phosphate pathway and
in lipid synthesis. Although the information avail-
able from this study does not differentiate the role
of coenzymes in the developing animal in relation
to its changing metabolic pattern, some impli-
cations can be considered.

Various workers have shown that metabolic
differences exist between lambs and sheep and
between sheep and monogastric animals, parti-
cularly in relation to carbohydrate and fatty acid
metabolism. The removal of injected glucose from
the systemic circulation is considerably delayed in
adult sheep compared with the rate of the lamb,
dog or human (Reid, 1950; Jarrett & Potter, 1952).
Annison & WJhite (1961), using a constant-infusion
technique with 14C-labelled glucose, obtained a
mean value for the glucose-utilization rate in
starved sheep of 0*37 g./hr./(kg. body wt.)06. This
represents about 75 % of the value reported for
starved dogs (Steele, Wall, de Bodo & Altszuler,
1956). I. G. Jarrett, B. L. Jones & B. J. Potter
(unpublished work), using a similar technique, have
shown a greater utilization rate of glucose in young
lambs than in adult sheep. The young lambs can
also remove injected acetate from the circulation
at a faster rate than can the adult sheep (Jarrett &
Filsell, 1960a), and the ability of the adult sheep to
utilize injected acetate can be altered by diet
(Reid, 1958; Jarrett & Filsell, 1960b) or by the
prior administration of glucose (Jarrett & Filsell,
1961; Annison & Lindsay, 1961).

Differences in enzyme patterns have also been
observed when comparing lambs, sheep and rats.
As the lamb develops towards maturity the hexo-
kinase activity of the intestinal mucosa decreases
towards the adult level, and the activity in both
brain and intestinal mucosa is lower in adult sheep
than in adult rat (Jarrett & Filsell, 1958). Co-
enzyme A concentrations in the liver of the growing
lamb rise towards the adult level (150 ig./g. fresh
wt.) by the time the lamb has reached 5-6 weeks of
age (I. G. Jarrett & 0. H. Filsell, unpublished
work). Gallagher & Buttery (1959) studied a
number ofenzyme systems in sheep liver, brain and
kidney, and reported activities which are about
one-third to one-half the values given in the
literature for rat tissues.
McLean (1958a) has compared the activities of

glucose 6-phosphate dehydrogenase and 6-phos-
phogluconate dehydrogenase in the livers of
lactating rats and sheep. The activities found in rat
liver were on all occasions higher than those in sheep
liver. In both rat and sheep mammary tissue the
activity of these enzymes increased during lacta-
tion. Coenzyme concentrations were measured in
the rat tissue (McLean, 1958 b), and the marked
change in NAD and NADPH2 concentrations which
occurred paralleled the change in enzyme activity.

Of the total nicotinamide nucleotide coenzymes
found in the livers of sheep and rats in the present
study, the concentration of NAD was always
greater than that ofNADH2, and the concentration
of NADPH2 was greater than that of NADP. This
confirms observations made on liver tissue by other
workers (Glock & McLean, 1955; Jacobson &
Kaplan, 1957; Bassham, Birt, Hems & Loening,
1959; Lowry, Passonneau, Schulz & Rock, 1961).
Although the total coenzyme concentration/

average cell was of the same order in the adult-
liver tissue of both rat and sheep, the coenzyme
ratio ([NAD] + [NADH2]): ([NADP] + [NADPH2)
was different (see Figs. 4a and 4b). In the young
animal the coenzyme ratio for the rat was about
2-4 and for the lamb 1-6; by maturity these ratios
had changed to 1-3 and 2-5 respectively. This was
due to a relatively greater increase in concentration
of NAD during development of the sheep and of
NADPH2 during development of the rat (Figs. 1
and 2).
For the rat it appears likely that this change in

ratio, with an increasing proportion ofNADPH2 as
the animal matures, can be related to the greater
importance of the oxidative pentose phosphate
pathway in adult-liver tissue compared with
rapidly proliferating tissue (see Axelrod, 1960). It
is more difficult to suggest an interpretation of the
higher coenzyme ratio in the livers of adult sheep.
In the metabolism of adult sheep as compared with
the rat there is an emphasis on the oxidation of
acetate. However, the quantitative importance of
the utilization of exogenous acetate by the liver of
the sheep is still a controversial issue (see Lindsay,
1959). Acetate oxidation will require the operation
of the tricarboxylic acid cycle, which is largely
NAD-dependent; propionate and butyrate, also
important in the ruminant, enter metabolic
sequences via this cycle (Black, Kleiber & Brown,
1961). It may be that the relatively higher amount
of NAD in sheep liver is related to this activity.
The influence of these relationships of nicotin-

amide nucleotide coenzymes on intermediary
metabolism needs further investigation. However,
it is suggested that the difference in proportions of
NAD and NADPH2 shown above reflect a compara-
tive emphasis on oxidative metabolism in the liver
of the sheep and on reductive syntheses in the liver
of the rat.

SUMMARY

1. Specific enzymic reactions have been used to
determine the concentration of both oxidized and
reduced nicotinamide nucleotide coenzymes in the
livers of lambs, sheep and rats.

2. Concentrations of coenzymes were expressed
as amount/unit wt. of tissue and as amount/nucleus
(i.e. amount/average cell); total amounts of co-
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enzymes were compared on the basis of the dry wt.
and of the number of nuclei of the liver.

3. During the normal growth of the liver in
both sheep and rats, the concentrations of the total
nicotinamide nucleotide coenzymes increased and
reached a maximum value as development ceased.
In the adult liver of both rats and sheep, the con-
centration of total coenzymes/nucleus was of the
same order (approx. 490pom-moles/105 nuclei), and
about twice the concentration found in livers of the
young animals.

4. The concentration of NAD was higher in the
adult-sheep liver than in the rat, and the concen-
tration of NADPH2 was much higher in the rat
liver. The coenzyme ratio ([NAD] + NADH2]):
([NADP]+[NADPH2]) fell from about 2*4 in the
young to about 1-3 in the mature rat, and increased
from about 1*6 in the lamb to about 2-5 in the
adult sheep.

5. These findings have been discussed with
reference to the growth and intermediary meta-
bolism of lambs, sheep and rats.
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