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Introduction

Ischemic stroke is a leading cause of morbidity and 
mortality throughout the world [1]. Approximately 30% of all 
stroke patients develop vascular cognitive impairment and 
dementia (VCID) within 1 year of stroke onset [2]. Endothelial 
dysfunction with subsequent microbleeds have been known 

to be associated with VCID [3]. However, the exact molecular 
mechanisms of stroke induced VCID are unknown. After an 
ischemic insult has occurred, the brain attempts to repair its 
vascular system and restore circulation to the affected area [4]. 
This process is called neovascularization [5]. While this process 
is presumed to be beneficial following stroke, the formation of 
new vessels can be overstimulated, leading to aberrant growth 
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and endothelial dysfunction. These result in endothelial 
permeability and microbleeds, which subsequently are related 
to the development of VCID [3].

The expression of C-C motif chemokine receptor 3 (CCR3) has 
been reported to increase after experimental stroke [6], and 
the inhibition of CCR3 has been demonstrated as a protective 
factor for neurons after an ischemic event [7]. Our group 
previously reported that CCR3 expression is significantly 
associated with infarct volume and edema in stroke patients 
undergoing thrombectomy [8]. We have determined that 
CCR3 expression is increased in venous blood in our rat stroke 
model and patients undergoing thrombectomy [9]. The 
expression of ligands for CCR3, CCL5, CCL11 and CCL24, have 
been studied in stroke models. CCL5 knock-out mice have 
been reported to have smaller infarct volumes [10], while 
CCL11 is associated with neuronal death and predicts long-
term disability [11,12]. CCL24 was reported to be significantly 
increased after symptomatic intracranial hemorrhage 
following ischemic stroke, a rare but severe complication of 
intravenous thrombolysis, suggesting its role as a potential 
biomarker for hemorrhagic transformation [13].

CCR3 and its ligands have been implicated in the process 
of endothelial dysfunction in a variety of diseases. In 
atherosclerosis, activation of the CCR3 receptor resulted in an 
increase of permeability in coronary arteries [14]. Further, the 
CCR3 molecular pathway is a Th2 immune response, reported 
to promote angiogenesis and increase angiogenic factors by 
increasing the expression of VEGF [15]. Inhibiting CCR3 has 
demonstrated efficacy in reducing Th2 immune responses 
for treatment of severe asthma [16,17], and our group found 
the Th2 immune response itself to be positively associated 
with increased infarct volume and edema in stroke patients 
undergoing thrombectomy [8]. In aging macular degeneration 
(AMD), overstimulation of new vessel formation can lead to 
dysfunction, endothelial permeability, and microbleeds [18-
20], similarly to VCID. Thus, CCR3 signaling has already been 
identified as a therapeutic target for AMD treatment [21,22]. 
Novel CCR3 antagonists have been developed to treat AMD 
and exhibited success in inhibiting vascular permeability 
and neovascularization in the eye [23,24]. A CCR3 antagonist, 
GW766994X, has been shown to reduce endothelial 
permeability [24], as well as factors that impair cognition with 
no adverse effects displayed in a human clinical trial [25].

Advances in treatment for stroke patients, such as intravenous 
t-PA and mechanical thrombectomy, have significantly 
improved the ability to restore blood flow during stroke 
and improve outcomes for some patients up to 24 hours 
after stroke onset [26,27]. However, despite these effective 
strategies to mitigate the immediate effects of stroke, patients 
still undergo significant long-term cognitive and functional 
effects from the injury [28], including VCID [2].

Therefore, there remains a clinical need for adjuvant therapies 
to maximize neurological and cognitive outcomes. Animal 
models for VCID are needed to identify potential therapeutic 

targets for treatment. This study aims to show that CCR3 
expression in this rodent model that mimics thrombectomy is 
associated with endothelial dysfunction that is a characteristic 
of VCID.

Methods

Middle cerebral artery occlusion (MCAO) with reperfusion 
(5t-MCAO)

Sprague Dawley rats (18 months old) underwent a sham or 
5-hour middle cerebral artery occlusion (5t-MCAO) and were 
then euthanized 3- or 30-days post stroke. Our 5t-MCAO 
procedure that we used has previously been published [9]. 
In summary, animals were placed in an induction chamber 
and anesthetized with 5% isoflurane/oxygen. Anesthesia 
was maintained with a constant flow of 2-3% isoflurane in 
100% oxygen at a rate of 1 L/min. After a midline vertical 
neck incision was made, the common (CCA) external (ECA), 
and internal (ICA) systems were dissected and isolated. The 
ECA was isolated and used to access the arterial system. A 
30- mm 4-0 or 5-0 monofilament dependent on the animal’s 
weight was fed distally into the ECA and advanced through 
the system to the ICA until the filament reached the MCA. The 
animal was allowed to gain consciousness for 5 hours and was 
then re-anesthetized for removal of the filament.

To minimize the potential for experimenter bias, which has 
been identified in the past as a major contributor to past 
clinical failures [29], all rodent studies were performed with 
blinding.

Randomization was also conducted whenever applicable, 
using a computerized random number generator to determine 
competitive treatments (stroke vs. sham groups). Male and 
female rodents were numbered sequentially starting with the 
first cage and randomly assigned to surgery days/times to 
avoid experiments on all animals of one sex being performed 
on a single day. We evaluated both sexes, but only in aged 
cohorts, to match the average age of clinical stroke patients 
undergoing thrombectomy. This experimental approach 
using aged rats of both sexes abides by the guidelines and 
standards outline in the Stroke Therapy Academic Industry 
Protocols (STAIR) criteria [30].

Rodent magnetic resonance imaging

MRI images were acquired on a 7T Bruker Biospin horizontal 
bore system (7.0T, 30cm, 300Hz) equipped with a triple-
axis gradient system (630 mT/m and 6300 T/m/s) with a 
closed cycle. T2- weighted, DTI (Diffusion tensor imaging), 
and ASL (Arterial spin labeling) MRI perfusion imaging were 
performed. Edema and infarct volumes were determined from 
the AD volumes and the T2-weighted MRI images by manual 
segmentation using ITK-SNAP [31]. pCASL image analysis was 
employed with in-house written codes in MATLAB (MathWorks, 
Natick, MA) to obtain quantitative cerebral blood flow (CBF) 
[32,33]. Rats were anesthetized with an average of 2.25% 
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isoflurane in oxygen, while female rats were anesthetized 
with an average of 1.75% isoflurane in oxygen using MRI-
compatible CWE Inc. equipment (Ardmore, PA). The animals 
were held in place on a Bruker scanning bed with a tooth 
bar and tape. Body temperature, heart rate, and respiratory 
rate were continuously monitored throughout the MRI scans 
(SA Instruments, Inc., Stony Brook, NY). The animals were 
maintained at 37°C with a water heating system built into the 
scanning bed. The scanning procedure took approximately 
60 minutes per animal. The perfusion (CBF), white matter 
hypersensitivity (WMH), DTI, and T2-weighted MRI images 
were analyzed by a blinded neuroradiologist to measure 
the infarct volume and edema volume. These volumes were 
counted, and the numbers were normalized to the number of 
images counted to provide a per-section count. The volume of 
brain parenchyma demonstrating restricted diffusion (infarct 
volume) visibly affected by cerebral edema (edema volume) 
was calculated by manual segmentation using ITK-SNAP 
software. The volume of brain parenchyma visibly affected by 
cerebral edema (edema volume) was calculated in a similar 
fashion.

RNA isolation and quantification

The methods employed for RNA extraction and amplification 
were adapted from Martha et al. [8]. Blood was collected from 
the jugular vein at three different time points: immediately 
prior to MCAO surgery, 5 minutes after MCA reperfusion, and 
72 hours post-MCAO procedure. Sham rats underwent the 
complete 5t-MCAO procedure, with the exception that the 
filament was not placed to induce a stroke; blood samples 
were taken at the same time points for sham animals. Total 
RNA was extracted from the pellet/buffy coat using the 
Nucleospin Blood Kit (Macherey-Nagel, Düren, Germany). RNA 
quantity was assessed with a Nanodrop Lite (Thermo-Fisher; 
Waltham, MA). cDNA synthesis utilized the RT² First Strand Kit 
from Qiagen, and gene expression analysis of 84 genes was 
performed using the ABI StepOne Plus Qiagen (Germantown, 
MD) and the RT² Profiler Rat Chemokine and Receptor Array 
from Qiagen.

Determination of endothelial permeability

Frozen coronal brain sections containing the infarct were 
immunostained for expression of CCR3 (Novus (NBP1-77065)-

Rabbit). Images were taken using an Axio Scan Z1 slide scanner 
and quantified using HALO software version 2.1 (v1.0.20.1). 
Quantification was expressed as percent area within the 
striatal penumbra consistent between rats.

Additional frozen coronal brain sections (1.7 to -3.3 mm 
from Bregma) were stained with Prussian blue (kit ab150674, 
Abcam) to visualize microbleeds and quantified using HALO. 
These specific points have been used in past publications by 
our lab to quantify infarct and edema volumes in rat brains 
after experimental stroke [9]. Sections were incubated in 
an iron stain followed by nuclear fast red. A blue coloration 
occurred around the vessels that were permeable. We focused 
on Prussian blue dye-stained areas outside of the infarct as 
demarcated by intact brain parenchyma.

In order to determine if CCR3-expressing endothelial cells 
were involved in the leakage of blood vessels, co-staining 
was performed on frozen coronal brain sections that were 
previously stained with Prussian blue dye. Rabbit antibodies 
(CCR3: Novus (NBP1-77065)-Rabbit; vWF: Abcam (ab6994)-
Rabbit) for CCR3 and Von Willebrand Factor (vWF), an 
endothelial cell marker, were used to identify overlapping 
expression of these two proteins. Immediately adjacent, 
consecutive coronal brain sections from the same rat were 
immunostained with CCR3 and vWF, respectively. Both stains 
were antibody stains and thus sections were processed 
separately. The Prussian blue staining protocol was then 
followed as above. CCR3 DAB staining was performed on the 
same 30-day post stroke rat.

Results

Cytokines predict infarct volume in rats after 5t-MCAO

We measured the change in expression of CCR3 and its ligands 
(CCL5, CCL11, and CCL24) in the venous blood prior to and 
after occlusion in our transient rat model of ischemic stroke. 
Using linear regression, we found that increased expression 
of these proteins after stroke positively correlated with infarct 
volume (Figure 1). Our group has previously reported that, 
when using machine learning analysis, CCR3 expression was 
a predictor of both infarct and edema volumes, while CCL11 
was a predictor of edema volume from the blood of human 
stroke patients [8].

 

 

 

  Figure 1. CCR3, CCL11, CCL24, and CCL5 change in gene expression are positively correlated with infarct volume in rats following ischemic 
stroke (n=9).
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Expression of CCR3 signaling genes in our rat model of 
thrombectomy reflects a similar pattern to the data retrieved 
from human stroke patients, indicating that the expression 
of these genes is associated with increased stroke-induced 
damage to the brain.

CCR3, vWF, and Prussian blue staining 30 days following 
5t-MCAO in rats showed increased CCR3 expression in 
areas of microbleeds

Brain sections containing the infarct were immunostained 
for expression of CCR3 (Figure 2a). CCR3 expression staining 
significantly increased following stroke at 30 days (p <0.001; 
Figure 2b). Sections stained with Prussian blue (Figure 3a) 

demonstrated a significant increase following stroke at 30 
days as analyzed with ANOVA (Figure 3b). Together, these 
results indicate microbleeds residing outside the infarct area, 
an outcome that is similarly associated with the pathogenesis 
of VCID.

Furthermore, immunostaining for CCR3 was readily detected 
in areas that were labeled with Prussian Blue, suggesting that 
CCR3-expressing endothelial cells are involved in the leakage 
of blood vessels (Figure 4). Likewise, we stained consecutive 
brain sections with CCR3 and vWF antibodies to identify 
overlapping expression between these two proteins. Figure 5 
depicts expression of CCR3 and vWF in a blood vessel (arrows) 
in consecutive brain sections from the same rat.

 

 

 

 

  Figure 2. (a) CCR3 immunostaining with HALO quantification expression after 5t-MCAO at 3 and 30 days. (b) analysis by ANOVA. ****p<0.001. 

 

  

 
Figure 3. (a) Prussian blue staining following sham operated or 5t-MCAO at 3- and 30- days post-stroke. (b) HALO quantification ANOVA 
***p<0.001.
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Discussion

As previously mentioned, 30% of stroke patients develop 
vascular cognitive impairment and dementia (VCID) within 1 
year of their stroke [2]. This burden of morbidity on patients, 
as well as a general lack of understanding of the underlying 
mechanism, necessitates the development of an animal 
model of this disease process. Previously, we have reported 
that CCR3 is a significant predictor for both infarct volume 
and edema in stroke patients undergoing thrombectomy. 
Our results revealed promising support of an animal model 
that CCR3 signaling is related to endothelial dysfunction. 
We found that the change in gene expression of CCR3 and 
ligands (CCL5, CCL11, and CCL24) is positively correlated with 
infarct volume in our transient rat model of ischemic stroke. 

CCR3 and Prussian blue staining significantly increased in rat 
brain sections following stroke at 30 days, but not at 3 days, 
and co-staining with CCR3 and vWF antibodies demonstrated 
overlapping expression. These findings suggest the presence 
of microbleeds and propose that CCR3-expressing endothelial 
cells were involved with microvessel leakage and ensuing 
injury.

Endothelial dysfunction and subsequent microbleeds have 
been cited as a mechanism of VCID secondary to aberrant 
neovascularization mediated by proangiogenic factors [3]. In 
particular, microbleeds residing outside of the infarct area are 
associated with VCID pathogenesis, Microbleeds found in rat 
brains after the stroke procedure in this study are associated 
with increased CCR3 expression.

 

 

  

Figure 4. Dual Prussian blue and CCR3 DAB staining in 30-day post 5t-MCAO.

 

 

 

Figure 5. Expression of CCR3 and Von Willebrand Factor (VWF), an endothelial cell marker, in a blood vessel (arrows) in consecutive brain 
sections from the same rat.
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CCR3 is involved in several other diseases in which endothelial 
dysfunction is associated with pathogenesis, and it has been 
successfully targeted as a treatment for these conditions.

CCR3 receptor activation in atherosclerosis increases 
endothelial permeability in the coronary arteries [14] and 
pharmaceutical companies have targeted CCR3 to block the 
Th2 immune response for treatment of severe asthma [16,17]. 
Most notably, in aging macular degeneration (AMD), new 
vessel formation is overstimulated leading to dysfunctional 
endothelium, vessel permeability, and microbleeds [18-20]. In 
addition, CCR3 ligand CCL24 is a biomarker for AMD [23] and 
could be similarly explored as a biomarker for VCID and other 
stroke outcomes. The aberrant AMD growth is associated 
with CCR3 and its ligands and is a current therapeutic target 
for its treatment [21,22]. Novel CCR3 antagonists, such as 
GW766994X, have demonstrated efficacy in the inhibition 
of neovascularization and vascular permeability in the eye 
[23,24]. No adverse effects of GW766994X were reported in 
a human clinical trial [25]. Mice deficient in CCR3 exhibited 
significantly reduced Aβ production and subsequent 
processes that are associated with deficient learning and 
memory performance in a model of age- related dementia 
[34]. The expression of CCR3 has been linked to age related 
dementia [36], and CCR3 antagonists have been shown to 
enhance cognitive performance in rodents [35]. Increased 
expression of CCR3 and its ligands (CCL5, CCL11, and CCL24) 
are also associated with cognitive decline associated with 
aging [36-41]. Thus, CCR3 antagonists are a logical next step 
to investigate the vascular permeability that leads to cognitive 
impairment in future animal models of stroke.

In stroke research, CCR3 has been implicated as a mediator of 
neuronal injury after ischemic insult [7]. It is related to the Th2 
immune response, which is a T-cell response largely associated 
with autoimmunity, allergy, and cancer [42,43]. One study 
demonstrated a systemic shift by the immune system toward 
Th2 response in the late post-acute phase of stroke [44]. Th2 
cells express CCR3, which acts to bind chemokines and direct 
their migration towards the site of injury or infection [45,46]. 
Our group previously employed machine learning to predict 
infarct and edema volumes after acute ischemic stroke [8]. 
Th2-related genes, particularly CCR3, in arterial blood samples 
were indicative of infarct volume and edema. The study 
identified an association between CCR3, related genes, and 
type 2 diabetes mellitus as predictors for stroke outcomes. 
Further investigation is needed to examine the relationship 
between CCR3 and infarct and edema volumes after ischemic 
stroke in both animal models and human patients. Inhibiting 
CCR3 may also have additional beneficial effects after stroke 
by diminishing the Th2 response.

Conclusions

Despite the development of effective strategies to restore 
blood flow and improve outcomes after ischemic events, such 
as t-PA and mechanical thrombectomy, patients still endure 

significant long-term cognitive and functional outcomes from 
the injury. There remains a clinical need for adjuvant therapies 
to maximize neurological outcomes. This present study offers 
insight into a molecular signaling pathway that appears to 
play a role in endothelial permeability after ischemic stroke 
that has been associated with VCID. CCR3 signaling has 
previously been associated with endothelial permeability 
in AMD, but not in stroke. Our results demonstrate that 
CCR3 expression is increased 30 days after stroke in areas 
of microbleeds in our animal model that mimics patients 
undergoing thrombectomy. These data further support the 
link between CCR3 and its inflammatory pathway with the 
endothelial dysfunction after stroke. Thus, future studies 
should continue to determine the impact of CCR3 signaling on 
cognitive and functional outcomes after stroke to determine if 
it is a therapeutic target to reduce stroke induced detrimental 
effects.

Conflicts of Interest

Keith Pennypacker, PhD is a co-owner of Cerelux, LLC. The 
remaining authors have no other conflicts of interest to 
declare.

Acknowledgements

The authors would like to thank the Blood and Clot 
Thrombectomy Registry and Collaboration (BACTRAC) team 
and the Departments of Neurology and Neurosurgery at the 
University of Kentucky.

Funding Statement

This work was supported by the National Institutes of Health 
(grant number 5R01NS091146-04). The content is solely 
the responsibility of the authors and does not necessarily 
represent the views of the NIH.

References

1. Malhotra K, Gornbein J, Saver JL. Ischemic Strokes Due to Large-
Vessel Occlusions Contribute Disproportionately to Stroke-Related 
Dependence and Death: A Review. Front Neurol. 2017;8:651.

2. Al-Qazzaz NK, Ali SH, Ahmad SA, Islam S, Mohamad K. Cognitive 
impairment and memory dysfunction after a stroke diagnosis: a post-
stroke memory assessment. Neuropsychiatr Dis Treat. 2014;10:1677-
91.

3. Cipollini V, Troili F, Giubilei F. Emerging Biomarkers in Vascular 
Cognitive Impairment and Dementia: From Pathophysiological 
Pathways to Clinical Application. Int J Mol Sci. 2019;20(11):2812.

4. Liman TG, Endres M. New vessels after stroke: postischemic 
neovascularization and regeneration. Cerebrovasc Dis. 
2012;33(5):492-9.

5. Winder Z, Sudduth TL, Fardo D, Cheng Q, Goldstein LB, Nelson PT, 
et al. Hierarchical Clustering Analyses of Plasma Proteins in Subjects 



 
 Claypoole SM, Frank JA, Messmer SJ, Keith R Pennypacker KR. CCR3 Expression in Relation to Delayed Microbleeds in 
a Rat Model of Large Vessel Occlusion. J Exp Neurol. 2024;5(1):1-8.

J Exp Neurol. 2024
Volume 5, Issue 1 7

With Cardiovascular Risk Factors Identify Informative Subsets Based 
on Differential Levels of Angiogenic and Inflammatory Biomarkers. 
Front Neurosci. 2020;14:84.

6. Offner H, Vandenbark AA, Hurn PD. Effect of experimental 
stroke on peripheral immunity: CNS ischemia induces profound 
immunosuppression. Neuroscience. 2009;158(3):1098-111.

7. Zhang J, Wang H, Sherbini O, Ling-Lin Pai E, Kang SU, Kwon 
JS, et al. High-Content Genome-Wide RNAi Screen Reveals 
CCR3 as a Key Mediator of Neuronal Cell Death. eNeuro. 
2016;3(5):ENEURO.0185-16.2016.

8. Martha SR, Cheng Q, Fraser JF, Gong L, Collier LA, Davis SM, et 
al. Expression of Cytokines and Chemokines as Predictors of Stroke 
Outcomes in Acute Ischemic Stroke. Front Neurol. 2019;10:1391.

9. Messmer SJ, Salmeron KE, Frank JA, McLouth CJ, Lukins DE, 
Hammond TC, et al. Extended Middle Cerebral Artery Occlusion 
(MCAO) Model to Mirror Stroke Patients Undergoing Thrombectomy. 
Transl Stroke Res. 2022 Aug;13(4):604-15.

10. Terao S, Yilmaz G, Stokes KY, Russell J, Ishikawa M, Kawase T, 
et al. Blood cell-derived RANTES mediates cerebral microvascular 
dysfunction, inflammation, and tissue injury after focal ischemia-
reperfusion. Stroke. 2008;39(9):2560-70.

11. Parajuli B, Horiuchi H, Mizuno T, Takeuchi H, Suzumura A. CCL11 
enhances excitotoxic neuronal death by producing reactive oxygen 
species in microglia. Glia. 2015;63(12):2274-84.

12. Roy-O’Reilly M, Ritzel RM, Conway SE, Staff I, Fortunato G, 
McCullough LD. CCL11 (Eotaxin-1) Levels Predict Long-Term 
Functional Outcomes in Patients Following Ischemic Stroke. Transl 
Stroke Res. 2017;8(6):578-84.

13. Cui Y, Wang XH, Zhao Y, Chen SY, Sheng BY, Wang LH, et al. Change 
of Serum Biomarkers to Post-Thrombolytic Symptomatic Intracranial 
Hemorrhage in Stroke. Front Neurol. 2022;13:889746.

14. Jamaluddin MS, Wang X, Wang H, Rafael C, Yao Q, Chen C. 
Eotaxin increases monolayer permeability of human coronary artery 
endothelial cells. Arterioscler Thromb Vasc Biol. 2009;29(12):2146-52.

15. Wang H, Wittchen ES, Jiang Y, Ambati B, Grossniklaus HE, Hartnett 
ME. Upregulation of CCR3 by age-related stresses promotes choroidal 
endothelial cell migration via VEGF- dependent and -independent 
signaling. Invest Ophthalmol Vis Sci. 2011;52(11):8271-7.

16. Bertrand CP, Ponath PD. CCR3 blockade as a new therapy for 
asthma. Expert Opin Investig Drugs. 2000;9(1):43-52.

17. Gauvreau GM, FitzGerald JM, Boulet LP, Watson RM, Hui L, 
Villineuve H, et al. The effects of a CCR3 inhibitor, AXP1275, on 
allergen-induced airway responses in adults with mild-to- moderate 
atopic asthma. Clin Exp Allergy. 2018;48(4):445-51.

18. Yeo NJY, Chan EJJ, Cheung C. Choroidal Neovascularization: 
Mechanisms of Endothelial Dysfunction. Front Pharmacol. 
2019;10:1363.

19. Kitayama J, Mackay CR, Ponath PD, Springer TA. The C-C 
chemokine receptor CCR3 participates in stimulation of eosinophil 

arrest on inflammatory endothelium in shear flow. J Clin Invest. 
1998;101(9):2017-24.

20. Chappelow AV, Kaiser PK. Neovascular age-related macular 
degeneration: potential therapies. Drugs. 2008;68(8):1029-36.

21. Li Y, Huang D, Xia X, Wang Z, Luo L, Wen R. CCR3 and choroidal 
neovascularization. PLoS One. 2011;6(2):e17106.

22. Takeda A, Baffi JZ, Kleinman ME, Cho WG, Nozaki M, Yamada K, 
et al. CCR3 is a target for age-related macular degeneration diagnosis 
and therapy. Nature. 2009;460(7252):225-30.

23. Sharma NK, Gupta A, Prabhakar S, Singh R, Bhatt AK, Anand 
A. CC chemokine receptor-3 as new target for age-related macular 
degeneration. Gene. 2013;523(1):106-11.

24. Nagai N, Ju M, Izumi-Nagai K, Robbie SJ, Bainbridge JW, Gale DC, 
et al. Novel CCR3 Antagonists Are Effective Mono- and Combination 
Inhibitors of Choroidal Neovascular Growth and Vascular Permeability. 
Am J Pathol. 2015;185(9):2534-49.

25. Neighbour H, Boulet LP, Lemiere C, Sehmi R, Leigh R, Sousa 
AR, et al. Safety and efficacy of an oral CCR3 antagonist in patients 
with asthma and eosinophilic bronchitis: a randomized, placebo-
controlled clinical trial. Clin Exp Allergy. 2014;44(4):508-16.

26. Berkhemer OA, Majoie CB, Dippel DW, Investigators 
MC. Endovascular therapy for ischemic stroke. N Engl J Med. 
2015;372(24):2363.

27. Albers GW, Lansberg MG, Kemp S, Tsai JP, Lavori P, Christensen 
S, et al. A multicenter randomized controlled trial of endovascular 
therapy following imaging evaluation for ischemic stroke (DEFUSE 3). 
Int J Stroke. 2017;12(8):896-905.

28. Saver JL, Goyal M, Bonafe A, Diener HC, Levy EI, Pereira VM, et al. 
Stent-retriever thrombectomy after intravenous t-PA vs. t-PA alone in 
stroke. N Engl J Med. 2015;372(24):2285-95.

29. Landis SC, Amara SG, Asadullah K, Austin CP, Blumenstein R, 
Bradley EW, et al. A call for transparent reporting to optimize the 
predictive value of preclinical research. Nature. 2012;490(7419):187-
91.

30. STAIR, Recommendations for Standards Regarding Preclinical 
Neuroprotective and Restorative Drug Development. Stroke. 
1999;30(12):2752-8.

31. Fraser JF, Collier LA, Gorman AA, Martha SR, Salmeron KE, 
Trout AL, et al. The Blood And Clot Thrombectomy Registry And 
Collaboration (BACTRAC) protocol: novel method for evaluating 
human stroke. J Neurointerv Surg. 2019;11(3):265-70

32. Muir ER, Shen Q, Duong TQ. Cerebral blood flow MRI in mice 
using the cardiac-spin- labeling technique. Magn Reson Med. 
2008;60(3):744-8.

33. Lin AL, Zhang W, Gao X, Watts L. Caloric restriction increases 
ketone bodies metabolism and preserves blood flow in aging brain. 
Neurobiol Aging. 2015;36(7):2296-303.

34. Zhu C, Xu B, Sun X, Zhu Q, Sui Y. Targeting CCR3 to Reduce 



 
 Claypoole SM, Frank JA, Messmer SJ, Keith R Pennypacker KR. CCR3 Expression in Relation to Delayed Microbleeds in 
a Rat Model of Large Vessel Occlusion. J Exp Neurol. 2024;5(1):1-8.

J Exp Neurol. 2024
Volume 5, Issue 1 8

Amyloid-beta Production, Tau Hyperphosphorylation, and Synaptic 
Loss in a Mouse Model of Alzheimer’s Disease. Mol Neurobiol. 
2017;54(10):7964-78.

35. Sui Y, Zhang Y, Dong C, Xu B, Sun X. The small molecular CCR3 
antagonist YM344031 attenuates neurodegenerative pathologies 
and improves learning and memory performance in a mouse model 
of Alzheimer’s disease. Brain Res. 2019;1719:1-10.

36. Huber AK, Giles DA, Segal BM, Irani DN. An emerging role for 
eotaxins in neurodegenerative disease. Clin Immunol. 2018;189:29-
33.

37. Bettcher BM, Fitch R, Wynn MJ, Lalli MA, Elofson J, Jastrzab L, 
et al. MCP-1 and eotaxin- 1 selectively and negatively associate with 
memory in MCI and Alzheimer’s disease dementia phenotypes. 
Alzheimers Dement (Amst). 2016;3:91-7.

38. Butcher L, Peres K, Andre P, Morris RH, Walter S, Dartigues JF, 
et al. Association between plasma CCL11 (eotaxin-1) and cognitive 
status in older adults: Differences between rural and urban dwellers. 
Exp Gerontol. 2018;113:173-9.

39. Sirivichayakul S, Kanchanatawan B, Thika S, Carvalho AF, Maes 
M. Eotaxin, an Endogenous Cognitive Deteriorating Chemokine 
(ECDC), Is a Major Contributor to Cognitive Decline in Normal People 
and to Executive, Memory, and Sustained Attention Deficits, Formal 
Thought Disorders, and Psychopathology in Schizophrenia Patients. 
Neurotox Res. 2019;35(1):122-38.

40. Stamatovich SN, Lopez-Gamundi P, Suchting R, Colpo GD, Walss-

Bass C, Lane SD, et al. Plasma pro- and anti-inflammatory cytokines 
may relate to cocaine use, cognitive functioning, and depressive 
symptoms in cocaine use disorder. Am J Drug Alcohol Abuse. 
2021;47(1):52-64.

41. Teixeira AL, Gama CS, Rocha NP, Teixeira MM. Revisiting the 
Role of Eotaxin-1/CCL11 in Psychiatric Disorders. Front Psychiatry. 
2018;9:241.

42. Christoffersson G, von Herrath M. Regulatory Immune 
Mechanisms beyond Regulatory T Cells. Trends Immunol. 
2019;40(6):482-91.

43. Chraa D, Naim A, Olive D, Badou A. T lymphocyte subsets in 
cancer immunity: Friends or foes. J Leukoc Biol. 2019;105(2):243-55.

44. Theodorou GL, Marousi S, Ellul J, Mougiou A, Theodori E, Mouzaki 
A, et al. T helper 1 (Th1)/Th2 cytokine expression shift of peripheral 
blood CD4+ and CD8+ T cells in patients at the post-acute phase of 
stroke. Clin Exp Immunol. 2008;152(3):456-63.

45. Xia MQ, Qin SX, Wu LJ, Mackay CR, Hyman BT. 
Immunohistochemical study of the beta- chemokine receptors CCR3 
and CCR5 and their ligands in normal and Alzheimer’s disease brains. 
Am J Pathol. 1998;153(1):31-7.

46. Yamamoto S, Matsuo K, Nagakubo D, Higashiyama S, Nishiwaki K, 
Oiso N, et al. A CCR4 antagonist enhances DC activation and homing 
to the regional lymph node and shows potent vaccine adjuvant 
activity through the inhibition of regulatory T-cell recruitment. J 
Pharmacol Sci. 2018;136(3):165-71.


