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INTRODUCTION

The presence of alternate forms of function
ally identical enzymes was first discovered in 1957 (1). 
It was noted that different substances, on the basis of 
immunologic and chemical evidence, performed the same 
function in the same organism and often in the same tis
sue. Cahn and Kaplan (2) showed the difference in 
these structures to be discrete variances in subunit 
composition. Subsequent elucidation of the molecule's 
different configurations led Markert and Miller (3) to 
propose the term "isozyme", or . the different
molecular forms in which protein with protein with the 
same enzymatic specificity may exist.".

The five different forms of Lactic Dehydrogen
ase (LDH) result from the aggregation of two subunit 
types: "H" and "M" (4). The pattern of aggregation and 
corresponding isozyme type is seen below:

LDH-1 HHHH
LDH-2 MHHH
LDH-3 MMHH
LDH-4 MMMH
LDH-5 MMMM

Evidence for this formulation has been gained 
from several experiments. Apella and Markert (5) first 
showed that each isozyme had a molecular weight of
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about 135,000 and dissociated into four polypeptides 
of equal size and weight when treated with guanidine 
hydrochloride and B-mercapthanol. The chains could be 
differentiated on the basis of charge, with dissociated 
LDH showing only two bands (corresponding to H and M 
subunits) in electrophoresis. The use of these charac
teristics showed LDH-1 to be composed only of H sub
units, and LDH-5 to be a tetramer of M polypeptides. 
Intermediate isozymes were seen to contain correspond
ing proportions of the two subunit types. Analysis of 
several different tissues showed that the five isozyme 
types were present in nearly all of them; it appeared 
that the subunits were being independently produced and 
undergoing random association to form the final tetra
mer.

This possibility was confirmed by Markert in 
1963 (6). Dissociating the homogenous LDH types (1 and 
5), he then combined equal amounts of the subunits and 
noted that recombinant tetramers were of all five LDH 
varieties. The product distribution corresponded to the 
Bernoulli expansion, with individual LDH species pres
ent in a 1:4:6:4:1 ratio. This concept of random assoc
iation, or "Subunit Hypothesis", can be used to explain 
any LDH pattern yet observed.
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The subunit composition of a specific iso
zyme is the primary determinant of its catalytic proper
ties. Tetramers containing H subunits are most effect
ive in dehydrogenating lactate, with NAD as a hydrogen 
acceptor, at low concentrations of pyruvate; excess 
pyruvate causes graded inhibition of such forms through 
the formation of a ternary complex composed of enzyme, 
oxidized coenzyme, and pyruvate (7); the result is a 
substrate inhibition of both dehydrogenation and its 
reverse reaction: The LDH mediated reduction of pyru
vate to lactate, with NADH as a proton donor. The M con
taining forms are not so inhibited, and can be said to 
function (in^high pyruvate concentrations) as a pyruvate 
reductase.

With such knowledge one might then predict H 
containing tetramers to be associated with small lactate 
pools and aerobic metabolism, while M containing variet
ies would facilitate large lactate pools and create a 
pyruvate "sink" in anaerobic circumstances. Such is in
deed the case; H containing tetramers predominate in 
heart and brain cells, where most energy is derived 
from oxidative metabolism, and LDH-5 is the primary 
form in skeletal muscle, where the ability to deal rap
idly with glycolytic end-products is essential. Surveys



of tissue oxygen tensions support this contention; 
areas with limited oxygen availability show increased 
M subunit activity (8).

4

Investigators curious as to the mechanisms 
controlling isozyme dominance, and concurrent pyruvate 
metabolism, later determined the following levels of 
influence:

a. Genetic
b . Compartmental
c. Hormonal
d. Environmental

Research in the first area provided the 
earliest evidence of isozyme control. It was noted that 
marked isozyme shifts occurred with ontogeny (9); fetal 
tissues were seen to show a predominance of H contain
ing tetramers, with shifts to neonatal life accompanied 
by increased M subunit synthesis. The indication here 
was that a genetic regulator found it expedient to dic
tate an increased transcription at the M locus, possibly 
in response to certain metabolite pool sizes, many of 
which change with post-natal life (10).

The suspected pattern, separate genic sites 
for H and M subunits and possible feedback from an inter
mediate pool, was given further support by the work of 
Shaw and Barto (11). Their investigation dealt with the 
discovery of a mutant for the H polypeptide in
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Peromyscus maniculatus. They noted that the defective 
subunit, in homozygotes, produced bands which migrated 
more slowly in an electric field than did the normal H 
containing tetramers. Heterozygotes produced both normal 
and defective H polypeptides, and any H containing band 
could be further separated on the number of defective 
chains incorporated. Thus heterozygote LDH-1 was seen 
as five faint bands (as opposed to a single band in the 
case of either homozygote) composed randomly (1:4:6:4:1) 
of defective and normal polypeptides. Breeding experi
ments showed the mutant locus to be autosomal and inde
pendent of the M locus, which remained unaffected by 
either allele.

Elucidation of the genetic background in iso
zyme control furnished a mechanism for observed hormonal 
effects. Kaplan (12) in 1964, reported that estrogen 
administration markedly increased LDH production in the 
uteri of both adult and juvenile rats. Electrophoresis 
indicated that H subunit synthesis was not affected, but 
that the overall increase was due to an accelerated, 
(actinomycin inhibitable) production of M subunits. The 
study suggested a previously unsuspected hormonal effect 
The preferential production of one subunit of a quarter
nary molecule over other subunits. This was apparently
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through the action of estrogen on the genome of target 
cells, allowing proportionately greater transcription 
of M subunit mRNA; such an explanation was indicated 
by puromycin studies, which caused simultaneous ces
sation of both subunit syntheses, while actinomycin-D 
showed M activity persisting longer than that of the 
H polypeptide.

A compartmental relationship to specific iso
zyme type can also be noted. Such is indicated by the 
observations of Eitingof (13). He noted that mitochon
drial number, and degree of activity of contained en
zymes, were both seen to fluctuate with the degree of 
aerobic activity of the containing cell. Cells from 
typical anaerobic sites (e.g., cornea) contained fewer 
mitochondria, each of which showed reduced activity of 
characteristic enzymes. Aerobic cells, however, showed 
greater numbers of mitochondria accompanied by a higher 
specific activity. Combining this information with 
observations from cytological examination -- indicating 
that H containing tetramers are associated with the 
mitochondrial fraction, and M containing types with the 
supernatant (14) —  one can begin to wonder if the 
association of H subunits with mitochondria ( and the 
concoramitant diminishing of both in anaerobic circum
stances) is determined in part by the necessity of mito-
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chondria as sites of assembly or action for the LDH-1 
tetramer. The possible existence of sites necessary for 
the assembly of the HHHH (LDH-1) isozyme is contradic
ted by the in vitro assembly of this tetramer by 
Markert, but the mitochondrion is an intracellular site 
of aerobic activity, and the pyruvate concentration in 
this area would probably be low, approaching that of 
LDH-1's maximum activity (.001 M), indicating that the 
association is functionally oriented.

The environmental parameters affecting specif
ic isozyme dominance are primarily those which cause 
chronic or regularly recurrent anoxic hypoxia. Records 
relating the effects of varied oxygen tensions are 
daily becoming available and are typified by the work 
of Lindy and Rajaslami (15), who reported the effects 
of ambient oxygen tension upon the proportion of H and 
M polypeptides in specific tissues of the chick emb
ryo.

Developing embryos were exposed to three lev
els of oxygen concentration (15, 22, and 40 per cent)and 
the percentage of M subunits determined by spectro- 
photometric means. During development it was seen that 
the total activity of assayed tissues (heart, liver, and 
pectoral muscle) was identical to the controls for cor-
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responding tissues in all groups. The total LDH was 
unchanged by environmental stress. Changes in subunit 
composition, however, were seen to occur in inverse 
proportion to the oxygen concentration. Over the course 
of the test period the M subunits in the 15% group in
creased significantly over those in the 22 and 40% 
groups. The authors speculated that the production of 
more pyruvate in the hypoxic group caused an increased 
production of lactate -- fatal to the chick embryo if 
allowed to accumulate —  and some mechanism then inter
vened to cause the synthesis of more M subunits and 
consequent assembly of tetramers capable of catalyzing 
the reduction of NAD in the presence of higher substrate 
concentrations; a reduction of the dangerous lactate 
pool and greater availability of pyruvate for alternate 
metabolic pathways would be the favorable result. 
Implicit in the above is the suggestion that H and M 
production rates might in some way be affected by pyru
vate pool size.

Such an explanation was at variance with the 
in vitro work of Goodfriend, Sokol, and Kaplan (16), 
who had previously reported that the effect of oxygen 
tension on isozyme distribution was apparently distinct 
from its effects upon carbohydrate metabolism. Their
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adherence to this conclusion was based, upon the failure 
of lactate quantity to correlate with enzyme production 
shifts, and the observation that chemical agents causing 
anaerobiasis did not spur inordinate synthesis of M 
containing subunits. They further determined that the 
increase in synthesis was from the preferential trans
cription of M subunit mRNA which actinomycin-D studies 
showed to be viable for a period of nine hours. It was 
apparent, however, that oxygen tension was not the sole 
regulator of LDH composition, since some strains of cells 
failed to respond to changes in oxygen availability, and 
all showed a response that was proportional to the age 
of the culture.

Experiments with intact organisms have also 
demonstrated the effects of oxygen influence in isozyme 
determination. Mager, Blatt, Natale, and Blatteis (17) 
noted significant increases in M subunit production in 
prenatal, new-born, and the hearts of adult rats, with 
the latter showing increased production whether they 
were born at altitude or raised at sea level and sub
sequently exposed. It was the opinion of the authors 
that the activity of these subunits might reflect the 
intervention of a control mechanism which directs the 
reduction of pyruvate to lactate, or alternately, the



10

oxidation of pyruvate via the citric acid cycle. In 
such a context the catalytic properties of M subunits 
would favor the production of lactate, diverting pyru
vate from entry into an oxidative metabolism limited 
by available oxygen. Thus M subunit production might 
be considered as a biochemical adaptate beneficial to 
anoxic tissues in all stages of development.

Contradictory evidence is, however, available. 
Miller and Hale (18) exposed adult rats to an altitude 
of 18,000 feet and noticed no change in the activity or 
isozyme composition of LDH from representative tissues. 
Regular injections of lactate or pyruvate (in quantities 
sufficient to raise their concentration in body fluids 
above the highest found in exercising ischemic muscle) 
likewise showed no change in either total, or M subunit 
activity. On such bases the authors reject both "oxy
gen-labile" and "intermediate feedback" models of LDH 
isozyme control. They conclude that changes in LDH play 
no role in altitude acclimatization in the rat.

If, however, one considers the regularity of 
preceding change to indicate the functioning of a mech
anism as yet undescribed, one suspects (as did Miller 
and Hale) that their data resulted from a sub-threshold 
exposure level. They suggest that 18,000 feet might
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not be sufficient to induce the expected effects. Such 
is inconsistent with the fact that Mager et.al. induced 
their changes with exposure to an altitude of only 
14,500 feet. It is apparent that specific questions 
concerning the effects of hypoxia upon LDH activity and 
composition are in need of elucidation: Does in vivo ex
posure of the tissues of adult animals to anoxic stimuli 
cause changes comparable to those observed in vitro ?
And if so, does the apparent mechanism of change paral
lel those suggested for cells in culture ?

The imposition of tissue hypoxia in intact 
animals can be achieved through decompression to par
tial pressures of oxygen which fail to provide an alveo
lar tension capable of saturating arterial blood. This 
study exposes male DBA/2J mice to such an environment, 
notes the effects upon LDH activity and composition, and 
relates accompanying variation to known adaptive 
changes.



MATERIALS AND METHODS

Altitude Exposure;

Male DBA/2J mice were used to obtain data in 
five consecutive experiments at 20,000 feet simulated 
altitude. The animals were bred at sea level by the 
supplier (Jackson Laboratories; Bar Harbor, Maine) and 
allowed to attain 20 gram weight levels before intro
duction into the test environment. The mice, in cages 
accomodating groups of five, were placed in an altitude 
chamber. Food and water were provided ad libitum.

The chamber was a design modified from Pace 
and Clark (19); drawings and specifications are seen in 
Appendix A of this manuscript. Departure from the orig
inal scheme included modification of the chamber to uti
lize an existing vacuum line as a negative pressure 
source, and the employment of separate valves to regu
late air entry and exit rates. Temperature and relative 
humidity values were held constant by the laboratory's 
environmental control system; both experimental and 
control animals experienced 18 ±2 % humidity at 22 ±2 C. 
Exposure levels were maintained within ±400 feet by the 
vacuum source's feedback reference.
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Tissue Preparation and Analysis:

Selected individuals were sacrificed by cerv
ical luxation at four day intervals over the 24 day 
test period. In addition to final body weights, wet 
weights of representative organs (heart, liver, and 
pectoral muscle) were recorded. Ten per cent homogenates 
of the excised tissues were then prepared, and analyses 
for total LDH and subunit composition were initiated.

LDH Activity;

Total activity was measured by the method of 
Snodgrass et.al. (20) as manufactured by Calbiochem and 
marketed in kit form. Excised tissues were homogenized 
in .25 M sucrose and centrifuged for 20 minutes at 1,000 
g. The supernatant was then diluted 1:25 in distilled 
water, following which .2 ml of the dilution was intro
duced to 4.8 ml of a reaction mixture containing the 
following:

d-1 lactate 160 mM
NAD 5.5 mM
Phosphate buffer (pH 8.8) 100 mM
The reduction of NAD was then monitored at 

340 my on a "Spectronic 20" photocolorimeter. Initial 
absorbance (AAX) was read at 30 seconds after the intro
duction of the extract, following which the reaction was



14

allowed to proceed for four minutes until the final 
reading (AA4.) was obtained. The difference between these 
two readings (AA0) was used in the following formula 
to determine the total activity in International Units:

U/gm = 5341.67 AA0FD

Where: 5341.67 = rate conversion constant
AA0 = rate of absorption change 
F = temperature coefficient 
D = dilution factor

Results are expressed as Units/gram wet weight
of tissue.

Subunit Composition:

Two techniques were used to ascertain the iso
zymes comprising total activity. The first of these in
volved an electrophoretic technique modified from Barnett 
(21) and Kohn (22); cellulose acetate strips were soaked 
in .05 M barbitone buffer, innoculated with the super
natant, and exposed to a potential difference of 100 V 
per strip at a current flow of 1.2 ma for each sample
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in the cabinet. Separation was allowed to continue for 
one hour at room temperature, following which the strips 
were removed from the chamber and incubated at 37 C in 
a media containing the following:

0.1 M lactate 1 Vol.
1 % NAD 1 vol.
.1 % MTT (tetrazolium salt) 3 Vol.
.1 % Phenazine methosulfate .3 Vol.

At the end of incubation each isozyme was evi
dent as an individual blue band. Tetramers containing 
H subunits migrated toward the positive (anodic) end of 
the strip, while only the LDH-5 (MMMM) isozyme migrated 
toward the cathode.

Although the above technique provided only a 
qualitative estimate of activity, it had been used sat
isfactorily in noting isozyme change in cultured cells 
(23), and it was hoped that such would prove adequate 
in the evaluation of typical and atypical (hypoxic) 
mouse tissue. Results were inconclusive, with few defi
nite separations apparent. Ultimately the spectrophoto- 
metric method of Stambough and Post (24) was utilized, 
and showed markedly better results.

The technique of Stambough and Post uses the 
catalytic properties of H and M subunits to determine 
their relative concentrations in an unknown mixture. A
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given extract is reacted in high and low concentrations 
of lactate, and the ratio of the respective rates is 
used to determine the relative content of H and M sub
units. The high and low concentration reaction mixtures 
have a volume of five milliliters and contain the fol
lowing :

High Concentration
250 mM Lactate
5.5 mM NAD
100 mM Phosphate

buffer (pH 8.8)

Low Concentration
25 mM Lactate
5.5 mM NAD
100 mM Phosphate

buffer (pH 8.8)

Spectrophotometric readings were taken 30 sec
onds after mixing, and again after a ten minute interval. 
The rates of reduction of NAD were expressed as a sepa
rate AA0 for each system. The respective rates of ab
sorbance change were then entered in the following form
ulae and values for H and M activity obtained.

H milliunits = 1.34 AA low - .605 AA high
. 0207

M milliunits = 1.30 AA high - .659 AA low
.0207

Results are expressed as ratios of the above
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activities (H/M ratio) and as per cent M composition. 

Hematocrit Values:

In an effort to verify that effective levels 
hypoxic exposure had been attained, hematocrit samples 

were taken at intervals throughout the test period. The 
micro-technique was used for this assay, involving the 
use blood samples from animals sacrificed for enzyme 
analysis.

Blood was collected in heparinized tubes from 
systemic vessels severed in the process of heart removal. 
The tubes were then sealed, centrifuged at 1,000 g for 
20 minutes, and the column of formed elements measured 
in millimeters. This measurement, corrected for final 
fluid volume, was expressed as per cent hematocrit.



RESULTS

Total Body Weight;

Among the ninety-three exposed animals a 37 
per cent decrease in total body weight occurred over a 
three week period (Table I). This loss was most rapid 
over the first four-day interval, where an average dec
rease of .85 g/day (p<.05) was evident. The loss rate 
decreased as exposure time was lengthened, and surviving 
individuals were seen to stabilize at approximately 62 
per cent of their initial body weight. Plotting of the 
weight values against time (Figure 1) shows an exponen
tial curve of the form:

The value of "k" for animals in this exposure 
was calculated from the data to be .032. Thus a curve 
relating body weight to time of exposure would be defined 
by:

-. 032tM = M0 e
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Where: M„= initial weight
t = length of exposure 
M = weight after time "t"

Weight loss noted in this report corresponds 
with the observations of Swann (25) and Stickney (26) 
who noted similar weight decreases while studying the 
effects of hypoxia upon water retention.

Accompanying the exposure to hypoxia was an 
increased incidence of mortality. The deaths were ap
parently unrelated to time of exposure, and were local
ized to specific test groups. This was interpreted to 
indicate the presence in some animals of a contagious 
disorder drastically reducing tolerance to anoxic hyp
oxia. In an effort to ameliorate this condition, the 
final test groups were not stored in the animal room, 
but were kept in isolation prior to exposure. The value 
of this palliative measure was not readily apparent, and 
the possible presence of a disease parameter must be 
remembered when considering the data.

Organ Weights and Ratios:

Pectoral Muscle: Over the course of the test period iso
lated pectoral muscle weights decreased significantly 
beyond control values (Table II). This change was compat
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ible with the change in total body weight, and the 
organ/body weight ratio did not differ appreciably 
with time.

Heart Weight; There was a slight, although not signifi
cant , increase in heart mass over the 24 day period 
(Table II)-. Such an increase is in agreement with the 
observations of Valdavia (27) , who noted hypertrophy in 
the hearts of guinea pigs exposed to 18,000 feet for six 
weeks; it is assumed that only a shorter exposure time 
prevented significant increases in this case. Evident 
also, among the longer exposed animals, was the appear
ance of yellowish areas, assumed to be fat deposits, on 
the surface of the myocardium. Such a contribution in 
mass may assist the tendency toward hypertrophy in allow
ing the elevated weights.

The organ/body weight ratio for the heart 
showed a marked increase over the test period, apparent
ly owing more to decreased body weight than to an in
crease in organ mass.

L:i-Ver Weight: The average weight of the liver decreased
significantly with increased exposure (Table II). A de
cline from the control value of 1215 mg to a mean 
weight of 638 mg was evident after 24 days at altitude.
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The decline for this organ was most rapid toward the 
end of the exposure period, with a total decrease ap
proaching 48 per cent.

The liver/body weight ratio showed little 
fluctuation throughout the test period.

Total LDH Activity:

The total activity of lactic dehydrogenase, as 
measured by the method of Snodgrass et.al. (op.cit.) 
showed little fluctuation throughout the exposure. Val
ues remained consistent with control levels for all tis
sues except liver, where activity was seen to decrease 
significantly after 20 days at altitude.

Differences among the tissue types were also 
apparent. The mean value for liver activity was signif
icantly higher than the activities of pectoral and 
cardiac muscle throughout the course of exposure. The 
latter two organs showed similar ranges of absorbance.

Subunit Activity;

Inadequate sample size in this case prohibits 
definitive evaluation. It is apparent, however, that 
the activity of M subunits is highest in skeletal muscle, 
with decreasing values for liver and heart respectively.



Such is in agreement with the pattern seen in other 
mice (Peromyscus maniculatus) as reported by Shaw and 
Barto (op.cit.).
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The variance of M subunit activity with time 
of exposure is not apparent for skeletal muscle and 
heart. Liyer values, however, are seen to decrease 
rapidly with initial exposure, and return gradually to 
control levels over the course of the test period.

Hematocrit Values:

Hematocrit values rose steadily over the 
course of exposure. Control animals showed normal 
readings, with increases to 52, 55, and 72 per cent 
recorded at 8, 16, and 24 day intervals respectively.
It is suspected that the rapid initial increase results 
from hemoconcentration, and that of the final interval 
from increased hemopoiesis.
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Table I. Comparison of the total body weights of male
DBA/2J mice exposed to 20,00 
for periods up to 24 days.

Exposure Time 
0 
4 
8

12
16
20

24

feet simulated altitude

Body Weight 
24.60 ±.33(93)*
21.29 +.37(85) 
18.80 ±.66(54) 
16.90 ±.93(30) 
16.24 ±.32(27) 
15.40 ±.58(14)
14.30 ±.04 ( 2)

All weights are in grams; all time intervals are in days. 
Weight decrease over the time period tests to a prob
ability less than .001.

* Indicates the mean value ±standard error; parentheses
enclose the sample size.



Table II.

Exposure Time N Pectoral Heart Liver

Comparison of the fresh weight of three organs of male DBA/2J mice

exposed to 20,000 feet simulated altitude for periods up to 24 days.

0 10 136 + 14.05 149 + 12.43 1215 ± 260
4 2 118 + 3.54 145 + 1.00 1019 + 139
8 7 129 + 13.79 173 + 20.42 988 + 94

12 8 96 + 17.13 143 + 13.93 783 ± 170
16 12 104 + 17.62 153 + 10.61 817 + 82
20 10 96 + 9.22 154 ± 9.47 758 + 78
24 2 82 + 4.00 162 ± 2.00 638 i 16

(P<.001) (P< .20) (P<.001)
All weights are in milligrams, all time intervals in days.
The probability values apply to weight fluctuation over the first twenty days.



Table III Comparison of LDH total activity (in International Units/gram wet
weight of tissue) in three organs of male DBA/2J mice exposed to 20,000 feet sim-
ulated altitude for periods up to 24 days.

Exposure Time N Pectoral Heart Liver

0 10 113.00 ± 4.79 112.58 + 4.19 209.88 ± 5.03
4 2 108.64 ± 4.46 100.51 + 9.15 200.61 ±10.79
8 6 110.47 + 7.75 114.16 ± 9.71 209.42 ± 8.93

12 8 118.19 ± 7.05 118.21 + 7.57 205.72 ± 7.29
16 11 106.40 ± 3.23 110.07 + 2.25 195.09 ± 4.02
20 10 111.82 ± 3.46 109.47 + 3.51 201.68 ± 4.65
24 2 103.33 ± 5.14 100.95 + 9.69 203.00 ± 2.00

(P< .5) (P<. 1) (P<. 01)

No significant change is noted in the total activities of heart and muscle 
through twenty days of continued exposure; liver values, however, are seen 
to decrease.



Table IV. Comparison of the H/M ratio and per cent M composition of three

organs of male DBA/2J mice exposed to 20,000 feet simulated altitude for periods
up to 24 days.

Exposure Time : 0 4 8 12 16 20 24_
Pectoral-

H/M Ratio: 
Per cent M:

.374
79.45

.403
71.15

.380
75.15

. 461 
69.70

.315
76.00

. 242 
78.75

.408
71.00

Heart-
H/M
Per

Ratio: 
cent M:

4.188
20.95

3.783
21.00

2.751
26.60

5.476
16.10

2.611
27.60

4.367
22.25

3.108
20.50

Liver-
H/M
Per

Ratio: 
cent M:

2.576
30.00

3.793
24.95

3.300
23.21

3.473
26.85

2.624
27.50

2.522
28.30

2.850
35.00

The above figures are mean values for the specified times ; standard error is
omitted because of small sample size.



Figure 1. Graphic representation of the data in Table I. Weight loss by DBA/2J

mice exposed to 20,000 feet simulated altitude for periods up to 24 days.
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Figure 2. Graphic representation of LDH total activity (Table III) in three

organs of DBA/2J mice exposed to 20,000 feet simulated altitude for periods of
up to 24 days.
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Figure 3. The mean hematocrit values obtained from a group of DBA/2J mice 
exposed to 20,000 feet simulated altitude for periods up to 24 days.
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DISCUSSION

Since hypoxia elicits a great number of physio
logic changes in exposed animals, it is untenable to 
assume that oxygen tension alone is responsible for the 
observed effects. Mechanisms behind the observed changes 
may remove p02 through several levels of cause, and in 
the absence of hypoxia, other stimuli may elicit similar 
responses. Such was the observation of Giragossintz and 
Sundstroem (28) who noted that certain of the changes 
accompanying altitude exposure were identical to those 
seen in adrenalectomy or cortical insufficiency. Aug
mentation of normal cortical hormones in hypoxic animals 
was seen to attenuate weight loss and debilitation, lead
ing the investigators to suspect that adrenal exhaustion 
was the mechanism whereby animals succumbed to chronic 
oxygen deficiency. This was later confirmed by the 
work of Armstrong and Heim (29) who noted an initial 
hypertrophy followed by histologic degeneration in the 
adrenals of altitude-exposed rabbits. Since this pat
tern can be duplicated by a variety of other stimuli 
(e.g., fatigue, cold exposure, and psychic stress) it 
is apparent that a single change in response to environ
mental stress need be a direct or unique effect of
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that parameter.
Such is apparently the case with the organ 

weights sampled in this study; the changes observed 
are similar to those induced by glucocorticoid admin
istration (30), and are assumed to be the result of 
documented adrenal activity. The significant decrease 
in pectoral and liver weights reflects the intervention 
of a protein catabolic factor, which adrenal hypertrophy 
implicates as one of the family of deoxycorticosteroids, 
the primary adrenal steroids in rodents. Collumbine (31) 
supports this supposition by noting decreases in the 
adrenal cholesterol of mice , in response to short (24 
to 48 hour) exposures to 14,000 feet. Thus the imposed 
stress causes a sequence of neural, humeral, and in 
the case of the sampled organs —  a morphological 
change.

The increase noted in heart mass was consis
tent with previous reports and represents a recognized 
adaptation to oxygen poor environments. Such a para
meter was sampled in this case to provide evidence that 
the chosen exposure mode (hypobaric chamber) had pro
duced anoxia at levels sufficient to induce adaptation.
Van Liere (32) explains the mechanism of increase as fol
lows. He indicates that initially hypoxia has two opposing
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effects on the heart: 1) It reduces effective venous 
pressure, and causes an abbreviation of systolic con
traction; 2) It increases the force of ventricular 
contraction, and thus ejection. These two opposing 
factors remain evenly balanced during the early stages 
of hypoxia and serve to maintain or increase slightly 
the normal systolic discharge. Maintenance of this 
altered contraction mode apparently leads then to hyper
trophy of the cardiac muscle as reported by Rotta (33) 
and Reynafarje (34) who noted significant cardiac hyper
trophy in response to altitude exposure. Hultgren (35) 
suggests that the pattern of onset involves first the 
right ventricle, in response to adaptive pulmonary hyper
tension, spreading later to the left, through increased 
peripheral resistance.

The fluctuation of total body weight among 
the exposed individuals is also the cumulative effect 
of several different factors. It appears that primary 
among these is a body fluid loss, reported in previous 
work by Picon-Raetegui (36) using rats exposed to 15,000 
feet. He noted that water and weight loss were at their 
highest level during the first week of exposure; sub
sequently total body water was seen to decrease by 20 
per cent, accounting for 94 per cent of the total re
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duction in mass. When one combines this observation with 
the findings of Lawless et.al.(37), who failed to notice 
changes in the water content of several organs (brain, 
skeletal muscle, kidney, and adrenals), the possibility 
arises that such fluid loss is instrumental in producing 
the hemoconcentration which accompanies hypoxic adapt
ation. Hematocrit samplings reported in this paper, as 
well as previous studies (38), would tend to support 
this.

The mechanism of such a fluid loss relies upon 
a renal effector, as evidenced in the polyurea observed 
by Stickney (op.cit.), who also noted increased,although 
less significant loss, through feces and expired air.

Protein catabolism, through the action of pre
viously mentioned cortical hormones, must also be con
sidered as a cause of weight decline. It can be spec
ulated that stress-elevated levels of corticosteroids 
make structural protein available as an energy source 
in the face of continued stress.

Contributing to the above mechanisms of weight 
loss was an apparent decrease in appetite on the part 
of exposed individuals. Although provisions had not been 
made to monitor food intake, it became obvious that the 
food supplied to chamber residents was not being con
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sumed at a rate comparable to that of the controls.
Such a tendency had been previously reported by 
Van Liere (39) in 1936, when working with altitude 
induced cardiac hypertrophy in rats, and is compatible 
with the observation of Campbell (40), that beyond a 
certain altitude animals will not eat. It is suspected 
that impairment of central nervous system activity, ei
ther on the level of data input and association (cereb
rum) , or on the plane of autonomic hunger manifestation 
(hypothalamus), is caused by limited oxygen availability. 
The result in either case would likely involve decreased 
appetite. Thus the weight decrease brought about by 
previously mentioned factors is not offset by food up
take .

It must be noted that the decreased food con
sumption was not associated with a decrease in water up
take. Water bottles for both control and experimental 
animals showed similar evidence of use.

The subject of diet alteration is mentioned 
because of its possible bearing , not only through cal
oric uptake, but also through co-factor requirements, 
upon the ability of the organism to survive continued 
stress. A suitable example is seen once again in the 
functioning of adrenal glands in altitude exposed ani-
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mals. Bronstein (41) has noted that hypoxia lowers the 
level of circulating ascorbic acid in guinea pigs; the 
depletion is to such an extent that it hastens the dev
elopment of scurvy on a normal diet. When this is com
bined with the depressed cortical content of this vita
min, which Tepperman et.al^ (42) associate with anoxic 
hypoxia, one begins to wonder if failure to augment 
vitamin C levels might contribute, in part, to adrenal 
collapse.

Thus the variance of a single environmental 
parameter gives rise to circulatory, neural, endocrine, 
nutritional, and metabolic stresses, any one of which 
might assist or supercede peripheral oxygen tension in 
effecting changes in lactic dehydrogenase activity. To 
these must be added the indeterminate effects of disease, 
as reflected through high mortality rates and debilitat
ion. Segregation of determinate and indeterminate 
effects is complicated through the overlapping contri
butions of each, and must be remembered as an unknown 
quantity in the following evaluation. One can only 
state that the observed changes were concurrent in time 
with the imposition of stress.

Previous studies (43) have noted little change 
in total LDH activity in response to hypoxia. Levels
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have remained the same or decreased slightly in specific 
organs through exposures lasting up to four months. 
Increased plasma values, however, are seen to accompany 
exposure, and are restricted primarily to H containing 
forms of the tetramer. Such a rise is characteristic 
of other enzymes as well (e.g., malic dehydrogenase, 
glutamic oxaloacetic transaminase, and alkaline phos
phatase) , and similar increases are seen in exercise, or 
can be induced by ACTH, cortisol, or epinephrine admin
istration (44). In the case of LDH such a serum increase 
might assist in preventing a plasma build-up of pyruvate 
(from lactate produced under anoxic conditions) by in
creasing the proportion of a tetramer inhibited by its 
end product. Such a phenomenon would be consistent with 
the ability to maintain an increased lactate/pyruvate 
ratio under anoxic conditions.

Atland et.al. have reported that the activity 
of LDH in the serum of altitude exposed animals can show 
increases of 300 per cent over control values (45), 
leading one to speculate as to the mechanism of change. 
Such an increase might occur through hypoxic attenuat
ion of the tissue's ability to retain soluble protein, 
thus providing direct stimulus to the liberation of sub
unit molecules. However, the better documented effects
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of adrenal hormones, and their secretion concurrent 
with altitude exposure, might allow modification of 
the ionic phenomena regulating membrane permeability, 
and permit the ionically mediated leakage observed 
ill vitro by Nathe (46) . The latter idea would pro
vide an explanation for the increased plasma activity 
associated with ACTH and corticosteroid activity, as 
well as explain altitude induced shifts.

Such a mechanism would allow tissue activities 
of the enzyme to remain constant if increased synthesis 
accompanied leakage, or if insufficient stimuli to 
cause loss were applied, and would allow a decrease in 
tissues suffering loss uncompensated by synthesis. The 
constant activities of heart and skeletal muscle, as 
reported in this study, reflect the first of these 
possibilities; the decreased activity of liver suggests 
the latter.

Concommitant with the decrease in liver total 
activity was a relative decrease in that organ's H sub
unit activity, as indicated by an increased H/M ratio 
(Table IV). Such fluctuations are coincident in time 
with the increased plasma activity and H subunit con
tent observed by Atland, and further implicate the liver 
as a source of enzyme for the rising serum values.

The maintenance of an otherwise unchanged LDH
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configuration (in heart and skeletal muscle) throughout 
exposure to hypoxic stress agrees with the observations 
of Miller and Hale(op.cit.) who concluded that changes 
in lactic dehydrogenase activity were not essential to 
altitude acclimatization in rats. Representative organs 
in their survey, as in this study, failed to show the 
significant alterations in M subunit production repor
ted in previous work with cultured cells.

In vitro studies, exemplified by the work of 
Kaplan et_.ad. (op. cit.) , and more recently by Hellung- 
Larsen and Andersen (47), are consistently successful 
in demonstrating oxygen mediated shifts. The conclusions 
of both groups reflect an inverse proportionality be
tween oxygen tension and M subunit production. In vivo 
studies, however, show less frequent success, and then 
primarily in developing [Lindy and Rajaslami] or neo
nate [Mager et.al.] animals. The implication might be 
that oxygen mediated shifts become more difficult to 
induce as the cellular environment increases in complex
ity.

Among the factors which are introduced in_ vivo 
and assert themselves throughout ontogeny, are hormonal 
controls influencing cellular activity. Examples of 
such are the modification of uterine isozyme patterns
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through the influence of estrogen, as observed by 
Kaplan (op.cit.), or the attenuation of total activity 
following hypophysectomy, as seen by Leeman (48).
The success of these influences, where oxygen tension 
fails, suggests a subordination of controls which 
might fluctuate with age. The increasing complexity 
of cellular environment occurring with development 
might so modulate cellular activity as to eliminate 
oxygen's influence in isozyme determination. On this 
basis, the inducibility of M subunits in culture, where 
humeral and hormonal influences are absent, could be 
explained as resulting from a decrease in the degree 
of stimulus specificity necessary to elicit a specific 
response. Such would be consistent in principle with 
other losses in physiologic specialization. Increased 
susceptibility to more non-specific stimuli, as obser
ved with culture age, oxygen availability, and phyto
hemagglutinin, would be the result.

Such a pattern would allow the proposed M 
subunit induction in response to pyruvate pool size (in 
chick embryos), oxygen tension (in neonates and in 
vitro), and hormone administration (in the uteri of 
rats), by allowing sensitivity to general stimuli early 
in ontogeny, followed by the intervention of a specific
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control system at maturity. Results obtained in this 
study would be consistent with such a scheme, in
dicating a lack of oxygen labile M subunit production 
by adult animals.



SUMMARY

Exposure of male DBA/2J mice to a simulated 
altitude of 20,000 feet for periods of up to 24 days 
had no effect upon the total activity or isozyme com
position of lactic dehydrogenase in skeletal muscle 
and heart tissue. Over the same time interval there 
was a decrease of activity in the livers of exposed 
animals, concurrent with a decrease in that tissue's 
H/M ratio. Such occurred at a time when others have 
reported increased serum activity and H subunit con
tent, implicating the liver as a source for the in
creased blood levels of that enzyme.
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APPENDIX A

The altitude chamber used in this study was a 
design modified from Pace and Clark (op.cit.), and fab
ricated by Omaha Plastics Company". The apparatus, as 
illustrated, is composed of twelve individual compart
ments, each of which has a volume of 1,728 cubic inches 
and is capable of receiving a cage containing five mice. 
Access to all twelve compartments is achieved via removal 
of the front wall, which can be detached by removing six 
screws which normally attach it to the chamber proper. 
Pressure sealing prior to decompression is achieved via 
the external application of half—inch wide acrylic tape 
to the door seam.

The structure, with the exception of external 
plywood reinforcing, is constructed exclusively of quar
ter inch acrylic plastic. Sheet stock is used for the 
walls and internal partitions, while quarter inch strip
ping is bonded internally to all structural joints. The 
purpose of such reinforcing is to insure structural in
tegrity in the event that the vacuum source exceeds pre
set decompression levels.

The design illustrated has been tested at alti
tudes up to 24,000 feet for periods in excess of 24 hours.
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Sustained exposures (of 28 days) were common throughout 
the course of this study; they were maintained with no 
apparent damage to the apparatus. It has proven to be 
an economical method of maintaining organisms at the 
upper limit of their adaptive capabilities for indefin
ite lengths of time.
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