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The physiological action of CO 2 on the living cell is of great scientific interest and h ~  
been the subject of numerous researches. On one hand, this acid is elabotared by the cell 
in the com~se of the metabolic process, on the other, it forms the basis of the C02-bic~rbonate 
buffer system, which is a most important one among the buffer systems of plant and animal 
ceils, and in tile media in which they live. Carbonic acid i)osscsscs besides a number of cha- 
racters quite different from those of other acids. Nn(IT"r_nsKY [1928 (35)] has shown, in his 
preliminary investigations on some aquatic animals, that  if HCI and CO 2 arc applied in an 
equal concentration (in percents), the toxicity of the latter is considerably greater than that  
of the former. It. is also known that  C02 inhibits the development of bac.teria [SIEmr 
and Z).JDI':L, 1924 (48)], and the segmentation of 1he egg ceil of certain marine organisms 
[CLowgs a. S.~m'H, 1923 (1 l); S.~fl~H and C1,ow~:s, 192-t- (51)], but this phenomenon cannot 
be attributed solely to acidification, i.e. the effect of an acidification by a mineral acid, with 
the same pH, is considerably less. The specific action of CO 2 on the cardiac muscles of the 
turtle, as compared to the action of mincral acids, has been describcd by S.~rl'lr [1926 (50)]. 
The author sees the caus(~ of the specific nature of the action in the greater permeability 
of the living cells as regards carbonic acid (this will be discussed further on). ] t  has also 
been observed that carbonic acid stops the movement of the branchial cilia in Mylil.ws edulis 
[.l~.~:wooD, 1925 (22)i], the movement of the leucocytes [Pt;.~r~SE, 1925 (391], and the con- 
tractions of tile rabbits intestine [F~.(s~,  1925 (151], p i t  being here much less acid than 
with mineral ~cid. A movement cut short by the action of CO 2 can be completely restorcd, 
if the subject is transferred into a medium without CO~, whereas, after remaining in a mineral 
acid, it cannot l)e rcvive(t [Fr~AsE~ (15)]. The reappearance of a movement interrupted 
by CO 2 has also t~en el)served by LorJr [1895 (32)] and othe~, in the protoplasm of 
the anthcz~ of Tradescantia virginica. Likewise, in small doses, CO 2 can accelerate the 
movement of Para~nae~ci~tn~, whilst a mineral acid, with thc same pH, does m)t do so [C~rAss 
a. GL~XSF~R, 1930 (]0)J. Frequently, this acid can cause an alteration in the phototaxis sign 
of aquatic organisms [LoEt~, 1906 (30), BRIUCItATOWh, 1928 (6)], whereas this has not been 
observed for other acids [Bm:C~InTOWA (6)]. Many phenomena have been ref)or~d demor~- 
strating the specific irLflucnce of CO.~ tile statc of living protoplasm. JACOBS [1922 (27)] 
has sho~n by numerous examph~s that CO~ bffluences the viscosity of protoplasm, by first 
diminishing and then increasing it, this phenomenon being reversible. Nothing of the kind 
was to be seen with the mineral acid (HCI). In this way, J~coss  interprets the interruption 
of the vacuolar pulsations of infusoria, as due to carbonic acid. A dissolution of the plasma~ 
]emma in an amoeba; has been observed after the introduction of bubbles of CO~ [R~zmnov 
and CZZA~H~EnS, 1927 (43)], see also the dissolution of the pellicula of in/usoria in the papers 
of J~COBS [1912 (23)], G.~L:~OI.EW and MALM [1931 (16)], and NIK/TINSKY and M~I:)REZOW.X- 
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WYss [1930 (36)], also a swelling of the cells in in/usoria [JAcoss (23), (27)], in the hyphao 
of fungi and in the po]linic tubes of Gymnosperms [Loe~Io~n (32), :BEcK~:R, 1933 (2)]. Pro- 
bably all these phenomena are closely connected, partly with the acidifying action of CO~ 
on the proteins of the living protoplasm, and partly with their reversible dissociation described 
by ADOLF and PAVLI [1924 (1)], which, according to the latter authors, cannot be ascribed 
exclusively to acidification. A great many investigators attribute the specific action of 
carbonic acid to its peculiar faculty of easily penetrating into the cell. This peculiarity of 
C02, demonstrated in the work of S~azTg cited above (50), has also been pointed out by Knoc]t  
[1919 (29)], who discovered that this gas penetrates through the membrane of the tissues 
30 times more quickly than 0~. JAco~s [1920 (24, 25) and 1922 (26)], has shown with the 
corolla of flowers containing a natural  indicator, anthocyan, with the eggs of the starfish 
stained with neutralred, and with the artificial cell prepared from frog skin, that the pene- 
tration into the cell of undissociated H2CO3, is much greater than that  of other substances, 
especially of those strongly ionized. In  this manner, CO 2 can acidify the cell even if it passes 
into it  from a neutral or alkaline solution. JACOBS explains in the same way the sour taste 
of the alkaline bicarbonate solutions. Also, investigations were carried out by CJ~AM]3n~S, 
which showed that  the difference in permeability of the starfish egg to bicarbonate 
ions and carbonic acid is the function of only the surface layer of the protoplasm, and no t  
of its inner layer, nor of the cell membrane, for, with a micro-injection of an alkaline solution 
of CO 2 as used by JAcoss, an alkaliulsation was obtained, instead of the acidifying which 
occurred when the cell was placed in the solution [CHA~nE~S, 1922 (7)]. Indications of the 
greater ease of penetration of CO 2, as compared to mineral acids, are also to be found in the 
researches of C~Asl~ and GLASE~ (10), who studied Paramaecium, in those of S~aIT~ [1923 
(52)] on the cells of the corolla of lpomoea, and those of WJ~mr H~c~E~ and WYss [193~ ' 
(57)], who studied the penetration of different acids through the living tissues of the blood 
vessels of the frog. OS~ERgOUT and DORCAS [1925 (37)], and later JAcqvs.s and 0STEI~HOUT 
[1930 (28)], have shown in detail in Valonia that  CO 2 penetrates into the cell chiefly as an 
undissociated acid (pH of the medium being about 5.0), and not as ions of bicarbonate (pH 
being about 7-0). According to S~aTTR and CLOWNS (48), not  only does the undissoeiated 
acid penetrate without any difficulty into the cell, but  also the anhydride CO2, as the latter 
especially can very easily be dissolved in the lipoids, whilst I-I~COa, owing to its structure, 
ought to penetrate less vigorously into the cell. Many investigators relate the facility of 
penetration of CO 2 to its feeble dissociation. It. has been indicated, as a general rule, thais 
feebly dissociated acids and bases penetrate into the cell much more rapidly than strong 
acids, bases and their ions [see HArveY, 1911 (20), 1915 (21), C~oz~a, 1916 (13, 14), MAL~, 
1930 (33), CO~A~D~R, TURS~I~E~ and FAB~XC~VS, 1931 (12)]. There are indications also, 
however, of a considerable penetration of the latter [ L o ~  and G~L~A~, 1924 (31), BROOKS~ 
1923 (4, 5)]. Lastly, Go~P]~ [1925 (18)] does not relate the rapidity of penetration of the 
acids to either their dissociation or their solubility in lipoids etc. How can one explain this 
specific action of CO, ? Can the action of CO~ on the cell be attributed solely to its property, 
as shown in the experiments of JACOBS and C~tA~B~RS (24, 25, 26 and 7), of easily penetrating 
into the cell of there by acidifying~ the cell juice and the protoplasmic inclusions ~, as is ela- 
borated in the recent paper of SP~K and CHA~S~RS [1933 (54)], which continues the researches 
begun earlier by CI~A_~s~zS and his co-workers [(18, 41, 44)] ? C~As~ and GLASER explain 
thus the phenomena it  produces (10). I t  is scarcely possible to explain thus all the different 

Another explanation of the t in t  of the indicator in the protoplasmic gra- 
nular inclusions under the action of CO~, which S s ~  (54) gives to this phenomenon. 

CO~ and other acids are unable to acidify the hyaloplasm itself within physiological 
limits [see CH~t-sm~s, 1928 (8), R]~Z~KO~ and Por~nAcJ~ (44), POL~C~ (41)]. 
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kinds of phenomena in the living cell although there reactions certainly play an important 
part in the life processes of the cell. The observations of ADOLF and PAImI (1) favour the 
supposition that CO s enters into a mobile, reversible combination with the proteins, which 
cannot be due only to acidification. Also in the paper by SFEK and C~A~EI~S (54), the 
peculiar behaviour of COe, in inducing a reversible phenomenon resembling the coagulation 
brought about in the protoplasm if an injection of other acids and salts with multivalent 
cations is made into the cell; the latter coagulation, however, is not reversible, as with COs. 
[see also the reversible alteration in the viscosity of protoplasm, by the action of CO.,, JAeOBS 
(27)]. Further than this, a great many authors have pointed out the narcotic action of car- 
bonic acid [see JACOBS (23), NrKITII~SKY and MVDI~EZOWA-WYss (36), GALAGIEW and MALM 
(16), LOPI~IOI~E (32), FRASE]~ (15), WI~TERSTEI~, 1919 (58) and others], in which it resembles 
protoxide of nitrogen, ether and chloroform: but this effect can scarcely be ascribed to its 
acidifying action. If carbonic acid owed its specific action only to its faculty of easily pene- 
trating into the cell, whilst within the cell its H-ion alone was active, we would be entitled 
to suppose that any other acid, which can penetrate as easily into the cell, as for instance 
valerianic acid, possesses the same property. Besides this, in an intracellular injection, the 
effect of any kind of acid ought to be the same as that, of COs; however we do not see this, 
if we compare the experiments made with microinjections of HC1 [REZE-IKOFF and POLLACK 
(44)] and C0 e [see REZ~IIKOI~F and C~A~BERS, 1927 (43)], (where the CO 2 causes a specific 
dissolution of tim plasmalemma, which does not take place with the HC1), nor do we find 
evidence of any such action in the researches of SPEK and CHA~BEI~S (54). If the properties 
of carbonic acid depend not only on the H-ion, but also on the anion, or rather the molecule 
of COs, entering into a reversible reaction with the proteins of the cell, as this does not occur 
with the anions and molecules of other acids, evidently, the phenomena thus produced will 
in many points differ sharply from the action due to those other acids which can easily pene- 
trate into the cell. 

I n  beginning m y  researches I was seeking for an answer  to  the  fol lowing 
ques t ions :  1) does t he  t ox i c i t y  of CO s and  of minera l  acids  real ly ,  and  a lways ,  
depend  on the  difference in the  r a p i d i t y  of pene t r a t i on  in to  the  cell ? 2) I s  
t he  t o x i c i t y  of CO 2 due to  t he  H-ion,  and  hence is t he  same p H  necessary  
in  order  to  ob ta in  an equa l ly  effective ac t ion of COs, and  of o ther  acids ? 
3) Do those  acids whieb pene t r a t e  easi ly in to  the  cell have  at  the  same t ime  
a narco t ic  ac t ion  like CO2, or is th is  a specific p r o p e r t y  of the  l a t t e r  ? I n  
order  to  answer  these  quest ions  t he  objec ts  for t he  exper iments  h a d  to  be so 
chosen, as to  fulfil  two pr inc ipa l  r equ i remen t s :  1) They  m u s t  possess some in- 
d i ca to r  of the  toxic  or narcot ic  ac t ion  of carbonic  acid,  such as for ins tance  
the  cessat ion of m o v e m e n t  of the  ent i re  cell, or of i t s  p ro top lasm,  2) an  in- 
d ica tor  showing the  p H  in the  cell, e i ther  b y  a n a t u r a l  colorat ion or else b y  
the  in t roduc t ion  of an  ar t i f ic ia l  dye.  Among  the  numerous  objec ts  t r i ed  for  
th is  purpose  the  mos t  convenien t  appea red  to  be t he  cells of the  hairs  on the  
an the r  f i laments  of Tradescantia virginica, and  Paramaecium caudatum s ta ined  
by  a solut ion of me thy l red .  

I .  E X P E R I M E N T S  W I T H  T R A D E S C A N T I A  V I R G I N I C A  

The objec t  inves t iga ted ,  hairs  f rom the  an the r  f i l aments  in Tradescantia 
virginica, conta ins  a n a t u r a l  ind ica to r -an thocyan in .  This  ind ica tor  possesses 
two colour t r ans i t ion  po in ts ;  f rom violet  (the usual  coloring of the  flowers) in to  

11" 
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dark blue pH 6-3, and from violet into red, p H  being 4.3. The petals of Tra- 
descantia, containing the same indicator, were boiled in buffer solutions of a 
determined pH, and in this manner a some was prepared [see S~ITH, 1933 (50)] 
with a transition at  every 0.5 pI-I, as this indicator changes only within rather  
rough not strictly defined limits. With this indicator, according to the scale of the 
buffer solutions, a micro-scale was established. This scale was made with leaflets 
of the "Foliencolorimeter" of P. WunrF [1926 (59, 60)], stained by anthocyanin, 
concentrated by means of evaporation. The leaflets were placed in buffer solu- 
tions of different p t t ,  where they changed colour. Then they were arranged 
into a scale, fixed on a round cover glass by means of a thin thread of 
canada balsam. This miero-seale was enclosed in canada balsam, because in 
it anthoeyanin changes its colouring even more slowly than in the open air. 
Another cover glass was put over this and the whole was fastened by a 
metallic ring like the scale of the ocular-micrometer. Such a ring with a 
1"9 mm. diameter, can be easily introduced into the ocular of any miero-seope 
[for a more detailed description of the micro-scale see B~OKER, 1934 (3)]. In  
the conditions of my  investigations this small contrivanee has proved to be 
the most convenient one among all those used before for the determination of 
p H  in the living cell. The R. I. 3/[. method (Range Indicator Method), consisting 
of a comparison between the eolour of the objects stained in different indicators 
[see SMALL (49), SOHMII)TZaAI~X, 1924 (47), GICKLI~OI~ and KnLLEI~, 1926 (17), 
GtTTSTnI~, 1932 (19), CmaMBEI~S and POLLACK, 1927 (9)] could not be applied 
here, as a number of indicators, owing to the difficulty of their penetration into 
the cell, were of no use, and only one which penetrated easily could be chosen 
(methyl red). The methods of PANTIN [1933 (38)] and REISS [1926 (42)], where 
a series of test  tubes, containing a scale of buffer solutions, or a Bjerrums' wedge, 
are placed before the mirror of the microscope, and a coloured background is 
thus obtained, wittl which the investigated object is compared, and the method 
of ZAO~tAI~OWA [1925 (61)], where the scale is transferred to the eye piece by  
means of the mirror of the ABB~ drawing apparatus, do not give any distinct 
eolours, while with my  micro-scale the cotours are sufficiently clear for deter- 
mination. Besides this the methods of PA~TIZr and REISS require the scale to be 
moved, which is very inconvenient for working, with a moving object (Para- 
maecium). In  this respect, besides my  micro-scale, the adaptation of VLfis 
[1925 (56)] is excellent, but it is very complicated, and certainly cannot be made 
by hand, whilst the micro-scale with the leaflets of the "Foliencolorimeter" 
can be constructed by any one. 

The investigation of the hair ceils of Tradescantia was made, in the ease 
of CO2, in a drop of distilled water, by means of the Lopriore chamber (31), 
through which CO2 was made to pass. With the other acids an object glass 
covered by a cover slip was used. Evaporat ion and alkalization in contact 
with the glass gave only a very slight error, which did not influence the experi- 
ment, as shown by  control experiments, with a bath  filled with diluted acid. 
In  the ease of volatile acids (Ctt3COOIt and valerianic acid), the researches 
were made, as in those with COe, with a Lopriore chamber (32). All the deter- 
minations of the p H  in the solutions were made by means of the quinhydron 



A comparison between the action of carbonic acid and ocher acids upon the living cell 165 

electrode of LAUT]SNSOHLXG~R'S potentiometer .  Three different series of experi- 
ments  were carried out upon  the hair cells of Tradescctntia. The first series was 
made  with somewhat  strong solutions of acids (0.1---0-01 Mol., p H  from 2"0--3"0), 
and sa tura ted  solutions of CO 2. This was required in order to ascertain whether  
the same degree of acidification of the cell sap, with each solution, is connected 
with an equal reaction;  in these experiments, the cessation of the streaming mo-  
vement  of the protoplasm. The protoplasm itself allows the passage through it of 
the substances altering p H  but  does not  itself show a change in p H  before death 
ensues ~. The p H  of the cell juice was taken,  when the movement  of the proto- 
plasm ceased entirely ~. The mean p H  was calculated, at  which the movement  
of the protoplasm ceases in the investigated cells (see Table I). 

T a b l e  I 

-F, xperiments on the relation between intracellular pH and total cessation of movement 
in the protoplasm. (Normal pH of the cell juice 4.3--4.9, mean 4.5) 

Mean pH within the cell, 
when the movement of 
the protoplasm ceased . 

pH of acid . . . . . . .  

Molarity of the acid . . . 

COs 

4"5 

3"8 

0"03 

Valer- 
ianic 
acid 

CH~COOH 
Oxalic 
acid 

Citric 
acid 

] 

HsP04 HC1 H2SO 4 

4"22 

2"79 

0"l 

4"05 

2"98 

0"1 

3'84 

2"67 

0"01 

3"64 
2"05 

0'1 

3"59 

2"00 

0'01 

3"90 3"80 

2 ' 2 5  2'10 

0'01 ] 0"01 

As seen in table I, the movement  of the  protoplasm, when CO 2 was passed 
through,  ceases when the colour of the  indicator corresponds to the normal  
s tate  of the hairs, as CO 2 is evidently unable to acidify the  cell wi thout  at  the  
same t ime inducing a noticeable change of p H  (i.e. p H  more acid than  4-3). 
As in the normal  condition, the  mean p H  in COe is equal to 4.5. Similar pheno- 
mena occur in valerianic acid, where the movement  ceases before the cell has 
become sufficiently acidified, i.e. with a mean of 4.22 for pt t .  Analogous da ta  
have been obtained for acetic acid, however a somewhat  stronger acidification 
is required in this ease to arrest  the movement  (up to p i t  4.05). The other acids, 
which are placed in the first group, i.e. EC1, H2S04, HAP04, citric and oxalic acids, 
when the protoplasmic movement  is checked, induce a greater acidification, 
on the  average between p t t  3"6 and 3"9. F rom these results one can conclude 
t h a t  for a similar effect, namely  cessation of the protoplasmic movement ,  it is 
no t  necessary tha t  an equal quan t i ty  of H-ions should penetrate  into the cell. 
On the  contrary,  to obtain the same effect by  the action of C02 and by  tha t  of 

1 The fact that hyaloplasm does not acidify [indicated by Cm~BFmS (8) and others 
in Amoeba], I succeeded in observing accidentally, on a hair cell, where the anthocyanin 
for some reason had partially penetrated into the protoplasm, and mixed with it. In the 
protoplasm the anthocyan was violet and "inside the central vacuole it was violetish-red. 

The movement of the protoplasm does not cease at once. The streaming movement 
passes gradually into a quivering of the particles resembling the brownian movement, which 
by degrees becomes extinct. 
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the acids belonging to the second group (CO2, CH3COOH and valerianic acid) a 
much lower degree of acidification is required than ~dth the acids of the first 
group. The processes within the cell, which eventually lead to cessation of move- 
ment, appear to the of the same type in each acid, but occur at different rates 1. 
Thus, they all begin by a gradual diminution of the strands of protoplasm crossing 
the cell, till these disappear and a parietal layer is formed; the movement becomes 
slower and passes into the quivering "brownian" movement already mentioned. 
At the same time the principal masses of the protoplasm accumulate at both 
ends of the cell, in the shape of transparent masses, whilst the cell juice begins 
to change in colour. The nucleus, so far enveloped by the protoplasmic membrane, 
gets rid of it and becomes clearly visible. At a later stage, when the protoplasm 
ceases moving and begins to coagulate, little clots of ehromatin become isolated 
in the nucleus and destruction of a caryorexis type sets in. Then the protoplasm 
gradually contracts into a lump, and the ]anthocyanin passing through it accu- 
mulates between the protoplasm and the cell wall, and frequently also in the 
form of a vesicle between the cell wall and the cuticle, causing the latter to swell, 
thus indicating its feeble permeability for the substances dissolved, in this case 
anthoeyanin. (Such a separation of the cell walls has been frequently observed, 
especially with H2SQ, where, in consequence of the separation and of the rupture 
of the membrane, something resembling the caps of Oedogonium was formed.) 
On the whole it may be seen that  the behaviour of Tradescantia, as regards per- 
meability, is by no means the same with different acids. For instance C02, 
valerianie and acetic acids act very rapidly, penetrating at the same time into 
all the hair cells, whereas the acids of the first group penetrate much more slowly, 
the penetration in the hair proceeding upwards from the point of rupture. This 
fact is, indeed, further evidence of the considerable'resistance of the cell membrane 
or the cuticle to penetration. However, it may be that  here the penetration 
from the base upwards is also due to the injury sustained by the surface layer 
at the base of the huh', which has not had time to heal, when the hair is placed 
in the acid. Data on such an elective penetration of mineral acids through a rent 
of the tissue, are to be found in SMITh's work (43). The next series of experiments 
was made with solutions of acids, where pH was equal to the pH of distilled 
water, saturated with CO2, i.e. 3-8. pH was determined eleetrometrieally by the 
quinhydron method with the potentiometer of LaTJTENSO~L)iGE~. The duration 
of the experiments was as much as 3 hours. The results are as follows. The acids 
of the first group [H~SQ (0"00022 Mol.), HC1 (0.00025 Mol.), H~PO 4 
(0.00055 1Viol.), oxalic acid (0.0002 3/[ol.) and citric acid (0.0004 Mol.)] pH being 
3.8, did not check the movement of the protoplasm nor even hinder it, but  rather 
they stimulated it, during the whole 3 hours that  the experiment lasted. In 
H~ SO 4 only, towards the end of the experiment, in those cells where the outer 
layer of the membrane began to separate in the shape of small caps, the current 
became somewhat slower. The results with acetic, valerianic and carbonic acids 
are summarised in Table II .  

1 The only differences being that in CO 2 the period of the "brownian" movements 
is considerably shorter, and less noticeable than in other acids. 
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T a b l e  I I  

Comparative toxicity of CO 2, acetic and valerianic acid, pH of the medium being 
the same. (Numbers in percent of the total number of cells) 

CO 2 
0"03 Mol. pH 3"8 

Valerianic acid 
0'01 Mol. pH 3"8 

Acetic acid 
0"003 Mol. pH 3"8 

Cessation of Normal 
Time of experiment 
before observation movement of the "Brownian"movement streaming 

protoplasm in CO~ movement 

25' 
50' 

40' in CO~ and 1 hour, 
after air replaces CO 2 j 

1 hour 
3 hours 

1 hour in CO S and ~l 
1 hour after air re- 

places CO S 
3 hours in COs and 
1 hour after air re- 

places COs 

20' 
40' 

1 hour 
3 hours 

20' 
40' 

1 hour 
3 hours 

7 
48 

37 
100 

40 

50 
50 
52 
73 

6 
4 

12 

10 
15 
14 
27 

2 
3 
5 

93 
52 

100 

63 

100 

58 

40 
35 
34 

100 
92 
93 
83 

I t  is shown t h a t  the  ac t ion of these  th ree  acids  is much  s t ronger  t h a n  t h a t  
of t he  acids of the  f i rs t  group.  Acet ic  acid  is the  leas t  ac t ive  one among t h e m ;  
in  i t  t he  m o v e m e n t  ceases only in ]2 % of t he  cells. Carbonic and  valer ianic  
ac ids  are  ve ry  much  al ike in the  ac t ion  t h e y  produce.  I t  was no t  possible  to  
record,  the  a l t e ra t ion  of p H  in the  cell juice,  in th is  exper iment ,  as t he  ac id i ty  
of the  med ium was not  s t rong enough to change the  colour of t he  an thoeyan in .  
These exper iments  show t h a t  there  is a d i s t r ine t  difference be tween  the  acids  
of t he  f irst  and  of the  second group,  which approaches  COe, b u t  here, t he  dif- 
ference of the i r  pene t r ab i l i t y  t h rough  the  cell m e m b r a n e  and  the  superf icial  
l aye r  of t he  p ro top l a sm is no t  e l iminated.  Therefore  on the  grounds  of th is  
expe r imen t  no d i rec t  conclusions can be drawn,  as to  the  difference in t ox i c i t y  
of these  acids. F ina l ly ,  a th i rd  series of exper iments  was u n d e r t a k e n  wi th  Tra. 
descantia using carbonic,  valer ianic  and  acetic acids, in order  to  inves t iga te  the i r  
narcot ic  ac t ion  upon  the  cell. The  exper iments  were car r ied  out  in the  following 
m a n n e r :  the  hairs  were p laced  in a s a t u r a t e d  solut ion of CO 2 (0.03 Mol. I-I2C03) 1 or 

1 An error took place here in the calculation of molarity as i t  was made by taking 
~I~COa, whilst, according to TrET. and ST~OTr~CKER [1914 (51)], in a water solution carbonic 
acid will for the most par~ be in the form of CO 2, and the narcotic action belongs apparently 
to the anhydride itself. Thus the molarity of a CO~ solution, calculating with a 2 ~o solution 
will be somewhat larger, though this does not influence our deductions. 



168 Becker  

in isomolar concentrat ions of valerianie and acetic acids (as it can be t~ssuined 
tha t  the toxic action belongs to the undissociated molecule and not to the H-ion), 
p H  of the solutions being about  the same. After a definite time (one hour), 
the  number  of cells in which movement  of the protoplasm had ceased was counted,  
the solution of acid was replaced by water, amt instead of CO 2 air was introduced 
through the chamber.  An hour later, observations were again made. The results 
are given in Table I I I .  

T a b l e  l [ I  

Inve~igation of the narcotic action of CO2, CH:~COOH and valerianic acid on the 
hairs of Tradescantia. (Numbers expre~s'sed in percents for the total member of cells) 

I Dura.tion of 
] experiment before 

_ 1  .... observation 

1 hour 
I 

CO 2 1 hour in CO~ and ]! 
0"03 Mol. pH 3"8 1 hour after air re- ( 

[ 

�9 places CO 2 J 

1 hour 
Valerianic acid 1 hour in the acid ] 

0"03 Mol. pH 3"3 and 1 after wuter 
replaces t.he acid 

1 hour 
Acetic acid 

003 Mol. pH 3"5 

Cessation of Brownian ] Normal 
streamillg 

movement of i movement of ' movement of 
the protoplasm the protoplasm it.h e protoplasm 

. . . .  I 

37 ! 
i 

. . . . . .  I 

52 

81 

. . - ]  

27 

- -  6 3  

- -  I 0 0  

33 ]5 

12 7 

6 67 
1 hour in the acid / 
and l after water / 37 i 8 55 
replaces the acid 

On can see, tha t  in 100 ~/o of the cells, maintained for one hour in CO2, 
the movement  begins again. In acetic and valerianic acid this movement  does 
not  reappear. 

I I .  E X P E R I M E N T S  W I T H  P A R A M A E C I U 3 I  CAUDATUM 

The experiments were made ~4th Paramaccium caudatum, cultivated in an 
infusion of hay in tap  water. The infuso,'ia were vitally stained by ~dding a so- 
lution of methyl  red, concentrated by evaporation,  to the liquid medium contai- 
ning them [on the use of vital staining for (tetennining the intraeellular pH  see 
:PFEIFFER, 1927 (40) and S.~(ALL, 1929 (49)]. 

This indicator turned out to be the only '  one staining the cell rapidly and 
intensely, especially in conditions of acidification [see SCHA~,:DE, 1924 (46)]. 
I t  is well adapted in its range for cxperirnents with C() 2 and has been used in 
similar researches by CHASE and GLASER (10), and by CIIA~IB):nS (8). CHAMBELRS 
pointed out the superiority of this indicator to neutral  red, since the latter stains 

1 Except neutral red, which cannot be used because its range is unsuitable. 
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only the cell inclusions, whereas methyl  red stains the protoplasm as well. How- 
ever, it appeared tha t  this stain also has its defects, namely, it changes very 
easily in an acidified medium, causing (especially with mineral acids) a strong 
displacement of pH.  Therefore all the tests with acids, parallel to those with 
C02, had to he made with the mixture investigated placed in closed glass chambers, 
so as to prevent its coming into contact with atmospheric oxygen. Except  this, 
all the tests of the p H  of the medium had to be made exclusively by colorimetry, 
according to a buffer scale prepared by means of the same indicator; for if chin- 
hydron was added to an acidified solution of the indicator, a reaction of some 
kind also took place, but one accompanied by an acidification. For the experi- 
ments solutions of seven different acids (HC1, H~CO 3, H3P Q ,  oxalic, citric, 
acetic and valerianic acids) were used; they were added to the culture medium " 
containing the infusoria, with the same quanti ty of indicator in each case, added 
in such proportion tha t  p H  of the acid solution should be the same as in the 
culture medium saturated with CO 2. For this purpose the p H  of the mixture, 
acidified by the acid under investigation, was brought (according to the tint 
of the indicator) to the same p H  as tha t  determined for the culture medium 
saturated with CO~ in a standard test  tube, pH being measured with a precision 
of 0.05. The p H  of the culture medium saturated with CO~ was not always the 
same, varying from 5.0 to 5.3, according to the age of the culture, and to other 
unexplained factors. Because of this fact, and the consideration tha t  the sensiti- 
v i ty  of infusoria varies considerably with the age of the culture [see analogous 
indications of LosI~-LosI~SKY,  1926 (33), JACOBS (23) and MAL~ (34)],. the 
experiments with CO~ and the acids were carried out at the same time, so tha t  
a control experiment with CO 2 should correspond to every experiment with an 
acid. The tests with the acids, as already said, were made in a glass chamber, 
having two glass inlet and outlet tubes furnished with rubber tubes and screw 
clamps. The mixture prepared was introduced into the chamber by aspiration, 
filling it entirely, and the clamps were then t ightly closed. In  such a chamber 
p H  remained unchanged for 2- -3  hours. For the experiments with C Q  in a 
chamber like the one employed by  LoP~IOm~ (3l), through which CO2 was made 
to pass, a hanging drop was made. The drop was stained by the indicator in the 
same proportion as in the experiment with acid. The p H  within the cell was 
determined colorimetrically, by means of the ocular micro-scale prepared with 
leaflets from the Foliencolorimeter of xvVvLFF, coloured by methyl  red, like the 
scale coloured by  anthocyanin in the experiment with Tradescantia, except 
tha t  in the ease of methyl  red the scale was not enclosed in canada balsam, air 
having free access to it. Observations were also made, at fixed intervals of time, 
on the number of motile infusoria (expressed in percents) and of those whose 
movement  had ceased. The cessation of movement  coincided usually with the 
moment  of death, as in Paramaecium ca~tdatum there is no narcotisation period 
[see also J.~co~s (23), NI~TL~SKu and MUImEzowA-WYss (36)]. The results 
of the experiments on the action of CO 2 and of other acids upon Paramaecium 
caudatum, obtained by calculating the percentage of motile cells every 5--10 mi- 
nutes, is given in table IV and in the curves (fig. 1--2). 
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According to their toxic action these acids in this cgse, as well, as in 
the experiment with Tradescantia can be divided into two sharply distinct 
groups. The first group includes all the mineral acids (HCI, H~SOa and HaPO,) 
and, among organic acids, citric and oxalic acids, which are much less toxic 
than  CO s. This can he seen on the curve f i g . l ~ 2  (where time is marked on 
the abscissae und the percentage of motile infusoria on the ordinates), which 
go much higher than  the curve corresponding to the experiments with CO s . 
Also, this maximal survival of individual infusoria in acids of this group, is about 
twice as great as in CO s. The coefficient of maximM survival K, obtained by 
dividing the time of complete dying off of the infusoria in the acid, by tha t  of 
the mortal i ty in CO,, is here about two [from 1.8 (oxalic ucid) to 2"5 (phosphoric 
acid)]. The second group includes valerianic and ucetie acids, the toxicity of 
which is stronger than tha t  of CO s , us can be seen by the curve, which pass 
below the curve of CO~, and by  the factor K ----- 0-55--0-6 (i.e. in them the maximal 

~ee-X 
~so ' \ 

~ N  

5 to ~5 gO 
mia~te~ 

:Pig. 1. Experiment 1. Curves 
showing toxicity of C0~ ~nd 

H2SQ. 

% aO " . ,  

~?.0 " 1 
0 

6 40 t5 gO 28 dO J,.q q8 qff 50 55 
minutes 

~ig, 2. Experiment 7. Curves showing toxicity of CO~ 
and vMerianio acid. 

survival is half tha t  in COs). Together with these counts, observations were 
made of the changes of eolouring and of the state of the infusoria-cell. In  the 
experiments of CHAmBErS (8) on Amoeba dubia, when C02 was made to pass 
through, only the cell inclusions were stained red, whilst the protoplasm itself 
remained of a yellowish colour. The same was observed with Paramaecium. 
In  the latter case when CO 2 was passed through, the nutritive vacuoles and 
the granules in the endoplasm, whose p H  was than according to the coloring 
about 4.9, were stained first of all, the protoplasm remaining yellow (pH 6"0). 
Evidently, here, as in' the experiments of C~A~E~S, COs, when penetrating 
into the cell, was unable to acidify the strongly buffered protoplasm, and could 
only acidify the cell inclusions. Later, when the infusoria inflated and became 
rounded [JAco]~s (23)], their movements became slower, the vacuoles were re- 
sorbed, and then a diffused colouration of the protoplasm appeared, showing 
u p ~  about 5-5, i.e. almost the same as tha t  of the medium. The diffused co- 
louring of the eellprotoplasm only tukes place when death is imminent [see LosI~A, 
Losi~sIr165 (33), RV~aA~TZEV and K]~D~OVS]~Y (45)], und the p]=[ of the protoplasm 
is on a level with the pI-I of the medium [see C ~ A ~ S  (8), REZN~O~F and 
POLLACK (44) and 1)oLLAC~: (41)]. After death, the infusoria became of a dark 
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cohmr and the dye could be washed out of the cell. The reddening of the vacuoles 
was observed to occur at  the same time as saturation with COe. The same was 
seen with all the other acids. Every where, within the limits of pH, the medium 
being 5.0--5.5, where the changes of colouring can bc noticed, a reddening of 
the vacuoles, and consequently a penetration of the acid into the cell, was noticed 
instantly, as soon as the medium was acidified. But a diffused colouring, fildi- 
eating that  tile cell was about to die, appeared earlier than in C()., in the case of 
acids with a more powerful action (valerianic and acetic acids), and later with 
acids of the first group, this being closely connected with the toxic action of these 
acids within the cell. Such external alterations as the swelling of the cells and the 
slowing down of the movements take place in the same manner in all the acids, 
excepting acetic ac.id, where a swelling of one extremity of the cell can frequently 
be observed, a transparent  vesicle being formed, and the pelliculc finally bursting. 

Three conclusions can bc drawn from the experiments with Paramaecium: 
l. The penetration into the cell of all the acids investigated is the same for all, 
in the given conditions, coinciding with the moment  of tile acidification of the 
medium; 2. within the cell, these acids behave differently. Some of them show 
themselves more toxic (acetic and valcrianic acid) and others less so (H2SO 4, 
HCI, H:~PO4, oxalic and citric acids) than C02; 3. This difference in their 
toxicity is nowise connected with the larger or smaller quanti ty of the H-ions 
connected with these acids, which penetrate into the cell; for when the colouring 
appears, the cell vacuoles present the same pH under the action of any one of 
the acids. 

I l I .  D[SCUSS[ON OF T H E  RESULTS 

As shown by an examination of data  in the literature, the numerous re- 
searches dealing with the influence of C Q  upon the living cell, have so far been 
carried on in two principal directions. On one hand, there has been the investi- 
gation of the spccifity of CO 2 as compared to mineral acids (concerning its toxi- 
city, as well as its narcotic influence), without entering into details of the mecha- 
nism of this phenomenon, and, on the other hand, a. study of the rapidity of 
penetration of CO 2 into the cell, and of its acidifying actiou. As already said, 
in the cndcavour to connect 1he questions of toxicity, narcotisation, rapidity 
of penetration of CO 2 and its acidifying effect, I had in mind, when beginning 
my work the following three questions. 1. Does the toxicity of CO 2 and other 
acids, as regards the cell, depend only on the different rapidity of their penetra- 
tion ? 2. Is the toxicity of C02 due only to the action of the H-ion, and hence 
is it neeessary that  there should be the same pH within the cell, in order to obtain 
an equal effect from the action of CO2 and that  of other acids ~. 3. Do the acids, 
which penetrate easily into the cell, exercise at the same time a narcotic action, 
or is this a specific tlropcrty of CO2 ? An answer to the fh'st question can be found 
in the experiments with Paramaecium, in which we see, tha t  with a.n equal 
permeability of the ceil in the conditions of the experiment, with all the acids 
studied, a very different and higher toxic action is to be found in COe tha.n in 
the mineral, citric a.nd oxalic acids, and a still stronger one in valerianic and 
acetic acids. In the case of Tradezcantht this difference of toxicity is even more 
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marked, owing to the difference in permeability as regards different acids of the 
object studied (see 2-d series of experiments with Tradescantia). I am far from 
affirming absolutely, that  all the acids penetrate into the ~ell with the same 
rapidity. The ,example of Tradescantia, where the penetration is by no means 
the same, is sufficient to prove that  such is not the case. Certainly, the fact 
of a difference in penetration can be of great importance as regards the toxicity 
of acids, this circumstance being still more complicated, because permeability 
can apparently vary considerably according to the object observed, the quantity 
of acid, and the state of the cell [see GOMPEL (18)]; but, nevertheless, the diffe- 
rence of toxicity cannot be reduced solely to a difference in rapidity of penetration. 
An answer to the second question can be looked for, both in the first series of 
experiments with Tradescantia, and in those with Paramaecium. The first have 
shown that  in order to obtain an equal effect (a cessation of movement in the 
protoplasm), very different concentrations of H-ions in the cells are required; 
lower ones for CO 2 and the acids of the second group, and higher ones for the 
acids of the first group. Likewise, it can be seen from the experiments with 
Paramaecium, that  the acidification of the cell being equal, these can be consi- 
derable differences in the toxic effect, and therefore it does not depend solely 
on the E-ions concentration within the cell, but also, for CO S and the acids of the 
second group (as in the case of Tradescantia), on the concentration of the un- 
dissociated molecules of the acid, of which there will be a much greater number 
if the acid is a feebly dissociated one, than with strongly dissociated acids (pH 
being the same). The third series of experiments on Tradescantia gives an answer 
to the third question. There experiments have demonstrated, that  in solutions 
of acetic and valerianie acids, no narcotic action manifests istelf, and that  it 
does so only with carbonic acid. Evidently it is only the latter that  can enter 
into an unstable reversible combination with the protoplasm, as pointed out 
by many of the above mentioned authors, whilst other acids, which also penetrate 
easily into the cell, produce an irreversible change in the protoplasm causing 
it to chie. On the grounds of the few observations, made so far the nature of the 
action, exereized by C02 upon the organism can be described thus, CO 2 has a 
strong capacity of penetration into the cell, and in this respect it is the most 
active among the acids. Acetic and valerianic acids, both feebly dissociated, 
are nearer to it than any others. In  small doses it can act more like an acidifying 
agent, playing an important role in the physiological processes going on in the 
cell. In  greater doses carbonic acid causes narcosis, and this property gives it 
a place apart from all other acids which penetrate easily into the cell, like acetic 
and valerianic acid. This action is no longer due to the concentration of the 
H-ion, but to the action of the undissoeiated molecule or probably of the anion. 
The fact of the existence of a narcotic dose is the most characteristic one for 
this acid. Still higher doses of acid are already lethal ones. 

SUMMARY 

Experiments on the comparative influence of CO 2 and other acids upon 
the living cell, carried out with two objects (Paramaecium caudatum and the 
hairs of the anther filaments of Tradescantia virginica) have shown the following : 
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1. The different  t ox ic i ty  of CO~ and of o ther  acids does not  only  depend  
on the  different  r a 2 i d i t y  of the i r  pene t r a t i on  (which in a number  of cases is 
cons iderab ly  higher  t h a n  in o ther  acids), for wi th  an  equa l ly  r a p i d  pene t r a t i on  
into the  cell, the  tox ic i ty  of these  acids can be different.  

2. According  to  the  degree of the i r  t ox ic i ty  the  inves t iga ted  acids  can be 
d iv ided  into  two groups :  I - including the  minera l  acids,  ci tr ic acid  and  oxalic 
acid;  and  I I -  to  which belong CO 2 and  the  acids near  to  it ,  easi ly  pene t r a t i ng  
into  t he  cell, valer ianic  and  acetic acids, which are  more  toxic,  ~ l though the i r  
p H  is the  same as in the  I - s t  group.  

3. The t ox i c i t y  of t he  second group of acids does not  depend  on the i r  
pH ,  bu t  on the  concent ra t ion  of t he  undissoc ia ted  molecules,  as the i r  effect is 
the  same wi th  a cons iderab ly  less acid pH,  t h a n  t h a t  of t he  acids of the  f irst  group. 

4. Carbonic acid s tands  b y  itself  among all  these  acids, because  of i ts  
narco t ic  act ion,  which a p p a r e n t l y  depends  on the  CO~ molecule.  The  o ther  
acids  are  no t  able  to  cause narcosis.  

5. Tak ing  all  th is  in to  considerat ion,  carbonic  acid  can be charac te r i sed  
as an acid  pene t r a t i ng  more easi ly  in to  the  cell t h a n  the  o ther  acids,  ac t ing  as 
an  acidifier  in smal l  doses, as a le tha l  agent  in higher  ones. I t s  pene t r a t i ve  and  
le tha l  p roper t ies  do no t  depend  on the  H- ion  concent ra t ion ,  bu t  on the  CO~ 
molecule.  The narcot iz ing capac i ty  is pa r t i cu l a r ly  charac te r i s t ic  for CO~ and  
creates  a sharp  difference be tween  i t  and  o ther  acids. 
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