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Similar cognitive deficits in mice 
and humans in the chronic 
phase post‑stroke identified 
using the touchscreen‑based 
paired‑associate learning task
Wei Zhen Chow1,2,3, Lin Kooi Ong1,2,3,6, Murielle G. Kluge1,2, Prajwal Gyawali1,2,7, 
Frederick R. Walker1,2,3,4,8* & Michael Nilsson1,2,3,4,5,8*

For many chronic stroke survivors, persisting cognitive dysfunction leads to significantly reduced 
quality of life. Translation of promising therapeutic strategies aimed at improving cognitive function 
is hampered by existing, disparate cognitive assessments in animals and humans. In this study, we 
assessed post‑stroke cognitive function using a comparable touchscreen‑based paired‑associate 
learning task in a cross‑sectional population of chronic stroke survivors (≥ 5 months post‑stroke, 
n = 70), age‑matched controls (n = 70), and in mice generated from a C57BL/6 mouse photothrombotic 
stroke model (at six months post‑stroke). Cognitive performance of stroke survivors was analysed 
using linear regression adjusting for age, gender, diabetes, systolic blood pressure and waist 
circumference. Stroke survivors made significantly fewer correct choices across all tasks compared 
with controls. Similar cognitive impairment was observed in the mice post‑stroke with fewer correct 
choices compared to shams. These results highlight the feasibility and potential value of analogous 
modelling of clinically meaningful cognitive impairments in chronic stroke survivors and in mice 
in chronic phase after stroke. Implementation of validated, parallel cross‑species test platforms 
for cognitive assessment offer the potential of delivering a more useful framework for evaluating 
therapies aimed at improving long‑term cognitive function post‑stroke.

Chronic stroke survivors often experience persistent memory and learning impairment in multiple cognitive 
 domains1–4. One of the challenges in advancing research on cognitive impairment post-stroke is to establish 
and validate test platforms that allow for parallel cognitive assessments in humans and animals in experimental 
models of  stroke5. This was recently reiterated in the core recommendations from the recent second Stroke 
Recovery and Rehabilitation  Roundtable6.

The Cambridge Neuropsychological Test Automated Battery (CANTAB) is a frequently used, well-validated 
touchscreen-based tool utilised in assessment of multi-domain cognitive function in neurodegenerative disorders 
such as Alzheimer’s  disease7. It has, for example, enabled early detection of mild cognitive impairment with high 
sensitivity and specificity, and accurately predicted progression to Alzheimer’s disease in a prospective  cohort8. 
In stroke, CANTAB has, so far, only been used to assess the visual and spatial working memory in sub-acute 
patients at two weeks post-stroke9–11.

In rodent models of stroke, spatial memory and learning are most frequently assessed using animal behav-
ioural tasks, for example the Morris water maze and novel object  recognition12,13. These tasks share only limited 

OPEN

1School of Biomedical Sciences and Pharmacy and Priority Research Centre for Stroke and Brain Injury, University 
of Newcastle, University Drive, Callaghan, NSW 2308, Australia. 2Hunter Medical Research Institute, New Lambton, 
Heights,  NSW, Australia. 3NHMRC Centre of Research Excellence Stroke Rehabilitation and Brain Recovery, 
Heidelberg, VIC, Australia. 4Centre for Rehab Innovations, University of Newcastle, Callaghan, NSW, Australia. 5LKC 
School of Medicine,  Nanyang Technological University, Novena Campus, Singapore. 6School of Pharmacy, Monash 
University Malaysia, Bandar Sunway, Selangor, Malaysia. 7School of Health and Wellbeing, Faculty of Health, 
Engineering and Sciences, University of Southern Queensland, Queensland, Australia. 8These authors jointly 
supervised this work: Frederick R. Walker and Michael Nilsson. *email: Rohan.Walker@newcastle.edu.au; 
Michael.Nilsson@newcastle.edu.au

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-76560-x&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19545  | https://doi.org/10.1038/s41598-020-76560-x

www.nature.com/scientificreports/

similarities with clinical assessments of cognitive function in stroke survivors. Further, results derived from these 
tasks are often quite variable, which could be due to aversive nature of the tasks and experimenter interference/
interpretation14,15. Application of rodent touchscreen operant platforms allows an adapted form of CANTAB 
paired-associate learning (PAL) assessment to be conducted in mouse models of stroke with comparable assess-
ment of cognitive processes and mode of delivery (via an automated touchscreen platform) to that which can 
be used to assess cognition in stroke survivors. Furthermore, two prior studies demonstrated the feasibility of 
aligning touchscreen-based cognitive tests in mice and humans carrying mutations in the postsynaptic Discs large 
homolog (Dlg) gene family, using comparable tasks, specifically the CANTAB PAL in humans and rodent PAL 
task in  mice16, and an identical visuospatial PAL task between  species17. Both studies identified clinically relevant 
cognitive impairment in Schizophrenia patients and mice using parallel touchscreen-based  assessments16,17. 
Despite strong incentives, a similar cross-species comparison is still to be made between rodents and humans 
in chronic phase after stroke.

Our group has previously reported on the use of the rodent touchscreen platform to assess cognitive decline 
in mice after photothrombotic  stroke18–20. We demonstrated that the rodent touchscreen platform constitutes 
a pertinent assessment tool which is sensitive to the effects of pharmacological/therapeutic interventions to 
improve cognitive function after  stroke19–21. The major question that we wanted to address was “do mice and 
humans in the chronic phase post-stroke respond similarly when evaluated using touchscreen delivered PAL 
task?” The aim of the present study was to apply and in parallel evaluate the touchscreen-based visuospatial 
object-location PAL task in chronic stroke survivors and in mice in chronic phase after experimental stroke.

Materials and methods

Study population. A total of 140 participants were recruited between November 2017 and February 2019 
in NSW, Australia. Stroke survivors in the chronic phase of stroke recovery (≥ 5  months post-stroke) were 
recruited via the Hunter Stroke Research Volunteer Register (HSRVR) based at the Hunter Medical Research 
Institute (HMRI). Control participants without a history of stroke were recruited from both HMRI control reg-
istry and via social media advertisements. Exclusion criteria included a history of pituitary and adrenal gland 
diseases. The participants were part of a cross-sectional study that was designed to examine the association of 
stress and resiliency with functional outcome among stroke  survivors22,23.

Assessment of visuospatial PAL function in humans. All participants completed a CANTAB Motor 
Screening task at the beginning of the cognitive assessment to determine whether sensorimotor deficits or 
lack of comprehension will limit the collection of valid data from the participant. Cognitive performance was 
assessed in all participants using the CANTAB visuospatial PAL  task7. There were four stages (consisting of 2, 4, 
6 and 8 patterns) to be completed. Boxes were displayed on the screen and opened randomly to reveal a unique 
pattern in one or more boxes. The patterns were then displayed in the middle of the screen, one at a time, and 
the participant must touch the box where the pattern was originally located. If the participant makes an error, 
the patterns are re-presented to remind the participant of their locations. PAL performance was assessed based 
on the overall correct choices made at the first attempt of recalling the correct patterns and their locations 
(PALFAMS), overall total errors made (adjusted), total number of attempts made and total number of patterns 
reached at the last stage of the task (Table 2). We obtained an effect size, d of 0.55 using retrospective power 
calculation of PALFAMS.

Animal experimental design. Sample size estimation. Sample size was estimated using the  formula24 to 
compare the mean values of cognitive performance in PAL between sham and stroke groups:

Using preliminary data of the percentage of correct rate (primary outcome) achieved by sham mice in PAL, 
we obtained a standard deviation, SD of 6.146 and an effect size, d of 0.25. Allowing a type 1 error of 5%, α = 0.05 
with the power of 90%, β = 0.1 we calculated a sample size of seven animals per group. A sample size of more 
than seven animals per group will ensure that the effect of stroke on the measured outcome can be measured 
with a greater than 90% chance. A total of 45 C57BL/6 male mice aged 7–8 weeks old were obtained from the 
Animal Services Unit at the University of Newcastle. All mice were housed in standard cages provided with food 
and water ad libitum in a temperature (21 °C ± 1) and humidity-regulated environment under a 12:12 h reverse 
light–dark cycle (lights on at 19:00). Mice were acclimatised to the experimenter and housing during the first 
week before they were randomly subjected to sham or stroke surgery. At 20 weeks post-stroke, cognitive function 
was assessed in 24 mice (sham, n = 12 and stroke, n = 12) using PAL task which involved daily assessment for an 
hour/session, five days a week for a total of 35 sessions. For histological analysis, mice (sham, n = 8 and stroke, 
n = 12) without behavioural testing was euthanized at 27 weeks post-stroke.

Photothrombotic occlusion. Photothrombotic occlusion was performed as described previously with 
minor  modifications19,25. Briefly, mice were anaesthetized by 2% isoflurane during the surgical procedure on a 
temperature-regulated (37 °C ± 1) stereotaxic frame. A total of 200 µl of Rose Bengal (Sigma-Aldrich, USA), a 
photosensitive dye, was injected intraperitoneally at 10 mg/ml in sterile saline in mice subjected to stroke. Saline 
was injected intraperitoneally in sham. The skull was exposed by incision of the skin along the midline of the 
scalp. After eight minutes, the exposed skull was illuminated for 15 min by a 4.5 mm diameter cold light source, a 

Sample size =
2SD2

[(

z1−α/2

)

+
(

z1−β

)]2

d2



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19545  | https://doi.org/10.1038/s41598-020-76560-x

www.nature.com/scientificreports/

well-established procedure in our laboratory, which previously have been shown to induce reproducible deficits 
in paired-associative learning in the  mice19.

Assessment of visuospatial PAL performance in mice. At 19 weeks post-stroke, 24 mice (sham, n = 12 
and stroke, n = 12) were introduced to a series of habituation and training tasks performed in the Bussey-Saksida 
Mouse Touch Screen Chamber (Campden Instruments Ltd, UK) for five days as described  previously16,17,19,20,26. 
Mice were randomly assigned to behavioural testing by a researcher blinded to the animal’s treatment group. 
Four mice (3 sham and 1 stroke mice) failed to achieve the criteria during the training period and were excluded 
from the PAL assessment. An hour of PAL training session comprised of maximum 36 tasks, in which the session 
is completed when either the time limit or completion of all tasks was reached. All mice performed PAL sessions 
during five consecutive days for seven weeks in total. PAL performance was assessed based on the correct rate, 
number of correction trials, time taken to complete a session, number of tasks completed per session, correct or 
incorrect touch latency and reward collection latency.

Statistical analyses. In the human study, non-parametric tests were used to analyse non-normal con-
tinuous outcomes data. Linear regression was performed to analyse the effect of stroke on cognitive perfor-
mance, with adjustment for known confounders including age, gender, diabetes, systolic blood pressure and 
waist  circumference27. A generalised linear regression model with robust standard errors was used to analyse the 
association in non-normally distributed residuals. In mice, PAL data was analysed in mean values of five sessions 
for a total of seven blocks using two-way ANOVA and Sidak multiple comparisons. Brain tissue volume data 
was analysed using two-sided t-test. p < 0.05 values were considered statistically significant. All analyses were 
conducted in SPSS v21 (IBM Corp, USA) and Prism for Windows v7.02 (GraphPad Software, USA).

Ethical approval. The clinical study was approved by the Hunter New England Human Research Ethics 
Committee of HNE Local Health District (reference 17/06/21/4.02). This study was registered with the Austral-
ian New Zealand Clinical Trials Registry (ACTRN12617000736347) and can be found at (https ://www.anzct 
r.org.au/Trial /Regis trati on/Trial Revie w.aspx?id=37289 6). All experiments were performed in accordance with 
relevant guidelines and regulations for studies involving humans according to the Declaration of Helsinki. All 
participants provided written informed consent to participate in the study. Each study participant also provided 
written consent regarding utilisation of information and images related to the study for publication purpose, if 
required. Animal experiments were approved by the University of Newcastle Animal Care and Ethics Commit-
tee (A-2013-338), and performed in accordance with the ARRIVE  guidelines28. All animal experiments were 
also conducted in accordance with the New South Wales Animals Research Act (1985) and the Australian Code 
of Practice for the use of animals for scientific purposes.

Results
In the current cohort, 58.6% (n = 41) of stroke survivors had ischemic stroke and 37.1% (n = 26) had haemor-
rhagic stroke. The remaining 4.3% (n = 3) was of unknown origin (Table 1). The time post-stroke [median (IQR)] 
in the study population was 38.5 (13.8 to 117.5) months. The mean age was not significantly different between 
the two groups (stroke, 61.9 (13.8) years vs control, 64.6 (10.0) years, p = 0.192). The gender distribution was 
significantly different between stroke and non-stroke control cohorts (p = 0.027). In the control cohort, 65.7% 
(n = 46) were females compared to 45.7% (n = 32) in the stroke cohort. Dyslipidaemia was reported in 54.3% 
(n = 38) of the stroke cohort compared to 22.9% (n = 16) in the control cohort (p < 0.001). It should be noted that 
the details of stroke were self-reported by the study participants, and the primary measure for this cohort was 

Table 1.  Baseline characteristics of the study population. Statistically significant (p < 0.05) results are bolded.

Characteristics Stroke, n = 70 Non-stroke control, n = 70 P value

Age (years), mean (SD) 61.9 (13.8) 64.6 (10.0) 0.192

Gender, n (%)

 Male 38 (54.3) 24 (34.3) 0.027

 Female 32 (45.7) 46 (65.7)

Types of stroke, n (%)

 Ischemic 41 (58.6) N/A

 Haemorrhagic 26 (37.1) N/A

 Unknown 3 (4.3) N/A

Systolic blood pressure (mmHg), mean (SD) 131 (17) 131 (18) 0.985

Diastolic blood pressure (mmHg), mean (SD) 78 (12) 79 (6) 0.724

BMI, mean (SD) 29.01 (6.3) 28.0 (5.7) 0.332

Waist circumference (cm), mean (SD) 98.7 (21.5) 95.4 (15.5) 0.301

Diabetes, n (%) 10 (14.3) 6 (8.6) 0.234

Hypertension, n (%) 28 (40.0) 21 (30.0) 0.131

Dyslipidaemia, n (%) 38 (54.3) 16 (22.9) < 0.001

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=372896
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=372896
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to investigate the relationships between stress and resilience with functional outcomes in long-term survivors 
of stroke, as reported in our recent  publication22,23.

The human participants were assessed using the CANTAB visuospatial PAL task (Table 2). CANTAB PAL 
data in humans (all analysed parameters) was not normally distributed (p < 0.05 in Shapiro–Wilk test). Hence, 
the non-parametric Mann–Whitney U test was used to compare ranks between stroke survivors and controls. 
The PAL task for human consisted of four levels of difficulty. Difficulty levels one, two, three and four respectively 
consisted of the two, four, six and eight object patterns. PALFAMS assessed the overall correct choices made by 
the participants at the first attempt of recalling the correct patterns and their locations. Stroke survivors made 
significantly lower total number of correct choices at their first attempt of recalling the correct patterns compared 
to the control participants (PALFAMS: stroke 9.0 (6.0, 11.0) Vs Control 11.0 (8.0, 14.0); p = 0.002). Unadjusted 
linear regression showed a significant inverse association between stroke and the first attempt memory scores 
(crude β (95% CI), − 2.26 (− 3.62 to − 0.899), p = 0.001). The association remained significant after adjusting for 
potential confounders (adj β =  −2.47 (− 3.85 to − 1.09), p = 0.001).

PALTA assessed the total number of attempts made by participants overall as well as at each difficulty level. A 
maximum of four attempts was allowed at each level and if the participants did not make a correct choice within 
the given four attempts, they were not prompted to higher difficulty level and the task was terminated. The rate 
of dropout due to unsuccessful fourth attempt was higher among stroke survivors compared to controls after 
each level (0, 3, 7 and 24 vs. 0, 0, 5 and 18). However, the difference in the rate of dropout did not reach statisti-
cal significance at any level. The highest number of possible attempts (i.e. four) was recorded for both stroke 
survivors and controls for the difficulty level they did not reach. This adjustment provided an opportunity to 
compare the number of attempts stroke survivors and controls made in order to pass the specific difficulty level. 
Stroke survivors required a significantly greater number of attempts to pass difficulty level one (two patterns, 
p < 0.001) and two (four patterns, p = 0.016) when compared to controls. The cumulative count of attempts across 
all assessed trials were significantly higher among stroke survivors compared to controls (p = 0.015).

The data for total errors made by participants at each difficulty level and overall was automatically adjusted 
(PALTEA) by CANTAB by providing a value for the probable number of errors participants would made at the 
unattempted level. Stroke survivors made higher number of errors overall (p = 0.044), and at difficulty level one 
(two patterns, p < 0.001) and two (four patterns, p = 0.008) compared to controls.

At six months post-stroke in mice, confirmation of stroke was determined by the presence of significant tissue 
loss in the ipsilesional (IL) hemisphere and corpus callosum using histological analyses (Supplementary Fig. S1). 
We also confirmed that there was a significant sustained neuronal loss and persistent reactive astrogliosis in the 
peri-infarct (Supplementary Fig. S2). The mice were assessed using the rodent touchscreen visuospatial PAL 
task (Fig. 1a). Similarly, mice subjected to stroke performed worse in object-location PAL with a significantly 
lower correct rate compared to sham (stroke, 57.1 ± 9.0% vs sham, 69.1 ± 8.7%, p = 0.032) (Fig. 1b). There was a 
significant effect of stroke (F(1,18) = 5.65; p = 0.029) and time (F(6,108) = 15.1; p < 0.0001) on the mean correct 
rate. Sham mice demonstrated a progressive acquisition of PAL during the assessment while mice post-stroke 
had consistently performed at 50% (chance level) (Supplementary Fig. S3a). Sham mice required less time to 
complete 36 tasks by the last block of sessions (week 7) and were able to complete more tasks (Fig. 1c,d). Mice 
subjected to stroke required significantly longer time to complete a session (stroke, 57.7 min ± 5.67 vs sham, 
46.1 min ± 10.9, p < 0.0001), and performed reduced number of tasks (stroke, 19.3 tasks ± 8.82 vs. sham, 34.1 
tasks ± 2.32, p < 0.0001). Together, these findings indicate impaired visuospatial PAL in mice subjected to stroke. 
However, we did not observe significant changes in the total number of correction trials between stroke and sham 
mice (stroke, 15.5 trials ± 4.66 vs. sham, 19.5 trials ± 5.80, p = 0.702) (Fig. 1e). The mean latency time taken to 

Table 2.  Comparison of CANTAB PAL performance in stroke survivors and controls. Data are presented 
in median (inter-quartile range) for numerical variables. All p values < 0.05 are considered statistically 
significant (bolded).

Measure name Description Stroke, n = 70 Non-stroke control, n = 70 P-value

PALFAMS PAL First Attempt Memory Score. The number of times a participant chose the correct box on their 
first attempt when recalling the pattern locations. Calculated across all assessed trials 9.0 (6.0, 11.0) 11.0 (8.0, 14.0) 0.002

PALTA2 PAL Total Attempts 2 Patterns. The total number of attempts made (but not necessarily completed) 
by the participant during assessment problems containing a total of 2 shapes to recall 1.0 (1.0, 1.0) 1.0 (1.0, 1.0) < 0.001

PALTA4 PAL Total Attempts 4 Patterns 2 (1.0, 3.0) 1.5 (1.0, 3.0) 0.016

PALTA6 PAL Total Attempts 6 Patterns 3 (2.0, 4.0) 3 (2.0, 4.0) 0.472

PALTA8 - PAL Total Attempts 8 Patterns 4 (3.0, 4.0) 4 (2.0, 4.0) 0.143

PALTA PAL Total Attempts Overall (cumulative count across all assessed trials) 10.0 (8.0, 12.0) 9 (7.7, 11.0) 0.015

PALTEA2
PAL Total Errors 2 Shapes. The number of times the participant chose the incorrect box for a stimu-
lus on assessment problems, where the number of shapes required to remember was equal to 2, plus 
an adjustment for the estimated number of errors they would have made on any other 2 pattern 
problems, attempts and recalls they did not reach

0.0 (0.0, 0.0) 0.0 (0.0, 0.0) < 0.001

PALTEA4 PAL Total Errors 4 Shapes 3.0 (0.0, 5.0) 0.5 (0.0, 3.0) 0.008

PALTEA6 PAL Total Errors 6 Shapes 4.5 (3.0, 12.0) 2.0 (4.5, 10.0) 0.302

PALTEA8 PAL Total Errors 8 Shapes 16.5 (8.0, 28.0) 12.5 (5.75, 28.0) 0.86

PALTEA PAL Total Errors Overall (cumulative count across all assessed trials) 24.0 (14.0, 43.75) 21.0 (8.0, 38.25) 0.044
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make a correct touch, incorrect touch or reward collection did not differ significantly between stroke and sham 
mice (Supplementary Fig. S3e–g).

Discussion
In the current study we evaluated the performance of both mice and humans on the comparable PAL task in 
chronic phase post-stroke. Using a highly analogous assessment platform we observed that it was possible to 
detect and compare PAL deficits post-stroke in both humans and mice. To the best of our knowledge, this is the 
first time this cross-species comparison has been made in chronic phase after stroke.

More than 56% of stroke survivors report cognitive dysfunction at six months post-stroke1. Cognitive impair-
ment post-stroke has been identified in multiple cognitive domains, including executive functions, language, 
verbal and visual PAL and motor  skills2,3,29. Furthermore, stroke-induced cognitive dysfunction will continue 
to evolve in a large proportion of the stroke survivors over subsequent years post-stroke2. Consistent with these 
reports, we observed that stroke survivors suffered from persistent cognitive impairment of the visuospatial PAL 
many years after stroke. Previously, attention and visuospatial functions at three months after stroke have been 
shown to be independently associated with reduced quality of life at one year post-stroke30. Current understand-
ing of the mechanisms underpinning long-term cognitive recovery post-stroke are limited. Despite accumulating 
data from animal studies, clinical translation of novel therapies to improve cognitive function in stroke survivors 
in the chronic phase has been hampered, at least partly, due to disparities of the methods for cognitive assessment 

Figure 1.  Mouse model of stroke tested on a rodent touchscreen-based object-location paired-associates 
learning (PAL) task. (a) Representative image of a mouse performing a comparable PAL task on a rodent 
touchscreen operant platform at 6 months post-stroke (sham = 9, stroke = 11)35. (b) Correct rate (%). (c) 
Time taken to complete a session (mins). (d) Total number of tasks completed per session. (e) Total number 
of correction trials. Data in mean ± SD shown for PAL performance at 6 months post-stroke (block 7) and 
represents an average of five consecutive sessions per block. p < 0.05 (*), and p < 0.001 (***) values were indicated 
where applicable.
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in mice and  humans5. Cognitive assessment using CANTAB and other similar platforms have been extensively 
used to consider changes in cognition post-stroke in  human9–11. However, no studies to date have considered 
whether similar deficits using similar assessment methodologies would be observed in rodents post-stroke.

Characterising a comparable cognitive assessment method in humans and mice constitutes a preliminary 
step towards narrowing the translational gap to improve our understanding of cognitive impairment post-
stroke. To date, three studies had targeted cognitive dysfunction in other pathological conditions, using parallel 
touchscreen-based  approach16,17,31. In two studies, the authors aimed to understand cognitive decline linked to 
mutations in the Dlg gene family in humans and mice, demonstrating successful parallel assessment of PAL using 
the touchscreen  platforms16,17. Furthermore, parallel touchscreen-based assessments have recently been applied 
to characterise clinically relevant motivational deficits in Huntington’s disease patients and  mice31. In the present 
study, we assessed the visuospatial PAL in both chronic stroke survivors and mice in chronic phase post-stroke 
using CANTAB and rodent touchscreen platforms, respectively. CANTAB PAL task assesses a person’s visuos-
patial episodic memory and is very sensitive to hippocampal  function7. We demonstrated that the participants 
(mixed stroke subtype background) had impaired visuospatial PAL characterised by an overall reduced number 
of correct choices across all tasks and increased overall errors made compared to controls.

In rodents, comparable visuospatial PAL assessments adapted on the touchscreen operant platform have been 
well-validated in animal models of disease such as Alzheimer’s  disease26,32–35, neuropsychiatric  disorders16,17 and, 
more recently by our group, in  stroke19,20. The rodent findings had shown that PAL performance was sensitive to 
hippocampal lesions, and manipulations of the cholinergic and glutamatergic  systems26,33. We previously dem-
onstrated the utility of rodent PAL task in the evaluation of pharmacological/therapeutic interventions aimed 
at improving cognitive function in mice after photothrombotic  stroke19,20. The rodent PAL task shares at least 
two similarities with the CANTAB PAL assessment in humans; both tasks measure similar forms of cognitive 
process (visuospatial PAL and is sensitive to hippocampal function) and can be administered via a similar mode 
(touchscreen platform). These advantageous characteristics enable an identical approach to visuospatial PAL 
assessment in humans and mice. Some differences exist between the two versions of PAL tasks (summarised 
in Table 3). However, these differences have not impeded a parallel assessment of similar cognitive process in 
both humans and mice. Several patterns can be presented in the human CANTAB PAL assessment (with a 
maximum of eight object patterns). We found that the two object patterns PAL assessment used in humans was 
most comparable with the rodent PAL task since both versions required encoding and retrieval processes of two 
novel stimuli during the test and effectively detected cognitive impairment in humans and mice post-stroke. In 
principle, an extensive habituation/training period was a required integral part of the touchscreen-based cogni-
tive assessment in rodents compared with humans. The characteristics and location of the stimuli were constant 
throughout rodent PAL assessment with a constant level of task complexity, which could also have induced 
practice effects in the animals. On the other hand, CANTAB PAL comprised of at least four different stages of 
PAL with increasing task complexity and randomisation of the number, location and characteristics of stimuli 
which may have reduced potential practice effects in humans.

Since this was a cross-sectional study, we did not assess pre-stroke cognition which is one of the known 
confounders of cognitive function post-stroke. Furthermore, the sample population of stroke survivors rep-
resented a wide range of stroke subtypes and time post-stroke which, most likely, would have led to different 
inter-individual cognitive performance. For this cohort, we neither had access to the study participants’ clinical 
demographics describing the infarct characteristics (such as the location and number of infarcts) nor the educa-
tional background, which are known determinants of cognitive function post-stroke10. In the animal experiments, 

Table 3.  Comparability between the touchscreen-based human CANTAB paired-associates learning (PAL) 
and rodent version of PAL task.

Characteristics CANTAB PAL Rodent PAL

Type of cognitive process assessed Visuospatial episodic memory and is sensitive to hippocampal function

Mode of delivery Touchscreen

Overall measure of correct choices First attempt memory score Rate of correct choices (%)

Overall measure of errors Mean errors to success and total errors (adjusted) Number of correction trials performed

Duration of assessment Cross-sectional Longitudinal

Pre-training/habituation prior to assessment No pre-training is required A series of habituation tasks is required

Training length (mins) Eight 60

Number of tasks per session Four tasks, completion of each task activates the following 
task 36

Number of objects (visual stimuli) presented at one time Two, four, six or eight patterns Two patterns

Criteria for completion of task Either the time limit is reached or the maximum number of 
patterns had been correctly selected

Either the time limit is reached or the maximum number 
of tasks had been completed (including both correct and 
incorrect choices)

Reward for correct choices None Strawberry-flavoured milkshake

Task complexity Increasing task complexity, but modifiable Constant task complexity, but modifiable

Practice effects
Randomisation of number, location and characteristics 
(colours and shapes) of stimuli reduces possible practice 
effects

Standardised presentation of three different stimuli (flower, 
plane and spider), each with a specific location across all 
tasks may cause possible practice effects
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motor function was not assessed post-stroke. However, upon presentation of the patterns on the touchscreen, 
the duration to make a choice required by both stroke and sham groups (correct/incorrect) or collect the reward 
from dispenser (for correct choice) were not significantly different across all sessions. The potential influence of 
post-stroke mouse motor function on the PAL test should be assessed in future studies.

In conclusion, our findings bring new insights to the evaluation process of cognitive decline in chronic stroke 
survivors using identical cross-species test platforms for analogous assessments in humans and animals. Through 
this comparative approach, we should be able to expand our understanding of post-stroke cognitive decline lead-
ing to development of novel therapies aimed at improving post-stroke cognitive impairment.

Received: 3 December 2019; Accepted: 22 October 2020

References
 1. Mellon, L. et al. Cognitive impairment six months after ischaemic stroke: A profile from the ASPIRE-S study. BMC Neurol. 15, 31. 

https ://doi.org/10.1186/s1288 3-015-0288-2 (2015).
 2. Levine, D. A. et al. Trajectory of cognitive decline after incident stroke. JAMA 314, 41–51. https ://doi.org/10.1001/jama.2015.6968 

(2015).
 3. Weinstein, G. et al. Cognitive performance after stroke—The Framingham Heart Study. Int. J. Stroke. 9(SupplA100), 48–54. https 

://doi.org/10.1111/ijs.12275  (2014).
 4. Douiri, A., Rudd, A. G. & Wolfe, C. D. Prevalence of poststroke cognitive impairment: South London Stroke Register 1995–2010. 

Stroke 44, 138–145. https ://doi.org/10.1161/STROK EAHA.112.67084 4 (2013).
 5. Bernhardt, J. et al. Setting the scene for the second stroke recovery and rehabilitation roundtable. Int. J. Stroke 14, 450–456. https 

://doi.org/10.1177/17474 93019 85128 7 (2019).
 6. McDonald, M. W. et al. Cognition in stroke rehabilitation and recovery research: Consensus-based core recommendations from 

the second stroke recovery and rehabilitation roundtable. Int. J. Stroke 14, 774–782. https ://doi.org/10.1177/17474 93019 87360 0 
(2019).

 7. Barnett, J. H., Blackwell, A. D., Sahakian, B. J. & Robbins, T. W. The Paired Associates Learning (PAL) test: 30 Years of CANTAB 
Translational Neuroscience from Laboratory to Bedside in Dementia Research. Curr. Top. Behav. Neurosci. 28, 449–474. https ://
doi.org/10.1007/7854_2015_5001 (2016).

 8. Blackwell, A. D. et al. Detecting dementia: Novel neuropsychological markers of preclinical Alzheimer’s disease. Dement. Geriatr. 
Cogn. Disord. 17, 42–48. https ://doi.org/10.1159/00007 4081 (2004).

 9. Hommel, M., Carey, L. & Jaillard, A. Depression: Cognition relations after stroke. Int. J. Stroke 10, 893–896. https ://doi.org/10.1111/
ijs.12057  (2015).

 10. Saczynski, J. S. et al. Cerebral infarcts and cognitive performance: Importance of location and number of infarcts. Stroke 40, 
677–682. https ://doi.org/10.1161/STROK EAHA.108.53021 2 (2009).

 11. Jaillard, A., Naegele, B., Trabucco-Miguel, S., LeBas, J. F. & Hommel, M. Hidden dysfunctioning in subacute stroke. Stroke 40, 
2473–2479. https ://doi.org/10.1161/STROK EAHA.108.54114 4 (2009).

 12. Schmidt, A. et al. Progressive cognitive deficits in a mouse model of recurrent photothrombotic stroke. Stroke 46, 1127–1131. https 
://doi.org/10.1161/STROK EAHA.115.00890 5 (2015).

 13. Gillani, R. L. et al. Cognitive recovery in the aged rat after stroke and anti-Nogo-A immunotherapy. Behav. Brain Res. 208, 415–424. 
https ://doi.org/10.1016/j.bbr.2009.12.015 (2010).

 14. Balkaya, M. G., Trueman, R. C., Boltze, J., Corbett, D. & Jolkkonen, J. Behavioral outcome measures to improve experimental 
stroke research. Behav. Brain Res. 352, 161–171. https ://doi.org/10.1016/j.bbr.2017.07.039 (2018).

 15. Nampoothiri, S. S., Potluri, T., Subramanian, H. & Krishnamurthy, R. G. Rodent gymnastics: Neurobehavioral assays in ischemic 
stroke. Mol. Neurobiol. https ://doi.org/10.1007/s1203 5-016-0195-6 (2016).

 16. Nithianantharajah, J. et al. Synaptic scaffold evolution generated components of vertebrate cognitive complexity. Nat. Neurosci. 
16, 16–24. https ://doi.org/10.1038/nn.3276 (2013).

 17. Nithianantharajah, J. et al. Bridging the translational divide: Identical cognitive touchscreen testing in mice and humans carrying 
mutations in a disease-relevant homologous gene. Sci. Rep. 5, 14613. https ://doi.org/10.1038/srep1 4613 (2015).

 18. Sanchez-Bezanilla, S., TeBay, C., Nilsson, M., Walker, F. R. & Ong, L. K. Visual discrimination impairment after experimental 
stroke is associated with disturbances in the polarization of the astrocytic aquaporin-4 and increased accumulation of neurotoxic 
proteins. Exp. Neurol. 318, 232–243. https ://doi.org/10.1016/j.expne urol.2019.05.001 (2019).

 19. Ong, L. K. et al. Growth hormone improves cognitive function after experimental stroke. Stroke 49, 1257–1266. https ://doi.
org/10.1161/STROK EAHA.117.02055 7 (2018).

 20. Zhao, Z. et al. Low oxygen post conditioning improves stroke-induced cognitive impairment. bioRxiv https ://doi.org/10.1101/48345 
3 (2018).

 21. Sanchez-Bezanilla, S. et al. Growth hormone treatment promotes remote hippocampal plasticity after experimental cortical stroke. 
Int. J. Mol. Sci. 21, 666. https ://doi.org/10.3390/ijms2 11245 63 (2020).

 22. Gyawali, P. et al. Opposing associations of stress and resilience with functional outcomes in stroke survivors in the chronic phase 
of stroke: A cross-sectional study. Front. Neurol. 11, 230 (2020).

 23. Gyawali, P. et al. Exploring the relationship between fatigue and circulating levels of the pro-inflammatory biomarkers interleukin-6 
and C-reactive protein in the chronic stage of stroke recovery: A cross-sectional study. Brain Behav. Immun. Health 9, 100157 
(2020).

 24. Charan, J. & Kantharia, N. D. How to calculate sample size in animal studies?. J. Pharmacol. Pharmacother. 4, 303–306. https ://
doi.org/10.4103/0976-500X.11972 6 (2013).

 25. Sanchez-Bezanilla, S., Nilsson, M., Walker, F. R. & Ong, L. K. Can we use 2,3,5-triphenyltetrazolium chloride-stained brain slices 
for other purposes? The application of western blotting. Front. Mol. Neurosci. 12, 181. https ://doi.org/10.3389/fnmol .2019.00181  
(2019).

 26. Talpos, J. C., Winters, B. D., Dias, R., Saksida, L. M. & Bussey, T. J. A novel touchscreen-automated paired-associate learning (PAL) 
task sensitive to pharmacological manipulation of the hippocampus: A translational rodent model of cognitive impairments in 
neurodegenerative disease. Psychopharmacology 205, 157–168. https ://doi.org/10.1007/s0021 3-009-1526-3 (2009).

 27. Venkatraman, A. et al. Galectin-3 and incident cognitive impairment in REGARDS, a cohort of blacks and whites. Alzheimers 
Dement NY 4, 165–172. https ://doi.org/10.1016/j.trci.2018.03.006 (2018).

 28. Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: the ARRIVE 
guidelines for reporting animal research. PLoS Biol. 8, e1000412. https ://doi.org/10.1371/journ al.pbio.10004 12 (2010).

https://doi.org/10.1186/s12883-015-0288-2
https://doi.org/10.1001/jama.2015.6968
https://doi.org/10.1111/ijs.12275
https://doi.org/10.1111/ijs.12275
https://doi.org/10.1161/STROKEAHA.112.670844
https://doi.org/10.1177/1747493019851287
https://doi.org/10.1177/1747493019851287
https://doi.org/10.1177/1747493019873600
https://doi.org/10.1007/7854_2015_5001
https://doi.org/10.1007/7854_2015_5001
https://doi.org/10.1159/000074081
https://doi.org/10.1111/ijs.12057
https://doi.org/10.1111/ijs.12057
https://doi.org/10.1161/STROKEAHA.108.530212
https://doi.org/10.1161/STROKEAHA.108.541144
https://doi.org/10.1161/STROKEAHA.115.008905
https://doi.org/10.1161/STROKEAHA.115.008905
https://doi.org/10.1016/j.bbr.2009.12.015
https://doi.org/10.1016/j.bbr.2017.07.039
https://doi.org/10.1007/s12035-016-0195-6
https://doi.org/10.1038/nn.3276
https://doi.org/10.1038/srep14613
https://doi.org/10.1016/j.expneurol.2019.05.001
https://doi.org/10.1161/STROKEAHA.117.020557
https://doi.org/10.1161/STROKEAHA.117.020557
https://doi.org/10.1101/483453
https://doi.org/10.1101/483453
https://doi.org/10.3390/ijms21124563
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.3389/fnmol.2019.00181
https://doi.org/10.1007/s00213-009-1526-3
https://doi.org/10.1016/j.trci.2018.03.006
https://doi.org/10.1371/journal.pbio.1000412


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19545  | https://doi.org/10.1038/s41598-020-76560-x

www.nature.com/scientificreports/

 29. Shimamura, A. P., Jurica, P. J., Mangels, J. A., Gershberg, F. B. & Knight, R. T. Susceptibility to memory interference effects follow-
ing frontal lobe damage: Findings from tests of paired-associate learning. J. Cogn. Neurosci. 7, 144–152. https ://doi.org/10.1162/
jocn.1995.7.2.144 (1995).

 30. Cumming, T. B., Brodtmann, A., Darby, D. & Bernhardt, J. The importance of cognition to quality of life after stroke. J. Psychosom. 
Res. 77, 374–379. https ://doi.org/10.1016/j.jpsyc hores .2014.08.009 (2014).

 31. Heath, C. J. et al. A touchscreen motivation assessment evaluated in Huntington’s disease patients and R6/1 model mice. Front. 
Neurol. https ://doi.org/10.3389/fneur .2019.00858  (2019).

 32. Kim, C. H., Heath, C. J., Kent, B. A., Bussey, T. J. & Saksida, L. M. The role of the dorsal hippocampus in two versions of the touch-
screen automated paired associates learning (PAL) task for mice. Psychopharmacology 232, 3899–3910. https ://doi.org/10.1007/
s0021 3-015-3949-3 (2015).

 33. Delotterie, D. F. et al. Touchscreen tasks in mice to demonstrate differences between hippocampal and striatal functions. Neurobiol. 
Learn. Mem. 120, 16–27. https ://doi.org/10.1016/j.nlm.2015.02.007 (2015).

 34. Bartko, S. J., Vendrell, I., Saksida, L. M. & Bussey, T. J. A computer-automated touchscreen paired-associates learning (PAL) task 
for mice: Impairments following administration of scopolamine or dicyclomine and improvements following donepezil. Psychop-
harmacology 214, 537–548. https ://doi.org/10.1007/s0021 3-010-2050-1 (2011).

 35. Clelland, C. D. et al. A functional role for adult hippocampal neurogenesis in spatial pattern separation. Science 325, 210–213. 
https ://doi.org/10.1126/scien ce.11732 15 (2009).

Acknowledgements
We would like to thank all study participants for their significant contribution. We thank the team at the Hunter 
Stroke Research Volunteer Register (HSRVR), especially Assoc. Prof. Coralie English, Gillian Mason, Kim Perry-
Rigg and Rachel Peak for their assistance in study recruitment. We thank Kerrin Palazzi for assistance in statistical 
analyses of the data. We thank Emeritus Prof Peter Dunkley and Dr. Kirsten Coupland for critical appraisal of 
the manuscript.

Author contributions
The experiments were designed by W.Z.C., L.K.O., F.R.W. and M.N. W.Z.C. performed the majority of the 
pre-clinical experiments with assistance and contributions from M.G.K. W.Z.C. and P.G. performed neuropsy-
chological testing and collected cognitive data in the clinical study. The study was supervised and supported by 
L.K.O., F.R.W. and M.N. The manuscript was written by W.Z.C., L.K.O., F.R.W. and M.N. All authors read and 
approved the final version of the manuscript.

Funding
This study was supported by the Australian Government Research Training Program (RTP) scholarship to WZC. 
This study was also supported by the National Health and Medical Research Council (NHMRC) of Australia to 
MN (CIB APP1077898); John Hunter Hospital Charitable Trust to MP, MN, RW, LKO; Hunter Medical Research 
Institute to LKO; Faculty of Health and Medicine Pilot Grant and The University of Newcastle, Australia to LKO. 
LKO, FRW and MN also acknowledge ongoing support from NHMRC Centre for Research Excellence in Stroke 
Rehabilitation and Brain Recovery.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-76560 -x.

Correspondence and requests for materials should be addressed to F.R.W. or M.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1162/jocn.1995.7.2.144
https://doi.org/10.1162/jocn.1995.7.2.144
https://doi.org/10.1016/j.jpsychores.2014.08.009
https://doi.org/10.3389/fneur.2019.00858
https://doi.org/10.1007/s00213-015-3949-3
https://doi.org/10.1007/s00213-015-3949-3
https://doi.org/10.1016/j.nlm.2015.02.007
https://doi.org/10.1007/s00213-010-2050-1
https://doi.org/10.1126/science.1173215
https://doi.org/10.1038/s41598-020-76560-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Similar cognitive deficits in mice and humans in the chronic phase post-stroke identified using the touchscreen-based paired-associate learning task
	Materials and methods
	Study population. 
	Assessment of visuospatial PAL function in humans. 
	Animal experimental design. 
	Sample size estimation. 

	Photothrombotic occlusion. 
	Assessment of visuospatial PAL performance in mice. 
	Statistical analyses. 
	Ethical approval. 

	Results
	Discussion
	References
	Acknowledgements


