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Neurofilament Accumulation Induced in Synapses by Leupeptin

Abstract. The hypothesis that the usual absence of neurofilaments in synaptic
terminals is due to their degradation by the calcium-activated protease present in
axoplasm was tested by injecting leupeptin, which inhibits the protease, into the
optic tectum of goldfish kept at 15° and at 25°C. The resulting accumulation of
neurofilaments in synaptic terminals provides in vivo evidence in support of the
hypothesis. The significance of these results and the potential uses of this pharmaco-

logical tool are discussed.

Two major unsolved questions in neu-
robiology are: What happens to the cy-
toskeleton when it reaches the synaptic
terminals? and How is the growth of
axons regulated and what makes them
stop growing when they reach their tar-
get cells? The cytoskeleton consisting of
neurofilaments and microtubules is gen-
erated in the neuronal soma and trans-
ported along the axons at a rate of 1 to 4
mm per day (/). This process is consid-
ered to play a major role in axonal
growth, which occurs at a rate that is
approximately the same as the rate of
delivery of cytoskeletal elements (2).
Axoplasmic transport, however, occurs
throughout the life of the neuron, even
when the neuron is not growing, but
neurofilaments and microtubules are
usually not present in synaptic terminals.
Therefore, some mechanism must exist
to prevent the accumulation of neurofila-
ments and microtubules in synaptic ter-
minals.

When neurofilaments are found in syn-
aptic terminals, they are often in the
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Fig. 1. Optic tectum 72 hours after injection of
leupeptin in a goldfish kept at 15°C. Neurofi-
brillary rings are darkly stained. Scale bar, S
pwm.
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form of annuli which, in sections of
silver-impregnated material, are seen as
dark neurofibrillary rings (3, 4). Such
rings occur only sporadically in the cen-
tral nervous system of most vertebrates
(3, 5). However, in the brains of poikilo-
therms, such as lizards, bullfrogs, and
goldfish, that have been subjected to low
temperatures, the rings are numerous
and quantitatively related to the environ-
mental temperature (6, 7). In seeking to
explain this phenomenon in goldfish,
Roots and Bondar (8) postulated that
when the neurofilaments reached the
synaptic terminals they were subjected
to enzyme-mediated breakdown: during
prolonged exposure to low tempera-
tures, enzyme activity was inhibited ei-
ther by a change in pH during acclima-
tion or by the low temperatures, so that
the breakdown of neurofilaments was
slower than the delivery of neurofila-
ments to the terminals by axoplasmic
transport. After the discovery of a calci-
um-activated endogenous protease in the
axoplasm of invertebrate giant axons (9),
Lasek and Hoffman (2) proposed a mod-
el that would explain not only the usual
absence of neurofilaments in synaptic
boutons but also how the growth of
axons is regulated and terminated when
the target cells are reached. According to
the model, when the growth cone meets
a target cell, differentiation of a synaptic
terminal is initiated and mechanisms that
degrade the cytoskeleton are activated.
Lasek and Hoffman (2) proposed that
within the axon the endogenous protease
is inactive, but upon entering the axon
terminal it is activated by calcium ions

and disassembles the neurofilaments by
cleaving the polypeptide backbone. An
integral assumption in the model is that
the calcium ion concentration in the
axon differs from that in the terminal.
The calcium ions in the axon terminals
could originate from the agranular reticu-
lum or the mitochondria and, once trans-
mission begins, from the extracellular
space, since there is evidence that calci-
um enters axon terminals in association
with transmitter release (/0) and mem-
brane depolarization (//). Because mi-
crotubule disassembly can be brought
about in vitro by low concentrations of
calcium, the increased concentration of
calcium in the terminals could also alter
the equilibrium between polymerized mi-
crotubules and free tubulin (/2). Axons
from a wide variety of animals are now
known to contain a calcium-activated
protease (I3, 14). This enzyme is capable
of disrupting neurofilaments and of
cleaving neurofilament proteins in vitro.
The finding that calcium-activated prote-
ase is present in various types of axons
and is not restricted to invertebrate giant
axons lends credence to the general ap-
plicability of the hypothesis.

The experiment described here was
designed to test the hypothesis that neu-
rofilaments are degraded in synaptic ter-
minals in vivo by a calcium-activated
protease. If the hypothesis is correct,
inhibition of the protease by an inhibitor
such as leupeptin would result in the
accumulation of neurofilaments in the
synaptic terminals.

Leupeptin was injected into the right
optic tectum of goldfish maintained at
15° or at 25°C at a dose of 1.2 mg per
100 g of body weight. Depending on
weight, 5 to 12 pl of a solution of leupep-
tin in teleost saline (50 mg/ml) (/5) was
injected. Control fish received saline

Fig. 2. Synaptic terminals in the optic tectum
48 hours after injection of leupeptin in a
goldfish kept at 25°C. (A) Neurofilaments
seen in a longitudinal plane (arrow). (B) Two
groups of transversely sectioned neurofila-
ments approximately 1 wm apart (arrows).
These represent a cross section of a neurofi-
brillary ring seen by light microscopy (Fig. 1).
Scale bars, 300 nm.
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alone (16). The fish were Killed 48 or 72
hours later, and the brains were removed
and fixed in 2.5 percent glutaraldehyde
in Karlsson and Schultz’s phosphate
buffer (17) (36 hours at 4°C). The injected
tectum was bisected sagittally, with one-
half processed for light microscopy and
one-half for electron microscopy. For
light microscopy, serial sagittal sections
(10 pm) were stained by a modification
(7) of the silver impregnation method of
Holmes (/8). Neurofibrillary rings, ap-
proximately 1 wm in diameter, that ap-
peared to be identical to those occurring
in fish kept at 5°C for prolonged periods
were observed in the fish receiving leu-
peptin but not in the controls (Fig. 1).
Moreover, electron microscopy revealed
neurofilaments in the synaptic terminals
of the leupeptin-treated fish but not of
the control fish (Fig. 2). Thus, the injec-
tion of leupeptin into the optic tectum
does result in the accumulation of neuro-
filaments. These observations not only
support the hypothesis that the rings
appearing in fish after long periods at 5°C
are the result of the inhibition of a prote-
ase, but provide evidence in vivo in
support of the Lasek-Hoffman hypothe-
sis. Neurotubules were also observed in
the terminals of leupeptin-treated fish.
They occur also in some terminals of fish
exposed to 5°C for long periods. There is
evidence from studies in vitro that under
some conditions the calcium-activated
protease found in the peripheral nerve of
rats may degrade microtubule as well as
neurofilament protein (/4). Hence the
disaggregation of microtubules in axon
terminals may be brought about by both
a higher calcium ion concentration, as
postulated by Lasek and Hoffman (2),
and the action of a calcium-activated
protease as indicated by the present ex-
periments.

The regulation of neurofilament degra-
dation has many implications for neuro-
pathology (/9). Studies in which leupep-
tin is used in vivo may help to answer
questions about how accumulations of
neurofilaments affect axoplasmic trans-
port and synaptic transmission. The loss
of plasticity in the nervous system during
development and aging has been related
to changes in cytoskeletal elements (20);
the use of leupeptin in vivo and in tissue
culture should facilitate the elucidation
of the regulatory mechanisms involved.
Regeneration, another expression of
neural plasticity, could be studied by
observing the effects of leupeptin on the
reestablishment of optic axon connec-
tions in the optic tectum during regenera-
tion of the optic nerve of goldfish. Thus,
the demonstration that leupeptin inhibits
endogeneous calcium-activated prote-
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ases in vivo provides a pharmacological
tool that may be used to answer ques-
tions on the control of the growth of
axons in normal and pathological condi-
tions and on the plasticity of the nervous
system (21).
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Regional Brain Concentrations of Neuropeptides in

Huntington’s Chorea and Schizophrenia

Abstract. To ascertain whether Huntington’s chorea and schizophrenia are
associated with specific regional alterations in neurotensin, somatostatin, and
thyrotropin-releasing hormone, the concentrations of these putative neurotransmit-
ters were measured by radioimmunoassay in postmortem brain samples from
patients with Huntington’s chorea or schizophrenia. Compared to 50 patients
without psychiatric or neurological disease, the patients with Huntington’s chorea
showed significantly elevated concentrations of all three neuropeptides in the
nucleus caudatus. In the nucleus accumbens somatostatin levels were increased
threefold, while in the amygdala thyrotropin-releasing hormone levels were elevated.
In contrast, the schizophrenics exhibited reduced levels of thyrotropin-releasing
hormone in two frontal cortical regions, reduced somatostatin levels in one frontal
cortical area, and increased neurotensin levels in one frontal cortical area. None of
the differences between the diseased brains and the controls could be accounted for
by differences in age, sex, or time between death and autopsy.

Anticipating that the etiology of Hun-
tington’s chorea and schizophrenia
might be elucidated, as was Parkinson’s
disease (1), by detailed biochemical anal-
ysis of postmortem brain samples, re-
searchers have sought for biochemical
abnormalities in the brains of patients
with these disorders. Abnormal concen-
trations of some neurotransmitters have
been observed, but the pathophysiolog-
ical significance of this is not known.
Huntington’s chorea is inherited as an

autosomal dominant trait (2) and is char-
acterized by major motor abnormalities
(hypertonicity and chorea) and by men-
tal disturbances (dementia and affective
disorder). Neuropathological and radio-
logical observations indicate significant
neuronal loss in the caudate nucleus (2).
Schizophrenia, a major behavioral disor-
der that affects approximately 0.6 per-
cent of the population (3), may be associ-
ated with neuropathological alterations

_of the limbic forebrain. Its active phase
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