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Stroke often leads to death or functional impairment, and neuroprotective strategies are still lacking. Among the mechanisms contributing to tissue damage and yielding thus interest for therapeutic interventions, an affection of cytoskeletal elements has been considered. A first description of the microfibrillar-associated protein 5 (MFAP5) has yielded a fiber-like pattern and reduced immunosignals in the ischemic brain. However, details on region characteristics are lacking. This study thus aimed to explore local arrangements of MFAP5 with components of the neurovascular unit and extracellular matrix in non- and ischemia-affected neocortical brain regions of mice. Immunofluorescence labeling was used to visualize MFAP5 simultaneously with neurons, glial cells, vasculature, perineuronal nets, fibronectin, and the cytoskeletal elements neurofilament light chain (NF-L) and microtubule-associated protein 2 (MAP2). Fluorescence-based microscopy, confocal laser scanning microscopy, and 3D surface reconstruction served for analyses. MFAP5 was observed in a predominantly fiber-like and partially surrounding formation associated with neuronal processes and cell bodies. In the ischemic region, MFAP5 markedly diminished, but a few fiber-like structures were maintained with a thinned, partially fragmented, and twisted aspect. MFAP5 exhibited no clear regional association with microglia, astroglia, or parts of the vasculature and ECM. However, the local arrangement of MFAP5 and its change due to ischemia was comparable to that of NF-L and MAP2. This study comprehensively described MFAP5 after experimental stroke and identified similarities with MAP2 and NF-L. Thus, MFAP5 might represent an essential component of the neuronal cytoskeleton. Further research is needed to explore its functional properties and potential for neuroprotective approaches.
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1 Introduction

Ischemic stroke is a significant cause of death and functional impairment impacting the individual health-related quality of life in survivors (Martin et al., 2024; Tengs et al., 2001). Causal therapies currently focus on re-opening occluded vessels and thus restoring sufficient blood supply to brain tissue. Among these approaches, intravenous thrombolysis and endovascular treatment have proven beneficial regarding mortality and the degree of functional impairment (Hilkens et al., 2024). However, many patients are treated without a relevant effect or are not eligible for these therapies for reasons such as late hospital arrival (Dhillon et al., 2023; Hilkens et al., 2024).

Neuroprotective strategies are thus needed and might be applied alone or in combination with recanalizing approaches in the early stage of stroke (Eren and Yilmaz, 2022; Zhang et al., in press). A detailed understanding of mechanisms underlying ischemic tissue damage is essential in this light. On the cellular level, several mechanisms, such as excitotoxicity, edema formation, and secondary inflammation, have been identified (Dirnagl et al., 1999). Regarding the type of brain cells involved in tissue damage, the concept of the neurovascular unit (NVU) has been established, describing the regional composition of neurons, glial cells such as astrocytes and oligodendrocytes, and the vasculature (del Zoppo, 2010; Schaeffer and Iadecola, 2021). Meanwhile, neuroprotective considerations in the setting of stroke widely include the NVU concept and particularly the different vulnerabilities of its neuronal, vascular, and glial components over time (Lyden et al., 2021). In addition to cellular structures, the extracellular matrix (ECM) is typically affected by ischemia, while alterations of its polyanionic perineuronal nets seem to occur concomitantly with those of NVU components (Härtig et al., 2017; Härtig et al., 2022). Modifications of the NVU and ECM are accompanied by various damaging and protective processes simultaneously, not only in acute but also later and, thus, regenerative phases of ischemia (Endres et al., 2008). Therefore, the emerging insights into pathophysiological processes have led to more complex neuroprotective approaches considering the temporal evolution of stroke (Zhao et al., 2024).

However, knowledge is still limited regarding the transition from reversible to irreversible tissue damage due to focal cerebral ischemia. Among others, cell-stabilizing, particularly cytoskeletal elements, have been discussed to critically impact cellular integrity in the setting of ischemia (Dewar and Dawson, 1997; Yuan et al., 2012). This perspective is supported by studies showing significant alterations of, for instance, neurofilament light chain (NF-L) and microtubule-associated protein 2 (MAP2) due to experimental stroke (e.g., Härtig et al., 2016; Mages et al., 2018; Mages et al., 2021). The importance of cytoskeletal elements is further strengthened by studies that have shown a correlation of NF-L and MAP2 serum levels with the size of infarction and the clinical outcome in stroke patients (e.g., Holmegaard et al., 2024; Uphaus et al., 2019; Mages et al., 2021; Barba et al., 2025). Thus, cytoskeletal elements, i.e., NF-L and others, might serve as biomarkers in neurological disorders, including stroke, to assess tissue damage and allow prognostication more precisely (Sharma et al., 2024).

As a further group of elements that may significantly contribute to cellular stabilization, microfibrillar-associated proteins (MFAPs) have been considered. MFAPs represent a family of extracellular matrix glycoproteins believed to be involved in the assembling of elastic microfibrils and inflammatory processes, which was investigated in obesity and cancer diseases (e.g., Vaittinen et al., 2015; Zhu et al., 2021) and in the scar formation of the skin (Han et al., 2023). In the first approach of visualizing MFAPs in the brains of mice suffering from experimental stroke, MFAP5 was detected with a fiber-like pattern, and respective immunosignals were found to be significantly reduced in ischemic areas along with that of NF-L and MAP2 (Höfling et al., 2023).

However, details on regional characteristics of MFAP5 concerning neurons, glial cells, vasculature, extracellular components, and cell-stabilizing elements are still lacking. Such information might help to get insight into the localization of MFAP5 and thus pave the way for further research addressing its functional properties and the potential for neuroprotective approaches. Therefore, this study aimed to explore local arrangements of MFAP5 with components of the NVU, ECM, and cytoskeleton in non- and ischemia-affected brain regions.



2 Methods


2.1 Study design

This explorative study was based on brain tissues from 6 male C57BL/6J mice suffering from experimental focal cerebral ischemia for 24 h. Mice were obtained from Charles River Laboratories (Sulzfeld, Germany) and had a mean body weight of 25 g. Multiple immunofluorescence labelings were used to visualize MFAP5 in non- and ischemia-affected brain regions together with various components of the NVU and ECM as well as cell-stabilizing elements (overview in Table 1). Fluorescence-based microscopy, confocal laser scanning microscopy, and 3D surface reconstruction were used for qualitative analyses.


TABLE 1 List of applied immunoreagents.
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Animal experiments were performed in accordance with the European Union Directive 2010/63/EU and the German guidelines for the care and use of laboratory animals. Reporting followed the ARRIVE criteria (Percie du Sert et al., 2020). Experiments were approved by the Landesdirektion Sachsen (Leipzig, Germany) as the local authority (reference number TVV 02/17).



2.2 Experimental focal cerebral ischemia

Focal cerebral ischemia was induced by an intraluminal, i.e., filament-based model, which is intended to critically reduce blood supply in the territory of the middle cerebral artery. It combines advantages such as the absence of craniectomy (Mergenthaler and Meisel, 2012). The applied model was described by Longa et al. (1989) and used with some minor modifications. In brief, the right-sided cervical arteries were prepared using a microscope (Carl Zeiss Microscopy, Oberkochen, Germany), and a highly standardized, silicon-coated 6-0 filament (Doccol Corporation, Redlands, CA, United States) was inserted and moved forward in the internal carotid artery until the origin of the middle cerebral artery. From that moment, the filament was left in place. During surgery, deep anesthesia was ensured with 2–2.5% isoflurane (Baxter, Unterschleißheim, Germany) in a mixture of 70% N2O/30% O2 using a vaporisator (VIP 3000, Matrix, New York, United States). To avoid anesthesia-related cooling, the mice’s body temperature was monitored and adjusted to 37°C with a thermostatically regulated warming pad (Fine Science Tools, Heidelberg, Germany). Animals received a complex pain medication with local and systemic components.

To assess neurobehavioral deficits, a score by Menzies et al. (1992) with a range from 0 (no observable deficits) to 4 (spontaneous contralateral circling) was determined during the 24-h period after surgery. Thereby, sufficient induction of focal cerebral ischemia was presumed if mice presented a score of at least 2, which was achieved by all mice included in the study (mean Menzies score of 3.4).



2.3 Tissue preparation and multiple fluorescence labeling

Brain tissues originated from mice transcardially perfused with 0.9% saline solution and 4% phosphate-buffered paraformaldehyde (PFA). Fixed brains were equilibrated with 30% phosphate-buffered sucrose and cut with a freezing microtome (Leica SM 2000R, Leica Biosystems, Wetzlar, Germany). Sections with 30 μm thickness were collected in 0.1 M phosphate buffer containing 0.025% sodium azide until histochemical stainings.

All incubations described below were separated by three washing steps with Tris-buffered saline (TBS; 0.1 M, pH 7.4) for at least 5 min. Antigen retrieval was performed in 60% methanol for 60 min. Afterward, sections were incubated for 30 min with 0.3% Triton X-100 in TBS supplemented with normal donkey serum (Dianova, Hamburg, Germany) and in case of primary antibodies originating from mice, additional donkey anti-mouse Fab fragments (Dianova, Hamburg, Germany). Primary antibodies and lectins were added in a mixture of 0.1% Triton X-100 and normal donkey serum in TBS, and free-floating slices were incubated overnight at room temperature. The following day, carbocyanine (Cy)-conjugated secondary antibodies and streptavidin containing 2% bovine serum albumin were applied to TBS. After incubation for 1 h, extensively rinsed sections were mounted onto glass slides and coverslipped.



2.4 Microscopy and analyses of fluorescence signals

Brain sections, stained with Cy-labeled immunoreagents, were scanned with an AxioScan.Z1 microscope (Carl Zeiss, Oberkochen, Germany) equipped with a Colibri7 light source. Images of brain slices were taken by the Axiocam 506 and a Plan-Apochromat objective (20x/0.8; Carl Zeiss) with an exposure time of 7 ms for Cy2, 10 ms for Cy3, and 5 ms for Cy5. Images were digitized using the ZEN 2.6 software (Carl Zeiss).

The upright confocal laser-scanning microscope LSM 880 (Carl Zeiss) was used for imaging of immunohistochemically stained samples in high-resolution mode by using an additional airyscan detector. The fluorescence was excited with an argon laser (488 nm, Cy2) and 2 HeNe lasers (563 nm, Cy3; 633 nm, Cy5). The emitted light was collected using three band-pass filters: 505–530 nm for Cy2, 565–615 nm for Cy3, and 650–710 nm for Cy5. The images were taken with a 63x immersion C-Apochromat objective (1.2 water DIC) and a zoom of 2. Images for 3D reconstruction were taken with a zoom factor of 4 and a z-stack with a 0.21-0.27 μm interval in an average range of 5 μm.

Image digitalization and processing for 3D surface reconstruction was performed with ZEN black 3.0 (Carl Zeiss) with the following applications: threshold of include signals was set to 50% for all channels by histogram thresholds of 500-5,000 for Cy2 and Cy3 and 500-4,000 for Cy5. The ambient for the iso-surface reconstruction was set to 0%, and shininess and light were set to 100%.




3 Results

Neocortical brain regions affected by focal cerebral ischemia were recognized by altered immunosignals of MFAP5 and components of the NVU. Overall, the MFAP5 signal appeared lesser toward the ischemic region (Figure 1A), accompanied by an enhanced visualization of the collagen IV and an opposite glial fibrillary acidic protein (GFAP) signal, indicating affected vascular and astroglial structures (Figure 1A’). In the ischemic border zone, higher magnification revealed MFAP5 predominantly as fibers with different diameters (arrows in Figure 1B). These were diffusely arranged without a clear regional association to the exemplarily visualized vascular and astroglial components of the NVU, while the latter were partially found in close vicinity (asterisk in Figure 1B).
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FIGURE 1
Immunohistochemical detection of microfibrillar-associated protein 5 (MFAP5) together with astroglial and vascular structures (glial fibrillary acidic protein, GFAP; collagen IV, Coll IV) in a representative mouse brain affected by 24 h of focal cerebral ischemia. (A) MFAP5 signal in the border zone between the non- and ischemia-affected neocortical brain regions. Simultaneous visualization of MFAP5, GFAP, and Coll IV in the neocortical border zone of ischemia (B). Higher magnification of immunosignals originating from MFAP5, GFAP, and Coll IV at the ischemic border zone (C). Scale bars are labeled in related figures, while the scale bar of (A’) is also valid for (A). Meanings of asterisk and arrows are described in the main text.


Subsequent analyses were focused on MFAP5 in non- and ischemia-affected neocortical regions. While the non-ischemic hemisphere was used for comparison, the border zone and the mainly affected region were considered on the ischemic hemisphere. Thereby, local arrangements of MFAP5 were assessed concerning neurons, glial and vascular components of the NVU, the ECM, and cytoskeletal elements.


3.1 Regional characteristics of MFAP5, neurons and glial structures

Neuronal nuclei (NeuN) and the human C and D protein (HuC/D) staining was simultaneously applied to visualize neurons. In a combined staining approach, MFAP5 appeared in a fiber-like and partially surrounding formation associated with neuronal processes and cell bodies in the non-affected hemisphere (asterisk in Figure 2A). This kind of local arrangement was observed comparably in the ischemic bordering zone, whereby the ischemic region exhibited diminished immunosignals of both neurons and MFAP5. Remarkably, neurons appeared almost completely lost in the ischemic neocortex, while a weak signal of MFAP5 remained that indicated thinned and partially fragmented fiber structures (arrows in Figure 2B).
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FIGURE 2
Multiple immunofluorescence labeling of the microfibrillar-associated protein 5 (MFAP5) together with representative structures from neurons (Neuronal Nuclei, NeuN; human protein C and d, HuC/D), oligodendrocytes (myelin basic protein, MBP), microglia (ionized calcium-binding adapter molecule 1, Iba1), and astroglia (aquaporin 4, Aqp4; glial fibrillary acidic protein, GFAP) in neocortical brain regions in mice, affected by focal cerebral ischemia for 24 h. For each combination of markers, the local arrangement is compared between the non-affected (A,C,E) and the ischemia-affected hemisphere (B-B”,D-D”’,F-F”’). Scale bars are labeled in related figures, while the scale bar in (B”) is also valid for (B’), and the scale bars in (D”’,F”’) are also valid for (D’,D”,F’,F”). Meanings of asterisk, arrows, and arrowheads are described in the main text.


As components of the NVU’s glial part, oligodendrocytes were visualized by the myelin basic protein (MBP), microglia by the ionized calcium-binding adapter molecule 1 (Iba1), and astroglia by aquaporin 4 and the glial fibrillary acidic protein (GFAP) (Figures 2C-F). In the non-ischemic hemisphere, the diffusely arranged MFAP5-positive fibers did not show a clear regional association with typically ramified microglia (arrows in Figure 2C) and myelin sheaths related to oligodendrocytes (asterisks in Figure 2C). While the fiber-like signals of MFAP5 and oligodendrocytic structures seemed to cross each other, they did not match in a joint cellular constituent (arrowheads Figure 2C). On the ischemia-affected hemisphere, the same pattern was observed in the border zone and the ischemic region. The latter exhibited a slightly enhanced oligodendrocytic signal and a reduced immunoreactivity for MFAP5 and morphologically altered microglia (Figure 2D).

Moreover, MFAP5 did not show a regional association with the astroglial GFAP. In contrast, GFAP and aquaporin 4 partially overlapped close to the vasculature, probably representing astrocytic endfeet (arrows in Figure 2E). Under ischemic conditions, the immunosignals of MFAP5 appeared lesser concomitantly to those originating from astrocytic structures. Comparable to the situation in non-affected regions, MFAP5-positive fibers that remained under ischemic conditions did not show a close regional association with astrocytic fragments (Figure 2F).



3.2 Association of MFAP5 with the vasculature and constituents of the ECM

The visualization of the vasculature was enabled by staining collagen IV as part of the basement membrane and lectin-based histochemistry with Solanum tuberosum lectin (STL) as a pan-vascular marker (Figures 3A,B). On the non-affected hemisphere, the fiber-like signal of MFAP5 appeared diffusely arranged without a clear association with the detected vasculature. In contrast, collagen IV immunoreactivity and STL staining were found to overlap partially (asterisks in Figure 3A). In the ischemic region, the signal of STL was primarily maintained, and that of collagen IV slightly increased. Still, the local arrangement with MFAP5 remained unchanged without an association between fibers and vascular structures (Figure 3B).
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FIGURE 3
Immunofluorescence-based visualization of the microfibrillar-associated protein 5 (MFAP5) combined with the detection of vascular elements (Solanum tuberosum lectin, STL; collagen IV, Coll IV), perineuronal nets of the extracellular matrix (Wisteria floribunda agglutinin, WFA), fibronectin (FN), and representatives of the cytoskeleton (β-actin; β3-tubulin; neurofilament light chain, NF-L; microtubule-associated protein 2, MAP2) in the neocortex of mice after 24 h of focal cerebral ischemia. Combinations of markers are compared between the non-affected (A,C,E,G) and the ischemia-affected hemisphere (B-B”,D-D”’,F-F”’,H-H”’). Scale bars are labeled in related figures, while the scale bars in (B”’,D”’,H”’) are also valid for (B’,B”,D’,D”,H’,H”), and the scale bar in (F”’) is also valid for (F’,F”). Meanings of asterisk, arrows, and arrowheads are described in the main text.


Constituents of the ECM were detected by the lectin Wisteria floribunda agglutinin (WFA) and by an antibody directed against fibronectin in combination with MFAP5 (Figures 3C,D). In the non-ischemic region, WFA showed perineuronal nets surrounding some neuronal cell bodies (asterisk in Figure 3C). However, simultaneous detection of WFA and MFAP5 in the same structure remained uncertain (arrow in Figure 3C). Fibronectin was observed mainly with a tube-like pattern probably related to the vasculature (arrowheads in Figure 3C) but without a regional association to MFAP5. On the ischemia-affected hemisphere, the immunosignal of MFAP5 appeared less concomitant than that originating from WFA staining toward the ischemic area, whereas fibronectin became gradually more visible. In line with the observations on the non-affected hemisphere, MFAP5 did not reveal an association with fibronectin in the ischemic region (Figure 3D).



3.3 Spatial relationships between MFAP5 and cytoskeletal elements

Cytoskeletal elements were visualized by immunohisto-chemical labeling of β-actin and NF-L as well as β3-tubulin and MAP2, each combined with MFAP5 (Figures 3E-H). In the non-ischemic hemisphere, β-actin mainly appeared as a diffuse signal exhibiting some accumulations partially arranged as surrounds of neuronal cell bodies (arrows in Figure 3E) but without an association with MFAP5. In contrast, NF-L was observed as filaments in neuronal processes (arrowheads in Figure 3E) and a surrounding formation of neuronal cell bodies (asterisk in Figure 3E), largely matching with the MFAP5 signal. On the ischemia-affected hemisphere, the filament-like structures that are immunopositive for NF-L and MFAP5 at the same time became markedly visible in the border zone (arrow in Figure 3F). Toward ischemia, the signals of NF-L and MFAP5 diminished and filaments appeared fragmented, whereas β-actin was diffusely maintained. Remarkably, the few remaining fragments of filaments in the ischemic region were predominantly double-labeled by NF-L and MFAP5 (arrowhead in Figure 3F).

In the non-affected hemisphere, β3-tubulin appeared regionally associated with the surface of neuronal cell bodies, especially with the initial part of some processes (arrows in Figure 3G), partially matching with MFAP5. MAP2 became visible in a surrounding formation concerning neuronal cell bodies and, more evident, as fibers with different diameters (arrowheads in Figure 3G) partially associated with axonal structures and MFAP5 (asterisk in Figure 3G). Comparable regional associations of MAP2, β3-tubulin, and MFAP5 were observed in the border zone on the ischemia-affected hemisphere. Toward ischemia, filaments detected by MAP2 and MFAP5 appeared fragmented, and the immunosignal of β3-tubulin was found markedly diffused (Figure 3H).



3.4 Morphological characteristics of MFAP5 and its regional association with NF-L and MAP2

To further explore the local characteristics of MFAP5 under ischemic conditions, its staining patterns were compared between neocortical regions with higher magnification (Figures 4A-C’). In this approach, the non-affected hemisphere exhibited a dense network of MFAP5-positive fibers of different diameters (arrows in Figure 4A). Further, an accumulated MFAP5 signal was seen to surround some neuronal cell bodies and their processes (asterisk in Figure 4A). In the border zone of the ischemia-affected hemisphere, the MFAP5 signal also appeared as fibers but with morphological alterations in terms of a shrunken and partially twisted occurrence (arrow in Figure 4B). In the region that is mainly affected by ischemia, fibers visualized by MFAP5 appeared diminished and morphologically altered with a partially shrunken, fragmented, and twisted aspect (asterisk in Figure 4C).
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FIGURE 4
Single immunofluorescence labeling of microfibrillar-associated protein 5 (MFAP5). Representative micrographs of MFAP5-positive fibers at higher magnifications are compared between the non-affected (A,A’) and the ischemia-affected hemisphere, including the border zone (B,B’) and the ischemic region (C,C’). Scale bars are labeled in related figures. Meanings of asterisks and arrows are described in the main text.


To explore regional associations of morphologically altered MFAP5-positive fibers and accumulations at cell bodies and their processes together with NF-L and MAP2, confocal microscopy (Figures 5A-C) was combined with 3D surface reconstruction of z-stacked images (Figures 5A’–C””). Thereby, MFAP5 partially matched with signals of MAP2 and NF-L on the non-affected hemisphere (arrowheads in Figure 5A””). Further, the accumulated MFAP5 signal with a surrounding and fiber-like appearance concerning neuronal cell bodies and their processes was observed to be closely associated with the NF-L signal (arrow in Figures 5A’,A””). In the border zone of the ischemia-affected hemisphere, a comparable pattern was found in a way that MFAP5 was closely associated with some filaments detected by NF-L and MAP2 (arrow and arrowhead in Figure 5B””). In the ischemic region, filament- or fiber-like structures appeared diminished, especially for MFAP5 and MAP2. At the same time, the close regional association of MFAP5 with NF-L or MAP2 was still apparent in some of the remaining filament or fiber fragments (arrowheads in Figure 5C””).
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FIGURE 5
Triple immunofluorescence labeling of microfibrillar-associated protein 5 (MFAP5) neurofilament light chain (NF-L) and microtubule-associated protein 2 (MAP2) as representatives of the neuronal cytoskeleton. Confocal laser scanning microscopy of MFAP5, NF-L, and MAP2 in the non-affected (A) and the ischemia-affected hemisphere (B,C). 3D surface reconstruction of z-stacked images from MFAP5, NF-L, and MAP in the non-affected (A’-A””) and the ischemia-affected hemisphere (B’-B””, C’-C””). Scale bars are labeled in related figures. Meanings of arrows and arrowheads are described in the main text.





4 Discussion

The present study aimed to explore the local arrangement of MFAP5 with components of the NVU, ECM, and cytoskeleton in non- and ischemia-affected brain regions. This approach followed an earlier study that detected MFAP5 in the brain of mice with a mainly fiber-like pattern and a significantly reduced immunosignal due to experimental stroke (Höfling et al., 2023). MFAP5 has thus been discussed to represent an essential cell-stabilizing element that could be involved in the transition toward irreversible tissue damage during ischemia. Nonetheless, its regional characteristics have not yet been elucidated.

Using multiple immunofluorescence labeling, the present study confirmed the predominantly fiber-like structure of MFAP5 as described earlier (Höfling et al., 2023) and observed a partially surrounding formation concerning neuronal processes and cell bodies in neocortical areas. The region affected by focal cerebral ischemia exhibited an almost complete loss of markers typically visualizing neurons and a significantly diminished MFAP5 signal. Still, a few fiber-like structures were maintained with a thinned, partially fragmented, and twisted aspect.

Vascular and glial components of the NVU displayed no clear regional association with MFAP5. Regarding the ECM, MFAP5 was not regionally associated with fibronectin, and a relationship to perineuronal nets remained uncertain. Therefore, MFAP5 seems to have no direct association with the vasculature, related astrocytes, and the adjoining ECM in terms of the neurovascular matrix adhesion zone comprising elements such as collagen, integrins, and fibronectin (del Zoppo and Milner, 2006; Edwards and Bix, 2019; Michalski et al., 2020). Further, MFAP5 appears not to be associated with the endothelium and the adjacent proteoglycans, typically enabling interactions between the abluminal cytoskeleton and the intraluminal glycocalyx layer (Logsdon et al., 2021; Shi et al., 2025). However, the observed ischemic consequences for components of the NVU and ECM strengthened earlier studies also describing alterations of collagen IV as part of the vasculature (e.g., Hawkes et al., 2013; Michalski et al., 2020), MBP from oligodendrocytes (e.g., Michalski et al., 2018; Zuo et al., 2019), and fibronectin as constitute of the ECM (e.g., Summers et al., 2013; Michalski et al., 2020), as well as diminished perineuronal nets and morphologically altered microglia visualized by WFA and Iba1 (e.g., Härtig et al., 2022; Michalski et al., 2010) due to experimental stroke.

Among cytoskeletal elements, MFAP5 exhibited a local arrangement and morphological characteristics due to focal cerebral ischemia comparable to NF-L and MAP2. In detail, MFAP5, NF-L, and MAP2 immunosignals appeared predominantly as fibers or filaments and in a surrounding formation concerning neuronal processes and cell bodies. In the ischemic region, signals of all three markers considerably changed regarding intensity and morphological criteria. For NF-L and MAP2, the present findings are in line with earlier observations describing a gradually increased signal of NF-L at the ischemic border zone and a markedly diminished signal of MAP2 toward the ischemic region (Härtig et al., 2016; Mages et al., 2018; Mages et al., 2021). Notably, the present study yielded morphological changes in MFAP5 in terms of a thinned and partially twisted aspect due to ischemia, which has been described similarly for MAP2 (Härtig et al., 2016). Regarding other cytoskeletal elements investigated in the present study, i.e., β-actin and β3-tubulin, no clear regional association was observed for MFAP5. However, β3-tubulin provided a partial association in terms of an accumulating signal surrounding neuronal cell bodies. Therefore, MFAP5 seems to have more similarities with the larger-sized microtubules and neurofilaments that were described to be associated with neurons and especially their processes (Nahirney and Tremblay, 2021; Yuan et al., 2012).

Based on the observed similarities of MFAP5 with MAP2 and NF-L concerning morphological characteristics and the changes in the setting of experimental focal cerebral ischemia, MFAP5 is suggestive to represent an essential cytoskeletal element. Thus, comparable functional properties within the neuronal cytoskeleton can be discussed. Further, MFAP5 might be considered as a target for neuroprotective approaches to preserve neuronal integrity and inhibit the transition toward long-term tissue damage due to stroke. More basically, the present study provided robust evidence for using MFAP5 as an ischemia-sensitive marker that can be applied in preclinical studies dealing with pathophysiological issues in the setting of ischemia. As circulating levels of NF-L and MAP2 were found to correlate with clinical and tissue-related outcomes in stroke patients (e.g., Uphaus et al., 2019; Mages et al., 2021), MFAP5 could also be applied as a serum marker that may help to tailor individual treatments. At least for diseases other than stroke, notably different types of cancer and heart failure, studies were started to explore the predictive value of MFAPs regarding patients’ survival and outcome (Yang et al., 2017; Kujawa et al., 2022; Cheng et al., 2022).

The present study had a few limitations: First, while focusing on regional characteristics with NVU and ECM components, this work had a descriptive focus and thus cannot provide insight into the functional properties of MFAP5. Consequently, future studies are needed to explore the role of MFAP5 under ischemic conditions and within the group of cytoskeletal elements. In addition to the early stage, investigations might include later stroke phases with naturally different pathophysiological mechanisms. Second, the applied approach to visualize MFAP5 with cellular and non-cellular components of the NVU and ECM was solely based on multiple immunofluorescence labeling. This technique was chosen as it allows the visualization of various structures simultaneously, which is essential when exploring the local arrangement of different cellular and non-cellular components. Third, as previous work has demonstrated challenges when focusing on the direction of immunosignals, i.e., an increase or decrease was found to depend on the choice of primary antibodies and tissue preparation (Prehn et al., 2023), the present study did not include a quantification of respective signals. To ensure the comparability of brain slices used for descriptive analyses, the same pre-treatment and antibody composition were applied. However, regarding the observed similarities of MFAP5, MAP2, and NF-L, quantifying respected immunosignals and protein levels could help to confirm the observations made in this study and might thus be considered in further research.



5 Summary and outlook

This study provided a comprehensive description of the local arrangement of MFAP5 with components of NVU, ECM, and cytoskeleton in the setting of experimental stroke. While MFAP5 did not exhibit a clear regional association with glial cells, the vasculature, and parts of the ECM, it was observed in a fiber-like and partially surrounding formation associated with neuronal processes and cell bodies in neocortical areas. Thereby, MFAP5 displayed similarities with MAP2 and NF-L concerning morphological characteristics in non-affected brain regions and exhibited comparable changes due to ischemia. These observations suggest that MFAP5 represents an essential component of the neuronal cytoskeleton. Consequently, MFAP5 is of interest for future studies addressing its functional properties in ischemia and the potential for neuroprotective approaches.



Data availability statement

Data underlying this study will be made available upon reasonable request.



Ethics statement

The animal study was approved by the responsible Review Board (Landesdirektion Sachsen, Leipzig, Germany, reference number: TVV 02/17) and was conducted following the local legislation and institutional requirements.



Author contributions

CH: Conceptualization, Methodology, Investigation, Validation, Writing – original draft. SR: Resources, Writing – review and editing. BF: Resources, Writing – review and editing. WH: Resources, Writing – review and editing. DM: Conceptualization, Methodology, Investigation, Validation, Writing – original draft, Supervision, Project administration.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. Parts of this study were supported by the Europäischer Sozialfonds (ESF, grant 100270131 to DM) and by the Deutsche Forschungsgemeinschaft (DFG, grant RO 2226/15-1 to SR). This publication was supported by the Open Access Publishing Fund of the University of Leipzig.



Acknowledgments

Martin Krueger (Institute of Anatomy, University of Leipzig) is kindly acknowledged for assistance in animal experiments and the associated regulatory affairs. The authors further thank Alexandra Blietz and Susanne Aleithe (Department of Neurology, University of Leipzig) for technical support during tissue preparation.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript. Grammarly (Grammarly Inc., San Francisco, CA, USA) was used to check and improve the manuscript’s language and readability without applying generative AI services.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Barba, L., Vollmuth, C., Halbgebauer, S., Ungethüm, K., Hametner, C., Essig, F., et al. (2025). Prognostic serum biomarkers of synaptic, neuronal and glial injury in patients with acute ischemic stroke of the anterior circulation. Eur. J. Neurol. 32:e16581. doi: 10.1111/ene.16581

Cheng, B., Zhong, J. P., Fu, W. J., Chen, H. J., Fang, L., Li, G. L., et al. (2022). Microfiber-associated protein 5 (MFAP5): A promising approach to discover new biomarkers for heart failure and cardiac remodeling. Int. J. Cardiol. 366, 68–69. doi: 10.1016/j.ijcard.2022.07.008

del Zoppo, G. J. (2010). The neurovascular unit in the setting of stroke. J. Intern. Med. 267, 156–171. doi: 10.1111/j.1365-2796.2009.02199.x

del Zoppo, G. J., and Milner, R. (2006). Integrin-matrix interactions in the cerebral microvasculature. Arterioscler. Thromb. Vasc. Biol. 26, 1966–1975. doi: 10.1161/01.ATV.0000232525.65682.a2

Dewar, D., and Dawson, D. A. (1997). Changes of cytoskeletal protein immunostaining in myelinated fibre tracts after focal cerebral ischaemia in the rat. Acta Neuropathol. 93, 71–77. doi: 10.1007/s004010050584

Dhillon, P. S., Butt, W., Marei, O., Podlasek, A., McConachie, N., Lenthall, R., et al. (2023). Incidence and predictors of poor functional outcome despite complete recanalisation following endovascular thrombectomy for acute ischaemic stroke. J. Stroke Cerebrovasc. Dis. 32:107083. doi: 10.1016/j.jstrokecerebrovasdis.2023.107083

Dirnagl, U., Iadecola, C., and Moskowitz, M. A. (1999). Pathobiology of ischaemic stroke: An integrated view. Trends Neurosci. 22, 391–397. doi: 10.1016/s0166-2236(99)01401-0

Edwards, D. N., and Bix, G. J. (2019). Roles of blood-brain barrier integrins and extracellular matrix in stroke. Am. J. Physiol. Cell Physiol. 316, C252–C263. doi: 10.1152/ajpcell.00151.2018

Endres, M., Engelhardt, B., Koistinaho, J., Lindvall, O., Meairs, S., Mohr, J. P., et al. (2008). Improving outcome after stroke: Overcoming the translational roadblock. Cerebrovasc. Dis. 25, 268–278. doi: 10.1159/000118039

Eren, F., and Yilmaz, S. E. (2022). Neuroprotective approach in acute ischemic stroke: A systematic review of clinical and experimental studies. Brain Circ. 8, 172–179. doi: 10.4103/bc.bc_52_22

Han, C., Leonardo, T. R., Romana-Souza, B., Shi, J., Keiser, S., Yuan, H., et al. (2023). Microfibril-associated protein 5 and the regulation of skin scar formation. Sci. Rep. 13:8728. doi: 10.1038/s41598-023-35558-x

Härtig, W., Krueger, M., Hofmann, S., Preißler, H., Märkel, M., Frydrychowicz, C., et al. (2016). Up-regulation of neurofilament light chains is associated with diminished immunoreactivities for MAP2 and tau after ischemic stroke in rodents and in a human case. J. Chem. Neuroanat. 78, 140–148. doi: 10.1016/j.jchemneu.2016.09.004

Härtig, W., Mages, B., Aleithe, S., Nitzsche, B., Altmann, S., Barthel, H., et al. (2017). Damaged neocortical perineuronal nets due to experimental focal cerebral ischemia in mice, rats and sheep. Front. Integr. Neurosci. 11:15. doi: 10.3389/fnint.2017.00015

Härtig, W., Meinicke, A., Michalski, D., Schob, S., and Jäger, C. (2022). Update on perineuronal net staining with wisteria floribunda agglutinin (WFA). Front. Integr. Neurosci. 16:851988. doi: 10.3389/fnint.2022.851988

Hawkes, C. A., Michalski, D., Anders, R., Nissel, S., Grosche, J., Bechmann, I., et al. (2013). Stroke-induced opposite and age-dependent changes of vessel-associated markers in co-morbid transgenic mice with Alzheimer-like alterations. Exp. Neurol. 250, 270–281. doi: 10.1016/j.expneurol.2013.09.020

Hilkens, N. A., Casolla, B., Leung, T. W., and de Leeuw, F. E. (2024). Stroke. Lancet 403, 2820–2836. doi: 10.1016/S0140-6736(24)00642-1

Höfling, C., Roßner, S., Flachmeyer, B., Krueger, M., Härtig, W., and Michalski, D. (2023). Tricellulin, α-catenin and microfibrillar-associated protein 5 exhibit concomitantly altered immunosignals along with vascular, extracellular and cytoskeletal elements after experimental focal cerebral ischemia. Int. J. Mol. Sci. 24:11893. doi: 10.3390/ijms241511893

Holmegaard, L., Jensen, C., Pedersen, A., Blomstrand, C., Blennow, K., Zetterberg, H., et al. (2024). Circulating levels of neurofilament light chain as a biomarker of infarct and white matter hyperintensity volumes after ischemic stroke. Sci. Rep. 14:16180. doi: 10.1038/s41598-024-67232-1

Kujawa, K. A., Zembala-Nożynska, E., Syrkis, J. P., Cortez, A. J., Kupryjańczyk, J., and Lisowska, K. M. (2022). Microfibril associated protein 5 (MFAP5) is related to survival of ovarian cancer patients but not useful as a prognostic biomarker. Int. J. Mol. Sci. 23:15994. doi: 10.3390/ijms232415994

Logsdon, A. F., Rhea, E. M., Reed, M., Banks, W. A., and Erickson, M. A. (2021). The neurovascular extracellular matrix in health and disease. Exp. Biol. Med. (Maywood) 246, 835–844. doi: 10.1177/1535370220977195

Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible middle cerebral artery occlusion without craniectomy in rats. Stroke 20, 84–91. doi: 10.1161/01.str.20.1.84

Lyden, P., Buchan, A., Boltze, J., Fisher, M., and Stair, X. Consortium. (2021). Top priorities for cerebroprotective studies-A paradigm shift: Report from STAIR XI. Stroke 52, 3063–3071. doi: 10.1161/STROKEAHA.121.034947

Mages, B., Aleithe, S., Altmann, S., Blietz, A., Nitzsche, B., Barthel, H., et al. (2018). Impaired neurofilament integrity and neuronal morphology in different models of focal cerebral ischemia and human stroke tissue. Front. Cell. Neurosci. 12:161. doi: 10.3389/fncel.2018.00161

Mages, B., Fuhs, T., Aleithe, S., Blietz, A., Hobusch, C., Härtig, W., et al. (2021). The cytoskeletal elements MAP2 and NF-l show substantial alterations in different stroke models while elevated serum levels highlight especially MAP2 as a sensitive biomarker in stroke patients. Mol. Neurobiol. 58, 4051–4069. doi: 10.1007/s12035-021-02372-3

Martin, S. S., Aday, A. W., Almarzooq, Z. I., Anderson, C. A. M., Arora, P., Avery, C. L., et al. (2024). 2024 heart disease and stroke statistics: A report of US and global data from the American Heart association. Circulation 149, e347–e913. doi: 10.1161/CIR.0000000000001209

Menzies, S. A., Hoff, J. T., and Betz, A. L. (1992). Middle cerebral artery occlusion in rats: A neurological and pathological evaluation of a reproducible model. Neurosurgery 31, 100–6; discussion 106–7. doi: 10.1227/00006123-199207000-00014

Mergenthaler, P., and Meisel, A. (2012). Do stroke models model stroke? Dis. Model. Mech. 5, 718–725. doi: 10.1242/dmm.010033

Michalski, D., Grosche, J., Pelz, J., Schneider, D., Weise, C., Bauer, U., et al. (2010). A novel quantification of blood-brain barrier damage and histochemical typing after embolic stroke in rats. Brain Res. 1359, 186–200. doi: 10.1016/j.brainres.2010.08.045

Michalski, D., Keck, A. L., Grosche, J., Martens, H., and Härtig, W. (2018). Immunosignals of oligodendrocyte markers and myelin-associated proteins are critically affected after experimental stroke in wild-type and Alzheimer modeling mice of different ages. Front. Cell. Neurosci. 12:23. doi: 10.3389/fncel.2018.00023

Michalski, D., Spielvogel, E., Puchta, J., Reimann, W., Barthel, H., Nitzsche, B., et al. (2020). Increased immunosignals of collagen IV and fibronectin indicate ischemic consequences for the neurovascular matrix adhesion zone in various animal models and human stroke tissue. Front. Physiol. 11:575598. doi: 10.3389/fphys.2020.575598

Nahirney, P. C., and Tremblay, M. E. (2021). Brain ultrastructure: Putting the pieces together. Front. Cell Dev. Biol. 9:629503. doi: 10.3389/fcell.2021.629503

Percie du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., et al. (2020). The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. J. Physiol. 598, 3793–3801. doi: 10.1113/JP280389

Prehn, A., Hobusch, C., Härtig, W., Michalski, D., Krueger, M., and Flachmeyer, B. (2023). Increasing reproducibility in preclinical stroke research: The correlation of immunofluorescence intensity measurements and Western blot analyses strongly depends on antibody clonality and tissue pre-treatment in a mouse model of focal cerebral ischemia. Front. Cell. Neurosci. 17:1183232. doi: 10.3389/fncel.2023.1183232

Schaeffer, S., and Iadecola, C. (2021). Revisiting the neurovascular unit. Nat. Neurosci. 24, 1198–1209. doi: 10.1038/s41593-021-00904-7

Sharma, P., Giri, A., and Tripathi, P. N. (2024). Emerging trends: Neurofilament biomarkers in precision neurology. Neurochem. Res. 49, 3208–3225. doi: 10.1007/s11064-024-04244-3

Shi, S. M., Suh, R. J., Shon, D. J., Garcia, F. J., Buff, J. K., Atkins, M., et al. (2025). Glycocalyx dysregulation impairs blood-brain barrier in ageing and disease. Nature 639, 985–994. doi: 10.1038/s41586-025-08589-9

Summers, L., Kangwantas, K., Rodriguez-Grande, B., Denes, A., Penny, J., Kielty, C., et al. (2013). Activation of brain endothelial cells by interleukin-1 is regulated by the extracellular matrix after acute brain injury. Mol. Cell. Neurosci. 57, 93–103. doi: 10.1016/j.mcn.2013.10.007

Tengs, T. O., Yu, M., and Luistro, E. (2001). Health-related quality of life after stroke a comprehensive review. Stroke 32, 964–972. doi: 10.1161/01.str.32.4.964

Uphaus, T., Bittner, S., Gröschel, S., Steffen, F., Muthuraman, M., Wasser, K., et al. (2019). NfL (Neurofilament Light Chain) levels as a predictive marker for long-term outcome after ischemic stroke. Stroke 50, 3077–3084. doi: 10.1161/STROKEAHA.119.026410

Vaittinen, M., Kolehmainen, M., Rydén, M., Eskelinen, M., Wabitsch, M., Pihlajamäki, J., et al. (2015). MFAP5 is related to obesity-associated adipose tissue and extracellular matrix remodeling and inflammation. Obesity (Silver Spring) 23, 1371–1378. doi: 10.1002/oby.21103

Yang, X., Wu, K., Li, S., Hu, L., Han, J., Zhu, D., et al. (2017). MFAP5 and TNNC1: Potential markers for predicting occult cervical lymphatic metastasis and prognosis in early stage tongue cancer. Oncotarget 8, 2525–2535. doi: 10.18632/oncotarget.12446

Yuan, A., Rao, M. V., and Veeranna Nixon, R. A. (2012). Neurofilaments at a glance. J. Cell Sci. 125, 3257–3263. doi: 10.1242/jcs.104729

Zhang, Z., Wang, X., Zhang, K., Wu, Y., Liang, F., Wang, A., et al. (in press). Safety and efficacy of neuroprotective agents as adjunctive therapies for reperfusion in the treatment of acute ischemic stroke: A systematic review and meta-analysis of randomized controlled trials. J. Neurosurg. Anesthesiol. doi: 10.1097/ANA.0000000000001029

Zhao, M., Qiao, Y., Weiss, A., and Zhao, W. (2024). Neuroprotective strategies in acute ischemic stroke: A narrative review of recent advances and clinical outcomes. Brain Circ. 10, 296–302. doi: 10.4103/bc.bc_165_24

Zhu, S., Ye, L., Bennett, S., Xu, H., He, D., and Xu, J. (2021). Molecular structure and function of microfibrillar-associated proteins in skeletal and metabolic disorders and cancers. J. Cell. Physiol. 236, 41–48. doi: 10.1002/jcp.29893

Zuo, M., Guo, H., Wan, T., Zhao, N., Cai, H., Zha, M., et al. (2019). Wallerian degeneration in experimental focal cortical ischemia. Brain Res. Bull. 149, 194–202. doi: 10.1016/j.brainresbull.2019.04.023


Copyright
© 2025 Höfling, Roßner, Flachmeyer, Härtig and Michalski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-19-1593948-g005.jpg
Ischemia-affected hemisphere

Border zone Ischemia

10pm
e

M
2y

——
FAP5
NF-L

\i . . b_' .
T T T ) . =,
Ty ANEAPS






OPS/images/fnins-19-1593948-g004.jpg
Non-affected hemisphere Ischemia-affected hemisphere
Border zone Ischemia

VFAPS B \






OPS/images/fnins-19-1593948-g003.jpg
Non-affected hemisphere Ischemia-affected hemisphere

Border zone Ischemia

~,"_J MFAP5

, . ~/l‘
G5 g "?i;.lz
A, }“\\ h_ Vons¥ ~ )
o RN, B GV
/
/

/
/

/s

/
. ':n“P
13
Sy ‘3 ﬁw/ 5
BN
Wt SR
tia 8 o 8
P

Vyf-'A

o~

. ."v' ,"‘
/ ,-‘ 1:’

: /
A H* B3-tubulin
. . 4 e 3 ,/
. o % ’
So o : , “ /
‘
- r L
4
H“  MAP2
Ak ¢
“ - s » ! 5 /
» - ? : 4
. < /
7 o4 S0um
: —






OPS/images/fnins-19-1593948-g002.jpg
Non-affected hemisphere Ischemia-affected hemisphere

Border zone Ischemia

. MFAP5 |B v MFAPS5 [B‘  MFAPS5
\ “NOUN'.'HUC b v. \,; / NOUN"’HUClD - \ .AII
£ Sws y ‘ & ‘ . ::‘;I!"II ~
f . 4 ("? /
B NeuN+HuC/D
f' y - ’I
. : ‘ /

Db 2

-






OPS/images/cross.jpg
©

|





OPS/xhtml/nav.xhtml




Contents





		Cover



		Local arrangement of microfibrillar-associated protein 5 with neurovascular and extracellular components in non- and ischemia-affected brain regions of mice



		1 Introduction



		2 Methods



		2.1 Study design



		2.2 Experimental focal cerebral ischemia



		2.3 Tissue preparation and multiple fluorescence labeling



		2.4 Microscopy and analyses of fluorescence signals







		3 Results



		3.1 Regional characteristics of MFAP5, neurons and glial structures



		3.2 Association of MFAP5 with the vasculature and constituents of the ECM



		3.3 Spatial relationships between MFAP5 and cytoskeletal elements



		3.4 Morphological characteristics of MFAP5 and its regional association with NF-L and MAP2







		4 Discussion



		5 Summary and outlook



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnins-19-1593948-g001.jpg
MFAPS | B

Border

Non-

ischemia

Ischemia






OPS/images/fnins-19-1593948-t001.jpg
Primary

antibodies/lectins

Dilution

Order number

Company

Secondary antibod-
ies/ streptavidin
conjugates

Microfibrillar-associated MFAP5 1:100 HPA010553-2 Merck (Sigma-Aldrich) Donkey anti-rabbit Cy3
protein 5

Neuronal nuclei NeuN 1:1,000 MAB377 Merck (Millipore) Donkey anti-mouse Cy5
Human C and D protein HuC/D 1:1,000 A-21271 Thermo Fisher (Invitrogen) Donkey anti-mouse Cy5
Myelin basic protein MBP 1:100 ab7349 Abcam Donkey anti-rat Cy2
Tonized calcium-binding Ibal 1:200 234004 Synaptic Systems Donkey anti-guinea pig Cy5
adapter molecule 1

Aquaporin 4 Aqp4 1:500 sc-9888 Santa Cruz Donkey anti-goat Cy2

Glial fibrillary acidic protein GFAP 1:100 G6171 Merck (Sigma-Aldrich) Donkey anti-mouse Cy5
B-actin 1:50 A5316 Merck (Sigma-Aldrich) Donkey anti-mouse Cy2
Neurofilament light chain NF-L 1:50 171014 Synaptic Systems Donkey anti-guinea pig Cy5
B3-tubulin 1:100 302304 Synaptic Systems Donkey anti-guinea pig Cy2
Microtubule-associated MAP2 1:100 188011 Synaptic Systems Donkey anti-mouse Cy5
protein 2

Solanum tuberosum lectin, STL 1:500 B-1165 VectorLabs Streptavidin Cy2
biotinylated

Collagen IV Coll IV 1:1,000 AB769 Merck (Sigma-Aldrich) Donkey anti-goat Cy5
Wisteria floribunda lectin, WEFA 1:100 B-1355 VectorLabs Streptavidin Cy2
biotinylated

Fibronectin FN 1:100 IMS02-060-314 Agrisera Donkey anti-chicken Cy5






OPS/images/cover.jpg
}frontiers ‘ Frontiers in Neuroscience

Local arrangement
of microfibrillar-associated
protein 5 with neurovascular
and extracellular components
In non- and ischemia-affected
brain regions of mice












OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience







