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PAWEŁ P. LIBERSKI12, RICHARD YANAGIHARA2, CLARENCE J. GIBBS’ JR2,
D. CARLETON G AJD U SEK 2

E X PE R IM E N T A L  C R E U T Z F E L D T -JAKOB DISEASE: L IG H T  
M IC R O S C O P IC , IM M U N O H IS T O C H E M IC A L  A ND  

U LTR A STR U C TU R A L STUDIES O F  T H E  FU JISA K I STRAIN O F  
C R E U T Z FE L D T -JA K O B  DISEASE VIRUS IN  N IH  SWISS M ICE

Electron Microscopic Laboratory, Department of Oncology, School of Medicine, Lodz, Poland, 
la b o r a to ry  of Central Nervous System Studies, National Institute of Neurological Disorders and 

Stroke, National Institutes of Health, Bethesda, U.S.A.

Ultrastructural findings in mice terminally affected with the Fujisaki strain of Creutz- 
feldt-Jakob disease virus are reported. Spongiform vacuolation, extensive myelin and 
axonal lesions and neuroaxonal dystrophy accompanied by abundant astrocytic 
gliosis comprise the pattern of the pathological changes at the ultrastructural level. 
Neuronal intranuclear inclusions and swelling of the astrocytic and dendritic processes 
were unspecific findings also observed in control animals.

K ey  w ords: Creutzfeldt-Jakob  disease, Fujisaki strain virus, mouse, brain pathology, ultrastructure.

The Fujisaki strain of Creutzfeldt-Jakob disease (CJD) virus passaged in mice 
has proved to be a useful tool in the study of the pathology of slow unconven­
tional virus diseases, due to its short incubation time (Kingsbury et al. 1982). The 
development of lesions, white m atter ultrastructural pathology, neuroaxonal 
dystrophy and the tubulovesicular structures have been previously described 
(Liberski et al. 1989a-d). We now report the ultrastructural findings in mice 
terminally affected with the Fujisaki strain of Creutzfeldt-Jakob disease virus. At 
this stage spongiform changes, myelin and axonal lesions accompanied by 
abundant astrocytic and macrophage reaction comprise the pattern of the neuro- 
pathologic changes.

MATERIAL A N D  M ETHODS

Animals, virus strain and inoculation procedures
Weanling, 4- to 6-week-old N IH  Swiss mice (Animal Production Area, 

Frederic Cancer Research Facility, Frederick, MD) were inoculated either
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2 Liberski et al.

intracerebrally with 0.03 ml of 10% brain hom ogenate obtained from mice 
affected with the Fujisaki strain of C JD  virus, or intraocularly with 0.01 ml of the 
same homogenate (Tateishi et al. 1978; Kingsbury et al. 1982; Liberski et al. 
1989a, b). The incubation periods were approximately 18 to 20 and 25 to 51 weeks 
for animals inoculated intracerebrally and intraocularly, respectively.

Histopathology
CJD-affected and sham inoculated mouse brains were fixed by perfusion (vide 

infra) or by immersion in 10% buffered formalin and  embedded in paraffin. 
Sections 5 |im thick were stained with hematoxylin and eosin (HE). The vacuolar 
lesion profile was obtained by scoring (on a scale of 0-5) the severity of vacuola - 
tion in sections stained with H E  and of astrocytosis with an ti-G F A P  polyclonal 
antibodies in the following brain regions according to Fraser and  Dickinson 
(1973): 1. medulla; 2. cerebellum — gray matter; 3. midbrain; 4. hypothalamus; 
5. thalamus; 6. hippocampus; 7. paratrigeminal body; 8/9. cerebral cortex. In 
addition, two other brain areas were assessed: 10. corpus callosum and 11. white 
m atter of the cerebellum.

Immunohistochemistry
Representative paraffin-embedded sections adjacent to those stained with HE 

were stained for hypertrophic astrocytes by the avidin-biotin technique (Vector 
Laboratories, Burlingame, Calif.), using a 1 :100 dilution of a polyclonal rabbit 
antiserum prepared against bovine glial fibrillary acidic protein (GFAP) (Dako, 
Calif.). Sections were incubated in 0.3% hydrogen peroxide for 30 min, fol­
lowed by 20% normal goat serum in PBS for 20 min, before incubation with the 
primary antibody at 4°C overnight. Sections were then incubated succes­
sively with biotinylated secondary antibody and the ABC reagent of 1 h at room 
temperature. Color was developed using 0.05% diaminobenzidine (Sigma, 
St. Louis) with 0.01 hydrogen peroxide for 5 — 10 min. Following 5 min rinse in 
tap water, sections were counterstained with Harris’ hematoxylin for 8 min.

Electron microscopy
Mice were killed by intracardiac perfusion with 180 ml of 10% paraform al­

dehyde and 1.5% glutaraldehyde prepared in phosphate buffer (pH 7.4). 
Sham-inoculated animals were used as controls. After perfusion the mice were 
kept at 4°C for 2 to 4 h. Brains were removed and several 1 m m 3 samples were 
dissected from parietal cortex and adjacent corpus callosum. Samples were 
postfixed in 1% osmium tetroxide, dehydrated through graded ethanols and 
propylene oxide and embedded in Embed (Electron M icroscopy Sciences, W a­
shington). Semithin sections were stained with methyl blue. U ltrath in  sections 
stained with lead citrate and uranyl acetate were examined with Hitachi 11 A, 
Philips 300 and Zeiss EM  109 transmission electron microscopes.
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Experimental Creutzfeldt-Jakob disease 3

RESULTS

Mice infected with the Fujisaki strain of CJD  virus developed clinical signs 18 
to 20 weeks after intracerebral inoculation and 25 to 51 weeks after intraocular 
injection. The clinical signs consisted of ruffled fur covered with urine and faces, 
rigidity, slowness and  inactivity. The responses to external stimuli were delayed 
and “plastic” tail was observed.

C ontrol mice
The vast m ajority of neurons, their processes and glial cells appeared normal 

in sham -inoculated mice. A careful search revealed several scattered dilated and 
swollen astrocytic processes and somata, located primarily around otherwise 
norm al appearing blood vessels. Swollen dendrites showing a decrease of subcel- 
lular organelles, as well as neurites containing accumulations of normal organel­
les (mostly mitochondria), were occasionally seen. Several type of intranuclear, 
paracrystalline inclusions were observed, the most frequent being fibrillary 
inclusions, less often paracrystalline rods and lattices (Fig. 1). The lattices rarely 
formed ring-like structures.

Fig. 1. Ring-like paracrystalline inclusion (arrowhead) in neuronal nucleus of sham-inoculated mice.
Bar =  0.5 |im

http://rcin.org.pl



4 Liberski et al.

CJD-affected mice 
The lesion profile
The lesion profile for N IH  Swiss mice infected with the Fujisaki strain of CJD 

virus is shown in Figure 2, while representative illustrations of spongiform 
changes and astrocytosis are shown in Figures За-d . Vacuolation scores revealed
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Fig. 2. Lesion profile for NIH Swiss mice infected with the Fujisaki strain of CJD virus based on 
assessment of spongiform changes ( +  ) and astrocytosis (o). Note that astrocytosis surpasses the

spongiform change in areas 4 — 6

that the most affected white m atter regions were corpus callosum and cerebellum, 
while medulla, thalamus and hypothalam us were the most affected regions of 
gray matter.

The corresponding lesion profile based on a GFA P-im m unopositive scoring 
system (Fig. 2) showed that astrocytosis, while approximately of the same 
magnitude as spongiosis in most regions, surpassed it in the most affected gray 
areas (4-6).

Electron microscopy
Two distinct types of spongiform vacuoles were observed in both parietal 

cortex and adjacent corpus callosum. The first type was found in myelinated 
axons, seen either in axoplasm (and surrounded by a narrow ring of it) or within 
the myelin sheath itself (Fig. 4). In the latter situation the vacuoles were the result 
of splitting of otherwise normal myelin at either the m ajor dense or the in­
traperiod lines. Vacuoles contained secondary vacuoles (i.e. vacuoles within
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Experimental Creutzfeldt-Jakob  disease 5
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Fig. 3. Spongiform changes and astrocytosis in cerebellum (a — HE,fe — GFAPimmunostaining)and  
hippocampus (с — HE, d  — G FA P immunostaining) of CJD-affected NIH Swiss mice, x 160

a larger vacuole), vesicles and curled mem brane fragments. The shrunken axons 
with axoplasm of normal appearance were adherent to the innermost layer of the 
myelin sheath, occasionally by only a thin “neck”. Some axons were still covered 
with a few layers of myelin. The myelin sheath lining the vacuole was clearly part
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6 Liberski et al.

Fig. 4. Vacuole'within myelinated axon in the parietal cortex of a mouse 18 weeks after intracerebral 
inoculation with the Fujisaki strain of CJD virus. Note the shrunken axon attached to the innermost 

lamella of the myelin sheath (arrow) and membraneous septum (arrowheads), x 12 500

of that covering the axon. The vacuoles within the myelin sheath were frequently 
ensheathed by astrocytic or macrophage processes, thus creating the impression 
that they were being digested by these cells (Fig. 5).

The second type of vacuole was seen within unmyelinated neurites and, 
predominantly, dendrites (Fig. 6). Occasionally they reached larger dimensions 
and several affected processes contributed to their formation. The num ber of
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Experimental Creutzfeldt-Jakob  disease 7

Fig. 5. Two vacuoles (a and b) within myelinated processes in the corpus calosum of a mouse 18 weeks 
after intracerebral inoculation with the Fujisaki strain of CJD virus. Note that vacuole “a” is 
completely ensheated by macrophage process and vacuole “b” is surrounded by numerous macro­

phage processes (arowheads). N ote also myelin debris at the top of the Figure. x9200

secondary vacuoles and curled membrane fragments were higher in these vacuo­
les than in those within myelinated processes.

Spongiform vacuoles were accompanied by an exuberant astrocytic and 
m acrophage reaction. M acrophages contained numerous mitochondria, abun­
dan t rough endoplasmic reticulum and secondary lysosomes filled with digested 
myelin debris, electron-dense material, myelinated axon and vacuole fragments 
and lyre-like paracrystalline bodies (Fig. 7). Astrocytes and their processes were 
prominent, with a myriad of glial filaments and  numerous m itochondria (Fig. 8). 
Astrocytes with digested cellular fragments were frequently observed. Further­
more, astrocytic processes forming a complicated network around damaged 
axons were seen (Fig. 9).

Neuroaxonal dystrophy (NAD) was a prom inent finding. Two major catego­
ries of dystrophic axons according to previously published criteria (Lampert 
1967; Liberski 1987; Gibson, Liberski 1987; Liberski et al. 1989c) were seen. The
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8 Liberski et al.

Fig. 6. Numerous vacuoles within unmyelinated processes in the parietal cortex of a mouse 18 weeks 
after intracerebral inoculation with the Fujisaki strain of CJD virus. N ote a macrophage in a center of

a Figure, x 3900

first type contained numerous pleomorphic, electron-dense bodies (Fig. 10). 
Occasionally, the dystrophic neurites were separated by mem braneous septa into 
separate com partments containing subcellular organelles. The second type con­
tained abundant masses of neurofilaments (Fig. 11). Dystrophic neurites with 
both electron-dense bodies and neurofilaments were occasionally observed.

http://rcin.org.pl



Experimental Creutzfeldt-Jakob  disease 9

Fig. 7. Macrophage in the parietal cortex of a mouse 18 weeks after intracerebral inoculation with the 
Fujisaki strain of CJD virus. Note abundant mitochondria and a lyre-like paracrystalline inclusion

(arrowheads), x 10000

DISCUSSION

Spongiform changes
Two types of membrane-bound vacuoles were observed at the terminal stage 

of CJD-affected mice. The cellular element responsible for the spongiform chan­
ges seen at the light microscopic level is yet to be determined (Masters, Richard­
son 1978). Almost every cellular element of the central nervous system has been 
implicated. Intracellular vacuoles have been ascribed to astrocytic processes alone 
(Field, Raine 1964; Martin, Vial 1964), to astrocytic processes and neurons 
(Gonatas et al. 1965), and more recently, to dendrites, axonal terminals and 
preterminals (Lampert et al. 1969,1971). In experimental C JD  in guinea pigs and 
hamsters the vacuoles have been ascribed almost exclusively to neuronal ele­
ments (Manuelidis, Manuelidis 1979; Kim, Manuelidis 1983,1986) and our study 
strongly supports that interpretation. Earlier studies showing vacuoles in astro­
cytes suffered from suboptimal fixation which itself causes astrocytic swelling.
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10 Liberski et al.

Fig. 8. Abundant astrocytic processes (arrowheads) in the corpus callosum of a mouse 18 weeks after 
intracerebral inoculation with the Fujisaki strain of CJD virus, x 5600

Myelin and axonal pathology
C JD  has been regarded as a classic example of polioencephalopathy, i.e. 

a neurodegenerative disorder exclusively of the gray m atter (Masters, Gajdusek 
1982). While slight myelin pallor and focal accumulations of the myelin de­
gradation products were observed in experimental kuru and C JD  two decades 
ago (Beck et al. 1969, 1973) the vacuolation of myelinated axons attracted little 
attention and was regarded as a secondary phenomenon, i.e. Wallerian degenera-
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Experimental C reutzfeldt-Jakob disease 11

Fig. 9. Myelinated axon surrounded by a network of astrocytic processes (arrowheads) in the corpus 
callosum of a mouse 18 weeks after intracerebral inoculation with the Fujisaki strain of CJD virus. 
Note separation of myelin sheath into concentric bands by penetrating cellular processes. Note also 

a vacuole within unmyelinated process (asterisk) and collapsed myelin, x 10000

tion. The formation of intramyelin vacuoles (myelin balloning) is, however, a non 
specific phenom enon as documented by its presence in a diverse variety of 
naturally occurring and experimentally induced pathologic conditions (Lampert, 
Cressman 1966; Hemm, Carlton 1971; W atanabe, Bingle 1972; Tellez-Nagel et al. 
1977; Agamanolis et al. 1978; Shehan et al. 1981). In most experimental situations 
the formation of intramyelin vacuoles is mostly accomplished via splitting at the 
intraperiod lines. However, in the model presented here splitting at both the
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12 Liberski et al.

Fig. 10. Large myelinated dystrophic neurite in the parietal cortex of a mouse 18 weeks after 
intracerebral inoculation with the Fujisaki strain of CJD virus. Note plethora of abnormal subcellular 

organelles, mostly mitochondria, x 8200

major dense and the intraperiod lines was observed. Interestingly, when cultures 
of the mammalian peripheral nervous system were exposed to a lethal dose of 
sodium cyanide, the myelin split first at the intraperiod lines and later at the 
major dense lines (Masurovsky, Bunge 1971). Thus, the two mechanisms of 
intramyelin vacuoles formation are not mutually exclusive as further supported 
by diphteria toxin-induced demyelination in cats and rabbits (Wiśniewski, Raine 
1971). Furtherm ore, the intramyelin vacuolation accompanied by exuberant 
m acrophage and astrocytic reaction is a neuropathologic hallmark of certain 
models of experimental allergic encephalomyelitis (EAE) and multiple sclerosis 
(MS) (Lampert 1965; Raine 1978, 1984; K usaka et al. 1985). The separation of 
myelin lamellae either at the major dense or intraperiod lines contributes to the 
myelin ballooning in these conditions. While the infiltration of white m atter with 
mono- and polym orphonuclear cells obviously did not occur in mice infected 
with the Fujisaki strain of CJD  virus reported here, the myelin ballooning and 
abundant m acrophage and astrocytic reaction are com m on findings for both the 
EAE, MS and CJD.
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Experimental Creutzfeldt-Jakob  disease 13

Fig. 11. Unmyelinated (u) and myelinated (m) dystrophic neurites in the corpus callosum of a mouse 
18 weeks after intracerebral inoculation with the Fujisaki strain of CJD virus. Note the neuro­
filaments accumulated within unmyelinated neurite (arrow) and collapsed myelin sheath in close 

proximity to that neurite (arrowheads), x 5600

The mechanism(s) of myelin vacuolation in demyelinating diseases and CJD 
is unknown. Recently, Selmaj and Raine (1988) produced myelin vacuolation, 
ultrastructurally indistinguishable from that presented here, in mouse spinal cord 
culture exposed to the human recombinant tum or necrosis factor (TNF). While 
the biological significance of this finding is unknow n these investigators proposed 
a hypothesis that T N F, a leukolysin released from activated macrophages and 
astrocytes (Robbins et al. 1987), is directly involved in myelin breakdown in 
several demyelinating disorders. The nearly identical ultrastructural pathology 
of myelinated fibers in mice infected with the Fujisaki strain of CJD  virus, 
reanalysed against a background of previously published electronmicrographs 
(Field, Raine 1964; Lampert et al. 1969; Manuelidis, Manuelidis 1979; Kim, 
Manuelidis 1986; Liberski et al. 1989d) suggests that T N F  plays a role in the 
pathogenesis of myelin vacuolation in subacute spongiform virus encephalopa­
thies. Furthermore, we have shown that hypertrophic astrocytes in mice infected 
with the Fujisaki strain of CJD expressed the TN F.

http://rcin.org.pl



14 Liberski et al.

Neuronal dystrophy (NAD)
N A D  is an im portant feature of ultrastructural pathology of subacute spon­

giform virus encephalopathy (SSVE) and it probably results from impairment of 
slow axonal transport (Dustin, F lam ent-D urand 1982). The ultrastructure of 
dystrophic neurites (DN), which form the basis of N A D  is indistinguishable in 
pathologic and nonpathologic conditions (Jellinger 1973; Gibson, Liberski 1987; 
Liberski 1987; Liberski et al. 1989b, c). DN, filled with pleomorphic inclusions, 
are virtually identical to the reactive axonal enlargements first reported by 
Lampert (1967). Lam pert (1967) reserved this term rather for structures filled with 
branching tubules and proliferating plasma membranes. However, both sub­
categories of D N  overlap, and, in our experience, they form only extreme ends of 
the spectrum.

The significance of N A D  in transmissible brain amyloidoses is unclear. It is 
widespread and appears relatively early in the incubation period (Gibson, Liber­
ski 1987; Liberski et al. 1989b, с). An increase in D N  precedes vacuolation, as in 
mice infected with the ME7 strain of scrapie virus (Gibson, Liberski 1987) or 
follows it, as in mice infected with the 22C and 79A strains of scrapie virus. In mice 
infected with the Fujisaki strain of scrapie virus, an increased num ber of D N  was 
observed when vacuolation was first seen (Liberski et al. 1989c). Thus, it is 
plausible that NA D and vacuolation evolved independently. It is possible that 
N A D  is an ultrastructural m arker for the depopulation of neurons.

Several hypotheses have been proposed to explain the accumulation of 
abnormal subcellular organelles in D N  (for review see Jellinger 1973; Liberski et 
al. 1989b, с). Im pairment of slow axonal transport has been postulated recently to 
be the final common pathway in SSVE, Alzheimer’s disease and m otor neuron 
disease (Gajdusek 1985). Interference with slow axonal transport is directly 
responsible for the formation of D N  in ligated sciatic nerve, in acrylamide 
encephalopathy, and in transsected spinal cord axons (Pleasure et al. 1969; Kao et 
al. 1971; Griffin et al. 1977). In the latter situation, the electron microscopic 
pattern of spheroid formation is strikingly similar to that encountered in ex­
perimental CJD  and scrapie. Thus, this pattern of neuronal degeneration is 
nearly identical, irrespective of cause.

Several conclusions can be drawn from this study. The ultrastructural p a ­
thology of C JD  is more diverse than previously recognized and vacuolation is 
only a part of it. NAD, reflecting neuronal degeneration, is an im portant part of 
the ultrastructural pattern, and axonal and myelin damage is easily recognized, at 
least in this experimental model. However, more experimental work is necessary 
to evaluate how often the N A D  and axonal and myelin pathology can be found in 
different models of naturally occurring and experimentally induced spongiform 
encephalopathies, and which structure is the prim ary lesion for the infectious 
virus.
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Experimental Creutzfeldt-Jakob disease 15

DOŚW IADCZALNA CHOROBA CREUTZFELDA-JAKOBA (CJD): BADANIA  
HISTOLOGICZNE, IM M UN O H ISTO CH EM ICZN E I ULTRASTRUK TUR ALNE U MYSZY 

Z CJD W YW OŁANĄ PRZEZ SZCZEP FUJISAKI

S t r e s z c z e n ie

Przedstawiono wyniki badań ultrastrukturalnych wykonanych w terminalnym okresie eks­
perymentalnej CJD u myszy. Zmiany gąbczaste, rozległe zmiany patologiczne aksonu i osłonki 
mielinowej oraz dystrofia aksonalna stanowiły w badanym modelu podstawowe elementy ultrastruk- 
turalne procesu patologicznego. Wtręty śródjądrowe natomiast oraz obrzmienie astrocytów i dend- 
rytów traktowano jako zmiany nieswoiste, ponieważ obserwowano je także u zwierząt kontrolnych.
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M U SC LE C ELL DEATH. U LTR A STR U C TU R A L D IF F E R E N C E S  
BETW EEN M U SC L E  CELL N EC R O SIS AN D A PO PTO SIS*

Department of Neurology, School of Medicine, Warsaw

The morphology and incidence of muscle cell necrosis and apoptosis are presented. 
Necrosis which occurs as a massive tissue damage is structurally characterized by 
swelling of the muscle cell and disruption of cellular components. Apoptosis, on the 
other hand, is a process of active cellular self-destruction. It shows characteristic 
sequence of muscle cell shrinkage, which is ending in transformation of each muscle cell 
into compact apoptotic bodies that in turn are phagocytized by adjacent cells or 
macrophages.

K ey  w ord s: apoptosis, muscle cell necrosis.

Muscle cell death is a stereotyped response in vivo to a variety of pathogenetic 
stimuli and represents final common pathway of degenerative changes in many 
neuromuscular disorders. A survey of the structural abnormalities displayed by 
muscle cell dying in a variety of contexts has revealed two commonly occurring 
pattern of morphological changes. In the first, focal disapearance of sarcolemma 
is followed by m arked swelling of m itochondria and by the appearance of 
densities in their matrix and subsequently dissolution of overall cell structure. In 
the second, rapid condensation of sarcoplasm and nuclear chromatin is accom­
panied by the formation of protuberances on the muscle cell surface which 
subsequently separate into membrane-bound bodies. The term “muscle necrosis” 
used in our paper is restricted to the first pattern. The second was orginally 
described under the name apoptosis (Wyllie et al. 1980). In this paper we will 
present the morphology and incidence of muscle necrosis and apoptosis. Since the 
features of muscle necrosis are much more widely known than those of apoptosis 
we will devote more space to the latter.

* The study was partly supported by ICMDiK PAN grant, 06.02.II.5-1.
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MUSCLE NECROSIS

M orphology
In light microscopy the necrotic muscle cell appears swollen with indistinct cell 

boundaries. The contractile substance- within such muscle cells loses internal 
structural details and appears homogenized. Later entire necrotic cells are

Fig. La. — necrotic muscle cells. Epon. x 1120; b. — necrotic muscle cell invaded by neutrophils. 
Note characteristic ghost-like nucleus (nuc). x 7000; c. — mitochondrion with flocculent inclusion.

x 33 000
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replaced by invading cells (Fig. la). Neutrophils and macrophages infiltrate 
necrotic cells, phagocytize and  remove cell debris.

Electron microscopic studies show that the sarcolemma disintegrates and 
disappears from all or most of the damaged muscle cell surface (Fig. 1 b). The basal 
lam ina is preserved and covers the denuded muscle cell surface. Partially lysed 
myofibrils are separated by irregular spaces tha t contain swollen mitochondria 
and  distended sarcotubular elements. The presence of flocculent densities 
(Fig. lc) in most of the m itochondria of injured cells is generally regarded as being 
the earliest reliable ultrastructural m arker of necrosis (Bodensteiner, Engel 1978). 
At the latter stage of muscle cell necrosis organelles disintegrate, nuclear chrom a­
tin disappears and leaves ghost-like nuclei (Fig. lb). Even in the necrotic muscle 
cells, satellite cells are well preserved and no plasma membrane lysis is observed.

Incidence
Muscle cell death with the morphological features of necrosis is observed in 

muscle subjected to severe ischemia (Karpati et al. 1974; Faber et al. 1981), direct 
muscle traum a (Walton, Adams 1956) and exposure to membrane-active chemi­
cals and  toxins (Pestronk et al. 1982; N onaka  et al. 1983). In myology the necrotic 
muscle fibers are the characteristic morphological feature of progressive muscular 
dystrophy (Carpenter, K arpati 1972; Cullen, Fulthorpe 1975; Bodensteiner, 
Engel 1978), polymyositis (Engel, A rahata 1984; Arahata, Engel 1985) and other 
complement-mediated cell m em brane damage (Engel, Biesecker 1982; Engel, 
A rahata 1984). Also muscle cell death following severe hyperthermia is known to 
take the form of necrosis (H arrim an et al. 1978).

M USCLE CELL APOPTOSIS

M orphology
Apoptosis characteristically affects scattered muscle cells in an asynchronous 

fashion and unlike necrosis is not accompanied by an inflammatory reaction. In 
light microscopy, muscle cells undergoing apoptosis are very dense and compact 
(Fig. 2a). Condensation and m argination of nuclear chromatin to form sharply 
circumscribed masses is frequently observed. In addition numerous single some­
times double, well defined, round bodies, centrally or peripherally located are 
observed in muscle fibers with well preserved architecture (Fig. 2c). In the 
extracellular space few phagocytic cells, mainly macrophages, with large dense 
bodies are seen (Fig. 2b).

At higher magnification the morphological changes which identified muscle 
cell apoptosis are seen in nuclei and  sarcoplasm. The nuclear outline is abnorm al­
ly convoluted, the nuclear chrom atin  is densely aggregated in large compact 
granular masses (Fig. 3). Myofibrils are com pact and very dense, mitochondria 
show mild swelling and loss of norm al m itochondrial matrix granules. The 
sarcoplasmic condensation is frequently accompanied by the appearance of clear 
vacuoles (Fig. 3). With time, many muscle cells display cell surface irregularities.
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Fig. 2.a — dark stained muscle fibers scattered throughout the normal fibers. Epon. x 1120; b — dark 
bodies within cytoplasm of macrophages (arrows). Epon. 1120; с — small, round, dark bodies (arrows) 

seen within sarcoplasm of intact muscle cells. Epon. x 1120

Multiple small (Fig. 4) or large blebs of sarcoplasm protrude from the surface of 
apoptotic cells, corresponding to the budding fragments of sarcoplasm. In 
addition muscle cell fragments are observed within the sarcoplasm of adjacent 
healthy muscle cells as large round or oval apoptotic  bodies. Observation of 
a num ber of grids at different magnifications shows that these bodies can be
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Fig. 3. Muscle cell undergoing apoptosis. x 6800

divided into early and late apoptotic bodies. Early apoptotic bodies, the first 
products of the process of apoptosis can be recognized as m em brane-bound 
structures containing condensed sarcoplasm with recognizable organelles and 
sometimes nuclear fragments (Fig. 5).

They are seen within intact muscle cells and sometimes within macrophages. 
M ost of these bodies appear to be broken down to a form in which the organelles 
are no longer visible. At this stage they are known as late apoptotic or residual 
bodies. They contain fibrillar or am orphous electron dense material (Fig. 6). and 
are observed within the sarcoplasm of healthy muscle cells. They are dispersed in 
extracellular space and are either extruded into the adjacent vascular lumen, or 
ingested by cells of the mononuclear phagocytic system.

Incidence
A growing num ber of morphological studies indicate that apoptosis is invol­

ved in the program med focal elimination of muscle cells that accompanies 
embryonic and fetal development. F o r example extensive apoptosis has been 
observed during development of the heart in a num ber of vertebrates (Pexieder 
1975, Hurle et al. 1977; Hurle, Ojeda 1979). Special attention has been given to 
apoptosis of striated muscle in the tadpole tail during spontaneous m etam or­
phosis (Kerr et al. 1974). The authors claim that deletion of striated muscle during
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Fig. 4. Condensation of sarcoplasm with irregular blebs formation, x 11 600

metamorphosis is accomplished by a process akin to “classical apoptosis”. 
D ilatation of sarcoplasmic reticulum leads first to internal fragmentation accom­
panying nuclear pyknosis. This fragmentation is followed by degradation of 
muscle remnants within neighbouring muscle cells or within macrophages. 
A similar process has been reported in smooth muscle in the neonatal rat ureter 
(Hoyes, Barber 1983). W ebb (1972, 1977) studying muscle cell death in hum an 
embryos, by means of electron microscopy with a series of histochemical tests 
reported that muscle cell death similar to the process of apoptosis was found in all
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Fig. 5.

fetuses between 10 and 16 weeks of gestation. In experimental conditions, muscle 
apoptosis has been shown to follow after exposure of neonatal rat cardiac muscle 
to iodoacetic acid (Buja et al. 1985) and skeletal neonatal muscle to bupivacaine 
(Fidziańska, Kamińska 1991).

Immature muscle cell containing nuclear (nf) and sarcoplasmic (sf) fragments identifiable as 
early apoptotic bodies, x 22 000
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Fig. 6. Late apoptotic body with electron dense, amorphous material, x 11 000

In hum an neuromuscular disorders apoptosis has been shown to be involved 
in deletion of cells in muscle tissue of a child with acute fatal form of Werd- 
nig-Hoffman disease (Fidziańska et al. 1990). M orphological analysis of apop­
tosis occurring in muscle tissue is very difficult. Apoptotic bodies remain visible in 
tissue for only a few hours (Wyllie et al. 1980) and this, together with the small size 
of many apoptotic bodies and the absence of inflammatory reaction means that 
muscle cell deletion by such a mechanism is often unnoticeable.
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ŚM IERĆ KOM ÓRKI MIĘŚNIOWEJ. ULTRASTRUKTURALNE RÓŻNICE MIĘDZY
MARTWICĄ I APOPTOZĄ.

S t r e s z c z e n ie

Przedstawiono różnice morfologiczne i ultrastrukturalne komórki mięśniowej ulegającej mart­
wicy i apoptozie. W odróżnieniu od martwicy cechującej się obrzmieniem komórki i jej organelli, 
ubytkiem sarkolemmy, pojawieniem się krystalicznych wtrętów w macierzy mitochondriów, obkur- 
czone włókno ulegające apoptozie wykazuje zagęszczenie chromatyny jądrowej i cytoplazmy oraz 
kolejno rozpad włókna. Fragmenty rozpadłej komórki zwane ciałkami apoptotycznymi wychwyty­
wane przez komórki sąsiadujące ulegają całkowitej dezintegracji. Omówiono takie procesy fizjo­
logiczne i patologiczne, w których opisywano różne typy śmierci komórki mięśniowej.
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Morphological histochemical and ultrastructural examination of the ring fibers in one 
case of myotonic dystrophy and one case of mitochondrial myopathy provides evidence 
that the ring libers develop in the course of fiber splitting and reinnervation of muscle 
fiber fragments. The reinnervation may have been due to a neurogenic lesion coexisting 
in both cases with the myopathic picture. The histologically different type of annular 
myofibrils observed in one case of cap disease is probably due to delayed embryonic 
development and abnormal relations between the myofibrils and elements of the 
cytoskeleton.

K e y  w o r d s:  muscle, ring fibers, splitting, reinnervation.

The term ring fiber refers to the fiber with subsarcolemmally localized bundles 
of myofibrils running at right angles to the norm al orientation of the myofibrils, 
known as annular myofibrils (Schotland et al. 1966). It is a rare phenomenon, 
m ost often encountered in myotonic dystrophy (Wohlfart 1951, Schröder, Adams 
1968, Schotland 1970), though it has been also reported in other muscular 
dystrophies (Bethlem, Van Wijngaarden 1963, Schotland et al. 1966), and various 
myopathies, and, occasionally, even in normal hum an muscle (Engel, Banker 
1986). The ring fibers were observed under experimental conditions in muscles 
undergoing reinnervation (Dubowitz 1967) and in ischemic muscle (Sjöström et 
al. 1982).

The morphological incidence of ring fibers in association with other histopa- 
thological changes observed in muscle biopsy was the aim of this study. The study 
comprised three cases of three different neuromuscular diseases, in which the ring 
fibers were seen in great numbers.

* Partly supported by Research Grant 06.02.II.5-1.
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MATERIAL A N D  M ETHO DS

Three muscle biopsies taken from the following clinical cases provided the 
material. Case 1. Male, aged 42, with mild proximal spinal muscular atrophy 
progressing over the periody of twenty years. Case 2. Male, aged 42, with coexist­
ing features of myotonic dystrophy and peroneal muscular atrophy. Case 3. 
Female, aged 15, with mild proximal m yopathy and kyphoscoliosis progressing 
since childhood.

Biceps brachii and quadriceps femoris muscle biopsies were performed under 
local anesthesia. For light microscopy, the muscle was frozen in liquid nitrogen, 
cut in a cryostat at — 15°C, stained with hematoxylin-eosin (HE) and Gomori 
trichrome, and incubated for N A D H  dehydrogenase (NADH), succinic dehyd­
rogenase (SDH), lactic dehydrogenase (LDH), myofibrillar adenosine triphos­
phatase (mATPase) at pH 9.4 and acid-preincubated for myofibrillar ATPase 
at pH 4.3 and 4.6. F or electron microscopy, muscle specimens were fixed in 5% 
glutaraldehyde with 1 h postfixation in 1% 0 s 0 4, dehydrated in ethanol and 
acetone series and Epon-embedded for sectioning in an ultramicrotome. Ultra- 
thin sections were stained on grids with uranyl acetate and lead citrate and 
examined in a JE M  100 S electron microscope.

RESULTS

In all three cases, despite the differences in the histopathological picture, ring 
fibers were present in great numbers.
Case 1. Biceps brachii muscle

Increased variability in the muscle fiber size, internal nuclei and fiber splitting 
were observed. The ring fibers were distinctly visible in thick Epon sections as 
regular rings of myofibrils encircling the periphery of, usually, small fibers 
(Fig. la). The distribution of N A D H , SDH and LD H  was irregular in many type 
I fibers. Atrophy of type I fibers and grouping of intermediate and type I I С fibers 
(Fig. lb) were observed. In the II С fibers the perpendicularly oriented strips of 
heightened mATPase activity were seen at the periphery (Fig. lb), most likely 
produced by the annular myofibrils. Form ation of ring fibers in muscle fibers 
undergoing splitting was observed a few times (Fig. lc, d). Electron micro­
scopically intramitochondrial crystalline-like inclusions and giant mitochondria 
with circularly arranged cristae were observed in many muscle fibers; myofibril 
loss and single lysosomes were usually noted in these fibers. The ring fibers seen in 
great numbers were formed by annular myofibrils coursing in a plane perpen­
dicular to the long fiber axis and encircling the periphery of the fiber (Fig. 2). The 
differentiation of the annular myofibrils into actin and myosin filaments was 
clear, and the organization into bundles and the appearance of sarcomeres were 
normal. The length of the circularly oriented sarcomeres, although the same in 
one ring fiber, differed between the ring fibers. Proliferation of T-tubules and the 
sarcoplasmic reticulum system and numerous polyribosomes and glycogen gra-
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Fig. 1. Mitochondrial myopathy, biceps brachii muscle, a — a group of ring fibers A. Annular 
myofibrils are characterized by their cross-striated appearance. Three rings of annular myofibrils are 
seen in one muscle fiber (asterisk). Semithin Epon section, toluidin blue, x 440; b — grouping of 
small-size fibers showing high mATPase activity. Most of them have a cross-striated appearance of 
increased mATPase activity localized subsarcolemmally (arrow). In one of them two rings of 
increased mATPase activity are visible (double arrow), mATPase. x 440; c , d — muscle fiber splitting. 
Muscle fragments undergoing splitting show a cross-striated appearance of mATPase activity at their

periphery (arrows). mATPase. x 800

nules were seen in the vicinity of the annülar myofibrils, especially under the 
sarcolemma and in the perinuclear space, where a prominent Golgi system was 
often visible. M itochondria in the ring fibers were sparse within the circularly 
oriented bundles of myofibrils, and occasionally formed small clusters at various 
sites between the bundles, most often under the sarcolemma (Fig. 2). In tram ito­
chondrial crystalline-like inclusions within the ring fibers were seldom observed 
(Fig. 2). Disruption of the filament arrangement and filament loss affecting central 
parts of the ring fibers were seen only occasionally (Fig. 2). Postsynaptic infold­
ings of the neuro-muscular junction branching between the bundles of annular 
myofibrils were observed at times (Fig. 3).

http://rcin.org.pl



3 2 Sawicka

Fig. 2. Mitochondrial myopathy, biceps brachii muscle. Ring fiber A. One bundle of annular 
myofibrils (amf) seen encircling the periphery of the fiber. Its sarcomere organization is normal, the 
length of the sarcomeres equal. Mitochondria containing crystalline-like inclusions (m) and concent­
rically arranged cristae (asterisk) are seen under sarcolemma (si). Some disruption of myofibrillar 
arrangement and loss of filaments affecting preexisting myofibrils (mf) of the ring fiber, x 21 500

Case 2. Biceps brachii muscle
There was increased variability in the size of the fibers with many internal 

nuclei, fiber splitting, some fibers undergoing necrosis, a trophy of type I fibers 
and a moderate degree of fibrosis. Though the ring fibers were often visible on 
electron microscopy, only few such fibers were seen in semithin Epon sections.
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Fig. 3. Mitochondrial myopathy, biceps brachii muscle. Postsynaptic infoldings (psf) of the neuromus­
cular junction branching between and under the annular myofibrils (amf) of the ring fiber A. x 21 500

They were formed, as in Case 1, by regular rings of myofibrils running in a plane 
perpendicular to the long fiber axis and encircling the periphery of the fiber (Fig. 
4). Occasionally, some of the peripherally coursing myofibrils turned inwards, 
transversed deeper regions of the fiber and ran obliquely to the long fiber axis 
(Fig. 4). The organization of the annular myofibrils into bundles was more regular 
in deeper parts adjacent to the preexisting myofibrils. Under the sarcolemma 
shorter sarcomeres and single myofilaments were more often visible. The differen-
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dation  of annular myofibrils into actin and myosin filaments was clear (Fig. 4). 
The length of the annular sarcomeres was a few times shorter than tha t of the 
sarcomeres of the preexisting part of the fiber. Proliferation of the T-tubules and 
the sarcoplasmic reticulum system, numerous polyribosomes and glycogen g ra­

Fig. 4. Myotonic dystrophy, biceps brachii muscle. Ring fiber A. Annular myofibrillar alignment of 
the peripheral part of the muscle fiber. Some annular myofibrils (ami) transverse deeper regions of the 
fiber. Sarcomere organization of the annular myofibrils better in the deeper parts than under the 
sarcolemma (si), where single myofilaments are also present. T-system networks (T) and sarcotubular 
elements (arrow) visible especially under the sarcolemma. The nucleus (n) localized between the

bundles of annular myofibrils, x 6800
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nules were seen in the vicinity of the annular myofibrils, especially under the 
sarcolemma and in the perinuclear space (Fig. 4). Nuclei of the ring fibers, often 
with prom inent nucleoli, were usually localized under the sarcolemma or bet­
ween the bundles of annular myofibrils (Fig. 4), occasionally only being seen in 
the central part of the ring fiber. The Golgi system was often present in the vicinity 
of the nuclei. The mitochondria were sparse between the bundles of annular 
myofibrils. Degenerative changes were not seen in any of the ring fibers, although 
different stages of myofibrillar and m itochondrial alterations and a decrease in 
the num ber of sarcotubular elements were observed in the other muscle fibers. 
There were occasionally postsynaptic infoldings of the neuro-muscular junction 
branching between the bundles of annular myofibrils.

Case 3. Quadriceps femoris muscle
The basic histochemical changes were: focal subsarcolemmal loss or a con­

siderable decrease in SDH, NA D H  and ATPase activities and lack of differen­
tiation into a mosaic pattern of fiber types (Fig. 5a, b, c). All muscle fibers showed 
the same moderate activity of oxidoreductive enzymes and ATP-ases. Ultrastruc- 
turally, the area of focal alteration, which usually occupied some part of the 
muscle fiber periphery, consisted of circularly arranged myofibrils (Fig. 6). The 
differentiation of these myofibrils into myosin and actin filaments was not always 
clear, their m utual organization and the organization of myofibrils into bundles 
was irregular, and the length of sarcomeres different (Fig. 6). Proliferation of 
sarcotubular elements, some polyribosomes and glycogen granules were seen 
between the bundles of annular myofibrils (Fig. 6). M itochondria were sparse 
between them, but occasionally they formed clusters at various sites between the 
bundles. A prom inent Golgi system was often observed in the vicinity of the 
nuclei, which were usually in their normal subsarcolemmal localization.

Fig. 5. Cap disease, quadriceps femoris muscle. Lack of differentiation into a mosaic pattern of fiber 
types, all muscle fibers show the same moderate activity. Focal subsarcolemmal disappearance or 
considerable decrease in activity is seen in a few fibers (arrows), a — SDH. x 440, b — mATPase. 

X 440, с  — mATPase preincubated at pH 4.3. x 440
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Fig. 6. Cap disease, quadriceps femoris muscle. Ring fiber B. The annular myofibrils (amf) occupy the 
periphery of the fiber. Differentiation of these myofibrils into actin and myosin filaments is not well 
discernible, their mutual organization and the organization of myofibrils into bundles are irregular, 
the length of the sarcomeres is different. Numerous profiles of sarcotubular elements (arrows) and 
mitochondria (m) in clusters are seen at various sites between the bundles of annular myofibrils.

X 21 500

DISCUSSIO N

O n the basis of morphological, histochemical and ultrastructural studies two 
types of ring fibers, A and B, were distinguished. In type A the annular myofibrils 
in regular bundles encircle the whole periphery of a muscle fiber, their differen­

http://rcin.org.pl



Ring muscle fibers 37

tiation into actin and myosin filaments is clear, and the organization of sar­
comeres normal. The sarcomeres differ in length between particular ring fibers, 
although their length in one ring fiber is usually the same. The strong ATPase 
activity of annular myofibrils seems to indicate their functional activity. In type 
В the annular myofibrils occupy only a part of the muscle fiber periphery, their 
differentiation into myosin and actin filaments is not well discernible, and the 
degree of sarcomere organization and the sarcomere length are different. The 
annular myofibrils in this type of ring fiber do not show any ATPase activity. The 
A ring fiber fulfills all the criteria of ring fiber described so far (Schotland et al. 
1966; Schröder, Adams 1968), whereas the В ring fiber is consistent with the 
morphological changes in cap disease (Fidziańska et al. 1981).

Ultrastructural features of ring fibers, A and В type alike, such as nuclei with 
prominent nucleoli, Golgi networks in the perinuclear space, polyribosomes and 
the proliferation of sarcotubular and T-system elements, may indicate current 
formation of annular myofibrils. Differences in the length of annular myofibril 
sarcomeres between ring fibers A are the evidence of various stages of sar- 
comerogenesis, and therefore different ages of each ring fiber A. Longitudinal 
postnatal growth of myofibrils is known to be associated with an increase in the 
number of sarcomeres in the series, but does not involve a change in the length of 
the filaments (Williams, Goldspink 1971). The ring fibers of type A were observed 
in two different clinical entities, i.e. myotonic dystrophy coexisting with peroneal 
muscular atrophy (Case 2) (Hausmanowa-Petrusewicz et al. 1977) and m ito­
chondrial m yopathy showing furthermore electromyographic features of spinal 
anterior horn  cell lesion (Case l)(D obkin , Verity 1976; M artin  1981). The overall 
histopathological picture was similar in the two cases, although the basic charac­
ter of changes differed (unspecific muscle fiber lesion in myotonic dystrophy and 
ultrastructural mitochondrial pathology in m itochondrial myopathy). Prom i­
nent muscle fiber splitting was observed in both cases. This is a non-specific 
phenom enon described in denervation and various muscular disorders (Sawicka 
1988). Form ation  of a ring fiber during fiber splitting in the split fragment of 
a usually large muscle fiber observed in Case 1 seems to suggest an interrelation­
ship between fiber splitting and ring fiber formation.

However, it remains to be answered why the annular myofibrils are formed 
only in some split muscle fragments. The A ring fibers observed in this study 
displayed the histochemical pattern characteristic of type 2C fibers and inter­
mediate fibers (Gauthier 1986), and were seen in groups. This probably resulted 
from reinnervation of split muscle fragments, since type 2C is considered a precur­
sor or an undifferentiated fiber able to develop later into a mature differentiated 
one (Brooke et al. 1971), and the same type 2C fibers exhibited a localized, high 
acetylcholinesterase activity suggesting the presence of a heuromuscular junc­
tion (N onaka et al. 1981). The phenom enon of type 2C fiber grouping confirms 
their reinnervation (Karpati, Engel 1968). Postsynaptic infoldings of the neuro­
muscular junction branching between the bundles of annular myofibrils found in 
the two cases with ring fibers A are further convincing evidence of ring fiber

http://rcin.org.pl



3 8 Sawicka

A reinnervation. The reinnervation may have been due to neurogenic lesion 
coexisting in both cases with the myopathic picture. There is no evidence that 
a new neuromuscular junction can be formed in a muscle fragment undergoing 
splitting. Nevertheless, as it is known that the regenerated muscle fiber can have 
more than one end-plate (Albani, Vrbova 1985), theoretically a contact between 
the regenerating axon and the muscle fragment undergoing splitting is possible. 
Form ation  of a new end-plate on an already split muscle fragment would be more 
likely, provided the structure of the fragment is well preserved. In our material the 
structure of the ring fibers A was usually normal in contrast to gross degenerative 
changes observed in other muscle fibers.

It remains unclear, why the regeneration of reinnervated muscle fragments 
occurs in the form of annular myofibril formation, though during muscle develop­
ment as well as regeneration the myofibrils are organized along the long myotube 
axis. Sarcomerogenesis takes place in close association with the preexisting 
myofibrillar bundles and depends on normal myofibrillar — cytoskeletal interac­
tion (Długosz et al. 1984). Intermediate filaments, desmin, vimentin and synemin 
(Granger, Lazarides 1979, 1980) coexisting at the periphery of the myofibrillar 
Z-discs play an im portant role in maintenance of the myofibrillar organization. 
Recently, it has been suggested that on the inner surface of the sarcolemma there 
is a set of attachment sites, referred to as costameres, for vinculin, spectrin and 
ankyrin, and this coincides with the electron dense adhesion sites of Z-bands 
and intermediate filaments with the sarcolemma (Pardo et al. 1983). The approp­
riate relationship of costameres and the preexisting sarcomeres is a prerequisite 
for normal alignment of the newly regenerated myofibrils. During muscle fiber 
splitting, consisting in the division of the fiber by proliferating invaginations of 
the sarcolemma (Hall-Craggs 1970; Schröder 1970; Sawicka 1988), the failure of 
relationship between the costameres and the preexisting sarcomeres is likely.

O ur observations seem to suggest that the ring fiber A is formed during 
muscle fiber splitting. Annular myofibrils are a sign of myofibrillar regeneration 
and are thought to be formed after reinnervation of either a splitting muscle 
fragment or a newly split muscle fragment. Annular alignment of myofibrils can 
result from fiber splitting. It is possible that in a muscle fragment split by 
proliferating sarcolemma there can be no correct relations between the a ttach­
ment sites of the sarcolemma and the preexisting sarcomeres. This can result in 
a faulty annular alignment of the myofibrils regenerated from the sarcolemmal 
side (Długosz et al. 1984) and in a lack of proper contact with the preexisting 
myofibrils.

Type В of the ring fiber was distinctly different from type A. The annular 
myofibrils occupied only a part of the fiber periphery, they looked immature 
because of the poor differentiation between myosin and actin filaments and poor 
sarcomere organization and did not show any ATPase activity. Type В ring fibers 
were observed in the case of cap disease (Fidziańska et al. 1981), am ong muscle 
fibers lacking differentiation into a mosaic pattern of fiber types, this being 
another feature of their immaturity (Brooke et al. 1971). The authors of the only
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report of cap disease (Fidziańska et al. 1981), dem onstrated that impaired myosin 
synthesis was the main pathological change in this disease. Thus, it seems to us, 
tha t the type В ring fiber may result from failure in myofibril development and 
their faulty interrelationship with the cytoskeleton.

PO C H O D ZEN IE OKRĘŻNYCH W ŁÓKIEN MIĘŚNIOW YCH W SCHORZENIACH  
NERW OW O-M IĘŚNIOW YCH

S t r e s z c z e n ie

N a  podstawie analizy histochemicznej i ultrastrukturalnej przypadków dystrofii miotonicznej, 
miopatii mitochondrialnej i tzw. choroby czapeczek wyróżniono dwa typy włókien mięśniowych 
okrężnych. W dystrofii miotonicznej i miopatii mitochondrialnej okrężne włókno mięśniowe po­
wstaje w procesie rozszczepiania włókien mięśniowych i reinerwacji rozszczepionych fragmentów. 
Reinerwacja jest zapewne zależna od neurogennego uszkodzenia towarzyszącego w obu przypad­
kach uszkodzeniu mięśni. Histologicznie różny typ włókien okrężnych obserwowany w tzw. chorobie 
czapeczek jest raczej wynikiem zaburzenia embrionalnego rozwoju miofibryli i ich powiązania 
z elementami cytoskeletonu.
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The material comprised spinal cord segments C 8 or T ht of 6 human fetuses aged from 
16-17 up to 34 weeks and 6 infants aged from one day to 3 years. On formalin-fixed, 
paraffin-embedded sections, peroxidase-antiperoxidase Sternberger’s et al. (1970) me­
thod for visualization of astrocytic proteins (S-100 and GFAP), myelin basic protein 
(MBP) and neuron specific enolase (NSE), was used. Parallelly to the increasing 
immunoreactivity to MBP, more S-100 and GFAP-positive cells were observed. 
Immunoreactivity to S-100 was more distinct in astrocytic perikarya, whereas, in 
G FAP reaction immunostaining of astrocytic processes was more pronounced. It is 
very difficult to explain why reactivity of astrocytes appears during myelination.

K ey  w o rd s: human ontogenesis, spinal cord myelination, a strocytes reactivity.

In recent years many investigations on astrocytic immunoreactivity during 
embryonal and early fetal development of the central nervous system (CNS) in 
some mammals and humans were performed. An im portant role of radial glia, 
particularly in the process of migration was noted (Choi et al. 1985, 1987; Choi 
1986, 1988). Astroglial cell participation in the process of experimental remyeli- 
nation within the CNS is also known (Blakemore 1973; Blakemore et al. 1977). 
Close contact of astroglial processes with myelin sheaths was found in ex­
perimental injury of white m atter before disintegration of myelin (Goncerzewicz 
1988). The present work was undertaken to study the astroglial reactivity during 
the myelination process in humans.

MATERIAL A N D  M ETH O DS

The material comprised spinal cord segments C 8 or T h l5 of 6 hum an fetuses 
aged from 16-17 up to 34 weeks and 6 infants aged from 1 day to 3 years. In fetal 
cases autopsy was performed 3 h after interruption of pregnancy (for medical or
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social reasons), in infant cases — prior to 24 h after death (diseases not pertaining 
to the nervous system). O n formalin-fixed and paraffin-embedded slices, peroxi- 
dase-antiperoxidase Sternberger’s et al. (1970) m ethod for visualization of astro­
cytic proteins (S-100 and glial fibrillary acidic protein, GFAP), myelin basic 
protein (MBP) and neuron specific enolase (NSE) were used.

The immunocytochemical reactions were run as follows: 5-8 ц т  thick sec­
tions, deparaffinized and pretreated with 0.0125% trypsin for 1 h, were prein­
cubated with 25% norm al swine serum diluted with trisma-base (Sigma, USA) at 
pH 7.6. Thereafter, they were incubated overnight with primary polyclonal 
antibodies against G F A P  (1:3000; Dakopatts, FRG), S-100 (1:1500, Dakopatts), 
M B P (1:1500, Sigma, USA) and N SE (1:1500, Dakopatts). After rinsing the 
sections in phosphate buffered solution (PSB) at pH  7.6,1 h incubation with the 
following secondary reagents was done: swine antibodies against rabbit IgG 
(1:50) and rabbit-PAP-complex (1:200) (all antisera from Dakopatts, Denmark). 
The immune reaction was developed during 15 min incubation at 0.05% concent­
ration of 33-Diaminobenzidine tetrachloride (Sigma, USA) with addition of 
0.01 % H 20 2. Then, the sections with hemalum counterstaining were dehydrated 
and m ounted with DePeX (Serva, FRG).

RESULTS

In the 17 -18th week of fetal life well differentiated nerve cells of the anterior 
and posterior spinal cord horn were immunopositive to NSE. In this period 
im munoreaction to M BP, S-100 and G F A P  was negative, although myelination 
gliosis was evident (Fig. 1). In 18th week a weak immunoreactivity to M B P was 
observed within phylogenicly old tracts, particularly, in Burdach’s tracts (Fig. 2). 
In those tracts S-100 and G F A P  reactions were negative, but num erous activated 
astrocytic nuclei were seen. In the 20th week an apparent reaction to M B P within 
the posterior funiculi and less intensive within the remaining old tracts was noted 
(Fig. ЗА). Astrocytic immunoreactivity to S-100 (Fig. 3B) and G F A P  (Fig. 3C) 
was found in a part of the cells. In S-100 reaction, astrocytic perikarya stained

Fig. 1. Fetus 16—17th week. MBP. Negative immunoreactivity. x 4 5

Fig. 2. Fetus 18th week. MBP. Weak immunoreactivity within phylogenicly old tracts. x 4 5
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Fig. 3. Fetus 20th week. A — MBP. Visible immunoreaction within Burdach’s tracts, less intensive 
within the remaining old tracts, x 45; В  — anterior pyramidal and old tracts of anterior-funiculi. 
S-100. Clearly visibly astrocytic perikarya. x 102; С — anterior pyramidal and old tracts of anterior 

funiculi. GFAP. More distinctly visible astrocytic processes, x 102

Fiq. 4. Fetus 34th week. A — anterior funiculi of the spinal cord. Marked reaction within old tracts. 
x4 5 ; В  — S-100. n old tracts of anterior funiculus small number of immunopositive astrocytic 
perikarya. x 448. С  — GFAP. In old tracts of anterior funiculus evident immunoreactivity perikarya

and processes, x 448

rather better than astrocytic processes, which were clearly visible in the G F A P  
reaction. Parallelly to the increasing immunoreactivity to MBP, more S-100 and 
GFAP-positive cells were observed (Figs 4 and 5). Immunoreactivity to S-100 
was more distinct in astrocytic perikarya (Figs. 4B and 5B), whereas in the G F A P  
reaction astrocytic processes exhibited more pronounced immunoreactivity (Figs 
5C and 6C). Within the anterior horns of the spinal cord, astrocytes located 
nearby fibers, running to the anterior roots undergoing myelination, were im-
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Fig. 5. Newborn, 1 day. A — MBP. Posterior-lateral part of the spinal cord. Less pronounced 
immunoreactivity within lateral pyramidal tract, x 45; В  — S-100. Old tracts of lateral funiculus and 
lateral pyramidal tract. Clearly visible astrocytic perikarya within old tracts, x 224; С  — GFAP. The 

same localization. Clearly visible astrocytic processes and long radial fibers, x 224

Fig. 6. Infant 3 months. A — MBP. Anterior funiculi. Almost the same intensity of myelination of old 
tracts and anterior pyramidal tract. x45; В  — S-100. Anterior funiculus. Small number of im- 
munopositive astrocytic perikarya. x 448; С — GFAP. Anterior funiculus. More evident astrocytic

processes, x 448

munoreactive both to S-100 as well as to GFAP. As the myelination progressed, 
the size of immunoreactive astroglial cells increased. In the later period of the 
myelin development, when light microscopy showed full myelination of the spinal 
cord (Fig. 7A), reactive astrocytic bodies were not num erous (Fig. 7B). In these 
stages of myelination, predominance of fibers was observed. Those fibers, radially 
running to glia limitans, were distinctly stained for G F A P  (Fig. 1C). Perivascular 
astrocytes were immunoreactive both  to S-100 and G FA P.
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Fig. 7. Infant, 8 months. A — MBP. Lateral-posterior part of the spinal cord. Almost full myelination 
of the lateral pyramidal tract. x4 5 ; В  — S-100. Small number of reactive astrocytic bodies in old 
tracts of lateral funiculus and lateral pyramidal tract, x 224; С  — GFAP. The same localization. 

Clearly seen radial astroglial fibers, x 224

DISCUSSION

O ur results indicated astroglial cell immunoreactivity to S-100 and G F A P  
within spinal cord tracts undergoing myelination. Immunoreactivity to S-100 
was more pronounced in astrocytic perikarya than in processes. This was connec­
ted probably with the fact that S-100 is the protein dissolved within the astrocytic 
cytoplasm, whereas G F A P  and vimentin are the principal components of the 
intermediate filaments of astrocytes (Ciesielski-Treska et al. 1988). Therefore, 
astrocytic processes were clearly visible in the G F A P  reaction.

It is very difficult to explain why the reactivity of astrocytes appears during 
the myelination process and what is their function. Some data on the latter were
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obtained from tissue culture investigations. They indicate that various mitogenic 
peptides probably play the role of growth factors during myelination. The 
epidermal growth factor (EGF) causes an increase of glutamine synthetase 
activity and astrocytic maturation, and the presence of astrocytes facilitates the 
growth of oligodendrocytes (Honegger, G uentert-Lauber 1983). Type I astrocyte 
with fibroblast-like morphology (protoplasmic astrocyte in vivo) and type II 
astrocyte with neuron-like structure (fibrous astrocyte in vivo) were found in 
developing rat white matter. Both types of astrocytes were GFAP-positive, 
however, they did not change from one type to the other in culture (Raff et al. 
1983a); whereas, from the A2B5-positive and GFAP-negative precursor of astro­
cytic cell (in optic nerve culture) both, typ II astrocytes and oligodendrocytes 
develop depending on the culture medium (Raff et al. 1983b). Some data  also 
indicate that cells phenotypically similar to type I and II astrocytes from tissue 
cultures exist in humans (Elder, M ajor 1988). We do not know wether and in what 
degree it is possible to apply the findings from tissue culture to in vivo conditions. 
It may also be, that under in vivo conditions, on the occasion of oligodendroglia 
proliferation during the myelination process, a certain quantity  of astrocytes also 
develop. Their immunoreactivity to S-100 and G F A P  reflects, probably, repeated 
stages of astrocytes development and maturity. G aps in our material and use of 
light microscopy do not allow an accurate estimation of the parallellism of 
myelination and astrocytes reactivity. However, it seems that immunoreactivity 
to M BP is more distinct and occurs earlier than immunoreactivity to S-100 and 
G FA P.

In early periods of myelination numerous reactive astroglial cells were obser­
ved. Then, in neonatal spinal cords with advanced morphological myelination, 
astroglial fibers, radially running to glia limitans were noted. Immunoreactivity 
to G F A P  was also observed after the first postnatal week within rat spinal cord 
(Joosten, Gribnau 1989), then during myelination. Besides “occasional” prolifera­
tion of astrocytes, astroglial cells play, may be a supporting and trophic function. 
The close morphological and biochemical relationship of astrocytes and blood 
vessels permit to suppose that astroglial cells influence the metabolism of the 
young developing myelin sheaths. Difficulties in explanation of numerous find­
ings in our material indicate the necessity of further investigations with the use of 
other methods including double stainings and, particularly electron microscopy.

CZY KOM ÓRKI GLEJU GW IAŹDZISTEGO BIORĄ UDZIAŁ  
W PROCESIE MIELINIZACJI?

S t r e s z c z e n ie

N a materiale 12 przypadków płodów ludzkich i dzieci zmarłych w wieku 1 dzień —3 lata za 
pomocą metod immunocytochemicznych (MBP, S-100, GFAP) stwierdzono obecność odczynowych 
komórek gleju gwiaździstego w mielinizujących się szlakach rdzenia kręgowego. W reakcji na białko 
S-100 bardziej były widoczne ciała astrocytów, w odczynie na G FAP natomiast — wypustki 
astrocytarne. Nie jest jasne, dlaczego w procesie mielinizacji pojawiają się astrocyty odczynowe i jaka 
jest ich rola.
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The ulnar nerve taken at autopsy from 30 subjects aged 24-98 who died without 
features of clinical involvement of peripheral nerves was examined morphologically. 
Density of myelinated fibers (m.f) per 0.1 m m 2, frequency distribution of the external 
diameter of m.f., and teased fiber were estimated. Besides, in 8 nerves some lipids were 
assessed biochemically. The study showed that the percentage of fibers with mor­
phological changes increases with aging (7-10%  in adults and even up to 35% in aged 
subjects). In older subjects loss of m.f. may be marked. Morphological changes in the 
nerves of subjects in all groups of age are unspecific (axonal degeneration, and 
segmental demyelination). Striking feature for the nerve is the preserved ability to 
repair damage of the fiber independently of the subjects’ age. Accidental factors play 
some role as a cause of morphological changes in the nerve in all groups of age but in 
the elderly, aging of the neuron seems to be an important factor. Biochemical changes in 
the nerves with age are not prominent, and much less expressed than morphological 
changes.

K ey  w o rd s: peripheral nerves, nerve degeneration, nerve regeneration, lipids, aging.

The process of aging in latest twenties has attracted attention of many 
investigators. M uch interest concerns the central nervous system, less attention is 
devoted to the peripheral nervous system, especially to peripheral nerves in man. 
It is known that paresthesia, diminished sensation, decreased reflexes are not 
infrequent in aged patients. Such symptoms and signs can reflect the impairment 
of the lower neuron at various levels including the nerve fiber. A reduction in the 
number or density of hum an myelinated fibers with aging in m an has been 
dem onstrated in spinal roots and peripheral nerves (Swallow 1966; O ’Sulliwan, 
Swallow 1968; Rafałowska et al. 1976; Toghi et al. 1977; Jacobs, Love 1984).

The present study provides information on morphological changes in aged 
people as com pared with adults, and some correlation with biochemical charac­
teristics viz. lipids in the nerve.

* Work supported by the Institute of Psychiatry and Neurology within agreement N o R34.1.
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MATERIAL A N D  M ETHO DS

The ulnar nerve taken at autopsy from 30 subjects aged 24-98 who died 
without features of clinical involvement of peripheral nerves was examined 
morphologically, besides, 8 ulnar nerves from subjects aged 33-98 were 
assessed biochemically. The nerves were taken within 6 up to 24 h after death 
by excision at elbow level. In the case of cerebral stroke the nerve was removed 
contralaterally to hemiparesis.

Morphological examination in all cases included: density of myelinated 
fibers per 0.1 sq mm, frequency distribution of the external diameter of 
myelinated fibers, qualitative estimation of thick Epon sections, qualitative and 
quantitative estimation of teased fibers. Internodal length versus diameter for 
20-25 fibers in 5 cases was plotted.

After removing the specimen was divided into 4 portions: for routine 
histological stainings, for thick Epon sections, for teased preparations and for 
biochemical purposes.

The specimen for routine histology was fixed in Baker’s solution and then 
paraffin sections were stained with hematoxylin and eosin and according to 
van Gieson method. The second part of the specimen was fixed in 1 % osmium 
tetroxide, dehydrated and embedded in Epon. Thick Epon sections (1-1.5цт) 
were cut with an LKB ultratom e and stained with toluidine blue (modified 
Pal-Kultschitzky method) or thionine and acridine orange. F or histological 
measurements sections were photographed under a light microscope and 
magnified up to x 1000 (in cases No. 1, 2, 7, 13, 19-21, 24-26, 29). In remaining 
cases photographs were magnified x 1600 and measurements were done using 
the semiautomatic analyzer M IN I M OP Opton. The third part o f the specimen was 
fixed in 5% glutaraldehyde, postfixed in 1% osmium tetroxide, washed in 
buffer and passed through glycerine in increasing concentrations (from 5-40%). 
Single fibers (30-200) were then isolated without preselection from each 
available fascicle (as routine we asses 30 fibers consisting of at least 4 inter­
nodes). The percentage of demyelinated or remyelinating fibers as well as 
extention of these processes in the particular fiber and percentage of fibers 
undergoing axonal degeneration were estimated basing on single fibers. The 
process of regeneration after axonal degeneration was mainly assessed on thick 
Epon sections. To compare morphological parameters with the age of the 
subjects the material was divided into four groups: G roup  I — subjects aged 
20-30 (5 cases), group II — subjects aged 40-59 (7 cases), group III — subjects 
aged 60-69 (2 cases) and group IV — subjects aged 70-98 (16 cases). Having in 
mind the not numerous representation of groups I and III statistical cor­
relations have not been established but only regression lines relating some 
parameters to age of the subjects were plotted.

Biochemical studies. The nerves were weighed, homogenized in a mixture of 
chloroform and methanol (2:1 v/v) and total lipids were extracted by the 
m ethod of Folch-Pi et al. (1957). Total lipids were quantitated by the 
Bio-La-Test (Lacheman, Brno). Total phospholipids were determined by the
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m ethod of Bartlett (1959) and total cholesterol by the method of Błaszczyszyn 
(1970). Neutral lipids were qualitatively tested by thin-layer chrom atography 
on Silica Gel H (Merck) coated glass plates (Muller, V ahar-M atiar 1974). The 
phospholipids classes were separated similarly, the only difference was the 
composition of the developing chrom atographic mixture (chloroform : m etha­
nol : water, 65 : 30: 5 v/v). The R f values of the particular separated lipid classes 
were compared to those of pure Sigma standards. The percentage composition 
of the lipid fractions after planimetry of the densitometric curves obtained in 
ERJ-65 densitometer (Zeiss, Jena) was estimated. In statistical analysis of 
biochemical results the correlation coefficient between the level of the parti­
cular lipid classes and the age of the cases was taken into account. Regression 
lines are presented.

RESULTS

M orphology
In all examined cases on thick Epon sections different in num ber abnormal 

fibers were visible. Abnormalities included: loss (not frequently) of myelin 
sheath (demyelinating fibers), too thin in relation to axonal diameter myelin 
sheath (remyelinating fibers), complete blurring of fiber structure (Figs 1A, B); 
splitting of myelin sheath was seen, which in some instances might have been 
artifactual (excision of the nerves late after death). In most cases were on cross 
Epon sections groups of small myelinated fibers, numerous not infrequently, 
observed (Figs 2A, B). A striking feature of some nerves was the lower density 
of the myelinated fibers. As a rule histograms of diameters of myelinated fibers 
were bimodal (Figs 3A-C), but two of them were unimodal indicating loss of 
thick fibers (case No. 3 aged 33, and No. 27 aged 87). For data  concerning 
density of myelinated fibers, range of histograms and percentage of thin and 
thick fibers see Table 1.

In teased preparations demyelinated, remyelinated, fibers undergoing 
axonal degeneration and regenerated fibers were seen (Table 2). Remyelination 
in some older cases was particularly extensive (Tab. 2, Fig. 4). Various stages of 
axonal degeneration were observed (Figs 5A, B). Internodal length of fibers 
plotted against their diameter revealed the presence of regenerated and 
remyelinating thin fibers in most cases (Figs 6A, B). The percentage of 
abnormal fibers in particular groups is shown in Table 3. For the regression 
line relating abnormal fibers and density of myelinated fibers per 0.1 sq mm, to 
age of subjects see Figs 7 and 8.

Summarizing it should be underlined that in groups I, I and IV there were 
cases with lower density of myelinated fibers, much more numerous in the 
group of oldest cases (No. 18-20, 24, 29). Degenerative changes of nerve fibers 
were much pronounced in aged subjects (Tab. 3) and remyelination was in 
these cases more extensive than in younger cases. In all groups, including old 
subjects, there were fibers regenerating after axonal degeneration.
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Table 1. Density of myelinated fibers (mf) per 0.1 m m 2, range of histogram of mf and 
percentage of thin and thick fibers

„  ^  .  Fibers with diameter Range
Case Density of mf , ,  r , .

no. age per 01  m m 2 <  6 ^  > 6 ^  ° f h 'sto8rame per u. l mm % %

1 24 984 51.9 48.1 1-14
2 29 752 47.6 42.4 1-16
3 33 773 73.0 52.4 1-10
4 37 753 60.3 39.7 1-13
5 38 649 53.6 46.4 1-15
6 41 532 52.2 47.8 1-15
7 42 1252 58.2 41.8 1-14
8 49 1038 56.0 44.0 1-18
9 51 680 53.0 47.0 1-17

10 53 784 63.3 36.7 1-13
11 56 658 63.6 36.4 1-15
12 59 756 68.6 31.4 1-12
13 60 866 35.3 64.7 1-16
14 66 983 60.4 39.6 1-14
15 72 801 63.7 36.3 1-12
16 72 901 61.8 38.2 1-14
17 76 831 64.9 35.1 1-14
18 78 520 58.6 41.4 1-15
19 80 644 47.2 52.8 1-17
20 81 650 46.4 53.6 1-16
21 83 837 41.0 59.0 1-16
22 84 881 60.0 40.0 1-15
23 84 764 52.2 47.8 1-15
24 86 443 43.9 56.1 1-15
25 87 817 39.6 60.4 1-17
26 88 792 54.1 45.9 1-13
27 89 752 77.2 26.8 1-10
28 91 831 70.6 29.4 1-13
29 93 659 60.2 39.1 1-16
30 98 709 39.8 60.2 1-13
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Table 2. Morphological changes in teased fibers

Case
Number

of
isolated

fibers

Segmental de- 
and 

remyelination

Axonal
degeneration

Regenerated
fibers

Total 
fibers with 
histological 

changes
%no. age number % number % number %

1 24 100 2 2.0 0 0.0 3 3.0 5.0
2 29 200 5 2.5 4 2.0 4 2.0 6.5
3 33 35 1 2.9 1 2.9 0 0.0 5.8
4 37 35 1 2.9 1 2.9 1 2.9 5.8
5 38 40 3 8.5 2 5.0 0 0.0 13.5
6 41 35 1 2.9 2 5.7 0 0.0 8.6
7 42 200 7 3.5 1 0.5 20 10.0 14.0
8 49 32 1 3.1 1 3.1 0 0.0 6.2
9 51 100 4 4.0 2 2.0 1 1.0 7.0

10 53 30 2 6.6 1 3.3 0 0.0 9.9
11 56 40 2 5.0 1 2.5 1 2.5 10.0
12 59 35 2 5.8 0 0.0 1 2.9 8.7
13 60 200 20 10.0 2 1.0 6 3.0 14.0
14 66 100 3 3.0 3 3.0 3 3.0 9.0
15 72 100 17 17.0 3 3.0 2 2.0 22.0
16 72 30 6 20.0 1 3.3 1 3.3 26.6
17 76 60 2 3.4 1 1.7 .0 0.0 5.1
18 78 52 1 1.9 3 5.8 0 0.0 7.7
19 80 100 24 24.0 1 1.0 6 6.0 31.0
20 81 100 55 5.0 0 0.0 2 2.0 7.0
21 8Э 100 9 9.0 0 0.0 1 1.0 10.0
22 84 100 5 5.0 3 3.0 3 3.3 11.0
23 84 100 10 10.0 6 6.0 1 1.0 17.0
24 86 100 10 10.0 5 5.0 3 3.0 18.0
25 87 100 5 5.0 3 3.0 1 1.0 9.0
26 88 100 12 12.0 1 1.0 0 0.0 13.0
27 89 100 7 7.0 3 3.0 5 5.0 15.0
28 91 30 3 10.0 2 6.3 3 10.0 26.3
29 93 100 25 25.0 3 3.0 3 3.0 31.0
30 98 100 28 28.0 3 3.0 4 4.0 35.0
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Fig. 1. Transverse section of ulnar nerve. Abnormal fibers (arrows). A — Case No. 7, M 42 yrs old; 
В  — Case No. 25, F 78 yrs old. Thick Epon sections, Pal-Kultschicky method, x 440

To -r 0 OcP<K0 ол*
o ‘

. Л ч ' О  CW3° o_ © о QßOob e.

?o°'o*b rZ$*%óo°c

о

О,
<?

А
U» -

/
У

2В
Fig. 2. Transverse sections of ulnar nerve. Fibers with blurred structure (arrows). A -  Case No. 1. F 24 

yrs old; В  — Case No. 19. M 80 yrs old. Method and magn. as in Fig. 1
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Fig. 3. Histograms of diameters of myelinated fibers. A — Case No. 2. M 29 yrs old, 752 mf/0.1 mm2; 
В  — Case No. 13. M 60 yrs old, 860 mf/0.1 mm2; С — Case No. 19. M 80 yrs old, 644 mf/0.1 mm2
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Fig. 4. Poorly myelinated, thin intercalated segments (arrows) and demyelinated segments (double
arrows). Teased fiber, x 110
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Fig. 5 A, B. Various stages of axonal degeneration. Teased fibers, x 220
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Fig. 6. Inernodal length (il) of fibers plotted against their diameter. N ote remyelinating and regenera­

ting fibers. A — Case No. 7. M 42 yrs old; В  — Case No. 13. M 60 yrs old
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Biochemical results
The content of lipids in ulnar nerve in our material (Table 4) is generally 

similar to that published by Sunderland (1968) and Johnson and M cN abb  
(1948). N o statistically significant correlation between the content of the 
particular lipid fractions and the age of the cases we observed. The correlation 
coefficient of some lipid classes was, however, around +0.5. In these cases 
regression lines are presented (Figs 9A-C). A progressive rise of lysolecithin at 
the expence of sphingomyelin with age was also observed (Figs 10A,B). All 
these changes are statistically insignificant, nevertheless, the correlation coef­
ficient is 0.5. Free fatty acids, triglycerides, free and esterified cholesterol, 
phosphatidylcholine and phosphoethanolam ine did not change within the 
ulnar nerve at all.

Table 3. Morphological changes in particular groups of age

Group
Number 
of cases

Age
Segmental de- 
and remyelina- 

tion

Axonal
degeneration

Regenerated
fibers

Mean values of 
fibers with 

morphological 
changes (%)

I 5 20-29 ~  3.7 ~  2.7 1.0 ~  7.38
II 17 40-59 4.4 2.3 2.3 ~  9.7

III 12 60-69 6.5 2.0 3.0 11.5
IV 16 70-90 ~  11.9 ~  3.1 2.7 17.7

Table 4. Content of some lipids in ulnar nerve

Total
lipids

Phosphorus a. 
phospholipids

Total
cholesterol

Lysolecithin Sphingomyelin

Number of
cases 8 8 8 8 8

Range of 
value 6.9-15.6* 52.8-25.6* 0.6-2.32* 16.9-49.9** 3.8-11.0**

Correlation
coefficient +  0.300 +  0.648 +  0.433 +  0.478 -0 .3 1 2

Significance - - - - -

* Hg/100 mg of tissue; ** % of the phospolipid phosphorus.
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DISCUSSION

The presented results revealed morphological differences in the peripheral 
nerves related to the age of the subjects as well some differences in the nerves of 
subjects belonging to the same group of age. It is justified to assume that 
com m on features of the nerves of subjects from a given group are an exponent 
of general biological events such as development, m aturation and aging. The 
differences within the same group may reflect individual variability, accidental 
changes and subclinical involvement of peripheral nerve in the course of some 
unknow n general disorder.

Differences in density of myelinated fibers in the nerves of particular subjects 
are in agreement with the data presented by other authors (Sunderland, Bedbrook 
1949; Buchtal, Rosenfalck 1966; O ’Sullivan, Swallow 1966; Dyck et al. 1968, 
1971; Chopra, Hurwitz 1969; Ochoa, M air 1969; Toghi 1972). As the degree of 
dam age to the particular nerves is similar it seems, that different density of 
myelinated fibers in the younger and less advanced groups of age may reflect the 
individual variability of subjects. In some cases the high density of fibers is 
connected with the presence of thin regenerated and remyelinating fibers. These 
fibers are thinner than their m aternal fibers (Thomas 1971). The regeneration and 
remyelination processes are manifested as disturbance of normal proportions 
between internodal length and diameter of fiber (Vizoso 1950; Lascelles, Thomas 
1966; Arnold, Harrim an 1970; Drac 1976), what is especially observed in old age.

Degenerative changes in the nerves of aged subjects are more pronounced 
than  in younger ones. The percentage of remyelinating, regenerating and fibers 
undergoing breakdown is similar. The presence of a few fibers with segmental 
demyelination in comparison with the high percentage of remyelinating fibers 
can probably be explained by the ability to reparation in healthy subjects. O ur 
results concerning the percentage of fibers with morphological changes in aged 
people are in agreement with the observation of Arnold and Harrim an (1971). 
These authors basing upon median, musculocutaneous and sural nerve examina­
tion affirmed that the destructive process can involve 12% of fibers. This is not in 
full accordance with Dyck et al. (1971), who found 1% of fibers with m or­
phological changes in the sural nerve of subjects above 30 years. If one excludes 
subclinical involvement of the nerve in the course of some unknown general 
disorder, it seems that degenerative changes in fibers of adult subjects may be 
connected with repeated microtrauma, trauma, or pressure on the nerve. The 
anatomical localization of the ulnar nerve exposes it to mechanical traum a 
(Gairns et al. 1960; G arren et al. 1962; Thomas, Fullerton 1963; Nearry et al. 
1975). It is not possible to decide whether the direct cause of changes in the fiber is 
mechanical pressure on it or ischemia due to pressure of its nutritional vessels. It 
seems that morphological changes in the nerves of adults are mostly accidental. 
However, it is also possible tha t some of them are a result of aging of the neuron 
because individual differences in the onset of aging process.

Degenerative changes of nerve fibers are a striking feature of the aged nerves
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and are probably the cause of lower density of myelinated fibers in this group of 
age in comparison with adults. This fact was also noted by others authors 
(Lascelles, Thom as 1966, Ochoa, M air 1969a, b). In our material a lower density 
of fibers was found in single cases (No. 18-20,24,29), which could be an exponent 
of individual expression of the aging. O ur results do not confirm that with age 
thick fibers degenerate first of all (Rexed 1944; Lascelles, Thomas 1966; 
O ’Sullivan, Swallow 1966; Swallow 1966). Decrease of thick fibers was found only 
in one case. The high percentage of regenerating fibers in the nerves of subjects 
from the adult group can influence the lack of essential differences between the 
mean value of the percentage of thin fibers in the adult and senile groups. The 
high density of fibers in some nerves in the aged group may be connected with the 
presence of thin remyelinating and regenerating fibers. It seems that the protrac­
tion and mildness of the aging process do not impede the ability of neurons to 
repair impairment of their processes. It is difficult to determine whether in case of 
axonal degeneration renewal of fibers takes place with participation of the 
maternal neuron or by axonal sprouting from undestroyed fibers.

The high percentage of fibers with extensive remyelination and axonal dege­
neration in old age is in keeping with the observations of other authors (Visozo 
1950; Arnold, H arrim an 1970; Lascelles, Thom as 1966; Jacobs, Love 1985). We 
agree with Arnold and Harrim an (1970) that above 60 years of life the percentage 
of such fibers is up to 24 (in one of our cases even 35). M orphological changes in 
the nerve with aging are probably connected with aging of the organism as 
a whole, however, the role of accidental factors remains unchanged. So, if one 
thinks of degenerative changes in the nerves in the elderly, one should take into 
consideration aging of neuron, vascular and in the surrounding tissue abnor­
malities and accidental factors. Impaired blood supply to peripheral nerves as 
a factor resulting in damage of the nerve fibers in the elderly, have been stressed 
by some authors (Swallow 1966; Lascelles, Thom as 1966; Toghi et al. 1977; 
Jacobson, Love 1985). Examination of vessels in some nerves from the presented 
material (Rafalowska et al. 1976) did not reveal any abnormality so it would seem 
that vascular and surrounding tissue changes only contribute to the damage of 
the peripheral nerves in the elderly.

Extensive remyelination in aged subjects prevail over axonal degeneration. 
Such a picture is characteristic of demyelination secondary to axonal damage. 
Loss of m otor cells in the ulnar nerve nucleus and atrophy of m otor cells in the 
senile group as compared with that in control (Rafalowska et al. 1976) suggest 
neuronal atrophy as an expression of aging of the peripheral m otor neuron. 
Besides, some neurons undergo with age different morphological and metabolic 
changes. Accumulation of lipofuscin in the anterior horn cells is connected with 
a decrease of RNA in the cell (Mann, Yates 1974). Decrease of protein synthesis 
results in death of cells and their processes. Axonal transport, especially proteins 
of microtubuli and microfilaments, is slowed down with age this can result in 
difficulties in saving of the cytoskeleton network and contribute to atrophy of the 
axon and loss of fibers (Ochs 1973). On the other hand, segmental demyelination
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could also indicate Schwann cell aging. It is impossible to estimate to what extent 
and  which of the above mentioned factors or mechanisms contributed to the 
segmental demyelination and axonal degeneration, but aging of neurons seems to 
play an im portant role.

The lipid pattern of peripheral nerves has been already tested (Johnson, Nabb 
1949; Horro'cks 1967; Sunderland 1968; Nowicka 1973; Spritz et al. 1973; N orton  
1977). Mostly, different animals were, however, the subject of examination. 
Nevertheless, the lipid composition of peripheral nerves in humans as compared 
with that of animals does not differ significantly (Nowicka 1973; Spritz et al. 
1973). There are no qualitative, but only quantitative differences. The age of the 
subjects has no evident influence on the lipid composition of peripheral nerves 
(Nowicka 1973; Spritz et al. 1973). It was so in our material. The lipid pattern even 
in the 98-yrs-old case did not differ significantly from that of the younger ones. An 
insignificant increase of total lipids, phospholipids and total cholesterol, and 
lysolecithin at the expense of sphingomyelin with age is, however, noted. This 
tendency may be the consequence of some changes of the ratio of lipid to 
non-lipid components. It could be also the result of regeneration processes 
appearing in older age. A high lipid level in peripheral nerves is often observed in 
early stages of regeneration. The regeneration processes would be in older cases 
more advanced than the concomitantly proceeding demyelination (see the high 
am ount of lysolecithin). The fact that no drastic lipid changes with age are 
observed is possibly the consequence of some slowness of overall metabolic 
processes. The latter in peripheral nerves is visible as, e.g. a progressive decrease 
of oxygen and high-energy com pounds consum ption (Low et al. 1986). The 
presented material gives evidence that small differences in lipid composition in 
the nerve appear with age. They point at a process of demyelination, remyelina- 
tion and breakdown of fiber. This is in keeping with similar morphological 
processes in the nerve. It should be underlined that morphological changes are 
more conspicuous than biochemical ones.

CO N C LUSIO N S

1. The percentage of fibers with morphological changes in adults is about 7-10 
and increases with aging ranging sometime to 35. In older subjects in comparison 
to adults loss of fibers per 0.1 m m 2 may be marked.

2. The morphological changes in the nerves of subjects in all groups of age are 
unspecific (axonal degeneration and segmental demyelination). The striking 
feature of the nerve is the preserved ability to repair damage of the fiber 
independently of the subjects age.

3. Accidental factors play some role as a cause of morphological changes in 
the nerve in all groups of age, but in the elderly aging of the neuron seems to be an 
im portant factor.

4. Biochemical changes in the nerves with age are not prominent, and much 
less expressed than  morphological changes.
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ZM IANY M O RFO LO GICZNE I BIOCHEM ICZNE NERW U O BW OD OW EG O  
W PROCESIE STARZENIA

S t r e s z c z e n ie

Badano nerw łokciowy pobrany na sekcji od 30 osobników w wieku 24-98 lat, zmarłych bez 
klinicznych cech uszkodzenia neuronu obwodowego. Oceniano gęstość włókien mielinowych na
0,1 m m 2, zewnętrzną średnicę włókien mielinowych i włókna czesane. Ponadto w 8 nerwach oceniono 
biochemicznie zawartość niektórych lipidów.

Badanie wykazało, że procent włókien ze zmianami morfologicznymi wzrasta z wiekiem (7-10%  
u dorosłych i niekiedy do 35% u starych osobników). W miarę starzenia się obserwuje się niekiedy 
dość znaczny ubytek włókien mielinowych. Zmiany morfologiczne, stwierdzane we wszystkich 
grupach wieku, są nieswoiste (zwyrodnienie aksonalne i odcinkowa demielinizacja). W nerwach tzw. 
zdrowych osobników, niezależnie od ich wieku, zasługuje na uwagę zdolność do odnowy uszkodzenia 
(remielinizacja, regeneracja). W powstawaniu zmian we włóknach czynniki przypadkowe odgrywają 
rolę w każdym wieku. W wieku starczym istotne znaczenie w powstawaniu zmian wydaje się mieć 
proces starzenia się neuronu. Zmiany biochemiczne w nerwie obwodowym wraz z wiekiem są nikłe, 
znacznie mniej wyrażone niż zmiany morfologiczne.
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The study was undertaken to examine the effect of nimodipine, calcium channels 
blocker, on the morphological alterations induced by quinolinic acid (QUIN). The 
experiment was performed on 21-day-old organotypic rat hippocampal cultures. 
Nimodipine was applied to the nutrient medium simultaneously with Q U IN (both at 
100 цМ). Ultrastructural changes were evaluated 24 h, 5 and 7 days after the exposure 
to tested agent. It was shown that nimodipine induced distinct cytoprotective effect, 
especially considering the development of late neurotoxic injury produced by QUIN. 
However, the protection was not complete, indicating the participation of the other 
factors in the pathomechanism underlying structural damage produced by QUIN.

K ey  w o rd s:  quinolinic acid, calcium channels blocker-nimodipine, tissue culture.

The neurotoxic properties of excitatory acidic amino acids have been widely 
studied, but so far the exact mechanisms of neuronal injury are not convincingly 
enough explained. The suggestion that more than one factor may be responsible 
for the neurotoxicity of these compounds, including the well-known effect of su­
stained depolarization (Olney 1978), has been proposed. M ore recently, an 
excessive calcium influx from the extracellular space triggered by amino acids has 
been suggested as one of the toxic mechanisms (Coyle et al. 1981 ; Berdichevsky 
et al. 1983; Griffiths et al. 1983; Retz, Coyle 1984; Mayer, W estbrook 1987).

Quinolinic acid (QUIN), an endogenous excitatory amino acid, has been 
considered as a possible etiological factor in several neurodegenerative disorders 
(Schwarcz et al. 1984) and the prevention of its neurotoxicity is of im portant 
therapeutic value. Since it has been indicated that changes in C a 2+ could be 
potent modulators of neuronal excitability (Choi 1985; G arthw aite et al. 1986; 
Kohr, Heinemann 1988), it seems interesting to study the protective effect of 
calcium entry blockers.

The present study was undertaken to examine the effect of one of the calcium 
entry blockers — nimodipine on the development of Q U IN -induced neuronal 
dam age in organotypic cultures of the hippocam pal formation.
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MATERIAL A N D  M ETHODS

The experiments were performed on 21-day in vitro (DIV) organotypic 
cultures of rat hippocampus, well differentiated and sensitive to Q U IN  action 
(Kida, M atyja 1988). The cultures prepared from 2-3-day-old W istar rats were 
kept in M aximow assemblies et 36.5°C and fed twice weekly. The nutrient 
medium consisted of 20% fetal bovine serum and 80% Minimal Essential 
Medium (MEM ) supplemented with glucose to a final concentration of 600 m g%  
without any antibiotics. O n the 21st day in vitro selected cultures were divided 
into four groups. One group of cultures was exposed to a medium supplemented 
with 100 цМ of Q U IN  (Sigma, Ch.Co). The second was maintained in medium 
containing both Q U IN  and nimodipine 100 цМ each. Sister cultures were 
exposed to medium supplemented with 100 цМ nimodipine alone. The control 
cultures were grown under standard conditions in nutrient medium. The cultures 
were regularly observed in living state by light microscopy. They were fixed for 
electron microscopy 24 hours, 3 and 7 days post exposure to the agents. Briefly, 
they were fixed in 1.5% cold glutaraldehyde for 1 h, washed in cacodylate buffer 
pH 12-1.6,  postfixed in 2%  osmium tetroxide, dehydrated in graded alcohols 
and embedded in Epon 812. U ltrath in  sections were counterstained with lead 
citrate and uranyl acetate and examined in a JE M  1500 XB electron microscope.

RESULTS

The hippocampal cultures exposed to nimodipine displayed normally ap ­
pearing neurons and densely packed neuropil rich in synapses, identical with 
control cultures grown in standard conditions.

The cultures exposed to Q U IN  alone showed a typical for this neurotoxin 
morphological pattern of tissue injury, involving damage of both large pyramidal 
neurons and postsynaptic dendrites. After a lapse of 24 h post Q U IN  exposure, 
severely damaged neurons exhibited clumping of nuclear chromatin and destruc­
tion of cytoplasmic organelles. The great majority of damaged neurons displayed 
electron-lucent cytoplasm containing few degenerating organelles such as severe­
ly enlarged channels of granular endoplasmic reticulum and damaged m itochon­
dria accompanied by vacuoles and vesicles of various size (Fig. 1). This kind of 
neuronal changes predominated in the later periods of observation, after 5 and 
7 days of Q U IN  treatment. The postsynaptic abnormalities were characterized 
by swelling of dendritic processes containing damaged mitochondria and /o r 
various am ounts of vacuoles (Fig. 2). The axonal endings remained intact.

The culture exposed simultanousely to Q U IN  and nimodipine showed m ar­
kedly less pronounced ultrastructural changes in com parison with the cultures 
exposed to Q U IN  alone. At an early time of observation, 24 h post Q U IN  and  
nimodipine application, some pyramidal neurons revealed morphological al­
terations consisting mainly of the presence of vacuoles and vesicles of various size 
and multilaminar bodies (Fig. 3). Nevertheless, the m itochondria of these affected 
neurons remained quite well preserved and the nucleus was intact. Only a few
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Fig. 1. Hippocampal culture, 24 h post Q U IN  exposure. Neurons exhibiting clumping of nuclear 
chromatine (arrows), damaged mitochondria (MT), enlarged channels of granular endoplasmic 

reticulum (GER) and vacuoles (v). x 16650

Fig. 2. The same culture. Swollen dendrite (D) containing damaged mitochondria (MT), small 
vacuoles (v) and neurotubules (nt). Normally appearing axonal bouton (A), x 20000
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Fig. 3. 24 h post Q U IN  and nimodipine treatment. Pyramidal neurons exhibiting numerous 
vacuoles (v) and vesicles, quite well-preserved mitochondria (MT) and unchanged nucleus (N). 

Numerous neurotubules (nt) between organelles, x 12500

Fig. 4. The same culture. Neuron with advanced vacuolization of the cytoplasm (v). Intact nucleus
(N). x 10000
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Fig. 5. 7 days post Q U IN  and nimodipine application. Quite well preserved neurons, x 15 000

Fig. 6. The same culture. Neuropil with normally appearing both axonal boutons (A) ans dendritic
processes (D). x 25 000
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Fig. 7. The same culture. Swollen dendrite with damaged mitochondrium vacuoles, multilaminar 
bodies and dense core vesicles, x 25 000

Fig. 8. Swollen, almost entirely empty axonal bouton (A) and intact dendritic spine (D). x 25000
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neurons exhibited more advanced vacuolar degenerative changes but even in 
these severely damaged neurons, nucleus only sporadically reveal clumping of 
nuclear chromatin (Fig. 4). After 5 and 7 days of experiment, the great majority of 
neurons displayed normally appearing ultrastructural features (Fig. 5). Both pre- 
and post-synaptic endings did not reveal distinct morphological abnormalities 
(Fig. 6). A few moderately swollen dendritic processes containing damaged 
mitochondria, vacuoles or vesicles and m ultilaminar bodies could be seen only 
occasionally (Fig. 7). Beside the sporadically observed postsynaptic changes 
some presynaptic endings seemed to be more or less enlarged and revealed a small 
num ber of synaptic vesicles (Fig. 8). Some of these swollen axonal boutons were 
almost entirely empty and contained only a few synaptic vesicles close to the 
synaptic cleft. Some glial cells and their processes were markedly swollen.

DISCUSSION

The present study dem onstrated that the neurotoxic effect of Q U IN  on 
hippocam pal cultures diminished in the presence of nimodipine. The majority of 
nerve cells did not reveal advanced morphological abnormalities and exhibited 
an unchanged nucleus and mitochondria, damage to which usually represents 
morphological features of irreversible cell injury. The typical QUIN-induced 
post-synaptic changes were also detected only sporadically.

The exact mechanism of nerve cell injury in different pathological states is 
complicated, including depolarization, calcium entry, chloride and potassium 
influx, and possibly contribution of second messenger. There was increasing 
evidence that the brain damages associated with anoxia, stroke, epilepsy and 
neurodegenerative disorders may be at least partially caused by excessive ac­
tivation of N-methyl-D-aspartate receptors (Rothman, Olney 1987). The neuro­
toxic effect of Q U IN  via activation of N M D A  subtype receptors has been widely 
documented (Perkins, Stone 1983; Stone, Connick 1985). M ore recently the 
possibility that Ca entry could be associated with cell injury and that vol­
tage-sensitive calcium channels are involved in the neurotoxic mechanism of 
amino acidic compounds has been suggested (Coyle 1983; Choi 1987; M urphy et 
al. 1988a, b). It was found that nimodipine could prevent both glutamate 
neurotoxicity and glutamate-induced dendritic regression (M attson et al. 1988). 
These results indicate that activation of glutamate receptors leads to the opening 
of voltage-dependent calcium channels and induces calcium influx causing al­
teration in dendritic outgrowth and neuronal survival.

O ur findings dem onstrating the protective effect of nimodipine, which is 
expected to block voltage-dependent calcium channels support these recent 
suggestions. However, in the present experiments, the protective effect of the 
calcium entry blocker was not efficient in elimination the whole cytotoxic effect of 
Q U IN , what suggests that calcium influx is not the only mechanism responsible 
for acidic amino acids toxicity. Some recent reports disclosed that acute neuro­
toxicity of excitatory amino acids is mediated by a calcium-independent mecha-
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nism, i.e. passive chloride influx (Rothm an 1985), while a calcium-dependent 
mechanism is involved in more chronic toxicity (Choi et al. 1987). This is in 
agreement with the present study dem onstrating more severe damage in the early 
period of experiment than in later stages of observation. Neverthelles, these 
results support the hypothesis that C a2+ plays an im portant role in the 
neurotoxic consequences of acidic amino acids receptor activation.

CYTOPROTEKCYJNY WPŁYW N IM O D IPIN Y  NA DZIAŁANIE NEU RO TOK SYCZNE  
KWASU C H IN O L IN O W EGO W H ODOW LI H IPOK AM PA

S t r e s z c z e n ie

Celem pracy była ocena wpływu nimodipiny, jednego z blokerów kanałów wapniowych, na 
zmiany morfologiczne wywoływane przez kwas chinolinowy. Badania przeprowadzono na dobrze 
zróżnicowanych, 21-dniowych organotypowych hodowlach hipokampa szczura. Nimodipinę poda­
wano jednocześnie z kwasem chinolinowym (po 100 цМ) do środowiska odżywczego hodowli. 
Zmiany ultrastrukturalne oceniano po 24 godz., 5 i 7 dniach. Stwierdzono wyraźne cytoprotekcyjne 
działanie nimodipiny dotyczące zwłaszcza rozwoju uszkodzeń późnych. Uzyskany efekt nie był 
jednak całkowity, co wskazuje na udział jeszcze innych czynników patogennych aniżeli tylko 
nadmiernego napływu jonów wapniowych, w mechanizmie uszkodzeń strukturalnych wywoływa­
nych przez kwas chinolinowy.
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Adult male Wistar rats were submitted to normobaric hyperoxygenation for 1 and 
4 hours, then brain synaptosomes were isolated and uptake and release of the histamine 
precursor — histidine (His), histamine (HA) level and His metabolizing enzymes 
activities were measured. This uptake in hyperoxic synaptosomes was inhibited by 
about 20%. After 1-hour hyperoxia, a tendency towards an increase of the HA level, but 
a significant increase histidine decarboxylase (HD) and histamine methyltransferase 
(HMT) activities were observed. Four-hour hyperoxia caused a decrease of both the 
HA level and the activities of both enzymes, especially HMT. The changes were 
reversed in 1-hour posthyperoxic recovery, except for histidine uptake which remained 
inhibited.

K ey  w o r d s :  hyperoxia, histamine, synaptosomes.

Histamine (HA) function as a neurotransm itter and the presence of his- 
taminergic pathways and specific receptors to HA in the brain have been 
confirmed by biochemical, histochemical and electrophysiological evidence 
(Schwartz et al. 1981; Wilcox, Seybold 1982; Lakoshi, Aghajanian 1983; Hough, 
Green 1984; W atanabe et al. 1984). HA localization in at least two different cell 
types: neurons and mast cells is at present well established (Garbarg et al. 1976). 
The neuronal pool of HA is characterized by fast turnover and the presence of 
both the HA synthesizing enzymes, histidine decarboxylase (HD) (E.C. 4.1.1.22) 
and the HA catabolizing enzyme, histamine N-methyltransferase (HMT) (E.C. 
2.1.1.8)(Kuharetal. 1971; Baudry et al. 1973; G arbarg  et al. 1980; Nishibori et al. 
1984).

Recently many investigators have focused on histamine metabolism in pa- 
thophysiologically or pharmacologically altered brain (Green et al. 1978; Hough, 
Green 1984). The sensitivity of the central nervous system to oxygen is well 
known. In particular, the decrease of oxygen supply causes changes in brain 
energy metabolism as well as disturbances of the neurotransm itter transport 
(Siesjö 1978; Fahn et al. 1979; Rafałowska et al. 1980; Pastuszko et al. 1982). N o
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information, however, is available on the effect of hyperoxia on HA brain 
metabolism.

The aim of this study was to investigate the effect of experimental hyperoxia 
on a) the uptake and release of HA precursor — histidine (His) and b) the level of 
HA and the activities of H D  and H M T  in highly purified synaptosomes from rat 
brain. The reversibility of the observed changes was also studied.

MATERIAL A N D  M ETHODS

Adult male W istar rats (approx. 200 g of body weight) fed a standard  diet 
were used in all experiments.

The animals were exposed to 100% oxygen in norm obaric conditions for 
1 and 4 h. Oxygen was passed at a rate of 3 1/min through an 8.4-1 chamber. The 
animals were decapitated immediately after hyperoxia or after 1 hour of post- 
hyperoxic recovery. The synaptosomes were isolated from fore- and midbrains by 
centrifugation in discontinuous Ficoll gradient as described previously (Booth, 
Clark 1978; Deutsch et al. 1981). The synaptosomes were suspended in a modified 
Krebs-Henseleit medium containing 140 mM NaCl, 5 m M  KCl, 1.3 mM  M g S 0 4, 
1 m M  Pi, 10 mM  Hepes, pH 7.4.

U ptake and release of His (histidine) and HA (histamine) was measured as 
described by Troeger et al. (1984). Synaptosomes were suspended in 
Krebs-Henseleit medium containing 2.5 m M  C aC l2 and 10 mM  glucose at 
concentration of 5 mg protein/ml. M easurements started with addition of 
[U -14C] histidine (spec. act. 8.88 GBq/mmol), Amersham U.K., at 1 jxM concent­
ration. Samples (300 |il) were withdrawn at the indicated time intervals and 
rapidly centrifuged (Beckman microcentrifuge) through a layer of silicone oil 
(spec, gravity 1.03, General Electric Water, Ford, N.Y.). F or determination of 
histidine/histamine release, after 20 min of incubation 75 mM  KCl was added and 
samples for centrifugation were collected 5 min later. Radioactivity of the pellets 
was measured in a Beckman LS 9000 liquid scintillation spectrometer using the 
Bray scintillation fluid.

H D  and H M T  activities were assayed using the radioenzymatic microassay 
as described by Taylor and Snyder (1972). S-adenosylmethionine used for H M T  
assay was purified from S-adenosylhomocysteine by chrom atography on a Do- 
wex 1 (Cl") column. HA was measured by the single isotope-enzymatic m ethod 
of Shaff and Beaven (1979) with minor modifications using S-adenosyl-[3Hme- 
thyl] methionine (spec. act. 5.55 GBq/mmol, Amersham U.K.) and H M T  ob ­
tained from guinea pig brain (Brown et al. 1959). HA was assayed after the 
samples had been boiled for 5 min.

Protein was determined by the method of Lowry et al. (1951) using bovine 
serum albumin as standard.
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RESULTS A N D  DISCUSSION

N o statistically significant changes in the HA level and H D  and H M T 
activities were observed after 1 hour of hyperoxia (Fig. 1). A 4 h exposure to 0 2 
caused a slight, nonsignificant decrease of the HA level, a 30% decrease of HD 
activity and a decrease of H M T  activity to about 54% of control value (Fig. 1).

The most likely cause of the decrease of both enzyme activities is accumula­
tion of products of free radical oxidation in brain synaptosomes, as the result of 
peroxidative processes, especially concerning membrane integrity and function 
(Baudryet al. 1973; Booth, C lark 1978; Pastuszko et al. 1983; Braughler 1985). On 
the o ther hand, the adaptive mechanism protecting the histaminergic system 
might be involved.

The reversibility of observed changes was conformed by the fact, that after 
1 h of posthyperoxic recovery the HA level and H D  and H M T  activities were 
similar as in the control group (Fig. 1). Peroxidative decomposition of membrane 
lipids may be also responsible for the significant inhibition of 14C-histidine 
uptake by synaptosomes which was observed after 1 hr of hyperoxia and 
persisted until 4 h of hyperoxygenation (Fig. 2).

%
150-,

(15) (A) (A) (4) (9) (A) (4) (3) (8) (4) (5) (4)

HA level HD activity HMT activity

Fig. 1. Levels of histamine and activities of histidine decarboxylase and histamine methyltransferase 
in synaptosomes under different experimental condition. The results are presented as percent of 
control which were for: histamine level =  3.1 ± 0 .5  pmoles/mg protein, HD activity =  11.9 +  2 pmo- 
les/mg protein/h, HMT activity =  330 +  50 pmoles/mg protein/h. ■  — control, □  — 1 h hyperoxia, 
S  -  4 h hyperoxia, ЦТ] — 1 h recovery from 4 h hyperoxia. Numbers of experiments are shown in 

parentheses. Statistical significances according to Student’s t test were *p <  0.05, **p <  0.001
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Fig. 2. Uptake and release of 14C histidine by synaptosomes: Д  — control, •  — 1 h hyperoxic, 
О — 4 h hyperoxic; for determination of release o f 14C-histidine 75 mM KC1 was added after 20 min of 
incubation. Each point represents a mean of 3 independent experiments where individual values were

within 5% of each other

Hyperoxia lasting for 1 and 4 h inhibited the maximal uptake of histidine by 
19% and 23%, respectively. Moreover, inhibition of maximal 14C-histidine 
uptake persisted after 1 h of posthyperoxic recovery (Fig. 3). Histamine uptake 
was not measured since it has been shown in former studies (Rafałowska et al. 
1987) that there is no active accumulation of HA in brain synaptosomes.

Release of 14C-labelled com pounds (histidine +  histamine which was p rodu­
ced during incubation) due to the KCl-induced depolarization, was similar under 
control and hyperoxic conditions as well as after 1 h recovery and am ounted to 
about 30% of maximal uptake (Figs 2 and 3).

The observed changes in the rate of histidine accumulation might reflect the 
conformational changes of the membrane structure (Chan et al. 1982; Pastuszko 
et al. 1983; Chan et al. 1984; Braughler 1985; Dąbrowiecki et al. 1985; Yoneda et 
al. 1985). It may be recalled that similar effects of hyperoxia were observed in the 
case of GAB A transport (Gordon-M ajszak et al. 1987; Rafałowska, Floyd 1988).

The results taken together indicate that the mechanism of histamine uptake as 
well as activities of histamine metabolizing enzymes in brain synaptosomal 
fraction are highly sensitive to free radical formation under condition of norm o- 
baric hyperoxia of rats.
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Fig. 3. Uptake and release of 14C-histidine by control and posthyperoxic recovery synaptosomes: 
A  — control, 1 h recovery from: •  — 1 h hyperoxia and О — 4 h hyperoxia. Each point represents 

a mean of 3 independent experiments where individual values were within 5% of each other

WPŁYW HIPEROKSJI NA METABOLIZM HISTAMINY W SYNAPTOSOM ACH
Z M ÓZG U SZCZURA

S t r e s z c z e n ie

Dorosłe szczury, samce rasy Wistar poddano 1- i 4-godzinnej hiperoksji. W wyizolowanej 
z mózgu frakcji synaptosomalnej badano pobieranie i uwalnianie prekursora histaminy (HA) — his- 
tydyny (His). Ponadto oznaczano poziom histaminy oraz aktywność enzymów metabolizujących. 
Pobieranie His do synaptosomów po hiperoksji zostało zahamowane o 20% w stosunku do wartości 
kontrolnych. Po jednogodzinnej hiperoksji obserwowano tendencję do wzrostu poziomu HA oraz 
znaczący wzrost aktywności dekarboksylazy histydynowej (HD) i metylotransferazy histaminowej 
(HMT). Czterogodzinna hiperoksja powodowała spadek poziomu HA, jak również aktywności 
enzymów, zwłaszcza HMT. Zmiany te były odwracalne i ulegały normalizacji u zwierząt z jedno­
godzinnym przeżyciem po hiperoksji, z wyjątkiem pobierania His do synaptosomów, które pozo­
stawało zahamowane.
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Slices of ischemic focus (infarct area) and of the contralateral frontal lobe were 
submitted to histological and biochemical studies. The obtained results indicate that 
in stroke cases the necrotic focus as well as contralateral brain hemisphere are 
characterized by a marked decrease of cholesterol and cerebrosides content and an 
increase of lysophosphatidylcholine and cholesterol esters in the myelin fraction. We 
conclude that ischemia as well as the degenerative aging process are both responsible 
for the abnormal lipid pattern in the myelin of the white matter in stroke cases. The 
long lasting hypoxia resulting from cerebral vessel atheromatosis contributes to 
biochemical changes in the myelin of the apparently healthy white matter of the 
contralateral hemisphere in brain infarction.

K e y  w o r d s :  myelin lipids, ischemic stroke, white matter.

The aging process in the central nervous system involves two principal 
pathological events: degenerative changes in the vascular system: atheromatosis, 
arteriosclerosis or amyloid angiopathy and local amyloidosis of the nervous 
tissue, known under the term senile atrophy of Alzheimer type. Both processes 
may lead to alterations of m em braneous structures of all morphological com­
ponents of the nervous tissue in the cerebral grey and white matters. The essential 
part of the latter are changes in the myelin sheaths, the basic com ponent of the 
white matter. In our previous studies (Wender et al. 1988), concerning myelin 
lipids in aging hum an brain, we compared chemical alterations in patients with 
vascular pathology in the brain and in those with senile a trophy of Alzheimer 
type. Chemical alterations included an increase in lysophosphatidylcholine con­
tent and a marked decrease in myelin yield. Additionally, in the cerebellum 
a decrease of sulfatide content was observed. The chemical results were almost 
identical in each subgroup of patients. The above described changes do not seem 
to be primarily related to atrophy of Alzheimer type, but to result from secondary 
changes provoked by vascular degeneration.

In continuation of our studies we have focused our attention on the pattern of 
myelin lipids in cases of stroke, studying it in the infarct area and in the
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contralateral brain hemisphere. A similar problem, i.e. the chemistry of cerebral 
myelin in senile patients with brain infarction, was studied by N iebrój-D oboszet 
al. (1986). The authors emphasized that changes in the biochemical composition 
of myelin in the course of brain infarction depend on the age of the patient and 
upon survival time after it.

MATERIAL A N D  M ETHODS

The studies were performed on autopsy material of 16 patients deceased 
between 62 and 86 years of age with diagnosis of acute cerebral stroke. Slices of 
ischemic focus (infarct area) and of the contralateral frontal lobe were submitted 
to histological and biochemical studies. The results were com pared with those 
obtained in 5 patients who died between 23 and 44 years of age of diseases not 
involving the central nervous system.

The material was grouped according to the age at which stroke occurred 
(60-70 years or 70-90 years) and according to survival time after stroke (1-6 days 
or 10-20 days).

The white matter, isolated from the brain slices according to macroscopic 
morphological criteria, provided a source of the myelin fraction. Isolation of 
myelin was performed using the method of N orton  and Poduslo (1973), by means 
of differential centrifugation of the homogenate in a discontinuous surcrose 
gradient (0.32 and 0.85 M, pH 7.0) using a swing-out ro tor at 75 000 x g for 30 
min. The isolated myelin fraction was washed 3 times with distilled water, each 
washing procedure being followed by centrifugation at 75 000 x g for 20 min. The 
final sediment was lyophilized. Total lipids of the myelin fraction were extracted 
by the procedure described by Folch-Pi et al. (1957) with 20 vol. of chloro­
form/methanol (2:1, v/v) and partitioned with 0.2 vol. of 0.05 M KC1. Total lipids 
of the lower phase were separated by means of column and thin-layer ch rom ato ­
graphy (TLC). Cholesterol was determined by the Sperry and W ebb method 
(1950), cerebrosides and sulfatides by the m ethod of Radin et al. (1955) and 
phosphorus content of the individual phospholipid fractions by the method 
described by Bartlett (1959).

RESULTS

In cases of clinical stroke, neuropathological studies revealed m orphological 
signs of brain infarct.

Results of chemical studies on myelin lipids are presented in Tables 1 and  2. 
The characteristic changes observed in the ischemic necrotic focus as well as in the 
contralateral brain hemisphere included a m arked decrease in cholesterol and 
cerebroside content and an increase of lysophosphatidylcholine and cholesterol 
esters. The latter change was noticed only in absolute values. The obtained results 
were almost identical in all studied parts of the brain in stroke cases. Tables 3 and 
4 dem onstrate the results of studies in the material, grouped according to the age 
of patients, in whom the stroke occurred. Cholesterol and sphingomyelin co n ­
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tents were significantly lower, in relative values, in the ischemic necrotic focus in 
the younger age class. Results of the material grouped according to the survival 
time are presented in Tables 5 and 6. In patients who died a few days after stroke 
higher values of cholesterol, lysophosphatidylcholine and phosphatidylethano- 
loamine were noticed.

Table 1. Pattern of myelin lipids of the cerebral white matter in ischemic stroke (Results in percent of
total lipids)

Control 
cases 
n =  5

Stroke cases 
n =  16

Ischemic
focus

Contralateral 
brain hemisphere

Contralateral 
frontal lobe

Cholesterol 40.1 ±1 .3 28.2 ±2.8* 29.9 ±2.4* 29.7 ±1.9*
Cholesterol esters 0.2 ±0.05 0.3 ±0 .04 0.7 ±0 .3 0.4 ±0.1
Sulfatides 4.9 ±0 .4 4.9 ±0 .5 4.7 ±0 .5 5.2 ± 0 .6
Cerebrosides 21.7 ± 1 .0 18.7±0.9* 19.0±0.9* 16.8 ±0.7*
Total galactolipids 26.6 ±1 .3 23 .6±  1.3* 23.7 ±1.1* 22.0 ±1.0*
Sphingomyelins 5 .7±0 .5 7.7 ± 0 .9 6.9 ± 0 .6 7.7 ±0 .9
Phosphatidylcholine 8 .9±0 .5 11.9 ±0.6* 12.5 ±0.6* 12.5 ±  0.5*
Lysophosphatidylcholine
Phosphatidylserine

0.3 ±0 .2 4.1 ±1.0* 2.7 ±0.4* 5.0 ±1.4*

+  Phosphatidylinositide 4.2 ±0 .9 6.9 ±1 .6 4.5 ±0 .8 5 .5±0 .6
Phosphatidylethanolamine 2.9 ±0 .4 6.2 ±0.9* 8.0 ±2.1* 6.0 ±0.9*
Plasmalogens 11.1 ±0 .7 11.7 ±  1.2 11.1 ±0 .8 11.6 ± 1 .5
Total phospholipids 33.1 ± 2 .3 48.5 ±3.4* 45.7 ±2.2* 48.3 ±2.1*

Mean ±  SEM; * differences significant.

Table 2. Pattern of myelin lipids of the cerebral white matter in ischemic stroke (in m m ol/100 g of dry
tissue)

Stroke cases 
Control n =  16

c a s e s ------------------------------------------------
n =  5 Ischemic Contralateral Contralateral

focus brain hemisphere frontal lobe

Cholesterol 23.5 ±  1.6 21.8 ±2.1 23.4 ± 2 .0 20.1 ±2.1
Cholesterol esters 0.1 ±0.03 0.3 ±0.04* 0.5 ±0.2* 0.3 ±0.05*
Sulfatides 2.9 ±0.1 2.1 ± 0 .2 2.1 ±0 .2 1.9 ± 0 .2
Cerebrosides 13.3 ± 1 .0 8.4 ±0.6* 9.2 ±0.9* 7.4 ±0.8*
Total galactolipids 16.2 ±  1.2 10.5 ±0.7* 11.3 ±  1.0* 9.3 ±0.9*
Sphingomyelins 3.4 ±0 .5 4.6 ± 1 .0 3.6 ±0 .4 3.6 ±0 .7
Phosphatidylcholine 5 .2±0 .8 6.5 ± 1 .0 6.3 ± 0 .4 5.8 ±0 .5
Lysophosphatidylcholine 0.2 ±0.05 3.1 ±1.2* 1.7 ±0.2* 1.8 ±0.3*
Phosphatidylserine
+  Phosphatidylinositide 2.5 ±0 .6 3.8 ±  1.1 2.2 ±0 .4 2.8 ±0 .5
Phosphatidylethanolamine 1.7±0.2 4.0 ± 1 .2 4.0 ±0 .9 2.5 ±0 .3
Plasmalogens 6.7 ±0 .8 6.9 ± 1 .2 6.0 ±0 .5 5.7 ±0 .9
Total phospholipids 19.7 ± 5 .4 28.9 ± 6 .2 23.8 ±1 .5 22.2 ± 2 .0

M ean ±  SEM; * differences significant.
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Table 3. Pattern of myelin lipids of the cerebral white matter in ischemic stroke in material divided according 
to the age of patients (results in percent of total lipids)

Ischemic focus 
Age of patients

Contralateral brain Contralateral frontal
hemisphere 

Age of patients
lobe 

Age of patients

60-67 yrs 71-86 yrs 60-67 yrs 71-86 yrs 60-67 yrs 71-86 yrs
n =  7 n =  9 n =  7 n =  9 n =  7 n =  9

Cholesterol 24.3 ±3 .8 31.2 ±  3.9* 27.8 ±4 .4 31.5 ±  2.7 27.6 ± 3 .4 31.3 ±  2.3
Cholesterol esters 0.4 ±0.07 0.3 ±0.05 1.0 ±0 .6 0.5 ±0.08 0.6 ±0.1 0.3 ±0 .06
Sulfatides 5.4 ±0 .9 4.6 ±0 .6 3.6 ±0 .3 5.6 ±0 .5 5.5 ±1 .3 5.0 ± 0 .4
Cerebrosides 21.5 ±2 .9 16.5 ±2 .5 18.2 ±3 .5 19.6 ± 2 .2 17.2 ± 3 .2 17.7 ±  1.9
Total galactolipids 26.9 ± 3 .6 21.1 ±2 .8 21.8 ±  3.6 25.2 ± 2 .6 22.7 ± 4 .0 22.7 ± 2 .0
Sphingomyelins 6.5 ± 1 .0 8.5 ±1.2* 7.9 ±1.1 6.1 ± 0 .7 8.7 ± 2 .0 6.9 ± 0 .6
Phosphatidylcholine 12.3 ±1.3 11.7 ±  0.6 12.9±0.7 12.2 ±0 .9 12.5±0.8 12.6±0.7
Lysophosphatidylcholine 3.1 ± 1 .0 3.7 ±1 .3 2.9 ± 0 .6 2.6 ±0 .5 4.7 ± 1 .2 3.2 ± 1 .4
Phosphatidylserine
+  Phosphatidylinositide 8.3 ± 3 .4 5.8 ± 1 .0 4.4 ± 1 .0 4.6 ±1 .3 5 .0±0 .8 6.0 ± 0 .8
Phosphatidylethanolamine 6.1 ±1 .5 6.3 ±1 .3 9.8 ±5 .6 6 .6 ±  1.5 5.9 ±1.1 6.0 ± 1 .5
Plasmalogens 12.1 ± 2 .6 11.4 ± 1 .2 11.5 ±1 .4 10.8 ± 1 .2 12.8 ± 2 .8 10.9 ± 1 .7
Total phospholipids 48.4 ±5.1 47.4 ±4 .8 49.4 ±4 .7 42.9 ± 1 .4 49.6 ± 4 .3 45.6 ± 1 .8

Mean ±  SEM; * differences significant.

Table 4. Pattern of myelin lipids of the cerebral white matter in ischemic stroke in material divided according 
to the age of patients (results in mmol/100 g of dry tissue)

Contralateral brain Contralateral frontal
Ischemic locus hemisphere lobe
Age of patients

Age of patients Age of patients

60-67 yrs 71-86 yrs 60-67 yrs 71-86 yrs 60  67 yrs 71-86 yrs
n -  7 n =  9 n =  7 n =  9 n =  7 n =  9

Cholesterol 18.9 ± 3 .6 24.2 ± 2 .0 22.6 ±2 .2 24.1 ± 3 .2 16.3 ±2 .7 23.1 ± 3 .0
Cholesterol esters 0.3 ±0.02 0.3 ±0.07 0.7 ± 0 .4 0.3 ±0.05 0.3 ±0 .07 0.3 ±0 .07
Sulfatides 1.9 ±0.3 2.3 ± 0 .4 1.7 ±0 .3 2.5 ±0.2* 1.7 ±  1.5 2.0 ± 0 .2
Cerebrosides 8.5 ±0 .7 8.4 ± 1 .0 9.0 ±1.8 9.4 ± 1 .0 6 .5 ±  1.3 8 .0 ±  1.1
Total galactolipids 10.4 ±0 .4 10.7 ±  1.1 10.7 ± 1 .8 11.9 ±  1.1 8.2 ±1 .5 10.0 ± 1 .0
Sphingomyelins 3.0 ±0.5 5.9 ± 1 .9 4.0 ± 0 .6 3.0 ± 1 .6 4.0 ± 1 .5 3.3 ±  1.3
Phosphatidylcholine 5.5 ±1 .0 7.7 ±  1.7 6.5 ±0 .3 6.0 ±0 .5 5.1 ±0 .9 6.1 ± 0 .7
Lysophosphatidylcholine 2.0 ±0 .7 4.0 ±2.1 1.9 ± 0 .4 1.5 ± 0 .2 2.0 ±0 .5 1 .6±0 .3
Phosphatidylserine
+  Phosphatidylnositide 3 .6 ±  1.8 4.0 ± 1 .4 2.1 ± 0 .4 2.3 ± 0 .7 2.0 ±0 .5 3.4 ± 0 .8
Phosphatidylethanolamine 3.1 ± 1 .0 4.2 ± 2 .0 4.7 ±1.8 3.5±0 .8 2.2 ±0 .4 2.8 ± 0 .5
Plasmalogens 5.8 ±1 .4 7.7 ± 1 .6 6.2 ± 0 .6 5.7±0 .8 5.7 ±1 .6 5.9 ± 1 .2
Total phospholipids 23.0 ± 4 .0 33.5 ±10 .7 25.4 ±0 .8 22.0 ± 1 .9 21.0±4.7 23.1 ± 3 .0

M ean ±  SEM; * differences significant.
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Table 5. Pattern of myelin lipids of the cerebral white matter in ischemic stroke in material divided according 
to survival time after stroke (results in percent of total lipids)

Ischemic focus 
Survival time 

Days

Contralateral brain Contralateral frontal
hemisphere 

Survival time 
Days

lobe 
Survival time 

Days

1-6 10-20 1-6 10-20 1-6 10-20
n =  8 n =  8 n =  8 n =  8 n =  8 n =  8

Cholesterol 30.7 ±1 .4 25.7 ±  1.5* 33.6±  1.0 26.2 ±2.1* 32.7 ±2 .5 26.6 ±2 .8  .
Cholesterol esters 0.4 ±0.1 0.3 ±0.03 1.0 ±0 .5 0.4 ±0.05 0.5 ±0.1 0.4 ±0.1'
Sulfatides 5.1 ±0.8 6.0 ± 1 .2 4.6 ±0 .8 4.7 ± 0 .4 5.5 ± 1 .0 4.9 ±0.5
Cerebrosides 17.4 ±  3.2 20.0 ±2 .3 15.8 ± 2 .9 22.3 ± 2 .0 15.4 ±2 .3 19.5 ± 2 .4
Total galactolipids 22.5 ±3 .9 26.0 ±2 .5 20.4 ±3 .5 27.0 ± 1 .9 20.9 ± 3 .0 24.4 ±2.8
Sphingomyelins 6.5 ±0.9 8.8 ±1.3 5.8 ± 1 .0 8.0 ± 0 .7 6.3 ± 1 .0 9.1 ±1 .5
Phosphatidylcholine 11.8 ±  1.2 12.1 ± 0 .6 12.5 ± 0 .7 12.5 ±  1.0 11.3 ± 0 .6 13.7 ± 0 .6
Lysophosphatidylcholine 4.4 ± 1 .6 2.5 ±0 .3 3.0 ±0 .7 2.4 ±0 .3 5.6 ±1.1 2.0 ± 0 .4
Phosphatidylserine
+  Phosphatidylinositide 5.1 ± 1 .0 8.7 ± 2 .9 3.0 ± 0 .6 6.0 ±1 .4 5.4 ±1 .0 5.6 ± 0 .4
Phosphatidylethanolamine 7.6 ±1 .6 4.8 ±0 .9 11.3 ±  4.0 4.8 ±0.8 7.3 ±1 .5 4.8 ± 1 .0
Plasmalogens 11.0 ±  2.1 11.2 ± 1 .3 9.5 ±1 .3 12.6 ±0 .8 10.0 ±  1.7 13.3±3.0
Total phospholipids 46.4 ±4 .2 48.1 ±4.1 45.1 ± 4 .2 46.3 ±2 .0 45.9 ±1 .9 48.5 ±3 .9

Mean ±  SEM; * differences significant.

Table 6. Pattern of myelin lipids of the cerebral white matter in ischemic stroke in material divided according 
to survival time after stroke (results in mmol/100 g of dry tissue)

Ischemic focus 
Survival time

Contralateral brain Contralateral frontal
hemisphere lobe

Days
Survival time Survival time

Days Days

1 - 6  1 0 - 2 0 1 - 6  1 0 - 2 0 1 - 6  1 0 - 2 0

O
OIIСooIIс O
OIIGooIIс n =  8  n =  8

Cholesterol 24.1 ±2 .7 19.6 ± 2 .9 26.3 ± 3 .4 20.6 ± 1 .7 25.1 ±2 .6 15.2 ±2.5*
Cholesterol esters 0.3 ±0.06 0.3 ±0 .04 0.4 ±0 .05 0.6 ±0 .3 0.4 ±0.04 0.2 ±0.02
Sulfatides 2.1 ±0.3 2.2 ±0 .3 2.1 ± 0 .6 2.1 ±0 .3 2.1 ±0 .2 1.7 ±  0.3
Cerebrosides 9.6 ±0.9 7.2 ± 0 .6 11.0± 1.0 7.4 ±1.3 9.2 ±0.8 5.5 ±0.9*
Total galactolipids 11.7 ± 1 .0 9.4 ±0 .8 13.2 ±  1.0 9.4 ±1 .5 11.3 ±0 .9 7.2 ±1.1*
Sphingomyelins 5 .0±  1.5 4 .2 ±  1.7 4.1 ±0 .8 2.8 ± 0 .6 4.8 ±  1.1 2.5±0 .5
Phosphatidylcholine 6.3 ±0 .9 6.7 ±  1.9 6.5 ±0 .7 5.9 ± 0 .4 7.0 ±0 .7 4.3 ± 0 .6
Lysophosphatidylcholine 2.9 ±1.1 3.9 ± 2 .2 1.8 ±  0.3 1.6 ±0.3 1.6 ±  0.5 2.1 ±0 .3
Phosphatidylserine
+  Phosphatidylinositide 4.5 ±1 .6 3 .2 ±  1.5 2.9 ± 4 .4 1.5 ±0 .3 3.3 ±0.8 2.2 ±0 .7
Phosphatidylethanolamine 2.8 ±0.8 5.2 ± 2 .2 2.8 ±0 .6 5.3 ± 1 .6 2.6 ± 0 .6 2.5 ± 0 .4
Plasmalogens 7.1 ±1 .2 6.6 ± 2 .2 7.2 ±0 .7 4.8 ± 0 .7 7.3 ±1.3 4.3 ±1.1
Total phospholipids 28.6 ± 6 .0 29.8 ±11 .4 25.3 ±2 .2 21.9 ±  1.9 26.6 ± 3 .6 17.9 ±2 .8

M ean ±  SEM; * differences significant.
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DISCUSSION

Hypoxia as well as ischemia, acting on the brain, provoke several biochemical 
alterations in the main component of the cerebral white matter: the oligodendro- 
glia-myelin complex. However, the pronounced diffuse demyelination, known as 
delayed hypoxic encephalopathy (Plum, Posner 1972), occurs only rarely in 
cerebral atheromatosis and only as a casuistic event after cardiac arrest, carbon 
monoxide intoxication or deep hypoglycemia (Wender et al. 1964; Traugott, 
Raine 1984).

Brain infarction, being the result of a drastic shortage in blood supply to the 
brain, provokes very profound metabolic alterations (Raichle 1983). Nie- 
brój-Dobosz et al. (1986) emphasized the decrease of myelin yield, drop of 
phospholipids and increase of cholesterol esters in the brain hemisphere affected 
by infarction. In our material the ischemic focus exhibited a mild decrease of 
cerebrosides and some elevation of cholesterol esters and lysophosphatidylocho- 
line content. The changes cannot be regarded to represent biochemical signs of 
myelin decomposition, characteristic for primary or secondary demyelination.

The observation of a similar pattern of changes in myelin lipids in the region 
of the infarct and in the contralateral hemisphere, established in our studies, is of 
interest. Elucidation of the problem would require com parison of our findings 
with the lipid pattern of the myelin observed in aging and hypoxia. White m atter 
in senile and presenile dementia of Alzheimer type is characterized by reduction 
of the cerebroside and sulfatide content but only when dementia occurs con­
comitantly with the lesion of the grey and white matter (England, Brun 1986). The 
authors expressed the opinion that the above mentioned changes are an independ­
ent pathological process and are not related to secondary demyelination. In our 
previous studies (Wender et al. 1988), three main types of changes have been 
disclosed in the aging brain: marked fall in myelin yield, increased content of 
lysophosphatidylcholine and decrease of sulfatides in some parts of the brain. 
Most pronounced changes of cerebral myelin lipids in hypoxia involved a m ark ­
ed increase of cholesterol esters and lysophosphatidylcholine content in the 
myelin fraction (Wender, Adamczewska-Goncerzewicz 1989).

Confrontation of our results in stroke cases: decrease of cerebrosides and 
elevation of cholesterol esters and lysophosphatidyl content, with those in aging 
and in hypoxia leads to the suggestion that both factors, i.e. ischemia as well as the 
degenerative aging process, are responsible for the abnorm al lipid pattern in the 
myelin of the white m atter in stroke cases.

The next question arises, how to explain the striking similarity between the 
myelin lipid pattern in the necrotic focus and in the contralateral brain hem i­
sphere. First of all it should be taken into consideration that the degradation of 
myelin lipids and their removal from the necrotic field is a slow process, which 
may not be completed in cases of short survival time after stroke.

In our previous studies (Wender et al. 1989) we have observed a long lasting 
increase in the fatty acid pool in the white m atter after exposure of rats to
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hypoxia. We speculated that the degradation process of several lipid-rich memb­
ranes in the brain starts immediately after hypoxia and goes on for months. This 
may explain not only progression of the clinical pattern  observed in some cases of 
stroke, but also contributes to the biochemical deviations in the myelin of 
apparently healthy white m atter of the contralateral hemisphere in brain infarc­
tion. It may also be added that our findings represent another indication that 
brain infarction is only the terminal event in long lasting ischemic lesions of the 
white m atter in cerebral vascular disease.

C O NC LUSIO N S

1. In stroke cases, the ischemic necrotic focus in the white m atter as well as 
contralateral brain hemisphere are characterized by a marked decrease of chole­
sterol and cerebrosides content and an increase of lysophosphatidylcholine and 
cholesterol esters in the myelin fraction.

2. Cholesterol and sphingomyelin contents in the myelin are significantly 
lower in the ischemic necrotic focus in the younger age class (below 70 years of 
life).

3. The ischemic changes in the white m atter in stroke cases are different from 
the pattern  of myelin decomposition characteristic for primary or secondary 
demyelination.

4. Ischemia as well as the degenerative aging process are both responsible for 
the abnorm al lipid pattern in the myelin of the white m atter in stroke cases.

5. Long lasting hypoxia resulting from cerebral vessel atheromatosis cont­
ributes to biochemical changes in the myelin of the apparently healthy white 
m atter of the contralateral hemisphere in brain infarction.

6. Brain infarction represents only the terminal event in long lasting ischemic 
lesions of the white m atter in cerebral vascular disease.

LIPIDY MIELINY W UDARZE N IEDO K R W IENN YM

S t r e s z c z e n ie

Badania przeprowadzono na materiale autopsyjnym 16 chorych w wieku od 62 do 86 lat, którzy 
zmarli z rozpoznaniem niedokrwiennego udaru mózgu. Wyniki porównano z materiałem pochodzą­
cym od 5 pacjentów w wieku 23 do 44 lat, którzy zmarli z powodu chorób nie dotykających 
ośrodkowego układu nerwowego. Wyniki badań doprowadziły do następujących wniosków:

1. W przypadkach udarów mózgu niedokrwienne ogniska martwicze w istocie białej, a także 
przeciwstawną półkulę mózgu charakteryzuje wyraźny spadek zawartości cholesterolu i cereb- 
rozydów oraz wzrost poziomu lysofosfatydylocholiny i estrów cholesterolu we frakcji mielinowej.

2. Zawartość cholesterolu i sfmgomielin w mielinie są istotnie niższe w niedokrwiennym ognisku 
martwiczym w młodszej grupie wieku (poniżej 70 roku życia).

3. Zmiany niedokrwienne w istocie białej w przypadkach udaru różnią się od obrazu rozpadu 
mieliny charakterystycznego dla pierwotnej lub wtórnej demielinizacji.
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4. Zarówno niedokrwienie, jak i zwyrodnieniowy proces starczy są odpowiedzialne za nie­
prawidłowy obraz lipidów mieliny istoty białej mózgu w przypadkach udaru.

5. Długo trwające niedotlenienie, będące wynikiem miażdżycy naczyń mózgu, przyczynia się do 
zmian biochemicznych w mielinie w pozornie zdrowej istocie białej przeciwstawnej półkuli w zawale 
mózgu.

6. Zawał mózgu jest tylko ostatnim zjawiskiem w długo trwających zmianach niedokrwiennych 
istoty białej w chorobie naczyniowej mózgu.

REFERENCES

1. Barcikowska-Litwin M: Obraz morfologiczny ogniska rozmiękania mózgowego w wieku star­
czym. Neuropatol Pol, 1984, 22, 563-582.

2. Bartlett G: Phosphorus assays in column chromatography. J Biol Chem, 1959, 234, 466-468.
3. England E, Brun A: The white matter changes in senile dementia of Alzheimer type: neuropa- 

thological and biochemical correlates. X Intern Congr Neuropathol Stockholm, 1986, Abstracts, 
p 291.

4. Folch-Pi J, Lees M, Sloane-Stanley G: A simple method for the isolation and purification of total 
lipid from animal tissues. J Biol Chem, 1957, 226, 497-511.

5. Niebrój-Dobosz I, Rafałowska J, Barcikowska-Litwin M: Brain myelin in senile patients with 
brain infarction. Neuropatol Pol, 1986, 24, 351-364.

6. Norton N, Poduslo S: Myelination in rat brains. Method of myelin isolation. J Neurochem, 1973,
21, 749-758.

7. Plum F, Posner J: Stupor and Coma. Ed. FA Davis, New York, 1972.
8. Radin N, Lavin F, Brown J: Determination of cerebrosides. J Biol Chem, 1955, 217, 789-796.
9. Raichle M: The pathophysiology of brain ischemic. Ann Neurol, 1983, 13, 2-9.

10. Sperry W, Webb M: A revision of the Schoenheimer-Sperry method for cholesterol deter­
mination. J Biol Chem, 1950, 187, 97-106.

11. Traugott U, Raine С: The neurology of myelin disease. In: Myelin. Ed: P Moreli. Plenum Press, 
New York, London, 1984, pp 311-335.

12. Wender M, Adamczewska-Goncerzewicz Z: Cerebral white matter in hypoxia. Neurology India, 
1989, 37, 514.

13. Wender M, Adamczewska-Goncerzewicz Z, Szczech J, Godlewski A: Myelin lipids in aging 
human brain. Neurochem Pathol, 1988, 8, 121-130.

14. Wender M, Adamczewska-Goncerzewicz Z, Żórawski A, Sroczyński E, Grochowalska A: In­
fluence of experimental hypoxia on content and composition of free fatty acids in cerebral white 
matter. Exp Pathol, 1989, 36, 123-127.

15. Wender M, Jurczyk W, Stengert K: Cerebral lipids in myelinopathy caused by cardiac arrest. 
Acta Neuropathol (Berl), 1964, 4, 238-244.

Authors’ address: Department of Neurology, School of Medicine, 49 Przybyszewskiego Str.,
60-355 Poznań, Poland.

http://rcin.org.pl



NEUROPAT. POL. 1991, 29, 1-2 
PL ISSN 0028-3894

ANDRZEJ K APUŚCIŃSKI

C H A N G E S O F  C O N C E N T R A T IO N  O F  CYCLIC A M P IN  RAT BRAIN 
AN D PLASM A IN  T H E  C L IN IC A L  D EA TH  M O D E L
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In the experimental model of clinical death in rats (Korpachev et al. 1982) cyclic AM P  
concentrations were evaluated in the brain and plasma at the end of 5-min clinical 
death, and 5, 15, 30, 60 and 120 min after resuscitation. The cAM P 125I assay system 
has been used. At the end of clinical death the cAM P level decreased in the brain with 
normalization 15 min after resuscitation; the second decrease of the cAM P level was 
observed 30 min post resuscitation with normalization in later periods. In the plasma 
cAMP concentration did not change at the end of clinical death, followed by a sig­
nificant increase 5 min after resuscitation. Later the level of plasma cAM P decreased 
being still above the control value after 2 hours. The possible role of endogenous 
catecholamines stimulation on adenylate cyclase activity is discussed.

K ey  w o r d s :  clinical death, c A M P ,  brain, plasma.

Interruption of cerebral blood flow produces immediate biochemical al­
terations progressing in time, which after a longer period of ischemia lead to 
irreversible damage and brain death. If cerebral circulation is reestablished 
promptly, cerebral damage due to global ischemia may be mild or absent. N o  
aspect of metabolism is spared in severe hypoxia or ischemic injury, therefore, the 
key biochemical determinants of irreversible cell damage are not completely 
known. However, the interrelated factors of energy failure, lactic acidosis, and 
C a2+ imbalance are presently viewed as critical steps leading to ischemic cell 
damage or death.

Progression of events at the molecular level may be presented in the sequence 
of time and divided into early, intermediate and late changes (Flynn et al. 1989). 
The early changes (seconds — minutes) consist in abolition of EEG, C a2 + influx, 
activation of lipolytic enzymes, mitochondrial swelling and increased NA D H . 
The intermediate changes (less than 10 min) are increased glycolysis, decreased 
glucose and glycogen, increased lactate, decreased energy charge, failure of 
Na, К -ATPase, development of edema, neurotransm itter release and increased 
cAMP. Late changes (more than 10 min) are decreased protein sythesis, increased 
proteolysis and activation of lysosomal enzymes.
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Among many molecular disorders alteration of cyclic nucleotides regulation 
play an im portant role, in particular the intracellular second messenger, adenosi- 
ne-3’5’m onophosphate (cAMP) which mediates neurotransmission and neuro­
m odulation by biogenic amines (Kaczmarek, Levitan 1987). Intracellular levels of 
cA M P are determined by the rates of cA M P synthesis from A T P by hor­
mone-sensitive adenylate cyclase and metabolism to 5’-A M P by any of several 
cyclic nucleotide phosphodiesterases.

Several laboratories have described the effect of hypoxia and ischemia on 
the time course of changes of adenine nucleotides metabolism, in particular 
cA M P in the brain (Kleihues et al. 1974; Mrsulja et al. 1976, 1986; Kobayashi 
et al. 1977; Lust et al. 1977; Sikorska 1978; Taylor et al. 1984; O nodera  et al. 
1986; Pylova 1988). In this report, the concentration of cA M P was measured in 
rat brain and plasma at the end of clinical death and after resuscitation.

MATERIAL A N D  M ETHO DS

Under ether anesthesia 5-min clinical death was induced in 35 adult female 
Wistar rats, weighing 170-180 g, by intrathoracic compression of the cardiac 
vessels bundle at the base of the heart with a hook-like device without major 
surgery (Korpachev et al. 1982). Cardio-pulm onary resuscitation was performed 
by external cardiac massage and artificial ventilation with air. The animals were 
sacrificed in groups of five at the end of ischemia and 5, 15, 30, 60 and 120 min 
after resuscitation. Five animals served as a control group in which under ether 
anesthesia the sham -operation was performed.

In the above periods of time 1.5 ml of blood was drawn from the right cardiac 
ventricle and the brain was removed from the skull. Blood was placed in cooled 
polyethylene tubes containing 7.5 mM  EDTA and the plasma immediately 
separated by centrifugation at 4°C (7000 g, 5 min). Plasma was frozen in liquid 
nitrogen and stored at — 20°C until analysed. Brains were removed from the 
skulls in less than 30 sec, and  forebrain samples were cut-off at 4°C, weighed 
(approx. 80 mg), immediately frozen in liquid nitrogen and stored at — 20°C until 
analysed.

cA M P was measured in the brain and plasma by means of the radioim- 
munologic competition m ethod with anigen labelled 125I and dual antiserum: 
rabbit anti-succinyl cA M P serum and donkey anti-rabbit serum (cAM P 125I 
assay system, dual range, Amersham).

Frozen brain samples were homogenized in cold 6% TCA (1 ml), centrifuged 
at 2000 g for 15 min at 4°C, and  the supernatant washed four times with 5 volumes 
of water-saturated diethyl ether. The remaining aqueous extract was dried under 
a stream of nitrogen at 60°C, and the dried extract dissolved to 1:5000 in 
a suitable volume of 0.05 M acetate assay buffer, pH 5.8 with 0.01% thimerosal. 
Plasma was assayed in 1:20 dilution. All samples including standards, antigen 
and antiserum were incubated for 3 h at 4°C. After 10 min incubation with 
Amerlex-M second antibody at room  temperature, the antibody-bound fraction
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was separated by centrifugation (10 min, 1500 g). The radioactivity was deter­
mined in an automatic gamma scintillation counter (Beckman). All samples were 
assayed in duplicate including standards to construct the standard curve for 
calculations of results. Results were expressed as mean ±  SD and were analysed 
by Student’s t test.

RESULTS

The dynamics of changes of cA M P concentration in the rat brain and plasma 
in the control group, at the end of 5-min clinical death and after resuscitation is 
presented in Table 1.

In the control sham-operated group the mean level of cA M P in the brain was 
1.27 +  0.30 nmol/g of wet tissue. At the end of the 5-min clinical death cA M P level 
significantly decreased. In the early period after resuscitation (5 and 15 min) 
cA M P concentration quickly increased reaching in 15 min the control values. In 
30 min after resuscitation cA M P concentration once again significantly dec­
reased. In the later period (60 and 120 min) the level of cA M P increased to the 
values which did not differ from control ones.

Table 1. cAM P concentration in the rat brain (nmol/g wet tissue) and plasma (pmol/ml) during 
clinical death and after resuscitation

r  , e .. Period after resuscitation_ . End of cli----------------------------------------------------------------------------------------------
Control , ,

meal death 5 min 15 min 30 min 60 min 120 min

Brain

Plasma

1.27±0.30 0.78±0.13* 0 .97±0.13 1.30±0.58 0.66±0.10** 1.17±0.23 1.04±0.26
(100%) (61%) (76%) (102%) (52%) (92%) (82%)

20.4± 5.2 22.8 ± 21.3** 148.0±21.3**68.9± 22.2**65.9±  12.8**42.5±  12.8** 38.4±  5.9** 
(100%) (112%) (725%) (338%) (323%) (208%) (188%)

Values represent means ±  SD from 5 animals. Significant in reference to control: *p <  0.05;
**p <  0.01.

In the control sham-operated group, the cA M P level in the plasma was on the 
average 20.4 +  5.2 pmol/ml. At the end of clinical death, concentration of cA M P 
did not differ significantly from the control. Five minutes after resuscitation the 
level of cA M P in the plasma significantly increased, later (15-120 min) gradually 
decreased, being still significantly elevated after 120 min.

DISCUSSION

The obtained results indicated that the character of changes of cA M P 
concentration in the brain and plasma differ from each other, and changes in 
plasma should not inflence the brain level, because cA M P content in the plasma 
is of one order lower. The level of cA M P in the brain of control rats was similar to 
the values obtained by other authors (Onodera et al. 1986) and lower as com-

7 — Neuropatologia Polska 1—2/91

http://rcin.org.pl



9 8 Kapuściński

pared with the results obtained in decapitated rats, after ether anesthesia or 
sham-operation related to exposure of common carotid arteries in ether anes­
thesia, evaluated 2 min after operation (Sikorska 1978). The level of cA M P in the 
plasma of control rats did not differ significantly from the values quoted by 
Amersham.

Authors analysing changes of brain cA M P level under the influence of 
ischemia or hypoxia in different experimental models and different species, 
indicate an increase of cA M P concentration already during ischemia (Mrsulja et 
al. 1976, 1986; Kobayashi et al. 1977; Sikorska 1978; Pylova 1988) with sub­
sequent reversible increase in the postischemic period and a decrease to the 
control level or even below it. M rsulja et al. (1986) in gerbils subjected to 5-min 
bilateral common carotid artery occlusion, showed elevation of the cA M P level 
in the brain (cortex, striatum, hippocampus) as early as after 40 s of ischemia with 
the peak concentration in 60 s. During the further 4 min of ischemia cA M P level 
did not change significantly. In more recent investigations, Mrsulja et al. (1989) 
using the same experimental model with extension of ischemia to 15 min, 
observed a fourfold decrease of the cA M P level in the hippocampus as compared 
with the maximal concentration at 5 min. One hour recirculation produced even 
a deeper decrease of cA M P concentration, reaching the control level. Sikorska 
(1978) employing several experimental models of brain hypoxia and ischemia in 
rats, found a transient increase of cA M P level and adenylate cyclase in the brain. 
She claimed that this phenom enon could be unspecific because a comparable 
effect occurred after ether anesthesia and in sham-operated animals. Pylova 
(1988) observed an increase of cA M P concentration and activity of adenylate 
cyclase in the brain cortex and striatum in the second minute of 15-min clinical 
death induced in dogs by electric shock. Two and three days after resuscitation 
cA M P concentration was significantly lower, particularly in the animals with 
neurological disorders.

The results of brain cA M P content in the 5th min of clinical death in rats are 
in contradiction to the majority of results obtained in other experimental models. 
Instead of a rise of cA M P concentration, a significant decrease was observed. 
Neither did O nodera et al. (1986) when studying mononucleotide metabolism in 
a rat which survived 10 min of forebrain ischemia, employing Pulsinelli and 
Brierley’s model (1979), observe elevation of cA M P concentration in the brain at 
the end of the ischemic period, but even a decrease, however, not statistically 
significant. In the early period of recirculation (3 and 5 min) they observed 
a transient increase of cA M P content with later normalization. Lust et al. (1977) 
employing bilateral common carotid artery occlusion in gerbils, found no in­
crease of cA M P level in the cerebellum during 5 min ischemia, and a decrease of 
its concentration during 20 min ischemia and after recirculation, as well as 
a significant d rop of cA M P level in the spinal cord during ischemia and after 
recirculation. The above mentioned authors emphasize that it is probably the 
first case of a significant decrease of the cA M P level in nerve tissue during 
ischemia and recirculation.
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In our studies 5 and 15 min after resuscitation, the increase of cA M P content 
in the brain was observed, as compared with the level at the end of ischemia, 
however, the peak content did not differ from the control level. In 30 min after 
resuscitation once again a decrease of cA M P concentration was observed with 
later normalization.

The results of our studies and data from literature seem to indicate differences 
in the molecular mechanisms acting in different experimental models. The 
so-called occlusive models (bilateral ligation of carotid artery in gerbil and rat) 
produce a prom pt and considerable rise of peripheral blood pressure as result of 
catecholamine release into the peripheral blood (Kapuściński, Mossakowski 
1983). The similars mechanism occurs in animals exposed to hypoxic hypoxia, at 
the beginning of CO intoxication (Sikorska 1978) and in clinical death produced 
by electroshocks (Pylova 1988). An extreme example of this mechanism is the 
model of complete cerebral ischemia in rabbits produced by increase of in tra­
cranial pressure or occlusion of all arteries supplying the brain (Kapuściński et 
al. 1981).

Catecholamines are listed as known factors stimulating adenylate cyclase 
(Sutherland et al. 1962; Robinson et al. 1967; Spatz et al. 1983; Pylova 1988; 
N o rth u p  1989). The stimulating effect of adrenaline, noradrenaline and dopam i­
ne on adenylate cyclase in the endothelium of cerebral vessels was shown by 
Spatz et al. (1983), and the same effect of dopamine and noradrenaline on 
adenylate cyclase in the cortex and striatum during 15 min clinical death in dogs 
was observed by Pylova (1988).

The specificity of the experimental model employed in this study charac­
terized by immediate arrest of blood inflow and outflow from the heart, resulted 
in no increase of arterial blood pressure. On the contrary, the peripheral blood 
pressure drops to zero after several second of heart bundle compression (Kapuś­
ciński 1987). The level of total catecholamines (noradrenaline +  adrenaline), 
assayed in the same experimental model, in brain and plasma did not show any 
increase at the end of 5-min clinical death (Kapuściński 1991). In the brain- at the 
end of clinical death, as well as up to 120 min after resuscitation, a significant 
decrease of total catecholamines concentration was observed. In the plasma, 
however, in 5th min after resuscitation a significant increase of catecholamines 
content appeared with peak level after 15 min, and tendency toward later 
normalization. This could explain am ong other factors the lack of cA M P increase 
in the plasma at the end of clinical death and the considerable rise of its 
concentration in the early period after resuscitation with later progressing 
decrease of its level. At 120 min after resuscitation its level was still significantly 
elevated as compared with control level.

In the accessible literature we found no papers dealing with changes of 
catecholamines and cA M P concentrations in the brain and plasma in vivo in the 
same ischemic model. Spatz et al. (1983) reported an increase of blood-brain 
barrier permeability for monoamines in gerbils with common carotid arteries 
occlusion. However, their stimulating effect on adenylate cyclase in the endo-
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thelium of cerebral vessels was proved only in vitro. In the recent paper on gerbils 
Mrsulja et al. (1989) suggested that changes in monoamines level in the brain are 
independent of energy metabolism. However, the problem of influence of en­
dogenous catecholamines concentration changes in the plasma on adenylate 
cyclase activity in the brain in ischemic conditions still seems to be an open 
question.

ZM IANY STĘŻENIA CYKLICZNEGO AM P W M Ó ZG U  I O SO CZU SZCZURA  
W M O D ELU ŚMIERCI KLINICZNEJ

S t r e s z c z e n ie

W doświadczalnym modelu śmierci klinicznej u szczura oceniono stężenie cAM P w mózgu
1 osoczu w kontroli, w 5 min śmierci klinicznej oraz w 5, 15, 30, 60 i 120 min po resuscytacji. 
Zastosowano cAM P 125J metodę radioimmunologiczną. Na końcu okresu śmierci klinicznej poziom  
cAM P w mózgu obniżył się normalizując się w 15 min po resuscytacji. Obniżenie poziomu cAMP  
obserwowano również 30 min po resuscytacji z normalizacją w późniejszym okresie. W osoczu 
stężenie cAM P nie zmieniało się na końcu okresu śmierci klinicznej i znamiennie wzrosło 5 min po 
resuscytacji. W późniejszym okresie stężenie cAM P w osoczu stopniowo zmniejszało się, jednakże po
2 godz. było nadal powyżej wartości kontrolnych. Przedyskutowano możliwą rolę endogennych 
katecholamin w stymulacji aktywności cyklazy adenylowej.
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We presented the case of 78-year-old man with mental retardation and spastic parapa­
resis diagnosed early in life as cerebral palsy. Six years prior to demise he had 
post-traumatic subdural hematoma, which was removed surgically. The neuropa- 
thological examination revealed the sequelae of the recent trauma, superimposed on 
the extensive old lesions. Cavitary changes in the periventricular white matter and 
cortical ulegyria in the border zones of the major cerebral arteries vascularization were 
characteristic of perinatal hypoxic-ischemic lesions. Peculiar in the ulegyria were 
extensive areas with numerous corpora amylacea adjacent to the areas of fibrillar and 
cellular gliosis. Another sequelae of involution processes was the atrophy of brain 
hemispheres (secondary microcephaly). The case appears to be an example of the late 
degenerative involution changes developing on the background of lesions originated 
from the perinatal period.

K ey  w o r d s :  perinatal hypoxia,  ulegyria, long-term survival.

It is only rarely in routine neuropathological practice that we have an 
opportunity  to evaluate a case of perinatal brain lesions with very long survival. 
Presented here is the case of a man with cerebral palsy and mental retardation 
diagnosed early in life. He spent almost his entire life in the institution where he 
was observed clinically, properly treated and died at the age of 78, after having 
suffered an additional brain traum a six years prior to demise.

CASE REPORT

Patient M.P. 78 years old at death, was for 62 years a permanent resident of 
Wassaic Developmental Center in New York. Early records indicate that his 
disabilities were birth related, but no details are available. He did not walk until

* Supported in part by New York State Office of Mental Retardation and Developmental 
Disabilities.
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five years of age and was essentially nonverbal. He was diagnosed as microce- 
phalic, with spastic paraparesis and profound mental retardation (I.Q. below 20, 
classified 318.2, DSM  III). His clinical status never improved and his develop­
mental age was equivalent to 1.7 years. At the age of 30, the patient had advanced 
tuberculosis with pleuritis. At age 72, he developed posttraum atic subdural 
hematoma, which was removed surgically. During the last six years of life, the 
patient was bedridden and fed via gastrostomy. He died of massive gastrointes­
tinal bleeding at age 78.

General autopsy showed extensive esophageal ulcerations, hemorrhagic gast­
ritis, and old pleural adhesions.

Neuropathological macroscopic examination revealed a small brain, 585 
grams in total weight; the weight of the brain stem and cerebellum was 130 g. 
Bilateral areas with small and narrowed cortical gyri were noted on the surface of 
the frontal and parietal lobes. There was also a large cortical defect in the left 
fronto-temporal area involving the left superior and middle temporal gyri and the 
lower parts of the precentral and postcentral gyri. On coronal sections, there was 
almost symmetrical bilateral narrowing of the superior and middle frontal gyri 
(Fig. 1). The gyri of the parietal lobes were mushroom-shaped, shortened and 
flattened. The white m atter underneath the affected cortex, as well as the deep 
periventricular white matter, were firm, had rubbery consistency, and showed 
multiple small, smooth-walled cavities (Fig. 2). The remaining central white 
m atter appeared atrophic. The lateral ventricles, especially the posterior horns, 
were markedly dilated. In addition to these almost symmetrical lesions, there was 
an extensive defect of the cortex and the subcortical white m atter involving the 
frontal and temporal operculum (Fig. 1). The basal ganglia, brain stem and 
cerebellum did not show gross abnormalities.

Microscopic examination was performed on paraffin embedded sections 
stained with hematoxylin and eosin (HE), Kliiver-Barrera and Bielschowsky 
techniques.

In the sections taken from the narrowed and short frontal and parietal 
cortical gyri there was almost complete absence of neuronal cells. Neurons were 
replaced by proliferating glial cells. Prominent subpial fibrillary gliosis was noted 
(Fig. 3). Scattered am ong proliferating glial cells, in all layers of the cortex, were 
numerous corpora amylacea (Fig. 4). The density of corpora amylacea in any 
given area, seemed to be inversely proportional to the density of proliferating 
glial cells. In some areas of the cortex, bundles of thick myelinated fibers were 
noted (Fig. 5).

The white m atter underneath the affected cortex showed inadequate myelina- 
tion (Fig. 6) and diffuse glial proliferation. There was focal calcification in the 
subcortical white m atter of the occipital lobes, and the small leptomeningeal 
blood vessels showed adventitial fibrosis. Some of these vessels also showed 
extensive adventitial calcification (Fig. 3). In the sections from the edge of the 
defect of the left hemisphere, there was an extensive, dense glial scar with 
numerous macrophages and with hemosiderin deposits. The sections from the 
grossly unaffected cortical areas showed diffuse loss of neuronal cells. The
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Fig. 1. Coronal section of brain hemispheres. The cerebral gyri in the area bordering the areas of 
vascularization of frontal and medial cerebral arteries are damaged and narrowed. Note also a large 

defect of the frontal and temporal opercula

Fig. 2. Coronal section of the brain hemispheres at the parietal level. The gyri at the medial surface of 
the hemisphere are small and there are multiple cavities in the underlying white matter. The posterior 

horns of the lateral ventricles are markedly dilated

sections of the central white m atter showed moderate pallor of myelin in the areas 
underneath the affected cortex. The brain stem showed moderate atrophy of the 
pyramidal tracts. N o  significant changes were noted in the sections of the 
cerebellum.
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Fig. 3. Occipital cortex with glial scars of the superficial cortical layers and fibrotic leptomeningeal 
blood vessels showing calcification in the adventitia. HE, x 60

Fig. 4. The cortex of the medial frontal gyrus with almost complete loss of neurons. Multiple corpora 
amylacea are present in all cortical layers. Klüver-Barrera, x 100

Fig. 5. Frontal cortex with thick, intensely stained myelinated fibers among a few remaining neurons.
Kliiver-Barrera/PAS, x 200

Fig. 6. Coronal section of the occipital lobe at the level of the posterior horns of the lateral ventricles. 
Mushroom-shaped gyri and demyelination of the white matter are seen. Klüver-Barrera/PAS, magn.

glass
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DISCUSSION

In the presented case, the clinical picture of mental retardation and spastic 
paraparesis had stabilized at early infancy. The deterioration of the patient’s 
clinical status in the last few years of life, was apparently the result of post- 
traumatic subdural hematoma. The neuropathological examination revealed the 
sequels of this relatively recent trauma, superimposed on the extensive old 
lesions, which were clearly the result of perinatal brain damage. Large cortical 
encephalomalacia in the area of vascularization of the left medial cerebral artery, 
originating from the perinatal period, was surrounded by an old glial scar. At the 
edge of this scar, there were scattered macrophages and hemosiderin deposits, 
which were the result of posttraum atic hematoma, removed surgically a few years 
prior to demise. The topography of the cavitary lesions in the white m atter was 
characteristic of hypoxic-ischemic perinatal lesions, so-called multifocal cystic 
encephalopathy. This entity usually present multiple defects of the immature 
cerebral white matter, rimmed with gliosis, calcification and damaged axons 
(Aicardi et al. 1972; Friede 1975; Larroche 1977; Ferrer, Cervôs-Navarro 1978).

The lesions found in the presented case, produced a typical clinical manifes­
tation. Spastic diplegia, with paraparesis of the lower limbs, is usually the result of 
bilateral lesions in the periventricular white m atter at the fronto-parietal level 
(Dąmbska et al. 1989; Saia et al. 1989). The distribution of lesions in the border 
zones of the areas of vascularization of the major cerebral arteries (anterior, 
medial and posterior) was particularly pronounced in the presented case. These 
lesions involved the white m atter and cortex, in which there were focal lesions of 
ulegyria type. Ulegyria indicates atrophy of the gyri in which almost total loss of 
neurons with glial proliferation are characteristically found in the cortex in 
the depth of the sulci. This is usually accompanied by islands of preserved 
neurons in the cortex of the crowns of the gyri. These islands are usually separated 
by so-called “plaques fibromyeliniques” (abnormal and hypermyelinated fibers) 
(Bressler 1899; N orm an et al. 1957; Friede 1975). In the presented case, the picture 
of ulegyria was modified with time, as the glial scars resulting from perinatal brain 
damage had time to “m ature”. Adjacent to the areas of fibrillar and cellular gliosis 
with thick, abnormal and hypermyelinated fibers, there were extensive areas with 
numerous corpora amylacea. These structures are usually found in the astrocytic 
processes (Ramsay 1965) and usually are a peculiar expression of the long lasting 
involution process. Another sequel of involution processes in the presented case 
was atrophy of brain hemispheres, which can be called secondary microence- 
phaly.

The presented case appears to be an excellent example of the evolution of late 
involutionary lesions against background of typical anoxic-ischemic lesions 
originating from the perinatal period.

http://rcin.org.pl



10 8 K uchna and K ozłow ski

NASTĘPSTWA ZM IAN O K O ŁO PO RO D O W Y C H  W O ŚRO D K O W Y M  UKŁADZIE  
NERW OW YM  O CENIANE PO W IELOLETNIM  PRZEŻYCIU

S t r e s z c z e n ie

Opisano przypadek 78-letniego chorego, u którego wcześnie po urodzeniu rozpoznano klinicz­
nie zespół mózgowego porażenia dziecięcego i upośledzenie umysłowe, a w schyłkowym okresie życia 
doszło do pourazowego krwiaka podtwardówkowego ewakuowanego chirurgicznie. Badanie neuro- 
patologiczne ujawniło następstwa tego względnie świeżego urazu, a przede wszystkim rozległe 
zmiany, które były wynikiem okołoporodowych uszkodzeń mózgu. Topografia obustronnych ognisk 
zwyrodnienia torbielowatego istoty białej półkul mózgu oraz korowej ulegyrii w obszarach granicz­
nego unaczynienia tętniczego była charakterystyczna dla okołoporodowych uszkodzeń niedotlenie- 
niowo-niedokrwiennych. Obraz ulegyrii korowej został zmodyfikowany przez czas. W miejscu 
rozległych ubytków neuronalnych zaznaczona była glejoza i widoczne były liczne ciała skrobiowate. 
Innym następstwem procesów inwolucyjnych był zanik mózgu, który można określić jako małomóz- 
gowic wtórne. Całość obrazu jest dobrym przykładem narastania zmian inwolucyjnych w typowym 
zespole uszkodzeń okołoporodowych.
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Ten neurinomas of ganglion semilunare nervi trigemini induced in rats with ethylnit- 
rosourea contained numerous neurons entrapped into solid neoplastic tissue. Gang­
lion cells were mostly well preserved and presented the receptors to the lectin Con A, i.e. 
the ability for its binding to a-glucose and oc-mannose. Positive G FAP immunoreac- 
tion in neuronal satellite cells suggests that the function of satellites corresponds to that 
of intracerebral astrocytes and that the preservation of ganglion cells depends on their 
satellites.

K ey  w o r d s :  neurons, satelli te cells, schwannomas, G F A P, Con A.

Detection of damaged neurons in cerebral and spinal cord tissue caused by 
glioma infiltration is generally acknowledged, whereas incorporation of ganglion 
cells by solid, non-glial tumors, such as intracranial and paravertebral schwan­
nomas in humans is uncom m on (Ziilch, Christensen 1956; Matyja, K roh 1988). 
The purpose of this investigation is to characterize the neurons entrapped by 
experimental schwannomas and to determine the possible morphological con­
ditions required for their survival in alien neoplastic tissue.

MATERIAL A N D  M ETHODS

Ten schwannomas originating from nine non-inbred W istar rats were in­
duced with ethylnitrosourea according to the previously published procedure 
(Kroh 1985). The tum ors attached to the brains of seven dead or sacrificed 
animals (aged 170-375 days) were embedded in paraffin, the 7 ц т  thick sections 
were stained with hematoxylin and eosin, cresyl violet and according to 
Klüver-Barrera’ and Gridley’s methods. Brain sections together with the semilu- 
nar ganglion (ganglion Gasseri) and two upper cervical ganglia taken from an 
adult W istar rat served as control material. Glial fibrillary acidic protein (GFAP) 
was immunohistochemiçally investigated with the use of polyclonal antiserum
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(Dakopatts, Copenhagen), dilution 1:500, on paraffin sections by the ABC 
method. Paraffin sections served also for direct reaction with the lectin, Con- 
cavalia ensiformis (Con A), labelled with peroxidase (Sigma, USA), 20 |ig/ml 
(Figols et al. 1990).

RESULTS

The tumors were compact, some contained small cysts. Their diameter was 
0.5-1.5 cm and they were attached to the trigeminal roots. Bilateral localization 
occurred in one animal only. In each case the tum or caused a distinct indentation 
in the cerebral tissue, without any infiltration. Single or multiple oligodendrog­
liomas of the brain were associated with schwannomas in six animals.

The neoplastic tissue consisted of small densely packed hyperchromatic cells, 
with some loose areas in 5 schwannomas. Classification into Antoni A and 
В types could not be established. Mitotic figures were absent. Reticulin fibers 
were scarce and could be traced intercellularly and perivascularly. The vas­
cularization of tumors was moderate with prevalence of thin-walled vessels of 
large diameter. Large cysts and necrotic foci were present in five tumors. Frag­
mented myelin fibers, best preserved at the periphery were present in nine tumors.

Ganglion cells scattered am ong neoplastic cells were of various size and 
exhibited normal or pathological appearance, including ghost cells (Fig. 1). 
Pathological changes included intracytoplasmic vacuolization, acute neuronal 
swelling, central tigrolysis. Chronic neuronal changes were less frequent. Some 
neurons of the semilunar ganglion outside schwannomas remained either normal 
or displayed chronic and ischemic cellular changes.

Con A receptors were best expressed as small irregular granules in the 
cytoplasm of well-preserved neurons, especially of the large ones and, in lesser 
amount, in those with pathological changes (Figs 2, 3). Neoplastic cells were 
negative for Con A.

G F A P  immunostaining was assessed in five tumors as a narrow, irregular 
zone of strongly stained elements adhering to outer side of some normal ganglion 
cells (Fig. 4), but also around some presenting neuronal degeneration (Figs 5 and 
6). Such G F A P  immunoreaction was displayed also around neurons outside 
thick neoplastic infiltration. Edem atous tissue at the border between the normal 
and infiltrated nerve root presented a strong positive cellular G F A P  reaction. 
Neoplastic cells were GFAP-negative in all cases.

In the control animal, the large number of neurons of the semilunar ganglion 
and upper cervical ganglia expressed a strong intracytoplasmic, granular reac­
tion with Con A, presented also by altered neurons (Figs 7a and b). The G F A P  
immunostaining was low and detected around the few neurons of the semilunar 
ganglion (Fig. 8). This reaction was difficult to trace around the neurons of 
cervical ganglia.
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Fig. 1. Ganglion semilunare infiltrated with schwannoma cells. Vacuolization of ganglion cells. HE.
X 132

Fig. 2. Schwannoma. Ganglion cell with blurred appearance of cytoplasm exhibits granular Con A
acceptors. Direct PAP. x 160

Fig. 3. Schwannoma. All ganglion cells incorporated into the tumor express granular Con A
acceptors. Direct PAP. x 100
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Fig. 4. Schwannoma. GFAP-positive cytoplasm of satellite cells around the unchanged ganglion cell.
X 200

Fig. 5. Schwannoma. GFAP-positive reaction around the cytoplasm of pathological ganglion cell.
X 200

Fig. 6. Schwannoma. GFAP-positive reaction surrounds segments of periphery of pathological
neuron (arrows), x 160

DISCUSSION

G anglion cells were often noticed in experimental schwannomas of the 
trigeminal nerve and  spinal dorsal roots after involvement of their ganglia or 
autonom ic trunk ganglia in the neoplastic tissue (Jänisch et al. 1967; Ivankovic, 
Druckrey 1968; Stavrou 1969; Zülch, Mennel 1971; Denlinger et al. 1973; Klei- 
hues et al. 1976; N aito  et al. 1981; Vinores, Koestner 1982; K roh  1985), but only 
few authors paid attention  to the well preserved morphology of neurons in spite
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Fig. 7. Control rat: a — neurons of semilunar ganglion with fine Con A granules; b — neurons of upper 
cervical ganglion with Con A granules, visible also in vacuolized neuron. Direct PAP. x 160

Fig. 8. Control rat. Semilunar ganglion. Traces of G FA P immunostaining in satellite cells (arrow).
x 160
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of advanced damage to myelin fibers within the tum or area (Mennel, Ivankovic 
1975). The presented material, chosen for its homogeneity as the tum or type and 
degree of anaplasia, displayed a wide range of neuronal changes. The generally 
accepted reasons for neuronal changes within experimental cerebral gliomas are 
mechanical pressure and chronic ischemia which can be also a result of abnorm al 
vascularization and blood-brain barrier permeability (Lantos, Pilkington 1980). 
Abnormal permeability connected with fenestration of the endothelia in hum an 
and rat schwannomas support this view (Hirano et al. 1972a, b). Lantos and 
Pilkington (1980) associate the intensity of neuronal changes in gliomas with the 
size, type and degree of anaplasia of the tumor. O ur material points only to the 
lack of direct relation between the intensity of neuronal alterations and their 
central or peripheral localization within schwannomas.

Investigations on dorsal sensory ganglia disclosed two types of neurons: type 
A which corresponds to the large, light, and type В corresponding to small, dark 
neurons (Andres 1961). The former display numerous neurofilaments, whereas 
the latter only a very scarce am ount (Sharp et al. 1982). According to other 
authors (Parfianowicz et al. 1971) the large cells of the dorsal root ganglia are 
pure sensory neurons. These large cells increase their size in rat dorsal root 
ganglia parallel to the increase of body growth (Larson 1979), but there remain 
still some differences am ong the neurons of the peripheral nervous system, i.e. in 
the groups of neurons of cranial nerves ganglia, of dorsal roots sensory ganglia, of 
autonom ic system ganglia, and as special subtype in the ganglion cells of the 
visceral organs (Smith 1961; D ’Agostino 1964; Maxwell 1967; Moses 1967; 
Jessen, Mirsky 1980).

The binding of Con A by normal and degenerated neurons in schwannomas 
seems to be at variance, but was expressed mostly by the large neurons. The 
well-preserved neurons, like the control ones, display an intensity of reaction 
from strong to weak, whereas the degenerated ganglion cells show  weak reaction 
or are deprived of it, pointing at the relationship of Con A expression with cellular 
metabolism of glycoproteins and glycolipids (a-mannose and a-glucose) in nor­
mal and damaged neurons. It was surmised before, that the intensity of the 
binding of Con A, in particular by the large neurons in the cortex, basal ganglia, 
anterior horns and semilunar ganglia depends mainly on the degree of differen­
tiation of these neurons (Schwechheimer et al. 1984a, b, c). In the peritumoral 
area, the low differentiated neoplastic cells of neuronal origin do not exhibit any 
or only traces of Con A acceptors (Schwechheimer et al. 1984a).

According to early electron microscope observations, the neurons of dorsal 
ganglia in the rat are surounded by two typs of satellite cells: Type I (Hiillzellen) 
adhere to the cellular membrane as a narrow zone (150 fim-10 ц wide) and by type 
II cells (Schwann cells) associated with axons (Cervos-Navarro 1960). M any 
authors are of the opinion that both types of satellite cells contain some glial 
filaments (Maxwell 1967; Moses 1967; Dahl et al. 1982) and glycogen (Maxwell 
1967). These data  support the earlier view, that the function of satellite cells is 
similar to that of astrocytes in CNS (Cervos-Navarro 1960). The immunohis-
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tochemical similarity of satellite cells to astrocytes has been lately confirmed by 
G F A P  investigations though there exist several contradictory data  resulting 
from anatomical and species differences in the peripheral and visceral neuron 
systems, demonstrated by poly-and m onoclonal antibodies suggesting the pres­
ence of various G F A P  epitopes (Achtstätter et al. 1986). It has been established 
that there are two types of Schwann cells which differ by their G F A P  positivity 
(Hacker et al. 1985); the GFAP-positive Schwann cells are not associated with 
myelinated axons (Dahl et al. 1982; Field, Yen 1985). Therefore it seems clear, why 
satellite cells of sensory, sympathetic and visceral ganglia are GFAP-positive 
(Jessen et al. 1984). O ur results prove that GFAP-positive satellite cells also 
adhere to the cellular membrane of some unchanged and some degenerated 
neurons of semilunar ganglia and in this aspect they do not diverge from other 
sensory ganglion cells.

Convergence of a distinct expression of the Con A by the large neurons 
entrapped into trigeminal schwannomas and the marked GFAP-positive im- 
munoreaction in satellite cells points at them as the source of survival for these 
ganglion cells in unsuitable external conditions. It can only be surmised that as 
long as satellite cells are functioning, the ganglion cells preserve their function 
and morphology. GFAP-positivity assessed in satellite cells around the neurons 
with blurred appearance indicates a sustained cellular interaction. Enhanced 
G F A P  reactivity of satellite cells around the neurons incorporated into neoplas­
tic infiltration as compared with controls implies additional similarities to the 
reaction of cerebral astrocytes in pathological conditions and an analogy to the 
increased reaction in Schwann cells during Wallerian degeneration (Dahl et al. 
1982). The distinct G F A P  reaction in the trigeminal root at the boundary with 
neoplastic infiltration confirms this observation.

KOM ÓRKI ZWOJOWE I SATELITARNE W DOŚW IADCZALNYCH NERWIAKACH  
N ERW U TRÓJDZIELNEGO SZCZURA

S t r e s z c z e n ie

Na materiale 10 nerwiaków zwoju półksiężycowatego nerwu trójdzielnego wywołanych u szczu­
rów etylonitrozomocznikiem stwierdzono, że liczne komórki zwojowe wśród zbitej tkanki nowo­
tworowej zachowują prawidłowy wygląd histologiczny i zdolność wiązania lektyny Con A, co 
wskazuje na zachowane przyswajanie przez nie D-glukozy i D-mannozy. Identyfikacja G FAP  
w towarzyszących im komórkach satelitarnych pozwala przypuszczać, że funkcja komórek satelitar­
nych odpowiada czynności astrocytów względem neuronów śródmózgowych i wskazuje na zależność 
stanu morfologicznego komórek zwojowych od ich satelitów.
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