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Abstract

Calcium-activated protease (CAP) activity was studied in various neural tissues of the squid using
endogenous (neurofilament protein) and exogenous (["*C]casein) substrate assays. Both assays
demonstrated a significant CAP activity in perikarya from stellate ganglia, in axoplasm extruded
from the giant axon, and in squid retinal fibers. The endogenous protein substrates in the perikarya
and axons were 60,000 and 200,000 daltons, respectively. The K,, for the CAP degradation of [*C]
casein in axoplasm was about 2 X 107° M. In contrast, both assays detected no CAP activity nor
endogehous substrate in nerve terminals (synaptosomes from squid optic lobe). The absence of both
CAP activity and endogenous substrate in nerve endings suggests that the axonal neurofilaments
are degraded by CAP at the axon-nerve ending junction, followed by an autoinactivation of the
CAP. Consistent with this hypothesis is that exposure of axoplasmic CAP to calcium leads to a rapid
degradation of axonal neurofilament protein (¢ < 2 min) and a slower inactivation of the CAP (¢«
= 90 min). Axonal CAP requires a relatively high concentration of Ca®* (>500 um) for activation

and, hence, probably is related to the low Ca®* sensitivity form of CAP found in other tissues.

In addition to their well known roles in the regulation
of protein turnover in cells (Goldberg and St. John, 1976;
Lajtha and Dunlap,. 1981), the actions of intracellular
proteases are being increasingly invoked as mechanisms
which underlie more selective alterations in cellular
structure and function (Reich et al., 1975; Holzer and
Heinrich, 1980; Neurath and Walsh, 1976; O’Brien et al.,
1978; Baudry and Lynch, 1980). One class of proteases
which appears to have sufficient substrate specificity to
produce highly selective changes in cells is the calcium-
activated proteases (also referred to as calcium-depend-
ent proteases, calcium-activated neutral proteases, and
calpain). Although these thiol proteases, with pH optima
around neutrality, are found in a wide variety of tissues
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and cells (Ishiura, 1981; Murachi et al., 1981a, b), their
activation in situ often leads to the proteolysis of only
one or few specific intracellular proteins, with selective
physiological consequences depending on cell type. Cal-
cium-activated proteases have been implicated in specific
intracellular enzyme activation (Huston and Krebs, 1968;
Nishizuki et al., 1979; Hamon and Bourgoin, 1979), myo-
fibrillar protein turnover (Dayton et al., 19764, b; Ishiura
et al,, 1978; Kameyama and Etlinger, 1979), regulation of
steroid receptors (Puca et al., 1977; Vedeckis et al., 1980)
and glutamate receptors (Baudry and Lynch, 1980;
Baudry et al., 1981), and modification of cytoskeletal
proteins (Anderson et al., 1977; Phillips and Jakabova,
1977; Triplett et al., 1972; Wallach et al., 1978; Gilbert et
al., 1975; Lucas et al., 1979).

The presence of calcium-activated proteases (CAPs) in
nervous tissue was reported initially by Guroff (1964).
The first indication, however, that the CAP was indeed
of neuronal origin and had a specific endogenous protein
substrate came from the work of Gilbert and his col-
leagues on axoplasm isolated from the giant axons of the
fan worm, Myxicola, and the squid, Loligo (Gilbert, 1975;
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Gilbert et al.,, 1975; Anderton et al., 1976). This and
subsequent work on both invertebrate and vertebrate
axons showed that the CAP was a neutral, thiol protease
specifically activated by Ca®* which selectively degraded
neurofilament proteins (Gilbert et al., 1975; Schlaepfer
and Micko, 1978; Schlaepfer and Freeman, 1980; Pant et
al., 1979a; Pant and Gainer, 1980; Schlaepfer et al., 1981;
Eagles et al., 1981).

The physiological role of the CAP in axons is less well
understood. One proposal is that the destruction of neu-
rofilaments preceding nerve degeneration (after injury)
is mediated by CAP (Schlaepfer, 1974; Schlaepfer and
Micko, 1978). Another proposal (Lasek and Hoffman,
1976) suggests that the turnover of neurofilaments in
nerve terminals may involve the CAP and that one
mechanism regulating the growth of axons might be the
action of CAP in the developing nerve terminals (Lasek
and Black, 1977). One apparent difficulty for the latter
proposal is that the axonal CAP directed at neurofila-
ment degradation requires an unphysiological level (>500
M) of calcium ion for activation (Pant and Gainer, 1980).
Even in the synaptic terminal, where, during activity, the
Ca®" influx is relatively high, the internal calcium con-
centration rarely exceeds 10 pm (Llinas and Heuser,
1977). One possibility is that, when the axonal CAP
enters the nerve terminal, its Ca®* dependency shifts to
lower level requirements for activation. Therefore, in this
paper, we attempt to compare the properties of CAP in
the three principal neuronal sites: perikaryon, axon, and
nerve terminal.

Materials and Methods

All experiments were performed on freshly prepared
tissues from squid (Loligo pealit) obtained at the Marine
Biological Laboratory, Woods Hole, MA. The animals
were maintained for 2 to 16 hr before use in laboratory
tanks containing running sea water. Dissection of the
dorsal giant nerve fibers was performed under running
sea water on a dissecting table illuminated from below
through a glass window. Axoplasm was extruded from
the dissected intact axon in the conventional manner to
avoid contamination of the axoplasm by sea water and
external tissues. Extruded axoplasm was transferred
quickly into 1.2-ml Eppendorf tubes (catalog No. 2266
411-11-1 from Brinkmann Instruments) on ice containing
20 mm Tris-HC], pH 7.5, and homogenized into a uniform
suspension. Aliquots of this uniform suspension were
used in most of the experiments. In some cases, extruded
axoplasm was suspended in artificial axoplasm solution
(Rubinson and Baker, 1979). This suspension was centri-
fuged for 1 min at 10,000 rpm in a Beckman centrifuge
and the pellet was homogenized in 20 mm Tris-HCI, pH
7.5, buffer solution.

The ganglion cells (perikarya in stellate ganglia) and
retinal fibers were dissected, washed in isomolar sucrose,
and transferred into glass homogenizers containing 20
mM Tris-HCl (pH 7.5) buffer solution on ice. These
samples were homogenized to uniform suspension. Ali-
quots of these suspensions were used in experiments as
described below.

Synaptosomes were prepared as described by Dowdell
and Whittaker (1973) and Dowdell and Simon (1973)
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with minor modifications. Briefly, optic lobes from squid
were homogenized as a 20% (w/v) solution in 1 M sucrose
by six complete strokes of a glass-on-glass Ten-Broek
Homogenizer (B pestle). The homogenate then was cen-
trifuged at 10,000 rpm (13,000 X g) for 1 hr at 4°C on a
Sorvall RC2B preparative centrifuge. The synaptosomal
pellicle then was recovered by aspiration and dispersed
in a minimal volume of 1 M sucrose, and aliquots of this
preparation were homogenized in 20 mm Tris-HCI, pH
7.5, for further use in the degradation experiments de-
scribed below.

Assay of calcium-activated protease (CAP) activity in
squid axoplasm using an endogenous substrate (NFuy).
CAP activity in axoplasm was measured using a previ-
ously described assay (Pant and Gainer, 1980) based on
the selective degradation of an endogenous substrate
(200,000-dalton neurofilament protein or NFsy). Briefly,
equal aliquots (20 ul) of the above axoplasm solution
were transferred to tubes containing 80 ul of an appro-
priate buffer at a given pH and divalent cation concen-
tration (see text). In all experiments, control tubes con-
taining buffer with no divalent cations and 5 mm EGTA
were used. Thus, each of the tubes contained an identical
amount of axoplasmic protein at the outset of the incu-
bation period in 100 pl of solution. The samples were
stirred briefly and incubated for 30 min at 22 + 1°C. The
incubation was terminated by adding trichloroacetic acid
(TCA) to the incubation mixture to a concentration of
10%, and the resultant TCA pellet, obtained after cen-
trifugation, was washed twice with ethanol:ether (1:1,
w:v) and then with ether to remove the TCA. The dried
pellet then was solubilized in 2.5% NaCO3; and 2% SDS
and reduced with 2-8-mercaptoethanol. SDS-gel electro-
phoresis of the samples was performed on 5% polyacryl-
amide gels according to the method described by Neville
(1971). Following electrophoresis, the gels were stained
with either Coomassie Brilliant Blue or Fast Green,
destained, and scanned at 560 nm (or 630 nm for Fast
Green) using a Beckman model 25 gel scanner. The
scanning patterns were evaluated by standard quantita-
tive densitometric techniques (Gorovsky et al., 1970;
Bertolini et al., 1976). Identical data were obtained when
either Coomassie Brilliant Blue or Fast Green was used
as the stain. These densitometric patterns are highly
reproducible (Pant et al., 1979a; Pant and Gainer, 1980)
and the measurements of NFs degradation, under var-
ious experimental conditions, were made in this manner.

Assay of Ca®*-activated proteolytic activity using
[methyl-"*C]casein as substrate. Proteolytic activity in
the various tissue preparations were determined by meas-
uring the hydrolysis of [methyl-"*C]casein by tissue sam-
ples to trichloroacetic acid-soluble peptides. Each assay
tube (assays were performed in duplicate or triplicate)
contained an aliquot of the appropriate tissue sample,
2.53 ug of [methyl-*C]casein (New England Nuclear
Corp.; specific activity, 0.0019 mCi/mg), in a total volume
of 150 pl. The standard incubation was in 20 mM Tris-
HCIl buffer (pH 7.5) for 30 min at 23°C. Various additions
to the incubation medium are described in the text. Each
incubation series also contained control assay tubes in
which heat-inactivated tissue (or no tissue sample) was
added. Each assay also contained samples with 0 mm
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Ca’ and 5 mM EGTA for the measurement of back-
ground protease activity in the tissue sample. This value
was subtracted from the proteolytic activity measured in
the presence of Ca®* to give specifically Ca**-induced
proteolytic activity. The incubations were terminated by
addition of 150 pl of 20% trichloroacetic acid, and 10 ul
(1 mg of protein/ml) of squid brain synaptosomes were
added as carrier proteins. After 2 to 3 hr at 4°C, the
samples were centrifuged at 10,000 rpm for 20 min in a
Beckman Microfuge. One hundred fifty microliters of
each supernatant containing TCA-soluble peptides was
mixed with 150 ul of 0.1 ¥ NaOH and 10 ml of Aquasol in
glass counting vials. The vials were counted using a
Beckman liquid scintillation counter after 15 hr in the
dark in order to eliminate chemiluminescence.

Total protein in the tissue samples (homogenates) was
measured by the method of Bradford (1976) using pre-
mixed reagents purchased from Bio-Rad Laboratories.
Bovine serum albumin was used as a standard in the
protein assays.

Calculations of CAP activity. In the [**C]casein assays,
the amount of casein degraded was determined from the
radioactivity in the TCA-soluble peptides and the specific
activity of the ["C]casein substrate. CAP activity was
calculated as micrograms of casein degraded in the pres-
ence of Ca’* minus micrograms of casein degraded in
absence of Ca®" (expressed as micrograms of casein de-
graded per mg of tissue protein per 30-min incubation).
CAP activity using NFy degradation was calculated
similarly using micrograms of NF degraded values
obtained from quantitative densitometry as described
above (in this case, the quantity of NFs (in axoplasm)
incubated in the absence of Ca** (0 mm) + 5 mm EGTA
was taken as the initial substrate value). The data also
are expressed as the percentage of substrate degraded
(e.g., Figs. 1, 24, and 4), with the maximum degradation
under the specific experimental condition equal to 100%.

The rate constants (K) in Figure 2B were calculated
assuming first order reaction kinetics, K = (2.3 log s/(s
— x))/t, where s is the amount of substrate (in micro-
grams) in the initial condition, and x is the amount of
substrate (in micrograms) degraded over the time (£, in
minutes) of incubation.

Each assay was performed in triplicate, with a <7%
variation in the value of replicates. Average values of
these triplicate assays were used in the calculations.

Polyacrylamide gel electrophoretic (PAGE) analysis
of endogenous substrates. Tissue samples were incubated
and treated as described above for analysis of NFag
degradation by axoplasm. The proteins in these samples
then were separated by PAGE in SDS using 7 to 11%
gradient slab gels. The gels were stained by Coomassie
Blue, destained, and photographed.

Chemicals and reagents. [ methyl-'*C]Casein was pur-
chased from New England Nuclear Corp. The protease
inhibitors luepeptin and antipain were obtained from Dr.
Walter Troll (New York University). Trifluoperazine was
obtained from Dr. Benjamin Kaminer (Boston Univer-
sity). Calmodulin was obtained from Calbiochem. All
other chemicals were of the highest grade commercially
available. All solutions were freshly prepared in deion-
ized, double distilled water.
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Results

Comparisons of CAP activity measured in axoplasm
by an endogenous (NFay) and exogenous ([methyl-*C]
casein) substrate assay. In a previous study (Pant et al.,
1979b), we found that squid synaptosomes did not con-
tain sufficient neurofilament protein to allow for an en-
dogenous substrate assay of CAP. Therefore, it was nec-
essary to use an alternative exogenous substrate assay.
However, before doing so, we felt that it was necessary
to compare the two assays using extruded axoplasm.
Figure 1 illustrates the Ca®* dependency of degradation
of each of these substrates by axoplasmic CAP. Virtually
all of the NFa protein substrate is degraded in the
presence of 10 mm Ca”" in 30 min and the data were
expressed as a percentage of maximum CAP activity (i.e.,
CAP activity at 10 mm Ca®"; see “Materials and
Methods”). A relatively high Ca®* concentration (>0.5
mM) is necessary to initiate CAP activity in squid axo-
plasm (Fig. 1; see Pant and Gainer, 1980). While this is
the case for both substrate assays, the NF;p substrate
appears to reach maximum degradation at lower calcium
levels (<4 mm) than the casein substrate (5 to 10 mm).

This difference is due, in part, to the different kinetics
of degradation of these two substrates. Figure 24 illus-
trates the time courses of degradation of the endogenous
NFyg protein and exogenous [*“C]casein by axoplasmic
CAP (in the presence of 10 mm Ca®*). Both substrates
are degraded completely after 30 min of incubation;
however, the NFy is degraded more rapidly than the
[**C]casein substrate (Fig. 24). Further kinetic analysis
of these data, assuming first order reaction kinetics, is
illustrated in Figure 2B (see “Materials and Methods”).
NF20 degradation is characterized by two rate constants
(K), a faster rate (K = 3.4 min™") and a slower one (K
=.1.2 min™), with the latter being comparable to the
single rate constant (K = 0.9 min™") found for casein
degradation by axoplasmic CAP. These data suggest that
the endogenous NFsg protein substrate in the axoplasm
homogenate may exist in two different forms with respect
to the axoplasmic CAP: one form which behaves similarly
in its degradation kinetics to exogenous casein and an-
other which is degraded more rapidly (see “Discussion”).

Figure 3 illustrates a Lineweaver-Burk (double recip-
rocal) plot of CAP activity in axoplasm containing 10 mm
Ca®* at various concentrations of the ['*C]casein sub-
strate. The K., was found to be 2.03 X 107° M, a value
similar to that found for calcium-activated proteases in
other tissues (Puca et al., 1977).

The above data indicate that the [**C]casein degrada-
tion assay for CAP activity provides an effective alter-
native to the use of the more tedious endogenous sub-
strate degradation assay. The most important point is
that this exogenous substrate assay allows a determina-
tion of CAP activity independent of the presence or
absence of an endogenous substrate in the tissue. Further
evidence that the endogenous NF2 and exogenous ca-
sein are being degraded by the same CAP activity comes
from protease inhibitor studies. In a previous report
(Pant and Gainer, 1980), we showed that iodoacetic acid
(1 mm), p-chloromercuribenzoate (1 mM), and 7-amino-
chloro-3-tosylamidoheptane completely inhibited the
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Figure 1. Comparison of the calcium-activated protease (CAP) activity in extruded axoplasm using an endogenous protein
substrate (axoplasm neurofilament protein, NFzq) versus an exogenous substrate ([methyl-"*C]casein) assay (see “Materials and
Methods”). The CAP activity is expressed on the ordinate as a percentage of the maximal value obtained in the specific assay

(i.e., at 10 mm Ca®").

degradation of NF3o protein in axoplasm by CAP. Fur-
thermore, 1 mM leupeptin ((acetyl)-L-leucyl-1-leucyl-1-
argininal), a nontoxic protease inhibitor (Libby and Gold-
berg, 1978; Stracher et al., 1978) which inhibits plasmin,
trypsin, kallikrein, thrombokinase, papain, and cathepsin
B but not chymotrypsin or elastase (Umezawa and Aoy-
agi, 1977), also completely blocked the degradation of
NF30 protein (Pant and Gainer, 1980). The degradation
of [**C]casein by Ca’*-induced proteolysis in axoplasm
was blocked by a similar spectrum of protease inhibitors
and by 1 mM leupeptin or 1 mMm antipain (data not
shown).

Distribution of CAP activity in various neural tissues
of the squid. Homogenates of squid axoplasm, stellate
ganglion perikarya, retinal fibers, and synaptosomes de-
rived from the optic lobe were incubated with [**C]casein
in the presence (or absence) of 10 mM Ca** for 30 min at
23°C under standard conditions (see “Materials and
Methods”). The results of these experiments are shown
in Table I where the protease activity is expressed as
micrograms of [**C]casein degraded per mg of tissue
protein per 30 min of incubation. The CAP activity was
determined by subtracting the proteolytic activity in
each tissue in the absence of Ca®** (0 mm Ca®', 5 mm
EGTA) from the proteolytic activity measured in the
presence of 10 mm Ca®*. As can be seen in Table I,
extruded axoplasm had the greatest CAP activity, about
3.6-fold greater than ganglion cells and 20.7-fold greater
than squid retinal fibers. It is difficult to evaluate the
exact significance of these differences in CAP activity
since only the extruded axoplasm represents a pure
neural component. The ganglion cells and, to a greater

extent, the retinal fibers are contaminated by surround-
ing glial cells which may not contain significant CAP
activity but which would contribute to the protein meas-
urement used in the calculation of the CAP activity of
the tissue sample. In any case, the most significant data
in Table I are that the synaptosomes were completely
devoid of CAP activity. We were somewhat surprised by
this data since we had anticipated, based upon the hy-
pothesis that the rapid turnover of neurofilaments in
nerve terminals was due to the action of CAP (Lasek and
Hoffman, 1976), that the CAP activity in the synapto-
some preparation would be substantial. Furthermore,
this was surprising since the cellular structure immedi-
ately continuous with the nerve terminal, the axon (rep-
resented by axoplasm and retinal fibers in our assay),
contained a large amount of CAP activity. Since proteins
in nerve terminals normally are derived from axons via
axonal transport processes, the lack of CAP activity in
the nerve terminal could reflect either: (1) a relatively
rapid turnover of CAP in the terminal or (2) the accu-
mulation of a specific inhibitor of CAP in the terminal.
Both of these possibilities are feasible since CAPs in
other systems have been reported to undergo autolysis
after Ca®" activation (Gilbert et al., 1975; Puca et al,,
1977), and endogenous inhibitors of CAP also have re-
ported (Murachi et al., 1981a, b). Experimental data
pertinent to these alternative possibilities are presented
below.

Inactivation of axoplasmic CAP by calcium. Figure 4
shows the results of experiments in which axoplasm was
preincubated in the absence (open circles) or presence
(solid circles) of 10 mMm Ca®* for various times and then
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Figure 2. Comparison of the degradation rates of an endogenous substrate (NFa) and an exogenous substrate ([methyl-'*C]
casein) by axoplasmic CAP (in 10 mM Ca®*). A, Time course of substrate degradation by CAP; B, evaluation of the rate constant
of degradation of each substrate by CAP, assuming first order kinetics. The rate constant (K) was calculated as described under
“Materials and Methods.” Note that the endogenous substrate degradation was characterized by two rate constants (3.4/min and
1.2/min), whereas the exogenous casein substrate was degraded only at the lower rate (0.9/min).

assayed for CAP activity by the [**C]casein method. As
can be seen in Figure 4, preincubation of axoplasm for as
long as 22 hr (at 23°C) in the absence of Ca®* did not
affect its CAP activity. In contrast, preincubation of
axoplasm in 10 mm Ca®* produced a slow decrease in
CAP activity (half-time of reduction of CAP activity,

about 90 min) so that, after about 6 hr of preincubation,
virtually no CAP activity could be detected in the axo-
plasm. The time course of the endogenous NFx protein
degradation by CAP (data shown in Fig. 24 ) under these
conditions also is plotted in Figure 4 (dashed line) for
comparison (half-time, about 2 min). These data are
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Figure 3. Lineweaver-Burk plot of axoplasmic CAP degradation of [methyl-'*C]casein at 10 mM Ca®*. The K. of the reaction

was calculated to be 2.03 X 1076 M.

consistent with the notion that, following activation of
CAP by Ca?* in the nerve terminals, the endogenous
protein substrate (e.g., NFa) is degraded rapidly, fol-
lowed by a slower inactivation of CAP. Given this scen-
ario, neither axoplasmic CAP nor endogenous substrate
would be expected to accumulate in the terminals.

Distribution of endogenous protein substrates in var-
ious neural tissues of the squid. Figure 5 shows the
Coomassie Blue-stained gel patterns of proteins from
ganglion cells, extruded axoplasm, retinal fibers, and
synaptosomes after incubation for 30 min in the presence
and absence of 10 mm Ca**. The arrows in Figure 5 point
to proteins which are clearly present in the tissue after
incubation in the absence of Ca®* but are either greatly
reduced or completely missing after incubation with 10
mM Ca®*. Each of the tissues which contained CAP
activity, as measured by the casein assay (Table I), also
contained at least one endogenous substrate candidate
(Fig. 5). The synaptosomes which contain no measurable
CAP (Table I) also appear to have no endogenous sub-
strate (Fig. 5). Note that the synaptosomes did not con-
tain the 200,000-dalton neurofilament protein which was
found to be the major endogenous substrate in axons
(i.e., in axoplasm and retinal fibers). Although the gan-
glion cells contained an endogenous substrate, it was not
200,000 daltons but rather around 60,000 daltons. In this
regard, it is interesting that the major polypeptide found
in preparations of purified squid brain intermediate fila-
ments (neurofilaments) was 60,000 daltons (Zackroff and
Goldman, 1980). Whether the 60,000-dalton substrate in
the ganglion cells (Fig. 5) is related to this neurofilament
protein remains to be determined.

If the synaptosome does not contain CAP activity
(Table I), then the failure to find an endogenous sub-
strate in the experiment depicted in Figure 5 cannot be

TABLE 1
Effects of Ca®* on protease activity in squid neural tissues

These results were determined by the degradation of ["*C]casein
(nominal specific activity, 0.0019 mCi/mg; from New England Nuclear,
Boston, lot 1309-221) to TCA-soluble peptides. The incubation of
tissues was in 150 pl of 20 mm Tris-HCl (pH 7.5) containing 2.53 g of
['*C]casein for 30 min. Each incubation mixture contained about 9,500
cpm of ["*C]casein and between 10 and 100 ug of tissue protein. The
data in the table represent average values of 14, 6, 4, and 8 independent
measurements of axoplasm, ganglion cells, retinal fibers, and synapto-
somes, respectively. The variations in the values were less than 10% of
the means, and the detection limit in the experiments was <0.01 pg of
[**C]casein degraded.

Protease Activity

Tissue CAP

Activity®

0 mm Ca**
(5 mm EGTA)

ug [*Clcasein degraded/mg tissue protein/30
min

10 mm Ca**

Axoplasm (giant axon) 0.45 97.1 96.7

Ganglion cells (perikarya 0.3 29.1 28.8
from stellate ganglion)

Retinal fibers 0.14 4.8 4.7

Synaptosomes (optic lobe) 0.02 0.02 0

2 CAP activity, protease activity in 10 mm Ca®* — protease activity
in 0 mm Ca®*

taken as evidence that such a substrate does not exist in
the synaptosome preparation. Figure 6 represents an
attempt to address this issue more directly. In this ex-
periment, axoplasm and synaptosome homogenates were
incubated separately or together (after mixing) in the
presence of 10 mm Ca®'. The SDS-gel protein patterns
resulting from these incubations are shown in Figure 6.
There were no significant differences in the gel patterns
irrespective of whether the axoplasm and synaptosome
homogenate preparations were mixed before or after the
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Figure 4. Inactivation of axoplasmic CAP by Ca®**. Equal aliquots of axoplasm suspended in 20 mm Tris-HCI, pH 7.5, were
preincubated for various times in the presence of 10 mm Ca®™ (@) or 0 mM Ca®" + 5 mM EGTA (O). Equal amounts of [methyl-
"C]casein were subsequently added to the preincubated samples and the samples were incubated further for 30 min. The reaction
was terminated by adding T'CA (10% final concentration), and their CAP activities were measured as described under “Materials
and Methods.” The time course of endogenous NFy degradation (see Fig. 24) also is illustrated (dashed line) for comparison.
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Figure 5. Evaluation of endogenous protein substrates degraded by endogenous CAP in various neural tissues in the squid.
Homogenates of axoplasm (giant axon), ganglion cells (stellate ganglion), retinal fibers, and synaptosomes (optic lobe) were
incubated in the presence (+Ca’*) and absence (—Ca®*) of calcium (see “Materials and Methods”). The reaction was terminated
by the addition of 10% SDS, and the proteins in the incubates were analyzed by SDS-gradient PAGE. The arrows point to the
endogenous proteins degraded by the CAP in each tissue.

incubation with Ca** (compare columns C and D in Fig. Similar experiments using ganglion-derived CAP and
6). This indicates that the presence of axoplasmic CAP synaptosomes were done with similar results (H. C. Pant,
during the incubation did not cause the degradation of P. E. Gallant, R. Gould, and H. Gainer, unpublished
any specific protein in the synaptosome preparation. data). These data are consistent with the interpretation
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A B

C D

Figure 6. Gradient (7% to 11%) polyacrylamide SDS-gel
electrophoresis patterns of proteins from: (4) axoplasm incu-
bated with Ca®*, (B) synaptosome homogenates incubated with
Ca®, (C) equal mixtures of A and B, and (D) mixtures of
axoplasm and synaptosome homogenates co-incubated with
Ca®*. All samples were incubated for 30 min (10 mM Ca**) at
23°C and the reaction was terminated by the addition of SDS.
Molecular weight markers are shown in the left column. Note
that the presence of axoplasmic CAP during the incubation
revealed no protein substrate in the synaptosomes.

that the synaptosomes do not contain a major endoge-
nous substrate for the CAP.

The data in Figure 6 also argue against an endogenous
inhibitor of CAP activity in the synaptosomes. If such an
inhibitor was present, then one might have expected the
premixed incubate (Fig. 6, column D) to have failed to
degrade the endogenous 200,000-dalton substrate (see
Fig. 5, axoplasm) present in the axoplasm component of
the sample. The fact that this 200,000-dalton protein was
equally degraded (Fig. 6, columns C and D) whether or
not the synaptosome homogenate was present during the
incubation with Ca”* indicates that the presence of an
endogenous inhibitor cannot account for the lack of CAP
activity in the synaptosomes. Consistent with this inter-
pretation are the results of similar “mix” experiments
using the [**C]casein assay, which showed that addition
of synaptosome homogenates to axoplasm did not affect
the degradation of the casein (i.e., the measured CAP
activity) by the axoplasmic CAP (H. C. Pant, P. E.
Gallant, R. Gould, and H. Gainer, unpublished data).

Discussion

The absence of any detectable CAP activity in the
synaptosome preparations (Table I) obviously precluded
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any attempt by us to study whether its Ca®* dependency
was shifted to more physiological levels than that of the
CAP activity in the axon. However, the coordinate ab-
sence of both endogenous substrate and enzyme specifi-
cally in the nerve terminal, together with the appropriate
differential time course between neurofilament degrada-
tion and CAP inactivation (Fig. 4), could be interpreted
as support for the idea of a programed turnover of
neurofilaments as they enter the nerve terminals, with a
subsequent inactivation of the CAP. Other workers also
have noted that CAP is unstable in the presence of Ca**
and have attributed this inactivation to autolysis (Puca
et al., 1977; Gilbert et al., 1975; Truglia and Stracher,
1981; Murachi et al., 1981 a, b). However, even if the
above hypothesis is correct, the discrepancy between the
high calcium concentrations necessary for axonal CAP
activation and its relatively low levels in nerve terminals
remains problematic.

In a recent review, Ishiura (1981) points out that this
discrepancy is a common one in many systems which
contain CAP and that, to date, no factor has been found
which could shift the CAP’s sensitivity to Ca®*. Similarly,
we have tested a variety of substances for their ability to
shift the Ca®* dependency of CAP in axoplasm with no
success. These included 1 to 10 mM adenosine mono-
phosphate, 1 to 10 mMm adenosine diphosphate, 1 to 10
mM adenosine triphosphate, 1 to 50 um trifluoperazine, 1
to 100 pug/ml of calmodulin, and synaptosomal homoge-
nate (H. C. Pant, P. E. Gallant, R. Gould, and H. Gainer,
unpublished data). Another possibility which we consid-
ered was whether the localization of the CAP in situ
influenced its Ca®** sensitivity. For example, we observed
that the rate of degradation of at least one component of
the endogenous NF2q protein substrate was considerably
higher than the exogenous casein (Fig. 2B). One possible
explanation for this could be that this NFz component
in our sample was favorably localized near the CAP and,
hence, had a lower effective K,..

Recently, Morris et al. (1981) showed that it was
possible to maintain an intact cytoskeletal network in
extruded squid axoplasm that had been extracted in
buffers of low chaotropicity and that this network con-
tained CAP activity (i.e., selectively degraded the neu-
rofilament proteins in the presence of Ca®*). We have
prepared such network preparations using artificial axo-
plasm buffers (see “Materials and Methods”) and have
found that the sensitivity of CAP to Ca®" in this network
preparation was identical to that of our standard prepa-
ration (shown in Fig. 1). It is known that there are two
types of CAPs extractable from various tissues, which
have different elution positions in DEAE-cellulose chro-
matography, one with a high sensitivity (<40 umM) and
the other with a low sensitivity (>500 um) to Ca** (Mur-
achi et al, 1981a, b; Mellgren, 1980). Murachi et al.
(1981b) have shown that of 11 tissues studied which had
CAP activity, nervous tissue (brain) was the least abun-
dant in the high Ca®* sensitivity form (referred to by
those workers as Calpain I). Although some evidence is
available for Calpain I in brain (see Baudry and Lynch,
1980; Baudry et al., 1981), it is unlikely that this is the
type of CAP associated with the neurofilaments. In con-
trast, Calpain II (the low Ca®* sensitivity form of CAP)
was quite abundant in brain tissue (Murachi et al., 1981b)
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and would appear to be the type of CAP found in squid
axoplasm (Table I; Fig. 1).

These considerations suggest that axonal CAP does
indeed have a high threshold (>500 um) for activation by
Ca**. This would make biological sense in the axon,
where the neurofilaments are stable structural compo-
nents and are degraded only after injury to the nerve
when intracellular calcium concentrations could ap-
proach extracellular levels (Schlaepfer, 1974; Schlaepfer
and Micko, 1978). What then could account for the
activation of axonal CAP as it enters the nerve terminals?
Two speculative possibilities are: (I) the axonal CAP
undergoes a post-translational modification (e.g., via lim-
ited proteolysis, phosphorylation, methylation, etc.) in
the nerve terminal which shifts its sensitivity to 107° m
calcium levels or (2) the neurofilament-CAP complex is
routed through a region in the nerve terminal which
contains a high local concentration of calcium. The
smooth endoplasmic reticulum (SER) elements found in
synaptic endings which sequester calcium (Blaustein et
al., 1980) could be involved in the latter mechanism.
Indeed, it has been suggested, in view of the structural
and functional similarities between nerve terminal SER
and muscle sarcoplasmic reticulum, that the nerve ter-
minal SER also may release calcium during depolariza-
tion in order to influence various cellular activities
{(McGraw et al., 1980). One of these activities could be to
activate CAP and selectively degrade neurofilaments in
the nerve terminal. The above two speculations are not
mutually exclusive, and further work is necessary to
evaluate whether either (or both) of these possible mech-
anisms is operating in situ.

The above discussion assumed that the absence of
CAP activity found in the synaptosomes derived from
squid optic lobe was representative of nerve endings in
general. However, we should point out that, although the
abundant retinal fibers which project to the optic lobe
contain CAP (see Table I), we have not yet proven that
nerve terminals derived from these specific axons are
significantly present in our synaptosome preparations. It
is conceivable that the synaptosomes could have been
derived from optic lobe neurons which do not contain
CAP. We are currently attempting to purify CAP from
the giant axon in order to make specific antibodies
against this protease. With such antibodies, it should be
possible to probe for CAP immunocytochemically in the
various regions (e.g., nerve terminals), of the stellate
ganglion neurons which give rise to the giant axon.
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