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T HE ADDITION of carbon dioxide to oxy- 
gen inhaled at increased ambient pres- 
sure has for many years been known to 

shorten greatly the latent period preceding the 
onset of oxygen convulsions (1-3). This un- 
disputed fact has often been advanced as 
indirect support of Gesell’s proposal (4) that 
autointoxication with carbon dioxide, due to 
failure of hemoglobin reduction in the presence 
of large amounts of oxygen physically dis- 
solved in blood, is an important contributing 
cause of oxygen convulsions, Our recent ob- 
servations in resting man breathing oxygen at 
3.5 atmospheres (5, 6) indicate that the con- 
comitant rise in cerebral venous pCO2 is only 
2-3 mm Hg, and Behnke eb al. (7) have re- 
ported simiIar findings in the mixed venous 
blood of anesthetized dogs. The very high 
tensions of carbon dioxide (71-368 mm Hg) 
which have been described in subcutaneous 
gas or fluid depots in smaI1 animals breathing 
oxygen at high pressure (3, 8) we find to occur 
only after the onset of oxygen convulsions 
(9), We therefore believe that carbon dioxide 
retention in the tissues can be excluded as a 
major cause of the symptoms of oxygen 
poisoning. The accelerated onset of the latter 
on the addition of carbon dioxide to oxygen 
inhaled at high ambient pressures then re- 
mains to be explained. 

One of the most likely possibilities lies in 
the well-known cerebral vasodilator effect of 
carbon dioxide (IO, II). Our earlier studies 
(5, 6, 12) led us to conclude that the cerebral 
~- 
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vasoconstrictioll associated with inhaIation of 
oxygen (approximately a 50 % in crease in 
cerebral vascular resistance of normal men at 
3.5 atm.) is primarily due to the lowering of 
arterial pCO2 by oxygen-induced hyper- 
ventilation. An effective cerebral vasodilator 
agent, and particularly carbon dioxide, should 
Overcome the cerebral vasoconstriction so 
produced, and thus bring about a marked rise 
in the ~02 in the brain cells. The latent period 
for the onset of oxygen convulsions should be 
correspondingly shortened. Such an effect 
would be evident in the behavior of the ~02 
of cerebral venous blood on the addition of 
carbon dioxide to oxygen inhaled under high 
pressure. The experiments now to be reported 
were intended to test this hypothesis. 

METHODS 

The data for this investigation were obtained upon 
four male schizophrenic patients, aged 19-32, during 
an evaluation of possible therapeutic effects of oxygen 
convulsions in schizophrenia. Each subject was studied 
at rest in the supine position during air breathing at 
I atm., and during th .e breathing of ai r, IOO~$ 02, and 
2% co2 in 02 at an ambient pressure of 3.5 atm. 
Since the rates of cerebral blood flow and cerebral 02 
utilization in schizophrenic patients were found by 
Kety et al. (13) to be normal, these subjects 
sidered suitable for the present study. 

were con- 

The experiments were performed in a compression 
chamber large enough to accommodate the subject and 
investigators. Air temperature within the chamber was 
maintained between 20 and 23’C. .4t 3.5 atm. varia- 
tions in pressure did not exceed +0.3 psi (about ~tx6 
mm Hg in 2660 mm Hg). Barometric pressure ranged 
from 759.0 to 770~0 mm Hg, averaging 763.3 mm Hg. 

Al .I gases were administered by means of a respiratory 
apparatus consisting of an A- 14 aviation mask, breath- 
ing valves, and a manifold of 30-liter Douglas bags 
filled through humidifiers from cylinders of co&resse& 
water-pumped gas. The resistance of this system did 
not exceed 4 cm of water on inspi ration or expiration 
at the maximum ventilations encountered. The ap- 
proximately 35 ml dead space of the respiratory appara- 
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tus was limited to that within the mask. Femoral 
arterial and internal jugular venous blood samples 
were collected via indwelling needles inserted after 
infiltration of each puncture site with about 3 ml of 
I~/O procaine solution. All blood specimens were 
placed in salted, iced water immediately on sampling 
and were processed anaerobically, using the pre- 
viously described (5), special procedures for samples 
collectecl at increased ambient pressure. The CO2 and 
02 contents of whole blood were measured in duplicate 
by the manometric method of Van Slyke and Neil1 
(x4) within 3 hours of withdrawal. Total hemoglobin 
concentration was measured spectrophotometrically in 
duplicate by the cyanomethemoglobin method (IS), 
and an approximation of 02 capacity was calculated on 
the assumption that 1.34 cc of 02 combines with each 
gram of active hemoglobin (16). Measurement of prx of 
blood samples was completed in duplicate at ambient 
temperature within I hour of sampling, by means of a 
Mclnnes-Belcher type of glass electrode and a Cam- 
bridge Model R p11 meter. The observed values were 
converted to their equivalents at 37°C by the use of 
Rosenthal’s temperature coefficient (I 7). Standardiza- 
tion procedures, buffers and precautions for PH meas- 
urement at high ambient pressure were identical with 
those previously described (5). Blood CO2 tension was 
calculated with the Henderson-Hasselbalch equation 
from observations of CO2 content and PH of whole 
blood, hemoglobin concentration, and 02 saturation of 
whole blood after using the nomogram of Sendroy, 
Dillon and Van Slyke (18) to estimate the correspond- 
ing content of CO:! in serum. As previously described 
(5) a pi of 6,105 and a Bunsen solubility coefficient of 
0,520 for CO2 in blood were employed in order to refer 
all data to a body temperature of 37.o”C. Since earlier 
studies have indicated that the indirect procedure for 
estimating blood pCO2 consistently gave results aver- 
aging about 3 mm Hg too high (5, lo), this amount 
was subtracted from each calculated value for CO2 
tension. The use of a correction factor in this manner 
affects absolute values but not the data relating to 
changes in blood pCOz observed. The 02 tensions of 
blood specimens in which hemoglobin was not com- 
pletely saturated were estimated from the 02 saturation 
on the dissociation curves of Bock (20, 21) with suitable 
corrections for PH and physically dissolved oxygen. 
When the inspired 02 tension was high enough to 
produce essentiably IOO~~ hemoglobin saturation, blood 
PO:! was calculated from the solubility coefficient for 02 
in blood at 37OC and the 02 physically dissolved. The 
latter was estimated by subtracting the calculated 
hemoglobin O2 capacity from the observed total 02 
content of whole blood. This procedure has an error 
of approximately hroo mm Hg or about 5yo of the 
arterial 02 tension (average about 2000 mm Hg) 
associated with 02 breathing at 3+5 atm. (5). 

The experiments were carried out as follows: during 
air breathing at I atm. arterial and internai jugular 
venous blood samples were withdrawn simultaneously 
over a z-minute period. Then, with the subject still 
breathing air, chamber pressure was raised to 3.5 atm. 
(45 psi gauge pressure), taking about 15 minutes to do 
so. Arterial and cerebral venous blood samples were 
again withdrawn simultaneously after 5 minutes of 

breathing air at 3.5 atm. Oxygen was then administered 
and blood samples were again obtained IO minutes 
after initiation of 02 breathing. The COT-02 mixture 
was then substituted without intervening exposure to 
air. When toxic symptoms became evident the last pair 
of blood samples were drawn. In several preliminary 
experiments at 3.5 atm. the COZ-02 mixture was 
administered immediately following air breathing, but 
in these the rapid onset of 02 toxicity precluded subse- 
quent measurements on 02 alone and the sequence 
described above therefore was adopted as a routine 
procedure. 

RESULTS 

The individual measurements obtained in 

four schizophrenic patients breathing air at 
I atm., and air, commercial 02 and 2% CO2 
in oxygen at 3-5 atm. pressure, are shown in 
table I, the average values in table 2. In view 
of the small number of patients available for 
the study, no statistical analysis has been 
carried out on these data. Findings which 
appear to deserve special mention are as 
follows: 

Air and 02 Breathing at 3.5 Atmospheres. 
The changes in arterial and venous blood 
gases during air breathing at 3.5 atm. are 
smaller than, but qualitatively similar to, 
those produced by 02 breathing at the same 
pressure. The findings relating to blood gas 
changes in both situations are consistent with 
our previous studies of the respiratory effects 
of air breathing at 3*5 atm. (12), and the ef- 
fects of 02 breathing at 3.0 and 3.5 atm. upon 
respiration, blood gas transport and cerebral 
circulation (5, 6, I 2), Together with our earlier 
results, these data suggest that increasing the 
~02 of the inspired air leads first to cerebral 
venous hypercapnia (through interference 
with CO2 transport), which in turn (through 
rise in the pC02 in the respiratory centers) 
causes hyperventilation, arterial hypocapnia 
and increase in cerebral vascular resistance. 
This concept is in harmony with the observed 
increases in the cerebral arteriovenous pCO2 
difference from 8 mm Hg during air breath- 
ing at sea level to 13 mm Hg on air breathing 
at 3.5 atm. and to 17 mm Hg on 02 inhala- 
tion at the increased pressure (table 2). The 
corresponding increases in the cerebral arteri- 
ovenous 02 tension difference were from 51 
mm Hg at sea level to 146 (air breathing) 
and 1824 mm Hg (02 inhalation) at 3,s atm. 
(table 2). The relative stability of cerebral 
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venous ~02 (38, 44 and 76 mm Hg) probably 
reflects, not an active homeostatic mechanism, 
but the 02 reservoir function of hemoglobin 
after loss of physically dissolved 02 to the 
tissues. 

2% CO:! in 02 at 3.5 Atmospheres. On 
substituting 2% CO2 in 02 for pure 02, the 
expected increases in arterial and cerebral 
venous pCOz and cH occurred (table 2). 

Neither the content nor tension of 02 in 
arterial blood was appreciably altered but the 
cerebral arteriovenous 02 difference was de- 
creased from 7 to 3 volumes % (table 2). As 
a consequence of the diminished extraction of 
02, the average cerebral venous ~02 was 
elevated by CO:! breathing to mm mm Hg. 

DISCUSSION 

The most striking result of these experi- 
ments was the elevation of cerebral venous 
~02 from less than IOO mm Hg to approxi- 
mately 1000 mm Hg on the addition of 2 % 

CO2 to 02 inspired at 3.5 atm. (table 2). The 
magnitude of this change seems to us to 
justify the belief that the ability of CO2 to 
shorten the latent period of 02 toxicity may 
be attributed entirely to a simple increase in 
the tissue pressure of oxygen. 

Cause of Increased Internal Jugular p&. 
The observed gross elevation of the 02 tension 
of blood leaving the brain could have been 
brought about by one or more of several 
factors including a) an increase of arterial 02 
content, b) a decrease in the rate of utilization 
of 02 by brain tissue and G) an increase in the 
volume of blood (02) flow through the brain. 
The first possibility can be dismissed at once 
because in these experiments no significant 
change in arterial ~02 occurred on changing 
from 02 breathing to inhalation of 2 % CO:! in 
02 at 3.5 atm. (table 2). The indicated average 
rise from 1900 to 2000 mm Hg on adminis- 
tration of CO2 with O2 is probably a reflection 
of experimental error in the small number of 
subjects available; in any case this small 
change could not of itself account for a rise of 
1000 mm Hg in the venous ~02. Actually, 
hyperventilation during 02 breathing should 
not alter alveolar 02 tension excepting in the 
amount by which alveolar pCO* is changed. 
With hyperventilation produced by CO2 in 
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subjects breathing 0 2 alveolar ~02 might 
therefore be expected to decrease, not rise. 

The second possibility could not be in- 
vestigated directly here because the imprac- 
ticability of maintaining a steady respiratory 
state in our schizophrenic subjects made it 
unfeasible to determine cerebral 02 consump- 
tion by the nitrous oxide method (22). Our 
earlier studies established that 02 inhalation 
at 3.5 atm, does not measurably alter cerebral 
02 consumption (5) and the experiments of 
Kety and Schmidt (II) revealed no decrease 
in the rate of 02 utilization by the brain when 
5% CO2 was inhaled with 21% 02. In the 
same study (I I) two subjects who inhaled 7 % 
CO2 (corresponding to 2% CO2 at 34 atm.) 
showed only a small decrease in cerebral 02 
consumption. Additional measurements are 
necessary to establish whether these changes 
were significant; certainly they were not 
large enough to explain the greatly decreased 
arteriovenous 02 difference observed in this 
series (from 7~ to 3 vol. %) on the addition 
of 2 % CO2 to 02 at 3.5 atm. 

It is possible that a combined action of in- 
creased CO2 and 02 tensions may result in 
depression of brain metabolism not predict- 
able from the effects of either alone, but to 
account thus for all of the increase in cerebral 
venous ~02 observed in the present study, 
oxygen uptake by the brain would have to be 
reduced to less than one-half the normal rate. 
According to existing information (23) an 
impairment of this magnitude would be asso- 
ciated with deep coma and the manifestations 
of 02 toxicity would differ considerably from 
those ordinarily encountered. This was not 
the case. The pattern of 02 toxicity when CO2 
was added to 02 differed only in greater re- 
spiratory activity and shortened latent period 
from that observed with 02 alone. For these 
reasons we consider a marked depression of 
cerebral 02 consumption by the combined 
action of high CO2 and 02 tensions as a highly 
improbable cause of the elevated internal 
jugular venous pO2. 

The most likely explanation of this phe- 
nomenon, in our opinion, is an increase in the 
rate of cerebral blood flow, brought about by 
arterial hypercapnia. An increase in arterial 
pCO2 has been firmly established as a highly 
potent dilator of cerebral blood vessels (IO, 
II). On the other hand, 02 breathing at pres- 

sures up to 3.5 atm. causes cerebral vasocon- 
striction (5, II). In the absence of a 
measurable effect of high 02 tension upon the 
cerebral metabolic rate (5), the cerebral blood 
flow index of table 2 indicates that in these 
studies 02 breathing without added COz 
lowered cerebral blood flow. Our earlier 
studies suggest that this constriction is prob- 
ably not due to a direct action of high O2 
tensions on the vessels, but is secondary to the 
arterial hypocapnia associated with inhala- 
tion of 02 (51 6). The values for arterial pCOz 
in tables x and 2 indicate the same tendency 
toward hypocapnia during 02 breathing ob- 
served in our earlier, more extensive studies 
(6, 12). It iti likely, then, that the decreased 
rate of cerebral blood flow accompanying 02 
breathing should be readily overcome or even 
replaced by cerebral vasodilatation when 
sufficient CO2 is added to the inspired Oz. 

In these experiments at 3.5 atm., arterial 
pCO2 was raised 21 mm Hg, from the level of 
about 37 mm Hg associated with 02 breathing 
to about 58 mm Hg on the addition of 2 % 

CO2. This increase in arterial pCOz is more 
than twice as large as the 9 mm Hg found by 
Kety and Schmidt (I I) to coincide with about 
a 75 % increase in cerebral blood flow on ad- 
ministration of 5-7 % CO2 in 21% 02* The 
A-V 02 ratio (tables I and 2) rose from .83 to 
1.85 upon adding CO2 to 02 at the increased 
ambient pressure. At present we consider this 
change to indicate a doubling of cerebral blood 
flow, an effect proportional to the degree of 
arterial hypercapnia. 

Relationships of Arterial and Cerebral 
Venous p02 to Brain Tissue ~02. In the 
present experiments at 3.5 atm. inspired O2 
pressure the amount of 02 carried in physical 
solution in arterial blood was about 6 volumes 
%. The volume of 02 extracted from the blood 
by the brain during inhalation of 02 (without 
CO,) was about 7 volumes % (table 2). Since 
the physically dissolved 02 of arterial blood 
was insufficient to meet the brain tissue re- 
quirement, the capillary ~02 evidently fell to 
the point at which hemoglobin yielded some 
of its O2 and the venous blood emerged with 
a p02 of 76 mm Hg and a saturation of 92% 
(fig, I). These are not very much higher than 
the corresponding values (44 mm Hg and 
71%) encountered during 02 inhalation at 
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CEREBRAL CEREBRAL CAPILLARY CEREBRAL 

ARTERY VEIN 

FIG. I. Effects of breathing 02 alone and with CO2 upon arterial, cerebral venous and cerebral capillary pOz. 
Data for 02 breathing at 1.0 atm. obtained from previous study (5) If the rate of 02 loss to the tissues were 
uniform, flowing capillary blood would reach its mean ~02 near the arterial end of the capillary with normal ar- 
terial ~02 and would approach the mid-capillary position as arterial ~02 or blood flow was increased. Due to rela- 
tively great decreases in blood ~02 when physically dissolved 02 supplies the tissues, very high arterial ~02 is 
associated with only a small increase of venous ~02. Arbitrarily designating 1000 mm Hg as a minimal ‘toxic’ 
level for capillary ~02, it can be seen that administration of CO2 with 02 could increase both the magnitude of 
mean ~02 and the mass of tissue exposed to tensions above the minimal toxic level. 

I atm. (5, II). Nevertheless, the latter pro- 
cedure never induces 02 convulsions. 

When CO2 is added to 02 at 3.5 atm. the 
situation is profoundly altered. The volume 
of 02 carried physically dissolved in arterial 
blood (6 ~01s. %) now is greater than can be 
extracted by the brain (3 ~01s. %). The 
venous blood therefore leaves the brain with 
its hemoglobin still 100% saturated, and 
with a ~02 of ibout 1000 mm Hg. 

The observed decrease in extraction of 02 
from blood must have resulted in an increase 
in brain tissue ~02. Bohr (24) first expressed 
the relationships between the 02 tensions of 
the blood and tissues by the formula 

02 consumption = (mean capillary PO:! 
- mean tissue pO2)DOz 

DO2 is the diffusion coefficient of the tissue 
for 02 and should depend, in addition to the 
solubility and molecular weight of 02, upon 
the distances over which diffusion of 02 must 
take place in the tissues (distribution of capil- 

laries, vessel size, relative direction of blood 
flow). Mean capillary ~02 is normally not an 
arithmetic mean of the arterial and venous 
tensions, due to the effect of the hemoglobin 
dissociation curve upon the rate of fall of 
~02 as 02 leaves the flowing capillary blood 
(24). Its value can be roughly estimated by 
an integration procedure from knowledge of 
arterial and venous 02 tension and capacity 
(table 3). In the special circumstance of 
co:! - 02 inhalation at high ambient pres- 
sure, the fall in ~02 along the capillary would 
be unaffected by the characteristics of hemo- 
globin dissociation. Ideally, depending only 
upon the solubility coefficient, rate of blood 
flow and rate of 02 consumption, it would be 
linear and an arithmetic mean capillary ~02 
could be calculated (table 3, fig. I). Even in 
this unique situation, however, practical 
considerations such as uneven rates of blood 
flow and 02 consumption, ~0s gradients 
parallel to the capillary and effects of ran- 
domly distributed, adjacent capillaries render 
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assumption of a regular, linear fall in ~02 in 
capillary blood invalid. Nevertheless, the 
same objections apply to estimation of mean 
capillary ~02 by integration and this would 
appear to be the first occasion in which the 
arithmetic average of arterial and venous 
tensions offers a closer index of mean capillary 
~02 than does integration. It can be seen from 
the estimated values of mean brain capillary 
~02 in table 3 that at sea level even 02 breath- 
ing does not produce a mean capillary ~02 
much in excess of 100 mm Hg. At 3.5 atm. the 
inspired PO:! of about 2660 mm Hg results in 
a mean capillary ~02 of only about 780 mm 
Hg and the addition of CO2 essentially doubles 
this value. 

While capillary ~02 can be roughly ap- 
proximated, it has thus far been impossible 
to measure or calculate either the mean tissue 
~02 or DO2 in viva for any organ excepting 
in the peculiar situation provided in the lung 
by its gas phase. Should the tissue 02 diffusion 
coefficient be constant and 02 consumption 
also be constant the mean gradient between 
cerebral capillary ~02 and brain tissue must 
remain the same while inspired 02 tension 
and cerebral 02 flow are altered. Under these 
conditions any rise in mean capillary ~02 will 
be accompanied by an equal elevation of the 
mean ~02 in the perfused tissue. It is com- 
pIetely unlikely that in a situation such as 
CO2 breathing, associated with gross cerebral 
vasodilatation and a probability of major 
alterations of vessel size and diffusion dis- 
tances, the DO:! should remain the same as 
during air breathing. However, such effects of 
CO2 on cerebral vasculature would be expected 
to increase, not decrease, the DO2 and a 
change in mean capillary ~02 should repre- 
sent a minimum change in tissue ~02. More- 
over, mean tissue ~02 should also increase if 
high inspired CO2 tensions depress 02 utiliza- 
tion by brain tissue. For these reasons, and 
regardless of the exact mechanisms involved, 
it appears likely that on the addition of CO:! 
to 02 inhaled at 3.5 atm. by our subjects? a 
rise in mean brain ~02 occurred which was at 
least as great at the estimated 710 mm Hg 
increase in cerebral capillary ~02 (table 3), 

Quantitative evaluation of the importance to 
O2 toxicity of a 1000 mm Hg rise in venous 
p02 or a 700 mm Hg increase in mean brain 
tissue ~02 is not yet possible since it is not 

Condition 

Gas breathed Press. 

At?% 

Air 1.0 

Air 3.5 
02 I*0 

02 3.5 
z”y$ co2 in 02 3-5 

In- 
spired 

PO” 

mm Hg mm Hg mm Hg 

160 60 x 

560 80 x+ 20 

760 130 x-k 70 
2660 780 x -i- 720 
2600 1490 x -I- 1430 

Me?n 
TaPi* 

PO2 

Mean Brain 
PO2 

Approximate values for mean capillary ~02 are 
estimated by integration method of Bohr (24) from 
measurements of the 02 tension, content and capacity 
of arterial and cerebral venous blood, the Hb dissocia- 
tion curve of Bock (20) and the solubility coefficient 
for 02 in whole blood at 37’C (25). Data used for 02 
breathing at 1.0 atm. were obtained in a previous 
study w 

An unknown mean brain tissue ~01 during air 
breathing at sea-level is indicated by X. If the tissue 
02 diffusion coefficient does not decrease and/or the 
rate of tissue 02 utilization increase the figures in the 
last column suggest the minimum rise in mean tissue 
~02 for each experimental condition. 

known at what tension levels in the tissues 
02 become toxic. In vitro studies upon rat 
brain tissue slices or homogenates exposed to 
02 at 8 atm. (6080 mm Hg) pressure show that 
02 utilization is depressed only after exposures 
of about I hour (26). Under these conditions 
the cellular ~02 is presumably close to the 
ambient pressure. In the same species in viva, 
02 breathing at 8 atm. pressure routinely 
produces convulsions in about IO minutes 
(26). Although latent periods are much 
shorter irt vivo the actual exposure of most 
brain cells in the living animal is not to the 
ambient ~02 but to far lower 02 pressures 
such as shown in table 3* 

In view of the great fall in 02 tension across 
the brain tissue capillary during 02 breathing 
only a small portion of the cells adjacent to 
the arterial end of the capillary can be ex- 
posed to extremely high 02 tensions, the 
remainder to smaller increases in ~02 (5). It 
is probable that at 3.5 atm. inspired ~02 the 
majority of brain cells never experience toxic 
levels of 02 tension, the generalized convul- 
sion representing a spread of excitation to 
normal cells from the relatively small number 
actually affected by high ~02. The higher the 
arterial ~02 the larger will be the number of 
cell components exposed to such tensions 
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before loss of 02 lowers the capillary ~02 to 
nontoxic levels. A slowing in the rate of blood 
flow through the capillaries would act in the 
reverse direction. 

The results of these experiments suggest 
that CO2 inhalation doubles the mean cerebral 
capillary ~02. If the tension of 02 capable of 
producing a toxic effect upon brain cells is 
actually fairly low, the observed elevation of 
mean capillary ~02 by CO2 may signify an 
exposure of many new cells to an increase in 
02 tension much in excess of that required to 
produce toxic effects. However, if the cellular 
~02 necessary for toxicity is normally high, 
the elevated capillary ~02 may indicate only 
the exposure of an additional small proportion 
of the total brain cell population to the toxic 
02 level (fig. I), It would be expected that at 
2.0 atm. 02, an inspired pCOz capable of 
doubling cerebral blood flow would produce 
a mean capillary ~00 as great as that asso- 
ciated with 02 breathing at 3.5 atmospheres. 
Whether central nervous system toxicity 
would develop at rest under these circum- 
stances would shed some light on the question 
of the minimum tensions required for develop- 
ment of toxic symptoms. 

Measurements of the electrical potential of 
the cerebral cortex in cats breathing 02 at 
40-75 psi gauge pressure have been made by 
Gersh et al. (27) and Sonnenschein et al. (28), 

using the polarigraphic technique of Davies 
and Brink (29), In each study a sudden rise 
in electrode potential to values IO-SO times 
the control level was observed, the rise usually 
just preceding the onset of convulsions. This 
‘spike’ was normally of brief duration, the 
potential returning nearly to the control read- 
ing in spite of continued 02 administration at 
the high ambiknt pressure. The relationship 
of these observations to our findings in the 
blood of men are not clear. In our studies 
during 02 breathing no demonstrable rise in 
venous ~02 has ever been found to occur until 
after the breathholding and exertion asso- 
ciated with an 02 convulsion. Moreover, an 
elevation of venous ~02 once produced by 
CO2 administration has not proved transient, 
but remains high until inspired pCO2 is 
lowered. 

Relations of Increased Arterial pCO2 to 
Variability lin Latent Period of 02 Toxicity. 
The foregoing discussion emphasized the re- 

markable elevation of brain pox as an indirect 
result of arterial hypercapnia. Such an effect 
should be considered a possible accompani- 
ment of 02 breathing whether arterial pC0~ 
is increased by rebreathing exhaled CO2 from 
apparatus dead space, breathholding or other 
forms of inadequate alveolar ventilation, as 
well as by inhalation of exogenous COS. Hy- 
perventilation with arterial hypocapnia should 
conversely decrease brain ~02 by causing 
cerebral vasoconstriction (5, 30). Experiments 
indicating that in dogs the latent period of 
02 toxicity is greatly prolonged by hyper- 
ventilation were performed by Shaw e1 al. (2) 
and we have found it possible in men to abort 
signs of 02 toxicity by over-breathing. 

At 3-5 atm., equivalent to the pressure at 
about 82 feet of sea water, 02 convulsions de- 
velop in men at rest after a latent period 
ranging from IO to more than x20 minutes 
(31, 32). The considerable variability of 02 
tolerance among different individuals and 
even within the same individual at different 
times has been especially emphasized by 
Donald (32). The addition of 2 % CO2 to in- 
spired 02 in our experiments at 3.5 atm. 
markedly shortened the latent period of 02 
toxicity and almost eliminated variability 
among and within our subjects. It is quite 
possible that the normal variability in 02 
tolerance is prominently related to the well 
known ability of small changes in alveolar 
ventilation to produce considerable alterations 
of arterial pCOn, with consequent changes in 
rate of cerebral blood flow. 

Whether elevated blood pCOz or acidity 
contributes to the development of 02 toxicity 
in any way excepting by an increase in ex- 
posure of brain tissue to high 02 tensions 
cannot yet be finally decided. It is remotely 
possible that CO*, in itself convulsant at 
inspired concentrations above I 5 % (33), may 
contribute directly to the development of 02 
toxicity at the cellular level. It should never- 
theless be stressed that in the 30 years since 
it was first proposed by Gesell no direct, ex- 
perimental evidence has been obtained to 
support the hypothesis that COz is a specific 
etiologic factor in 02 toxicity. Demonstration 
of the extreme sensitivity of brain capillary 
~02 to alterations in cerebral blood flow makes 
it unnecessary to invoke direct COa effects to 
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account for the shortened latent periods of 
02 toxicity. The latter appear to us to be the 
indirect result of the cerebral vasodilatation 
normally associated with arterial hypercapnia. 

SUMMARY 

Addition of 2% CO2 to 02 inhaled at 34 
atm. pressure in four subjects caused an 
average increase of internal jugular venous 
p& of nearly 1000 mm Hg above the level 
found during the breathing of 02 alone. The 
relationships of this finding to changes in 
brain ~02 and to 02 toxicity are discussed. It 
is proposed that an increased tension of in- 
spired CO2 shortens the latent period of 02 
toxicity, not by a direct action upon brain 
cells, but indirectly through a cerebral vaso- 
dilatation and the resulting rise in brain ~02. 

The authors wish to acknowledge the continued 
encouragement and advice of Dr. Carl F. Schmidt, the 
considerable clinical assistance provided by Dr. F. A. 
Freyhan of the Delaware State Hospital, and the skill- 
ful 

I. 
2. 

3* 
4 
5. 

6. 

7. 

8. 

9. 

IO. 

II. 

technical assistance of Mrs. Betty Hanley. 

REFERENCES 

HILL, L. Quart. J. &per. Physiol. 23 : 49, 1933. 

SHAW, L. A., A. R. BEHNKE AND A. C. MESSER. 
Am. J. Physiol. x08: 652, 1934. 

TAYLOR, H. J. J. Physiol. 109: 272, 1949. 

GESELL, R, Am. J. Physiol, 66: 5, 1923. 
LAMBERTSEN, C. J., R. H. KOWGH, D. Y. COOPER, 
G. L. E~EL, H. H. LOESCHCKE AND C. F, 
SCHMIDT. J. AppE. Physiol. 5 : 471, 1953. 

LAMBERTSEN, C. J., R. IX KOUGH, D. Y. COOPER, 
G.L. EMMEL, H.H, LOESCHCKE ANDC. F. SCHMIDT. 
J. Appk. Physiol. 5: 803, 1953. 

BEHNKE, A. R.,L.A. SHAW,~. W. SHILLING, R.M. 
THOMSON AND A. C. MESSER. Am. J. Physiol. 
107: 13, 1934. 
CAMPBELL, J. A. J. Physioi. 68: 81, 1929-30. 

LAMBERTSEN, C. J., M. W. STROUD, ~RD, J. H. 
EWING AND C. MACK. J. A#. Physiol. 6: 358, 
1953. 
GIBBS, F. A., E. L. GIBBS AND W. G. LENNOX. 
Am. J. Physiol. III: 557, 1935. 

KETY, S. S. AND C. F. SCHMIDT. J. Clin. Investi- 
gation 27 : 484, 1948. 

12. 

I3* 

I?* 
18. 

19. 

20. 

21. 

22. 

23. 

24. 

25* 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

LAMBERTSEN, C. J., M. W. STROUD, 3m, R. A. 
GOULTI, R. H. KOUGB, J. H. EWING AND C. F 
SCHMIDT. J. Appl. Physiol. 5: 487, 1953. 

KETY, S. S., R. B. WOODFORD, F. A. FREYHAN. 
M. H. HARMEL, K. E. APPEL AND C. F. SCHM~T. 
Am. J. Psychiat. 304: 765, 1948. 

VAN SLYKE, D. D. AND J+ M. NEILL. J, SO,?. Chem. 
61: 523, 1924. 
DRABKIN, D. L. AND J. H. AWSTIN. J.BioZ. Chem. 
112: 51, 1935-36. 

PETERS, J. P. AND 13. D. VAN SLYKE. Quantidative 
Clinical Chemistry (1st ed,). Baltimore: Williams 
and Wilkins, 1931, vol. I, p. 524. 

ROSENTHAL, T. B. J. Biol. Chem. 173 : 25, 194% 

SENDROY, J*, J,R., R. T. DILLON AND D. D. VAN 
SLVKE. J. B&l. Chem. 105: 597, 1934. 

HICKAM, J. B. em R. FRAYZER. J. Biol. Chtwz. 
=h 457, 1949* 
BOCK, A. V., H. FJELD, JR. ANI) G. S. ADAIR. J. 
BiOl. Chem. 59: 353, 1924. 

LAMBERTSEN, C. J*, P. 1,. BUNCE, D. L. DRAB- 
KIN AND C. F. SCHMIDT. J. Appl. Physiol. 4: 873, 

1952. 
KETY, S. S. AND C. F. SCHMIDT. J, C&z. Investi- 
gation 27 ~476, 1948. 

KETY, S. S., B. D, POLIS, C. S. NADLER AND C. F. 
SCHMIDT. J. C&z, 1westigation 2 7 : 500, 1948. 
BOHR, C. Skand. Arch. Physiol. 22: 221, 1909. 

FASCIOLO, J. C. AND H. CHIODI. Am. J. Physiol. 

147: 54, 1946. 
STADIE, W. C., B. C. RIGGS AND N. HAUGAARD. 
J. Biol. Chem. 160: 191, 1945. 

GERSH, I., P. W. DAVIES AND M. G. LARRABEE. 
‘Oxygen Tensioti’ of the Cerebral Cortex qf Cats 
&&zg Oxygen PoisonGzg, Project X-192, Report 
No. 6, Naval Medical Research Institute, National 
Naval Medical Research Center, Bethesda, Md., 

May, 1945. 
SONNENSCHEIN, R. R., S. N. STEIN AND P. L. 
PEROT, JR. Am. J. Physiol, 173: 161, 1953. 
DAVIES, P. W. AND F. BRINK, JR. Rev. Scient; 
Inrtrtiments 13: 524, Ig42. 

KETY, S. S. AND C. F. SCHMIDT. J. C&z. Investiga- 
tion 25: 107, 1946. 
YARBROUGH, 0. D., W. WELHAM, E. S. BRINTON 
AND A. R. BEHNKE. Symptoms of Oxygen Tolerance 
and Limits of Tolerance at Rest and at Wark. 
Project X-337 (Sub. No. 62), Report No. I, 
Experimental Diving Unit, Naval Gun Factory, 
Washington, D. C., January, 1947. 
DONAIJ~, K. W. Brit. M. J. I: 667, 1947~ 
MEDUNA, L. VON. Carbon Dioxide Therapy. Spring- 
field : Thomas, 1950. 


