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ABSTRACT
Numerous seemingly promising cerebroprotectants 
previously validated in rodents almost all have failed in 
stroke clinical trials. The failure of clinical translation 
strikes an essential need to employ more ideal animal 
models in stroke research. Compared with the most 
commonly used rodent models of stroke, non-human 
primates (NHPs) are far more comparable to humans 
regarding brain anatomy, functionality and pathological 
features. The aim of this perspective was to summarise the 
advantages of NHPs stroke models over rodents, discuss 
the current limitations of NHPs models, and cast an outlook 
on the future development of NHPs in stroke preclinical 
research.

INTRODUCTION
Until 2006, more than 1000 neuroprotectants 
with proven safety and efficacy in cells and 
rodents have been investigated,1 but almost all 
have failed in clinical trials. In 2009, The Stroke 
Therapy Academic Industry Roundtable 
(STAIR) recommended that neuroprotective 
therapies need to be further tested in gyren-
cephalic non-human primates (NHPs).2 Later 
on, STAIR XI still voices concerns about NHPs 
models, suggesting that demonstration of effi-
cacy in NHPs may contribute to predicting 
clinical efficacy.3 Of note, several promising 
cerebral cytoprotectants verified in NHPs 
have emerged in recent years. In 2012, Cook 
et al4 successfully validated the cerebroprotec-
tive effect of Tat-NR2B9c, a PSD95 inhibitor, 
on cerebral infarction model of NHPs. Subse-
quently, Hill et al5 reported the ESCAPE-NA1 
phase III clinical trial which revealed the 
possible beneficial effects of PSD95 inhibitor 
NA-1 for patients who had a stroke, though 
the positive effects are still under evaluation 
to determine the optimal window. Besides, Jia 
et al6 found DL-3-n-butylphthalide improved 
cognition and general functions in patients 
with subcortical cerebral infarction. Recently, 
we successfully verified the ameliorative effects 
of DL-3-n-butylphthalide on post-stroke cogni-
tive impairments (PSCI) in cynomolgus 
monkeys and revealed its possible mechanism.7 
All these studies highlight the extremely high 
value of NHPs, especially for gyrencephalic 
ones, in stroke preclinical research.

HIGH CONSISTENCY IN BRAIN ANATOMY WITH 
HUMAN
NHPs have highly comparable brain anatomy 
to those of humans. First, NHPs have complete 
Willis circle and collateral arteries similar to 
humans and the distribution and branching 
of middle cerebral arteries (MCAs) largely 
resemble those of humans.8 Occlusion of the 
M1 segment of MCA in NHPs causes infarcts 
quite similar to those found in patients who 
had a stroke. Second, NHPs have multiple 
convoluted sulci and gyrus in cortex as well 
as complex lobes and brain subdivisions. 
The brains of NHPs are much larger and 
more evolved than rodents, especially for 
the prefrontal cortex.9 Moreover, NHPs 
have similar cerebral grey and white matter 
proportion and abundant white matter fibres 
to those of humans,10 making NHPs an ideal 
model of ischaemic white matter injury.

Because of the high similarities between 
NHPs and humans regarding brain anatomy, 
neuroimaging techniques represented by 
MRI, positron emission tomography (PET) 
and PET/MRI can be fully applied in NHPs. 
Unlike rodents, which have high require-
ments for field strengths, the 3.0 Tesla MRI 
commonly used clinically are directly appli-
cable to NHPs. Additionally, scholars have 
established public data platforms of NHPs 
neuroimaging for data exchange and better 
collaboration.11 As to PET, despite the fact 
that it is more often applied to disorders like 
Parkinson’s disease and Alzheimer’s disease 
with anomalous accumulations of specific 
proteins,12 it also plays key roles in cerebro-
vascular diseases. 15O-water PET serves as the 
gold standard modality to quantify cerebral 
blood flow (CBF) in absolute units, which is a 
critical index for stroke.13 Besides, PET, espe-
cially for simultaneous PET/MRI system, not 
only can help detect the abnormal deposition 
of metabolites directly such as cerebral β-am-
yloid (Aβ) deposits after stroke,14 15 but also 
contribute to monitoring blood–brain barrier 
permeability by imaging and quantifying the 
transfer rate of nanoparticles16 and evalu-
ating the spatio-temporal evolution of brain 
inflammation through matched apparent 
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diffusion coefficient (ADC) decrease in brain regions,17 
thus enhancing our understanding of the neuropatholog-
ical basis and furnishing indispensable data for evaluating 
clinical outcomes.

HIGH COMPATIBILITY IN BRAIN FUNCTIONALITY WITH HUMAN
NHPs are highly similar with humans in terms of advanced 
cognition, motor behaviour, sleep cycle and neuroplas-
ticity. NHPs have advanced cognition close to humans, 
which can perform multiple complex cognitive tasks 
after training, thus allowing for better evaluation of PSCI. 
Various cognitive assessment methods for NHPs have 
been established and widely used.18 Additionally, NHPs 
have more complex emotions than rodents, and their 
facial expressions, body movements and social behaviours 
to express emotions are abundant, which are of great 
value in decoding post-stroke affective disorders.19

For patients who had a stroke, the ability to perform 
fine movements significantly affects life quality, espe-
cially for hands, which cannot be precisely evaluated in 
rodents. NHPs have extensive corticospinal projections 
with innervation patterns similar to humans,20 thus they 
can precisely control the independent movements of a 
single finger, realising the ‘pincer grasp’ movement that 
specifically belongs to primates. Additionally, NHPs can 
walk bipedally over short distances which bears a strong 
resemblance to human.21 The above advantages make 
NHPs irreplaceable in exploring post-stroke fine motor 
deficits.

NHPs share similar sleep traits to humans, such as 
sleep–wake cycle, sleep length and stability. Various 
characteristic brain waves of NHPs during sleep can be 
easily distinguished, which show similar periodic changes 
to humans.22 Rodents, on the other hand, are diurnal, 
polyphasic sleepers with multiple short naps, and both 
rapid and non-rapid eye movement sleep cycles are 
significantly shorter. Besides, the sleep monitoring system 
of NHPs has been established, such as electroencepha-
logram, electromyogram, electrooculogram, body move-
ment recorder and manual analysis after video recording, 
making NHPs promising models for studying post-stroke 
sleep disorders.

Rodents have strong neuroplasticity, some of which 
show only temporary hemiparesis and spontaneous 
neurological recovery after stroke, causing false-positive 
results that ineffective therapies are effective. In contrast, 
the neuroplasticity and the effects of stroke modelling of 
NHPs are more similar to humans,23 which help to judge 
the true efficacy more accurately.

HIGH CORRESPONDENCE IN PATHOLOGICAL FEATURES WITH 
HUMAN
Apart from the aforementioned similarities in physio-
logical states, NHP stroke models also bear high corre-
spondence with patients who had a stroke on patholog-
ical features, such as cerebral Aβ deposits. The earliest 
autopsy study reported cerebral Aβ deposition in patients 

who had a stroke traces back to 1990s.24 Nevertheless, 
a more recent autopsy study with a larger sample size 
found no significant difference in cerebral Aβ deposition 
between patients who had a stroke and healthy control 
group.25 Moreover, several recent clinical PET imaging 
studies fail to testify the neurotoxic role of cerebral Aβ 
deposition after stroke.14 15 Generally, evidence from clin-
ical studies seemingly drawn negative conclusions on the 
pathological mechanisms of cerebral Aβ deposition after 
stroke.

There are also plentiful experimental studies on Aβ 
pathology. Numerous studies have confirmed Aβ depo-
sition in ischaemia-free brain regions in rodents after 
stroke, indicating that Aβ pathology may play a role in the 
damage of remote brain regions and PSCI in rodents.26 
By contrast, in our study using cynomolgus monkeys, 
there was obvious damage to remote brain regions 12 
months after stroke, but neither cerebral Aβ deposition, 
nor significant changes in Aβ levels of blood and cere-
brospinal fluid were found.27 Similar negative results of 
Aβ pathology were reported in other study using marmo-
sets 45 days after stroke.28 The above only two NHPs 
researches available to date are quite in accord with 
results from clinical studies. Notably, the inconsistency 
of cerebral Aβ deposition among humans, NHPs and 
rodents strongly suggests that NHPs can better modulate 
pathological conditions after stroke.

Of note, NHPs models share similar critical pathophys-
iological parameters with human beings. The concept 
of the penumbra was defined for the first time in NHPs, 
assessed by the technique of hydrogen clearance in MCA 
occluded baboons.29 Furthermore, Jones et al first clari-
fied the importance of occlusion duration and local CBF 
which defined the threshold for paralysis and infarction in 
awake-primate model of reversible MCA occlusion during 
physiological monitoring.30 The conception above laid 
the critical foundation for the proposal of revolutionary 
therapies for stroke like intravenous thrombolysis and 
endovascular thrombectomy and meanwhile emphasised 
the therapeutic time window.

CONCLUSIONS AND PROSPECTIVES
In conclusion, NHPs have irreplaceable advantages over 
rodents in stroke research, and are extremely important 
tools for promoting basic and translational research to 
achieve major breakthroughs. However, it is undeniable 
that current NHP models still bear some limitations. First, 
NHPs resources are scarce, the purchase and feeding costs 
are high and the experimental period is long, making it 
difficult to conduct large-scale experiments. Second, the 
inter-individual heterogeneity in NHPs is larger than 
rodents. Besides, there is a lack of detailed information 
on the physiological, biochemical, immunological and 
other basic parameters of NHPs. Research tools such as 
antibodies, targeted drugs, biochemical reagents, behav-
ioural evaluation systems, imaging equipment and gene 
editing technology are not as mature as those in rodents. 
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Finally, although NHPs are ideal model animals for 
neuroscience research, their ethical scrutiny is far more 
stringent. When using NHPs, the principles of ‘Reduce, 
Replace, Refinement’ should always be implemented to 
strictly guarantee the animal welfare.

Following the first cloned NHPs born alive in 2018, Liao 
et al31 produced a cloned rhesus monkey that has success-
fully lived into adulthood for the first time, by employing 
somatic cell nuclear transplantation technology-
trophoblast replacement strategy, which brings hope for 
the acquisition of numerous genetically uniform NHPs. 
In 2022, the first whole-body organ cell atlas of NHPs led 
by Chinese scholars and involving multinational scholars 
was published.32 Later, by means of spatiotemporal 
genomics technology and single-cell nuclear transcrip-
tome sequencing technology, the most comprehensive 
cell type, spatial distribution and molecular character-
istics of primate cerebral cortex to date were defined.33 
These studies provide a solid foundation for in-depth 
analysis of human-related brain functions and diseases. 
Additionally, the rapid advancement of transgenic and 
gene editing technology enables the establishment of 
more disease models for NHPs and the development of 
more promising therapeutics.34

Contributors  XL retrieved the documents, wrote the article and submitted the 
article. JZ planned the theme, polished the article and was responsible for the 
overall content as the guarantor.

Funding  This work was supported by the Natural Science Foundation of China 
(Key Program: 82130035; General Program: 81771137, 81971103 and 82371308; 
Youth Program: 82201436), the Basic and Applied Basic Research Foundation 
Natural Science Foundation of Guangdong Province (2021A1515012216), the 
Medical Scientific Research Foundation of Guangdong Province (A2022093), 
Sun Yat-sen University Clinical Research 5010 Program (2018001), Guangdong 
Provincial Key Laboratory of Diagnosis and Treatment of Major Neurological 
Diseases (2020B1212060017), Guangdong Provincial Clinical Research Center for 
Neurological Diseases (2020B1111170002), Guangdong Province International 
Cooperation Base for Early Intervention and Functional Rehabilitation of 
Neurological Diseases (2020A0505020004), Guangdong Provincial Engineering 
Center for Major Neurological Disease Treatment, Guangdong Provincial 
Translational Medicine Innovation Platform for Diagnosis and Treatment of Major 
Neurological Disease and Guangzhou Clinical Research and Translational Center for 
Major Neurological Diseases.

Competing interests  None declared.
Patient consent for publication  Not applicable.

Ethics approval  Not applicable.
Provenance and peer review  Not commissioned; externally peer reviewed.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Xiya Long http://orcid.org/0009-0002-2449-0983
Jinsheng Zeng http://orcid.org/0000-0003-4280-0439

REFERENCES
	 1	 O’Collins VE, Macleod MR, Donnan GA, et al. 1,026 experimental 

treatments in acute stroke. Ann Neurol 2006;59:467–77. 
	 2	 Fisher M, Feuerstein G, Howells DW, et al. Update of the stroke 

therapy academic industry roundtable preclinical recommendations. 
Stroke 2009;40:2244–50. 

	 3	 Lyden P, Buchan A, Boltze J, et al. Top Priorities for 
Cerebroprotective Studies—A Paradigm Shift: Report From STAIR XI. 
Stroke 2021;52:3063–71. 

	 4	 Cook DJ, Teves L, Tymianski M. Treatment of stroke with a PSD-
95 inhibitor in the gyrencephalic primate brain. Nature New Biol 
2012;483:213–7. 

	 5	 Hill MD, Goyal M, Menon BK, et al. Efficacy and safety of nerinetide 
for the treatment of acute ischaemic stroke (ESCAPE-NA1): a 
multicentre, double-blind, randomised controlled trial. Lancet 
2020;395:878–87. 

	 6	 Jia J, Wei C, Liang J, et al. The effects of DL-3-n-butylphthalide 
in patients with vascular cognitive impairment without dementia 
caused by subcortical ischemic small vessel disease: A multicentre, 
randomized, double-blind, placebo-controlled trial. Alz Dement 
2016;12:89–99. 

	 7	 Jiang Z, Wei J, Liang J, et al. Dl-3-n-Butylphthalide Alleviates 
Secondary Brain Damage and Improves Working Memory After 
Stroke in Cynomolgus Monkeys. Stroke 2024;55:725–34. 

	 8	 Mu J, Hao P, Duan H, et al. Non-human primate models of focal 
cortical ischemia for neuronal replacement therapy. J Cereb Blood 
Flow Metab 2023;43:1456–74. 

	 9	 Levy R. The prefrontal cortex: from monkey to man. Brain (Bacau) 
2023. 

	10	 Decramer T, Swinnen S, van Loon J, et al. White matter tract 
anatomy in the rhesus monkey: a fiber dissection study. Brain Struct 
Funct 2018;223:3681–8. 

	11	 Milham MP, Ai L, Koo B, et al. An Open Resource for Non-human 
Primate Imaging. Neuron 2018;100:61–74. 

	12	 Xie L, Zhao J, Li Y, et al. PET brain imaging in neurological disorders. 
Phys Life Rev 2024;49:100–11. 

	13	 Zhao MY, Tong E, Duarte Armindo R, et al. Measuring Quantitative 
Cerebral Blood Flow in Healthy Children: A Systematic Review of 
Neuroimaging Techniques. J Magn Reson Imaging 2024;59:70–81. 

	14	 Sahathevan R, Linden T, Villemagne VL, et al. Positron Emission 
Tomographic Imaging in Stroke: Cross-Sectional and Follow-Up 
Assessment of Amyloid in Ischemic Stroke. Stroke 2016;47:113–9. 

	15	 Koenig LN, McCue LM, Grant E, et al. Lack of association between 
acute stroke, post-stroke dementia, race, and β-amyloid status. 
Neuroimage Clin 2021;29:102553. 

	16	 Debatisse J, Eker OF, Wateau O, et al. PET-MRI nanoparticles 
imaging of blood-brain barrier damage and modulation after stroke 
reperfusion. Brain Commun 2020;2:fcaa193. 

	17	 Becker G, Debatisse J, Rivière M, et al. Spatio-Temporal 
Characterization of Brain Inflammation in a Non-human 
Primate Stroke Model Mimicking Endovascular Thrombectomy. 
Neurotherapeutics 2023;20:789–802. 

	18	 McEntire CRS, Choudhury GR, Torres A, et al. Impaired 
Arm Function and Finger Dexterity in a Nonhuman Primate 
Model of Stroke: Motor and Cognitive Assessments. Stroke 
2016;47:1109–16. 

	19	 Bliss-Moreau E, Rudebeck PH. Animal models of human mood. 
Neurosci Biobehav Rev 2021;120:574–82. 

	20	 Sinopoulou E, Rosenzweig ES, Conner JM, et al. Rhesus macaque 
versus rat divergence in the corticospinal projectome. Neuron 
2022;110:2970–83. 

	21	 Schmitt D. Insights into the evolution of human bipedalism from 
experimental studies of humans and other primates. J Exp Biol 
2003;206:1437–48. 

	22	 Hsieh KC, Robinson EL, Fuller CA. Sleep architecture in unrestrained 
rhesus monkeys (Macaca mulatta) synchronized to 24-hour light-
dark cycles. Sleep 2008;31:1239–50.

	23	 Kosugi A, Saga Y, Kudo M, et al. Time course of recovery of different 
motor functions following a reproducible cortical infarction in non-
human primates. Front Neurol 2023;14:1094774. 

	24	 Snowdon DA, Greiner LH, Mortimer JA, et al. Brain infarction and 
the clinical expression of Alzheimer disease. The Nun Study. JAMA 
1997;277:813–7.

	25	 Aho L, Jolkkonen J, Alafuzoff I. Beta-amyloid aggregation in human 
brains with cerebrovascular lesions. Stroke 2006;37:2940–5. 

	26	 Ouyang F, Jiang Z, Chen X, et al. Is Cerebral Amyloid-β Deposition 
Related to Post-stroke Cognitive Impairment? Transl Stroke Res 
2021;12:946–57. 

	27	 Ouyang F, Chen X, Chen Y, et al. Neuronal loss without amyloid-β 
deposits in the thalamus and hippocampus in the late period after 
middle cerebral artery occlusion in cynomolgus monkeys. Brain 
Pathol 2020;30:165–78. 

	28	 Lipsanen A, Kalesnykas G, Pro-Sistiaga P, et al. Lack of secondary 
pathology in the thalamus after focal cerebral ischemia in nonhuman 
primates. Exp Neurol 2013;248:224–7. 

	29	 Symon L, Pasztor E, Branston NM. The distribution and density of 
reduced cerebral blood flow following acute middle cerebral artery 

 on June 20, 2025 by guest. P
rotected by copyright.

http://svn.bm
j.com

/
S

troke V
asc N

eurol: first published as 10.1136/svn-2024-003504 on 28 A
ugust 2024. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0009-0002-2449-0983
http://orcid.org/0000-0003-4280-0439
http://dx.doi.org/10.1002/ana.20741
http://dx.doi.org/10.1161/STROKEAHA.108.541128
http://dx.doi.org/10.1161/STROKEAHA.121.034947
http://dx.doi.org/10.1038/nature10841
http://dx.doi.org/10.1016/S0140-6736(20)30258-0
http://dx.doi.org/10.1016/j.jalz.2015.04.010
http://dx.doi.org/10.1161/STROKEAHA.123.045037
http://dx.doi.org/10.1177/0271678X231179544
http://dx.doi.org/10.1177/0271678X231179544
http://dx.doi.org/10.1093/brain/awad389
http://dx.doi.org/10.1007/s00429-018-1718-x
http://dx.doi.org/10.1007/s00429-018-1718-x
http://dx.doi.org/10.1016/j.neuron.2018.08.039
http://dx.doi.org/10.1016/j.plrev.2024.03.007
http://dx.doi.org/10.1002/jmri.28758
http://dx.doi.org/10.1161/STROKEAHA.115.010528
http://dx.doi.org/10.1016/j.nicl.2020.102553
http://dx.doi.org/10.1093/braincomms/fcaa193
http://dx.doi.org/10.1007/s13311-023-01368-2
http://dx.doi.org/10.1161/STROKEAHA.115.012506
http://dx.doi.org/10.1016/j.neubiorev.2020.06.024
http://dx.doi.org/10.1016/j.neuron.2022.07.002
http://dx.doi.org/10.1242/jeb.00279
https://pubmed.ncbi.nlm.nih.gov/18788649
http://dx.doi.org/10.3389/fneur.2023.1094774
https://pubmed.ncbi.nlm.nih.gov/9052711
http://dx.doi.org/10.1161/01.STR.0000248777.44128.93
http://dx.doi.org/10.1007/s12975-021-00921-5
http://dx.doi.org/10.1111/bpa.12764
http://dx.doi.org/10.1111/bpa.12764
http://dx.doi.org/10.1016/j.expneurol.2013.06.016
http://svn.bmj.com/


4 Long X, Zeng J. Stroke & Vascular Neurology 2024;0. doi:10.1136/svn-2024-003504

Open access�

occlusion: an experimental study by the technique of hydrogen 
clearance in baboons. Stroke 1974;5:355–64. 

	30	 Jones TH, Morawetz RB, Crowell RM, et al. Thresholds of focal 
cerebral ischemia in awake monkeys. J Neurosurg 1981;54:773–82. 

	31	 Liao Z, Zhang J, Sun S, et al. Reprogramming mechanism dissection 
and trophoblast replacement application in monkey somatic cell 
nuclear transfer. Nat Commun 2024;15:5. 

	32	 Han L, Wei X, Liu C, et al. Cell transcriptomic atlas of the non-human 
primate Macaca fascicularis. Nature New Biol 2022;604:723–31. 

	33	 Chen A, Sun Y, Lei Y, et al. Single-cell spatial transcriptome reveals 
cell-type organization in the macaque cortex. Cell 2023;186:3726–43. 

	34	 Qiu P, Jiang J, Liu Z, et al. BMAL1 knockout macaque monkeys 
display reduced sleep and psychiatric disorders. Natl Sci Rev 
2019;6:87–100. 

 on June 20, 2025 by guest. P
rotected by copyright.

http://svn.bm
j.com

/
S

troke V
asc N

eurol: first published as 10.1136/svn-2024-003504 on 28 A
ugust 2024. D

ow
nloaded from

 

http://dx.doi.org/10.1161/01.str.5.3.355
http://dx.doi.org/10.3171/jns.1981.54.6.0773
http://dx.doi.org/10.1038/s41467-023-43985-7
http://dx.doi.org/10.1038/s41586-022-04587-3
http://dx.doi.org/10.1016/j.cell.2023.06.009
http://dx.doi.org/10.1093/nsr/nwz002
http://svn.bmj.com/

	Why non-­human primates are needed in stroke preclinical research
	Abstract
	Introduction
	High consistency in brain anatomy with human
	High compatibility in brain functionality with human
	High correspondence in pathological features with human
	Conclusions and prospectives
	References


