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T H E  CHEMICAL COMPOSITION O F  T H E  

CHICK E M B R Y O N I C  C E L L  
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Department o/ Biochemistry, University o/Glasgow (Scotland) 

INTRODUCTION 

Of the numerous biochemical studies which have been made on the developing chick 
embryo the great majority have been concerned with chemical changes occuring in the 
embryo as a whole ~, ~. By comparison, only a few investigations have been made on 
the chemical changes within individual organs during development. This is unfortunate 
since it is frequently difficult to assess the significance of the results derived from so 
complex a system as the whole embryo, particularly when changes are described in 
terms of concentrations per unit weight of tissue. Not only are the various organs 
developing in different ways and at different rates during the various phases of embryonic 
life, but  their chemical composition also changes as they develop towards their adult 
functional state. 

Even when the organs are studied separately, difficulties arise in the interpretation 
of results, especially when analytical figures are expressed in terms of concentration 
of a constituent per unit weight of tissue, since the weight itself refers to a constantly 
changing complex of variables. There are, furthermore, the errors introduced by bio- 
logical variations as instanced by  the problem of deciding embryonic age ~°. 

Some of these difficulties may be overcome by following the approach to the bio- 
chemistry of growth which we described recently 1°,11. The essence of this method is to 
follow the chemical development of tissues in terms of the changes in cell number and 
in the amounts of the various constituents per cell. This has become possible as the 
result of the observation that  the deoxyribonucleic acid (DNA) content of the cell 
nucleus is constant in amount in all the somatic tissues of any one species 4,13, ~3,3~,33. 
When the amount of DNA per nucleus is known for the particular species under in- 
vestigation, cell number can be found by determining the total DNA in the organ, and 
the average cell composition can be obtained by expressing other constituents in relation 
to the amount of DNA. 

For the fowl, the results obtained by  various research groups agree that  the content 
of DNA per nucleus is of the order of 2.3 to 2.4" IO -e pg and this figure has been shown 
to hold for the chick embryo at 14 and 19 days u. In the present study the results are 
based on the approximate mean figure of 2.35" IO -~/~g DNA phosphorus (DNAP) per 
nucleus for chick brain, heart, liver and skeletal muscle. This apparent constancy in 
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the a m o u n t  of DNA per nucleus  th roughout  development  is in agreement  with the 
concept held by  geneticists tha t  most  somatic nuclei  conta in  the set of chromosomes 
characterist ic of the  genotype a t  all stages of development .  Since DNA appears from 
cytochemical  evidence to be an  integral  par t  of chromosome structure,  the amoun t  found 
in different nuclei of the same species should be the same. On the other hand  cells 
conta in ing  the haploid n u m b e r  of chromosomes (sperm) might  be expected to conta in  
half  the a m o u n t  of DNA found in somatic nuclei  and  this has been proved exper imental ly  
in a n u m b e r  of cases. An increase in the a m o u n t  of DNA per nucleus would be expected 
in cells where the chromosomal mater ia l  has been increased by  po ly teny  or polyploidy. 

The use of DNA instead of wet or dry  weight as a s t andard  of reference in bio- 
chemical studies of growth has several advantages.  The weight of an organ can rise by  
increase in  cell n u m b e r  or cell size, or by  a combina t ion  of both.  By reference to DNA 
the two processes can be distinguished, for it becomes possible to follow changes in 
average cell weight throughout  development  when the weight of the tissue is related 
to the a m o u n t  of DNA per cell. Changes in  cell weight, in turn ,  can be correlated with 
the de terminat ions  of cell n u m b e r  and  cell composition. Another  advantage  is tha t  
results expressed as amount s  per cell of any  const i tuent  are independent  of the pro- 
port ions of the other cons t i tuents  of the tissue, and  their  significance can be judged 
on the basis of whether  the cell cons t i tuent  increases, decreases, or remains  cons tan t  
per cell dur ing  growth and  development .  This also applies to the de terminat ion  of 
growth rates of cell const i tuents  relat ive to tha t  of DNA. I n  the aUometric method  
originally proposed by  TEISSIER 30 and  NEEDHAM ~ '  2e growth rates were based on the 
wet or dry  weight of the whole, and  their  significance was to some extent  obscured 
because the cons t i tuen t  was part ,  and  sometimes an impor t an t  part ,  of the complex of 
variables  which represented the weight. On the other hand,  when based on DNA, the 
relat ive growth rates  show quan t i t a t i ve ly  how a cons t i tuent  varies with increasing cell 
n u m b e r  over dis t inct  phases of embryonic  development .  

M E T H O D S  

Eggs from a stock of pure bred Leghorn poultry were received in batches weekly after s e v e n  
days incubation and were further incubated at 37 to 38 ° in a HEARSON egg incubator. Embryos 
were taken for chemical analysis from the eighth day of incubation, until two days following hatching. 
The common methods of determining embryonic age from the weight of the embryo or from the 
period of incubation are both subject to errors, but it was decided to adopt the second method and 
to base the results for ten- to twenty-day embryos on the means of groups of determinations made 
on successive days. For example the figures for I9.5-day embryos are the means calculated for 
embryos sampled on the I9th and 2oth days of incubation. The investigation was carried on at 
irregular intervals over a period of two years and the results cover any seasonal variations which 
may occur in embryonic development. 

Immediately after removal of the embryo from the egg, the brain, heart, liver and a portion of 
skeletal muscle from the leg were removed, chilled in ice and weighed. In the youngest embryos 
(8 days) the determinations were made on pooled material from twelve embryos; two to six embryos 
of io ro i8 days provided sufficient material for analysis, and after I8 days the determinations could 
be carried out on organs from individual embryos. 

The weighed tissues were thoroughly crushed in a mortar or homogenized in a POTTER-ELvEnJEM 
homogenizer, and were transferred quantitatively to a centrifuge tube in which the proteins and 
associated materials were precipitated with ice-cold io% trichloroacetic acid (TCA). The precipitate 
was washed with ice-cold io% TCA, washing and extract being combined to form the acid soluble 
fraction (ASP). Lipids were then removed from the residue by extraction successively with 8o% 
ethanol, IOO~o ethanol, ethanol-chloroform mixture (3.i) at 7o-80 °, and ether. These extracts were 
combined to form the lipid fraction (LP) and the dry residue was incubated over night at 37 ° in 
N NaOH for determination of the nucleic acids by the SCHMIDT AND THANNHAUSER procedure ~9. 
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A su i t ab le  po r t i on  of t he  a lka l ine  d iges t  was  t a k e n  for t he  d e t e r m i n a t i o n  of res idua l  n i t rogen  
(RN) a n d  t h e  r e m a i n d e r  was  acidified to  p rec ip i t a te  D N A  a n d  prote in ,  t he  r ibonuc leo t ides  f r o m  the  
r ibonucle ic  ac id  (RNA) r e m a i n i n g  in  t h e  ac id  solut ion.  P h o s p h o r u s  d e t e r m i n a t i o n s  were m a d e  on 
t he  ac id-so luble  f rac t ion  (ASP), on t h e  l ipid f rac t ion  (LP),  on t he  R N A  f rac t ion  (RNAP)  a n d  on  
t h e  D N A  f rac t ion  (DNAP) ,  in accordance  w i t h  t h e  u s u a l  SCHmDX AND THANNHaUS~R procedure .  
T h e  f igures for R N A P  i n e v i t a b l y  inc lude  a m i n u t e  a m o u n t  of p h o s p h o r u s  f rom the  p h o s p h o p r o t e i n s  
of t h e  t i ssue .  T h e  p h o s p h o r u s  d e t e r m i n a t i o n s  i nvo lved  a m o u n t s  r a n g i n g  f rom a b o u t  2 to 2oo/~g. 
For  t h e  r ange  of 2 to  io /~g.  P t he  m e t h o d  of BERENBLUM AND CHAIN 3 as modif ied  by  DAVIDSON 
AND WAVMOUTH 14 was  employed .  For  larger  a m o u n t s  of p h o s p h o r u s  a modi f i ca t ion  of t he  m e t h o d  
of ALLEN 1 was  used.  N i t rogen  was d e t e r m i n e d  bo t h  on t he  a lka l ine  d iges t  as m e n t i o n e d  above  a n d  
on  combined  por t ions  of the  ac id-soluble  and  l ip id  f rac t ions .  The  mic ro -K je ldah l  m e t h o d  was  em-  
p loyed  us ing  perchlor ic  ac id  as  oxid iz ing  a g e n t  as descr ibed e l sewherO 2. P ro te in  n i t rogen  (PN) was 
ca l cu l a t ed  by  s u b t r a c t i n g  f rom R N  t he  a m o u n t  of  N co r respond ing  to t h e  to ta l  nuc le ic  ac id  as 
d e t e r m i n e d  b y  m u l t i p l y i n g  nucleic  acid P by  t he  fac tor  1.69. 

RESULTS 

I t  is customary to express the results of the chemical analysis of any tissue in terms 
of the absolute amounts of each component per organ or of the concentrations per unit 
weight of wet or dry tissue. This has been done in the first two sections of Tables I -4  
for brain, heart and liver, but  it has not been possible to give the absolute amounts 
per organ for skeletal muscle, since irregular samples of this tissue were taken rather 
than the whole organ. If the amount of DNA remains constant per nucleus throughout 
embryonic development, it is possible to calculate the amounts per cell of the various 
cell constituents at each stage of development. Such results are given in the third 
section of each table, calculated on the basis of 2.35" lO -v ~g. DNAP per nucleus in all 
four tissues. This third section, by  relating the wet weight of the tissue to the constant 
value for DNAP, also shows how the cell mass varies during development. 

Comparison of. the results expressed as concentrations per unit weight of fresh 
tissue with the absolute amounts per cell, reveals that  there are substantial differences 
in trend between the two sets of figures during the growth of the brain, liver and muscle. 
For example, in brain (Table I) the concentration of ASP decreases during development, 
while at the same time the amount per cell actually doubles. The protein concentration 
increases by about 40% in brain tissue during the embryonic period, whereas the 
corresponding increase per cell is in the region of 25o%. Similar differences are found 
in the results for liver (Table III), where there is a consistent fall in the concentration 
of RNAP in the tissue; in contrast, the amounts per cell remain at the same level over 
the whole period of development. Although in muscle tissue (Table IV) the figures for 
concentration and amount per cell show the same general trend, the percentage increases 
in ASP, LP, and PN are much greater when expressed as amounts per cell. Only in 
heart tissue, in which the cells show little or no change in composition, are the changes 
in concentration and in amount per cell materially the same (Table II). 

Since the DNAP remains constant in amount per cell, the total amounts of DNAP 
per organ provide us with a relative measure of cell number throughout embryonic 
development. This has enabled us to follow changes iu the rate of cell multiplication 
in brain, heart and liver, where whole organs were taken for analysis. The daily incre- 
ments of DNAP in the three organs were obtained from large scale graphs, on which 
DNAP per organ was plotted against incubation age, and from these were derived the 
average or mid-increments for the 24 hour intervals covering the Ixth to 2oth days. 
By expressing these mid-increments as percentages of the corresponding amounts of 
DNAP per organ, (as was proposed and developed by MINOT ~ for weight measurements 
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T A B L E  

COMPOSITION OF 

ASP = acid soluble p h o s p h o r u s ;  L P  = l ipid p h o s p h o r u s ;  R N A P  = r ibonucle ic  acid p h o s p h o r u s ;  

N u m b e r  
Age  of 

(days) s a m p l e s  

8 12 
I0 20 

I1. 5 16 
13 12 
14. 5 16 
17.5 14 
19.5 14 

H a t c h i n g  3 
2 days  af ter  
H a t c h i n g  3 

Mean  wt.  
of b ra ins  

(mg/organ)  

56 
lO 7 
177 
241 
333 
539 
666 
816 

822 

A S P  L P  R N A P  D N A P  N P N  P N  

/*g/organ 

6o  

lO7 
157 
207 
274 
47 ° 
532  
65o 

63o 

43 28 16 
80 49 20 

129 65 23 
19 ° 96 3 ° 
286 125 38 
526 195 53 
734 269 68 

I I25  371 94 

122o 434 86 

168 
231 
371 
496 
620 

137o 
I785 
1996 

2 I I 2  

4 0 o  
786 

119o 
1636 
2 I I  5 
4098 
4476 
8295 

9560 

A S P  

lO7 
IOO 

89 
86 
82 
87 
8o 
80 

77 

LP 

/*g/Ioo mg 

77 
75 
73 
79 
86 
98 

I I O  

138 

148 

Age 
(days) 

8 
I 0  

I I  

I 3  

14.5 
17.5 
19.5 

Ia tch ing  
2 days  a f te r  l 

l a t ch ing  

N u m b e r  
of 

s amples  

12 

20 

8 

I8 

I6 

14 

14 

3 

Me an  wt.  
of h e a r t s  

(mg/organ)  

4 
9 

I3 
36 
68 

133 
174 
237 

31o 

4 
9.5 

13 
38 
61 

I37 
158 
186 

261 

T A B L E  

COMPOSITION OF 

Abbreviations 

/*g/organ 

3 
5-3 
8 

23 
41 
94 

126 
165 

236 

P N  

I7 
32 
71 
83 

116 

118 

2 0. 7 6 
4.8 1.7 16 
7 ] 2.5 26 

6 113 
12 i 223 
29 367 
39 351 
48 57 ° 

59 1121 

35 
76 

IOO 
288 
446 

135o 
1738 
261o 

4139 

A S P  

I00 

lO 5 
Ioo 
IO6 
90 

lO 3 
9I 
78 

84 

L P  

/*g/I O0 mg 

75 
59 
62 
64 
60 
71 
72 
7 ° 

76 

T A B L E  

COMPOSITION OF 

Abbrev i a t i ons  

Age 
(days) 

8 
IO 

11. 5 

13.5 
15 

17.5 
19.5 

H a t c h i n g  
2 days  a f te r  
H a t c h i n g  

N u m b e r  
of 

s amples  

I2 

20 

16 
I0 

6 
IO 

16 

3 

Mean  wt.  
of l ivers  

(rag/organ) 

AS P  

15 
28 
57 

139 
253 
456 
505 
660 

LP RNAP DNAP NPN 

/*g/organ 

II 

22 

49 
II 7 

215 
392 
546 
872 

1278  893 

io  13 
22 25 
47 49 

I 2 2  126  

223 185 
418 372 
573 498 
87o 788 

13o3 1133 

3 35 
6 7 ° 

IO 140  
26 421 
51 
8o 1678 

122 1888 
163 272o 

24o 47o0 

P N  

118 
342 
583 

1855 
3o15 
6553 
7743 

15040 

24580 

A S P  

136 
127 
116 
119 
118 
116 

93 
75 

7 ° 
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$*g/I OO mg 

9 I 

IOO 

96 
IO 4 
Io 4 
IO 7 
IO 5 
IOO 
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I 

C H I C K  E M B R Y O  B R A I N  

D N A P  = deoxyr ibonuc le i c  ac id  phosphorus ;  PN = 

Cell mass  
P N  

fresh t i s sue  mg.  IO -~ 

5 o 

46 
37 
4 ° 
38 
36 
4 ° 
45 

53 

29 
19 
13 
1 2  

i i  
I O  

I O  

12 

I O  

3o0 
216 
21o 
206 
186 
254 
268 
245 

257 

715 
735 
672 
680 
635 
760 
672 

lOl  5 

1 1 6 o  

8 . 2  

12.6 
18.1 
18.9 
20.6 
23.9 
23.0 
20.4 

2 2 .  4 

}rotein n i t rogen.  

_ASP L P  R N A P  D N A P  

/*g. IO-~/cell 

8.8 
12.6 
16.o 
16.2 
16.9 
20.8 
18. 4 
16.2 

17.2 

6.3 
9.4 

13.2 
14.9 
17.7 
23.4 
25.4 
28.1 

33.3 

4.1 2.35 
5.8 2.35 
6.6 2.35 
7.5 2.35 
7-7 2-35 
8.6 2.35 
9.3 2.35 
9-3 2.35 

11.8 2.35 

N P N  

24.6 
27.1 
37.9 
38.8 
38.3 
60.5 
61.5 
50.0 

57.5 

PN 

59 
93 

121 
128 
131 
I82 
155 
207 

26I 

I I  

C H I C K  E M B R Y O  H E A R T  

as in  Tab le  I 

R N A P  D N A P  N P N  

fresh t i s sue  

5 ° 17 15o 
53 19 178 
54 19 2oo 
47 17 314 
47 18 328 
53 22 276 
48 22 202 
49 20 240 

38 19 362 

I I I  

CHICK EMBRYO LIVER 

as in  Table  I 

P N  

87o 
845 
769 
800 
655 

lOI5 
I O 0 0  

I I O 0  

1336 

Cell  mass  
m g .  I O  - 7  

13.4 
12.4 
I2.2 
14.1 
13.3 
lO.8 
lO.5 
11.6 

1 2 .  3 

A SP 

13.4 
13.1 
1 2 . 2  

14.9 
11.9 
I I . I  

9.5 
9.1 

lO. 4 

L P  

I O . I  

7.3 
7.5 
9.0 
8.o 
7.6 
7.6 
8.1 

9-4 

1~ N A P  D N A P  

/tg. IO-7/cell  

6.7 2.35 
6.6 2.35 
6.6 2.35 
6.7 2.35 
6.3 2.35 
5.7 2-35 
5.o 2.35 
5.7 2.35 

4.7 2.35 

N P N  

20.2 

22.1 

24.4 
44 
44 
3 ° 
21 
28 

45 

PN 

117 
lO 5 

94 
113 

87 
lO9 
lO 5 
128 

165 

P N  

fresh t i s sue  

118 
114 
I O O  

lO8 
86 
95 
91 
90 

89 

27 318 lO7O 
27 318 1556 
20 286 119o 
22 36o 1584 
24 143o 
20 428 1674 
22 346 142o 
I9 312 172o 

19 368 192o 

Cell mass  
mg .  I o -7 

8.6 
8.6 

11.5 
lO.6 

9-9 
11.5 
lO.5 
12.6 

12. 5 

Re/eremes p. 4z7/4z8. 

A SP 

I I .  7 
I I . O  

13.4 
12.5 
11. 7 
13.4 
9.7 
9.5 

8.8 

L P  

7.8 
8.6 

II.O 
II.O 

lO.3 
12.3 
II.O 
12.5 

12.8 

R N A P  D N A P  N P N  

/~g. IO-7/cell 

PN 

10.2 

9.8 
11.5 
11. 4 

8.5 
lO.9 
9.6 

11.4 

I I . l  

2.35 
2.35 
2.35 
2.35 
2.35 
2.35 
2.35 
2.35 

2.35 

27.4 
27.4 
32.9 
38.0 

49.3 
36.4 
39.2 

46.0 

9 2 

134 
137 
167 
139 
193 
149 
217 

241 
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TABLE 
COMPOSITION O1 v 

Abbreviations 

Age 
(days) 

11. 5 
I3 .5  
15 
17.5 
I9.5 

latching 
days after 

tatching 

Number 
of 

samples 

12 
22 
12 
12 
18 
3 

ASP LP RNAP DNAP NPN 

84 
lO5 
82 
85 
85 
98 

lO 7 

4 ° 
57 
39 
47 
49 
47 

6o 

pg/Ioo mg fresh tissue 

45 21 
59 25 
41 19 
47 2o 
47 17 
36 12 

38 14 

198 
2 8 2  

2 0 6  
235 
270 
352 

4-17 

PN 

4 1 o  
795  
645  
9 6 7  

1156  
1 4 6 6  

192o  

in studies on the growth-rate of an organism) it is possible to obtain a picture of the 
varying rates of cell multiplication in each tissue throughout embryonic development. 
The resulting curves are shown in Fig. I, where it is seen that  the rate of cell multi- 
plication is remarkably uniform in the brain tissue of I I  to 20 day embryos. In contrast, 
both heart and liver cells multiply most rapidly between IO and 14 days, after which 
there is a steady decline in multiplication rate until the time of hatching. Figures for 
the actual amounts of DNAP per organ in Tables I - I I I  show that  the cell number in 
heart increases 7 ° times, in liver 54 times, and in brain only 6 times between the 8th day 
and hatching time. 

The changes in average cell mass (i .e.  wet weight relative to DNAP) for brain, 
heart, liver and muscle are compared in Fig. 2. During embryonic growth, brain, liver 

~:~e,~ and muscle cells all increase 
in mass, while the heart cells 

• • 8rQln 75_ show little change in the 
/ ¢ ~ Hearf average weight. The mass of 

the brain cells increases stead- 
~. .~ Liner 

o j the final values represent an 
5o, ~ ~  ~ increase of about 2oo% over 

[ o ~ / , / a ,  ~ the mass of 8-day brain cells. 

/ Muscle cells increase approxi- 
[ x ~ : ~  mately IOO% between the 

I2th day and hatching time 
25 largely owing to an abrupt 

]l * ' ~ ' 0 - " - - ' - - - - - - - ~ . ~ _ . . _ o ~ . _ o . I  ° ' A : x o - - ~  rise in cell mass after I8 days. 
• The change in liver cells is 

small and gradual by com- 
0 ~ parison sincetheyincreaseonly 

11 12 *3 ~4 ~5 16 17 18 19 20 by about 50% between the 
xnc,ba*io, og~-aor, 8th day and hatching time. 

Fig. I. Percentage increments of deoxyribonucleic acid (DNAP) Comparison of the relative cell 
per organ for 24 hour intervals during embryonic development 

of chick brain, heart and liver, weights in the four tissues 
Re/erences p. 427/428. 
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i v  
CHICK E~BRYO MUSCLE 

as in Table I 

[i .H 
m a , s s  

rag. Io -7 

I I . O  

9.5 
I2.1 

11.8 
14.2 
2 0 . 2  

16.9 

CHEMICAL COMPOSITION OF CHICK EMBRYONIC CELL 

ASP LP  

9.z 
IO.O 

9.9 
IO.I 
12.o 
19.7 

18.1 

4.4 
5.4 
4.7 
5.6 
7.0 
9.4 

I O . I  

I 
R N A P  I D N A P  N P N  

i 

#g. IO-7/cell 

4-9 2.35 
5 .6 2.35 
4.9 2.35 
5 .6 2.35 
6.6 2.35 
7.3 2.35 

6.4 2.35 

21.8 
26.8 
24.9 
27.7 
38.3 
71.O 

70.5 

419 

PN 

45.1 
75.5 
78 

114 
164 
296 

324 

of the 2-day old chicks show that  heart and liver cells have the same mass, muscle cells 
are about 35 % heavier, and brain cells are 8o% heavier (Tables I - IV) .  

Fig. 3 shows that  the acid-soluble phosphorus (ASP) increases in brain and muscle 
cells in the same way as does cell mass. Again the increase in muscle cells is particularly 
abrupt  in the two days before hatching. Hear t  and liver cells both show a slight but 
consistent decline in ASP content, the amounts per cell being highest at the time of 
rapid cell multiplication in these tissues 
(Fig. I). (mgxl 25 

The increase in the phospholipid e* 
(LP) content of the brain cells is very 23 
large by comparison with the corres- 22 

ponding increases in liver and muscle 21 
cells (Fig. 4)- After hatching, the brain 20 

cells contain more than five times more 19 
phospholipid than do 8-day cells, while 10 
muscle cells increase their content 17 
twofold after the 12th day. The in- ,6 

crease per cell in liver tissue is smaller, 15 
and there is no significant change in the 1, 
phospholipid content of heart  cells. The 13 
general course of these changes in all *2 
four tissues follows closely the pat tern 11 
found for changes in cell mass (Fig. 2). w 

Changes in the amounts per cell 9 
of RNAP are shown in Fig. 5- Again 8 
there is a steady and comparatively 
large increase in the RNAP content of 
brain cells, bringing the amount after 
hatching to three times that  in the 
8-day cells. Muscle cells increase their 
RNAP content by  about 50% in the 
period before hatching, while heart cells 
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Fig. 2. Variat ions in cell mass  in chick brain, 
heart ,  l iver and skeletal muscle during embryonic 
development.  Cell mass  calculated from fresh 
weights of organs on the  basis tha t  each chick cell 
contains 2.35/~g DNAP.  H on t ime scale for incuba- 

t ion age refers to hatching time. 
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lose about 30 % of their RNAP in the course of embryonic development. The amount in 
the liver cells does not change significantly, and is maintained at a relatively high level 
in comparison with the amounts per cell in the other tissues. 

In the non-protein nitrogen (NPN) fraction are included all the nitrogenous com- 
pounds present in the acid-soluble and lipid fractions. Muscle tissue shows an abrupt 
increase per cell of this rather complex mixture of substances over the three days 
preceding hatching (Fig. 6). This rise of just over Ioo% in the NPN per cell coincides 
with similar increases in cell mass and ASP content (Figs. 2 and 3). The NPN content 
of brain cells increases from the 8th day and reaches a steady level on the i7th day, 
while a rather similar, though smaller, increase occurs in the NPN content of liver cells. 
The fluctuations in the content of the heart cells are large enough to be considered 
significant, and there is apparently 
a temporary fall in their NPN before 
and during hatching. 

Changes in the protein N (PN) 
content of the cells are shown in 3oo 
Fig. 7. The embryonic development 
of brain, liver, and muscle cells is 250 
characterised by  large increases in 
the amounts of PN per cell; in con- 
trast  the protein content of heart 200 
cells shows no significant change 
until hatching. The largest rise, over 15o 
sixfold, occurs in muscle cells, the 
increase is fivefold in brain cells, and ,,00 
over twofold in liver cells. Such 
changes should largely account for 
the increased cell mass found in the 50 
same three tissues (Fig. 2). From 
Tables I - IV  it can be seen that  the o 
amount of protein per cell in the two 
day old chick is least in heart tissue, 
is between 45 and 6o% greater in 
liver and brain, and in muscle cells 
is twice that  in heart cells. 
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Fig. 7- Variat ions in amount  of protein ni trogen (PN) 
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In applying the allometric method to the results from brain, heart and liver, the 
logarithms of the amounts per organ of the various constituents have been plotted on 
large scale graphs against the logarithms of the corresponding amounts of DNAP, and 
the lines have been tested for their 'goodness of fit' by  the graphical method proposed 
by KAVANAGH AND RICHARDS ~. Figs. 8 and 9 show the contrasting chemical develop- 
ment of the embryonic heart and brain cells. In the heart the growth rate of the com- 
ponents relative to that  of the cells remains unchanged for most of the embryonic 
period between the 8th day and hatching. In brain, where there is a much smaller 
increase in cell number for the same embryonic period (log DNAP range is half the length 
of that  for the heart), the relative growth rates of the cell constituents are more rapid, 
and show a very distinct change at a point corresponding to the 14 to I5th day of 
embryonic development. 
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The relative growth rates for the three organs are summarised in Table V. (These 
rates are represented by  k -- t ana  in the aUometric expression y = bxk). A distinct 
change in slope occurs in the relative growth rates of components in brain and liver 
between the I4th  and ISth day of development; the only exceptions were the NPN 
fractions in both tissues and the ASP in liver. The constant values for heart over the 
whole period are all close to unity as might be expected if the cells are multiplying with 
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little or no change in the amounts of cellular constituents. Brain is distinguished by  
the rapid rate of accumulation of cellular material compared with the rate of increase 
in cell number;  in particular, phospholipids are increasing per cell at a faster rate than 
the other constituents in both phases of development. In liver, the cells increase their 
PN and LP content (and hence their weight) more rapidly in the first phase of develop- 
ment than in the second, and in this organ the rates of synthesis of these two components 
appear to be closely related. 
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TABLE V 

GROWTH RATES (k = t ana)  

Organ 

Brain (I) 
Brain (2) 

Hea r t  

Liver (I) 
(2) 

F O R  VARIOUS C E L L  C O N S T I T U E N T S  R E L A T I V E  TO G R O W T H  R A T E  O F  D E O X Y -  

Incuba t ion  
per iod 
(days) 

8--14 
I5-2o  

8-20 

8-14 
15-2o 

RIBONUCLEIC ACID P H O S P H O R U S  (DNAr 

Acid soluble 
Weigh t  phosphorus  

(rag) (ASP) 

3 . I 2  

1.26 

0.99 

2.07 
1.28 

0.99 

I .o 9 
I .o6 

Lipid  
phosphorus  

(LP) 

2 . 2 8  

1.61 

0.99 

1.26 
1 . 0 2  

P E R  O R G A N  

Ribonucle ic  Pro te in  acid 
phosphorus  n i t rogen 

(RNAP) (PN) 

1.95 2-04 
1.27 1.31 

0.98 I .o 4 

I.O 7 1 .23  
o.94 I .o6 

1 . 2 0  

0.95 

Non-prote in  
n i t rogen 
(NPN) 

1.7o 

1.15 

When the relationships between the components themselves are examined, a close 
correspondence is found between the relative growth rates of ASP and RNAP in all 
three tissues (Table V). The relative growth rates of RNAP are consistently lower than 
those of PN, indicating that  the PN increases in proportion to the RNAP in the de- 
veloping cells. There is, on the other hand, some correlation between the values for 
LP and PN in liver, whereas, in brain, LP accumulates much more rapidly in the cells 
than does PN. Finally, it is evident from Table V that  the relative growth rate for cell 
mass follows to some extent the values for LP and PN in all three tissues. 

DISCUSSION 

In  this s tudy we have tried to obtain information on protein synthesis as it is 
related, on one hand to the other cell constituents, and, on the other, to the physiological 
development of individual tissues. As there are so many  variables in the developing 
embryonic system some caution is necessary in the form in which results are expressed. 
When changes in the cell constituents are given as concentrations per unit weight of 
wet or dry tissue, the results show how the amount  of each constituent varies in relation 
to the tissue substance as a whole. However, they do not necessarily reflect the changes 
in the composition of the average cell, and they tend to obscure the quanti tat ive 
relationship between one cell and another. This emerges clearly from the comparison 
of the results for the four tissues, which were expressed both as concentrations per 
ioo nag wet weight and as amounts per cell on the basis o1 the constancy of DNA per 
nucleus (Tables I - IV) .  Only in the case of heart tissue, in which cell composition shows 
little change, is there close correspondence between the two sets of results. In the other 
three tissues when results are expressed in terms of concentrations or as amounts per 
cell, either the trend or the extent of the changes is quite different. Interpretat ions are 
consequently based on the changes in amount per cell of a constituent since these are 
independent of other tissue variables; this also applies to the allometric results, which 
show how the rates of accumulation of cell constituents are quanti tat ively related to 
one another, in terms of their common relationship to the DNA of the nucleus. 

In embryonic heart  and liver the highest average content of ASP per cell occurs 
when cell multiplication is most rapid, and we have found the same association to hold 
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during the growth of chick heart explants in vitro TM. In brain and muscle, however, the 
increases in ASP per cell coincide with phases during which the amounts of protein 
per cell are increasing. These increases are particularly rapid in muscle tissue as it 
develops its full functional activity in the period immediately before hatching. A similar 
pattern can be seen in the changes of NPN per cell in these two tissues, suggesting 
that  this fraction also is involved in the accumulation of cellular protein. From com- 
parison of the relative growth rates (Table VI), the ASP would seem to be most closely 
related to the RNAP in all three tissues, and to show quite distinct deviations from 
both the NPN and phospholipid fractions. This quantitative link between the ASP 
fraction and the formation of RNAP was also apparent in the tissue culture studies 
mentioned above. 

While the amount of phospholipid corresponds closely to the amount of protein 
per cell throughout the whole embryonic development of the liver (as reflected in the 
similarity of their relative growth rates in Table VI), the ratio lipid P: protein N 
decreases in heart  and muscle, and increases in brain. A constant relationship between 
phospholipid and protein has also been shown to exist in rat liver, where the ratio 
(lipid P: protein) remains constant during growth and starvation, irrespective of sex s, 19. 
I t  may be of some interest that  the liver plays a special part in other aspects of phospho- 
lipid metabolism. In the adult organ, at least, it is the only source of plasma phospho- 
lipids le, and recently, POPJAK AND BEECKMANS have shown ~ that  the uptake of 
deuterium rapidly reaches equilibrium in the phospholipids and glyceride fat ty  acids 
in the rabbit liver, but  not in the lung and intestine. Phospholipid accumulation in the 
chick embryo brain has been investigated by BIETH AND MANDEL ~, who find that  the 
rising phospholipid content of brain tissue involves three distinct growth phases, during 
which cephalin, lecithin, and sphingomyelin respectively accumulate in the cells. They 
report a considerable increase in phosphagen during the rapid accumulation of sphingo- 
myelin, and this phase seems to coincide with the comparative high growth rate of 
phospholipid relative to DNAP, which we find in the I5-2o day embryo (Fig. 9, Table VI). 

CASPERSSON 6 and CASPERSSON AND THORELL 9 in their microspectrophotometric 
studies have shown that  the nucleotide concentration is much higher in the cytoplasm 
of the early embryonic blood and liver cells than in the corresponding adult cells of 
the fowl. Their method, employing the ultra-violet absorption of purines and pyri- 
midines at 260 m~, determines both the RNA (or polynucleotide) and the individual 
nucleotides present in the cytoplasm, but does not distinguish between the two. In 
apparent contrast to their results, we find that  the average RNAP content of the chick 
liver cell is as high in the 2 day-old chick as in the 8-day embryo (Table III). This 
difference cannot be explained on the grounds that  the lower total nucleotide concen- 
tration of the adult cell is due to the decreasing concentration of the individual (or 
acid-soluble) nucleotides, since chemical analyses of fowl tissues have shown that  their 
concentration is actually lower in the embryonic than in the adult chick tissuO s. It  is 
more probable that  the decrease in total nucleotide concentration is, in part, the result 
of the nearly threefold increase in the amount of protein per cell in the 2 day-old chick 
liver as compared with amount per cell in the 8-day embryo liver. Thus the lower 
concentrations in the adult cell may be due to the diluting effect of increased protein 
and not to a decrease in the absolute amount of total nucleotide per cell. 

The threefold increase in the amount of RNAP per cell, which we find in brain 
tissue during embryonic development, and which MANDEL AND BIETH ~1 also report, is 
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a particular characteristic of brain tissue. As HYDEN 1~ has shown, this persistently high 
RNA or nucleotide content of nerve cells is related to the intense protein synthesis 
which normally accompanies nervous activity. The high values for the RNAP content 
of heart and muscle cells coincide with phases of rapid cell multiplication and protein 
synthesis. 

In an earlier paper 1° we have suggested that  the rising protein content of embryonic 
cells is characteristic of their differentiation towards their final adult form. From the 
8th day until hatching the protein per cell increases fourfold in brain, about twofold 
in liver, and over sixfold in muscle; in contrast, there is no change in heart cells, and 
it is perhaps relevant that  the chick heart  has reached its adult morphological form 
by the 8th day of development. However, there is a slight rise in protein per cell in 
heart tissue after hatching, and, as the amount per cell at hatching is much lower in 
the heart than in the other tissues (Tables II-V), it is possible that  further differentiation 
in this organ is delayed over the embryonic period. Again, a factor which might obscure 
a slight rise in the protein content of the cells is the temporary increase in protein per 
cell which we find in chick heart explants growing in vitro, and which seems to be 
related to the increase in cell size preceding the onset of mitosis 12. Such increases would 
have the effect of raising the average cell composition in tissues in which a high pro- 
portion of cells are actively dividing, as is the case in the 12-13 day embryonic heart. 

There is no doubt, however, that  a permanent increase in protein content occurs 
in the cells of  embryonic tissues while they are growing and assuming their adult 
functions. The same process is evident during cell development in the salivary gland 
of Drosophila, where the proportion of cell protein to nucleic acid is much larger in 
the fully developed cells than in the young, rapidly multiplying cells 8. THORELL 31, tOO, 
has found that  differentiation during haemopoiesis involves an increase in cytoplasmic 
protein at the stage between myeloblast and promyelocyte. On the other hand, in 
cancerous tissue there is a change in cell type to a less differentiated form, and we have 
recently collected evidence to show that  this is accompanied by a considerable decrease 
in the average amount of protein and RNA per cell n. Here, again, the high nucleic 
acid concentrations, which CASPERSSON AND SANTESSON ~ find in the active cells of 
malignant tumours, may not be the result of increased amounts of RNA per cell, but  
may possibly follow from a reduction in the protein content. 

As has already been mentioned, the allometric data (Table V) show a close corre- 
lation between the growth ratios of ASP and RNAP in all three tissues, and between 
LP  and PN in liver. When RNAP and PN are compared, it is seen that the latter always 
has the higher relative growth rate. If this difference is to be reconciled with the generally 
accepted view that RNA is involved in protein synthesis, it must be assumed that  an 
increasing proportion of the protein accumulating in the cells is not immediately related 
to the metabolism of RNA. In such circumstances, the ratio of PN to RNAP should 
increase during growth, as is indeed found in heart, liver, muscle, and even in brain, 
where the RNAP itself is increasing significantly in the cells. I t  is also of interest that  
a very distinct decrease should occur in the relative growth rates of protein and its 
associated constituents in liver and brain tissue at a point corresponding to the ISth day 
of embryonic development. This offers some confirmation of earlier observations that  
a critical phase in embryonic development is reached at about the I4th to I5th day 
of incubation 4. 
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SUMMARY 

I. The chemical development of the cells in chick brain, heart, liver and muscle has been studied 
from the 8th day of incubation until the second day after hatching. Using the constant amount of 
deoxyribonucleic acid (DNA) in the nuclei of fowl tissues as a standard of reference, changes in cell 
number and in the amounts of acid-soluble phosphorus (ASP), lipid phosphorus (LP), ribonucleic 
acid phosphorus (RNAP), non-protein nitrogen (NPN), and protein nitrogen (PN) have been followed 
during growth. 

The rate of cell multiplication was at  its maximum in heart  and liver between the I3th and 
I5th day of incubation, after which it steadily decreased in both organs. Brain ceils, in contrast, 
showed a fairly uniform multiplication rate over the embryonic period. Average cell mass (wet 
weight relative to DNA) increased greatly in brain and muscle during development, increased only 
slightly in liver, and remained constant in heart. High amounts of ASP per cell were found during 
rapid cell multiplication in heart and liver; in brain and muscle increases in ASP per cell coincided 
with the rising content of protein in the cells. From the allometric data it is evident that  the relative 
growth rates of ASP and RNAP correspond closely in brain, heart and liver. 

Phospholipid (LP) increased greatly in brain cells, and the relative growth rates for this com- 
ponent were higher than for any other in the tissue. In  liver, but not in any of the ether tissues, 
the relative proportions of LP and PN remained constant throughout development. Brain cells were 
also distinguished by their threefold increase in RNAP per cell during development; the liver cells 
maintained throughout their relatively high RNAP content, and in heart and muscle cells the high 
values coincided with phases of rapid cell multiplication and protein synthesis. 

During differentiation in the embryonic period, the average amount of PN per cell increased 
twofold in liver, fourfold in brain, and over sixfold in muscle; there was no significant increase in 
the protein content of the heart cells. I t  is suggested that  changes in the amounts of protein per cell 
may be an important  factor in producing changes in nucleotide concentration. During the develop- 
ment of the embryonic chick liver the protein content per cell increased more than twofold, but, 
since the absolute aznount per cell of RNAP remained constant, its concentration declined. 

RI~SUM]~ 

On a 6tudi6 l 'aspect chimique du d6veloppement des cellules du cerveau, du coeur, du foie 
et du muscle du poussin entre le 8~me jour d'incubation jusqu'au 2~me jour apr~s 6closion. Le nombre 
de cellules et les quantit6s de phosphore soluble dans l'acide (ASP), de phosphore des lipides (LP), 
de phosphore de l 'acide ribonucleic (RNAP), d'azote non-prot6ique (NPN) et d'azote prot6ique (PN) 
ont 6t6 estim6es, et leur valeurs compar6es ~ celle de l'acide d$oxyribonucleic (DNA) de l'6talon - -  
notamment  du nucleus des tissues de la poule. 

La rapidit6 de multiplication des cellules du coeur et du foie a atteint  son maximum entre 
le i3~me et le I5~me jour d' incubation pour d~croitre dans la suite progressivement dans les deux 
organes. Par contre, la multiplication des cellules du cerveau s'est montr6e plut6t uniforme pendant  
toute la p6riode embryonnaire. La masse moyenne des cellules (poids humide divis6 par le DNA) 
s'accrue au tours du d6veloppement, consid6rablement dans le cerveau et le muscle, faiblement dans 
le foie e t e s t  rest~e constante darts le coeur. Des quantit6s consid~rables de ASP per cellule furent 
trouvSes darts la phase de multiplication intense darts le coeur et  le foie; dans le cerveau et le muscle 
l 'augmentation du taux de ASP coincidait avec l 'accroissement de la teneur des eellules en prot6ine. 
Les donn6es allometriques met tent  en evidence le fait que les accroissements relatifs du ASP et du 
RNAP se correspondent 6troitement darts le coeur le cerveau et le foie. 

Le phospholipid (LP) s 'est accru consid~rablement darts les cellules du cerveau et l 'accroissement 
relatif de cette substance est plus maxqu6e que pour n ' importe quelle autre substance dans le tissue. 
Darts le foie, mais non pas darts les autres tissues, la proportion de LP au PN est rest~e constante 
dans la p~riode de d6veloppement. Les cellules du cerveau se diff~renciaient des autres en ce que 
leur teneur en RNAP pax cellule s 'est accrue darts la periode de d6veloppement de trois lois, tandis 
que les cellules du foie maintenaient leur valeur, relativement haute en RNAP, et que dans les cellules 
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du coeur et du muscle les phases de haute  valeur de R N A P  co~ncidaient avec les phases de mult i-  
plication rapide et de synth~se des prot6ines. 

Au cours de la diff6rentiation dans la p6riode embryonnaire  la teneur moyenne en PN des 
cellules s 'est  accrue de deux lois dans le foie, de quatre  fois dans le cerveau et  plus de six lois dans 
le muscle;  il n ' y  a pas eu d 'accroissement notable de prot6ine dans les cellules du coeur. I1 parai t  
probable, aux  auteurs,  que les changements  de la teneur  en prot~ines des cellules repr6sentent un  
facteur responsable des changements  de la concentrat ion des nucleotides. Pendan t  le developpement 
embryonnaire du foie du poussin la teneur en prot6ine de la cellule a plus que doubl6 mais  comme 
la valeur absolue du R N A P  est rest6e constante  sa concentrat ion relative a diminu6. 

ZUSAM2CIENFASSUNG 

Die chemische Entwicklung der Zellen des Hiihnergehirns, Herzens, Leber und  Muskel is t  vom 
achten Brut tage  bis zum zweiten Tage nach der Ausbrt i tung s tudier t  worden. ~nderungen  in der 
Zellenanzahl und  im Gehalt  yon s~iurelbsbaren Phosphor (ASP), lipid Phosphor (LP), ribonukleinsliure 
Phosphor (RNAP), Proteinfreiem Stickstoff (NPN), und  Proteinstickstoff (PN), wurden wAhrend des 
Wachs tu m s  beobachtet  und  mi t  dem Betrag yon deoxyribonukleins~iure des Zellnukleus des Huhnes  
verglichen. 

Die Zellvermehrung im Herzen und in der Leber war wiihrend des dreizehnten und fiinfzehnten 
Tages am  hSchsten;  danach verminder te  sie sich sti~ndig in beiden Organen. Im  Gegensatz dazu 
war die Vermehrung der Gehirnzellen wghrend der ganzen embryonischen Periode ziemlich gleich- 
m~issig. Die durchschnit t l iche Zellmasse (Nassgewicht im Vergleich zu DNA) ha t  sich w~hrend der 
Entwicklung in Gehirn und Muskel sehr vergrbssert, in der Leber nur  wenig, und  im Herzen ist  
sie fast  gleichgeblieben. In  Herz und Leber wurde ein hbher Gehalt  yon ASP per Zelle wiihrend 
der raschen Zellvermehrung gefunden; in Gehirn ind Muskel ging die Erhbhung in  ASP per Zelle 
mi t  dem wachsenden Proteingehalt  parallel. Von allometrischen Daten  ist  anzunehmen,  dass die 
verhiiltnismiissige Zunahme yon ASP und  RNAP in Gehirn, Herz und Muskel nahe iibereinstimmen. 
In  den Gehirnzellen ha t  Phospholipid sehr zugenommen, mehr  als irgend eine andere Substanz in 
diesem Gewebe. In  der Leber, aber nicht  in den anderen Geweben blieb die Proportion yon LP  und  
PN wiihrend der Entwicklung gleich. Die Gehirnzellen waren auch dadurch zu unterscheiden dass 
sich der R N A P  wiihrend der Entwicklung dreimal vermehr t  ha t ;  die Leberzellen haben wiihrend 
der ganzen Zeit ihren verhi~ltnismgssig hohen R N A P  Gehalt  beibehalten; in Herz- und  Muskelzellen 
trafen die hohen Werte mit  den Phasen der raschen Zellvermehrung und der Proteinsynthese 
zusammen.  

Wiihrend der embryonischen Differentiation vermehrte  sich der durchschniL~liche PN-Gehalt  
der Zelle zweimal in der Leber, viermal im Gehirn und mehr  als sechsmal in dem Muskel. In  den 
Herzzellen gab es keine bedeutende Erhbhung  des Proteingehaltes. Nach den Verfassern konnte der 
Proteingehalt  der Zelle ein wichtiger Faktor  in der Verursachung yon ~nderungen  in der Konzen- 
trat ion yon Nukleotiden sein. Bei der Entwicklung der embryonischen Hiihnerleber ha t  sich der 
Proteingehalt  per Zelle mehr  als zweimal vermehrt ,  abet, da doch die absolute Menge yon R N A P  
gleichgeblieben ist, ha t  sich die Konzentra t ion dieser Substanz vermindert .  
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Note added in proo/ 
Some of our  resul ts  suppor t  earl ier  observa t ions  made  by  MooG ~t during her  s tudy  of apyrase  

ac t iv i ty  in t h e  same four  t i ssues  of  t he  chick embryo.  I n  part icular ,  she found a peak  in apyrase  
ac t iv i ty  (uni ts /mg N) in  skeletal  muscle  a t  i8-21 days,  and  no ted  a fall  in t he  n i t rogen concent ra t ion  
of hea r t  t issue before hatching,  s imi lar  to  t he  fall  in p ro te in  per  cell, which we find in bra in  and l iver  
a t  t he  same stage. 


