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Ouabain, strychnine sulfate, caffeine sodium benzoate and chlorpromazine hydrochloride
were introduced intraperitoneally into male mice for 7, 14 and 21 days to induce the changes
in the relative percentages of lactate dehydrogenase isozymes. The five isozymes in brain,
heart and kidney tissues were electrophoresed on cellulose acetate strip and subjected to
densitometry.

Ouabain caused a drastic increase of B4 isozymes only in brain tissues. The two stimulants
altered the relative percentages of A; and B, isozymes conspicuously in brain tissues, whereas
virtually no redistributions of five isozymes were occurred by the depressant except B, isozy-
mes in brain and heart tissues.

On the basis of these observations, it might be suggested that the changes in intracellular
concentration of sodium and calcium ions are not the cause of the isozyme redistributions and
that organization of plasma membrane could be one of the factors involved in the tissue

specificity of lactate dehydrogenase isozymes in vertebrates.
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The evolutionary tendency of lactate dehyd-
rogenase (EC 1.1.1.27; LDH) in vertebrate species
towards forming electrophoretically five distinct
isozymes could be derived from the facts that spe-
cific heterotetrameric isozyme(s) can not be found
in poikilotherms (Markert and Faulhaber, 1965),
even though there are lots of A and B subunits in
their cytoplasmic environments.

Furthermore, the purified A; and B4 isozymes
from five-isozyme typed species could make three
heterotetramers after freezing-thawing in NaCl
(Markert, 1963), while those isozymes from species
having only A; and B4 isozymes would not do
(Yum et al., 1981).

This might mean that the amino acid sequence
of binding sites on the two subunits has been
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drastically changed during the course of vertebrate
evolution due to certain physiological needs for
five isozymes.

In an attempt to elucidate a precise mechanism
by which quaternary structure formation is brought
about, artificial in vivo alterations in the relative
percentage of the LDH isozymes have been made
by change in oxygen tension (Mager et al., 1968},
poisoning by heavy metals (Secchi et al., 1970),
hormonal treatment (Suleiman and Vestling,
1979), exposure to chemical carcinogens (Spence,
1979), cold acclimatization (De Costa et al., 1981)
and blocking the sodium channels (Kim and Yum,
1985).

One of the most reliable ways to study the
formation mechanism of quaternary structure is to
perturb the intracellular environment through get-
ting cells exposed to chemicals which might
change energy metabolism or membrane struc-
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ture.

In the present work with mouse LDH isozymes
in which ouabain, two stimulants strychnine and
caffeine, and a depressant chlorpromazine (CPZ)
were used for the purpose of interrupting the
cellular environment, we have observed several

characteristics of alteration in the isozyme distribu-
tion which might be one of the clues to the
mechanism of the quaternary structure formation
of the protein.

Materials and Methods

Albino male mice weighing approximately 40 g
were kept in five groups of 12 each. The first was
used as control. The second to fifth were sub-
jected to multiple intraperitoneal injections of oua-
bain (10 mg/Kg/d), strychnine sulfate (0.1 mg/Kg/
d), caffeine sodium benzoate (25mg/Kg/d) and
chlorpromazine hydrochloride (1mg/Kg/d), respec-
tively.

Three individuals from each group were sacri-
ficed after 7, 14 and 21 days of the in vivo che-
mical exposure. After decapitation, brain, heart
and kidney tissues were used in the elec-
trophoresis.

Each tissue was ground in an ice-bathed glass
homogenizer in cold demineralized water followed
by centrifugation in a PR-2 International refriger-
ated centrifuge at 6,000 x g for 1 hr. The resulting
crude extracts were used within 4 days. Elec-
trophoresis on cellulose acetate strip (Millipore,
ESWPO25FT) was carried out by the methods of
Yum et al. (1981).

Zymograms after the electrophoresis were sub-
jected to densitometry with an automatic comput-
ing densitometer (Gelman, ACD-18). The results
were expressed as mean of at least triplicate ex-
periments.

The four pharmacological drugs and NAD were
obtained from Sigma and the buffer components
barbituric acid and sodium barbiturate from
Merck. All chemicals used were of highest reagent
grade available.
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Results and Discussion

Ouabain

By using the cultured human cells, Lamb and
McCall (1972) described that prolonged ouabain
treatment caused increase in [Na); and decrease in
[K];. The elevation in [Na]; could produce concom-
itant rise in [Ca). Indeed, ouabain inhibits para-
thyroid hormone release out of bovine parathyroid

cells (Rothstein et al., 1982).

Table 1 summarizes the conspicuous increase of
B, isozyme in mouse brain tissues, after exposure
to ouabain, to such an extent that nearly all ex-
perimental brain tissues have twice as much By
isozyme as control brain. This result might be
comparable with the sharp increase of brain Bg4
isozyme in mouse exposed to tetrodotoxin which
blocks the membrane sodium channels (Kim and
Yum, 1985).

It is, thus, reasonable to speculate that neither
the depletion of intracellular sodium ion nor the
increase in intracellular sodium ion is direct cause
of the change in relative percentage of five LDH
isozymes.

Contrary to brain tissues, no drastic changes in

Table 1. Effects of in vivo multiple treatment of ouabain
(10mg/Kg/d) on the relative percentage of five LDH
isozymes in mouse tissues.

Relative percentage

Days A, AB AB, AB, B, /B
Brain
Control 140 274 314 175 97 120
7 119 235 204 19.7 245 081
14 130 228 238 184 220 087
21 149 203 182 198 268 0.79
Heart
Control 20.1 195 270 206 128 114
7 224 187 231 203 155 1.13
14 21.3 204 202 205 176 108
21 173 163 23.1 234 199 0388
Kidney
Control 11.0 240 252 235 163 090
7 250 213 214 174 149 127
14 174 221 212 196 19.8 0.98
21 149 239 216 188 208 094
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A/B ratio can be met in heart and kidney tissues.
The differences in sensitivity of these three tissues
to ouabain might be explained by membrane lipid
biochemistry. Several lines of evidence demons-
trate that the relative potency of the cardiac glyco-
sides for (Na + K)-ATPase inhibition is highly de-
pendent on the source of the enzyme (Akera,
1971; Marks and Seeds, 1978). Rat heart (Na +
K)-ATPase was markedly less sensitive to ouabain
or digoxin than was rat brain or guinea pig heart
enzyme (Akera et al., 1985). Those characteristic
affinity of the enzymes for the glycoside has been
explained in terms of lipid biochemistry that the
constituent membrane fatty acids and cholesterol
play an important role as possible modulators of
the inhibitory action of cardiac glycosides (Abe-
ywardena and Charnock, 1983; Yeagle, 1983).

Strychnine

Table 2 demonstrates the sharp increase of B,
isozyme in mouse brain tissues after exposure to
strychnine. The relative percentage of A4 isozyme
in brain and heart tissues diminishes, while that in
kidney tissues increases. No significant changes
were found in three heterotetramers.

The binding of glycine to the postsynaptic gly-
cine receptor produces an inhibitory effect on
neuronal firing that is mediated by an increase in
chloride conductance and this effect of glycine is
antagonized by the alkaloid strychnine (Curtis et
al., 1971).

Strychnine binding site is known to associate
with only one polypeptide of glycine receptor
which contains three major polypeptides. Peptide
mapping of this strychnine binding subunit of puri-
fied pig and rat glycine receptor showed that
those binding sites are highly conserved between
these species (Graham et al., 1985).

It is, thus, highly acceptable that the isozyme
redistribution might be resulted from the mem-
brane reorganization caused by strychnine binding
to the glycine receptor which in turn affects the
conformation of membrane proteins including
those of sodium channels.

Caffeine

Caffeine (1,3,7-trimethylxanthine) is known to
have pleotropic effects at the cellular level. Expo-
sure of mammalian skeletal muscle to the alkaloid,
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Table 2. Effects of in vivo multiple treatment of strych-
nine (0.1mg/Kg/d) on the relative percentage of five
LDH isozymes in mouse tissues.

Relative percentage

Days A, AB AB, AB, B, /B
Brain

Control 140 274 314 175 97 120

7 11.1 255 280 186 168 096

14 115 275 276 188 146 1.03

21 87 244 300 191 178 0.88
Heart

7 20.1 195 270 206 128 114

14 108 183 275 269 165 0.82

21 139 214 326 238 83 1.09
Kidney

Control 11.0 240 252 235 163 090

7 1666 209 255 233 137 1.03

14 13.6 195 245 234 190 0.86

21 169 215 242 227 147 1.03

which readily penetrates the sarcolemma, pro-
duces a phasic contracture which has been shown
to result from a release of calcium ions from the
sarcoplasmic reticulum (Weber and Herz, 1968).
This caffeine contracture is reported to be pro-
duced in cardiac muscles of various mammalian
species (Chapman and Leoty, 1976). Caffeine has
been reported, furthermore, to increase the sensi-
tivity of the contractile proteins in cardiac muscle
to calcium ion (Eisner and Valdeolmillos, 1985).

No significant changes in the relative percen-
tages of five LDH isozymes can be met in heart
tissue (Table 3), suggesting that the intracellular
concentration of calcium ion does not play a role
in the process of quaternary structure formation.

Caffeine in the brain tissue made a significant
increase of the B, isozyme, while it did a decrease
of A4 isozyme, being similar changes in brain tis-
sue exposed to a stimulant strychnine.

Despite the vast amount of data on different
effects of caffeine, its molecular mechanism of ac-
tion is not known. The involvement of caffeine
with the inhibition of enzyme activity is well
documented. Caffeine is known to inhibit
5’-nucleotidase activity in brain (Tsuzuki and
Newburgh, 1975), kidney (Fredholm et al., 1978)
and heart (Heyliger et al., 1981). Thus, the pro-



January 1989

Table 3. Effects of in vivo multiple treatment of
caffeine(25mg/Kg/d) on the relative percentage of five
LDH isozymes in mouse tissues.
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Table 4. Effects of in vivo multiple treatment of chlor-
promazine (1mg/Kg/d) on the relative percentage of five
LDH isozymes in mouse tissues.

Relative percentage

Days A, AB AB, AB, B, VB
Brain
Control 140 274 314 175 97 120
7 13.0 213 278 206 17.3 092
14 7.7 253 251 223 196 081
21 88 226 27.8 20.0 208 081
Heart
Control 20.1 195 270 206 128 1.14
7 234 189 238 21.1 128 1.21
14 229 194 249 205 123 122
21 166 197 238 213 186 095
Kidney
Control 11.0 240 252 235 163 0.90
7 185 222 253 21.7 123 1.14
14 157 21.7 250 24.1 135 102
21 173 228 245 214 140 1.08

duction rate of adenosine seems to have nothing
to do with the physiological need of five LDH
isozymes.

Chlorpromazine

After 7 days of CPZ exposure, brain tissue
shows comparatively low A/B ratio, whereas heart
tissues comparatively high A/B ratio (Table 4),
suggesting that the B, isozymes in two tissues are
different from each other at a viewpoint of phy-
siological behavior.

The pharmacological effects of CPZ is due pri-
marily to the blocking of dopamine receptors
(Tamir et al, 1981). A number of mechanisms
have been demonstrated with regard to the effects
of CPZ on biological membranes. At low concen-
trations, CPZ has been shown to strongly stabilize
the erythrocyte membrane against hypotonic he-
molysis (Seeman and Kwant, 1969). In mitochon-
dria, CPZ has been shown to protect the mem-
brane at pH 7.9 against the action of exogenously
added phospholipase A (Seppala et al.,, 1971). On
the other hand, CPZ and each of its metabolites
alter liver plasma membrane lipid fluidity (Keeffe
et al., 1980).

Relative percentage

Days A, AB AB, AB, B, VB
Brain
Control 140 274 314 175 97 120
7 108 227 276 223 166 0.89
14 147 269 285 18. 111 117
21 115 27.0 292 203 120 1.06
Heart
Control 201 195 270 206 128 1.14
7 174 296 276 193 6.1 140
14 122 235 287 238 118 1.00
21 150 264 267 200 119 1.13
Kidney
Control 11.0 240 252 235 163 090
7 139 224 241 227 169 094
14 155 204 246 249 146 097
21 114 218 266 235 167 088

Membrane and B, isozyme

On the basis of our observations that, depend-
ing on the kind of tissues, the relative percentages
of five tetramers could be altered to different ex-
tent by exposing those tissues to chemicals which
affect the membrane structure, it seems likely that
intracellular environments have to be continuously
controlled to maintain their low entropy.

Furthermore, it should be noted that cells of
central nervous system reveal physiological need
for B4 isozyme when they are exposed to un-
accustomed environment. Everse and Kaplan
(1975) proposed the hypothesis that the A type
LDH is especially geared to serve as a pyruvate
reductase in anaerobically metabolizing tissues,
whereas B type enzyme is better suited to serve as
a lactate dehydrogenase in aerobically metaboliz-
ing itssues. Thus, it might be acceptable that
NADH is needed in the experimental brain tissue
to cope with the increase of intracellular entropy
induced by changes of membrane structure and
function.

It is fairly well established that temperature itself
causes a change in the properties of membrane
lipids which tends to offset the perturbing effects
of changed cellular temperature and thereby to
preserve the physical state of those lipid compart-
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ments in some optimal and advantageous condi-
tion (Cossins and Prosser, 1982). Hill and Ban-
gham (1975) suggested that a lipid-soluble drug
might enter the membrane, disrupting the normal
membrane organization and thus making the
structure more fluid and that the cell responds by
incorporating straighter phospholipids which are
less fluid into its membrane. Although it is still in
doubt as to whether the homeoviscous drug-
adaptation has relevance to our intracellular isozy-
me redistribution, it is certain that an emphasis has
to be on the potentially more specific effects of
lipids on, for example, membrane protein con-
formation as pointed out by Littleton (1983).
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