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HIGHLIGHTS

® We develop a low-cost automated behavioral box to measure forelimb function in rats.
® We illustrate camera-based automated detection of behavioral outcomes.

® We demonstrate the ability to easily vary task structure and practice schedules.

® Our automated setup is able to monitor deficits after unilateral ischemic stroke.

® We show compatibility with modern chronic electrophysiological approaches.

ARTICLE INFO ABSTRACT

Article history:

Received 16 January 2015

Received in revised form 26 February 2015
Accepted 3 March 2015

Available online 10 March 2015

Background: Rodent forelimb reaching behaviors are commonly assessed using a single-pellet reach-to-
grasp task. While the task is widely recognized as a very sensitive measure of distal limb function, it is
also known to be very labor-intensive, both for initial training and the daily assessment of function.
New method: Using components developed by open-source electronics platforms, we have designed and
tested a low-cost automated behavioral box to measure forelimb function in rats. Our apparatus, made
Keywords: primarily of acrylic, was equipped with multiple sensors to control the duratior.l and difficulty of the task,
Motor lea.rning detect reach outcomes, and dispense pellets. Our control software, developed in MATLAB, was also used
Reach to control a camera in order to capture and process video during reaches. Importantly, such processing
could monitor task performance in near real-time.

Results: We further demonstrate that the automated apparatus can be used to expedite skill acquisition,
thereby increasing throughput as well as facilitating studies of early versus late motor learning. The setup
is also readily compatible with chronic electrophysiological monitoring.

Comparison with existing methods: Compared to a previous version of this task, our setup provides a
more efficient method to train and test rodents for studies of motor learning and recovery of function
after stroke. The unbiased delivery of behavioral cues and outcomes also facilitates electrophysiological
studies.

Conclusions: In summary, our automated behavioral box will allow high-throughput and efficient moni-
toring of rat forelimb function in both healthy and injured animals.

Electrophysiology

Published by Elsevier B.V.

1. Introduction (Girgis et al., 2007; Hays et al., 2013; Kleim et al., 2007; Montoya
et al, 1991; Ramanathan et al., 2006; Ramanathan et al., 2009;
Rioult-Pedotti et al., 1998; Slutzky et al., 2010; Weishaupt et al.,
2013; Whishaw et al., 2008, 1986). More specifically, the Whishaw
single-pellet reach-to-grasp task is among the mostly commonly
used behavioral assessment of forelimb function (Fu et al., 2012;

Kleim et al., 2007; Rioult-Pedotti et al., 1998; Whishaw et al., 2008,

Rodent forelimb function is widely studied in the context
of motor learning, neural plasticity and recovery from injury
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1986; Whishaw and Pellis, 1990; Xu et al., 2009). Early variations of
this task included the use of trays in the home cage containing mul-
tiple pellets simultaneously (Castro, 1972; Whishaw et al., 1986).
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The single-pellet task is more difficult as it requires reaching, grasp-
ing and retrieving a single pellet located at a distance outside of the
behavior box (Whishaw and Pellis, 1990); inaccurate reaches typi-
cally resultin the pellet being knocked away. The original version of
this task included an acrylic box that biased reaching movements to
a single limb and allowed video based monitoring of movements
from multiple perspectives. Numerous studies have now shown
that the single-pellet reaching task involves the learning and acqui-
sition of a new motor skill (Conner et al., 2003; Francis and Song,
2011; Kleim et al., 2007; Rioult-Pedotti et al., 2000; Rioult-Pedotti
et al., 1998); it has become an important focus for studies of the
neural substrates of motor learning in both rats and mice (Fu et al.,
2012; Kleim et al., 1998; Xu et al., 2009). The same task is also com-
monly used to study recovery of forelimb function after stroke or
brain injury (Ramanathan et al., 2006; Whishaw et al., 2008, 1986).
In addition, it may be used to assess motor function in other mod-
els of neurological dysfunction (e.g. Parkinson’s disease) (Klein and
Dunnett, 2012; Vergara-Aragon et al., 2003).

While the single-pellet reaching task is widely recognized as a
very sensitive measure of distal forelimb function, it is also known
to be very labor and time intensive (Kleim et al., 2007). In a typical
reaching session, rats are given the opportunity to obtain 20-25
pellets (i.e. 20-25 trials per day). Traditionally, this requires an
experimenter to manually present each pellet and to observe/shape
the behavior of the rat by placing a subsequent pellet only when
the rat has relocated to the other end of the cage. Such a training
paradigm requires ~2 weeks to achieve adequate plateau perfor-
mance levels (Francis and Song, 2011; Kleim et al., 2007). This is
only compounded by the fact that multiple trials are necessary to
assess outcomes after injury (i.e. if also used as a serial measure of
functional recovery).

The primary goal of this study was to develop and validate a
low-cost, automated high-throughput version of this task. Our spe-
cific focus was to minimize the need for user input and supervision
during the training and assessment of animals. Importantly, the
ability to automate assessments has the added benefit of facilitat-
ing blinding of assessments (i.e. done automatically without human
intervention). We further demonstrated the potential use of such a
box in varying the trial structure during motor learning as well as
its compatibility with chronic electrophysiological recording tech-
niques.

2. Methods
2.1. Subjects

We used a total of 22 male Long Evans rats weighing approxi-
mately 250g. The rats were housed in a temperature-controlled,
12:12h light cycle environment in which behavioral testing
occurred with lights on during the day. Rats were food scheduled,
where they received a part of their food requirements from the
reaching task depending on trial structure. Rats following the tradi-
tional training paradigm of one 25-trial session per day were given
an opportunity to obtain a maximum of 25 pellets in the behav-
ior box, which made up approximately ~1/5 of their daily food
intake. They were supplemented with 2 larger ‘rodent diet’ pellets
(2500-3000 mg each; 8640 Tklad 22/5 Rodent Diet, Harlan Labora-
tories, Indianapolis, IN) in their home cages after task performance.
Rats undergoing high-throughput training paradigms obtained
food ad lib during the task, which amounted to approximately ~2/3
of their daily intake, and were supplemented accordingly at the
end of daily training. We measured body weight on a daily basis
to ensure that their weight did not fall below 90% of their initial
weight. Rats had free access to water when they were not per-
forming the pellet reaching task. All housing and procedures were
approved by the Institutional Animal Care and Use Committee at

the San Francisco VA Medical Center (Animal Welfare Assurance
Number A3476-01).

2.2. Apparatus

The reach box was made of acrylic sheets (250 x 300 x 200 mm,
3.175mm thick [1/8"]; Acrycast, Calsak Plastics, Chino Hills, CA)
and constructed with a central 12 mm wide slit in the front (Fig. 1).
The centralized position and size of the slit only allowed access
using one paw. The two “pellet trays” had a circumference of 7 mm
with a 1 mm central depression (Supplementary Fig. 1) and were
placed 15mm in front of the slit and slightly left/right of center,
respectively (Fig. 1A and F). The centers of the pellet trays were
aligned with each respective edge of the central slit (Fig. 1A). Pellets
were dispensed through flexible tubes (silicon tubing with 6.35 mm
[1/4”] inner diameter, VetEquip Inc., Pleasanton, CA) (Fig. 1D). The
tubing was attached to a front gate that controlled the opening of
the slit (Fig. 1A and D). During the inter-trial period, the gate moved
down to close the slit; a pellet was dispensed to the appropriate
tray. During the following trial period, the gate moved up to allow
access to the pellet (Fig. 1E and F).

Both a custom-built pellet dispenser (Fig. 1D, Supplementary
Fig. 2) and a commercially available dispenser (Supplementary Fig.
3; Pellet Dispenser with 45 mg Interchangeable Pellet Size Wheel,
Lafayette Instrument Company, Lafayette, IN) were tested. The
custom-built dispenser consisted of two tubes for pellet place-
ment to either the left or the right tray (or to both simultaneously),
which allowed for automatic determination of paw preference.
This dispenser consisted of a clear acrylic tube (44.45 mm [1.75"]
inner diameter, 4.76 mm [0.1875”] thick, and 63.5mm [2.5"]
height, Small Parts, Logansport, IN) attached with plastic bon-
der epoxy (Loctite, Westlake, OH) to an acrylic square bottom
(63.5mm x 63.5mm [2.5” x2.5”], 476 mm [0.1875"] thick). A
12.7mm [0.5”] diameter hole was created in the center of the
tube/bottom (Supplementary Fig. 1C). The shaft of a stepper motor
(Hitec 32645S HS-645MG High Torque, HITEC RCD USA, Inc., Poway,
CA) was inserted through the 12.7 mm [0.5”] hole and fixed using
epoxy; a 44.45 mm [1.75”] circular plastic motor horn was then
pushed to the bottom of the acrylic tube and attached to the step-
per motor itself; the horn could then freely rotate. Two 6.35 mm
[0.25”] holes were created in both the disc and the plastic bot-
tom; the silicon tubes were attached to the plastic bottom such that
when the holes were physically aligned, a pellet dropped through
the respective tube onto either the L (left) or R (right) pellet tray
(Fig. 1E). The customized dispenser required calibration in order
to prevent crushing of the 45 mg pellets (45 mg dustless preci-
sion pellet, BioServ, Frenchtown, NJ). In contrast, the commercially
available dispenser was readily adapted without any further mod-
ifications. With the commercial dispenser, we were only able to
deliver a pellet to either the L or R (i.e. required a physical switch
of the silicon tubing). Notably, the use of two such dispensers can
be used to replicate the two simultaneous outputs achieved using
the customized dispenser.

An acrylic sheet gate was placed between the pellet tray and
the slit (Fig. 1A, C and E). The dispenser tubes were attached to the
gate itself. A second stepper motor (Hitec 32645S HS-645MG High
Torque, HITEC RCD USA, Inc., Poway, CA) was used to control the
position of the gate; gate opening was used to indicate the start of
a trial and to allow access to the pellet trays. Pairs of infrared (IR)
LED emitters (Sharp Microelectronics, Camas, WA) and IR detectors
(Sharp Microelectronics, Camas, WA) were used to both detect the
pellet on the tray (Fig. 1D and F) and the location of the rat between
trials (Fig. 1B and C). An Arduino board (Arduino Uno—R3, Arduino,
Ivrea, Italy) and motor shield (Arduino, Ivrea, Italy) were used to
control both stepper motors described above. The IR emitter and
the detector pairs were also monitored using the same board.
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Fig. 1. Behavioral apparatus. (A) Schematic drawing of the box with open gate. Red boxes represent the infrared (IR) light emitting diodes (LED); blue boxes represent the IR
detectors. Dashed lines indicate IR beams for pellet detection. (B) Schematic drawing of the side view of the box. (C) View of the entire reach box with pellet dispenser and
gate-controlled slit on the left. (D) Customized dual-output pellet dispenser. Arrow indicates direction of pellet dispensing to left and right pellet trays. (E-F) Illustration of
the dual pellet holders. With the gate closed, pellets can be easily dispensed to either the left or right position. Opening of the gate signals the start of the trial and presentation
of the pellet. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Dropped pellets were collected underneath the pellet trays and
gate. A ramp ~15° from the horizontal allowed dropped pellets
to roll down for collection in a receptacle placed at the base of the
ramp. The ramp not only served to direct pellets into the receptacle
but also to accentuate the motion of pellets as they traveled down-
ward for detection as unsuccessful trials by the image processing
system.

2.3. Computer control of the behavioral box

Control of the behavioral tasks, the stepper motors, monitor-
ing of the IR sensors and video camera acquisition/monitoring
was performed using custom built routines in MATLAB (Math-
Works, Natick, MA). We have also developed a Graphical User
Interface (GUI) that can readily control behavioral param-
eters, program modes, camera functions, and calibration
(Supplementary Fig. 4). Drivers for the Arduino boards were
downloaded from mathworks.com (http://www.mathworks.
com/hardware-support/arduino-matlab.html). Our customized
routines allowed us to easily modify the task structure, monitor
the task performance during the task as well as to track overall
performance in near real-time. Moreover, the trial data was saved
in formats that could be easily opened in MATLAB or in Excel for
further analysis.

2.4. Image processing based detection of trial outcomes

The behavioral apparatus was equipped with a laterally placed
camera to monitor behavioral outcomes online (i.e. during the task
performance) as well as to reconstruct limb kinematics offline. After
each trial, the video was automatically processed in order to detect
several parameters (Fig. 2A). First, the video was used to ensure that
a pellet was truly dispensed. While pellets relatively infrequently
failed to dispense (i.e. <2.5% of the time), such tracking ensured
accurate performance characteristics. Specifically, a baseline image
was taken during the box calibration step when no pellet is present.
This was subtracted from the first frame of each acquired video
clip. Accurate assessment of the pellet dispense was performed
after conversion to a black and white image and measurement of
the pixels in a region of interest (ROI) restricted to the expected
location of the pellet. We found that this method always detected
the lack of a pellet drop (i.e. 100% accuracy). Such trials were then
ignored and another pellet was dispensed. If a pellet successfully
dropped onto the pellet tray, subsequent processing examined for
the presence of a pellet in the ROI below the pellet trays (Fig. 2A,
red outline). This ROl was examined to assess if a pellet had moved
within it after being knocked off the pellet tray (unsuccessful trial)
or if no pellet had slid down (in the case of a successful grasp
and successful trial). The image based processing method (Fig. 2A)
detected trial outcomes (i.e. ‘dropped’ or ‘eaten’) with an accuracy
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Fig. 2. Automated detection of trial outcomes. (A) Examples of video processing to detect single trial outcomes. Image above is a black and white depiction of a single video
frame (30 Hz acquisition). Region of interest (ROI) is indicated by the red rectangle. Shown below is the processed indication of a dropped pellet (i.e., the white pixels in
frames 10 and 13). The pellets and the detected trajectory of the pellet are outlined in green. (B) Single trial outcomes during multiple learning sessions in a single day. Stems
indicate successful trials, while circles on the red line indicate failures. Top row is the first training session of the day.

of 92 4+ 4% (s.d., measurements conducted on n=10 reaching ses-
sions consisting of 25 trials). Importantly, a ramp placed under the
pellet trays (i.e. Fig. 2A), ensured that all dropped pellets moved
through the ROI. Moreover, our behavioral testing was conducted
in a soundproof chamber with controlled lighting. Stability of the
background and the lighting conditions significantly improved the
accuracy of the image processing. All trial videos were saved and
could be reviewed offline in order to achieve complete accuracy of
outcomes. These methods allowed us to detect sequences of trial
outcomes in near real-time (Fig. 2B). As rats trained on the task, the
frequency of successful outcomes increased, particularly toward
the mid- to late-period of a 25-trial session.

For animals recovering from a stroke, we slightly modified the
algorithm noted above; animals with significant forelimb deficits
after stroke often moved the pellet (i.e. tripped the IR sensor) with-
out actually dropping it. We thus added a step to ensure that the
pellet had truly dropped (i.e. pushed off the pellet tray and not sim-
ply moved transiently). Specifically, we compared the last frame
prior to complete gate closure to a baseline image without the
pellet in place. Simple image subtraction allowed to us determine

whether the pellet had truly dropped or was simply transiently
displaced.

2.5. Behavioral training

All rats were given at least two days to acclimate to a restricted
diet and the behavioral testing environment before task training
began. There was no user intervention during this period. We have
tested two approaches regarding the initial training. In the first, we
started the reaching program in which the gate simply opened and
remained open until the rats attempted to reach. In this completely
unsupervised approach, we found that only a distinct minority of
rats started to reach. Instead, consistent with past studies, an initial
phase of training consisting of shaping the animals to understand
the food pellet reward by olfactory familiarization was considerably
better. We have successfully tested two possible approaches. In the
first, the automatic setup was used to shape the rat. We placed an
adaptor on top of the two pellet trays. This adaptor allowed the pel-
let to be dropped such that it was placed right at the slit (i.e. ~0.5 cm
away), where the rats are able to lick the pellet. After 10-20 such
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trials, we switched to a “bilateral mode”; pellets are placed on both
trays (Fig. 1F). The program automatically determines preference
by examining which pellet is consistently dropped. After 10 tri-
als, we then switched to the preferred side for continued training.
A “manual mode” was also successfully tested. Thus, the exper-
imenter manually placed pellets into the box through the slit to
encourage rats to explore the front of the box. As rats gradually
associated the slit with the delivery of reward, pellets were moved
to the trays outside of the box and the automated training was
engaged.

During the training phase, a reach attempt was deemed suc-
cessful if the animal grasped for the pellet on the tray and brought
it back into the box within the time frame of one trial. This time
frame started with as much time as the rat needed to obtain the
pellet and was gradually reduced to a 6 s window. The task was
made increasingly more difficult by enforcing a hold period to trig-
ger the start of a trial. A light sensor in the back of the box detected
the presence of the rat before a trial could be initiated. The results
outlined in Section 3 involved a 6 reaching window and did not
require a hold period on Day 1. On subsequent days a hold period
was instituted. Typically a rat was able to incorporate this feature
quite easily.

For the single-session training paradigm, the rats had the oppor-
tunity to perform 25 trials/day. For the first multiple sessions per
day training, animals could perform multiple 25 trial sessions sep-
arated by a 30 min break (~10 sessions, ~250 trials). For the second
version, animals could perform 100 trials/session (2-3 x per day).

2.6. Stroke induction

Unilateral lesion of the primary motor cortex (M1) was per-
formed on n=4 rats using fiber optic illumination of Rose Bengal
dye (Hsu and Jones, 2006; Watson et al., 1985; Whishaw et al.,
1986). The optic-fiber cable was attached to the top of a 3mm
“induction tube” placed over the dura. The center of the tube was
positioned over the center of the M1 region (2.5 mm lateral and
1 mm anterior to bregma). After femoral vein canalization and Rose
Bengal infusion, a Polychrome fiber-optic source (KL 1200, Schott,
Elmsford, NY) was used to illuminate the region for 20 min. His-
tological analysis (cresyl violet stain) was used to confirm the size
and location of the resulting infarct.

2.7. Electrophysiology and surgical implantation

After performance of the reach task plateaued, three rats under-
went a surgical procedure to implant recording electrodes (ZIF-Clip
based 32-channel microwire arrays, Tucker-Davis Technologies,
Alachua, FL) in M1 (Gulati et al., 2014). Rats were anesthetized
with isoflurane at 1-3% and given atropine sulfate (0.02 mg/kg
b.w.) at the beginning of the surgery. After securing the animal
in a stereotaxic frame (David Kopf Instruments, Tujunga, CA), a
craniotomy was performed over the forelimb motor area with
dimensions 6 mm to —2 mm anteroposterior and 1 mm to 5mm
mediolateral from bregma. Arrays were lowered to a depth of
1400-1800 pm in the forelimb area (1-3 mm anterior to bregma
and 2-4mm lateral from midline), where the dura mater was
retracted. Final localization of the array was based on quality of
recordings across channels at the time of implantation. The refer-
ence and ground wires of the array were wrapped around screws
placed in the skull region over the cerebellum to ensure minimal
noise in electrophysiology recordings. The post-operative recovery
regimen included administration of buprenorphine at 0.02 mg/kg
b.w. and meloxicam at 0.2 mg/kg b.w. Dexamethasone at 0.5 mg/kg
b.w. and trimethoprim sulfadiazine at 15mg/kg b.w. were also
administered post-operatively for 5 days. All animals were given
at least 5 days to recover before the start of experiments.

We recorded spike and LFP activity using a 128-channel
TDT-RZ2 system (Tucker-Davies Technologies, Alachua, FL). Spike
data was sampled at 24414 Hz and LFP data at 1018 Hz. ZIF-clip
based analog headstages with a unity gain and high impedance
(~1GS2) were used. Only clearly identifiable units with good
waveforms and high signal-to-noise were used. The remaining
neural data was recorded for offline analysis. We sorted the MEA
recordings using standard offline cluster cutting methods in TDT’s
OpenSorter software. Behavior related timestamps (i.e. trial onset,
trial completion) were sent to the RZ2 analog input channel using
an Arduino digital board and synchronized to neural data.

2.8. Statistical analysis

We performed one-way ANOVA with multiple comparisons for
significance assessment of plateau success rates for different train-
ing paradigms (MATLAB, MathWorks, Natick, MA).

3. Results
3.1. Traditional and high-throughput training paradigms

We systematically varied the trial structure and exposure to the
task in order to test the time-dependent differences in motor skill
formation. Traditionally, one training session of 25 trials per day
prepared naive rats to understand the task reward structure and
gradually master the reaching technique over two to three weeks
(Fig. 3A). The automation of the setup enabled us to train multiple
rats simultaneously in closed, soundproof chambers. The inde-
pendent, self-regulating nature of the apparatus further prompted
the implementation of high-throughput training paradigms, which
yielded multiple sessions per day. Two additional protocols were
tested: ~10 sessions of 25 trials each day (Fig. 3B) and 2-3 ses-
sions of 100 trials each day (Fig. 3C). Both methods expedited the
time to task plateau without significant differences in the final
absolute success rate (plateau success rates: 66.9 +3.9%, n=6 ani-
mals; 74.5 +£3.4%, n=8; and 60.5 +4.8%, n=4 respectively for one
25 trial session per day, multiple sessions of 25 trials each per day
and multiple 100 trial sessions per day, respectively, mean & s.e.m.,
one-way ANOVA, F, 33 =3.09; P>0.05).

3.2. Learning and recovery after stroke

We also verified that rats trained using the high-through
method experienced a similar recovery after stroke; we wanted to
ensure that there is no fundamental difference in skill acquisition
relative to rats trained using a more traditional time window. After
animals achieved a stable performance rate, they underwent a uni-
lateral photothrombotic stroke to the contralateral primary motor
cortex (Fig.4). The injury consistently damaged forelimb function in
the reaching paw; all rats were unable to reach initially during one
traditional testing session following the post-operative regimen.
We observed a slow recovery of motor function that resembled pre-
viously published data (Gharbawie et al., 2005; Ramanathan et al.,
2006).

3.3. Compatibility with electrophysiology

While reaching tasks have been studied using cellular and
molecular techniques, less is known about the electrophysiolog-
ical basis of skilled motor learning in awake-behaving animals.
We wanted to also demonstrate that the automated reaching
box is ideally suited for electrophysiological investigations. We
time-locked the behavioral, video and neural data in two ways:
(1) by syncing neural data to the frame rate of the video of actual
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Fig. 4. Recovery after stroke. Mean recovery curve after a focal M1 stroke (n=4).
Each of these rats were trained using multiple sessions/day. The inset shows the his-
tological analysis (cresyl violet stain) of the stroke from one animal (coronal section).
Scale bar is 1 mm. M = medial; L=lateral.

movements (i.e. MATLAB sent simultaneous triggers to the elec-
trophysiology workstation and the video camera) and (2) using
the IR sensor embedded under the pellet tray as a marker for a
pellet drop. The embedded sensors allowed us to modify the trial
structure easily and to incorporate a hold period (Fig. 5A). Fig. 5
shows an example of a M1 neuron that is active mid-way through
the each period (Fig. 5A-C). In general, we found that M1 neurons
were active throughout the reach phase (Fig. 5D). Consistent with
past data, we found that the majority of M1 neural neurons were
most active after the onset of reach. It is likely that our recording
location, which targeted the distal forelimb region (Hyland, 1998;
Peters et al., 2014), contributed to the activation profile. Thus,
during a reach-and-grasp task, the majority of activity in M1 at
this location appeared to be related to grasping.

4. Discussion

The single-pellet reaching task is a validated method to evaluate
forelimb function in rats (Francis and Song, 2011; Kleim et al.,
2007). However, the necessity for manual placement of pellets and
determination of trial outcomes is a significant burden, both with
respect to time invested as well as a possible confound during elec-
trophysiological assessments. Our results illustrate the feasibility
of fashioning a low-cost automated behavioral setup that permits
high-throughput training and assessment. The automated nature
of the setup allowed us to systematically vary the trial structure
during the skill acquisition phase. As a proof-of-principle, we found

that by significantly increasing the trials per session we could
reliably achieve plateau performance over 3-4 days, representing
a significant reduction in the training period. We further show that
the rapid acquisition of skill resulted in similar recovery schedules
after focal stroke. Finally, we demonstrate that our behavioral
box is readily compatible with chronic electrophysiological
monitoring.

The automated behavioral box allowed us to quite easily mod-
ulate the trial structure during the initial skill acquisition phase.
From a pragmatic perspective, by increasing either the number of
sessions per day or the number of trials per session we were able
to achieve plateau performance levels over a shorter interval. We
did not find significant differences from the final performance lev-
els of rats that were trained using the more traditional method
of 20-25 trials per day. While this is not unexpected given the
wealth of data on the role of practice on motor performance, it
should facilitate study of the temporal course of motor learning
(i.e. understanding the neural basis of early and late motor learn-
ing) (Costa et al., 2004; Francis and Song, 2011; Fu et al., 2012;
Shmuelof and Krakauer, 2011). For example, current electrophys-
iological methods are unable to easily record the same neural
ensemble over extended periods of time (Chestek et al., 2011;
Suner et al., 2005). Reducing the learning process to a 1-3 day
period of time should significantly facilitate endeavors to track
learning and neural ensembles over extended periods of time
(Ganguly and Carmena, 2009; Ganguly et al., 2011; Gulati et al.,
2014).

We also used our automated single-pellet reaching box to assess
recovery of motor function after stroke. We developed strategies to
more accurately measure trial performance in post-ischemic lesion
rats. For example, animals with significant forelimb deficits often
moved the pellet (i.e. tripped the IR sensor) without actually drop-
ping it. We thus added a step to ensure that the pellet had truly
dropped prior to the image-processing step (i.e. Fig. 2). We also
ensured that recovery after the expedited training was similar to
that reported for more traditional training schedules. This suggests
that a focal M1 stroke is able to similarly disrupt the reaching
behavior regardless of the speed of skill acquisition (i.e. multiple
sessions over a few days versus a single session per day over 2-3
weeks). Furthermore, video recording of trials allowed for detailed
kinematic analysis of forelimb reach trajectories. We anticipate that
our setup can also be used to easily and systematically vary the trial
structure during recovery after stroke.
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Fig. 5. Electrophysiological recordings from the rat primary motor cortex (M1) dur-
ing reaching. (A) Trial structure during reaching movements. (B) Still frames of video
tracking of limb movements. The red line shows a single example of the reach trajec-
tory. (C) Example firing of a single neuron in M1 during reaching movements. Each
row represents activity during a single reaching movement and each bar represents
an action potential/spike. (D) Colormap of the temporal evolution of the neural spik-
ing activity during reaching movements (combined from recording sessions in three
rats). Time O is the reach onset. Each row represents the mean normalized event-
related firing of task-related neurons. Color gradient represents the normalized peak
firing intensity (i.e. normalized firing rate). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

5. Conclusion

Our automated behavioral setup facilitates high-throughput
training and assessment of forelimb function in rats without con-
stant experimenter supervision. The modular apparatus is readily
adaptable to customized task structures, allowing for numerous
variations to be tested. By expediting the acquisition period for
skilled reaching, the temporal evolution of motor learning can be
more easily examined, particularly in correlation with electrophys-
iology recordings. Given its flexibility, the setup is also amenable
to evaluating a wide spectrum of rodent models; for example, the
effects of different forms of brain injury, age, hand preference and
strain can be studied in an unbiased (i.e. blinded) manner. Based on

our results, we anticipate that our design will provide a more effi-
cient method to study forelimb function in rats (e.g. training, stable
performance, sleep, recovery following traumatic brain injury).
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