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Effectiveness of THAM in Preventing Cellular Damage Resulting 
From Oxygen Lack.* (31370) 

IRIS HADDON HALL (Introduced by B.  Woodhall) 
Division of Radiobiology, Department o f Radiology, Duke University Medical Center, 

Durham, N .  c. 

IntraceIlular acidity increases during oxy- 
gen lack in a variety of tissues. It has been 
suggested that this decrease in pH may des- 
troy enzymes and disrupt metabolic function 
within the cel1. The damaging effects of the 
increased acidity might be lessened if acids 
were neutralized by a buffer capable of ac- 
cepting hydrogen ions within the cell. The 
organic buffer tris-hydroxy methylamino 
methane (Tris or THAM), is capable of 
acting as an intracellular buffer ( 1). THAM 
buffer had been shown to be more effective 
in correcting acid-base disturbances, e.g., 
apneic oxygenation and hypovolemic shock, 
than carbonate buffers( 2,3). Thus the fol- 
lowing study was undertaken to determine 
whether the organic buffer THAM could at- 
tenuate the cellular damage associated with 
oxygen lack. The criteria used to establish 
the severity of cell damage included: (a) re- 
duction in the activities of selected mito- 
chondrial and microsomal enzymes, (b) labili- 

*This investigation supported in part by the 
U.S. Army Research and Development Command, 
Department of Army, under Research Contract DA- 
49-193-MD-237'1. A major portion of this investi- 
gation was performed in the laboratory of Dr. A. T. 
Miller, Jr., Dept. of Physiology, Univ. of North 
Carolina, Chapel Hill. 

zation of lysosomal enzymes (measured as in- 
creased per cent free activity) and (c) degra- 
dation of protein (measured by an increased 
concentration of soluble nitrogen). 

Methods. Male rats of the Sprague-Dawley 
strain weighing 150-300 g were fed ad libitum 
on Purina Laboratory Chow and water. At 
the time of death, the animals were decapi- 
tated with a guillotine. The left lateral and 
median lobes of the liver were used for all 
enzymatic and chemical determinations. The 
animals were divided into the following 
groups. 

Group A-normal controls. 
Group B-liver autolysis. Anoxia was pro- 

duced by incubation of isolated lobes in a 
nitrogen atmosphere, a t  37"C, moistened with 
Krebs-Ringer phosphate pH 7.2 for 1 or 12 
hours. 

Group C-administration of THAM buffer 
TP followed by liver autolysis. Ten ml of 
0.33 M THAM (tris-hydroxy methlyamino 
methane), pH 7.2, was injected IP. After 18 
hours the rat was sacrificed and the liver was 
allowed to autolyze as in Group B. 

Group D-control h e r  slices for in vitro 
experiments. Liver slices were prepared with 
a Stadie-Riggs hand microtome. The slices 
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TABLE I. Effects of Oxygen Lack. 

Tissue 
Malic Succinic Glucose-6- % free acid yo free '% free buffer 

Group dehydrogenase dehydrogenase phosphatase phosphatase cathepsin soluble N capacity 

At  100 k 32 100 2 14 100 * 9 100 100 100 100 

Dt  100 * 18 100 * 12 100 2 30 100 100 100 100 
E 1 hr 5 8 k  7" 68 k 19" 78 & 29" 169" 319" 131 73" 

€3 1 hr 45 & 21" 7 1 - i  8" 74 * 33 80 487" 121 62" 
E 12 hr 27 & 21" 10 & 9" 7 2  2" 1233 337" 210" 62" 

* P<0.005. 3 P < O . O l .  
t Denotes the respective control groups. 

were incubated in 0.3% saline and 0.25 M 
sucrose or Krebs-Ringer buffer a t  pH 7.2. 
The flasks were incubated in a Dubnoff meta- 
bolic shaker at 37°C under oxygen for l hour. 

Group E-liver slices incubated under an- 
oxic conditions. These slices were treated as 
in Group D except nitrogen was substituted 
for oxygen. 

Group F-control for THAM administered 
in vitro. Liver slices were incubated in 0.33 
M THAM, 0.3% NaCl and 0.25 M sucrose, 
pH 7.2 for 1 hour in oxygen. 

Group G-liver slices incubated under an- 
oxic conditions in the presence of THAM. 
The slices were incubated as in Group F. 
This was followed by incubation in nitrogen 
for 1 or 12 hours. 

Group H-liver slices incubated in an acid 
medium with adequate oxygenation. The tis- 
sues were treated as Group F except that the 
pH of the medium was respectively, 6.5, 6.0, 
or 5.0. 

An homogenate was prepared in 0.25 M 
sucrose and 0.001 M EDTA using 3 strokes 
of the Potter-Elvehjem teflon pestle. The 
following enzyme determinations were made: 
(a) malic dehydrogenase by the methods of 
Ochoa, Mehler and Kornberg(4) ; (b) suc- 
cinic dehydrogenase by the method of Coop- 
erstein, Lazarow and Kurfess ( 5 )  ; (c) glucose- 
6-phosphatase by the method of Swanson (6), 
using the method of Chen, Toribara and 
Warner (7),  for determining inorganic phos- 
phorus; (d)  free and total acid phosphatase 
by the method of Gianetto and deDuve(8), 
total enzymatic activity was released by Tri- 
ton X-100 (0.1%) with the homogenate; (e) 
free and total cathepsin by a modification 
of the methods of Anson(9), Gianetto and 
deDuve (8). The tyrosine was determined by 

the Ratnoff and Menzie method ( 10). Chemi- 
cal determinations included: (a) acid soluble 
and total nitrogen by micro-Kjeldahl diges- 
tion coupled with Nessler Reagent; (b) titra- 
tion buffer capacity by deHaan and Field 
(11); (c) the tissue pH at  37°C with a 
Beckman tissue electrode. 

ResuEts. Preliminary studies showed that 
4 methods of producing anoxia, i.e., ligation 
of the blood vessels, autolysis, pump ventila- 
tion with a low oxygen-nitrogen mixture 
(5:95) and incubation of liver slices in a 
nitrogen atmosphere, resulted in the same 
magnitude of increase or decrease of the re- 
spective enzymes and chemical determinations 
tested. Consequently, the liver autolysis 
studies were selected as being typical in their 
responses to the cellular damage produced by 
low oxygen atmospheres. The results are sum- 
marized in Table I. Each value represents 
determinations from 6-10 animals. The con- 
trol for each group is denoted as 100% t 
standard deviation. The experimental results 
are calculated as a percentage of the respec- 
tive control group. Where values are com- 
puted as % of total concentrations there is 
no standard deviation given. * denotes 
P<O.O05, 3 denotes P<0.01. All others 
were not significantly different from control 
value. 

These studies showed that oxygen lack 
caused a significant decrease in the activities 
of the oxidative enzymes (malic and succinic 
dehydrogenases) and of the microsomal en- 
zyme (glucose-6-phosphatase) . Oxygen lack 
for a period of 1 2  hours brought about an 
increase in the per cent of free acid phos- 
phatase and cathepsin. Per cent of free acid 
phosphatase changed very little after 1 hour 
of autolysis. However, when liver slices were 
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TABLE 11. Effects of Acidosis. 

Group dehydrogenase dehydrogenase phosphatase phosphatase cathepsin soluble N 
Malic Succinic Glucose-6- 70 free acid % free 70 free 

F p H  7.2t 100 2 44 100 2 6 100 * 9 100 100 100 
H p H 6 . 5  82 20 7 8 2  3" 9 4 +  8 149" 106" 200" 

p H  6.0 68 2 9$ 53 2 10* 81 & 26" 185" 163" 209' 
pH5.0 56 2 4" 43 2 15* 48 * 19" 160" 161* 192" 

* P <0.005. 
t Denotes the respective control groups. 

incubated in a nitrogen atmosphere the per 
cent of acid phosphatase was increased sig- 
nificantly. After 12 hours of anoxia the free 
acid phosphatase activity doubled. Total 
nitrogen concentrations of liver were not al- 
tered at  l hour of oxygen lack, but they were 
significantly reduced after 12 hours of anoxia. 
Oxygen lack produced a significant increase 
in acid soluble nitrogen after 12 hours. 

When well oxygenated liver slices were in- 
cubated at  pH 6.5, 6.0 or 5.0, there was a 
progressive loss in mitochondrial and micro- 
somal enzyme activity and a progressive rise 
in per cent of free acid phosphatase and 
cathepsin (Table 11). The acid soluble nitro- 
gen increased to more than twice the control 
values as the pH decreased from 6.5 to 5.0. 
These studies indicate that oxygen lack and 
acidosis cause similar changes in enzyme 
activities and nitrogen content of the liver. 

The prior administration of THAM, either 
in vivo or in vitro completely prevented the 
damaging effects of anoxia on malic and suc- 
cinic dehydrogenases and glucose-6-phospha- 
tase, observed after 1 hour (Table 111). 
However, 12 hours of anoxia resulted in the 
usual enzyme loss despite the administration 
of buffer. The administration of THAM did 

: P <0.01. 

not affect the mitochondrial and microsomal 
enzyme activities in control groups. The prior 
intraperitoneal injection of THAM or addi- 
tion of THAM to the incubation medium re- 
duced the labilization of acid phosphatase and 
eliminated completely the labilization of 
cathepsin even after 1 2  hours of oxygen lack. 
Protein degradation was also inhibited by 
administration of T H A M  In all experiments 
involving the use of THAM, corrections were 
made for its contribution to acid soluble 
nitrogen values. 

The increase in hydrogen ion concentration 
in liver during ischemia was demonstrated by 
the progressive decrease in tissue pH over 
12 hours of ischemia from 7.0 to 5.0, while 
no change occurred in the control animal. 
The tissue buffer capacity was reduced in all 
conditions associated with oxygen lack. When 
THAM was administered, the tissue buffer 
capacity was reduced, but not to the same 
magnitude as in those tissues without the 
presence of THAM. 

Discussion. An increase in the hydrogen 
ion concentration during conditions of oxygen 
deficiency has been demonstrated in rat liver 
(12,13). deHaan and Field(l1) and Dawes 
(14) postulated that the accumulation of acid 

TABLE 111. Effectiveness of THAM Buffer. 

Tissue 
Malic Succinie Glucose-6- % free acid Yo free 76 free buffer 

Group dehydrogenase dehydrogenase phosphatase phosphatase cathepsin soluble M capacity 
~~~ ~~ 

A t  100 + 32 100 14 100 2 9 100 100 100 

C 1 hr 106 23 101 +: 15 9 7 2  8 98 102 85 
C 12 hr 6 9 *  8$ 14 2 5* 4 +  1" 1304 78 128 - 
Ft 100 f 44 100 6 l o o k  9 100 100 100 100 

G 1 hr 124 & 49 103 2 8 98 2 33 79 101 89 104 
Q 1 2  lir 65 % 23" 19 +: 10" 12 1" 60" 75 108 80  $ 

In t'iwo - 

In v t r o  

* P <0.005. 
t Denotes t,he respective control groups. 

$ P < O . O l .  
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exhausts the buffer capacity of cells and thus 
disrupts the enzyme systems. The increased 
intracellular acidity associated with oxygen 
lack might directly influence enzymatic reac- 
tion and/or cellular structure or it might act 
on lysosomes, resulting in the liberation of 
acid hydrolytic enzymes which could attack 
the remaining subcellular particles and cause 
disruption of metabolic processes. 

In liver, anoxia or hypoxia depresses oxy- 
gen consumption( 15-1 7) ,  oxidative enzyme 
activities ( 16-2 1),  oxidative phosphorylation 
and ATP production (20,23-26), and protein 
synthesis (24), with a concomitant increase in 
anaerobic glycolysis (2 7 ) ,  protein degrada- 
tion( 13,17-19,28,29), and per cent of free 
acid phosphatase activity( 18,22,30,31). I t  is 
not certain which of these effects are brought 
about by oxygen lack per se during anoxia, 
and which are due to the increased acidity 
resulting from anoxia. The rate of disappear- 
ance of ATP and creatine phosphate is prob- 
ably too rapid to be explained by the increase 
in tissue acidity. On the other hand, the 
decline in the functional activities of mito- 
chondrial and microsomal enzymes, and the 
increase in free activity of lysosomal enzymes 
and in protein degradation may occur when 
the rate of acid accumulation is accelerated. 

The fact that acid does accumulate in 
anoxic tissue was demonstrated by the de- 
crease in tissue buffer capacity and tissue pH. 
The finding of a decreased tissue buffer capa- 
city is in agreement with the report of deHaan 
and Field ( 1 1 ) , and the decreased tissue pH 
with that of Bradley( 13). In the early stages 
of anoxia the decrease in pH is probably due 
to lactic acid, but in the later stages the de- 
crease is more likely due to phosphoric acid 
and organic acids ( 13 ) . 

The decrease in mitochondrial and micro- 
soma1 enzyme activities after one hour of 
oxygen lack is in agreement with many reports 
in the literature. 

There was no significant increase in the 
per cent of free activity of acid phosphatase 
after 1 or 2 hours of anoxia, but the increase 
was significant after 6-12 hours. The fact 
that free acid phosphatase activity did not 
increase in the early stages of autolysis is 
not in agreement with other reports( 2 2 9 ,  

31). The rapid increase in free lysosomal 
hydrolase activity under in vitro conditions, 
i.e., tissue slices incubated in a nitrogen at- 
mosphere, is in agreement with the report of 
deDuve and Beaufay(31). I t  would appear 
that the sliced tissues were more susceptible 
to the damage caused by anoxia than were 
tissues that had not been sliced. 

It is apparent from Tables I and I1 that 
there was a close correlation in the individual 
enzyme and chemical changes produced by 
acidosis and anoxia. After one hour’s incuba- 
tion of oxygenated liver slices at  pH 6.0, the 
mi tochondrial and microsomal enzyme activi- 
ties had declined while free acid phosphatase 
and cathepsin, and acid soluble nitrogen had 
increased to levels comparable to those ob- 
served after one hour anoxia produced by any 
of the 4 methods used in this study. Since 
the oxygen supply was normal in the experi- 
ments involving incubation of liver slices at 
the various pH’s and since further anoxic 
effects on enzyme activities can be prevented 
by buffering with THAM, it seems possible 
that increased acidity may be largely respon- 
sible for the cellular damage observed during 
oxygen lack. Buffering, by addition of 
THAM to the incubation medium, prevented 
the release of acid phosphatase and cathepsin 
in tissue slices incubated in a nitrogen atmos- 
phere for periods of 1 and 1 2  hours. However, 
when the animals received an intraperitoneal 
injection of THAM 18 hours prior to sacri- 
fice, the liver lobes incubated in nitrogen for 
12 hours showed an increase in free acid phos- 
phatase activity, but no change in free cathep- 
sin activity. This suggests two things: (1) 
administration of larger doses of buffer may 
be necessary for complete stabilization of the 
lysosomal membrane, and (2) the mechanism 
for release of acid phosphatase and cathepsin 
may be slightly different. 

These results indicate that THAM can 
function as an intracellular hydrogen ion ac- 
ceptor during anoxia, attenuating the damage 
produced by oxygen lack to enzymes and per- 
haps other proteins. Once the buffering capa- 
city of the THAM is exhausted, the acidity of 
the cells increases and cellular organelles may 
be damaged, These results also suggest that 
the damage to mitochondrial and microsomal 
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enzymes and protein structure in the early 
stages of anoxia is not due to lysosomal 
activity, but rather acidity. 

Summary and conclusions. The effects of 
oxygen lack on rat liver were studied in order 
to: (a)  compare the results of a variety of 
methods of producing oxygen lack; (b) eval- 
uate the role of increased intracellular acidity 
in production of anoxic cell damage; (c) 
determine if buffering with an intracellular 
hydrogen ion acceptor reduces the damaging 
effects of anoxia on cellular metabolism. 

The criteria used to establish the severity 
of cellular damage included: (a)  reduction 
in the activities of 2 mitochondrial enzymes 
(succinic dehydrogenase and malic dehydro- 
genase) and of one microsomal enzyme (glu- 
cose-6-phosphatase) ; (b)  the labilization of 
2 lysosomal enzymes (acid phosphatase and 
cathepsin) ; (c) the degradation of protein. 

Oxygen lack of equivalent duration pro- 
duced by ischemia in vivo, autolysis in vitro, 
pump ventilation with a 5 %  oxygen mixture, 
and incubation of liver slices in a nitrogen 
atmosphere caused approximately the same 
degree of cellular damage: (a)  oxygen lack 
resulted in an early and progressive decrease 
in the activity of the 2 mitochondrial enzymes 
and glucose-6-phosphatase activity; (b) the 
total activities of the 2 acid hydrolases were 
not affected even by prolonged periods of 
anoxia, but the free activities of these en- 
zymes were increased by prolonged periods 
of anoxia; (c) anoxia was associated with a 
progressive decrease in the titratable buffer 
capacity and pH of the liver. These studies 
indicate that acidity is one of the major 
destructive factors affecting cell metabolism 
during oxygen lack. 

Similar enzymatic and chemical changes 
were observed in liver slices incubated in an 
oxygenated medium at  low pH’s and in a 
nitrogen atmosphere in a medium buffered to 
pH 7.4. 

THAM buffering largely prevented the 
early effect of anoxia on the mitochondrial, 
microsomal and lysosomal enzyme and on 
protein, but was not effective after long 
periods of anoxia. Thus it appears the earIy 
effect of anoxia on mitochondrial and micro- 
soma1 enzymes and on protein is due largely 

to increased acidity. 

I wish to thank Dr. Aaron P.  Sanders for valuable 
assistance. 
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Humans, guinea pigs, rats and mice produce 
antibodies which are capable of sensitizing 
homologous species for anaphylaxis. The 
human antibody (reagin) is capable of sensi- 
tizing human leukocytes so that on the ad- 
dition of antigen histamine is released ( 1 ). 
There is no requirement for added serum or 
plasma factors, such as complement, for 
histamine release. The corresponding guinea 
pig and rat antibodies are able to sensitize 
their respective mast cells and, here also, it 
has been demonstrated that complement is 
not needed (2 ) .  

Recently Zvaifler and Becker ( 3 )  described 
an antibody in rabbits appearing as early as 
6 days after immunization which sensitizes 
rabbits for passive cutaneous anaphylaxis 
(PCA) . The antibody was not a yG or yM 
immunoglobulin and had no detectable pre- 
cipitating or complement fixing properties. 
Onoue et a l (4 )  described a similar rabbit skin 
sensitizing antibody and ascribed it to 7SyA 
immunoglobulin. 

All the previous studies of in vitro release of 
histamine from rabbit platelets involved rab- 
bit yG antibodies and the presence of fresh 
plasma was found to be obligatory. In  this 
study it will be shown that sensitized rabbits 
whose plasma contains rabbit PCA antibody 
also have platelets which even after thorough 
washing are capable of releasing histamine on 
the addition of antigen in the absence of 
added plasma. 

Materials and methods. Preparation of 
dinitrophenylated proteins. Bovine gamma 
globulin (BGG) and bovine serum albumin 
(BSA) was dinitrophenylated by reacting 

with 2,4 dinitrobenzene sulfonate as described 
by Eisen ( 5 ) .  The conjugated antigens con- 
tained approximately 35 moles of DNP per 
mole of BGG and 15 moles of DNP per mole 
of BSA. As work progressed it was found 
that the DNP-BSA conjugate became con- 
taminated and was capable of releasing his- 
tamine from platelets of unimmunized rabbits 
presumably because of its endotoxin content. 
Subsequent DNP-BSA material was filtered 
and stored at  -20°C in small quantities. 

One ml of the 
DNP-BGG in Freund’s complete adjuvant 
(1.4 mg AgNJml) was injected in 0.25 ml 
volumes into each foot pad. Beginning on the 
fifth day after immunization the animals were 
bled daily from the marginal ear vein. The 
blood was collected into ice cold polypropylene 
tubes which contained sufficient sodium hepa- 
rin to yield a final concentration of 7 units of 
heparin per ml of whole blood. In most in- 
stances the blood was used for histamine re- 
lease as soon as possible after collection. In 
thlose experiments where release of histamine 
from whole blood was compared with that 
from washed platelets, the whole blood was 
stored in an ice bath until used for release. 
To obtain washed platelets, a known volume 
of whole blood was centrifuged at  3000 rpm 
for 15 minutes, the plasma removed and the 
platelets washed 3 times with 3 to 5 times 
their volume of ice cold Tyrode’s solution. 
After washing, the sediment was suspended up 
to the original volume of whole blood and 
used for histamine release. The suspension, al- 
though it contained platelets, leukocytes and 
red cells, is referred to as “washed platelets” 

Immunization of rabbits. 


