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Early histopathological changes 
of secondary degeneration 
in the spinal cord after total MCA 
territory stroke
Sarolta Kollai 1,2, Dániel Bereczki 1,3, Tibor Glasz 4, Tibor Hortobágyi 5,6,7 & Tibor Kovács 1,2,3*

Previous research has not demonstrated secondary degeneration of the spinal cord (SpC) 
motoneurons after cerebral infarct. The aim of the present study is to investigate the involvement 
of the anterior horn cells (AHC) in the early post-stroke period using histomorphological and 
immunohistochemical methods. Post-mortem analysis of the 6th cervical segment was performed in 
7 patients who had total MCA stroke within 1 month before death. Nissl-stained sections were used 
for morphometry, while CD68 and synaptophysin (SYP) immunohistochemistry to monitor microglial 
activation and synaptic changes in the anterior horn (AH), respectively. Contralateral to the cerebral 
lesion (contralesional side), cells were smaller after 3 days and larger after 1 week of stroke, especially 
regarding the large alpha motoneurons. CD68 density increased mainly on the contralesional Rexed’s 
IX lamina of the SpC. SYP coverage of the large motoneurons was reduced on the contralesional side. 
Early microglial activation in the AH and electrophysiological signs has suggested the possibility of 
impairment of anterior horn cells (AHC-s). Our study supported that early microglial activation in the 
contralesional side of the SpC may primarily affect the area corresponding to the location of large 
motoneurons, and is accompanied by a transient shrinkage followed by increase in size of the large 
AHC-s with a reduction of their synaptic coverage. After MCA stroke, early involvement of the SpC 
motoneurons may be suspected by their morphological and synaptic changes and by the pattern of 
microglial activation.

Abbreviations
AH  Anterior horn
AHC  Anterior horn cell
SpC  Spinal cord
SYP  Synaptophysin
MCA  Middle cerebral artery
CST  Corticospinal tract
CNS  Central nervous system

Transneural degeneration is a long-established phenomenon in the nervous system, confirmed in many structures 
by numerous animal and human observations. Most of the human data are from the visual system, where antero- 
and retrograde degeneration was proved by magnetic resonance (MR) investigations and also by histological 
 studies1–6. MR signs of possible secondary degeneration of the ipsilateral mammillothalamic tract and mamillary 
body in temporal lobe epilepsy and after posterior cerebral artery territory infarction, secondary post-ischemic 
involvement of the substantia nigra and globus pallidus after striatal infarct, as well as thalamic degeneration after 
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MCA territory infarct had also been  reported7–12. Hypertrophic olivary degeneration is a form of transsynaptic 
degeneration caused by a lesion in the Guillain-Mollaret  triangle13.

The presence of similar changes in the spinal cord (SpC) is still unsettled. Wallerian degeneration of the 
corticospinal tract following upper motor neuron lesion has been confirmed by pathological and MR studies, 
traced along the course of the pathway in the internal capsule and brainstem on the same side, and—beyond its 
decussation in the pyramid of the medulla oblongata—in the contralateral lateral bundle of the  SpC14–17. Previous 
research had not found evidence of similar strength for secondary degeneration of the lower motoneurones in 
the SpC; even experimental animal studies produced conflicting  results18–21. Prior morphometrical investigations 
in human cases focused on the chronic phase after suffering a cerebral infarction, while there are no histomor-
phological studies in the SpC coming from the first month, although electrophysiological signs suggestive of 
functional impairment of the spinal motoneurons are from this  period22–32.

Our work focuses on the pathological processes in the cervical SpC in the acute phase (i.e. in the first month) 
after a total MCA territory stroke, by studying the pattern of microglial activation and the synaptic and mor-
phometric changes in the SpC. Mapping of these early changes may contribute to our understanding of the 
pathomechanism of residual symptoms and may promote future investigations in the field of neuroprotection 
and neurorehabilitation. The importance of our study is supported by the high prevalence of stroke worldwide 
and the large number of patients who live with residual stroke symptoms and disturbing spasticity.

Patients
Autopsy samples were collected from 7 patients aged between 73 and 85 years who suffered a total unilateral MCA 
territory infarction proven by computed tomography (CT) imaging on acute admission. Survival times ranged 
from 3 to 32 days (D3: 3 patients; D6-7: 2 patients; D17: 1 patient; D32: 1 patient) and all patients had severe 
hemiparesis (Table 1). There was no previous stroke or other central nervous system (CNS) lesion in the medical 
history or by neuropathological examination and no peripheral nerve injury of the affected upper extremity.

Methods
All methods were carried out in accordance with relevant guidelines and regulations.

The autopsies were performed within 48 h after death. The brain and the SpC specimens were removed and 
fixed in a 10% formal-saline solution for 30 days. Neuropathological examination of the brains was performed (by 
TH and TK), establishing the total involvement of the MCA territory. The C6 segment of the SpC was dissected 
and embedded in paraffin wax and 10 um thick transverse sections were made. Every 6th section was stained with 
the Nissl-staining method (cresyl-violet 0.1%, Reanal Labor, Budapest, Hungary) for morphometrical analysis 
(Fig. 1), while every 20th and 21st section was immunostained for CD68 (clone KP1, DAKO, Denmark; dilution 
1:200) and SYP (clone DAK-SYNAP, Dako, Denmark; dilution of 1:200), respectively, using VECTASTAIN Elite 
RTU kit (Vector Laboratories, USA) and counterstained with hematoxylin (Reanal Labor, Budapest, Hungary) 
for nuclear staining to help morphological orientation.

Images were taken using a Zeiss Axio Imager M2 type light microscope with a Zeiss Axiocam 503 color digital 
camera and image analysis was obtained by using the ZEN 2.6 computer software (Carl Zeiss AG, Germany). 
At least 12 and 3 sections were used from each case for morphometry and immunohistochemical analysis, 
respectively.

Histochemical morphometry
Total number, diameter, perimeter and cross-sectional area of the anterior horn cells (AHC) were measured in the 
Nissl-stained sections. The AH was defined by the method of Qiu and Terao: an area of the gray matter bounded 
by a line laid on the ventral sulcus, and another, perpendicular one to it, which runs through the central  canal30,31. 
Cells over an area size of 50 µm2 with a clearly discernible nucleolus were considered as AHC-s.

Immunohistochemichal morphometry
CD68 density was observed in the entire area of the AH, in the Rexed’s lamina IX and in the area of the lateral 
corticospinal tract (CST). AH was defined by the same method we used in morphometric analyses, while the 
area of the Rexed’s lamina IX was marked by the connectors between motoneurons with a diameter over 30 µm. 
The measurements in the CST were carried out in an arbitrarily sized circle (with a radius of 690 µm) defined 
by the posterior horn and root, the edge of the lateral bundle and a horizontal line laid on the central canal. The 

Table 1.  List of the studied patients and their clinical characteristics.

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
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measurements were performed in at least 3 different sections in the C6 segment. CD68 density was determined 
as the size of the immunostained area divided by the size of the total measured area.

SYP density was assessed in the entire AH and in the Rexed’s lamina IX (defined as above). We also calculated 
the SYP-coverage of the individual AHC (the synaptophysin-covered part of the perimeter divided by the total 
perimeter). Ten randomly selected AHC-s over 700 µm2 cross sectional area and with a clearly visible nucleolus 
were selected on both sides in every subject.

In all measurements described above the two sides of the SpC were compared and the ipsilesional, unaffected 
side was used as a control. Measurements were performed by SK and TK, with an interrater reliability of 0.92 
(measured on AHC morphometry).

Statistical analysis
Pooled analysis of the cases based on the number of days passed since the stroke event was performed using 
the Mann–Whitney test. We also divided the neurons into groups of large and small cells, and then compared 
the number of cells in the two groups with the opposite side by Chi-square test. Based on the size distribution 
of the cells in the spinal cord, including Rexed’s lamina IX, cells above 700 µm2 were considered as large cells, 
corresponding to the motor neurons in the Rexed’s lamina  IX33. Cells between 50 and 700 µm2 were considered 
as small ones. The Wilcoxon test was used to compare the total cell numbers of the two sides.

We also compared the CD68 density of the two (ipsilesional and contralesional) AH-s, lateral bundles and 
Rexed’s laminae IX with t-test. CD68 density of the entire AH and that of the Rexed’s lamina IX were compared 
using the Sign and Wilcoxon tests in each case.

The difference of SYP density values between the two AHs and Rexed’s lamina IX and SYP coverage ratio of 
the large AHCs were evaluated with t-test.

Statistical analysis was performed using the TIBCO Statistica software (version 14.0.1.25, Palo Alto, CA, USA).

Ethics approval
The study was conducted in accordance with the guidelines set by the Declaration of Helsinki and was approved 
by the Ethical Review committee in Budapest, Hungary (The Regional and Institutional Committee of Scientific 
and Research Ethics of the Semmelweis University, Budapest, Hungary) (reference number: 79/2007). Due to the 
retrospective design of the study, patient informed consent was waived by the same Ethical Review committee.

Consent to participate
Informed consent was not obtained for the present study because patients were selected from cases where an 
autopsy and histopathological examination was authorized for other medical, family or official reasons and the 
specimens are anonymized.

Results
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. In D17 and D32 patients, no significant 
difference was seen between the ipsi- and contralesional sides in these parameters (Table 2, Fig. 2).

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 (Table 2; 
Fig. 2).

a bIPSI CONT

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.
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Immunohistochemical morphometry
CD68 immunohistochemistry (Fig. 3a,b) 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 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) (Fig. 3g, h).

SYP density (all cases) (Fig. 3e,f) was identical on both sides in the complete AH and in the Rexed’s lam-
ina 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 signifi-
cantly 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).

Discussion
We have found that post-stroke microglial activation on the contralesional side of the SpC primarily affects 
Rexed’s lamina IX. There was a transient decrease and then an increase in the size of AHCs, mainly affecting 
neurons above 700 µm2 (i.e. large motor neurons). In addition, the synaptic coverage of the surface of large motor 
neurons diminished during this period.

Based on previous human studies, there is a strong early microglial activation in the lateral bundle and also 
in the spinal gray matter followed by signs of Wallerian degeneration (WD) in the CST and electrophysiological 
signs of motoneuron damage as early as on the first day after stroke onset, accompanied by probable cell shrink-
age in the AH in the later phase without obvious cell  loss16,17,30,31,34,35.

Microglial activation follows any injury to the CNS; the consequence of which is partly protective and ben-
eficial by removing tissue debris, but on the other hand it is also detrimental by causing secondary injury to 
the  neurons36–39. In cerebral infarction, early microglial activation occurs not only in the area of ischemia and 
in the descending pyramidal pathway suffering from WD, but also in the AH of the  SpC35. Our study yielded 
similar results, a strong presence of CD68 was evident in the whole AH as early as 3 days after stroke and it 
was significantly higher in the Rexed’s lamina IX compared to the entire AH. This difference suggests that the 
pathology of the spinal motoneurons is more pronounced than the one seen in the interneurons. Since CD68 is a 
marker of microglial phagocytosis and there is no primary tissue damage in the spinal cord where debris should 
be removed, it would be reasonable to conclude that microglia may induce secondary synaptic degeneration 
or  reorganization37,40–42. To assess this, we observed the density of SYP, a protein component of the presynaptic 
vesicle membrane, but we did not find a significant decrease in it, although the SYP coverage of the surface of 
the individual large AHCs is reduced on the contralesional side, suggesting that the synaptic connectivity of the 
AHCs is  affected43. These findings should be confirmed by electronmicroscopic studies in the future.

Human electrophysiological studies described distinct electrophysiological signs of lower motor neuron 
damage in the SpC after upper motoneuron lesion. The earliest electrophysiological signs may be detected from 
as early as the first day after the stroke and indicate motor unit loss in the paretic muscles, followed by motor 
unit  reorganization22–25,32,44. From the second week onwards, spontaneous muscle activity appears, which is no 
longer present 6 months  later22,26–29.

These previous electrophysiological studies consistently suggest some kind of transsynaptic dysfunction, 
but so far, histological analyses have failed to confirm transneural degeneration; no motoneuron loss was dem-
onstrated in the contralesional AH in the C5 segment 6 months after stroke or later, although in this study the 
mean cross-sectional area of AHC-s was significantly smaller compared to the intact, ipsilesional  side31. Another 
study did not find a difference in the number of AHC-s either, although here the L4 segment was examined, 
whose motoneurons supply the proximal muscles and receive bilateral corticospinal inputs, which in this case 
may explain the negative  result30.

Based on our data, the ratio of the large cells increased on the contralesional side 1 week after stroke, preceded 
by shrinkage of them observed in D3 cases. When the total cell population is examined during the same period, 
cells appear to be larger on the contralesional side. No similar correlation was found between the later cases, 
with no difference between the proportion of large and small cells. These may suggest a transient morphological 
change one week after stroke, with possible cell swelling, affecting mainly cells in the range above 700µm2 (i.e. 

Table 2.  Cell sizes in the AH according the age of the MCA infarct. Significant values are in bold.

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  > 0.000 20.3 ± 7.4 21.5 ± 8.2  > 0.000 80.2 ± 34.3 85.4 ± 38.3  > 0.000

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
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large alpha motoneurons). This might be the morphological consequence of the transsynaptic dysfunction of 
motoneurons shown by electrophysiological  studies24,32,44. The increase in size of the neurons could be a com-
pensatory mechanism following decreased or changed synaptic connectivity. Similar mechanisms is proven in 
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Figure 2.  (a–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 lines indicate the ipsilesional (IPSI), while continuous ones 
the contralesional (CONT) side. The right upper part of the images show the number of cells ˂ 700 µm2 (light 
color columns) and 700  um2 ˂(dark color columns) on the intact (IPSI) and contralesional (CONT) sides in the 
individual cases.
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a b

e f

IPSI CONT

IPSI CONT

IPSI CONT

c d

g h

Figure 3.  Pathology of the SpC following stroke. (a, b)Microglial cells (dark dots) in the AH on the intact (IPSI) (a) and 
on the contralesional (CONT) (b) side 6 days after MCA occlusion. Black rectangles indicate the parts of the images that 
are shown at higher magnification in (c and d). CD68 immunhistochemistry with hematoxylin counterstaining. (c, d) 
Microglial cells and processes with high-power magnification in the AH on the intact (IPSI) (c) and on the contralesional 
(CONT) (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 lateral pyramidal tract on 
the intact (IPSI) (c) and on the contralesional (CONT) (d) side 32 days after MCA occlusion. CD68 immunhistochemistry 
with hematoxylin counterstaining.
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Alzheimer’s disease (AD), where the size of hippocampal CA1 neurons is increased in asymptomatic AD cases, 
compared to cases with mild cognitive impairment or dementia caused by  AD45.

In D3 cases, cells were significantly smaller in the total AH on the contralesional side, but without change 
in the ratio of the large and small cells. After one month, no difference was observed between the ipsi- and con-
tralesional side of the SpC, confirming data from previous  researches30,31.

The interpretation of data from our study is limited by the small number of patients included, but the findings 
are strengthtened by the strict patient selection and detailed morphometrical analysis. Confirmation in larger 
studies is necessary, but even these preliminary data suggest that spinal motoneurons undergo morphological 
changes within the first month after stroke and the identification of the biochemical factors underlying these 
changes might be helpful in the development of future therapeutic interventions.

Conclusion
After MCA stroke, early microglial activation in the contralesional side of the SpC primarily affects the Rexed’s 
lamina IX zone, the area corresponding to the location of large motoneurons. This is followed by transient 
morphological changes, cell shrinkage and then cell size increase, which is accompanied by a decrease in the 
synaptic coverage of the motoneurons. .

Data availability
All relevant data and materials are available from the authors upon request (TK, corresponding author).
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References
 1. Rossiter, J. P. Trans-synaptic degeneration of lateral geniculate nuclei following remote loss of right eye. JAMA Ophthalmol. 133(1), 

e141789. https:// doi. org/ 10. 1001/ jamao phtha lmol. 2014. 1789 (2015).
 2. Jindahra, P., Petrie, A. & Plant, G. T. Retrograde trans-synaptic retinal ganglion cell loss identified by optical coherence tomography. 

Brain 132(Pt 3), 628–634. https:// doi. org/ 10. 1093/ brain/ awp001 (2009).
 3. Tur, C. et al. Longitudinal evidence for anterograde trans-synaptic degeneration after optic neuritis. Brain 139(3), 816–828. https:// 

doi. org/ 10. 1093/ brain/ awv396 (2016).
 4. Beatty, R. M., Sadun, A. A., Smith, L., Vonsattel, J. P. & Richardson, E. P. Jr. Direct demonstration of transsynaptic degeneration in 

the human visual system: A comparison of retrograde and anterograde changes. J. Neurol. Neurosurg. Psychiatry 45(2), 143–146. 
https:// doi. org/ 10. 1136/ jnnp. 45.2. 143 (1982).

 5. Millington, R. S. et al. Quantifying the pattern of optic tract degeneration in human hemianopia. J. Neurol. Neurosurg. Psychiatry 
85(4), 379–386. https:// doi. org/ 10. 1136/ jnnp- 2013- 306577 (2014).

 6. You, M., Rong, R., Zeng, Z., Xia, X. & Ji, D. Transneuronal degeneration in the brain during glaucoma. Front. Aging Neurosci. 13, 
643685. https:// doi. org/ 10. 3389/ fnagi. 2021. 643685 (2021).

 7. Kodama, F. et al. Transneuronal degeneration in patients with temporal lobe epilepsy: evaluation by MR imaging. Eur. Radiol. 
13(9), 2180–2185. https:// doi. org/ 10. 1007/ s00330- 003- 1875-y (2003).

 8. Uchino, A. et al. Ipsilateral mamillary body atrophy after infarction of the posterior cerebral artery territory: MR imaging. Eur. 
Radiol. 15(11), 2312–2315. https:// doi. org/ 10. 1007/ s00330- 005- 2780-3 (2005).

 9. Nakane, M., Teraoka, A., Asato, R. & Tamura, A. Degeneration of the ipsilateral substantia nigra following cerebral infarction in 
the striatum. Stroke 23(3), 328–332. https:// doi. org/ 10. 1161/ 01. str. 23.3. 328 (1992).

 10. Koo, M. W., Kim, Y. K., Ku, K. M., Park, W. W. & Minn, Y. K. Exofocal anterograde transsynaptic neuronal death in the globus 
pallidus: Two case reports. J. Clin. Neurol. 8(4), 308–310. https:// doi. org/ 10. 3988/ jcn. 2012.8. 4. 308 (2012).

 11. Tamura, A. et al. Thalamic atrophy following cerebral infarction in the territory of the middle cerebral artery. Stroke 22(5), 615–618. 
https:// doi. org/ 10. 1161/ 01. str. 22.5. 615 (1991).

 12. Yamauchi, H., Kagawa, S., Kusano, K., Ito, M. & Okuyama, C. Neuronal alterations in secondary thalamic degeneration due to 
cerebral infarction: A (11)C-Flumazenil positron emission tomography study. Stroke 53(10), 3153–3163. https:// doi. org/ 10. 1161/ 
strok eaha. 122. 038846 (2022).

 13. Van Eetvelde, R. et al. Imaging features of hypertrophic olivary degeneration. J. Belg. Soc. Radiol. 100(1), 71. https:// doi. org/ 10. 
5334/ jbr- btr. 1065 (2016).

 14. Domi, T. et al. Corticospinal tract pre-wallerian degeneration: A novel outcome predictor for pediatric stroke on acute MRI. Stroke 
40(3), 780–787. https:// doi. org/ 10. 1161/ strok eaha. 108. 529958 (2009).

 15. Carota, A. & Dinacci, D. Descending corticospinal tract Wallerian degeneration after stroke: An old sign, a new prognostic marker?. 
Acta Neurol. Belg. 112(1), 115–116. https:// doi. org/ 10. 1007/ s13760- 012- 0033-1 (2012).

 16. Lindberg, P. G., Bensmail, D., Bussel, B., Maier, M. A. & Feydy, A. Wallerian degeneration in lateral cervical spinal cord detected 
with diffusion tensor imaging in four chronic stroke patients. J. Neuroimaging 21(1), 44–48. https:// doi. org/ 10. 1111/j. 1552- 6569. 
2009. 00409.x (2011).

 17. Buss, A. et al. Gradual loss of myelin and formation of an astrocytic scar during Wallerian degeneration in the human spinal cord. 
Brain 127(Pt 1), 34–44. https:// doi. org/ 10. 1093/ brain/ awh001 (2004).

 18. Bjugn, R., Nyengaard, J. R. & Rosland, J. H. Spinal cord transection-no loss of distal ventral horn neurons. Exp. Neurol. 148(1), 
179–186 (1997).

 19. Eidelberg, E., Nguyen, L. H., Polich, R. & Walden, J. G. Transsynaptic degeneration of motoneurones caudal to spinal cord lesions. 
Brain Res. Bull. 22(1), 39–45. https:// doi. org/ 10. 1016/ 0361- 9230(89) 90125-1 (1989).

 20. McBride, R. L. & Feringa, E. R. Ventral horn motoneurons 10, 20 and 52 weeks after T-9 spinal cord transection. Brain Res. Bull. 
28(1), 57–60. https:// doi. org/ 10. 1016/ 0361- 9230(92) 90230-u (1992).

 21. Dang, G. et al. Dynamic secondary degeneration in the spinal cord and ventral root after a focal cerebral infarction among hyper-
tensive rats. Sci. Rep. 6, 22655. https:// doi. org/ 10. 1038/ srep2 2655 (2016).

 22. McComas, A. J., Sica, R. E., Upton, A. R. & Aguilera, N. Functional changes in motoneurones of hemiparetic patients. J. Neurol. 
Neurosurg. Psychiatry 36(2), 183–193. https:// doi. org/ 10. 1136/ jnnp. 36.2. 183 (1973).

 23. Hara, Y., Masakado, Y. & Chino, N. The physiological functional loss of single thenar motor units in the stroke patients: When 
does it occur? Does it progress?. Clin. Neurophysiol. 115(1), 97–103. https:// doi. org/ 10. 1016/j. clinph. 2003. 08. 002 (2004).

 24. Lukács, M., Vécsei, L. & Beniczky, S. Changes in muscle fiber density following a stroke. Clin. Neurophysiol. 120(8), 1539–1542. 
https:// doi. org/ 10. 1016/j. clinph. 2009. 06. 001 (2009).

https://doi.org/10.1001/jamaophthalmol.2014.1789
https://doi.org/10.1093/brain/awp001
https://doi.org/10.1093/brain/awv396
https://doi.org/10.1093/brain/awv396
https://doi.org/10.1136/jnnp.45.2.143
https://doi.org/10.1136/jnnp-2013-306577
https://doi.org/10.3389/fnagi.2021.643685
https://doi.org/10.1007/s00330-003-1875-y
https://doi.org/10.1007/s00330-005-2780-3
https://doi.org/10.1161/01.str.23.3.328
https://doi.org/10.3988/jcn.2012.8.4.308
https://doi.org/10.1161/01.str.22.5.615
https://doi.org/10.1161/strokeaha.122.038846
https://doi.org/10.1161/strokeaha.122.038846
https://doi.org/10.5334/jbr-btr.1065
https://doi.org/10.5334/jbr-btr.1065
https://doi.org/10.1161/strokeaha.108.529958
https://doi.org/10.1007/s13760-012-0033-1
https://doi.org/10.1111/j.1552-6569.2009.00409.x
https://doi.org/10.1111/j.1552-6569.2009.00409.x
https://doi.org/10.1093/brain/awh001
https://doi.org/10.1016/0361-9230(89)90125-1
https://doi.org/10.1016/0361-9230(92)90230-u
https://doi.org/10.1038/srep22655
https://doi.org/10.1136/jnnp.36.2.183
https://doi.org/10.1016/j.clinph.2003.08.002
https://doi.org/10.1016/j.clinph.2009.06.001


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21934  | https://doi.org/10.1038/s41598-023-49230-x

www.nature.com/scientificreports/

 25. Tang, W. et al. Surface electromyographic examination of poststroke neuromuscular changes in proximal and distal muscles using 
clustering index analysis. Front. Neurol. 8, 731. https:// doi. org/ 10. 3389/ fneur. 2017. 00731 (2017).

 26. Brown, W. F. & Snow, R. Denervation in hemiplegic muscles. Stroke 21(12), 1700–1704. https:// doi. org/ 10. 1161/ 01. str. 21. 12. 1700 
(1990).

 27. Segura, R. P. & Sahgal, V. Hemiplegic atrophy: Electrophysiological and morphological studies. Muscle Nerve 4(3), 246–248. https:// 
doi. org/ 10. 1002/ mus. 88004 0312 (1981).

 28. Spaans, F. & Wilts, G. Denervation due to lesions of the central nervous system. An EMG study in cases of cerebral contusion and 
cerebrovascular accidents. J. Neurol. Sci. 57(2–3), 291–305. https:// doi. org/ 10. 1016/ 0022- 510x(82) 90036-3 (1982).

 29. Lukács, M. Electrophysiological signs of changes in motor units after ischaemic stroke. Clin. Neurophysiol. 116(7), 1566–1570. 
https:// doi. org/ 10. 1016/j. clinph. 2005. 04. 005 (2005).

 30. Terao, S. et al. Upper motor neuron lesions in stroke patients do not induce anterograde transneuronal degeneration in spinal 
anterior horn cells. Stroke 28(12), 2553–2556. https:// doi. org/ 10. 1161/ 01. str. 28. 12. 2553 (1997).

 31. Qiu, Y., Wada, Y., Otomo, E. & Tsukagoshi, H. Morphometric study of cervical anterior horn cells and pyramidal tracts in medulla 
oblongata and the spinal cord in patients with cerebrovascular diseases. J. Neurol. Sci. 102(2), 137–143. https:// doi. org/ 10. 1016/ 
0022- 510x(91) 90061-b (1991).

 32. Arasaki, K. et al. Reduction in the motor unit number estimate (MUNE) after cerebral infarction. J. Neurol. Sci. 250(1–2), 27–32. 
https:// doi. org/ 10. 1016/j. jns. 2006. 06. 024 (2006).

 33. Yadav, A. et al. A cellular taxonomy of the adult human spinal cord. Neuron 111(3), 328-344.e7. https:// doi. org/ 10. 1016/j. neuron. 
2023. 01. 007 (2023).

 34. Kösel, S. et al. Long-lasting perivascular accumulation of major histocompatibility complex class II-positive lipophages in the 
spinal cord of stroke patients: Possible relevance for the immune privilege of the brain. Acta Neuropathol. 94(6), 532–538. https:// 
doi. org/ 10. 1007/ s0040 10050 747 (1997).

 35. Schmitt, A. B. et al. Major histocompatibility complex class II expression by activated microglia caudal to lesions of descending 
tracts in the human spinal cord is not associated with a T cell response. Acta Neuropathol. 100(5), 528–536. https:// doi. org/ 10. 
1007/ s0040 10000 221 (2000).

 36. Block, F., Dihné, M. & Loos, M. Inflammation in areas of remote changes following focal brain lesion. Prog. Neurobiol. 75(5), 
342–365. https:// doi. org/ 10. 1016/j. pneur obio. 2005. 03. 004 (2005).

 37. Abe, N., Nishihara, T., Yorozuya, T. & Tanaka, J. Microglia and macrophages in the pathological central and peripheral nervous 
systems. Cells https:// doi. org/ 10. 3390/ cells 90921 32 (2020).

 38. Jassam, Y. N., Izzy, S., Whalen, M., McGavern, D. B. & El Khoury, J. Neuroimmunology of traumatic brain injury: Time for a 
paradigm shift. Neuron 95(6), 1246–1265. https:// doi. org/ 10. 1016/j. neuron. 2017. 07. 010 (2017).

 39. Cserép, C. et al. Microglia monitor and protect neuronal function through specialized somatic purinergic junctions. Science 
367(6477), 528–537. https:// doi. org/ 10. 1126/ scien ce. aax67 52 (2020).

 40. Minett, T. et al. Microglial immunophenotype in dementia with Alzheimer’s pathology. J. Neuroinflammation 13(1), 135. https:// 
doi. org/ 10. 1186/ s12974- 016- 0601-z (2016).

 41. Chistiakov, D. A., Killingsworth, M. C., Myasoedova, V. A., Orekhov, A. N. & Bobryshev, Y. V. CD68/macrosialin: Not just a 
histochemical marker. Lab. Invest. 97(1), 4–13. https:// doi. org/ 10. 1038/ labin vest. 2016. 116 (2017).

 42. Henstridge, C. M., Tzioras, M. & Paolicelli, R. C. Glial contribution to excitatory and inhibitory synapse loss in neurodegeneration. 
Front. Cell Neurosci. 13, 63. https:// doi. org/ 10. 3389/ fncel. 2019. 00063 (2019).

 43. Thiel, G. Synapsin I, synapsin II, and synaptophysin: Marker proteins of synaptic vesicles. Brain Pathol. 3(1), 87–95. https:// doi. 
org/ 10. 1111/j. 1750- 3639. 1993. tb007 29.x (1993).

 44. Lukács, M., Vécsei, L. & Beniczky, S. Large motor units are selectively affected following a stroke. Clin. Neurophysiol. 119(11), 
2555–2558. https:// doi. org/ 10. 1016/j. clinph. 2008. 08. 005 (2008).

 45. Iacono, D. et al. The nun study: Clinically silent AD, neuronal hypertrophy, and linguistic skills in early life. Neurology 73(9), 
665–673. https:// doi. org/ 10. 1212/ WNL. 0b013 e3181 b01077 (2009).

Acknowledgements
The histopathological work of Eszter Bíró and Zsuzsa Sztanyek is gratefully acknowledged.

Author contributions
S.K. and T.K. researched literature, designed the protocol and performed data acquisition and analysis. T.K. 
gained ethical approval; T.K., T.H. and T.G. were involved in the neuropathological selection of the patients. S.K. 
wrote the first draft of the manuscript. D.B. carried out the statistical analysis. All authors reviewed and edited 
the manuscript and approved the final version of it. Informed consent was not obtained for the present study 
because patients were selected from cases where an autopsy and histopathological examination was authorized 
for other medical, family or official reasons and the samples are anonymized.

Funding
The work of TK was supported by the Hungarian Brain Research Program NAP 2.0 (Nemzeti Agykutatási Pro-
gram 2017-1.2.1-NKP-2017-00002). The work of KS, BD and KT was supported by the TKP2021 (FIKP) of the 
National Research, Development and Innovation Office, Hungary.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.3389/fneur.2017.00731
https://doi.org/10.1161/01.str.21.12.1700
https://doi.org/10.1002/mus.880040312
https://doi.org/10.1002/mus.880040312
https://doi.org/10.1016/0022-510x(82)90036-3
https://doi.org/10.1016/j.clinph.2005.04.005
https://doi.org/10.1161/01.str.28.12.2553
https://doi.org/10.1016/0022-510x(91)90061-b
https://doi.org/10.1016/0022-510x(91)90061-b
https://doi.org/10.1016/j.jns.2006.06.024
https://doi.org/10.1016/j.neuron.2023.01.007
https://doi.org/10.1016/j.neuron.2023.01.007
https://doi.org/10.1007/s004010050747
https://doi.org/10.1007/s004010050747
https://doi.org/10.1007/s004010000221
https://doi.org/10.1007/s004010000221
https://doi.org/10.1016/j.pneurobio.2005.03.004
https://doi.org/10.3390/cells9092132
https://doi.org/10.1016/j.neuron.2017.07.010
https://doi.org/10.1126/science.aax6752
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1038/labinvest.2016.116
https://doi.org/10.3389/fncel.2019.00063
https://doi.org/10.1111/j.1750-3639.1993.tb00729.x
https://doi.org/10.1111/j.1750-3639.1993.tb00729.x
https://doi.org/10.1016/j.clinph.2008.08.005
https://doi.org/10.1212/WNL.0b013e3181b01077
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21934  | https://doi.org/10.1038/s41598-023-49230-x

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Early histopathological changes of secondary degeneration in the spinal cord after total MCA territory stroke
	Patients
	Methods
	Histochemical morphometry
	Immunohistochemichal morphometry
	Statistical analysis
	Ethics approval
	Consent to participate

	Results
	Morphometry
	Immunohistochemical morphometry

	Discussion
	Conclusion
	References
	Acknowledgements


