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INTRODUCTTON 

For the study of energy relations in organisms, the lower animals 
offer certain advantages over the higher vertebrates. Such regulatory 
mechanisms as those controlling the ventilation of the lungs, the rate 
of fl.ow of the blood, the oxygen-carrying power of the blood and the 
maintenance of constant body temperature, which impose limitations 
upon experimentation with higher vertebrates, can be avoided by the 
selection of proper material from among invertebrates. Planaria pos
sess none of these mechanisms and they are well fitted for such studies 
because they can withstand prolonged s'tarvation or can ingest a large 
meal, and they have remarkable powers of regeneration and agamic 
reproduction. Experiments upon Planaria have played a prominent 
role in the formulation of theories by Child (1) regarding ·the so-called 
"rate of metabolism" in relation to senescence, rejuvenescence and 
dominance in organisms. Child used the susceptibility of animal and 
parts of animals to the toxic action of KCN as a mea ure of the "rate 
of metabolism." This u e of cyanide was ba ed upon the belief of 
many physiologists that 1t inhibits oxidations in organism and upon 
certain qualitative tests in which, it is reported, the carbon dioxide 
production by worms in Ta hiro's "biometer" agreed with what was 
expected from their susceptibility to cyanide. No quantitative studies 
of the metabolism of Planaria by direct methods of measurement have 
been published heretofore. The author has undertaken a series of such 
studies for the purpose of determining whether I{ N can be used to 
measure the rate of mddatitm in these animals and to determine the 

93 



94 GEORGE DELWIN ALLEN 

important facts regarding the rate of oxidation in Planaria in relation 
to nut.lrition, age and morphogenesis. These studies were suggested by 
Prof. E. J. Lund, under whose direction they have been c~rrled out and 
to whom I wis'h to express my most sincere appreciation for assistance 
and encouragement. 
· The present paper deals with methods of measuring the m,-ygen 
consumption by Planaria and the effect of KCN upon the oxygen 
consumptjon by these animals. 

The belief that cyanides inhibit int.J·acellular oxidations finds sup
port in a number of studies of the r~·spiratory exchange of organisms, 
beginning with the classical st.tidies of Geppert (2). Schroeder (3) 
reported a marked decrease in the oxygen consumption by the mold, 
Aspergillus niger, in KC solutions. Warburg (4) and Loeb and 
Wasteneys (5) agree that the oxygen consumption by sea urchin eggs 
is decreased very strongly in cyanide solutions; and Loeb and Was
teneys (6) have shown a similar effect of cyanide on the oxygen con
sumption by Fundulus embryos and by tbe jellyfish, Gonionemus. 
Experiments of Hyman (7) also tend to show a decrease in the oxygen 
con umption by marine sponges in KON, although there may be 
question regarding the rate of flow of water through the sponge in 
cyanide solutions in these experiments. On the other hand Lund 
( ) ha found that the oxygen consumption by Paramecium is inde
pendent of the action of K N. 

In non-living systems various authors since Schonbein (9) have 
found that cyanides inhibit the activity of oxidizing enzymes, but in 
some cases the cyanide ha an opposite effect. Thus Kastle and 
Loevenhart (10) report that HON inhibits the oxidations of guaiacum 
by potato oxida e and many inorganic oxides and peroxides, but that 
it accelerates the oxidation of guaiacum by silver oxide. Loevenhart 
(11) found that HON retards catalysis of hydrogen peroxide by plat
inum black, silver alljf extract of tissues, but that it accelerates catalysis 
of hydrogen peroxide when copper or iron and its salts are used. And 
the same author (12) find that HON accelerates the catalyzing action 
of copper ulphate upon the oxidation of formic acid by hydrogen 
peroxide. Matthews and Walker (13) find that HCN prevents the 
oxidation of cy tein to cystin but (14) that it accelerates the oxidation 
of impure cy tin or cystin solutions containing ferric chloride, and that 
it has no effect on the oxidation of pure cystin. 

These results lead to tJaution about predicting that KON inhibits 
oxidations in every system. Are the oxidation systems in all organisms 
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alike in respect to KC:N" or are there some oxidation systems like the 
oxidation of cystein and other systems like the oxidation of cystin? 
May there be other animals than Paramecium whose respiratory ex
change is not affected by cyanides? In determining the. value of KCN 
as a measure of the rate of oxidations in any form it is necessary, first 
of all, to determine its effect upon the oxidations in that form. It 
has not been shown, heretofore, that KCN affects the oxidations 
in Planaria. 

METHODS 

The materials used in this investigation were Planaria maculata, 
collected from the Mississippi River, and Planaria agilis, purchased 
and reared in the laboratory. The latter species has been found more 
convenient for experimentation and most of the experiments reported 
in this paper were performed with this species. Worms of the former 
species cling to the substratum so tenaciously that it is often necessary 
to loosen them with a probe. Not only is this inconvenient but it 
introduces the danger of injuring the animals. 

In each experiment the animals selected were as nearly uniform in 
size as possible, and had not recently regenerated the head. All ani
mals used in a single experiment were taken from the same stock, hav
ing the same history for some days previous to the experiment. The 
nutritive history and the relative size of worms used in each experi
ment are stated in the beading of the table reporting the results of the 
experiment. 

The general method employed for determining the oxygen consump
tion was to place worms in tap water of known content of dissolved 
oxygen, and at the end of a stated period of time to remove the worms 
and analyze the water for dissolved oxygen, and so to determine by 
difference the amount of oxygen consumed. The general procedure 
was similar to that described by Lund (15) for determining the oxygen 
consumption by Paramecium, except that the worms wern removed 
from the bottles at the end of the experiment, before the reagents were 
added, thus eliminating any errors due to absorption of iodine by the 
organisms during the analysis. 

Reagents for Winkler's method of analysis were made up as given 
by Sutton (16, p. 285) except that 2 cc. of concentrated hydrochloric 
acid were used as given by Birge and Juday (17, p. 13). The thio
sulphate solution was standardized at intervals against known weights 
of freshly resublimed iodine. 
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A large carboy was filled with the tap water .to be used in an experi
ment. When the tap water was much warmer or cooler than the room 
temperature it was allowed to stand in the carboy for twenty-four 
hours or longer to reach the room temperature. The water was thor
oughly stirred and brought into approximate equilibrium with room 
air as to its dissolved oxygen by drawing a stream of. air through it 
for about two hours. The bottles used in the experiment were then 
all filled in rapid succession by siphoning water from the carboy to 
the bottom of the bottles, allowing them to overflow about three 
times their volume of water. All bottles had fitted ground glass 
stoppers and were of the same capacity. Bottles which had originally 
1 or 2 cc. more than 132 cc. capacity contained pieces of glass rod to 

TABLE 1 

Showing the degree of uniformity of filling and analysis of 28 bottles filled in order 
with aerated tap water and analyzed at once 

CC. 0.J' THJOBULPBATB CC. OF TBIOSULPH.ATE CC. OF TBIOBULPHATE CC. OF THIOB'OLPHATa 

4.55 4.56 4.53 4.58 
4.59 4.55 4.57 4.52 
4.56 4.56 4.60 4.55 
4.52 4.54 4.58 4.59 
4.57 4.55 4.58 4.56 
4.5 4.56 4.52 4.57 
4.57 4.55 4.56 4.53 

M~~mum ..... . . . . .. .... . . ... . ..... ... . ... .. .. . . . 4.60 cc. thiosulphate 
M1rumum . . .. . .. ... . .... .... .. . .. . . .. ... ... . .. ... 4.52 cc. thiosulphate 
Average .. .. ... .... .. . .. ..... . ........ . .... . ... . .. 4.56 cc. thiosulphate 

make them uniform with the others. The degree of uniformity of fill
ing and analysi i illustrated by table 1, which shows the result of fill
ing the whole eries of 28 bottles with aerated tap water and analyzing 
them at once. The analyses ranged from 4.52 cc. to 4.60 cc. thio
sulphate. The average of all analyses was 4.56 cc. thiosulphate. The 
maximum error in an individual analysis, therefore, was about 1 per 
cent of the total oxygen content of a bottle, and since duplicate deter
minations were made in all experiments, the error in filling and analysis 
was reduced even below this figure. 

The bottles needed in an experiment were filled in order, as explained 
above. Then three or four bottles, selected from different parts of the 
series, w~re set aside as "blanks." For example, in the experiment 
reported m table 2 the 1st, 6th and 11th bottles filled were chosen as 
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blanks. The average of the analyses of the blanks was taken to repre
sent the amount of oxygen in each of the other bottles at the beginning 
of the experiment. Uniformity among blanks, chosen in this way, 
was taken to show uniformity of filling of the whole series of experi
mental bottles. 

Worms were introduced into experimental bottles by means of a 
glass pipette of suitable size. With care, a worm can be introduced 
into a bottle by touching the pipette to the 11urface of the water in the 
bottle without introducing more than a drop of water. In removing 
woi:ms at the end of an experiment, the Planaria agilis were loosened 
by gently rotating the bottle, and were then picked out individually 
by means of the pipette. In this operation, care was taken not to 
introduce any bubbles of air in the bottle and not to draw into the 
pipette any water from the vessel into which the worms were trans
ferred. Planaria maculata cling to the substratum very tenaciously. 
Frequently it was necessary to loosen them by means of a wire probe, 
flattened at the end to form a spatula. The following tests how that 
the error from introducing probes and pipettes into bottle to remove 
worms was negligible. Seven bottles were filled with aerated tap 
water. Four of these were analyzed as controls, giving an average 
oxygen content of 4.03 cc. thiosulphate. Each of the other three 
bottles was opened and the pipette was introducc:d twenty-five times, 
drawing in and expelling water thrice each time. The average oxygen 
content of these bottles was then found to be 4.04 cc. thiosulphate, 
showing no difference from the controls. The water in the bottles in 
this case was approximately in equilibrium with air as to its dissolved 
oxygen. Under such circumstances it was not to be expected that the 
manipulations described would affect the oxygen content appreciably. 

At the end of an experiment, however, after part of the oxygen 
has been consumed, the water is no longer in equilibrium with air and 
these manipulations Inight alter the oxygen content. The following 
test meets these conditions. Six bottles were filled with boiled tap 
water of low oxygen content. Three alternate bottles were analyzed 
as controls, giving an average oxygen content of 1.74 cc. thiosulphate. 
Into each of the other three bottles ten worms were introduced and 
then immediately removed. These experimental bottles gave an 
average oxygen content of 1.80 cc. thiosulphate, showing a difference 
of 0.06 cc. thiosulphate from the controls. In the experiments to be 
reported, the oxygen content of the bottles at the end of the experi
mental periods was rarely reduced below'2.50 cc. thiosulphate. More-
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over, any rror from thi source would tend to diminish differences 
in oxyg n con umption rather than to produce them to any degree. 

In ome ca e , removing worms removed so much water that there 
wa danger of enclo ing a bubble of air in closing the bottle after intro
ducing the reagents. To prevent this possibility, the uniform pro
cedur wa followed of displacing 2 cc. of water with a glass rod before 
introducing the reagents. The rods used for this purpose were of 
the sam volume and were marked so that they could not be confused 
with other rods pre ent in certain bottles for the purpose of standard
izing the volume. This procedure was adopted in experiments with 
Planaria maculata, which are difficult to handle with a pipette, and 
wa continued in a routine manner in all experiments. In all cases 
blanks were handled in the same manner as experimental bottlei:; in 
this respect. In calculating the oxygen consumption in cubic centi
meters of oxygen gas, cf. table 10, columns 3 and 6, correction was 
made for the 4 cc. displaced by the glass rods as well as for the 2 cc. 
displaced by the added reagents. These · corrections wen' not made 
in the table giving the oxygen consumption in cubic centimeters of 
thiosulphate ince they do not alter relative values. 

It required from two to four minutes to remove worms from a bottle 
and introduce the reagent . When an experiment contained several 
parts and there were two or three duplicate bottles in each part, it 
often required half an hour or even an hour to carry out these manipu
lations. Under such circumstances, to avoid serious error from the 
fact that the length of the experimental period was greater for certain 
bottles than for others, bottles were handled in the same order at the 
end of the period as at the beginning. In all experiments a record was 
made of the exact time of handling each bottle, and these times were 
so arranged as to insure that there was no variation from bottle to 
bottle in the length of the experimental period. 

The following te t shows that the iodine error from mucous secretions 
of the worm wa al o negligible. In each of four bottles, six worms 
were left for four and a half days, after wluch time they were removed 
and the bottles were filled slowly with aerated tap water so as to avoid 
violent current that might remove accumulations of mucus. The 
average of the four analyses was 4.63 cc. thiosulphate, while four clean 
bottle filled at the same time from the same aerated tap water gave 
an average analysis of 4.65 cc. thiosulphate. 

In the experiments report~d in the present paper, each contains its 
own temperature control since all comparisons that have been made 
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arc between worm that were te ted simultan ou ly and uJHI r th<' 
sam<' conditions of temperature. However, xcept in the finst two pr -
liminary experiments, all bottles were placed in a wal<'r bath within 
a constant temperature oven at 20°0., o that differ nt xperim nt ar 
comparable so far as temperature is concerned. 

For each experiment the potas ium cyanide wa fr , hly weighed 
out, and a relatively strong solution, e.g., 0.01 molecular, wa mad 
with the aerated tap water used in the experim nt. The bottl w re 
filled in the usual manner. Those bottles that wer not to contain 
cyanide were closed at once. A mea ured amount of the trong r 
cyanide solution was run in from a pipette or burette at the bottom f 
the other bottles, which were then clo ed and shaken well befon' in
troducing worms. The concentration of the solution wa r gulated ~o 
that the amount of solution added never exceeded 5 cc. and wa u'ually 
about 2 cc. Upon opening the bottles, before introducing worm., a 
2 cc. rod was inserted into each, displacing enough water to make it 
certain that it could be closed again without leaving any bubble· of 
air. All bottles in the experiment, including the blanks, were handl I 

alike in this respect. 
Potassium cyanide in the concentrations u ed do not cau e any 

appreciable error in the Winkler oxygen analysi . Thi wa hown by 
a preliminary test in which three bottles of aerated tap water con
taining KCN in 0.0004 molecular concentration gave an av rag ox
ygen analy is of 4.00 cc. thio ulphate, while three bottle of :1C'rat d 
tap water without cyanide gave an avera c of 3.99 cc. thio ·ulphatc. 
In f'ome experiments cyanide olution wa introduced into part of th 
blank but no appreciable difference in the analy~ wa found b tn' n 
them and the other blanks not containing KC~-, o that thi , proc dur 

wa not alway followed. 
The experimental method has been explained in con. id 'rabl cl 'tail 

because several ources of error might readily occur if car i. not tak n 
in the details of manipulation. However, wh n car ful m thod ar 
followed, their accuracy may be judged by their re ult.. When dupli
cate determinations in the ame experim nt how uniformity of r -.ult 
and when a serie of determinations with graduated diff r n in a 
certain experim ntal factor uch a. concentration of K 1· ·how· a 
consi tently graduated erie of differ nee in r . ult. the exp rimen 
carri ~ conviction of r liabilitv even when the ac ual figure' :i.r not 
large. All experiment have been carried out in duplica of tw or 
three simultanC'ou;; but ind pendent dC'termination · , a con tr I upon 
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the accuracy of the methods. The tables show all the individ~al 
determinations, even at the expense of making the tables ii:ore. m
volved, in order that the uniformity among duplicate determmat10ns 
may be clearly seen. 

OXYGE CONSUMPTION BY PLANARIA I KCN SOLUTIONS OF DIFFERENT 

CONCENTRATIONS 

To determine, first of all, whether KCN decreases the oxidations in 
Planaria, a preliminary experiment was performed with Planaria mac
ulata, in which the oxygen consumption was tested first in aerated tap 
water and next in aerated tap water containing KCN. Table 2 states 
the conditions and gives the results. The headings of the columns are 
self explanatory. Part A gives the analyses of the blanks, which tell 
the amount of oxygen in the experimental bottles of part B at the 
beginning of the experiment, and which serve also as a control for the 
uniformity of filling of the experimental bottles. The first test in 
aerated tap water is a control to show the degree of uniformity of 
oxygen con umption by the animals used in the different bottles of the 
experiment. In the second test, the bottles of set I contained no KCN, 
and erve, therefore, as a control for those sets in which cyanide was 
u ed. Bottles of et II contained the strongest KCN solution, set III 
a weaker solution and set IV the most dilute solution. Column 4 
show that in every case worms in cyanide solutions used much less 
oxygen than those in pure water. In the previous test, column 2, they 
all u d approximately the same amounts of oxygen. Column 4 indi
cate also that worms in the weakest solutions, i.e., set IV, used more 
oxygen than those in stronger solutions, but the worms in the stronger 
solution uffered injury, as is shown in column 6, so that this experi
ment is inconclu ive so far as concern the relative effects of KCN 
solutions of different concentrations. Worms of set IV however, all 

' of which remained alive and uninjured in 0.000076 molecular KCN, 
howed a reduction of over half in their oxygen consumption. 

A second pl'eliminary experiment was then performed with Planaria 
agilis, using weaker solutions of KCN. The conditions and results 
are hown in table 3. The general organization of the experiment 
and the controls was the same as in the former experiment. Column 2 
shows again that worms in cyanide olutions invariably consumed less 
oxygen than those in pure water, while column 1 shows that in the 
preliminary test in pure water they all consumed approximately the 
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TABLE 2 

Prelirninary experiment showing decrease in the oxygen consumption by Planaria 
maculata in KCN solutions. Worms, medium size, in laboratory six days with
out food, 10 individuals in each bottle. Room temperature 20° to 24°C. 1 cc. 
thiositlphate = 0 .1751 cc. oxygen at N. T. P. 

FIRST TEST 

"' (CONTROL) SECOND TEST (DURATION 10.5 HOURS) 

" ( DURATION 12.13 
PART SET !:: 

0 HOURS) 

" Blanks Blanks 

---- --

r E~ 
cc. thio. cc. thio. 

rn :... ~ 1 3.36 3 .90 
.!<: 0 c 

A i c ~ ~ 2 3 .32 3.95 
~~~ °'..::, 5. 3 3 .33 3. 91 

l Average 3.34 3.92 

-
(1) (2) (3) <•> (5) (6) 

--
C:O ·-"0 

}g ·;;;-o 
13" Concentration 

e" Oxygen "" Oxygen Condition of worm• at 
~~"g ofKCNin 

c:~"g consumed consumed each bottle 
end of test 

" ·~ " ·~ ...... ~.5~ » c:" >< ·- ~ 
0 0 

--- -- -- --
cc. cc. a1'er- cc. cc. ODef'" 

thio. thio. ao• thio. thio. age 

r ( 1 2.69 0 .68 3.33 0.62 

I 2 2.65 0.69 0.67 3.29 0.63 0. 64 No KON All alive 

3 2.70 0 .64 3.23 0.66 

I 
f 

1 2.64 0.70 3.73 0.19 3 di integrating 

I II 0.70 0. 19 0.00015 M 2 curled up 

1 2 3.74 0.18 2 disintegrating 

l 
4 curled up 

! 1 2.69 0.65 3. 0 0.12 4 disintegrating 

III 0.67 0.15 0.000114 M 1 curled up 

2 2.65 0.69 3.74 0.18 4 di integrating 

l 
2 curled up 

B 

(I 
1 2.78 0 .56 3.70 0.22 

IV 0.61 0.24 0.000076 M All alive 

2 2.69 0.65 3.66 0.26 
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same amounts. In this experiment all worms rem~ined alive and 
uninjured. A comparison of the averages in columns 2 and 4 shows 
that there is an inverse relation between the concentration of the 
cyanide and the oxygen consumption or, in other words, that there is 

TABLE 3 

Preliminary experiment showing decrease in the oxygen consumption by Planaria 
agilis in KCN solutions. Worms, 11 to 13 mm. in length; fed beef liver r/aily till 
three days previous to the experiment; 10 individuals in each bottle. Each test 
period of 8 hours duration. Room temperature, 22° to 24°c. 1 cc. thiosulphate 
= 0.1751 cc. oxygen at N. T. P. 

FIRST TI.ST 
(CONTROL) SECO~D TEST 

PART SET BOTTLE 

Blanks Blanks ------
cc. thio. ateragt cc. thio. average 

( . s~ 1 3. 0 3.74 NoKCN ...... 0"' 2 3.80 3.69 NoKCN A r:n ~ Q) 3.79 3.73 ~o~ 3 3.81 3.75 0.000038 Mal. KCX cc ... 
~..._ P- 4 3.76 3.73 0.000038 Mal. KCN i:Q 

---,_ 

(I) (2) (3) (4) (5) 

Average 
Oxygen Oxygen 

rate of oxy- Concentration Condition of consum<llf gen con- of KCNin worms at (Control) consumed sumption each bottle end of test in per cent 
of normal 

cc. thio. ai:erage cc. thio. average per cent 

I { 
1 0.52 0.38 
2 0.51 0.52 0.42 0.40 (Normal) NoKCN All alive 

II { 
1 0.47 

0.49 
0.14 

2 0.50 0.16 0.15 38 0.000076M All alive 
B 

III { 
1 0.56 0.27 
2 0.45 0.51 0.21 0.24 60 0.000038M All alive 

~\ IV { 
1 0.52 0.35 
2 0.52 0.52 0.35 0.35 88 0.0000076M All alive 

~ direct relation between the concentration of KC and the decrease 
m the oxy_gen consumption. The averages of column 2 have been 
converted mto percentages in column 3 wh "t · h th . . , ere i is seen t at e ox-
ygen consumpt10n m 0.000076 molecular KCN was only 38 per cent of 

rd 
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nonnal. In the previous experiment, table 2, the oxygen consumption 
in this same concentration of cyanide was 36 per cent of normal. 

It might be noted that at the end of this experiment, when the 
worms in cyanide were disturbed, they all became active but there was 
a very marked gradation in the rate of locomotion in the different con
centrations of KCN. In the strongest cyanide the rate was least while 
in the weakest cyanide the rate was only slightly less than that of the 
worms in pure water. 

In order to determine the general character of the proportionality 
between the concentration of the cyanide and the amount of oxygen 
consumed, the experiment summarized in table 4 was performed. 
The general plan of the experiment was the same as that of the pre
vious experiments except that a greater number and a wider range of 
concentrations of KCN were used. Seven different concentrations 
were employed, ranging from 0.00000076 molecular to 0.00038 molec
ular. Column 1 shows a high degree of unifonnity in the oxygen 
consumption of the different sets in the first test without cyanide. 
Column 2 shows that in the second test the oxygen consumption de
creased very regularly as the concentration of KCN increased. In 
the strongest solution, set VIII, the worms were all disintegrated at the 
end of the experimental period so that the figures in this part of the 
table may, perhaps, be ne~lected. Worms in sets VI and VII seemed 
to be near the limit of their resistance and the figures of set VII might 
be questioned. 

While the experiment recorded in table 4 gave very consistent re
sults, the absolute values were so small that the experiment was re
peated with larger worms, as summarized in table 5. The "second 
part" of this experiment will be discussed under the topic "Reversi
bility of the action of KCN on Planaria." For the present, attention 
is confined to the "first part," i.e., to the first and second tests. In 
this experiment all worms remained alive and uninjured. In the con
trol test, the worms in each of the different bottles consumed approxi
mately the same amount of oxygen, column 1. In the cyanide test 
the worms in 0.00023 molecular KCN, set VII, consumed only 28 
per cent as much oxygen as the control, set I. Worms in 0.00015 
molecular KCN consumed 35 per cent as much as the control and 
worms in 0.000076 molecular KC consumed 53 per cent as much 
oxygen as the control. In the still weaker concentrations the oxygen 
consumption was practically the same as the control. These concen
trations were very dilute and were chosen to see whether Ininirnal 
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TABLE 4 

Showing the relation of decrease in the oxygen consumption by Planaria agilis in 
KCN solutions to the concentration of the KCN. Worms, 10 to 13 mm. in length; 
fed beef liver almost daily till 12 days previous to experiment; 10 individuals in 
each bottle. Temperature 19.7° to 19.8°C. 1 cc. thiosulphate =0.1751 cc. oxygen 
at N. T . P. 

FIRST TEST 

" (CONTROL) 
SECOND TEST (DURATION 15 HOURS) .. (DURATION 

PA.RT SET ~ 12 HOURS .. 
Blanko Blanko ----- -

cc. a ii er- cc. thio. 

Al 

e thia. age average 

... ~ 1 4.05 4.17 0..., 
,,, a: § 2 4.08 4.17 

.!>II 0 gs 4.06 4.17 c c ... 3 4.07 4.17 
col~ i:l. 

;:Q 4 4.04 4.15 
---

(I) (2) (3) (4) (5) 

Average 
Oxygen rate of Concentration 

consumed Oxygen oxygen con-
of KCNin Condition of worms at 

(Control) consumed Sumption end of test 
in per cent each bottle 
of normal ----------

cc. aver- cc. OtleT-
thio. age thio. age PET cent 

I { 1 0.30 
0.29 0.39 

(Normal) 2 0.27 0.39 0.39 NoKCN All alive 

II { 1 0.30 
0.32 0.36 

2 0.33 0.36 0.36 92 0.00000076M All alive 

III { 1 0.33 
0.32 0.38 

2 0.30 0.32 0.S5 90 0.0000076M All alive 

IV { 1 0.32 
O.S2 0.25 

2 0.32 0.22 0.24 62 0.000038M All alive 
B 

v { 1 0.32 o.s4 0.18 
2 0.35 0.21 0.20 51 0.000076M All alive 

VI { 1 0.33 a.so 0.15 Slightly injured 2 0.27 0.15 0.15 SB 0.000114M 
Slightly injured 

VII { 1 0.35 o.s s 0.17 Injured 2 0.31 0. ts 33 0.00015M 0.09 Injured 

VIII { 1 0.33 
. 

10.11 All disintegrated 2 0.280.S 0 06\0.09 23 0.00038M 
All disintegrated 

-



TABLE 5 

First part (first and second tests) showing the relation of the decrease in the oxygen 
consumption by Planaria agilis in K.CN solutions to the concentration of KCN. 
Worms, 15 to 16 mm. in length and very broad, without food for 28 days previous 
to e:rperiments, 10 individuals 0in each bottle. Each test period of 12 hours dura
tion , U'ith 12 hours interval between tests. Temperature 19.5° to 20.0°C. 1 cc. 
thiosulphate = 0.1729 cc. oxygen at N. T. P. 

Second part (third test) showing reversibility of the effect of KCN in reducing the 
oxygen consumption. Third test follows second test after interval of 12 hours. 

FIRST PART SECOND PART 

PART SET BOT'TLE First test 
(Control) 

Second teat Third test 

Blanks Blanks Blanks 

-- -----
cc. 

. cc. 

thio. 
are-rage cc. tli:fo. arerage thio. at~aga 

l 
7J 1 4.39 4.38 4.34 

oo>=~ 
~ t:;:: 2 4.41 4.38 4.31 
r: c - 4.40 4.36 4.31 
d ;: ~ 3 4.39 4.33 4 .29 

P:i 0 \: 
50. 4 4.40 4.36 4.31 

(I) (2) (3) (5) (6) 

Average rat e 
Oxygen con- Oxygen con-

of oxygen Concentration o 1 Oxygen con-
sumed con1umption KCNin 

(Control) 
sumed in per°'nt o f each bottle 

au med 

normal 

-- --- --
cc. cc. per cent 

cc. aterage 

thio. average thio. average thio. 

{ 
1 1.00 0 .99 1.04 

I 2 1.03 1.02 0 .93 0.97 ( ormal) I oKCN 0 .96 1.00 

3 1.02 0.99 0.99 

( 
1 1.10 1.01 1.03 

II 2 1.10 1.07 1.05 1.01 ·104 0 .00000015M 1.01 1.00 

3 1.02 0.98 0.96 

{ 
1 1.05 1.01 1.0°1 

III 2 1.03 1.03 0.99 1.00 103 0.00000076M 0 .98 0.98 

3 1.00 1.00 0.95 

I 
( 

1 1.05 0.94 1.01 

B IV 2 1.01 1.05 0.96 0.98 101 0.0000076~1 1.01 1.03 

3 1.08 1.04 1.06 

( 
1 0 .90 0 .51 0.96 

v 2 1.03 0.98 0.50 0.51 53 0. 000076:\1 1.01 0.99 

3 1.02 0.53 
. 1.01 

( 
1 1.04 0.32 1.01 

VI 2 1.11 1.04 0.36 0.34 35 0.00015M 1.14 1.06 

3 0 .97 0.34 1.02 

VII { 
1 1.13 0 .29. 1.15 

2 1.04 1.03 0.281 0.27 28 0 .00023 I 1.22 1.14 

l 3 0.92 0.25 1.04 

105 
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uantities of cyanide cause marked dec~ease or increase in the oxygen 
~onsumption. The result.s showed neither effect. T~e perce~tages 
in column 3, run slightly ab?v~ the c.ontrol but the difference is ;~ 
· nificant especially when it is considered that sets II, III and . ~ged more' oxygen than set I in the control test also, column 1.. This 

· t has not been tested further as yet, but so far as these experrments 
porn . . ff ,, f eak 0 they do not give any evidence of a "stimulatmg e ect o very w ~ N upon the oxygen consumption of Planaria . 

• 10 

0.00010 o.ooozo 
WOL. KCN. 

Fig. 1. urve showing decrease in the oxygen consumption by Planaria 
agili in KC olutions of different concentration. Abscissas = molecular 
concentration of KC~. Ordinates = average oxygen consumption per bottle 
of worms, in cubic centimeters of tbiosulphate. Curve 4 represents the data of 
table 4, column 2. Curve 5 represents the data of table 5, column 2. 

The data of table 4 and 5 have been plotted in figures 1 and 2. 
Figure 1 shows the average oxygen consumption per bottle in cubic 
centimeter of thio ulphate, plotted against the concentration of KCN. 
The curve marked 4 represents the data from table 4, and the curve 
marked 5 repre ents the data from table 5. Each point on curve 4 
repre ent , therefore, the average of two determinations, and each 
point on curve 5 repre ents the average of three determinations. The 
two curves do not coincide becau e they represent the absolute amounts 
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of oxygen consumed by worms of different sizes, but it can be seen at 
a glance that they have the same general form. Figure 2 shows the 
average oxygen consumption in different KC solutions, expressed in 
per cent of the control. As in figure 1, the curve marked 4 represents 
the data of table 4 and the curve marked 5 represents the data of 
table 5. Four things may be noted in figure 2: first, that the two 
curves almost coincide, showing that the two experiments, tables 4 and 
5, give identical results; second, that the curves fall sharply; third, 
that they are not straight lines; and fourth, that they approach the 

LOO X 

.80 

..: 
<: 
ll.) 

u .60 

~ 
1.Q .40 
0.. 

4 

10 

.0 
0.00010 0.00010 

MOL . KCN. 

Fig. 2. Curves showing decrease in the rate of oxygen consumption by Planaria 
agilis in KCN solutions of different concentration . Abscissas = molecular 
concentration of KCN. Ordinates = rate of oxygen .consumption in per cent of 
normal. Curve 4 represents the data of table 4, column 3. Curve 5 repre en ts 

the data of table 5, column 3. . 
horizontal at about 20 per cent of t:\l.e normal. We may conclude, 
therefore, that lower concentrations of KCN have proportionately 
greater effect upon the oxidations than more concentrated olution ; 
and second, that the oxidations cannot be reduced by cyanide below 
about 20 per cent of the normal. In other words, these result indicate 
that a residual oxidation amounting to about 20 per cent of the normal 
cannot be inhibited by KCN. No clear evidence is obtained from exper
iments 4 and 5 for a stimulation of oxidations in weak solution of I\: );'. 
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OXYGEX COXSUMPTION BY PLANARIA IN KCN SOLUTIONS DURING TIME 

PERIODS OF DIFFERENT LENGTH 

It i0 po ible that the rate at which Planaria use oxygen in KCN 
solutions change with time. Miss Hyman (7) reports finding such 
changes in the oxygen con umption by sponges for the first two or 
three half-hour periods. But when longer experimental periods are 
employed a. in the experiments reported in this paper, it seems im
propable that the precise length of the period should alter the. gener~l 
character of the re ult . However, to make certain regardmg this 
point, the following experiment was performed. Different sets of 
worms wer te ted for periods of different length from 2 to 36 hours. 
All et were tarted at the same time. Set I was stopped after 2 
hour", et II after 4 hours, et III after 8 hours, etc., as can be seen 
in column 1, table 6. Each set comprised two bottles of worms used 
a a control et and two bottles used as an experimental set. 

All et were te ted first in aerated tap water as a general control 
for the second te t, in which the experimental sets were treated with 
KCX. This preliminary control test was carried out in every respect 
like the econd te t except that no KCN was present in any of the 
bottl . Attention may be called to several points in the results of 
the control test which give evidence regarding the accuracy of the 
method . It will be noted in column 2 that for the short periods more 
worm. were u ed in each bottle and for the longer periods fewer indi
vidual were u ed. olumn 3, which states the amount of oxygen 
ab orbed by the worms in each bottle in cubic centimeters of thiosul
phate,. how that not more than the equivalent of 2.20 cc. thiosulphate 
wa ab orbed by the worms in any bottle, i.e., not more than about 
half of the amount of oxygen available in each bottle at the beginning 
of the p riod, 4.21 cc. thio ulphate. The worms of the longer experi
mental period were not subjected, therefore, to oxygen starvation. 
In the next place, the degree of uniformity among the individual 
determination i hown in column 4. In this column the oxygen 
con umption ha been reduced to the common basis of the number of 
cubic centimeter of oxygen ga at normal temperature and pressure 
ab orbed per 10 worms per 24 hours. The individual determinations 
ranged from 4.02 to 4.50 cc. of oxygen, with the exception of one deter
mination, et Vb, bottle 1, which was as low as 3.38 cc. oxygen. An 
exainination of further record of this particular lot of worms is instruc
tive. Table give the oxygen consumption by the worms in each 
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TABLE 6 

Showing that Planaria agilis in a KCN solution maintains approximately the same 
rate of oxygen consumption during lime periods of very different length . Worms 
15 to 16 mm. in length and very broad; without food fo1· 18 days prel'ious to the 
experiment except feedings on the 5th and 6th days before the experiment. Con
centration of KCN = 0.00003 molecular. All bottles started al the ame time and 
analyzed after periods of different length, as noted. T emperature 1.94° lo 20 0°C. 
All worms alive al the end of the experiment . 1 cc. thiosulphate = 0.1747 cc. 
oxygen al N. T. P. 

.. ., 
"' 

Blanks 1 
(Noworms 2 
present) 3 

4 

FIRST TEST (CONTROL) 

(1) (2) 

cc. thio 

4.18 
4.24 
4 .23 
4 .18 

(3) 

] ·: 
~ ~ ] 
! ~~ ~-
0 o~ se 
A s] c-
~ ..o..= Q)r: 

Blanks 

arerage 

4 .21 

(4) (5) 

SECO:SD TEST 

Blanks 

cc. thio at:erage 

4.05 
4 .10 
4.io 
4 .0 

(6) 

4 .08 

(7) 

Xo KC':\ 
XoKCX 

l\:CX 
I\:CX 

() 

KOi 
or 

no l'C:'i 

~ ~ ~ ~8 
~ z c;~ 

------- - -------- --- ----1·--- -----

B 

hrs. 
cc. arer- cc. 
~~io age ox~gen 

per cent 
cc. ater
th io age 

per cent 

2 200.72 0 73 4.32 (Nor- 0 .71 0 72 (_or-
2 200.74 · 4.44 ma! ) 0 .73 · mal) 

2 20 0. 71 0 73 4. 26 
2 200.75 . 4.50 

JOO 0.53 0 47 
0.41 . 

65 

4 20 1. 42 1 38 4 . 26 (Nor- 1. 28 1 29 (. or-
4 20 1.34 · 4.02 mal) 1.30 · mal) 

4 201.37 1 42 4.11 
4 201.46. 4.3E 

103 o. 4 0 84 o. 4 . 
65 

8 152.11 2 11 4.22 (Xor- 2.02 2 01 (Xor-
8 152 .10 · 4. . 20 mal) 1.99 · ma!) 

8 152 .132 09 4.26 
8 152 .05 . 4.10 

99 
1.20 1 17 
1.13 . 

58 

XoKC~ 
- ·o KCX 

XoKC. 

KCX 
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TABLE 6-Continued 

I 
(3) (4) (5) (6) (7) (8) 

(I) (2) 

-- --
"'" "'" -g .:: c ... 

"" "" I 0" .. c. .. c. ·- "' :;:i 0. 
»" "" »" ... " "" c." g ..... 'i " ~·-ca " 8. ;: a Ea 
'g.§ E a 0 § 8 KCN 

I 

~ ~ 
" " ;:J,_ .. 

~i8 3 "0 
or ~ 0 ~~ §~m .,.,o 

" no J(CN 
I 

~e ~ c.c 0 .. s-0 ;.8 " o" .. s- " 
"" 0 

".., i=-g 
"" 0 " if".., 

I .. ..c ..0 .c "c ~1-...C:: if ".., " ~ ~ 
..,o .. cc .. .. "c 

.. 8" >.O »" ... "0" » ~g~ " .. ":! ~~ ~ "'"' > "" ~ 

< 
< .. z 0 0 < 0 
.. ., " .... - - -cc. 41'tr- cc. 

per cent cc. a tier- per cent 
hra. thio age oxygen thio age 

r IV ! 
a f 1 12 10 2.06 

2.08 4.12 (Nor- 1. 98 
2.05 

(Nor- NoKCN t 2 12 102.10 4.20 mal) 2.11 mal ) 

l b{ 1 12 10 2.03 
2.06 4.06 

99 1.10 
1.12 55 KCN 2 12 102.08 4.16 1.13 

v! 
a { 

1 24 5 2.20 
2. 18 4.40 (Nor- 2.08 

2.07 
(Nor- NoKCN B 2 24 5 2.15 4.30 mal) 2.05 mal ) 

l b{ 1 24 51.69 
1.8 7 3.38 

86 0.92 
1.02 49* KCN 2 24 5 2.04 4.08 1.12 

VI I 
a { 

I 36 31.88 5 4.16 (Nor- 1. 7 3 1.81 
(Nor- No KC 2 36 3 2.0 21.9 4.49 mal) 1.88 mal) 

I l b { 1 36 31.9 7 0 4.38 1.0 8 
60 KCN l ' 2 36 3 2.0 22.0 

4.49 103 
1.1 01.09 I 

• Corr cted to 57 per cent, cf. text page 111. -

bottle of et Va and Vb for five successive tests. In every test t his 
particular lot of worm , set Vb 1, absorbed much less oxygen than any 
other lot. Evidently this lot of worms was not equivalent to the 
other,; in it normal capacity for absorbing oxygen and the low .valu~ 
of 3.3 cc. in table 6, column 4, et Vb 1, was due to irregulanty 0 

material rather than to any error in experimental measurement. Part 
of th variation between the other determination also may be due.to 
irregularitie of material since the worms were selected for uniformity 
of ize without mea urement of their actual weights. It may be 
noted that column 4, table 6, shows no appreciable difference bet~een 
the normal rate of oxygen absorption during short and longer penods 
of time. Thi i further evidence of the reliability of the experimental method. 
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The amount of oxygen absorbed by the worm.s in each bottle during 
the second test is given in cubic centimeters of thiosulphate in column 
6. In this test the experimental worms were treated with 0.00003 
molecular KCN. This concentration was chosen because it has been 
found to cause a reduction in oxygen consumption which is inter
mediate between the maximum and minimum effects of cyanide. 
The oxygen consumption by worms in this solution during each of the 
different periods of time, from two to thirty-six hours, wa compared 
with that of the corresponding untreated worms. For example, the 
average oxygen consumption by the control set, Ia, which were in 
pure water for 2 hours, was 0. 72 cc. thiosulphate, column 6. The 
average oxygen consumption by the experimental set, lb, which were 
in cyanide for the same period of 2 hours, was 0.47 cc. thiosulphate or 
65 per cent of the normal. Similarly the average oxygen consumption 
of the other control sets: Ila, Illa, IVa, Va, and Vla, column 6, were 
each taken as normal or 100 per cent, column 7, with which were com
pared the average oxygen consumption of the corre ponding experi
mental sets: IIb, IIIb, IVb, Vb, and VIb. Similar calculations for 
the first test, column 5, showed that the experimental sets were equiv
alent to the control sets· in every case excepting set V, which has been 
discussed above. Column 7 shows, then, that the cyanide-treated 
worms in the second test used about 60 per cent of the normal amount 
of oxygen. As explained above, the worms in set Vb 1 were not equiv
alent to those in other bottles. When this fact is taken into account, 
the 49 per cent in column 7, set Vb, becomes 57 per cent. 

In this experiment the rate of oxygen consumption in cyanide olu
tion was practically the same during periods of different length from 
two to thirty-six hours. The inhibitory action of KCN on oxidation 
in Planaria was immediate or very rapid, therefore, and it did not 
change with time, at least within the limits of the experiment. There 
was no evidence of an initial stimulating effect of cyanide on the 
oxidations. 

REVERSIBILITY OF THE ACTION OF KCN ON PLA ARIA 

Potassium cyanide is sometimes classed among the anesthetic . 
One of the characteristics of the action of the anesthetics is their rever
sibility, i.e., the fact that if the anesthetic has not been given in too 
strong concentration and has not acted for too long a time, the organ
ism recovers from its effect rapidly and completely after removal 
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from its action. everal experiments demonstrated that the action 
of KC on the oxygen absorption by Planaria is reversible. 

Table 5, column 5, shows the complete recovery of the original rate 
of oxidation by Planaria after their removal from' solutions of cyanide 
in which their oxidations were only 28 to 53 per cent of the normal. 

TABLE 7 

howing reversibility of the effect of KCN on the oxygen consumption by Planaria 
agilis. Worms 15 to 16 mm. in length and very broad; without food for 18 days 
preceding the experiment except feedings on the 5th and 6th days previous lo ex
perimetit; 20 individuals in each bottle. Each test period of 4 hours duration. 
Co1icenlratio11 of KCN solution = 0.00003 molecular. After worms were removed 
from the KCN of the 2nd test they were washed repeatedly in tap water and set for 
the 3rd test within 30 minutes. Data of the 1st and 2nd tests incli<ded also in 
table 6. Teinperature 19.4° to 20.0°C. 1 cc. thiosulphate = 0.17 47 cc. o:cygen 
at . T. P. 

PART SET BO'ITLll 

FIRST TEST 
(CONTROL) SECOND TEST THIRD TEST FOURTH TEST 

Blanks Blanks Blanks Blanks --- ---
O• cc. ater- cc. atier- cc. aver- cc. at>eT-z~ thio age thio age thio age thio age ~ ... 

0, 1 4.18 4.05 NoKCN 4.31 4.36 I .. 2 4.24 4.10 ro KCr 4.34 4.39 A _,. e 
4.21 4.08 4.34 4.S7 c: r...-::;- 3 4.23 4.10 KCN 4.40 doc 4.38 it\ ~ ., 4 4. lS 4.08 KCN 4.32 4.34 

(l) (2) (3) (4) (5) 

Oxygen Oxygen KCN or Oxygen Oxygen consumed consumed no KC coneumed consumed ------ --
cc. arer- cc. ater- cc. arer- cc. arer-tliio age thio age thio age thin age 

l Ila. { 1 1.42 1.28 1.30 1.40 1.38 1.29 No KC.N 1.34 1.43 . 2 1.34 1.30 1.38 1.45 B 

lib { 1 1.37 0. 4 1.41 1.48 2 1.46 1.42 
0.84 0.84 KCN 1.43 1.46 

1.47 
1.44 -- -- -- -- -- -- ---P r c nt of normal . 103 65 107 lOS 

Twel~e hour intervened between the second and third tests in this 
expenment o that the experiment gives no idea of the rapidity of the 
recovery of the normal rate, but it does show completeness of recovery. 
T~ble .7 shows. that the recovery is as rapid as is the action of the 

cyarude rn reducrng the oxidations. The first test column 1 was the 
control te t. The econd test column 2 h d' d ' · the 

' , s owe a ecrease in 



'-'TUDIES ON RESPIRATORY J\IETABOLISi\f IN PLAXARIA 113 

oxygen consumption to 65 per cent of the normal in 0.00003 molecular 
KCN. The third and fourth te ts show complete recovery of the 
normal consumption in tap water. The third test followed the second 
with only thirty minutes interval. In this experiment the test periods 
were each of four hours' duration. The first and second tests of this 

TABLE 8 

Sho1cing reversibility of the effect of KC.V on the oxygen consumption by Planaria 
agilis. Worms 15 to 16 mm. in length and very broad; without food for 18 days 
preceding e:cperiment except for feedings on the 5th and 6th days previous to the 
experimrnt; 5 individuals in each bottle. Concentration of KCN, 0.00003 molec
ular. After worms were removed from KCN of the 2nd test they were washed 
repeatedly in lap water and put into bottles for the 3rd test within 17 minutes. 
Temperature 19.4 to 20.0°C. 1 cc. thiosulphate = 0.1747 cc. oxygen at N. T. P . 
Data of 1st and 2nd tests incltided in table 6. 

FIRST 
SECOND TEST 

THTRO F0t1RTH 1-·tP'TH 
TEST TBST TEST T~T PART SET BOTTLE 

Blanks Blanks Blanks Blanks Blanks - ---
01 cc. m:er- re. aver- K CNor cc. arer- re. arer- re. ar:er-
%b thio age thio age noKCN thio age thio age thio age 
~'"" ( c. 1 4.18 4.05 XoKCN 4.23 4.35 4.17 

A ) ;!; 
2 4.24 4.10 XoKCX 4.30 4.38 -U~ en c 

~;....- 4.21 4.08 4.37 4.36 4.18 I co-;:'. 3 4.23 4.10 KC 4.31 4.39 4.20 ~:: 5 
l ::i::l 4 4.18 4.08 KCN 4.24 4.32 4.16 

I 

(I) (2) (3) (4) (5) (6) 

Oxygen Oxygen Oxygen Oxygen Oxygen 
consumed consumed I\CN er no consumed consumed consumed 

in in KCN in in in 
24 hours 24 hours 6 hours 6 hours 21.6 hours - -
cc. ai•er- cc. az:er- cc. acer· cc. a ctr· er. artr-

thio age thio age tJ.io age thio age thio age 

f Va { 1 2.20 2.0E 
~o KC" 

0.63 
0.64 

0.59 
0.59 

2.00 
1.9 

2 2.15 2.18 2.05 
2.07 

0.65 O.~ 1.95 
B 

l Vb { 1 1.69 0.92 
I<CK 

0.52 
0.60 

0.49 
0.53 

1.52 
1.71 

2 2.04 
1.87 1.12 

1.02 0.67 0.56 1. () 
- - -- - -- -- - ---- -

Per cent of control 86 49 94 90 6 

table are included al o in table 6. After a hori expo ure, therefore, 
to cyanide which reduced the oxygen con umption 40 per cent, the 
consumption rose again to normal after removal from the cyanide 
solution, as rapidly as it fell in the cyanide. 

Table 8 shows a similar rapid recovery of the normal oxygen con
umption by worms after long expo ure to cyanide solutions of the 
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same concentration. In the control test, test 1, set Vb, the experi
mental \Yorrn u ed 6 per cent as much oxygen as the control worms, 
te t 1, et Va, so that this is the normal consumption of these worms. 
In the econd test the worms in 0.00003 molecular KCN, column2, 
et Vb, u ed 49 per cent as much oxygen as the control, column ~' 
et Ya, i.e., they u ed 57 per cent as much as was normal for the experi

mental worms. In the third, fourth and fifth tests, the experimental 
worm recovered their normal consumption of oxygen. The first and 
econd te ts were each twenty-four hours in duration and the third 

and fourth were each six hour in duration. The interval between the 
second and third tests was only seventeen minutes. After exposure 
to the action of cyanide for twenty-four hours, therefore, the worms 
recovered so rapidly after removal from the cyanide solution that the 
normal rate was maintained for the first six hours. The first and sec
ond te t of thi experiment are included also in table 6. 

RELATIO:N" BETWEE THE OXYGEN CONSUMPTION BY PLAN ARIA IN KCN 

A D LOCOMOTOR ACTIVITY 

ince it ha been demonstrated by numerous experiments that the 
oxygen consumption by Planaria falls very markedly in KCN solutions, 
the que tion ari e whether this decrease can be accounted for by 
decrea ed locomotion in the cyanide solutions. The locomotion of 
Planaria can be stopped, a has been stated by Child (1, p. 161), by 
cutting off the head and this operation does not involve serious injury 
to the worm. To get a picture of how effective this measure is in 
topping locomotion, the experiment recorded in table 9 was performed. 

Four bottle containing five worms each were placed in a darkened 
room where they could be observed very carefully without disturbing 
the worm . The fir t bottle contained normal worms· the second 
bottle, worm with the heads removed close behind the' auricles; the 
third bottle, worm with the heads removed a short distance in front 
of the pharynx; and the fourth bottle contained worms in a 0.000076 
molecular olution of KC . All bottles were observed at frequent 
interval during eight hour . At each observation the number of 
worms found in movement in each bottle was recorded. After the 
fir t few ob ervation the po itions of the different individuals were 
ea ily remembere? and any worm which had changed position since 
the _last .ob ervation was counted as in motion. This was very con
vement m the ca e of the worms in the cyanide since they moved very 
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slowly. The table shows that the removal of the head stops move
ment immediately and almost completely. After the original dis
turbance the normal worms required some time before coming to rest, 
but once at rest they remained so for hours, if not disturbed. The 

TABLE 9 

Showing that removal of the head of Planaria agilis is more effective than 0.000076 
molecular KCN in stopping locomotion. Worms 12 to 14 mm. in length; 5 indi
viduals in each bottle. Worms of bottle I were normal. Bottle II , heads of worms 
removed a short distance posterior to auricles at 9:00 a.m. Bottle III, heads re
mov~d a short distance anterior to pharynx. Bottles I, II and III placed in dim 
light at 9:05 a.m. and not again disturbed. Bottle IV, worms placed in 0.000076 
molecular KCN at 9:40 a.m. 

A 
NUMBER OF INDIVIDUALS IN A-continmd A-continued 

MOTION OR MOVED 
SINCE LAST OBSERVATI ON 

I II III IV I II III IV 1 II III IV 

- - - -- - - - - - - -
'" " ill "' 

., 
! o; "' gi o; J! o; J! .. .. 

E ] ] z 8 ] "" z ~ "" ::a z 
... " 

.. !l Q 
0 "' 

., Q 0 .. .. Q 0 ., 
z :ti ~ ~ z ~ ~ ~ z ~ ~ ~ 

- - -- - - - - - -
9:10 a.m. 5 0 1 10 :38 a.m. 2 0 0 4 1:30 p.m. 0 0 0 3 

9:15 a.m. 5 0 0 10 :45 a.m. 1 0 0 2 1 :45 p .m. 0 0 0 3 

9:20 a.m. 5 0 0 10:50 a.m. 1 0 0 2 2:05 p.m. 0 0 0 1 

9:25 a.m. 4 0 0 10 :55 a .m. 1 0 0 2 2:15 p.m. 0 0 0 1 

9:30 a.m. 4 0 0 11:00 a.m. 2 0 0 3 2:30 p .m. 0 0 0 () 

9:35 a.m. 3 0 0 11:05 a .m. 1 0 0 2 2:45 p.m. 0 0 0 1 

9:40 a.m. 3 0 1 11:10 a.m. 1 0 0 2 3:00 p.m. 0 0 0 1 

9:45 a.m. 3 0 0 5 11 :15 a .m. 1 0 0 1 3:20 p.m. 0 0 0 1 

9:50 a.m. 3 0 1 5 11 :20 a.m. 1 0 0 2 3:45 p.m. 0 0 0 () 

9:55 a.m. 4 0 1 5 11:25 a.m. 1 0 0 3 4:00 p.m. 0 0 0 0 

10:00 a.m. 3 0 1 5 11 :35 a.m. 1 0 0 2 4:15 p.m. 0 0 0 O· 

10;05 a .m. 1 0 1 5 11:45 a.m. 1 0 0 3 4:30 p.m. 0 0 0 2 

10:10 a.m. 1 0 1 5 11 :55 a.m. 0 0 0 3 4:50 p.m. 0 0 0 2 

10:15 a.m. 1 0 0 5 12:05 p.m. 0 0 0 2 5:05 p.m. 0 0 0 2 

10:20 a.m. 1 0 1 5 12:25 p.m. 0 0 0 4 5:25 p.m. 0 0 0 () 

10:25 a.m. 1 0 0 5 1:00 p.m. 0 0 0 0 
10:30 a.m. 1 0 0 5 1:15 p.m. 0 0 0 3 

bottle of cyanide-treated worms was started thirty-five minutes later 
than the other bottles but if the table is read with this i mind it 
will be seen that the ~orms in cyanide were in motion for even more 
of the time than the normal worms not in cyanide, although the rate 
of motion in cyanide was very slow. This experiment shows, there-
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TABLE 10 

Sho1ui11g that K CN reduces the rate of oxygen consumption by Planaria agilis far more than does removal of the head. Worms 
JS to 14 mm. in length; fed almost daily till the day before the experiment; 10 individuals in each bottle. Removal of heads 
performed within the half hour preceding the second test period. Each test period of 10 lw1,rs duration. Concentration of 
KCN, 0.000076 molecular. T emperature 19.6° to 19.7°C. Corrccti1m for 6 cc. of waler displaced by rods and reagents: multiply 
by 1.048. J cc. thioMtlphate = 0.1751 cc. oxygm at N. T . P . 

r:JR8T T.EST (CONTROL) SWCOND TEST 
PART HIT 80.rTL• 

Blanks Bianka 
------ ---

:;::;- cc. O?Je'l'O{ltl cc. a11eraae 

j 
<:I thio. thw. ., ,,, 

1 4.01 3.99 ., 
.... 

~;; 2 4.03 3.97 
~8 3 4.03 

4.04 
3.99 

4.00 

l 
i::q .... 

4 4.05 4.01 0 
~ 

5 4.06 4.01 
0 
E, 6 4.04 4.01 

(J) (2) (3) (4) (5) (6) (7) (8) (9) 

---
Weight Oxygen Weight Oxygen Average rate 

Oxygen of consumption Oxygen of consumption of oxygen Normal KCN or no 
consumed worms per gram per consumed worms per gram consumption or headless KCN in each 24 hours in each per 24 hours in per cent 

bottle bottle of normal 
---------

cc. average grams cc. arerage cc. arerage grams cc. average per cent thio. oxygen thio. oxygen 

\ \ 
1 0.53 0.0397 5.9 0.45 0.0396 5.0 

B I 2 0 .54 0.54 0.0426 5.6 5.8 0.46 0.48 0.0421 4.8 5.2 (Normal) Normal NoKCN 
3 0 .54 0 .0400 5.9 0 .53 0.0394 5.9 

~ 
~ 
O> 

Q 
t.".l 
0 
p:j 

~ 
ti 
t.".l 

~ 
> 
t" 

i 



r 
II f 1 0.52 0 .0430 5.3 0.21 

2 0.55 0.52 0 .0435 5.6 5.4 0.20 

l 3 0.49 0.0403 .5 .4 0.20 

III { 

1 0.57 0.0405 6 2 0.36 

B j 
2 0.52 0.53 0.0416 5.5 5.9 0.36 
3 0.50 0 .0375 5.9 0.33 

I 
IV I I 0.53 0.0411 5.7 0.15 

l 
2 0.50 0 .51 0.0410 5.4 5.6 0.16 
3 0.49 0.0388 5.6 0 .19 

v { 
1 0 .20 
2 0 .21 

0.0409 2.3 
0.20 0.0420 2. l 2.2 

0.0389 2.3 

0.0377 4.2 
0.35 0.0360 4.4 4.3 

0.0331 4.4 

0.0347 1. 9 
0.17 0.0353 2.0 2.1 

0.0329 2.5 

42 Norrnal KCN 

83 Headless No KC.N 

40 I Headless KCN 

Heads of Set III NoKCN 
Heads of Set IV No KCN 
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fore that the locomotion is stopped more completely by cutting off the ' 
head than by immersion in cyanide. 

It remain , then, to determine the relative effects of cutting off the 
head and of immersion in cyanide solutions upon the oxygen consump
tion by Planaria. The experiment summariz~d in table IO shows .that 
0.000076 molecular KC reduced the oxygen consumption three tunes 
a much a cutting off the head. In other words, the cyanide had 
three time a much effect in inhibiting the oxidations in Planaria as 
could be attributed to los of movement. Furthermore, there was 
till ome movement in the cyanide solution .. 

This experiment involves an element not included in other experi
ment reported in this paper. When the head of a worm is cut off 
a con iderable amount of tissue is removed, so that the amount of 
oxygen con urned after uch removal cannot be compared with that 
b for th removal, unle account is taken of the loss of body weight. 
In thi exp riment, therefore, the set of worms used in each bottle 
wa weigh d after each experimental period. The methods of weigh
ing will be de cribed in a later paper. Table IO, part A, gives the 
analy · of the blank as heretofore. Part B, column 1, gives the 
oxyg n con umption by the worms in each bottle during the control 
t t. olumn 2 give the weight of the worms in each bottle and col
umn 3 give the oxygen con umption by these worms in cubic centi
met r of oxygen gas at normal temperature and pressure per gram 
weight of worm per 24 hour . For the second test, columns 4, 5 and 
6 giv th corre ponding data. The worms of set I were control worm ' 
un ut and not in cyanide. They consumed 5.2 cc. of oxygen per 
gram per 24 hour during the second test. Set II were uncut worm 
in 0.000076 molecular KCN and they consumed 2.2 cc. of oxygen per 
gram P r 24 hour , i.e., 42 per cent of the control or normal. Set 
III w re headle worms, not in cyanide, and they consumed 4.3 cc. 
of oxyg n p r gram per 24 hours, i.e., 83 per cent of normal, twice as 
much a the normal worms in cyanide. Set IV were headless worms 
in cyanid . Th e had the same rate of oxygen consumption as the 
nonnal worm in cyanide. It may be concluded therefore, that 
after eliminating it effect upon movement KC reduce the rate of 
oxidation at lea t 50 per cent, and whe~ it is considered that the 
concentration of cyanide u ed in thi experiment did not cause as great 
a dec~ea e of _the oxidation a the stronger solutions used in previous 
experiment , it may be concluded that, apart from its effect upon loco
motion, K • • ean inhibit the oxidations more than 50 per .cent. 
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One further factor remains undetermined in these experiments. 
That is the relation of the loss of muscle tone in cyanide solutions 
to the reduction of the rate of oxidations. Headless worms contract 
strongly and it may be that they as well as the normal worms con
sume oxygen in maintaining a muscle tone which is lost in cyanide 
solutions. 

SUMMARY 

1. It has been proved that Winkler's method as carried out in these 
experiments is sufficiently reliable for the quantitative measurement 
of the oxygen consumption by Planaria. 

2. The oxygen consumption by Planaria can be reduced to 30 per 
cent of the normal rate by KCN in a concentration as low as 0.0002 
molecular. 

3. The amount of the reduction varies with the concentration of 
the cyanide, not directly but as a power function, lower concentrations 
causing proportionately greater reduction than higher concentrations. 

4. The relation between the concentration of KCN and its inhibi
tory effect upon the rate of oxidation in Planaria agilis indicates that 
a residual oxidation amounting to about 20 per cent of the normal 
cannot be inhibited by KCN. 

5. No evidence was obtained of a stimulation of oxidations in low 
concentrations of KCN. 

6. The rate at which Planaria absorbed oxygen in a cyanide solution 
was found to be practically the same during periods of different length 
~rom two to thirty-six hours. The effect of cyanide is therefore almost 
immediate and does not change materially with time. 

7. The action of KCN upon oxidations in Planaria agilis is reversible. 
worm recovering their normal level of oxidations rapidly and com
pletely after removal from cyanide solutions. 

8. The inhibition of oxidations in Planaria by KCN could be attrib
uted in only small part to the cessation of movement which results 
from the anesthetic action of cyanide. 

9. These experimental results are considered important in them
selve. · Questions of their theoretical interpretation in relation to the t . . 
oxic action of KCN and to the use of cyanide as a measure of the 

rate of oxidation are left for later consideration. 
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IN'TROD CTION 

A review of the literature concerning the role of what has been desig
nated "rate of metaboli m" in senescence, rejuvene~cence and gradi
ent along the body axes in lower animals ((1) to (9) and other refer
ence there cited), will how that little or nothing is known which is 
ba ed on direct quantitative mea urements of metabolism in the ani
mals concerned. It has been assumed that relative susceptibility of an 
organism to the toxic action of potassiuni. cyanide and other substances 
is a measure of rate of metabolism or rate of oxidation. This assump
tion has been u ed extensively as the ba is for inferences regarding the 
metabolism in Planaria and other anU:nals. The only attempts to 
measure the metabolism in these forms by methods which do not in
volve as umptions are certain te ts reported by Child, (3, pp. 422, 434; 4, 
pp. 73, 161, 202) of carbon dioxide production by Planaria in Tashiro's 
"biometer." These estimations were few in number, comparative 
not strictly quantitative, and we cannot judge from the account how 
carefully they were controlled. The purpose of the present paper is to 
present quantitativ~ information regardiug the oxidations in Planaria 
in relation to starvation and feeding, increase in size of the body, and 
regeneration; and secondly, to compare these results with the reported 
differences in the susceptibility of Planaria to potassium cyanide. 

The term metabolism is commonly used in animal calorimetry to 
refer to the decomposition of organic compounds (total katabolism) 

420 
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yielding energy. It may be considered either from the standpoint of 
the quantit ies of the different foodstuffs decomposed and the complete
ness of this decomposition or from the standpoint of the quantities of 
energy yielded. The latter basis is used for expressing metabolism in 
a single quantitative term. Lusk, for example, says with regard to the 
"exact measurement of the metabolism": 

Thus heat may become a measure of the total activity of the body. It is de
rived from the total metabolism and must be dependent on it and be a measure of 
it (10, p. 32). 

From this standpoint the oxidations are considered important as a 
source of energy and as a measure of the energy production. The term 
"rate of metabolism" seems to be used in this sense in some of the ref
erences on senescence and axial gradient, especially where studies of 
the metabolism of man and mammals are quoted (e.g., (4, pp. 63, 65, 
271-273, 297- 298) ). The following statements seem to imply this 
meaning of the term. 

There can be no doubt that the rate of metabolism or, more specifically, of oxi
dations intht'~e animals increases during the course of starvation (3, p. 435). 

It has been shown that a relation exists between susceptibility and metabolic 
activity, more specifically the oxidations or energy-freeing reactions (6, p. 50). 

It is not certain, however, that the term is always used in the litera
ture concerning "rate of metabolism" as equivalent to the rate of 
oxidations or of energy production. A distinction seems to be drawn 
between them in accordance with the following statement: 

While oxidations are fundamental metabolic reactions, and serve in a general 
way as a measure of metabolic activity, a considerable range of variation in the 
diflerent reactions which go to make up the metabolic complex may undoubtedly 
exist (4, p. 72). 

A fact which must be kept in mind in using the term metabolism is 
that while energy transformation in the cell may be large, the corre
sponding quantity of material transformed may be small. Thi is 
true of respiratory metabolism, while on the other hand in a large num
ber of metabolic processes the quantity of material being transformed is 
relatively very large while the energy change is hardly measurable. 
As pointed out by Lund (11, p. 168): 
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It is very doubtful if the rate of oxidations as measured by carbon dioxide pro
duction or oxygen consumption can even approxim.ately1 be used as a measure of 
the rate of total metabolism (either of matter or energy1) in a cell, for it has never 
been shown that the speed of such processes as hydrolyses and changes in colloidal 
constitution a.re correlated to the speed of oxygen consumption or carbon dioxide 
production. 

Furthermore, these processes are of a reversible character and mat
ter and energy may pass through them repeatedly before appearing in 
the external exchanges of the animal. It is evident from these consid
erations that the terms metabolism and rate of metabolism may be and 
are used in different senses. On the one hand they may refer strictly 
to the rate of oxidations or more generally to the rate of energy produc
tion as measured by oxygen consumption, carbon dioxide production or 
heat liberation. On the other hand they may refer in a loose way to 
the rate of all metabolic processes, involving the complications just 
mentioned. The e two usages are by no means equivalent. It is of 
vital importance to any profitable discussion of the rate of metabolism 
in organisms that it shall be clearly understood precisely what is under 
discussion. This matter cannot be over-emphasized. It is not a ques
tion of quibbling over the propriety of one definition as contrasted with 
another, which is a very unessential matter. But it is extremely im
portant that there shall not be ambiguity as to meaning at any given 
point, and that an unconscious and unwarranted translation of fact into 
inference shall not be made. Statements regarding the rate of metabo
li m may be true when the term means one thing while the same state
ments may be untrue when the term means something else. If an es
tablished fact regarding the rate of metabolism in one sense is used as 

' the basis for an inference regarding the rate of metabolism in a different 
sense, then great care must be exercised that the inference does not be
come confused with the fact. The present paper is concerned with 
the rate of metabolism in the sense of rate of energy production, with the 
usual qualifications concerning errors in the different methods of direct 
and indirect calorimetry, and of the possibility of other sources of en
ergy than that represented by the respiratory exchange (see Krogh, 
(12), chap. i). This statement is made for the purpose of avoiding 
any ambiguity, and of guarding against the reading into the discus
sions of more than is intended. 

i Italics and parenthesis mine. 
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METHODS 

Two species of Planaria, P. maculata and P. agilis,2 were used in the 
experiments reported in this paper. The general method for determin
ing the amount of oxygen consumed was to place worms in a bottle of 
tap water of known content of dissolved oxygen for a stated period of 
time, and then to remove the worms and analyze the water by the 
Winkler method for the amount of oxygen remaining. A large carboy 
was filled with tap water and stirred to make sure that the amount of 
dissolved oxygen was uniform throughout. The bottles used in an ex
periment were filled in rapid succession, and the average of the analy
ses of three or four blanks containing no worms during the experi
ment was taken to represent the amount of oxygen in each of the ex
perimental bottles at the beginning of the experiment. All bottles 
were of the same capacity, 132 cc. During analysis the amount of 
water displaced by the 2 cc. of reagents added is lost. As explained in 
a previous paper (13, p. 98) removing worms at the end of a test may 
remove enough water to make it difficult to close bottles after adding 
the reagents without leaving air bubbles. This can be prevented by 
adding more reagents or by inserting a glass rod of known volume. In 
the experiments summarized in tables 3, 4, 5, 6, 8, 12 and 13 the re
agents were diluted with an equal volume of distilled water and 2 cc. 
instead of 1 cc. of each were used. In the other experiments, glass rods 
of 2 cc. volume were used. The latter method appears preferable al
though it is unnecessary, if the worms in a single bottle are not too 
numerous and do not cling too firmly to the glass. The experimental 
methods are described in more detail in the previous paper. It wa 
shown in that paper (13, table 1) that when 28 bottles were filled with 
aerated tap water and analyzed at once, the maximum difference be
tween individual analyses did not exceed 0.08 cc. thiosulphate. In the 
experiments reported previously 15 sets of three or four blanks were 
analyzed. In no case was the maximum difference between duplicate 
analyses greater than 0.06 cc. thiosulphate. For the experiments re
ported in the present paper 37 sets of blanks were analyzed. In one 
case a difference of 0.12 cc. thiosulphate was noted between duplicate 
analyses, but this was apparently an error in the reading. In only one 
other instance did the maximum difference amount to so much as 0.09 
cc. thiosulphate. For all the experiments of both papers the averag 

2 I am indebted to D r. Ruth Higley for verifying the identification of these 
species. 
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difference beteen the maximum and the minimum analyses in a series 
of blanks wa 0.046 cc. thio ulphate. One drop of thiosulphate from 
the burette u ed average 0.06 cc. in volume. (Titrations were made 
in a porcelain dish.) The e figures therefore indicate the limits of ex
perimental error in the method u ed and enable one to form a judgment 
of the accuracy of the data pre ented in the tables and curves. 

The methods of weighing worms have not been described. In the 
earlier experiments reported in this paper, worms were removed indi
vidually to a glass plate in a drop of water, the excess water was ab-
orbed with filter paper and the worm was transferred by means of a 

probe to a moistened filter paper in a weighing dish. All of the worms 
which were together in the ame bottle in a respiration test were weighed 
at once, not individually. The error from evaporation was found to 
average 0.0005 gram. In later experiments a better method was fol
lowed. All the individual from one bottle were transferred in a drop 
of water to a glass cover slip, the exces water was absorbed with filter 
paper, and the cover lip was dropped quickly into a weighing bottle 
half filled with water. When a weighing bottle with a well-ground 
topper was u ed, the error from evaporation was only 0.0002 gram and 

wa much les variable than in the earlier method. These average 
errors were added to the ob erved weight in each case. 

In order to te t the limit of error in the method just described, a 
ingle set of worm wa weighed repeatedly, as shown in table 1. The 

worms were weighed three times in rapid succe sion, and then were al
lowed to rest undisturbed for a few hour before the next series of weigh
ings. It appeared at once that the first determination in a series was 
always high t and that the later ones were uccessively lower. The 
difference between the fir t and the third weight was sometimes over 6 
per cent. Thi apparent lo was not permanent, however. After 
each period of re t the fir t weight was con iderably higher than the 
last, and almo t as high as the fir t weight of the preceding series. 
Figure 1 how these relations graphically. These peculiar results are 
due, probably, to difference in the amount and character of the mucus. 
At the moment when exce water i removed from the group of worms 
on the cover lip, thicker mucu will retain more water; and since care 
mu t be exercised not to injure worm by exce sive drying, they can
not afely be freed entirely from mucus. Figure 1 shows that the first 
weight of the different sets make a very regular eries decreasing with 
time and starvation, in which individual variation did not reach 2 per 
cent. In order to weigh worms under uniform conditions in experi-
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ments, all sets were left undisturbed under dark cloth for some time, 
each set in a separate dish of water, and each set was taken for weighing 
with as little disturbance to the others as possible. 

In experiments extending over a considerable period of time, the 
worms were weighed at intervals and the weights were plotted on a 
graph as in figure 2. The weight of each lot of worms at the middle of 

TABLE I 

8 howing variation among successive weights of a set of Planaria agilis. Five large 
worms were weighed three times in rapid succession, then were left undisturbed for 
several hours under dark cloth and were weighed again as before, etc. 

DATE 

July 2 ....................................... { 

July 2 .. .... .................. ..... .......... { 

July 2 ....................................... { 

July 3 ....................................... { 

July 3 ....................................... { 

July 4 .................................. · · .. · { 

Tl WE 

10 .50 a.m. 
11.06 a.m. 
11.24 a.m. 

1.30 p .m. 
1.46 p.m. 
2.02 p.m . 

4.44 p.m. 
4 .58 p.m. 
5.12 p .m. 

8.41 a.m. 
9 .04 a.m. 
9.17 a.m. 

4.28 p.m. 
4.40 p.m. 
4.52 p.m. 

9.19 a.m. 
9.3-1 a.m. 
9.4 a.m. 

1''EIGHT 

0.0294 
0.0283 
0.0281 

0.0292 
0 .0284 
0.0275 

0.0285 
0.0278 
0.0271 

0.0276 
0.0271 
0.0265 

0.0272 
0.0267 
0.0259 

0.0258 
0.0256 
0.0251 

the test period was read off from the graph and taken as the average 
weight during the te t. Figure 2 shows the weight curv for the 
worms of table. 7. These worms were undergoing tarvation and pro
gressive decrease in size during the experiment. In pection of the 
curves shows that the maximum error in individual weight wa not 
over 3 per cent. Inspection of all the weight curve of the experiments 
in this paper shows that individual variations rarely exceeded 6 per cent. 

THF; .,MERICAS JOURNAL OF PllYSIOLOOY, VOL. 49, NO. 3 
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In the case of figure 2 and table 7, none of the worms had to be dis
carded because of fission or accidental injury. In some other cases, 
worms underwent fission during the experiment. Such a worm was 
removed at once and a new weight was obtained. In later experiments, 
substitutes were kept ready for replacing such individuals. The su~
stitutes were treated like the worms in the experiment except that their 
oxygen consumption was not measured unless they took the place of 
worms in experimental bottles. • 

0.(rJl 

0.028 

0.014 

6a.m. 6/1.m. 6a.m. 6p.m. 6ctm. 

JULY l ' 

-~ig. 1. Sh?wing variation in successive weights of the same set of Planar~a 
~gilis. Ab ci sas, time in 6-hour periods. Ordinates, weight in grams. Sohd 
lme connects the first weights of successive series. See table 1. . 

J?uring the experiments summarized in tables 7, 9 and 14, the respi
ration bottles were immersed in a water bath within a constant t~
perature ov.e,n at 20°C. Other experiments were carried out at the 
ame temperature in a constant temperature bath. 

The test periods were relatively long and the number of worms in each 
b.ottle w~ small . . The worms of tables 7, 9 and 14, spent most of the 
tune for six weeks m the respiration bottles. The results represent, there
for~, almost continuous measurement of their metabolism through th~t 
period, and may be taken as the "normal metabolism" as the terxn 18 
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used by Krogh (12, p. 116). They do not represe.nt rigidly "standard 
metabolism" (Krogh, (12), chap. iv) or "bas'al metabolism" of other 
authors, because locomotion was not absolutely eliminated, but when 
Planaria are left undisturbed for several hours they remain at rest for 
most of the time so that experimental periods of long duration approach 
nearly to the conditions for "standard metabolism" (see (13), table 9). 

In all experiments at least three parallel determinations upon differ
ent worms of the same history have been made. Along with the aver
age result, the individual determinations are also given to show the 
range of variation among them. 

0.04 

0.0) 

"' 0.01 
<.:> 

0.01 

f /l 19 16 l 9 16 lJ Iv 0 

JULY AUG. ~EPT. 

Fig. 2. Curves show decrease in weight of three sets of Pla.na.ria. a.gilis of 5 
worms ea.ch, during 9 weeksofsta.rva.tion. Absci sa. , time in weeks indicated by 
dates. Ordinates, total weight of 5 worms in grams. ee table 7. 

OXIDATIONS DURING STARVATIO 

The rate of metaboli m of man and other higher vertebrates fall 
during the early stages of starvation. Johansson, Landergren, onden 
and Tigerstedt (14) found a decline from 33.15 to 31.20 calories per 
kilo during the first three days of starvation in man. The heat produc
tion during the third to fifth days inclusive remained constant. Among 
the numerous experiments of Benedict upon The influence of inanition on 
metabolism (15), are three of four days' duration, a fourth of five day ' 
and a fifth of seven days' duration. In general they show a fall in the 
heat production during these periods, whether it is calculated per unit 
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of weight or of surface, although in most cases the determinations for 
the first day were lower than those for the two or even three days foll~w
ing. This fall in heat production during the first few days of starvation 
is probably due to disappearance of food reserves. . . 1 

The best observations on man show that metabolism remarns fair Y 
constant during prolonged starvation, when calculated per unit of 
weight or of surface. Lehman, Mueller, Munk, Senator and Zuntz (16) 
found the respiratory metabolism of Cetti, the professional faster, to 
remain practically uniform during a fast of 11 days, when calculated 
per unit of body weight. In B~medict's very complete study. of the 
metabolism in a man starving for 31 days (17), both the respira~oJJ' 
metabolism and the heat liberation, when calCulated either per umt of 
weight or of surface, fell to a practically constant level. Benedict ~on
cluded that there was a tendency for the metabolism to divide into 
three periods: the first period, extending nearly to the middle of the 
fast, being characterized by a rapidly falling metabolism; the second 
period, of approximately ten days, showing a comparatively con~tant 
metabolism, and the third period, the last week of the fast, showrng a 
general tendency toward an increase (17, pp. 372, 384, 391). The ~en
dency for metabolism to increase during later starvation was slight 
and of doubtful significance. 

Zuntz (18) reports for a dog living for a year in a state of un?er
nutrition, that the heat production, calculated either per unit of weight 
or surface, fell almost continuously till the eleventh month and rose 
sharply in the twelfth month toward the end of life. On the other hand 
Benedict (17, p. 355) quotes experiments by Awrorow on the metab
olism of dogs starving for 44 days and 61 days respectively which show a 
sharp fall in the rate of heat production per unit weight during the ~st 
few days, i.e., from about 60 to 48 calories, followed by a gradual :·ise 
to a level somewhat above the original, i.e., to 60 to 72 calories, iust 
before a premortal fall. 

Warm-blooded animals, however, with their regulatory mechanisms 
n;iay presen~ special conditions as regards metabolism during starva
tion. Turnmg to the cold-blooded animals the heat liberated by starv
ing ~rogs per cubic centimeter of frog was f~und by Hill (19) to decrease 
durmg the first two weeks to a practically constant level during the next 
two weeks. . Brunow (20) found a fall in respiratory metabolism in th.e 
cra~fi h. during prolonged starvation. A knowledge of the rate of ?xi
?atJons 1~ Planaria during inanition would add materially to our linnted 
mformahon upon this subject in the cold-blooded animals. 

d 
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During the first few days of starvation in Planaria, as in other ani
mals, there is a decrease in the rate of oxidations probably due to th 
diminishing effects of the residual food re erves from the la t of the 
feedings. Table 2 gives a comparison of the rates of OJ>,'Ygen con ump
tion by two lots of worms measured simultaneously, one lot fed daily 

TABLE 2 

Showing that Planaria agilis after three weeks starvation have a lower rate of oxygen 
consumption than unstarved worms of the same size. Worm$ of medium size u:ith 
short tail because of recent fission; 9 individuals in each bottle. "Well-fed worms" 
were fed beef liver daily, missing an occasional day, up to the day before the test. 
"Starved worms" were well fed up to gg days before the experiment. Tempera
ture 20.4° C. One cubic centimeter thiosulphate equals 0.1711 cc. oxygen at .V. T. 
P. Test period 12 hours. Weighed once within 8 hours after the test 

PART BOTTLE BLANKS (NO WORJll8 PR!:SBNT) 

---
cc. thio. areraq~ 

( 
1 4.25 

A 2 4.30 4.26 

3 4.24 
4 4.26 

---
I. WELL-l'ED (STARVED J DAT) II. STARVED 3 WEEKS 

(I) (2) (3) (4) (5) (6) 

--- --------- ------
Oxygen Weight of Oxygen 

Oxygen Weigh of Ozygcn 
consumed Bottle consumed 
by the 9 the 9 con.sump- by the g theV cons ump· 

worms in tion per worm in tion per 
worms each 

worms in each gram per 
in each 

gram per each 
hot tie bottle 24 hours bottle bottle 24 boun 

--- --- ---------------
cc. thi-0. gram• cc. oxvqen cc. thio. grama cc.ozwen 

I 
1 1.17 0.0709 5.6 1 0.73 0.0821 3.0 

2 1.11 0.0723 5.3 2 0.69 0.07 3.0 

B 3 0.99 0.0626 5.4 3 0.56 0.0692 2. 

4 1.03 0.0694 5.1 4 0. 0.0740 3.1 

5 1.06 0.0636 5.7 5 0.72 0.0755 3.3 

6 1.16 0 .0740 5.4 6 0.74 0.0830 3.1 

- --------- ------
Average ... ...... 1.09 0.0688 5.4 0 .69 0.0770 S.1 

up to the day before the experiment and the other lot starving for three 
weeks previous to the test. The worms were of approximately the 
same weight. The well-fed worms ab orbed 1.09 cc. thio ulphate 
equivalent of oxygen in 12 hours while the worms starved for three 
weeks absorbed only 0.69 cc. thiosulphate equivalent of oxygen. Cal-
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culatecl per gram of body weight, the well-fed worms consumed 5.4 
'cc. of oxygen per 24 hours and the worms starved for three weeks only 
3.1 cc. 

After the first few days of starvation of Planaria, during which the 
food reserve from the la t feedings are effective in increasing the oxi
dations, the 011.'Ygcn consumption per unit of weight remains practically 
constant for a long period of time. Table 3 shows a comparison be
tween Planaria starved for 63 days and others Starved for 7 days. The 
former worm , during the firs four days in the laboratory, underwent 
natural fi sion, because of t~eir large size and the sudden deprival of 
food. Only the anterior pieces were used in the experiment. They 
measured 10 to 13 mm. in length. At the time of the respiration deter
minations, these were reduced in length to 7 to 8 mm. The second lot 
of worms starv d for only a little over 7 days, were 14 to 19 mm. long 
at the time of the test. Three uccessivc te ts were made. The worms 
were weighed before the first te t and after the last test and the aver
age weight during each period was determined by interpolation, as ex
plained in the section on method . In each of the three tests the worms 
after long tarvation and tho c after short starvation absorbed the same 
amount of oxygen per gram body weight per 24 hours. While the 
worms of horter starvation period were in this laboratory for only six 
day before the comparisons with those worms which were in the lab
oratory for 62 days, there wa no reason for supposing that they were 
different from the first lot at the beginning of the starvation period, ex
cept that they did not undergo fi ion. The results of this experiment 
are confirmed by tho e of later experiments, tables 4, 5, 6 and 7, in 
which worms were under continuous observation during the starvation 
period. 

For determining the effect of size, feeding and regeneration upon the 
oxidation , the rate of oxidation during starvation is the proper stand
ard of reference. All such experiments reported in this paper have 
been controlled by simultaneous determinations of the 011.'}'gen consump
tion by normal, starving worms, and the continuous ob ervations on 
these controls give a picture of the course of the oxidations during pro
longed tarvation. These observations are given in tables 4, 5, 6 and 
7. ince the effect of previous feeding were to be avoided in the ex
periment for which these worms were controls, the worms were starved 
for several days before beginning observations. 

In the experiment recorded in table 4, Planaria maculata that had 
been tarving for several weeks were observed for 34 days during which 



TABLE 3 

8/wwing that Planaria agilis after 63 days of starvatio1i have th same rate of oxy
gen consumption as worms starved for only 7 days. The former womui underwent 
natural fission 62 to 59 days previous to the first le.qt, because of their largo size and 
sudden removal of food. The anterior pieces from this fission, measuring 10 lo JS 
mm. in length 59 days before the first test were reduced in le1igth to 7 or 8 mm. at 
the time of the first test; 10 worms iii each bottle. The wcrrns of sh-Ort starvation 
period measured 14 to 19 mm. in length; 5 worms in each bottle. The lengths of the 
three successive tests were, in order, 49, 49 and 46.25 hours. Temperature 20° 
C. plus or minus 0.15° C., except a temporary fall to 16° C., during the third test, 
which accounts for the low values in column 10. One cubic centimeter thiosulphate 
equals 0.1710 cc. oxygen at .V. T. P. Wornui weighed before the first test and 
nfter the third, and the average weight during each period determined by inter
polation. 

... 
"' < .. 

--

A 1 
-

B 

ti .. --
o~ 
c: c: 
~~ .. ~ 

-"' " c: .. 

.:: ~ 
~ j!: 

--

" " ~ 
" --

1 
2 
3 
4 

--
(I) 

FIRST T T 

Blanks 

cc. thio. 

4.56 
4.53 
4.54 
4.54 

(2) 

I 

I 
(3) 

.. = 
"'" .. < .. 

ateraQ• 

4.54 

(4) 

I SECOND T T 

I 

I Bianka 

I 

I cc. tAio. aoe.rao• 
I 
I 4.42 

4.44 4.44 
4.45 
4.44 

I 
(5) (6) (7) 

~-;;-'L;< 
~ .. ~ ~~ .. ~ .. 
gOf::'! ,. Pc111 
.,~s ~ v 
~lol .. ~~ e=~ 
u =::: p.._, 

,,..~~~~I"' ... ~ .. 1'1 006 ~~=I 
:; .. ?: ;op:., ~i::~ 
0 j!: 0 

TBlRD TUT 

Blank• 

cc. thio. aurage 

4.29 
4.25 4.26 
4.25 I 4.24 

( ) (9) 1~ .,., "'= .!.:a 

~~~ 
:O<.> I :a< .. < ""' uO " ., 0 .. 

z"' •>: ~ ~ 0 ., o- I u•o 

~=c "= "'" 
.. 

" ... < ~ ~ .J " <!; 
0 .. = 0: ~ ~ ~ t4 ..... z oo 
>< .. - ~it:= ' ~ f: ~ 
0 

"' ,o 

At end of II days star
vation 1

-- -- At end of 7 daya aw- At nd of 9 dayaai-r 
vatioo ration _ __ , __ _....--1---:-----:,--

1 I cc • . I '•ii> cc. I I cc. cc. tAao. qratrU ozr/Jen cc. t a.o. grcinu cc. "" . 0.l)'Qtn gram ozwcn 

I !l 1 5 1.60 0 0318 4.3 1.53 0 030! 4} 1.13 0.0290 3 .6 
2 5 1. 0 0332 4.4 1. 2 0 .0311 4) 1 .02 0 0244• 1 3 . 
3 5 1.76 0 .0399 3. 1 66 0.0384 3.1 1.41 0 0369 3.5 

Average 1.6 o.os5o17il7.;-lo.osss ~ -;;;-1;;; I-;; 'I .. At end of 63 dayaatar- At end of 65 days 8~ A end of 67.daya star-
vation vation , ____ va_ti_o_n __ _ 

-- --- --------- f _./" I 

2 10 0.57 0.0132 3.7 0 .62 '0.0123 4.4 0 49 0.0115 3.9 1
1 10 0.57 0.0116 4.2 0.52 :0.0110 4.l 0 42 0 0104 3.7 

II A:., .• :·;;;1~~ 1~~~*~~ 
• 4 worms. 
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time 12 tests of the oxygen consumption were made, each of about 46 
hours' duration. Column 6 shows a steady decline in the average 
amount of oxygen consumed by the 8 worms in each bottle from 0.105 
to 0.037 cc. per 24 hours. In figure 4 the oxygen consumption by the 
worms during the 34 days of observation, is shown as the control for a 

TABLE 4 

Showing rate of oxygen consumption by Planaria maculata during starvation. 
Worms starving for several weeks preceding first test and during the experiment; 8 
worms in each bottle. One cubic centimeter thiosulphate equals 0.1766 cc. oxygen 
at N. T. P. Worms weighed November 20, 27, December 1, 4, 11, 18, 25. Average 
weight for each test period determined by interpolation. Control for table<\ See 
figures 4 and 5 

(I) (2) (3) (4) (5) (6) (7) (8) I (9) I (10) 1(11) ------- -- ------ ------

DATE OF TEST 

hour a ·c. 

OXYGEN CONSUMED pER 
GRAM BODY WEIGHT 

PER 24 HOURS 

Individual determi· ~ 
nations e 

" ~ 

cc. c~. cc. qrams 0~cy_ cc. 
cc. 

ovember 20-22 .... 46.17 19.8--20.3 4 .58 1.110.1050.0152 5.5 6.1 9.0(?) 6·; 
ovember 24-26 .... 48.00 20 .0-20.6 4.47 0 .930.0850.01347 .05.6 6.2 6· 

December 1- 3 .... 45.92 20.0-20.3 4.55 0 .790.0750.01087.18.3 5.9 7 ·~ 

cc. otv 
oxygen qen thio. thio. oxygen oen oxygen 

December 4- 6 .... 46 .1520 .0±oOO.l 4.29 0.720 .0680.00996.78.6 6.0 6· 
December 6-- .... 46.13 20.0-20.2 4.02 0 .630.060 0.00935 .67.1 6.5 6·4 
December -10 .... 46.00 19.8--20.1 4.10 0.64 O. 0610.00896.5 7 .2 6. 9 6·8 
Decemberll- 13 .... 46.17 20.1-20.3 4.28 0.570.0540 .00816 .37.2 6.5 6·7 
December 13-15 .... 46.2.5 20.0-20.2 4.21 0.460.0440.00756 .15.9 5.4 5.8 
December 15-17 .... 46.05 20.0-20.3 4.25 0.580.0550.00697.59.2(?) 7.5 8.0 
December 1 20 .... 46.17 20 .0-20 .3 4.25 0 .450.0430 .00616.67 .5 7.0 7.0 
December 20-22 .... 46 .05 20.3-18.7 4 .31 0.500.0480.00588.09.5(?) 7.6 U 
December 22-24 .... 51.23 19.9-20.1 4 .34 0.430 .0370.00546.36.5 7.6 6. 8 

feeding experiment. Column 7, table 4, shows a similar loss of average 
weight from 0.0152 to 0.0054 gram per 8 worms. Column 11 shows a 
fairly uniform rate of oxygen consumption of 6.5 to 7.0 cc. per gram 
weight during the 34 days of starvation. These last figures are rep~·e
sented graphically in figure 5. Columns 8, 9 and 10 show the varia-
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tion in determinations of the individual bottles which indicates the 
limits of error in the experiment. 

Table 5 gives similar observations upon starving Planaria maculata 
during a period of 27 days. The worms were starved 15 day previou 

TABLE 5 

Showing rate of oxygen consumption by Planaria maculata during starvation. 
Worms 10 to 13 mm. in length on J anuary 8; starving for 15 days previous to the 
first test and during the experiment; 8 worms in each bottle. Weighed J a1mary 12, 
14, 15, February 5 and 13. One cubic centimeter thiosulphate equals 0.1698 cc. 
oxygen at N. T. P . See figure 9. For further data on control, see taple 1£ 

(1) (2) (3) (4) (5) (6) (7) I (8) I (9) I (10) 

-- ----
.l> '"' ~~ z"' 

"'"' ~~ti) 
~o 

o:o "'< OXYGEN CONSUMED PER 
Q >- ~ ~ :20: 
0 

.. 
"'"' GRAM BODY WEIGHT 

= 
.... .. .. ~ O> PER 24 H OURS ., ~~ C := ii' < .. "'"'" "'. .. Op; ;I!<., .. .. 

DATE OF TEST "' TEMPE RATURE ii:"' ~=~ ="' ., .. o> ~;;; ~ ~~ .. z < "' 
0 i -~ "~ 0 o,. Individual determi- Aver-

= ~~~ ~e nations ace 
~ ~H ~~~ !': < 
z ...... )<00 < ""' ~ .. 0 ii: 

------ --
Aours •c. cc . cc. gram1 

cc. cc. cc. cc. 

tkio. tkio. ozvoen ozvoen ozvocn oz wen 

January 12-14 .... . .. 41. 37 19.9-20 .1 4 .20 1.20,0 .0249 4.5 5.0 4. 9 4.8 

January 15-17 ....... 42 .66 20 .0 4 .19 1. 2010 . 0229 5.2 4. 9 5.2 5.2 

January 18-20 ....... 
{19.9-20 .1 4.32 1.0510 .0214 4. 6 4. 6 5. 1 4.7 

43 .23 (20 .6)* 

January 20- 22 ....... 
{19 .9-20 .1 4. 66 o .• ,r- 4.4 4.1 4.5 4.s 

46 .48 (20 .3)* 

January 22-24 ....... 42.45 4 .46 0 . 1.0 .0194 4. 1 3. 4.6 4.1 

January 24-26 ....... 
{ 19 .9-20 .0 4 .18 ···r018' 4.1 3 . 4.3 4.0 

46.90 (19 .0 J* 

January 26-28 . .. .... 45 .44 4.30 o. 10.0175 4. 2 3 .9 4.5 4.! 

February 5-9 ...... .. 94 .77 16 .7-22 .6 4 .18 i.1 10 .0114 4. 5 4 .4 4 . 4.6 

• For a short time. 

to the experiment. The average rate of oxygen consumption per gram 
body weight, column 10, was less uniform in thi case. The data of 
column 10 are represented in figure 9, a the control for an experiment 
in which worms were cut in two and allowed to regenerate. It may be 
seen that the curves representing the rates of oxygen con umption by 

• 
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anterior piece and po terior piece parallel the irregularitie in the curve 
of the normal worms, indicating some common factor or factors, prob
ably other than the stage of tarvation, affecting all worms simultane
ou.ly. · Table 6 and figure 10 record re ults of respiration tests on Pla
naria maculata during 24 days of starvation. The worms were starv
in~ for 4 days preceding the experiment. These again were control 

TABLE 6 

• hoidng rate of oxygen consumptio1i by Planaria maculata during starvation. 
ll'orms 7 to 10 mm. long February f5; starvitig for 5 days preceding the first test 
and during the experiment; 10 uorins in each bottle. Weighed March£, 5, 11, 1:8, 
J , SO. One cubic centimeter thiosulpha.te = 0.1698 cc. oxygen at N. T. P. See 
,figure 10. For further data on controls, see table 13 

(I) 

DATE OF Tl:ttT 

(2) (3) 

LE.-GTD 

T~:.r ' TElJPERATl"RE 

PERIOD 

OXYGEN CONSUMED 
P.&R ORAM BODY WEIGHT 

PER 24 BOU RS 

Individual Aver-
determinations age 

cc. c~ Drama cc. cc. cc. cc. Aour1 •c. 
, _____ -- ---1-------1 

~Jareb 2- 4 .. ..... . 41.40 20.0-20.5 
~larch 5-- 7 ........ 45.00 20.0-20.2 

47 30 {20.0-20.2 
:\Jareb 7- 9.. ...... . (20. 5)• 

:\larch 9-11 ........ 4-.65 20.0-20.4 
:\larch 12-14 ........ 46. 20.1-20.5 
:\larch 14-16 . . . .. . . 46.16 20.0-20.5 
~forch HH . . .... 45.00 20.1-20.6 
~I arch 19-21.. .... . . 42. 90 20 .(}
:\larch 21-29 ........ 191.09 20.0-20.5 

• For a short time. 

tAw. tlu.o oz11aen ozroen oz11qen ozvqen 

4 .59 0 790.016() 5.3 5.0 4. 5.0 
4. 0. 77 0 .0149 4. 4. 4. 4.8 
4.5-1 0.730.0136 5.1 4.5 4.9 4.8 

4 .56 0. 74 0 0123 5. 5.1 
4.65 0 .610.0100 5.2 5.1 
4. 70 0.590.0096 5. 5.5 
4. 0.550. 71 6.5 5.9 
4 .62 0.370.0076, 5.2, 5 .0 
4.47j l.530.0Q62 6.0 5.3 

5.5 5.5 
5.4 5.£ 
5.4 5.6 
5.4 5 .9 
4.1 4.8 
5.1 5.4 

data for an experiment in reg neration and again the experimental 
worm how d individual flu tuation paralleling tho e of the control. 

The experiment r corded in table 7 wa the last and mo t complete 
ri of continuou ob rvation upon tarvation. The e worm , 

Planaria agilis, wer tarved for 7 day before the b ginning of the 
exp riment. Three determination a week were made for six week 
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TABLE 7 

_ howing uniform rate of o:rygcn consumptiori by Planaria agilis during stan•ation. 
Worms 16 to 17 mm. l011g July 5; 5 wcrms in each bottle; starvfog for 7 days pre
ceding the first test and during the experiment. July 6 to 19, 1 cc. thiosulphat6 = 
0.1768 cc. o:rygen at X. T. P. July 20 to Augu.•t 16, 1 cc. thiosulphate = 0.1751 
cc. oxygen at},'. T. P. Worms weighed weekly, namely July 5, JS, 19, f6, 11t1gust 
f, 9, 16, i2, SJ and eptember 6. ee figures f, S, 6, 7 and 11. For further data 
011 controls, see tabl 9 

(l) 

DAT& OFTEST 

c 
0 
ii: 

"' .. .. 
.. .. 
0 

~ 
" "' _, 

(3) (4) (5) (6) I (7) 

---------

( ) I (9) I (JO) I (11) 

OXTOE. COS t: >1f'TJO?li• 
PER 0JlA. f BOOT w&IOUT 

PER 24 llOURS 

Indi,·idu&I 
determination 

.. .. 
!! .. 
~ 

houra I •c. cc. cc _ cc. gram.a cc. ' cc. I cc. oC:;. 
tAio. tlaio. or~ocn orracn ozroen nzrg,.n ocn 

July 6- ... '45 15 22.0--20.01 3. 11.55 0.150 10 .(}!0l 3.7 3. 1 3. S.7 
July 10 ...... 43 20 .0--19 .6 4 .091.3 0.141 0 .0 7 3.5 3.6 3. S.6 
July 10--12 ..... 45 .25 20.4-19 .9 4 . 1. 0.1S4 0.0374 3.5 3.5 3 7 S.6 
July 13-15 ...... 45 .75 20.2-19.4 3 961.26 0.1f1 0 .0355 3.4 3.4 3 5 S.4 
July 15-17 ...... 45 .00 20.5-1 3 • 1 20 0.116 0 .0344 3.3 3.3 3 5 s.4 
July 17-19 ...... 45.00 20.4-19.2 3. 11.14 0.111 0.0332 3.1 3.3 3 4 S.S 
July 20--22 ...... 42.25 19 .6-20 .0 3.791.01 0.104 0.0313 3 .3 3.2 3.5 S.S 
July 22-24 ...... 43.5()!20.0--19.7 3 . 1.02 0.101 0.0 3.3 3.4 3.5 S.4 
July 24-26 ...... 42 .00 119 7-20 .0 3 .63 0 .!)'2 ,0.095 0.0 7 3.2 3.2 3.4 S.S 
July 27-29 ..... . 45.10 19 20.2 3 790 . 3 0 0 9 0 .02 9 3.3 3 3 3.3 S.S 
July 2 31. ..... 45 00 19. 19. 3.550. 7 0.0 4 0.0259 3.2 3.3 3.3 S.I 
July31-Augu t 2 43 00 19 3. 0. 0.085 0.0249 3.3 3.4 3.6 S.4 
Augu t 3- 5 .... 45 25 19.6-19.9 3.9210. 0.079 0.0235 3.3 3.3 3.5 S.S 
Augu t 5- 7 .... 45 07 19 3-20.0 3.790.79 0.076 0.0226 3.2 3.3 3.6 S.4 
Augu t 7- 9 .... 45 07 20 .0--20.7 3 .930 . 0.080 0.0216 3.4 3.7 3 .9 S.7 
Augu t 10--12 .... 45.42 19 19.6 3. 73 0. 71 0.067 .020-1 2 9 3. 3 .4 S.S 
Augu t 12-14 .... 45 33 3. 0. 0.065 0.01 3 .2 3.2 3 .5 S.S 
.\.ugu t 1 16 .... 45.00 ,19. 19.7 4.020.66 0.06S ,~,~4 

eptember 10 4.3.27 20.0-- 4.44 0. 77• a.ors• 0.01· \1.3 4.5 4.3 5.11- :4. 6 
eptember 10--12 45.00 20.4-20.0 4 .390.n•,o.06 •0.0151• .24.54.65.04- 14. 5 
eptember 12-14145.00 19. 7- 4.39 0.63• 0 06o•1o.0144?. 13.313. 7;5.014.414.1 

•Ten worm in eaeb bottle. 
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without interruption. During this time the average consumption per 
5 worms per 24 hours decreased from 0.150 to 0.063 cc. oxygen, i.e., to 
about 40 per cent of the original. The average weight fell, also, dur
ing this time from 0.0401 to 0.0188 gram per 5 worms. The fall in oxy
gen consumption followed very closely, therefore, the loss in weight. 
This is shown graphically in figure 3 where the average amounts of oxy
gen consumed are plotted along with the average weights. In general 
the two curves parallel each other but the curves of oxygen consump
tion show a greater initial decline, probably representing the remnant 
of the great fall in oxidations of the earliest stages of starvation due to 
residual food. When the oxygen consumption per gram weight is cal
culated, as in table 7, column 11, it is found to be practically constant 
at about 3.25 to 3.5 cc. after the first week. This is shown graphically 
in figure 7, where these worms served as the control for an experiment 
in feeding. The unusual rise on Augu t 7 to 9, figure 7, was thought to be 
due to disturbing changes in •the compo ition of the tap water. Similar 
irregularities have been noted in several experiments, under conditions 
which seem to point to the composition of the tap water as the cause. 
After an interruption of three weeks, the determinations of oxygen con
sumption were resumed. ince the worms had become very small, they 
were redistributed in the bottles and more individuals were added from 
reserve stock so as to make 10 in each bottle. These reserve worms had 
the same history as the others. The oxygen consumption per gram 
weight of body showed a marked rise over previous determinations. It 
averaged 4.6, 4.5 and 4.2 cc. per 24 hours in three tests. At the same 
time it was found that worms were beginning to die. They were very 
susceptible to injury in the manipulations of weighing and analysis. 
This interfered with continued observation of the rate of oxygen con
sumption and it was considered that the abnormal conditions of the 
worms at this time made the observed ri e i!1 oxidations of doubtful 
significance. 

Regarding table 4, 5, 6 and 7, it should be said that they are given 
in the order in which the experiments were performed. In the last 
experiment the procedure and manipulations were naturally better so 
that the results are more uniform. The last experiment was of longer 
duration, also, and the Planaria agilis, which were used in this case, 
were found generally more satisfactory for such experiments than 
Planaria maculata. 

From all the above observations on starvation in Planaria, we con
clude that the actual consumption of oxygen at constant temperature 

.. 
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of 20°C. falls continuously throughout the period of starvation, at first 
more rapidly, and later more slowly. The body weight also decreases 
continuously during starvation, figure 3. On the other band, the oxy
gen consumption per gram body weight (rate of oxidations) falls during 
a short period of the first few days of starvation, due probably to resid
ual food, and then becomes uniform for a long period thereafter. 
During this long period of uniform rate of oxidations the worms may 
undergo reduction to one-half or less of their original weight. This 
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Fig. 3. Curves show decrease in oxygen consumption by Planaria agilis com
pared with decrease in weight during 6 weeks of starvation. Abscissas, time in 
weeks indicated by dates. Ordinates at the left, weight of 5 worms in gram . 
Ordinates at the right, oxygen consumption by 5 worms per 24 hours in cc. oxygen. 
Broken line represents average weight of three sets of worms weighed once a 
week. olid line represents average oxygen consumption by the same three ets 
of worms, three te ts made each week. ee table 7 and figure 2. 

di tinction between the early period of a few day of starvation, during 
which food reserve from the la t feeding are effective in increasing 
oxygen consumption, and the later period of everal weeks, during which 
the rate of oxidation i uniform, i very important. In the first place, 
the fact that the rate of oxidation is uniform during a long period of 
tarvation (6 week ) will erve as an iJnportant basi for the study of 

respiratory metabolism in th e form . In the econd place, the fact 
that food re erve alter the re piratory metaboli m for several days at 
the beginning of starvation makes this period un uited for such studies. 

\ 
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According to the experiments above and those in the following secti0n 
on oxidations after feeding, this preliminary period during which food 
reserves alter the respiratory metabolism may last for a number of days 
in P. maculata and P. agilis. In any case before the "basal" or" standard 
metabolism" has been reached, the rate of oxidations is not a proper basis 
for comparisons. 

The respiratory metabolism during extreme starvation, when the 
body has been reduced to a minute fraction of the original weight by 
starvation alone unaccompanied by fission, has not been studied, and 
the statements above are not intended to include such later stages. 

OXIDATIONS AFTER FEEDING 

It is well known that the ingestion of food results in increased oxida
tions and heat production in higher animals. Planaria can take in at 
one meal a very large amount of suitable food material, such as boiled 
egg yolk, clotted blood or beef liver. Several experiments show that 
such a meal results in a great increase in the oxygen consumption. 
Table 8 shows an experiment in which P. maculata were fed clotted 
blood. Columns 4 and 5 give the oxygen consumption of the control 
worms which were starving throughout the experiment. The control is 
described in more detail in table 4. The experimental worms were fed 
blood clots on December 3. Column 7, table 8, shows that the actual 
amount of oxygen absorbed, which was decreasing progressively before 
feeding, doubled in the first test following the meal, then declined rap
idly, and later more slowly. Figure 4 shows these relations. Column 

, table 8, shows that the worms ingested about 60 per cent of their 
own weight at this meal. When the rate of oxygen consumption per 
gram body weight was calculated as in column 12, it was found to rise 
suddenly from 6.7 to 9.6 cc. oxygen per gram weight and then to fall 
rapidly to its former level and to remain fairly constant as shown in 
figure 5. In this calculation the food in the digestive tract is included 
in the total body weight, thus making the rate of oxygen consumption 
appear less than its true value. If the weight of food is subtracted from 
the total body weight for the first test period following the meal, the 
rate of oxygen absorption per gram of ernpty body weight becomes 
16.5 cc., as shown in table , column 12. Pon this basis of calculation, 
then, the ingestion of food resulted in an immediate increase in the rate 
of oxygen consumption of over 140 per cent. 



TABLE 8 

Showing great increase in oxygen consumption by Planaria maculata after feeding clotted blood. Worms not fed for several weeks 
preceding the first test; 8 worms in each bottle. Expei·imental worms fed blood clots on December 3. Control worms not fed. 
Weighed November £0, £7, December 1, S, 4, 11, 18 and £5. One cubic centimeter thiosulphate = 0.1766 cc. oxygen at N.T.P. 

N 
D 

See figures 4 and 5. For further data on controls , see table 4. 

(1) (2) (3) (4) I (5) (6) I (7) I (8) I (9) I (10) I (11) I (12) 

CONTROL WORMS 
BTARVINQ THROUGH EXPERIMENT. WORMS FED BLOOD CLOTS DECEMBER 3 

WHOLE EXPERIMENT 

LENOTTJ TEMPER- Oxygen Oxygen Oxygen Oxygen Oxygen consumption per gram body 
DATE Oi' TF~T 01' TEST consumed consump- consumed weight per 24 hours 

PF.RIOD 
ATURE 

!~r~: i~ tion per 
consumed by the 8 Weight of 

by the 8 '"orms in the 8 worms 
each bot- Jl'am worms in each bot- in each bot-
tic per 24 we1fht per cnch tie per 24 tic. Average Indi vidual determinations Avernge 

hours. 24 iourP. bottle. hours. 
Average Average Average Average 

------ --------- ---
h0t4TI •c. cc.oxyotm cc. o:z11aen cc.thw. cc. ozvoen urama cc. ox11oe1-. cc. o:r11gen cc. oxygen cc. ozyoe'" 

l>er 20-22 ......... 46.17 19.8 20.3 0.105 6.9 1.00 0.095 0.0155 6.1 6.3 5.9 6.1 

~er 24-20 ......... 48.00 20.0 20.6 0.085 6 .3 0.99 0.090 0.0135 6.5 7.8 5.9 6.7 

>Cl' 1- 3 ......... 45 .92 20.0-20.3 0.075 7.0 0.80 0.076 0.0113 6.8 7.0 6.4 6.7 

Experimental worms led blood clots December 3 

0.0101)* (15.7)* (15.7)* (17.7)* (16.5)* 

bcr 4- G ......... 40.15 20 .0±0.1 0.008 6.9 1.67 0.169 0.0185 9.3 9.6 9.8 9.6 

,bC'r () 8 ......... 4\i .1'& '20 . 0 '20 . 5 0 .000 GA '- -"''- 0.184 0.0158 9 .0 9.3 8.1 8.7 

1bcr 8 10 ......... 46.00 19.8 20. l 0.061 6.8 1.10 0 .105 0.0141 7.G 7 .9 7.0 7.4 

1ber 11 13 ......... 46.17 20.1-20.3 0 .05-l G.7 0.91 0.086 0.0126 6.9 7.4 6.4 6.8 

1bcr 13 15 . ........ 46.25 20 .0-20.2 0.044 5.8 0.78 0.074 0.0118 6.1 6.4 6.3 6.2 

1bcr 15-17 ......... 46 .05 20.0-20.3 0.055 8.0 0.75 0.071 0.0110 6.9 6.9 5.9 6.5 

1ber 18-20 ......... 46.17 20 .0 20.3 0.043 7.0 0.66 0 .063 0 .0099 6.4 7.4 5.6 6.3 

1ber 20 22 ......... 46.05 20.3- 18 .7 0.048 8.2 0.67 0.064 0.0093 6.8 7.8 6.2 6.8 

1ber 22 24 ......... 51.23 19.9 20 .1 0.037 6.8 0.57 0.048 0.0085 5.8 6.1 5.4 5.7 
-- -

• Weight of ingeslrd food Rubtrncled from total body weight,. 
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Table 9 gives similar data for an experiment in which P . agilis were 
fed beef liver. Data for the control worms, which were starving through
out the experiment, are given in columns 4 and 5, and more fully in 
table 7. After feeding upon liver, July 20, the amount of oxygen ab
sorbed by the experimental worms increased from 0.096 to 0.167 cc. 
per 5 worms per 24 hour , column 7, table 9. The body weight in-
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v 0 v. 

4 
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// 18 

Fig. 4. Curves show decrease in oxygen consumption by starving Planaria 
maculata, and increa e in oxyge~ consumption after feeding. Abscissas, time in 
weeks indicated by date . Ordmates, cc. oxygen consumed by 8 worms in 24 
hour . Broken line represents average of three sets of worms, starving through
out the experiment. olid line re pre en ts average of three sets of worms fed once 
on December 3. The arrow indicates when the experimental worms ~ere fed. 

ee table . 

crea ed from 0.0276 to 0.0353 gram per 5 worms and the rate of oxygen 
consumption per gram._ of total body weight, including the ingested 
food, increased from 3.5 to 4.7 cc., column 12. Deducting the weight 
of food, the rate of oxygen consumption per gram of empty body weight 
become 6.4 cc. for the fir t test after feeding, an increase of over 80 
per cent. The e relations are shown graphically in figures 6 and 7. In
spection of the e curves shows that the oxidations rise suddenly with 
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the taking in of food and decline rapidly during the next week or ten 
days to a constant level. In figure 6, the curve of the absolute amount 
of oxygen consumed by the experimental worms ran parallel to the con
trol for two weeks preceding the meal. After feeding, it rose sharply, 
then declined rapidly during the next 10 to 12 days, and then contin
ued parallel with the control, but at a relatively higher position. This 
might indicate one of two things, either that the meal had resulted in a 
certain amount of growth so that the animals which were formerly 
smaller than the controls became slightly larger, or that the meal re-
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Fig. 5. Curves show practically constant rate of oxygen consumption by Pla
naria maculata during tarvation and increase in rate of oxygen consumption af
ter feeding. Ab cis as represent time in week indicated by dates. Ordinates 
repre ent rate of oxygen consumption in cc. of oxygen per gram total body weight 
per 24 hours. Broken line repre en ts the average of three sets of worms starving 
throughout the experiment. olid line repre ents the average of three cts of 
worms fed once on December 3 (time of feeding indicated bY the arrow). •rep
re ent the rate of oxygen consumption by fed worms in cc. oxygen per gram 
empty body weight (weight of body if no food had been ivge ted) per 24 hours. 
See table and figure 4. 

ulted in a permanent increase in the peed of o"idations. Figure 7 
and table 9 and 7 indicate that the former interpretation i correct. 
A comparison of the average weight given in table 9, column , and 
table 7, column 7, how that the experimental worm did weigh le s 
than the control worm· during the two week bcf ore the feeding, but 
that after feeding they did not be ome reduced agiiin to the weight of 
the control . Moreover, figure 7 shows that after August 1 the rate 
of oxygen consumption by the two lots of worms per gra~ total body 
weight ran parallel for 15 day , or till the end of thC expenment. 
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TABLE 9 

Showing marked increase in the oxygen consumption by Planaria agilis after feeding beef liver. Worms 15 to 16 mm. long July 5; 
without food for 7 daya preceding the first test; 6 wcrms in each bottle. Experimental worms fed beef liver July to. Control 
worms not fed. Weighed weekly, namely July 6, 8, 1B, 19, BO, £6, A1tgust B, 9 and 16. One cubic centimeter thiosulphate 
= 0.1768 cc. oxygen at N.T.P. from July 6 to 19. One cubic centimeter thiosulphate = 0.1751 cc. oxygen at N. T. P. from 
July BO to August 16. See figl1res C and 7. For further data on controls, see table 7. 

(I) (2) (3) (4) I (5) (6) I (7) I (8) I (9) I (10) I (II) I (12) 

CONTROL WORMS 
8TARVINO TUJlOUOH EXPERIMENT. WORMS PED BJn:::r LlVllR lULT 20 
wooi.:z .EXPIUUMENT 

LENOTH 
TEMPER- Oiycen Oxnen Oxygen Oxycen Oxygen consumption per uam body DATE OP'TF..ST or TEST consumed consumed consumed 

PERJOD ATURlt by tho 6 consump- by the 6 by the 6 Weicht of 
weight per 24 hours 

worms in tion per worms in worms in the 5 worms 
each bot- _sram each bot- each bot- in each bot-
tlo per 24 W~lt~~~ tie per 24 tie per24 tle. Average Individual determinations Average hours. Avera6e hour,. hours. 
Averaee Average. Averace 

ho-ura •c. cc. ozvqen cc. orvgen cc. thio. cc. 0%1/Qtn grams cc. oxvgen CC, O:Zl/(ltn cc. oz11uen CC. 0Zl/(lt11. 

July 6- 8 ..........•... 45.15 22.0-20.0 0.150 3.7 1.37 0.1SS O.OS46 3.9 3.9 3.7 3.8 
July 8-10 .............. 43.08 20.0-19.6 0.141 3.6 1.22 0.124 0.0S32 3.7 3.9 3.7 S.7 
July 10-12 .............. 45.25 20.4--19.9 0.134 3.6 1.24 0.1£0 O.OS17 3.9 3.8 3.7 3.8 
July 13-15 ... ." .......... 45.75 20.2-19.4 0.121 3.4 1.09 0.105 0.0298 3.6 3.4 3.4 3.5 
July 15-17 ... ........... 45.00 20.5-18.8 0.116 3.4 1.03 0.099 0.0£87 3.4 3.5 3.5 3.5 
July 17-19 ............. . 45.00 20.4--19.2 0.111 3.3 0.99 0.096 0.0£76 3.5 3.4 3.5 3.5 

Experimental worms fed beef liver July 20 

(0.0259)* (6.4)* (6.1 )* (6. 7) ~ (6.4)* 
July 20-22 .............. 42.25 19.6-20.0 0.104 3.3 1.62 0 .167 0.035S 4.8 4.5 4.9 4.7 
July 22-24 ........•..... 43.50 20.0-19.7 0.102 3.4 1.37 0.137 0.0£98 4.7 4.2 4.9 4.6 
July 24-26 .............. 42.00 19.7-20.0 0.095 3.3 1.15 0.118 0.0289 4.2 4.0 4.1 4.1 
July 27-29 ... ........... 45.10 19.6-20.2 0.089 3.3 1.06 0.102 0.0273 3.8 3.7 3.8 S.7 
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July 29-31. ............. 45.00 19 .6-19 .8 0.084 3.2 0.95 0.091 
July 31-August 2 ........ 43 .00 19 .8- 0.085 3.4 0.88 0 .089 
August 3- 5 ............ 45 .25 19 .6-19 .9 0.079 3.3 0.89 0 .085 
August 5-- 7 ............ 45 .07 19 .3 20 .0 0.076 3.4 0.83 0 .080 
August 7- 9 ............ . 45.07 20.0-20 .7 0.080 3.7 0.86 0 .08S 

August 10-12 ............ 45 .42 19.8-19 .6 0.067 3.3 0.72 0.068 
August 12-14 ........... 45.33 0.065 3.3 0.73 0.070 
August 14-16 ............ 45.00 19 .6-19.7 0.063 3.4 0.68 0.065 

•Weight of ingested food substracted from body weight. 

I 

0.0264 3.5 3.4 3.4 
0.0255 3.6 3.5 3.4 
0 .0241 3.4 (lost) 3.4 
O.OtSO 3.6 3.5 3.4 
o.ouo 3.9 3.6 3.7 

0.0207 3.4 3.2 
0 .0198 3.5 3.6 
0 .0190 3.5 3.4 
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It is evident, therefore, that a single feeding increases the oxidations 
in Planaria by 80 to 140 per cent and that this increase disappears 
during the first 10 to 12 days of starvation, the rate of oxidations falling 
sharply at first and then more slowly to reach a constant level. This 
result explains why the oxidations in well-fed worms decrease during 
the first stages of starvation (see expers. 2 and 7 and figs. 3 and 7). 
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Fig. 6. Curves show decrease in oxygen consumption by Planaria agilis during 
starvation and increa e after feeding. Abscissas represent time in weeks, indi
cated by date . Ordinates repre ent cc. oxygen consumed by 5 worms per 24 
hours. Broken line repre ents the average of three sets of worms starving 
throughout the experiment. olid line represents the average of three sets of 
worms fed once on July 20 (time of feeding indicated by the arrow). See table 9. 

OXIDATIO I WORMS OF DIFFERENT SIZE 

The rate of respiratory metabolism or heat production in higher ani
mals is commonly said to decrease with increasing size ltnd age of the 
body. It is obvious that a larger animal will use more oxygen, give off 
more carbon dioxide and liberate more heat than a smaller animal of 
the same species under the same conditions. In order to make any 
comparison of the rates of respiratory exchange or heat production in 
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the two animals, it is necessary to calculate the respiratory metabolism 
with reference to some common basis such as a unit of weight or surface 
area. It is understood that such comparisons should be made under 
standard conditions of a, fasting; b, uniform temperature; and c, mus
cular rest. But it should be distinctly kept in mind that when animals 
of different size and age are compared in this way a difference in the 
rates of respiratory metabolism may or may not mean that comparable 
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Fig. 7. Curves show constant rate of oxygen consumption by Planaria agilis 
during starvation and increase in rate of oxygen consumption after feeding. 
Abscissas represent time in weeks, indicated by dates. Ordinates represent rate 
of oxygen consumption in cc. oxygen per gram total body weight per 24 hours. 
Broken line represents the average of three sets of worms stanring throughout 
the experiment. The solid line represents the average of three sets of worms fed 
once on July 20 (time of feeding indicated by the arrow). •represents the rate 
of oxygen consumption by the fed worms in cc. oxygen per gra.m empty body 
weight (weight of body if no food had been ingested) per 24 hours. See ta.ble 9 
and figure 6. 

cells in the two animals have inherently different rates of oxidation. 
Different opinions are held regarding the c llular rates of oxidation in 
these cases (see Benedict, 22). The observation is merely that the 
total amounts of heat produced are not prot>ortional to the weights or 
surface areas of the animals. 

It is well known that among warm-blood animals the sJllaller animal 
produces more heat in proportion to its weight than the larger individual. 
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Various authors since Rubner (21) have presented evidence that t~e re
spiratory metabolism of warm-blooded animals, at least, is propor~1on~l 
to the area of the surface of the body. The respiratory metabolism. is 
often calculated per unit of body surface with the idea of eliminating size 
differences when other factors are being compared. Why the heat pro
duction should be proportional to the area of the skin is not entirely clear. 
In a general way, the proportionality between the rate of heat produ~
tion and the area of the radiating surface is of adaptive value to a~i
mals which must maintain constant body temperature, but this consid
eration does not explain what mechanism regulates the rate of energy 
production in the individual. Apparently it is not simply an accommo
dation of the heat production to the rate of heat loss (see Krogh (13, 
pp. 133- 140) and Lusk (10, p. 120) ). Benedict (22), (23) has. ob
jected to the practice of computing metabolism in terms of the umt of 
urface and has collected data from a large number of normal controls 

in human metabolism experiments to show that metabolism, calculated 
per unit of area of the body surface, gives large var}ations. Som:e. of 
the variation, may be traced, apparently, to errors in the prevailing 
method of estimating the surface area. The area of the surface of an 
animal is not easily measured. It is usually estimated from the weight 
by means of the formula of Meeh (24) which is based on the law th~t 
surfaces of similar solids are proportional to the two-thirds power of their 
volumes. The bodies of fat and thin persons are not geometrically 
similar, however, and this formula is known to give large errors in com
puting the skin areas in such cases. Upon the basis of careful meas
u_rement of t?e areas of the skin of individua:ls of very different propor
t10n , Du Bois and Du Bois (25), (26), have derived a "linear" and a 
"height-weight" formula which give the surface area with a maximum 
error of only 5 per cent in contrast with the average error of 16 per cent 
and a maximum error of 36 per cent with the Meeh formula. The 
metabolism seems to be more nearly proportional to the skin area as 
computed with the new formula than with the older one (27). Among 
~dult m~al ' t~en, t~e individual of smaller size produces more he::. 
rn proportion to its weight than the larger individual, and whatev 
may be the reason, the amount of the difference seems to be in accord
ance wit~ th~''. surface law." This is true of the persons ~f the same ag: 

When mdiVIduals ~f different ages are compared, the difference in th 
rate of heat production per unit of weight does not seem to follow the 
urface la': s~ clos~ly. The rate of heat production per square meter 

of surface is higher m youth and lower in old·age than in middle life (2B), 

, 
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(29), (27) and (IO, p. 128). On the other hand the metabolism of in
fants per square meter is less than that of older children. That of 
babies in the first month of life is lowest (12, p. 117); (30), (31), (32), 
(29, charts 1 to 3). But Bohr's (33) measmement of the re piratory 
exchanges of pregnant guinea pigs with circulation through the umbilical 
cord suspended, indicate a rate of oxidations in the embryo per unit of 
weight not far different from that of the parent. Bohr and Ha elbalch 
(34) found that the carbon dioxide production by the developing chick 
embryo from the ninth to the eighteenth days wa clo ely proportional 
to the weight of the embryo. These observations upon infant and em
bryos serve to emphasize the fact that the interpretation of ~ifference in 
rate of respiratory metabolism in warm-blooded animals in relatiGn to 
size and age, whether calculated per unit of surface or of weight, in
volves questions of the constitution and functional conditions of the 
body. While the metabolism studies on warm-blooded animals are 
commonly cited to show that the rate of oxidations is higher in animal 
of smaller size and in younger animals, a a matter of fact the warm 
blooded animals are very unsuited to the critical tudy of th ~ 
questions. 

Turning to the cold-blooded animals, observations on the rate of respi
ratory metabolism in relation to size and age are very inadequate. It 
may be noted at the outset that there is no reason for upposing that 
metabolism in these animals, of widely different tructural organization, 
should follow the "surface law." It ha been shown definitely by 
Morgulis (36) that this relationship doe not exi t in the flounder. He 
finds, rather, that as size of the body increa es, the oxygen consump
tion per unit of body surface increa es, and that per unit of body 
weight decreases, while after removal of the fin the oxygen con ump
tion is proportional to the ma s. Buytendijk (quoted by Montuori 
(35, p. 216)) and Montuori (35, p. 216) both report that cyllium of 
smaller size consume more oxygen per kilogram hom than tho of 
larger size. 

Ob ervations on the rate of re piratory metabolism in invertebrat 
~n relation to size and age are conflicting but this may b du to unsat
isfactory experimental method . Buytendijk (a quoted by Mon
tuori (35, p. 216) ) mea ured the oxygen con umption by corpaena, 
Octopus and Echinus in relation to body size, and Montuori (35) at
tempted a survey of these relations in 0 different kind of marine ani
mal belonging to the coelenterates, echinoderm , worm , crustaceans 
and fish. In the determinations on some specie , the oxygen con ump-
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tion per unit of weight wa greater in the animals of smaller size than 
in tho e of larger size. In other series the reverse relationship was re
corded, and in still other eries the results were highly variable. These 
results may mean that standard conditions were not maintained in all 
ca e , that the individual compared were not strictly comparable or 
that in some cases the forms chosen were unsuited in behavior and respir
atory habits to the solution of the question. Each species would re
quire more critical individual tudy to determine the reasons for the 
irregulariti . The conclu ion of Montuori that "the consumption of 
oxygen, calculated per unit of weight, is, in general, absolutely inde
pendent of the dimensions of the animal," hardly seems justified from 
uch highly variable determinations. The ubject requires much more 

careful quantitative work under more definitely controlled conditions 
than ha hitherto be n don , b for any conclusions of general applica
tion can be drawn. ome form of animal , because of inconstant be
havio'r, ar quite unsuited as xperimental material. 

areful mcasuremen of the rate of re piratory metabolism per unit 
of weight in lower cold-blooded animal have indicated, however, that 
there i a decrease in rate of oxidation a the ize of the body in
cr a . Bounhiol (37) found thi relationship in the oxygen consump
tion of annelids of different ize, and Mi Wolf, in this laboratory, ha 
found it in the le ch, crayfi. h, branchipu , ~lay-fly nymph and Stone
fly nymph, under very conclusive exp rimental conditions. The num
ber of determinations, made by the writer of the rate of oxygen con-
umption by Planaria in various kind of experiment , makes it certain 

that con i tent r ult can be obtain cl for thi form with the methods 
u d. arious incidental ob rvation in the cour e of the e experi
m nt point to th fact that maller worm ab orb more oxygen in pro
portion to th ir wei ht than larger worm , and the following sy tematic 
xp rimen how it very cl arly. 

Tabl 10 giv comparativ mea urements of the oxygen consump
tion by P. agilis of fi.v differ n ize . Planaria differ considerably in 
body proportions, th region po terior to the pharynx being much 
long r in ome individua than in others. To make worm as nearly 
uniform as possible, all xc pt the small t, et I, were cut at the plane 
of normal fi. ion, a hort di tance po terior to the mouth. This wa 
done 21 day before the d terminations of oxygen consumption were 
made. All worm were without food for 22 days previous to the ex
periment. t the time of the re piration te t, the worms of set I aver
aged 6.0 mm. in length, worm of et II, .4 mm., tho e of set III,11.8, 

~ ........ -.-------------~~~-
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TABLE 10 

Showing decrease in the rate of oxygen consumption by Planaria agilis with increase 
in size of the body. Worms starving for 22 days preceding the experiment a1id dur
ing the experiment. Tails removed al the fission plane 21 days before the experi
ment of all sets except set I, the smallest worms. Test period of 24 hours' duration. 
Temperature 19.6°C. ± 0.01. Capacity of bottles ISO cc. Correction for 4 cc. of 
water displayed by rods and reagents, multiply by 1.0S£. One cubic centimeter 
thiosulphate = 0.1738 cc. oxygen al N. T. P. Worms weighed 6 hours after the 

test. See figure 8 

PART SET BOTTLE BLANKS 

----
cc. thio. ai:eraae l . 1 4.17 

"'S'.;;' 
.!( .... = 

A = 0 Q) 2 4.18 4.1 
~ :::; en 

- Cl. ::Q 0 .... 
c 0. 
~ 3 4.20 

-- ----
(!) (2) (3) (4) I (5) (6) I (7) (8) I (Q) 

----
Ill "' "z 
!; :a .. .. ~ .... l!"' z 

~~ 
o:11,. 

"' "'""' OXYGEN 
OXYGEN .... z 0 !:; CONSUMED PER 

:;; .... 3~o CONSUMED PER WEIGHT ORAM BOOT 

"" 
0:= z '"1 p:i 

10 WORMS PER 10 WORMS WEIGHT 
00 "" PER 24 HOURS 
<~ 

., < "'= i:: 
PER 24 HOURS .... .... 0 .. " 

~o ll z ... ... < 
"~ ><"" 

< z 0 

------ ----
mm. cc. thio . cc. thio cc . atJerage qr a ma a111raoe 

cc. aeeroae 
· ozwqen ozvaen 

I { 
1 6.03 20 0.33 0.0295 0 .0069 4.3 

2 6.13 20 0.44 0.0394 0.0349 0.0073 0.0070 5.4 4.9 

3 6.08 20 0.39 0.0349 0.0069 5.1 

II { 

1 8.4 15 0.68 0.0 12 0.0178 4.6 

2 8.4 15 0.68 0.0812 0.0792 0.0179 0.0175 4.5 4.5 

3 8.4 15 0.63 0.0753 0.0168 4.4 

III { 
1 11 .7 10 0. 9 0.1595 0.0437 3.6 

B 2 11.7 10 0.97 0.1738 0.1678 0.0469 0 .0451 3.7 S.7 

3 11.9 10 0.95 0.1702 0.0448 3. 

IV ( 
1 14.8 6 0.92 0.274~ 0.0832 3.3 

2 14.0 6 0.84 0.2509 0 .2559 0.0772 0.0769 3.3 ,,S 

3 12 .9 6 0.81 0.2419 0.0702 3.4 

v( 1 17 .8 4 1.04 0.4659 0.1568 3.0 

2 17.9 4 1.08 0.4838 0.4.674 0.1603 0.1551 3.0 ,_o 
3 17.5 4 1.01 0.4525 0.1483 3.0 
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those of a et IV, 13.9 mm. and those of set V, 17.7 mm., as shown in 
column 1. Length, however, is no satisfactory measure of size even 
though precautions are taken, as described above, to make the worms 
as nearly comparable as possible in body proportions. The weights, as 
given in columns 6 and 7, ranged from 0.0070 to 0.1551 gram per ~O 
worms. The largest weighed twenty-two times as much as the sma -
e t. Because of this great difference in size, the number of individuals 
in each bottle was varied so as to make the amounts of oxygen absorbed 
in each bottle nearly equivalent. The average amount of oxyge~ con
sumed per gram body weight per 24 hours decreased from 4.9 cc. m the 

j 

0,J 0 O./f 
CRA\/S WEtCHT 

PER 10 WORMS 

Fig. . Curve shows decrease in rate of oxygen consumption by Planaria agil_is 
with increa ? in ize of the body. Abscissas represent weight per IO worms Ill 
grams. ~rdmates repre ent rate of oxygen consumption in cc. oxygen per gram 
body weight per 24 hours. Each point on the curve represents the average of three et of worms. ee table 10. 

malle t worm to 3.0 cc. in the largest. All worms were tested simul
taneou ly under i~entical conditions. Independent determinations were 
made for three different bottles of worms of each size and column 8 
how that, with one exception, there was no overlapping among the 

indivi?ual. determi.nation . et I, bottle 1, gave a very low valu~. 
Th titration readmg of thio ulphate, column 3, was only 0.33 cc. m 
thi ca e. It should be remembered that a difference of one drop in 
titration woul~ make a difference of 0.06 cc., and that titration values 
a small a this are les aqcurate than larger ones. This experiment 
how 'therefore, that the rate of oxidations decreased as the size of the 

• 
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worms increased. These results are shown in figure 8 where the amount 
of oxygen consumed per gram bodyweight per 24 hours at 20°C. i plotted 
against body weight per 10 worms. This curve shows at a glance that 
the rate of oxidations decreases with increasing size, and that the de
crease in oxidations is not directly proportional to the increa e in weight. 
Among smaller worms, these differences are greater than among larger 
worms. Most of the difference was between worms le s than 0.0 
gram weight per 10 individuals. Worms of twice that size howed 
little further decrease in their oxidations. 

It might be thought that the differences in the rates of oxidations 
among Planaria of different sizes, recorded in table 10, might be due to 
differences in activity. Was there a graduated difference in activity 
among the worms of different sizes during the respiration test? This 
question was tested by removing the heads of worms of different sizes 
o as to eliminate practically all locomotion. Worms of three different 

sizes were used, table 11. Those of each size were divided into two ets 
of three bottles each. A control test was made in which all worm were 
uncut and normal. Columns 5 and 6 show that, in each case, the two 
sets of worms of the same size had the same rate of oxygen consump
tion, and that the differences between the different sizes confirm the 
previous experiment, table 10. Before the second te t, table 11, the 
heads were removed from the worms in one set of each size. In this 
test the normal worms, column 10, duplicated the rate of oxygen con-
umption given in the previous control test, while the beadle worm 

in each case used les oxygen, 85 to 90 per cent of the normal. In s:om
paring the headless worms of the three size , however, the size difference 
remain. The beadles small worm used 3.9 cc. of oxygen per gram 
weight per 24 hours, the medium- ized worm , 3.3 cc., and the large 
worms, 2.8 cc. We conclude, therefore, that the rate of oxidation in 
Planaria decreases with increasing total body weight, and that thi de
crease is not accounted for by difference in locomotion. 

The worms of sets II, III and V of table 10 were u ed a et II a, 
III a and Va, respectively, of table 11. ince the worms were weighed 
for each test, these experiment constitute, in reality, three independent 
determinations of the normal rate of oxygen con umption by the 
worms, in relation to size. The three deter~ination gave the ame re
sults. The smaller worms used 4.5, 4.5 and 4.6 cc. of oxygen per gram 
body weight per 24 hours in the three determinations. The medium
sized worms u ed 3.7, 3.6 and 3.7 cc. of oxygen, and the larger 
worms 3.0, 3.1 and 3.1 cc. of oxygen, respectively, in the succe ive 
determinations. 



TABLE ll 

Showing that the difference in rate of oxygen co1'sumption by Planaria agilis of different size is not due to differences in loco
motion. Worms starving for B7 days preceding the experiment and during the experiment. Tails removed at the fission plane £6 
days before the experiment. Worms of sets II, III and V are of the same sizes as sets II, III and V respectively of table 10. 
Duration of first test period S4.08 hours, of second test period B4 hours. Worms weighed the day before each test. Just before 
the beginning of the second test the heads were cut from the worms of sets lb, Ilb, and IIIb. Worms of sets Ia, Ila and Illa were 
not cut. Temperature 19.8 C. ""'0.1. One cubic centimeter thisosulphate· = 0.1788 cc. oxygen at N. T. P. 

PART SET BOTTLE J"IRST TE8T (CONTROL) SECOND TEST (EXPERIMENT) 

Blanks Blanks 

cc. thio. a'Dera{le cc. tAio. average 

1 - 4.35 4.41 l Blank• 2 4.43 4.48 
A (no worms 4.39 4.44 

3 4.42 4.43 present) 4 4.37 4.43 
----

(I) (2) (3) (4) (5) I (6) (7) (8) (9) I (10) (II) 

OXYGEN 
WEIGHT OXYGEN 

WEIGHT 
WORMS OF NUMBER CONSUMED 

OF THE 
OXYGEN CONSUMP- CONSUMED 

OF THE 
OXYGEN CONS UMP-

WORMS 
SMALL, OF WORMS BY THE WORMS IN 

TION PER GRAM BY THE 
WORMS IN 

TION PER ORAM 
NORMAL OR 

MEDIUM OR IN EACH WORMS IN EACH BODY WEIGHT PER WORMS IN EACH BODY WEIGHT PER 
HEADLESS LAR<lE SIZE DOTTLE EACH 

BOTTLE 
24 HOURS EACH 

BOTTLE 
24 HOURS 

BOTTLE BOTTLE 

---- ----
cc .. thio. grams cc. oxygen average cc. lhio. grams cc.oxygen average 

a \ 

1 15 0.54 0.0195 4.9 0.51 0 .0184 5 .0 
2 Small 15 0.57 0.0237 4.3 4 .5 0 .53 0.0227 4 .2 4.6 Normal 
3 15 0.57 0.0233 4.4 0.54 0.0209 4.6 

B II 

'b \I 1 15 0.53 0.0209 4.5 0.41 0.0185 4.0 
2 Small 15 0.61 0.0216 5.0 4.8 0.43 0.0192 4.0 3.9 Ileadless 

~ I 3 I 15 I 0.54 I 0.0196 I 4.9 0.37 0.0174 3.8 
I 

>l>
C;l 
tv 

Q 
ttj 
0 
t:tl 
Q 
ttj 

t:; 
ttj 

~ z 

E z 



a { 

1 IO 0.82 0.0391 
2 Medium IO 0.86 0.0423 
3 IO 0.82 0.0403 

III 

b l 1 IO 0.85 0.0378 
2 Medium IO 0.93 0.0444 
3 10 0.93 0.0444 

B 

a l 1 4 0.96 O.OM9 
2 Large 4 1.01 0.0580 
3 4 0.97 0.0548 

v 

'bl 
1 4 0.95 0.0567 
2 Large 4 0.93 0.0556 
3 4 0.94 0.0580 

3.7 0.84 0.0385 
3.6 3.6 0.85 0.0408 
3.6 0.73 0.0353 

4.0 0.64 0.0317 
3.7 S.8 0.65 0.0377 
3.7 0.68 0.0375 

3.1 0.94 0.0537 
3.1 3.1 0.96 0.0561 
3.2 0.92 0.0528 

3.0 0.76 0.0513 
3.0 s.o 0.81 0.0487 
2.9 0.78 0.0526 

3.9 
3.5 3.7 Nonna! 
3.7 

3.6 
3.1 3.S H eadless 
3.2 

3.1 
3.1 3.1 Normal 
3.1 

2.7 
3.0 t.8 Headless 
2.7 
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While it is clear that larger Planaria use less oxygen in proportio~ to 
their weight than smaller ones, it is not certain that this difference is to 
be associated with age or senescence of protoplasm. In the case 0! 
man, it is commonly supposed that there is a decrease in the. rat~ 0 

oxidations, associated with age, apart from changes in the oxidations 
which may be associated with alterations in the size of the body. S~ch 
a distinction is not apparent in the data concerning the rate of respira
tory metabolism in Planaria. It may be convenient to call a ".f~ll
grown" Planarian "old" in comparison with a "half-grown" indiv~d
ual, but it should be remembered that Planaria of the species dealt wit~ 
in this discussion, after they have attained the more or less variable ma~i
mum size for the species, are not known to die of old age. Old age ~~ 
man is not synonymous with the attainment of a maximum ("adult ) 
body size. We have no evidence, as yet, that a Planarian of cons.tant 
size becomes enescent or suffers a reduction in the rate of oxidation~. 

The statement that the rate of oxidations p(:)r unit of body weight is 
higher in small Planaria than in larger ones of the same specie~,. as
sumes that the worms are compared in the same condition of nutrition, 
namely that they have been starved long enough to pass the accelera
tive effects of previous feedings, and that the differences in size are not 
due to differences in length of starvation. Within the limits of the 
experiments which have been performed on starvation we have con
cluded that the rate of oxidations continues practically constant 
after the early stages. In figure 3, starving Planaria weighed 0.0720 
gram per 10 worms on July 12, by which time the accelerative effects 
of previous feeding had disappeared, and these same worms were 
r duced in weight to 0.0360 gram per 10 worms on August 16 at 
the end of the last respiration test. Figure 8 shows that worms of 
th e two weight and of equal starvation differed in oxygen consump
tion by about 0.5 cc. oxygen per gram body weight per 24 hours. such 
a change in the respiratory exchange of the starving worms was not 
found (see fig. 7) · In this case the worms were reduced in weight to one
half of the original. The respiratory exchange in more extreme starva
tion, with reduction in size to a minute fraction of the original has not 
been studied. 

OXIDATIONS DURING REGENERATION 

The · f Pl · ore pecie o anana employed in these studies reproduce m 
co~~nly by agamic fission than by sexual processes. If the rate of 
oxidations decreases with increasing size of the body, as shown in the 
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preceding section, then it follows that it should increase with regenera
tion of small pieces of large worms into complete small worms. Nat
ural fission results in two pieces of very unequal size and character. 
The anterior piece is much larger and retains the old head and body a 
far back as a level just posterior to the mouth. After regeneration it 
is essentially the original parent with a shorter tail but with little change 
in other proportions. On the other hand, the posterior piece is much 
smaller and undergoes profound reorganization into an animal with 
head and body of smaller proportions. Experiments show that the 
posterior piece undergoes considerable increase in rate of oxidations 
during regeneration while the anterior piece retains the original rate 
of oxidations of the parent practically unchanged. 

Table 12 records the results of a preliminary experiment in which P. 
maculata were cut at the normal fission plane and allowed to regenerate, 
the oxygen consumption of the anterior pieces, the posterior pieces and 
uncut control worms being followed for 24 days after the operation. 
Column 4 gives the oxygen consumption by the normal control (see 
also table 5). In column 11 the average rate of oxygen consumption by 
the anterior pieces is seen to be almost tiqual to that of the normal con
trols throughout the period of regeneration. The rate of oxygen con
sumption by the posterior pieces, however, is considerably higher in 
each determination than that by the controls or that by the anterior 
pieces. These results are shown also in figure 9. 

In a second preliminary experiment, worms were cut ju t po terior 
to the auricles, and allowed to regenerate new heads. nder these con
ditions they were not much reduced in ize during the regeneration of 
the new head. These worms were more comparable, therefore, to the 
anterior pieces of the preceding experiment than to the po terior piece . 
Table 13 shows that the worms regenerating their head maintained a 
rate of oxidation practically equal to that of control normal worm for the 
period of observation, 17 days. The e results are shown also in figure 10. 

Table 14 and figure 11 give a more complete serie of determination 
of the oxygen consumption by P. agilis during two weeks preceding and 
lour weeks following experimental fission. The rate of oxygen con ump
tion per gram body weight per 24 hours of normal worms ran very uni
form throughout the experiment, column 4. These normal worm have 
been discussed in connection with table 7. The experimental worm 
duplicated very closely the rate of oxygen consumption by the control 
during two weeks preceding the operation, table 14, column 11. After 
cutting the experimental worms in two at the normal fi ion plane, the 
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Showing increase in the rate of oxygen consumption by Planaria maculata with regeneration. Worms 10 to 13 mm. in length °' 
January 8; starving for 15 days previous to the first test and during the experiment; 8 worms in each bottle. January 15 

experimental worms cut in two a short distance posterior to the mouth. Control worms not cut. Weighed January JS, 14, 
15, February 5 and 13. One ci,bic centimeter thiosulphate equala 0.1698 cc. oxygen at N. T. P. See figure 9. For fwther 
data on controls, see table 5 

(1) (2) I (3) <•> (5) I (6) I (7) I (8) I (9) I (10) I (11) 

---- ----
CONTROL EXPERIMENT (WOBM8 CUT JN TWO JANUARY 15, A'>f NORMAL Fl88JON PLANE) 

Average 
oxygen Rate of oxygen consumption per gram 

LENGTH consump- Oxygen body weight per 24 hours 
DATE 0f'T..E8T OFTEST 

TEMPERA- tion by Part of worm consumed Average 
PERIOD TUBE normal (whole, an- by the weight of 

worms per terior or poe- worms in worms in 
gram each each 

weight terior) bottle. bottle 
per 24 Average Individual determinations Average 

hours (cf. 
table 5) 

laours ·c. cc. 0%JIO<n cc. IAio. qr am CC, OX1/(/tn cc. oxygen cc. ox11qen cc. oxuaen 
January 12-14 ............... 41.37 19. 9-20.1 4.8 Whole 1.13 0.0247 4.7 4.6 4.5 4.6 ---- ---- ----
January 15-17 ................ 42.66 20.0- 5.2 {Anterior 0.71 0.0140 5.0 5.1 5.0 5.0 

Posterior 0.53 0.0077 7.1 7.1 6.5 6.8 

January 18-20 ........... . .... 43.23 19.9-20.1 4.7 {Anterior 0.63 0.0130 4.7 4.9 4.6 4.7 

(20.6)* Posterior 0.45 0.0071 5.8 6.2 6.4 6.1 

January 20-22 ...... .. ........ 46.48 19.9-20.1 4.3 {Anterior 0.62 0.0125 4.2 4.7 4.4 4.5 

(20.3)* Posterior 0 .44 0.0068 6.0 5.7 5.9 5.8 

January 22-24 ................ 42.45 4.1 {Anterior 0.49 0.0117 4.1 4.3 4.0 4.1 
Posterior 0.34 0 .0064 5.4 5.1 5.3 5.3 
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January 24-26 ........ ........ 46.90 

January 26-28 ............... . 45.44 

February 5-9 .... , ... . .. . . . ... 94 .77 

For a short time . 

19 .9-20 .0 4.0 {Anterior 0.51 

(19.0)* Posterior 0.36 

4.2 {Anterior 0.48 
Posterior 0.34 

16.7- 22 .6 4.6 {Anterior 0.74 
Posterior 0.48 

0.0111 4.3 4.1 4.1 
0.0061 5.6 5.0 5.3 

0.0104 4.5 4.3 3.9 
0.0057 5.6 5.6 5.4 

0.0067 5.1 4.9 4.7 
0.0036 5.7 6.2 5.6 
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anterior pieces continued for four weeks to absorb the same amounts 
of oxygen per gram body weight as the controls, columns 11 and 4. 
The rate of oxygen absorption by the posterior pieces, however, rose 
gradually above the controls during regeneration. These posterior 
piec.es reorganized during this period to form complete worms of smaller 
size than the controls or than the anterior' pieces. The following notes 
indicate the progress of regeneration of the tail pieces. 

c..i 
u 

i 

IZ 

} AV. 

19 16 

FEB. 

Fig. 9. Curve show increase in the rate of oxygen consumption by Planaria 
maculata during regeneration of posterior piece from experimental fission, and 
no increase, within the limits of error of the experiment, in the rate of oxygen 
consumption in anterior pieces. Ab cissas represent time in weeks, indicated by 
dates. Ordinates represent the rate of oxygen consumption in cc. oxygen per 
gram body weight per 24 hour . The broken line represents the control, an aver
age of three sets of normal worms. The solid line represents the average of three 
sets of posterior pieces from experimental fi sion. The line of dashes represents 
the average of three sets of the anterior pieces from experimental fission of the 
same worms. Worms cut on January 15 (time of the operation indicated bv the • 
arrow). See table 12. · 

July to. Cut experimental worm aero s body a short distance posterior to 
the mouth. 

July £4. New head, wedge-shaped. ome locomotion after disturbance of 
dish. 

July £6. Auricles and eyes. Worms elongating. 
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July £9. Auricles well developed but not full length . Heads appear white 
to the naked eye. Pigment appearing on head. Inactive till prodded. Locomo
tion rapid. 

August £. Still white-headed. 
August 5. Pigmentation of head still incomplete. Worms more elongated. 

TABLE 13 

Showing nc increase, within the limits of error of the experiment, in the rate of oxy
gen consumption by Planaria maculata during regeneration of the head. Worms 
7 to 10 mm. long February £5; starving for 5 days preceding the first test and dur
ing the experiment; 10 worms in each bottle. Heads cut off from the experimental 
worms just posterior to the auricles March 1£. Control worms not cut. Worms 
weighed March£, 5, 11, 1£, 18 and SO. One cubic centimeter thiosulphate = 0.1698 
cc. oxygen at N. T. P. See figure 10. For further data on the controls, see table 6 

(1) (2) (3) (4) (6) I (6) I (7) I (8) I (9) I (10) 

CONTROL EXPERIMENT 

---
CG:; S llD >...c .. ' Rate of orygen consumttio seeg .D" e> 

.,,::!., .. < per gram body weig t 
LEN GTH ~ g eio.Q 

0 

OF TEMPERA.- : >a ... :: S.:! e .... per 24 houn 
DATE OF TEST 

TEST ""'" 
<>';; 

TORE >..D 8. .. ...... 
PERIOD s g 8. as> ::.8 o .. < 

. ... GD~ "0 • ~.g., 
!1~~ ""~ Individual Aver-., ... 

~:!:: determinations age .. ., ... 
: Ct~; ~.8 ""'""""' 
< 0 ~ ·-" 

n 

--- --
h.oura •c. cc. cc. gram.a cc. cc. cc. cc . 

0%11Q<1' tllio. 0%f/(JeR ozraen 0%1/Qm 0%1/Q• " 
March 2- 4 ......... 41.40 20 .0-20 .5 5.0 0.77 0.0163 5.0 5.1 4.4 4.8 
March 5- 7 ........ . 45 .00 20 .0-20.2 4.8 0.80 0.0149 4.9 5.2 4.8 5.0 

March 7- 9 ......... 47.30 20 .0-20 .5 4.8 0.74 0.0138 4.7 5.1 4.5 .p 
March 9-11 ...... ... 45 .61i 20.0-20.4 5 .5 0.72 0.0126 5.1 5.3 5.4 5 .S 

Heads removed from 
experimental worma on 

March 12 

~larch 12- 14 ......... 46 .38 20.1-20.5 5 .B 0.51 0.0092 4.9 5.4 4.9 5.0 

March 14--16 ......... 46.16 20 .0-20 .5 5 .6 0.52 0.0084 5.7 5. 5.5 5.6 

March 16-1 ......... 45 .00 20.1-20.6 5.9 0.46 0.0077 5.4 6.1 5.5 5.6 

March 19-21. . .... ... 42.90 20 .0- 4.8 0.34 0.0067 5 .2 4.9 4.5 5.0 

March 21-29 ......... 191.09 20 .0-20 .5 5.4 1.3910.0056 5.7 5.9 5.0 5.5 

The smaller individuals in a population of Planaria usually result from 
£i ion and regeneration. This experiment shows that during the proc
es es of regeneration the higher rate of oxidation characteristic of 
smaller worms is attained. If the respiration of the e small worm 
during growth were followed, undoubtedly a progre ive decline in rate 



TABLEH 

Showing increase in the rate of oxygen consumptio1l by Planaria agilis with regeneratiml in the posterior zoiiid after arti
ficial fission, and no increase in the rate of oxygen consumption, within th6 limits of error of the experiment, with regen
eration in the anterior zooid. Worms 17 to 18 mm. long July 5, starving for 7 days previous to the experiment and during the 
experimont; 5 worms in each bottle before the operation and 10 in each bottle after the operation. Experimental worms cut in 
two at a level a short distancr posterior to the mouth on July BO. Control worms not cut. Worms weighed once each week, namely 
July 5, JS, 19, BO, B6, August t, 9 and 16. One cubic centimeter thiosulphate equals 0.1768 cc. oxygen atN.T. P. from July 6 to 
July 19. One cubic centimeter thiosulphateeqtials 0.1751 cc. oxygen at N. T . P. from July SO to August 16. See figure 11. For 
ft,rther data on controls, see table 7 

(I) (2) (3) (4) (6) I (6) I (7) I (8) I (9) I (10) I (JI ) 
---
CONTROL EXPERIMENT 

Average Oxygen consumption per ~ram body 
oxycen Oxygen weicht per 24 hours (rate of oxygen con-

LE NOTH 
TllMP.llRA- cone ump-

ooneumed Average aumption) 
DATE or TEST 01' T!!8T 

TUIUl 
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of oxygen consumption would be found as the animals became larger. 
It is not very convenient to follow the oxidations in the same worms 
during growth, but it seems unnecessary to do so. Worms of different 
sizes selected from a laboratory stock of the same history, except as re
gards reproduction, and tested simultaneously under identical condi
tions, give more certain results. Such experiments are described in the 
preceding section. 

u 
u 

MARCH 

1 

Fig. 10. Curves show no increase, within the limits of error of the experi
ment, in the rate of oxygen consumption by Planaria maculata during regenera
tion of the head. Abscissas represent time in weeks, indicated by dates. Ordi
nates represent rate of oxygen consumption in cc. oxygen per gram total body 
weight per 24 hours. The broken line represents the control, an average of three 
sets of normal worms. The solid line represents the average of three sets of 
worms whose heads were cut off just posterior to the auricles on March 12 (time 
of the operation indicated by the arrow). See table 13. 

It should be clearly understood that these experiments upon regen
eration of Planaria are not advanced as evidence that the regeneration 
process, as such, or, more generally, that growth or morphogenesis, 
nece itates a higher rate of oxidation. In figure 11 the rate of oxygen 
consumption in the tails ro e progressively during regeneration and did 
not show a fall with completion of the process. The higher rate at the 
end of the process is attributed to the new organization of the worm, 
i.e., to the result of the process, not to the process itself. At least the 
experimental data do not constitute a secure foundation for concluding 
otherwise. 
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SUSCEPTIBILITY AS A MEASURE OF OXIDATIONS 

The susceptibility of Planaria and other animals to the toxic action of 
alcohol, potassium cyanide and other substances, in other words, the 
length of time the animals live in solutions of these substances, has 
been used extensively by Child, Hyman and others as a measure of 
the "rate of metabolism." This practice has been based upon inade
quate knowledge either of the nature of the action of these toxic agents 
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Fig. 11. Curves show increase in the rate of oxygen consumption by Planaria 
agilis during regeneration of posterior pieces from experimental fission, and no 
increase, within the limits of error of the experiment, in the rate of oxygen con
sumption in the anterior pieces. Ab cis as represent time in weeks, indicated by 
dates. Ordinates represent rate of oxygen consumption in cc. oxygen per gram 
total body weight per 24 hours. The broken line represents the control, the 
average of three sets of normal worms. The solid line represents the average of 
three sets of experimental worms before the cutting operation on July 20, and of 
the posterior pieces after that date. The line of da hes repre ent the average of 
the three sets of anterior pieces from the operation. The time of the operation is 
indicated by the arrow. ee table 14. 

or of the parallelism between the susceptibility of animals and their 
"rate of metabolism." The subsliances first used for this purpo e 
were ane thetics and pota ium cyanide, sometime classed as an anes
thetic. It was supposed that these substances inhibit the oxidations, 
and they were spoken of as "depressing agents" (1, p. 571); (2, p. 150); 
(3, pp. 419, 420, 444); (4, p. 65); (8, p. 104). The effect of none of these 
substances upon the oxidations in Planaria or other animals upon which 
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they were used was determined. The writer (13) has shown that po
tassium cyanide, the agent most used for the susceptibility studies, 
<l'Oes ·inhibit oxygen consumption in ~lanaria, but it does not follow 
from this fact that the worms with higher rate of oxidation must be 
more su ceptible to the cyanide, nor that those that are more susceptible 
to cyanide mu t have a higher rate of oxidations. Furthermore, many 
other substances of very different chemical nature and probably of 
very different physiological action have been used for determining sus
ceptibility. Before drawing conclusions regarding metabolism from 
the data of susceptibility, in the absence of knowledge of the nature 
of the action of the toxic agents used, it should be determined, at least, 
that there is a parallelism between su ceptibility and rate of oxidations 
under all normal condition . This ha not been done excepting for the 
comparison with the carbon dioxide production by Planaria in the 
Tashiro "biometer" previously mentioned. Upon the basis of the data 
pre ented in the present paper, it i pos ible to make certain compari
son between su ceptibility of Planaria and their rate of oxidations. If 
the susceptibility is a measure of the oxidation , it must not vary inde
pendently of the rate of oxygen con umption. 

Table 15 summarize the fact regarding susceptibility and the rate 
of oxygen consumption per unit of body weight. Four normal condi
tions are considered; a, increase in the ize of the body by growth; b, 
decrea e in the size of the body by agamic reproduction; c, starvation; 
and d, feeding. tarvation is naturally divided into the early and the 
later tage , making five item in the table. In the so-called "indirect 
u ceptibility method,'' le s usceptibility, or, conversely, greater re

sistance, i uppo ed to indicate a higher "rate of metabolism,'' while in 
the "direct method" greater susceptibility i supposed to indicate a 
higher rate of metaboli m or rate of oxidation . The letters in the table 
refer to the following quotations and references to the literature on 
· usceptibility: 

A. (1) pages 544 to 547. Figure 1 and 2. 
(4) page 83 and figure 4. 
B. (1) pages 555 to 564 . 

. "In this connection it should be noted, again, that when well-nourished 
worm are kept without food, the resistance increases somewhat during the first 
three or four week , as the re erves disappear and after that decrease rapidly" 
(1, p. 549). 

"If the re istance of the worm to anesthetics is in any degree a criterion of 
age, as it seems to be, then it is evident that while starvation alone does not 
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TABLE 15 

Showing that susceptibility of Planaria to the toxic action of alcohol or potassium 
cyanide varies independently of the rate of oxyge11 consitmption. Changes in sus
ceptibility determined by Child. For references, see text pages 464 to 466 under 
letters A, B, C, etc., as gfren in table. Change.~ in rate of oxygen conwmplion 
determined by the writer 

I { 

II I 
l 

III 

IV 

(!) (2) (3) 

SCSCEPTIBILITY TO ALCOHOL AXD 
POTASSitiM CYANIDE 

CONDITION OF 
PLA!'<i'ARfA 

Increa e in size 
by growth 

Decrea e in size 
by regenera-
ti on of pos-
terior piece of 
large worm 

Resistance in 
"indirect method" 

Decrease A 
(c decrea ed 

oxidation ) 

Increases B 
(c increased 

oxidations ) 

tarvation Increases C 
early stages I ( c increa cd 
(5--15 day ) oxidations) 

tarvation 
later stage~ 

(5-- weeks) 

Increa e,; D 
(c increa ed 

oxidations ) 
then 

Deer ases 
(c decrea ed 

oxidations) 

Susceptibility in 
"direct method" 

Decrease F 
(c decreased 

oxidations ) 

Increases G 
(c increased 

oxidation ) 

bwreases H 
( c increased 

oxidation 

bier case.~ I 
( c increased 
oxidation~) 

V I F"diog 
Increases E 
after 48 hour 
( c increased 

oxidation ) 

Decreases J 
(c decrea ed 

oxidations) 

(4) 

RATE OF OXYOE~ 
CONSUMPTIOS" 

Decreases 

Increases 

Decreases 

Constant 

Increases within 
hour 

rejuvenate the e animals, except lo a slight extent in the early stages,• yet feeding 
after a long period of starvation does accomplish thi very effectively" (1, p. 555). 

"During the first two or three weeks of starvation before any marked reduc
tion occurs, the rate of metaboli m increases but decrease after reduction b -
gin (indirect method, meaning that re istance increa es during fir wo or three 
weeks) (3, p. 437). 

• Italics mine. 
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D. "I have performed numerous experiments with worms in various stages of 
tarvation and always with the same result, viz., the reduced worms show even 

less resistance than before reduction" (1, p. 547). 
E. (1) page 555, quoted above under C. . 
"The effect of feeding after starvation does not appear as increased r~sista~c~ 

to any marked extent until at least 48 hours after feeding. Probably this pen~ 
of time represents that necessary for the attainment of a certain stage and ra e 
of the metabolic reactions after feeding" (1, p. 549). 

F. (3) pages 423 to 427. 
(4) pages 93 to 100. 
G. (4) pages 105 to 110. . . ti 
H. "Animals which have been without food for only a few days are d1stmc hy 

more susceptible to depressing agents than animals which have been fed up to t e 
beginning of the experiment" (3, p. 434). 

(4) pages 156 to 160, especially table 11, page 157. . h 
I. "In all everal hundred individuals have been testd and always with t e 

ame result, viz., increase in susceptibility from the beginning of starvation °~ 
until the animals are reduced to a minute fraction of their original size and dea~ 
occur . If the method is valid this increase in susceptibility must mean that t e 
rate of the metabolic processes increases as starvation and reduction proceed! a 
conclu ion exactly the opposite of that reached from my earlier work with the in
direct method alone" (3, p. 427). 

(4) page 156 to 160, especially table 11, page 157. . .. 
"But the re ults obtained in later investigations by the direct suscept1bihty 

method which have been briefly presented above, and the confirmation of these 
by thee timate of carbon dioxide production, force us to the conclusion that the 
rate of metaboli m increases during starvation. This being the case, the decreas~ 
in capacity for acclimation in starved animals cannot be due to a low rate 0 

metabolism, but mu t be as ociated with the nutritive condition in some waY 
independent of the metabolic rate" (4, p. 165). 

J. "Each feeding i followed by a distinct decrease in susceptibility, and later, 
as the animals begin to starve, the susceptibility increases again" (4, P· 169) · 

In p ction of thi table hows at a glance in what cases susceptibili~Y 
and rate of oxygen con umption per unit of body weight agree and in 
what cas they disagree. When the size of the body is increased by 
growth, part I, the resistance by the indirect method decreases, the sus
ceptibility by the direct method decreases and the rate of oxygen co~-
umption decrea es. When the size of the body is decreased by experi

mental fi ion and regeneration, part II, these three items all increase. 
The e fact are con istent with the theory of a relationship between 
·u ceptibility and rate of metabolism. But when the conditions of 
tarvation and feeding are considered, the picture changes. During 

the fir t tages of tarvaton the rate of oxygen consumption falls sharply, 
column 4, but the su ceptibility by the direct method increases instead 
of decrea e . This striking decrease in the oxidations occurs chiefly 

,, 
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during the first few days. Since the indirect method requires a 
number of days for making determinations, it is perhaps not well 
adapted for catching the conditions during this brief period. tate
ments were made, however, that the resistance by this method in
creased somewhat during the first three or four weeks without food, as 
contrasted with the decrease afterwards. During the later tages of 
starvation, i.e., after the first 10 days, approximately, the rate of oxygen 
consumption runs practically constant, while the susceptibility in the 
direct method continues to increase steadily. In the indirect method, 
the increase in resistance which begins in the early stages is reported to 
continue during a total of three or four weeks, after which it is followed 
by .ll. decrease in resistance. It should be clearly understood that this 
tablu and d1seu:;sion refer only to the first seven to nine weeks of starva
tion, and do not include later stages of more extreme starvation. What 
changes may occur in the respiratory metabolism, later on, do not con
cern the point under discussion, which is that the susceptibility of Pla
naria to potassium cyanide and alcohol, and the rate of respiratory 
metabolism per unit of total body weight vary independently of each 
other. Such independent variations are clearly shown within the 
periods which are considered in this discussion. The fall in rate of oxi
dations during the early stages of tarvation i "large and i not reflected 
in any decrease in susceptibility. On the other hand, the increase in 
susceptibility during the period of starvation included in these experiments 
is large (4, p. 157, table 11) and is not paralleled by an increase in rate of 
oxygen consumption. It may be noted, furthermore, that the di crep
ancies revealed in the table are too great to be altered materially by 
minor differences in the respiratory metabolism of different pecie of 
Planaria. 

Feeding causes an enormous increase in the rate of oxygen consump
tion, but it is reported (4, p. 169) that "each feeding is followed by a 
di tinct decrea e in susceptibility, and later, a the animals begin to 
starve, the susceptibility increases again" (direct u ceptibility method). 
In the indirect method, feeding results in an increased resistance a well 
as in an increased oxygen consumption but it may be noted that "the 
effect of feeding after starvation does not appear as increased r istance 
to any marked extent until at least 48 hour after feeding." The maxi
mum effect of feeding in increa ing the rate of oxygen consumption i 
within this 48-hour period. These comparisons how, therefore, tha 
susceptibility in Planaria varies independently of rate of re piratory 
metabolism. 
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B. L. Lund (3 ) and E. J. Lund (11), (39) have shown a similar lack 
of agreement between susceptibility and rate of oxidations in Para°:1e
cium. tarving Paramecia are more susceptible to potassium cyamde 
than tho e that are well fed, but the starving Paramecia consume less 
oxygen and give off less carbon dioxide. Child (7, p. 217) has critici~ed 
Lund b cause "he has apparently failed to recognize an essential pomt, 
viz., that susceptibility as mea ured by progress of death and disinte
gration cone rn primarily the ectoplasm or the body-surface and body
wall. tat ment to thi effect have been made repeatedly in the work 
on su c ptibility." The e tatements, however, give no indication that 
th "rate of metabolism" under discussion "concerns primarily the 
C'clopla m or the body- wface and the body-wall." On the contrary, 
statement have been made repeatedly in the work on susceptibility to 
the effect that timation of the carbon dioxide production by Plan
aria in th· Ta hiro "biometer" have confirmed results obtained by 
th u c ptibility method (e.g., (3, pp. 422, 343); (4, pp. 73, 161, 202); 
( . p. 104) ). The following quotation may suffice: 

The rate of production of carbon dioxide in the starved, reduced animals ~s 
practically equal to that in the young, growing animal of the same size, and this 
rate i · much higher per unit of body weight than that in large, old animals. The 
re ult obtained by the direct susceptibility method are thus fully confirmed by 
th e imation of the carbon dioxide production (in the "biometer") (4, p. 161). 

But they are not confirmed by measurements of the oxygen consump
tion by Planaria made by the writer, nor by measurements of the oxy
g n con umption and carbon dioxide production by Paramecium made by Lund. 

CONCLUSIO S 

In conclu ion it hould be noted that th~ purpose of these studies is 
to contribut to the critical analy is of the role of rate of respiratory 
metaboli m in the animal organi m. It ·may be conceived to be the 
function of bold and uggestive theories such as those of Child regard
in the "rate of metabolism" to serve as a basis for analysis of all the 
factor involved in the question. All facts should be welcome and 
hould b xamined with critical impartiality to place them in their 

proper relation to the general problem. As the analysis proceeds, new 
a pect appear and new need for discrimination between the various 
factor involved. The term "rate of metabolism" may be used in dif
fere~t ens · Atte~tion ha been confined in this paper to the rate of 
re pu~tory metaboh m. Even this term is capable of meaning differ-
n t thIDgs. What should eem to be the only strictly sound basis for 
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comparisons of the relative rates of respiratory metabolism in animals 
of different size and age are data that give us the rate of respiratory 
metabolism per unit of weight or volume of living protoplasm in the body 
of the animal. No other basis is really satisfactory. Material should 
be selected and methods devised which supply these condition a 
nearly as possible. Warm-blooded animals are very unsatisfactory 
material for such work, and this fact should be considered before draw
ing conclusions of general application from the data of mammalian 
calorimetry. If the method of susceptibility to the toxic action of 
such substances as potassium cyanide, when applied to the lower in
vertebrates, could provide a means of approaching the ideal condition 
in measuring the "rate of metabolism" or rate of oxidations, it would 
be of very great value in the analysis of these problems. This method 
has been compared in the present paper with measurements of the rate 
of oxygen consumption in proportion to the weight of the body, and it 
has been found that the susceptibility does not give a reliable index of 
the rate of oxidations as thus defined. Since we have no data regarding 
the rate of oxidations upon the basis of any other definition, we mu t 
conclude that, in the present state of our knowledge regarding the action 
of these substances, only direct methods are reliable for determining the 
rate of respiratory metabolism. 

SUMMARY 

1. The oxygen consumption by P. maculata and P. agilis decrea e 
progressively during starvation at constant temperature, more rapidly 
at first and somewhat more slowly later. The body weight al o d -
crease during starvation, and the worms become smaller in body 
dimensions. 
. 2. The rate of oxygen consumption per unit of body weight in tarv
mg P . maculata and P. agilis decreases rapidly during the first few day , 
due to the decreasing accelerative effect of food residuum left from the 
previous feeding. The length of this period may vary with the tem
perature and the amounts and kinds of food previously ingested, but in 
the experiments reported it lasted as long as 10 to 14 day , although the 
accelerative effects were ·small after the first 7 days. 

3. At the end of this period of the accelerative effects of food r erv 
from previous meals, the rate of oxidations ' reaches a constant level 
Which is maintained for several weeks in P. agilis (5 to weeks in the 
e~periments reported). During this period of constant rate of oxida
tions, the starvation results in a decrease in the body weight of at lea. t 
one-half of the original. 
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4. The ingestion of food by starving P. maculata and P. agilis r~sults 
in a great increase in the oxygen consumption (80 to 140 per cent ID t~e 
experiments reported). After this initial rapid rise, which reaches 1~ 
maximum within the first 48 hours or less, the rate of oxidations per unit 
of body weight falls more slowly during 7 to 14 days to reach a c.onstant 
level. When this constant level is reached after a single feedmg, the 
rate of oxygen consumption per unit of body weight is the same, wi:hin 
the limits of error of the experiment, as it would have been if the anunal 
had not been fed. However, after the rate of oxidations has returned 
to this con tant level the animal weighs more and consumes more oxygen 
in absolute units than would have been the case if the animal had not 
been given a meal (see figs. 4 and 6). 

5. The later period of starvation, after the accelerative effects of f~od 
re rves have disappeared, is the proper basis of reference in studying 
re piratory metabolism in Planaria. 

6. Larger Planaria have a lower rate of oxidations per unit of total 
body weight than smaller worms of the same species when the latter do 
not owe their small size to starvation. The experiments reported do 
not permit making any general statement to cover all cases of differences 
in ize due to tarvation alone since the more extreme stages of starva
tion are not included in this study (see paragraph 3 above). 

7. After fi ion of a large worm, the tail piece, which becomes reor
ganized into a mall- ized worm, gains a higher rate of oxygen consu_rnP
tion per unit of body weight. With regeneration in the anterior piece, 
which does not involve important alterations in the body, the rate of 
oxygen consumption remains constant within the limits of accuracy of 
the method. It is not assumed that the increase in rate of oxidations 
in the po terior piece is due to the use of measurable amounts of energy 
in the proc es of regeneration or morphogenesis as such. 

· The u ceptibility of Planaria to the toxic action of potassium cya
nide ~nd ~lcohol, as ~eported by Child, varies independently of the.rate 
of oxidations per urut of body weight, and is therefore not a reliable 
m a ure of the oxidations as thus defined. If the rate ~f oxidations or 
th "rate of meta?o:i.sm'_' is defined differently, then it remains to be 
hown that susceptibility IS a reliable measure of either. 

APPENDIX 

. ince the a?ove wa written, three papers have appeared which deal 
with the respiratory metabolism in Planaria (40), (41) and (42). ~y
roan (4l) has attempted to strengthen the theory that susceptibility 18 a 
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measure of rate of oxidations by showing that potassium cyanide in
hibits the oxidations in Planaria dorotocephala; her results confirm those 
of the writer reported in the first paper of this series (13). The two 
studies supplement each other since the experiments of Hyman covered 
short periods of time while those of the writer covered longer periods. 
Hyman argues that "since cyanides decrease the rate of oxygen con
sumption, it follows that cells or organisms or parts of organisms which 
have the highest rate of respiratory exchange will be more susceptible 
to cyanide and will, therefore, die in lethal concentrations of cyanide 
faster than parts or organisms respiring less actively" (41, p. 353). 
The writer does not wish to discuss this argument further than to call 
attention to the facts observed in Paramecium and Planaria, namely, 
that fed animals have a higher rate of respiratory exchange but live 
longer in lethal concentrations of cyanides than starving animals. 

Child (40) has compared the rates of carbon dioxide production by 
equal weights of Planaria dorotocephala of different sizes and in differ
ent stages of starvation, as determined by the phenolsulphonephthalein 
indicator method. The data do not permit a calculation of the actual 
quantities of carbon dioxide produced, but show that the worms in one 
tube caused a higher or lower hydrogen ion concentration than those in 
another tube. Child concludes from his experiments with this indicator 
method that the rate of carbon dioxide production is greater in small 
than in large worms, that it "decreases rapidly during the first stages of 
starvation and continues to decrease more slowly during several week , 
but that in advanced stages of starvation it increase " (40, p. 256). 
The advanced stages in which it is reported that the rate of oxidation 
increases are apparently later than the tages included in the experi
ments of the present writer, although it is hardly po sible to compare 
the rates of starvation in two different pecies of Planaria under differ
ent conditions of observation. The data regarding difference in rate of 
oxidations in animals of different size and during the arlie t t:i.ge of 
tarvation are in agreement with those of the pre ent paper. 

These conclu ions, it may be noted, are very different from either 
of the two former conclusions of Child which were ba ed on uscepti
bility data. Child himself calls attention to the e di crepancie and 
offers an explanation to preserve the theory that u ceptibility i a meas
ure of rate of oxidations. He recalls observations previously neglected, 
to the effect that during early starvation of Planaria, the u ceptibility 
of the intestinal tract is different from that of the body wall, the form r 
decrea ing while the latter increases. The interpretation ugg ted i 
that 
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the ectoderm and body wall, which maintain their functional activity and subsi~t 
in part upon their own substance from the beginning, show a gradual in?rease m 
rate of oxidation during starvation, while the rate of oxidation in the alimenta~y 
t ract undergoes rapid and marked decrease in the absence of food and probab Y 
still further decrease more slowly, as the reserves are used . Alimentary tract 
oxidation in well-fed animals is so large a part of the total oxidation that the de
crease in activity of the alimentary tract in the absence of food brings about a 
decrease in total CO, production, in spite of the probable increase in CO, produc
tion in ectoderm and body well (40, p. 254). 

In the absence of any experimental evidence that the oxidations in 
the body wall change with starvation and feeding, as Child suggests, 
rather than in accordance with the oxidations of the animal as a whole, 
the ob erved fact mu t be considered damaging to the theory that sus
ceptibility i a measure of rate of oxidations. If the possibility that 
the oxidation in the body wall may change in a direction exactly oppo-
ite to the rate of oxidations of the whole animal is pressed, it must be 

borne in mind that the evidence which is cited in support of the theor~, 
al o, con ists of measurements of the respiratory exchange of whole an~
mals. Estimation of the total carbon dioxide production by Planaria 
in the Tashiro "biometer" have served as proof of the value of the sus
ceptibility method. They were cited for this purpose in the last paper 
by hild ( 42, p. 381) although in the preceding paper it was reported that 
the biometer gave different results (as regards different conditions of 
nutrition) than the indicator method, so that "work with the biometer 
was discontinued because I came to believe that the method was not 
uitable for the material" (40, p. 250). However, whether reliance is 

placed upon the" biometer," the indicator method or the writer's Wink
ler m thod, the data obtained by these methods have given only the 
rate of r piratory metabolism of whole animals. 

Th di tinction between the rate of oxidations in the animal as a 
who~e ~n? that in particular organs carries the question ultimately to 
the mdlVldual cell · Here we have the information that starving Para
mecia are more usceptible to cyanide but have a lower rate of oxida
tio~ than fed ~ar~mecia. The explanation suggested by Child is that 
durmg tarvat1on m Paramecium, the ectoplasmic oxidations increase 
while th endopla mic oxidations, which make up the major· part o~ the 
whole, decrea e. Is u ceptibility in other animals such as Planaria to 
be attribut d finally to conditions in, the surface of the cell rather than 
to the oxidation of the cell as a whole? What does survival time tell 
us with certainty about oxidations? 
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