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Neural precursor cell delivery induces 
acute post-ischemic cerebroprotection, 
but fails to promote long-term stroke recovery 
in hyperlipidemic mice due to mechanisms 
that include pro-inflammatory responses 
associated with brain hemorrhages
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Abstract 

Background The intravenous delivery of adult neural precursor cells (NPC) has shown promising results in ena‑
bling cerebroprotection, brain tissue remodeling, and neurological recovery in young, healthy stroke mice. However, 
the translation of cell‑based therapies to clinical settings has encountered challenges. It remained unclear if adult 
NPCs could induce brain tissue remodeling and recovery in mice with hyperlipidemia, a prevalent vascular risk factor 
in stroke patients.

Methods Male mice on a normal (regular) diet or on cholesterol‑rich Western diet were exposed to 30 min intra‑
luminal middle cerebral artery occlusion (MCAO). Vehicle or  106 NPCs were intravenously administered immedi‑
ately after reperfusion, at 3 day and 7 day post‑MCAO. Neurological recovery was evaluated using the Clark score, 
Rotarod and tight rope tests over up to 56 days. Histochemistry and light sheet microscopy were used to examine 
ischemic injury and brain tissue remodeling. Immunological responses in peripheral blood and brain were analyzed 
through flow cytometry.

Results NPC administration reduced infarct volume, blood–brain barrier permeability and the brain infiltration 
of neutrophils, monocytes, T cells and NK cells in the acute stroke phase in both normolipidemic and hyperlipi‑
demic mice, but increased brain hemorrhage formation and neutrophil, monocyte and  CD4+ and  CD8+ T cell counts 
and activation in the blood of hyperlipidemic mice. While neurological deficits in hyperlipidemic mice were reduced 
by NPCs at 3 day post‑MCAO, NPCs did not improve neurological deficits at later timepoints. Besides, NPCs did 
not influence microglia/macrophage abundance and activation (assessed by morphology analysis), astroglial scar 
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Introduction
Despite considerable progress in acute recanaliza-
tion therapies (i.e., intravenous thrombolysis and/or 
thrombectomy) [1], ischemic stroke remains the leading 
cause of disability and second cause of death worldwide 
[2]. Stroke patients often exhibit long-term neurological 
deficits, highlighting the need for effective treatments 
that can promote neurological recovery once a stroke has 
occurred. While previous efforts focused on enhancing 
neuronal survival during the acute stroke phase, clinical 
trials have yielded limited success [3]. As a result, there 
has been a shift in focus toward the post-acute stroke 
phase, where substantial efforts are being directed toward 
promoting brain remodeling and plasticity. Experimental 
studies in otherwise healthy rodents have demonstrated 
that cellular therapies can effectively stimulate brain 
remodeling and neuronal plasticity, leading to improve-
ments in motor-coordination [4, 5]. However, it remains 
crucial to determine whether similar neurological recov-
ery can be achieved in human patients, who often present 
with vascular risk factors and co-morbidities that may 
compromise restorative responses. Unfortunately, recent 
randomized controlled multicenter trials failed to show 
the efficacy of restorative treatments in stroke patients 
[6–8]. Thus, the search for effective therapeutic strate-
gies to enhance neurological recovery in stroke patients 
remains an ongoing challenge.

Neural stem/precursor cells (NPCs) have emerged as 
a promising cellular therapy for promoting neurological 
recovery, brain remodeling, and neuroplasticity following 
focal cerebral ischemia in rodent models [9–15]. Previ-
ous studies have demonstrated the neuroprotective and 
restorative effects of adult NPCs delivered through vari-
ous routes (including intravenous, intraarterial, intrac-
erebroventricular, and intraparenchymal administration) 
over a broad treatment time-window starting from 
immediately after reperfusion to 28 day post-stroke [16, 
17]. Among these delivery routes, intravenous NPC deliv-
ery has shown particularly potent recovery-promoting 
responses, including sustained improvements in motor-
coordination, promotion of neuronal survival, restoration 

of blood–brain barrier integrity, inhibition of brain leu-
kocyte infiltration, reduction in glial scar formation, and 
prevention of secondary brain atrophy [9, 15–18]. How-
ever, thus far, these studies have focused solely on evalu-
ating the effects of NPCs in otherwise healthy ischemic 
rodents, while the impact of NPCs on neurological recov-
ery and brain remodeling in rodents with vascular risk 
factors remains unexplored. Therefore, it is essential to 
investigate how NPCs influence these processes in mice 
or rats with underlying vascular risk factors.

Hyperlipidemia is a highly prevalent risk factor, which 
based on American Heart Association guidelines requires 
therapy in 48.6% of U.S. citizens ≥ 40 years [19]. This con-
dition is characterized by endothelial dysfunction, vas-
cular inflammation, and the formation of atherosclerotic 
plaques [20]. In the context of focal cerebral ischemia, 
hyperlipidemic mice fed with a cholesterol-rich Western 
diet have exhibited increased blood–brain barrier per-
meability and brain leukocyte infiltration compared with 
normolipidemic mice on a normal, regular diet [21, 22]. 
The infiltration of leukocytes, specifically, of polymor-
phonuclear neutrophils has been implicated in exacerbat-
ing ischemic injury in hyperlipidemic mice [22]. However, 
the effects of intravenously administered NPCs have not 
been investigated in hyperlipidemic mice. Therefore, this 
study aims to evaluate the impact of hyperlipidemia on 
the restorative effects of NPCs by subjecting mice to a 
cholesterol-rich Western diet for 6  weeks and assessing 
the effects of adult NPCs on stroke recovery, immuno-
logical responses and brain remodeling.

Materials and methods
Legal issues, animal housing, randomization and blinding
All experiments were performed with local govern-
ment approval (Bezirksregierung Düsseldorf ) in accord-
ance with EU guidelines (Directive 2010/63/EU) for the 
care and use of laboratory animals, STAIR, STEPS and 
ARRIVE guidelines. Experiments were strictly rand-
omized. The experimenters performing the animal exper-
iments and behavioral studies (D.Y., Y.W.) had proven 
skills in restorative stroke studies. These experimenters 

formation, microvascular length or branching point density (evaluated using light sheet microscopy), long‑term neu‑
ronal survival or brain atrophy in hyperlipidemic mice.

Conclusions Intravenously administered NPCs did not have persistent effects on post‑ischemic neurological recov‑
ery and brain remodeling in hyperlipidemic mice. These findings highlight the necessity of rigorous investigations 
in vascular risk factor models to fully assess the long‑term restorative effects of cell‑based therapies. Without compre‑
hensive studies in such models, the clinical potential of cell‑based therapies cannot be definitely determined.

Keywords Anti‑inflammation, Cholesterol‑rich diet, Focal cerebral ischemia, Hypercholesterolemia, Light sheet 
microscopy, Microglia/macrophage morphology, Middle cerebral artery occlusion, Neuroblast, Neural stem cell, 
Western diet
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were fully blinded at all stages of the study by another 
researcher (C.W., T.R.D.) preparing the vehicle and NPC 
solutions. These solutions received dummy names (A and 
B), which were unblinded after termination of the study. 
Mice were kept in a regular inverse 12 h:12 h light/dark 
cycle in groups of 5 animals/cage. Behavioral tests and 
animal surgeries were always performed in the morning 
hours throughout the study. Mice had free access to food 
and drinking water.

Statistical planning
An a priori sample size calculation was done using an 
online calculator (https:// homep age. univie. ac. at/ robin. 
ristl/ sampl esize. php? test= ttest). For the central end-
points (e.g., infarct volume, neurological deficits), we 
postulated that NPCs modified the mean value by 30%, 
which with an expected standard deviation of 25% of 
the mean value (Cohen’s D = 1.2) required a sample size 
of 12 animals/group, given that the alpha error was 5% 
and the beta error (1–statistical power) was 20%. With a 
sample size of 10 animals/group, the beta error was 30%, 
considering that all other variables remained unchanged. 
In case of neurological tests, we confirmed the negative 
findings of a first study with once-only NPC administra-
tion (that is, delivery immediately after reperfusion) by 
a second study examining the effects of NPCs adminis-
tered on three occasions (immediately after reperfusion, 
3 and 7 days after MCAO), thus providing proofs that the 
negative results obtained were not the consequence of by 
chance observations associated with the beta error.

Focal cerebral ischemia
Male C57BL6/j mice (Envigo, Indianapolis, IN, U.S.A.) 
were fed with cholesterol-rich Western diet (E15721-
34; Ssniff Spezialdiäten, Soest, Germany) for 6 weeks 
starting at the age of 3  weeks. We have previously ana-
lyzed plasma cholesterol levels following this diet 
exposure, showing that plasma cholesterol levels were 
220.4 ± 58.0 mg/dl in the end of the 6-week period, com-
pared with 56.6 ± 17.4 mg/dl in male wildtype C57BL6/j 
mice on regular diet [21]. Hyperlipidemic animals exhib-
ited lipid deposits in cerebral microvessels [21]. Focal cer-
ebral ischemia was induced as described before [23, 24]. 
Briefly, mice were anesthetized with 1.0–1.5% isoflurane 
(30%  O2, remainder  N2O). For analgesia, animals were 
treated subcutaneously with buprenorphine (0.1  mg/kg 
b.w.; Reckitt Benckiser, Slough, U.K.). Rectal tempera-
ture was maintained by a heating pad system (Fluovac, 
Harvard apparatus, Holliston, MA, U.S.A.) between 
36.5 and 37.0  °C. Cerebral blood flow was monitored 
by laser Doppler flowmetry using a flexible probe (Per-
imed, Stockholm, Sweden) attached to the animals’ skulls 
above the core of the middle cerebral artery territory. A 

midline neck incision was made. The left common and 
external carotid arteries were isolated and ligated, and 
the internal carotid artery was temporarily clipped. A 
silicon-coated 7.0 nylon monofilament (Doccol, Sharon, 
MA, U.S.A.) was introduced through a small incision into 
the common carotid artery and advanced to the carotid 
bifurcation for MCAO. After 30  min, reperfusion was 
initiated by monofilament removal. Wounds were care-
fully sutured. For anti-inflammation, animals received 
daily i.p. injections of carprofen (4  mg/kg; Bayer Vital, 
Leverkusen, Germany) during the first 3 day post-stroke. 
Animals were removed from the study and sacrificed 
when suffering from central respiratory abnormalities 
(i.e., apneas) or from severe motor handicaps with inap-
propriate nurturing, resulting in a weight loss > 20%. 
The survival rate until the end of the study was 88% in 
mice sacrificed 48 h post-MCAO, 85% in mice sacrificed 
14  day post-MCAO, and 75% in mice sacrificed 56  day 
post-MCAO.

NPC culture and transplantation
NPC preparation was performed identically as previously 
described [13]. Briefly, adult  EGFP+ NPCs were isolated 
from the subventricular zone region of 6–8-week-old 
male enhanced green fluorescence (EGFP)-transgenic 
mice (C57BL/6-Tg(ACTB-EGFP)1Osb/J; JAX Labora-
tory, Bar Harbor, ME, U.S.A.). EGFP expression was 
driven by the actin promoter which allows reliable and 
stable tracking of grafted NPCs.  EGFP+ NPCs were 
grown in serum-free basic Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (PAA, Linz, Austria) and supple-
mented with epidermal growth factor (EGF, 2 µg/ml) and 
basic fibroblast growth factor (bFGF, 2 µg/ml). To avoid 
contamination, penicillin–streptomycin (Invitrogen, 
Frankfurt, Germany) was added to the medium. Cells 
were incubated with 5%  CO2 at 37 °C, and growth factors 
were added every 2–3 days. Passaging of cells was done 
every 7–10 days and NPCs were used for transplantation 
from cell passages 3–8.

Following MCAO, mice were randomized into two 
groups. Via a skin incision, vehicle (200 µl of 0.1 M phos-
phate-buffered saline [PBS]) or  106 NPCs (dissolved in 
200  µl of 0.1  M PBS) were infused through the femoral 
vein over 10  min immediately after reperfusion onset. 
The dose of  106 NPCs per mouse was chosen, since it was 
equivalent to doses in previous studies using normolipi-
demic mice [9, 13–18]. In defined groups of mice sacri-
ficed at 56  day post-MCAO, additional vehicle or NPC 
infusions were performed at 3 and 7 day post-MCAO (as 
above). Infusions were performed in isoflurane anesthe-
sia (as above). In previous studies using normolipidemic 
mice, NPCs were consistently found to induce long-term 
cerebroprotection associated with neurological recovery 

https://homepage.univie.ac.at/robin.ristl/samplesize.php?test=ttest
https://homepage.univie.ac.at/robin.ristl/samplesize.php?test=ttest
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when administered immediately or up to 6 h post-MCAO 
by our group [13, 14, 16–18].

Clark score
The Clark score is a comprehensive score, which cap-
tures general and focal neurological deficits [25]. It was 
evaluated at baseline, 3 days, 7 days and then weekly until 
56 day post-MCAO.

Rotarod test
The Rotarod is a motor-coordination test, which consists 
of a rotating drum (Ugo Basile, model 47600, Come-
rio, Italy), in which animals are placed, while the drum 
is accelerating from 4 to 40  rpm. Maximal velocity is 
achieved after 260 s (maximum testing time 300 s). The 
time until each animal drops off the drum is measured 
[23, 24]. Animals were trained three times each on three 
consecutive days before MCAO. Following a baseline 
evaluation, animals were tested at 3 days, 7 days and then 
weekly until 56 day post-MCAO.

Tight rope test
The tight rope test consists of a 60 cm long rope that is 
attached to two opposing platforms. Animals are placed 
on the middle of the rope and the time until reaching one 
of the platforms is determined (maximum testing time 
60 s) [23, 24]. Animals were trained three times on three 
consecutive days before MCAO. After a baseline exami-
nation, animals were tested at 3  days, 7  days and then 
weekly until 56  day post-MCAO. From the time on the 
rope and time to platform arrival, tight rope scores were 
formed as described in Additional file 1: Table S1.

Animal sacrifice and FITC–albumin gelatin infusion
Mice were deeply anesthetized and transcardially per-
fused with ice-cold 0.1 M PBS followed by 4% paraform-
aldehyde in 0.1  M PBS. In animals used for light sheet 
microscopy, a 0.1% (w/v) solution of gelatin (Sigma-
Aldrich, Deisenhofen, Germany) containing FITC-
conjugated albumin (Sigma-Aldrich) was subsequently 
transcardially perfused, as previously reported [26], and 
the mouse bodies were placed with the head down in ice 
water over 15 min. All brains were carefully removed and 
incubated in 4% paraformaldehyde in 0.1 M PBS at 4 °C 
overnight. Brains used for histochemistry were cut into 
20-µm-thick coronal cryostat sections.

Infarct volume, brain edema and volume, and brain 
hemorrhage
Coronal sections collected at millimeter intervals were 
stained with cresyl violet. Sections were scanned and 
quantified using Image J software (National Institute of 
Health, Bethesda, MD, U.S.A.). In animals sacrificed at 

48 h post-MCAO, infarct volume was measured by sub-
tracting areas of healthy tissue of the ischemic hemi-
sphere from those of the contralesional hemisphere [23]. 
Brain edema was determined by evaluating the increase 
of the ipsilateral brain hemisphere volume in comparison 
with the contralateral brain hemisphere volume [23]. In 
animals sacrificed at 56  day post-MCAO, striatum vol-
ume and whole brain volume were evaluated by analyz-
ing ipsilesional and contralesional brain areas across the 
forebrain, of which percent volume ratios were deter-
mined [23]. At this timepoint, the infarct is completely 
resolved. Therefore, ischemic injury has converted into 
brain atrophy. Corpus callosum thickness was evaluated 
at the bregma level by tracing the corpus callosum area in 
the ischemic hemisphere from the midline up to one mil-
limeter lateral to the midline [9]. With this procedure, the 
mean corpus callosum thickness was determined.

For analysis of brain hemorrhages, sections at the level 
of the bregma were incubated in 0.05% diaminobenzidine 
substrate kit (Sigma-Aldrich), which is oxidized by eryth-
rocyte peroxidases to produce a dark blue staining [27, 
28]. The incidence and area of brain hemorrhages were 
assessed.

Immunohistochemistry
Coronal sections from the level of the bregma were 
immersed in 0.1  M PBS containing 0.1% Triton X-100 
(PBS-T) and 10% normal donkey serum (D9663; Sigma-
Aldrich). Sections were incubated overnight at 4  °C 
in Alexa Fluor-594 conjugated polyclonal donkey anti 
IgG (A-21203; Thermo Fisher Scientific, Waltham, MA, 
U.S.A.), monoclonal rat anti-CD31 (550274; BD Bio-
sciences, Heidelberg, Germany), polyclonal goat anti-
intercellular adhesion molecule (ICAM-1) (AF796; R&D 
Systems, Minneapolis, MN, U.S.A.), polyclonal rabbit 
anti-collagen-IV (AB756P; Merck-Millipore, Darm-
stadt, Germany), monoclonal rat anti-glycoprotein-Ibα 
(GP-Ibα) (M043-0; Emfret Analytics, Eibelstadt, Ger-
many), polyclonal rabbit anti-ionized calcium binding 
adaptor protein (Iba)-1 (019–19741; Wako Chemicals, 
Neuss, Germany), monoclonal rat anti-glial fibrillary 
acidic protein (GFAP) (130300; Thermo Fisher Scien-
tific, Waltham, MA, U.S.A.), or monoclonal rabbit anti-
neuronal nuclei (NeuN) (ab177487; Abcam, Cambridge, 
U.K.) antibodies, which were detected with fluorescent-
labeled secondary antibodies. Labelings were coun-
terstained with Hoechst-33342 (62249; Thermo Fisher 
Scientific, Waltham, MA, U.S.A). Sections were evalu-
ated under a Zeiss AxioObserver.Z1 inverted epifluo-
rescence microscope equipped with Apotome optical 
sectioning by evaluating integrated signal intensities 
in the striatum (extravasated IgG, ICAM-1, GFAP), by 
analyzing the microvessel length per  mm2 (CD31), by 
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counting the number of microvessel profiles exhibiting 
platelet microclots per  mm2 (collagen-IV/GP-Ibα) or by 
counting the number of cells per  mm2 (Iba-1) or in the 
striatum (NeuN). Optical sectioning was used for cor-
recting cell overcounts.

Microglia/macrophage morphology analysis
In representative regions of interest (ROIs) in the 
ischemic striatum, confocal microscopy was performed 
using the Leica SP8 confocal microscope (objective HC 
PL APO CS2 63x/1.30, Leica Microsystems, Wetzlar, 
Germany) to evaluate the three-dimensional morphol-
ogy of Iba-1+ microglia/macrophages. Z-stacks meas-
uring 184.52 × 184.52 × 15  µm were obtained at 0.5  µm 
interslice distance. To analyze the 3D morphology of 
Iba-1+ cells, background and artefacts were supressed 
with standard ImageJ tools using fully automated scripts 
to avoid experimenter bias. The analysis of 3D cell mor-
phology was conducted using the 3DMorph software, as 
previously described [29]. In brief, the cell objects were 
detected by automated threshold setting and segmenta-
tion. After skeletonization, morphological metrics defin-
ing average branch length, cell territory, cell volume and 
ramification index were derived. To our knowledge, this 
is the first workflow that provides the opportunity to dis-
criminate single microglia/macrophage cells in densely 
packed brain lesions, allowing for the precise quantifica-
tion of cell morphology.

Light sheet imaging and image processing
For clearing mouse brains perfused with FITC–albumin 
hydrogel, we used an established tetrahydrofuran (THF; 
Sigma-Aldrich)/ethyl cinnamate (ECi; Sigma-Aldrich) 
protocol [26]. Cleared whole mouse brains were imaged 
using an Ultramicroscope 2 (LaVision BioTec, Bielefeld, 
Germany) microscope equipped with bidirectional light 
sheet illumination, and an Andor Neo sCMOS camera 
having a 2560 × 2160 chip of 6.5  μm pixel size. We per-
formed serial optical imaging of the brains in a ventral–
dorsal direction by exciting the FITC–albumin labeled 
vessels using a 488 nm diode laser and a 525/50 nm band-
pass emission filter. Images were acquired at 6.4× magni-
fication in the axial direction at 2  μm steps. For image 
rendering, Bitplane software (Imaris, Cologne, Germany) 
was used. For detailed vascular quantification, stacks of 
501 images were acquired in ischemic brain tissue with 
6.4× magnification and a step size of 2  µm in a ventro-
dorsal direction starting at bregma − 6.24 mm and end-
ing at bregma − 4.26  mm. From each of stack, ROIs 
measuring 508 × 508 × 1000  µm and 305 × 305 × 600  µm, 
respectively, were chosen in the dorsolateral striatum and 
parietal cortex, as previously reported [30]. ROIs in the 

parietal cortex were adjacent to the most outer corners 
of the striatal ROIs, with the external capsule in between.

Following image preprocessing, the cerebral microvas-
culature was analyzed using the VesselExpress pipeline 
[26]. VesselExpress is an automated open-source pipe-
line that integrates image segmentation, skeletonization 
and graph analysis, and has been validated for medium 
and high throughput processing due to high degree of 
automation, robustness, and parallelized data process-
ing [26]. Using VesselExpress, we determined a compre-
hensive set of network characteristics, which included (a) 
microvascular length density (i.e., the total vessel length 
per brain volume), (b) branching point density (i.e., the 
total number of branching points per brain volume), (c) 
microvascular volume density (i.e., the total vessel vol-
ume per brain volume), (d) mean branch length between 
two branching points, and (e) mean branch diameter.

Flow cytometry of leukocytes
Flow cytometry analysis of blood and brain samples was 
performed as described before [25]. In brief, blood sam-
ples were taken from the animals’ hearts at 48  h post-
MCAO, and ischemic brain hemispheres were harvested 
from the same animals, which were dissociated for fur-
ther use. After erythrocyte lysis followed by two washing 
steps, single cell suspensions were stained for 30 min at 
4  °C using antibody cocktails listed in Additional file  1: 
Table  S2. Cell suspensions were subsequently analyzed 
on a FACS Aria III flow cytometer (BD Biosciences) 
using FlowJo software V10 (Ashland, OR, U.S.A.). The 
gating strategy is summarized in Additional file 1: Fig. S1. 
Leukocyte numbers were quantified on a Cytoflex flow 
cytometer (Beckman–Coulter).

Statistical data analysis
Statistical analysis was performed using GraphPad Prism 
version 8.0.2 for Windows software (GraphPad Software, 
San Diego, California U.S.A.). LDF recordings, body 
weight, neurological deficits and behavioral tests were 
analyzed by repeated measurement ANOVA followed by 
LSD posthoc tests. Histochemical data, which were nor-
mally distributed, were evaluated by two-way ANOVA 
followed by LSD posthoc tests (comparisons between ≥ 3 
groups) or by unpaired two-tailed t tests (comparisons 
between 2 groups). Non-normally distributed data were 
evaluated by Kruskal–Wallis test followed by Dunn’s 
tests. Hemorrhage incidence data were assessed by  chi2 
tests. Data involving repeated measurements were pre-
sented as mean ± S.D. values, all other data as median 
(mean) ± interquartile ranges (IQR) with minimum and 
maximum data as whiskers. Incidence data were reported 
as percentage rates. P values < 0.05 were defined to indi-
cate statistical significance.
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Results
Adult NPCs induce cerebroprotection and reduce blood–
brain barrier permeability in the acute stroke phase 
in normolipidemic and hyperlipidemic mice
Intraluminal MCAO induced reproducible brain infarcts 
in normolipidemic mice, which involved the striatum and 
overlying cerebral cortex (Fig.  1A) and were associated 
with moderate brain edema (Fig.  1B) and IgG extrava-
sation (Fig. 1C) at 48 h. In line with earlier studies from 
our group examining NPC administration immediately 
after reperfusion [14, 16], infarct volume, brain edema 
and IgG extravasation were significantly reduced by 

intravenous NPC delivery (Fig.  1A–C). Infarct volume 
and IgG extravasation were increased in hyperlipidemic 
mice on Western diet (Fig. 1A, C). NPC delivery signifi-
cantly decreased infarct volume and IgG extravasation in 
hyperlipidemic mice (Fig. 1A, C).

Adult NPCs do not influence microvascular ICAM‑1 
abundance and microvascular thrombosis post‑ischemia 
in either normolipidemic or hyperlipidemic mice
ICAM-1 is an adhesion molecule, which is expressed 
on cerebral endothelial cells mediating the brain inva-
sion of leukocytes, for which we have previously shown 

Fig. 1 Neural precursor cells (NPCs) induce cerebroprotection and reduce blood–brain barrier (BBB) permeability in the acute stroke phase 
in normolipidemic and hyperlipidemic mice. A Infarct volume and B brain edema evaluated by cresyl violet staining, C extravasated serum IgG 
abundance and D collagen‑IV+ ischemic microvessels exhibiting glycoprotein‑Ibα (GP‑Ibα)+ microthrombosis, assessed by immunohistochemistry, 
E brain hemorrhage formation, determined by diaminobenzidine staining, as well as F laser Doppler flow during ischemia and after reperfusion 
above the core of the middle cerebral artery territory of normolipidemic mice on normal diet and hyperlipidemic mice on Western diet, 
which were exposed to 30 min intraluminal middle cerebral artery occlusion (MCAO). Mice were intravenously treated with vehicle (200 µl 
of 0.1 M phosphate‑buffered saline [PBS]) or adult NPCs  (106 cells in 200 µl of 0.1 M PBS) immediately after reperfusion, followed by animal 
sacrifice at 48 h post‑MCAO. Representative brain sections and microphotographs are shown. Note that hyperlipidemia exacerbates infarct 
volume, BBB permeability, and brain hemorrhage formation, but does not abolish the neuroprotective effects of NPCs in the acute stroke 
phase. Furthermore, note that GP‑Ibα+ microthrombosis is not influenced by NPCs in either group, whereas brain hemorrhage formation 
is increased in NPC‑treated hyperlipidemic mice compared with NPC‑treated normolipidemic mice. Data are medians (lines inside boxes)/
means (crosses inside boxes) ± interquartile ranges with minimum/maximum values as whiskers [in (A–E)] or means ± S.D. values [in (F)]. 
*P < 0.05/**P < 0.01/***P < 0.001 (n = 12 mice for normal diet/vehicle, n = 12 for normal diet/NPC, n = 10 for Western diet/vehicle, n = 11 for Western 
diet/NPC). Scale bar, 1 mm [in (A–C)], 20 µm [in (D)] and 200 µm [in (E)]
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that it was downregulated upon mesenchymal stro-
mal cell (MSC)-derived extracellular vesicle delivery 
in MCAO mice [25, 31]. Hence, we asked if ICAM-1 
abundance was increased by hyperlipidemia and if 
it was reduced by intravenous NPC administration. 
Notably, ICAM-1 abundance, assessed by immunohis-
tochemistry, did not differ between normolipidemic 
mice on normal diet and hyperlipidemic mice on 
Western diet, and it was not influenced by NPC deliv-
ery (Additional file 1: Fig. S2A).

Microvascular thrombosis triggers ischemic injury in 
MCAO mice [32] and has been shown to be respon-
sible for the exacerbated ischemic injury in mice 
exposed to lipopolysaccharide-induced sepsis [33]. 
We therefore examined if microvascular thrombo-
sis was influenced by hyperlipidemia and intravenous 
NPC delivery. Microvascular thrombosis, evaluated by 
GP-Ibα immunohistochemistry, did not differ between 
mice on normal diet and mice on Western diet, and it 
was not altered by NPC administration (Fig. 1D).

Brain hemorrhage formation is increased in the ischemic 
brains of NPC‑treated hyperlipidemic mice
In rats with streptozotocin-induced type-1 diabetes, 
administration of mesenchymal stromal cells has pre-
viously been shown to increase the incidence of brain 
hemorrhages post-MCAO, which was associated with 
poor stroke outcomes [34]. Thus, we investigated how 
adult NPC delivery influenced brain hemorrhage for-
mation in normolipidemic and hyperlipidemic MCAO 
mice. In normolipidemic mice, few hemorrhages were 
noted in the ischemic brain tissue, which were not 
influenced by NPCs (Fig.  1E; Additional file  1: Fig. 
S2B). Brain bleedings were increased in hyperlipi-
demic compared with normolipidemic MCAO mice, 
and further elevated by NPCs (Fig. 1E). Both the inci-
dence and area of brain hemorrhages were significantly 
higher in NPC-treated hyperlipidemic compared with 
NPC-treated normolipidemic mice (Fig. 1E; Additional 
file 1: Fig. S2B).

Considering that reperfusion predisposes to brain 
hemorrhage, we also studied, if the severity of ischemia 
or reperfusion differed in response to NPC treatment 
in normolipidemic and hyperlipidemic mice. Intra-
luminal MCAO induced reproducible ischemia in 
the vascular territory of the middle cerebral artery, 
as indicated by laser Doppler flow (LDF) recordings, 
which was followed by stable reperfusion to close to 
baseline levels after monofilament removal (Fig.  1F). 
LDF recordings did not differ in normolipidemic and 
hyperlipidemic mice, and they were not influenced by 
NPCs (Fig. 1F).

NPCs do not influence microglia/macrophage abundance 
or activation in the acute stroke phase assessed 
by morphological analysis
We have previously found that NPC delivery reduces 
the accumulation of microglia/macrophage cells in peri-
infarct areas at post-acute timepoints (6–84  days post-
ischemia) in normolipidemic MCAO mice [14, 16]. We 
therefore asked if NPC delivery modified microglia/
macrophage abundance and activation, which might 
have contributed to altered ischemic injury development. 
Densitometric and morphological analysis of high-reso-
lution images revealed that Iba-1+ microglia/macrophage 
number, average branch length, cell territory, cell volume, 
and cell ramification were not influenced by NPCs at 48 h 
post-MCAO (Fig. 2A–E), as shown in 3D stacks, in which 
single cells were reconstructed, segmented, and skele-
tonized for quantitative analysis (Fig. 2F).

NPCs reduce brain leukocyte infiltrates in the ischemic 
brain of hyperlipidemic mice
Brain-invading leukocytes and, specifically, polymorpho-
nuclear neutrophils contribute to ischemic brain injury 
after intraluminal MCAO [35]. Under conditions of 
hyperlipidemia induced by Western diet, brain-invading 
leukocytes and, more specifically, neutrophils, mediated 
the exacerbated ischemic injury of hyperlipidemic com-
pared with normolipidemic mice [22]. We thus asked, 
how NPC delivery influenced brain leukocyte infil-
trates in MCAO mice on Western diet. By applying flow 
cytometry we found that the number of brain infiltrating 
 CD45+ leukocytes, neutrophils (both activated and non-
activated), monocytes (including inflammatory mono-
cytes), T cells and NK cells were significantly higher in 
the ischemic brain of mice on Western diet than mice 
on normal diet (Fig.  3) [22]. NPC delivery significantly 
reduced the number of infiltrating  CD45+ leukocytes, 
namely of  neutrophils (both activated and non-acti-
vated), monocytes (including inflammatory monocytes), 
T cells and NK cells in the brain of Western diet MCAO 
mice (Fig. 3).

NPCs increase blood leukocyte counts in hyperlipidemic 
ischemic mice
In young and aged MCAO mice, we previously found 
that anti-inflammatory effects of MSC-derived extra-
cellular vesicles in the brain closely went in line with 
anti-inflammatory effects in peripheral blood, which 
promoted us to postulate a peripheral mode of action 
of this cellular therapy [25, 31]. Hence, we asked, if 
intravenously administered NPCs also conferred anti-
inflammation in the blood of MCAO mice. Contrary to 
this hypothesis, we found that NPC delivery moderately 
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influenced blood leukocytes in normolipidemic MCAO 
mice. Thus, total leukocyte, neutrophil (both activated 
and non-activated), monocyte, macrophage and NK cell 
counts were unchanged, whereas  CD4+ and  CD8+ T cells 
and B cells were reduced upon NPC delivery (Fig.  4). 
This pattern markedly differed in hyperlipidemic mice. 
Thus, NPCs increased leukocyte, patrolling monocyte, 
macrophage,  CD4+ and  CD8+ T cell, B cell and NK cell 
counts in MCAO mice on Western diet (Fig. 4), indicat-
ing a pro-inflammatory effect that differed from the pat-
tern in normolipidemic mice.

NPCs do not influence ischemic injury, microvascular 
length density or branching point density in the subacute 
stroke phase in hyperlipidemic mice
In view that NPCs conferred cerebroprotection in the 
acute stroke phase in normolipidemic and hyperlipi-
demic mice, we asked if this effect was maintained in the 

subacute stroke phase, at 14  day post-MCAO. Analysis 
of brain atrophy, a marker of long-term injury, by cresyl 
violet staining revealed that NPC administration reduced 
brain atrophy in normolipidemic, but not in hyperlipi-
demic MCAO mice (Fig. 5A).

Microvascular remodeling and angiogenesis are 
important determinants of neurological recovery in 
response to restorative stroke treatments [5], but it 
has previously been shown that MSC delivery induces 
maladaptive angiogenesis associated with increased 
BBB permeability in type-1 diabetic MCAO mice [34]. 
Hence, we asked if NPCs compromised microvascular 
remodeling in the ischemic brain of hyperlipidemic 
mice. Analysis of a comprehensive set of microvascu-
lar network characteristics by 3D LSFM revealed that 
NPC delivery did not influence microvascular length 
density, branching point density and mean branch 
length in the ischemic cortex or striatum of MCAO 

Fig. 2 NPC administration does not influence microglia/macrophage abundance and activation in the acute stroke phase in normolipidemic 
and hyperlipidemic mice. A Microglia/macrophage abundance, evaluated by confocal microscopy, B average branch length, C cell territory, D cell 
volume, and E ramification index as assessed of Iba‑1 immunohistochemistry in the ischemic striatum of mice on normal diet or cholesterol‑rich 
Western diet exposed to MCAO, which were intravenously treated with vehicle or adult NPCs immediately after reperfusion (as before), followed 
by animal sacrifice at 48 h post‑MCAO. F Morphological analysis was done in representative high‑resolution 3D stacks, in which single microglia/
macrophage cells were reconstructed, segmented and skeletonized (example highlighted in square). Data are medians (lines inside boxes)/means 
(crosses inside boxes) ± interquartile ranges with minimum/maximum values as whiskers. No significant group differences were noted (n = 12 mice 
for normal diet/vehicle, n = 12 for normal diet/NPC, n = 10 for Western diet/vehicle, n = 11 for Western diet/NPC). Scale bar, 50 μm [in (A)] and 20 μm 
[in (F)]
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mice on normal diet or Western diet (Fig. 5B–D). Yet, 
NPCs increased branch volume density and mean 
branch diameter in the ischemic striatum of Western 
diet mice (Fig.  5D). Hence, NPCs altered the remod-
eling of microvessels post-ischemia in hyperlipidemic 
mouse brains.

NPCs do not influence motor‑coordination recovery 
in the post‑acute stroke phase in hyperlipidemic mice
Considering that cerebroprotection by intravenously 
administered NPCs was noted in the acute stroke phase, 
but not sub-acute stroke phase, we asked how NPC 
delivery influenced motor-coordination recovery in 

Fig. 3 NPC delivery reduces leukocyte infiltration in the ischemic brain of normolipidemic and hyperlipidemic mice. Total counts and activation 
states of leukocytes and leukocyte subsets in the brain of mice on normal diet or cholesterol‑rich Western diet exposed to MCAO, which were 
intravenously treated with vehicle or NPCs immediately after reperfusion (as before), followed by animal sacrifice at 48 h. Note the pronounced 
reduction of myeloid cells (neutrophils, monocytes) and lymphoid cells  (CD4+ T cells, NK cells) by NPCs in the ischemic brain of mice on Western 
diet, in which inflammatory responses were markedly increased compared with mice on normal diet. Data are medians (lines inside boxes)/means 
(crosses inside boxes) ± interquartile ranges with minimum/maximum values as whiskers. *P < 0.05/**P < 0.01/***P < 0.001 (n = 6 mice for normal 
diet/vehicle, n = 6 for normal diet/NPC, n = 5 for Western diet/vehicle, n = 7 for Western diet/NPC)
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hyperlipidemic MCAO mice. We had previously shown 
that NPC delivery enhanced motor-coordination recov-
ery in normolipidemic mice when administered immedi-
ately after reperfusion and up to 72 h after MCAO [13, 
14, 16–18]. In a first set of mice, we administered NPCs 
immediately after reperfusion onset in line with two ear-
lier studies of our group revealing recovery-promoting 
effect of adult NPCs [14, 16] and examined motor-coor-
dination recovery by Rotarod and tight rope tests over 

up to 56  day post-MCAO. In this study, NPC adminis-
tration did not influence motor-coordination recovery 
as revealed by Rotarod and tight rope tests (Additional 
file 1: Fig. S3A, B). In view of a possible beta error, also 
considering conceivable dose-dependent actions of 
NPCs, we repeated this study, now administering 3 con-
secutive NPC infusions immediately after reperfusion, 
after 3  days and 7  days. In this study, NPCs improved 
focal neurological deficits evaluated by the Clark score at 

Fig. 4 NPC administration increases inflammatory responses in the blood of hyperlipidemic mice but reduces inflammatory responses 
of normolipidemic mice. Total counts and activation states of leukocytes and leukocyte subsets in the blood of MCAO mice on normal diet 
or cholesterol‑rich Western diet, which were intravenously treated with vehicle or NPCs immediately after reperfusion (as before), followed 
by animal sacrifice at 48 h. Note the increased counts of neutrophils, activated neutrophils, patrolling monocytes,  CD4+ and  CD8+ T cells, 
activated  CD4+ T cells, B cells and NK cells in the blood of Western diet mice on NPCs. Data are medians (lines inside boxes)/means (crosses 
inside boxes) ± interquartile ranges with minimum/maximum values as whiskers. *P < 0.05/**P < 0.01/***P < 0.001 (n = 6 mice for normal diet/vehicle, 
n = 6 for normal diet/NPC, n = 5 for Western diet/vehicle, n = 7 for Western diet/NPC)
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3 days (Fig. 6A), but again did not influence focal or gen-
eral neurological deficits at later timepoints (Fig. 6A, B) 
or motor-coordination performance assessed by Rotarod 
and tight rope tests at any timepoint (Fig. 6C, D). NPCs 
did not influence body weight (Additional file 1: Fig. S3C, 
Fig.  6E) or laser Doppler flow recordings (Additional 
file 1: Fig. S3D, Fig. 6F) at any timepoint in both studies.

NPCs do not influence long‑term brain tissue survival 
and remodeling in the post‑acute stroke phase
Substantial striatal atrophy and, to lesser extent, whole 
brain atrophy were noted in the brains of vehicle-treated 
mice on Western diet, as shown in cresyl violet stain-
ings at 56 day post-MCAO (Additional file 1: Fig. S4A, B, 

Fig.  7A, B). To evaluate possible structural cerebropro-
tective effects of NPCs in the absence of effects on long-
term neurological recovery, we examined the effects of 
NPCs on striatal and whole brain atrophy, as well as on 
the thickness of the corpus callosum. NPC delivery did 
not influence striatal atrophy, whole brain atrophy and 
corpus callosum thickness of hyperlipidemic MCAO 
mice (Additional file 1: Fig. S4A–C, Fig. 7A–C). Similarly, 
NPCs did not alter long-term astroglial scar formation 
(Additional file  1: Fig. S4D, Fig.  7D), neuronal survival 
(Fig.  7E) and microvascular length density (Fig.  7F), 
evaluated by GFAP, NeuN, and CD31 immunohisto-
chemistry, respectively, in the periinfarct tissue of hyper-
lipidemic MCAO mice.

Fig. 5 NPC delivery does not influence brain atrophy in the sub‑acute stroke phase in hyperlipidemic mice but moderately increases microvascular 
branch volume and mean branch diameter in the lesion core. A Brain atrophy evaluated by cresyl violet staining of MCAO mice on normal diet 
or cholesterol‑rich Western diet, which were intravenously treated with vehicle or adult NPCs immediately after reperfusion (as before), followed 
by animal sacrifice after 14 days. B, C 3D light sheet fluorescence microscopy (LSFM) of cerebral microvessels of the same mice, which were 
intravenously labeled with FITC–albumin hydrogel immediately before animal sacrifice followed by brain clearing and imaging, as outlined 
in the Materials and methods section. Representative axial overview images with magnification images depicting the regions of interest 
in the ischemic striatum and cortex [in (B)] and representative maximum intensity projection images in the ischemic striatum for the four groups 
[in (C)] are shown. D Quantitative analysis of microvascular length density, branching point density, branch volume, mean branch length, and mean 
branch diameter evaluated by 3D LSFM in the ischemic cortex and striatum of MCAO mice on normal diet and Western diet, which were treated 
with vehicle or NPCs. Data are medians (lines inside boxes)/means (crosses inside boxes) ± interquartile ranges with minimum/maximum values 
as whiskers. *P < 0.05 (n = 6 mice for normal diet/vehicle, n = 6 for normal diet/NPC, n = 5 for Western diet/vehicle, n = 5 for Western diet/NPC). Scale 
bar, 1 mm [in (A)], 500 μm [in (B)] and 100 μm [in (C)]



Page 12 of 17Yin et al. Journal of Neuroinflammation          (2023) 20:210 

Discussion
We herein showed that adult NPC delivery immediately 
post-MCAO reduced infarct volume, blood–brain bar-
rier permeability and neurological deficits in the acute 
stroke phase in normolipidemic and hyperlipidemic 
mice, but did not promote brain parenchymal remod-
eling associated with long-term neurological recovery 
in the post-acute stroke phase in hyperlipidemic mice. 
The brain infiltration of a broad set of myeloid (neu-
trophils, monocytes) and lymphoid (T cells, NK cells) 
leukocytes was reduced by NPC administration in both 
normolipidemic and hyperlipidemic MCAO mice, 
while blood leukocyte (namely, neutrophil, monocyte, 
 CD4+ and  CD8+ T cell) counts and activation were 
increased by NPCs in hyperlipidemic MCAO mice. 
In hyperlipidemic mice, NPCs did not influence peri-
infarct endothelial ICAM-1 abundance, microvascular 
thrombosis, microglia/macrophage abundance or acti-
vation (the latter assessed by morphological analysis), 
microvascular length density or branching point den-
sity (evaluated using light sheet microscopy), astroglial 
scar formation, long-term neuronal survival or brain 
atrophy at timepoints up to 56  day post-MCAO. The 
incidence and area of brain hemorrhages was increased 

in the ischemic brains of NPC-treated hyperlipidemic 
compared with NPC-treated normolipidemic MCAO 
mice.

The NPC treatment protocol we used was identical to 
a series of previous studies, in which we administered 
the same number of adult NPCs  (106 cells per animal) 
obtained via the same NPC isolation protocol to nor-
molipidemic mice in this intraluminal MCAO model 
[9, 13–18]. In these earlier studies, NPCs consistently 
induced long-term cerebroprotection that was associ-
ated with reduced brain edema, blood–brain barrier 
permeability, brain leukocyte infiltration, microglia/
macrophage activation and glial scar formation, when 
administered immediately or up to 6  h post-MCAO 
by our group [13, 14, 16–18]. In behavioral studies, 
improved recovery of motor-coordination deficits in 
Rotarod, tight rope and corner turn tests were found in 
NPC-treated mice compared with vehicle-treated mice 
that persisted up to 84  day post-MCAO [13, 17, 18]. 
While acute post-ischemic cerebroprotection, preser-
vation of blood–brain barrier integrity and reduction of 
brain leukocyte infiltrates by NPCs were also noted in 
the peri-infarct tissue of hyperlipidemic MCAO mice, 
the lack of long-term effects of NPCs on structural tis-
sue remodeling and functional neurological recovery 

Fig. 6 NPC administration mitigates neurological deficits in the acute, but not the post‑acute stroke phase in hyperlipidemic mice. A Focal 
neurological deficits and B general neurological deficits in the Clark score, motor‑coordination performance in C the Rotarod test and D the tight 
rope test, E body weight and F laser Doppler flow above the core of the vascular territory of the middle cerebral artery of MCAO mice on Western 
diet, which were intravenously treated with vehicle or NPCs immediately, at 3 and 7 days after reperfusion (three times, dosing as before), 
followed by animal sacrifice after 56 days. Note the improvement of focal neurological deficits in the Clark score by NPCs at 3 days [see (B)], which 
disappeared at later timepoints. Note the absence of changes in motor‑coordination tests. For mice treated once only with NPCs see Suppl. 
Figure 3. Data are means ± S.D. values. **P < 0.01 (n = 7 mice for Western diet/vehicle, n = 10 for Western diet/NPC)
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indicate a state of compromised tissue recovery in the 
ischemic brains of hyperlipidemic mice.

Hyperlipidemia has profound effects on the cerebral 
microvasculature, inducing fatty streaks in brain arteri-
oles within 6 weeks of Western diet exposure [21]. When 
exposed to focal cerebral ischemia induced by transient 
intraluminal MCAO, mice on Western diet exhibited 
increased activation of calpain-1/2 and matrix metallo-
proteinase-2/9, overactivation of RhoA and its guanine 
exchange factor leukemia-associated guanine exchange 
factor, and downregulation of the tight junction protein 
occludin in cerebral microvessels, resulting in increased 
blood–brain barrier permeability and brain swelling 
[21]. Besides, increased brain invasion by leukocytes 

and polymorphonuclear neutrophils associated with 
increased cerebral oxidative DNA damage were noted in 
the ischemic brains of hyperlipidemic mice on Western 
diet [22, 36]. Neutrophil depletion using anti-Ly6G anti-
body or neutrophil blockade using a selective CXC-motif 
chemokine receptor-2 (CXCR2) antagonist or a neutral-
izing anti-CXCR2 antibody markedly reduced brain leu-
kocyte and neutrophil infiltrates, prevented the excessive 
oxidative stress and reversed the increased structural 
histological brain injury that was noted in hyperlipi-
demic compared with normolipidemic mice [22]. Post-
ischemic neutrophil brain infiltrates pivotally contribute 
to ischemic brain injury and neurological impairments 
[35]. In mice exposed to intraluminal MCAO, neutrophil 

Fig. 7 NPC delivery does not influence brain atrophy, glial scar formation, long‑term neuronal survival, and microvessel density in the chronic 
stroke phase in hyperlipidemic mice. A Brain atrophy, B striatal atrophy and C corpus callosum thickness assessed by cresyl violet staining, D 
glial fibrillary acidic protein (GFAP) expression, E neuronal nuclei (NeuN)+ neuronal number in the striatum and F density of  CD31+ cerebral 
microvessels in the striatum assessed by immunohistochemistry in MCAO mice on Western diet, which were intravenously treated with vehicle 
or NPCs immediately after reperfusion, at 3 and 7 days (three times, dosing as before), followed by animal sacrifice after 56 days. For mice treated 
once only with NPCs see Additional file 1: Fig. S4. Data are medians (lines inside boxes)/means (crosses inside boxes) ± interquartile ranges 
with minimum/maximum values as whiskers. No significant group differences were noted (n = 7 mice for Western diet/vehicle, n = 10 for Western 
diet/NPC). Scale bar, 1 mm [in (A–C)] and 50 μm [in (D–F)]
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depletion using anti-Ly6G antibody reduced both infarct 
volume and motor-coordination impairments in Rotarod, 
tight rope and corner turn tests, while T cell depletion 
using anti-CD3 antibody decreased infarct volume with-
out affecting motor-coordination impairments [35]. In 
line with these earlier studies, we observed increased 
infarct volume, blood–brain barrier permeability and 
brain leukocyte (including neutrophil, monocyte and T 
cell) infiltration in the ischemic brain of hyperlipidemic 
compared with normolipidemic mice. In addition to pre-
vious studies, we show that brain hemorrhage formation 
is increased in the ischemic brain of hyperlipidemic mice.

Lack of post-ischemic neurological recovery has pre-
viously been demonstrated after bone marrow-derived 
mesenchymal stromal cell (MSC) delivery in animal 
models for another vascular risk factor, that is, diabetes. 
In streptozotocin-induced type-1 diabetes with complete 
β-cell destruction [34], but not in type-2 diabetes with 
partial β-cell destruction [37], poor neurological recovery 
associated with aberrant angiogenesis, increased brain 
hemorrhages and increased animal deaths was noted in 
response to MSC administration in MCAO rats. Extra-
cellular matrix breakdown is more severe in type-1 than 
type-2 diabetic rats, resulting in massive neuroinflam-
mation characterized by destructive M1-macrophage 
infiltrates [34, 37, 38]. MSC treatment shifted brain mac-
rophage infiltrates to a protective M2-phenotype in type-
2, but not type-1 diabetic rats [34, 37, 38]. In our study, 
NPC administration reduced brain leukocyte infiltrates, 
namely, neutrophil (including activated neutrophils), 
monocyte (including inflammatory monocytes), T cell 
and NK cell infiltrates, in the ischemic brain tissue of 
hyperlipidemic MCAO mice, but increased brain hemor-
rhages in hyperlipidemic mice. Indeed, brain hemorrhage 
formation was significantly elevated in NPC-treated 
hyperlipidemic compared with NPC-treated normolipi-
demic mice. Microvascular thrombosis, which promotes 
ischemic brain injury in MCAO mice [32], was not influ-
enced by NPC delivery, as was ICAM-1 abundance on 
endothelial cells. 3D LSFM analysis revealed that NPC 
delivery did not alter microvascular length or branching 
point density, but increased branch volume density and 
mean branch diameter in the peri-infarct striatum of 
hyperlipidemic mice. The latter findings may indicate a 
state of maladaptive vascular remodeling.

Strikingly, NPC administration induced pro-inflamma-
tory responses in the peripheral blood of hyperlipidemic, 
but not normolipidemic mice. Hence, NPCs  reduced 
post-ischemic blood  CD4+ T cell,  CD8+ T cell and B cell 
counts in normolipidemic MCAO mice, but increased 
monocyte, macrophage,  CD4+ T cell,  CD8+ T cell, B cell 
and NK cell counts in hyperlipidemic mice. The signifi-
cance of peripheral blood leukocyte, namely, monocyte/

macrophage and lymphocyte, responses for the pro-
gression of neuronal injury and neurological deficits has 
recently been outlined in neurodegenerative conditions, 
namely, in Alzheimer’s disease, Parkinson’s disease and 
amyotrophic lateral sclerosis models [39]. That NPC 
delivery induces anti-inflammatory responses in the 
blood of normolipidemic MCAO mice, but pro-inflam-
matory responses in hyperlipidemic mice, has so far not 
been shown. Type-1 diabetes is a severe risk factor asso-
ciated with excessive blood glucose levels that strongly 
promotes inflammatory responses [34]. Yet, type-1 dia-
betes is a rare condition that in the U.S. affects ~ 0.5% 
of human subjects [40]. With a prevalence of 48.6% of 
U.S. citizens ≥ 40  years requiring lipid-lowering therapy 
[19], hyperlipidemia is ~ 100 times more common than 
type-1 diabetes in human subjects. From this perspec-
tive, the disturbed stroke recovery to NPC treatment in 
hyperlipidemic MCAO mice will deserve attention in 
the clinical translation of cell therapies. We do not have 
an explanation for the pro-inflammatory responses to 
NPCs in the blood of hyperlipidemic mice. The level of 
major histocompatibility complex (MHC) class I protein, 
a pro-inflammatory stimulus that displays antigens to 
cytotoxic T cells, on NPCs is generally low under physi-
ological conditions, but may increase upon exposure to 
pro-inflammatory cytokines [41]. It is conceivable that 
hyperlipidemia-associated inflammation in the blood 
converted the NPCs to a phenotype that further elevated 
the inflammatory responses. Future studies will have 
to examine this question. Do we have to pause or even 
stop translational treatment efforts in light of almost 
half of the population carrying this detrimental risk fac-
tor? With the unprecedented observation that NPCs had 
pro-inflammatory actions in the blood of hyperlipidemic 
MCAO mice, but anti-inflammatory actions in normolip-
idemic mice, this study offers us a potential marker that 
might allow detecting detrimental effects of cell therapies 
in stroke patients. So far, blood leukocyte responses have 
not been studied systematically in early phase-2a clini-
cal cell therapy trials, but we propose to include them as 
readouts in future studies.

Strengths of this study are that this study was fully 
blinded and rigorously powered, with effects of NPCs on 
neurological recovery analyzed in two consecutive stud-
ies with a sample size of in total 18–23 mice per group, 
which were evaluated in a clinically relevant neurologi-
cal score, Rotarod and tight rope tests. We employed a 
30 min MCAO model in this study that induces ischemic 
injury of the striatum and adjacent parietal cortex. The 
model is highly reproducible and has little animal drop-
outs. We decided against using a longer MCAO model in 
order to detect exacerbating effects of hyperlipidemia on 
ischemic injury and stroke outcome. This study used the 
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same NPC preparation protocol, the same NPC delivery 
strategy and the same functional and structural readouts 
as our previous studies [9, 13–18]. Our findings highlight 
the necessity of rigorous investigations in vascular risk 
factor models to fully assess the long-term restorative 
effects of cell-based therapies. Without comprehensive 
studies in such models, the clinical potential of cell-based 
therapies cannot be definitely determined.
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Additional file 1: Figure S1. Gating strategies used for analyzing brain 
and peripheral blood leukocytes and leukocyte activation via flow cytom‑
etry. In two sets of studies, lymphoid and myeloid cells were examined. 
Figure S2. NPC administration does not influence microvascular ICAM‑1 
expression, but hemorrhage incidence is higher in NPC‑treated hyper‑
lipidemic compared to normolipidemic mice. (A) Intercellular adhesion 
molecule‑1 (ICAM‑1) abundance on ischemic microvessels assessed by 
immunohistochemistry and (B) hemorrhage incidence evaluated by 
diaminobenzidine staining of normolipidemic mice on normal diet and 
hyperlipidemic mice on Western diet, which were exposed to 30 min 
intraluminal middle cerebral artery occlusion (MCAO) and intravenously 
treated with vehicle (200 µl of 0.1 M phosphate‑buffered saline [PBS]) or 
adult NPCs  (106 cells in 200 µl of 0.1 M PBS) immediately after reperfusion, 
followed by animal sacrifice at 48 h post‑MCAO. Representative sections 
are shown. Data are medians (lines inside boxes)/means (crosses inside 
boxes) ± interquartile ranges with minimum/maximum values as whiskers. 
No significant group differences were noted (n = 12 mice for normal diet/
vehicle, n = 12 for normal diet/NPC, n = 10 for Western diet/vehicle, n = 11 
for Western diet/NPC). Scale bar, 50 μm. Figure S3. NPC administration 
does not influence neurological deficits in hyperlipidemic mice. Motor‑
coordination performance in (A) the Rotarod test and (B) the tight rope 
test, (C) body weight and (D) laser Doppler flow recordings above the core 
of the middle cerebral artery territory of mice on Western diet exposed to 
30 min intraluminal MCAO, which were intravenously treated with vehicle 
or NPCs immediately after reperfusion (once only, dosing as before), fol‑
lowed by animal sacrifice after 56 days. Note that NPCs did not influence 
motor‑coordination performance. For hyperlipidemic mice treated three 
times with NPCs see Fig. 6. Data are means ± S.D. values. No significant 
group differences were noted (n = 11 mice for Western diet/vehicle, n = 13 
for Western diet/NPC). Figure S4. NPC delivery does not influence brain 
atrophy and glial scar formation in the chronic stroke phase in hyperlipi‑
demic mice. (A) Brain atrophy, (B) striatal atrophy and (C) corpus callosum 
thickness assessed by cresyl violet staining, and (D) glial fibrillary acidic 

protein (GFAP) expression in the striatum assessed by immunohistochem‑
istry in MCAO mice on Western diet, which were intravenously treated 
with vehicle or NPCs immediately after reperfusion (once only, dosing as 
before), followed by animal sacrifice after 56 days. For hyperlipidemic mice 
treated three times with NPCs see Fig. 7. Data are medians (lines inside 
boxes)/means (crosses inside boxes) ± interquartile ranges with minimum/
maximum values as whiskers. No significant group differences were noted 
(n = 11 mice for Western diet/vehicle, n = 13 for Western diet/NPC). Scale 
bar, 1 mm [in (A–C)] and 50 μm [in (D)]. Table S1. Scoring of tight rope 
test performance. Table S2. Antibodies used for flow cytometry.

Acknowledgements
Not applicable.

Author contributions
DMH and TRD conceived and designed the study. DY, CW, YW, and NH 
performed animal surgeries and behavioral tests. YQ, DY, and AMY conducted 
light sheet microscopy studies. DY, YW, and ED were responsible for histo‑
chemical staining. BK cultured the cells. TT and DY performed flow cytometry. 
DY and DMH analyzed the data. DY, DMH, BG, and MG contributed to figure 
preparation. DMH and DY wrote the manuscript. All authors critically revised it. 
All authors read and approved the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. Supported by 
the German Research Foundation (grant numbers 389030878, 405358801 
(within FOR2879), 428817542 (within FOR2879), 449437943 (within TRR332) 
and 514990328, to DMH).

Availability of data and materials
The data used and/or analyzed in the current study are available from the cor‑
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experiments were performed with local government approval (Bezirksr‑
egierung Düsseldorf ) in accordance with EU guidelines (Directive 2010/63/EU) 
for the care and use of laboratory animals and reported based on STAIR, STEPS 
and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neurology, University Hospital Essen, University of Duisburg‑
Essen, Hufelandstr. 55, 45147 Essen, Germany. 2 Institute for Transfusion Medi‑
cine, University Hospital Essen, University of Duisburg‑Essen, Essen, Germany. 
3 Institute for Experimental Immunology and Imaging and Imaging Center 
Essen (IMCES), University Hospital Essen, University of Duisburg‑Essen, Essen, 
Germany. 4 Institute of Translational Medicine, The First Affiliated Hospital 
of Shenzhen University, Shenzhen Second People’s Hospital, Shenzhen, China. 
5 Leibniz‑Institut für Analytische Wissenschaften –ISAS– e.V., Dortmund, Ger‑
many. 6 Center of Experimental and Clinical Medicine, University of Medicine 
and Pharmacy, Craiova, Romania. 7 Department of Neurology, Justus‑Liebig 
University Gießen, Giessen, Germany. 

Received: 2 August 2023   Accepted: 7 September 2023

References
 1. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, 

Becker K, Biller J, Brown M, Demaerschalk BM, Hoh B, et al. 2018 

https://doi.org/10.1186/s12974-023-02894-8
https://doi.org/10.1186/s12974-023-02894-8


Page 16 of 17Yin et al. Journal of Neuroinflammation          (2023) 20:210 

Guidelines for the early management of patients with acute ischemic 
stroke: a guideline for healthcare professionals from the American Heart 
Association/American Stroke Association. Stroke. 2018;49:e46–110.

 2. Johnson W, Onuma O, Owolabi M, Sachdev S. Stroke: a global response is 
needed. Bull World Health Organ. 2016;94:634‑634A.

 3. O’Collins VE, Macleod MR, Donnan GA, Horky LL, van der Worp BH, 
Howells DW. 1,026 experimental treatments in acute stroke. Ann Neurol. 
2006;59:467–77.

 4. Zhang ZG, Chopp M. Promoting brain remodeling to aid in stroke recov‑
ery. Trends Mol Med. 2015;21:543–8.

 5. Hermann DM, Chopp M. Promoting brain remodelling and plasticity 
for stroke recovery: therapeutic promise and potential pitfalls of clinical 
translation. Lancet Neurol. 2012;11:369–80.

 6. Chabriat H, Bassetti CL, Marx U, Audoli‑Inthavong ML, Sors A, Lambert E, 
Wattez M, Hermann DM. investigators RBs: safety and efficacy of GABA(A) 
alpha5 antagonist S44819 in patients with ischaemic stroke: a multicen‑
tre, double‑blind, randomised, placebo‑controlled trial. Lancet Neurol. 
2020;19:226–33.

 7. Ford GA, Bhakta BB, Cozens A, Hartley S, Holloway I, Meads D, Pearn 
J, Ruddock S, Sackley CM, Saloniki EC, et al. Safety and efficacy of co‑
careldopa as an add‑on therapy to occupational and physical therapy 
in patients after stroke (DARS): a randomised, double‑blind, placebo‑
controlled trial. Lancet Neurol. 2019;18:530–8.

 8. Collaboration FT. Effects of fluoxetine on functional outcomes after acute 
stroke (FOCUS): a pragmatic, double‑blind, randomised, controlled trial. 
Lancet. 2019;393:265–74.

 9. Bacigaluppi M, Pluchino S, Peruzzotti‑Jametti L, Kilic E, Kilic U, Salani G, 
Brambilla E, West MJ, Comi G, Martino G, Hermann DM. Delayed post‑
ischaemic neuroprotection following systemic neural stem cell transplan‑
tation involves multiple mechanisms. Brain. 2009;132:2239–51.

 10. Hicks AU, Lappalainen RS, Narkilahti S, Suuronen R, Corbett D, Sivenius 
J, Hovatta O, Jolkkonen J. Transplantation of human embryonic stem 
cell‑derived neural precursor cells and enriched environment after 
cortical stroke in rats: cell survival and functional recovery. Eur J Neurosci. 
2009;29:562–74.

 11. Shen CC, Lin CH, Yang YC, Chiao MT, Cheng WY, Ko JL. Intravenous 
implanted neural stem cells migrate to injury site, reduce infarct volume, 
and improve behavior after cerebral ischemia. Curr Neurovasc Res. 
2010;7:167–79.

 12. Minnerup J, Kim JB, Schmidt A, Diederich K, Bauer H, Schilling M, Strecker 
JK, Ringelstein EB, Sommer C, Scholer HR, Schabitz WR. Effects of neural 
progenitor cells on sensorimotor recovery and endogenous repair 
mechanisms after photothrombotic stroke. Stroke. 2011;42:1757–63.

 13. Doeppner TR, Ewert TA, Tonges L, Herz J, Zechariah A, ElAli A, Ludwig AK, 
Giebel B, Nagel F, Dietz GP, et al. Transduction of neural precursor cells 
with TAT‑heat shock protein 70 chaperone: therapeutic potential against 
ischemic stroke after intrastriatal and systemic transplantation. Stem 
Cells. 2012;30:1297–310.

 14. Doeppner TR, Kaltwasser B, Fengyan J, Hermann DM, Bahr M. TAT‑Hsp70 
induces neuroprotection against stroke via anti‑inflammatory actions 
providing appropriate cellular microenvironment for transplantation of 
neural precursor cells. J Cereb Blood Flow Metab. 2013;33:1778–88.

 15. Bacigaluppi M, Russo GL, Peruzzotti‑Jametti L, Rossi S, Sandrone S, Butti 
E, De Ceglia R, Bergamaschi A, Motta C, Gallizioli M, et al. Neural Stem 
Cell Transplantation Induces Stroke Recovery by Upregulating Glutamate 
Transporter GLT‑1 in Astrocytes. J Neurosci. 2016;36:10529–44.

 16. Doeppner TR, Kaltwasser B, Teli MK, Bretschneider E, Bahr M, Hermann 
DM. Effects of acute versus post‑acute systemic delivery of neural pro‑
genitor cells on neurological recovery and brain remodeling after focal 
cerebral ischemia in mice. Cell Death Dis. 2014;5: e1386.

 17. Doeppner TR, Kaltwasser B, Teli MK, Sanchez‑Mendoza EH, Kilic E, Bahr M, 
Hermann DM. Post‑stroke transplantation of adult subventricular zone 
derived neural progenitor cells–A comprehensive analysis of cell delivery 
routes and their underlying mechanisms. Exp Neurol. 2015;273:45–56.

 18. Doeppner TR, Kaltwasser B, Bahr M, Hermann DM. Effects of neural pro‑
genitor cells on post‑stroke neurological impairment‑a detailed and com‑
prehensive analysis of behavioral tests. Front Cell Neurosci. 2014;8:338.

 19. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng 
S, Chiuve SE, Cushman M, Delling FN, Deo R, et al. Heart disease and 
stroke statistics‑2018 update: a report from the American Heart Associa‑
tion. Circulation. 2018;137:e67–492.

 20. Hermann DM, Kleinschnitz C. Modeling vascular risk factors for the devel‑
opment of ischemic stroke therapies. Stroke. 2019;50:1310–7.

 21. ElAli A, Doeppner TR, Zechariah A, Hermann DM. Increased blood‑brain 
barrier permeability and brain edema after focal cerebral ischemia 
induced by hyperlipidemia: role of lipid peroxidation and calpain‑1/2, 
matrix metalloproteinase‑2/9, and RhoA overactivation. Stroke. 
2011;42:3238–44.

 22. Herz J, Sabellek P, Lane TE, Gunzer M, Hermann DM, Doeppner TR. Role of 
neutrophils in exacerbation of brain injury after focal cerebral ischemia in 
hyperlipidemic mice. Stroke. 2015;46:2916–25.

 23. Wang YC, Dzyubenko E, Sanchez‑Mendoza EH, Sardari M, Silva de 
Carvalho T, Doeppner TR, Kaltwasser B, Machado P, Kleinschnitz C, Bas‑
setti CL, Hermann DM. Postacute delivery of GABA(A) alpha5 antagonist 
promotes postischemic neurological recovery and peri‑infarct brain 
remodeling. Stroke. 2018;49:2495–503.

 24. Wang YC, Sanchez‑Mendoza EH, Doeppner TR, Hermann DM. Post‑acute 
delivery of memantine promotes post‑ischemic neurological recovery, 
peri‑infarct tissue remodeling, and contralesional brain plasticity. J Cereb 
Blood Flow Metab. 2017;37:980–93.

 25. Wang C, Borger V, Sardari M, Murke F, Skuljec J, Pul R, Hagemann N, Dzy‑
ubenko E, Dittrich R, Gregorius J, et al. Mesenchymal stromal cell‑derived 
small extracellular vesicles induce ischemic neuroprotection by modulat‑
ing leukocytes and specifically neutrophils. Stroke. 2020;51:1825–34.

 26. Spangenberg P, Hagemann N, Squire A, Forster N, Krauss SD, Qi Y, Yusuf 
AM, Wang J, Gruneboom A, Kowitz L, et al. Rapid and fully automated 
blood vasculature analysis in 3D light‑sheet image volumes of different 
organs. Cell Rep Methods. 2023;3: 100436.

 27. Wakisaka Y, Miller JD, Chu Y, Baumbach GL, Wilson S, Faraci FM, Sigmund 
CD, Heistad DD. Oxidative stress through activation of NAD(P)H oxidase 
in hypertensive mice with spontaneous intracranial hemorrhage. J Cereb 
Blood Flow Metab. 2008;28:1175–85.

 28. Garcia‑Yebenes I, Sobrado M, Zarruk JG, Castellanos M, Perez de la Ossa 
N, Davalos A, Serena J, Lizasoain I, Moro MA. A mouse model of hemor‑
rhagic transformation by delayed tissue plasminogen activator adminis‑
tration after in situ thromboembolic stroke. Stroke. 2011;42:196–203.

 29. Manrique‑Castano D, Dzyubenko E, Borbor M, Vasileiadou P, Kleinschnitz 
C, Roll L, Faissner A, Hermann DM. Tenascin‑C preserves microglia surveil‑
lance and restricts leukocyte and more specifically, T cell infiltration of the 
ischemic brain. Brain Behav Immun. 2021;91:639–48.

 30. Lugo‑Hernandez E, Squire A, Hagemann N, Brenzel A, Sardari M, Schlech‑
ter J, Sanchez‑Mendoza EH, Gunzer M, Faissner A, Hermann DM. 3D 
visualization and quantification of microvessels in the whole ischemic 
mouse brain using solvent‑based clearing and light sheet microscopy. J 
Cereb Blood Flow Metab. 2017;37:3355–67.

 31. Wang C, Borger V, Mohamud Yusuf A, Tertel T, Stambouli O, Murke F, 
Freund N, Kleinschnitz C, Herz J, Gunzer M, et al. Postischemic neuro‑
protection associated with anti‑inflammatory effects by mesenchymal 
stromal cell‑derived small extracellular vesicles in aged mice. Stroke. 
2022;53:e14–8.

 32. Gob E, Reymann S, Langhauser F, Schuhmann MK, Kraft P, Thielmann I, 
Gobel K, Brede M, Homola G, Solymosi L, et al. Blocking of plasma kal‑
likrein ameliorates stroke by reducing thromboinflammation. Ann Neurol. 
2015;77:784–803.

 33. Sardari M, Skuljec J, Yin D, Zec K, de Carvalho TS, Albers D, Wang C, Pul R, 
Popa‑Wagner A, Doeppner TR, et al. Lipopolysaccharide‑induced sepsis‑
like state compromises post‑ischemic neurological recovery, brain tissue 
survival and remodeling via mechanisms involving microvascular throm‑
bosis and brain T cell infiltration. Brain Behav Immun. 2021;91:627–38.

 34. Chen J, Ye X, Yan T, Zhang C, Yang XP, Cui X, Cui Y, Zacharek A, Roberts 
C, Liu X, et al. Adverse effects of bone marrow stromal cell treatment of 
stroke in diabetic rats. Stroke. 2011;42:3551–8.

 35. Neumann J, Riek‑Burchardt M, Herz J, Doeppner TR, Konig R, Hutten 
H, Etemire E, Mann L, Klingberg A, Fischer T, et al. Very‑late‑antigen‑4 
(VLA‑4)‑mediated brain invasion by neutrophils leads to interactions with 
microglia, increased ischemic injury and impaired behavior in experimen‑
tal stroke. Acta Neuropathol. 2015;129:259–77.

 36. Herz J, Hagen SI, Bergmuller E, Sabellek P, Gothert JR, Buer J, Hansen 
W, Hermann DM, Doeppner TR. Exacerbation of ischemic brain 
injury in hypercholesterolemic mice is associated with pronounced 
changes in peripheral and cerebral immune responses. Neurobiol Dis. 
2014;62:456–68.



Page 17 of 17Yin et al. Journal of Neuroinflammation          (2023) 20:210  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 37. Yan T, Venkat P, Chopp M, Zacharek A, Ning R, Roberts C, Zhang Y, Lu 
M, Chen J. Neurorestorative responses to delayed human mesenchy‑
mal stromal cells treatment of stroke in type 2 diabetic rats. Stroke. 
2016;47:2850–8.

 38. Khan MA, Schultz S, Othman A, Fleming T, Lebron‑Galan R, Rades D, Cle‑
mente D, Nawroth PP, Schwaninger M. Hyperglycemia in stroke impairs 
polarization of monocytes/macrophages to a protective noninflamma‑
tory cell type. J Neurosci. 2016;36:9313–25.

 39. Berriat F, Lobsiger CS, Boillee S. The contribution of the peripheral 
immune system to neurodegeneration. Nat Neurosci. 2023;26:942–54.

 40. Xu G, Liu B, Sun Y, Du Y, Snetselaar LG, Hu FB, Bao W. Prevalence of diag‑
nosed type 1 and type 2 diabetes among US adults in 2016 and 2017: 
population based study. BMJ. 2018;362: k1497.

 41. Carpentier PA, Palmer TD. Immune influence on adult neural stem cell 
regulation and function. Neuron. 2009;64:79–92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Neural precursor cell delivery induces acute post-ischemic cerebroprotection, but fails to promote long-term stroke recovery in hyperlipidemic mice due to mechanisms that include pro-inflammatory responses associated with brain hemorrhages
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Legal issues, animal housing, randomization and blinding
	Statistical planning
	Focal cerebral ischemia
	NPC culture and transplantation
	Clark score
	Rotarod test
	Tight rope test
	Animal sacrifice and FITC–albumin gelatin infusion
	Infarct volume, brain edema and volume, and brain hemorrhage
	Immunohistochemistry
	Microgliamacrophage morphology analysis
	Light sheet imaging and image processing
	Flow cytometry of leukocytes
	Statistical data analysis

	Results
	Adult NPCs induce cerebroprotection and reduce blood–brain barrier permeability in the acute stroke phase in normolipidemic and hyperlipidemic mice
	Adult NPCs do not influence microvascular ICAM-1 abundance and microvascular thrombosis post-ischemia in either normolipidemic or hyperlipidemic mice
	Brain hemorrhage formation is increased in the ischemic brains of NPC-treated hyperlipidemic mice
	NPCs do not influence microgliamacrophage abundance or activation in the acute stroke phase assessed by morphological analysis
	NPCs reduce brain leukocyte infiltrates in the ischemic brain of hyperlipidemic mice
	NPCs increase blood leukocyte counts in hyperlipidemic ischemic mice
	NPCs do not influence ischemic injury, microvascular length density or branching point density in the subacute stroke phase in hyperlipidemic mice
	NPCs do not influence motor-coordination recovery in the post-acute stroke phase in hyperlipidemic mice
	NPCs do not influence long-term brain tissue survival and remodeling in the post-acute stroke phase

	Discussion
	Anchor 34
	Acknowledgements
	References


