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Perceiving, recognizing and remembering 3-dimensional (3-D) objects encountered in
the environment has a very high survival value; unsurprisingly, this ability is shared
among many animal species, including humans. The psychological, psychophysical
and neural basis for object perception, discrimination, recognition and memory has
been extensively studied in humans, monkeys, pigeons and rodents, but is still far from
understood. Nearly all 3-D object recognition studies in the rodent used the “novel object
recognition” paradigm, which relies on innate rather than learned behavior; however,
this procedure has several important limitations. Recently, investigators have begun to
recognize the power of behavioral tasks learned through reinforcement training (operant
conditioning) to reveal the sensorimotor and cognitive abilities of mice and to elucidate
their underlying neural mechanisms. Here, we describe a novel method for training and
testing mice in visual and tactile object discrimination, recognition and memory, and
use it to begin to examine the underlying sensory basis for these cognitive capacities.
A custom-designed Y maze was used to train mice to associate one of two 3-D objects
with a food reward. Out of nine mice trained in two cohorts, seven reached performance
criterion in about 20–35 daily sessions of 20 trials each. The learned association was
retained, or rapidly re-acquired, after a 6 weeks hiatus in training. When tested under
low light conditions, individual animals differed in the degree to which they used tactile or
visual cues to identify the objects. Switching to total darkness resulted only in a transient
dip in performance, as did subsequent trimming of all large whiskers (macrovibrissae).
Additional removal of the small whiskers (microvibrissae) did not degrade performance,
but transiently increased the time spent inspecting the object. This novel method can be
combined in future studies with the large arsenal of genetic tools available in the mouse,
to elucidate the neural basis of object perception, recognition and memory.

Keywords: object discrimination, object recognition, object memory, operant conditioning, food restriction,
whisker trimming, mice

INTRODUCTION

The uncanny ability of humans and other primates to recognize a familiar 3-dimensional (3-D)
object by vision or by touch in less than two tenths of a second (Thorpe et al., 1996; Hung
et al., 2005; Liu et al., 2009; Gurtubay-Antolin et al., 2015), regardless of lighting, viewing angle,
distance or other changing conditions, has long fascinated philosophers, psychologists, computer
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scientists, and both experimental and computational
neuroscientists (Bulthoff and Edelman, 1992; Logothetis
and Sheinberg, 1996; Tarr and Bulthoff, 1998; Riesenhuber
and Poggio, 2002; Palmeri and Gauthier, 2004; Serre et al.,
2007; Hoffman and Logothetis, 2009; Ungerleider and Bell,
2011; DiCarlo et al., 2012). Several different experimental
procedures have been developed to examine the neural basis
of object recognition, discrimination and memory. A common
object recognition paradigm, used in primate studies for over
half a century, is the “Delayed Match/Non-Match to Sample”
(DMS/DNMS) test (Mishkin et al., 1962; Mishkin and Delacour,
1975; Zola-Morgan et al., 1989). In this procedure an object
is first presented to the animal for sampling and, after a
variable delay, presented again together with a different object.
The animal is rewarded for selecting the matching object (in
DMS experiments) or the non-matching object (in DNMS
experiments), thus presumably demonstrating “recognition,” i.e.,
association of the object with a previously stored memory of the
same object. A few early studies adapted the DNMS paradigm,
or variants thereof, to rats (Aggleton et al., 1986; Rothblat and
Hayes, 1987; Mumby et al., 1990; Jackson-Smith et al., 1993).
However, the great majority of 3-D object recognition studies in
the rat, and to our knowledge all in the mouse, have used the
novel object recognition (NOR) test, also called spontaneous
object recognition (SOR) or one-trial object recognition (OTR)
test (Ennaceur and Delacour, 1988; Ennaceur et al., 1989;
Ennaceur and Meliani, 1992). While superficially similar to the
DNMS paradigm, in the NOR test the animal is not trained;
rather, the experiment relies on the natural tendency of rodents
(and other species) to spend more time exploring a novel object
in preference to a previously encountered one (reviewed in Dere
et al., 2007; Winters et al., 2008; Antunes and Biala, 2012; Blaser
and Heyser, 2015).

While the NOR procedure has been widely used for studying
the neuropsychology of object recognition memory—i.e., its
neuroanatomical and pharmacological basis (Brown et al., 2012;
Warburton and Brown, 2015)—it has recently been criticized
for its low reproducibility between labs (Akkerman et al., 2012;
Cohen and Stackman, 2015) and for being prone to a variety
of misinterpretations (Gaskin et al., 2010; Gervais et al., 2013).
Also, the standard NOR test does not work with retention delays
of more than a few hours, although a small number of studies
used a modified version of the NOR test to demonstrate retention
for several weeks (Mumby et al., 2002; Broadbent et al., 2010),
and a recently developed modified DNMS task demonstrated
retention of object recognition for nearly a year (Cole et al., 2018).
Importantly, neither the NOR nor the DNMS task are suitable for
repeated testing of the same animal on the same set of objects as
would be needed, for example, for elucidating the sensorineural
mechanisms underlying object perception and discrimination,
or for probing the psychophysical limits to the animal’s object
discrimination abilities. Lastly, NOR cannot be used to study
how neural representations of objects are formed in the course
of learning to recognize an object, precisely because NOR is not
based on learning. All of the above questions are best studied
by training the animal in object discrimination and recognition
using operant conditioning (behavioral reinforcement) methods.

Indeed, much of our knowledge about the cognitive psychology
of object perception and recognition comes from experiments on
primates (reviewed by Op de Beeck and Baker, 2010; Hirabayashi
and Miyashita, 2014), pigeons (Soto and Wasserman, 2014)
and rats (Zoccolan, 2015) trained to discriminate between, or
conversely to associate, specific 3-D objects or 2-D images of
objects. To-date, however, no such studies have been reported in
mice.

In the last two decades, the rapidly expanding repository
of genetically modified mice, together with the burgeoning
arsenal of genetically targetable tools for recording, imaging
and manipulating neuronal activity, have made the mouse the
species of choice for studying the nervous system at the cellular,
circuit and systems levels (O’Connor et al., 2009; Zeng and
Madisen, 2012; Petersen and Crochet, 2013). Consequently,
higher cognitive functions such as perceptual decisions, goal-
directed behavior, attention and working memory, previously
studied mostly in primates (Goldman-Rakic, 1996; Fuster,
2000; Romo and Salinas, 2003; Shadlen and Kiani, 2013), are
increasingly being studied in mouse models (Huberman and
Niell, 2011; Harvey et al., 2012; Carandini and Churchland, 2013;
Guo et al., 2014; Allen et al., 2017). However, studies of the
psychophysical, cognitive and neurophysiological basis of 3-D
object perception and recognition in mice are conspicuously
absent. Our main goal in the present study was therefore to
develop an easily implementable procedure for training and
testing mice in 3-D object discrimination, recognition and
memory, thereby opening up this field to the powerful tools
available in mice. Our second goal was to begin to examine the
sensory modalities employed and sensory cues utilized by mice
to perceive, discriminate between and recognize 3-D objects.

METHODS

Animals and Food Restriction
All methods were approved by the WVU Institutional Animal
Care and Use Committee and followed United States Public
Health Service guidelines. We trained two cohorts of mice, an
initial pilot cohort of five and a main cohort of four C57BL/6J
male mice (Charles River Laboratories), 6–8 week old at the
beginning of training. Upon arrival, animals were housed under
a reverse light cycle (lights off at 8 am, lights on at 8 pm). Animals
in the main cohort were uniquely marked by performing an ear
punch on one or both ears, thus allowing their rapid identification
in low light as “Right,” “Left,” “Both,” or “Neither” (R, L, B, N,
respectively). The mice were habituated to handling and then
placed on a food restriction regime, aiming to maintain their
weight at 80–85% of its baseline value, the latter determined by
averaging their initial weight over three consecutive days. To
achieve the target weight, each animal was fed a fixed amount of
rodent chow per day (typically 3.5 g), and its weight monitored
daily. Training did not begin until the animal’s weight stabilized
within the desired range. Once training started, animals were
weighed twice daily, before training and after training and
feeding. When an animal’s weight deviated from target, the
amount of food was incremented or decremented by∼0.25 g at a
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time. Since mice are still growing during the first 20 weeks of life
(Fu et al., 2013), we used standard C57Bl/6J age-weight charts1

to adjust the baseline weight (and thereby the target weight),
increasing the baseline weight by 1 g per week until 12 weeks of
age, and then by 0.5 g per week until 20 weeks of age.

Objects
Mice were trained to discriminate between two canonical 3-
D objects—a cube and a tetrahedron. The objects had 30 and
37 mm long edges, respectively, and were of equal height. Both
shapes consist of flat surfaces joined by sharp edges, making them
more challenging to discriminate. Several identical sets of the two
objects were constructed on the same 3-D printer from identical
material, so all had the same color, texture and presumably
olfactory cues. A set of objects was placed in the home cage a
week before training began, to familiarize them to the animals;
the position of the objects within the cage was routinely shuffled
to encourage exploration.

Training Arena
Animals were trained in a custom-designed maze placed inside
a 40 cm (L) × 40 cm (W) × 25 cm (H) open arena made of
1/4” (6.3 mm)-thick sheets of acrylic (Figure 1). The maze itself
was constructed from three segments of cast acrylic tubes (3′′
(75 mm) outer diameter, 2.5′′ (63 mm) inner diameter), cut in
half longitudinally and placed cut-side down on the floor of
the arena, forming tunnels. The three tunnels were contiguous
with a central covered pentagonal “choice zone” made of the
same acrylic sheets as the arena; round openings in the acrylic
sheets allowed the choice zone to fit snugly over the tunnels. The
tunnels and choice zone together formed a continuous, enclosed

1https://www.jax.org/jax-mice-and-services/strain-data-sheet-pages/body-
weight-chart-000664

FIGURE 1 | Schematic of the training arena and maze.

Y-shaped maze, held down only by its own weight. The arena
entry opening, at the bottom center of the lower wall, could be
blocked by a guillotine door to prevent the mouse from escaping.
Two additional guillotine doors could block entry to the two arms
of the Y during early phases of training. Two self-supporting
acrylic partitions, at the end of the two Y arms, fenced off the
far corners of the arena, creating triangular “reward zones.”
Two doors made of flexible transparency sheets allowed one-way
passage from the Y arms into the reward zones, but not back.
Thus, once the mouse entered the reward zone it was trapped in
the corner, enabling its retrieval by the experimenter. The two
objects were placed inside the choice zone, one in front of the
entrance to each arm. The exact orientation of each object was
allowed to vary randomly each time, making it unlikely that the
animals could identify objects based on unique marks on their
surfaces. As a reward, a small piece of Kellogg’s FrootLoop (1/16
piece, ∼16 mg) was placed in the reward zone corresponding to
the assigned object. To equalize olfactory cues, both reward zones
contained a large piece of FrootLoop placed inside an inverted
plastic bottle cap and covered by a perforated aluminum foil,
making it inaccessible to the animal. The arena was placed in a
training room separated by closed doors from the main room in
which the mice were housed and fed and from the control room
which housed the computer.

Behavioral Training
Behavioral training was done in four stages. In Stage 1, the mice
were habituated to the arena and the maze over 3 days, with no
objects or rewards present. In Stage 2 they were released into the
maze through the entry door, and were rewarded for going all
the way through either arm of the arena without turning back.
In Stage 3 mice were trained to associate one of the two objects
(the S+ or “assigned” object) with a reward; object assignment
was balanced between the four animals. The assigned object was
placed in the choice zone, in front of the entry to one of the
arms; the other arm was blocked by the guillotine door, and
the reward zone at the end of the open arm was baited with
a reward. Finally, Stage 4 was the actual object discrimination
training. In this stage both objects were placed in the choice zone,
one in front of each arm, with both arms open but only the
arm behind the assigned object leading to a reward. In Stages 3
and 4, the rewarded side (R or L) was alternated between trials
in a predetermined, quasi-random sequence which was changed
between sessions. The sequences included both sides with equal
probability and with no more than three consecutive repetitions
of the same side. In a small number of sessions, deviations
from the predetermined sequences were employed to correct for
animal bias (i.e., rewarding one side more often if the animal
was consistently choosing the other side). Post hoc analysis of
our sequences showed that a strategy of simple alternation (R-
L-R-L-. . .) would have resulted in ≤60% of correct trials, as
indicated.

Each Stage 4 trial was initiated by manually releasing the
mouse into the maze through the entry door. Within the choice
zone, the mouse could “change its mind” after sampling one of
the objects and switch to the other side; however, once it entered
a reward zone, the one-way door prevented it from going back.
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The animal was then retrieved and placed in a clean holding
cage while the experimenter switched objects (if needed) and
re-baited the arena. Mice were trained during a consistent time
window of their dark cycle for 20 trials/session. Mice in the
second cohort were trained for 1 session/day, 5 days/week (in
the first cohort, 1–2 sessions/day and 6 days/week). The arena
and objects were wiped thoroughly with 70% ethanol before and
after each session. A performance score (PS) for each session was
calculated as the percentage of trials in which the animal entered
the correct reward zone. Once a mouse performed at ≥80%
for three consecutive sessions it was considered to have reached
criterion, and subsequent sessions were considered “testing.”

Lighting and Video Recordings
All training and testing sessions were recorded with an IR digital
video camera (Ikegami SC46) mounted above the arena. In most
sessions the IR light source (Axton AT-8SB, 850 nm wavelength)
was placed in a translucent box under the arena, rendering the
animals as sharp silhouettes. Because of the need to share the
arena with a different project, some of the later sessions were
recorded with the IR lighting mounted above the arena, which
unfortunately introduced reflections and degraded the contrast
(e.g., Figure 5, bottom right). Videos were acquired and analyzed
using Ethovision XT software (Noldus2). The program was run
from a computer located in an adjacent room, with the video
signal passed through cables in the ceiling.

Training and testing were initially done under light from an
overhead fluorescent bulb filtered through a semi-transparent
orange-red pane, allowing the experimenter to directly observe
the trial. Illuminance of the arena floor under these conditions
was ≤26 lux, as measured with a Gossen Mavolux 5032C
illuminance meter with a wavelength response adjusted to human
vision. Later sessions were performed in total darkness (other
than the IR light), which required not only switching off the
overhead lights but also masking any LEDs incorporated into the
camera or the other electronic equipment in the room. Under
these conditions, the illuminance meter registered 0 lux and the
arena and the objects were not visible even to a dark-adapted
human observer.

Whisker Manipulations
To test the role of whisker-dependent cues in object
discrimination, we removed the large whiskers
(“macrovibrissae”) and/or the smaller anterior whiskers
(“microvibrissae”) on one or both sides of the snout. Anesthesia
was induced by 3% isoflurane and then maintained by 1.5%
isoflurane, administered through a nose cone (fashioned from the
rubber bulb of a Pasteur pipette, cut diagonally). Macrovibrissae
were visualized under a stereomicroscope and cut at their base,
as close as possible to the skin, using small surgical scissors.
Microvibrissae were removed by a depilating cream (“Nair”),
applied with a Q-tip and left for 5–6 min, then carefully removed
and the skin rinsed with clean water. Care was taken not to
allow the cream to contact mucous tissues, which meant that
the microvibrissae inside the buccal pad were left intact. Animal

2https://www.noldus.com/animal-behavior-research/products/ethovision-xt

was allowed to recover from anesthesia for at least 1.5 h before
behavioral testing. Trimming and depilation were typically
repeated every other day.

Data Analysis
Videos were played back and analyzed in Ethovision. Animal
trajectories through the maze (Figure 4) were traced by
overlaying a trail of the machine-identified nose point, corrected
by hand when necessary, over a tracing of the arena as it appeared
in a captured video frame. Object inspection strategies (Figure 5)
were based on the animal’s behavior while inspecting the wrong
object (cube) during side reversal trials. Trials in which the
mouse climbed on the cube with all four legs were excluded
from analysis; this happened mostly with one animal (N) under
red light conditions. Object inspection duration (Figure 6) was
quantified by counting all video frames in which the animal’s
snout pointed toward the object and was within whisker touch
from it. Frames in which the animal was clearly disengaging from
the object, even if it was still within touching distance, were not
counted.

RESULTS

A Novel Operant Conditioning Method
for Training Mice in Object
Discrimination and Recognition
Using operant conditioning and a custom-designed Y maze, we
trained mice to discriminate between two objects, a cube and
a tetrahedron. Our original intent was to force the animals to
rely mostly on tactile cues, as do mice and other small nocturnal
and subterranean mammals in the wild (Anjum et al., 2006;
Diamond et al., 2008; Catania, 2012; Roohbakhsh et al., 2016).
Consequently, initial training was done under dim orange-red
light to which mice, lacking red cone opsins, are an order of
magnitude less sensitive than humans (Jacobs et al., 2004; Peirson
et al., 2017). The mouse encountered the two objects at the entry
to the two arms of the Y, and was free to sample both objects
before entering one of the two arms. A PS equal to the fraction of
trials in which the correct reward zone was entered was calculated
for each 20-trial session.

We first tested and optimized the maze, the food restriction
regime and the training method on a pilot cohort of five mice,
trained for 3 weeks and 31 sessions. Four of the five mice
reached our earlier performance criterion, of ≥75% correct trials
for three sessions in a row, by the 19th, 21st, 22nd, and 23rd
sessions (criterion sessions included), respectively (Figure 2, left
panel); a fifth animal failed to reach this criterion within this
training period. Based on these results, we embarked on training
and testing the main cohort of four mice, which were trained,
and then tested, for up to 7 months and 114 sessions. For this
cohort we chose a more stringent performance criterion, of≥80%
correct trials for three sessions in a row. Three of the animals
(B, N, and L) achieved this criterion in 30, 33, and 37 sessions
(criterion sessions included), respectively (Figure 2, right panel).
Once at criterion, performance stayed at or above 80% except for
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FIGURE 2 | Learning curves of the pilot (Left) and main (Right) cohorts during initial training under orange-red light. Raw performance scores for each animal
(averaged in blocks of three consecutive sessions) are plotted as a dotted line, and the average of all animals is plotted as a solid line. The chance (50%) and
criterion (75 and 80%) levels are indicated by dotted horizontal lines.

occasional “dips.” The fourth animal did not reach criterion after
50 training sessions, and was removed from the experimental
cohort.

It was possible that the mice were choosing sides based
on inadvertent cues generated by the experimenter rather than
on object identity. Moreover, with some stimulus sequences, it
may be possible for subjects in a two-alternative discrimination
experiment to “cheat” and achieve above-chance performance by
following a predetermined order or an outcome-based strategy,
without actually discriminating between the stimuli (Gellerman,
1933; Levine, 1963; Fellows, 1967). To determine if mice were
actually sampling the objects before making a choice, we
examined the videos of the test sessions (the sessions after
reaching criterion). In videos from two of the mice (N and L), in
about half of the “hit” trials the animals directly approached the
correct object and immediately proceeded to collect the reward,
but in the remaining trials the animal initially approached the
wrong object, explored it momentarily and then switched to the
correct object. Such “side reversals” implied that the animals were
indeed making decisions based on the perceived object identity,
and using short-range cues (most likely tactile, but possibly also
visual) to determine this identity. In contrast, mouse B almost
never exhibited side reversals, instead going directly to the correct
side, suggesting that this animal was using long-range cues (most
likely visual) to discriminate between the two objects. To quantify
these contrasting behaviors we calculated an “Initial Approach
Score” (IAS) for each session, equal to the fraction of trials in
which the first object approached by the animal was the correct
one. Figure 3 (top panels) illustrates the evolution of the PS and
IAS (blue and red lines, respectively) for each animal during the
initial training period under orange-red lights (these are the same
sessions illustrated in Figure 2). As evident from these plots, in
mice N and L the two curves diverged once the animal learned to
discriminate the two objects, with the PS gradually increasing to
criterion and the IAS remaining at or slightly above the chance
level. In the third animal (B) the IAS improved in-step with the

PS and the two curves were totally overlapping, suggesting that
this mouse made a decision before entering the choice zone and
without sampling the objects at close range.

Previous studies found that rats trained in visual object
discrimination retain object memories when retested up to
12 weeks later (Mumby et al., 1999). To test for retention of
remote object memory, all three mice were given a 6 weeks hiatus
in the testing and food restriction regime. Food restriction was
then re-instated and, once animal weights stabilized, testing was
resumed. Performance recovered to criterion within 1 (N), 4 (B),
and 11 (L) sessions under red-orange light (Figure 3, middle
panels; session #1 is the first session after testing was resumed).
This indicates robust retention of object memory in one animal,
and at least partial retention in the other two mice, allowing them
to rapidly re-acquire the discrimination performance. As before,
the IAS of B closely tracked its PS, while IAS stayed at chance level
for N and L.

Sensory Cues Used for Object
Discrimination and Recognition
The finding that mouse B was able to discriminate between the
objects at far range was unexpected, given that the experiments
were done under dim orange-red light to which mice are
relatively insensitive (Peirson et al., 2017). To test whether
the mice were using visual or tactile cues, we retested their
performance in total darkness (Figure 3, middle panels; black
bars indicate sessions in total darkness). In total darkness (i.e.,
under IR light only), PS for N transiently dropped to chance
level, but recovered to criterion within six sessions of continued
testing. The performance of L in total darkness degraded to
below criterion for about 20 sessions (only the first six sessions
illustrated in Figure 3) before fully recovering to criterion. This
suggested that these two animals were initially relying, at least
to some extent, on close-range visual cues, but rapidly adapted
to total darkness, presumably switching to purely tactile cues.
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FIGURE 3 | Performance scores (PS, blue lines) and initial approach scores (IAS, red lines) of the three animals under different sensory environments. Upper panels:
under orange-red light. Middle panels: in total darkness (black bars). Lower panels: in total darkness, with large whiskers trimmed unilaterally (open bars) or bilaterally
(light-gray bars), or with both whiskers and microvibrissae removed (dark-gray bars). The break in the lines in the lower left panel represents a 3-week hiatus in
testing during which whiskers were allowed to regrow; session numbering restarts after the break.

The performance of B in total darkness remained at criterion
with nearly no degradation, however, its IAS fell to chance level.
Thus, under total darkness this animal presumably switched its
discrimination strategy instantaneously, from relying on long-
range visual cues to relying on short-range tactile cues.

Tactile sensation in mice can potentially be mediated by
several distinct sensory organs, including glabrous skin (e.g.,
paws), large mystacial whiskers (macrovibrissae) and the more
anterior, shorter microvibrissae (Brecht et al., 1997; Kuruppath
et al., 2014). To test for use of macrovibrissae, we retested
the three mice in total darkness after trimming the large
whiskers under light anesthesia (Figure 3, lower panels). In
N and B, macrovibrissae were trimmed bilaterally (light gray
bars). Performance of N transiently dipped to chance level
for one session, followed by recovery over five sessions to
≥90%. Performance of B dipped on the 1st day slightly below
criterion but immediately recovered and remained ≥90%. In
L, whiskers were initially trimmed unilaterally (open bar),
causing a transient two-session dip below criterion, followed by
performance at criterion for the next seven sessions. Subsequent

bilateral trimming of all whiskers (light gray bar) had a similar
effect—a transient two-session dip below criterion, followed
by consistent performance at ≥90% for the next five sessions.
Since trimming was repeated at least every other day, the
initial dip in performance could not be attributable to lingering
anesthesia effects. Lastly, in two of the animals we combined
macrovibrissae trimming with depilation (using “Nair”) of most
of the microvibrissae (Figure 3, lower panels, dark gray bars). In
N, the previously trimmed large whiskers were allowed to re-grow
for 3 weeks and the animal was then retested for 12 sessions. Both
the large whiskers and the microvibrissae were then removed
and the animal retested for two sessions. Performance stayed at
≥80%. In L, microvibrissae were removed immediately following
12 sessions of bilateral macrovibrissae trimming and the animal
retested for two sessions; performance remained at ≥90%.

That whisker and microvibrissae removal had little or no effect
on performance does not necessarily mean that these sensory
organs (when present) were not being used by the mice for object
discrimination. Rather, after their removal the animals could have
rapidly adopted alternative sensory exploration strategies. To
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FIGURE 4 | Representative animal trajectories through the maze under
different conditions. The assigned object for both mice was the tetrahedron.
The “early” and “late” trajectories correspond to earlier and later trials after
trimming the macrovibrissae and depilating the microvibrissae.

examine such alternative strategies, we analyzed video recordings
of representative trials from the four different sensory conditions
(red light, total darkness, trimmed whiskers and “Naired”
microvibrissae). We paid special attention to side reversal trials,
since they offered an opportunity to observe the animal as it
inspected the wrong (S−) object before reversing course. Trials
in which the mouse went directly to the assigned (S+) object
were much less informative, because in these cases the animal
brushed by the object and proceeded without any perceptible
pause to the reward zone. Figures 4–6 focus on the two mice
(L and N) which had the tetrahedron as the S+ object, and
therefore inspected the cube during side reversal trials. Plotting
the trajectory of the animal’s nose point during representative
reversal trials (Figure 4), and examining individual video frames
of the animal’s posture at its closest approach to the object
(Figure 5), revealed changes in exploratory strategies under
different sensory conditions. With intact whiskers in either
red light or total darkness, mice made their choice during a
momentary close approach to the object, sometimes as short as
one video frame (≤33 ms), either touching their snout to the
object or without a snout touch but with the whiskers presumably
making contact with the object. We call these strategies “snout
touch” and “snout brush,” respectively (Figure 5, upper panels;
note that the whiskers were below the resolution of our analog
videos and are therefore not visible). The lack of actual snout
contact during snout brush is also seen from the gap between
the trajectory and the object in the “Dark” plots in Figure 4.
Less frequently, mice with intact whiskers inspected two adjacent
faces of the cube by turning their head around the corner of the
cube, close enough for the whiskers on one side of the snout to
touch the cube, but again with little or no skin touch, a strategy
we call “cheek brush” (Figure 5, middle left). These strategies
were altered after whisker and microvibrissae removal. After
trimming the macrovibrissae, snout and cheek brushes were no
longer observed, and were replaced by “cheek presses,” in which
the animal pressed its cheeks to the object while inspecting it
from one or two sides (Figure 5, middle right). These changes
are quantified in Figure 5 (lower panels) by pooling all reversal

FIGURE 5 | Object inspection strategies used by the mice. Upper and middle
panels, single video frames depicting the animal’s closest approach to the
object during side reversal trials representative of each strategy. The animal’s
snout in “Cheek press” is outlined by a white line as a visual aid. Lower panels,
the fraction of trials in which each mouse used each strategy, pooled from 8
to 10 consecutive sessions under each sensory condition and the two Nair
sessions. Number of trials indicated in parenthesis. Trials in which the mouse
climbed on the cube (mostly N in the red light sessions) were excluded. SB,
snout brush; ST, snout touch; CB, cheek brush; CP, cheek press.

trials from 8 to 10 consecutive sessions under each of the first
three sensory condition and from the two sessions without
microvibrissae.

An especially prominent shift in strategy occurred
immediately after microvibrissae depilation. This is illustrated
in Figure 6, which plots the duration of object inspection for
all side reversal trials in representative sessions from the four
sensory conditions. As evident from this analysis, duration
of object inspection fluctuated around five video frames
(165 ms) under light, dark and trimmed whiskers conditions,
but was substantially longer immediately after depilation of
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FIGURE 6 | Object exploration time under the four sensory conditions. Data
points represent the number of video frames in each side reversal trial during
which the animal was inspecting the object. Trials in which the animal climbed
on the object were excluded, and the remaining trials ordered chronologically.
For each condition, at least five sessions with at least five side reversals each
are averaged, except for the Nair data points which represent a single
session. Note that because of N’s tendency to climb on the object, there were
not enough sessions in red light to analyze. Error bars represent SEM.

the microvibrissae (Figure 6, green lines). The initial trials in
this condition consisted of extra-long cheek presses (up to 25
video frames, or >800 ms); the animal’s trajectory is illustrated
in Figure 4 (“Trim and Nair: early”). In later trials within
the same session the frequency of cheek presses was reduced,
the mice reverted to inspecting the object with a brief snout
touch (Figure 4, “Trim and Nair: late”) and duration of object
inspection reverted back to baseline.

DISCUSSION

We report here that seven out of nine mice, trained in two
cohorts on a custom-designed Y-maze, learned in about 20–
35 daily sessions of 20 trials each to discriminate between
two 3-D objects, using visual and tactile cues. Performance
was only transiently degraded, if at all, when various sensory
cues (light, whiskers, microvibrissae) were sequentially removed.
These results are, to our knowledge, the first demonstration
that mice can be successfully trained to discriminate between
and recognize specific 3-D objects. While rats were previously
trained on object discrimination tasks (Mumby et al., 1995; Vnek
et al., 1995), it was not a priori clear that the same could be
achieved in mice, because of potential inter-species differences in
either perceptual abilities or learning prowess. Indeed, a lingering
perception in the rodent behavior field is that mice are poor

learners, compared to rats (Crawley, 1999). However, as already
noted by others (Carandini and Churchland, 2013), rats may
appear easier to train only because researchers have not yet
discovered the appropriate techniques for training mice. In recent
years the mouse has become the species of choice for studying
the neural basis of behavior (Carandini and Churchland, 2013;
Feldmeyer et al., 2013; Glickfeld et al., 2014). Newly developed
genetic and viral tools allow investigators to record, image
and manipulate activity in defined neuronal populations in the
mouse brain with unprecedented spatial and temporal resolution
(Alivisatos et al., 2013). Developing techniques for training mice
in various perceptual and cognitive tasks is therefore highly
desirable, and our results are a step in this direction. Specifically,
the operant conditioning method we describe here opens up the
study of the neural basis of object perception and recognition to
these powerful techniques.

Formally, our behavioral task can be classified as a 3-D
object discrimination task. In previous 3-D object discrimination
studies, rats achieved criterion in about 50–300 trials, depending
on study (Mumby et al., 1990; Vnek et al., 1995; Clark et al.,
2001). While mice in our experiments required more trials to
reach criterion, the rat studies were performed in full light and
used objects which were highly distinct from each other. Our
experiments were done under low light conditions and the task
was (intentionally) challenging, given that the two objects (cube
and tetrahedron) shared many overlapping features (height,
color, texture, surface curvature). It is likely that learning would
have proceeded faster with more distinct objects (Burke et al.,
2011). Perhaps more importantly, our training arena differed
from that used in the previous studies, in which rats had
visual access to both objects simultaneously. With the possible
exception of mouse B under red light conditions, mice in our
experiments did not directly compare the two objects, and
made their decisions by sampling the objects one at a time at
close range, presumably using some combination of visual and
tactile cues. Moreover, when by chance the mouse approached
the correct object first, it immediately proceeded to collect the
reward, without inspecting the other object. Thus, the animal’s
decision did not rely on a direct comparison of the two objects,
nor was it reached by retaining object information in working
memory. Indeed, it is difficult to avoid the conclusion that
the mice in our study reached their decisions by comparing
the inspected object with a stored mental template of the
object or a subset of its features; in other words, that the
mice learned to recognize the objects. Thus, while formally
testing object discrimination, our experiments likely engaged
the neural networks for object recognition. Future studies could
use methods previously employed in the rodent (Sakaguchi
and Hayashi, 2012; Mayford, 2014; Brown and Banks, 2015;
Tonegawa et al., 2015) to look for the hypothesized neuronal
ensemble underlying the mental template of the object, i.e., the
object engram.

It is worthwhile mentioning that many previous studies
trained rats to discriminate between 2-D patterns or shapes of
varying complexity. Such studies have a long history, dating
back to Lashley (reviewed by Zoccolan, 2015). More recently,
2-D visual discrimination tasks were implemented on touch
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screens and applied to both mice and rats (Bussey et al., 2008;
Horner et al., 2013). While this method allows automation of the
training procedure and thereby greatly increases experimental
throughput, these studies by their nature rely solely on visual
cues, and thereby do not engage the full range of sensory
modalities used by rodents (and primates) when exploring 3-D
objects, nor are they likely to engage the brain regions in which
multimodal object percepts are thought to be encoded (Amedi
et al., 2005; Taylor et al., 2006; Lacey and Sathian, 2014; Burke
and Barnes, 2015; Man et al., 2015; Jacklin et al., 2016).

While our study was designed as a proof-of-concept and our
dataset to-date is still small (five animals in the pilot cohort and
four in the main cohort), our observations offer insights into the
perceptual and cognitive underpinnings of object identification in
the mouse. One such insight is that, like other species including
humans, individual mice vary considerably in their learning
abilities (Matzel et al., 2003; Gallistel et al., 2004; Bathellier
et al., 2013). Our fastest learner acquired the task after 30 daily
sessions of 20 trials each, while the slowest learner still did
not learn the task after nearly twice the number of sessions.
Large inter-individual cognitive variability is found even within
inbred mouse strains: in a study in which C57BL/6J mice
were trained in vibrotactile discrimination, one animal reached
criterion after one session while a second animal only after
31 sessions (Mayrhofer et al., 2013). A failure of one in four
to five animals to achieve criterion is also typical in operant
conditioning of mice, and is within the range of previous studies
(e.g., Histed et al., 2012; Manita et al., 2015). Individual variability
notwithstanding, the average learning curves of both cohorts are
quite similar (Figure 2): for the first 15 sessions or so performance
remained relatively flat, and thereafter average performance rose
monotonously until reaching criterion. The flat part of the curve
likely reflects the period before the animals realized that they need
to pay attention to the objects, and were therefore performing at
chance level, while the sloped part reflects the process of gradually
learning which object is associated with the reward (see, for
example, Figure 2 of Kerekes et al., 2017, for very similar learning
curves of tactile discrimination training in rats).

Perhaps the most interesting insight from our study relates
to the individualized strategies used by the animals to perform
the object discrimination task, and the behavioral flexibility
they displayed when various sensory cues were eliminated. Like
rats (Huston and Aggleton, 1987), our mice used all sensory
modalities available to them to explore the objects. Under orange-
red light, which is only dimly visible to mice (Lyubarsky et al.,
1999; Jacobs et al., 2004; Peirson et al., 2017), two of the animals
relied on short-range tactile and (to some extent) visual cues,
while the third animal relied on long-range visual cues, as judged
by the observation that it nearly always approached the correct
object first. When all visible light was turned off, performance of
the first two animals dipped below criterion level but recovered
within 5 and 20 sessions, respectively, suggesting that under
red light these animals did rely to some extent on visual cues,
but in total darkness gradually learned to use purely tactile
cues. In contrast, performance of the third animal dipped below
criterion for one session only; presumably it was able to switch
almost immediately from purely visual to purely tactile cues. That

under red light it was indeed using long-range visual (and not
olfactory) cues was confirmed by the observation that in total
darkness it switched to approaching either object first, at random.
Of note, rats have previously been shown to switch between
tactile and visual modalities in cross-modal object recognition
studies (Winters and Reid, 2010; Hindley et al., 2014). Next,
when a major source of tactile cues, the macrovibrissae, was
eliminated, performance dipped transiently below criterion but
again recovered within a few sessions. A similarly transient effect
of whisker trimming on texture discrimination was previously
reported in rats (Kerekes et al., 2017). Lastly, depilating the
microvibrissae in two animals (in addition to trimming the
macrovibrissae) did not degrade performance, but elicited a
pronounced change in object inspection strategy, from short
snout touches to prolonged cheek presses against one or two
sides of the object. This change was, however, transient; in later
trials within the same session, durations of object inspections
were gradually shortened, eventually approaching durations with
intact microvibrissae (typically <0.2 s). In future studies it would
be of interest to test how well mice learn the task if from the onset
they are trained in total darkness and/or deprived of vibrissae.

How did the mice tell the cube and tetrahedron apart in total
darkness, when deprived of both macro- and micro-vibrissae?
While we cannot totally rule out olfactory cues, it is unlikely
that the objects differed in their olfactory signatures, as they
were made from the same plastic material and printed with
the same 3-D printer. In addition, objects were cleaned in
70% alcohol before and after each session, and during each
session both objects were manipulated by the experimenter
to an equal degree (and with gloved hands) when switching
sides. Most likely, the mice were using the mechanoreceptors
embedded in the whisker follicles or in the skin between
and around the whisker follicles, receptors which presumably
remained intact. Of the various mechanosensory receptor end
organs, Merkel disks are necessary for slowly adapting light
touch responses, and are thought to underlie the ability to
recognize contours and edges of objects (Johnson, 2001; Nakatani
et al., 2015; Severson et al., 2017). It would be interesting
to determine whether mice in which functional Merkel cells
were genetically ablated (Maricich et al., 2012) would still be
able to discriminate between objects in the absence of macro-
and micro-vibrissae. More generally, our development of a
trained object discrimination paradigm for mice opens up the
possibility of using the many genetically modified mouse strains
available to examine the cellular and molecular basis of object
perception.

Our home-made arena can be easily reproduced using
inexpensive materials and standard machine shop tools.
However, our system was not automated and required a human
experimenter to be present during training and testing to retrieve
the animal from the reward zone, to reshuffle the positions of
the objects, to move or replace the food reward and to restart the
next trial. In future studies, the training arena can be upgraded
for semi- or fully-automated operation by adding return paths
through which the mice would return spontaneously to the start
point after each trial, and by incorporating sensor-triggered
doors, object switchers and reward dispensers controlled by
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microelectronic devices (Sanders and Kepecs, 2014; Manita et al.,
2015; Nashaat et al., 2016; Kerekes et al., 2017). Automating
the system will allow training more animals simultaneously
and running more trials per session. It will also allow the
experimenter to monitor the training remotely, removing
potential distractions and inadvertent cues associated with the
presence of the experimenter in the room. Lastly, incorporation
of high-resolution, high-speed digital cameras, with appropriate
image-analysis algorithms designed for freely moving animals
(Knutsen et al., 2005; Mitchinson et al., 2007; Voigts et al.,
2008; Schroeder and Ritt, 2016), may allow tracking of whisker
trajectories and a finer analysis of the strategies used by mice
during tactile object exploration, recognition and discrimination.
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