neurites (4). The effect of the extract on
parasympathetic and sympathetic neu-
rons is an acceleration of the rate of
neurite elongation (5). This response
cannot be due to enhanced survival of
the neurons, since the cells do not nor-
mally die within 2 hours under these
conditions.

The presence of at least two distinct
growth factors in the rat hippocampal
formation suggests that such factors are
involved in development and in the
specificity of neuronal sprouting after
damage or deafferentation. Such speci-
ficity might be due in part to the release
or ‘‘unmasking’’ of growth factors spe-
cific to the denervation. Different affini-
ties of afferent fibers for such factors
could provide selectivity in sprouting
responses. For example, the fact that
sympathetic fibers can be diverted into
the central nervous system by intracere-
bral injections of NGF and the observa-
tion that radioactive NGF is selectively
transported by septal perikarya led to the
hypothesis that NGF, or a similar factor,
might be involved in sympathetic sprout-
ing after septal lesions (3). This hypothe-
sis is strengthened by our finding of an
NGF-like factor in hippocampal ex-
tracts.

Since sympathetic fibers invade only
brain regions whose cholinergic fibers
have been removed, it is possible that
central cholinergic fibers normally re-
spond to or control the availability of an
NGF-like factor. This hypothesis is sup-
ported by the observation that NGF (10)
or hippocampal extracts (/) increase
cholinergic activity in fetal telencephalic
neurons in vitro. Whether or not the
substances identified in this study are
actually involved in the development of
the central nervous system or in dener-
vation-induced plasticity must be ad-
dressed in the future. The detection of
such substances, however, provides a
basis for designing further experiments
and hypotheses.

KEITH A. CRUTCHER
FraNK COLLINS
Department of Anatomy,
University of Utah School of Medicine,
Salt Lake City 84132
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Autoradiographic Identification of Ornithine Decarboxylase in

Mouse Kidney by Means of a-[5-'*C|Difluoromethylornithine

Abstract. a-Difluoromethylornithine is an enzyme-activated irreversible inhibitor
of ornithine decarboxylase that forms a covalent bond with the enzyme. When o-[5-
HCdifluoromethylornithine was administered to androgen-treated mice, only orni-
thine decarboxylase became labeled. Autoradiographic examination of kidney, liver,
and brain indicated much more extensive incorporation of labeled difluoromethylor-
nithine into kidney protein than into the protein of the other tissues. Such incorpo-
ration was greatly reduced by prior treatment of the mice with cycloheximide. These
results correlate with the presence of ornithine decarboxylase activity which is much
higher in the kidney than in the other tissues and is lost rapidly when protein
synthesis is inhibited. The binding of this drug in vivo, therefore, is useful for
determining the distribution of ornithine decarboxylase. The enzyme was predomi-
nantly located in the proximal tubule cells of the kidney in androgen-treated mice.

Ornithine decarboxylase is the first
enzyme in the polyamine biosynthetic
pathway and is known to be highly in-
ducible in response to a wide variety of
trophic stimuli including hormones, mi-
togens, drugs, and tissue damage (/).
The importance of this enzyme in cell
growth has been confirmed by experi-
ments with specific inhibitors which re-
duce polyamine production and inhibit
cell growth (2). One of the most useful
inhibitors is a-difluoromethylornithine
(DFMO), which acts as an enzyme-acti-
vated, irreversible inhibitor (3). In agree-
ment with this concept, we have ob-
served that radioactivity becomes incor-
porated into the enzyme as it is inactivat-
ed by incubation with '“C-labeled
DFMO in vitro (4). Such incorporation
might provide a means to selectively
label the enzyme in vivo and could pro-
vide a method by which the cellular and
subcellular distribution of the enzyme
could be investigated. Many of the target
tissues in which ornithine decarboxylase
has been shown to be induced are com-
plex mixtures of different cell types and
it would be of interest to examine the
relative extent to which the enzyme is
affected in each one. To test whether the
radioactive drug can be used in this way
we have examined the enzyme in the
androgen-treated mouse kidney. Orni-
thine decarboxylase is highly androgen
responsive in the mouse, and the amount
present increases substantially when
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castrated mice are treated with large
doses of testosterone (5). The results
indicate that ["*C]DFMO exclusively la-
bels the enzyme in vivo and that the
enzyme is predominantly located in the
proximal tubule cells of the mouse kid-
ney.

Androgen-treated mice were injected
with ["*C]DFMO at a dose of 1 mg/kg
and killed 60 minutes later. This treat-
ment led to the loss of 90 percent of the
ornithine decarboxylase activity in tissue
extracts. When extracts from the kid-
neys of these mice were prepared and
subjected to polyacrylamide gel electro-
phoresis only one labeled protein band
(molecular weight 55,000) was observed.
This band corresponded to the position
of authentic, labeled ornithine decarbox-
ylase (4). Autoradiographs of the kidney
sections indicated that there was sub-
stantial radioactivity present in the area
of the cortex but much less in the medul-
la (Fig. 1A). The labeling of the kidney
was much greater and more regionally
localized than that in the liver or brain
(Fig. 1, C and D). These results correlate
well with the ornithine decarboxylase
activities in the tissues (Table 1). As an
additional confirmation that the labeling
did represent ornithine decarboxylase,
similar autoradiographs were prepared
from mice treated with cycloheximide 6
hours before they were killed. As ex-
pected from the rapid turnover of the
enzyme (/) this treatment greatly re-
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duced the activity in all tissues (Table 1).
No labeling of liver or brain was detected
in autoradiographs of cycloheximide-
treated mice (results not shown) and
labeling in the kidney was much re-
duced, although there was still a clear
difference between the cortex and me-
dulla (Fig. 1B).

The distribution of ornithine decar-
boxylase was studied in greater detail by
histological autoradiography (Fig. 2). A
large number of grains occurred over the
cells of the proximal convoluted tubules,
with much lower amounts corresponding
to the distal convoluted tubules and renal
corpuscles (Fig. 2A). The labeling was
much less intense over the structures in
the medulla (Fig. 2B). The distribution of
labeled protein shown in Fig. 2 could be
attributed to the selective uptake of the
drug into certain cells resulting in a high-
er degree of inactivation, and hence la-
beling, of the enzyme. This is unlikely,
however, since DFMO is taken up at the
same rate by passive diffusion in a num-
ber of cell types (6). Furthermore, Table
1 shows that 90 percent of the total
enzyme activity is inhibited by the dose
of the drug used in this labeling study.

To confirm the results of our autora-
diographic studies, we attempted to dis-
sect mouse kidneys into the cortex and
medulla and measure activities in ho-
mogenates of these tissues. Although
cross-contamination was probably sub-

Table 1. Ornithine decarboxylase activities in mouse tissue extracts. Mice were injected
intraperitoneally with testosterone propionate (100 mg/kg) in sesame oil (4 mg/ml) 3 days before
they were killed. Cycloheximide (20 mg/kg) and DFMO (1 mg/kg) were injected intraperitoneal-
ly 6 hours and 1 hour before the mice were killed, respectively. Ornithine decarboxylase

activity was determined as described (4) with
L-[1-"*Clornithine (New England Nuclear) be-
ing used as substrate. All assays were carried
out under conditions in which the activity was
proportional to the amount of protein added
and to the time of incubation. Results were
expressed as units of enzyme per milligram of
protein or per gram, wet weight, of tissue.
One unit catalyzed the release of 1 nmole of
CO; per 30 minutes at 37°C. Protein was
determined by the method of Bradford (13).
Activity of the enzyme in brain and liver was
reduced to undetectable levels by cyclohexi-
mide treatment. At a dose of 1 mg/kg, [5-
1YC]IDFMO produced exactly the same inhibi-
tion of ornithine decarboxylase activity (90
percent) as the unlabeled drug.

stantial because of imprecision in dissec-
tion, extracts from the cortex were two
to three times more active than those
from the medulla. These results are con-
sistent with the autoradiographic obser-
vations. Treatment of the mice with 1 mg
of DFMO per kilogram of body weight
reduced the activities in both fractions
by approximately 90 percent.

The method we have described should
prove useful in determining the distribu-
tion of ornithine decarboxylase, and is
limited only by the very low amounts of
this protein in mammalian cells (4). Even
in the induced mouse kidney the enzyme
is only about one part in 10,000 of the

Units of ornithine

decarboxylase
activity
Tissue Per Per
milligram gram
of wet
protein weight
Brain 0.009 0.15
Liver 0.015 1.05
Kidney 175.0 4900.0
Kidney (cyclohexi- 9.0 257.0
mide treated)
Kidney (DFMO 18.0 492.0
treated)

cytosolic protein (7). As shown in Table
1, the amount in the kidney is three
orders of magnitude greater than that in
other tissues such as liver and brain. The
["*CIDFMO used in the present experi-
ments, therefore, does not have a high
enough specific activity for detailed
studies in such tissues but it should
prove a relatively easy task to synthesize
the drug containing tritium at a much
higher specific activity. That the labeling
by DFMO is highly specific is demon-
strated both by the presence of only one
labeled band in tissue extracts analyzed
by polyacrylamide gel electrophoresis
under denaturing conditions and by the

Fig. 1 (left). Autoradiographs of organs from mice treated with ['*C]DFMO as described in Table 1. Tissues were perfused with 10 percent neutral
buffered Formalin, embedded in polyester wax and sectioned at 10 wm. Autoradiographic sections were incubated for 4 weeks with DuPont x-ray
film. The autoradiographs shown were printed directly from the x-ray film (x2.5). (A) Androgen-treated mouse kidney with the cortex (¢) and
medulla (m) indicated. (B) Cycloheximide-treated mouse kidney. (C) Liver. (D) Brain, showing a midsagittal section with cerebellum (cb) and

olfactory bulb (o) marked.

Fig. 2 (right). Histological autoradiographs from the androgen-induced kidney of mice treated with ["*C]IDFMO.

Tissues were treated as in Fig. 1 and the sections were incubated for 6 weeks at 4°C in Kodak NTB-2 emulsion. (A) A section of cortex showing
extensive labeling of the proximal convoluted tubules (p) and much less activity over the renal corpuscle {rc) and distal convoluted tubules (d).
(B) A section of medulla with only sparse labeling over the collecting tubules (ct) (X345).
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decrease in labeling when tissues of mice
treated with cycloheximide were used.
Recently, an attempt was made to deter-
mine the distribution of ornithine decar-
boxylase by the use of conjugates of
DFMO with rhodamine or biotin (8).
This method depends on the specific
binding of such derivatives to ornithine
decarboxylase. This was not demon-
stratéd unequivocally and appears un-
likely since ornithine decarboxylase has
little affinity for substrate analogs with
additions to the amino groups (9). The
method also depends on the maintenance
of ornithine decarboxylase activity in
sections fixed with glutaraldehyde and
formaldehyde or on the passage of the
DFMO conjugates across the cell mem-
brane. The present use of labeled DFMO
avoids these difficulties.

The histological autoradiographs ob-
tained in the present study suggest that
ornithine decarboxylase in the proximal
tubule cells occurs predominantly in the
cytoplasm. This is in agreement with
many studies in which enzyme activities
were assayed in extracts from various
subcellular fractions, but there have
been a few reports of a nuclear location
for ornithine decarboxylase [see (/0)].
Our results do not rule out the possibility
that a small proportion of the enzyme is
present in organelles such as the nucle-
us. Studies with P"H]DFMO might help
to. resolve this question.

The induction of a number of proteins
in the mouse kidney in response to an-
drogens is well established and it is
known that androgen administration re-
sults in hypertrophy of the proximal tu-
bule cells and an increase in the content
of microsomal and lysosomal B-glucu-
ronidase (I1). The present results indi-
cate that the induced renal ornithine de-
carboxylase, a cytoplasmic enzyme, is
also present in the proximal tubules.
These results strengthen the association
between the activity of this enzyme and
cellular hypertrophy. Androgens pro-
duce significant increases in RNA syn-
thesis in the mouse kidney, and a num-
ber of messenger RNA’s that are specifi-
cally induced by androgens have been
isolated although not all of the gene
products are identified (11). The mouse
kidney should, therefore, provide a valu-
able system in which to study the induc-
tion of ornithine decarboxylase.

Our results contrast with a report that
rat Kidney ornithine decarboxylase is lo-
cated predominantly in the medullary
region as determined by dissection of the
kidney and measurement of the activity
in extracts prepared from homogenates
of the cortex and medulla (12). Ornithine

decarboxylase is not androgen depen-
dent in the rat kidney and rat kidneys do
not show the marked hypertrophy of .the
proximal tubules observed in the mouse.
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Muscular Contraction: Kinetics of Crossbridge Attachment

Studied by High-Frequency Stiffness Measurements

Abstract. Instantaneous stiffness of frog skeletal muscle, an indication of the
proportion of attached crossbridges, was determined during the tetanus rise and
after a step length change imposed during the tetanus plateau. During the onset of
contraction as well as after a step, the ratio of stiffness to force differed from that
determined during the tetanus plateau. The data after a step are predicted by the
Huxley-Simmons model of muscular contraction, but the results during the rise
suggest that a long-lived state may exist between crossbridge attachment and force

generation.

It is widely accepted that the contrac-
tile force of a striated muscle fiber devel-
ops because of interactions between ac-
tin and myosin filaments in each half-
sarcomere. These interactions also pro-
duce an increase in fiber stiffness, which
is thought to be directly proportional to
the number of attachments (cross-
bridges) between actin and myosin fila-
ments (I, 2). To estimate the number of
crossbridges attached during the rise of
tetanic force and during the phase of
quick recovery from a step length change
imposed on the tetanus plateau, we de-
termined the moment-to-moment rela-
tion between stiffness and force. Our
data indicate that the ratio of stiffness to
force is higher during the quick recovery
phase than during the plateau, which is
predicted by the theory Huxley and Sim-
mons (I) proposed to account for the
molecular mechanism of contraction.
However, we observed that the rise in
stiffness preceded the development of
force during the onset of contraction.
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This may be due to the eXistence of a
long-lived crossbridge state between at-
tachment and force generation.

To determine stiffness we applied
small sinusoidal length changes (ampli-
tude, 0.02 to 0.05 percent of fiber length;
frequency range, 1 to 9 kHz) to one end
of a fiber and recorded the correspond-
ing changes in force at the other end.
Stiffness was calculated as a ratio be-
tween the force and length sinusoids. In
order to compare our data with some of
the data in the literature (3), we also used
step length changes to determine stiff-
ness. The forces recorded at the end of
step length changes of various ampli-
tudes were plotted against the sizes of
the length changes. We thus obtained
“T, curves’’ (1), which allowed us to
estimate the amount of compliance in the
end attachments of our preparations by
comparing our results to those obtained
by Ford et al. (3), who used a servo
system to control the length of a fiber
segment between two markers. The in-
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