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Interes t  in v i tamin  E deficiency was great ly  s t imulated when GO~TTSC~ and 
PA~P~n~IME~ reported the development  of  "nutr i t ional  muscular  a t r o p h y "  in 
rabbits  and guinea pigs deprived of  v i tamin E. Because of  some similarities in the 
pathological  changes in muscles in these animals and in progressive muscular  
dys t rophy  in man,  numerous patients with progressive muscular  dys t rophy  were 
t reated with v i tamin  E, but  with little success. The subject was again given impe- 
tus when I~InGST~D demonst ra ted  tha t  a spectacular neurological syndrome could 
be produced by  depriving adult  rats of  v i tamin  E - -  a syndrome characterized 
by  ataxia and paresis and evolving slowly over a period of  6 to 15 months.  The 
development  of  this syndrome in rats has been subdivided into the following 
4 stages (EinAxson 1952; EINAICSOn and ]~InGSTED; ]~INA~SOn and T~L]~OaD). 

Stage 1. Initially, gait disturbance often slight, intermittent, accompanied by fine tremor. 
Then ataxic, slow, cautious and somewhat waddling, and frequently jumping or limping. 
In later stages hindlimbs widely separated, gait shuffling and somewhat straddling. Slight 
muscular atrophy in hindlimbs often visible early, at a time when muscle power still strong. 

Stage 2. Pronounced ataxia with straddling of the legs in walking, the feet and toes being 
kept in plantar flexion. Distinct atrophy and flabbiness of the musculature of the hindquar- 
ters. In moving, animal's hindquarters close to the ground, the forelimbs normally active. 

Stage 3. Hindlimbs persistently abducted. Hindquarters drag along the ground and sway 
with the tail, from side to side, at every step. Grotesque attitudes in walking. Hypaesthesia 
and hypalgesia in some animals. Decreased mental alertness. No decrease in food consumption. 

Stage 4 (Fig. 1). Inability to walk. Constant lying on side, with legs and tail in bizarre pos- 
tures. On attempting to stand, falling and rolling on the side. Slight to moderate involvement 
of forelegs in some animals. Marked sensory loss. Ataxia and dysmetria progressive. In defen- 
sive reactions, animals unable to locate a stimulated spot. Hindlegs and toes crooked. Muscular 
atrophy sometimes extreme. Slow and dull mentally. Animals sleep quietly when left alone. 

On microscopic examinat ion of  the nervous system of  such rats the most  
pronounced lesions have been observed in the dorsal funiculi of  the spinal cord, 
especially the faseieulus gracilis ( E I n ~ S O n  1952; EInAason  and RI~GSTED; 
E l n n ~ s o ~  and TELFO~D ; LUTTRELL and ~ A s o ~  ; ~ALAMUD, NELSOn and EvAns). 
The p r imary  change in this region was considered to consist in demyelinat ion 
with subsequent  f ragmenta t ion  of  axis cylinders and reduct ion in their number.  

* Presented at the 36th Annual Meeting of the American Association of Neuropatholo- 
gists, in Boston, Mass., June 11--12, 1960. 

** This investigation was supported by Research Grant B-2275, from the National Institute 
of Neurological Diseases and Blindness, National Institutes of Health, Bethesda, Maryland. 
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According to EINA~SON and TELFO~D, the glial reaction was somewhat variable. 
As a rule, however, demyelinated areas contained a rather marked increase in 
glial fibers and scattered hypertrophic astrocytes. The numerous scavenger cells 
present contained abundant lipoid breakdown products which took on a brilliant 
red with scarlet R. Observed also were amorphous pigment deposits, insoluble in 
fat solvents, which stained red-orange with scarteg 1%; they were acid-fast in 
sections stained by ZIEHL-N~ELS~Z~'S carbol fuchsin, and positive in PAS-stained 

material, displaying a bright yellow 
primary fluorescence when expos- 
ed to ultra-violet light. Within 
regions of most marked degenera- 
tion these pigment deposits were 
found in scavenger cells, in or 
around astrocy~es and oligodend- 
rocytes, and in the walls of small 
vessels. EINA~SO~ (t952) mention- 
ed merely that  degeneration of the 
dorsal roots was also observed. 
MALAMUD, N~LSO~ and EVANS 
found that  dorsal roots were 

~ig. 1. Vitamin ]g deficient ra t  in the Iast stage, lying on side slightly demyelinated and showed 
withlegs and  ta i l in  bizarre postures. On a t tempt ing to stand,  a slight increase in endoneurial 
falling and  rolling on the side. Slight involvement of forelegs. 

Bind legs and toes crooked cells ; no changes were detected in 
spinal ganglia, ventral roots, or 

peripheral nerves. EINa~SON (1952) and EixAnso~r and TELFO]CD postulated that  the 
presence of irreversible "lipodystrophie" changes in the nerve cells of the anterior 
horn "leave their imprint on the picture of the muscular atrophy; in other words 
features of a late spinal atrophy are gradually superimposed in the early muscular 
dystrophy".  On the other hand, M~A~VD, N~Lso~ and EvAns noted that  some 
anterior horn nerve cells were hyperchromatic, sclerotic, vacuolated and showed 
a slight increase in fat content, but that  such changes were inconstant and varied 
in intensity in the vitamin E deficient animals and in different levels of the spinal 
cord in any given animal. They could find no correlation between the changes in 
the anterior horn nerve cells and the pathological changes elsewhere or with the 
severity of the clinical signs. Moreover, they not infrequently found hyperchro- 
matic or sclerotic cells in otherwise normal areas of the nervous system not only 
in the vitamin E deficient animals but also in the normal control animais. 

Material and Methods 
The rats used in our study, from the inbred Fischer 344 strain, were selected at random 

from groups of 10 to 40 rats being used in an investigation of combined vitamin E-Factor 3 * 

�9 Factor 3 is a dietary agent effective in the prevention of dietary necrotic liver degeneration 
in the rat, multiple dietary necrosis in the mouse, exudative diathesis in chicks and a variety 
of other syndromes in different species. It was identified in 1957 as an organic comdound of 
the element selenium. It can be replaced by inorganic selenium in the form of sodium selenite 
(So]~WARZ and FoLTz 1957, 1958). The minute ~mounts of selenium required physiologicMly 
for the prevention of these diseases are found widely distributed in dietary agents and foods, 
and also in normal tissue. They amount to only 1/s 0 to 1/100 of the minimum chronic toxic dose. 
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deficiency diseases, as indicated elsewhere (ScHwA~z 1960). The rats were given vitamin E 
deficient diets at weaning (ca. 21 days after birth) and kept in individual cages under standar- 
dized conditions. The composition of the basal ration is shown in Table 1. The ration was, in 
general, that  of a semipurified dietary regimen in whieh casein was replaced by Torula as a 
source of protein, supplying 13--14~ digestable protein to the animals (ScHwA~Z 1951). 
The basal diet contained a supplement of 10 #g of selenium (in the form of sodium selenite) 
as a source of Factor 3 activity. In  conventional vitamin E defieient diets, Factor 3 selenium 

Table 1. Composition o/Basal  Diet in Percentage Values 

Torula yeast 1 30 
Sucrose 59 
Lard, vitamin-E-free 2 5 
Salts 3 5 
Vitamin powder 4, ~ 1 

1 Dried yeast, Torula utilis, manufactured by Lake-States Yeast Corp., Rhinelander, 
Wisconsin. 

2 Vitamin E-free animal fat, stripped by molecular distillation (Distillation Products 
Div., Rochester, N. Y.). 

3 CaC0a, 543 g; MgCQ, 25 g; MgSO 4, 16 g; NaC1, 69 g; KC1, 112 g; KH2PO4, 212 g; 
FePO~, 4 H~O, 20.5 g; KI ,  0.08 g; MnSO~, 0.35 g; NaF, 1 g; A12(SOa) 3 �9 K2S0r 0.17 g; CuS04, 
0.9 g. 

4 Lactose, 88.68g; thiamine HC1, 40mg;  riboflavin, 25 mg; pyridoxine HC1, 20mg;  
D-calcium pantothenate, 200 nag; choline chloride, 10 g; niacin, 1 g; menadione (2-methyl-I, 
4 naphtoqninone), 10 rag; folio acid, 20 rag; biotin, 10 mg; Vitamin A acetate (1 rag-~ and 
vitamin D (1 rag-~ dissolved in a small amount of ethanol (0.5 ce per 100 g of diet), were 
added to the diets. 

5 Factor 3 was added in the form of 10 #g of selenium, as sodium selenite, per 100 g of 
diet, except for 2 animals (AFIP Aces. 954293 and 954294) which received only 4/~g-~ of 
the element throughout the experiment. 

is normally supplied in the casein, which contains ample Factor  3 activity (Sc~wARz 1952). 
In  the absence of Factor 3, liver necrosis inevitably develops and is fatal in approximately 
21 days, while with selenium the animals live out most of their normal life span but manifest 
serious vitamin E deficiency. Used as controls were animals kept on the forula regime supple- 
mented with 50 mg of D,L-alpha toeopheryl acetate per 100 g of diet. Fischer 344 strain rats 
on Torula diets grow steadily at a rate of approximately 2 g per day until they reach a weight 
of ca. 175--200 g. Supplementation of toeopherol does stimulate growth but only very 
slightly. Dietary intake is not affected, except in the most advanced stage of the disease. With 
exception of a few rats studied at this stage, there were no great differences in weights between 
controls and deficient animals used. Since the basal diet was somewhat insufficient in its con- 
tent of sulfm" amino acids, the diet of a group of 20 animals was supplemented with 0.64O/o 
of n,L-methionine. In  this group the incidence and severity of the neurological damage were 
much the same as in groups without methionine. Vitamin E was given ~herapeutieally in 
some of the animals. Of group of 10 rats, of which 4 had died with severe paralysis and muscular 
wasting, 4 were given the vitamin E supplemented diet starting in the 13th month of the 
experiment. They were sacrificed after 21/2 months of treatment. The remainder served as 
untreated controls. 

Observations 
T h e  c l in ica l  d i s t u r b a n c e s  in  our  series o f  7 v i tamin .  E def ic ien t  a d u l t  r a t s  

(Tab le  2) were ,  on  t h e  whole ,  h i g h l y  s imi la r  to  t hose  desc r ibed  b y  E I ~ A ~ s o ~  e t  el.  

I n c i p i e n t  neu ro log i ca l  s igns ~nd w a s t i n g  o f  m u s c u l a t u r e  d e v e l o p e d  cons i s t en t ly  

in  a l l  a n i m a l s  on  t h e  v i t a m i n  E def ic ien t  d i e t  6 to  9 m o n t h s  f r o m  t h e  beg inn-  

ing  o f  t h e  e x p e r i m e n t .  These  s y m p t o m s  i n c r e a s e d  g r e a t l y  in  s e v e r i t y  w i t h  

22* 



316 A~GET. PENTSCHEW and KLAUS SCHWARZ: 

time *. Animals given the vitamin E supplement maintained a healthy condition 
throughout the experimental period. The period of observation before sacrificing 
the animals ranged from i41/s to 23 months. 

Diet 

I. Basal Vitamin E-deficient 

II. Basal plus vitamin E 

III. Therapeutic trial: basal vita- 
min E deficient for 12 months, 
then vitamin E supplemented 
for 21/2 months 

Table 2. Animals Investigated 

Animal ~o. 

4* 

6 
7 
8 
9 

10 + 
11 

12 

AFIP 5To. 

954295 

954293 

954294 

954304 

954305 

954298 
958183 
958180 
958181 
958175 
954302 

954303 

Duration of 
Experiment 

(months) 

23 

23 

23 

141/2 

141/2 

23 
23 
23 
23 

141/2 

141/2 

Clinical Features 

Severe, typical 
neurological signs 

Severe, typical 
neurological signs 

Severe, typical 
neurological signs 

Severe, typical 
neurological signs 

Severe, typical 
neurological signs 

No abnormalities 
No abnormalities 
No abnormalities 
No abnormalities 
No abnormalities 
Severe, typical 

neurological signs 
Several, typical 

neurological signs 

* Untreated, vitamin E deficient controls for Group III  (therapeutic trial). 
+ Random control from stock of AFIP, kept approximately 18 months on "Purina" diet 

(Laboratory Chow), manufactured by Ralston Purina Company, St. Louis 2, Missouri. 

At  autopsy no gross changes were seen in the brain, spinal cord, meninges or 
blood vessels in any of the animals. No hemorrhage or evidence of edema was 
noted. Microscopically, the changes observed in the 7 rats of the two groups were 
similar and thus will be presented as a whole. 

A xonal Changes. In  the affected grisea and fiber tracts of the spinal cord 
and medulla oblongata, in which, in Mallory preparations, the myelin sheaths 
were red and the axis cylinders blue, the essential pathological feature consisted 
in dystrophy of the axopIasm, manifested by swelling of axis cylinders up to 
30 times their normal size. In  cross section the swollen axis cylinders usually 
appeared as round or ellipsoid structures. Swollen axis cylinders could occasion- 
ally be identified by the still persisting red myelin sheath around them (Fig. 2). 
Sometimes only small remnants of myelin were seen about the swollen axons. 
In  sections cut in various planes the axis cylinder swelling was found discontinuous, 
involving only short stretches. The forms in which the swelling appeared were 
diverse, e.g.,  moniliform (Fig.3), fusiform, or torpedo-like. Now and then the 
axonal swelling involved longer stretches of an axis cylinder in an irregular 
manner. When the affected part  of the axis cylinder reached a certain dimension 

* The muscle lesions were investigated by Dr. KArL E. MASON of the University of 
!goehester, N.Y. They were not different from those ordinarily seen in vitamin E deficient 
animals. 
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its connections to the latter were severed and it  led for quite a long period of 
t ime an " independent"  existence. We apply to these formations the therm "axonal  
bodies" ("Schollen"). Most of the huge axonal bodies appeared homogenous, but  
PAS staining, which brought out the bodies most effectively, revealed in some 
a series of concentric rings and, in others, PAS-positive dots. Huge bodies often 
contained large vacuoles (Fig.4). A further type of bodies encountered was 
granular with a halo. In  Bodian preparations the granular core was argentophilie 
(Fig. 5), and in Mallory preparations most of the granules were stained red. The 
bodies lost their argentophilia on reaching 
certain dimensions, but  many  of them 
retained an outer argentophilic ring. The 
bizarrely shaped argentophilic bodies 
illustrated in Fig.5 were exceptions to 
this rule. Some of the bodies contained 
round, spiral or otherwise shaped fibrils 
or crumbly material  (Fig. 6). in  Kluver- 
Barrera and "cresyl echt violet prepara- 
tions the bodies appeared as round or 
oval spaces (Figs.7 and 8)which some- 
times contained materialwhich had a pale 
blue tint. When stained by hematoxylin- 
eosin the bodies were light pink. 

Peculiar spiked ball-like structures 
("Staehelkugeln") were also observed. 
They were relatively scanty and were 
seen in the nuclei cuneatus medialis and ST. a. 

lateralis, in the sensory nuclei of the Vth ~ig.2. Vitanlin E deficient rag (AFIP Ace. 954294, 
Net. 602443). Kodachrome. Nucleus gracilis. Cross 

nerve, and in the nucleus of the tractus section of 8 swollen axons (sw. a.), one of them gigan- 
solitarius (Figs. 9- -  11). They were most tic. The swollen axons are identifiable as such by the 
conspicuous in sections stained by  the still persistingsizedredaxonCOlored(_+). Nallory.myelin sheathS.x 900 Normal 

Mallory and PAS methods, but  were also 
detected in H-E  preparations. They had a blue (Mallory), light purple (PAS) 
or dark purple (H-E) compact nucleus from which many  spikes radiated. The 
spiked balls were found to originate within huge axonal bodies (Fig.12). 
Occasionally they had an outer shell of residue of the decomposed body 
(Fig. 11). 

Changes  i n  Grisea. Axonal dystrophy was noted in various grisea: the nuclei 
of the dorsal spinal horns, the cell group corresponding in position to the nucleus 
dorsalis (CLARKE'S column in man*),  the medioposterior cell column in the dorsal 
grey commisure, the nuclei gracilis, cuneatus medialis and lateralis, the sensory 
nuclei of the Vth nerve, and the nucleus of the tractus solitarius. In  the upper 
cervical segments in one animal (Rat 5), the nucleus of Stilling was identified in 
a position corresponding to tha t  of the nucleus dorsalis; it was severely affected. 

* According to C~AIOIE, the nucleus dorsalis in the rat is not differentiated as a distinct 
group of cells. On the other hand, EI~A~so~r and RI~GST~) found, as we did, a very distinct 
and well defined cellular aggregate in this region, especially between the VIth thoracic and 
the upper lumbar segments. 
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In  2 animals (Rats 2 and 11) a few axonM bodies were seen in the close vicinity of 
large nerve cells in the ventral  and lateral spinal horns. 

Both the medial and the lateral nuclei of the fasciculus cnneatus exhibited the 
florid stage of the dystrophic process (Fig. 13). Because of the great number of 

Fig. 3. Vitamin E deficient ra t  (AFIP Ace. 954 302, l'~eg. 60 2454). Faseiculus gracilis. Longitudinal section. Discon- 
tinuous moniliform swelling of one axon (d. s. a.). The largest specimen has a round light core. Aboye and below, 
segments of swollen, irregulal'ly shaped axons. The majority of the axons have disappeared, indicating an advanced 

state of axonal dystrophy. Bodian. • 575 

Fig.4. u  E deficient rat  (AFIP Acc. 954305, :Neg. 602838): Fasciculus gracilis. Single giant body (s. g. b~) 
with several larger and smaller vacuoles surrounded by well preserved axis cylinders; Bodiam x 550 

giant axonM bodies, m a n y  of them conspicuously vacuolated, the pathological 
changes were evident even at low magnification. Except  for the presence of PAS- 
positive deposits in their cytoplasm, the nerve cells were intact  and their  number  
was not appreciably decreased, 
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Fig. 5. V i t amin  ]] deficient r a t  ( A F I P  Acc. 954294, Ncg.  602441). Medio-postcrior ne rve  cell column of  dorsal 
g~ey commissure  of  spinal cord: Clusters of  bizarre shaped highly  argentophil ic  bodies. Above,  a body  wi th  argento-  

phiIie core wi th  halo (arrow): Bodian.  x 400 

Fig.  6. V i t amin  E deficient r a t  ( A F I P  Ace: 954 293, Neg.  602336). La te ra l  cuneate  nucleus. Bodies showing ret i-  
culate s t ruc tu re  (r. a .b . )  others  conta ining anlorphous argentophil ic  raater ia l  (am a b ) Many  of  the  larger  

b ~ ' �9 " " " " odies (a. b.) are inconspicuous because of  no argentophil ia .  Bodian.  x 350 

As to the principal sensory nucleus and the nucleus of  the spinal tract of  the 
Vth nerve, which in the rat form a unit which occupies most  of  the lateral part 
of  the medulla obtongata (C~AIGI~)~ ~he alterations were~ in genera.t~ much more 
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conspicuous in longitudinal than in cross section. In the dorsal spinal horns the 
damage was in all respects highly similar to tha t  in the medial and latera] cuneate 
nuclei. Substantia gelatinosa and nucleus proprius were the sites of predilection 
of axonal involvement and the lower lumbar, sacral and coeeygeal segments were 
often the most heavily damaged. Nucleus dorsalis (Fig. 14) and the nerve cell 
group in the dorsal grey commissure, corresponding to the medioposterior cell 
column in man, showed equally severe and extensive axonal changes as the 

Fig.7.  Vitamin E deficient ra t  (AFIP Acc, 954295, Neg. 601940). Axonal dys t rophy in the medial cunea~e nucleus 
(m. c, n.) is e~ident from the large vacuoles within axonal bodies. In  contrast,  the atrophic nucleus gracilis (a, n. g.) 

is inconspicuous except for  the increased cellularity. Kluver-Barrera.  • 65 

medial and lateral euneate nuclei. The alterations in the nucleus tractus solitarins 
were less conspicuous but  nonetheless evident, spiked balls also being present. 

Abundant,  large or giant (Fig. 15) bizarrely shaped "naked" astrocytes some- 
times clustered in honeycomb fashion, and numerous small PAS-positive astro- 
cytes with eccentric nucleus completed the spectacular histological picture pre- 
sented by all these nuclei. Pa tchy tissue disintegration of involved grisea was 
another feature of the pathological picture ; it was most pronounced in the sensory 
nuclei of the Vth nerve. 

Due to absence or paucity of axonal bodies the alterations in the nucleus 
graeilis were so inconspicuous (Fig. 7) that  they could easily have been overlooked. 
However, the gross a t rophy of the nucleus with resulting compactness of its nerve 
cells, the increased number of small astroeytes and the many  PAS-positive 
phagocytes strongly suggested a terminal stage of the same pathological process 
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present in the other affected nuclei. No fibrous astrocytes were present in Honzn~ 
preparations. 

In  Some of the dorsal roots, isolated medium-sized axonal bodies were observed. 
They were situated in the glial division of the roots adjacent to the cord. Except  
for the presence of PAS-positive pigment in the nerve-cell bodies, the spinal 
ganglia appeared normM. 

Changes in White Matter. The axonal changes were restricted to the spinal cord 
and medulla oblongata, involving selectively the fasciculi graeilis and cuneatus, 

Fig.8. Vitamin ~3 deficient rat  (AFIP Ace. 654295, Neg. 601937). Lateral euneate nucleus. Some of the bodies 
lightly stained (<---). Vacuoles within giant bodies. Increased number of gila ceils, The nerve cells ( ~ )  are well 

preserved. Cresyl echt violet, x 350 

L I s s A u ~ ' s  zone, spinal t ract  of Vth nerve, and the traetus solitarius (Table 3). At 
lumbo-sacral levels almost the entire area of the dorsal funiculi was affected, 
while at  progressively higher thoracic and cervicM levels the lesions were more and 
more restricted to the fasciculus graeilis. The lesions in the dorsal fasciculi were 
not continuous; in some cross sections they were missing. No changes were seen 
in the pyramidal  t racts  (which in the ra t  occupy a small ventral  area in the dorsal 
funiculi) or in the lateral and ventral  funiculi. 

In  the incipient stage the dystrophy was in the fasciculus cuneatus, spinal 
t ract  of the Vth nerve, I~ISSAUER'S zone and the tractus solitarius, while in the 
advanced stage they were present onlyin ~he fascieulus graeilis. The incipient lesions 
were characterized by  the presence of a few mediumsized bodies without glial 
reaction. In the advanced stage, as seen in the fasciculus graeilis, pronounced 
demyelination was present, axis cylinders were sparse, the majori ty  of the axonal 
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bodies had undergone dissolution, and  intense gl ial  prol iferat ion had occurred. 
The few bodies t ha t  remained  were usual ly  large. 

A b u n d a n t  g l i a l  r e a e r i c  n was evident  in  the fasciculus gracilis. The glial cells 
were somewhat  difficult to identify.  Most of them were large and  spherical and 
they  had a hyperchromat ic  nucleus and dis t inct  cytoplasm. Second most  a b u n d a n t  
were glial cells of a type  never  seen in  the control animals.  Their  nuclei  were huge, 
pale, usual ly  elongated,  lobulated or sausage-shaped, and  "naked"  ; some of them 
were gigantic.  Scattered glia of this kind,  apparen t ly  astrocytes, were divided 
into two more or less equal parts  connected by  a small  bridge, suggesting abort ive 
amitot ie  division. I n  3 animals  typical  p lump astrocy~es were seen; they  were 
most  a b u n d a n t  in  the 2 animals  given v i t amin  E after neurological manifes ta t ions  
had fu l ly  developed (Rats l l  and  12). I n  
these 2 rats  the dimensions of the p lump 
astrocytes exceeded by  2 or 3 t imes the 
size of the p lump astrocytes present  in  an 
un t r ea t ed  an imal  (Rat  3). Fibrous astro- 
cyte8 were not seen in IIOLZER prepara- 
tionS. Large phagocytes (macrophages) 
were found Only in the transitional zone 
between the nucleus and  fasciculus graeilis. 
They  conta ined relat ively large PASaposi- 
t i r e  particles. 

Changes Unreb~ted to Axonal Dystrophy. The 
PAS method disclosed widespread numerous 
small mieroglia ! cells with pyknotic, eccentric 
nuclei and homogenous PAS-positive crimson 
cytoplasm. The principal areas in which such 
Cells were found were the grey mgtter of the 
spinal cord, most of the nuclei of medulla 
oblongata, pons, midbrain and thalamus, the Fig. 9. Vitamin E deficient rat (AFIP •cc. 954304, 
granular layer of the cerebellar cortex, and the Nag: 606959): Lateral cuneate nucleus. 
intrafolial cerebellar white matter. A few PAS- Ct~araeteristie spiked ball (sp. b.): 
positive cells were observed in the perivascular Mallory: x 1300 
space and adjacent to the subaraehnoidal space; 
suggesting that these cells were mobile and were engaged in the removal of PAS-positive 
material. PAS-positive particles were sometimes seen outside of cell bodies: Except for the 
ependymal cells of the central canal of spinal cord, fixed gial cells did not contain PAS- 
positive piginent; 

Another characteristic finding which w~s not seen in the controls was the presence of 
PAS-positive pigment in most of the nerve cells in the spinal cord, brain stem, cerebellum and, 
in less intensity, in the thalamus and cerebral cortex. It  was most conspicuous in the motor 
nerve cells of spinal cord and brain stem. In most df the nerve cells the PAS-positive material 
had the same location as lipofusein, i: e., it was accumulated next to the nucleus or in the 
periphery of the cytoplasm. In other nerve cells it was diffusely scattered in the cytoplasm. 
In Bodian preparations the PAS-positive deposits in the nerve cells proved to be argento- 
philic; they had a granular or reticular structure; Otherwise, the nerve cells appeared normal, 
with no nuclear displacement. Many nerve cells of the spinal ganglia contained copious 
deposits of PAS-positive material but otherwise appeared normal. They contained no PAS- 
positive phagocytes. 

Vacuolar Nerve Cell Changes. In  most of the animals varying numbers of nerve cells 
contained vacuoles of varying dimensions. In motor nerve cells of the spinal cord and medulla 
eblongata they were, as a rule, single and some wece almost as large as the nerve-cell body~ 
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In some smaller nerve cells they were multiple and small, giving the cellular periphery a 
fenestrated appearance as if gnawed at. Characteristic of this nerve-cell change was the 
integrity of the nucleus and of the cytoplasm. Only a small number of the nerve cells showed 
pyknotic nuclei and hyperomatic cytoplasm. 

Control Animals.  I n  the 4 control  an imals  given the v i t a mi n  E supplemented  
diet  (t~ats 6 - -10  in  Table 3) grisea and  fiber t racts  were normal .  I-Iowever, 
the nucleus gracilis showed axonal  swelling, similar to tha~ described above for 
the medial  and  lateral  cuneate  nuclei  of the v i t a mi n  E deficient rats.  The changes, 

Fig. 10. Vitalnin E deficient r a t  (AFIP  Aec. 954 304, Neg. 60 6958). Latera l  eunea~e nucleus. Spiked ball with huge 
core (sp. b.), axonal  body with halo (a. b.); a lmost  completely disintegrated body (d. b.), not  to be confused 

with vacuole;  huge as t rocyt ie  nucleus (arrow). PAS.  • 1300 

seen only  in  the nucleus gracilis, were no t  ident ical  to those in  the v i t a mi n  E 
deficient groups. They were much  less severe, and  nei ther  "naked"  astrocytic 
nuclei  nor  PAS-posi t ive  small  phagocytes could be observed. A control  ra t  t aken  
at  r andom from the A.F . I .P .  stock showed the same changes of nucleus graeflis. 
This adul t  ra t  had been raised and  ma in t a ined  on Pu r ina  labora tory  chow. 

Axonal Dystrophy in Man 
Changes similar to those seen in  v i t a m i n  E deficient ra ts  were found in  4 h u m a n  

eases. The s imilar i ty  was most  s t r ik ing in  Case 1. 

Case 1 (C. A. L. 581/60). The patient, a 51-year-old Negro, was first admitted to a mental 
hospital when he was 42. Previously he had been locked up at least six or seven times for 
drunkenness, confusion, and wild behavior. He was mentally defective and had been epileptic 
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for many years. One year prior to death in 1959 he was admit ted for the third time to a 
hospital for chronic alcoholism and tuberculosis. A serological test  for syphilis was positive, 
but the cerebrospinal fluid was normal. The EEG was abnormal. I t  was thought that  he had 
WE~Ic~:~'s  encephalopathy. 

Grossly, there was sligh~ atrophy of the medulla oblongata and of the cerebellar cortex in 
the border zones of supply of the posterior inferior cerebellar arteries, and old contusion foci 
in left gyrus rectus and both temporal poles. Microscopic examination revealed axonal dystro- 
phy in the nuclei gracilis, cuneatus medialis (Fig. 16) and lateralis , and of the nucleus of 
Stilling with numerous typical axonal bodies and scanty spiked balls. (Only cervical segments 

Fig. 11. Vitamin E deficient rat (AFIP Ace. 954304, Ncg. 60696I). Kodachrome. Lateral cuneate nucleus. Peculiar 
spiked bali with outer shell containing red granules, :Feculiar presumably residues from the axon in which the 
st)ike4 bali was "born" (s~. b,) (see also :Fig. 12). Axonal body with h~lo (a. h.). Axonal body with red spots (<); 

huge astrocytic nuclei (+--). ]V[Mlory. • 1300 

were available so that  the nucleus spinalis, of which STILLII~IG'S nucleus is a homologue, could 
not be examined.) The cerebellar changes were those of the familiar lobular sclerosis, lNo 
alterations suggesting Wn~c~cxE's disease were found. 

Case 2 (C. A. L. 897/60). This case, too, was one of chronic alcoholism. The patient was 
a 50-year-old Caucasian male. The changes in the nuclei gracilis and euneatus medialis were 
similar although less conspicuous than in case 1. A small number of spiked balls were observed. 
Lateral cuneate nucleus and spinal cord were not available. 

Case 3 (AFIP Acc. 991260). In  this case of chronic alcoholism associated with epileptic 
seizures, the patient was a 73-year-old Caucasian man. The changes in the nuclei gracilis and 
cuneatus were similar to those in the previous two cases and were more pronounced than in 
case 2. Characteristic for this case were the perivascular infiltrates of lymphocytes located 
in the dorsal part  of the lower medulla oblongata. Only a small piece of the lower medulla was 
available. 
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Case 4 (AFIP Ace. 808153). This case concerned a 66-year-old Caucasian man. The only 
clinical history available indicated chronic psychosis and sporadic grand real of undetermined 
character and etiology. The nuclei gracilis and cuneatus medialis were involved. (Lateral 
cuneate nucleus and spinal cord as well as cerebrum and cerebellum were not available.) The 
tremendous swelling of the axons, leading to the formation of many giant axonal bodies, 
produced a striking pathological picture (Fig. 17). 

Discussion 
The nutritional aspects of the Torula yeast  ration used in this s tudy have been 

discussed in detail elsewhere (ScHWARZ et al.). The diet is limited in sulfur amino 
acids, but  this aspect does not significantly enter into the etiology of the CNS 

Fig. 12. Vitamin E deficient ra t  (AFIP Aec. 954 804, Neg. 606960). Longitudinal section. Fasciculus cuneatus not 
far from its nucleus. Spiked bail in the process of formation within a giant axonal body. Mallory. x 1300 

changes which are the subject of this paper, as shown by supplementation of 
methionine. The lack of Factor  3-selenium, also characteristic of Torula yeast  
diets, has been eliminated by  supplementation of the selenite-selenium, added in 
very small, physiological dose levels. All other known dietary trace factors have 
been supplied at  optimal levels (with the exception of the glucose tolerance factor, 
recently identified with tr ivalent chromium, K. SC~WARZ and W. M~RTz). Thus 
the described changes, preventable by  toeopherol, are related to vi tamin E deft- 
ciency, with the exception of minor axonal swellings restricted to the nucleus 
gracilis in the controls. The lat ter  lesion is of unknown etiology. I t  was also 
seen in a stock animal kept  on normM breeding ration. I ts  origin is under 
fur ther  investigation. 

Our vi tamin E deficient rats  developed the same advanced neurological 
syndrome produced by  I~INGST~D. In  our series, although only animals in ad- 
vanced stages of vi tamin E deficiency were available, the evolution of the dystro- 
phic proces s of the axis cylinders was traceable. The ini t ial  stage, visible in the 
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fasciculus cuneatus, spinal t ract  of the Vth nerve, LlSSAUER'S zone and the 
tractus solitarius, was characterized by the presence of only a few small or medium 
sized axonal bodies without glial response. Myelin sheaths about the bodies were 
usually preserved. In  the florid, or second stage, observed in all involved grisea 
except the nucleus gracilis, the main features consisted in the presence of great 
numbers of huge axonal bodies in different phases of disintegration, characterized 
mainly by vacuolization, and in the presence of many huge "naked" astroeytic 
nuclei. Myelin around the bodies had virtually disappeared, apparently as a con- 
sequence of the axonal swelling. I t  was evident that  the demyelination was of 

Fig. 13. Vitamin E deficient rat  (AFIP Acc. 954293, ~!eg. 602338). Lateral cuneate nucleus. Florid stage of axonal 
dystrophy with huge axonal bodies containing large vacuoles; glial proliferation. Spiked balls within axonal 

bodies (arrows). PAS. x 165 

secondary nature. In some grisea the tissue showed patchy disintegration. The 
terminal, or third stage, present only in the nucleus gracilis, was characterized by 
absence or paucity of axonal bodies, gross atrophy of the nucleus with preser- 
vation of the nerve cells, increased number of small astrocytes, and by the pres- 
once of large phagocytes containing PAS-positive material. The fewness of the 
axonal bodies was at tr ibuted to their dissolution. Likewise, fasciculus gracilis 
was the most extensively demyelinated and it showed many huge "naked" 
astrocytic nuclei and a relatively small number of axonal bodies, most of them 
gigantic. In 2 of the 3 animals in which vitamin E was given therapeutically 
(Rats 11 and 12), plump astrocytes of huge dimensions were present in the fasci- 
culus gracilis. Neither in the nucleus gracilis nor in fascicnlus gracilis was there 
HoLz~R-positive g!iosis. The absence of astrogliosis was interpreted as due to 
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the inabili ty of the astrocytes to form Ho~z]~l~ positive fibers. On the other hand, 
~V[ALA1VfUD, ~ E L S O N  and EvANs as well as E~NA~SON and T~LFORD found HOLZ~R 
astrogliosis in the demye]inated areas of the dorsal funieuli. 

From the pathological changes it seemed tha t  the dystrophic process com- 
menced within the nucleus graeilis and extended subsequently in a discontinuous 
manner and presumably at a slow pace to the fasciculu~ gracilis. It would appear 

c. Cl. 1). t. c. Cl. 

Fig. 14. Vitamin E deficient ra~ (AFIP Aec. 954 302, :Ncg. 60 2447). Longitudin~I section of the thoracal spinal cord 
at the level of the pyramidal trae~s (1). t,), which, in the rat, occupy the r~os~ ventral field of the dorsal column. 
Severe axonal dystrophy with disintc~a~ion of the tissue restricted to two small paramedial fields on both sides 

of the pyramidal tracts, corresponding to the columns of Clarke (c. C1.). Bodian. x 80 

tha t  the dystrophic  process then began in the other grisea, the last affected being 
the faseieulus cuneatus, the tracts  of the sensory nuclei of the Vth nerve and of 
the LlSSAU~,~'s zone, and the tractus nucleus solitarius. 

Of interest were the spiked ball-like structures found in all affected grisea 
except for the nucleus gracilis. The originated within axonal bodies and were 
more resistant to disintegration than the axonal bodies. The spiked balls were 
only one type of various bizarre structures resulting from decomposition of the 
dystrophic axons. They were clearly not senile plaques. The spiked balls were remi- 
niscent, of  t h e "  Staehelkugeln", or"IVforgensterne", found together wi th" torpedos"  
in the molecular and granular layers of the cerebellar cortex in systemic degene- 
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ration of the cerebellar cortex (ULv~), and in cerebellar cortical degeneration 
following dimethyl mercury poisoning ( I t uNT~  ~nd I%USSELL). The spiked bMis 
were probably identical with the bodies found by  KLATZO et al. in the granular 
layer and occasionally in the molecular layer of the cerebellar cortex and in the 
basal ganglia and cerebral cortex in 6 of 12 cases of Kuru.  In  the 2 of the 3 cases 
of chronic alcoholism (cases 1 and 2) in which axonal dystrophy was evident in 
the nuclei gracilis and cuneatus spiked balls were  also found. Some of them 
were lying within axonal bodies. 

An interesting point was the integrity of the nerve-cell bodies in all affected 
grisea. From this observation it may be concluded that  transneuronal degeneration 
did not take place. Another conspicuous nerve cell change was the cytoplasmic 
vacuolation in the nerve cells. EIZCA~SO~r and TELFo~D also described this change 

Fig, 15. Vitamin E deficient rat  (AFIP Aec. 954294, l~eg. 606711). Fascieulus gracilis, Gigantic naked 
astrocytic nucleus among normal glia cells. Residues of axons. Bodian. • 13(30 

in vitamin E deficient mice. I t  closely resembled the nerve cell changes observed 
in eats exposed to chronic tellurium poisoning (PEh'TSCHEW). 

Another characteristic finding was the presence of huge, "naked" astroeytie 
nuclei, which were elongated, sausage-like shaped and sometimes spherical. They 
were most numerous in the grisea showing the greatest axonal dystrophy and were 
present also in the fascieulus gracilis, where the axonal damage was very advanced. 
Possibly the patchy tissue disintegration observed in the dorsal horns, the column 
of CLARKE and in the sensory nuclei of the Vth nerve was attributable to 
dysfunction of these astroeytes. 

Conspicuous also in the pathological process were the numerous small PAS- 
positive phagocytes scattered throughout practically all the grisea, mainly those 
in the spinal cord and medulla oblongata. Quite distinct from them were large 
phagocytes which contained relatively coarse PAS-positive particles; they were 
infrequent and were found only in the nucleus gracilis and its tract. The small 
phagocytes were apparently related partly to the disturbance of lipofuscin meta- 
bolism characteristic of vitamin E deficiency (BEcKMANN) and partly to the 
breakdown of myelin and perhaps of axoplasm. 

Dystrophic axonal changes have been found under numerous disease con- 
ditions. They have been extensively studied in the proximal stump after severance 
of the neurite by CAZAL and by SPATZ, the latter concluding that  the axonal 

Ac~a IN europathologica, Bd. i 23 
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changes were the outcome of "acute retrograde reaction". The resemblance 
(SPI~L~EY~R; S]~ITELBERa~R 1957) to the findings in the vi tamin E deficient ra t  
is impressive despite the fact  tha t  the axonal changes in the labter s tar t  in the 
most  distal par t  of the nerve fiber. Axonal swelling is seen also in the region of 
ischemie areas, e.g., in the spinal cord in decompression sickness (HAY~AKV, R). 
I t  also has been observed in various degenerative diseases, such as amyotrophie  
lateral sclerosis, olivo pontocerebellar dystrophy, and familiar diffuse leueoence- 
phalopathy ( v ~  BOGAERT and SC~OLZ). Under such conditions the axonal swelling 
has, however, been found more or less incidental. 

Fig. 16. 51-year-old man  (CAL 581/60, At~IP Neg. 607093). Chronic alcoholism. Nucleus euneatus medialts. The 
nucleus sharply delineated by  the presence of a great  number  of argentophilie axonal bodies. Bodian. • 115 

S~IT~L~ERG~R and GRoss were the first to draw at tention to Hailervorden- 
Spatz disease, including am infantile form ( S E I T E L B E R G E R  1953), as the prototype 
of an encephalo-myelopathy in which a systemic axonal dyst rophy of endo- 
genous nature is the main feature. (See also SV, I~ELB~V,R and G~oss and 
GRoss et al.) In  their appearance and staining properties the axonal lesions 
described b y  S]~IT]~L]~Ree~ et al. were highly similar to those observed in vita- 
min E deficient rats. The distribution of the changes differed, however, in most  
points. Besides globus pallidus and red zone of substantia nigra, where a great 
number  of huge axonaI bodies were regularly seen, they were often found in the 
red nucleus, the ventral  nucleus of thalamus, the tegmentum of brain stem, and 
the dorsal horns and dorsal fasciculi of spin~l cord. Axonal bodies were found also 
in the ansa lenticularis and the white mat te r  of the cerebellum. The nuclei gracilis 
and cuneatus medialis were affected in a similar manner (S]~ITnLBERG~ 1960). 
No information was available on the lateral euneate nucleus. 

Our 3 cases of  chronic alcoholism m a y  readily be included in the group of the 
sys temic  axonal dystrophic encephalomyelopathies. This is true especially of  
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case 1 in which the appearance and staining properties of the axonal lesions as 
well as their distribution were strikingly similar to those in vi tamin E deficiency 
disease of the rat .  In  cases 2 and 3 of chronic alcoholism, the topography of the 
axonal swelling was not as clear because the nucleus cuneatus lateralis and the 
spinal cord were not available for study. In  2 of the 3 cases spiked balls were 
present. We gained the impression tha t  in the 3 eases the axonal lesions were a 
manifestation of some impairment  other than  thiamine deficiency associated 
with chronic alcoholism. The perivascular lymphocytic infiltrates in case 3 are 
secondary changes of an inflammatory character. They have been occasionally 

Fig.17. 66-year-old man with chronic psychotic condition of undetermined etiology (AFIP Ace. 808153, Neg. 
602830). Nucleus gracilis. Great number of large and small axonal bodies. (~-) H-E. x 440 

seen in cases of W~R~ICK~'s encephalopathy (KANT ; L~TI~Y and W A L T I t A R D  ; •:EU- 
Bff~GV~g) and have been found to be related to extracerebral infectious processes. 

Case 4 was difficult to evaluate because of the paucity of medulla oblongata 
available and because of the very limited clinical history. However, the location 
of the characteristic axonal lesions and their extensiveness left little doubt tha t  
axonal dystrophy of endogenous origin was concerned. Further  studies are requir- 
ed before it can be determined whether Hallervorden-Spatz disease and our 3 cases 
of chronic alcoholism were related to vi tamin E deficiency or whether they were 
basically different metabolic disorders leading to morphologically similar systemic 
axonal lesions. 

Summary and Conclusions 

1. In  rats maintained on a synthetic vi tamin E deficient diet for 141/2 to 23 
months, with Torula yeast as the source of protein, severe neurological disabilities 
developed. The neurological syndrome was practically the same as described by  

23*  
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I:~I:NGSTED. Hitherto undescribed pathological changes were found. The most 
impressive alteration consisted in axonal dystrophy of terminal twigs of nerve 
fibers within the grisea of the spinal cord and medulla oblongata belonging to 
the afferent system. These were nerve fibers originating in the spinal ganglia and 
in the ganglia of the V, VII, IX, and X cranial nerves. The demyelination that  
occurred was secondary to the axonal damage. The evidence suggested that the 
pathological process started in axis cylinders in the grisea and then spread 
proximally into their respective fiber tracts. Nerve cells in the affected grisea 
were not materially altered. The pattern of distribution of the alterations suggested 
a disorder of a systemic nature. 

2. The dystrophy of the axis cylinders resulted in axonal swelling and sub- 
sequently in formation of large axonal bodies. Of special interest was the for- 
mation of spiked ball-like structures within the axonal bodies. They corresponded 
to the "Stachelkugeln" in human neuropathology. 

3. Huge "naked" astroeytes were found in the affected grisea and fiber tracts. 
They did not show fibers in HoLzE~ preparations, however Cajai's method 
allowed to identify them as hypertrophic fibrous astroeytes. Small PAS-positive 
phagocytes of microglial origin were ubiquitous, but were most prominent in the 
affected grisea. 

4. In the 4 control animals given the vitamin E supplemented diet, grisea and 
fiber tracts were normal. However, axis cylinders in the nucleus graeilis showed 
swellings similar, but not identical, to those seen in the medial and lateral cuneate 
nuclei of the vitamin E deficient rats. The same alterations were found in a stock 
animal kept on Purina laboratory chow. Their etiology is not clear. 

5. The axonal changes found in the vitamin E deficient rats were practically 
the same as ,in certain human eases of chronic alcoholism and in Hallervorden- 
Spatz disease. The distribution of the lesions in the rats closely simulated that 
in the cases of chronic alcoholism but was quite different than in Hallcrvorden- 
Spatz disease. Whether the axonal dystrophy in these disorders was related 
to some specific deficiency is not known. 

Zusammenfassung 
1. l~atten, welche 14i/2--23 Monate eine Vitamin E freie Digt (Torula-Hefe 

als Proteinqnelle) erhalten hatten, entwickelten das yon RI~GSTED gezeigte, 
neurologische Syndrom. Es wurden bisher nicht beschriebene, neuropathologische 
Befunde erhoben. Die eindrucksvollste Vergnderung bestand in einer axonalen Dy- 
strophic der Endzweige yon Nervenfasern innerhalb dem afferenten System zu- 
geh6riger Grisea des Riickenmarkes ~nd der Medulla oblongata. Es handelte sich 
um Nervenfasern, welche ihren Urswung in den Spinalganglien und den Gangiien 
yon Nn. V, VII, IX und X haben. Die Entmarkung war sekundgr, eine Folge der 
Axonschgdigung. Es wurde angenommen, dab der pathologisehe Vorgang seinen 
Anfang in Achsencylindern innerhalb der Grisea nahm und sich dann proximal 
auf die zugeh6rigen Faserbiindel ausbreitete. Die Nervenzellen in den betroffenen 
Grisea waren intakt. Das Verteilungsmnster der Lgsionen legte das Vorliegen einer 
systematisehen Erkranknng nahe. 

2. Die dystrophisehen Vorggnge in den Achsencylindern manifestierten sich in 
Axonschwellung und spgterhin Bildung yon groBen, schollenartigen Gebilden. 
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Von Interesse war die En t s t ehung  eigenartiger kugeliger Gebilde innerhalb der 
Schollen, welche den , ,Stachelkugeln" der menschlichen Neuropathologie en~- 
sprechen. Sic waren der auff/illigste Typ  bizarrer Strukturen,  welche mi~ dem 
Abbau  der dystrophischen Achsencylinder zusammenhingen.  

3. GroBe, , ,nackte" Ast rocyten w u r d e n i n  den betroffenen Grisea und  in schwer 
geschgdigten Faserbiindeln gcfunden. Sie zeigten in t to lzer -Prgpara ten  keine 
Gliafasern, konnten  jedoch mit  der Cajalschen Goldsubl imatmethode als hyper-  
trophische Faserbildncr identifiziert werden. Kleine PAS-po~itive Phagocy ten  
mikrogli6ser Abs t~mmung  ]agen iiberall verstreut ,  waren aber am ausge- 
sprochensten in den betroffenen Grisea. 

4. I n  den vier Kontroll t ieren,  die eine mi~ Vitamin E versehene Di&t erhalten 
ha~en ,  zeigte der Nucleus gracflis Axonveri~nderungen ahnlich, aber n ich t  iden- 
t isch mi t  denen ia  den Nuclei cuneatus medialis und  lateralis der Vitamin E- 
Mangel-Rat ten.  Diese Veri~nderungen wurden auch in einem normalen Kontrol l -  
t ier vorgefunden,  ~ das mi t  einer gewShnlichen Zuehtdis  aufgezogen war. 

5. Die Achseneylinderveri~nderungen in den Vi tamin E- l~angel -Rat ten  waren 
auBerordentlich ahnlich solchen, die bei bes t immten  Fallen yon  chronischem 
Alkoholismus und bei der H~l lervorden-Spatz-Krankhei t  beobachte t  wurden.  Die 
Ausbrei tung der L~sionen war auBerordentlich ~hnlich in den Fallen won chroni- 
sehem Alkoholismus und  ziemlieh vcrschicden in letzterer Krankhei t .  Es  erheb% 
sich die Frage, ob die Aehseneyl inderveranderungen in diesen Erkrankungen  in 
Beziehung zu bes t immten  Mange]zustiinden stehen. 
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