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1. INTRODUCTION  

 

1.1. Secondary degeneration in the central nervous system 

 

Secondary degeneration is a type of degeneration which is initiated by a primary 

neurological injury in structures remote from the primary lesion. Two types of secondary 

degeneration are distinguished: axonal degeneration and transneuronal degeneration 

(TND). (1, 2) Secondary axonal degeneration can be anterograde when it occurs distal to 

the lesion and retrograde when it is proximal to the lesion. In the former case, the 

anterograde axon degeneration is called as Wallerian degeneration (WD). (1)  

TND can also be anterograde, when the cell innervated by the diseased neuron (i.e. the 

postsynaptic cell) degenerates secondarily, and retrograde, when the cell innervating the 

diseased cell (i.e. the presynaptic cell) is disease damaged or lost. (2) 

In the followings, I will discuss WD and anterograd TND, as they are closely related to 

the present research.   

 

1.1.1. Wallerian degeneration (WD) 

 

Due to damage to the soma or disruption of the integrity of the axon, programmed 

degeneration of the distal part of the axon in a stereotyped manner is called WD. (3) The 

axon may be disrupted by complete rupture, compression/crushing, ischaemia or 

inflammation. The histopathological signs were first described by Augustus Volney 

Waller, a British electrophysiologist, in 1851, after cutting the tongue-innervating nerves 

of frogs, which in humans correspond to the hypoglossal and glossopharyngeal nerves. 

(4) This pathophysiological process has borne his name ever since and, although it can be 

observed both in the peripheral (PNS) and central nervous systems (CNS), it has different 

dynamics and morphological signs in the two sites. (5) 

The original belief, lasting for a century and a half, that nutritional failure leads to 

degeneration was disproved with the discovery of the so-called slowWD (WldS) mice. 

(6) This is a strain of mice in which WD starts much later than in the wild type. It was 

concluded that WD is an active, programmed process, similar to apoptosis, the 
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mechanism of which is not fully understood, but has a set of time dependent molecular, 

cellular and morphological characteristics. (6-12) Of these, only the latter will be 

discussed in detail, considering the morphopathological topic of this work.  

 

1.1.1.1. Morphological features of WD 

 

WD involves four main events: axonal degeneration (axolysis), myelin breakdown 

(myelinolysis), debris clearance, and - in the case of peripheral nerves - Schwann cell 

proliferation and subsequent axonal regeneration. (13) 

The first morphological feature of this process is the swelling of the axolemma (i.e. the 

axon membrane), during which the axon takes on a bead-like appearance.  (5, 14) This 

process is known as granular disintegration of the cytoskeleton (GDC), and early 

ultrastructural sign of axonal degeneration, whereby the degradation of neurofilaments, 

microtubules and other components is initiated, resulting in the loss of conduction and 

fragmentation and the loss of axon structure. Electron micrographs reveal morphological 

similarities in degenerative features across both central and peripheral segments. (3, 5) 

The spatiotemporal pattern (direction and speed) of axon degeneration is still under 

debate,  but it is certainly influenced by a number of factors; type of injury (transection, 

crush, cell body death), species, age, fibre type, axonal diameter, anatomical localisation 

(PNS vs CNS) and environmental factors such as temperature. (3) 

The structural changes in myelin begin concurrently with GDC and the fragmentation of 

axons. During this process, the myelin loses its continuity, becomes thinner in some 

places and swollen in others due to the loosening of the myelin lamellae, thus becoming 

irregular, and then, as the axon fragments, the myelin loses its continuity and forms egg-

shaped myelin ovoids. (15-17)  

The myelin ovoids detach from their associated glial cells - Schwann cells in the PNS, 

and oligodendrocytes in the CNS. This detached myelin parts are surrounded by astrocyte 

processes in the central nervous system. (3) This is followed by debris clearance 

performed by macrophages, some of which are resident microglia and some of which - if 

there is blood-brain barrier damage - are recruited from the monocyte-macrophage system 

from the periphery. (3, 18) The proportion of macrophages involved is determined by the 
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degree of blood-brain barrier damage, i.e. the primary lesion. Clearance proceeds more 

rapidly if peripheral macrophag recruitment is prominent. (3) 

Following degeneration, oligodendrocytes may undergo atrophy, and the affected region 

will be gradually occupied by astrocytes forming glial scar. (19) In the peripheral nervous 

system, after Schwann cells dedifferentiate, they arrange themselves in a row within the 

lamina basalis, forming the so-called bands of Bunger. Thus, Schwann cells, their 

extensions and growth factors create a microenvironment that facilitates and guides axon 

regeneration. (20, 21)  

Few human histological studies are available on the dynamics of corticospinal tract 

degeneration. In one study, the lateral corticospinal tract of patients who died after spinal 

cord injury was examined in a section a few cm distal to the injury. The time from injury 

to death ranged from 8 days to 1 year. Luxol staining showed myelin damage as early as 

8 days post-injury, similarly Bielschowsky staining demonstrated axonal damage at day 

8. (22)  

Another comprehensive analysis after cerebral infarction examined the corticospinal tract 

in the cervical, thoracic and lumbar segments of the spinal cord. Axonal damage was 

detected by neurofilament immunohistochemistry in the cervical segment as early as day 

12 post-stroke, whereas no such changes were seein in the thoracic and lumbar segments 

by the same time. (23)  

Regarding myelin integrity, the same study examined MBP (myelin basic protein), a 

component of compact myelin, by immunohistochemistry. No abnormalities were found 

at day 14 post-stroke, but significant changes appeared by 5 weeks. (23) Another study 

from a similar sample specifically focused on the degradation of myelin proteins, 

investigated three additional three additional myelin associated proteins (MAPs): MAG 

(myelin-associated glycoprotein), located periaxonally, PLP (proteolipid protein) in 

compact myelin, MOG (myelin oligodendrocyte glycoprotein) located on the myelin 

surface. (24) Additionally immunohistochemical staining was used to monitor the neurite 

outgrowth inhibitor Nogo-A protein, produced by oligodendrocytes, which may play a 

role in inhibiting axonal regeneration in the CNS. Loss of MAG was first seen 14 days 

after stroke, the other proteins showed slow and gradual degradation. There are large gaps 

between cases in terms of the time between injury and death, so the onset of this is not 
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known, but from 5 weeks post-stroke a clear decrease is evident. MAG is no longer 

detectable after 10 months, whereas the other myelin proteins persisted in minimal 

amounts even 3 years later. (24)  

In addition GFAP (glial fibrillary acidic protein), indicating astrocyte proliferation, was 

not detected until 6 months after injury in one study, while another study observed GFAP 

positivity 5 months post-injury. (22, 23) 

 

1.1.1.2. WD in the CNS vs. in the PNS 

 

WD differs between the CNS and PNS primarily in the ability for axonal regeneration. 

As for the time course of WD, the initial phases of degeneration proceed similarly in both 

systems. Axonal disintegration and myelin ovoid formation occur within similar time, 

however, clearance of myelin debris and ovoids is markedly slower in the CNS. In the 

periphery ovoids are rapidly cleared - 30 days in animal studies - and only myelin debris 

remains in place. In contrast, in the CNS, myelin ovoids and debris can persist for much 

longer, often remaining detectable for up to 90 days, and sometimes up to 250 days in 

animal studies. (5, 7, 25) 

Since phases of the degeneration described above are prolonged in the CNS, many studies 

have suggested that this is the cause of the lack of regeneration, i.e. that the myelin 

proteins that remain there for a long time create an unfavourable environment for 

regeneration and inhibit it. (5) In conclusion, the reason for the lack of regeneration in the 

CNS is not clear, and although the slower degeneration, presumably due to the late 

appearance of macrophages, and the prolonged clearance of myelin structures seems a 

logical conclusion, the difference in the myelin sheath-forming cells (Schwann cell vs. 

oligodendrocyte) and their different behaviour may play the most important role. (5, 24, 

26) 

While slow axon regeneration takes place in the periphery, in the CNS, in the absence of 

regeneration, astrocytes fill in the place of the degraded tissue, forming a glial scar. (22, 

25) 
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1.1.1.3. WD on MRI 

 

In recent decades, imaging studies have made it possible to detect WD in vivo. Although 

the precise morphological changes underlying the various MR phenomena are not yet 

fully clarified, they are of great importance in establishing spatiotemporal dynamics, 

given that a subject can be examined successively at several time points. Previously, T2 

sequences were only sensitive to the chronic phase, but with the emergence of DWI 

(diffusion weighted imaging) and DTI (diffusion tensor imaging), WD has become visible 

in the early phase. (22, 27, 28) 

DWI-based studies are part of routine examination in neuroradiology, where the MR 

image is a quantitative image based on the diffusion rate of water molecules in the area 

under investigation. Diffusion refers to the random (Brownian) motion of water 

molecules. The rate of diffusion, in addition to being influenced by the molecule under 

investigation and the temperature, depends significantly on the microstructure of the 

environment; diffusion is highest in the cerebrospinal fluid (CSF) and more inhibited in 

the extracellular and intracellular spaces. This makes DWI measurements suitable for 

detecting early, mild structural changes in the nervous system. In ischaemia, changes in 

membrane permeability and cytotoxic oedema cause diffusion inhibition, andin Wallerian 

degeneration, secondary to neuronal dysfunction and glial proliferation, fluid volume and 

distribution are altered leading to restricted diffusion. (1, 28)  

DTI is the most sensitive tool for detecting microstructural changes in white matter. 

Besides the degree of water diffusion, the diffusion tensor provides information on the 

preferred direction of water diffusion. In this case, the microstructure is determined by 

the integrity of the axon and myelin. (1)  In DTI, the 3-dimensional shape of the diffusion 

motion is used to image the tissue. (29) In white matter, the movement of water is 

anisotropic, i.e. direction dependent, so that due to the structure of the axon membrane 

and myelin, water molecules move more easily and rapidly along the longitudinal 

direction of the fibers than perpendicular to them, the shape of the movement resembling 

a cigar. In contrast, in cerebrospinal fluid, for example, where the same movement is 

possible in all directions, the shape is spherical. (29)The degree of anisotropy depends 

accordingly on the integrity of the myelin and the axon, which decreases when the latter 
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is disrupted. The fractional anisotropy (FA) quantifies the anisotropy and can be set 

between 0 and 1, 0 for a spherical shape (isotropy) and 1 for an ellipse that is most 

different from a sphere (maximum anisotropy). (30) The mean diffusivity (MD) and the 

fractional anisotropy (FA) are indicators that quantify the amplitude and direction of 

movement of water molecules. (28, 31) The direction and magnitude of anisotropic 

diffusion can be used to reconstruct neural pathways, and a decrease in FA may indicate 

microstructural disruption or structural damage. (32)  

 

1.1.1.4. MR signs of WD in the CNS after strokes 
 

Acute-subacute stages of ischaemic stroke are only visible with DWI and DTI 

measurements. Summarizing the results of previous studies, after a complete middle 

cerebral artery (MCA) territory stroke, a decrease in FA value and DWI sign is seen in 

the corticospinal trract (CST) from day 7 onwards at the level of the pedunculus cerebri 

on the ipsilateral side, with some exceptional cases showing a difference earlier than this. 

There are fewer data from the level of the medulla oblongata, here the involvement of the 

CST is visible from the second week (days 4-10). (1, 33, 34) In hypertensive subcortical 

haemorrhage, similar dynamics were visible, so that the MR-sign of WD was seen in the 

first week (days 2-4-8) in the pedunculus, and in the second week, around day 14, in the 

medulla oblongata. (14, 27, 35-37) 

T2-weighted scans show no difference until week 4, then between weeks 4 and 10 

hyperintensity appears along the CST, presumably as a result of a transiently increased 

lipid-protein ratio due to myelin degradation. (38) From week 10-14 onwards, the CST 

becomes permanently hyperintense on T2-weighted images, presumably as a result of 

gliosis. (1)   

According to an old classification of MR signs of WD, established by Kuhn in 1989, there 

are four stages of WD, based on T2-weighted imaging (39); I. no abnormality; II. 

hypointensity; III. hyperintensity; IV. atrophy. Currently, with the appearance of DWI 

and DTI, three stages are distinguished: acute (1-4 weeks), subacute (4-12 weeks) and 

chronic (after 12 weeks) (1). Kuhn's stage 4 is also visible on computed tomography (CT) 

scans. (40)  
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1.1.1.5. Early MR signs of WD and its relationship to clinical outcome 

 

Several MRI studies have shown the prognostic role of early abnormalities indicative of 

WD, suggesting that early DWI or DTI abnormalities along the CST in both hemorrhagic 

and ischaemic strokes are associated with worse functional outcome. Its use may be 

helpful for early determination of rehabilitation potential, and may influence planned 

rehabilitation and care. (14, 27, 41-43) 

 

1.1.2. Transneuronal degeneration (TND) 

 

TND refers to secondary lesions in regions synaptically connected to the primary lesion. 

It is also referred to as transaxonal or transsynaptic degeneration. (2) It has been 

confirmed in many structures in the CNS by numerous animal and human experiments. 

(2)    

Most human observations are from the the visual system, where multiple MRI 

investigations proved both anterograde and retrograde degeneration, also supported by 

histological studies in both forms. (44-49) After enucleation of an eye, optic nerve atrophy 

was observed. Over years, atrophy was seen in the region corresponding to the relay 

stations of the visual pathway, i.e. in layers 2, 3 and 5 of the ipsilateral lateral geniculate 

body (LGB) and layers 1, 4 and 6 of the contralateral LGB. .(45) Conversely, following 

occipital cortex damage, the entire ipsilateral LGB undergoes atrophy. (50-52)    

In the limbic system, MR images have demonstrated signs of secondary degeneration in 

the mammillothalamic tract and ipsilateral mammillary body after temporal lobe epilepsy 

and posterior cerebral artery (PCA) infarction, respectively, and have also suggested 

secondary atrophy of the hippocampal formation after traumatic brain injury. (53, 54)  

In the motor system, there are reports of secondary postischaemic involvement of the 

substantia nigra and globus pallidus after striatal infarction. (55, 56)  

Secondary thalamic degeneration following MCA infarction has also been demonstrated 

in several studies. (57-59)    
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In addition, a remarkable histological case report demonstrated massive degeneration of 

the medulla oblongata and pons after many years of hemicerebellectomy. (60)  

Crossed cerebellar atrophy is a contralateral middle cerebellar peduncle and contralateral 

cerebellar hemisphere atrophy following damage to the cortex or CST. (61, 62) 

Hypertrophic olivary degeneration is a known form of transsynaptic degeneration caused 

by any kind of lesion in the Guillain-Mollaret triangle (dentatorubro-olivary pathway. If 

the synaptic connections to the inferior olive are disrupted, vacuoles and gliosis appear 

along with cell degeneration, giving it a hypertrophic appearance. (2, 63, 64)   

 

1.1.2.1. TND in the spinal cord after stroke 

 

Whether similar changes can occur in the spinal cord (SpC) is not yet clear: the results of 

previous animal studies are not consistent, although several have observed secondary 

degeneration of spinal motoneurons. (65-68) Human experiments have so far not yielded 

results of similar strength.   

Only 2 human studies have dealt with this issue so far, one investigated the the anterior 

horn cells opposite to the lesion in the C5 segment 6 months or later after stroke; in this 

study, the mean cross-sectional area of anterior horn cells (AHCs) was significantly 

smaller compared to the opposite side, so they have pointed to some morphological 

change (69). Another study examined the L4 segment in only 4 cases and found no 

morphological differences 1-8 years after stroke. (70) This result is questioned by several 

methodological problems; on the one hand, the motoneurons of the segment under 

investigation are partially bilaterally innervated, which means that they do not completely 

lose their supranuclear connections, and on the other hand, the primary lesions were 

different - MCA territory stroke, 2 basal ganglia haemorrhages and a PCA territory infarct 

- not all of which are associated with CST involvement (PCA territory infarct). 
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1.1.2.2. Electrophysiological signs of secondary involvement of the SpC motoneurons 
 

Until now, the strongest evidence for the secondary involvement of human spinal 

motoneurons after upper motoneuron damage has been provided by electrophysiological 

studies. When motor units are examined, there is a consistent finding that very early in 

the first week after stroke, and probably even on the first day, the number of functioning 

motor units is reduced. Of course, this does not indicate neuronal death at this early stage, 

but rather suggests a functional impairment, presumably caused by secondary 

transsynaptic damage to motoneurons due to loss of innervation from the upper 

motoneuron. (71-75)  

Motor unit loss can be quantified using the MUNE (motor unit number estimation) 

method, which gives a numerical estimate of the number of functioning motoneurons. 

This estimation can be done by several methods, i.e. using different electrophysiological 

parameters. (72, 73, 76)  

As a sign of denervation, spontaneous activity in the affected muscles can be detected 

with needle electrography within 2 weeks: fibrillation potentials or positive sharp waves 

appear and are recorded until the end of reinnervation, typically by the 6th post-stroke 

month. 

Loss of motor units is indicated by parameters indicative of reinnervation, such as 

polyphasic motor unit axon potential or jitter and clustering index (CI) determined by 

single-fibre electromyography. (75, 77, 78) In single-fiber EMG, the jitter, which is the 

variability of the latency of activation of muscle fibres, increases, which in this case, 

taking into account the underlying disease, is a sign of the re-forming of neuromuscular 

junctions, that is, reinnervation. (79) Also a sign of reinnervation is increased fibre 

density, which is the density of muscle fibres innervated by the same motoneuron. (78-

80) 

Likewise, reinnervation is indicated by an increased CI. A high CI indicates that the 

muscle fibres of a motor unit are located close together, i.e. one unit has more muscle 

fibres than usual. The measurement is based on fibre density and the estimated distance 

between fibres inferred from the waveform. (75, 81, 82) 
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Summarizing the electrophysiological phenomena, after stroke, paretic muscles show 

signs of denervation in the first 2 weeks, followed by a reduction in the number of 

functional motor units in the subsequent weeks. This decrease is first measured on day 9, 

increases for 3-4 months, and then stops. (73) Signs of reinnervation appear 4-6 weeks 

after the stroke, and reinnervation stops 6 months later. (77) 

 

1.2. Microglia activation in the CNS 
 

In the early 1900s, in addition to neurons and astrocytes, Cajal described a group of cells 

called the "3rd element" based on their poor staining. (83) Later, Hortega managed to 

stain and characterise these cells and divide them into two groups. One type of cell group 

was named microglia - the true "3rd element" in the CNS because of its mesodermal 

origin - and the other cell group was called oligodendroglia, which are closer to astrocytes 

because of their ectodermal origin. (84, 85)   

Initially, microglia were considered to be part of the monocyte-macrophage system based 

on their phagocytic capacity, their morphological similarity to macrophages and their 

similar monocyte markers. (18)  

Based on current knowledge, microglia are resident macrophages, immunocompetent 

cells found only in the CNS. They originate from progenitor cells of the corpus luteum, 

in contrast to peripheral macrophages, which arise from cells in the fetal liver and bone 

marrow. (84)  Microglia are abundant in the CNS, accounting for 5-10% of all CNS cells. 

(83, 84, 86) Microglia are involved in the maintenance of homeostasis, in their activated 

state are an essential component of neuroinflammation and play an important role in the 

early development of the CNS. (87, 88) 

In the fully developed CNS, in the resting state, by continuously stretching and retracting 

its processes, it is in active contact with all CNS components, "monitoring" its 

environment. This is referred to as the "resting" microglia, or more recently as the 

"homeostatic" glia, referring to its ongoing active function. (84, 86) 

When needed, microglia change their function over a broad spectrum, i.e. they are 

activated. Microglial activation can involve several changes, depending on the 
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pathological process that inducing it, the involved CNS region and the age of the 

individual. (84) These include:  

- amoeboid shape: at rest, microglia have a small soma and ramified processes; 

upon activation, the cell body enlarges, taking on an amoeboid shape with fewer 

and shorter processes  

- migration 

- phagocytosis 

- release of bioactive substances: e.g.: cytokines, chemokines, reactive oxygen 

species  (ROS) and neuroprotective factors. (18) 

- altered protein markers: depending on the altered function, the expressed proteins 

change. (18, 84, 89) These proteins may be present at rest and change in 

abundance during activation, or they may be absent at rest and only appear during 

activation. By studying them, we can deduce the fact of microglial activation, 

which is the method we used in our studies. The most frequently studied proteins 

indicating microglial activation (18, 84, 90-92): 

- Iba1 (Ionized calcium-binding adaptor molecule 1): cytoplasmic protein, 

upregulated in inflammation. Involved in processes required for cell 

migration (such as cytoskeletal reorganization), and its presence is 

therefore a signal for migration and motility.  

- CD68: a lysosomal and endosomal transmembrane glycoprotein that 

signals phagocytic activation, which proved to be more sensitive than Iba1 

for detecting acitvated microglia in subcortical white matter under 

pathological conditions. (93)  

- Human leukocyte antigen (HLA)-DR: MHC II cell surface receptor 

presenting antigen to immune cells, up-regulated in inflammation, 

expressed on the amoeboid form of microglia. (88) 

- Other possible proteins: MSR-A, CD64 P2Y12, CD115, CD11b, 

CX3CR1, MHCII, CD16, CD32, CD40, CD86, CD163, CD206. (84, 90) 
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Microglia is found in the CNS early in development, at the same time as neuronal 

development occurs, but before the appearance of astrocytes and oligodendroglia. 

Microglia plays an important role in several phases of neurodevelopment, regulating 

neurogenesis by controlling apoptosis and growth factor release, and later on it plays a 

role in neuronal plasticity and the development of neuronal networks. (18) Microglia also 

regulate the amount of synapses, by eliminating inactive synapses, a process known as 

synaptic pruning. (88) 

Activated microglia are part of the process of neuroinflammation, which involves 

microglial activation, peripheral immune cell proliferation, cytokine and chemokine 

release and tissue injury (blood-brain barrier (BBB) injury, parenchymal injury). (84, 86) 

Neuroinflammation and thus microglial activation is partly beneficial because it tries to 

overcome the pathological process and partly harmful because it also causes tissue 

damage. (94, 95) Almost any pathological condition can trigger microglial activation. In 

the case of stroke, activation occurs within minutes at the site of tissue damage, followed 

by the opening of the BBB and the appearance of immune cells from the periphery in 

response to the cytokines released. (18) Activation has been observed not only at the site 

of primary damage, but also along the axon pathway and in synaptically connected areas 

such as the anterior horn of the SpC, in the lateral bundle of the SpC, and even in the 

thalamus, substantia nigra and hippocampus. (84, 94, 96) 

In addition to the above, there are other conditions in which microglial function is not 

activated but is altered, such as chronic stress, ageing, or a bacterial or viral infection 

affecting other tissues outside the CNS. (84) Such impairment of microglial function is 

also known as “parainflammation” and may have long-term adverse consequences such 

as cognitive impairment or the development of neurodegenerative diseases. (90) 

 

1.2.1. Microglial activation along the CST and in the SpC in vivo in human patients 
 

In humans, microglial activation can be visualized by positron emission tomography 

imaging. This technique employs the radioligand 11C-PK11195, which binds to 

translocator protein — a mitochondrial membrane protein expressed exclusively by 
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activated microglia. Studies using this method have shown that microglial activation may 

persist from day 3 up to 6 months post-stroke along the CST. (97, 98) 

In addition, a detailed human postmortem histopathological study examined microglial 

activation in the SpC of stroke patients. Using immunohistochemistry for MHC class II, 

leukocyte common antigen, and CD68, microglial activation was evident from day 3 post-

stroke and remained detectable up to one year later both in the lateral column and the 

anterior horn of the cervical and thoracic spinal segments (98) 
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2. OBJECTIVES  

 

The aim of our study was to map secondary degenerations of the CNS in cerebrovascular 

diseases. First, we investigated CST degeneration in patients with basal ganglia 

haemorrhage or total MCA territory stroke.  

Since longitudinal histological analysis is not feasible, the temporal profile of WD in the 

CNS after stroke is not fully understood, the few histological findings available so far do 

not provide a complete description of the process and they hardly focus on the early 

period. Several MRI studies have confirmed the secondary degeneration of the CST, 

providing more information on the temporal dynamics, but the pathological substrate of 

MR phenomena with the pathological steps of WD is not yet fully clear. 

In the first part of our work, we analysed the degeneration of the CST at the level of the 

pyramids in the medulla oblongata. Microglial activation was assessed by 

immunohistochemical detection of CD68 protein, structural lesions of the myelin were 

assessed by Klüver-Barrera staining (KB) for myelin, and NF-H neurofilament 

immunohistochemistry was used for the detection of axon degeneration. 

Our aim was to gain a more detailed understanding of the pathological processes, 

especially in the early post-stroke period, and to compare the dynamics of the process in 

different stroke etiologies, i.e. haemorrhagic and ischaemic strokes. 

Even less data are available regarding secondary degeneration of spinal motoneurons 

following upper motor neuron damage. TND in the SpC has not been definitely confirmed 

in human studies, and even experimental animal studies have yielded conflicting results. 

(14-17) Previous morphometric studies in human cases have focused on the chronic phase 

after cerebral infarction, whereas there are no histomorphological studies from the first 

month post-injury, although microglial activation is already evident in the anterior horn 

during this period and electrophysiological signs of functional damage to spinal 

motoneurons are clear from the first days following injury. (18-28) 

Based on this, the aim of our research was to study the morphological and synaptic 

changes in the spinal anterior horn motoneurons. Morphometric examination of spinal 
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motoroneurons was performed post-mortem within one month after stroke using Nissl 

staining. In addition, we also detected microglial activation by CD68 

immunohistochemistry and synapse density by synpatophysin (SYP) 

immunohistochemistry. 
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3. MATERIALS AND METHODS  

 

3.1. Study population 

 

For our analyses, histological samples were collected from patients died between 2002 

and 2016 in the Department of Neurology, Semmelweis University.  

For the first study, in which we investigated the degeneration of the CST in the medulla 

oblongata, 22 cases were studied. Statistical analysis was performed on 20 cases, with 

exclusion criteria being bilateral stroke or history of stroke or other CNS disease. Out of 

the 20 patients, 11 patients had extensive hemorrhagic stroke of hypertensive origin 

involving the internal capsule and 9 patients had ischemic stroke involving the entire 

MCA territory. All were confirmed by cranial CT in vivo and by post-mortem 

neuropathological examination. All patients had severe hemiparesis. (Table 1.) 

The remaining 2 cases did not meet the above exclusion criteria and were not included in 

the statistical analysis, but nevertheless their histological analysis provided valuable 

information and were considered suitable for demonstration. One patient had bilateral 

strokes at 2 different time points, the other suffered a hemorrhagic stroke after a previous 

infarction more than 1 year before. (Table 1.) 

In our second study, in which we analysed transsynaptic changes in the (SpC), seven 

patients were included for post-mortem analysis. Patients were adults over 18 years of 

age who had suffered a right or left total MCA territory infarction and had a maximum 

survival of 1 month after stroke. The complete MCA territory ischaemia was confirmed 

by CT and was also proven by post-mortem neuropathological examination. Patients with 

previous stroke or other CNS lesion in the medical history, with bilateral hemispheric 

infarction and with peripheral nerve injury of the upper limb were not included. Based on 

these criteria, the survival ranged from 3 to 32 days, the age of the subjects was between 

73 and 85 years, and clinically all patients had severe hemiparesis. (Table 1.) 

The study was approved by the Ethical Committee of the Semmelweis University, 

Budapest, Hungary (No. 79/2007). 
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Table 1. List of the patients included in the CST study and their clinical characteristics 

(H: hours; D: days) 

Adapted from: Kollai S, Bereczki D, Dobi B, Glasz T, Kovács T. Histopathological Changes of the Corticospinal Tract Following 

Hemorrhagic and Ischemic Stroke. Brain Sci. 2025;15(8):864. DOI:10.3390/brainsci15080864. Licensed under CC BY 4.0. 

 

patient ID sex, age type of stroke side of the lesion survival 

1 M78 HEM R 5H 

2 M67 HEM L 22H 

3 M75 HEM R 29H 

4 F78 HEM R 30H 

5 F86 INF L 2D 

6 F80 INF R 2D 

7 M66 HEM L 3D 

8 M79 HEM R 4D 

9 F90 INF R 5D 

10 M77 HEM R 7D 

11 M65 HEM R 10D 

12 F82 INF R 10D 

13 F83 INF L 11D 

14 F73 HEM L 17D 

15 M64 HEM L 18D 

16 F90 INF R 22D 

17 M76 INF R 27D 

18 F60 INF R 33D 

19 M59 INF R 42D 

20 M52 HEM R 90D 

21 M62 INF L 450D 

22 M69 INF L 330D 
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Table 2. List of the patients included in the SpC study and their clinical characteristics 

Adapted from: Early histopathological changes of secondary degeneration in the spinal cord after total MCA territory stroke. Kollai 

S, Bereczki D, Glasz T, Hortobágyi T, Kovács T. Sci. Rep. 2023;13:21934. DOI:10.1038/s41598-023-49230-x. Licensed under CC 

BY 4.0. 

 patients sex, age side of the infarct survival (days) 

D3 A M74 R 3 

 B F81 R 3 

 C F85 R 3 

D6-7 D M73 R 6 

 E F79 L 7 

D17 F M80 R 17 

D32 G F85 R 32 

   

3.2. Preparation of histological sections 

 

Autopsies were performed within 48 hours of death. The brain and the SpC were removed 

and fixed in 10% formalin for 30 days. This was followed by neuropathological 

examination of the brains to confirm the total ischaemic involvement of the MCA territory 

or the haemorrhage involving the whole internal capsule and to exclude other pathology. 

Subsequently, the medulla oblongata at the level of the pyramid and/or the C6 segment 

of the SpC were prepared and embedded in paraffin and 10 µm thick sections were made.   

From the spinal sections, to avoid overlap, every 6th section was Nissl stained (cresyl-

violet, Reanal Labor, Budapest, Hungary), resulting in approximately 20 sections per case 

for morphometric measurements, the remaining sections were immunohistochemically 

stained, resulting in at least 3 additional CD68 (clone KP1, DAKO, Denmark; dilution 

1:200) and 3 synaptophysin sections (clone DAK-SYNAP, Dako, Denmark; dilution of 

1:200) per case. We used the VECTASTAIN Elite RTU kit (Vector Laboratories, USA) 

and as counterstaining hematoxylin was applied to aid morphological orientation. 
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Brainstem sections were taken from the lower part of the medulla oblongata above the 

decussation of the pyramid in cross-section. One KB (Luxol Fast Blue and cresyl violet; 

Reanal Labor, Budapest, Hungary) stained image from each case was analysed for myelin 

and two more were analysed for CD68 immunohistochemistry (clone KP1, DAKO, 

Denmark; dilution 1:200) and NF-H immunohistochemistry (clone N52.1.7, Leica 

Biosystems, USA; dilution 1:300) to assess microglia and axons, respectively.  

 

3.3. The applied histological and immunohistological methods 

 

Nissl staining (cresyl violet) 

 

Nissl staining labels the ribosomes and endoplasmic reticulum within the soma of the 

neuron after fixation. Thus the nucleus will be blue and the endoplasmic reticulum in the 

plasma is purplish, the latter is also called Nissl material, or Nissl bodies. Since the axons 

remain unstained and the glial cells are not stained by the dye either, it is well suited for 

mapping the location, distribution and size of neurons and has therefore been used in our 

study for morphometric analysis of spinal motoneurons. (99) 

 

Luxol Fast Blue 
 

Luxol fast blue (LFB) binds to lipoproteins in myelin as a result of an acid-base reaction, 

during which a blue precipitate is formed. This makes it capable of detecting normal 

myelin, staining the white matter blue. Applied together with cresyl violet it is called 

Klüver-Barrera (KB) staining. With this combination, the neurons become visible and the 

myelin has a sharper contour.   The absence of staining indicates damage or degradation 

of the myelin. (100, 101)  

 

Immunohistochemistry 
  

Immunohistochemistry involves the detection of a specific substance in a sample through 

an immunological reaction, i.e. antigen-antibody coupling. This coupling, however, is 

colorless and invisible and must be labeled for detection. In the case of 

immunohistochemistry, this labeling is done with an enzyme and a chromogenic substrate 
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bound to it. One of the most commonly used enzyme+substrate pairs is peroxidase and 

diaminobenzidine (DAB), which was used in our case, resulting in brown coloured 

reaction product. (102, 103) 

 

CD68 
 

There are several proteins expressed on microglial cells, some of which are found in 

resting microglia, others are expressed or increase in amount only during microglial 

activation, neuroinflammation. Examples of the latter include the cell surface receptor 

CD64 or HLA-DR, which play important role in antigen presentation and thus indication 

of immune response; Iba-1, which is upregulated in microglial migration and is marker 

of cell motility, and CD68, a lysosomal and endosomal transmembrane glycoprotein that 

is up-regulated in phagocytic activation. (18, 84) Since phagocytosis must be involved in 

the transneural and WD we studied, we chosed immunohistochemical detection of the 

CD68 molecule as the method of microglia detection.  

 

Synaptophysin (SYP) 

 

At the presynaptic terminal, neurotransmitters are stored in synaptic vesicles and released 

from there after fusion with the cell membrane. These vesicles from the presynaptic 

terminal contain a membrane protein called SYP. Its function is unkonwn, but since it can 

be found only in presynaptic terminals and is not present on the cell membrane or in other 

cell organelles, it is an excellent tool for studying the distribution of synapses. (104-106) 

By quantifying SYP using immunohistochemistry, we attempted to estimate the density 

of synapses in the entire anterior horn and on the surface of individual motoneurons.  

 

Neurofilament (NF-H) 

 

Neurofilaments are intermediate filaments according to their size, occurring exclusively 

in neurons and together with microtubules and microfilaments form the cytoskeleton of 

neurons. They consist of four subunits: the heavy (NF-H), medium (NF-M), and light 

(NF-L) chains, as well as internexin (Int). (107) In terms of their function, in addition to 
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providing the internal framework of the axon, they also determine the thickness of the 

axon, which influences the speed of conduction. (107) Since NFs within the cell are 

mainly located longitudinally in the axons, while they are less abundant in the dendrites 

and perikarions, their immunohistochemical detection can provide a good overall picture 

of axon distribution and integrity. (108, 109)  This technique was applied in our study, 

during which NF-H was labeled. 

 

3.4. Image analysis of the sections 

 

In all cases, measurements were performed on both sides, the intact side was considered 

the control, and the abnormal side was compared to the control. Most of the axons of the 

CST cross in the lower level of the medulla oblongata, so in the case of the SpC we 

considered the side corresponding to the hemispheric infarct (ipsilesional) as intact and 

the opposite side (contralesional) as pathologic. (110) Conversely in the CST study, since 

the sections were taken above the level of the decussation, the SpC located on the side 

identical (ipsilesional) to the infarct/haemorraghe was considered pathologic and the 

opposite side (contralesional) intact. In the rest of this essay, we will use the terms intact 

(nonpathological - NPAT) and pathological (PAT) for simplicity and easier 

understanding.  

The microscopic images were taken with a Zeiss Axio Imager M2 light microscope 

attached to a Zeiss Axiocam 503 color digital camera and a computer. Morphometric 

measurements of the SpC were performed on images taken at 40x magnification. The 

immunohistochemichal analysis of the SpC was made at 100x magnification. For 

brainstem sections, immunohistochemical analysis was performed at 200x magnification 

and myelin analysis at 600x magnification. SpC motoneuron size and microglia density 

measurements were performed for both SpC and brainstem by ZEN 2.6 computer 

software (Carl Zeiss AG, Germany). In the CST, the morphological changes of axons and 

myelin were assessed by inspection as at this early stage, swelling and irregular 

distribution of axons did not allow for their quantification.  
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3.4.1. Morphometric analysis of the SpC AHCs 

 

In Nissl stained slices of SpC samples, in addition to the total number of AHCs, we 

measured the diameter, circumference and cross-sectional area of the AHCs. Cells with 

an area greater than 50 µm² and with clearly visible nucleoli located in the anterior horn 

were considered AHCs and included in the measurement. The anterior horn was defined 

as that part of the spinal grey matter that is bounded by a line that is laid on the ventral 

sulcus and another line perpendicular to it that runs through the central canal.  

 

Figure 1. a, b AH-s on the intact (IPSI) (a) and on the contralesional (CONT) (b) side of 

the SpC. Large motoneurons are shown by the inserts. Nissl staining.  

Adapted from: Early histopathological changes of secondary degeneration in the spinal cord after total MCA territory stroke. Kollai 

S, Bereczki D, Glasz T, Hortobágyi T, Kovács T. Sci. Rep. 2023;13:21934. DOI:10.1038/s41598-023-49230-x. Licensed under CC 

BY 4.0. 

 

3.4.2. Analysis of microglia activation 

 

As indicated above, microglial activation was judged by the presence of CD68-positive 

cells, which were visualized as brown dots on the sections by immunohistochemical 

labeling. Quantitative analysis of microglia was characterized by the density of CD68-

positive cells, i.e. their total area divided by the area of interest.  

For the SpC, we calculated density in the entire anterior horn determined by the method 

described above, in the lateral bundle in a circular area (with a radius of 690 µm), which 

we defined arbitrarily, and in the Rexed IX zone. The Rexed zone, also known as lamina 
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IX, contains the large motoneurons, and its localization was given by the connecting line 

laid on the large cells above 30 um in the anterior horn of the SpC.  

In the brainstem sections after defining the pyramids by their anatomic localization, the 

CD68 density was calculated by the same way as mentioned above following manual 

substraction of macrophages, with measurements performed in an area of 4–8 mm².  

 

3.4.3. Analysis of synaptic density 

 

Synapse density was determined by measuring the SYP vesicle membrane protein density 

in the entire ventral horn and in the lamina IX using immunohistochemistry. These areas 

were determined according to the method described above. In addition, the SYP coverage 

of some large AHCs with an area above 30 µm² was measured, i.e. the SYP-covered area 

of the AHC was divided by the total perimeter of the AHC; 10-15 cells of each case were 

examined on both sides.  

 

3.4.4. Inspection of the myelin and axonal structure in the brainstem 

 

Due to swelling and dysintegration of the axons in the acute phase, we could not find a 

parameter to objectify and quantify the extent of axon degeneration and myelin loss for 

the NF-H and KB stained images. We evaluated these sections by inspection, the 

homogeneity of staining, axon arrangement, size distribution and spatial density of the 

NF-H stained sections were the criteria of interest. In KB-stained sections, myelin sheath 

surface, shape and myelin ring completeness - the proportion of the stained and non-

stained areas - were assessed. In the very late cases staining intensity was evaluated by 

overview at low magnification and macroscopic examination.   

 

3.4.5. Statistical analysis of the SpC data 

 

The morphometric data were processed in three ways. First, ANOVA was used to 

compare the distribution of cell size in the two anterior horns in each case. Then, we 

performed a pooled analysis of the cases based on the number of days since the cerebral 
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infarction, in this latter case Mann-Whitney test was used. As a final part of our 

morphometric analysis, we divided the neurons into groups of large and small cells, and 

then compared the number of cells in each group with those in the opposite group using 

a Chi-squared test. We considered arbitrarily defined cells above 700 µm² as large cells 

and cells between 50 and 700 µm² as small cells. 

The immunohistochemical results were evaluated together and the CD68 densities of the 

two (ipsilateral and contralateral) anterior horns, the lateral bundle and the Rexed zone 

were compared by t-test. Subsequently, CD68 densities of the total AH and the Rexed 

zone on the same side were compared by Sign and Wilcoxon tests in each case. 

For synapse density, we compared SYP density of the AH and Rexed zone between the 

two sides using a t-test. Similarly, a t-test was used when comparing SYP coverage of 

large motoneurons of the two sides.   

 

3.4.6. Statistical analysis of the CST/brainstem data 

 

From the brainstem study, CD68 density values were statistically processed. Distribution 

of continuous variables was checked by the Shapiro-Wilk test. For multivariate analysis 

we used mixed-effect regression models. Density values between the pathological and 

non-pathological sides were compared by Wilcoxon matched pairs test in the total group 

and separately in the ISC and HEM subgroups. Spearman rank order correlation was used 

to evaluate the relationship between density values and time elapsed from stroke 

separately on the pathological and non-pathological sides. Kruskal-Wallis ANOVA was 

used to compare CD68 density values among the four groups based on the time after 

stroke. To identify the independent predictors of CD68 density the mixed-effects 

regression was used with stroke type (ISC or HEM), side of the lesion and sex as 

categorical variables and time from stroke and age as continuous variables as possible 

predictors. The mixed-effects approach was necessary due to repeated measurements on 

both sides of the patients. Time from stroke was modelled non-linearly in the regression 

model. Models with quadratic, square root and reciprocal relationships were investigated 

and were evaluated visually and using Akaike and Bayesian information criteria. A 
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difference of p < 0.05 was considered statistically significant. TIBCO statistica v. 14.0 

and R v. 4.4.1 (USA) was used for data analysis. 
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4. RESULTS  
 

4.1. Morphological changes of the CST in the medulla oblongata 
 

Day 1-2 

 

CD68 density is considerable in the CSTs on both sides of the medulla oblongata, 

however the difference between the two sides is not yet apparent. The axonal structure 

and myelin sheaths are still intact. The microscopic anatomy is the same as on the intact, 

nonpathological (NPAT) side.  

 

Day 3-7 

 

On the ipsilesional (pathological) side, the CD68 density is increased on the third day 

(Fig. 2d), and more macrophages are detectable by D7 (Fig. 2g). On D7, in circumscribed 

areas of the ipsilesional pyramid, the axonal structure shows the first signs of 

disintegration on NF-H staining, with swollen axonal cross-sections (Fig 2h). In addition, 

at this time, early signs of myelin degradation also appear (Fig 2i). 

 

Day 10-18 

 

CD68 density difference between the two sides is still very striking (Fig 2j). The signs of 

axonal degeneration are obvious; the axons are swollen, their structures lose integrity thus 

disappearing the regular structural pattern in the ipsilesional medulla oblongata (Fig. 2k). 

The signs of myelin degradation are prominent in several places with KB staining; the 

myelin rings lose their regular roundness and appear broken in several places with KB 

stain (Fig. 2l). 

 

After 1 month  

 

Besides the continuing strong CD68 density difference (Fig. 2m) and the obvious signs 

of the ongoing axon degeneration (Fig. 2n), the signs of myelin degradation become more 

evident, i.e. decrease in staining intensity with only sparse visible myelin rings (Fig. 2o). 

The severity of the pathology remains similar after three months (not shown). 
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Figure 2. Pathology of the CST degeneration in the pyramids of the medulla oblongata 

following HEM and ISC stroke (as the changes are similar, ISC and HEM cases are not 

shown separately). CD68 immunohistochemistry (a, d, g, j, m, p), NF-H 

immunohistochemistry (b, e, h, k, n, q) and Klüver-Barrera staining (c, f, i, l, o, r). The 

bar in the bottom right corner of the pictures indicates 50 μm. Intact (NPAT) side of the 

pyramid in the medulla oblongata (a, b, c) for comparison (D3 ISC). Very early HEM 

case (day 3 - D3) with microglial activation (d) (brown spots) (arrow shows a ramified 

microglia) but without signs of myelin (e) or axon degeneration (f). Early (day 7 -D7) 

HEM case with incipient axon and myelin destruction (arrows show breaking of the 

myelin rings) (g, h, i). Intermediate (day 17 - D17) (j, k, l) (HEM) and late (ISC) case 

(day 33- D33) (m, n, o) with marked myelin degradation (l, o), axon degeneration (k, n) 

(arrow shows a shrunken, while “x” shows a swollen axon) and increasing microglial 

activity (j, m).  Very late stage of CST degeneration (D450 ISC) with several 

macrophages (arrow) and extensive loss of axons and myelin (p, q, r). 

Adapted from: Kollai S, Bereczki D, Dobi B, Glasz T, Kovács T. Histopathological Changes of the Corticospinal Tract Following 

Hemorrhagic and Ischemic Stroke. Brain Sci. 2025;15(8):864. DOI:10.3390/brainsci15080864. Licensed under CC BY 4.0. 

 

After 1 year 

 

In the 2 additional late cases (D330 and D450), the number of CD68 positive cells are 

still significantly increased on the pathological side (Fig. 2p), with a high density of 

microglia together with macrophages along the surface of the medullary pyramid. Axon 

density is dramatically reduced, with the remaining fibers being thinner compared to the 

intact side (Fig. 2q). Myelin staining is significantly diminished, but signs of myelin 

degradation are still present (Fig. 2r). 

 

4.2. Comparison of haemorrhagic and ischemic stroke cases 
 

Comparing the HEM and ISC groups, the overall CD68 density on the ipsilesional side 

(HEM  n = 11 (mean ± SD): 12515  ± 8127); (ISC n = 9 (mean±  SD): 14871 ± 5639); 

(all cases n = 20 (mean ± SD): 13353 ± 6898) was approximately twice that on the 

contralesional side (HEM  n = 11 (mean ± SD): 6937 ±  2151); (ISC n = 9 (mean ± SD): 
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7866 ± 3751); (all cases n = 20 (mean ± SD): 7436 ± 2898) in both patient groups  

(Wilcoxon matched pairs test p(all cases) = 0,0005), and no difference was observed 

between HEM and ISC when comparing the pathological sides (p = 0,4780).  

When examining the whole group, considering time as a continuous variable, CD68 

density on the ipsilesional side significantly correlated with survival time (Spearman 

Rank Order Correlations n = 20 p  < 0.0001). 

A similar result is obtained when four time points are formed; there is a significant 

difference in density between time groups on the ipsilesional side (Kruskal-Wallis 

ANOVA n = 20 p = 0.0047). No similar correlation was observed on the contralesional 

side. 

Analysing HEM and ISC separately, density on the ipsilesional side is correlated with 

time elapsed in both patient groups, but no such correlation on the contralesional side 

could be proven (Spearman Rank Order Correlations HEM n = 11 p = 0.005; ISC n: 9 p 

= 0.013). By multivariate analysis using a mixed-effect regression model, independent 

predictors of CD68 density were survival time (p = 0.003 for the linear and p = 0.248 for 

the non-linear term), and side of lesion (ipsi- vs contralesional; p < 0.001) but not sex, 

age or stroke type. The relationship between CD68 and survival time density was 

modelled using a reciprocal curve, based on the visual assessment and information 

criteria. CD68 density is still increasing after 3 months of survival. (Fig. 3) Based on the 

long-survival time cases, the microglial activation is still present 1.5 years after the stroke. 
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Figure 3. Changes in CD68 density in the ipsilesional pyramid of the medulla oblongata 

HEM (a) and ISC (b) groups are shown separately. Horizontal axis: survival in days; 

vertical axis: CD68 density in μm²/mm². 

Adapted from: Kollai S, Bereczki D, Dobi B, Glasz T, Kovács T. Histopathological Changes of the Corticospinal Tract Following 

Hemorrhagic and Ischemic Stroke. Brain Sci. 2025;15(8):864. DOI:10.3390/brainsci15080864. Licensed under CC BY 4.0. 

 

4.3. AHC morphometry 

 

Morphometric data did not prove neuronal loss in the contralesional AH of the SpC in the 

first 30 days after the MCA infarction (p = 0,13). In the D3 cases, cells on the 

contralesional side were significantly smaller, while in the D6-7 cases, they were 

significantly larger in all three parameters. When the cases were evaluated individually, 

similar results were obtained, but the difference was significant only in the 6 and one of 

the 3 day cases (p = 0,00001, p = 0,00001, p = 0,00001 at 6 and p = 0,009061, p = 

0,008247, p = 0,030579 at 3 days). In D17 and D32 patients, no significant difference 

was seen between the ipsi- and contralesional sides in these parameters (Table 3Fig. 5).  
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Table 3.  Cell sizes in the AH according the age of the MCA infarct 

Adapted from: Early histopathological changes of secondary degeneration in the spinal cord after total MCA territory stroke. 

Kollai S, Bereczki D, Glasz T, Hortobágyi T, Kovács T. Sci. Rep. 2023;13:21934. DOI:10.1038/s41598-023-49230-x. Licensed 

under CC BY 4.0. 

 Cell number 
(n) 

Cross sectional area (µm2) Diameter (µm) Perimeter (µm) 

 IPSI CONT IPSI CONT p IPSI CONT p IPSI CONT p 

D3 3099 3142 403,9±292,8  388,3± 290,7  0,006 21,3±7,5 20,8±7,6  0,006 86,5±37,0 84,9±37,3 0.006 

D6-7 1961 2125 366,8±287,4 416,9±335,879  <0.001 20,3±7,4 21,5±8,2  <0.001 80,2±34,3 85,4±38,3 <0.001 

D17 1013 1044 332,8±207,1  342,9±200,574 0,103 19,6±6,0 20,0±5,9 0,103 80,9±32,2 82,8±30,9 0,047 

D32 1154 1182 371,5±312,0 387,9±320,630  0,312 20,2±8,0 20,6±8,2 0,312 91,1±60,8 97,1±115,6 0,485 

 

The proportion of large cells was significantly higher on the contralesional side in the D6-

7 cases (D6: p = 0,0001 and D7: p = 0,0330), while no similar shift in the ratio of cell size 

was revealed in the earlier or later cases (Fig. 4). 
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Figure 4. a, b, c, d Number of cells ˂ 700 µm² (light color columns) and 700 um² ˂(dark 

color columns) on the intact (IPSI) and contralesional (CONT) side 3 (a), 6-7 (b), 17 (c) 

and 32 (d) days after total MCA territory stroke.  

Modified from Early histopathological changes of secondary degeneration in the spinal cord after total MCA territory stroke. Kollai 

S, Bereczki D, Glasz T, Hortobágyi T, Kovács T. Sci. Rep. 2023;13:21934. DOI:10.1038/s41598-023-49230-x. Licensed under CC 

BY 4.0. 

. 
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Figure 5. a, b, c, d Distribution of cells over 700 um² by cross sectional area (cell area) 

3 (a), 6-7 (b), 17 (c) and 32 (d) days after total MCA territory stroke. Dotted line indicates 

the ipsilesional (IPSI), while continuous one is the contralesional (CONT) side.  

Modified from Early histopathological changes of secondary degeneration in the spinal cord after total MCA territory stroke. Kollai 

S, Bereczki D, Glasz T, Hortobágyi T, Kovács T. Sci. Rep. 2023;13:21934. DOI:10.1038/s41598-023-49230-x. Licensed under CC 

BY 4.0. 

 

4.4. Immunohistochemical morphometry of microglia in the AH 

 

CD68 immunohistochemistry (Fig. 6 a, b, c, d) displayed an outstanding increase in 

density in the whole contralesional AH (ipsilesional side (mean ± SD): 0,0020 ± 0,0014, 

contralesional side (mean ± SD): 0,0039± 0,0024; n = 21; p = 0,0008), and this difference 

was seen already on the third day after MCA occlusion and did not disappear later on.  

On the contralesional side, CD68 density was higher in the Rexed's lamina IX compared 
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to the whole AH (CD68 density in Rexed’s lamina IX:  ipsilesional (mean ± SD): 0,0020 

± 0,0015; contralesional (mean ± SD): 0,0049 ± 0,0031); (Sign test: n = 21; p = 0,0088; 

Wilcoxon: n = 21; p =  0,0172), while similar distribution difference could not be 

observed on the ipsilesional side. 

A similar remarkable difference was observed in the CD68 density in the CST in the 

lateral bundle on the contralesional side compared to the intact ipsilesional side (density 

ipsilesional (mean ± SD): 0,0024 ± 0,0016; contralesional (mean ± SD): 0,0058 ± 0,0034 

p = 0,0008).  

 

4.5. Immunohistochemical morphometry of synapses in the AH 

 

SYP density (all cases) (Fig. 6 e, f) was identical on both sides in the complete AH and 

in the Rexed's lamina IX as well (SYP density ipsilesional side (mean ± SD): 0,2731 ± 

0,0878; contralesional side (mean ± SD): 0,2683 ± 0,0870 n = 21, p = 0,4020), while the 

SYP coverage (all cases) of the individual motoneurons was significantly decreased on 

the contralesional side (SYP coverage ipsilesional: mean ± SD: 0,8341 ± 0,1298; 

contralesional: mean ± SD: 0,7557 ± 0,1499 n = 70 p = 0,0001). 
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Figure 6. Pathology of the SpC following stroke. 

a, b, c, d Microglial cells (dark dots) in the AH on the intact (IPSI) (a, c) and on the 

contralesional (CONT) (b, d) side 6 days after MCA occlusion. CD68 

immunhistochemistry with hematoxylin counterstaining.  

e, f  SYP-coverage of the AHC-s on the intact (IPSI) (e) and on the contralesional (CONT) 

(f) side 3 days after MCA occlusion. SYP immunohistochemistry with hematoxylin 

counterstaining. 

g, h Microglial cells (dark dots) in the CST on the intact (IPSI) (g) and on the 

contralesional (CONT) (h) side 32 days after MCA occlusion. CD68 

immunhistochemistry with hematoxylin counterstaining.  

Modified from Kollai et al. (2023): Early histopathological changes of secondary degeneration in the spinal cord after total MCA 

territory stroke. Originally published in Scientific Reports under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY 4.0). Original article: https://doi.org/ 10.1038/s41598-023-49230-x. 
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5. DISCUSSION  
 

5.1. Microglia activation along the CST 
 

Previous studies on the human SpC have shown that after stroke, pronounced microglial 

activation can be detected as early as day 3, not only in the ischaemic infarct area, but 

also caudal to it, in the lateral bundle - in accordance with WD - and even in the spinal 

grey matter. (89, 111)  In our study we have also investigated earlier cases, and found that 

microglia activation in the brainstem begins as early as the first day, practically within 24 

hours, although no statistical difference is observed between the two sides.  The clear and 

statistically significant difference between the pathological and non-pathological side is 

observed from day 3, when microglia density is clearly and statistically higher on the 

ipsilateral, (i.e. pathological) side. Since we assume that WD progresses in a rostro-caudal 

direction, we also expect that neuroinflammation – represented in our study by microglia 

activation – would also follow the same rosto-caudal pattern, appearing earlier in the 

brainstem sections. (5, 27) Studies using PET CT to detect microglia also support this 

observation. (98, 99) However, in our cases, an increase in microglial activation in the 

brainstem and the cervical section of the SpC becomes evident at the same time. This 

raises the possibility that, unlike the degenerative process, neuroinflammation along the 

injured CST does not spread in a rostro-caudal direction, but rather appears 

simultaneously along its length. In addition close proximity of the structures examined 

and the fact that we lacked samples from every time point despite our numerous cases 

from the first two days may also be an explanation. 

The above theory is supported by the fact that in the SpC, in addition to the lateral bundle, 

there is an excess of microglia in the grey matter at practically the same time, already on 

day 3, which is probably not due to degeneration of the rostro-caudal axons. This was 

similarly observed in previous studies, in addition to our present study. (89) What is 

interesting and a new observation in our case is that the appearance of microglia in the 

grey matter of the SpC is not homogeneous, but more pronounced in the Rexed 9 zone, 

where the large motor neurons are located. Since CD68 is a lysosomal protein, a marker 

of microglial phagocytosis, and there is no primary tissue damage in the spinal cord from 

which the debris should be removed, it would be reasonable to conclude that microglia 
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may induce secondary synaptic degeneration or reorganization on the motor neurons. (18, 

90, 95) 

 

5.2. Temporal dynamics of the WD of the CST 
 

The cases were grouped based on the appearance of microglial activation and pathological 

characteristics, resulting in uniform pathological patterns within each group. 

In the first week (D1-2 and D3-7 groups), consistent with previous pathological studies, 

no structural abnormalities were observed in either myelin or axons. During this period, 

most MRI-based studies also showed no abnormalities. (23, 24, 33, 89, 112, 113) 

From day 10 onwards (D10–18 group), marked degeneration of the CST was clearly 

visible, involving both myelin and axons. Regarding axonal degeneration, our 

observations are in line with previous findings (23) ; however, myelin degradation has 

generally been described as a later-onset, prolonged process that can still be detected even 

years later. (24, 114)  

A detailed myelin-focused immunohistochemical study examining several myelin 

proteins (MAG, PLP, MOG) showed the degradation of myelin proteins starting from day 

14. At that time, only the breakdown of MAG (myelin-associated glycoprotein) was 

detected, while the gradual degradation of the other myelin proteins began in the 

following weeks. (24, 114)  

The conventional Klüver–Barrera staining method, which we also used, has typically 

been applied in previous neuropathological studies only in much later post-stroke cases 

for examining myelin. Therefore, our results cannot be directly compared with earlier 

findings. (19, 36) 

Following SpC injury, myelin damage has already been observed as early as day 8, a few 

centimeters distal to the lesion, using conventional staining (Solochrome-cyanine stain). 

(22) However, due to the different etiology and the fact that these sections were taken 

very close to the site of injury, direct comparison with our data is limited. 
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It can be assumed that the initial structural damage to myelin reduces its staining capacity, 

facilitating dye washout, while the breakdown of most myelin-associated proteins has not 

yet started. (114-116) Subsequently, myelin degradation in the central nervous system is 

a prolonged process, which may play a key role in the lack of regeneration. (5) 

Since previous human studies investigating WD in the CNS have typically focused on 

later time points, this new observation cannot be directly compared with earlier results. 

Based on the spatial and temporal correlations of our pathological data and previous MRI 

studies, the combination of axonal degeneration and myelin damage may already cause 

MRI-detectable changes corresponding to WD from the first week onward. (23, 24, 35, 

68, 117-121) 

In the later period, from week 3 onwards, continuous axonal and myelin loss over the 

following year has been confirmed by numerous studies. (5, 24) 

Our aim was to determine the temporal dynamics of WD in the CNS and to compare the 

timing of the processes in different etiologies (hemorrhage and infarction). However, it 

should be emphasized that, in addition to individual variability, these sequential 

pathological processes may overlap in time and do not always progress uniformly in each 

phase. (25)  

 

5.3. Comparison of CST WD dynamics in ischaemic and hemorrhagic stroke 
 

We observed no significant differences in the dynamics of axon degeneration between 

ischemic and hemorrhagic stroke groups. This finding might support early surgical 

intervention in hemorrhagic strokes, as mechanical compression alone appears sufficient 

to induce axonal degeneration with dynamics similar to those of cell death. (122-127) No 

previous human or animal studies are available that similarly compare corticospinal 

pathway degeneration after ischaemic and hemorrhagic stroke. While minor differences 

between the groups cannot be ruled out - due to the lack of data across all time points - 

any substantial divergence remains unlikely. 
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5.4. Early signs of transsynaptic degeneration in the anterior horn of the SpC 
 

By performing morphometric analysis of anterior horn cells and assessing the quantity 

and distribution of their synapses, we aimed to investigate whether microglial 

proliferation has consequences in the SpC gray matter, and whether the results of 

electrophysiological studies may be correlated with morphological changes of 

motoneurons. 

In agreement with previous human studies, we found that microglial activation becomes 

pronounced on the contralateral anterior horn from day 3 post-injury. (89, 96) We found, 

that this activation shows uneven distribution, with a clear preference for Rexed lamina 

IX, where large alpha motoneurons are located. This topographical pattern suggests that 

motoneurons may be more severely affected than local interneurons. 

Any injury to the CNS is followed by microglia, whose role is partly protective and 

beneficial by removing tissue debris, but also harmful by causing secondary damage to 

neurons. (18, 94, 95) 

In cases of cerebral infarction, early microglial activation is not restricted to the ischemic 

area or the descending CST undergoing WD, but is also observed in the anterior horn of 

the SpC. Since this occurs concurrently with electrophysiological signs of motoneuron 

dysfunction, it is reasonable to hypothesize that motoneurons or their synaptic networks 

undergo structural alterations. 

The marker we used, CD68, is a lysosomal membrane protein whose expression increases 

under conditions of enhanced phagocytic activity. (92, 128) Since there is no primary 

tissue damage in the SpC following stroke which requires clearance of cellular debris, it 

is plausible to assume that the activated microglia in the anterior horn contribute to 

secondary synaptic degeneration or possibly synaptic reorganization. 

Human electrophysiological studies have described various signs of lower motoneuron 

impairment following upper motoneuron lesions. The earliest electrophysiological signs 

can already be detected on the first day after stroke, reflecting motor unit loss in the 

paretic muscles. This is typically followed by motor unit reorganization. (71-75, 129) 
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Besides from the second week onward, spontaneous muscle activity appears, which 

disappear by six months post-stroke. (71)  

These consistent electrophysiological findings suggest the presence of trans-synaptic 

dysfunction, although histological evidence supporting TND remains limited. To date, 

only two key studies have addressed this issue. 

One study found no significant motoneuron loss in the contralateral anterior horn at the 

C5 segment, even six months or more after stroke. (69) However, this study did report a 

significant reduction in the average cross-sectional area of the AHCs compared to the 

intact ipsilesional side.  

Another investigation also failed to find a difference in AHC number, though this study 

has several methodological limitations. The lesion sites varied considerably across the 

four subjects, and in one case, the stroke involved the PCA, which does not affect the 

CST. Furthermore, the study examined the L4 spinal segment, whose motoneurons 

primarily innervate proximal muscles and receive bilateral corticospinal input. These 

factors that may explain the lack of detectable changes. (70)  

According to our findings, the contralateral anterior horn of the spinal cord shows a slight 

decrease in overall cell size when the entire cell population is analyzed. At one week post-

stroke, the whole population appears to contain larger cells, and the proportion of large 

neurons is increased on the contralesional side. In later time points, we did not observe 

similar differences: neither the distribution of cell sizes nor the ratio of large to small 

neurons showed significant alterations. 

These results may indicate a transient morphological change, possibly related to neuronal 

swelling, primarily affecting cells with an area greater than 700 µm², i.e., large alpha-

motoneurons. This could represent a morphological correlate of the trans-synaptic 

dysfunction previously identified by electrophysiological studies. (72, 74, 129)  

In addition to morphometric analysis, we assessed synaptic density and quantity using 

immunohistochemical labeling of SYP, a presynaptic vesicle membrane protein. (104) 

While our aim was to detect changes in overall synaptic density, we did not observe 
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significant differences between the two sides of the SpC at this early (in the first month) 

post-stroke time point. 

However, when analyzing individual large alpha-motoneurons, we observed a reduction 

in SYP coverage on their surface, indicating a decreased number of axon terminals and, 

consequently, reduced synaptic input. These findings suggest that the synaptic 

connections of AHCs may be involved in some way. This hypothesis requires further 

confirmation via electron microscopic analysis in future studies. 

The transient increase in neuronal cell size observed in our study may reflect a 

compensatory mechanism in response to reduced or altered synaptic input. Similar 

mechanisms have been documented in Alzheimer’s disease (AD), where hippocampal 

CA1 neurons in asymptomatic individuals show larger cell sizes compared to those in 

patients with mild cognitive impairment or Alzheimer-dementia. (130)  

After one month, no significant differences were observed between the ipsi- and 

contralesional sides of the SpC, which is consistent with findings from previous studies. 

(69, 70)  

Interpretation of our study data is limited by the small number of patients included, but 

the results are strengthened by rigorous patient selection and detailed morphometric 

analysis. Further validation in larger trials is needed, but these preliminary data already 

suggest that spinal motoneurons undergo morphological changes in the first month after 

stroke, and identification of the biochemical factors underlying these changes may be 

useful in developing future therapeutic interventions. 
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6. CONCLUSION 
 

1. Microglial activation in the CST in the medulla oblongata and in the lateral tract and 

anterior horn of the cervical SpC can be detected as early as day 3 as part of WD after 

haemorrhagic and ischaemic stroke. Its appearance in the anterior horn is not evenly 

distributed, but mainly affects lamina IX, where the large motoneurons are located. It 

does not necessarily show a rostrocaudal pattern, although it becomes more pronounced 

over the first month. 

2. Following microglial activation, structural damage to both myelin and axon at the level 

of the medulla oblongata is observed from day 7-10 post-stroke, a process that is slow 

and may take several months. Axon degeneration in ischaemic and haemorrhagic stroke 

follows similar dynamics.  

3. In addition to early microglial activation in the anterior horn of the SpC, a structural 

change of the anterior horn cells is observed. 7 days after the stroke, they are larger and 

swollen compared to the contralateral side, a phenomenon that mainly affects the large 

alpha-motoneurons. This is a temporary feature and no such difference was observed 

afterwards. 

 4. Examining synapse density, there was no difference between the anterior horns of the 

two sides, but examining individual motoneurons, the synaptic endings on the surface of 

each motoneuron were reduced, suggesting secondary damage and reorganization of 

synapses. 

5. Our histological studies provide support for the previous electrophysiological findings, 

which had already suggested a transneuronal functional impairment of spinal 

motoneurons. 

6. The results of our study may focus attention on secondary changes after stroke such as 

transsynaptic degeneration and microglial activation, inducing further detailed research. 

A deeper analysis of these may also identify potential therapeutic targets for 

neurorehabilitation and neuroprotection in the future. 
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7. SUMMARY 
 

The aim of this thesis is to investigate the secondary degenerative processes of the central 

nervous system after cerebrovascular disease, with special emphasis on WD of the CST 

and TND of spinal motoneurons. In this study, immunohistochemical and morphometric 

analyses were performed on postmortem human histological samples. Analyses of CST 

degeneration showed microglial activation as early as day 3 post-stroke, increased over 

the following 1 month and persisted up to 1 year later. Signs of axon and myelin damage 

appeared within 7-10 days and gradually worsened. We found no difference in the 

dynamics of degeneration between ischaemic and haemorrhagic strokes. 

Microglial activation also appeared early in the anterior horn of the SpC, especially in the 

area of the Rexed IX lamina, where the large alpha-motoneurons are located. Based on 

the decrease in synaptic coverage of large motoneurons and their increase in size observed 

one week post-injury, it is hypothesized that transneuronal synaptic reorganization or 

some kind of functional damage might occur in the first month after stroke. 
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