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DIFFUSE AXONAL AND NEURONAL INJURY EVOKED BY TRAUMATIC BRAIN 
INJURY: PATHOMECHANISM AND EXPERIMENTAL THERAPEUTICAL 

INTERVENTIONS  
 
 
 

I. INTRODUCTION 
 
 Traumatic brain injury (TBI) is an important public health problem in the developed 
world; it represents the leading cause of death in the population aged under 40. According to 
the WHO, 10 million head injuries resulting in either death or hospital admission occur every 
year in the world, and approximately 57 million people sustain TBI at least once in their life. 
In Hungary, approximately 14 000 TBI occur every year, 71.3% of them are considered mild, 
19.4% moderate and 9.4% severe. Fifty-five % of trauma patients die during the acute 
management. Among the survivors, 40% are discharged in a permanently vegetative state or 
have permanent disabilities, only 45% recover fully or with mild disability.  
 Traumatic brain injuries represent a very heterogeneous disease group. The objective 
of the present dissertation was to investigate diffuse axonal and neuronal injuries in animal 
models and to study human TBI based on the results of experimental studies. 

“Diffuse axonal injury (DAI)” refers to the phenomenon of primary damage to axons 
scattered throughout the brain among normal axons in a widespread distribution in an 
otherwise normal parenchymal environment. The significance of DAI is highlighted by the 
fact that it is responsible for 50% of permanent comatose state and 35% of mortality in TBI 
cases without space occupying mass lesions. Traumatic axonal injury (TAI), the 
experimental-animal equivalent of DAI, has two distinct morphological consequences: axonal 
swelling/axonal bulb formation (AS/B) and ultrastructural compaction (UC). AS/B results 
from the impairment of the anterograde axonal transport evoked by TBI. It can be detected by 
immunohistochemistry using antibodies against certain substances accumulating at the sites 
of impaired axonal transport. The most widely used method is the detection of amyloid 
precursor protein (APP), which has become the gold standard for the diagnosis of DAI. The 
phenomenon of UC was described only in the nineties. Originally, it was assumed that UC 
and AS/B occur in the same damaged axons. By today, however, it has become clear that, in 
most cases, these two morphological changes occur in different axon populations and rarely 
within the same axon. The histological detection of UC is usually carried out by using 
antibodies against the medium sized neurofilament subunit (NF-M), which becomes 
accessible for antibodies (e.g. RMO-14) as a result of calpain mediated structural proteolysis 
evoked by increased Ca2+ concentration after TBI. RMO-14, however, can detect UC only at 
least 15 minutes following TBI. On the other hand, a special silver method can demonstrate 
argyrophil axonal damage with decreased axonal caliber immediately after TBI or even in the 
case of post-mortem TBI. This phenomenon might be the light microscopic equivalent of UC 
and questions the exclusive role of enzyme mediated processes in the pathogenesis of UC. 
 In the past two decades, many studies investigated DAI evoked by TBI. The potential, 
however, that forces of injury can also directly cause mechanically induced neuronal damage 
or death has received little attention. According to the most recent investigations, TBI can 
evoke plasma membrane disruption (“mechanoporation”) not only in axons but also in 
neuronal somata in the neocortex, hippocampus and thalamus. Such neurons can display very 
heterogeneous morphological characteristics ranging from fast necrosis to minor 
ultrastructural alterations. The fact that membrane disruption does not necessary lead to cell 
death is indicative of a fast membrane-resealing process. Investigations, however, to explore 
this process has not been performed before. 
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II. EXPERIMENTS 
 
1. Association of the ultrastructural axon compaction with the argyrophil axonal 
damage. 
 Background: Following TBI evoked by different methods, (i) a special and 
reproducible silver method stains long axon segments distributed diffusely among normal 
axons, and (ii) by electron microscope, ultrastructural (neurofilament) compaction can be 
detected in axons scattered among non-compacted axons in a visibly intact environment.  

Objective: To investigate the possibility that the argyrophil axonal damage is the 
light-microscopic manifestation of ultrastructural compaction. 

Methods: TBI was evoked by an impact-acceleration head injury device described by 
Marmarou et al. Animals were transcardially perfused immediately after TBI. The brains 
were removed one day later and sectioned coronally with a vibratome at a thickness of 150 
µm. Every fifth section was stained with silver. Experiment (A): Regions of silver stained 
sections containing argyrophil axons were processed for EM (osmification, Durcupan 
embedding, ultra-sectioning, contrasting). Experiment (B): The same regions of non-stained 
sections were osmificated, embedded and sectioned at a thickness of 1 µm; these were silver-
stained, re-embedded, ultra-sectioned and contrasted.  

Results: Experiment (A): Certain steps of the silver staining method damaged the 
ultrastructure, loosened the layers of the myelin sheaths and completely disintegrated the 
ultrastructure of normal axons. On the contrary, the compacted axons became homogenous 
and thereby visible in the electron microscope. Silver grains could be detected only in 
compacted axons, while no compacted axonal profiles were found without containing silver 
grains. Experiment (B): Since the silver staining was performed following osmification and 
embedding, the ultrastructure remained well preserved. Several silver grains could be 
detected in compacted axons, while no compacted axons were found without silver grains. 

Discussion: (1) The silver method used here can be utilized for detecting compacted 
axons by light microscopy. Because of the high selectivity and low background staining of 
this method, compacted axons can easily be located even in 150-µm thick vibratome sections; 
thereby it could be instrumental in mapping the distribution of compacted axons throughout 
the brain and in locating areas that are suitable for investigation by means of electron-
microscopy or other techniques. (2) UC occurs at the moment of TBI, in contrast with 
previous assumptions that postulate a 5-15 minute delay. (3) UC extends up to 1-mm-long 
axonal segments, i.e. it is not a “focal” damage in the ultrastructure as it was previously 
believed. 

 
2. Selective induction of ultrastructural compaction in axons by a new head injury 
device 
 Background: Traumatic axonal injury evoked by TBI has two distinct morphological 
charactersitics: (i) axonal swelling/bulb (AS/B) formed by focal impairment of the 
anterograde axonal transport and (ii) ultrastructural compaction (UC) that induces 
argyrophilia. While AS/B is well known in human light-microscopic pathology, the 
significance of UC has not been discussed in human DAI. The widely-used TBI models 
produce various morphological responses in the same brain, thereby allowing the 
investigation of their cumulative consequences. Individual morphological responses, such as 
ultrastructural compaction in axons, however, cannot be selectively investigated by them.  

Objective: To develop a TBI paradigm by which ultrastructural compaction can be 
selectively investigated without the influence of other morphological responses.  

Methods: A new head injury device was elaborated by which a depression of 
controlled depth can be produed on the exposed skull. Animals were sacrificed by 
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transcardial perfusion with a formaldehyde or a glutaraldehyde fixative either immediately 
after head injury evoked by this new device or 2 h or 4 h later. Respiratory rate, heart rate, 
blood pressure and intracranial pressure were monitored before and after injury. Brains were 
removed 1 day later and sectioned with a vibratome. Every third formalin-fixed section was 
stained with silver, or processed for APP or RMO-14 immunohistochemistry. The same 
regions of glutaraldehyde-fixed sections were processed for electron microscopy. 

Results: In the case of a 0.75 mm depression, the monitored physiological parameters 
returned to the normal range within 1 min following head injury. Argyrophilic and compacted 
axons could be demonstrated only in the neocortex under the impact site. They were scattered 
among normal axons in a visibly normal parenchymal environment. Other morphological 
alterations could not be observed. The number of damaged axons changed depending on the 
depth of the depression. Immediately after the head injury or 1 h later, damaged axons were 
stained homogeneously with silver, whereas 4 h post-injury, the silver staining became 
dotted. Axons showing impaired axonal transport (APP positivity) could be detected only in 
the case of depression 1 mm or deeper. RMO-14 positivity could not be observed in any case.  

Discussion: (1) In the case of 0.75 mm depression, the new head injury device is 
suitable for the selective investigation of UC, thereby allowing the examination of the fate of 
compacted axons without the influence of other morphological or physiological consequences 
of head injury. (2) The lack of APP-positivity is in accordance with the theory that impaired 
axonal transport and UC affect different axon populations. (3) Compacted axons in the 
neocortex cannot be stained with RMO-14, the widely used marker of axonal compaction in 
the brainstem. The probable explanation of this phenomenon is that, in contrast with the 
large-caliber, myelinated axons, the thin axons, such as those damaged in our experiment, 
contain only a very small amount of the NF-M subunit. RMO-14 is known to target the “rod 
domain” of this subunit after it becomes accessible as the result of calpain activated 
proteolysis initiated by TBI. 

 
3. The fate of axons subjected to traumatic ultrastructural compaction in a head 
injury model of selective ultrastructural compaction 
 Background: It has been demonstrted that ultrastructural axon compaction is one of 
the morphological consequences of TAI. The fate of compacted axons, however, has not been 
previously investigated. It has also been demosntrated that a considerable proportion of 
neurons sustained UC recover spontaneously, while others die. Considering that presumably 
the same processes take place in axonal and neuronal UC (see section 4), it is reasonable to 
assume that a proportion of traumatically compacted axons may also undergo spontaneous 
recovery.  
 Objective: To investigate the fate of compacted axons in a new head injury model 
capable of evoking selective ultrastructural axon compaction (see section 2). 
 Methods: Rats suffering a 0.75-mm skull depression were sacrificed immediately 
after head injury or at various time points up to 6 months post-TBI by transcardial perfusion 
of a glutaraldehyde fixative. A proportion of brain sections were silver-stained, while nearby 
sections were processed for EM. Compacted and non-compacted myelinated axons were 
counted for quantitative assessment. 
 Results: The number of compacted axons was more than two times higher in animals 
sacrificed immediately after the injury than in those survived for 1 day or 1 week. In cases of 
immediate perfusion or 4-h survival, numerous axon profiles displaying ultrastructural 
compaction were observed. At longer post-TBI times, various other ultrastructural alterations 
were observed: (i) Membranous whorls appeared in axons with otherwise normal 
ultrastructure in the first 2 days. (ii) The ultrastructure of compacted axons became 
homogenized in 1 week. (iii) The homogenized axonal interior became convoluted or 
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fragmented in 1 month, (iv) later the fragments were replaced presumably with 
oligodendrocyte cytoplasm, (v) and finally axolemma-bound, neurofilament-containing 
profiles were observed within myelin sheaths containing abundant oligodendroglia 
cytoplasm. It should be emphasized that macrophage infiltration, microglial proliferation or 
signs of advanced Wallerian degeneration could not be observed even in rats survived 6 
months. 
 Discussion: (1) More than 50 % of compacted axons recover within 1 day post-TBI, 
while another 10 % recover between 1day and 1 week. The EM sign of spontaneous recovery 
is the presence of whorls within otherwise normal axons. (2) The majority of other 
compacted axons regenerates during several months (see Results (ii)-(vi)). (3) These 
processes presumably play some role both in the fast (within days) and in the slow (within 
months) physical and/or mental improvement of patients suffering TBI. (4) The reason of the 
absence of the Wallerian degeneration is presumably that the myelin sheaths around the 
compacted axons remain intact and connected to the feeding oligodendrocytes, ensuring 
guiding tubes for the regenerating axons. (6) The utilized head injury model does not evoke 
permanent perturbations in the physiological parameters. This can be the reason for the high 
rate of spontaneous recovery and for the reversibility of degeneration. 
 
4. Mechanism of the ultrastructural compaction in axons and neurons 
 Background: Different pathobiological conditions including hypoglycemia, ischemia, 
epilepsy, and physical forces such as electroshock or brain trauma can evoke similar 
morphological responses, including ultrastructural compaction. It is well known that the same 
alterations can occur post mortem in the brain due to mechanical forces during the removal of 
non-fixed or not properly fixed brains from the skull. The similar morphology suggests 
similar mechanism in the formation of UC, whereas the fact that it can occur post mortem 
indicates non-enzyme-mediated processes. Gel-to-gel phase transition, known from polymer 
chemistry, is a process independent of the inducing force, propelled by the difference in 
energy stored in non-covalent bonds and can spread throughout the gel when initiated at a 
single point. It has already been suggested to play essential roles in certain activities of the 
living cell. 
 Objective: (1) To compare the morphological characteristics of neuronal and axonal 
compaction caused by in-vivo head injury with those caused by post mortem, under 
conditions extremely unfavorable for enzyme mediated processes. (2) Confirmation of the 
hypothesis that the mechanism of UC is gel-to-gel phase transition, in respect of both energy 
and structure.  
 Methods: TBI was evoked by the Marmarou head-injury device either in vivo or post 
mortem after a 30-min transcardial perfusion with a glutaraldehyde fixative followed by 
cooling to app. 0 oC. In the case of in vivo TBI, animals were perfusion fixed immediately 
post-injury. A proportion of brain sections were silver stained, while neighboring sections 
were processed for EM. For quantitative assessment, the average distance between the 
longitudinal ultrastructural elements was calculated both in the compacted and the non-
compacted axons.  
 Results: (A) Evoked either in vivo or post mortem, TBI resulted in similar 
morphological alterations regarding (i) hyperbasophilia, (ii) type III argyrophilia, (iii) hyper 
electron density and (iv) UC. (B) The degree of UC in the cases of post mortem head injury 
did not differ from the degree of UC evoked by in vivo head injury. (C) Argyrophilia induced 
by either in vivo or post mortem displayed an “all-or-nothing” nature with the next 
stipulations: it involved either the entire soma-dendrite domains of the affected neurons but 
not their axons or it extended to long axonal segments but not to their parent neurons. 

Discussion: Enzyme-mediated processes cannot play any role in the pathomechanism 
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of ultrastructural compaction either in neurons or axons, considering that (1) it is highly 
improbable that any complex enzyme-mediated process would result in the same 
morphological alterations under both optimum and extremely unfavorable conditions. (2) The 
all-or-nothing nature can be explained only by the assumption that the compaction spreads 
throughout each affected soma-dendrite domain or axon from a single initiation point. It is 
impossible that a head injury would simultaneously produce UC at each point of a number of 
randomly distributed neuronal soma-dendrite domains and axons and, at the same time, 
would spare all points of the neighboring soma-dendrite domains and axons. It also appears 
highly unlikely that any complex enzyme-mediated process whould spread over long 
intracellular distances without fading under the extremely unfavorable conditions applied in 
our post mortem experiment.   

To explain the mechanism underlying UC, we hypothesized that a continuous gel 
structure, with a matrix composed of protein molecules not belonging to the conventional 
ultrastructural elements (organelles, cytoskeleton), fills the spaces between the ultrastructural 
elements, stores free-energy in the form of non-covalent bonds and is capable of phase 
transition at the expense of the stored energy. The phase transition (co-operative 
conformational change of the protein molecules building up the gel matrix), is accompanied 
by the release of K+ ions resulting in hyperbasophilia and by the release and elimination 
(pressing out) of bound water molecules resulting in volume reduction and ultrastructural 
compaction. Gel-to-gel phase transition, known from polymer chemistry, can be initiated 
both by physical and chemical injuries and can be reversible, in accordance with the similar 
abilities of “dark” neurons and axons. 
 
5. The effect of a cell-permeable calpain inhibitor (MDL 28170) on traumatic 
axonal injury 
 Background: The alterations in axolemmal permeability evoked by TBI 
(“mechanoporation”) lead to the activation of calpain due to increased intracellular Ca2+ 
concentration. Calpain activation results in partial proteolysis of the axonal cytoskeleton and 
subsequent neurofilament compaction (NFC). In focal (contusional) brain injury models, 
inhibition of calpain reduced the cytoskeletal changes in the neocortex and improved the 
behavioral outcome. MDL 28170 has been found neuroprotective in brain ischemia.  
 Objective: To determine whether MDL 28170 attenuates traumatically induced axonal 
damage in terms of impaired axonal transport (IAT) and neurofilament compaction (NFC).  
 Methods: TAI was induced by the impact-acceleration head injury device described 
by Marmarou et al. MDL 28170 or its vehicle was administered intravenously 30 min pre-
injury. Animals were sacrificed 2 h post-injury by transcardial perfusion. Brainstems were 
sectioned sagittaly with a vibratome at a thickness of 40 µm. Half of the sections were 
processed for APP mmunohistochemistry to detect IAT, while neighboring sections were 
stained with RMO-14 for the detection of NFC. The number of damaged axons were 
compared in the corticospinal tract (CSpT) and in the medial longitudinal fascicle (MLF) 
both in MDL 28170-treated and vehicle-treated animals.  
 Results: In the MDL 28170-treated group, both the localization and the appearance of 
APP and RMO-14 immunopositive axonal profiles were similar to those observed in the 
vehicle-treated group. According to the quantitative assessment, pre-injury administration of 
MDL 28170 significantly reduced the mean number of RMO-14-immunoreactive axons both 
in the CSpT (p<0.02) and the MLF (p<0.03). Similarly, MDL 28170 significantly reduced the 
number of APP-positive axonal profiles both in the CSpT (p<0.03) and the MLF (p<0.01). 
 Discussion: The beneficial effect of calpain-inhibition on NFC can be explained by 
the well known association between calpain-mediated spectrin proteolysis and NFC. 
Although, the most recent studies revealed that NFC and IAT affect different axon 



 20

populations, the protective effect of calpain inhibition on IAT suggests that, even if NFC does 
not accompany IAT, the activation of calpain takes place in the mechanisms of both 
pathological processes.  
 
6. Effects of Pituitary Adenylate Cyclase Activating Polypeptid (PACAP) on 
traumatic axonal injury 
 Background: PACAP has several in vitro neurotrophic and neuroprotective effects. In 
vivo, it proved effective in the treatment of focal and global cerebral ischemia, as well as, in 
traumatic spinal cord injury, optic nerve injury and facial nerve injury. Considering the 
partially similar subcellular mechanisms taking place in the pathogenesis of cerebral ischemia 
and TBI, PACAP-treatment is assumed to be neuroprotective in TAI, as well. 
 Objective: To investigate whether PACAP attenuates traumatically-induced axonal 
injury in terms of impaired axonal transport (IAT). 
 Methods: TAI was induced by the impact-acceleration head injury device described 
by Marmarou et al. (A) PACAP or its vehicle was administered intravenously immediately 
before head injury. Animals were sacrificed either 2 h or 6 h post-injury by transcardial 
perfusion. Brainstems were sectioned sagittaly with a vibratome at a thickness of 40 µm. 
Sections were processed for immunohistochemistry with anti-APP antibody to detect IAT. 
The number of damaged axons was compared in the corticospinal tract (CSpT) and in the 
medial longitudinal fascicle (MLF) both in the PACAP-treated and the vehicle-treated 
animals. (B) Based on the results of the previous experiment (A), 1 µg, 10 µg or 100 µg 
PACAP was administered intracerebroventricularly, to determine its effective dose.   
 Results: (A) Using intravenous administration, PACAP, in the dose that has proved 
effective in the treatment of cerebral ischemia, did not exert neuroprotective effects on TAI, 
i.e. did not reduce significantly the number of APP-positive axons in the CSpT or in the 
MLF. (B) Intracerebroventricular administration of 1 µg and 10 µg of PACAP did not exert 
neuroprotection. To the contrary, 100 µg PACAP significantly reduced the number of APP-
immunorective axonal profiles in the CSpT (p<0.05). 
 Discussion: (1) PACAP can exert neuroprotection by inhibiting apoptotic and 
inflammatory mediators, as well as, by activating certain mitochondrial enzymes. These 
processes also take place in the pathogenesis of TBI, both in the primary and the secondary 
pathological processes. (2) The cause underlying the lack of effect in the case of intravenous 
administration is presumably the significantly lower rate of PACAP-transport through the 
blood-brain barrier in the area examined in the present study, as compared to other regions of 
the brain studied previously. (3) Similarly, the assumed lower rate of passage within the 
brainstem can be responsible for the relatively high concentration required to exert 
axonoprotection. 
 
7. Therapeutic window of PACAP-treatment in traumatic axonal injury 
 Background: In the above study, PACAP-treatment was found to be neuroprotective 
in traumatically-induced axonal injury. 
 Objective: To investigate the neuroprotective effects of delayed PACAP 
administration on traumatically induced axonal injury in terms of impaired axonal transport 
(IAT) and neurofilament compaction (NFC), and to determie the therapeutic window. 
 Methods: TAI was induced by the impact-acceleration head injury device described 
by Marmarou et al. 100 µg PACAP or its vehicle was administered intracerebroventricularly 
either 30 min or 1 h post-injury. Animals were sacrificed 2 h post-injury by transcardial 
perfusion. Brainstems were sectioned sagittaly with a vibratome at a thickness of 40 µm. Half 
of the sections were processed for immunohistochemistry with anti-APP antibody to detect 
IAT, while neighboring sections were stained with RMO-14 for the detection of NFC. The 
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number of damaged axons were compared in the corticospinal tract (CSpT) and in the medial 
longitudinal fascicle (MLF) both in PACAP-treated and vehicle-treated animals.  
 Results: Intracerebroventricular administration of 100 µg PACAP significantly 
reduced the number of APP-immunopositive axonal segments in the CSpT both 30 min and 1 
h post-injury (p<0.001). The PACAP-treatment, however, did not have neuroprotective 
effects on IAT in the MLF or on NFC in any examined brain area, at any time point.  
 Discussion: (1) A considerable therapeutic window is available for the use of PACAP 
in the treatment of traumatically induced axonal injury, which is required for potentially 
useful clinical interventions. (2) The lack of beneficial effects of PACAP-treatment on NFC 
is in accordance with previous observations indicating that IAT and NFC affect different 
axon populations. (3) The lack of effect on IAT in the MLF can be explained by the facts that 
(i) in the MLF, the number of damaged axons is significantly smaller than in the CSpT, 
resulting in less statistical power in establishing significant differences, and (ii) in the MLF, 2 
h post-TBI, damaged axons demonstrating NFC are more frequent than those showing IAT. 
 
8. Neuronal mechanoporation, resealing and CMSP induced by diffuse TBI 

Background: Traumatic brain injury evokes direct mechanical poration of the 
neuronal plasma membrane allowing the uptake of high-molecular-weight tracers normally 
excluded from the cytoplasm by the intact cell membrane. Permanent membrane permeability 
perturbation leads to the activation of different enzyme cascades, including calpain, due to 
the influx of damaging ions, resulting in neuronal death. 

Objectives: To investigate the hypothesis that (I) a proportion of neurons sustaining 
mechanoporation is capable of membrane repair and therefore survives and (II) membrane 
permeability perturbations are accompanied by calpain activation and subsequent spektrin 
proteolysis following diffuse traumatic brain injury. 

Methods: Enduring membrane permeability perturbations and potential membrane 
repair were evaluated by the icv-infusion of high-molecular-weight fluorescent dextrans 
administered either pre-injury or at different time points post-TBI. TBI was evoked by the 
impact acceleration head injury apparatus; animals were sacrificed by transcardial perfusion 
of a formaldehide fixative. (A) Vibratome sections were examined by confocal microscopy. 
(B) Antibodies against the fluorescent dyes conjugated to the infused dextrans were used to 
evaluate the ultrastructural alterations associated with membrane permeability perturbations. 
(C) The co-localization of membrane disruption and CMSP was evaluated by triple-labeled 
fluorescent immunohistochemistry using antibodies against calpain-specific SBDPs. A 
proportion of brain sections were processed for EM to investigate ultrastructural alterations 
associated with calpain activation. Quantitative analysis was performed to compare the 
number of neurons demonstrating membrane permeability perturbations and/or CMSP at 
different time points post-injury. 

Results: Approximately 50 % of neurons showing any membrane permeability 
alteration demonstrated enduring membrane perturbation. A proportion of these neurons 
showed severe ultrastructural damage, while others displayed little or no pathological change. 
Enduring membrane perturbation was associated with CMSP in less than 15 %. Several 
neurons demonstrated membrane resealing, these neurons did not show overt ultrastructural 
damage. Neurons demonstrating delayed membrane disruption could also be observed. One 
third of the neurons showing CMSP did not demonstrate any membrane perturbation. These 
neurons did not show severe ultrastructural alterations, while those with overt ultrastructural 
damage did not demonstrate CMSP.  

Discussion: (1) In contrast with previous assumptions, membrane disruption evoked 
by diffuse TBI does not necessary lead to rapid cell death. Apart from neurons with obvious 
membrane resealing, a proportion of neurons showing enduring membrane disruption are 
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presumably also capable of membrane repair. (2) Elevated intracranial pressure several hours 
post-TBI might be the reason underlying delayed membrane disruption. (3) According to the 
quantitative assessment, an over time redistribution may occur between the neuron 
populations showing different membrane permeability alterations (enduring membrane 
perturbation, membrane resealing, delayed membrane disruption). Specifically, a proportion 
of primarily mechanoporated neurons whose membrane resealed in the early post-injury 
period may suffer later secondary membrane re-opening, which converts them to those which 
display primary enduring membrane perturbation. Furthermore, with increased survival time, 
proportionally more neurons suffer delayed membrane perturbation. This underlines the 
significance of delayed membrane disruption and the role of secondary pathological factors 
induced by diffuse TBI. (4) Our results emphasize the need for caution in interpreting the 
occurrence of CMSP and its overall implications for neuronal injury and death following 
diffuse TBI. 
 
9. The role of calpain and caspase-3 activation in the pathomechanism of human 
traumatic brain injury 
 Background: Although focal and diffuse traumatic brain injuries are evoked by 
different mechanisms and their clinical manifestations can be different, similar biochemical 
cascades, including increased pathological activation of calpain and/or caspase-3 can take 
part in the their pathobiology. As a result of these processes, the accumulation of specific 
spectrin breakdown products (SPBP) has been detected in the brain tissue and cerebrospinal 
fluid of head-injured experimental animals and in the brain tissue of human victims of 
accidents. 
 Objectives: (I) To investigate the role of calcium-induced, calpain- and caspase-
mediated structural proteolysis in the pathobiology of TBI, and (II) to identify potential 
biomarkers specifically associated with the pathological processes evoked by TBI, in order to 
determine the biochemical severity of the head injury, to predict the outcome of severely 
brain-injured patients and to help their clinical management. 
  Methods: Ventricular CSF samples of 12 severe TBI-patients with raised intracranial 
pressure (ICP) were processed. As controls, CSF samples were also obtained from 9 patients 
with non-traumatically elevated ICP and from 5 patients undergone diagnostic lumbar 
punction that proved negative for a neurological disease (DLP patients). The presence of 
intact spectrin and calpain- or caspase-pecific SBDPs were assessed by means of Western 
blot analysis of CSF samples collected once a day over a several-day period. Parameters of 
severity and outcome such as ICP, Glasgow Coma Scale and Glasgow Outcome Scale were 
also monitored in order to reveal a potential correlation between the clinical parameters and 
the CSF markers. 
 Results: (A) Intact spectrin and 120 kD SBDP were significantly more frequent in the 
CSF samples of head injury patients than in patients with non-traumatically elevated ICP. In 
the DLP patients none of the SBDP proteins could be detected. (B) The CSF levels of intact 
spectrin, 150 kD and 120 kD SBDPs were significantly higher in patients suffering TBI than 
in the others. (C) (2) Elevated intracranial pressure several hours post-TBI might be the 
reason underlying delayed membrane disruption. (D) Significant association between CSF 
levels of SBDPs and severity of injury (as assessed by GCS), outcome (GOS) or elevated ICP 
could not be demonstrated.   
 Discussion: The fact that CSF samples of the DLP patients proved negative for any of 
the investigated proteins indicates that their accumulation is associated with traumatic brain 
injury and/or elevated ICP. (2) The finding that intact spectrin and SBDPs reached 
significantly higher levels in TBI than in other pathological conditions associated with 
comparably elevated ICP, indicates that these changes were in direct response to the injury 
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and not a secondary response to intracranial hypertension. (3) The observed specific time 
course of SBDP-levels in the CSF indicates that, in the future, monitoring these biomarkers 
might furnish important information for the management of TBI patients. 
 
 
III. SUMMARY OF THE MOST IMPORTANT RESULTS  
 
1. Our studies were the first to demonstrate that, in axons, type III argyrophilia induced 
by TBI is the light microscopic manifestation of ultrastructural compaction. 
2. We developed a new head injury device suitable for the selective induction of 
traumatic ultrastructural compaction in axons. 
3. With the aid of the new head injury device, our studies were the first to describe  
(A) the morphological changes taking place in axons that have undergone traumatically-
induced ultrastructural compaction. We also demonstrated that 
(B) that more than 50 % of the compacted axons regenerate within 1 day post-TBI, while 
another 10 % recover (regain the normal ultrastructure) between 1 day and 1 week. The 
majority of other compacted axons recover during a few months, 
(C) that the compacted axons in the neocortex do not display RMO-14 positivity, the 
widely used marker of NFC in the brainstem, even several months post-TBI. 
(D)  that the compacted axons in the neocortex do not display IAT, confirming the 
assumption that IAT and UC (NFC) affect different axon populations. 
4. Regarding the pathomechanism of traumatic axon compaction, our studies were the 
first to demonstrate that 
(A) traumatic axon compaction occurs at the moment of injury, in contrast to the 5-15-min 
delay thought previously, 
(B) ultrastructural compaction can affect even 1-mm-long axon segments, i.e. it is not a 
“focal” alteration in the ultrastructure of the affected axons, as it was previously thought, 
(C) both in-vivo and post-mortem head injuries result in similar ultrastructural changes 
regarding (i) hyperbasophilia, (ii) type III argyrophilia, (iii) hyper electro-density and (iv) 
ultrastructural compaction, 
(D) the degree of post mortem-evoked axonal ultrastructural compaction does not differ 
from that evoked in vivo,  
(E) argyrophilia induced by TBI demonstrates “all or nothing” nature, i.e. it extends to the 
entire soma-dendrite domain of the affected neuron or affects long axonal segments; but it 
does not usually affect the soma-dendrite domain and axon of the same neuron. 
5. Our studies were the first to demonstrate that MDL-28170, a cell-permeable calpain 
inhibitor, significantly decreases the number of damaged axons showing UC and/or IAT in 
the CSpT and in the MLF following TBI. 
6. Our studies were the first to demonstrate that PACAP significantly decreases the 
number of damaged axons showing IAT in the brainstem following TBI. 
7. Regarding the PACAP-treatment following TBI, we were the first to define 
(A) its minimal effective dose and   
(B) its therapeutic window. 
8. Our studies were the first that investigated delayed neuronal plasma membrane 
perturbations following diffuse TBI. We were the first to demonstrate that 
(A) in contrast with previous assumptions, membrane disruption evoked by TBI does not 
necessary lead to severe ultrastructural damage and rapid cell death,  
(B) enduring membrane perturbation is associated with calpain activation and subsequent 
CMSP in less than 15 % of the affected neurons, 
(C) the disrupted cell membrane reseals in a proportion of the affected neurons and these 
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neurons do not undergo severe cell damage, 
(D) cell-membrane permeability perturbation occurs several hours following TBI in a 
proportion of neurons. Permanent ICP elevation may contribute to the observed delayed 
membrane disruption. 
(E) One third of the neurons demonstrating calpain activation and subsequent CMSP do 
not sustain any membrane permeability alteration. Such neurons demonstrate moderate 
ultrastructural damage; the majority of necrotic neurons do not show CMSP.  
(F) With the increase of the survival time, redistribution may occur between neurons 
demonstrating different membrane permeability perturbations (enduring membrane 
perturbation, resealing or delayed membrane disruption). Specifically, a proportion of 
primarily mechanoporated neurons whose membrane resealed in the early post-injury period 
may suffer later secondary mechanoporation, which converts them to those neurons 
displaying primary enduring membrane perturbation. Furthermore, with increased survival 
time, proportionally more neurons suffer delayed membrane perturbation. This underlines the 
significance of delayed membrane disruption and the role of secondary pathological factors 
induced by diffuse TBI.  
9. Our studies were the first to investigate the accumulation of intact spectrin and 
calpain- or caspase-specific SBDPs in the CSF of patients with severe TBI. We have 
confirmed that 
(A) calpain- and caspase-activation has an important role in the pathomechanism of 
human TBI. Wewere the first to demonstrate that 
(B) the appearance of intact spectrin and SBDPs in the CSF are the result of brain injury 
and/or elevated ICP, 
(C) the CSF levels of intact spectrin as well as 150 kD and 120 kD SBDPs are 
significantly higher in TBI than in other neurological diseases, 
(D) the CSF level of SBDPs shows a specific time course; it peaks on the 2nd-3rd day post-
TBI, following by a decrease to the baseline level with a subsequent secondary increase.  
(E) Our studies significantly contributed to the launching and accomplishment of an 
international, multicentric study which involves the University of Pécs, Department of 
Neurosurgery. This study is aimed to identify specific biochemical markers and to evaluate 
their diagnostic/prognostic significance in the management of severe TBI. 


