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ABSTRACT

Omithine decarboxylase (ODC; EC 4.1.1.17) is an important
enzyme in the synthesis of polyamines and is associated with
growth and differentiation. Insulin stimulation of cardiac ODC
has been proposed as a marker of the functional completion of
the sympathetic pathway to the rat heart. However, earlier
studies, using subsaturating substrate concentrations and a
single time point measurement after insulin treatment, have been
inconsistent concemning the postnatal age at which significant
insulin stimulation of ODC occurs. The present study, using a
validated near-saturating substrate assay, examines more thor-
oughly early neonatal insulin induction of cardiac ODC with
respect to both the magnitude and the time course of response.

Insulin (20 IU/kg s.c.) significantly increased ODC activity at
several time points at each postnatal age measured (days 2, 5,
8, 15 and 22), with maximum ODC occurring by 2.5 to 3
hr after insulin injection at all ages. Insulin-stimulated ODC activ-
ity was increased over control leveis by 86, 84, 87, 150 and
127% on days 2, 5, 8, 15 and 22, respectively. These resuits
demonstrate that age is not a variable in the time of peak insulin
stimulation of ODC activity and, in contrast to earlier reports,
show that significant insulin induction of cardiac ODC activity
occurs reliably across ages in the early postnatal period. The
inconsistency of earlier studies may be due to a number of
factors, including the use of subsaturating enzyme assays only,
known to be subject to several types of error.

Insulin affects growth and metabolism in a variety of tissues,
an example of which is insulin stimulation of cardiac ODC (EC
4.1.1.17) in rats (Bareis and Slotkin, 1978; Roger and Fellows,
1980). ODC is an important enzyme in the synthesis of poly-
amines and is associated with growth and differentiation (Rus-
sell and Synder, 1968; Russell, 1980). It has also been used as
an enzymatic marker of tissue response to pharmacological
stimuli in studies of cardiac and SNS ontogeny (Slotkin, 1979;
Slotkin and Thadani, 1980; Haddox et al., 1981; Miska et al.,
1984). During postnatal development insulin stimulation of
cardiac ODC is reported to first occur at about 5 to 8 days of
age (Bareis and Slotkin, 1978; Slotkin, 1979). However, the
magnitude of increases in insulin-stimulated ODC activity dur-
ing the first postnatal week have been inconsistent within and
between laboratories (Bareis and Slotkin, 1978; Lau and Slot-
kin, 1979a; Bartolome et al., 1981; Thadani, 1983a,b). These
studies used subsaturating concentrations of ornithine in ODC
assays in order to detect changes in enzyme affinity for orni-
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thine which have been documented during development and
after drug treatment (Lau and Slotkin, 1980). The present
study examines in a more rigorous manner the effect of early
neonatal insulin exposure on ODC activity in the rat heart,
using a saturating ornithine concentration in order to deter-
mine if K,, changes alone are responsible for reported activity
differences. Also, because the time course of insulin stimulation
of heart ODC activity at early postnatal ages has not been
reported, ontogenetic changes in the time course might account
for some inconsistencies. ODC activity was measured at five
ages over the first 3 weeks of neonatal life and evaluated relative
to the time course and magnitude of its response after insulin
or saline administration.

Methods

Chemicals. L-[1-"*C]ornithine monohydrochloride (50 mCi/mmol)
was obtained from New England Nuclear (Boston, MA); Tris and
sucrose from Schwarz/Mann (Orangeburg, NY); disodium EDTA, citric
acid and sodium chloride from Fisher Scientific Co. (Pittsburgh, PA);
BSA and sodium fluoride from Sigma Chemical Co. (St. Louis, MO);
dithiothreitol from Aldrich Chemical Co. (Milwaukee, WI); ethanol-
amine and 2-methoxyethanol (Scintillation Grade), pyridoxal 5-phos-
phate and L-(+)-ornithine monohydrochloride from Eastman Kodak

ABBREVIATIONS: ODC, omithine decarboxylase; SNS, sympathetic nervous system; BSA, bovine serum albumin; DFMO, a-difluoromethylomithine;

PND, postnatal day.
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Co. (Rochester, NY); Scintisol liquid scintillation fluid from Isolab,
Inc. (Akron, OH); DFMO from Midwest Research Institute (Kansas
City, MO); and insulin (pork, insulin injection USP, regular, 10 U/ml)
from E. R. Squibb and Sons, Inc. (Princeton, NJ).

Animals. Date-mated Sprague-Dawley-derived CD rats (approxi-
mately 200-250 g) were obtained from the National Center for Toxi-
cological Research animal colony (Jefferson, AR). They were housed
individually on a 12-hr light cycle and received laboratory chow (Purina
No. 5012) and water ad libitum. The day of littering (before 8:30 A.M.)
was designated PND 0. On PND 1, all pups were pooled by sex and
redistributed randomly to maternal animals, with litters standardized
at 10 pups (five of each sex).

Tissue preparation. Pups were selected (balanced with respect to
sex) using a randomized design, weighed and injected s.c. (1 ml/kg)
with either 0.9% saline or insulin (20 IU/kg). This insulin dose produces
maximal ODC stimulation (Bareis and Slotkin, 1978) and elevates
serum insulin levels above normal (Roger and Fellows, 1980). At
intervals after injection, pups were sacrificed by either decapitation
(PNDs 2, 5 and 8) or cervical dislocation (PNDs 15 and 22). The hearts
were excised, rinsed in 0.9% saline, blotted, weighed, frozen in liquid
nitrogen and stored at —70°C until assayed (Haddox et al., 1981).
Hearts were homogenized in about 10 volumes of ice-cold Tris-sucrose
buffer (50 mM Tris-HCIl, pH 7.2, and 250 mM sucrose) with a Polytron
(Brinkmann Instruments, Westbury, NY) homogenizer and centrifuged
(Beckman Instruments model L5-75 ultracentrifuge, Type 42.2 Ti
rotor) at 40,000 X g for 15 min at 4°C. The supernatant fraction was
analyzed for protein using the Bio-Rad Laboratories (Richmond, CA)
protein assay [based on the Bradford (1976) dye-binding method], BSA
standards and a Beckman Instruments model 25 spectrophotometer.

ODC assay. ODC activity was determined by measuring the amount
of CO, released from L-[1-"C]ornithine by a modification of the
method of Russell and Snyder (1968). The supernatant fraction (150
ul) was incubated, with gentle shaking, for 1 hr at 37°C with 25 ul of
reaction mixture (50 mM Tris-HCl, pH 7.2; 2.4 mM L-(+)-ornithine
monohydrochloride; 40 mM sodium fluoride; 0.4 mM pyridoxal 5-
phosphate; and 0.8 mM disodium EDTA) and 25 ul of 0.8 mM L-["‘C)
ornithine (prepared in 50 mM Tris-HCl, pH 7.2, and 16 mM dithio-
threitol). Final concentrations in the incubation mixture were 0.1 mM
L-[1-"C]ornithine, 0.3 mM L-(+)-ornithine monohydrochloride, 5 mM
sodium fluoride, 0.05 mM pyridoxal 5-phosphate, 0.1 mM disodium
EDTA and 2 mM dithiothreitol. Before diluting the L-[1-}*C]ornithine,
the open vial was gently shaken at room temperature for 1 hr in order
to release free 1*CO, and minimize background (D. H. Russell, personal
communication). Incubation was performed in a 13-ml polypropylene
tube capped with a Kontes rubber stopper from which a polypropylene
center well was suspended above the incubation mixture. The reaction
was terminated by injecting 500 ul of 2 M citric acid through the rubber
stopper into the incubation mixture, and the tubes were gently shaken
for an additional 30 min at 37°C to allow complete absorption of the
evolved *CO, by a 2:1 (volume) mixture (200 xl) of ethanolamine and
2-methoxyethanol contained in the center well. Assay blanks contain-
ing Tris-sucrose buffer instead of supernatant cytosol were subtracted
as background (typically < 1% of insulin-stimulated ODC activity).
The center well was counted for **C in 10 ml of Scintisol with a Packard
Tri-Carb liquid scintillation spectrometer at 93% efficiency.

In validation studies to determine if measured activity respresented
only ODC activity, pups at various ages were injected s.c. (1.5 ml/kg)
with either saline or DFMO (500 mg/kg), a specific, irreversible inhib-
itor of ODC, and were sacrificed 3 hr later (Slotkin et al., 1982). Hearts
were removed, frozen, stored, prepared and assayed for ODC as de-
scribed above.

Statistical methods. Data for each age were collected in three
replicates (two at PND 5), with each replicate consisting of two pups
per treatment per time point. Within an age, the observed differences
in the ODC activities between saline- and insulin-injected pups and
among kill times for each injection were tested for statistical signifi-
cance by an analysis of variance. All hypotheses were tested by the
mean square error among pups for the same injection and kill time.
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Results

Validation studies demonstrated that ODC activity in frozen
hearts remained stable at —70°C in all age groups examined
(table 1) and that in vivo administration of DFMO, a specific,
irreversible inhibitor of ODC, almost completely inhibited
“CO, generation in cytosol except on PND 22 (table 2).
Whereas the activity in saline-treated animals fell 5-fold from
PND 5 to PND 22, the activity remaining after DFMO inhibi-
tion did not show the same pattern with age. Thus, although
the activity remaining after DFMO treatment was equivalent
on PNDs 5 and 22, the fall in basal ODC with age resulted in
a higher percentage of noninhibitable activity on PND 22. The
minimal residual activity in the youngest animals after DFMO
treatment demonstrates that the ODC activity described in the
present study resulted largely from ornithine, rather than non-
specific, decarboxylation.

Figure 1 depicts basal- and insulin-stimulated ODC activity
on both a time-from-treatment and age-related basis. Basal
activity did not vary significantly at any age tested at any time
after saline injection. As expected, the level of basal ODC
activity declined progressively with age.

As shown in figure 1, insulin significantly (P < .0002) in-
creased ODC activity above basal levels at all ages tested, even
as early as PND 2. Significant stimulation was seen at several
time points after injection, with maximum activity generally
occurring by 2.5 to 3 hr. This maximum response, when taken
as the average response occurring at 2.5 to 3 hr, represented an
increase over control values of 86, 84, 87, 150 and 127% on
PNDs 2, 5, 8, 15 and 22, respectively. Insulin-stimulated activ-
ity returned to base-line values by 5.5 hr at all ages except
PND 2.

TABLE 1
Etfect of freezing on cardiac ODC activity

Hearts from separate groups of rats at the indicated ages were either processed
immediately for ODC determination or frozen as described under “Methods™ and
assayed 6 to 7 days later.

- 00C Actvity®
Fresh tissue Frozen tissue
nmol COo/hr/g

PND
5 30.3+6.0 277+ 36
8 247 £ 27 251+ 26
15 19.1+18 189 +22
22 112+28 94+12

* Values are the mean + S.E. of seven to eight determinations from independent
groups of hearts.

TABLE 2
Effect of DFMO on ODC activity

Rats at the indicated ages were injected with either saline or DFMO (500 mg/kg)
in saline, sacrificed 3 hr later and their hearts processed for ODC determinations.

00C Activiy®
Mo Saline DFMO
nmol CO,/Iv[g %

PND
5 355+5.1(8) 12+ 04 (4) 34
8 245+ 45 (8) 0.7 +£0.1(4) 29
15 104 + 1.6 (8) 0.5+ 0.3 (5) 4.8
22 7.3+59(8) 14+02(4) 19.2

¢ Values are the mean + S.E. of the number of animals in parentheses.
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Fig. 1. Time course of cardiac ODC activity in rats treated with saline
(—; control) or insulin (- - -; 20 IU/kg) on PNDs 2, 5, 8, 15 and 22.
Each point represents the mean + S.E. of a minimum of four hearts.
* Significant difference (P < .05) from corresponding control time point.
1 Additional insulin time points significantly different from the mean of all

Discussion

In our validation studies, we demonstrated the presence of
ODC in frozen tissue at levels seen in fresh tissue. That this
was authentic ODC was shown by the 81 to 97% inhibition of
activity by DFMO. The level of activity remaining after DFMO
treatment, unlike that left after saline treatment, did not
change greatly with age and may have resulted from nonenzy-
matic or nonspecific enzymatic decarboxylation (Slotkin and
Bartolome, 1983). In previous studies on heart ODC, a non-
saturable activity, insensitive to cycloheximide inhibition, was
found at ornithine concentrations above 400 uM (Lau and
Slotkin, 1979b; Slotkin and Bartolome, 1983). This artifact
made ODC activity measurements at this and higher substrate
concentrations inaccurate. In our studies, shaking the ['C]
ornithine solution for 1 hr before assay released significant
amounts of *CO, which would have otherwise increased blank
values. The remaining nonenzymatic decarboxylation in blank
assay tubes was only 1% of the activity in insulin-stimulated
hearts. Additionally, substrate saturation studies show cardiac
ODC activity to be saturable at several early postnatal ages
(Miska et al.,, 1984; S. P. Miska, unpublished data) with K,
values of 0.09 to 0.20 mM, similar to values reported for both
crude (Lau and Slotkin, 1979b) and purified (Flamigni et al.,
1984) heart ODC. Thus, our data demonstrate that artifacts
need not limit study design as, under appropriate conditions,
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authentic ODC can be assayed at saturating substrate concen-
trations.

The pattern of basal cardiac ODC activity found in the
present study was similar to that reported previously (Anderson
and Schanberg, 1972; Bareis and Slotkin, 1978; Thadani, 1983b;
Miska et al., 1984). There was a decrease in basal activity of
about 5-fold from PND 2 to PND 22. This is indicative of
changes in cardiac development and is consistent with altera-
tions in cardiac growth rate and DNA and protein synthesis
occurring during this period (Claycomb, 1975, 1977; Miska et
al., 1984).

Time course studies of the ontogeny of insulin-stimulated
cardiac ODC activity have not been published. Thus, it was
postulated that age-dependent differences in the time course of
induction might account for some of the variability noted
within and between laboratories. However, the present study
demonstrated that the time of peak ODC activity after insulin
treatment is constant across ages, even as early as PND 2. The
stimulation on PND 2 occurred in a manner similar to that on
PNDs 5 and 8, in that maximum activity was reached within
2.5 to 3 hr, and activity was about 80% above basal levels. We
found, in two to three independent relicates, significant insulin
stimulation of ODC not only at all ages tested, but also at
several time points at each age. This observation provides
greater confidence than single time point measurements can
that insulin does stimulate heart ODC at early postnatal ages.

The reproducible stimulation seen at all ages in the present
study is in contrast to earlier reports, in which significant
stimulation was not uniformly observed across ages. In one
study, Bareis and Slotkin (1978) report significant stimulation
on day 8, but not day 4. In a subsequent report (Lau and
Slotkin, 1979a), significant stimulation was shown to occur on
day 4, but not day 2, whereas in another study day 2 values are
significantly increased, but not day 4 values (Bartolome et al.,
1981). In addition, reports from another laboratory show sig-
nificant insulin stimulation of ODC activity on days 3, 5 and 7
(Thadani, 1983a) and on days 4, 6 and 8 (Thadani, 1983b). A
number of explanations have been advanced to account for
these discrepancies, including animal-to-animal variations and
non-neuronal “special mechanisms” lost soon after birth (Lau
and Slotkin, 1979a; Bartolome et al., 1981). Other possible
explanations for these inconsistencies are: 1) the failure to
observe a significant response at early ages may be due to
inadequate resolving power of the experiment (insufficient
number of animals) or to a statistical anomaly (chance occur-
rence); 2) the maturation process may vary in onset in animals
from various laboratories, due to environmental or genetic
differences; and 3) the use of subsaturating ornithine concen-
trations provides less precision in the ODC assay. Enzyme
velocity is much more sensitive to changes in substrate concen-
tration at subsaturating vs. saturating concentrations, and ve-
locity measurements are therefore subject to more error in
subsaturating assays. In all of these previous studies cited,
subsaturating concentrations (5-12 uM) of ornithine were used.
In a discussion of saturated vs. nonsaturated assays, Slotkin
and Bartolome (1983) point out other potential pitfalls of using
subsaturating ornithine concentrations, such as isotopic dilu-
tion by endogenous unlabeled ornithine and product inhibition
by endogenous putrescine.

Additional problems in interpretation also exist. Two forms
of ODC, having different ornithine affinities, have been de-
scribed in the rat heart. The high affinity form, seen within the
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first few days after birth, is replaced by a lower affinity form
during postnatal life (Lau and Slotkin, 1979b; Miska et al.,
1984). Although subsaturating assays can detect both forms,
the high affinity form will be preferentially measured in a
mixture. Changes in the low affinity form have not been well
documented, due to assay problems at high substrate concen-
trations as discussed earlier. Thus, subsaturating assays meas-
ure a mixture of the two K,, enzyme forms, as well as a mixture
of K., changes (Lau and Slotkin, 1979b) and V.. changes (this
paper) induced by insulin. The present study used near-satu-
rating ornithine concentrations, which should be considered
when comparing our results with other reports of insulin stim-
ulation of ODC. Under our conditions, only V... changes are
measured, that is, altered reaction velocity due to changes in
enzyme protein concentration or in catalytic efficiency. Age- or
insulin-dependent stimulation via K, changes would not be
measured, as the substrate concentration used here is near-
saturating for both the high- and low-affinity forms of the
enzyme (Miska et al., 1984). In view of these facts, it is possible
that only V... stimulation occurs in the youngest insulin-
treated animals, as their heart ODC is already in the high-
affinity state, whereas both V,,,, and K,, changes occur in older
animals, as has been documented for cardiac ODC after isopro-
terenol treatment (Miska et al., 1984).

The stimulation of cardiac ODC activity by insulin has been
suggested as a tool for testing the functional completion of the
sympathetic pathway to the heart, with significant stimulation
reported to first occur at about 1 week postnatally (Bareis and
Slotkin, 1978). This is based on the principle that insulin-
induced hypoglycemia stimulates the central nervous system
and, ultimately, the heart through the sympathetic pathway
(Bareis and Slotkin, 1978). However, nicotine does not signfi-
cantly stimulate rat heart ODC until several days after insulin
(Bareis and Slotkin, 1978). This suggests that the development
of functional sympathetic innervation in the heart is complex
and that the use of insulin stimulation of ODC as a marker of
completion of this process may be inappropriate. Studies using
other methods, such as fluorescence histochemistry and field
stimulation of intramural cardiac nerves (Standen, 1978; Mac-
kenzie and Standen, 1980), show regional differences in the
timing of cardiac innervation. Thus, these methods may be
more suitable for measuring effects on the ontogeny of sym-
pathetic innervation and function in the rat heart.

Furthermore, our data, demonstrating significant insulin
stimulation of cardiac ODC at all ages examined, suggests a
non-neuronal mechanism for insulin stimulation of V.,
changes in cardiac ODC. In support of this interpretation,
Thadani (1983a,b) has reported insulin stimulation of cardiac
ODC on day 3 which is not completely blocked by chlorison-
damine, a ganglionic blocking agent. Also, Bartolome et al.,
(1981) found significant stimulation on day 2 which was not
prevented by the beta adrenoceptor blocker, propranolol. In
these studies, however, low substrate concentrations were used,
80 it is not known whether the increased enzyme activity found
in the presence of inhibitors is due to a V., or a K,, change.
Roger and Fellows (1980), in concluding that it was unlikely
that early postnatal insulin stimulation of brain ODC was
secondary to insulin-induced hypoglycemia, considered several
mechanisms, among them direct insulin stimulation, as an
explanation. Insulin interacts with target tissues through a
membrane receptor, and the rat heart shows a high level of
insulin binding (Posner et al., 1974) with characteristics of a
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specific insulin receptor (Eckel and Reinauer, 1980). Further-
more, Santora et al., (1979) and Wheeler et al., (1980) have
characterized insulin binding in embryonic chick heart cells
and have proposed a two-receptor model to relate binding and
functional responses. Steven and Whitsett (1979) have also
demonstrated insulin binding in neonatal hearts of other spe-
cies. Thus, a receptor mechanism for direct interaction of
insulin with myocardial membranes appears to be one possible
explanation for stimulation of ODC activity before innervation.
Our data suggest that further experiments are necessary to
elucidate the mechanism of insulin stimulation of cardiac ODC.
Substrate saturation analyses under the assay conditions de-
scribed here should allow resolution of the high and low K,,
forms of the enzyme before and after insulin treatment. Addi-
tionally, the use of beta adrenoceptor blockers under validated
experimental conditions should be considered in such an analy-

sis of both enzyme forms, to determine the role of sympathetic
innervation.

In summary, the present study has demonstrated that the
rat heart is capable of responding to insulin with increases in
ODC activity as early as PND 2. The temporal pattern of
response was similar across ages, and the percentage of increase
of the response over basal levels almost doubled between the
2nd and 3rd week. These results do not preclude cardiac stim-
ulation through an indirect mechanism. However, if the func-
tional connection of the heart and SNS is incomplete before
PNDs 6 to 8, then alternative hypotheses must be considered.
The evidence suggests that the developing heart may be able
to respond directly to insulin and that the relationship of
insulin binding and ODC stimulation should receive further
attention.
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