Acute Axonal Dystrophy Caused by Fluorocitrate:
The Role of Mitochondrial Swelling

Abstract. Fluorocitrate, a Krebs cycle inhibitor, induces neurons to rapidly
expel multitudinous lysosomes, mitochondria, and other cytoplasmic constituents
into their axons. After convulsive seizures commence, spectacular axonal balloons
develop owing to obstruction of axonal flow by “log jams” of extruded organelles.
A swelling of neuronal mitochondria is apparently responsible for the disgorge-

ment of cytoplasmic material into axons.

Axonal dystrophy is a distinct neuro-
pathological entity which is charac-
terized by a series of swellings along
the axis cylinder. In certain instances,
at least, these swellings contain nu-
merous normal and abnormal mito-
chondria, dense bodies, and neurofila-
ments (/, 2). Axonal dystrophy occurs
in a variety of clinical and experimental
affections of the nervous system (/-3),
but its pathogenesis remains obscure.
Recently it has been proposed that
axonal dystrophy is due to some spe-
cific, although unknown, aberration of
axonal metabolism leading to a disturb-
ance in the proximodistal flow of axo-
plasm (/). However, the frequent coin-
cidence of axonal dystrophy and neu-
ronal disease suggests that axonal dys-
trophy is not an intrinsic axonal dis-
order, but a manifestation of metabolic
injury to the nerve cell body.

This report describes the experi-
mental production of axonal dystrophy
with fluorocitrate (FC), and presents
findings which elucidate the pathogen-
esis of this lesion. Fluorocitrate is a
potent inhibitor of the citric acid cycle
which acts by blocking the aconitase-
catalyzed interconversion of citrate and
isocitrate (4). Fluorocitrate was given

to cats in a dose of 3 to 50 ug of
the active isomer (dissolved in 0.003
to 0.05 ml of water) by injection into
the lumbar subarachnoid space in order
to restrict its action to the caudal por-
tion of the neuraxis (5). After a latent
period of 1 to 2 hours convulsive move-
ments appear in the tail, hindlimbs, and
trunk, culminating in a remarkable
clonic-tonic seizure disorder of the
(thoraco) lumbosacral spinal cord
which may persist for many hours.
Lumbosacral spinal cord was fixed
in situ by vascular perfusion with phos-
phate-buffered 4 percent paraformal-
dehyde or cacodylate-buffered 4 per-
cent glutaraldehyde, and processed for
histological, cytochemical, and ultra-
structural studies (6). In routine paraf-
fin sections structural changes become
evident in gray matter only after con-
vulsive seizures have been present for
a time, usually 4 to 6 hours after a
10-ug dose of FC. These include blur-
ring or fragmentation of Nissl bodies,
swelling and diminished basophilia of
nucleoli, clumping of neuronal and glial
chromatin, and spongy state of neuropil.
Fixed-frozen sections stained for acid
phosphatase activity (6) reveal a nota-
ble dislocation of lysosomal particles

Fig. 1. Gray matter of cat spinal cord incubated in Gomori’s lead glycerophosphate
medium for acid phosphatase activity (6). Paraformaldehyde fixation (X 520). (A)
Motoneuron from control cat. The implantation cone (/.C.) and axon (A) are faintly
stained. (B) Motoneuron 1 hour after fluorocitrate (10 ug) injection. The implantation
cone and initial segment of the axon contain an accumulation of reactive lysosomal
material. (C-F) Dystrophic axons 4 hours after fluorocitrate (10 ug) injection. Acid
phosphatase reaction product fills axons and axonal balloons.
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into axons long before the aforemen-
tioned structural lesions become dis-
cernible. In glutaraldehyde-fixed tissue
from control cats receiving 0.01 ml of
water by subarachnoidal injection, en-
zyme product is largely restricted to
lysosomes and lipofuscin pigment gran-
ules. These are most abundant in peri-
karya and dendrites of neurons, but
the proximal portions of axons and the
perikarya of glia in the neuropil also
contain reactive lysosomes. In para-
formaldehyde-fixed tissue, the overall
staining for acid phosphatase activity is
more intense because enzyme product
is diffuse as well as particulate. The
diffuse reaction is an artifact produced
by the potassium phosphate buffer, as
it is not seen when the buffer is omitted
from the fixing medium.

In FC-poisoned spinal cord, im-
plantation cones and emergent axons
of gray matter are rendered conspicu-
ous by a localized accumulation of re-
active lysosomes within 15 to 60 min-
utes of drug injection, and axons, both
myelinated and unmyelinated, in neuro-
pil acquire increased numbers of lyso-
somes. After convulsive seizures com-
mence, axonal balloons or dilatations
develop, usually 3 to 4 hours after a
small dose, or 1 to 2 hours after a
large dose (30 to 50 ug) of FC, and
subsequently increase in size and num-
bers (Fig. 1). Axonal balloons usually
occur in the initial segment of the axon
which is without birefringent myelin
when viewed in the polarizing micro-
scope. The axonal balloons, together
with the intervening axonal segments,
are boldly delineated by heavy accumu-
lations of acid phosphatase reaction
product which are mainly diffuse in
paraformaldehyde-fixed tissue, and both
particulate and diffuse in glutaralde-
hyde-fixed tissue. Many myelinated
axons distal to balloons (Fig. 1, C-F),
as well as axons without balloons, also
contain abundant enzyme product. Re-
stricted during the early hours to the
neuropil, intraaxonal reaction product
extends distally to the root exit zone by
24 hours after a small dose (6 pg) of
FC. Axonal balloons also are well dem-
onstrated in preparations stained for
the lysosomal hydrolases, B-glucuroni-
dase, and acid esterase, and for the
mitochondrial enzymes, nicotinamide
adenine dinucleotide diaphorase, lactate
dehydrogenase, and malate dehydro-
genase (6).

The principal ultrastructural changes
observed in the electron microscope
during the latent period preceding con-
vulsions are: (i) a swelling of mito-
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chondria in the perikaryon and den-
drites of neurons, and in glia (Fig. 2,
A-C), and (ii)) the appearance of
abnormal numbers of mitochondria,
dense bodies, neurofibrils, and other
structures within some axons (Fig. 2D)
and nerve endings. Mitochondria within
axons and nerve endings are unaltered
early, possibly because these structures
are impermeable to FC; later some of
these are swollen. After convulsions
commence, the mitochondrial swelling
and the axonal abnormalities become
more marked and more widespread,
and axonal balloons develop. Axonal

balloons occur in nonmyelinated or -

thinly myelinated portions of axons.
They are stuffed wtih various structures
among which the following can be iden-
tified: mitochondria, many of which
are swollen and degenerating; dense
and multilamellated lysosome-like bod-
ies; vesicles and other membranous
structures; and neurofibrils (Fig. 2D).
Nerve endings frequently acquire these
structures also. Other fine structural
lesions are: dissociation of polyribo-
somes in neurons and glia, swelling of
endoplasmic reticulum, clumping of nu-
clear chromatin, loosening and disorga-
nization of compact myelin, and astro-
cytic swelling.

Fluoroacetate (FA) is a potent con-
vulsant when given systemically. How-
ever, FA is not readily converted to FC
in brain tissue in vitro (4), and is less
than one-hundredth as toxic as FC
when injected intracerebrally (7). We
found that FA, when injected into the
lumbar cistern of the cat, causes epi-
leptiform seizures and neuropatholog-
ical lesions indistinguishable from FC.
However, the minimum effective dose,
1.5 to 2 mg, is 300 to 400 times greater
than that of FC. This seems to be a
direct effect of FA on nervous tissue,
as it is largely confined to that portion
of the neural axis close to the injection
site. It seems likely, therefore, that FA
is converted to the toxic derivative,
FC, to a limited extent in cat spinal
cord. Fluoroacetate causes mitochon-
drial swelling in heart muscle, possibly
because of the osmotic effect of ac-
cumulated citrate (8), but reportedly
produces slight and infrequent cerebral
lesions when given systemically to rats
in convulsant doses (9).

The first phase of the axonal dys-
trophy features a convergence of lyso-
somes at the implantation cone and
their distal migration, together with
mitochondria, neurofibrils, and other
cytoplasmic components, into the axon.
From the exuberance of cytoplasmic
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organelles and the rapidity with which
they accumulate in the implantation
cone and the initial segment and neuro-
pilar portion of axons, together with
their later arrival in the axonal lumen
at the cord periphery, we conclude
that the mechanism underlying the dys-
trophic process is a disgorgement of
cytoplasmic material into the axon, and
not a “primary axostasis” or obstruc-
tion of axoplasmic flow due to in-
creased axoplasmic viscosity or gelation,
as has been postulated (7).

It is here proposed that the FC-
induced swelling of neuronal mitochon-
dria initiates the efflux of cytoplasmic
constituents into the axon, and provides
the propulsive force for their distal
migration. Mitochondria collectively oc-
cupy a substantial portion of the
neuronal perikaryon, perhaps 10 per-
cent of the total volume. Therefore, a
rapid expansion of the mitochondrial
compartment would necessarily result
in a displacement of a comparable vol-
ume of cytoplasmic material into the
axon. This inference is, of course, based
on the reasonable assumption that the
shift of water from the neuroplasm
into mitochondria is accompanied by
an entry of water into the perikaryon
from extraneuronal sources to maintain
osmotic equilibrium.

The advent of the epileptic state
initiates a second phase in the dys-
trophic process which is associated with
a further swelling of neuronal mito-
chondria and an augmented expulsion
of cytoplasmic material into axons.

The subsequent development of axonal
balloons is attributable to local “log
jams” of extruded organelles blocking
the axonal lumen, coupled with an en-
hanced transport of axoplasm distad,
and the distensibility of the unmyeli-
nated initial segment. This phase is as-
cribed to the seizure-associated incre-
ment in mitochondrial swelling. This
swelling probably is due to a depletion
of mitochondrial adenosine triphosphate
engendered by the increased energy re-
quirements of epileptic neurons whose
oxidative metabolism via the Krebs
cycle is already compromised. I have
found that oxygen consumption and
adenosine triphosphate concentration in
FC-poisoned brains of rats are normal
during the latent period, but decline
sharply after- seizure. activity appears
(10). Interference with the respiration-
coupled generation of adenosine triphos-
phate by various means is known to
result in mitochondrial swelling (11).

Other factors may conceivably con-
tribute to the dystrophic process in
FC-poisoning, such as: (i) chemical
injury to the axolemma and axonal
contents resulting from the action of
lysosomal enzymes; (ii) increased mi-
croperistaltic activity of neurons; (iii)
segmental contraction of the axolemmal
membrane in response to stretch; (iv)
increased electrophoretic convection;
and (v) astroglial swelling. However, the
significance of these factors cannot pres-
ently be assessed.

A swelling of neuronal mitochondria
may be of general importance as a

Fig. 2. Electron micrographs of spinal gray matter after fluorocitrate (10 ug) injection.
(A-C) Neuronal cytoplasm showing mitochondria (X 21,000). (A) Control. (B)
One hour after FC. Mitochondria are moderately swollen. (C) Four hours after
FC. Severely swollen mitochondria are sac-like structures; the double membrane is
still evident, but the cristae are obliterated, and the matrix is electronlucent. (D)
Myelinated axon 4 hours after FC (X 15,300). The axon is filled with dense (D)
and multilamellated (L) lysosomal bodies, degenerating mitochondria (M), vesicles,

neurofibrils, and unidentifiable material.
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mechanism for the acute production
of axonal dystrophy. Mitochondrial
swelling has been noted together with
axonal dystrophy following neuronal
injury by x-irradiation (Andres, see 2;
Forssmann et al., 12) and by plasmocid
(D’Agostino, see 2) and cyanide (I3,
14) poisoning. However, these two le-
sions have not hitherto been causally
linked. I have found that several meta-
bolic inhibitors with different modes of
action, including cyanide, arsenious
oxide, ouabain, and methionine sulfoxi-
mine, when injected into the lumbar
theca of cat, cause mitochondrial swell-
ing in spinal neurons and dystrophic
changes in their axons (/4).

Although the proximodistal transport
of axonal material is a well-documented
physiological phenomenon, the mech-
anism responsible for this transport is
still obscure (15). The present study
may shed some light on this subject.
It is known that the respiratory en-
zymes embedded within the mitochon-
drial membrane, in addition to cata-
lyzing the coupled generation of aden-
osine triphosphate, perform osmotic
and mechanical work involving con-
formational changes in the mitochon-
drion (11). Respiration-linked mechano-
chemical changes in mitochondria
analogous to the ‘“small amplitude”
swelling-contraction cycles produced in
vitro (/6) and the configurational and
volumetric changes observed in fibro-
blast mitochondria in tissue culture
(17) probably occur in nervous tissue.
Thus it seems reasonable to envisage
neuronal (and -axonal) mitochondria
as pulsating organelles with a pump-like
action that serves to propel the axonal
stream in a proximodistal direction.
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Complementation Analysis on
Virus-Fused Chinese Hamster
Cells with Nutritional Markers

Abstract. Cell fusion experiments
have been carried out with Chinese
hamster cell mutants with different nu-
tritional growth requirements. Condi-
tions have been devised in which ap-
proximately 1 to 2 percent of the cell
population remaining ajter fusion are
fused, hybrid cells. The all-or-none
nature of the genetic markers employed
and the extremely low reversion rates
insure that no contamination of the
hybrid population with parental forms
occurs. Hybrids between glycine- and
hypoxanthine-requiring mutants are pro-
totrophic, which indicates that both mu-
tations are recessive. Hybrids between a
glycine-deficient mutant and a single-
step mutant which requires glycine,
hypoxanthine, and thymidine are re-
lieved of the glycine dependency, an
indication that the two loci associated
with glycine dependence are different.
This mutation to the triple-supplement
requirement as well as a proline defi-
ciency were also shown to be recessive
mutations. The system appears appli-
cable to a variety of genetic problems.

Experiments have been described (7)
in which single-step gene mutations
could be induced in Chinese hamster
cells grown in tissue culture for long
periods and possessed of reasonably
stable karyotypes. These mutations are
produced by standard mutagens such as
ethyl methanesulfonate and N-methyl-
N'-nitro-N-nitrosoguanidine; they have
spontaneous reversion frequencies vary-
ing between 10—6 and 2 X 10-8; their
corresponding reverse mutations can
also be elicited by standard mutagens;
and the nutritional requirements intro-
duced appear to be absolute, since no
growth whatever is exhibited by defi-
cient mutants in the absence of the
specific supplement. In the case of a
spontaneous proline-deficient mutation,
it was demonstrated that the mutant
makes no proline, that the block in the
biosynthetic chain lies in the step con-
verting glutamic acid to its gamma-
semialdehyde, and that the revertant to
proline independence obtained from
the mutant cell behaves like a hetero-
or a hemizygote with respect to this
gene (2). Availability of these markers
makes possible application of the cell
fusion technique (3) to obtain rapid
and convenient quantitation and isola-
tion of hybrid cells carrying combined
genetic markers, without contamination
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