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At pressures up to 2000 atm, Ebbecke ( 1 )  
found in0 spontaneous hemolysis of erythro- 
cytes, but the cells lost their biconcave shape 
and became spherical. Haubrich ( 2 )  con- 
firmed this but found that, subsequently, 
the treated cells were more easily hemolyzed. 
At pressures of 3500 atm or more, Dow (3) 
and Dow and Matthews (4)  found disinte- 
gration of the cells and denaturation of the 
hemoglobin. No one seems to have tried the 
reaction of cells with a hemolytic agent under 
pressure except Bernardini and Pryor (S), 
who reported a slight inhibition of hypotonic 
hemolysis at a pressure of 2-3 atm and an 
acceleration of hemolysis by the same solu- 
tions at. simulated high altitudes. Our studies 
were undertaken to cover intermediate pres- 
sures between these and 2000 atm. 

I .  Immediate Hemolytic Effects of Pres- 
swe up to 41 atm. Method. The apparatus 
used for  this study is shown in Fig. 1. It 
consisted essentially of a 20-ml syringe con- 
taining 5 ml of blood cells into which 5 ml of 
water could be injected from a 5-ml syringe 
attached to i t  by a short rubber tubing. The 
water was driven into the cells by a strong 
spring .which could be released from outside 
the pressure chamber by activating a 
solenoid. The opacity of the cell suspension 
was monitored by a beam of light passing 
through[ the cell suspension and falling on a 
photoelectric cell, the output of which was 
recordeld on an Esterline Angus ink writer. A 
deflection of 5-7 cm was obtained when the 
water was injected into the cell suspension. 
The dilution effect was recorded in about 1 
sec and hemolysis was 80% coimplete in 5-9 
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sec, and 100% complete in 1-3 min or less. In  
all cases before use the blood cells were 
washed three times in 0.9% NaCl and made 
up to 40 times the original blood volume with 
saline. The whole apparatus was heat- 
insulated with sponge rubber and cotton and 
was enclosed in a pressure chamber rated for 
80 atm and used safely (after testing) at 40 
atm. It was pressurized with air to about 3 
atm and then with nitrogen or helium to the 
desired pressure. Closing the chamber and 
pressurization required 5-8 min, and the 
spring was released usually 10 min after in- 
stalling the syringes. Due to the insulation, 
the temperature in the blood sample rose 
much 'more slowly during pressurization than 
that of the ambient gas and after the usual 
interval of 101 min, i t  had usually risen 2-3" 
a t  20 atm and proportionately less at lower 
pressures. The temperature was recorded by 
a thermistor inserted into the lumen of the 
syringe through a tiny hole bored in the 
bottom of the plunger. A few tests at 1 atm 
of pressure before and after warming the sy- 
ringes about 5" showed no significant change 
in the percentage of hemolysis obtained when 
the blood was diluted with an equal volume 
of water. After the galvanometer deflection 
had reached its maximum, the pressure was 
reduced and the percentage hemolysis in the 
diluted sample was measured in a spectropho- 
tometer. For this purpose 3-ml samples taken 
before and after centrifuging were diluted 
with a further 5 ml of H20 and the hemo- 
globin was estimated a t  540 mp. 

The galvanometer record was started al- 
ways immediately after the syringes were in- 
stalled and before the pressure was raised. In  
all cases there was a gradual deflection in the 
direction of increased light transmission be- 
cause of the slow sedimentation of the cells. If 
left a half hour or more, the injection of the 
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FIG. 1. Diagram of apparatus for measuring hemolysis under pressure. E is a pin pulled by K to 
release J so that the spring F can push the plunger of the 5-ml syringe G. C is a light bulb, L a 
lens, and D a photoelectric cell. The brass tube M is set in the brass tube N by the set screw A. B 
is a spring to hold (the 20-ml syringe H in place. The syringe G is (drawn too large relative t o  H. 
Both syringe plungers are open to avoid an implosion under pressure. The tube N is surrounded by 
heat-insulating material as indicated. 

H20 into the blood gave a backward deflection 
due to the stirring of the solution. The deflec- 
tion recorded, however, was always the differ- 
ence between the initial and the final read- 
ing. The injection of the H20 was very rapid 
and effectively stirred the whole solution very 
thoroughly according to visual observation. 
In  any event it averaged out as equal in both 
the pressurized and control experiments. 
Usually only about 10% of the total deflec- 
tion occurred prior to triggering the injection 
of H20. Both control and pressurized samples 
were triggered after the same initial delay. 

Four different series of experiments were 
performed which are presented as parts 1-4. 
Different samples of blood were used for 
these different series as follows. Part 1: 
pooled human blood samples from the clinic 
anticoagulated with EDTA. Parts 2 and 3:  
sheep’s blood with oxalate; Part 4: blood 
from senior author with 3 vol of Alsevier’s 
glucose--citrate solution. Only in the experi- 
ments of part 4 was the temperature of the 
blood measured with a thermistor and the 
percentage of hemolysis measured after each 
experiment. In parts 1-3 the temperature was 
estimated by a thermistor in a model syringe 
similarly exposed and the percentage of he- 
molysis was monitored roughly by single pre- 
liminary experiments without pressure. 

Results. A sample of the galvanometer re- 
sponse resulting from the injection of 5 ml of 
water and 5 ml of saline is shown in Fig. 2. 
The much more rapid response due to dilu- 

tion with saline is plainly visible. We mea- 
sured only the maximal deflection obtained 
under pressure for comparison with a similar 
experiment without pressure. The results are 
expressed as the difference between these two 
curves in percentage of the control deflection. 

Figure 3 shows the way in which the gal- 
vanometer deflection increased when increas- 
ing amounts of water were injected into 5 ml 
of cell suspension at  atmospheric pressure. 
The lower curve represents similar experi- 
ments with saline instead of water and rep- 
resents the simple dilution effect of the 
saline. Controls a t  atmospheric pressure are 
indicated by dots and samples a t  13.6 atm 
are shown by open circles. There is no sig- 
nificant difference between the pressurized 
and the control samples either in water or 
saline. The shaded area between the two 

FIG. 2. Galvanometer deflections obtained when 
saline or water is added to an equal volume of 
washed cells. The water curve is higher because of 
the decreased opacity due to hemolysis. 
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,: TABLE I. 1Iemolysis Under Pressure with No 
Significarit Inhibition." 

Pressure Pressure effect 
(atm) No. of expt. (%> 

3 11 -1.9 & 1.1 
14 6 -3.7 & 2.1 
14 5 -2.1 2 3.3 
20 6 +2.0 f 4.2 
20 6 +2.1 & 1.3 

39 0.5 k 0.8 

m l  SALINE OR H,O ADDED TO 5 m l  CELLS 

FIG. 3. Record of one experiment in which in- 
creasing volumes of 0.9% NaCl or HzO (abscissae) 
were ad.ded t o  5 ml of washed cells at  1 and 13.6 
atm pressure. Ordinates are galvanometer deflections 
obtained. No constant difference due to pressure is 
seen. 

curves indicates the effect of hemolysis which 
increased naturally as the dilution increased. 

The experimental results with this tech- 

41 5 -1.0 3- 2.7 

a In all caiaes ml H,O is added to ml of cells. 
Percatage of inhibition is the pressure hmolysis 
deflection minus the control hernolysis deflection 
in percentage of the control deflection with stan- 
dard error of the mean added [Zd2/n(n-1>]%. 
The pressure is gauge pressure, the control being 
a t  atmospheric pressure. All these experiments were 
done on washed cells from oxalated sheep blood. 

nique are conveniently presented in four parts. 
Part :1 includes 42 experiments completed 
before we realized the importance of equaliz- 
ing the time interval between the first inser- 
tion of the syringe and the triggering of the 
dilution. Using pressures varying from 3 to 
14 atnn, the average apparent percentage of 
inhibition of hemolysis in these early experi- 
ments was 9.5 3- 1.9. We believe that this 
result was due to the stirring up of red cells 
which had settled out prior to injecting the 

In part 2 the time delay was equalized 
and the average result in 19 experiiments was 
0.8 t 2.6% at pressures of 14-20 atm. Part 3 
was similar except for some additional minor 
ilmprovements in technique. The results of 3 9 
such experiments are given in Table I and 
show an average inhibition of 0.5 ,t 0.8%. 

HzO. 

There seemed to be no effect either at 3 atm 
or 41 atm. 

The 35 experiments of Part 4 are surnmar- 
ized in Table 11. The percentage change in 
the hemolysis and in the deflection are re- 
corded together with the standard error of the 
mean. It is evident that none of the changes 
are more than twice the calculated error and 
i t  must be concluded that no statistical effect 
of pressure has been demonstrated. The per- 
centage of hemolysis measured spectrophoto- 
metrically might have been influenced by 
further hemolysis occurring after the reduc- 
tion of the pressure but the deflection of the 
galvanometer measured while the sample was 
still under pressure showed no inhibition or 
acceleration. 

I I .  Acceleration of Spontaneous Hemolysis 

TABLE 11. Effect of Pressure on Hemolysis." 
~~~ ~ 

Control values Change due t.0 pressure 

Pressure Hemolysis Defl. No. of Hemoly&. Defl. 
(atm) (%) (em> expt. (%I (em> 

3 34 5.5 17 - 0.25 & 2.1 --.0.07 & 0.16 
6.8 31 4.5 3 +12.3 10 +4.5 -f- 4.0 

20.5 58 6.7 7 + 7.4 -L 5.2 +2.5 =t 4.0 
13.6 41 5.6 10 + 4.8 k 3.4 -3.5 -f- 1.9 

- 
a The last two columns represent pressure-control values ( E - C )  i n  percentage of control 

together with standard ermr of mean, Le., 100(E-C) /C.  
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at Pressures up t o  540 atm. Method. The 
above experiments have shown that pressure 
up to 41 atm has no immediate effect on 
hemolysis. The same method could not be 
used for longer periods of exposure to pres- 
sure because of the sedimentation of the cells 
in the syringe. For this reason another series 
of experiments was undertaken in which 
samples of cells washed three times in 
physiological salt solution were exposed in a 
10-ml syringe to pressure for periods up to 17 
hr with a control sample under 1 atm of 
pressure. Some slight spontaneous hemolysis 
always occurred during this period. The sam- 
ples were then centrifuged and the hemo- 
globin in the supernatant fraction was deter- 
mined by a spectrophotometer at a wave- 
length of 540 mF. The absorbances E and 
C, of the experimental (pressurized) and 
control samples, respectively, were recorded. 

ResuZts. In general i t  was found that pres- 
sure tends to increase the small amount of 
hemolysis which occurred, but the effect was 
much greater at  6" than at  25". No effect 
was observed in whole blood but only in 
washed cells. Averaging all the experiments 
with pressures 200-540 atm at both 5 and 16 
hr the average percentage increase in hemoly- 
sis due to pressure, 100 (E-C) /C ,  was 149 
t 28 in 30 experiments a t  6" and 19 t 7 in 
2 2 experiments at 2 5 O . 

To show the effect of different pressures, 
the values of E/C found in the 16-hr ex- 
posures a t  each of these temperatures are 
plotted as logarithms against pressure in Fig. 
4. The number of experiments averaged is 
indicated beside each point, and the standard 
error is indicated by the vertical bars. The 
enhanced effect a t  the lower temperature is 
evident. 

These results were confirmed by some 2 5  
similar preliminary experiments using washed 
cells from pooled human blood samples from 
the clinical laboratory. There were some mi- 
nor variations in technique, but the results 
were in no way essentially different from 
these already described and they need not be 
reported here. 

Discussion. The effect of pressure on the 
rate of any chemical reaction can be ex- 
pressed by the equation given by Johnson, 
Eyring, and Polissar (6).  

-.. 
loo 260 360 460 560 

ATMOSPHERES 
FIG. 4. Spontaneous hemolysis of red cells in iso- 

tonic saline a t  6" and 25" as a function of hydrosta- 
tic pressure in atmospheres for 16 hr. The ratio 
E / C  is the ratio of the hemolysis under pressure to 
that a t  1 atm. The slopes of these lines give the 
value of the activation volume which is -69 
ml/mole a t  6" and -22 ml/mole a t  25". Pressures 
varied for each of the points plotted being, respec- 
tively, for the four pressures plotted, 21-50, 160-200, 
200-350, and 350-540 atm. There were also 24 
experiments for periods of 5-6 hr, but there were no 
significant effects except perhaps for four experi- 
ments a t  6" with an average value of E/C of 1.38 
-t- 0.12, and eight experiments a t  25"  with an 
average value of 1.13 -t- 0.05, both a t  the highest 
pressure levels of 350-540 atm. 

k ,  = koe-PAvV/RT,  

where k,  and ko are the reaction rates with 
and without additional pressures, p ,  in atm, 
AT/: is the volume of activation of the 
limiting reaction in milliliters per mole, R the 
gas constant, and T the absolute tempera- 
ture. 

In  using this equation we have taken our 
values of E and C as proportional to the 
reaction rates because the percentage of he- 
molysis is so small that the changes in the 
concentrations of reactants and end products 
could hardly have been large enough to influ- 
ence the rates of the reaction. They might 
also be regarded, however, as representing 
the equilibrium value for the condition of the 
blood at  the time. In that case the same 
values for AV can be obtained by essentially 
the same equation (6), but then it rep- 
resents an overall measurable volume 
change and not merely a calculated volume 
of activation. 



HEMOLYSIS UNDER HYDROSTATIC PRESSURE 85 1 

According to this equation, pressure should 
have a greater effect on k,  at a lower tem- 
perature and log k,/ko = log E/C should 
be a linear function of the pressure, p .  While 
the points plotted do not strictly confirm a 
linear relation, straight lines have been drawn 
for colnvenience. From the slopes of these 
lines (Fig;. 4) average values of AVI can be 
calculated as -69 ml/mole for 6' and -22 
ml/mole for 2 5 O .  From these differing values 
i t  seems likely that the limiting reaction for 
hemo1,ysis at 6' is not the satme as a t  25'. 

Since our experiments for prolonged ex- 
posures to high pressures predict a decrease 
in volume due to hemdysis, it should be 
mentioned that we have measured the volume 
change in hundreds of experiments (unpub- 
lished) and have found regularly decreases in 
volume in hypotonic hemolysis of the order of 
magnitude of 0.01% or less. This agreement 
may, of course, be only a coincidence if our 
pressure experiments predict only the volume 
of activation of some reaction rather than a 
true equilibrium volume change. Moreover, we 
have found a similar decrease in volume 
using laked cells so the result may be due to 
conformational changes due to dilution of the 
protein. 

It is impossible to identify the actual reac- 
tion involved in the hemolysis observed and 
it does not seem likely that i t  concerns hemo- 
globin directly but rather some constituent of 
the cell membrane. It is, perhaps, instruc- 
tive, however, to calculate the volume change 
to be expected if hemoglobin is the impor- 
tant molecule. With 15% hemoglobin and a 
mol wt of 66,000 the value at  25" would be 
22  ml/mole X 15/66,000 (moles %) = 
0.0051%. This is certainly of the right order of 
magnitude since many of our ob,servations 
were distinctly less than 0.01%. The same 
calculation might be applied to other cell 
constituents such as, for example, ATP, but 
in that case the predicted volume change 
would1 be much less because the molar con- 
centration of ATP is lower than that of he- 
moglobin. The importance of ATP as a factor 
of importance in hemolysis is well illustrated 
by thie paper of Weed, LaCelle, and Merrill 
(7). 

These experiments have provided no evi- 
dence of the effect on hemolysis of pressures 
up to 41 atm for short periods. Our results do 
do not directly contradict the experiments of 
Bernardini and Pryor ( 5 )  who reported a 
slight inhibition of hemolysis due to relative- 
ly low pressure (2-3 atm) because the meth- 
ods were so totally different. In  longer ex- 
posures to high pressures up to 540 atm we 
have found a slight acceleration of the span- 
taneous hemolysis which occurs especially at 
low temperatures in red cells washed in iso- 
tonic saline. While the actual percentage of 
hemolysis observed was very small, this is 
presumably the initial effect of the more pro- 
nounced effect reported by Dow and Mat- 
thews (4) a t  pressures of 3500 atm. 

All of our results apply to cells washed free 
of plasma in saline thus pro'viding a condi- 
tion in which they are probably particularly 
sensitive to hypotonic hemoly,sis. Since we 
found no immediate effect of pressure up to 
41 atm with these cells and very little effect 
with longer exposures to even higher pres- 
sures, we were not encouraged to continue 
further. 

Summary. Hydrostatic pressures up to 41 
atm had no significant immediate effect on 
the percentage of hemolysis of washed red 
cells when they were diluted with an equal 
volume of water. After prolonged exposures 
to pressures up to 540 a h  there was a sig- 
nificant increase in hemolysis due to pressure 
which was 2-3 times greater at 6" than at  
25". 
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