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Abstract

Background The Rotarod test with commercial apparatus is widely used to assess locomotor performance, bal-
ance and motor learning as well as the deficits resulting from diverse neurological disorders in laboratory rodents
due to its simplicity and objectivity. Traditionally, the test ends when rodents drop from the accelerating, turning rod,
and the only parameter used commonly is “latency to fall” The values of individual animals can often vary greatly.

Results In the present study, we established a procedure for mice with 4 consecutive days of training with 4 tri-

als per day and modified the testing procedure by placing the mice back on the rod repeatedly after each fall

until the trial ends (5 min). Data from the fourth training day as baseline results showed that the second, third

and fourth trial were more consistent than the first, probably due to habituation or learning. There was no difference
between the second, third and fourth trial, two trials may be sufficient in testing. We also introduced 3 additional
read-outs: Longest duration on the rod (s), Maximal distance covered (cm), and Number of falls to better evaluate
the motor capacity over the 5 min of testing. We then used this 4-parameter analysis to capture the motor deficits
of mice with mild to moderate traumatic brain injuries (by a weight dropping on the skull (Marmarou model)). We
found that normalization of data to individual baseline performance was needed to reduce individual differences,
and 4 trials were more sensitive than two to show motor deficits. The parameter of Maximal distance was the best

in detecting statistically significant long-term motor deficits.

Conclusions These results show that by making adjustments to the protocol and employing a more refined analysis,
it is possible to expand a widely used routine behavioral test with additional accessible parameters that detect rel-
evant deficits in a model of mild to moderate traumatic brain injury. The modified Rotarod test maybe a valuable tool

for better preclinical evaluations of drugs and therapies.
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Background

Rotarod is a widely used test to assess locomotion and
balance and the corresponding impairments and defi-
cits associated with a variety of neurological diseases.
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Simple, semi-automated testing systems are available
for rodents [1-4]. However, inter-laboratory reproduc-
ibility can only be achieved if the genotype, age and
gender of rodents, the intensity of training and the spe-
cific parameters of the Rotarod apparatus, e.g. diameter
and height of the rod, width of the lanes, composition
of surface material, are comparable [5, 6]. Rotarod tests
can be divided into set-speed tests [7] and accelerating
Rotarod tests [8]. An important observation and draw-
back of the most frequently used read-out ‘first latency
to fall’ is the high variability among animals [9]. In par-
ticular when studying disease models with only mild
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motor impairments like mild to moderate traumatic
brain injury (TBI), a Rotarod testing procedure with
high reproducibility and sensitivity is urgently needed.

Results

Four-parameter analysis of locomotor behavior of intact
adult mice in the modified Rotarod test

A modified accelerating Rotarod test protocol with a
4-parameter analysis was developed in our study. Intact
adult C57BL/6] mice (n=48) were trained over 4 con-
secutive days and tested on the fourth day. The training
and testing consisted of 4 trials daily with several runs
and replacement on the rod after each fall over 5 min
per trial. A run ends with a fall. Ideally, mice were able
to continuously walk on the rod for 5 min, but repeated
falls were common. The maximum rotation speed was
12 rpm (acceleration duration: 60 s, from 4 to 12 rpm)
for the first 2 days and 20 rpm (acceleration duration:
120 s, from 4 to 20 rpm) for the last 2 days (Fig. 1A).
Figure 1B and C show that in 22.7% of the mice the
longest duration in the 5 min testing period was not the
first run in the series, and in 50.3% of the mice the run
with the maximal distance in the 5 min testing period
occurred not in the first but in later runs. These data
showed that the mice may have a better motor capac-
ity seen in the later runs which could be disregarded
by the parameter “First latency” but captured by the
parameters “Longest duration” and “Maximal distance”
The read-outs from 4 trials on the fourth training day
were variable among the animals in all the trials: 4 dif-
ferent parameters in 4 trials all showed a non-normal
distribution (detected by the Shapiro-Wilk test) with
extreme values indicating the large inter-individual
differences of the mice (Fig. 1D-G). When comparing
the different trials, we found there were no differences
between Trial 2, Trial 3 and Trial 4 in all 4 parameters,
while First latency, Longest duration and Maximal dis-
tance from Trial 1 were significantly lower than in the
other trials and Number of falls from Trial 1 was sig-
nificantly higher than in other trials. The analysis of
the first derivative across four trials revealed that the
median of the first derivative from the inter-trial 1.5
(Trial 1 to Trial 2) was the highest compared to other
inter-trials in First Latency, Longest duration and
Maximal distance, and there were significant differ-
ences in the parameter of “Number of falls” from the
inter-trial 1.5 compared to other inter-trials (p <0.01).
No differences were found between inter-trial 2.5 and
inter-trial 3.5. These results suggest an improved motor
coordination starting from Trial 2 and consistent data
in Rotarod test can be gained from Trial 2 to Trial 4
(Additional file 1: Fig. S1A-D).
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No age and gender differences in the modified Rotarod
test by 4-parameter analysis

To investigate a possible effect of age on motor performance
in the modified Rotarod test, young adult and middle-aged
male and female C57BL/6] mice were tested. As shown in
Fig. 2A and B, no significant age-related differences were
found, neither for males (10—14 (weeks) wks vs. 31-38 wks)
nor for females (21 wks vs. 47-54 wks). When compar-
ing young adult and middle-aged males, the following data
points were observed (presented as median with interquar-
tile range (IQR)): First latency in Trial 2 to Trial 4 was 134.0
(128.0) vs. 143.0 (218.0) s, Longest duration was 170.0 (108.0)
vs. 208.0 (158.0) s, Maximal distance was 527.5 (363.7) vs.
638.0 (493.0) cm, and Number of falls was 2.0 (2.5) vs. 1.0
(4.0) (Fig. 2A). Also, no significant differences were observed
between young and middle-aged females. The readouts for
First latency were 134.0 (213.0) s in 21-week-old females
vs. 161.0 (162) s in 47-54 weeks-old females, for Longest
duration was 134.0 (213.0) vs. 161.0 (162.0) s, for Maximal
distance were 521.2 (455.3) vs. 398.9 (433.3) ¢cm, and for
Number of falls 1.0 (4.0) vs. 2.0 (4.0) (Fig. 2B).

Furthermore, we examined a potential impact of gen-
der on the locomotor performance by comparison of
male and female mice (Fig. 2C). The differences between
males and females were not found to be significant by the
Kruskal-Wallis test: First latency 135.5 (123.5) s in males
vs. 149.0 (140.0) s in females; Longest duration 168.0
(103.5) vs. 149.0 (140.0) s; Maximal distance 505.6 (370.8)
vs. 410.0 (310.9) cm; Number of falls 2.0 (3.0) vs. 1.5 (3.0).

4-parameter analysis detects long-term motor deficits

in mice after mild to moderate traumatic brain injury

We applied our newly modified Rotarod test with a
4-parameter analysis for the comparison of TBI and Sham
mice (anesthesia, helmet, but no impact). Training with a
maximum of 12 rpm was done on day -6 and -5 before TBI
or Sham operation, followed by training at a maximum of
20 rpm at days -4 and -3. The training on the last day (day
-3) was recorded as the Baseline (BL) of individual mice.
We then performed longitudinal testing at 3, 14 and 21 days
post operation (dpo) (Fig. 3A). As shown in Fig. 3B-E, raw
values varied over a large range in all the parameters and
conditions. To reduce individual differences, we normalized
First latency to fall, Longest duration and Maximal distance
on rod by dividing the post-operation performance by the
respective individual baseline results (Fig. 3F-H). Number
of falls was normalized by subtracting the post-operation
performance from the baseline as “Delta number of falls”
(Fig. 3I). To calculate the difference between the Sham and
TBI groups, we first performed a comparison of individual
trials (Additional file 2: Table S1). We found that averaging
the values of Trial 2, 3 and 4 decreased the power of extreme



Shan et al. BMC Biology (2023) 21:177

Page 3 of 10

A
A
-~ 20
£
<3
=
?
g 1 2 3
» 4 i
0 120 300 (s)
B C
Longest duration in a trial Maximal distance in a trial
on the accelerating rotarod on the accelerating rotarod
£ 8th- o S 15th-
= = o
f:_’ 6th- e} g
q6 o “6 10th' o
o 4th- ® Q o o
Q Q o [ee)
5 g 5th+ 0©@ O
erd' =) © OD(SID(ODM @O OOC®
o o I D@D
g 0 3 0 T e @O @O @ @D @O0
0 100 200 300 0 200 400 600 800 1000
Longest duration (s) Maximal distance (cm)
D E F G
First latency (s) Longest duration (s) Maximal distance (cm) Number of falls
400~ |—‘——w ik 400- F‘ ik 1000 - 20 s
3004 300 8007 154
600
200 200 10
400
100- 100+ 200 5
01— T T T 0-— r T T 01— T T T o-

NI NI
VNP PNV
& EEE & E L

N Vv > N ‘v >
N G PN AP PN
& & @8 & & @8

Fig. 1 4-parameter analysis of modified Rotarod test of 48 mice on the fourth day of training. 4 trials per mouse and in total 192 trials were
involved (7 trials went through testing but without recording due to technical problems). A Scheme illustrating time (s) on the x-axis and speed
(rpm) on the y-axis in the accelerated Rotarod test. The test started with an acceleration phase from 4 to 20 rpm within the first 120 s, followed
by constant speed for the subsequent 3 min. Maximal distance achieved at a given time is dependent on the rotation speed, as demonstrated
by the polygons. Although three polygons with dashed lines and grey background had the same duration, polygon 3 exhibited the greatest
distance due to higher speed. B The sequence of the run with longest duration during 5 min trial. Each run ends with a fall, each trial lasts 5 min.
Ideally, mice exhibiting excellent performance, without any falls during the entire 5 min test have only one run, and in these cases, the run

with the longest duration was considered as 1°' run. However, longest duration in 42 out of 185 trials was not in the first run. C The sequence

of the run with maximal distance within each 5 min trial. Maximal distance in 93 out of 185 trials is not in the first run. D-G 4-parameter analysis
of individual trials (Trial 1 to 4): First Latency, Longest duration, Maximal distance and Number of falls. The statistical evaluation was carried

out by the Friedman test (matched data, non-parametric) followed by Dunn’s correction. n=48 animals, asterisks indicate significances: **p <0.01,

***p <0.001, ***p <0.0001

values between trials for individual mice, making the param-
eters First latency, Longest duration and Maximal distance
normally distributed. Averaged values of Trials 2 to 4 were
the most sensitive readouts to detect motor deficits within
the TBI group and between the TBI and Sham groups.

The averaged data of the Trial 2 to 4 were shown in
Fig. 3. Sham animals did not show significant differences
between baseline and post operation testing (dpo3, dpo14
and dpo2l). In contrast, significant differences were seen

in the TBI animals after injury, interestingly with a pro-
tracted time course where the maximal deficits were found
between dpol4 and dpo21 (Fig. 3). The deficits were visible
in the comparison with the TBI animal baseline values as
well as in the comparison with the Sham animals. These
results showed that motor deficits can be found in the
TBI mice at later time points after the injury. The param-
eters Longest duration, Maximal distance and Number of
falls can better capture these deficits than First Latency to
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Age difference in Rotarod test in male mice
(10-14 wks vs. 31-38 wks)

Age difference in Rotarod test in female mice
(21 wks vs. 47-54 wks)
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Sex difference in Rotarod performance
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Fig. 2 No age and gender differences in the modified Rotarod test analyzed by 4 parameters. A 4-parameter read-outs in Trial 2 at baseline
testing in young adult males (10-14 wks, n=19, solid symbols) vs. middle-aged males (31-38 wks, n=7, hollow symbols). B 4-parameter

read-outs in young-adult female mice (21 wks, n=7, solid symbols) vs. middle-aged (47-54 wks, n=7, hollow symbols) females. C 4-parameter
read-outs for adult males (n= 28, solid symbols) vs. females (n= 18, hollow symbols). First latency and Longest duration are shown in seconds (s)
on the left Y axis, Maximal distance is shown in centimeters (cm) on the first right Y axis and Number of falls is shown in on the last Y axis. Statistical
evaluations were done by the Kruskal-Wallis test followed by Dunn'’s correction for non-matched and non-parametric data. The p-values obtained
from the analysis were greater than 0.99, indicating no significant difference among the groups

fall only. Maximal distance showed the higher sensitivity
among all the parameters.

Discussion

The Rotarod test is widely used in testing the effects of
drugs and different types of brain damage but is notorious
for high variability of the data obtained. Ways to reduce
variability leading to more reliable and consistent read-outs
are therefore of high interest. In our study, we modified the
test by placing mice back on the rod after a fall repeatedly to
evaluate the rodents’ locomotor capacity over a trial period
of 5 min. We ran 4 training or testing trials per day. We also
added 3 new parameters to the original parameter “First
Latency to fall”: “Longest duration” (time of the longest run
per trial), “Maximal distance” (Maximum distance covered
in a given run per trial) and Number of falls per 5-min trial.
Only Number of falls has been used before in a few stud-
ies [10, 11]. With the incorporation of additional param-
eters, a better description of the motor behavior on the
accelerating Rotarod was possible, including also aspects of
strength, fatigue and motor learning. This approach offers a
more comprehensive evaluation compared to relying solely
on First Latency to fall as an indicator of motor impair-
ment. Normalization of readouts to the individual baseline
data and averaging of trials are useful additional ways to
reduce variability and obtain a solid reflection of the ani-
mals’ motor capabilities.

Highly interdependent but not redundant parameters

in Rotarod running instead of a single run/first latency

to fall

We assessed the four chosen parameters in each run over
the 5 min testing period in intact adult mice. We found

that maximal performances occurred in runs which were
not the first one in many instances. The intrinsic nature
of these parameters makes them dependent on each
other (determined by Spearman correlation, p<0.0001,
data not shown). Specifically, mice with higher values of
“First Latency” are more likely to have higher values of
“Longest duration” and “Maximal distance’, while hav-
ing lower values of “Number of falls’ indicating better
performance. However, it is important to note that these
parameters are not redundant. Conceptually, “Longest
duration” represents the motor endurance and muscle
fatigue of mice on the rod over the entire 5-min period,
taking into account later runs, which is disregarded by
“First Latency” Similarly, “Maximal distance” consid-
ers speed (accelerating at the beginning and constant in
the end) with the reflection of muscle kinetics to com-
pute motor capacity over the 5-min period [12]. “Num-
ber of falls” may incorporate motor learning processes
of strength and coordination. In practical terms, when
comparing TBI and Sham groups, the parameter “Maxi-
mal distance” proved to be the most effective in detect-
ing statistically significant long-term motor deficits. This
is likely because “Maximal distance” takes into account
both later runs and the speed of the runs over the entire
test period. Therefore, a 5 min training/testing period
with repeated runs after each fall with 4-parameter analy-
sis gave a more reliable picture than just the first run ever.

Repeated 5 min trials per training/testing day

We compared the behavior of the mice as reflected by the
four parameters "First latency to fall”, "Longest duration of
a run", "Maximal distance of a run" and "Number of falls" in
Trial 1 to 4 after four days of training and found that trial 1
had the greatest variability in the data, whereas the outcomes
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Fig. 3 4-parameter analysis in detecting minor motor deficits in comparison of Sham and TBI mice. A Study timeline with the Rotarod test in the TBI
and Sham group: BL testing is performed 3 days prior to the operation and others at dpo3, dpo14, dpo21. B-E Raw averaged data from Trial 2 to Trial
4 at different time points: First latency to fall (s), Longest duration on rod (s), Maximal distance on rod (cm) and Number of falls. F-H Normalized

data with normalization to the average of Trial 2 to Trial 4 in baseline testing individually: First latency to fall (%), Longest duration (%) and Maximal
distance on rod (%). 1) Normalized data with normalization by subtracting to the average of Trial 2 to Trial 4 in baseline testing individually: delta
number of falls. Statistical analysis was carried out by the Kruskal-Wallis test followed by Dunn'’s correction. =8 in Sham group with circular
symbols and n=24in TBI group with triangle symbols, asterisks indicate significances: *p <0.05, **p <0.01, ***p <0.001



Shan et al. BMC Biology (2023) 21:177

of trials 2 to 4 were very similar and consistent. Thus, exclu-
sion of Trial 1 for the final assessment of motor performance
is meaningful in intact mice, Trial 2 reflected the full capac-
ity of Rotarod performance. In the TBI animals, however, the
trial to trial comparison showed that four trials can give a
more precise picture with clearer differences among the con-
ditions than the analysis of Trial 1 or 2 only.

Age and gender differences

No significant differences could be observed in our data
between young adult (10-21 wks) and middle-aged mice
(31-54 wks). Decreased Rotarod performance with age has
been reported before in some rodent models, but mostly
with animals of more advanced age [13—15]. In adult male
and female mice, no significant gender differences were
detected in wild-type mice in our study. Previous studies
on the Rotarod test have shown variable findings regard-
ing gender differences. While some studies align with our
results [16, 17], other studies indicated that female mice of
the same age tend to outperform males, likely due to their
lighter weights [5, 18, 19]. It is important to note that the
comparison between male and female mice is confounded
by variability introduced by differences in age and the asso-
ciated changes in weight. This confounding factor may also
represent a limitation in interpreting and generalizing our
finding of no significant gender differences in this study.

Deficits in Rotarod performance after closed head TBI

TBI is a major medical problem worldwide, and most TBIs
are of the closed head injury type [20-22]. TBI can lead to
permanent impairments of cognitive, memory, motor learn-
ing, and psychosocial functions [23]. Motor dysfunction is
of obvious high importance as it can influence performance
in many other tests, e.g., for cognitive, anxiety or social
behaviors and up to 30% of mild traumatic brain injury
patients show minor deficits in fine movement, balance
and coordination [24, 25]. Mild or moderate TBI in mice
was reported to not affect the performance on the accel-
erating Rotarod [26, 27]. This contrasts with the present
results where we found clear impairments in several of the
observed parameters after a mild to moderate weight drop
injury. Differences in the lesion severity and the more sen-
sitive evaluation of the mouse behavior in the Rotarod test
applied here may account for this discrepancy. The present
results suggest that locomotor impairments are a relevant
consequence of closed head TBI also in mice.

Delayed manifestation of impaired locomotor performance
after TBI

After acute traumatic spinal cord injury or after stroke,
motor impairments manifest themselves immediately;
maximal deficits are often observed in the first few days
after the injury [28, 29]. This is in contrast to our present
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observations in the mild to moderate TBI mice, where the
Rotarod behavior was often only mildly or not affected at
3 days after the impact, but increased over time and became
maximal at 14 to 21 days after injury. This is in line with
several recent publications which showed the delayed and
progressed appearance of different behavioral deficits in
TBI, paralleled by diffuse, widespread blood brain barrier
dysfunction and inflammatory processes like microglia acti-
vation as well as synapse loss throughout the brain [30-33].

Limitations of this study

1) Applicability: While the modified procedures and analy-
sis could be applied to various Rotarod tests, regardless of
genotype, training intensity, and different parameters of the
Rotarod apparatus from different companies, it is important
to acknowledge its specific applicability. The modified proto-
col has shown responsiveness in milder forms of traumatic
brain injury, and it may be useful to assess motor deficits of
mild to moderate type in other neurological disease models.
However, in animal models with severe motor deficits, such
as large strokes, the primary measure of First latency to fall
may be adequate and sufficient. 2) Data analysis: For the pur-
pose of conducting a straightforward and efficient compari-
son between post-injury results at a specific time point and
baseline results, an alternative method such as the one-sam-
ple t-test (parametric) or the sign test (non-parametric) can
be employed. This is particularly applicable when conduct-
ing comparisons after normalization, considering that there
is no variance at the baseline (with a delta number of falls of
0 and other parameters at 100%). In addition, the potential
exploration of combining the four parameters and address-
ing dependent redundancy through principal component
analysis could offer valuable insights in terms of simplify-
ing data interpretation and enhancing the understanding of
complex relationships among the parameters. 3) Disparity in
sample size between Sham and TBIL: The differences in sam-
ple sizes in this study was due to factors like mouse breeding
and limitations imposed by the Animal License based on the
principles of the 3Rs (Replacement, Reduction, and Refine-
ment). We conducted a post-hoc power analysis to ensure
that our sample size was adequate and had a reasonable like-
lihood of yielding statistically significant results. Addition-
ally, we employed the Kruskal-Wallis test as an appropriate
statistical test, given its ability to mitigate the impact of vary-
ing sample sizes between the groups by using ranks instead
of raw data values. This approach helped to account for the
unequal sample sizes and maintain the integrity of our statis-
tical analysis.

Conclusions

The modifications of the accelerating Rotarod test intro-
duced in this study allow to assess a broader range of
physiological aspects of locomotion as well as minor motor
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deficits caused. e.g. by mild to moderate injuries. As shown
by the analysis of closed head TBI mice, they allow to reli-
ably observe locomotor impairments which were missed
in earlier studies when using only the traditional "First
latency to fall" parameter. These simple modifications can
be broadly applied to all available Rotarod tests.

Methods

Animals and reagents

A total of 58 adult C57/BL6J (25-35 g, 3—12 months old, 21
females and 37 males, Charles River, Germany) were used
in this project, 10 of 58 were excluded because of bad per-
formance in Rotarod baseline testing in spite of sufficient
training. The exclusion criteria were Number of falls>10
in 2 consecutive trials at baseline testing. Animals were
housed in groups of 3 to 5 in open ventilated cages with free
access to food and water on a 12-h dark/light cycle. This
study complied with the ARRIVE guidelines, and all experi-
mental procedures were approved by the local veterinary
office, Canton of Zurich, Switzerland. 1% (wt/vol) Virkon S
(Arovet, Switzerland) in water was used for the disinfection
of hands, surfaces and instruments, 75% (vol/vol) ethanol
(Reusschemie, Switzerland) in water to clean the apparatus
after each trial and kitchen paper to remove excreta (feces)
from the rodents after ethanol spraying.

TBI surgery

We used Marmarou’s weight-drop model for diffuse axonal
injury TBI as this method is suitable for studying brain
trauma arising from falls or sports or traffic accidents [34].
Briefly, TBI was induced by dropping a 90—120 g metal rod
through a plastic tube from 45-70 cm height onto a ‘helmet’
(metal plate, diameter=12 mm, the center of the helmet is
Anterior-Posterior (AP) with regard to bregma:+2.2 mm;
Medial-Lateral (ML): 0 mm glued to the scull of the mice
[35, 36]. The mice were placed on a sponge at 12-degree
inclination to ensure that the skull of the mice was paral-
lel to the ground, so that the impact of the weight as well as
the rebound occurred perpendicularly to the center of the
helmet. Mice were anesthetized with fentanyl-midazolam—
medetomidine anesthesia (Fentanyl, 0.05 mg/kg, Sintetica;
Midazolam, 5 mg/kg, Sintetica; Medetomidine, 0.5 mg/kg,
Grion Pharma) intraperitoneally before surgery [37]. Local
anesthetic was applied 3 min prior to the skin incision for
the helmet placement using a subcutaneous injection of
lidocaine (10 mg/kg, Streuli Pharma). To revert the anes-
thesia when the impact was complete (at about 20 min.),
Atipamezole (2.5 mg/kg, Grion pharma) and Flumazenil
(0.5 mg/kg, CPS Cito Pharma) were injected subcutane-
ously. As analgesic, all animals received Carprofen (5 mg/
kg body weight, Zoetis) subcutaneously every 12 h for a
total of 3 days after surgery. The Sham group went through
the same operation process, including anesthesia, skin
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incision, postoperative care, but without the weight drop
injury. Following the last behavioral testing, the animals
were euthanized through intraperitoneal administration of
pentobarbital (600 mg/kg body weight, Streuli Pharma).

Equipment

Rotarod apparatus (TSE systems) with an automatic
timer. The height of the turning rod from the base plate
was 29 cm with a 5 cm soft sponge on the base plate. The
width of the individual compartments on the rod was 9 cm
which ensured that mice had enough space to move freely
without turning. The diameter of the rod was 3 cm with a
rippled surface. The speed of the rod was accelerated from
4 to 12 rpm (training days 1, 2) or from 4 to 20 rpm (days 3
and 4) for training and testing.

Procedures

1. Handling in the behavioral room (Timing: 10 min/
day): 2 weeks’ handling with 10 min per day before
the rodents go into experiments. Handling starts with
placing hands on the cage, interacting with mice by
fingers, cupping mice on the open hands and finally
using transparent tunnels to reduce anxiety and aver-
sion towards the experimenters, as well as the anxiety
stemming from the novelty of the behavioral room.

2. Habituation in the behavioral room (Timing: 5 min):
Adjust the room brightness before bringing the mice
from their housing room to the behavioral room 5 min
before training or testing. Lights that are too light
could cause anxiety for mice. In contrast, it is difficult
for experimenters to perform and record results in
low light. In our test, we use an intermediate bright-
ness around 600 Ix. Each lane of the Rotarod apparatus
should be similarly bright.

3. Habituation to the Rotarod apparatus (Timing:
2 min): Pick up the mice by cupping hands under
them and let the mice sit on the hands. Gently place
the mice on the rod with 4 limbs touching the rod
facing in the direction of the rotating rod, with its
back to the experimenter. On the first training day,
rodents will explore freely and stand on the station-
ary rod for 2 min before the first trial.

4. Training days 1 and 2 (Timing: 1 h): Training up to
12 rpm: accelerate from 4 to 12 rpm during the first
1 min, then keep constant for 4 min. Gently pick
mice up and replace them on the rod if they fell. 4
trials of 5 min. each per day for each animal, with
pauses of 8 min between the trials. Clean and dis-
infect the equipment with 75% ethanol and kitchen
paper before placing the next mice.

5. Training day 3 (Timing: 1 h): Training up to 20 rpm:
accelerate from 4 to 20 rpm for the first 2 min, then
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keep constant for 3 min, 4 trials of 5 min. each for
each animal with 8 min intervals.

6. BL testing day 4 (Timing: 1 h): As described in
Training day 3. Place a timer next to the experi-
menter. The time for each mouse to fall from the rod
is recorded for each run.

7. Testing after injury (around 1 h): As described in BL
testing day 4.

Real-time counting vs. counting from recorded videos

All the data presented in the main body of this article were
obtained through real-time counting and time measure-
ments. However, we also tried to count from recorded vid-
eos to investigate the difference between the two methods.
The results showed that the falling time difference obtained
by the two approaches was -1 to 2 s from 6 different tri-
als of 6 mice (Additional file 3: Fig. S2A). Acquired from
recorded videos, data from 30 periods showed the time dif-
ference between “Pick-Fall” having a median of 3 and inter-
quartile of 2 (s), “Release-Fall” having a median of 5 and
interquartile of 3 (s) and “Release-Pick” having a median of
1 and interquartile of 2 (s) (Additional file 3: Fig. S2B). The
two highest values of 8 in “Release-Fall” happened when
two mice dropped at the same time, one experimenter
needed to pick them sequentially. The acceptable differ-
ences between the two methods and the much higher time
and effort required by the video analyses led us to decide
for manual counting for the type of study shown here.

Data analysis

Statistical analyses were performed by using GraphPad
Prism 8.2.1, Python 3.9.12 and G*Power. A hoc power
analysis using G*Power tool was conducted to ensure
the adequacy of our sample size and the likelihood of
obtaining statistically significant results [38, 39]. All data
were tested for normal distribution by using the Shap-
iro-Wilk test. For comparing the difference between 4
trials at BL testing, the non-parametric Friedman test
with Dunn’s correction was used for pairwise compari-
sons (Fig. 1 and Additional file 1: Fig. S1). The Kruskal-
Wallis test followed by Dunn’s correction was applied for
different parameters and the comparison between trials
and between different age and gender groups as well as
the differences between the TBI and Sham group at the
same time point or the differences between time points
within the groups for all the parameters (Figs. 2 and 3
and Additional file 2: Table S1). Data are presented as
median with IQR calculated by the difference between
upper third quartile (Q3) and lower first quartile (Q1).
Asterisks indicate significances: *p<0.05, **p<0.01,
***p <0.001, ****p <0.0001.
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Distance is measured by using the formula below:
Distance=Area (rpm X falling-time-seconds) X 60 x 2
T 1, Area is illustrated in Fig. 1A. Radius of the rod in
our apparatus is equal to 1.5 cm. 4 parameters can be
automatically calculated using Python Shapely library.
Python scripts were shown as below:

from shapely.geometry import Polygon

def compute_area(left, right):
p = Polygon([(0, 0), (300,0), (300, 20), (120, 20), (0, 4)])
q = Polygon([(left, 0), (right, 0), (right, 20), (left, 20)])
pqg = p.intersection(q)
return pq.area

left = [0, falling time1, falling time2,...]

right = [falling time1, falling time2, ...,300]

Distances =[]

Durations = []

for id in range(0, len(left)):
Distance = 0.1571*compute_area(left[id], right[id])
Distances.append(Distance)
Duration = right[id]-left[id]
Durations.append(Duration)

print("First Latency=", left[1])

print("Longest Duration=", max(Durations))

print("Maximal Distance=", max(Distances))

print("Number of falls=", len(left)-1)

Abbreviations
AP Anterior-Posterior
BL Baseline
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dpo Day post operation
ML Medial-Lateral

TBI Traumatic brain injury
IQR Interquartile range
Q1 Lower first quartile
Q3 Upper third quartile
wks Weeks

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-023-01679-y.

Additional file 1: Fig. S1. First derivative across 4 trials in 4 parameters
on the fourth day of training. The parameters assessed here were: A First
Latency, B Longest duration, C Maximal distance and D Number of falls.
The first derivative was calculated using the formula for the individual
mice: First derivative , o5 = Trial ., ;-Trial ,. for the inter-trial 1.5 (Trial 1 to
Trial 2), inter-trial 2.5 (Trial 2 to Trial 3) and inter-Trial 3.5 (Trial 3 to Trial 4).
The black lines stretched from violin plots were defined as third quartile,
median and first quartile. n = 48 animals, statistical analysis was per-
formed by the Kruskal-Wallis test followed by Dunn’s correction, asterisks
indicate significance level: **p < 0.01.

Additional file 2: Table S1. Trials comparison of Sham and TBI mice at
different time points. Data at BL, dpo3, dpo14 and dpo21 are analyzed

by the Kruskal-Wallis test (non-parametric) and Shapiro-Wilk Test (Normal
distribution test): Trial 1 only, Trial 2 only, Trial 3 only, Trial 4 only, Averaged
values in Trial 2 to 3 and Averaged Trial 2 to 4. Each Trial had 8 parameters:
raw or individual normalized data in First Latency, Longest duration, Maxi-
mal distance and Number of falls. Cells filled with grey background in non-
parametric test indicate significances, and the darker the grey, the more
significant the difference. Asterisks indicate significances: *p < 0.05, **p
<0.01,**p <0.001, ****p < 0.0001. Biggest motor deficits within the TBI
group showed at dpo14 compared to BL testing detected in all the trials.
Starting from Trial 3, we can detect significant difference in 4 parameters
not only within the TBI group, but also at the same time point between
the TBI and the Sham group: Trial 3 only, Trial 4 only, Averaged Trial 2 to 3
and Averaged Trial 2 to 4. Averaged Trial 2 to 4 showed more sensitive and
normal distributed readouts able to detect difference between Sham and
TBI at dpo21. With raw data from 4 parameters, data are highly variable

in the group (non-normally distributed), we cannot find any difference
between TBI and Sham group except a slight difference at BL testing
detected by Maximal distance (p = 0.043).

Additional file 3: Fig. S2. The difference between real-time counting

and counting from recorded video. A The difference in the falling time by
2 different methods (Difference = falling time counted real-time - falling
time counted from recorded video) from in total of 6 5-min videos (n =6
animals). B The time difference between the time to pick the mice and the
time of falling (Pick-Fall), the time of releasing the mice from hands to the
time of falling (Release-Fall) and the time difference between Release and
pick (Release-Pick) in a total of 30 periods. The black lines stretched from
violin plots were defined as third quartile, median and first quartile.
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