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Recently, a growing body of evidence has indicated that secondary neurodegenera-
tion after stroke occurs at remote regions of the brain that are connected to the primary
infarction site. For instance, following a middle cerebral artery stroke, secondary neu-
rodegeneration was observed in the ipsilateral thalamus, substantia nigra, white matter
tract and hippocampus, despite these regions being remote from the site of primary infarc-
tion [1,2]. The neuropathological changes caused by secondary neurodegeneration after
stroke that have been documented include brain tissue atrophy, neuroinflammation, blood–
brain barrier dysregulation and the accumulation of neurotoxic proteins [3,4]. Secondary
neurodegeneration develops within days and continues for months after the initial stroke
event and has been suggested as a potential modulator of late phase post-stroke functional
disturbances [5,6]. Therefore, the objective of this Special Issue is to expand our under-
standing of the mechanisms related to secondary neurodegeneration after stroke, as well as
the development of therapeutic targets that can ameliorate secondary neurodegeneration,
leading to functional recovery. This Special Issue is composed of a communication, three
articles and two reviews that are briefly outlined below.

Accumulated data indicate that neuroinflammation, as demonstrated by the activation
of resident inflammatory cells such as microglia and astrocytes, as well as infiltrating periph-
eral inflammatory cells, is a prominent hallmark of secondary neurodegeneration in pre-
clinical and human studies [7–9]. Turner and colleagues provided a comprehensive review
on neuroinflammatory changes after stroke, particularly at sites of secondary neurodegener-
ation and anti-inflammatories as potential therapies to target secondary neurodegeneration-
associated neuroinflammation [10]. Existing clinical data on immunomodulatory drugs
such as Minocycline, Fingolimod, Natalizumab and Interleukin-1 receptor antagonist were
discussed in this review. This review introduced the concept of “secondary” neuroprotec-
tion for secondary neurodegeneration after stroke given the wider therapeutic window to
modulate neuroinflammation for beneficial outcomes.

Microglia, the primary resident inflammatory cells of the CNS, play an important role
in responding to stroke-induced tissue injury within the primary infarction site as well
as the sites of secondary neurodegeneration [7,11]. Brown reviewed the contribution of
microglial phagocytosis on delayed neuronal death after stroke [12]. Several phagocytic
receptors on microglia, including the P2Y12 receptor, P2Y6 receptor and complement
receptor 3, were discussed as potential targets to reduce secondary neurodegeneration after
stroke. In a subsequent communication paper, Brown and Milde investigated the role of
the microglial phagocytic P2Y6 receptor in the prevention of neuronal loss after stroke [13].
Using P2Y6 receptor knockout mice, they demonstrated that neurons were spared from
microglial phagocytosis, suggesting that inhibition of the P2Y6 receptor after stroke may be
beneficial to prevent delayed neuronal loss by microglial phagocytosis.
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Stress is known to negatively interfere with rehabilitation and is associated with poorer
functional outcomes post-stroke [14]. The hypothalamic–pituitary–adrenal axis is one of
the key endocrine systems that regulate stress response, and cortisol is the major stress
hormone. Walker and colleagues examined the influence of corticosterone (the rodent
equivalent of cortisol, a stress hormone) on neuropathological changes in the white matter
tract after cortical photothrombotic stroke [15]. They documented structural changes in
the white matter tract along with gliosis after stroke, and these processes were moderately
influenced by corticosterone at stress-like levels.

The enhancement of brain recovery after stroke remains a challenging area, with no
therapeutic intervention being widely adopted to promote the recovery of brain function
and improve functional outcomes in clinical practice. Clarkson and team investigated
the therapeutic potential of glycomimetic compounds along with recombinant human
recombinant human brain-derived neurotrophic factor in alleviating post-stroke cognitive
impairment [16]. They demonstrated that intracerebral administration of glycomimetic com-
pound and recombinant human-brain-derived neurotrophic factor combination improved
post-stroke spatial memory. Furthermore, reductions in stroke-induced reactive astrogliosis
and loss of thalamocortical connectivity were observed in this treatment combination. In
another study, Hosp and colleagues investigated the therapeutic potential of substance P
on post-stroke motor recovery [17]. Systemic administration of substance P facilitated
motor recovery and prevented delayed dopaminergic cell loss. These findings provide
new evidence about the potential therapeutic effects of recombinant human-brain-derived
neurotrophic factor and substance P in stroke recovery.

Taken together, this Special Issue offers critical insights to the mechanisms related to
secondary neurodegeneration after stroke and suggests potential strategies that may help to
improve recovery after stroke. Further research in this space is needed to better understand
the pathophysiology of secondary neurodegeneration after stroke, and more rigorous pre-
clinical studies and human trials should be conducted to validate the potential therapies.

Acknowledgments: L.K.O. thanks all the authors for their contribution to this Special Issue. L.K.O.
acknowledges support from the UniSQ Research Capacity Building Grant; the International Society
for Neurochemistry (ISN) Career Development Grant; the IBRO-APRC Travel & Short Stay Grant;
Monash University Malaysia; and the University of Newcastle, Australia.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Brodtmann, A.; Khlif, M.S.; Egorova, N.; Veldsman, M.; Bird, L.J.; Werden, E. Dynamic Regional Brain Atrophy Rates in the First

Year after Ischemic Stroke. Stroke 2020, 51, e183–e192. [CrossRef] [PubMed]
2. Haque, M.E.; Gabr, R.E.; Hasan, K.M.; George, S.; Arevalo, O.D.; Zha, A.; Alderman, S.; Jeevarajan, J.; Mas, M.F.; Zhang, X.; et al.

Ongoing Secondary Degeneration of the Limbic System in Patients with Ischemic Stroke: A Longitudinal MRI Study. Front.
Neurol. 2019, 10, 154. [CrossRef] [PubMed]

3. Ong, L.K.; Walker, F.R.; Nilsson, M. Is Stroke a Neurodegenerative Condition? A Critical Review of Secondary Neurodegeneration
and Amyloid-beta Accumulation after Stroke. Aims Med. Sci. 2017, 4, 1–16. [CrossRef]

4. Zhang, J.; Zhang, Y.; Xing, S.; Liang, Z.; Zeng, J. Secondary neurodegeneration in remote regions after focal cerebral infarction:
A new target for stroke management? Stroke 2012, 43, 1700–1705. [CrossRef] [PubMed]

5. Aamodt, E.B.; Lydersen, S.; Alnaes, D.; Schellhorn, T.; Saltvedt, I.; Beyer, M.K.; Haberg, A. Longitudinal Brain Changes after
Stroke and the Association with Cognitive Decline. Front. Neurol. 2022, 13, 856919. [CrossRef] [PubMed]

6. Fernandez-Andujar, M.; Doornink, F.; Dacosta-Aguayo, R.; Soriano-Raya, J.J.; Miralbell, J.; Bargallo, N.; Lopez-Cancio, E.;
Perez de la Ossa, N.; Gomis, M.; Millan, M.; et al. Remote thalamic microstructural abnormalities related to cognitive function in
ischemic stroke patients. Neuropsychology 2014, 28, 984–996. [CrossRef] [PubMed]

7. Kluge, M.G.; Abdolhoseini, M.; Zalewska, K.; Ong, L.K.; Johnson, S.J.; Nilsson, M.; Walker, F.R. Spatiotemporal analysis of
impaired microglia process movement at sites of secondary neurodegeneration post-stroke. J. Cereb. Blood Flow Metab. 2019, 39,
2456–2470. [CrossRef] [PubMed]

8. Sanchez-Bezanilla, S.; Hood, R.J.; Collins-Praino, L.E.; Turner, R.J.; Walker, F.R.; Nilsson, M.; Ong, L.K. More than motor
impairment: A spatiotemporal analysis of cognitive impairment and associated neuropathological changes following cortical
photothrombotic stroke. J. Cereb. Blood Flow Metab. 2021, 41, 2439–2455. [CrossRef] [PubMed]

http://doi.org/10.1161/STROKEAHA.120.030256
http://www.ncbi.nlm.nih.gov/pubmed/32772680
http://doi.org/10.3389/fneur.2019.00154
http://www.ncbi.nlm.nih.gov/pubmed/30890995
http://doi.org/10.3934/medsci.2017.1.1
http://doi.org/10.1161/STROKEAHA.111.632448
http://www.ncbi.nlm.nih.gov/pubmed/22492515
http://doi.org/10.3389/fneur.2022.856919
http://www.ncbi.nlm.nih.gov/pubmed/35720079
http://doi.org/10.1037/neu0000087
http://www.ncbi.nlm.nih.gov/pubmed/24885449
http://doi.org/10.1177/0271678X18797346
http://www.ncbi.nlm.nih.gov/pubmed/30204044
http://doi.org/10.1177/0271678X211005877
http://www.ncbi.nlm.nih.gov/pubmed/33779358


Int. J. Mol. Sci. 2022, 23, 16024 3 of 3

9. Jones, K.A.; Maltby, S.; Plank, M.W.; Kluge, M.; Nilsson, M.; Foster, P.S.; Walker, F.R. Peripheral immune cells infiltrate into sites
of secondary neurodegeneration after ischemic stroke. Brain Behav. Immun. 2018, 67, 299–307. [CrossRef] [PubMed]

10. Stuckey, S.M.; Ong, L.K.; Collins-Praino, L.E.; Turner, R.J. Neuroinflammation as a Key Driver of Secondary Neurodegeneration
Following Stroke? Int. J. Mol. Sci. 2021, 22, 13101. [CrossRef] [PubMed]

11. Kluge, M.G.; Kracht, L.; Abdolhoseini, M.; Ong, L.K.; Johnson, S.J.; Nilsson, M.; Walker, F.R. Impaired microglia process dynamics
post-stroke are specific to sites of secondary neurodegeneration. Glia 2017, 65, 1885–1899. [CrossRef] [PubMed]

12. Brown, G.C. Neuronal Loss after Stroke Due to Microglial Phagocytosis of Stressed Neurons. Int. J. Mol. Sci. 2021, 22, 13442.
[CrossRef] [PubMed]

13. Milde, S.; Brown, G.C. Knockout of the P2Y(6) Receptor Prevents Peri-Infarct Neuronal Loss after Transient, Focal Ischemia in
Mouse Brain. Int. J. Mol. Sci. 2022, 23, 2304. [CrossRef] [PubMed]

14. Gyawali, P.; Chow, W.Z.; Hinwood, M.; Kluge, M.; English, C.; Ong, L.K.; Nilsson, M.; Walker, F.R. Opposing Associations of
Stress and Resilience with Functional Outcomes in Stroke Survivors in the Chronic Phase of Stroke: A Cross-Sectional Study.
Front. Neurol. 2020, 11, 230. [CrossRef] [PubMed]

15. Zalewska, K.; Hood, R.J.; Pietrogrande, G.; Sanchez-Bezanilla, S.; Ong, L.K.; Johnson, S.J.; Young, K.M.; Nilsson, M.; Walker, F.R.
Corticosterone Administration Alters White Matter Tract Structure and Reduces Gliosis in the Sub-Acute Phase of Experimental
Stroke. Int. J. Mol. Sci. 2021, 22, 6693. [CrossRef] [PubMed]

16. Houlton, J.; Zubkova, O.V.; Clarkson, A.N. Recovery of Post-Stroke Spatial Memory and Thalamocortical Connectivity Following
Novel Glycomimetic and rhBDNF Treatment. Int. J. Mol. Sci. 2022, 23, 4817. [CrossRef] [PubMed]

17. Frase, S.; Loffler, F.; Hosp, J.A. Enhancing Post-Stroke Rehabilitation and Preventing Exo-Focal Dopaminergic Degeneration in
Rats-A Role for Substance P. Int. J. Mol. Sci. 2022, 23, 3848. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbi.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28911981
http://doi.org/10.3390/ijms222313101
http://www.ncbi.nlm.nih.gov/pubmed/34884906
http://doi.org/10.1002/glia.23201
http://www.ncbi.nlm.nih.gov/pubmed/28836304
http://doi.org/10.3390/ijms222413442
http://www.ncbi.nlm.nih.gov/pubmed/34948237
http://doi.org/10.3390/ijms23042304
http://www.ncbi.nlm.nih.gov/pubmed/35216419
http://doi.org/10.3389/fneur.2020.00230
http://www.ncbi.nlm.nih.gov/pubmed/32390923
http://doi.org/10.3390/ijms22136693
http://www.ncbi.nlm.nih.gov/pubmed/34206635
http://doi.org/10.3390/ijms23094817
http://www.ncbi.nlm.nih.gov/pubmed/35563207
http://doi.org/10.3390/ijms23073848
http://www.ncbi.nlm.nih.gov/pubmed/35409207

	References

