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Calpain I Activation Is Specifically Related to Excitatory Amino Acid 
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Sustained stimulation of receptors for excitatory amino acids 
leads to both activation of the calcium-dependent cysteine 
protease calpain I and to the death of receptive neurons. 
Here, we have examined the relationship between the cal- 
pain I activation and neurodegeneration. Calpain I activation 
was manifested as increased levels of the major proteolytic 
fragments of the calpain substrate spectrin, detected and 
quantified by immunoblotting. lntraventricular administration 
of the excitatory amino acids kainate or Kmethyl-o-aspar- 
tate (NMDA) produced calpain l-mediated spectrin degra- 
dation and hippocampal neuronal loss. The NMDA antago- 
nist 3-(2-carboxypiperazin-4-yl)-propyl-1 -phosphonic acid 
selectively blocked NMDA- but not kainate-induced pro- 
tease activation and hippocampal damage. Temporally, 
spectrin degradation preceded the onset of pyramidal cell 
degeneration monitored by silver-impregnation histochem- 
istry. Only those doses of kainate (0.15-l pg) or NMDA (40- 
80 pg) sufficient to cause hippocampal damage markedly 
increased spectrin breakdown. Both the neuronal damage 
and calpain I activation induced by kainate occurred pri- 
marily in area CA3. Degeneration of hippocampal neurons 
evoked by colchicine was not accompanied by calpain ac- 
tivation, indicating that proteolysis is not stimulated simply 
as a secondary response to neuronal destruction. Thus, a 
close correspondence exists between excitatory amino acid 
induction of neuronal degeneration and of calpain I-mediat- 
ed spectrin degradation. The results suggest that calpain I 
may be an intracellular mediator of excitatory amino acid 
action, and further, they support the hypothesis that calcium 
influx and calpain I activation are obligatory events in the 
initiation of excitatory amino acid neurotoxicity. 

As the major excitatory neurotransmitters in brain, acidic amino 
acids such as L-glutamate participate in a variety of functions. 
In addition to their prominent role in moment-to-moment syn- 
aptic communication, excitatory amino acids (EAAs) have been 
implicated in long-lasting physiological and pathological mod- 
ifications of neurons. EAA activation at one glutamate receptor 
subtype, that preferentially stimulated by N-methyl-D-aspartate 
(NMDA), is required for the induction of long-term potentiation 
of synaptic transmission (Collingridge et al., 1983; Harris et al., 

Received July 28, 1988; revised Sept. 16, 1988; accepted Sept. 27, 1988. 
We wish to thank Janice Lancaster for excellent technical assistance and Dr. 

Robert B. Nelson for critically reviewing the manuscript. 
Correspondence should be addressed to Robert Siman, Neuroscience Group, 

The DuPont Company, E400/3430, Wilmington, DE 19898. 
Copyright 0 1989 Society for Neuroscience 0270-6474/89/051579-12$02.00/O 

1984; Artola and Singer, 1987) and for establishment of ocular 
dominance columns in developing visual cortex (Kleinschmidt 
et al., 1987). Moreover, sustained NMDA receptor activation 
may have pathological consequences. In animal and in vitro 
models of stroke (Rothman, 1984; Simon et al., 1984; Wieloch, 
1985; Weiss et al., 1986; Clark and Rothman, 1987; Gill et al., 
1987) NMDA receptor blockers can prevent neuronal damage. 
Endogenous EAAs have been proposed as possible etiological 
agents in a variety of degenerative neuropathologies (Schwartz 
et al., 1984; Ben-Ari, 1985; Beal et al., 1986; Maragos et al., 
1987; Olney, 1987). 

In view of the involvement of EAAs in long-lasting physio- 
logical modulation and in neuronal degeneration, the intraneu- 
ronal consequences of EAA activation are of primary interest. 
Studies of the mechanisms of synaptic potentiation and of neu- 
rotoxicity have pointed to EAA promotion of calcium influx as 
a potential triggering stimulus. Long-term potentiation cannot 
be induced in low calcium-containing media (Dunwiddie and 
Lynch, 1979) and is prevented by injections of the calcium 
chelator EGTA into the postsynaptic neuron (Lynch et al., 1983). 
Similarly, a number of in vitro studies have found that removal 
of extracellular calcium will block EAA neurotoxicity (Choi, 
1985, 1987; Garthwaite et al., 1986; Rothman et al., 1987), 
although reports have also described for cultured neurons a 
rapid, chloride-dependent swelling and osmotic lysis that does 
not require calcium (Price et al., 1985; Rothman, 1985; Choi, 
1987). The preferential involvement of the NMDA receptor 
subtype in these modifications also supports a role for calcium 
entry, as this receptor gates a channel capable of transporting 
calcium (MacDermott et al., 1986; Jahr and Stevens, 1987). 

Because many enzymes and proteins are regulated by calcium, 
the number of processes activated upon EAA stimulation that 
potentially contribute to the neurotoxic mechanism is large. 
Recently, we obtained direct evidence in vivo for activation by 
EAAs of one such calcium-dependent process, stimulation of 
the calcium-activated neutral cysteine protease calpain I (Siman 
and Noszek, 1988). Calpain I activation produced increases of 
up to S-fold in levels of proteolytic fragments of the substrate 
protein brain spectrin, which could be detected and quantified 
by immunoblot analysis using spectrin antibodies. A role for a 
degradative, irreversibly acting enzyme such as calpain I in 
neurodegenerative processes is an intuitively attractive possi- 
bility, and has received experimental support of 2 kinds. First, 
calpain activation appears to be a requisite for agonist-induced 
atrophy of another excitable tissue, skeletal muscle (Leonard 
and Salpeter, 1982). Second, neuronal populations in brain sus- 
ceptible to degeneration contain relatively high concentrations 
of calpain I-like immunoreactivity (Siman et al., 1985a). In the 
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present study, we have examined the relationship between ac- 
tivation of calpain I and production of hippocampal damage by 
the EAAs kainate and NMDA. We have compared the 2 phe- 
nomena with regard to their time courses, dose dependencies, 
sensitivities to antagonist, and localizations within hippocampal 
subfields, and we have tested the effect of a non-EAA hippo- 
campal neurotoxin on calpain I activation. 

Materials and Methods 
Materials 
Antibodies against the a-subunit of rat brain spectrin (also known as 
fodrin) were prepared and affinity-purified from immune sera as pre- 
viouslv described (Siman et al.. 1985b. 1987: Siman and Noszek, 1988). 
CPP was obtained’from Tocris (Essex; England). Electrophoresis chem- 
icals and nitrocellulose were from BioRad (Richmond, CA). All other 
chemicals were purchased from Sigma (St. Louis, MO) or Fisher (Mal- 
vern, PA). 

Methods 
Excitant administration. Adult male Sprague-Dawley rats (300-400 gm) 
were anesthetized with chloropent (0.3 ml/100 gm) and received injec- 
tions into the lateral ventricle of kainate or NMDA alone or in com- 
bination with CPP, or of colchicine, delivered through a 1 ~1 Hamilton 
syringe. Stereotaxic coordinates were 1.4 mm lateral to the bregma, 
anterior-posterior at the bregma, and 3.4 mm ventral to the surface of 
the brain. Successful intraventricular injections of the EAAs character- 
istically produced limbic seizures accompanied by vibrissae and upper- 
body tremor, eye distention, limb clonus, and occasional wet-dog shakes 
lasting up to 5 hr. 

Histology. At 3, 6, 18, or 24 hr or 2, 4, or 5 d after excitatory amino 
acid administration, rats were deeply anesthetized with sodium pen- 
tobarbital and perfused intracardially with ice-cold 0.1 M sodium phos- 
phate, pH 7.4 (PB), followed by 4% paraformaldehyde in PB. Brains 
were postfixed for 4-7 d and were then cryoprotected overnight in 25% 
sucrose in PB. Coronal 35 pm sections were prepared with a freezing 
microtome, taken from the injection track extending caudally through 
the entire dorsal hippocampus. Sections were either mounted and stained 
with cresyl violet or were stained free-floating by the silver-impregnation 
methods of Fink and Heimer (procedure II, 1967) or Nadler and Even- 
son (1983). Sections were mounted onto subbed slides, dehydrated, 
delipidated, and coverslipped, and they were examined and photo- 
graphed with a Nikon Microphot light microscope and camera system. 

Quantitation of proteolysis. Degradation of the calpain I substrate 
brain spectrin (fodrin) was determined by a quantitative immunoblot- 
ting method as previously described (Siman and Noszek, 1988). Briefly, 
the septal third of each hippocampus was homogenized in 20 mM Tris- 
HCl (pH 7.4) containing 1 mM EDTA, 1 mM EGTA, 0.1 mM phenyl- 
methylsulfonylflouride, 0.1 mM leupeptin and centrifuged to generate 
crude membrane and cytosolic fractions. Cytosolic polypeptides were 
separated by SDS-PAGE and transferred to nitrocellulose paper by 
Western blotting. Proteolytic fragments of the a-subunit of brain spec- 
trin were detected on the paper by immunostaining using polyclonal 
antibodies against rat brain ol-spectrin and a streptavidin-biotin-horse- 
radish peroxidase procedure. Breakdown of brain spectrin by calpain I 
produces 4 characteristic lower molecular-weight fragments (Mr- 140- 
150 kDa) that react with antibodies to the intact a-subunit (M,-240 
kDa). Levels of the 2 most prominent fragments (breakdown products 
2 and 3; see Siman and Noszek, 1988) were quantified by scanning 
densitometry with an Ultroscan XL densitometer (LKB) connected to 
an IBM XT computer. GelScan software (LKB) was used to integrate 
the areas under peaks. 

For localization of spectrin proteolysis in hippocampal subfields, the 
septal third of each hippocampus was placed into ice-cold 20 mM Tris- 
HCl (pH 7.4), 0.15 M NaCl, 2 mM EGTA, 50 /LM leupeptin, 0.1 mM 
phenylmethylsulfonylfluoride and cut into l-2 mm transverse sections 
by hand. Each slice was laid flat and, under a dissecting microscope, 2 
additional cuts were made, one horizontally and the other vertically at 
the junction of the hippocampal fissure and the lateral edges of the 2 
blades of the dentate gyrus. Quadrants from each of the transverse 
sections were pooled and processed as described above for septal hip- 
pocampi. 

Results 
Selective antagonism of NMDA-induced hippocampal damage 
and calpain I activation 
Intracerebroventricular injections of kainate or NMDA induce 
seizure activity, hippocampal damage (Nadler et al., 1978, 1980, 
1981) and degradation of the protein brain spectrin through 
activation of the calcium-dependent cysteine protease calpain I 
(Siman and Noszek, 1988). First, we examined if these effects 
of kainate or NMDA could be pharmacologically distinguished. 
Five days after i.c.v. administration of either kainate (1 pg; Fig. 
1 A) or NMDA (80 bg; Fig. 1 C) alone, large numbers of pyrami- 
dal neurons in area CA3 within the septal half of ipsilateral 
hippocampus had degenerated and been cleared, confirming pre- 
vious studies (Nadler et al., 1978, 1980, 198 1). Because of its 
selective and potent antagonism of NMDA receptors (Davies 
et al., 1986; Harris et al., 1986), carboxypiperazin-4-yl-propyl- 
phosphonate (CPP) was coadministered to rats along with 
NMDA or kainate. CPP at 2 wg completely prevented the neu- 
ronal loss induced by NMDA in 3 of 3 cases (Fig. 10) but had 
no discernible effect on the neurotoxicity of kainate in 3 of 3 
instances (Fig. 1B). This suggests that NMDA exerts its neu- 
rotoxic effect by binding to a receptor class distinct from that 
activated by kainate. 

The effects of CPP on kainate- or NMDA-induced calpain I 
activation were determined by quantitation of the,levels of ma- 
jor proteolytic fragments of the calpain I substrate brain spec- 
trin. The a-subunit of brain spectrin and its smaller proteolytic 
breakdown products were detected by an immunoblot proce- 
dure. As shown in Figure 2, hippocampus of kainate- or NMDA- 
treated rats contained, in addition to the M,- 240 kDa a-subunit 
of brain spectrin, several prominent immunoreactive a-spectrin 
breakdown products (BDPs) of M, - 140-l 50 kDa. This specific 
pattern of BDPs results from spectrin degradation by the cal- 
cium-dependent cysteine protease calpain I (Siman and Noszek, 
1988). Spectrin proteolysis could be quantified as the increase 
in BDP levels measured by scanning densitometry, a method 
that responds linearly to increases in BDP content over a lo- 
fold range (Fig. 2A). Twenty-four hours after i.c.v. injections of 
kainate (1 yg) or NMDA (80 pg), BDP levels increased more 
than 7-fold (Fig. 2, B, c). Coadministration of CPP at 2 kg 
completely blocked NMDA-induced spectrin breakdown. In 
contrast, at 2 or even 5 pg doses, CPP had little effect on the 
calpain I activation induced by kainate. Thus, as was the case 
with its effects on neuronal death, CPP selectively antagonized 
NMDA- but not kainate-induced spectrin proteolysis. 

While 2 pg CPP completely inhibited the neuronal damage 
and calpain I activation induced by 80 pg NMDA, the behav- 
ioral manifestations of limbic seizure activity, such as forelimb 
clonus, eye distention, and vibrissae and upper-body tremor, 
were not substantially affected. This suggests that calpain I ac- 
tivation is more closely associated with hippocampal damage 
than with seizure activity per se (see also below). 

Dose-responses for kainate- and NMDA-induced neurotoxicity 
and calpain I activation 
In further examining the relationship between protease acti- 
vation and the production of neuronal damage, we determined 
the capacities of various doses of kainate or NMDA to evoke 
the 2 phenomena. Injection of 0.25 pg kainate produced a readily 
detectable loss of CA3 pyramidal neurons within 5 d in Nissl- 
stained material (Fig. 3) particularly in the septal third of hip- 
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Figure I. Selective antagonism of NMDA- but not kainate-induced neurotoxicity by CPP. Nissl-stained coronal sections taken through dorsal 
hippocampus of rats injected intraventricularly 5 d earlier with (A) 1 pg kainate, (B) 1 pg kainate + 2 rg CPP, (C) 80 rg NMDA, or (0) 80 pg 
NMDA + 2 pg CPP. In each case, hippocampus ipsilateral to the injection is shown at left. Arrowheads denote zones of extensive pyramidal 
neuronal loss in area CA3. Note that CPP prevented the NMDA-induced neurodegeneration but had little effect on the neurotoxicity of kainate. 
This experiment was replicated twice. x 10. 
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Figure 2. Quantitation of spectrin 
proteolysis and selectivity of its antag- 
onism by CPP. A, Immunoblot of noly- 
peptides from ipsilateral hippocampus 
24 hr after i.c.v. iniection of 1 ua kai- 
nate, stained with arnibodies to r&-brain 
ol-spectrin. Shown here are the major 
a-spectrin proteolytic fragments 
(A4, - 140-l 50 kDa) resulting from 
cleavage by calpain I. Each lane was 
loaded with the indicated volume (~1) 
of hippocampal homogenate. The de- 
tection of spectrin breakdown product 
levels is linear over about a 1 O-fold con- 
centration range. B, Representative im- 
munoblots illustrating that NMDA 
markedly stimulates hippocampal 
spectrin degradation, and this effect is 
blocked by co-injection of CPP. Each 
lane is prepared from a different rat. C, 
Summary of results obtained from 3-8 
rats (means + SEM) per experimental 
condition. CPP completely and selec- 
tively prevented NMDA- but not kai- 
nate-stimulated spectrin degradation. 
The NMDA+CPP condition is signif- 
icantly different from both of the kain- 
ate+CPP conditions (p < 0.01). 
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pocampus. Kainate-induced damage became more severe at 0.5 
and 1 pg doses, which destroyed more dentate hilar and area 
CA1 neurons in the septal third (Fig. 3), as well as more area 
CA3 pyramids in the midseptotemporal third. This is fully con- 
sistent with the previous extensive studies of Nadler and col- 
leagues (1978, 1980, 1981) on the toxicity of intraventricular 
kainate. 

Compared with kainate, NMDA was a substantially less po- 
tent hippocampal neurotoxin (Fig. 4). At 24 hr following injec- 
tion of 20 pg NMDA, only a few degenerating neurons could 
be detected with silver-impregnation histochemistry. This dose 
damaged a minority of neurons in area CA3 and in the infra- 
pyramidal blade of the dentate gyrus, in close proximity to the 
lateral ventricle (Fig. 4, A, c). At 5 d postinjection, little ncu- 
ronal loss could be discerned in Nissl-stained sections, except 
for at the extreme septal pole. However, NMDA at 80 pg caused 
massive hippocampal damage, destroying large numbers of in- 
frapyramidal dentate granule and CA3 pyramidal cells through- 
out the septal third (Fig. 4, B, D), as well as extensive loss of 
CA1 neurons near the septal pole. 

Those doses of kainate or NMDA found to produce extensive 
neuronal death also markedly stimulated calpain I-mediated 
spectrin degradation (Table 1). A small increase in spectrin 
breakdown product levels was apparent 24 hr after 0.15 Fg 
kainate, but the maximal increase of more than 7-fold required 
1 pg kainate (Table 1). Similarly, the relatively nonneurotoxic 
doses of NMDA, those below 80 pg, produced only small in- 
creases in spectrin breakdown, while the enormously neurotoxic 
does of 80 pg elevated BDP levels by more than 7-fold (Table 
1). Among the 13 rats administered 20 or 40 pg NMDA, only 
3 showed an increase in spectrin BDP content of more than 
lOO%, as compared with 7 of 8 rats given 80 pg. 

Intraventricular NMDA evoked seizure activity at the 20 and 
40 pg doses that caused little hippocampal damage. A similar 
discrepancy between the neurotoxic and convulsant properties 
of NMDA has previously been reported (Zaczek et al., 1981; 

z 300 

g 200 1 

Zaczek and Coyle, 1982). Based on the failure of convulsant 
doses of NMDA to induce marked proteolysis, the induction of 
spectrin degradation corresponded more closely with the pro- 
duction of damage than of seizure activity. Additionally, as 
mentioned above, the NMDA antagonist CPP at 2 pg blocked 
the neuronal damage and proteolysis without appreciably mod- 
ifying the convulsions induced by NMDA. Thus, seizure activity 
alone is not sufficient to activate calpain I and induce spectrin 
degradation; protein breakdown occurs only under conditions 
that also destroy hippocampal neurons. 

Localization of calpain I-mediated spectrin proteolysis 
If the EAA induction of spectrin degradation is related to its 
production of hippocampal damage, then activation of spectrin 
proteolysis should be restricted to those areas in which neuronal 
damage is prominent. To examine this issue, we dissected hip- 
pocampus from control (uninjected) and kainate-treated rats 
into 4 quadrants, as shown in Figure 5A. Quadrant 3, which 
contains most of area CA3, exhibited the majority of neuronal 
degeneration. This region also showed, within 24 hr, the largest 
kainate-induced stimulation of spectrin degradation (Fig. 5, B, 
c), with BDP levels increasing more than 7-fold compared with 
quadrant 3 from untreated rats. Stimulation of proteolysis in 
quadrant 3 was more than 3 times that of quadrants 1 or 4. In 
5 of 5 experiments the largest increase in spectrin BDPs occurred 
in quadrant 3. 

Two brain regions exhibiting little or no neuronal loss fol- 
lowing i.c.v. kainate treatment, the striatum and prefrontal cor- 
tex (Nadler et al., 1978, 1980) were also examined for spectrin 
degradation. In these 2 areas there was no change in BDP levels 
(data not shown). 

Time courses of kainate-induced hippocampal damage and 
calpain I activation 
Calpain I activation could occur as an early, primary response 
to sustained EAA exposure or, alternatively, could merely be a 
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Figure 3. Dose dependence of kainate induction of hippocampal damage. Nissl-stained coronal sections through dorsal hippocampus taken 5 d 
after i.c.v. injection of the indicated doses of kainate (in pg). Hippocampal subfields are indicated in the control (0). Most pyramidal neurons in 
ipsilateral hippocampus in areas CA3 and CA4 were destroyed by doses as low as 0.25 rg, while at doses of 0.5 and 1 wg increasing numbers of 
dentate hilar and CA1 pyramidal neurons were affected. Pyramidal neurons in area CA2 and dentate granule cells were resistant to kainate 
neurotoxicity. x 10. 

secondary response initiated by the breakdown of neuronal in- 
tegrity. As a means of distinguishing between these possibilities, 
we compared the temporal onset of spectrin proteolysis with 
that of neuronal degeneration. Rats were killed 3, 6, 18, 24,48, 
or 72 hr after receiving 1 pg kainate i.c.v. and were used for 
either quantitation of spectrin breakdown or silver-impregna- 
tion histochemistry. As illustrated in Figure 6, at 3 hr no de- 
generating argyrophilic profiles were observed at any septotem- 
poral level. At 6 hr, only small numbers of pyramidal neurons, 
particularly those located laterally (stratum oriens of area CA3a) 
and a few nearest the dentate hilus, had begun to degenerate. 
In sharp contrast, by 18 hr most CA3 perikarya and dendritic 
processes within the septal third were argyrophilic. Thus, ac- 
cording to the criterion of argyrophilia, neuronal degeneration 
became prominent between 6-18 hr after kainate administra- 
tion. 

Stimulation of calpain I-induced spectrin degradation by 
kainate preceded the onset of argyrophilic neuronal degenera- 
tion. Spectrin BDP content had increased significantly within 3 
hr, and by 6 hr the increase was half-maximal (Fig. 7). BDP 
levels peaked at 24 hr, remained near-maximal over the next 2 
d (Fig. 7) and were still elevated at 9 d, the longest time point 
examined (data not shown). 

Table 1. Dose dependence of excitatory amino acid-induced spectrin 
degradation 

Treatment 
b.4 

Kainate 
0.15 
0.25 
0.5 
1.0 

NMDA 
5 

20 
40 
80 

Spectrin BDP 
(O/o control * SEM) 

255 + 34 
420 f  180 
651 zk 213 
165 k IO 

126 + 23 
343 f  130 
318 +- 170 
709 f  103 

Spectrin BDP levels were determined by quantititive immunoblot analysis of 
hippocampal cytosolic fractions from rats injected 24 hr earlier with the indicated 
doses of EAAs; levels are compared to BDP levels from control, uninjected rats. 
Each value represents the mean of 4-8 determinations. Note that both kainate 
and NMDA induced dose-dependent increases in spectrin degradation, that kainate 
was substantially more potent than NMDA, and that the dos+responses for 
activation of proteolysis are similar to those for production of hippocampal 
neurotoxicity (Figs. 3, 4). 
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Figure 4. Dose dependence of NMDA induction of neuronal degeneration. Silver-impregnated sections taken 24 hr after administration of (A,C) 
20 pg or (B,D) 80 pg NMDA. A and B, area CA3; C and D, dentate gyrus. At 20 pg, only a few neurons in stratum oriens of area CA3 close to the 
lateral ventricle and in the dentate granule cell layer were argyrophilic (arrows). In contrast, 80 pg NMDA caused massive degeneration in area 
CA3 (B) and the infrapyramidal blade of the dentate gyrus (0). Magnification: A and B, x 200; C and D, x 50. 
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CONTROL 

KAINATE 

Colchicine causes hippocampal damage without activating 
calpain I 
For further testing of the specificity with which EAAs induce 
calpain I-mediated spectrin degradation, we determined wheth- 
er hippocampal damage produced by a non-EAA, colchicine 
(Goldschmidt and Steward, 1980) would be accompanied by 
spectrin breakdown. Injection of 20 pg colchicine i.c.v. caused 
massive degeneration of granule neurons in ipsilateral dentate 
gyrus. At 48 hr postinjection, many of these neurons were ar- 
gyrophilic (Fig. 8A), and by 4 d, Nissl staining revealed clearance 
of large numbers of cells. In addition, variable numbers of CA1 
and CA3 pyramidal neurons were affected, especially those sit- 
uated nearest the lateral ventricle. Despite the considerable neu- 
ronal damage, spectrin BDP levels increased by only 7 and 43% 
by 24 and 48 hr, respectively, compared with the more than 

i 
1 2 

I 
- 
3 4 

QUADRANT 

Figure 5. Localization of calpain 
I-mediated spectrin degradation in 
hippocampal subfields. A, Silver im- 
pregnation illustrating positions of 
horizontal and vertical cuts made to 
microdissect hippocampus into 4 quad- 
rants, and of extent of neuronal damage 
in each quadrant. Argyrophilic neurons 
are primarily in area CA3 (arrows) in 
quadrant 3. B, Detection of spectrin 
degradation in each quadrant by im- 
munoblot analysis. Top panel shows the 
4 quadrants from a control, untreated 
rat; bottom panel, results from a rat ad- 
ministered 1 pg kainate 24 hr earlier. 
C, Summary of spectrin degradation re- 
sults from 5 experiments. Each value 
represents the mean + SEM. In all 5 
cases, the largest spectrin breakdown 
occurred in quadrant 3. 

600% increase induced by NMDA (Fig. 8B). Thus, calpain 
I-mediated spectrin degradation does not occur under all con- 
ditions leading to hippocampal neurotoxicity. 

Discussion 

Here we have evaluated the relationship between the capacities 
of the excitatory amino acids kainate and NMDA to induce 
hippocampal damage and to activate calcium-dependent pro- 
teolysis of the protein brain spectrin. We have found that, under 
a variety of conditions, there is a close correspondence between 
the induction of the 2 phenomena by EAAs (Table 2). The 
correspondences include sensitivities to a receptor antagonist, 
dose-responses, time courses, and localizations within hippo- 
campal subfields. The results support our earlier proposal (Si- 
man and Noszek, 1988) that excitatory neurotransmission may 
regulate intraneuronal protein catabolism. Further, they suggest 
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Figure 6. Time course of kainate-induced neuronal degeneration. Area CA3 is shown from silver-stained sections taken from ipsilateral hippo- 
campus of rats treated with 1 pg kainate for (A) 3 hr, (B) 6 hr, or (C) 18 hr. Arrow in A denotes pyramidal cell layer. Note that by 6 hr, only a 
minority of neurons were argyrophilic (arrows), while essentially all neurons of area CA3 were degenerating by 18 hr. x 200. 
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Table 2. Correspondence between induction of neuronal damage and 
of calpain I-mediated spectrin degradation 

Condition Nenrotoxicitv 
Calpain 
activation 

Kainate, 0.25 rg 
Kainate, 1 pg 
NMDA, 40 fig 
NMDA, 80 pg 
Kainate, 1 pg, + CPP, 2 pg 
NMDA, 80 pg, + CPP, 2 fig 
Kainate, 1 pg (6 hr) 
Kainate, 1 pg 
Colchicine, 20 pg 

+ 
++ 
+ 
++ 
++ 
- 
+ 
Area CA3 
++ 

+ 
++ 
+ 
++ 
++ 
- 
+ 
Area CA3 
- 

Summary of results illustrating that the EAA-induced activation of calpain I is 
closely correlated with EAA production of hippocampal neuronal damage. Only 
the non-EAA colchicine evokes a degree of neurotoxicity that is not matched by 
the degree of proteolysis. + f, maximal effect; +, modest effect; -, little or no 
effect. 

that calcium-dependent proteolysis serves as an intracellular 
mediator of excitatory amino acid action. 

Studies in tissue culture have defined 2 distinct mechanisms 
by which EAAs may be neurotoxic. One is activated by 30 or 
more minutes of continuous EAA exposure, develops rapidly, 
and is dependent on extracellular chloride (Price et al., 1985; 
Rothman, 1985; Choi, 1987). The second is activated by brief 
(5-10 min) EAA treatment, develops slowly over many hours, 
and requires extracellular calcium (Choi, 1985, 1987; Rothman 
et al., 1987). The present results indicating that spectrin deg- 
radation is stimulated by neurotoxic EAA treatment, coupled 
with the previous demonstration that this degradation is me- 
diated by the calcium-dependent protease calpain I (Siman and 
Noszek, 1988), provide evidence that the in vitro calcium-de- 
pendent mechanism more closely models EAA neurotoxicity in 
vivo and suggest that the intraneuronal process activated by 
calcium to trigger the neuronal damage may be proteolysis. 

Strong evidence associating calpain I activation with EAA 
neurotoxicity is provided by the dose dependencies for the 2 
processes. Only those doses of kainate (0.5-l pg) or NMDA (80 
Fg) that, within 4-5 d, produced extensive pyramidal cell loss 
also markedly activated calpain I-mediated spectrin degrada- 
tion. Lower doses of kainate induced graded, decreasing amounts 
of damage and proteolysis. Both responses to NMDA declined 
sharply below 80 Kg, and either a low dose of NMDA (20 Kg) 
or a high dose (80 pg) paired with a low dose of CPP (2 pg) 
caused seizures without inducing substantial neuronal damage 
or calpain I activation. In addition, we have recently found that 
convulsant but nontoxic doses of the GABA antagonist bicu- 
culline do not cause calpain I activation (data not shown). Our 
observations confirm previous studies using other sites of EAA 
administration (Zaczek et al., 198 1; French et al., 1982) and 
convulsant drugs (Gruenthal et al., 1986) which indicate that 
seizure activity per se is insufficient to produce neuronal dam- 
age. Similarly, calpain I activation is not induced merely in 
response to seizures, but its expression requires conditions that 
lead to neuronal loss. 
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Figure 7. Time course of kainate-induced calpain I activation. Top, 
Representative immunoblot showing content of spectrin breakdown 
products at the indicated times (in hr) after i.c.v. injection of 1 pg kainate. 
Bottom, Summary of results from 3 experiments, which differed from 
one another by less than 20%. Each value is the mean a SEM. Spectrin 
breakdown was approximately half-maximal by 6 hr, peaked at 24 hr, 
and remained elevated thereafter. 

The time course and localization of protease activation also 
suggest a direct relationship to neuronal degeneration. Protease 
activation is localized primarily to the CA3 region of hippo- 
campus that exhibits the greatest susceptibility to neuronal dam- 
age in response to i.c.v. EAAs (Fig. 5). Within this area, spectrin 
degradation is elevated by 3 hr and is half-maximal at 6 hr (Fig. 
7) times at which few degenerating neurons can be detected by 
silver-impregnation histochemistry (Fig. 6). A similar rapid pro- 
tease activation has been observed following systemic kainate 
administration (Siman and Noszek, 1988). By the criterion of 
argyrophilia, then, calpain I activation precedes the neurode- 
generation. It should be noted, however, that ultrastructural 
studies detect subtle changes as early as 30 min after EAA treat- 
ment, in the form of dilation of endoplasmic reticulum coupled 
with dispersion of polyribosomes (Hattori and McGeer, 1977; 
Olney et al., 1979; Herndon et al., 1980; Nadler et al., 1980; 
Hajos et al., 1986). Over the next few hours, structural damage 
progresses to include clumping of nuclear chromatin, swelling 
of dendrites, their spines, and astrocytic processes, and pyknosis 
of neuronal perikarya. The precise role that protease activation 
or other molecular events may play in these initial ultrastruc- 
tural changes has yet to be defined. 

While the present results clearly demonstrate a relationship 
between the EAA induction of neuronal damage and of calpain 
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Figure 8. Colchicine lesions are not 
accompanied by calpain I activation. A, 
Extensive granule cell degeneration 
evoked 48 hr after i.c.v. administration 
of 20 rg colchicine. Neurons in both 
the suprapyramidal (arrows) and infra- 
pyramidal blade had begun to degen- 
erate, while dentate hilar neurons (dh) 
were spared. x40. B, Immunoblot of 
hippocampal polypeptides taken from 
uninjected rats (lanes a, b) or rats ex- 
posed for 24 hr to colchicine, 20 rg 
(lanes c, d), or NMDA, 80 pg (he e). 

I activation, the exact nature of this relationship is not estab- 
lished. Three possibilities exist. First, calcium-activated pro- 
teolysis may simply occur in response to structural disintegra- 
tion of neurons. Second, proteolysis could be a direct, primary 
response to EAA stimulation but may not be directly involved 
in the neurotoxic process. Third, calpain I activation may be a 
primary and obligatory event in the neurodegenerative mech- 
anism. The first possibility is unlikely in view of the finding that 
hippocampal neuronal damage caused by the non-EAA colchi- 
tine is not accompanied by calpain I activation (Fig. 8). The 
rapid onset of protease activation also argues against this pos- 
sibility. It is also unlikely that protease activation is a primary 
response to EAA exposure but is not involved in the neuro- 
degeneration. Only those doses of EAAs that cause hippocampal 
damage also activate calpain I, with neuronal excitation and 
seizure activity alone being insufficient to evoke the 2 phenom- . 
ena. Therefore, the most likely possibility is that protease ac- 
tivation is an early, requisite step in the intracellular cascade 
by which EAAs induce neuronal death. Experiments designed 
to inhibit EAA-stimulated proteolysis or to activate calpain I 
independent of EAAs could be used to test this hypothesis crit- 
ically. 

The steps subsequent to calpain I activation that may con- 
tribute to the neurodegenerative process remain to be identified. 
Our studies have focused on degradation of the protein brain 
spectrin (also called fodrin), a major structural component of 
neurons (reviewed by Bennett, 1985; Goodman and Zagon, 
1986). Spectrin is thought to be a primary component of a 
submembraneous protein skeleton that shares structural and 
functional homology with the erythrocyte cytoskeleton, and 
which may control nonerythroid cell shape and membrane pro- 
tein and lipid organization (Levine and Willard, 1983; Bour- 
guignon et a1.,1985; Siman et al., 1985b; DelBuono et al., 1988; 
Srinivasan et al., 1988). Conceivably, then, spectrin degradation 

ABCDE 

= BDPs 
c 1 

could bring about localized collapse of the protein skeleton and 
overlying membrane, thereby initiating neuronal structural dis- 
integration. However, in vitro studies indicate that calpain I can 
use as substrates large numbers of proteins of structural and 
metabolic importance (Zimmerman and Schlaepfer, 1984; Si- 
man and Noszek, 1988), and the breakdown of any or several 
of these may participate in the death of a neuron. In this regard, 
it is important to note that not all in vitro calpain I substrates 
are capable of being degraded upon calpain I activation in vivo, 
as proteolysis is constrained by the restricted localizations of 
the calcium currents, the protease and its preferred substrates 
(Siman and Noszek, 1988). Our present knowledge in these areas 
is inadequate to predict the full complement of calpain sub- 
strates that may be degraded in response to EAA activation in 
vivo. 

In addition to its possible role in pathological neurodegener- 
ation, EAA-induced calpain I activation may be of physiological 
importance. Two forms of plasticity in adulthood require NMDA 
receptor activation, long-term potentiation of synaptic trans- 
mission (Collingridge et al., 1983; Harris et al., 1984; Artola 
and Singer, 1987), and visual cortical ocular dominance 
(Kleinschmidt et al., 1987). These NMDA-mediated modifi- 
cations may involve synaptic structural changes (Lynch and 
Baudry, 1984). EAAs also modulate the structure of dendritic 
processes of developing neurons by a calcium influx-dependent 
mechanism (Mattson et al., 1988). The robust EAA-induced 
calpain activation that may participate in neurodegenerative 
structural alterations could, when stimulated to a more modest 
degree, produce these subtle morphological changes. Although, 
in the present study, doses of EAAs that cause hippocampal 
damage were required for markedly promoting calpain I-in- 
duced spectrin degradation, the detection of more restricted 
proteolysis occurring in response to moderate physiological 
stimuli may require an anatomical or biochemical method ca- 
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pable of localizing proteolysis within distinct subcellular com- 
partments. 
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