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Abstract

Many studies have attempted to shed light on the ability of non-human animals to under-

stand physical causality by investigating their tool-use behavior. This study aimed to

develop a tool-manipulation task for rodents in which the subjects could not manipulate the

tool in the direction of the reward by simple patterned behavior. Eight rats had to use a

rake-shaped tool to obtain a food reward placed beyond their reach. During the training, the

rats never moved the rakes laterally to obtain the reward. However, in the positional dis-

crimination test, the rake was placed at the center of the experimental apparatus, and the

reward was positioned on either the left or right side of the rake. Interestingly, this test indi-

cated that some rats were able to manipulate the rake toward the reward without relying on

a patterned behavior acquired during the training. These results suggested that rats have

the primitive ability to understand causal relationships in the physical environment. The

findings indicate that rats can potentially serve as an animal model to investigate the

mechanisms of evolution and development of the understanding of physical causality in

humans.

Introduction

Some studies have suggested that non-human animals can understand causal relationships

among multiple objects in the physical world [1, 2], suggesting that they can comprehend how

the antecedent event A (the cause) produces the consequent event B (the effect), and not just

understand the order of the two events; i.e., that event B always occurs after event A [2]. Many

studies have investigated the tool-use behavior of non-human animals, including avian species

and primates, to shed light on their understanding of physical causality [2]. However, further

research using a wider variety of species in controlled experimental settings is needed to eluci-

date the mechanisms of evolution and development of the understanding of physical causality

in humans.

In studies on rodents, including rats (Rattus norvegicus) [3, 4] and degus (Octodon degus)
[5, 6], few have investigated the physical causal understanding in controlled experimental set-

tings. In these previous studies, the subjects were commonly required to use a tool to obtain a

reward beyond their reach. These studies suggested that rodents can understand the spatial
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and physical relationships between the tool and food [3–6]. However, to some extent, these

tool-use tasks are problematic because the subjects could obtain the reward by using the tools

through simple stimulus generalization (the transfer of a learned response from one stimulus

to another similar stimulus [7]), simple trial-and-error learning (learning by accidental success

which followed certain reactions of the subject [8]), or simple patterned behavior (behavior

which was acquired through trainings by repeating the behavior for many times) rather than

physical causal understanding.

Two types of tool-use tasks have been mainly used in previous studies on rodents: a tool-

choice task and a tool-manipulation task [3–6]. In the tool-choice task, the subjects are

required to choose a functional tool among multiple different shaped tools, including func-

tional and non-functional tools, and pull the tool perpendicularly to obtain a food reward [3,

6]. In the test using this methodology, the subjects could choose the functional tools just by

choosing the same or similar tools to the tool used to obtain the reward during training

through simple stimulus generalization because a part of the tool was necessarily behind the

reward in the correct option.

In the tool-manipulation task, the subjects are required to use a single rake-shaped tool to

get the reward in situations where they cannot obtain it by pulling the tool perpendicularly

toward them [4–6]. The previous studies on degus adopted a step-by-step protocol to gradually

extend the distance between the rake and the reward [5, 6]. These two previous studies have

reported that the degus could not obtain the reward by the tool in their first attempt in the ini-

tial phase, but that they gradually learned how to manipulate the tool [5, 6]. Especially in Oka-

noya et al. [6], the degus moved the tool back and forth and around the reward, pushing the

tool or wiggling it horizontally. Thus, these studies indicated that the subjects could manipu-

late the rake to obtain the reward by simple trial-and-error learning [5, 6]. However, in a study

on rats, the subjects were trained both by placing the rake on either the left or right side of the

experimental apparatus, and by placing the reward at the side closer to the center of the appa-

ratus than the rake in every trial; in contrast, during the test, the reward was placed on either

the left or right side of the rake [4]. The results showed that six out of eight rats could manipu-

late the rake in the direction of the reward under the condition in which the rats could use

only the position of the reward in relation to the tool as discriminative stimuli [4]. Thus, in

this previous study [4], the subjects could manipulate the rake in the direction of the reward

just based on simple patterned behavior, i.e., they moved the rake to the reward and pulled the

rake perpendicularly toward the reward as they did during the training. Therefore, no research

has revealed if rodents can understand physical causal relationships between manipulating

tools toward the food and the food approaching them.

The objective of this study was to develop a tool-manipulation task for rodents in which the

subjects could not manipulate the tool in the direction of the reward by simple stimulus gener-

alization, simple trial-and-error, or simple patterned behavior. In this study, I provide basic

performance data of rats subjected to the newly developed test. Specifically, I adopted the same

procedures as Nagano and Aoyama [4]—including the number of trials, the types of food-

reward, and the position of the rake to the reward—and analyzed rats’ performance data,

which I could directly compare with the results of the previous study.

Unlike in Nagano and Aoyama [4], the rats never moved the rakes laterally toward the

reward during the training sessions in this study; i.e., they never moved the rakes in the hori-

zontal direction so that a part of the rake (the blade) and the reward were overlapped even just

a little under conditions in which there was not a part of the rake behind the reward. More-

over, in the wild, rats are a non-tool-using species [9], and rats do not pull strings or tools to

obtain food without training [3, 4, 10]. It can be assumed that rats do not have innate behav-

ioral patterns to manipulate objects in the direction of the food. In the present study, I used

Rats’ tool manipulation ability
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experimentally naïve rats under a controlled setting. In addition, I divided the rats into two

groups, which differed in the number of sessions and types of training trials because these

parameters can affect their test performance.

Materials and methods

Subjects

Eight experimentally naïve three-month-old male Brown-Norway rats (subject numbers:

BN41–BN48; Shimizu, Kyoto, Japan) were individually housed in wire cages. The rats weighed

an average of 238.00 g (SD = 7.91) on the last day of free feeding. During training and testing,

rats were maintained at about 85% of their free-feeding weight. However, all rats could gain

approximately 10 g per month. The animal room was maintained under a 12:12-h light-dark

cycle (light phase 8:00–20:00). All training and testing sessions were conducted during the

light phase. All procedures and treatments were approved by the Doshisha University Animal

Experiment Committee (protocol number: A16007) and were conducted in accordance with

guidelines established by the Doshisha University Ethics Review Committee.

Apparatus

The experiments were performed in an experimental box (outer dimensions: 21.0 cm

wide × 21.0 cm long × 25.6 cm long) made of transparent acrylic boards, which was placed

on a desk in the experimental room. A transparent sliding door, which the experimenter

could open or close, was mounted at the front of the box. An experimental board (23.9 cm

wide × 33.5 cm long), on which the tools and reward were presented, was set in front of the

sliding door. Further details are described elsewhere [3].

Three different rake-shaped tools (Rakes A, B, and C; Fig 1) were used. Each rake had a

blade made from an acrylic board covered with resin for dental use (Ostron II Blue, GC Cor-

poration, Tokyo, Japan) and a vertical wire pointing upward that was glued on each end of the

blade. A handle (Rakes A, B, and C: 1.0 cm maximum wide × 7.0 cm long) made of wire and

Fig 1. Different types of rake-shaped tools. (A) Rakes A and B used during training. These two rakes had guides on each end of the blade to prevent

the reward from rolling out from the inside of the blade. (B) Rake C used in the positional discrimination test.

https://doi.org/10.1371/journal.pone.0226569.g001
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resin was glued to the blade center of each rake. Two rakes had the same shape (Rakes A and

B: 4.0 cm maximum wide × 7.3 cm long × 3.2 cm maximum high, weight: 6.11 g; Fig 1A). A

guide (Rakes A and B: 2.9 cm wide × 1.0 cm high × 0.2 cm thick) made of an acrylic board cov-

ered with resin was glued on each end of the blade. The third rake did not have the guides on

the blade (Rake C: 3.8 cm maximum wide × 7.3 cm long × 3.2 cm maximum high, weight:

4.97 g; Fig 1B).

During the training and the testing, the subject’s behavior was recorded by a video camera

(Panasonic, Japan, HDC-TM30) mounted above the experimental box. The experimenter sat

at the front of the box, observed the subject’s behavior, and performed the following behavioral

procedures.

Procedures

Habituation. Before the training phase, rats were handled for 5 min per day for 5 days.

The feeding restriction was introduced to control the subject’s weight on the third day of han-

dling. From that day on, each rat was habituated to the food reward by receiving chocolate-fla-

vored loops and brown-colored cereal (Ciscorn Sakusaku Ring, Nissin Cisco Co., Ltd., Osaka,

Japan) in its cage for 5 days. The same cereals were used previously as rewards in tool-use task

studies on rats [3, 4].

General training procedures. Three types of training sessions were performed: food-

obtaining training, rake-pulling training, and rake-choice training. Daily experimental ses-

sions comprised 40 trials each. An eighth to a sixth of a chocolate-flavored loop cereal was

used as a food reward in each trial, as in Nagano and Aoyama [4].

Food-obtaining training. In food-obtaining training, the rats first learned to obtain a

piece of food with their paws or mouth (see S1 Appendix for details and S1 Movie). The pur-

pose of this training was to develop their pulling behavior of Rakes A and B for the following

rake-pulling training. In this training, the reward was placed within their reach inside the

experimental box or on the experimental board that they could grab the reward with their

paws or take it with their mouths. This training comprised five phases, and the distance

between the reward and the rat was made increasingly longer by 1.0 cm (Figs 2 and 3).

Rake-pulling training. In rake-pulling training, rats learned to pull the rakes with guides

(Rakes A and B) to obtain the reward placed beyond their reach. The experimenter placed a

rake with guides on the experimental board so that the handle of the rake was parallel to the

sliding door and placed the reward inside the blade of the rake (Fig 4A). Thus, the reward was

positioned on the side of the rake and prevented from rolling out from the inside of the blade

by the guides. The experimenter used Rakes A or B randomly in each trial. This arrangement

was adopted to stimulate the rats’ behavior of pulling the rake in various directions, not just

perpendicularly. The door was opened 3 s after the experimenter placed the rake and the

reward at the defined position on the board (trial start; Fig 4A). The tip of the handle of the

rake was positioned at the same position as that of the reward in Phase 5 of the preceding

food-obtaining training.

The rake-pulling training included a pre-training (S2 Movie). During pre-training, a paste

mixture of the cereals from the rewards and some water was applied to the tip of the handle of

the rake, and the experimenter presented the rake on the board. The application of the paste to

the handle was adopted to promote the rats’ behavior of pulling the rake. If the rat pulled the

rake and obtained the reward successfully in 10 trials (termination of the pre-training), the

experimenter presented the rake without the paste in the following trials on the same day (S3

Movie). Both the rake and reward were placed on the side of the board, alternating between

the left or right side. Each arrangement was adopted in one-half of the trials during each

Rats’ tool manipulation ability
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session in a pseudo-randomized order. All rats except for two (BN44, BN45) attained the crite-

rion of the pre-training on Day 1. The experimenter conducted additional pre-training for

these two rats for an additional day. After the pre-training, the experimenter conducted a

training session with each rat using the rakes without the paste.

Rake-choice training. In rake-choice training, rats had to choose between an appropri-

ately arranged rake with guides and an inappropriately arranged rake with guides (see Fig 4B,

Fig 2. Flowchart of the food-obtaining training, the rake-pulling training, the rake-choice training, and the positional discrimination test. The

operation of the sliding door of the experimental box was introduced irrespective of the phase that each rat reached. Each daily experimental session

comprised 40 trials throughout this experiment.

https://doi.org/10.1371/journal.pone.0226569.g002
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S4 Movie, and S2 Appendix for details). If the rat pulled the appropriate rake perpendicularly,

it could obtain the reward because the reward was placed inside the rake. However, if the rat

pulled the inappropriate rake, it could not obtain the reward because the reward was placed

outside the rake or no reward was placed. The experimenter presented Rakes A, B, and reward

in 80 arrangements. There were 40 sets of appropriate and inappropriate options per rake that

were obtained by combining four arrangements of the appropriate options and ten arrange-

ments of the inappropriate options (Fig 5). Thus, the experimenter presented the rakes and the

rewards in 80 arrangements by switching the position of the appropriate and the inappropriate

options between the left and right sides. Each daily experimental session comprised 40 trials

during this training. The 80 appropriate and the inappropriate arrangement options were

Fig 3. Arrangements of the reward in Phases 1, 2, and 5 of the food-obtaining training. Each red circle indicates the position of the

reward.

https://doi.org/10.1371/journal.pone.0226569.g003
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presented in a pseudo-randomized order during two consecutive sessions. Rakes A and B were

used in rake choice training, and the combination of rakes and appropriate or inappropriate

options were randomized between trials.

The experimenter introduced a pre-trial immediately before Trial 1 in each session. In the

pre-trial, the experimenter presented both Rakes A and B in an arrangement in which the rat

could obtain the reward by pulling the rake perpendicularly; the arrangement was adopted

only in the pre-trial and was not adopted in Trials 1 to 40. The pre-trial was introduced to pre-

vent the development of a position preference in the rats that could result in choosing the rake

from only one side. In the pre-trial, the door was opened 3 s after the experimenter placed the

rakes and the rewards at the defined position on the board (trial start; Fig 4C). When the rat

chose one of the rakes and obtained the reward, the experimenter retrieved the rake from this

option; then, the experimenter retrieved the other rake and closed the door (trial end) when

the rat chose the other rake and obtained the reward. The experimenter performed the Trial 1

procedure of the rake-choice training immediately after the pre-trial. For four rats (BN41–

BN44), a pre-trial was introduced from Session 16, and a position preference was observed in

Fig 4. Arrangements of rakes and rewards during the rake-pulling training, the rake-choice training, and the positional

discrimination test. Each red circle indicates the reward position. (A) The arrangements of Rake A or B and the reward in the rake-

pulling training. (B) An example of the arrangement of Rakes A and B and rewards in the rake-choice training. (C) The arrangement of

Rakes A and B and rewards in pre-trials during rake-choice training. (D) The arrangement of Rake C and the reward in the positional

discrimination test.

https://doi.org/10.1371/journal.pone.0226569.g004
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one rat (BN44) during the rake-choice training. For the other four rats (BN45–BN48), a pre-

trial was introduced from Session 1 to prevent any position preference prior to the trial.

For four rats (BN41–BN44), there were 19 rake-choice training sessions, irrespective of

their performance. For the other four rats (BN45–BN48), the training continued until each rat

had attained the criterion of 34 or more successful trials during each of two consecutive ses-

sions. The criterion of the rake-choice training in the present study was almost the same level

as that in a similar tool-choice training in the previous study on rats [3]. The upper limit in

this training was 60 sessions.

Positional discrimination test. After the rake-choice training, the experimenter per-

formed the positional discrimination test for one session using a procedure similar to that

used in a previous study on rats [4]. In this test, the experimenter examined whether rats could

manipulate the rake laterally in relation to the position of food without the experience of hav-

ing performed this action during training. The rats were required to move the rake without

guides laterally before pulling it to obtain the reward (S5 Movie).

At the beginning of the session, the rat was placed in the box with the sliding door closed.

The door was opened (trial start) 3 s after the experimenter placed Rake C at the center of the

experimental board and placed the reward on either the left or right side of the rake (Fig 1B).

The reward was positioned so that the blade of the rake would not touch it even if the rat pulled

the rake perpendicularly. Thus, the rats could use only the position of the reward in relation to

the rake as a discriminative stimulus to determine the correct direction in which to manipulate

the rake (Fig 4D). The distance between the blade of Rake C and the door was 7.7 cm, and the

distance between the blade and the reward was 2.0 cm. Trials ended either when the rat had

obtained the reward (successful trial) or after 1 min had passed (failure trial). The daily experi-

mental session in this test comprised 40 trials.

Data scoring and analysis. Rats’ behavior was analyzed using video records from the

positional discrimination test. The manipulation direction of the rake without guides was ana-

lyzed using the same method as Nagano and Aoyama [4], as described here briefly: In this test,

Fig 5. The spatial arrangements of the rakes and rewards in the rake-choice training. Each red circle indicates the position of the

reward. (A) The spatial arrangements of the rakes and rewards of the appropriate options. (B) The spatial arrangements of the rakes

and rewards of the inappropriate options. Regarding the first three options, the experimenter presented only the rake without

presenting the reward.

https://doi.org/10.1371/journal.pone.0226569.g005

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 8 / 21

https://doi.org/10.1371/journal.pone.0226569.g005
https://doi.org/10.1371/journal.pone.0226569


when the rat manipulated the rake toward the reward, it was recorded as a correct-direction

trial. However, when the rat manipulated the rake away from the reward, it was recorded as an

incorrect-direction trial. These determinations were based on whether the intersection point

of the blade and the handle of the rake was on the left or right side of the center-line of the

experimental board when the rat pulled the rake 2.0 cm (i.e., to the horizontal line contacting

the reward). The correct-direction rate is a behavioral index that would enable the detection of

trials in which the subject understood the appropriate direction in which to move the tool to

obtain the reward but was not successful because of insufficient motor ability [4]. Two trials

were excluded from the analysis as the rat flipped the rake out of reach before pulling the rake

2.0 cm (two trials for BN44). For testing the reliability of the scoring method in the positional

discrimination test, an independent coder analyzed 25% of the videos of the test. Cohen’s

kappa for the manipulation direction of the rake was 0.80, indicating strong agreement

between the coders [11].

In addition, the position of the nose of each rat was analyzed when it first touched the rake

with the left or right paw in each trial based on the video records from the positional discrimi-

nation test. This analysis was conducted to investigate whether the position of the rat in rela-

tion to the rake and the reward influenced their correct-direction rate by using the same

method as described previously [4]. Briefly, the first column was divided into 21 areas (Area

1–21) based on the squares on the experimental board (S1 and S2 Figs), and the position of the

rat’s nose was recorded after trial initiation.

To analyze the relationship between the position of rats’ noses and the correct-direction

rates in the positional discrimination test, the first column (Area 1–21) on the experimental

board was divided into the left-side area to the handle of the rake (Area 1–10) and the right-

side area to the handle (Area 12–21) with Area 11 at the center (S1 and S2 Figs). The number

of trials in which each rat’s nose was in the left- or right-side area at the time of the first

touch on the rake was calculated for each trial. Moreover, under the condition in which the

reward was placed on the left side from the rat’s view (20 out of 40 trials), if the rat’s nose

was in the left-side area, it was recorded as an ipsilateral trial. Under the same condition, if

the rat’s nose was in the right-side area, it was recorded as a contralateral trial. Similarly,

under the condition in which the reward was placed on the right side from the rat’s view (20

out of 40 trials), if its nose was in the right-side area, it was recorded as an ipsilateral trial.

But if the rat’s nose was in the left-side area under the same condition, it was recorded as a

contralateral trial. Both the ipsilateral and contralateral trials excluded the trials in which

rats’ noses were located at the center (Area 11) on the board when they first touched the

rake.

To examine the effect of their body parts used for pulling the rake on the performance in

each trial in the positional discrimination test, their body parts used for pulling the rake were

analyzed based on the video records. I recorded which body part (left paw, right paw, or

mouth) the rats used when they pulled the rake on each trial. If the rats used multiple body

parts during a trial, I compared the accumulated use time between each body part and

recorded the body part used for the longest duration on each trial. In the following analyses, I

adopted the number of trials in which the rats used each body part for the longest duration.

Two trials were excluded from this analysis as the rat flipped the rake out of reach before pull-

ing the rake 2.0 cm (two trials for BN44), as mentioned above. In addition, I analyzed whether

rats used their left or right paws when they manipulated the rake in the left or right direction

in the positional discrimination test. In half (20 trials) of the session of the positional discrimi-

nation test, the rats could obtain the reward by manipulating the rake to the left and in the

other half (20 trials) by manipulating the rake to the right.

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 9 / 21

https://doi.org/10.1371/journal.pone.0226569


Statistical methods. In the rake-pulling training, the daily success rates were calculated

by dividing the number of trials in which each rat obtained the reward within 1 min (the num-

ber of successful trials) by the total number of trials (40 trials per day).

In the rake-choice training, the choice rate of the appropriate rake was calculated by divid-

ing the number of trials in which each rat chose the appropriate rake (number of appropriate

rake choice trials) by the number of trials in which each rat chose either the appropriate or

inappropriate rake (total number of choice trials). Moreover, I analyzed whether the rats chose

the inappropriate rakes even in trials in which there was no reward for the inappropriate

options (Fig 5B). The choice rate of the appropriate rakes in the trials in which the inappropri-

ate options excluded the reward was calculated by dividing the number of trials in which each

rat chose the appropriate rake in the trials by the number of trials in which each rat chose

either the appropriate or inappropriate rake. To compare the average choice rates in Sessions 1

and 2, and the average choice rates in the second from the last and the last sessions, a paired t-
test was performed using session as a within-subject factor.

In the positional discrimination test, the success rate was calculated for each rat. To com-

pare the success rates in the last session of the rake-choice training and the session of the posi-

tional discrimination test, a paired t-test was performed using session as a within-subject

factor. The correct-direction trials included trials in which the rat manipulated the rake in the

correct direction but failed to obtain the reward. Moreover, the analysis of the positional dis-

crimination test also determined whether the rats manipulated the rake without guides toward

the reward (in the correct-direction) or not (in the incorrect-direction), and compared the

number of trials in which the rake was moved in either direction (40 trials). The correct-direc-

tion rate of the rake manipulation was calculated by dividing the number of trials in which

each rat manipulated the rake toward the reward (the number of correct-direction trials) by

the number of trials in which each rat manipulated the rake in either direction. Using binomial

tests, the number of correct- and incorrect-direction trials were compared for each rat. In the

binomial tests, the null hypothesis was that the correct-direction rates are 50%. In addition,

data analysis showed whether each rat manipulated the rake in the correct direction from the

beginning of the session in the test. The daily sessions (40 trials) were divided into eight blocks

to calculate the average correct-direction rate of rake manipulation, with each block consisting

of five trials. Finally, to analyze whether there were correlations between the correct-direction

rate in the positional discrimination test and the success rate on the last day of the rake-choice

training, and between the correct-direction rate in the test and the number of rake-choice

training sessions, performance data of the rats were plotted individually in each figure panel.

Pearson’s product-moment correlation coefficients were calculated for these two sets of

parameters.

To analyze the relationship between the position of rats’ noses and the correct-direction

rates in the positional discrimination test, the ipsilateral trials were calculated for each rat.

Using two-tailed binomial tests, the number of ipsilateral and contralateral trials was com-

pared for each rat.

The rates of the ipsilateral paw-use trials in the test were obtained by dividing the number

of ipsilateral-paw trials by the number of trials in which the rats manipulated the rake in either

direction with their left or right paw. Moreover, I examined whether each rat’s correct-direc-

tion trials corresponded to the trials in which the reward was on the same side as their paws

used for pulling the rake in the positional discrimination test. The concordance rates of these

trials were calculated by dividing the number of trials in which the rats used the same side paw

for pulling the rake as the position of the reward (the left or right side in the experimental

board) by the number of the correct-direction trials. In the analyses, the trials in which the rats

used their mouths were excluded. Moreover, the comparison between the number of ipsilateral
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paw- and contralateral paw-use trials, and the comparison between the number of trials in

which the rats manipulated the rake in the correct direction with their ipsilateral and contralat-

eral paws were conducted by using binomial tests.

The statistical analyses were performed using SPSS Statistics version 25.0. The criterion for

statistical significance was set at p< 0.05.

Results

Rake-pulling training

On the day after the pre-training, all rats except one (BN45) learned to pull the rake with

guides quickly to obtain the reward from Trial 1 or 2. The average success rate in the session

(excluding the rate of BN45) was 96.79%. BN45 learned to pull the rake from Trial 16 during

the session. The success rate of BN45 from its first success (Trial 16) to the final trial (Trial 40)

was 96.00%.

Rake-choice training

Out of four rats (BN41–BN44) without achievement criterion during the training, one (BN43)

chose the appropriate rake and obtained the reward in more than 80% of trials within 19 ses-

sions (Fig 6). However, the success rates of the other two rats (BN41, BN44) remained approxi-

mately 50%. The rate of the remaining rat (BN42) exceeded 80% temporarily until Session 9;

then, it decreased rapidly before increasing again to 70% until the last session (Session 19; Fig

6). Moreover, among the four rats (BN45–BN48) trained with an achievement criterion, two

rats attained the criterion in 15 (BN45) and 29 (BN48) sessions, whereas the other two rats did

not meet the criterion within the 60 sessions (Fig 6).

The success rate and choice rate of the appropriate rake were identical in most sessions;

however, in some sessions, the average success rate was slightly lower than the average choice

rate because of a few trials in which the subject chose the appropriate rake but failed to obtain

the reward (Fig 6).

Even in the latter sessions, some rats could not choose the appropriate rakes even in trials

in which there was no reward for the inappropriate options (S3 Fig). There was no significant

change in the choice rate of the appropriate rakes from the first two sessions to the last two ses-

sions (t (7) = 1.67, n.s.; S4 Fig).

Positional discrimination test

Performance. The average success rate decreased significantly from the last session of the

rake-choice training to the session of the test (t (7) = 9.82, p< 0.001; Fig 6). Three out of eight

rats (BN42–BN44) manipulated the rake in the correct direction significantly more frequently

than in the incorrect direction (Fig 7).

In addition, in the three rats (BN42–BN44) that showed a significantly higher rate of

manipulating the rake in the correct direction, there was no tendency that the correct-direc-

tion rate increased gradually within a session (S5 Fig). The correlations were not detected

between the correct-direction rate in the positional discrimination test and the success rate on

the last day of the rake-choice training (r = 0.06, n.s.; S6A Fig), and between the correct-direc-

tion rate in the test and the number of rake-choice training sessions (r = -0.38, n.s.; S6B Fig).

The rats’ nose position at the time of the first touch on the rake. The position of the

nose of each rat at the first time it touched the rake with the left or right paw in each trial was

analyzed using the video records from the positional discrimination test. The purpose of this

analysis was to investigate whether there was a possibility that the three rats (BN42–BN44)
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Fig 6. Individual (BN41–BN48) success and choice rates of the appropriate rake in the rake-choice training, and individual

success rates in the positional discrimination test. Each black circle indicates the success rate during the training, and each white

circle indicates the success rate in the test. Each gray circle indicates the choice rate of the appropriate rake in the positional

discrimination test.

https://doi.org/10.1371/journal.pone.0226569.g006
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may have just moved to a position closer to the reward immediately before pulling the rake

and, therefore, had the rake close to themselves for the pulling, which may have resulted in a

correct-direction rate above the chance level (50%) during the test. For instance, perhaps the

rats may have used a strategy that they moved to a position closer to the reward (left side)

based on the position of the rake handle to try to obtain the reward with their paws and manip-

ulate the rake in the left direction (correct direction). All rats had their noses on the ipsilateral

and contralateral sides of the reward for the same number of trials when they first touched the

rake (BN41–BN48: n.s.; Table 1).

The position of the nose of each rat was analyzed when it first touched the rake in each

trial of the test. If the rat’s nose was on the same side of the rake handle as the reward, it was

recorded as an ipsilateral trial. The cells filled with grey show the ipsilateral trial rates in the

rats that manipulated the rake without guides in the correct direction significantly more fre-

quently than in the incorrect direction in the positional discrimination test.

Fig 7. Individual (BN41–BN48) correct-direction rates in the positional discrimination test. The broken line indicates chance level (�p< 0.05,
��p< 0.01).

https://doi.org/10.1371/journal.pone.0226569.g007

Table 1. Individual rates of the ipsilateral trials in the positional discrimination test.

Subject number Rate of ipsilateral trials (%)

BN41 50.00

BN42 50.00

BN43 67.86

BN44 50.00

BN45 52.78

BN46 50.00

BN47 50.00

BN48 38.46

https://doi.org/10.1371/journal.pone.0226569.t001
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Body parts used for pulling the rake. I examined the effect of body parts used for pulling

the rake on the performance in the positional discrimination test. All of the rats excluding one

rat (BN44) used their right paw for the longest duration to pull the rake in most trials (S7A

Fig). One (BN44) of the rats used its left paw in the majority of trials.

I conducted an additional analysis to determine whether rats used their ipsilateral paw to

the reward when they manipulated the rake in the test. Two rats (BN43, BN45) used their

ipsilateral paw more frequently than their contralateral paw, and the other two rats (BN41,

BN47) used their contralateral paw more frequently (S7B Fig). In the other four rats (BN42,

BN44, BN46, BN48), there were no significant differences between the numbers of trials in

which they used their ipsilateral and contralateral paws for the longest duration (S7B Fig).

Similarly, concerning the concordance rates between the correct-direction trials and the trials

in which the reward was on the same side as their paws used for pulling the rake, the rates for

two rats (BN43, BN45) was significantly above the chance level (50%) and the rates in the

other two rats was significantly below the chance level. In the other four rats (BN42, BN44,

BN46, BN48), the differences between the rates and the chance level were not significant

(S7C Fig).

Discussion

In the present study, I developed a tool-manipulation task for rodents in which the subjects

could not manipulate the tool in the direction of the reward in the test by simple stimulus gen-

eralization, simple trial-and-error learning, or simple patterned behavior. The rats were tested

in a controlled experimental setting. The results showed that some rats could manipulate the

tool laterally according to the position of the food reward without the experience of having

performed this action during the preceding training. In a previous study on tool-manipulation

by rats, the subjects could manipulate the rake in the direction of the reward in the positional

discrimination test only by manipulating the rake in a similar manner as in the preceding

training [4]. In addition, previous studies that conducted the tool-manipulation task with

degus found that the degus could manipulate the rake to obtain the reward after the step-by-

step training as described above [5, 6]. Thus, the present study is the first to demonstrate that

some rats can manipulate the tool in the direction of the food without being able to use a simi-

lar behavioral strategy based on manipulating the tool in the correct-direction in the test as in

the training.

In the rake-choice training, the average choice rate of the appropriate rake did not generally

change even in trials in which there was no reward for the inappropriate options. It would be

possible that the rakes themselves turned to be the secondary reinforcers for the rats through

their experiences in which they pulled the appropriate rakes and obtained the reward. Thus,

the rats may have expected rewards from the rakes themselves and chosen between the rakes

independent on the presence of the reward.

In the positional discrimination test, three out of eight rats manipulated the rake in the cor-

rect-direction significantly more frequently than in the incorrect-direction. These three rats

(BN42–BN44) did not tend to increase the correct-direction rate within a session gradually. In

addition, the finding that the ipsilateral and contralateral nose positions of the rats when they

first touched the rake did not vary confirmed that these three rats did not use a simple strategy

of moving closer to the reward immediately before they manipulated the rake to try to grab the

reward with their paws and had pulled the rake toward themselves in the positional discrimi-

nation test. These findings suggest that rats can manipulate a tool according to the position of

the reward, and they do it not just by simple patterned behavior. However, in five out of eight

rats, the correct-direction rates in the positional discrimination test were not above chance.

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 14 / 21

https://doi.org/10.1371/journal.pone.0226569


What influenced the performance of the rats in the test? There was a difference in the pro-

cedure between the first four rats (BN41–BN44) and the remaining four rats (BN45–BN48).

Interestingly, the rats that manipulated the rake in the correct-direction were from the first

four rats. Therefore, it is possible that the difference in the procedure may have affected the

correct-direction rate in the test. A pre-trial, in which the rats had to pull two rakes placed on

the left and right side of the experimental board to obtain two rewards in total, was introduced

from Session 16 for the former four rats (BN41–BN44) and from Session 1 for the latter four

rats (BN45–BN48) in the rake-choice training. Thus, there was a change in the procedure

between the sessions in the former four rats; however, there was no change in the latter four

rats. The change of the procedure in the rake-choice training may have alerted them to the spa-

tial arrangements of the tool and reward, and, as a result, this change may have stimulated

their learning that obtaining the reward or not depended on the spatial arrangements of the

tool and reward. Thus, the correct-direction rates in the positional discrimination test were

above the chance level in the former four rats because they experienced the unexpected event

that they could always obtain the reward by choosing either rake.

In the positional discrimination test, there were large individual differences in which body

part was used to manipulate the rake, and the differences did not influence their performance.

One rat (of the three rats that showed a significantly higher rate of manipulating the rake in

the correct direction) used its ipsilateral paw more frequently than its contralateral paw to the

manipulation direction of the rake and the position of the reward. In contrast, the other two

rats used their dominant paw (BN42: right paw, BN44: left paw) more frequently than their

non-dominant body part (BN42: left paw, BN44: right paw) independent of the manipulation

direction of the rake and the position of the reward. This result was different from the previous

study that has reported that rats tended to use their paw ipsilateral to the direction of rake

manipulation more frequently than their contralateral paw [4]. It could be possible that the dif-

ference between the present study and Nagano and Aoyama [4] emerged from the difference

between their experiences in these two studies.

Previous studies that investigated physical causal understanding in non-tool-using animals

such as cotton-top tamarins (Saguinus oedipus) [12], rhesus monkeys (Macaca mulatta) [12],

domestic cats (Felis cattus) [13], and Eurasian jays (Garrulus glandarius) [14], reported that by

using an expectancy violation method the animals looked longer at an unexpected or a new

event than at an expected or an original event. It is possible that rats look at or explore unex-

pected events in tool-use tasks because the tendency has been observed in a wide variety of

non-tool-using species. However, further research is needed to identify the factors that can

influence the performance in the test.

The success rates in the positional discrimination test were low in all the rats (15.0–37.5%).

One possible factor is that the rake without guides was presented for the first time in the test. It

is possible that the rats may have failed to obtain the reward even if they had manipulated the

rake in the direction of the reward in the test because they may not have had the motoric capa-

bility to manipulate the novel rake laterally. In a previous study with rats, the rats were trained

to manipulate a rake laterally during the training; the same rake was used in the positional dis-

crimination test, and the success rates (approximately 35–75%) in the earlier test were higher

than those in the test of the present study [4].

In addition, it is also possible that, even if the rats understood which direction (in the cor-

rect- or incorrect-direction) they had to manipulate the rake to obtain the reward, they may

have adjusted to be more exploratory in manipulating it away from the food while repeatedly

experiencing trials in which they had manipulated the rake toward the food and failed to

obtain the food. Consequently, the correct-direction rate in the five out of eight rats (BN41,

BN45–BN48) may not have been above chance. However, three out of eight rats (BN42–
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BN44) manipulated the rake in the correct direction at a high rate despite the low success

rates. This result revealed that the rats did not manipulate the rake simply based on feedback

concerning whether they could obtain the reward. If the rats simply manipulated the rake only

based on the feedback, and they failed to obtain the reward in many trials even if they manipu-

lated the rake in the direction of the reward, the number of the correct-direction trials should

have been expected to decrease within the session.

In future studies, it would be necessary to improve the experimental procedure to shed light

on physical causal understanding in rodents as follows: During the training, only the rake is

presented in the experimental apparatus without presenting food rewards. The subjects are

trained to manipulate the rake without guides laterally within fixed ranges, and an experi-

menter presents a reward to the subject by hand. After the training, the same positional dis-

crimination test as the present study is carried out by using the same rake as that used during

the training. During the training, the subjects never obtain rewards directly by using the rake,

and the rake is never in contact with the food. Thus, when the subjects manipulate the rake lat-

erally according to the reward’s position, it would be concluded that they can understand

physical causality. It is because they cannot manipulate in the correct direction more fre-

quently through simple stimulus generalization, simple trial-and-error learning, or simple pat-

terned behavior based on their experience of the training.

The present study suggested that rodents may have a primitive ability to understand physi-

cal causality. Even by including similar studies with monkeys (Macaca fascicularis) [15], and

14–23-month-old human infants [16–19], the present study is the first to demonstrate that

some subjects can manipulate a single rake-shaped tool based on the position of a reward in a

test situation in which the reward is placed on the side of the tool for the first time. Especially

in studies with human infants, the infants had many occasions to learn physical causal rela-

tionships between multiple objects in their daily lives (e.g., interactions with their parents,

playing with toys, or eating a meal), and it can be assumed that they gained some experience in

using tools with similar components as those presented in the experiments, even if the shapes

and materials differed. In the present study, however, the subjects had fewer occasions to learn

physical causal relationships between multiple objects, except for the tool-use task; therefore,

the study subjects had no experimental experience before this experiment.

There were some limitations in the present study. In the rake-choice training, if the rats

understood the rule that a part of the tool needed to be placed behind the food in the correct

option, they could choose the appropriate rakes. In the positional discrimination test, the rats

could manipulate the rake in the correct direction if they understood that the spatial arrange-

ments of the blade of the rake and the food would be the same as those in the correct options

of the rake-choice training by manipulating the rake toward the reward. However, it cannot be

concluded from the present study whether the three rats which showed the significant correct

direction rates in the positional discrimination test understood such complex physical causali-

ties, but it may be possible that these three rats understood some primitive physical causalities.

This possibility should be addressed in future studies.

Secondly, the analyses in the present study were based on a relatively small sample size.

Thus, it would be possible that the correlations between the correct-direction rate in the posi-

tional discrimination test and the success rate on the last day of the rake-choice training, and

between the correct-direction rate in the test and the number of rake-choice training sessions

could not be detected because of lack of statistical power. In addition, the sample size would be

too small to generalize to the results in the present study to rats in general. Therefore, these

results have to be interpreted with caution, and future studies with a bigger sample size are

needed for the generalization of the results.
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Recently, many studies have attempted to shed light on the developmental mechanism of

physical causal understanding by investigating tool-use behavior in animals [3–6, 20–38]. In

the present study, I used naïve rats in an experimental setting. Rats are one of the most com-

monly used species in experiments in many research fields, currently third behind mice and

fish [39], and controlling the conditions of tasks is relatively simple. Thus, rats are one of the

most useful rodent models for investigating physical causal understanding. Studies with a vari-

ety of animal species subjected to the same positional discrimination test under multiple train-

ing conditions as in the present study would answer the following question—what factors of

animals’ experiences can affect the acquisition of an ability to understand physical causal rela-

tionships, and how do animals develop this ability? In short, studies using a variety of naïve

and non-tool-using species in experimental settings that include multiple training conditions

would be useful to understand not only the mechanisms of evolution but also the underlying

mechanisms for developing the ability of physical causal understanding. Thus, I propose using

the rat as a rodent model to investigate the mechanisms of evolution and development of the

understanding of physical causality in animals and potentially humans.

Supporting information

S1 Appendix. Details of the procedures in the food-obtaining training.

(PDF)

S2 Appendix. Details of the procedures in the rake-choice training.

(PDF)

S1 Fig. Individual (BN41–BN44) results on the number of trials in which the rat’s nose was

located at each area in each trial in the positional discrimination test. The left panel indi-

cates the results when the reward was placed on the left side of the rake; the right panel, the

results when the reward was placed on the right side of the rake. Each broken line indicates the

position of the handle of the rake.

(PDF)

S2 Fig. Individual (BN45–BN48) results on the number of trials in which the rat’s nose was

located at each area in each trial in the positional discrimination test. The left panel indi-

cates the results when the reward was placed on the left side of the rake; the right panel, the

results when the reward was placed on the right side of the rake. Each broken line indicates the

position of the handle of the rake.

(PDF)

S3 Fig. Individual (BN41–BN48) choice rates of the appropriate rakes in the trials in which

the inappropriate options excluded the reward in the rake-choice training. The broken line

indicates chance level.

(PDF)

S4 Fig. Average choice rates of the appropriate rakes in the trials in which the inappropri-

ate options excluded the reward in Session 1–2, and the second from the last and the last

sessions of the rake-choice training. The broken line indicates chance level. Error bars indi-

cate standard errors.

(PDF)

S5 Fig. Individual (BN41–BN48) change in the correct-direction rates in the positional dis-

crimination test. The broken line indicates chance level.

(PDF)

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s007
https://doi.org/10.1371/journal.pone.0226569


S6 Fig. The relationship between the correct-direction rate in the positional discrimina-

tion test and the success rate or the number of sessions in the rake-choice training.

(A) Individual results on the relationship between the correct-direction rate and the success

rate. The vertical axis shows the correct-direction rate in the positional discrimination test,

and the horizontal axis shows the success rate on the last day of the rake-choice training.

(B) Individual results on the relationship between the correct-direction rate and the number

of training sessions. The vertical axis shows the correct-direction rate in the positional dis-

crimination test, and the horizontal axis shows the number of sessions in the rake-choice

training.

(PDF)

S7 Fig. Individual (BN41–BN48) results on body parts used for pulling the rake in the

positional discrimination test. (A) Individual results for the number of trials in which

each body part was used for the longest duration in the test. (B) The individual rates of

ipsilateral paw-use trials in the test. Trials in which each rat used its paw for the longest

duration were excluded from the analysis. The broken line indicates chance level

(��p< 0.01, ���p< 0.001). (C) The individual concordance rates between the correct-direc-

tion trials and the trials in which the reward was on the same side as their paw used for pull-

ing the rake for the longest duration in the test. Trials in which each rat used its paw for the

longest duration were excluded from the analysis. The broken line indicates chance level

(�p< 0.05, ���p< 0.001).

(PDF)

S1 Dataset. Individual success and choice rates in the rake-choice training.

(XLSX)

S2 Dataset. Individual correct-direction rates in the positional discrimination test.

(XLSX)

S3 Dataset. Individual rates of the ipsilateral trials in the positional discrimination test.

(XLSX)

S1 Movie. Food-obtaining training.

(MP4)

S2 Movie. Pre-training in rake-pulling training.

(MP4)

S3 Movie. Rake-pulling training.

(MP4)

S4 Movie. Rake-choice training.

(MP4)

S5 Movie. Positional discrimination test.

(MP4)

Acknowledgments

This study is part of the author’s unpublished doctoral thesis at Doshisha University. The the-

sis was written under Dr. Kenjiro Aoyama’s direction. I would like to thank Ms. Yuka Naka-

mura for her help as an independent coder in order to assess inter-coder reliability. The

author was a research fellow of the Japan Society for the Promotion of Science (JSPS).

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226569.s017
https://doi.org/10.1371/journal.pone.0226569


Author Contributions

Conceptualization: Akane Nagano.

Data curation: Akane Nagano.

Formal analysis: Akane Nagano.

Funding acquisition: Akane Nagano.

Investigation: Akane Nagano.

Methodology: Akane Nagano.

Project administration: Akane Nagano.

Validation: Akane Nagano.

Visualization: Akane Nagano.

Writing – original draft: Akane Nagano.

Writing – review & editing: Akane Nagano.

References
1. Penn DC, Povinelli DJ. Causal cognition in human and nonhuman animals: a comparative, critical

review. Ann Rev Psychol. 2007; 58: 97–118. https://doi.org/10.1146/annurev.psych.58.110405.

085555 PMID: 17029564

2. Visalberghi E, Tomasello M. Primate causal understanding in the physical and psychological domains.

Behav Process. 1998; 42: 189–203. https://doi.org/10.1016/S0376-6357(97)00076-4

3. Nagano A, Aoyama K. Tool-use by rats (Rattus norvegicus): Tool-choice based on tool features. Anim

Cogn. 2017a; 20: 199–213. https://doi.org/10.1007/s10071-016-1039-5 PMID: 27679521

4. Nagano A, Aoyama K. Tool manipulation by rats (Rattus norvegicus) according to the position of food.

Sci Rep. 2017b; 7: 5960. https://doi.org/10.1038/s41598-017-06308-7 PMID: 28729626

5. Kumazawa-Manita N, Hama H, Miyawaki A, Iriki A. Tool use specific neurogenesis and synaptogenesis

in rodent (Octodon degus) hippocampus. PLoS One. 2013; 8: e58649. https://doi.org/10.1371/journal.

pone.0058649 PMID: 23516527

6. Okanoya K, Tokimoto N, Kumazawa N, Hihara S, Iriki A. Tool-use training in a species of rodent: the

emergence of an optimal motor strategy and functional understanding. PLoS One. 2008; 3: e1860.

https://doi.org/10.1371/journal.pone.0001860 PMID: 18365015

7. Mazur JE. Learning and behavior. 8th ed. New York: Routledge; 2016.

8. Snoddy GS. An experimental analysis of a case of trial and error learning in the human subject. Psychol

Monogr. 1920; 28: i–81.

9. Bentley-Condit VK, Smith EO. Animal tool use: current definitions and an updated comprehensive cata-

log. Behaviour. 2010; 147: 185–221. https://doi.org/10.1163/000579509X12512865686555

10. Tolman EC. The acquisition of string-pulling by rats: conditioned response or sign-gestalt? Psychol

Rev. 1937; 44: 195–211. https://doi.org/10.1037/h0059293

11. Hallgren KA. Computing inter-rater reliability for observational data: an overview and tutorial. Tutorials

in Quantitative Methods for Psychology. 2012; 8: 23–34. https://doi.org/10.20982/tqmp.08.1.p023

PMID: 22833776

12. Santos LR, Miller CT, Hauser MD. Representing tools: how two non-human primate species distinguish

between the functionally relevant and irrelevant features of a tool. Anim Cogn. 2003; 6: 269–281.

https://doi.org/10.1007/s10071-003-0171-1 PMID: 12736800

13. Takagi S, Arahori M, Chijiiwa H, Tsuzuki M, Hataji Y, Fujita K. There’s no ball without noise: cats’ predic-

tion of an object from noise. Anim Cogn. 2016; 19: 1043–1047. https://doi.org/10.1007/s10071-016-

1001-6 PMID: 27299293

14. Davidson G, Miller R, Loissel E, Cheke LG, Clayton NS. The development of support intuitions and

object causality in juvenile Eurasian jays (Garrulus glanadarius). Sci Rep. 2017; 7: 40062. https://doi.

org/10.1038/srep40062 PMID: 28053306

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 19 / 21

https://doi.org/10.1146/annurev.psych.58.110405.085555
https://doi.org/10.1146/annurev.psych.58.110405.085555
http://www.ncbi.nlm.nih.gov/pubmed/17029564
https://doi.org/10.1016/S0376-6357(97)00076-4
https://doi.org/10.1007/s10071-016-1039-5
http://www.ncbi.nlm.nih.gov/pubmed/27679521
https://doi.org/10.1038/s41598-017-06308-7
http://www.ncbi.nlm.nih.gov/pubmed/28729626
https://doi.org/10.1371/journal.pone.0058649
https://doi.org/10.1371/journal.pone.0058649
http://www.ncbi.nlm.nih.gov/pubmed/23516527
https://doi.org/10.1371/journal.pone.0001860
http://www.ncbi.nlm.nih.gov/pubmed/18365015
https://doi.org/10.1163/000579509X12512865686555
https://doi.org/10.1037/h0059293
https://doi.org/10.20982/tqmp.08.1.p023
http://www.ncbi.nlm.nih.gov/pubmed/22833776
https://doi.org/10.1007/s10071-003-0171-1
http://www.ncbi.nlm.nih.gov/pubmed/12736800
https://doi.org/10.1007/s10071-016-1001-6
https://doi.org/10.1007/s10071-016-1001-6
http://www.ncbi.nlm.nih.gov/pubmed/27299293
https://doi.org/10.1038/srep40062
https://doi.org/10.1038/srep40062
http://www.ncbi.nlm.nih.gov/pubmed/28053306
https://doi.org/10.1371/journal.pone.0226569


15. Tia B, Viaro R, Fadiga L. Tool-use training temporarily enhances cognitive performance in long-tailed

macaques (Macaca fascicularis). Anim Cogn. 2018; 21: 365–378. https://doi.org/10.1007/s10071-018-

1173-3 PMID: 29502167

16. Fagard J, Rat-Fischer L, O’Regan JK. The emergence of use of a rake-like tool: a longitudinal study in

human infants. Front Psychol. 2014; 5: 491. https://doi.org/10.3389/fpsyg.2014.00491 PMID:

24904504

17. Petkovic M, Rat-Fischer L, Fagard J. The emergence of tool use in preterm infants. Front Psychol.

2016; 7: 1104. https://doi.org/10.3389/fpsyg.2016.01104 PMID: 27486429

18. Rat-Fischer L, O’Regan JK, Fagard J. The emergence of tool use during the second year of life. J Exp

Child Psycol. 2012; 113: 440–446. https://doi.org/10.1016/j.jecp.2012.06.001 PMID: 22789968

19. Rat-Fischer L, O’Regan JK, Fagard J. Handedness in infants’ tool use. Dev Psychobiol. 2013; 55: 860–

868. https://doi.org/10.1002/dev.21078 PMID: 22949283

20. Hihara S, Obayashi S, Tanaka M, Iriki A. Rapid learning of sequential tool use by macaque monkeys.

Physiol Behav. 2003; 78: 427–434. https://doi.org/10.1016/s0031-9384(02)01006-5 PMID:

12676278

21. Cheng K, Byrne RW. Why human environments enhance animal capacities to use objects: evidence

from keas (Nestor notabilis) and apes (Gorilla gorilla, Pan paniscus, Pongo abelii, Pongo pygmaeus). J

Comp Psychol. 2018; 132: 419–426. https://doi.org/10.1037/com0000121 PMID: 30024236

22. Hauser MD. Artifactual kinds and functional design features: what a primate understands without lan-

guage. Cognition. 1997; 64: 285–308. https://doi.org/10.1016/s0010-0277(97)00028-0 PMID:

9426504

23. Hauser M, Pearson H, Seelig D. Ontogeny of tool use in cottontop tamarins, Saguinus oedipus: innate

recognition of functionally relevant features. Anim Behav. 2002; 64: 299–311. https://doi.org/10.1006/

anbe.2002.3068

24. Hihara S, Notoya T, Tanaka M, Ichinose S, Ojima H, Obayashi S, et al. Extension of corticocortical affer-

ents into the anterior bank of the intraparietal sulcus by tool-use training in adult monkeys. Neuropsy-

chologia. 2006; 44: 2636–2646. https://doi.org/10.1016/j.neuropsychologia.2005.11.020 PMID:

16427666

25. Hihara S, Yamada H, Iriki A, Okanoya K. Spontaneous vocal differentiation of coo-calls for tools and

food in Japanese monkeys. Neurosci Res. 2003; 45: 383–389. https://doi.org/10.1016/s0168-0102(03)

00011-7 PMID: 12657451

26. Iriki A, Tanaka M, Iwamura Y. Coding of modified body schema during tool use by macaque postcentral

neurons. Neuroreport. 1996; 7: 2325–2330. https://doi.org/10.1097/00001756-199610020-00010

PMID: 8951846

27. Ishibashi H, Hihara S, Iriki A. Acquisition and development of monkey tool-use: behavioral and kine-

matic analyses. Can J Physiol Pharmacol. 2000; 78: 958–966. https://doi.org/10.1139/cjpp-78-11-958

PMID: 11100944

28. Ishibashi H, Hihara S, Takahashi M, Heike T, Yokota T, Iriki A. Tool-use learning selectively induces

expression of brain-derived neurotrophic factor, its receptor trkB, and neurotrophin 3 in the intraparietal

multisensorycortex of monkeys. Cogn Brain Res. 2002; 14: 3–9. https://doi.org/10.1016/S0926-6410

(02)00056-3

29. Obayashi S, Suhara T, Kawabe K, Okauchi T, Maeda J, Akine Y, et al. Functional brain mapping of

monkey tool use. Neuroimage. 2001; 14: 853–861. https://doi.org/10.1006/nimg.2001.0878 PMID:

11554804

30. Quallo MM, Kraskov A, Lemon RN. The activity of primary motor cortex corticospinal neurons during

tool use by macaque monkeys. J Neurosci. 2012; 32: 17351–17364. https://doi.org/10.1523/

JNEUROSCI.1009-12.2012 PMID: 23197726

31. Quallo MM, Price J, Ueno K, Asamizuka K, Cheng K, Lemon RN, et al. Gray and white matter changes

associated with tool-use learning in macaque monkeys. Proc Natl Acad Sci USA. 2009; 106: 18379–

18384. https://doi.org/10.1073/pnas.0909751106 PMID: 19820167

32. Santos LR, Mahajan N, Barnes JL. How prosimian primates represent tools: experiments with two

lemur species (Eulemur fulvus and Lemur catta). J Comp Psychol. 2005; 119: 394–403. https://doi.org/

10.1037/0735-7036.119.4.394 PMID: 16366773

33. Santos LR, Pearson HM, Spaepen GM, Tsao F, Hauser MD. Probing the limits of tool competence:

experiments with two non-tool-using species (Cercopithecus aethiops and Saguinus oedipus). Anim

Cogn. 2006; 9: 94–109. https://doi.org/10.1007/s10071-005-0001-8 PMID: 16341524

34. Santos LR, Rosati A, Sproul C, Spaulding B, Hauser MD. Means-means-end tool choice in cotton-top

tamarins (Saguinus oedipus): finding the limits on primates’ knowledge of tools. Anim Cogn. 2005; 8:

236–246. https://doi.org/10.1007/s10071-004-0246-7 PMID: 15668762

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 20 / 21

https://doi.org/10.1007/s10071-018-1173-3
https://doi.org/10.1007/s10071-018-1173-3
http://www.ncbi.nlm.nih.gov/pubmed/29502167
https://doi.org/10.3389/fpsyg.2014.00491
http://www.ncbi.nlm.nih.gov/pubmed/24904504
https://doi.org/10.3389/fpsyg.2016.01104
http://www.ncbi.nlm.nih.gov/pubmed/27486429
https://doi.org/10.1016/j.jecp.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22789968
https://doi.org/10.1002/dev.21078
http://www.ncbi.nlm.nih.gov/pubmed/22949283
https://doi.org/10.1016/s0031-9384(02)01006-5
http://www.ncbi.nlm.nih.gov/pubmed/12676278
https://doi.org/10.1037/com0000121
http://www.ncbi.nlm.nih.gov/pubmed/30024236
https://doi.org/10.1016/s0010-0277(97)00028-0
http://www.ncbi.nlm.nih.gov/pubmed/9426504
https://doi.org/10.1006/anbe.2002.3068
https://doi.org/10.1006/anbe.2002.3068
https://doi.org/10.1016/j.neuropsychologia.2005.11.020
http://www.ncbi.nlm.nih.gov/pubmed/16427666
https://doi.org/10.1016/s0168-0102(03)00011-7
https://doi.org/10.1016/s0168-0102(03)00011-7
http://www.ncbi.nlm.nih.gov/pubmed/12657451
https://doi.org/10.1097/00001756-199610020-00010
http://www.ncbi.nlm.nih.gov/pubmed/8951846
https://doi.org/10.1139/cjpp-78-11-958
http://www.ncbi.nlm.nih.gov/pubmed/11100944
https://doi.org/10.1016/S0926-6410(02)00056-3
https://doi.org/10.1016/S0926-6410(02)00056-3
https://doi.org/10.1006/nimg.2001.0878
http://www.ncbi.nlm.nih.gov/pubmed/11554804
https://doi.org/10.1523/JNEUROSCI.1009-12.2012
https://doi.org/10.1523/JNEUROSCI.1009-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23197726
https://doi.org/10.1073/pnas.0909751106
http://www.ncbi.nlm.nih.gov/pubmed/19820167
https://doi.org/10.1037/0735-7036.119.4.394
https://doi.org/10.1037/0735-7036.119.4.394
http://www.ncbi.nlm.nih.gov/pubmed/16366773
https://doi.org/10.1007/s10071-005-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/16341524
https://doi.org/10.1007/s10071-004-0246-7
http://www.ncbi.nlm.nih.gov/pubmed/15668762
https://doi.org/10.1371/journal.pone.0226569


35. Yamazaki Y, Echigo C, Saiki M, Inada M, Watanabe S, Iriki A. Tool-use learning by common marmosets

(Callithrix jacchus). Exp Brain Res. 2011; 213: 63–71. https://doi.org/10.1007/s00221-011-2778-9

PMID: 21713504

36. Yamazaki Y, Hikishima M, Saiki M, Inada M, Sasaki E, Lemon C, et al. Neural changes in the primate

brain correlated with the evolution of complex motor skills. Sci Rep. 2016; 6: 31084. https://doi.org/10.

1038/srep31084 PMID: 27498966

37. Yamazaki Y, Kurihara Y, Iriki A, Watanabe S. Changes in the repertoire of tool-using behaviour in Japa-

nese monkeys. CARLS Series of Advanced Study of Logic and Sensibility. 2009; 3: 29–37.

38. Yamazaki Y, Namba H, Iriki A. Acquisition of an externalized eye by Japanese monkeys. Exp Brain

Res. 2009; 194: 131–142. https://doi.org/10.1007/s00221-008-1677-1 PMID: 19139869

39. GOV.UK. Home Office. 2016. Annual statistics of scientific procedures on living animals Great Britain

2016. https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/

file/627284/annual-statistics-scientific-procedures-living-animals-2016.pdf

Rats’ tool manipulation ability

PLOS ONE | https://doi.org/10.1371/journal.pone.0226569 December 16, 2019 21 / 21

https://doi.org/10.1007/s00221-011-2778-9
http://www.ncbi.nlm.nih.gov/pubmed/21713504
https://doi.org/10.1038/srep31084
https://doi.org/10.1038/srep31084
http://www.ncbi.nlm.nih.gov/pubmed/27498966
https://doi.org/10.1007/s00221-008-1677-1
http://www.ncbi.nlm.nih.gov/pubmed/19139869
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/627284/annual-statistics-scientific-procedures-living-animals-2016.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/627284/annual-statistics-scientific-procedures-living-animals-2016.pdf
https://doi.org/10.1371/journal.pone.0226569

