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The  bradykinesia  assessment  task  is an  automated  method  to  measure  forelimb  speed  in rats.
This  novel  task  can  quantify  several  parameters  of  forelimb  function.
Multiple  aspects  of  the task  can  be  adjusted  to modify  difficulty.
Ischemic  motor  cortex  and  hemorrhagic  striatal  lesions  both  decrease  all measures  of performance.
The  isometric  pull  task  is  useful  in  assessing  forelimb  function  in  multiple  models  of  brain  damage.
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a  b  s  t  r  a  c  t

Bradykinesia  in  upper  extremities  is  associated  with  a wide  variety  of  motor  disorders;  however,  there  are
few  tasks  that  assay  forelimb  movement  speed  in rodent  models.  This  study  describes  the  bradykinesia
assessment  task,  a novel  method  to quantitatively  measure  forelimb  speed  in  rats.  Rats  were  trained  to
reach  out  through  a narrow  slot  in  the  cage  and  rapidly  press  a lever  twice  within  a  predefined  time
window  to  receive  a food  reward.  The  task  provides  measurement  of  multiple  parameters  of  forelimb
function,  including  inter-press  interval,  number  of  presses  per  trial,  and  success  rate.  The  bradykinesia
assessment  task  represents  a significant  advancement  in evaluating  bradykinesia  in rat  models  because  it
directly  measures  forelimb  speed.  The  task is  fully  automated,  so a single  experimenter  can  test  multiple
animals  simultaneously  with  typically  in  excess  of  300  trials  each  per day, resulting  in high  statistical
schemic lesion
emorrhagic lesion
arkinson’s disease
otor function
perant behavior
at

power.  Several  parameters  of the task  can  be  modified  to adjust  difficulty,  which  permits  application
to  a  broad  spectrum  of  motor  dysfunction  models.  Here  we show  that  two  distinct  models  of  brain
damage,  ischemic  lesions  of  primary  motor  cortex  and  hemorrhagic  lesions  of  the  dorsolateral  striatum,
cause impairment  in all  facets  of performance  measured  by  the  task.  The  bradykinesia  assessment  task
provides  insight  into  bradykinesia  and  motor  dysfunction  in  multiple  disease  models  and  may  be  useful

t  aim
in assessing  therapies  tha

. Introduction

Rodent models have been extensively used to study motor learn-
ng as well as dysfunction after various types of brain damage.

 diverse set of behavioral tasks is employed to measure various
arameters of forelimb function. Several different pellet retrieval
asks provide insight into reach accuracy (Montoya et al., 1991;

hishaw et al., 1991; Buitrago et al., 2004; O‘Bryant et al., 2007;

leim et al., 1998) and range of motion (Ballermann et al., 2001;
etz et al., 2001), while pasta handling tasks are used to exam-

ne paw dexterity (Allred et al., 2008; Tennant et al., 2010). In

∗ Corresponding author. Tel.: +1 972 883 2376; fax: +1 972 883 2491.
E-mail address: sxh129730@utdallas.edu (S.A. Hays).

165-0270/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jneumeth.2012.12.022
 to improve  forelimb  function  following  brain  damage.
© 2013 Elsevier B.V. All rights reserved.

addition, forelimb strength can be estimated (Remple et al., 2001;
Ballermann et al., 2001) or quantified (Dunnett et al., 1998; Smith
et al., 1995) using other methods. Data from these tasks have
yielded important information describing forelimb function; how-
ever, additional parameters, such as speed of forelimb motion, are
not automatically quantified by any existing tasks.

Bradykinesia is a common consequence associated with many
motor diseases. Along with resting tremor, postural instabil-
ity, and rigidity, bradykinesia is one of the hallmark features
of Parkinson’s disease (Nutt and Wooten, 2005; Teulings and
Stelmach, 1991). Slowed movements are also prevalent in patients

of stroke (Thielman et al., 2004; Cirstea and Levin, 2000), Hunt-
ington’s disease (Quinn et al., 1997), and traumatic brain injury
(Kuhtz-Buschbeck et al., 2003). Despite the need for a measure
of bradykinesia in rodents, there are few existing methods to

dx.doi.org/10.1016/j.jneumeth.2012.12.022
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:sxh129730@utdallas.edu
dx.doi.org/10.1016/j.jneumeth.2012.12.022
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Fig. 1. Behavioral apparatus. (A) View of a rat performing the task. (B) Schematic drawing of the behavioral cage. Measurements are indicated in inches. The outermost cage
wall  is transparent for clarity. (C) Close up of the lever shown inside the cage. The marker depicts a −0.75 in. distance from the inside wall to the lever. (D) Lever retracted
outside  the cage. The marker depicts the +0.5 in. distance from the inside wall to the lever. (E) Inside view of the cage. The pellet receptacle is located on the left and marked
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xplicitly quantify forelimb speed. Bradykinesia is often measured
s locomotion in an open field or platform (Fernagut et al., 2002;
uyot et al., 1997) or latency to fall off of a rotarod (Fernagut et al.,
002; Chuck et al., 2006; Hnasko et al., 2006). In other cases, move-
ent speed is measured as the time needed for a rodent to turn

nd face downwards and descend a pole (Fernagut et al., 2002;
atsuura et al., 1997; Ohno et al., 1994; Ogata et al., 2003); how-

ver, all of these tasks are heavily reliant on hindlimb function
s well as forelimb function. Video tracking can be used to esti-
ate forelimb speed, but analysis is labor intensive and it is rarely

sed in rodents for quantitative measurements (Whishaw, 1996;
hishaw and Kolb, 1988). Other variations of operant lever tasks

ave been used to evaluate forelimb speed by measuring the speed
o press a lever (Carelli et al., 1997) or to release a depressed lever
n response to a tone (Spirduso et al., 1985). These methods are suc-
essful in providing quantitative measures of forelimb speed, but
ely on response to a sensory cue and cannot dissociate forelimb
peed from reaction time. Because of the prevalence of bradykinesia
n motor disorders, it would be useful to have an automated assay
o efficiently and accurately quantify forelimb movement speed in

odent models.

Here we describe the bradykinesia assessment task, a novel
ethod to assess forelimb function in rats. Rats were trained

o reach outside of a cage and press a lever twice in rapid
d by the arrow.

succession. If the second press occurred within a predefined time
window after the first press, a food reward was delivered. This task
is fully automated, allowing multiple animals to be tested simulta-
neously while ensuring the unbiased and accurate measurements.
The major advantage of the bradykinesia assessment task is that it
can be used to automatically quantify a number of different param-
eters of forelimb function, including inter-press interval, number
of presses per trial, and success rate. Rats initiate the trials and
typically perform more trials than other forelimb tasks, thereby
increasing the statistical power of this method. Three independent
features of the task, distance to reach the lever, number of presses,
and maximum inter-press interval, can be adjusted to alter diffi-
culty. This flexibility allows the task to be tailored to a range of
models. The apparatus restricts use to one forelimb, preventing
compensation with the spared limb in models of unilateral impair-
ment.

We show that two mechanistically distinct models of brain
damage impair performance on all parameters measured by the
bradykinesia assessment task. Ischemic lesions of primary motor
cortex and hemorrhagic lesions of the striatum both cause a reduc-

tion in forelimb speed, capacity for forelimb use, and success rate on
this task. These results demonstrate that the bradykinesia assess-
ment task can be used to quantify several parameters of forelimb
speed in multiple models of motor dysfunction.
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. Methods

.1. Subjects

24 Female Sprague–Dawley rats, weighing 276 ± 8 g at the
eginning of the experiment, were used. The rats were housed in

 12:12 h reversed light cycle environment to increase their day-
ime activity levels and were food deprived to no less than 85%
f their normal body weight during training as motivation for the
ood pellet rewards. All handling, housing, surgical procedures, and
ehavioral training of the rats were approved by the University of
exas Institutional Animal Care and Use Committee.

.2. Apparatus

The behavioral chamber consisted of an acrylic box
10 × 12 × 4.75 in.) with a slot (2.5 × 0.4 in.) located in the front
ight corner of the box through which the rats could access the
ever (Fig. 1). The slot location restricted access such that only the
ight forelimb could be used to perform the task. The lever was
entered in the slot at a height of 2.5 in. from the cage floor and
t various lateral distances relative to the inner wall surface of
he cage, depending on the training stage (Tables 1 and 2). The
ever was attached to a switch (Lever Device, Vulintus LLC, Sachse,
X) located outside the cage. Press times were measured with an
ccuracy of ± 1 ms.  Different switches were used for the ischemic
nd hemorrhagic lesion experiments. A minimum force of 12 g was
equired to depress the switch used for the ischemic experiment,
hereas 28 g was required to depress the switch used for the
emorrhagic experiment. The use of different switches precludes
omparison between groups. However, the same equipment and
arameters were used within experiments, allowing comparison
f performance within groups.

Custom software was used to control the task and collect data. A

otor controller board (Motor Controller, Vulintus LLC, Sachse, TX)

ampled the switch every 50 ms  and relayed information to a cus-
om MATLAB software which analyzed, displayed, and stored the
ata. Press number and corresponding timestamps were collected

able 1
ehavioral training stage parameters for ischemic lesion experiment.

Training stage Hit Time window (s) Lever locationa (in.) Cr

Stage 1 n/a −1.0 60
Stage  2 1.0 −1.0 45
Stage  3 0.5 −0.5 80
Stage  4 0.5 0.5 80
Stage  5 0.5 1.0 80
Pre-lesion 0.5 1.0 10
Post-lesion 0.5 1.0 4 

egative values denote distance inside the cage, and positive values are outside the cage
a Lever location refers to distance relative to inside cage wall.

able 2
ehavioral training stage parameters for hemorrhagic lesion experiment.

Training stage Hit time window (s) Lever locationa (in) Cri

Stage 1 n/a −0.75 60 

Stage  2 1.0 −0.75 45 

Stage  3 0.5 −0.75 45 

Stage  4 0.5 −0.25 30 

Stage  5 0.5 0.25 30 

Stage  6 0.5 0.5 30 

Pre-lesion 0.5 0.5 10 

Post-lesion 0.5 0.5 4 s

egative values denote distance inside the cage, and positive values are outside the cage
a Lever location refers to distance relative to inside cage wall.
nce Methods 214 (2013) 52– 61

for each trial to allow for the analysis of press time profiles over the
course of a session (Fig. 2B). If a trial was successful, the software
triggered an automated pellet dispenser (Vulintus LLC, Sachse, TX)
to deliver a sucrose pellet (45 mg dustless precision pellet, BioServ,
Frenchtown, NJ) to a receptacle located in the front left corner of
the cage.

2.3. Behavioral training

Training sessions were conducted twice daily, 5 days a week,
with daily sessions separated by at least 2 h. During the early phases
of training, manual shaping was performed to facilitate acquisition
of the task. Ground sugar pellets were used as an olfactory cue to
encourage interaction with the lever, and pellets were delivered
when the rat was  in close proximity to the lever. Training was  con-
ducted in stages, as detailed in Tables 1 and 2. Rats pressed the lever
initially located inside the training cage to receive a sugar pellet
reward. In the first stage of training, rewards were delivered with
a single press to facilitate lever-reward association. Rats became
accustomed to reward delivery and formed an operant association
with the lever within a small number of sessions. As the rats met
the performance criteria for a stage, they were promoted to the
proceeding stage.

In the subsequent stages of training, a second press within a
specified hit time window was  required for reward delivery. A timer
was initiated on the first press of the lever, and data was collected
for 4 s. If the lever was depressed a second time within the hit time
window, the trial was recorded as a success and a reward pellet
was delivered. If the lever was  not pressed again or the second
press occurred after the hit time window, the trial was recorded
as a failure and no reward was given. Following the 4 s data col-
lection, there was  a 50 ms  pause before rats could initiate another
trial. If rats did not receive 50 pellets in a single day, they were given
10 g of pellets after daily training sessions were complete. The task

was made progressively more difficult as rats met  the criterion for
number of successful trials within a session and progressed to the
next stage. As the training stages increased, the hit time window
was reduced, necessitating a more rapid second press to receive a

iterion for advancement to next stage Average number of sessions
before advancement

 pellets in 2 consecutive sessions 10.1 ± 0.7
 pellets with 1 second trial window 2.4 ± 0.5

 pellets at -0.5 in. location 1.6 ± 0.3
 pellets at 0.5 in. location 2.9 ± 0.5
 pellets at 1.0 in. location 6.8 ± 1.1
 consecutive sessions averaging 85% success 19.5 ± 4.0

sessions of more >10 trials each 4 ± 0.0

.

terion for advancement to next stage Average number of sessions
before advancement

pellets in 2 consecutive sessions 5.5 ± 0.9
pellets in a single session 7.3 ± 3.2
pellets in a single session 2.8 ± 0.9
pellets in a single session 3.1 ± 1.1
pellets in a single session 3.5 ± 1.4
pellets in a single session 1.8 ± 0.7
consecutive sessions averaging >75% success 32.9 ± 5.0
essions of more >10 trials each 8.4 ± 1.8

.
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eward in order to encourage rapid forelimb movement. The lever
as also gradually retracted outside the cage to compel use of the

ight forelimb. No apparent postural changes were noted at differ-
nt reach distances, but it is possible that longer reach distances
ould change posture.

Rats in the ischemic lesion group were trained to longer
each distances, making the task more difficult, than rats in the
emorrhagic group because of greater performance deficits after
emorrhagic lesion compared to ischemic lesion. The values for
riterion, lever location, and hit time window for the ischemic
nd hemorrhagic experiments are detailed in Tables 1 and 2. If a
at exceeded criteria for a proceeding stage, they were automati-
ally advanced to the stage that matched their performance. Rats
ere held at the pre-lesion stage until they had 10 successive ses-

ions averaging over 85% success rate for rats in the ischemic lesion
xperiment and 75% for rats in the hemorrhagic lesion experiment.

ig. 2 and supplementary video 1 illustrate a rat performing the task
t the pre-lesion stage. None of the rats failed to meet these criteria.
pon reaching this performance level, rats were given the appro-
riate lesion. After 7 days of recovery, rats returned to behavioral

ig. 2. Illustration of performance of the task. (A) Sequential illustration of a rat performin
o  the first press, when the trial is initiated. (B) Example data from a single trial of a pre-l
nce Methods 214 (2013) 52– 61 55

testing with the same parameters as pre-lesion to allow a direct
comparison of performance. Some rats that received hemorrhagic
lesions could not perform the task in the first sessions following the
lesion. To allow for accurate measurements, all rats were tested
until they had 4 sessions with greater than 10 trials each at the
post-lesion stage.

2.4. Unilateral motor cortex ischemic lesion

Unilateral ischemic lesions of primary motor cortex were per-
formed similar to a previously described method (Fang et al., 2010).
Rats were anesthetized with ketamine hydrochloride (80 mg/kg,
i.p.) and xylazine (10 mg/kg, i.p.) and given supplemental doses
as needed. After placing the rat in a stereotaxic frame with a
digital readout (David Kopf Instruments, Tujunga, CA), a midline
incision and blunt dissection of the scalp exposed bregma and

lambda. A craniotomy was  performed to expose the caudal forelimb
area of primary motor cortex contralateral to the trained fore-
limb: anteroposterior 2.75 mm and −0.75 mm  and mediolateral
2.25 mm and 3.75 mm relative to bregma. Sterile saline (9% NaCl

g the task. Times are indicated in each panel, with the 0 ms time point in reference
esion rat. Inter-press interval and number of presses are designated in the panel.



5 roscie

s
l
w
e
i
p
2
w
r
t
1
fl
r
f
P
a
r

2

d
a
m
b
A
t
r
w
o
a
w
i
a

2

w
t
m

3

3

i
e
t
m
2
h
w
1
m
r
a

t
h
i
i
l
P
s

6 S.A. Hays et al. / Journal of Neu

olution) was used ad libitum to prevent cranial heat accumu-
ation during trephination. A 26-gauge tapered Hamilton syringe

as fixed to a stereotaxic guidance arm. To induce ischemia,
ndothelin-1 (Bachem, Torrance, CA, 1 mg/mL in saline) was
njected at eight different cortical locations within the CFA: antero-
osterior 2.5 mm,  1.5 mm,  0.5 mm,  and −0.5 mm and mediolateral
.5 mm and 3.5 mm from bregma. Small circular dural incisions
ere made to allow the needle tip to penetrate cortex with minimal

esistance to reduce additional cortical damage. The syringe needle
ip was lowered to a depth of 1.8 mm  from the cortical surface and
.0 �L of endothelin-1 was applied at each injection location. The
uid was injected at each site over a 2 min  period, and the syringe
emained in the brain for an additional 3 min  to allow tissue per-
usion. After the final injection, KwikCast silicone polymer (World
recision Instruments, Sarasota, FL) was placed in the craniotomy
nd sealed with a thin layer of acrylic. The incision was closed with
esorbable sutures and treated with antibiotic ointment.

.5. Striatal hemorrhagic lesion

Hemorrhagic lesions were performed similar to previously
escribed (MacLellan et al., 2004; Rosenberg et al., 1990). Rats were
nesthetized as above and placed in a stereotaxic frame. After a
idline incision, a cranial hole was drilled at 3.0 mm lateral to

regma in the hemisphere contralateral to the trained forelimb.
 26-gauge tapered Hamilton syringe was lowered 6.0 mm ventral

o the skull surface, and 1.0 uL of saline mixed with 0.18 U bacte-
ial collagenase Type IV-S (Sigma–Aldrich Corp. St. Louis, MO,  USA)
as injected into the dorsolateral striatum. The fluid was  injected

ver a 2 min  period, and the syringe remained in the brain for an
dditional 3 min  to allow tissue perfusion. A metal cranial screw
as placed in the hole and sealed with a thin layer of acrylic. The

ncision site was closed with resorbable sutures and treated with
ntibiotic ointment.

.6. Statistics

All data are reported as the mean ± SEM. Significant differences
ere determined using t-tests. Significant differences are noted in

he figures as *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate
ean ± SEM.

. Results

.1. Performance of the task after ischemic cortical lesion

Since we anticipated smaller functional deficits resulting from
schemic lesion than hemorrhagic lesion, rats in the ischemic lesion
xperiment were trained to longer reach distances to make the
ask more difficult (Table 1). Rats in the ischemic lesion experi-

ent (n = 15) progressed to the pre-lesion stage in an average of
3.8 ± 1.8 sessions. Performance steadily increased, and rats were
eld at the pre-lesion stage until they had 10 consecutive sessions
ith a success rate averaging over 85%, which took an additional

9.5 ± 4.0 sessions. Once rats reached the sustained 85% perfor-
ance criterion, they received an ischemic lesion. After 7 days of

ecovery, rats returned for testing with the same task parameters
s pre-lesion, allowing for a direct comparison of performance.

Prior to the ischemic lesion, rats were highly proficient at the
ask, with the second press occurring well within the 500 ms
it time window on average (Fig. 3C, pre-lesion: 269 ± 14 ms

nter-press interval). Three representative single trials depict-

ng pre-lesion performance are shown in Fig. 3A. After ischemic
esion, the inter-press interval was increased for all rats (Fig. 3C,
ost-lesion: 501 ± 28 ms,  p < 0.001), demonstrating that the lesion
ignificantly impaired speed of forelimb motion. Representative
nce Methods 214 (2013) 52– 61

trials illustrating post-lesion performance are shown in Fig. 3B,
revealing increased inter-press interval and reduced number of
presses per trial. The lesion caused a general increase in inter-press
intervals (Fig. 3G). Previous studies have shown repeatedly that
ischemic lesions of motor cortex reduce performance on forelimb
tasks (Fang et al., 2010; Gilmour et al., 2004; Adkins and Jones,
2005; O‘Bryant et al., 2007; Maldonado et al., 2008; Allred et al.,
2010). Similarly, ischemic lesion caused a significant reduction of
success rate on this task (Fig. 3D, pre-lesion: 90.5 ± 1.0%; post-
lesion: 67.4 ± 3.0%, p < 0.001). All rats displayed an impairment of
success rate after lesion. Ischemic lesion also significantly reduced
the number of presses per trial (Fig. 3E and H, pre-lesion: 2.9 ± 0.1
presses; post-lesion: 2.5 ± 0.1 presses, p < 0.001). Unlike measures
of performance, the number of trials per session was  unaffected by
the ischemic lesion (Fig. 3F, pre-lesion: 148 ± 10 trials; post-lesion:
163 ± 17 trials, p = 0.36).

3.2. Performance of the task after striatal hemorrhagic lesion

Because of the severity of impairment following hemorrhagic
damage, rats in the hemorrhagic lesion experiment were trained to
a shorter reach distance criterion than rats in the ischemic lesion
experiment (Table 2). Assessment of two  pilot rats that received
hemorrhagic lesions demonstrated that they were unable to reach
the lever 1.0 in. outside the cage, but could perform the task with
the lever retracted 0.5 in. outside the cage. Therefore, in order to
maintain consistency of pre-lesion and post-lesion task parame-
ters and allow direct comparison, rats in the hemorrhagic lesion
group were trained to a reach distance of 0.5 in. for the pre-lesion
stage. Rats in the striatal hemorrhagic lesion group (n = 9) reached
the pre-lesion stage in 28.0 ± 0.8 sessions, and were held at pre-
lesion stage until they reached a success rate averaging over 75%
for 10 consecutive sessions, which took an additional 32.9 ± 5.0
sessions. Single trials demonstrating pre-lesion performance are
depicted in Fig. 4A. Rats then received a striatal hemorrhagic lesion
and were allowed to recovery for 7 days. After the recovery period,
rats returned for testing with the same task parameters before the
lesion.

Previous studies have demonstrated that hemorrhagic lesions
cause substantial impairments of forelimb function (MacLellan
et al., 2006; Clarke et al., 2007). Representative single trials of
post-lesion performance are shown in Fig. 4B, demonstrating the
marked slowing of second press time and fewer presses per trial.
Following the hemorrhagic lesion, the inter-press interval was sig-
nificantly increased (Fig. 4C, pre-lesion: 408 ± 33 ms;  post-lesion:
946 ± 113 ms,  p < 0.001). This deficit presents as a major shift in
the number of trials with longer inter-press intervals (Fig. 4G).
Additionally, success rate is significantly reduced in every rat after
lesion (Fig. 4D, pre-lesion: 79.4 ± 1.3%; post-lesion: 21.6 ± 3.1%,
p < 0.001). The magnitude of the reduction in success rate is larger
than that commonly observed in skilled reaching tasks (MacLellan
et al., 2004, 2006). The number of presses per trial was  signifi-
cantly reduced after lesion (Fig. 4E, pre-lesion: 2.7 ± 0.1 presses;
post-lesion: 1.5 ± 0.1 presses, p < 0.001), with a marked shift toward
trials with only a single press (Fig. 4H). The number of trials per
session is also reduced after lesion (Fig. 4F, pre-lesion: 170 ± 12
trials; post-lesion: 86 ± 16 trials, p < 0.001). We  noted that due of
the severity of the lesion, in many cases the rats would attempt
to press, but were unable to reach the lever and initiate a trial. All
rats eventually performed at least 10 trials per session at the post-
lesion stage, which exceeds the number of trials for other measures
of bradykinesia, such as rotarod and the pole task (Fernagut et al.,

2002; Ogata et al., 2003; Ohno et al., 1994; Matsuura et al., 1997).
All leisioned animals attempted a sufficient number of trials to
obtain accurate measurements of each parameter. The significant
impairment in all measures of performance demonstrates that the



S.A. Hays et al. / Journal of Neuroscience Methods 214 (2013) 52– 61 57

Fig. 3. Ischemic lesion of primary motor cortex impairs all measures of performance. (A) Three representative single trials from a rat before lesion. (B) Representative trials
from  the same rat after ischemic motor cortex lesion. Note the slowing of press times and reduction in number of presses. (C) Inter-press interval is significantly increased
after  lesion. (D) Success rate on the task is reduced in all rats after lesion. (E) The average number of lever presses per trial is also reduced after lesion. (F) The number of
trials  per session is not changed after ischemic lesion. (G) On average, trials have longer inter-press intervals after ischemic lesion. (H) Ischemic lesion causes a general shift
toward  fewer presses per trial. Panels (C–F) show single animals represented by thin gray lines and group averages in bold black lines. Error bars indicate SEM. N = 15 for all
measures. Significant differences were determined by t-test and are noted as ***p < 0.001.



58 S.A. Hays et al. / Journal of Neuroscience Methods 214 (2013) 52– 61

Fig. 4. Hemorrhagic lesion of the dorsolateral striatum impairs all measures of performance. (A) Example single trial plots from a rat prior to hemorrhagic lesion. (B)
Representative trials from the same rat after hemorrhagic lesion. Note the major slowing of press times and reduction in number of presses. (C) Inter-press interval is
significantly increased in following lesion. (D) Success rate is strongly reduced in all rats after lesion. (E) The number of lever presses per trial is notably decreased after
lesion. (F) The number of trials per session is decreased after lesion. (G) Analysis of inter-press interval shows a large number of trials with an interval longer than 1000 ms
following hemorrhagic lesion, demonstrating a marked slowing of forelimb motion. (H) Hemorrhagic lesion causes a strong shift toward trials with only a single press. Panels
(C–F)  show single animals represented by thin gray lines and group averages in bold black lines. Error bars indicate SEM. N = 9 for all measures. Significant differences were
determined by t-test and are noted as ***p < 0.001.
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radykinesia assessment task can identify impaired forelimb func-
ion in common models of motor dysfunction.

. Discussion

This study describes the bradykinesia assessment task, a novel
ethod to evaluate forelimb function in rodents. Rats were trained

o reach outside of a cage and press a lever twice in rapid succession
o receive a food reward. Multiple quantitative parameters describ-
ng forelimb function can be measured using this task, including
nter-press interval, number of presses per trial, and success rate.
wo different brain lesions impair performance of the task, result-
ng in longer inter-press interval, fewer presses per trial, and a
educed success rate.

The bradykinesia assessment task bears some similarities to
ther methods to assay forelimb function. Like many other fore-
imb tasks, this task includes the engagement of proximal forelimb
or the extension and retraction (Whishaw and Pellis, 1990). How-
ver, the bradykinesia assessment task is likely less reliant on paw
sage than other forelimb reaching tasks because it does not explic-

tly require grasping. A wide variety of experimental paradigms
mploy operant lever press behavior, but the task described in
his study is differentiated by the requirement of both forelimb
eaching and two lever presses in rapid succession. The two  press
esign allows measurement of forelimb speed as the time between
resses, which obviates the need for more complex computation,
s would be required for automated video analysis, or instrumen-
ation, such as accelerometers. A similar design has been employed
n a recent study (Porter et al., 2011). Unlike the bradykinesia
ssessment task, other studies of forelimb motor function utiliz-
ng operant lever press use a design with the lever located inside
he cage and reward delivery with a single press (Kleim et al., 1998).
he addition of reach distance and the requirement of rapid fore-
imb movement allow the design described in this study to measure
dditional aspects of forelimb motion.

The major advantage of the bradykinesia assessment task is that
t quantitatively assays multiple parameters of forelimb function.
umerous studies using rats have shown that cortical ischemic
amage and subcortical hemorrhagic damage reduce the success
ate in reach-to-grasp tasks (MacLellan et al., 2006; Adkins and
ones, 2005; Gharbawie et al., 2005; Fang et al., 2010; Alaverdashvili
t al., 2007; Gilmour et al., 2004). Similarly, the bradykinesia assess-
ent task reveals a significantly reduced success rate after both

ypes of lesions, confirming that this task can identify deficits in
orelimb function. Speed of forelimb movement is a kinematic
arameter automatically quantified by the bradykinesia assess-
ent task. In this study, forelimb speed is calculated as the interval

etween the first and second press. Both ischemic and hemorrhagic
esions significantly increase the inter-press interval, consistent

ith bradykinesia. In addition to slowed movement, an increased
nterval could be caused by forelimb stiffness or hypertonia, such
hat the rats may  be able to make an initial press but unable to
elease and execute the second press. Another measure of fore-
imb function captured by the bradykinesia assessment task is the
umber of presses per trial, which equates to the forelimb capacity
o perform the movement. Corresponding to decreased forelimb
unction, both types of lesions cause a significant reduction in the
umber of lever presses per trial. Bradykinesia can cause a reduced
umber of presses per trial by slowing motion and preventing the

nitiation of as many presses within the trial time. Alternatively,
orelimb hypertonia may  prevent release after a press, thereby

recluding additional presses. Unlike most other tests that mea-
ure forelimb function, there is no set number of trials per session.
nstead, trials are initiated by the rats, resulting in a large number
f trials per session and increased statistical power. The number of
nce Methods 214 (2013) 52– 61 59

trials per session is unchanged after ischemic lesion, but
is decreased after hemorrhagic lesion. Anecdotal observations
indicated that forelimb impairment was  so severe following hem-
orrhagic lesion that many trials were not recorded because the rat
attempted, but failed to reach the lever. However, all rats still per-
form a sufficient a number of recorded trials to obtain accurate
measurements.

Several independent parameters of the bradykinesia assessment
task can be modified to alter the difficulty. The number of presses
required to receive a pellet can be increased, placing a greater
demand on forelimb usage and increasing the difficulty of the task.
The hit time window can also be adjusted to modify task challenge.
Longer hit time windows make the task easier and may  be nec-
essary in cases of severe bradykinesia. A shorter hit time window
would increase the difficulty of the task, which may be useful to
assay highly skilled forelimb function. Distance to reach the lever is
another parameter that can change the challenge of the task. Longer
reach distances are known to reduce success on reach-to-grasp
tasks (Montoya et al., 1991), and would consequently increase the
difficulty of the bradykinesia assessment task. In this study, two  rats
with hemorrhagic lesions were tested with the lever located 1.0 in.
outside the cage, but were unable to perform the task. The lever
position was  subsequently adjusted to 0.5 in. outside the cage to
enable performance in successive rats, demonstrating the adjusta-
bility of the task. Because of the flexibility of multiple parameters,
it is likely that the bradykinesia assessment task can be applied
to an even wider range of models of dyskinesia, including aged
rats or genetic models of motor disease. With small changes, this
task could be adapted into other paradigms that could test different
facets of forelimb function. The inter-press interval could be eval-
uated between the second and third or third and fourth presses.
Additionally, the software can record the total time the lever is
depressed, providing a measure of forelimb hypertonia or spas-
ticity, or could be set to require the lever to be held down for a
certain amount of time for a trial to be rewarded. The behavioral
chamber and software are modular and can easily be converted to
measure forelimb force generation using a force transducer (Hays
et al., 2012). Many pellet retrieval tasks assess limb dominance and
allow rats to train with their dominant limb. The results presented
in this study restrict use to the right forelimb. However, the behav-
ioral chamber could easily be converted to allow use of the left
forelimb or modified to permit use of both forelimbs. We  did not
observe a bimodal distribution of length of training times and no
rats failed to reach criteria, suggesting that even the non-dominant
limb could be trained to proficiency on this task. Furthermore, while
this study restricts testing to rats, the apparatus could be modi-
fied to accommodate testing in mice or other rodent models while
maintaining the same experimental design.

The bradykinesia assessment task is fully automated and allows
a single experimenter to test multiple rats simultaneously. Because
this is an operant task instead of a food retrieval task, an experi-
menter does not need to attend to the target or intervene at any
point during the testing session. The number of presses and press
time data are collected and displayed in real-time, which provides
feedback on performance and facilitates identification of any prob-
lems which may  arise during training sessions.

One disadvantage of the bradykinesia assessment task is the
comparatively longer training time. Some assessments of forelimb
function require no training, but most require some pre-training
for animals to reach proficiency. Although training time is con-
tingent upon desired performance criteria and training regimens
vary widely across studies, training time on most reach-to-grasp

tasks takes a few days (Buitrago et al., 2004). In this study, the
training time to reach the steady 85% success rate criterion was
21.7 ± 1.4 days and 75% criterion took 28.5 ± 1.7 days. However,
the operant association with the lever is formed within the first
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ew sessions, and depending on the desired criteria, training time
n this task could be adjusted. Incorporation of training stages with
oftware-controlled adaptive threshold criteria could also be used
o accelerate the training process.

The bradykinesia assessment task directly measures kinematic
peed of the forelimb, a quantifiable physiological value. This
resents an advantage over pellet retrieval tasks, which are primar-

ly restricted to success rate or qualitative analysis. While success
ate in any task is determined by experimenter defined criterion,
orelimb speed is an independent value. As such, this task is applica-
le to testing this clinically relevant parameter in models of upper
xtremity impairment. Bradykinesia is present in patients of many
otor disorders; therefore, this task may  prove useful in identify-

ng forelimb slowness in rodent models of disease. The bradykinesia
ssessment task could also be used to measure spasticity, further
xpanding the parameters of upper extremity impairment that can
e resolved.

. Conclusion and implications

This study describes the bradykinesia assessment task, a novel
ethod for measuring forelimb speed in rats. Multiple parame-

ers describing forelimb function can be quantitatively measured
sing this task, including inter-press interval, number of presses
er trial, and success rate. The task is fully automated and several

ndependent components can be adjusted to alter difficulty, pro-
iding the flexibility to test a range of motor impairments. Here
e show that two mechanistically distinct models of brain damage
iffering in severity cause a reduction in all measures of forelimb
erformance. One major advantage of the bradykinesia assessment
ask is that it automatically measures forelimb speed, a kinematic
arameter that is affected in patients with various motor diseases,

ncluding stroke, Parkinson’s disease, traumatic brain injury, and
untington’s disease. This task represents a significant advance

n measuring forelimb bradykinesia in rats and may prove use-
ul in evaluating therapies that aim to improve upper extremity
mpairment in models of motor dysfunction.
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