from the CA1 zone should result in a *H/
¥C ratio that is smaller for the CAl
fraction than that for the dentate frac-
tion; that is, Ry should be less than Rp.
This type of result was observed in five
experiments, where a decrease in the
cytoplasmic proteins for the potentiated
section was between 26 and 61 percent.
Experiments 16 to 19 give the results for
the slices in which the dentate was po-
tentiated through the perforant pathway.
Again there was a substantial decrease
for the cytoplasmic proteins of the po-
tentiated region of the slice, between 26
and 63 percent. These results are
consistent with the concept that en-
hanced secretion from the locus of po-
tentiation gives rise to a decrease in the

amount of labeled proteins remaining in.

the cytoplasmic fraction.

Our studies indicate that LTP is linked
with the metabolic process that leads to
protein synthesis in the slice prepara-
tion. A coupling between neurophysio-
logical events and the local secretion of
newly synthesized proteins is observable
2 hours after tetanizing trains are ap-
plied, suggesting that the biochemical
changes remain long after the neuro-
physiological events have been complet-
ed. The development of L.TP appears to
be essential for the protein changes since
nonspecific stimulation or stimulation
without potentiation does not produce
enhanced secretion. In this respect, LTP
is similar to the effects of training on the
pattern of protein synthesis in vivo (8) in
the goldfish brain and focuses attention
on the proteins that are released into the
extracellular fluid.
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Lysosomal Cathepsin B: Correlation with Metastatic Potential

Abstract. Although lysosomal enzymes are implicated in the processes of tumor
invasion and metastasis, their cellular origin within the tumor is unclear. The activity
of the lysosomal proteinase cathepsin B is significantly elevated in a variant of the
B16 melanoma with high metastatic potential. The cathepsin B activity is localized to

the lysosomes of the tumor cells.

Metastasis is the result of an intricate
sequence of events initiated when the
primary tumor cells invade normal tis-
sue, detach, and disseminate to distant
sites, and culminated when the neoplas-
tic cells invade and establish secondary
tumors. The malignancy of a tumor de-
pends on its ability to invade normal
tissue both at the primary and secondary
sites of growth. Increases in lysosomal
enzyme activities and in lysosomal en-
zyme release have been correlated with
the ability of primary tumors to invade
normal tissue as well as with the occur-
rence of metastatic tumors (/-3). Up to
11 times more of the lysosomal protein-
ase cathepsin B is released from malig-
nant human breast tumors than from
normal breast tissue or nonmalignant tu-
mors (I). Further evidence linking ca-
thepsin B to tumor malignancy is the
positive correlation between serum ca-
thepsin B levels and vaginal clear-cell
adenocarcinoma (¢). Because solid tu-
mors contain heterogeneous cell types
(macrophages, lymphocytes, and stro-
mal cells as well as tumor cells), the
cellular source of elevated or released
enzymes has not been demonstrated de-
finitively. Using the technique of centrif-
ugal elutriation (5) to separate the active-
ly growing tumor cells from other cell
types dispersed from the solid tumor, we
have determined the activities of five
lysosomal enzymes in metastatic vari-
ants of the mouse B16 melanoma (6).

Variants of the B16 melanoma with
low (B16F;) and high (B16F,,) metastat-
ic potential (6) were propagated in vivo
by subcutaneous injection into syngeneic
C57BL/6] male mice (Jackson Labora-
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tory). The B16F o cells when injected
intravenously into the tail vein of synge-
neic mice consistently produced a great-
er number of metastatic foci in the lungs
than did the B16F; cells (7). The lyso-
somal enzymes, cathepsin D, B-N-ace-
tylglucosaminidase, B-glucuronidase,
acid phosphatase, protein, and DNA
were assayed fluorometrically as de-
scribed by Sloane and Bird (8). Cathep-
sin B was assayed fluorometrically (4)
with carbobenzyloxy-Ala-Arg-Arg-4-
methoxy-B-naphthylamine (Enzymes
Systems Products, Livermore, Califor-
nia) as substrate (Ala, alanine; Arg, argi-
nine). Enzyme assays were standardized
to ensure linearity. Subcutaneous B16F,
and B16F;, tumors (0.5 to 1.5 g) were
removed, homogenized, and assayed for
lysosomal enzyme activities. Cathepsin
B activity was threefold higher in ho-
mogenates of the B16Fo tumor than in
those of the B16F; tumor (Table 1).
Cathepsin B activity in these homoge-
nates was inhibited more than 99 percent
by the cysteine proteinase inhibitor leu-
peptin (1 pg/ml). No differences in activ-
ity were detected between the B16F; and
B16F, tumors for cathepsin D, B-N-
acetylglucosaminidase, B-glucuronidase,
or acid phosphatase when expressed per
gram of wet weight, per milligram of
protein, or per microgram of DNA (not
illustrated). The threefold elevation in
cathepsin B activity in the B16F 4 tumor
with its higher metastatic potential may
simply reflect a difference in the macro-
phage content of the two tumors. Possi-
ble changes in the number of macro-
phages have been suggested as contrib-
uting to changes with age in lysosomal
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enzyme activity of Lewis lung carcinoma
tumors (2). However, determination (la-
tex bead uptake) of the percentage of
macrophages in dispersed cells of B16F,
and B16F;, tumors revealed no signifi-
cant difference (7).

Subcutaneous B16F, and B16F;, tu-
mors (1 to 3 g) were removed, and the
cells were dispersed and separated into
two fractions by centrifugal elutriation.
The B fraction contained tumor cells that
incorporate [*HJthymidine and the o
fraction contained macrophages, stromal
cells, and tumor cells that do not incor-
porate [*H]thymidine (7). When the two
fractions were injected subcutaneously

into syngeneic mice, only the B fraction
cells produced tumors (7). Cathepsin B
activity was again threefold higher in the
dispersed cells of the B16F;; tumors
than in those of the B16F; tumors (Table
1). No significant difference in cathepsin
B activity was found between the «
fractions of the B16F; and B16F,, tu-
mors (Table 1). Most (90 percent) of the
cathepsin B activity was found in the 8
fractions of the two tumors. Comparison
of the B fractions of the B16F; and
B16F, tumors revealed a fourfold higher
activity of cathepsin B in the B16F;,
fraction (Table 1). The activity of B-N-
acetylglucosaminidase, a marker en-

Table 1. Comparison of cathepsin B activity between low (B16F,;) and high (B16F,) metastatic
melanoma variants. Cell suspensions from primary tumors were obtained by a modification of
our procedure (19, 20). Cathepsin B activity is expressed as means = standard error of 4-
methoxy-B-naphthylamine formed per minute on the basis of wet weight, protein, or DNA
content. A two-tailed Student’s ¢-test was used; N = 3 in each case.

Metastatic Amount of 4-methoxy-B-naphthylamine formed per minute
melanoma
variant wM/g wet weight wM/mg protein nM/ug DNA
Whole tumor
B16F, 607 = 9 3.8 02 226 + 42
B16F 1596 + 164* 11.8 = 2.8+ 664 + 54*
Dispersed tumor cells
BI16F, 2.1 + 04 84 + 9
B16F 5.1 = 1.1% 269 + 28%
Elutriated o fraction
BI6F, 0.8 + 0.2 16 + 5
B16F,, 1.7 = 0.9 21 + 10
Elutriated B fraction
B16F, 26+ 14 66 = 37
B16F o 9.3 + 0.6§ 260 + 21§
*P < .005. TP < ,05. P < ,025. §P < .01,
Cathepsin B £-N-Acetyl- B-Glucuronidase Acid Cathepsin D
glucosaminidase phosphatase

Relative specific activity

Protein (%)

Fig. 1. Subcellular distribution of lysosomal enzymes in B16F, and B16F,, melanoma variants.
A BI16F, tumor (upper graphs) and a B16F,, tumor (lower graphs) were homogenized as
described in Table 1 and subjected to differential centrifugation in a Beckman J2-21 centrifuge.
Four fractions were separated as described in (8): (crosshatched bar) N, or nuclear fraction at
800g for 10 minutes; (white bar) M, or heavy mitochondrial fraction at 10,000g for 5 minutes;
(black bar) L, or light mitochondrial fraction at 23,000g for 15 minutes; and (stippled bar) S, or
supernatant. These four fractions were assayed fluorometrically for five lysosomal enzymes;
the activity of the enzyme in each fraction is expressed as the relative specific activity versus
the percentage of protein in each fraction (/3). A relative specific activity greater than 1
indicates that the enzyme is purified in that fraction.
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zyme for lysosomes (9), was twice as
great in the B fraction of the B16F,
tumor (1441 = 99 nM 4-methylumbelli-
ferone per microgram of DNA per min-
ute) as it was in the B16F; tumor
(641 = 296 nM/pg-min). The content of
the two enzymes in the BI16F;, and
B16F; tumor cell lysosomes may differ,
or, alternatively, the concentration of an
endogenous inhibitor to cathepsin B may
differ (10).

In contrast to the findings with cathep-
sin B, the activities of B-N-acetylglucosa-
minidase, P-glucuronidase, and acid
phosphatase were evenly distributed be-
tween the o and B fractions of both
B16F; and B16F ;4 tumors. Cathepsin D
activity was concentrated in the « frac-
tions, perhaps reflecting the presence of
residual bodies in the macrophages of
the « fractions (7, 11).

This is definitive proof that the elevat-
ed activity of a lysosomal enzyme, the
proteinase cathepsin B, originates from
the tumor cells. Many studies have sug-
gested that lysosomal proteinases and
glycosidases may have elevated activi-
ties in tumors or that they may be re-
leased from tumors (I-4, 12) and also
that activity of these lysosomal enzymes
may be correlated with the invasive
properties and onset of metastasis (2),
but none of these studies identified the
cellular source of the lysosomal en-
zymes.

It has been suggested that cathepsin B
in human breast tumors might not be
lysosomal in origin since its secretion
differs from that of cathepsin D (7).
Therefore, to determine the subcellular
localization of cathepsin B in the B16F;
and B16F;, tumors, we fractionated 1 to
3 g of subcutaneous tumors by differen-
tial centrifugation (Fig. 1). The majority
of lysosomes sedimented in the L frac-
tion (13, 14), with larger autophagic and
heterophagic vacuoles or residual bodies
sedimenting in the M fraction (13, 14). In
both the B16F; and B16F,, tumors, the
pattern of cathepsin B activity paralleled
that of B-N-acetylglucosaminidase, B-
glucuronidase, and cathepsin D.

Cathepsin B is a cysteine proteinase
with significant activity at neutral pH (J,
15). Since cathepsin B can degrade peri-
cellular protein (/6), it is possible that
cathepsin B release from tumor cells (/,
4) may contribute to detachment of the
cells from the primary tumor and hence
to metastasis. Two of the major constitu-
ents of the extracellular matrix, collagen
and proteoglycan, can be degraded by
cathepsin B (I5), as can the major con-
stituents of the venule wall, actin and
myosin (10); thus cathepsin B may facili-
tate both invasion and extravasation. Ca-
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thepsin B also transforms a procollagen-
ase found in bone to its active form (I7).
Liotta ef al. (I8) demonstrated that the
activity of a collagenase specific for
basement membrane collagen is twice as
great in B16F, melanoma cells as it is in
B16F; cells. Since maximal collagenase
activity in vitro required trypsin treat-
ment, the elevated cathepsin B activity
in B16F;, cells (Table 1) might activate
the basement membrane collagenase in
vivo, thus correlating it with the higher
metastatic potential of B16F ;.
Cathepsin B activity, previously
shown to be associated with human
breast carcinoma (/) and vaginal adeno-
carcinoma (4), is a specific property of
the tumor cell. In the mouse model,
increased cathepsin B activity is corre-
lated with increased metastatic behavior.
These results warrant an investigation of
lysosomal cathepsin B activity in human
tumors with high metastatic potential.
Cathepsin B may be a locus for therapeu-
tic intervention in the metastatic cas-
cade.
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Selective Protection of Methionine Enkephalin

Released from Brain Slices by Enkephalinase Inhibition

Abstract. Methionine enkephalin release was evoked by depolarization of slices
from rat striatum with potassium. In the presence of 0.1 pM thiorphan [(N(R,S)-3-
mercapto-2-benzylpropionyl)glycinel, a potent inhibitor of enkephalin dipeptidyl
carboxypeptidase (enkephalinase), the recovery of the pentapeptide in the incuba-
tion medium was increased by about 100 percent. A similar effect was observed with
the dipeptide phenylalanylalanine, a selective although less potent enkephalinase
inhibitor. Inhibition of other known enkephalin-hydrolyzing enzymes—aminopepti-
dase by 0.1 mM puromycin or angiotensin-converting enzyme by 1 pM captopril—did
not significantly enhance the recovery of released methionine enkephalin. These
data indicate that enkephalinase is critically involved in the inactivation of the
endogenous opioid peptide released from striatal neurons.

Whether specific inactivation mecha-
nisms similar to those found in the well-
known neurotransmitter synapses are re-
sponsible for turning off the signals con-
veyed by neuropeptides has not been
established. Regarding the enkephalins
Tyr-Gly-Gly-Phe-Met and Tyr-Gly-Gly-
Phe-Leu (Tyr, tyrosine; Gly, glycine;
Phe, phenylalanine; Met, methionine;
Leu, leucine), at least three well-charac-
terized peptidases are candidates for this
role in the central nervous system: an
aminopeptidase (1), a peptidyl dipeptide
hydrolase, angiotensin-converting en-
zyme (ACE) (2), and the recently charac-
terized enkephalin dipeptidyl carboxy-
peptidase, enkephalinase (3-8). All three
enzymes cleave the enkephalins into bio-
logically inactive peptides—the first by
releasing the NH,-terminal Tyr residue,
the others by hydrolyzing the Gly>-Phe*
amide bond. Enkephalinase may be
more strategically located than the oth-
ers, that is, in the vicinity of puta-
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~ tive enkephalinergic synapses (7, 9, 10).

One approach to this kind of study
consists in ascertaining whether selec-
tive inhibitors of the various enzymes
protect the endogenous enkephalins re-
leased from their neuronal stores. Brain
slices constitute a preparation in which
the morphological organization is pre-
served and on which release of endoge-
nous enkephalins by depolarizing agents
has been demonstrated (11, 12). Inhibi-
tion of enkephalinase by the dipeptide
Phe-Ala (Ala, alanine) or by thiorphan
(13) enhances recovery of Met-enkepha-
lin when its release from rat striatal
slices is evoked by K™, whereas selec-
tive inhibition of the two other pepti-
dases does not provide such protection.

Selective inhibition of the Tyr-releas-
ing enzyme activity can be obtained with
puromycin, a compound that does not
significantly affect either enkephalinase
or ACE (7). Captopril (SQ14,225), a po-
tent ACE inhibitor with an inhibition

1153





