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ABSTRACT

Rodents use their whisker system to discriminate surface texture. Whisker-based texture discrimination tasks are
often used to investigate the mechanisms encoding tactile sensation. One such task is the textured Novel Object
Recognition Test (tNORT). It takes advantage of a tendency of rodents to explore novel objects more than
familiar ones and assesses the sensitivity of whiskers in discriminating different textures of objects. It requires
little training of the animals and the equipment involved is a simple arena with typically two objects placed
inside. The success of the test relies on rodents spending sufficient time exploring these objects. Animals may lose
interests in such tasks when performed repetitively within a limited time frame. However, such repeated tests
may be crucial when establishing a sensitivity threshold of the whisker system. Here we present an adapted
rodent tNORT protocol designed to maintain sustained interest in the objects even with repeated testing. We
constructed complex objects from three simple-shaped objects. Different textures were provided by sandpapers of
varying grit sizes. To minimise olfactory clues, we used the sandy and the laminar side of the same sandpaper as
the familiar and novel textures assigned at random. We subsequently conducted repeated tNORTS on eight rats in
order to identify a critical threshold of the sandpaper grit size below which rats would be unable to discriminate
the sandy from the laminar side. With an inter-test-interval of seven days and after five tNORTs, the protocol
enabled us to successfully identify the threshold. We suggest that the proposed tNORT is a useful tool for
investigating the sensitivity threshold of the whisker system of rodent, and for testing the effectiveness of an
intervention by comparing sensitivity threshold pre- and post-intervention.

1. Introduction

including tNORT and demonstrated that increasing tonic inhibition in
the thalamus enhanced tactile acuity through texture discrimination in

The whisker-mediated texture discrimination task has been used to
investigate both cognitive function and neural mechanisms underlying
the sensory networks of rodents [1-7]. The firing rate of neurons in the
barrel cortex was shown to impact directly on the rodent’s judgement of
texture [8], with average firing rate increasing as the roughness of the
texture increased. Furthermore, activity of layer V pyramidal neurons
was shown to impact behavioural reaction time in a whisker-based
texture discrimination task [9]. It was suggested that the activation of
a specific inhibitory circuit underlay such control. A recent study used
an array of neurophysiological methods and behavioural assessments

mice [10]. Specifically, they conducted the tNORT using two textures
with subtle differences and showed that the control group failed the test
while the experimental group with enhanced tonic inhibition was able to
complete the test successfully. These findings suggest that a measure of
the threshold of whisker sensitivity to texture discrimination between
groups of rodents, or a change of such measure within a group before
and after an intervention, may reflect differences in the effectiveness of
neural inhibition underlying sensory perception, with potential impli-
cations on altered balance between neural excitation and inhibition.
Historically, the whisker-mediated texture discrimination task

1 NOR: Novel Object Recognition. tNORT: textured Novel Object Recognition Test. OSBT: Object Shape Bias Test. DI: Discrimination Index.
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required a prolonged training period involving food/water rewards.
More recently, a simpler texture discrimination paradigm was devel-
oped based on the novel object recognition (NOR) test [11]. The para-
digm exploited an innate preference of rodents for novelty, i.e., a rodent
will spend more time exploring novel rather than familiar objects
[12-16]. Instead of using object shapes, the proposed paradigm used the
surface texture of objects to distinguish a novel object from a familiar
one. Due to this innate preference, the paradigm required no food/water
deprivation and only limited training consisting of two 10-min sessions
(one session per day) in order to habituate rodents to the test arena prior
to the day of the test. Since its publication, the textured novel object
recognition test (tNORT) has been used to investigate texture discrimi-
nation learning [17], cortical-hippocampal connectivity in somatosen-
sory processing in mice displaying autistic-like behaviours vs controls
[18,19] and other neural and genetic mechanisms underlying sensory
information processing [10,20,21].

An important consideration when conducting a texture discrimina-
tion experiment in rodents is the selection of appropriate textures for the
objects. If two textures are too similar, the discrimination task will be
less likely to succeed. On the other hand, if they are too different and
easy to discriminate, comparison or improvement of whisker sensitiv-
ities between or within groups will not be possible. When investigating
the sensitivity threshold of the whisker system, iterative tNORT plays a
pivotal role in identifying the minimum particle size difference that a
specific group of rodents may be able to distinguish.

In many studies, sandpapers of varying grit sizes are used to cover the
surface of objects in tNORT to provide a range of textures. The difference
between the average particle diameter of a pair of sandpapers is used as
an indicator of difficulty associated with the discrimination task [10,11,
18-20]. However, it is possible to select different pairs of sandpapers
with the same difference in particle diameters, while the roughness of
the sandpapers themselves is different. For example, the difference in
average particle diameters (¢) between sandpapers P40 (¢ = 35 pm) and
P60 (¢ = 25.8 pm) is the same as that between sandpapers P800 (¢ =
21.8 pm) and P1500 (¢ = 12.6 pm). It has been shown that the rough-
ness of the sandpapers themselves plays a role in the discrimination task
[4].

Another consideration associated with tNORT is the length of
exploration time with respect to the objects used. If the animal is not
interested in an object during in the task, possibly due to its size, the
complexity of its shape, or its familiarity, the object will be ignored, or
the exploration time will be very brief. Such events will need to be
excluded from the study, resulting in reduced animal numbers and less
robust calculations of the discrimination index. This issue was closely
examined in several NOR studies. It has been shown that if a NOR test
was conducted repeatedly with the same group of rodents within a short
time frame (e.g., daily), the total exploration time decreased markedly
[22]. However, if the NOR task was repeated about 1 week apart, total
exploration time could be maintained [23]. Furthermore, total explo-
ration time was shown to increase if more complex objects were used in
NOR tasks [24,25]. Very limited studies using tNORT have examined the
effect of repeated tests on the exploration time. We conducted a pilot
study of tNORT (not published) which indicated that a tNORT repeated
in three consecutive days markedly decreased the exploration time of
rats. By the third test, over 50 % of the rats explored one of the objects
less than 2 s within a 5 mins duration. Our pilot study suggested that in
order to conduct repeated tNORTS to investigate whisker sensitivity to
texture discrimination, careful consideration is needed in designing its
protocol.

Here, we propose a modified tNORT paradigm which is robust to
repeated tests. We increased the complexity of the object shapes by
combining several simple objects and increased the inter-test-interval to
one week. Instead of selecting two different sandpapers for each test, we
used both sides (i.e., sandy and laminar) of the same sandpaper, with
one side acting as the familiar texture, and the other as the novel texture,
thus removing the need to select two different sandpapers for a tNORT
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while simultaneously eliminating possible olfactory cues. We suggest
that the modified tNORT is sufficiently robust to repeated testing,
allowing whisker sensitivity to texture to be investigated and compared
across multiple groups of rodents.

2. Materials and methods

All experimental procedures were carried out in accordance with
United Kingdom Home Office regulations (Animals (Scientific Proced-
ures) Act, 1986) and approved by the Research Ethics Committee at the
University of Reading, UK.

2.1. Animals

Eight male Lister hooded rats (weighing 309 ~ 329 g at purchase)
were used. Rats were caged in pairs for three days to acclimatise to the
environment after arrival, with ad libitum access to food and water and
housed under controlled temperature (21°C), humidity (50 + 10 %) and
12-hr light-dark cycle (lights off 6:00-18:00 hr). All procedures were
conducted in the morning under dim red-light illumination to minimize
stress and visual cues contributing to task performance [11]. All habit-
uation and behaviour tests were conducted in the same room as the rats
were housed.

2.2. Construction of complex objects

Eight complex objects were constructed from four simple shapes 3D
printed in-house (Fig. 1A). Each complex object combined three simple
objects (Fig. 1B) to create different shapes, with multiple copies made
for each complex shape so that no single object was used more than once
in a tNORT to eliminate any lingering olfactory cues.

2.3. Experimental protocols

Two sets of experiments were conducted. In the first study, we
conducted object shape bias tests (OSBTs) to investigate if rats explored
certain objects more than others among the eight complex objects we
constructed. In the second study, we performed repeated tNORTs, with
each test using a different complex object covered in sandpapers of
different grit sizes chosen prior to the experiment. The repeated tNORT
stopped when rats failed the texture discrimination task in two tests with
sandpapers of finer particle sizes.

The overall schedule is shown in Fig. 2. Week 1 is defined as the week
immediately after the acclimatisation period; and Day 1 refers to the first
day of Week 1. Animals were handled by an experimenter for the first
five consecutive days in Week 1 in order to familiarise them to the
experimenter and the environment, thus minimising anxiety during
behavioural tests [14]. The handling protocol was as follows. For Days 1
and 2, rats were handled in their cage for 10 mins. The experimenter
first put their hands in the cage to allow rats to sniff them. After a few
minutes, the experimenter scooped one rat with both hands at a time,
allowing it to jump between hands. For the following two days, rats were
handled in their cage in a similar manner for 5 mins before two rats
housed from the same cage were transferred to the empty test arena and
handled in that environment for 5 mins by allowing them to jump on
and off the experimenter’s hands placed inside the arena and to explore
the arena itself. On the last day of handling, rats were individually
transferred and handled in the test arena for 5 mins. On Day 8, 24 hrs
prior to the first OSBT, rats were individually put in the empty test arena
for 10 mins without any handling [14].

The test arena, made of clear acrylic, has a dimension 52x52x80 cm
(WxDxH), with its base divided into a 16-square grids, each square being
13x13 cm (Fig. 3A). The grid was drawn on the outside base of the arena
to ensure they were in clear view of the camera throughout the study.
For all experiments describe here, two complex objects were placed at
the base of the arena, secured with double-sided tapes, 26 cm apart and
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Fig. 1. Design of objects. (A) Photos and dimensions of four simple objects. (All dimensions are in cm.) (B) Photos of eight complex objects made from three simple
objects. Note that the colour of each object is irrelevant to the task as all objects were covered in sandpaper during experiments.
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Fig. 2. Overall schedule from the first day of rat handling to the completion of the tNORT test. OSBT: Object Shape Bias Test. tNORT: textured Novel Object

Recognition Test.

13 cm away from each adjacent wall (Fig. 3A and B). The walls of the
arena were covered with cardboards to reduce the influence of any cues
from the external environment during experiments. All experiments
were conducted between 6 am and 8 am on each experimental day to
minimise potential acoustic contamination from the background.

The test arena was lit by four red light bulbs attached to two floor
lamps, with two bulbs in each lamp. The lamps were placed opposite of
each other on two sides of the test arena. The positions and angles of the
light bulbs were adjusted to provide as a uniform illumination as
possible on the base of the arena, with luminance values < 14 lux
measured at the base. The position of the arena in the test room and the
positions of the two lamps were kept consistent throughout all experi-
ments presented here.

Prior to each experiment, the experimenter made sandpaper covers

for all objects to be used. These covers were precisely measured, and the
edges were fixed together by double-sided tapes. They were made to fit
each object securely without using further tapes or glue so that they
could be removed from the object quickly after each test. During an
experiment, double-sided tapes were used to combine three simple ob-
jects, covered with sandpapers, together to create the desired complex
object (Fig. 3C). Care was taken to ensure no tape was exposed on the
outer surface of the objects. For all the tests presented here, no cover was
removed or destroyed by the animals.

2.3.1. Selection of object shapes based on animal preference

OSBTs started on Day 9. All rats went through eight tests each
separated by 72 hrs. For each test, two of the same shaped complex
objects covered by the same grit-sized sandpaper P1200 (¢ = 15.3 pm)
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Fig. 3. Experimental set up for OSBT and tNORT under red light illumination. (A) Two objects having the same shape and cover were placed securely on the base of
the test arena. This set up was used for OSBT as well as the sample phase of the tNORT. (B) Two objects having the same shape but different covers were placed
securely on the base of the test arena. This set up was used for the test phase of the tNORT. (C) A close up of objects covered with sandpapers of the same grit using

the sandy side (Objects 1, 2 and 3) and the laminar side (Object 4).

were secured in the test arena. This extra fine sandpaper was selected
primarily based on two considerations. First, finer sandpapers were
easier to fold to make object covers. Second, the sandpaper used for
OSBT was not used for the subsequent tNORTs to avoid bias due to
familiarisation. Once the two objects were positioned inside the arena,
the rat was placed close to the midpoint of the wall opposite, facing
away from the objects, and left to explore the objects and the arena for
5 mins. The rat was then returned to its home cage. Sandpaper covers
were discarded after the test, and the objects and the test arena cleaned
with 70 % ethanol to remove olfactory cues before objects with new
sandpaper covers were placed in the arena for the next test. For each test
day, all eight objects (Fig. 1B) were used, one for each rat (see Table 1 for
the allocation of object shapes for all OSBTs). After eight test days, all
rats had been exposed to all eight objects once. By Week 5, OSBTs were

Table 1
Allocation of objects used for each rat of each experimental day.

complete.

All tests were recorded with a video camera placed above the test
arena. Exploration times were measured using the Observer software
(Noldus Information Technology). The exploration time was defined as
the time during which a rat’s nose was less than 2 cm away from an
object, excluding when the rat was resting, grooming, or playing with its
tail near or on top of the objects [11,13,14]. Before using the Observer
software, the experimenter was trained to code the rat’s exploratory
behaviour as follows. First, a video of a rat exploring two objects in the
arena was randomly selected. Three types of exploratory behaviour were
coded: no exploration, exploration of the left object, and exploration of
the right object. The video was coded in real-time first by multiple users
with an accuracy level set at 98 % for inter-rater reliability. Once this
was reached, the video was coded again until an intra-rater reliability of

Day 21 (Sun) Day 24 (Wed) Day 27 (Sat) Day 30 (Tue)

Rat # Day 9 (Tue) Day 12 (Fri) Day 15 (Mon) Day 18 (Thu)

1 I 1I 111 v

2 I v I Vil

3 111 I v I

4 v 111 viI I

5 \4 VI I VIII

6 VI v VIII I

7 VII VIII \% VI

8 VIII VII VI A

A% VI VII VIII
III VIII v VI
VI v VIII viI
VIII I VI \%

I Vil 111 v
Vil I \4 I

I v I 1II
v 11 I I
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98 % was achieved. The experimental data was only coded when these
criteria were met.

2.3.2. Repeated tNORT to investigate whisker sensitivity

Repeated tNORT started in Week 6, with one tNORT conducted per
week for each rat. The tNORT consisted of two phases, the sample phase
and the test phase. For each tNORT, four of the same shaped complex
objects were prepared and covered with the appropriate sandpaper
covers (Fig. 3C). In the sample phase, the two objects had the same
sandpaper cover (Fig. 3A). In the test phase, one object, known as the
familiar object, had an identical cover as that used in the sample phase
(the cover was changed between sample and test phase to prevent use of
olfactory cues), while the other, known as the novel object, was covered
by sandpaper of a different texture (Fig. 3B). At the start of both phases,
the rat was placed in the test arena equidistant to, and facing away from,
the two objects and was allowed to explore for 4 mins. In between the
two phases, the rat was moved to the holding cage for 2 mins [26],
known as the delay period. We set the delay period as short as possible to
minimise hippocampal-mediated learning [11]. During the delay
period, both objects in the sample phase were removed, the sandpaper
covers discarded, and the test arena cleaned with 70 % ethanol to
remove olfactory cues. The two new objects prepared for the test phase
were then placed in the arena. After each tNORT, all objects were
cleaned with 70 % ethanol, and the apparatus was thoroughly cleaned.

2.4. Selection of familiar and novel textures

When selecting sandpapers for familiar and novel textures in the
tNORT, instead of selecting two different sandpapers with different grit
sizes, we used the same sandpaper but assigned at random the sandy and
the laminar sides of the paper as familiar (used for both objects in the
sample phase and one object in the test phase) and novel (one object in
the test phase) textures, thus eliminating olfactory cues from using
different types of sandpapers. The texture selection protocol was
balanced across all eight rats used for tNORTs.

2.5. Whisker sensitivity test

To test whisker sensitivity to textures, we conducted a set of tNORTs
using different grit size sandpapers with a criterion for stopping the
experiment if rats failed the tNORT for two discrimination tests using
sandpapers of finer particle diameters, an indication that a breakpoint
was reached where the animals could no longer discriminate between
two textures. Fig. 4 shows the five sandpapers used and the corre-
sponding particle diameters. The sandpaper selection procedure was
based on the statistical analysis of the tNORT data with respect to each
selection and will be described in the Results section.

The position (left or right) and texture (sandy or laminar) of the
novel object were pseudo-randomised for each rat and balanced
throughout. Table 2 shows the sandpaper grit and object shape used for
each tNORT in the whisker sensitivity study.

Behavioural Brain Research 472 (2024) 115153

Table 2
Allocation of sandpaper grits and objects for the five tNORTSs over five weeks’ .
Day 37 Day 44 Day 51 Day 58 Day 65
Grit size P80 P240 P120 P180 P400
Object VII I III 11 VIII

# Note that both the sandy and laminar sides of sandpapers acted as the
familiar and novel textures in a balanced manner. Thus, only one sandpaper type
was selected for each tNORT.

2.6. Data analysis and statistics

All data analysis was performed in MATLAB (The MathsWork,
Natick, MA, USA). To analyse the tNORT, the discrimination index (DI)
d was calculated as follows [27]. In the sample phase,

7TL—TR

ds = ———F7— 1
Ty +Tr 1)

where T;, and Tg were the exploration times for the left and right objects
respectively; whilst for the test phase,

_TN*TF

R R @

where Ty and Tr were the exploration times for the novel and familiar
objects respectively. Rats with total exploration time (T) less than 2 s
were excluded from the analysis (Wu et al., 2013). From its definition,
the value of DI would be 0 if the exploration times for the left and right
objects, or the familiar and novel objects, were identical.

To determine if Ty, was significantly different across test days and
between eight objects, all data were first processed to identify outliers
(MATLAB function ‘filloutliers’). They were then tested for normality
using the Jarque-Bera goodness-of-fit test [28] (MATLAB function:
‘jbtest’). As no outliers were identified and all data were normally
distributed, a one-way repeated measure ANOVA was performed in each
case (MATLAB function ‘RMAOV1’; [29]). For pairwise multiple com-
parisons with Bonferroni corrections, the MATLAB function ‘multcom-
pare’ was used.

DIs calculated from repeated tNORTSs were also screened for outliers
and tested for normality before one-sample t-tests were performed on
both ds and d; against the chance level of 0. The null hypothesis was that
rats were unable to discriminate between the left and the right objects (i.
e., ds = 0) and that they were also unable to discriminate between the
familiar and the novel objects (i.e., d; = 0). If the mean DI was signifi-
cantly greater than zero under a condition, it was taken as an indication
that rats had successfully discriminated between the two objects. A p-
value of 0.05 or less was considered statistically significant.

3. Results

3.1. Total exploration time was maintained by increasing object
complexity

Fig. 5A shows Ty for the eight test days of OSBTs, each with an inter-

200 0
— 150
E o
= 100F o
L @)
50 o
0 1 1 1 1 1
P80 P120 P180 P240 P400
Sandpaper grit

Fig. 4. Sandpaper average particle diameters ¢ used for the five tNORTSs.
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Fig. 5. Total exploration time in OSBT. (A) Total exploration time in each test day. (B) Total exploration time for each object. Error bars indicate the standard error of

the mean.

test-interval of 72 hrs. We observed that Ty, for the first test day
appeared to be longer than the other test days and repeated measures
ANOVA using data from all eight test days showed a significant differ-
ence in Ty (p<0.001).

When multiple comparison tests were conducted for pairwise com-
parison between the eight days with Bonferroni correction, it revealed
that the significant difference was indeed the result of significantly
longer exploration time on Day 1 compared with all other days, with the
exception of Day 5.

We also noted that all eight tests had a mean Ty > 30 s, indicating
that increasing object complexity could maintain rats’ interests in object
exploration over 8 repeated tests with an inter-test-interval of three
days, provided that different shaped objects with sufficient complexity
were used. The range of exploration times found in this study was
similar to other NOR studies in the literature [13,14,26,30-32] where
only a single NOR test was conducted.

We subsequently investigated if rats had preference for certain object
shapes over others by comparing Ty, across the eight complex objects
(Fig. 5B). Again, all data were tested for normality before a repeated
measure ANOVA was conducted. No significant difference was found
(p=0.814), suggesting that rats had no preference to any of the objects.
Nevertheless, for the subsequent repeated tNORTS, we chose five objects
(I, 11, III, VII, and VIII) which produced slightly higher Ty, across the
eight objects.

3.2. Modified tNORT was robust for repeated measures

We performed five tNORTSs using five sandpaper grit sizes, with an
inter-test interval of seven days. The sandpaper selection process was as
follows. The first tNORT used the rather coarse sandpaper P80 (p=
201 pm) to ensure successful discrimination of the novel texture from
the familiar one. A one-sample t-test on the DIs obtained from the test
phase confirmed that the animals were indeed able to discriminate be-
tween the familiar and novel textures (p=0.012). For the second tNORT,
a finer sandpaper with grit size P240 (¢ = 58.5 um) was used. Statistical
analysis showed that rats failed to detect the novel from the familiar
texture (p=0.149). For the third and fourth tNORT, we used sandpapers
P120 (¢ = 125 um) and P180 (¢ = 82 um) respectively and found that
rats successfully detected the novel object during both tNORTs, with
p=0.008 and p=0.024 respectively. For the fifth test, we further
decreased the sandpaper particle size by using P400 (¢ = 35 um) and
found that rats were unable to detect the novel texture at this finer scale
(p=0.065). Thus, the experiment was terminated.

Fig. 6A shows the exploration times for individual rats for the left and
right objects in the sample phase (top) and familiar and novel objects in
the test phase (bottom) respectively. The panels from left to right were
arranged in the order of decreasing sandpaper particle diameters. We
noted that all exploration times with respect to a single object were
greater than 2 s, thus no data was excluded from the DI calculations. To
examine if rats’ interest in exploring the objects decreased significantly
over the five tNORTs, we conducted repeated ANOVA for Ty for the

sample and test phases respectively over the five weeks (Fig. 6B). No
significant difference was found in either the sample phase (p=0.059) or
the test phase (p=0.447). In addition, the mean Ty, for the sample and
test phases were > 30 s for all sessions, suggesting that rats’ interests in
exploring these complex objects were maintained across the five weeks
of testing. Fig. 6C shows the DIs calculated for each tNORT for both the
sample (top) and test (bottom) phases. It showed that during the sample
phase, all DIs were not significantly different from zero, suggesting no
significant bias in exploration time between the L and R objects. On the
other hand, during the test phase, DIs were significantly different from
zero for the three tests when the sandpapers were coarser (P80, P120,
and P180). As the grit size increased (P240 and P400), or the particle
size of the sandpaper decreased, the DIs became smaller and the group
mean values showed no significant difference from zero, indicating that
rats were unable to discriminate between the sandy and the laminar
sides of sandpapers when the particle size of the sandpaper was less than
58.5 um (P240). (For particle diameter information, see [4,33,34].)

4. Discussion

The tNORT is a valuable behaviour test to examine rodents’” whisker
system sensitivity with little training. In the present study, we extended
the existing tNORT to facilitate its repeated use, and successfully iden-
tified, after five iterative tNORTs, a breakpoint where the animals could
no longer discriminate between two textures. We showed that T, of the
animals was consistently above 30 s in both the sample and the test
phases across the five tNORTs with an inter-test-interval of seven days.
In addition, exploration time with respect to individual objects for all
animals was above the threshold of 2 s, thus no animal was excluded
from the subsequent texture discrimination analysis. We suggest that the
modified tNORT provides a viable protocol for the investigation of
texture discrimination abilities of rodents at progressively finer spatial
scale.

4.1. Effect of other sensory cues on tNORT performance

Although it has been shown that rodents could use their whisker
system alone to perform texture discrimination [35,36], other sensory
system may also contribute to the task [15]. This was examined carefully
by Wu et al. in their original tNORT study [11]. To determine the extent
to which visual cues may contribute to the tNORT due to different
sandpapers having different visual appearances even under dim red light
conditions, objects were covered with plastic transparent film to create
‘texture-less” objects while maintaining visual differences between
them. It was found that mice with intact whisker system were unable to
discriminate between these objects. Furthermore, Wu et al. investigated
if mice used their paws to aid their ability to discriminate textures. They
grouped mice into those that used their paws and those that did not
during the tNORT. Both groups were found to be able to distinguish
between the familiar and novel textures that differed by 25 pym, sug-
gesting that tactile sensation from paws was not a major contributor to
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Fig. 6. Exploration time and DI in tNORT associated with complex objects. (A) Exploration times Ty, vs Tg in the sample phase (top) and Tr vs Ty in the test phase
(bottom) for individual rats using sandpaper of five grit sizes. The broken diagonal line represents equal exploration time for both objects. (B) Total exploration time
over the five tNORTs for the sample phase (left) and the test phase (right). Error bars indicate the standard error of the mean. (C) Top: DI in each test during the
sample phase. Bottom: DI in each test during the test phase. The DI for each rat was displayed as a blue dot. The height of each bar indicates the mean of IDs over all
rats for each test, and error bars indicate the standard error of the mean. * and ** indicate p < 0.05 and p < 0.01 respectively.

texture discrimination. Finally, it was demonstrated that mice with their
mystacial vibrissae removed bilaterally were unable to discriminate
between novel and familiar textures, and that the removal did not pre-
dict the number of mice that used their paws.

Evidence that the sensory system responsible for texture discrimi-
nation was primarily the whisker system was also presented in a texture
discrimination study of rats with prolonged training period (52-90 days)
involving rewards [4]. It was shown that a whisker trimmed rat reduced
its texture discrimination performance to chance level. The study also
found that rats had better ability for texture discrimination with respect
to a fine sandpaper (P1500) than to a coarse sandpaper (P150), adding
another dimension to the complex neurophysiological mechanisms un-
derlying texture discrimination.

The assumption that rodents were functionally blind under red-light
illumination was challenged by a recent study [37]. Using a visual
stimulus in the form of a black and white square-wave grating, the study
examined the performance of rats in categorising the stimulus orienta-
tion under conditions of white light illumination and red-light illumi-
nations (using two red light wavelengths 626 nm and 652 nm
respectively) among other wavelengths. No significant difference in the
average performance was found between the white light and two
red-light illuminations, with success rates reaching 87 %, 84 % and
86 % respectively. However, the performance was achieved after a
lengthy training period of 4-6 weeks, with one session per day, and with
rewards.

Although the above study demonstrated the range of illumination
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wavelengths, including red light illumination, within which the rat’s
visual perception capacity was intact, there were distinct differences
between the above study and the tNORT paradigm presented here. First
of all, the object contrast used in the above study was much stronger
than those used for common tNORTSs. The visual appearance between
different grit sandpapers and between the sandy and laminar sides of the
same sandpaper have much less contrast compared to the white-black
grating (Fig. 3). This difference in object contrast may affect the
strength of the visual cues in the tNORT, thus significantly reduce the
ability of the animal to utilise vision for the task [38]. Secondly, it is
unclear, in the above study, if the level of performance of the rats under
red light illumination was partly due to prolonged training. The tNORT
protocol is a one-trial object recognition test. With little training, ro-
dents are unlikely to discriminate colours of objects under dim red light
illumination [15].

For our modified tNORT, we also noted that the smoothness of the
laminar side of the sandpaper made it more reflective compared with the
sandy side. To minimise this, we took extra care in positioning the red
light bulbs so that they pointed away from the arena, and the red-light
illumination was dim (<14 lux). Although we cannot be certain if vi-
sual cues contributed to the successful texture discrimination for the
three tNORTs using rougher sandpapers, the consistent failure of
tNORTs corresponding to the two finer sandpaper grits suggested that
the rodent whisker system was the dominant sensory system for texture
discrimination.

4.2. Key parameters influencing the performance of repeated tNORTs

As far as we are aware, most objects used in published tNORT studies
were simple objects such as 2-dimentional rectangular boards [11,20,
21], simple cubes [10], or simple cylinder-shaped objects [18,19]. This
may be due to the fact that covering complex shaped objects using
sandpaper was difficult. However, our own pilot study suggested that
repeated tNORTs using simple shaped objects were likely to lead to
significantly reduced object exploration time. To minimise exclusion of
data due to short exploration time, we designed eight complex objects by
combing three simple shaped objects to maintain the interest of rats in
object exploration in repeated tNORTs. The OSBT indicated that the
mean Ty, for all objects exceeded 30 s. Notably, after the first test when
Tiwt was the highest, the exploration time remained consistent statisti-
cally across the subsequent seven repetitions at 72-hr intervals.
Furthermore, when these objects were used in iterative tNORTSs five
times with an inter-test-interval of seven days, the mean Ty was
maintained above 30 s. The sandpaper covers for the objects were not
difficult to make but it was time consuming, as each tNORT involved 12
simple objects to be covered. One possible modification to our protocol
would be to combine two instead of three simple shaped objects into a
complex object, thus reducing the preparation time for conducting a
tNORT. However, this simplification would need to be assessed to ensure
sufficiently long and consistent Ty, after repeated tNORTs.

In addition to object shapes that can enhance the robustness of
repeated tNORTS, the inter-test-interval also plays a key role. Repeated
tNORTS separated by 24 hrs are likely to lead to significant reduction in
Tiot, similar to that found in NOR studies [23]. Our OSBT had an
inter-test-interval of three days, with each test consisting of a single
exploration session with a 5 mins duration, whereas our repeated
tNORTSs had an inter-test-interval of seven days, with each test consist-
ing of two exploration sessions. The seven-day interval was chosen to
ensure that the rat’s interest in the objects was maintained while
experimental day did not fall to a weekend for practical reasons.

One feature of the repeated tNORT protocol presented here was that
instead of using two different sandpapers in a tNORT, we used both sides
of a sandpaper, one acting as a familiar texture, the other as a novel
texture. This approach was adopted to minimise potential olfactory cues
from two different grit sandpapers while simplifying the process of
making object covers.
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A potential source of bias in the tNORT protocol was associated with
the manual classification of the rat’s exploratory behaviour by watching
videos recorded during the sample and test phases. There were situa-
tions when the rat’s behaviour was ambiguous and difficult to judge. For
example, if a rat was sitting on an object with its head and nose facing
downwards towards the object, it would be difficult to judge the dis-
tance between its nose and the object. During the software training
period, experimenters would agree a set of criteria when dealing with
difficult situations. We found that inter-rater agreement (98 %) on
exploration time was typically reached within one week, and the sub-
sequent intra-rater agreement (98 %) reached within one day. The
training does not imply the elimination of bias during behaviour coding.
However, such bias should be statistically the same regardless of the
object being familiar or novel. As the DI reflects the difference in
exploration time between the two objects, such bias should not impact
significantly on the value of DI. Instead of manual classification, an
alternative for behavioural coding of rodent is to adopt automated
software (e.g., EthoVision), with the advantage of consistency and faster
analysis.

In conclusion, the tNORT protocol presented here is a cost-effective
way of investigating whisker sensitivity of rodents based on their
behaviour. It has been demonstrated to be robust to repeated tests, thus
allowing a range of textures to be used to identify the sensitivity
threshold of rodent whisker system for texture discrimination. As the
whisker sensitivity of rodents has been shown to be altered by the
manipulation of tonic inhibition, the repeated tNORT protocol may be
used as a tool to examine whisker sensitivity difference between
different groups of rodents, or within a single group before and after an
intervention. Thus, the threshold for whisker-mediated texture
discrimination may be used as a marker for shifted balance between
neural excitation and inhibition.
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