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Abstract 

Intraluminal monofilament model of middle cerebral artery occlusion (MCAO) is widely adopted for ischemic stroke; 
and Sprague–Dawley (SD) rats are commonly used rodents for preclinical research. Due to the paucity of information 
on the appropriate monofilament size for inducing MCAO in SD rats and the importance of including middle-aged 
models in ischemic stroke studies, we aimed to: (i). determine an appropriate  Doccol® monofilament size for middle-
aged male SD rats which weighed > 500 g following 24-h transient MCAO survival as well as (ii). demonstrate the 
optimal  Doccol® filament size for middle-aged males (≤ 500 g) and females (273–300 g) while using young adult 
male SD rats (372–472 g) as control for severity of infarct volume following 7-days post-MCAO. All rats were subjected 
to 90-min transient MCAO. We show that 0.43 mm  Doccol® monofilament size is more appropriate to induce large 
infarct lesion and optimal functional deficit when compared to 0.45 mm and 0.47 mm at 24 h post-MCAO. Our data 
on infarct volumes at 7 days post-MCAO as well as the observed weight loss and functional deficits at post-MCAO 
days 1, 3 and 7 demonstrate that 0.41 mm, 0.37 mm and 0.39 mm are optimal  Doccol® filament sizes for middle-aged 
male (477.3 ± 39.61 g) and female (302.6 ± 26.28 g) as well as young-adult male (362.2 ± 28.38 g) SD rats, respectively.
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Introduction
Stroke is a common cerebrovascular disease and a signifi-
cant cause of debilitating disability and death [1]. Indeed, 
over 12 million new stroke cases are reported each year 
[1, 2], making stroke of significant public health concern 
and aptly justifies ongoing intensive preclinical research 
to increase knowledge and investigate potential thera-
pies. Although stroke is a disease of the elderly, a signifi-
cant number of stroke patients are middle-aged adults 
[1, 3, 4]. This may be due to a higher prevalence of stroke 
risk factors such as hypertension, diabetes, and dyslipi-
demia in this population [5–7].

Ischemic stroke, which accounts for 87% of all stroke 
cases in the United States [1], results from blockage of 
blood supply to brain tissues, causing brain cell death and 
loss of bodily function(s) to ensue. With the availability 
and access to advanced treatments such as thrombolyt-
ics and mechanical thrombectomy being associated with 
reduced ischemic stroke mortality [8], the incidence of 
ischemic stroke at midlife (45–65  years of age) is unaf-
fected or increasing in some subpopulations [6, 7, 9]. 
This indicates that the number of individuals who will 
live with the debilitating loss of bodily function is on the 
rise. Also, individuals living with stroke at midlife grap-
ple with peculiar challenges which lowers their quality of 
life [7]. These challenges often range from adaptations for 
returning to work, loss of employment, dependence for 
selfcare, increased cost of healthcare for continuing phys-
ical and psychological therapies [10–12], to substantial 
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risks for recurrent stroke which is associated with wors-
ened loss of bodily function and increased mortality [13, 
14]. As the number of midlife stroke survivors increases, 
the potential loss of workforce as well as the overall 
socio-economic impacts of stroke at middle-age will 
worsen. Hence, it is important to continue intensified 
efforts towards translational research for midlife stroke.

To advance knowledge on mechanisms as well as 
investigate potential therapies, ischemic stroke is mod-
eled in rodents. Essentially, the middle cerebral artery 
(MCA) is occluded using various strategies reviewed 
elsewhere [15]. Intraluminal monofilament model is a 
commonly used model to study ischemic stroke in rats. 
While some monofilaments are custom made, the major-
ity of researchers use the commercially available  Doccol® 
monofilament for its silicon tip which adheres to the vas-
cular endothelium and ensure the occlusion of the MCA 
in rodents [16, 17]. However,  Doccol® only provides sug-
gestions for filament diameter on the basis of body weight 
range. In our experience, the recommended monofila-
ment size does not always correspond with infarct size 
observation. For example, 4039356PK10 monofilament 
is recommended for rodents weighing 320 ± 20  g, but 
we have successfully used this for young adult male 
Sprague–Dawley (SD) rats weighing 400 ± 50 g. Also, we 
[18] have successfully used 50-3033PKRe monofilament 
to induce MCAO in 300–365 g spontaneously hyperten-
sive stroke prone rats, even though  Doccol® recommends 
their use for rodents weighing 200–250 g.

Further, SD rats are commonly used preclinical mod-
els [19] by reason of cheaper cost, commercial availabil-
ity, and translational relevance. Given the translational 
importance of considering middle age in the investiga-
tion of potential therapies for ischemic stroke as well as 
the paucity of data on intraluminal monofilament model 
of MCAO used in middle aged SD rats, we aimed to 
determine an appropriate filament size for overweight 
(> 500  g) middle aged male SD rats to induce ischemic 
stroke. Nevertheless, neurological deficit, with or with-
out measurable infarct volume, is the ultimate target of 
ischemic stroke outcome and 24 h is too early to evalu-
ate functional outcome. Hence, we report the appropriate 
monofilament size for common weight range of middle-
aged male and female SD rats by comparing infarct vol-
ume, neurological and body weight changes with those of 
young adult male SD rats following a 7-day post-reperfu-
sion survival experiment.

Materials and methods
Animals, study groups and approval
A total of sixty-two SD rats (12–13 months old middle-
aged males [408–641  g] and females [279.5–336  g] as 
well as young adult males [9–12 weeks old; 330–404.5 g]) 

were allowed at least two weeks of acclimatization fol-
lowing delivery from  Envigo®, USA to Tulane Univer-
sity’s animal housing facility. For study 1, 12–13 months 
old SD rats which weighed > 500 g (i.e. 519–641 g) were 
randomly assigned to three monofilament size groups: 
0.43  mm group, n = 12; 0.45  mm group, n = 12; and 
0.47  mm group, n = 11. For study 2, all other rats were 
allocated to one of three groups, according to their sex 
and age: i. middle aged males (408.3–531.4  g), n = 9, ii. 
Middle aged females (280–336  g), n = 9, and iii. young 
adult males (330–405 g), n = 9.

All rats were maintained in identical housing con-
ditions: no more than two per cage, standard 12  h 
light–dark cycle, food and water ad  libitum. All animal 
procedures were approved by Tulane University Institu-
tional Animal Care and Use Committee. Experimental 
procedures, data analysis, documentation and report-
ing were conducted in accordance to ARRIVE guidelines 
2.0 (https:// arriv eguid elines. org/ arrive- guide lines). All 
methods were performed in accordance with the relevant 
Institutional approval and ARRIVE guidelines 2.0.

Middle cerebral artery occlusion (MCAO)
The induction of 90 min transient occlusion of the proxi-
mal MCA, using a minor modification of the intralumi-
nal monofilament model of Koizumi [20], was performed 
by aseptic surgical technique. Surgical plane of anesthe-
sia was achieved with the delivery of 2–2.5% isoflurane 
carried in oxygen and nitrous oxide  (O2,  N2O: 0.3L/min, 
0.7L/min) following an initial anesthetic induction with 
5% isoflurane. Adequate anesthesia was confirmed by 
absence of hind-limb withdrawal reflex. To prevent cor-
neal dryness, eye ointment (Artificial tears, Akorn Inc., 
USA) was applied to both eyes before and after surgical 
procedures. The fur over the surgical sites of the ventral 
neck and above the left zygomatic arch was removed by 
depilatory cream (Nair™, Church and Dwight Co Inc., 
USA) before transfer to the surgical table with a heating 
pad to maintain physiological body temperature (36.5–
37.5  ℃, temperature controller, Harvard Apparatus, 
USA). Prior to incision, the skin was disinfected using 
alcohol and betadine, and ropivacaine block (1–2 mg/kg 
s.c., NDC17478-081-30, Akorn operating company LLC, 
USA) was administered at the sites of incision.

An incision in the ventral neck and careful separation 
of the salivary glands was made to expose the common 
carotid artery (CCA). The external (ECA) and internal 
(ICA) carotid arteries were isolated superior to the CCA. 
Using 4–0 silk suture, ligatures were placed at the proxi-
mal portion of the CCA (permanent knot) and another 
(loose knot) below CCA bifurcation but above the ven-
tral cut to prevent blood loss. A 4–0 nylon monofila-
ment with silicone coated tip (404756PK10, 404556PK10 
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or 404356PK10 for middle aged males in study 1; 
404156PK10  for middle aged males, 403756PK10 for 
middle aged females and 403956PK10 for young adult 
males in study 2; Doccol Corporation, MA, USA) was 
inserted into the ventral cut on the CCA and advanced 
through the ICA, to occlude the origin of the MCA. Each 
rat was recovered from anesthesia in a pre-warmed cage 
for 90 min prior to reperfusion. Upon reperfusion of the 
MCA, the monofilament was removed to re-establish 
blood flow. Cerebral perfusion was measured prior to 
and following the induction of MCA occlusion (MCAO) 
as well as after reperfusion, using Laser Doppler Flow-
metery (PeriFlux system 5000, Perimed AB, Sweden); 
by placing the single point laser probe just above the 
zygomatic arch between the left eye and ear. Following 
MCAO induction, all included animals had no less than 
70% CBF reduction from baseline. Prior to reperfusion, 
exclusion criteria was set at ≤ 40% CBF reduction from 
baseline.

A splash block of the neck muscles (with 1–2 mg/kg of 
ropivacaine) was administered prior to the closure of the 
neck and head incisions using 9-mm wound clips (Cell-
Point Scientific Inc., USA). Normal saline (0.5  mL, ICU 
Medical Inc., USA) and 4 mg/kg of ropivacaine were sub-
cutaneously administered immediately after reperfusion 
and daily for up to three days post-surgery for hydra-
tion and analgesia, respectively. Additionally, moistened 
food pellets were provided in home cages, for the study 
duration, to encourage feeding and hydration. Rats were 
observed twice daily and weighed once daily following 
surgery to monitor welfare, health and activity.

Functional outcome assessments
For study 1, all middle-aged rats were subjected to 
10-point neuroscore test 24 h following reperfusion. All 

rats in study 2 were subjected to functional tests on days 
-1 (baseline), 1, 3 and 7 post-surgery to evaluate changes 
in muscle strength, asymmetry of the sensorimotor cor-
tex and striatal as well as motor coordination by use of 
grip-strength test, vibrissae-evoked forelimb placement 
and sticky dot tests, respectively. Prior to the commence-
ment of each functional test, rats were allowed to accli-
mate to the test room for 1 h on each testing day.

10‑point neuroscore test
Neuroscore test is used to assess the severity of neurolog-
ical impact of MCAO in rodents. The severity of assessed 
functions ranges from 10 points (which is scored for nor-
mal neurological function) to 0 point (which is scored 
for very poor neurological function) as enumerated in 
Table 1: Spontaneous movement (in cage), type of move-
ment (out of cage), response to touch stimuli, and fore-
limb separation.

To evaluate spontaneous movement in cage, the lid of 
the cage is removed, and individual animals are observed 
for 3  min. Rats which touch 3–4 walls of the cage are 
assigned 3 points while rats which only touch 1–2 cage 
walls and rats which moved only when touched by the 
tail or no movement observations are assigned 2, 1 or 
0 points, respectively. Similarly, type of movement out 
of cage is assessed when the animal is allowed to move 
freely on a bench top for 60  s and lifted by the tail for 
10 s. A straight moving rat is assigned 3 points while a rat 
which moves in circles to one side is assigned 2 points, 
rats which spins when lifted by the tail is assigned 1 point 
and any rat which was observed to roll or spin spontane-
ously is scored 0 point. Side stroking assessment is used 
to assess sensorimotor function by using the tip of a cot-
ton bud to stroke the lateral sides of the rats, once. The 
movement of the rat towards or away from touch on both 

Table 1 10-point neuroscore test

Parameter Response Points

Activity (3 min, in cage) No movement 0

Minimal movement/ movement following touch 1

Touches 1–2 walls of home cage 2

Touches 3–4 walls of home cage 3

Type of movement (out of the cage) Spontaneous spins/rolling 0

Spins when lifted by the tall 1

Circles to one side while moving 2

No circling/moves straight 3

Side stroking (maximum of 2 strokes) No response 0

Unilateral response 1

Bilateral response 2

Forelimb extension Unilateral forelimb forward extension 1

Bilateral forelimb forward extension 2
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sides (bilateral response) is assigned 2 points. When a rat 
fails to move towards or away from the cotton bud fol-
lowing a side stroke on only one side (unilateral response) 
such rat was scored 1 point and when rats do not respond 
to stroking on either side, 0 point is assigned. Lastly, fore-
limb extension is used to assess motor function. Each rat 
was lifted by the tail for 10 s and if both forelimbs extend 
towards the side of the bench top, animals are assigned 
2 points. However, if only one limb is extended forwards 
while the other limb is extended downwards, 1 point is 
assigned to the rat. Rats were allowed to rest for two min-
utes between each assessed parameter.

Grip strength test
Grip strength test is used to evaluate forelimb motor 
function and muscle strength following MCAO in rats. 
The careful lifting of each rat by the base of the tail allows 
both forepaws to be placed on the pull bar of the grip 
strength meter (Columbus Instruments, USA). Each rat 
was pulled by the tail towards the experimenter when the 
torso aligns horizontally with the pull bar and measured 
values are recorded per trial. Four trials were conducted 
on each test day per rat. Trials were performed by the 
same experimenter, with a relative consistency and force. 
Rats which failed to grasp the pull-bar with both paws 
were retested for that trial run. A zero score was assigned 
to any rat which failed to grab onto the pull bar with both 
forepaws, after eight attempts. Two minutes of rest was 
allowed between each trial, per rat.

Vibrissae‑evoked forelimb placement test
Vibrissae-evoked forelimb placement test is used to eval-
uate asymmetry in the sensorimotor cortex and striatum 
of rodents. Each rat was held with one paw restrained 
against the chest wall while the paw on the impaired 
side hanged freely. Whiskers on the impaired side were 
brushed in a downward motion against the edge of a 
clean bench top. This process was performed for a total 
of ten trials per test day, with adequate rest time allowed, 
and the total number of ipsilateral paw contact with the 
edge of the bench is recorded.

Sticky dot test
Sticky dot test is used to assess forelimb motor co-ordi-
nation. Individual rats were carefully restrained to place 
white adhesive labels (3/4’’,  Chromalabel®, USA) on the 
ventral side of both forepaws. Animals were then placed, 
individually, in a clean transparent plexi-glass chamber 
and allowed up to 300  s to remove the adhesive labels 
from both paws. The time taken to remove the adhesive 
label from the paw on the impaired side was recorded. 
Adhesive labels were removed for rats which did not suc-
cessfully take off labels from their forepaw(s) after five 

minutes before returning to their home cage, and scored 
a maximum time of 300 s.

Euthanasia, brain harvest, tissue sections and TTC stain
Twenty-four hours after reperfusion for study 1, and on 
day 7 post-MCAO for study 2, all rats were humanely 
sacrificed via decapitation following absence of pinch 
hindlimb reflex under isoflurane anesthesia. Harvested 
whole brain samples were rinsed in cold PBS and sec-
tioned into 2 mm coronal slices using sectioning matrix 
(Kent Scientific Corporation, USA). Brain slices were 
incubated in warm 1% 2,3,5-triphenyltetrazolium chlo-
ride (TTC, Sigma, USA) for a total of 30  min (15  min 
per side) and sorted in a rostro-caudal manner for 
image acquisition using a 600-dpi resolution (HP scan-
ner, G4050, USA). Image-J 1.80 (NIH, USA) was used to 
quantify infarct area. Infarct volume is calculated as the 
product of the summed infarct area and slice thickness. 
Swanson’s Edema Correction formulae was applied to 
adjust infarct volume of each slice [21].

Data validation, blinding consideration and statistical 
analysis
Data analysis was conducted with Graphpad Prism 9.3 
(GraphPad Software, USA) following validation by two 
independent researchers who were blind to the animal 
identifications. All data are presented as mean ± SD, as 
indicated in the figures. One-way ANOVA along with 
Tukey’s multiple comparisons test was used to ana-
lyze brain infarct volume. Repeated measures two-way 
ANOVA followed by Tukey’s multiple comparisons test 
was used to analyze body weight, grip strength, vibrissae 
score and sticky dot tests. Statistical significance for dif-
ferences between groups was set at p < 0.05.

Results
0.43 mm monofilament induces larger infarct volume 
in middle aged male SD rats > 500 g compared to 0.45 mm 
and 0.47 mm groups.
The effect of three monofilament sizes on infarct vol-
ume was assessed in three groups of middle-aged SD 
rats > 500  g. There was a statistically significant differ-
ence between treatment groups as shown by one-way 
ANOVA (F(2,32) = 3.312, p = 0.0493; Fig.  1A). Tukey’s 
multiple comparisons showed that monofilament size 
0.43  mm significantly resulted in larger infarct volume, 
24  h post MCAO, when compared to 0.47  mm mono-
filament (p = 0.0391; Fig.  1A). However, there is no sta-
tistically significant differences between 0.43  mm and 
0.45 mm groups (p = 0.3492) as well as between 0.45 mm 
and 0.47 mm groups (p = 0.4669). Additionally, 0.43 mm 
and 0.45  mm monofilaments resulted in similar infarct 
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sizes when compared to brains slices from the lone ani-
mal with infarct lesion in the 0.47 mm group (Fig. 1B).

No difference in pre‑reperfusion CBF; 0.43 mm reduces 
neurological function as well as body weight.
CBF values were assessed in all rats prior to the induc-
tion of MCAO (at baseline) as well as prior to reperfu-
sion following 90 min of MCAO (pre-reperfusion). There 
is no statistically significant difference in pre-reperfusion 
CBF between the three monofilament groups as shown 
by one-way ANOVA (F(2,32) = 0.8477 and p = 0.0932; 
Fig.  2A). However, there is a monofilament size effect 
on neurological score following 24 h of transient MCAO 
in middle-aged SD rats > 500 g as indicated by One-way 
ANOVA (F(2,32) = 9.844 and p = 0.0005; Fig.  2B). The 
difference in neurological score between 0.43  mm an 
0.47  mm groups is statistically significant as shown by 
Turkey’s comparison tests (p = 0.0391; Fig.  2B). Further, 
the difference between 0.43 mm and 0.45 mm groups is 
not statistically significant (p = 0.3492). Similarly, there 
is no statistically significant difference between 0.45 mm 
and 0.47 mm groups (p = 0.4669).

Change in body weight was assessed in the three mono-
filament groups following 24 h of transient MCAO. One-
way ANOVA reveals a statistically significant difference 
between groups (F(2,32) = 5.128 and p = 0.0117; Fig. 2C). 
The difference between 0.43  mm and 0.47  mm groups 
is statistically significant (p = 0.0084; Fig.  2C). However, 

there is no statistically significant difference between 
0.43  mm and 0.45  mm groups (p = 0.2605) as well as 
between 0.45 mm and 0.47 mm groups (p = 0.2448).

Demonstrating optimal monofilament size in male 
and female SD rats
The infarct volume was measured on day 7 following 
90  min transient MCAO induction to demonstrate that 
0.39  mm, 0.41  mm and 0.37  mm monofilaments are 
optimal for MCAO induction in young adult male, mid-
dle aged male and middle-aged female SD rats, respec-
tively. The stated monofilament sizes induced unilateral 
infarct lesion with no statistically significant difference 
between groups (one-way ANOVA (F(2,24) = 1.939 and 
p = 0.1658; Fig. 3A). However, we note that while infarct 
size on brain slices is visually comparable between young 
adult males and middle-aged males, middle aged females 
have smaller infarct lesions as shown in Fig. 3B.

Body weight was measured at baseline, day 1, 3 and 
7 post-MCAO to assess physiological welfare. There is 
an observed body weight loss on all measurement days 
post-MCAO for the three experimental groups (Fig. 3C). 
Two-way ANOVA shows a statistical significant dif-
ference between groups ((F(1.854,59.32) = 3.780 and 
p = 0.0315)) and post-MCAO days ((F(3,32) = 23.47 and 
p = 0.0001)), but there was no significant interaction 
between these factors ((F(6,64) = 0.9123 and p = 0.4920)). 
Although young adult male group have a higher mean 

Fig. 1 The use of 0.43 monofilament results in larger infarct volume in middle aged male SD rats > 500 g. A Infarct volume, 24 h following 90 min 
transient proximal MCAO (*p = 0.0391, one-way ANOVA with multiple comparisons) B Representative brain slices, per monofilament group, 
following 1% TTC staining 24 h post-MCAO. The black star denotes infarcted hemisphere per slice. Data presented as Mean ± SD
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body weight change on post-MCAO day 7, Tukey’s mul-
tiple comparisons test did not show a statistically sig-
nificant difference between groups on any post-MCAO 
days (p > 0.05). Likewise, mean grip strength decreased 
following MCAO for all three groups on post-stroke 
days 1 and 3 (Fig.  3D). The middle-aged male group 
showed persistent decrease in grip strength measure-
ment on all days following MCAO. Two-way ANOVA 
shows a statistically significant difference between 
measured timepoints ((F(1.848,14.78) = 5.615 and 
p = 0.0169)) with lack of significant difference between 
groups ((F(1.427,11.42) = 3.954 and p = 0.0605)) as 
well as no significant interaction between these factors 
((F(2.409,19.27) = 2.282 and p = 0.1213)).

Adhesive label removal time increased above base-
line values for all groups across all measured time-
points (Fig. 3E), although with no statistical significance 
(p > 0.05). Time of adhesive label removal retuned to 
near baseline level for middle aged females on day 7, 
when compared to the male groups. Consequently, two-
way ANOVA reveals a statistically significant difference 
between measured timepoints ((F(2.506, 60.15) = 16.86 
and p = 0.0001)) with lack of significant difference 
between groups ((F(2, 24) = 0.9753 and p = 0.3915)) 
as well as no interaction between these factors ((F(6, 
72) = 0.9905 and p = 0.4383)).

Similarly, vibrissae score on the impaired side was per-
sistently decreased from baseline for the three groups, 
on all measured time points (Fig. 3F). Two-way ANOVA 
demonstrates a statistically significant difference between 
measured timepoints ((F(2.278, 54.68) = 57.61 and 

p = 0.0001)) with lack of significant difference between 
groups ((F(2, 24) = 0.4668 and p = 0.6326) as well as no 
interaction between these factors ((F(6, 72) = 1.098 and 
p = 0.3722)).

Discussion
The present study provides evidence that the 0.43  mm 
monofilament size is more appropriate for over-weight 
(> 500 g) middle-aged male SD rats when compared with 
0.45 mm and 0.47 mm  Doccol® monofilaments, and on 
the basis of CBF measures, infarct volume, body weight 
changes and functional outcomes. Additionally, the pre-
sent study also analyzed the appropriate monofilament 
sizes for commonly observed weight ranges of middle-
aged male (< 500 g) and female (> 350 g) SD rats.

Infarct volume is one of the predictors of stroke sever-
ity and outcome in patients [22–24]. To develop potential 
therapies for ischemic stroke, monofilament MCAO is an 
optimal preclinical model owing to the induction of large 
hemispheric infarct volume which is observed in humans 
[25, 26]. In study 1, while only 0.43  mm monofilament 
shows a statistically significant increase in infarct vol-
ume when compared to 0.47 mm (Fig. 1A), 0.43 mm and 
0.45 mm monofilaments can induce large cerebral infarct 
volume following 90  min of MCAO in SD rats weigh-
ing > 500 g (Fig. 1B). However, the 0.43 mm group have a 
higher mean infarct volume when compared to the other 
two monofilament groups.  Doccol® suggested the use of 
0.47 mm monofilament for animals weighing 501-600 g, 
but only one animal had observable infarct lesion of all 
the eleven (> 500 g) middle-aged male SD rats we tested 

Fig. 2 Pre-reperfusion cerebral blood flow (CBF) is comparable between groups but 0.43 mm severely impacts functional outcome and body 
weight. A Pre-reperfusion CBF following 90 min of MCAO and expressed as a percentage of baseline CBF. B 10-point neuroscore, 24 h following 
90 min MCAO in middle aged male SD rats > 500 g. One-way ANOVA with multiple comparisons. C Change in body weight following 24 h of 
transient MCAO. Data presented as Mean ± SD, *p < 0.05
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Fig. 3 Infarct volume and functional outcome measures in middle aged and young adult SD rats. A Infarct volume, 7 days following 90 min 
transient proximal MCAO in young adult male (YAM), middle-aged male (MAM) and middle-aged female (MAF) SD rats. B Representative brain 
slices, per cohort, following 1% TTC staining 7 days after transient MCAO. Black star indicate infarcted hemisphere per slice. C Body weight change 
from baseline. D Grip strength change from baseline. E Adhesive removal time. F Vibrissae score on the impaired side. Data presented as Mean ± SD; 
*p < 0.05
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using the 0.47  mm  Doccol® monofilament, in study 1. 
However, 0.43  mm monofilaments indicated for lighter 
animals weighing 401-500  g resulted in significantly 
larger infarct volume in these over-weight SD rats.

We ascertain that the difference in infarct volume 
between the three groups is not due to MCAO induction 
technique, as we observed a comparable percentage CBF 
reduction across all the groups. The present study reports 
pre-reperfusion CBF expressed as a percentage change 
from pre-MCAO (baseline) as all rats were allowed to 
recover from isoflurane anesthesia and move freely in a 
clean cage during MCAO and prior to reperfusion. Sev-
eral reasons informed this choice. Firstly, we sought to 
prevent the unwanted effects of excess exposure to anes-
thesia. Isoflurane is a potent vasodilator and may increase 
CBF to the occluded MCA territory, hence confound-
ing outcomes due to its neuroprotective effects [27–30]. 
Also, the monofilament may be dislodged from the ori-
gin of the MCA, potentially allowing blood to perfuse 
the territory in awake rodents during MCAO [31] and 
requiring a confirmation of CBF reduction prior to reper-
fusion. Additionally, this strategy affords the opportunity 
to observe rodent behavior and welfare during MCAO. 
Although pre-reperfusion CBF did not statistically dif-
fer between all three monofilament groups in study 1 
(Fig. 2A), our results demonstrate a mean of ≥ 70% CBF 
reduction prior to reperfusion in all three groups when 
compared to baseline CBF. Several other studies reported 
setting the minimum CBF reduction immediately after 
MCAO necessary to induce infarct to be 60% [32–35], 
85% [36] and 70% being the most frequently used cut off 
[37–39]. While the findings of the present study, even at 
pre-reperfusion CBF values, is in consonance with these 
studies, a recent study did not find a statistical correla-
tion between 70% CBF reduction and infarct volume 
after MCAO in rodents [31].

In Study 2, we analyzed the infarct volume following 
90 min of transient MCAO and 7-days post-surgery sur-
vival in young adult male, middle aged male and female 
SD rats which fall within the common weight ranges per 
age and sex group (Fig.  3). We did not observe statisti-
cally significant differences in infarct volumes between 
groups on post-stroke day 7 (Fig.  3A). However, the 
middle-aged female group had a relatively smaller mean 
infarct volume when compared with the two male SD 
groups. This result is similar to the infarct volume dif-
ferences observed in other experimental studies [40–42]. 
In young female rats, the levels of endogenous estrogen 
influences infarct size [43]. As such, younger animals 
with regular estrous cycles have smaller infarct sizes 
while aged female animals with infrequent estrous cycles 
have larger infarct volumes [44]. Indeed, regular cyclicity 
is indicative of robust estrogen levels whereas acyclicity 

from middle age is characterized by persistent estrous or 
diestrus as well as very low or undetectable blood estro-
gen concentrations [45–47]. Although we did not meas-
ure blood estrogen concentration in the present study, 
we confirmed that all the middle-aged female SD rats 
used for this study were at diestrus phase on the day of 
MCAO induction and brain harvest. Despite this indi-
cation of irregular cyclicity and reduced estrogen pro-
tection, we observed the unexplainable smaller infarct 
volume in these middle-aged SD rats. Further studies 
need to explore the mechanistic factors responsible for 
the observed smaller infarct volume reduction at midlife 
in female SD rats.

Due to the established knowledge of variability in 
infarct volume with the monofilament model [16] as well 
as observations that infarct sizes increase in SD rats with 
increasing duration of MCAO from 60 to 75  min, [48] 
in the present study we increased our occlusion time to 
90 min in order to ascertain the maximum brain infarct 
possible without impacting the post-MCAO welfare of 
the SD rats. Yet, our results show variability in infarct 
volume in both study 1 (Fig.  1A) and study 2 (Fig.  3A). 
Using the MCAO model, the observed variability in 
infarct volume may partly arise from the reported atypi-
cal branching of the MCA specific to SD rats. One study 
found that 20% of SD rats have atypical branching of the 
MCA [49] which may allow blood flow to some areas of 
the MCA territory with proximal intraluminal filament 
MCAO model as used in the present study. The chances 
of atypical MCA branching may increase with inbreed-
ing, as the SD rats used for this study are from an inbred 
colony. Interestingly, there are also rat strain differences 
on infarct formation in experimental stroke. In one study 
[50], Wistar rats had larger infarct lesion than SD rats fol-
lowing transient and permanent MCAO. This indicates 
that duration of MCAO in SD rats is an important con-
sideration. Here, we show that 90 min transient MCAO 
is adequate to demonstrate malignant ischemic stroke in 
both 24 h and 7 days survival cohorts of SD rats.

Ischemic stroke causes extensive brain damage which 
results in sensory and motor deficits [51]. Therefore, 
the determination of functional outcome is of great 
translational value in any preclinical ischemic stroke 
report. Study 1 of the present report reveals that 
0.43 mm monofilaments significantly reduce neurologi-
cal function, indicated by the 10-point neuroscore test, 
when compared with the 0.47  mm size. However, we 
observed a comparable mean functional deficit between 
0.43 mm and 0.45 mm groups, but 0.43 mm had a lower 
mean neuroscore indicating worse outcome. Decreases 
in body weight generally correlate with a change in 
physiology and welfare which is directly associated 
with functional outcome after stroke. We show that the 
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0.43 mm group had substantial mean body weight loss 
when compared to other groups and that the difference 
between 0.43  mm and 0.47  mm groups is statistically 
significant. Overall, the neurological and body weight 
observations show that 0.43  mm monofilament is a 
more appropriate diameter for intraluminal monofila-
ment model of MCAO in overweight middle aged SD 
rats.

Additionally, in study 2 the statistical differences in 
grip-strength and vibrissae-evoked forelimb placement 
tests between measured time points (prior to and fol-
lowing MCAO) indicates that the filament sizes are 
appropriate per age and sex groups. However, we did 
not observe any statistically significant difference in 
adhesive label removal time for all measured timepoints 
when compared with baseline. One possible explanation 
for this could be insufficient baseline training sessions 
to allow the rats learn how to quickly remove the adhe-
sive label. Even so, the indicated filament sizes per group 
induced somatosensory deficits in these rats as evident 
by the trend of increased latency to remove on post-sur-
gery days 1 and 3 as well as the near return to baseline on 
post-surgery day 7.

We did not observe statistical differences in weight 
changes, grip-strength test, vibrissae-evoked forelimb 
placement test, and sticky dot test across all three animal 
groups, which further shows that the selected monofila-
ment sizes are appropriate for the induction of MCAO.

Intraluminal monofilament MCAO model of ischemic 
stroke is both complex and challenging to induce; as it 
requires enormous human and capital resources. Also, 
the resulting infarct volume and functional deficits 
depend on heterogeneous factors, including but not lim-
ited to body weight, age, sex and co-morbidities. Select-
ing appropriate filament sizes is the critical first step to 
ensure successful induction of MCAO and subsequent 
improvement of translational therapeutic development 
in order to aptly justify the time and efforts commit-
ted to this area of research. Taken together, the present 
study fills gaps in knowledge with regard to the appropri-
ate  Doccol® monofilament size for over-weight (> 500 g) 
middle aged rats as well as middle aged male and female 
SD rats with normal weight (< 500 g). This study is also 
subject to some limitations. We did not test multiple 
filament sizes for each animal group in Study 2 to pro-
vide alternative options for optimization. Also, in study 
2, we did not assess the daily estrus cycle in middle-
aged female SD rats to determine whether other phases 
occurred between MCAO induction and brain harvest. 
Also, we did not perform any biochemical or histological 
assays to assess estrogen levels or neuronal degeneration 
across different study groups.

In conclusion, we demonstrate that 0.43 mm  Doccol® 
monofilament is appropriate in the induction of MCAO 
and functional deficits in over-weight middle-aged male 
SD rats. Also, we provide evidence that using 0.41 mm, 
0.37 mm, and 0.39 mm for middle-aged male and female, 
and young-adult male SD rats, respectively, within com-
mon body weight ranges is appropriate. Our data has the 
potential to help improve the translatability as well as 
reproducibility of similar pre-clinical studies using the 
transient MCAO model, specifically in middle-aged SD 
rats.
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