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Introduction 
 

      Since the advent of transmission electron 

microscope numerous ultrastructural studies of 

Wallerian degeneration of peripheral nerves have 

been reported by many Authors. In the central 

nervous system such earlier and pioneering studies 

are also numerous [1-16].These studies have 

characterized the basic electron microscopic features 

of central axonal degeneration, and demonstrated that 

the submicroscopic pathology of axonal disease can 

be quite diverse even following the same mechanism 

of injury. In order to study its basic pathogenetic 

mechanism, degeneration of central myelinated axons 

has been experimentally induced in some animals, 

such as rats and guinea pigs. In this context, Lampert 

(1968) [13] and Hirano (1972) [17] have thoroughly 

revised the alteration of subcellular structures of 

central myelinated axons in numerous experimentally 

induced pathologic conditions, and in samples of 

human material. 
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Abstract: 

      In traumatic brain injuries of human edematous cerebral cortex degenerated myelinated axons in the gray matter 

underwent varicose fiber swelling, clear and dark types of axonal degeneration, myelin sheath vacuolization and 

distortion, formation of myelin ovoids, invagination and retraction of axoplasm, rupture of axolemma, cytoskeletal 

disruption featured by increased or reduced number of neurofilaments and fragmentation of microtubules, retraction of 

axoplasm, enlargement of periaxonal space, and partial or total disappearance of axoplasmic organelles. Phagocytosis 

of degenerated myelinated axons by reactive oligodendrocytes, astrocytes, microglial cells, and non-nervous 

professional phagocytes is observed in mild and severe traumatic brain edema. Some biochemical events are postulated 

underlying myelinated axonal degeneration. 
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      In the edematous central nervous system more 

attention was given primarily to the study of 

myelinated axons of the white matter [6,21,22]. 

Disappearance of filaments and microtubules was 

reported by Darrel (1973) in Wallerian degeneration 

of the corticospinal tract. Schlaepfer (1974) [23] 

earlier related the granular disintegration of 

microtubules and neurofilaments with the influx of 

extracellular calcium ion to the axoplasm (hypothesis 

of Wallerian degeneration by influx of calcium). 

Decomposition of neurofilaments and microtubules 

was later reported by Tucek et al. (1978) [24] as 

induced by ischemia. Hardman (1979) elegantly 

reviewed the features of primary and secondary 

traumatic lesions in the CNS, and the axonal reactive 

swelling. Genarelly et al. (1985) earlier described the 

diffuse axonal injury in traumatic coma in primates. 

Castejón (1985) reported the axonal degeneration in 

myelinated axons of human edematous cerebral 

cortex associated to severe human traumatic brain 

injuries. Cheng and Povlishock (1988) found reactive 

axonal changes after traumatic brain injury of visual 

system. Erb and Povlishock (1988) [25] reported 

organelle accumulation and focal axolemmal 

distention without frank disruption in severe 

traumatic brain injury. Blumbergs et al. (1989) [26] 

demonstrated diffuse axonal injury in patients with 

head trauma. Shigemory et al. (1992) [27] found 

coexisting diffuse axonal injury and outcome of 

severe human head injury. Yamaki et al. (1992) [28] 

described remarkable destruction of cytoskeletal 

structure in human who died shortly afterimpact. 

Gennarelli (1993) [29] described traumatic defect of 

axonal membrane thatcauses the excessive 

accumulation of calcium ions within the intracellular 

compartment. Povlishock (1992 a,b, 1993) [30], 

Povlishock and Kontos (1992) [31], Christman et al. 

(1992) [32], Pettus et al. (1994) [33], and Povlishock 

et al. (1999) [34], using animal models of traumatic 

brain injury, complemented by post mortem human 

analyses, reported neurofilament misalignment, loss 

of focal side arms, compaction, and neurofilament 

disassembly. Cytoskeletal derangement following 

central nervous system injury also was later described 

by Hayes et al. (1995) [35]. Pierce et al (1996) [36] 

demonstrated intra-axonal accumulation of amyloid 

precursor proteins and beta amyloid peptide after 

lateral fluid percussion injury. Posmantur et al .(1996 

a,b) [37,38] reported cytoskeletal derangements of 

cortical neuronal , and diminished microtubule-

associated protein 2 (MAP2) immunoreactivity 

following cortical impact in brain injury processes 

three hours after traumatic brain injury in rats. 

Cytoskeletal alterations following central nervous 

system injury also was reported later by Saatman et 

al. (1998) [39]. Many of these investigations 

provided important insight into mechanisms possibly 

mediating loss of cytoskeletal proteins including 

disturbance in calcium homeostasis, and activation of 

calcium-dependent proteolytic enzymes. The 

perturbations of axolemma and the cytoskeletal 

alteration were associated with impairment of 

axoplasmic transport [40-43]. These findings 

suggested that a direct mechanical effect on the 

axonal cytoskeleton is a pivotal event in the initiating 

pathogenesis of axonal injury [44]. Bramlett et al. 

(1997) [45] demonstrated the presence of beta 

amyloid precursor protein in axons after traumatic 

brain injury. Kampfl et al. (1998) and Wang et al. 

(1998) [46] described diffuse axonal injury after 

closed head injury as the major form of primary brain 

injury in posttraumatic persistent vegetative state. 

Bidman et al. (1998) found alterations and changes in 

cytoskeletal proteins and proteoglycans after focal 

cortical ischemia. Wang and Hou (2000) [47] also 

reported neurofilament misalignment in a model of 

diffuse axonal injury and focal brain injury in rats. 

Nashmi and Fehlings (2001) [48] found thin myelin 

sheath in axons of rat thoracic spinal cord after 

chronic compressive injury. Adelson et al. (2001) 

described significant axonal damage after diffuse 

traumatic brain injuries. Raghupathi and Margulies 

(2002) [49] reported accumulation of neurofilaments 

after closed head injury in neonatal pigs. Axonal 

injury in children after motor vehicle crashes was 

reported by Gorrie et al. (2002) [50]. Cheng et al. 

(2003) found disrupted neurofilaments after 

controlled cortical impact. Huh et al. (2003) 

described transient loss of microtubule-associated 

protein 2 immunoreactivity after moderate brain 

injury in mice. Maxwell et al. (2003) [51] reported a 

differential response between microtubules and 

neurofilaments in animal models of traumatic axonal 

injury. Saatman et al. (2003) [52] demonstrated 

disruption of retrograde axonal transport and 

progressive accumulation and dephosphorilation of 

neurofilament protein in swollen and disconnected 

axons. Hamberger et al. (2003) [53] reported reduced 

heavy phosphorilated neurofilament subunit in the 

axons after rotational trauma. Smith et al. (2003) [54] 

found amyloid beta accumulation in axons 

aftertraumatic brain injury in humans. Hoshino et al. 

(2003) [55] used multiple immunostaining to detect 

traumatic axonal injury in the rat fluid-percussion 

brain injury model. Khan (2004) described myelin 

sheath splitting, intramyelinic and periaxonal edema 
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and occurrence of amorphous and electron dense 

material in the degenerated rabbit optic nerve. Stone 

et al. (2004) [56] demonstrated impaired axonal 

transport and altered axolemmal permeability in 

damage axons following traumatic brain injury. Hall 

et al. (2004) [57] described peroxinitrite-mediated 

protein nitration and lipid peroxidation in a mouse 

model of traumatic brain injury. Khan (2004) [58] 

reported splitting of myelin, intramyelinic and 

periaxonal edema and occurrence of amorphous and 

electron dense material in rabbit degenerated optic 

nerve. Castejón and Acurero (2004) described 

axolemmal and cytoskeletal derangement in patients 

with severe human traumatic brain injuries and loss 

of consciousness. Rodrigues-Paez et al. (2005) [59] 

found reduction in the number of myelinated fibers 

following traumatic brain injury in the rat. Stys 

(2005) [60] reviewed the biochemical and molecular 

cascades of axonal damage. Chung et al (2005) [61] 

demonstrated that mild axonal stretch injury in vitro 

induces a progressive series of neurofilament 

alterations ultimately leading to delayed axotomy in 

mildly and strong injured axons. Marmorou et al. 

(2005) [62], using immunohistochemical methods, 

made a quantitative analysis of the relationship 

between intra-axonal neurofilament compaction and 

impaired axonal transport following diffuse traumatic 

brain injury in rats. Reeves et al. (2005) [63] 

demonstrated the differential vulnerability of 

myelinated and unmyelinated axons of corpus 

callosum following traumatic brain injury in rats. 

Gallyas et al. (2006) [64] described the degenerative 

morphological changes of traumatic compacted axons 

in rats. Kelley et al. (2006) [65] identified impaired 

axonal transport, deposit of amyloid precursor 

protein, and axolemmal alteration after fluid 

percussion brain injury in rats. Petzold et al. (2005, 

2006) [66,67] studied human axonal degeneration in 

subarachnoid hemorrahage, and found an increase in 

the neurofilament heavy chain. 

 

In the present review we describe by means of light 

and electron microscopy the degeneration of 

myelinated axons in the gray matter of edematous 

human cerebral cortex in severe human traumatic 

brain injuries, and the reactivity of periaxonal 

neuroglial cells,using human cortical biopsies 

immediately processed for transmission electron 

microscopy. 

 

1. Light Microscopy of Degenerated 

Myelinated Axons 
 

Semithin plastic section examined with the light 

microscope showed the undulated and beaded shaped 

of degeneratedlongitudinally sectioned myelinated 

axons (Figure1). 

 

 
 

Figure 1: Brain trauma. Subdural hematoma. 

Photomicrograph of semithin plastic section of 

degenerated meylinated axons in a severely swollen 

brain parenchyma exhibiting status spongiosus. 

 

Electron microscopy of perivascular region shows the 

cross section of degenerated myelinated axons 

surrounded by large extracellular spaces occupied by 

the eextravasated hematogenous edema fluid 

originated from the traumatic vasogenic edema 

(Figure 2). 
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Figure 2: Brain trauma. Subdural hematoma. Low 

magnification electron micrograph showing the cross 

sections of degenerated myelinated axons surrounded 

by enlarged extracellular space (ES). The 

neighboring brain caqpillary display the 

transendothelial vacuolar transport, swollen basement 

membrane (BM), edematous pericite (P). The short 

arrows indicate the vasogenic edema induced by the 

hematogenous edema fluid; Note the swollen 

astrocyte cytoplas (A). 

 

2. Ultra Structural Pathology of Myelin 

Sheath 
 

      A remarkable enlargement of the myelin periods 

was noted according to the severity of brain edema, 

which induces progressive widening of the 

intraperiod space andsplitting ofintraperiodic lines, 

resulting in formation of small and large vacuoles 

with a clear content, due to overhydration of myelin 

sheath multillamelar arrangement (Figure 3). 

 

 
 

Figure 3: Brain trauma- Vacuolated myelin sheath 

(arrowheads) surrounded by lacunar spaces of 

extracellular space (ES).The axoplasm (Ax) shows 

the dark degenerated mitochondria A degenerated 

dendritic profile (D) also is distinguished. 

 

      The outer myelin bulbs of degenerated 

myelinated axon permeate the neighboring neuropile. 

 The axonal cytoskeleton appears fragmented (Figure 

4). 

 

 
 

Figure 4: Brain trauma and subdural hematoma. Left 

parietal cortex. Longitudinal section of a degenerated 

myelinated axon (AX1) showing vacuolization (V) of 

myelin sheath. The arrowhead labels the separation 

of myelin lamellae. The clear axoplasm exhibits 

fragmented microtubules (short arrows) and 

neurofilaments (circles). The cross section of another 

axon (AX2) show the formation of outer myelin 

ovoids (long arrows) insinuating among the nerve 

cell processes of neighboring neuropile. Note the 

presence of degenerated axodendritic synaptic 

contact (SC), and the enlargement of extracellular 

space. 

 

      The enlargement of interlamellar space resembles 

to that described in peripheral nerves exposed to 

hypotonic solutions, metachromatic leukodystrophy, 

culture cells after X-irradiation, allergic 

encephalomyelitis, and in edema produced by 

implantation of silver nitrate [13]. According to 

Lampert, the water molecules would bind to 

lipoproteic layers of the intraperiodic line or minor 

dense line, splitting them apart. 

 

Myelin Sheath Vacuolization 
 

      Myelinated axons with a secondary sheath of 

vacuolized redundant myelin are also found. 

Vacuolization of myelin sheath is a widely reported 

finding in earlier light and electron microscopic 

studies of edematous gray matter (Gruner, 1967; 

Zulch, 1967; Hirano et al., 1969) [68-70]. In ex-

perimental cerebral edema, the formation of 

intramyelinic vacuoles has been studied by numerous 

investigators. Bakay and Lee (1965) [71] described 

division and vacuolization of the myelin sheath 
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induced by triethyltinic compounds in rat white 

matter. These Authors did not observe changes of 

myelin sheath in the gray matter. Lampert and 

Schochet (1968) [21] reported myelin vacuolization 

without apparent damage to the glial cells and few 

degenerative changes in themyelinated axons of duck 

white matter after isoniazide administration. They 

proposed that vacuole formation could be related 

with the inhibition of ATPase system by the 

isoniazide. Lampert (1968) [13] referred to the 

presence of myelinated vacuoles in edema by 

cryptococal polysaccharide implantation, and in the 

spongy degeneration of the brain. Blakemore et 

al.(1972) [73] found myelin vacuolization, 

hypertrophic astrocytes and degenerated 

oligodendrocytes in dog cerebral edema induced by 

isoniazide. Khan (2004) [58] showed splitting of 

myelin sheath, intramyelinic and periaxonal space 

and presence of electron dense material in 

degenerated rabbit optic nerve. 

 

Hypothesis on the Weakening of Van Der 

Waals Forces in the Myelinolytic Effect of 

Brain Edema 
 

      The myelin intermolecular stability is of 

fundamental importance in the preservation of 

physical integrity of myelin layer. The physico-

chemical factors which promote myelin stability 

should be considered before discussing the changes 

that occur during myelin hydration, vacuolization, 

distortion and granular disintegration in brain edema. 

The electron microscopic, polarization and X-ray 

diffraction studies indicate that the myelin lamellar 

structure is essentially composed of circumferentially 

arranged protein layers and layers of radially directed 

lipid molecules. The molecular stability of myelin 

depends upon the bonds between these layers and on 

the intermolecular bonds within them. The 

stabilization of these layers in a radial direction 

should be due principally to columbic or ionic 

association complexes between phosphoryl groups or 

basic phospholipid groups, and the corresponding 

cationic or anionic groups in the protein layer. The 

myelin is circumferentially or longitudinally 

stabilized by the protein layer and by the van der 

Waals forces between the fatty acid chains and the 

cholesterol molecules in the lipid layers [74]. The 

water molecules have a dipolar moment and may 

affect the distribution of the charges between these 

closely associated molecules, establishing a 

distribution of charges subject to fluctuations. This 

induced effect originates separation of the charges, 

which is lesser than that found between the lipid 

molecules, giving, as a result, lesser interaction 

energy and in consequence weaker chemical bonds 

[75]. The increase of the water content of the cerebral 

tissue, as occurs in brain edema, should weaken the 

van der Waals attraction forces existing between the 

lipid molecules and should also weaken the saline 

unions between the phospholipid and protein 

molecules, which should produce dilation of the 

interlamellar spaces, vacuolization and physical 

distortion of the myelin sheath. Finean and Woolf 

(1962) [76] earlier emphasized the role of physical 

agents in the weakening of adhesion forces existent 

between myelin lamellae as the cause of myelin 

distortion. In our study on human cortical biopsies, 

the physical forces would be represented 

fundamentally by the physical intensity of traumatic 

agent and the expansive growth of the hematoma or 

hygroma, and also by the presence of edema fluid 

infiltrating the neuropil. Thedistortion of the myelin 

sheath appears as consequence of the formation of 

large intramyelinic vacuoles. Severe distortion of the 

myelin sheath associated to widely dilated 

neighboring extracellular spaces suggests that the 

edema fluid present in these spaces would filter 

through the outermost myelin sheath lamella. This 

observation clarifies a fundamental question about 

edema pathology early formulated by Zulch (1967) 

[69], on the probable role of unstained edema fluid in 

myelin swelling. 

 

Disruption of Cytoskeletal Structures 
 

Increased amount of actin-like-filaments and a 

decrease of microtubules are observed in some 

patients with severe traumatic brain injuries (Figure 

5). 
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Figure 5: Contusion and fracture of frontal region. 

Left frontal cortex. Longitudinally sectioned 

myelinated axon (AX) showing a bundle of parallel 

arranged neurofilaments (NF). Some of them appear 

fragmented (long arrows). Note the absence of 

microtubules. The axolemma shows an invagination 

(short arrow). Note the damaged myelin sheath (MS) 

and the neighboring swollen and glycogen-depleted 

astrocyte (A).  

 

      Castejón and Acurero (2004) demonstrated, by 

means of transmission electron microscopy, granular 

disintegration of microtubules, misaligned and 

fragmented neurofilaments, and disruptedaxolemma. 

Marmorou et al. (2005) [62] found that neurofilament 

compaction is not associated with impaired axonal 

transport in diffuse axonal injury.This differential 

response was also described by Jafari et al. (1998) 

and Maxwell et al. (2003) [51] in guinea pig optic 

nerve after traumatic axonal injury, by Sun et al. 

(2002) in a guinea pig model of diffuse axonal injury, 

and by Okonkwo et al. (1998). The differential 

response between microtubules and neurofilaments is 

presumably due to the effect of vasogenic cerebral 

edema, which induces microtubular disassembly. 

Apparently due to the intensity of traumatic agents, 

the constitutive protofibrils of microtubules become 

separated, thus forming filaments (Castejón, 1985). 

Decomposition of neurofilaments and microtubules 

was earlier reported by Tucek et al. (1978) [24] as 

induced by ischemia. Lately, Yamaki et al. (1992) 

[28] described remarkable destruction of cytoskeletal 

structure in human who died shortly after impact. 

Povlishock (1992, 1993) [30,77], Christman et al. 

(1992) [32], Pettus et al. (1994) [33], using animal 

models of traumatic brain injury, complemented by 

post mortem human analyses, reported neurofilament 

misalignment, loss of focal side arms, compaction 

and neurofilament disassembly. Cytoskeletal 

arrangement following central nervous system injury 

also was reported later by Hayes et al. (1995) [35]. 

Pettus and Povlishock (1996) [78] described 

alterations in axolemmal permeasbility to horseradish 

peroxidase linked with distinct cytoskeletal changes. 

Posmantur et al. (1996a, b) [37,38], and Saatman et 

al. (1998) [39] demonstrated alterations in 

cytoskeletal proteins, such as microtubule associated 

protein-2 (MAP2) following brain injury. High 

density of neurofilaments has been also described in 

sprouting axons following brain injury (King et al., 

2001) [79]. Stone et al. (2001) [80] reported 

neurofilament compaction, progressive accumulation 

of cell organelles, and increased axonal swelling. 

Chung et al. (2005) [61] found neurofilament 

compaction, and mildly injured axons with increased 

neurofilament immunoreactivity and ring-like 

neurofilament immunoreactivity in a new model of 

transient axonal stretch injury. Stone et al. (2004) 

[56], using markers of axolemmal integrity and 

marker of impaired axoplasmic transport, confirmed 

that axolemmal disruption and impaired axoplasmic 

transport occur as distinct non-related events early in 

the pathogenesis of traumatic axonal injury.  

 

       The increased amount of neurofilaments seems 

to be an unspecific axoplasmic reaction which has 

been found in a great variety of pathological 

conditions. It has been earlier observed in reactive 

axons after the administration of B-B' 

iminodipropionitrile and aluminium phosphate and in 

acrylamide intoxication and chronic experimental 

cyanide intoxication [81]. Proliferation of filaments 

and loss of microtubules have also been observed 

after the administration of colchicine, vinblastine and 

vincristine [17]. Malbouisson et al.(1985) reported 

loss of microtubules in degenerated rat small nerve 

fibers. Raghupathi and Margulies (2002) [49] 

demonstrated accumulation of neurofilament protein 

in swollen axons after close head injury of neonatal 

pigs. Huh et al. (2003) [82] reported transient loss of 

microtubule associated protein 2 (MAP2) after 

moderate brain injury in mice. Saatman et al. (2003) 

[52] showed progressive accumulation and 

dephosphorilation of neurofilament protein in 

swollen and traumatically disconnected axons. 

Gallyas et al (2006) [64] demonstrated neurofilament 

compaction in rat calvaria after head injury. Granular 

disintegration of filaments and fragmentation and 

disappearance of microtubules also is observedin 

severe and complicated traumatic head injuries 

(Figures 6&7). 
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Figure 6: Brain trauma. Left fronto-parieto-occipital 

subdural hematoma. Left parietal cortex. Cross 

sectioned myelinated axon showing edematous and 

electron lucent axoplasmic matrix (AX) with scarce 

and fragmented neurofilaments (long arrows), and 

fragmented axolemma (short arrows). Microtubules 

are absent. An axoplasmic myelin ovoid (MO) also is 

seen. Note the enlarged extracellular space (asterisks) 

in the neighboring neuropil.  

 

 
 

Figure 7: Brain trauma and right parieto-temporal 

subdural hematoma. Right temporal cortex. Electron 

micrograph showing the disrupted microtubules (long 

arrows) and neurofilaments (short arrows), and the 

disrupted axolemmal membrane (arrowheads). 

Myelinsheath distortion and vacuolization (V) also is 

noted. Interlamellar hypertrophic oligodendroglial 

cytoplasm (OL) is observed invading the intraperiod 

space, and separating the interlamellar arrangement 

of myelin sheath. X 90.000. 

 

      Swollen axons with axoplasm devoid of 

cytoskeletal component were described by Dietrich et 

al. (1996) after fluid percussion brain injury in rats. 

Stys and Jiang (2002) reported calpain-dependent 

neurofilament breakdown in anoxic- ischemic rat 

central axons. This finding has also been earlier 

reported in degenerated axons of spinal cord after 

sectioning of the dorsal ascending tract [81], and in 

experimental allergic encephalomyelitis [83]. 

Schlaepfer (1974) [23] has related the granular 

disintegration of microtubules and neurofilaments 

with the influx of extracellular calcium ion to the 

axoplasm (hypothesis of Wallerian degeneration by 

influx of calcium). In advanced axonal degeneration 

disappearance of filaments and microtubules is 

observed in a similar way to that reported by Darrel 

(1973) [18] in Wallerian degeneration of the 

corticospinal tract. Backstrom and Collins (1987) 

[84] found that excess material in rat axonal swelling 

after 2, 5 hexanediol treatment was due to 

neurofilament proteins and not tubulin proteins. 

Hamberger et al. (2003) [53] have shown a decreased 

of phosphorilated heavy subunit of neurofilaments 

after rotational head trauma. 

 

The Clear Type of Axoplasmic 

Degeneration 
  

      As illustrated in Figs.5 and 6, the swollen 

axoplasm shows a clear or matrix, increased or 

reduced number of neurofilaments, partial loss of 

organelles, deep invaginations and fragmentation of 

axolemma, axolemmal blebs, protein aggregation 

characterized by a flocculent precipitate or clumpy 

osmiophilic axoplasmic material dispersed 

throughout the axoplasm, and disruption of 

microtubules. The watery appearance of clear 

myelinated axons is due to severe axonal swelling 

and degeneration. Moderate or marked dilation of the 

smooth endoplasmic reticulum is observed, which 

suggests intracellular edema with increased 

circulation of water and electrolytes. Similar 

observations have been reported in cyanide 

poisoning, hypoglycemia, hypoxia, experimental 

glaucoma, and after sectioning of peripheral or 

central axons [17].  

 

      Axolemmal alterations in traumatic axonal injury 

was earlier reported by Castejón (1985), and lately by 

Gennarelli et al. (1985,1989) [85], Povlishock and 

Christman, (1995,1996) [40,41], Povlishock and 

Pettus, (1996), Maxwell (1996), Singleton et al. 

(2002) [40], and more recently by Stone et al. (2004) 

[56] and Kelley et al. (2006) [65]. Axonal swelling 

and organelle loss seem to be related with the 

metabolic suppression of mitochondrial oxidative 

energy. According to Stys (2005) [61] when energy 

supply is limited ion gradients breakdown, 

unleashing a variety of aberrant cascade, ultimately 

leading to Ca++ overload. During Na pump 

dysfunction, Na+ can enter axons through non-

inactivating Na+ channels, promoting axonal Na+ 

overload, and depolarization by allowing K+ egress. 

This will gate voltage sensitive Ca++ channels and 

stimulate reverse Na+-Ca++ exchange, leading to 

further entry of Ca++. Energy failure will also 
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promote Ca++ release from intracellular stores. 

Neurotransmitters such as glutamate can be released 

by reverse operation of Na+-dependent transporter, in 

turn activating a variety of ionotropìc and 

metabotropic receptors, further exacerbating overload 

of cellular Ca++. Together, this Ca++ overload will 

inappropriately stimulate a variety of Ca++ 

dependent enzymes (e.g. calpains, phospholipases), 

leading to structural and functional axonal injury. 

Accumulation of Ca++ in the brain following head 

trauma was earlier reported by Shapira et al (1989) 

[86]. In addition to the depressed energy metabolism, 

cerebral oxitative stress is related with the damage of 

cytoskeletal structures, myelin sheath multillamelar 

arrangement and axolemmal fragmentation. 

Peroxidative stress has been implicated in mechanism 

leading to neuronal cell injury (Paschen et al., 2001; 

Boldyrev et al., 2000; Evans, 1993; Choi, 1993) [87]. 

One source of free radicals in ischemic cells is 

arachidonic acid released by membrane 

phospholipids under the action of Ca
2+

-activated 

phospholipase A2 (Keuhl and Egan, 1980). Several 

oxygen radical species besides superoxide radicals 

are produced following hypoxia. Superoxide radicals 

have been shown to change phospholipid and protein 

structure. Hydroxyl radicals are the most reactive and 

are known to initiate lipid peroxidation and protein 

oxidation and nitration [57,88-90]. Peroxidation of 

polyunsaturated fatty acids damages cell membranes 

and disrupts transmembrane ionic gradients. The 

products of lipid peroxidation are aldehydes, 

hydrocarbon gases, and other metabolites that can 

cause cytotoxic and vasogenic edema, as observed in 

our electron micrographs. Iron derived from 

hemoglobin of intraparenchymatous hemorrhages can 

serve as a catalyst for free radical mediated oxidation 

leading to enhanced secondary tissue damage [90]. 

Practico et al. (2002) [91] using a marker of lipid 

peroxidation showed local and systemic increase in 

lipid peroxidation after moderate experimental brain 

injury. Tavazzi et al. (2005) have demonstrated, by 

means of high-performanece liquid chromatography 

on whole brain tissue extracts, the close relationship 

between the degree of oxidative stress and the 

severity of brain insult.  

 

The Dark Type of Axoplasmic 

Degeneration 
 

      Some dark myelinated axons underwent the so-

called electron dense or black type of axonal 

degeneration (Figure 8). 

 

 
 

Figure 8: Brain trauma and associated subdural 

hematoma. Right parietalcortex. Dark type of axonal 

degeneration. Note the high electron density of 

axoplasmic matrix (AX) and the redundant layer of 

myelin sheath permeating the neuropil (long arrow). 

Cytoskeletal structures are not visible. Inner myelin 

ovoids (MO) are also distinguished. The axoplasmic 

retraction (short arrow) induces enlargement of 

periaxonal space (asterisk).The extracellular space 

(ES) appears notably enlarged, and containing 

proteinaceous edema fluid.  

 

      The myelinated axons show tortuous or beaded 

aspect with successive constrictions and dilations 

classically described by light microscopic studies. 

The accentuated tortuosity caused the formation of 

protrusions of myelin bulbs toward the neighboring 

neuropil. In some areas, the myelin sheath exhibits 

variable degrees of vacuolar and vesicular 

degeneration. Swollen and ballooned axons were also 

described by Cervos- Navarro and Lafuente (1991) 

[92] around the contusion zone and far from it.  

 

      The axoplasmic darkening was earlier reported by 

Cajal (1928) [93] and subsequently by Lampert and 

Cressman (1966) [93], Laatsch and Cowan [94], Gray 

and Hamlyn (1972) [16]. As suggested by Dunkerley 

and Duncan (1969) [15], the increased density of 

degenerating axoplasm may be accounted for by 

shrinkage due to loss of water by contraction of 

axoplasm or by chemical changes that result in 

greater uptake of osmium and the metallic stains used 

in the preparative techniques for electron microscopy. 

However, what is really intriguing is the observation 

of clear degenerated axons in the neighboring 

neuropil. These observations suggest that the central 

Wallerian degeneration is not a chronologically 
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uniform process, and that different axons are 

undergoing early and late degeneration, or 

presumably is due to different axoplasmic chemical 

composition. In favor of this latter idea is the 

observation of the dark type of axonal degeneration 

in indolamine axons induced by 5,6 

dihydroxytriptamine (Baumgarten et ai, 1972) [95]. 

Glutaraldehyde used as the primary fixative in 

conventional transmission electron microscopyis a 

very efficient protein-stabilizer by means of cross-

linking [96], and the darkening of axoplasm is 

apparently due to the reaction of glutaraldehyde with 

protein aggregations formed during the degenerative 

process.  

 

Formation of Myelin Ovoids 
 

      As illustrated in Figures. 3 and 5, fragmentation 

of myelinated axons and formation of outer and inner 

myelin ovoids are observed. Often the outermost 

lamellae became detached and burst into the 

dilatedextracellular spaces. Between the large 

vacuoles and the myelin ovoids, abundant 

hypertrophic oligodendroglial cytoplasm with 

numerous electron dense granulations is seen. The 

periaxonal spaces appeared invaded by the 

hypertrophic oligodendrocytes. The inner and outer 

myelin ovoids show retracted axoplasm containing 

membrane remnants, and in some their axoplasmic 

content was clear without evidence of axoplasm. 

Their myelin sheaths are collapsed or vacuolized, and 

a few cases showed common lamellae with the parent 

axons. Ng et al. (1994) described myelin globoids as 

aform of myelin damage secondary to axonal 

disruption. 

 

The Alterations of Periaxonal Space 
 

      The axoplasmic retraction induce enlargement of 

the periaxonal space located between the axolemma 

and the inner most myelin lamella. The periaxonal 

space shows moderate dilation in early axonal 

degeneration due to a slight retraction of the axon, 

and is observed apparently normal in those 

myelinated areas with well preserved myelin 

multilamellar arrangement. Marked enlargement of 

this space was observed in very severe edema and 

advanced grades of degeneration (Figure 9).  

 

 
 

Figure 9: Brain trauma. Subdura hematoma. Left 

parietal cortex. Severely degenerated axon (AX) 

showing deep invaginations of axolemmal membrane 

(arrows) and enlargement of periaxonal space. The 

circle shows the granular disintegration of 

neurofilaments. Swollen mitochondria (M) also are 

seen.  

  

      The enlargement and vacuolization of periaxonal 

space could be produced by filtration of edematous 

fluid from the extracellular space through the myelin 

sheath transverse bands. Thesebands have been 

proposed by Hirano and Dembitzer (1969) [70] as a 

way of access from the extracellular space to the 

periaxonal space. Alterations of the periaxonal space 

have also been observed in lead neuropathy [97], and 

in other types of cerebral edema (Lampert, 1968) 

[13]. 

 

      In advanced degeneration the axoplasm is 

replaced by a flocculent and electron dense material 

(Figure10) resulting from disintegration of 

cytoskeletal structures and cell organelles. Protein 

and degenerated organelle accumulation in traumatic 

brain injury also results from interruption of axonal 

transport. 
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Figure 10: Brain trauma complicated with a subdural 

hematoma. Left parietal cortex. Irregularly shaped 

myelinated axon with advanced degeneration 

showing myelin sheath (MS) disruption and 

vacuolization (V), a granular material deposited in 

the axoplasm (AX), protein accumulation (arrow), 

and degenerated organelles (DO) evincing 

interruption of axoplasmic transport. X 36.000. 

 

      The following axoplasmic proteins have been 

characterized by Smith et al. (2003) [98], such as: 

beta-amyloid precursor protein and its proteolitic 

products, amyloid beta (abeta) peptides, 

neurofilament proteins, and synuclein proteins. 

 

The Positive Marchi Reaction of Degenerated 

Myelin Sheath 
 

       As illustraited in Fig. 10 a highly electron dense 

granular deposit is observed in the degenerated 

myelin sheath, which seems to correspond to a 

selective precipitate of osmium tetroxide. Following 

the initial phase of physical myelin disintegration, a 

chemical degradation of the myelin lipids is produced 

[74]. Presumably at the electron microscope level this 

granular deposit is a positive Marchi reaction [99], in 

which degraded phospholipids are selectively stained. 

These alterations closely resemble those described by 

Schlaepfer (1969) [100] in experimental lead 

neuropathy, especially the granular disintegration of 

axoplasm and the disruption and partial myelin 

collapse. 

 

Myelin Sheath-Oligodendroglial Relationship 

in Human Brain Edema 
 

The examination of scanning transmission semithin 

plastic sections of severe dematous regions shows 

dense oligodendrocyte surrounding the degenerated 

myelinated axons (Figure 11). 

 

 
 

Figure 11: Brain trauma. Subdural 

hematoma.Scanning transmission electron 

micrograph of a semithin plastic section showing a 

swollen dense oliogodendrocyte (O) and a clear 

edematous astrocyte (A) with large lipofucshin 

granule (LG) surrounding a degenerated myelinated 

axon (arrowhead). 

 

At the electron microscopy level the notably swollen 

oligodendrocyte appear in close topgraphic 

relationship to the degenerated myelinated axon 

(Figure 12). 

 

 
 

Figure 12: Brain trauma. Subdural hematoma. 

Notably swollen hydropic oligodendrocyte associated 

to degenerated axon (AX), and surrounded by clear 

swollen astrocyte cytoplasms (CA). 
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      Injury to the central nervous system results in 

oligodendrocyte cell death and progressive 

demyelination. Demyelinated axons undergo 

considerable physiological changes and molecular 

reorganizations that collectively result 

in axonal dysfunction, degeneration and loss of 

sensory and motor functions [101]. According to 

Flygt et al. (2013) [102], traumatic brain 

injuryinduces oligodendrocyte apoptosis and 

widespread myelin loss,  

 

Phagocytosis and Digestion of Degenerated 

Myelinated Axons 
 

      In advanced axonal degeneration observed after a 

long evolution time of brain injury, partial or total 

disappearance of axoplasmix matrix is seen, which 

appears occupied by large vacuolar spaces.Reactive 

oligodendrocytes invade the myelin sheath and 

phagocyte the axoplasm by means of large 

pseudopodic expansions, leaving a huge vacuolar 

space in the site previously occupied by the 

axoplasm. These spaces are limited by the innermost 

myelin lamellae and the hypertrophic 

oligodendroglial cytoplasm. Similar behavior has 

been earlier reported in Schwann cell by Singer and 

Steinberg (1972) [7] in transected and colchicine-

poisoned nerves. 

 

Phagocytosis by Microglial Cell 
 

      Dark microglial cells appear phagocyting the 

degenerasted myelinated azons (Figure 13). 

 

 
 

Fig.13. Brain trauma. Subdural hematoma. Left 

frontal cortex. Electron micrograph showing a dark 

phagocytic microglial cell (Mc) with an engulfed 

degenerated myelinated axon (AX). 

 

 

Hill et al. (2018) [103] recently reported 

myelindebris accumulation within microglia in 

myelin degeneration during aging process. Zindler 

and Zipp (2010) [104] postulate that activated 

microglia and peripherally derived macrophages are 

shifted towards a strongly pro-inflammatory 

phenotype and produce the proinflammatory 

cytokines TNF-α and interleukin (IL)1-β, as well as 

potentially neurotoxic substances including nitric 

oxide, oxygen radicals and proteolytic enzymes. 

 

Swollen and Hydropic Oligodendrocytes and 

Axonal Degeneration 
 

      Myelinating glia play a fundamental role in 

promoting the maturation of the axon cytoskeleton, 

regulating axon trafficking parameters, and imposing 

architectural rearrangements such as the nodes of 

Ranvier and their associated molecular domains. In 

the setting of demyelination, these changes may be 

reversed or persist as maladaptive features, leading to 

axon degeneration (Pan and Chan, 2017) [105]. Most 

oligodendrocytes showed remarkable hydropic 

changes, characterized mainly by lacunar 

enlargement of smooth (Golgi complex) and rough 

endoplasmic reticulum and nuclear envelope. A 

process of disassembly of nuclear pore complex was 

frequently observed, although some nuclear pore 

complexes remained unaltered. The nuclear envelope 

appeared irregularly dilated and followed a contoured 

trajectory. Some oedematous oligodendrocytes also 

exhibited necrotic cytoplasmic membranes [106-

110]. The mitochondria appear with a swollen, clear 

matrix and without enlargement of the intracristae 

and double membrane spaces. Reactive 

oligodendrocytes invades the degenerated myelinated 

axons, the periaxonal space and emite pseudopodic 

expansions to phagocyte the axoplasm (Figures 

14&15) [111-115]. 

 



Citation: Castejón OJ (2018) Morphopathological Changes of Dendrites in the Edematous Human Cerebral 

Cortex. Inte Jr Neuro and Neuroscie: IJNANS-104. 

 

 

 

Journal of Neurology, Psychiatry and Brain Research, Isuue-01, Volume-2018 

 

12 

 
 

Figure 14: Brain trauma. Subdural hematoma. 

Reactive oligodendrocyte attached to a degenerated 

myelinated axon (arrows), The axoplasm (Ax) show 

the fragmented cytoskeletal structures. The 

arrowheads indicate the site of invading 

oligodendroglial phagocyting pseudopods. 

 

 

 
 

Figure 15: Brain trauma. Subdural hematoma. 

Reactive oligodendrocyte phagocyting the axoplasm 

of a degenerated myelinated axon by means of 

pseudopodic expansions (short arrows). The long 

arrow indicates the vacuolated myelin sheath. The 

arrowheads point out the isolated myelin layers. 

 

 

 

Phagocytosis by Dark Hypertrophic 

Astrocytes 
 

In most cases examined, the degenerated axons are 

mainly phagocyted by astrocytes, microglial cells, 

and non-nervous and invading professional 

phagocytes. The engulfed myelin fragments suffer 

stratifications, distortion, granular disintegration and 

a litic process within the cytoplasm of phagocytic 

cells [116-120]. Sometimes the formation of myelin 

figures is also observed withinthe phagocytes. The 

myelin debris may appear within membranous 

compartments of phagocytic vacuoles or either free in 

the cytoplasmic matrix. Some astrocytes with 

phagocytic ability show numerous osmiophilic 

vesicles and myelinic residual bodies dispersed 

throughout the entire cytoplasm. Dark reactive 

astrocytes also phagocytes the degenerated 

myelinated axons (Figure 16) [121-126]. 

 

 
 

Figure 16: Brain trauma. Subdural hematoma. Dark 

hyperthrophic asytocyte (DHA) phagocyting a 

degenerated myelinated axon (Ax). This phagocytic 

astrocyte exhibits dark enlarged endoplasmic 

reticulum (ER) and large vacuoles (V), dark 

lysososmes (L), and long pseudopod (arrows) s. 

Invading monocytes from inflammatory reaction also 

participate in digestion and clearance of degenerated 

myelinated axons (Figure 17). 
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Figure 17: Brain trauma. Sudural hematoma. 

Invading monocyte from the inflammatory reaction 

displaying phagocytic vacuoles (PV) and a 

phagocytosed myelinated axon (Ax). 

 

Concluding Remarks  
 

       In traumatic brain injuries of human edematous 

cerebral cortex degenerated myelinated axons in the 

gray matter underwent varicose fiber swelling, clear 

and dark types of axonal degeneration, myelin sheath 

vacuolization and distortion, formation of myelin 

ovoids, invagination and retraction of axoplasm, 

rupture of axolemma, cytoskeletal disruption featured 

by increased or reduced number of neurofilaments 

and fragmentation of microtubules, retraction of 

axoplasm, enlargement of periaxonal space, and 

partial or total disappearance of axoplasmic 

organelles. Phagocytosis of degenerated myelinated 

axons by reactive oligodendrocytes, astrocytes, 

microglial cells, and non-nervous professional 

phagocytes is observed in mild and severe traumatic 

brain edema. 
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