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The activity of calcium-activated neutral proteinases (CANPs) 
toward endogenous substrates was measured in axons of retinal 
ganglion cell (RGC) neurons and separately in adjacent optic 
glia under in vitro conditions that preserved the ultrastructure 
and anatomic relationships between these cellular elements. RGC 
neurons and optic glia both expressed CANP activity. In con- 
trast to RGC axons, which contained at least two CANP activ- 
ities with calcium requirements in the millimolar (CANP A) 
and micromolar (CANP B) range (Nixon et al., 19854, CANP 
activity in optic glia was detectable only at millimolar calcium 
concentrations. When maximally activated, CANP(s) in optic 
glia exhibited a broad specificity for endogenous proteins but 
degraded larger proteins at a faster rate. The cytoskeletal pro- 
tein fodrin (brain spectrin) was among the most susceptible en- 
dogenous substrates in RGC axons or glia. The similar prop 
erties of fodrin in neurons and glia, including its susceptibility 
to a purified millimolar calcium-sensitive brain CANP 
(mCANP), provided the basis for using this protein as a sub- 
strate to compare the relative activity of neuronal and glial 
CANPs in situ. Fodrin degradation mediated by CANPs pro- 
ceeded at least 6x more rapidly in intact RGC axons than in 
optic glia. Comparable differences in the relative degradation 
rates of the total neuronal and glial protein pools were also 
observed. These results indicate that the potential activity of 
CANPs is substantially greater in RGC neurons than in glia. 
The enormous potential activity and preferential localization of 
multiple CANP activities in RGC neurons support previously 
hypothesized roles for CANPs in the processing of axonally 
transported proteins and in the regulation of neuronal cytoskel- 
eta1 dynamics and geometry. The markedly different potential 
activities of CANPs in neurons and glia may have relevance to 
the greater vulnerability of neurons to degeneration in various 
neuropathological states. 

The high affinity of calcium-activated neutral proteinases for 
certain proteins (Ishiura, 198 1; Nixon, 1983; Schlaepfer, 1983) 
has prompted speculation about their cellular and subcellular 
localization in nervous tissues and their association with certain 
organelles. lmmunocytochemical studies in non-neural cells 
provide a basis for suspecting that CANPs may be distributed 
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nonuniformly within cells and among different cell types in the 
brain. In skeletal muscle cells, for example, the major CANP is 
highly enriched near the sarcolemma (Barth and Elce, 1981; 
Dayton and Schollmeyer, 198 1) and in the Z-disk region of the 
myofibril (Dayton and Schollmeyer, 198 1). CANP localization 
in the Z-disk is particularly interesting in view of its exceptional 
susceptibility to CANP-catalyzed proteolysis (Busch et al., 1972; 
Reddy et al., 1975) an event that possibly triggers disassembly 
of the myofibril (Dayton et al., 198 1). 

At present, few clues exist concerning the localization of CANP 
forms and CANP activities in the mammalian nervous system. 
Subcellular fractionation analyses suggest that the major CANP 
form is a soluble enzyme (Ishiura, 198 l), although membrane- 
bound CANP activity has also been observed (Baudry et al., 
198 1). CANP activity has been detected in association with the 
neurofilament-enriched cytoskeleton (Ishizaki et al., 1983; Pant 
et al., 1982) a preparation containing proteins that are highly 
sensitive to CANPs (Banik et al., 1983; Malik et al., 1983; Nixon 
1983; Schlaepfer, 1983). Recently, observations that purified 
myelin fractions contain CANP activity toward myelin basic 
protein (Banik et al., 1983; Sato and Miyatake, 1983) have raised 
the possibility that glial cells may also be a site of CANP en- 
richment. It is unclear in the foregoing studies, however, whether 
the association of CANP activity with these axonal and glial 
structures is a physiological property or reflects contamination 
by the highly active soluble CANPs. 

In this study, we measured the relative activity of CANP(s) 
in axons of retinal ganglion cell (RGC) neurons and in adjacent 
glial cells to investigate whether CANP(s) distribute nonuni- 
formly among different cells in the brain. By selectively radio- 
labeling proteins in either RGC axons or glial cells and con- 
ducting in vitro studies of proteolysis in excised but otherwise 
intact optic pathways, CANP activity in glia and axons could 
be measured while preserving the normal anatomic relation- 
ships between these cellular elements (Nixon, 1983; Nixon et 
al., 1986). The validity and advantages of a cell biological ap- 
proach to studies of proteolysis are considered further in the 
accompanying report (Nixon et al., 1986) and elsewhere (Nixon, 
1983). 

In this investigation of CANP activity, we focused particularly 
on the degradation of fodrin (Levine and Willard, 198 l), a high- 
molecular-weight cytoskeletal protein that shares properties with 
spectrin-like proteins in nonneural cells (Glenney et al., 1982b; 
Goodman and Zagon, 1984). These proteins have generated 
wide interest as possible regulators of microfilament organiza- 
tion that may potentially govern such microfilament-related 
functions as cell shape and deformability, cell movement, and 
membrane protein distribution (Glenney et al., 1982a, b, Siman 
et al., 1984). In this report, we show that fodrin is present in 
glia and RGC axons and is among the endogenous proteins most 
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Figure 1. One- and two-dimensional electrophoretic patterns of radiolabeled proteins from RGC axons and from optic nerve glia. RGC axonal 
proteins were selectively radiolabeled by injecting mice intravitreally with ‘H-proline or YS-methionine 6 d prior to SDS-PAGE analysis, as 
described in Materials and Methods. Glial proteins were radiolabeled in vitro with the same isotopic amino acids (see Materials and Methods). 
The one-dimensional gel lanes are fluorograms of (A) ‘H-labeled proteins from RGC axons and (B) ‘H-labeled proteins from optic nerve glial 
proteins. Proteins of interest are identified. On two-dimensional gels, the three neurofilament protein subunits and glial fibrillary acidic protein 
(arrow) are indicated. The standards used to determine molecular weight values were myosin, 2 10,000; fl-galactosidase, 130,000; phosphorylase b, 
94,000; BSA, 68,000; ovalbumin, 43,000. 

sensitive to degradation by CANPs. Since the fodrins synthe- 
sized in glia and neurons were equally susceptible to purified 
brain CANP, we used this protein as a substrate to compare 
levels of CANP activity in optic glia and RGC neurons in situ. 

Materials and Methods 

Selective radiolabeling of proteins in glial cells of the 
optic nerve in situ 
Procedures for breeding and maintaining adult C57BW6J mice and 
dissecting optic pathways (optic nerve and optic tract) are described 
elsewhere (Nixon et al., 1983). The optic pathway specimen is composed 
of axons but not perikarya of retinal ganglion cell neurons and glial cells 
(primarily oligodendroglia and astrocytes) and small numbers (less than 
1%) of fibroblasts and endothelial cells (Tennekoon et al., 1977). Since 
protein synthesis in axons is negligible (Barondes, 1974), glial proteins 
could be selectively radiolabeled in vitro. 

Optic pathways were incubated at 37°C in 0.5 ml of HEPES medium 
(25 mM HEPES, 5 mM KCl, 110 mM NaCl, 5.0 mM glucose, adjusted 
to pH 7.4 with NaOH) containing 20 PCi of L-4,5-‘H-leucine (specific 
activity, 40-60 Ci/mmol) or in some cases, 20 pCi of Y!l-methionine 
(specific activity, 400 Ci/mmol), or combinations of ‘H-leucine and 
L-2,3-3H-proline (30-50 Ci/mmol), using 20 pCi of each. After incu- 
bating tissue specimens for 50 min, the incubating medium was replaced 
by 1.0 ml of prewarmed HEPES medium containing the protein syn- 
thesis inhibitors cycloheximide (0.5 mM) and chloramphenicol(O.3 mg/ 
ml) but no radiolabeled amino acid, and the tissue was incubated for 5 
min at 37°C. The medium was replaced by the same medium, and the 
incubation was continued for another 5 min at 37°C in order to wash 
out unincorporated radioactivity. To examine the protein species syn- 

thesized, radiolabeled optic pathways were subjected to SDS-PAGE and 
the resulting gels were fluorographed (Nixon et al., 1982). 

Analysis of proteolysis in optic nerve glia in situ 
Optic pathways radiolabeled as described above were incubated at 37°C 
in HEPES medium containing 0.3 mg/ml chloramphenicol and 0.5 mM 
cycloheximide, which prevented reutilization of amino acids released 
by proteolysis (Nixon, 1980). When additions were made to the incu- 
bating medium, the tissues were preincubated at 4°C for 20 min in the 
indicated medium. In some cases, the radiolabeled optic pathways were 
subjected to two cycles of rapid freeze-thawing to achieve maximal 
facilitation of calcium ion and enzyme inhibitor entry into the glial cells 
(Nixon et al., 1986). Incubated optic pathways and unincubated control 
specimens were subjected to SDS-PAGE on 4-7% or 5-l 5% linear ac- 
rylamide gradients (Nixon et al., 1983). In some experiments, the elec- 
trophoretically separated proteins stained with Coomassie Brilliant blue 
were analyzed by cutting 1 mm sections of an entire gel lane and mea- 
suring the radioactivity in each by scintillation counting (Nixon et al., 
1986). In other experiments, selected stained protein bands were cut 
from the gels and similarly analyzed for radioactivity (Nixon et al., 
1983). Since the optic pathways were incubated with a constant amount 
of radioisotope during the initial radiolabeling step, incorporation into 
protein was similar in each specimen. Degradation was therefore mea- 
sured as the decrease in the dpm for a given protein in the incubated 
specimen relative to the dpm in that protein from an unincubated con- 
trol optic pathway. In some experiments we employed a protein (protein 
23) that is not degraded under any of the conditions used in this study 
as an internal index of radioactivity incorporated into protein in order 
to factor out minor variations in radioisotope incorporation among 
samples. In these experiments, the radioactivity in a given protein from 
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Figure 2. Specificity of glial CANPs for proteins in glia of freshly dissected optic nerves. Glial proteins were selectively labeled with ‘H-proline 
in vitro. The optic nerves were incubated for 90 min at 37°C in HEPES medium containing 5 mM EGTA (-+) or 4 mM CaCl, (--a--). After 
SDS-PAGE, the electrophoretic patterns were established from the radioactivity in consecutive 1 mm slices of each gel lane. The radioactivity of 
each gel slice is expressed as a percentage of the total radioactivity associated with proteins on the gel, referred to as fractional dpm (Nixon et al., 
1986). The total protein radioactivity in a typical gel was 300,000-800,000 dpm. Comparison of these tracings demonstrates the negligible activity 
of CANPs under these conditions. An apparent difference in the electrophoretic patterns of R, = 0.45 is a gel-slicing artifact. 

incubated and nonincubated samples was expressed as a fraction of the 
radioactivity in protein 23 before calculating the extent of degradation. 
This procedure was therefore used in the studies of proteolysis inhibitors 
to permit effects of certain inhibitors to be quantitated more sensitively. 

Proteolysis in RGC axons in situ 
Proteins in RGC axons were labeled by intravitreal injection of mice 
with 15 pCi of L-2,3-‘H-proline or 25 &i of j5S-methionine (Nixon, 
1980; Nixon et al., 1986). Proteolysis of specific axonal proteins was 
measured as described in the accompanying report (Nixon et al., 1986). 

Phosphorylation of glial and axonal proteins 
To phosphorylate axonal proteins, mice were injected intravitreally with 
50-100 &i ofs2P inorganic phosphate as the tripotassium salt (specific 
activity, 1000 Ci/mmol). Optic pathways were analyzed by SDS-PAGE, 
3 d after injection. Proteins in glial cells were phosphorylated by in- 
cubating optic pathways in HEPES medium containing 50 &i of tri- 
potassium ‘*P-phosphate for 60 min at 37°C. After SDS-PAGE, 32P- 
labeled axonal or glial proteins were visualized by autoradiography. 

Immunostaining of proteins 
Polyclonal antibody to erythrocyte or-spectrin (Repasky et al., 1982) was 
generously provided by Dr. Elizabeth Repasky. PAGE-separated pro- 
teins of the mouse optic pathway were electrophoretically transferred 
to nitrocellulose membranes. The membrane-bound proteins were im- 
munostained with antiserum to cr-spectrin by means of a HRP-conju- 
gated indirect antibody procedure as described in Brown et al. (1983a). 

Digestion of radiolabeled axonal and glial cytoskeletal proteins 
by purified mouse brain CANP 
Proteins in optic nerve glial cells were radiolabeled with L-14C(U)-proline 
(specific activity, 225 mCWmmo1, New England Nuclear, Cambridge, 
MA, 10 $Zi per pathway) and RGC axonal proteins with ‘H-proline, 

using the procedures described above. Cytoskeletal protein fractions 
were prepared by the method of Chiu and Norton (1982) from groups 
of optic pathways containing W-labeled glial proteins or ‘H-labeled 
axonal proteins. An amount of each fraction was combined in a 1:2 
proportion of axonal-to-glial-labeled protein to achieve the appropriate 
ratio of )H to 14C dpm (lO-15:l). A portion of the mixture was then 
incubated with mCANP purified from mouse brain (Nixon et al., 1986) 
at 32°C in 0.05 M Tris buffer, pH 7.2, containing 2 mM dithiothreitol 
and either 15 mM CaCl, or 5 mM EGTA. A ratio of enzyme activity to 
substrate was chosen that, during a 15 min incubation, produced deg- 
radation of 30-50% of the (Y- and P-fodrin subunits (see Results). Sam- 
ples incubated for O-15 min were each subjected to SDS-PAGE, and 
the bands corresponding to the fodrin doublet were excised from the 
gel. The samples were counted in a Beckman LS-7000 counter equipped 
with external standard and automatic quench correction modes. Selected 
samples were recounted after the addition of an aliquot of ‘H-toluene 
or 14C-toluene to determine efficiencies and isotope crossover. Tritium 
efficiency was 55%, and 14C efficiency, 75%. The “C-to-‘H crossover 
averaged 20%, and the ‘H-to-W crossover, 0.85%. These values from 
different samples of the same gel did not vary significantly. 

Results 

Radiolabeled proteins of glial cells and RGC axons 
Optic pathways retained their normal ultrastructure under the 
conditions employed to radiolabel glial proteins in vitro and 
subsequently to analyze proteolysis (Nixon et al., 1986). The 
electrophoretic pattern of 35S-methionine-labeled glial proteins 
differed qualitatively and quantitatively from the pattern of ra- 
diolabeled proteins in RGC axons from mice injected intravi- 
treally with the same amino acid (Fig. 1). Certain heavily labeled 
glial proteins were not observed in RGC axons containing ra- 
diolabeled proteins in the slowest phases of axoplasmic trans- 
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Figure 3. Specificity of glial CANPs for proteins in optic glial cells. Optic nerves containing selectively radiolabeled glial cells were quick-frozen 
and thawed twice before incubation to activate CANPs maximally. Tracings illustrate the electrophoretic patterns of radiolabeled glial proteins 
after radiolabeled optic nerves were incubated for 30 min at 37°C in HEPES medium containing 5 mM EGTA (C) or 4 mM CaCl, (-q--). 
Differences between these two tracings reflect the activity of CANPs requiring millimolar calcium concentrations added to the incubating medium 
for maximal activity. 

port (Group V and Group IV; Fig. 1) or in other transport phases 
(Groups I-II, 6-24 hr postinjection; not shown). Among the 
glia-specific groups was a protein tentatively identified as glial 
fibrillary acidic protein (GFAP) by its migration on one- and 
two-dimensional gels, enrichment in preparations of cytoskel- 
eta1 proteins, and cross-reactivity with antibody to bovine GFAP 
(Brown et al., 198 1). By contrast, neuron-specific proteins, such 
as the neurofilament protein triad, were radiolabeled in axons 
but not in glia. Other radiolabeled proteins, which were present 
in glial cells and in neurons, provided the basis for comparing 
CANP activities in these different cell types (see below). 

Calcium-stimulated loss of glial proteins in situ 
Optic pathways containing radiolabeled glial proteins were in- 
cubated for 2 hr at pH 7.4 in HEPES medium containing 4 mM 
CaCl,, 10 mM EGTA, or no additions. The incubated optic 
pathways were subjected to SDS-PAGE, and radioactivity was 
measured in consecutive 1 mm segments of each gel lane. Nu- 
merous radioactivity peaks corresponding to the protein bands 
in Figure 1 were observed in tissues incubated with EGTA 
(“control” pathways; Fig. 2). In optic pathways incubated for 
90 min without added calcium, the quantitative pattern of ra- 
diolabeled glial proteins was identical to that in samples incu- 
bated in the presence of EGTA (data not shown). 

When fresh optic pathways were incubated in medium con- 
taining 4 mM CaCl, to activate CANPs, only a few high-mo- 
lecular-weight proteins possibly exhibited lower levels of radio- 
activity compared to samples incubated with EGTA (Fig. 1). If 
intracellular transport of exogenous calcium was facilitated by 
adding calcium ionophore A23 187 to the incubating medium, 
a slightly increased loss of these high-molecular-weight proteins 
occurred (see Table 1). Raising calcium levels further by rapidly 

freezing and thawing the optic pathways before incubation with 
4 mM CaCl, yielded a substantially higher rate of disappearance 
of glial proteins (Fig. 3). Calcium-mediated degradation was 
most rapid for high-molecular-weight proteins, although a sub- 
stantial amount of radioactivity that migrated diffusely near the 
top of the gel (also Fig. 1 B) was not appreciably degraded. Under 
conditions of maximal CANP activation, about 0.5% of the total 
protein in control pathways was lost from gels during a 30 min 
incubation. 

When the release of acid-soluble radioactivity from proteins 
rather than the loss of specific proteins was measured as an 
index of proteolysis, a slow rate of calcium-stimulated proteoly- 
sis could be detected by incubating fresh optic pathways (0.15 ? 
0.08% per hr, n = 7). Under conditions of maximal CANP ac- 
tivation (freeze-thawed samples; 4 mM CaCl,), 0.58% (SEM ? 
0.15, n = 9) of the total radioactivity in protein was released in 
a 30 min incubation. The calcium-mediated hydrolysis of pro- 
teins was completely inhibited by sullhydryl reagents (N-ethyl- 
maleimide, iodoacetate, or mersalyl at 2 mM) and was optimal 
in the pH range of 7.0-8.5. 

Suitability of fodrin as a substrate for axonal and 
glial CANPs 
To compare the relative CANP activity in glial cells and RGC 
axons, it was necessary to identify a substrate that exists in both 
locations and is structurally identical at each site. A protein 
doublet with molecular weights of 235 and 240 kDa, respec- 
tively, exhibited these characteristics. The 240 kDa protein cross- 
reacted with polyclonal antibody against the (Y subunit of mouse 
erythrocyte spectrin (Koenig and Repasky, 1985; see Fig. 4) and 
the doublet exhibited properties consistent with its identification 
as the LY and p subunits of fodrin (Goodman and Zagon, 1984; 
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Levine and Willard, 198 1). For example, the doublet was highly 
radioactive in preparations of radiolabeled optic nerve glia or 
RGC axons (Fig. 1). A fraction of each protein was transported 
in viva at a rate of 20-30 mm/d (Group II), although additional 
amounts were also transported in Groups IV (SCb) and V (SCa) 
of axoplasmic transport (R. A. Nixon, unpublished observa- 
tions). Optic pathways from mice injected intravitreally with 
3*P-orthophosphate or optic pathways incubated in vitro with 
32P-orthophosphate contained a highly phosphorylated protein 
corresponding in molecular weight to the fi subunit of fodrin 
(Goodman et al., 1984; see Fig. 5). The specific phosphorylation 
of glial proteins in vitro was suggested by the absence of signif- 
icant radiolabeling of neurofilament proteins and other neuron- 
specific phosphoproteins (Nixon et al., 1985a) under conditions 
in which several major glial proteins, tentatively identified as 
GFAP and myelin basic protein (Murray and Steck, 1984), were 
labeled. Finally, more than 90% of the fodrin from either glia 
or RGC axons, labeled with 32P-orthophosphate (Fig. 5) or 35S- 
methionine (not shown), was associated with the Triton X- 100 
insoluble fraction of cytoskeletal proteins. 

If fodrin were structurally identical in glial cells and RGC 
axons, the susceptibility of the substrate from each source to 
purified CANP should be the same. To test this possibility, 
cytoskeletal protein fractions were prepared from optic path- 
ways containing 14C-proline-labeled glial proteins or 3H-proline- 
labeled RGC axonal proteins, and mixtures of the two differ- 
entially labeled fractions were exposed to purified mouse brain 
mCANP (Nixon et al., 1986) for varying intervals of time. The 
14CY3H ratio in fodrin before incubation (0.31 f 0.04, n = 4) 
remained constant when approximately 10% (0.29 + 0.02, n = 
4) or 50% (0.33 + 0.04, n = 4) of the total protein in the fraction 
was digested, indicating that glial and axonal forms of fodrin 
were degraded at the same rate by mCANP. 

CANP activity toward fodrin in glial cells and 
RGC axons in situ 
The loss of radiolabeled fodrin from glial cells required calcium 
ion in the incubating medium. No appreciable loss of glial fodrin 
occurred in the presence of EGTA (5 mM) or at endogenous 
levels of calcium, even when the release of endogenous calcium 
stores was facilitated with ionophore A23 187 or by freezing and 
thawing the optic pathways before incubation. The rate of fodrin 
loss was maximal in frozen-thawed optic pathways at calcium 
concentrations of 4 mM or higher. Under these conditions, the 
effects of enzyme inhibitors on the calcium-stimulated loss of 
fodrin in glial cells and in RGC axons were similar (Nixon et 
al., 1986). Fodrin degradation was completely inhibited by 
sulfhydryl reagents, including iodoacetate (2 mM) and mersalyl 
(5 mM). Substantial inhibition (77%, glia; 85%, axons) was also 
observed with leupeptin (200 &ml). In contrast, phenylmethyl- 
sulfonyl fluoride had no apparent effect. 

Since calcium-dependent loss of high-molecular-weight pro- 
teins in glia and axons seemed to involve a CANP optimally 
active at millimolar calcium levels, and purified brain mCANP 
degraded axonal and glial fodrin at the same rate, we employed 
fodrin as a substrate to measure the relative activity of CANP 
in these two cellular sites (Table 1). CANP activity toward fodrin 
was substantially higher in RGC axons than in adjacent glia at 
various levels of activation of the enzyme by calcium. A sub- 
stantial CANP-mediated loss of fodrin in RGC axons (tH = 5.8 
hr) was observed when freshly dissected optic pathways were 
incubated in medium containing 4 mM calcium. Under the same 
conditions, CANP activity toward fodrin in glia was below the 
level of detection during a 90 min incubation (Table 1). 

Adding ionophore A23 187 to the incubating medium stim- 
ulated CANP at both cellular sites; however, CANP activity 
remained at least 5 x higher in axons than in glia. Maximal 
activation of CANPs by freezing and thawing optic pathways 

240-w 
235-= 

n--a FODRIN 

Figure 4. Immunostaining of cY-foclrin with antiserum to erythrocyte 
cu-spectrin. Optic pathway proteins separated by SDS-PAGE (4-7% ac- 
rylamide gradient) were stained with Coomassie Brilliant blue (-4) or 
electrotransferred to nitrocellulose and immunostained with cY-spectrin 
antibodies by the HRP-conjugated double-antibody method (B). A sin- 
gle band with a molecular weight of 240 kDa, corresponding to the size 
of the a subunit of fodrin, was selectively immunostained. Molecular 
weights of standard proteins are indicated (see Fig. 1). 

twice before incubation led to extensive fodrin degradation at 
a constant logarithmic rate (Fig. 6). CANPs in intact axons 
degraded 50% of the radiolabeled pool of axonal fodrin in less 
than 8 min. By comparison, fodrin degradation in glial cells was 
at least 10x slower (th = 90 min; Table 1). 

Discussion 
The negligible level of protein synthesis in isolated axons (Bar- 
ondes, 1974) enabled us to selectively radiolabel proteins in 
glial cells of the optic pathway in vitro. Selectivity was evident 
from the intense radiolabeling of certain proteins that are spe- 
cifically associated with the major glial cell types composing 
optic nerve (Dahl and Bignami, 1973). By contrast, in optic 
pathways from mice injected intravitreally in vivo, these proteins 
remained unlabeled, while neuron-specific proteins, including 
the neurofilament triad, were highly radioactive. Nonglial cell 
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Figure 5. Properties of fodrin in RGC axons and optic nerve glia. Glial or RGC axonal proteins were selectively radiolabeled with either ?+ 
metbionine or )ZP-orthophosphate, as described in Materials and Methods. Optic pathways containing 3ZP-labeled glial or axonal proteins were 
separated into Triton X-100 soluble and insoluble fractions (Chiu and Norton, 1982). Samples were subjected to SDS-PAGE (4-7% acrylamide 
gradient) and autoradiography. Only the gel regions between 180 and 300 kDa are presented for each condition, which includes total ‘S-labeled 
glial proteins (a); radiolabeled RGC axonal proteins 6 d after intravitreal injection of 35S-methionine (b); 32P-labeled axonal proteins-T&on X- 100 
soluble fraction (c) and insoluble fraction (d); and )*P-labeled glial proteins-T&on X-100 insoluble fraction (e) and soluble fraction v). 

types are a very small proportion of the optic nerve (Tennekoon 
et al., 1977) and presumably incorporate a minor amount of 
radioactivity. By preserving the ultrastructure of the optic path- 
ways during incubation in vitro, it has been possible to study 
the proteolysis of endogenous proteins by specific proteinases 
in axons or glia without physically disrupting the normal ana- 
tomic relationships between these cellular elements. Since most 
procedures for isolating neurons and glia involve the use of 
exogenous proteolytic enzymes to dissociate the cells before 
separation, eliminating this complicating variable is particularly 
advantageous in studies of proteolysis. 

Our studies indicate that calcium-activated neutral proteinase 
is present in glial cells and exhibits properties characteristic of 
the major mCANP(s) from other tissue sources (Ishiura, 198 1; 
Malik et al., 1983; Murachi, 1983; Nixon et al., 1986; Zim- 
merman and Schlaepfer, 1984) including optimal activation by 
millimolar calcium levels, sullhydryl dependence, leupeptin 
sensitivity, and relatively broad susbstrate specificity. Although 
CANP activity toward glial proteins was low, several observa- 
tions indicated that the enzyme involved resides in glial cells 
and is not an axonal contaminant. CANP-mediated proteolysis 
was observed in freshly dissected optic pathways when a sen- 
sitive assay based on the release of acid-soluble radioactivity 
from the total pool of radiolabeled glial proteins was used. In 
addition, CANP-mediated proteolysis of individual proteins in 
glial cells was stimulated by calcium ionophore A23 187 under 
conditions that preserved the membrane integrity of cellular 

elements in the optic pathway. Finally, preliminary experiments 
indicate that, although CANPs exhibit proximodistal variations 
in activity along the optic pathway, the distribution of glial 
CANP activity is uniform (R. A. Nixon, unpublished obser- 
vations). 

Fodrin was among the most susceptible endogenous sub- 
strates of CANP. This cytoskeletal protein is concentrated in 
the cortical cytoplasm of neurons and glia (Levine and Willard, 
198 1; Zagon et al., 1984) and exhibits structural and functional 
similarities to spectrin (Glenney et al., 1982b; Goodman and 
Zagon, 1984) which is also highly susceptible to CANPs (Siman 
et al., 1984). Fodrin synthesized in mouse optic glia or RGC 
neurons resembled its counterpart from other neural sources 
(Goodman and Zagon, 1984) with respect to subunit size (Good- 
man et al., 1984; Levine and Willard, 198 l), immunoreactivity 
with erythroid a-spectrin antibodies (Koenig and Repasky, 1985; 
Repasky et al., 1982), enrichment in cytoskeleton preparations, 
and movement in multiple phases of axoplasmic transport- 
Groups II, IV, and V in the rabbit visual system (Levine and 
Willard, 198 1). Like spectrin (O’Connell and Swislocki, 1983) 
and spectrin-like proteins (Goodman and Zagon, 1984), fodrin 
appears to be a phosphoprotein. In both glial cells and axons, 
only the 235 kDa fodrin subunit was intensely phosphorylated, 
as recently observed by others using a different in vivo approach 
(Goodman et al., 1984). 

On the basis of relative rates of fodrin degradation, we have 
shown that the potential activity of CANP is substantially 

Table 1. Relative rates of fodrin degradation by CANPs in RGC axons and optic glia 

Fodrin half-life 

Axons/ 
Additions to the incubating medium RGC axons Optic glia glia 

EGTA, 5 mM ND ND - 
CaC&, 4 rnkr 5.80 k 0.38 ND - 

Ionophore A23 187,4 mM CaCl, 1.39 L 0.10 8.20 AZ 0.21 5.9 
Frozen-thawed tissues, 4 mM CaCl, 0.13 + 0.02 1.55 * 0.20 11.9 

Optic pathways containing selectively radiolabeled axonal or glial proteins (see text) were incubated at 37°C for varying 
intervals from 0 to 60 min in HEPES medium containing the indicated additions. After subjecting the tissues to SDS- 
PAGE, the half-life of fodrin was calculated by quantitating the time-dependent loss of radioactive fodrin as in Figure 
6. Each value is the mean 2 SEM for four to seven determinations. 
a Not detectable degradation. 
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Figure 6. Comparison of the rates of fodrin degradation by CANP in 
RGC axons and optic nerve glia. Optic pathways in which either RGC 
axons (-O-) or optic glia (-q--) were selectively radiolabeled with 
‘H-proline were incubated for varying time intervals in HEPES medium 
containing 4 mM CaCl,. The optic pathways were rapidly frozen and 
thawed twice before incubation to maximally activate CANP. After 
SDS-PAGE, the radioactivity of fodrin in each sample was determined. 
Each value is the mean and SEM (error bars) for four determinations. 
No degradation of axonal or glial fodrin was detectable in the absence 
of added calcium. 

greater in RGC axons than in neighboring glial cells. Certain 
factors that might artifactually contribute to such differences 
were controlled in these studies. For example, CANPs were 
measured at various levels of activation by calcium to reduce 
the possibility that the results might reflect differential calcium 
penetration into axons and glia. Although neuronal and glial 
forms of fodrin were examined at different intervals after ra- 
diolabeling, the studies of fodrin digestion by purified brain 
mCANP indicated that, if glial and axonal fodrins differ struc- 
turally, the differences do not influence susceptibility to proteol- 
ysis. Furthermore, the behavior of CANPs toward other glial 
proteins also supports the notion that CANP activity is higher 
in RGC axons than in glial cells. A second protein synthesized 
in neurons and glia (Fig. lD, arrow) exhibited differential rates 
of degradation similar to those of fodrin (R. A. Nixon, unpub- 
lished observations). Although the composition of the total ra- 
diolabeled protein pools in axons and glia differed, the average 
degradative rate for the axonal pool was also at least 10 x faster 
than that in glia when CANPs were maximally activated. These 
results, in turn, are consistent with preliminary immunocyto- 
chemical observations that neurons contain more immuno- 
reactive CANP than glial cells (R. A. Nixon, unpublished ob- 
servations). 

The absence of CANP activity toward major radiolabeled glial 
proteins at endogenous calcium levels suggests that glial cells 
may also lack a micromolar-calcium-sensitive CANP (PCANP) 
comparable to the form present in RGC neurons (CANP B), 
which selectively cleaves the 145 kDa neurofilament protein 
subunit (Nixon et al., 1986). &ANPs have been isolated pre- 
viously from brain tissue (Kishimoto, 198 1; Malik et al., 1983; 
Zimmerman and Schlaepfer, 1984) and a &ANP with selec- 
tivity for intermediate filament proteins has been isolated from 
non-neural tissue (Nelson and Traub, 1982). If &ANP were 
present in glial cells, however, its activity toward major glial 
proteins was below the limit of detection or was inhibited under 
conditions that allow CANP A activity in neurons to be ex- 
pressed. In addition, we found no evidence that glial fibrillary 
acidic protein, the intermediate filament protein of astrocytes, 
was selectively degraded or modified. In sum, our findings there- 
fore provide initial evidence for the preferential localization in 

neurons of at least two CANP activities, CANP A and CANP 
B (Nixon et al., 1986). 

The high content of CANPs in neurons provides a basis for 
several suspected roles for these enzymes. The disappearance 
of some transported proteins as they approach or enter axon 
terminals suggests that proteolysis, including CANP-mediated 
events (Roots, 1983; Sandberg et al., 1980), may be active in 
synaptic terminals (Lasek and Hoffman, 1976). A portion of the 
CANP in axons may therefore be destined for the synaptic ter- 
minal, where it would participate in the breakdown or modi- 
fication of axonal and synaptic proteins. Other observations 
indicate that proteins may also be modified or degraded by 
CANPs in axons (Nixon, 1983). Posttranslational modification 
of the 145 kDa neurofilament protein by CANP B occurs during 
axoplasmic transport in vivo (Nixon et al., 1982, 1983, 1986) 
and neurofilament protein fragments have been observed in 
axons that are similar to ones generated by CANP in vitro 
(Schlaepfer et al., 1985). In this regard, we recently showed that 
a substantial proportion of the newly synthesized neurofilament 
protein in RGC neurons is deposited into a stationary cyto- 
skeletal network along axons (Nixon et al., 1986). The long half- 
life of stationary neurofilaments (>40 d) implies that less than 
0.1% of the potential activity of axonal CANPs could support 
the local turnover of this network in axons (Nixon et al., 1986). 

Differential localization of CANPs may also be relevant to 
pathological axonal states. The contrast between the high po- 
tential activity of axonal CANPs and the low activity necessary 
to support physiological rates of proteolysis emphasizes the pre- 
cision with which CANP activity must be regulated, if destruc- 
tion of the neuron is to be avoided. Indeed, axons exposed to 
high concentrations of calcium in vitro and in vivo display CANP- 
mediated ultrastructural and molecular changes that resemble 
the sequence of events during Wallerian degeneration in vivo 
(Schlaepfer, 1983; Schlaepfer and Micko, 1978; Schlaepfer et 
al., 1985). Furthermore, neuronal degeneration or cell death 
induced by certain neurotoxins (Donaldson et al., 1983; Jancs6 
et al., 1984) and experimental manipulation (O’Brien et al., 
1984) are preceded or accompanied by an influx of calcium that 
may activate CANPs. 

In future investigations, examining the separate proteolytic 
responses of axons and glia to developmental and pathological 
perturbations may be a particularly fruitful application of the 
cell biologic approaches used in this study. In addition to pro- 
viding clues to the physiological functions of proteinases, these 
studies may yield useful information about the differential vul- 
nerability of neurons and glia in pathological states. 
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