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Of the numerous enzymes existing in multi-
ple molecular forms (isozymes), lactate de-
hydrogenase has been studied the most ex-
tensively. The studies include both clinical
and biological investigations on a wide range
of tissues and species.1-5
The role of lactate dehydrogenase (LDH)

in the glycolytic pathway is well known;
that is, it mediates the transfer between lac-
tic acid and pyruvate, using nicotinamide
adenine dinucleotide (NAD +) as coen-
zyme. The isozymic patterns of LDH in cer-
tain tissues have been shown to be related
to the development of those tissues.6-8 Infor-
mation on the presence of this enzyme in
the tooth, therefore, may provide an insight
into the enzymatic mechanisms responsible
for the morphologic and chemical changes
occurring during the development of the
tooth. Recent histochemical investiga-
tions9-12 have shown the presence of LDH
in the tooth but do not give either quantita-
tive information on the amount or informa-
tion on the isozymic composition of the
enzyme, or both. This study, therefore, was
designed to determine the types and
amounts of lactate dehydrogenase in devel-
oping mouse molars during dentinogenesis
and amelogenesis.

Materials and Methods
Lactate dehydrogenase activity in first

molar teeth was studied by a quantitative
assay and by gel electrophoresis. Tissue sec-
tions were also prepared to assess the stages
of tooth development.

Swiss mice (Webster strain), 2 to 21 days
old, were sacrificed at 1-day intervals by
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decapitation. Heads of mice from two litters
were fixed in 10 percent neutral buffered
formalin and decalcified. Serial sections of
the mandible and maxillas were cut at 10t
and stained with hematoxylin and eosin to
observe the stage of development and the
amounts of enamel and dentin formation.
The widest section of enamel and dentin on
the mesiobuccal surface of the first molar
teeth was measured with an ocular microm-
eter.

Maxillary and mandibular tooth buds
from 200 first molars were enucleated,
weighed, and homogenized, adding 0.2 ml. of
distilled water for each milligram of tissue.
The samples were analyzed for LDH activ-
ity by a spectrophotometric assay at 340 mpt
and 370C. The reaction mixture contained
0.25 ml. of 0.36M L+ lactate (sodium salt),
0.10 ml. of 0.05M NAD+, 0.9 ml. of 0.05N
tris-HCl buffer at pH 8.9, and 0.25 ml. of
the tissue homogenate. Protein concentra-
tion was determined by the method of
Lowry et al.'3 Bovine serum albumin* was
used as the protein standard.

Homogenates of tooth buds, prepared and
obtained on the same days as described, were
submitted to acrylamide gel electrophoresis
according to the method described by Orn-
stein14 and Davis.'5 The homogenates first
were diluted with 40 percent sucrose solu-
tion to a tissue concentration of 5 mg./0.1
ml. For each gel, 0.1 ml. of this dilution,
which contained 5 mg. of tissue, was applied
directly onto the spacer gel. Sample gel was
not used in this procedure. Electrode buffer
was layered over the sucrose-sample mix-
ture before the tubes were inserted into the
electrophoretic apparatus. A tissue concen-
tration of 5 mg. was chosen, because higher
concentrations produced smeared bands on
the gels and lower concentrations did not

*Armour Company, Chicago, Ill.
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demonstrate the bands of lower activity, as
in the older tooth buds.
The gels were stained for LDH activity

by a nitro-blue tetrazolium staining reaction
modified from a technic of Dewey and Conk-
lin.16 This technic leads to deposition of a
blue formazan dye in the gel at sites of LDH
activity. The reaction mixture contained 9.0
ml. of 0.36M L+ lactate (sodium salt), 20.0
mg. of NAD, 8.0 mg. of phenazine methosul-
fate, 5.0 mg. of nitro-blue tetrazolium, and
57.0 ml. of 0.2M tris-HCl buffer at pH 8.0.
The gels were incubated in the dark at 240C.
In addition to the tooth buds, homogenates
of mouse heart muscle, liver tissue, kidney
tissue, skeletal muscle, and serum were ana-
lyzed in the same manner.

Results
Measurements of the enamel and dentin

width were found to be a convenient way to
assess the stages of amelogenesis. Enamel
width increased from 2 to 8 days (Fig. 1).
After 8 days, the enamel was composed al-
most entirely of calcified material and was
lost through decalcification prior to section-
ing. These results were from mice of the
same litter, sacrificed at 1-day intervals.
From 2 to 21 days, the width of dentin in-
creased (Fig. 2) . The results for days 2 to 1 1
were from one litter, and those for days 12 to
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FIG. 2.-Width of dentin (measured in microns),
related to age in days. x - Max.; 0 = mand.

21 were from a second litter. As the enamel
and dentin width increased with age, the
weight of the first molar teeth increased
(Fig. 3). The weights of the teeth varied
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FIG. 1.-Width of enamel (measured in microns),
related to age in days. x = Max.; 0 = mand.
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FIG. 3.-Wet weight of the tooth (measured in
milligrams), related to age in days. "X" signifies
the mean, and the bar relates to 1 standard devia-
tion on each side of the mean. r = 0.873; least
squares equation: y = 57.5 + 16.7 X -0.29x2;
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from 0.8 to 3.3 mg. A quadratic equation
was computed by the method of least
squares to provide a mathematical generali-
zation for the increase in weight. The co-
efficient of correlation for this increase was
0.873. Protein concentration of first molar
teeth, measured in micrograms of protein
per milligram of wet weight of tissue in-
creased during days 2 to 9 (Fig. 4). A linear
equation was computed by the least squares
method to determine the amount of increase.
The linear coefficient of correlation for this
increase was 0.805. These data provide a
frame of reference for, and estimate the rate
of, these parameters during mouse molar
tooth development.

Lactate dehydrogenase activity, measured
in millimicromoles of reduced NAD +
(NADH) formed per minute per milligram
of wet weight of tissue, decreased with in-
creasing age of the mouse (Fig. 5). The
LDH activity, measured in millimicromoles
ofNADH formed per minute per microgram
of protein of the tooth, decreased during
days 2 to 9 (Fig. 6). In both activities, there
was considerable variation in each day's
measurements. A specific cause of this vari-
ance was not found. A linear equation was
computed by the least squares method to
determine the amount of decrease during
days 2 to 9. The linear coefficient of correla-
tion for this decrease was -0.809.

Five LDH isozymes from tooth buds were
demonstrated after acrylamide gel electro-
phoresis (Fig. 7). The LDH isozymes are
numbered LDH-1, LDH-2, LDH-3, LDH-4,
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FiG. 5. Millimicromoles of NADH formed per
minute per milligram of wet weight of tooth, re-
lated to age in days. "X" signifies the mean, and
the bar relates to one standard deviation on each
side of the mean. x = max.; * - mand.; least
squares equation: y - 110.4 + -10.53x
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RFi. 7.-Lactate dehydrogenase isozymes of de-
xeloping molar teeth demonstrated by acrylamide
gel electrophoresis. Five isozymes are present
(LDH-1, LDH-2, LDH-3, LDH-4, and LDH-5).
With increasing age, the most fast-moving isozymes
(LDH-1 and LI)H-2) are not demonstrated and
the overall density of all the bands decreases.
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Fin. 8.-Lactate dehydrogenase isozymes of de-
veloping -day molar teeth compared with other
tissues of the mouse (adult heart muscle, adult kid
ney, andl adult skeletal muscle).

and LT)H-S fromii the anode to the cathode.
At (lays 2 through 7, five bands of LDH ac-
tivitv were (lemoniistratel. With increasing
age, LDH-1 and LL)H-2 decreased in activ-
ity (Fig. 7). A decreasee in the overall den-
sity of all the isozymes occurred with in-
creasing age.
The lactate dehydrogenase isozymes dem-

onstrated in mouse first molar teeth were
identical in electrophoretic mobility to the
isozymies from mouLlSe heart muscle, liver,
kidney, skeletal muscle, aind seruim (Fig. 8).

Discussion

The entire sequence of (lentin and enamel
formation, calk ilication, and eruption into
the oral cavity occurs during days 2 to 21 in
the first molar of the mouse. These stages of
development have been studied by Cohn17
and are similar to the developmental stages
found in this study. The first predentin is
found at 1 to 2 days. At 9 to 15 days, enamel

maturation occurs. At 17 (lays, the teeth
erupt into the oral cavity and, at 21 to 25
(lays, are in occl.isioll. For convenience, we
have expressedl these stages of mouse molar
tooth dlevelopmeiit in terms of increasing
enamel and tientin wiflth increasing wet
weight, an(l increasing l)rotein content (Fig.
1 4). As these morphologic and develop-
mental changes are occurring, the LI)H ac-
tivity in the tooth decreases, as shown by the
quantitative assay anid gel electrophoretic
analysis. The histochemical. evidence of
Fullmer M)Aizushima'11 and Nulli and Bont-
ing'" supports this result. On the basis of
this information alone, however, it is difficult
to establish a cause-awl-effect relationship
between the amount of lactate dehydro-
zngenase and the development al sequence.

Lactate dehydrrogellase is ubiqtitiotis to
all tissues, and it is found with varying
amounts and with valrying composition of
the isozymes. The flve isozymes are comii-
l)osedl (f two different components, each
under the control of a separate genetic site
and having different physiologic roles, as has
been stated by Kaplan1," antI by Markert."'
Each isozyme is thotight to lie a tetramer.
The `M" component, so designated because
it is found primarily in skeletal mtiscle. l)ro-
dtices the strongest bands at the LI)H-5
position. This component has been found to
operate well at high pyruvate concentra-
tions ainaerobically, to produce lactate. The
secontl, or H ' component, which produces
strong bands in the LIlH-1 and LI)H-2 posi-
tions, is fotind tv )icallv in heart muscle. -It
functions best in low pyruvate concentra-
tions, in aerobic situations, to favor oxitla-
tion of pyruvate via the Krebs cycle. -Mark-
ert') has suggested that the genetic control
of the synthesis of these txvo components of
lactate (lehydlrogenase is influenced by the
oxygen tension in the cells. The isozyme )at-
terns of tleveloping teeth shown here suLggest
that the oxygen tension in these cells de-
creases with age.

-More information about the regilfating
mechanisms the genetic control of synthesis,
and the cVtologic localization of this enzyme
in the nutmerous cell coml)onents of the de-
veloping tooth is prereqtuisite to un(lerstati-:(
ing what role LDH plays in tooth develop-
ment and calcification. In addition, lactate
dehydrogenacse is only one of the injury de-
hydrogeenases concerned with the oxidative
metabolism of cells. It may be necessary to

lim
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study these other dehydrogenases before the
total metabolic scheme is understood.

Summary
Homogenates of developing first molar

teeth of 2- to 21-day-old mice were analyzed
by a quantitative spectrophotometric tech-
nic and by acrylamide gel electrophoresis for
lactate dehydrogenase activity. Tissue sec-
tions of these teeth were also prepared, and
the enamel and dentin widths were mea-
sured. The protein content of the teeth was
determined and the wet weights were re-
corded. The enamel and dentin widths, the
wet weight, and the protein content all in-
creased with increasing age of the tooth,
expressing the stages of mouse molar de-
velopment. Lactate dehydrogenase activity,
measured in millimicromoles of NADH
formed per minute per milligram of wet
weight of tissue and in millimicromoles of
NADH formed per minute per microgram of
protein, decreased with increasing age of the
tooth. Five lactate dehydrogenase isozymes
from the teeth were demonstrated after
acrylamide gel electrophoresis. With in-
creasing age of the tooth, there was a de-
crease in the activity of all the isozymes.
After 10 days, the two most fast-moving
isozymes could not be demonstrated. The
LDH isozymes were identical in electro-
phoretic mobility to the isozymes from
mouse heart muscle, liver, kidney, skeletal
muscle, and serum. At present, an exact role
and mechanism of lactate dehydrogenase in
the developing tooth cannot be defined.
The authors acknowledge the technical assistance

of Mr. Walter Secosky, Mrs. Antoinette Levine,
and Mr. Howard Tirshwell.
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