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Lactate Dehydrogenase of Trout: Hybridization

in vivo and in vitro

Abstract. Speckled trout and lake trout contain five forms of lactate dehydro-
genase, but a different electrophoretic distribution of isozymes characterizes each
species. The hybrid splake, which is produced artificially by fertilizing lake trout
eggs with speckled trout sperm, contains nine isozymes. This complement of iso-
zymes In vivo could be produced in vitro by recombination of subunits from tis-
sues of the parent species. In the splake trout, this complement is the result of
heterozygosity at the gene locus responsible for synthesis of LDH-5. Extracts of
trout eyes contain at least two additional forms of LDH which could not be

demonstrated in other tissues.

In describing the lactate dehydro-
genase isozyme composition of various
tissues from the speckled trout, Sal-
velinus fontinalis, 1 proposed that three
active nonallelic genetic loci controlled
the synthesis of LDH subunits (7).
Evidence that requires modification of
this hypothesis and provides a firm
genetic basis to describe the multiplici-
ty of lactate dehydrogenases in these
trout is now presented.

As many as five forms of electro-
phoretically distinguishable lactate de-
hydrogenases may be produced in most
vertebrates by the random associa-
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tion of two classes of polypeptide sub-
units (2). These subunits are coded
by two nonallelic genes (3). Poly-
acrylamide-gel electrophoretograms ex-
hibited nine regularly spaced bands of
LDH activity from various tissues of
S. fontinalis (1). In order to fit these
data within the framework of the sub-
unit hypothesis it was reasonable to
propose that there was active in this
species a third cistron coding a third
LDH polypeptide subunit. This then
would result in the occurrence of three
homopolymers of subunit composition,
AAAA, BBBB, and CCCC, and of 12
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Fig. 1. LDH electrophoretograms from trout. The sample was
applied to the top of the gel, and the proteins migrated toward
the anode. LDH-1 is the isozyme closest to the anode. Patterns:
A, lake trout; B, speckled trout; C, mixture of A and B, demon-

strating coincidence of LDH bands; D, splake; E, recombinant
isozyme pattern formed by combining A and B and freezing;
F, mixture of B and E, demonstrating coincidence of LDH bands.
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heteropolymers produced by the ran-
dom combinations of the three poly-
peptides.

I have now determined that nine
LDH isozymes occur in the hybrid
(heterozygous) trout, while in the
parent (homozygous) species there are
the usual five forms of the enzyme.
The original data on trout LDH were
obtained with fish from the Gaspé
Hatchery of Quebec, Canada, and
those reported now were obtained with
S. fontinalis, S. namaycush (lake trout),
and the hybrid splake from various
hatcheries in the United States and
Canada.

The lactate dehydrogenase isozymes
were separated electrophoretically on
polyacrylamide gels. Enzyme activity
was localized on the gels as sites of
nitro blue tetrazolium formazan de-
position. The reaction mixture at pH
8.3 contained, in final concentration,
0.1M tris (hydroxmethyl) aminome-
thane, nicotinamide adenine dinucleo-
tide (NAD) (1.3 mg/ml), nitro blue
tetrazolium (0.45 mg/ml), 0.05M
L(+)-lactic acid sodium, and phena-
zine methosulfate (0.14 mg/ml). The
mixture was incubated at 37°C, usual-
ly from 5 to 30 minutes, depending
upon the activity of the preparation.
Isozymes were better separated on a
5-percent polyacrylamide gel rather
than on the standard 7'2-percent gel.

Organs were removed from freshly
killed fish, washed in ice-cold 0.05M
sodium phosphate buffer at pH 7 to
remove excess blood, blotted with filter
paper, weighed, and then homogenized
in an amount of buffer sufficient to
make a 10-percent homogenate. Testes
were homogenized and then disrupted
with high-frequency sound. The ex-
tracts were centrifuged at 4°C for
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Fig. 2. Diagrammatic representation of LDH isozymes showing
proposed subunit composition of (left to right) speckled trout,
lake trout, and splake.
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20 minutes at 10,000g, and the super-
natants were used for assay. The LDH
activity in the extracts was assayed
spectrophotometrically by measuring
the oxidation of reduced NAD at
340 my with pyruvate as substrate.
Ratios of NADH,;, to NADHy (4)—
that is, the ratio of LDH activity in
the presence of a ‘low concentration
of pyruvate to that in a relatively
high concentration of this substrate—
were determined with 9 X 10—2M
and 1.8 X 10—*M pyruvate (final
concentrations). This ratio represents
a measure of the kinetic characteristics
of the tissue isozyme complement and
thereby indicates the relative propor-
tion of the different subunits in the
preparations. Extracts prepared from
heart, muscle, testes, sperm, brain, and
eye were assayed spectrophotometrical-
ly and electrophoretically. With the
exception of the eye, there were no
qualitative differences in isozyme pat-
terns of the various tissues. Tissue-
specific isozyme patterns were reflected
in the differences in relative propor-
tions of the individual isozymes. For
example, heart extracts contained more
LDH-1 and muscle extracts contained
more LDH-5.

The five forms of lactate dehydro-
genase from tissues of lake trout (Fig.
1, pattern A) show a different electro-
phoretic distribution from the five iso-
zymes in speckled trout extracts (Fig.
1, pattern B). In both species, LDH-1,
the form that migrates most rapidly
to the anode, moves the same  dis-
tance on the gels. However, wider
separation on the gels of the isozymes
from the speckled trout suggests that
the difference in charge between the
A and B subunits is greater in this
species than in the lake trout. If the
extracts from the-two species are com-
bined prior to electrophoresis, it is ap-
parent that LDH-1 of both have the
same charge, that speckled trout LDH-
2 and lake trout LDH-3 are coincident
in migration, and that speckled trout
LDH-3 and lake trout LDH-5 also are
similarly charged proteins (Fig. 1, pat-
tern C). The mixture, therefore, con-
tains seven separable forms of LDH.
In the hybrid splake nine proteins
with lactate dehydrogenase activity can
be resolved on polyacrylamide gels
(Fig. 1, pattern D). This is exactly
the number that would be predicted
on the basis of the isozyme com-
plements of the parents. It is probable
that the gene locus responsible for
controlling the synthesis of LDH-1 is
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Fig. 3. LDH isozymes in eye tissue of
speckled trout. Electrophoretic orientation
as in Fig. 1. Pattern A, eye extract; pattern
B, mixture of eye extract with recom-
binant.

common to S. fontinalis and S. namay-
cush so that this isozyme has the
tetramer composition, BBBB, in both
species. One of the parent a gene loci
may be a mutant producing an o
allele in contrast to the a allele of the
other parent, with LDH-5 representable
as A’A’A’A’” and AAAA, respectively.
The genotype of the lake trout as
far as LDH is concerned can be desig-
nated as bbaa and of the speckled
trout as bba’a’. The splake then would
have an LDH genotype of bbaa’, or
two gene loci controlling the synthesis
of three subunits, B, A, and A’. On
this basis subunit compositions may
be assigned for each species accord-
ing to the representation in Fig. 2.

Since we know the subunit composi-
tion of the parent-type lactate dehydro-
genases, we can be certain of the
tetramer make-up of seven of the nine
isozymes in the hybrid. The other two
forms of the enzyme are assigned sub-
units by assuming that A and A’ com-
binations are formed. It is possible to
test this assumption by a dissociation-
recombination experiment in vitro (5),
and one could predict the formation of
the hybrid splake isozyme pattern. In
this experiment extracts were prepared
from speckled trout and lake trout in
0.1M phosphate buffer at pH 7.0.
Equivalent amounts (in terms of LDH
activity) were mixed, made 0.05M with
respect to NaCl, and slowly frozen
and thawed. These results (Fig. 1, pat-
tern E) demonstrate that the LDH
complement of splake can be obtained
in vitro from a combination of brook
and lake trout subunits.

Since the hybrid contains, in effect,
three classes of polypeptide subunits,
there are 15 isozymes that can be
formed in this system. The fact that

only nine are demonstrable can also
be readily explained. Examination of
LDH-3 (A’A’BB) from S. fontinalis
and LDH-5 (AAAA) from S. namay-
cush, which have the same electro-
phoretic mobility, suggests that the
subunit combination A’B has the
same charge in this system as AA.
Therefore, by replacing an AA with
A’B or vice versa, in the various
tetramer combinations known from
the experimental data, an additional
five forms of LDH of known electro-
phoretic mobility can be predicted
(Fig. 2).

The speckled trout from Gaspé
Hatchery, which contained as many as
nine LDH isozymes (I), were from
an isolated, highly selected, inbred
population (6). The original data were

obtained from some 24 individual male

and female fish, all showing the same
isozyme pattern. The analyses de-
scribed here were carried out with
more than 100 fish from several widely
separated hatchery and wild popula-
tions, and all but the hybrid had five
forms of LDH. Therefore the Gaspé
Hatchery trout probably maintained a
mutant allele in their genotype (7).
Preliminary experiments with other
closely and distantly related species of
Salmonidae indicate that all contain
five forms of LDH and that LDH-1
has the same electrophoretic mobility
in each. It is possible that the b locus
is common to all members of this
group of fish and, from an evolu-
tionary standpoint, that the b gene
represents the ancestral type from
which has ‘evolved the a gene and,
consequently, the multiplicity of lactate
dehydrogenases in the Salmonidae.
An immediate question is whether
the mutant allele in S. fontinalis and
the multiplicity of lactate dehydro-
genases in the artificially produced
splake are of functional significance.
Some insight into this problem may
be obtained from the following val-
ues for the NADH, :NADHj; ratios of
lactate dehydrogenase activity of heart
and muscle extracts of various trout:
speckled trout, 1.60 (heart), 0.32 (mus-
cle); lake trout, 1.59 (heart), 0.32
(muscle); and splake, 1.67 (heart), 0.32
(muscle). The higher the ratio, the
greater the number of subunits con-
tributed by the heart-type LDH. These
results with heart and muscle LDH
(8) suggest that there is no marked
catalytic difference .in the LDH (es-
pecially of the muscle preparations)
as a consequence of the presence of
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A and A’, or both, in the tetramers.
There would appear to be no advan-
tage in the hybrid’s having all types
of subunits.

The tissue specificity is particularly
striking in extracts of eyes assayed
for lactate dehydrogenase activity.
There are at least two rapidly migrat-
ing isozymes of this enzyme in trout
eyes, and they appear to be present
as relatively major components (Fig.
3, pattern A). This observation is in
agreement with that of Markert and
Faulhauber (9) that a very negatively
charged LDH molecule is present in
eye extracts from approximately 30
species of fish. These investigators sug-
gest that there is an independent
genetic origin for these isozymes rela-
tive to the other forms of LDH in the
fish. Such a conclusion is supported
by the outcome of the dissociation-
recombination  experiment  present-
ed here, when isozymes which must
contain other than an A or B subunit
are formed (Fig. 3, pattern B).

Thus the molecular heterogeneity
of lactate dehydrogenase in fish is rel-
atively complex compared with the
LDH isozyme complement of the more
intensively  investigated mammalian
system (9, 10). Some of this com-
plexity is clarified by the unequivocal
demonstration here that in the hybrid
fish heterozygosity at one genetic locus
and co-dominance of alleles at this
locus result in the production of three
polypeptide subunits which are utilized
in the synthesis of homo- and hetero-
polymers of a single protein. In view
of these data it is necessary that I
withdraw my original interpretation of
the isozyme pattern in trout as rep-
resenting the activity of three non-

allelic genetic loci (/) in favor of the
alternative explanation provided here.
However, the original premise that
three types of subunits participate in
the synthesis of trout lactate dehydro-
genase remains valid.

ErRWIN GOLDBERG
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Electron Microscopy: Two Major Synaptic Types

on Spinal Motoneurons

Abstract. Two major types of synaptic bulbs are defined on the motoneuron
surface of the monkey, on the basis of content of agranular “synaptic” vesicles
of two distinct kinds. Both types are present on dendritic as well as perikaryal
surface. Because of the approximately equal numbers, the hypothesis that one
type is excitatory and the other inhibitory naturally arises.

In recent years the additional com-
plexities of synaptic structure revealed
by the electron microscope have fortu-
nately coincided with. the development
of fundamental new evidence concern-
ing synaptic function. The evidence for
the existence of inhibitory as well as
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excitatory synapses, of electrical as well
as chemical synaptic transmission, of
a variety of possible transmitter sub-
stances, and of differential electrical
properties of postsynaptic elements,
whether dendrites, somata, or axons,
now offers the histologist an arena of

enhanced opportunity for meaningful
discovery of functional anatomical re-
lationships.

Whereas important evidence has been
obtained which links structural attri-
butes to electrotonic as contrasted to
chemical synaptic transmission (7), the
relationship of structural differentiation
to excitatory or inhibitory function is
much less clear. A promising lead,
based upon differences of the synapto-
lemma (junctional interface) on den-
drites as contrasted to perikaryal sur-
face in the cerebral cortex (2), has
not subsequently yielded a clear pic-
ture of the significance of such differ-
ences. Moreover, the distribution of
granular synaptic vesicles is not such
as to suggest a general correlation with
excitatory or inhibitory functions (3).
Our findings for the spinal cord are
therefore of special interest; they reveal
a differentiation of two major types of
synaptic bulbs on the basis of the mor-
phology of agranular vesicles.

It is probable that the fixative used
(2.5 percent buffered glutaraldehyde)
made possible a clearer differentiation
of types of synaptic bulbs than we ob-
tained in earlier studies with formalde-
hyde fixation (4), but other details of
preparation, including hardening with
osmium tetroxide, araldite embedding,
and staining with lead hydroxide, were
the same. Synaptic boutons were char-
acterized according to type of vesicle
location on postsynaptic surface (soma,
dendrite, or dendritic spine), mode of
origin (myelinated or unmyelinated
telodendria, or node of Ranvier), size,
and relation to subsynaptic cistern or
Nissl body. Two major types, well
shown in Fig. 1, and two additional
types, of infrequent occurrence, were
characterized in the motoneuron neu-
ropil. The two major types were found
not only on motoneuron dendritic and
perikaryal surfaces but also on smaller
neurons of the intermediate zone of
the anterior gray column. In all loca-
tions they tend to be almost equally
distributed, but there is a tendency for
clustering of each type in any particular
location.

One type, which tends to be slightly
more numerous, contains agranular
vesicles with circular profiles of about
250 to 400 A, hereafter referred to as
S wvesicles. The other type contains
flattened, elongated, agranular vesicles
which may be 100 to 200 A wide and
300 to 600 A long (F vesicles). The
“F” boutons may contain an admixture
of S vesicles, whereas “S” boutons do
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