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Automated home‑cage 
for the evaluation of innate 
non‑reflexive pain behaviors 
in a mouse model of inflammatory 
pain
Hasriadi1, Peththa Wadu Dasuni Wasana1, Opa Vajragupta2, Pornchai Rojsitthisak3,4 & 
Pasarapa Towiwat4,5*

The failure to develop analgesic drugs is attributed not only to the complex and diverse 
pathophysiology of pain in humans but also to the poor experimental design and poor preclinical 
assessment of pain. Although considerable efforts have been devoted to overcoming the relevant 
problems, many features of the behavioral pain assessment remain to be characterized. For example, 
a decreased locomotor activity as a common presentation of pain‑like behavior has yet to be 
described. Studies on mice experimentally induced with carrageenan have provided opportunities 
to explore pain‑related behaviors in automated home‑cage monitoring. Through this approach, 
the locomotor activities of mice with carrageenan‑induced inflammatory pain can be precisely and 
objectively captured. Here, we found that the mobile behaviors of mice reduced, and their immobility 
increased, indicating that carrageenan induction in mice caused a significant decrease in locomotor 
activity. These non‑reflexive pain behaviors were strongly correlated with the reflexive pain behaviors 
measured via von Frey and plantar tests. Furthermore, the pharmacological intervention using 
indomethacin improved the locomotor activity of mice with carrageenan‑induced pain. Thus, the 
analysis of the locomotor activity in automated home‑cage monitoring is useful for studying the 
behavioral analgesia and the pharmacological screening of analgesic drugs. The combined evaluation 
of reflexive and non‑reflexive pain behaviors enhances the translational utility of preclinical pain 
research in rodents.

Inflammatory pain is a complex pathophysiological condition caused by inflammation due to a tissue injury 
or inflammation-associated  diseases1. This type of pain is characterized by the excessive release of inflamma-
tory mediators, such as prostaglandin E2 (PGE2), cytokines, chemokines, and growth  factors2. Although many 
analgesic drugs have been used in clinical settings to treat inflammatory pain, the adverse effects of these drugs 
warrant the finding of new analgesic drugs with an enhanced efficacy and fewer adverse effects.

Although many compounds have been screened in terms of their analgesic activity in clinical trials, only 
11% of these compounds have been approved as analgesic  drugs3. One of the reasons why analgesics drug can-
didates fail in clinical trials is their poor preclinical design, including poor behavioral pain  assessment4. Most 
of the current efforts in preclinical studies involving animals are based primarily on reflexive pain assessment, 
which does not fully mimic the clinical features of  pain5. Conventional pain assessments, such as evoked pain 
tests, rely only on the sensory component of pain in rodents. However, this approach has limitations, such 
as handling-induced stress, inefficiency, time- and labor-consuming steps, inconsistent results, and subjective 
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impression  measurement6–8. Consequently, it can provide false positive/negative results. Evoked pain tests also 
have obvious limitations because human pain behaviors are primarily characterized by spontaneous pain (cogni-
tive processes, decision making, attention, motivation)9,10. The assessment of evoked pain behaviors only yields a 
limited understanding of complex behavioral pain. The classical preclinical models of reflexive pain have proven 
the effectiveness of several FDA-approved drugs in pharmacological screening. However, numerous other enti-
ties, including Tachykinin NK1 receptor antagonists, fatty acid amide hydrolase (FAAH) inhibitors, losmapimod 
(p38 MAP kinase inhibitor), and PF‐05089771 (Nav1.7 inhibitor), which have been proven to be effective in 
preclinical trials failed in clinical  trials11–15. Recent progress in pain research suggests important alternatives 
to pain assessment to overcome these problem. Therefore, the assessment of pain has significantly increased 
through non-reflexive pain behaviors, including weight-bearing, burrowing, gait analysis, facial grimace scale, 
conditioned place preference test, open-field test, and automated home-cage  monitoring6,7.

Locomotor activity, one of the non-evoked pain measures, has been utilized as an indicator of behavioral 
analgesia in numerous pain models, such as complete Freund’s adjuvant (CFA)-induced  arthritis16, postoperative 
 pain17, spinal cord  injury18,19,  pruritus20, streptozotocin-induced diabetic neuropathy, and carrageenan-induced 
acute inflammatory  pain21,22. In these animal models of pain, locomotor activity is improved by the administra-
tion of standard analgesic drugs. Moreover, the evaluation of locomotor activity in rodents has a translational 
value to pain in humans, where patients with pain also exhibit physical  disability23,24. In addition, clinical studies 
have demonstrated the correlation of improved physical disability with the improved well-being and quality of 
life of patients experiencing  pain25.

Several studies have applied automated behavioral analysis, including home-cage monitoring, to measure 
the locomotor activity of  rodents26–30. For instance, the automated home-cage monitoring, Laboratory Animal 
Behavior Observation, Registration and Analysis System (LABORAS), has been introduced in preclinical studies 
to assess non-reflexive pain  behaviors31–34. The successive generation of non-evoked pain behaviors in the LABO-
RAS system has been observed in several rodent models of pain, including  CFA31, collagen-induced arthritis 
(CIA)32,35, and surgical destabilization of the medial meniscus model of  osteoarthritis34. Moreover, the correlation 
between evoked and non-evoked pain behaviors has been demonstrated in CFA and CIA  models31,35. Conversely, 
not all pain models exhibited non-evoked pain behaviors in the LABORAS system as observed in mouse models 
of partial meniscectomy (PMX) and spared nerve injury (SNI)33,32. The use of automated home-cage monitoring 
is conceptually appealing because it can provide a home-like and less stressful environment to animals. Stress can 
be a confounding factor because it induces either hyperalgesia or analgesia in  rodents36,37. Through this automated 
behavioral system mouse behaviors with a comprehensive and accurate behavioral phenotype can be automati-
cally analyzed to capture the complexity of animal behaviors, characterize the timeframe in detail, reduce animal 
stress, minimize experimental bias, and decrease environmental-dependent  variabilities38. Furthermore, the use 
of automated home-cage monitoring minimizes human interaction thereby reducing the influence of human-
related factors, including the gender of experimenters, experience on handling rodents, and prior contact with 
rodents, on their  behavior39. However, in the LABORAS system, mice are assessed individually in a cage wherein 
their physiological condition may be affected by isolation because they are social creatures.

As stated before, preclinical experiments, including behavioral assessments, should be improved to charac-
terize the human condition of pain in rodents, but this trait has not been sufficiently captured by conventional 
methods. Hence, in this study, the automated home-cage monitoring LABORAS was used to assess the short- and 
long-term locomotor activities of carrageenan-induced mice, an acute model of inflammatory pain. However, 
several non-evoked pain behaviors, including short-voluntary movement in the  cage22, exploratory behavior in 
the open-field21, weight-bearing and gait  characteristics40, and grimace  score41 have been characterized in rodents 
induced by carrageenan. However, studies have yet to evaluate the innate behaviors of carrageenan-induced 
mice in the LABORAS system and their correlation with evoked pain behaviors. Hence, this study is the first to 
demonstrate the impaired locomotive behaviors induced by carrageenan in the LABORAS home-cage system. 
Overall, this study provides evidence supporting the possibility of using the innate behaviors of mice induced 
by carrageenan as an alternative behavioral indicator of pain.

Results
Induction of thermal and mechanical sensitivity by carrageenan challenge. Mice were adminis-
tered with an intraplantar injection of carrageenan and evoked pain behaviors were assessed at 2, 4, 6, and 24 h 
post-carrageenan administration (Fig.  1A). Carrageenan-induced mice demonstrated thermal and mechani-
cal hypersensitivities in the ipsilateral paw compared with those in the control group. These hypersensitivities 
initially occurred 2 h post-drug administration and peaked at 6 h post-carrageenan administration. They were 
maintained up to 24  h post-carrageenan challenge (Fig.  2). Indomethacin, administered 2  h after the carra-
geenan induction improved the paw withdrawal threshold and latency at 2 and 4 h post-drug administration. 
The effect of indomethacin peaked at 2 h post-drug administration, declined at 4 h, and no effect was observed 
at 22 h post-drug administration (Fig. 2).

Behavioral characterization of LABORAS automated home‑cage monitoring: locomotive 
parameters, composition, and correlations of the related parameters. A LABORAS auto-
mated system was used to test the locomotive behaviors of the mice precisely and comprehensively. This 
system can generate several locomotive behaviors, such as duration and frequency of climbing, locomotion, 
rearing, immobility, distance traveled, and average speed (Fig.  3A). On the test day, the mice treated with 
the control, carrageenan, or carrageenan + indomethacin were allowed to be in the automated home-cage, 
and their behaviors were automatically recorded using the LABORAS (Fig. 1B). The locomotor activity was 
evaluated for 30 min, which is a commonly used duration for classical locomotion tests (e.g., open-field test). 
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Through this system, the position distribution of the mice in the cage could be visualized (Fig. 3B). As shown in 
the position distribution, the density of movement of the carrageenan-induced group was lower than that of the 
control group. However, after the treatment with indomethacin, the density of the track improved. In terms of 
the composition of locomotive behaviors in short-term locomotor activity, the control group of the mice spent 
24.9 ± 4.6%, 47.1 ± 2.6%, 11.3 ± 4.1% and 16.7 ± 1.5% of the time on climbing, locomotion (walking and run-
ning), immobility, and rearing, respectively. By comparison, the frequencies of these behaviors were 5.7 ± 0.9%, 
73.3 ± 1.5%, 2.64 ± 0.38% and 18.35 ± 1.63% for climbing, locomotion (walking and running), immobility and 
rearing, respectively. In the carrageenan-treated group, the mice spent 17.1 ± 4.0%, 28.2 ± 3.4%, 45.9 ± 6.5%, and 

Figure 1.  The schematic illustration of the experimental design and groups.
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8.7 ± 0.8% of the time on climbing, locomotion, immobility, and rearing, respectively, and their frequencies were 
6.8 ± 0.9%, 69.8 ± 11.4%, 8.5 ± 0.9%, and 14.8 ± 1.0%, respectively. In the carrageenan + indomethacin-treated 
group, the mice spent 21.2 ± 3.0%, 52.3 ± 1.7%, 8.3 ± 3.1%, and 18.1 ± 1.8% of the time on climbing, locomo-
tion, immobility, and rearing, respectively, and their frequencies were 5.2 ± 0.9%, 72.8 ± 8.1%, 3.4 ± 1.2%, and 
18.6 ± 1.1%, respectively (Fig. 3C). In the present study, undefined behaviors of behavioral duration (66.3 ± 1.6%) 
and frequency (44.7 ± 0.3%), were excluded from analysis. Hence, the administration of carrageenan reduced 
the short-term locomotor activity of mice compared with that of the control group and the administration of 
indomethacin reversed the impaired locomotor activity induced by carrageenan.

Impairment of exploratory behaviors by carrageenan challenge. Exploratory behaviors (short-
term) in automated home-cage monitoring were investigated to test whether the locomotor activity of carra-
geenan-induced mice was impaired (Fig. 1B). The time spent by carrageenan-induced mice on mobile behaviors 
(rearing and locomotion) was significantly shorter than that spent by the control mice. Furthermore, the time 
spent by carrageenan-induced mice in immobility was longer than that of the control mice (Fig. 4A). Moreover, 
carrageenan-induced mice demonstrated significantly less mobile behaviors, greater immobility, significantly 
shorter distance traveled and slower average speed than the control mice did (Fig. 4B,C). In addition, during 
the first 0–5 min, carrageenan slightly affected locomotive behaviors compared with those of the vehicle-treated 
mice. Slight changes could be observed at this time point, possibly because of the effects masked by their explora-
tory behaviors in the cage. A substantial difference was observed at 5–10 min of measurement, as indicated by 
the significant difference in the duration and frequency of locomotion, and distance traveled between the vehi-
cle- and carrageenan-treated groups (Supplementary Fig. S1).

These results suggested that the locomotor activity driven by exploratory behaviors of carrageenan-induced 
mice decreased. Moreover, the treatment with indomethacin reversed the locomotive impairment induced by 
carrageenan (rearing, locomotion, average speed, and distance traveled) to the same level as the control group 
(Fig. 4). These results indicated that indomethacin could effectively enhance the exploratory behaviors impaired 
by carrageenan administration in LABORAS automated home-cage monitoring.

Exploratory behaviors were analyzed (30 min) using the open-field test to compare the LABORAS system 
and the open-field test (Figs. 1C, 5A). Similar to the results of the LABORAS, the findings of the open-field test 
showed the increased immobility and reduced locomotion, speed and distance traveled in carrageenan-induced 
mice (Fig. 5B–F). These results indicated that the intraplantar administration of carrageenan impaired the loco-
motor activity. Indomethacin treatment improved the carrageenan-induced locomotor impairment (Fig. 5). 
However, mice spent more time on locomotion and immobility and traveled in the open-field test more than 
they did the LABORAS monitoring.

Correlation between evoked pain behaviors and locomotor activity. In line with the increased 
thermal and mechanical hypersensitivities, the locomotor activity of the carrageenan-induced mice was 
impaired in the LABORAS home-cage monitoring. These behaviors were improved by indomethacin admin-
istration (Fig. 6A,B). The correlation between evoked pain behaviors and locomotor activity quantified in the 
LABORAS system was determined via Pearson correlation to predict the potential measures of behavioral pain 
in the carrageenan-induced mouse model (Fig. 6C). The data for correlation analysis were extracted from the 
control, carrageenan, and indomethacin + carrageenan groups. The correlation analysis of the behaviors showed 
that mobile behaviors (climbing, rearing, locomotion) were positively correlated with one another. These mobile 
behaviors were also positively correlated with the distance traveled and average speed. Conversely, they were 

Figure 2.  Carrageenan-treated mice exhibited increased mechanical and thermal sensitivities. The paw 
withdrawal threshold to mechanical stimuli (A) and paw withdrawal latency to thermal stimuli (B). Data are 
presented as mean ± SEM for n = 6/group. ***p < 0.001 compared to the vehicle-treated group and #p < 0.05, 
##p < 0.01 and ###p < 0.001 compared to the carrageenan-induced group.
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negatively correlated with immobility. The correlation analysis between locomotor activity and evoked pain 
behaviors (thermal and mechanical sensitivity) revealed that the paw withdrawal latency and threshold values 
were positively correlated with the mobile behaviors (climbing, rearing, and locomotion). By contrast, they were 
negatively correlated with immobility.

Effect of carrageenan induction on motor coordination in mice. A rotarod test was performed 
to examine whether the decreased locomotor activity observed in home-cage monitoring was due to impaired 

Figure 3.  (A) Schematic representation of experimental set-up (B) position distribution of a single mouse in 
the cage, (C) behavioral composition of locomotor activity (undefined behaviors are excluded from analysis).
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motor coordination (Fig. 1E). The results demonstrated no significant difference between the control and carra-
geenan-treated groups at 2, 4, 6, and 24 h of measurements (Fig. 6D).

Impairment of the long‑term locomotor activity by carrageenan challenge. The time-series 
analysis of long-term locomotor activities was demonstrated using line graphs (Fig.  7). Mice are nocturnal 
rodents, so they are more active at night. This behavior is characterized by the overall increased time and fre-
quency of mobile behaviors and decreased immobility observed at night compared with that during daytime. 
The locomotive behaviors of the control and carrageenan groups during daytime slightly differed. At nighttime, 
the duration and frequency of climbing, frequency of locomotion, and distance traveled significantly differed.

The behavioral data were divided into four sections to define the effect of carrageenan on the locomo-
tive behavior of the mice: 0–2 h (dark), 2–6 h (dark), 6–12 h (dark), and 12–24 h (light) post-carrageenan 

Figure 4.  Locomotor activity driven by exploratory behavior of control mice, carrageenan mice, 
carrageenan + indomethacin mice in automated home-cage LABORAS. Data are expressed as means ± SEM 
from 8 mice in each group. *, **, *** denote significant difference compared to the control group at p < 0.05, 
p < 0.01, and p < 0.001, respectively. ## and ### denote significant difference compared to indomethacin-treated 
group at p < 0.01, p < 0.001, respectively.
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administration. The time points of 0–2, 2–6, 6–12, and 12–24 h represented exploratory behaviors (2 h), duration 
when indomethacin was therapeutically effective at night (4 h), duration when indomethacin was therapeutically 
ineffective at night (6 h), and post-drug administration behaviors during daytime (12 h) (Figs. 1D, 8). These time 
points covered daytime and nighttime conditions in a 12 h–12 h light–dark cycle. At 0–2 h post-carrageenan 
administration, the mobile behaviors were not substantially differed among the three animal groups: control, 
carrageenan, and carrageenan + indomethacin. However, the frequency of immobility, rearing, and distance 
traveled between the control and carrageenan + indomethacin groups significantly differed. At this time point, the 
mice in the carrageenan + indomethacin group were not administered with indomethacin. Hence, the behavioral 
data differed from the control group possibly because of the effects of carrageenan. From 2 to 6 h duration, total 
locomotion was determined and used to evaluate the efficacy of indomethacin at nighttime when indomethacin 
was therapeutically effective. The results showed that the carrageenan-treated group spent less time on mobile 
behaviors and more time on immobility compared with that of the control group. The carrageenan-treated group 
also revealed the following traits compared with those of the control group: less frequent mobile behaviors and 
more frequent immobility, less average speed, and distance traveled. Moreover, indomethacin treatment improved 
all the behaviors impaired by carrageenan as indicated by the improved frequency and duration of behaviors. The 
duration and frequency of climbing, locomotion, immobility, average speed, and distance traveled of the treated 
mice significantly differed from those of the carrageenan-induced mice. From 6 to 12 h, when indomethacin 
was therapeutically ineffective, the carrageenan-treated mice spent lesser time on mobile behaviors and longer 
time on immobility than the control- and indomethacin-treated mice. The carrageenan-treated mice also dem-
onstrated less frequent mobile behaviors and higher immobility compared with the two groups. However, only 
slight but statistically insignificant differences were observed between the groups during 6–12 h measurements.

The analysis of the locomotor activity during daytime for a total of 12 h showed no substantial difference 
between the control and carrageenan groups except locomotion frequency, rearing frequency, and distance trave-
led, which indicated that the measurement of long-term locomotive behaviors was not suitable during daytime. 
Therefore, this study revealed that the impairment of long-term locomotor activity of the carrageenan-treated 
group observed at nighttime significantly differed from that of the control group and this impairment could be 
improved by indomethacin (Fig. 8).

Figure 5.  Locomotor activity driven by exploratory behaviors of control mice, carrageenan mice, 
carrageenan + indomethacin mice in the open-field test. Data are expressed as means ± SEM from 8 mice in each 
group. *, *** denote significant difference compared to the control group at p < 0.05, and p < 0.001, respectively. # 
and ### denote significant difference compared to indomethacin-treated group at p < 0.05, p < 0.001, respectively.
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Discussion
The failure of analgesic drug development is attributed to the complex and diverse pathological conditions of 
pain, lack of sensitivity of clinical trials, and insufficient preclinical pain models. Specifically, the preclinical 
evaluation of pain, is limited by the pathological conditions of rodents that do not fully mimic the pain condition 
in humans, insufficient measures of pain assessment, reproducibility, variable molecular pathologies between 
rodent models and human, and lack of well-validated molecular targets 4,42. A decreased locomotor activity is 
currently recognized as a measure of non-reflexive pain in numerous animal models to overcome the limitations 
associated with the poor preclinical assessment of  pain16–22. In this study, a behavioral system was defined to 

Figure 6.  Indomethacin improved the carrageenan-induced mechanical (A) and thermal hypersensitivities 
(B). The effect of carrageenan induction on motor coordination in mice (C), and the correlation between 
each locomotive behavior in automated home-cage and thermal and mechanical hypersensitivities (D). *** 
denotes significant difference at p < 0.001 (control vs carrageenan). ### denotes significant difference at p < 0.001 
(carrageenan and carrageenan + indomethacin).
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Figure 7.  Time-series analysis of the long-term locomotor activity of control-, carrageenan-, 
carrageenan + indomethacin-treated mice in automated home-cage LABORAS. Data represent a 2 h moving 
average for the mean locomotion time of mice in each 15 min. Solid and dashed lines represent the mean and 
SEM, respectively.
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Figure 8.  Long-term locomotor activity of control-, carrageenan-, carrageenan + indomethacin-treated mice 
in automated home-cage LABORAS. Long-term locomotor activity is demonstrated in four sections: 0–2 h 
(exploratory behaviors), 2–6 h (therapeutically effective duration of indomethacin at nighttime), 6–12 h, and 
12–24 h (therapeutically ineffective duration of indomethacin at nighttime). The symbol of the moon indicates 
the nighttime and the sun for the daytime. Data are expressed as means ± SEM from 8 mice in each group. *, **, 
*** denote significant difference compared to the control group at p < 0.05, p < 0.01, p < 0.001, respectively. # and 
### denote significant difference compared to indomethacin-treated group at p < 0.05, p < 0.001, respectively.
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evaluate short- (exploratory behaviors) and long-term locomotor activity of carrageenan-induced inflammatory 
mice in the automated home-cage environment. von-Frey and plantar tests revealed that carrageenan significantly 
decreased the reflexive pain behaviors and impaired short- and long-term locomotor activity. Interestingly, non-
reflexive pain behaviors in the automated home-cage LABORAS were strongly correlated with reflexive pain 
behaviors. Carrageenan did not affect the motor coordination of mice, confirming that carrageenan-induced 
locomotor deficits were pain-related, not motor-related. Furthermore, the effect of a standard analgesic drug, 
e.g., indomethacin, on these particular manifestations showed promising results. In particular, indometha-
cin improved mobile behaviors and decreased immobility. Therefore, our findings demonstrated the potential 
use of non-reflexive pain behaviors in pharmacological screening.

An inflammatory response is widely implicated as the primary mechanism of inflammatory pain. Carra-
geenan-induced rodents are commonly used to model inflammatory pain and considered clinically relevant. 
In the current study, carrageenan was used to induce pain-like behaviors presented as the decreased sensitiv-
ity to mechanical and thermal stimuli and impaired exploratory and locomotive behaviors. The carrageenan 
model was chosen because of its ability to activate the immune response in peripheral and central nervous 
 systems43,44. At the mechanistic levels, an excessive amount of inflammatory mediators, including cytokines, 
chemokines, and PGE2, was found in the paw tissues and spinal cord of  mice46–46. In the modulation of synaptic 
transmission, carrageenan induces inflammatory pain by modulating changes in spinal  nociception47. In the 
spinal cord, carrageenan modulates the glutamatergic system via metabotropic glutamate receptors (mGluRs), 
AMPA, and kainate GluR5  receptors48,49. Despite the glutamatergic system, the spinal GABAergic system is 
modulated after carrageenan is peripherally injected, thereby affecting pain  transmission50. The involvement of 
nociceptors, including vanilloid receptor 1 and transient receptor potential A 1 (TRPA1) channels, is reported in 
carrageenan-induced  hyperalgesia53–53. Previous studies on the activity of carrageenan on pain behaviors showed 
its ability to induce thermal and mechanical  hyperalgesia43,44. In line with previous studies, our research found 
that carrageenan-induced mechanical and thermal hypersensitivities initially occurred at 2 h, peaked at 6 h, 
and remained for 24 h. The expression of proinflammatory mediators (TNF-α and IL-6) in paw and spinal cord 
tissues increased. These results indicated the potential involvement of carrageenan challenge on the peripheral 
and central mechanisms of inflammatory pain (Supplementary Fig. S2). Moreover, changes in locomotor activ-
ity after carrageenan induction are also reported. The locomotor activity was indicated by distance traveled, 
and speed decreased after the intraplantar (i.pl.) administration of  carrageenan21,22. Consistently, in the present 
study, carrageenan decreased the exploratory behaviors and long-term locomotor activity of mice. These findings 
indicated that inflammatory pain induced by carrageenan led to a substantial decrease in locomotor activity, 
manifested by a drastic decline in mobile behaviors and increased immobility. Moreover, our results showed 
that the short-and long-term locomotor activity in the LABORAS, significantly reduced, and the rotarod test 
revealed no effects on motor coordination. This finding suggested that the impaired locomotor activity of the 
carrageenan-induced mice in home-cage monitoring was mainly pain-related, not motor-related. However, a 
previous study on spared nerve-injured (SNI) mice found SNI-induced motor deficits, which might limit its 
 use54. The pain-related impairment in locomotion obtained with this model would increase the potential use of 
this model as a validated preclinical model of pain. Interestingly, in the present study, evoked and non-evoked 
pain behaviors showed a strong correlation. Hence, the use of evoked and non-evoked pain behaviors for the 
preclinical evaluation of drug candidates could increase the translational value of preclinical data to the clinical 
presentation of pain.

Through automated home-cage monitoring locomotor activities (climbing, locomotion, rearing, and immo-
bility), along with distance traveled and average speed, can be specifically assessed. This automated machine 
provides more sensitive measures and details while keeping rodents in a naturalistic  environment38. Measuring 
exploratory behaviors by automated home-cage monitoring has distinct advantages over classical locomotor 
activity test, the open-field test regarding data acquisition, environmental stress factors and sensitivity. LABORAS 
allows the acquisition of diverse behavioral data, including the duration and frequency compared to the open-
field test. Moreover, in LABORAS, mice are kept in a home-like environment, which reduces the environmental 
stress compared to the open-field. Further, the higher sensitivity of LABORAS to detect vertical activity (rearing 
behavior) over the open-field test (infrared actimeter) has been  reported28. The findings of this study indicated 
that the duration of locomotion and distance traveled were higher in the open-field test than in the LABORAS. 
This difference could be due to the larger size of the open-field test arena, where the sizes of the LABORAS cage 
and open-field test were 22 × 16 × 14 cm and 50 × 50 × 50 cm, respectively. Moreover, the environmental conditions 
also influence the exploratory behaviors of mice. The LABORAS cage provided a more home-like environment 
to mice compared with that of the open-field arena. Consequently, the exploratory behaviors associated with the 
novel environment might be reduced. Carrageenan impaired locomotive behaviors in LABORAS measurements 
to a greater extent compared with that in the open-field measurements. However, the difference could be due 
to the presence of sawdust in the LABORAS cage. The sawdust in the cage might affect the locomotor activity 
of carrageenan-induced mice because it could generate a mechanical stimulus on the paws. However, further 
experiments are required to evaluate the effect of bedding materials on the locomotive behavior of carrageenan-
induced mice in the LABORAS environment.

Previous studies demonstrated that the open-field test should be combined with the LABORAS automated 
home-cage to provide a more detailed and comprehensive behavioral analysis of locomotor  activities55,56. The 
LABORAS automated home-cage for the locomotion test has been used to characterize locomotor activities 
in several diseases in rodents, such as Alzheimer’s  disease26,  anxiety27, CNS-associated  disorders29,30, as well as 
to evaluate the side effects of drugs on the  CNS28. Therefore, for the first time, this study reported the ability 
to assess locomotor impairment in carrageenan-induced inflammatory mice in a home-cage system. Here, a 
longer behavioral observation in the automated home-cage could provide a more appropriate model for the 
pharmacological evaluation of drugs. Thus, the locomotor activity of carrageenan-induced rodents could be 
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precisely assessed and be further used to investigate novel analgesic drugs. The assessment of pain by exploratory 
behaviors and long-term locomotor activity in the automated home-cage system might have further advantages 
over conventional methods of pain assessment.

Mice are identified as nocturnal rodents, so their day and night cycle is opposite to that of humans. Mice are 
more active at nighttime and they tend to stay inactive/sleep during the  daytime57. Therefore, in this study, car-
rageenan was administered at nighttime (18.00 h) to distinguish behavioral measures between treatment groups. 
As expected, all mobile behaviors, including climbing, locomotion, rearing, and distance traveled of the mice 
administered with carrageenan at nighttime were impaired compared with those during daytime. Moreover, the 
mobility of the control group was higher at nighttime than that during the daytime. This finding was consistent 
with previous results, which demonstrated the nocturnal behaviors of mice.

Several automated home-cage behaviors have been identified to evaluate the innate behaviors of rodents 
in a home-like environment. The technology of automated home-cage monitoring includes video analysis, 
radio frequency identification (RFID) technology, and vibration/force signal from the surface of the cage. Each 
system has its advantages and  disadvantages38,58. For example, although LABORAS can be used to character-
ize behavioral changes in several disease models, this system can only track a single mouse per cage during an 
experiment. Isolation of mice may affect their general well-being, physical activity, and behaviors, such as body 
 weight59,  stress60, and cognitive  performance61 because mice are social creatures. In addition, social isolation 
may contribute to the translation of behavioral pain because pain modulation in mice can be influenced by 
social  factors59,62. Furthermore, some behaviors detected in the LABORAS remain undefined, thereby limiting 
the further interpretation of results. Another limitation of the present study is the simultaneous use of only two 
cages. However, one control unit of LABORAS supports the simultaneous acquisition of data in eight platforms. 
Hence, the maximum possible number of animals per time should be used in the analysis to limit the variability 
of results. Moreover, the age of mice used in this study (6–8 weeks) resembles the puberty stage in  humans63,64, 
yet clinically pain is more common in elderly  patients65

Indomethacin is a major analgesic drug commonly prescribed to treat inflammatory pain. Hence, indometha-
cin which is an efficacious cyclooxygenase-2 (COX-2) inhibitor clinically used in humans was selected to validate 
this model through pharmacological  intervention67. At the mechanistic level, indomethacin inhibited proinflam-
matory mediators, including TNF-α and IL-6, in paw and spinal cord tissues (Supplementary Fig. S2). In addition, 
indomethacin was selected over other analgesic drugs because it did not affect locomotor activity and motor 
 coordination66  as well as its prominent anti-inflammatory activity. As shown in this study, indomethacin did not 
affect the general behavior of mice in the automated home-cage LABORAS (Fig. 1F and Supplementary Fig. S3). 
Gabapentinoids and morphine, which are other commonly used analgesics decrease and increase the locomotive 
behaviors,  respectively68,69,70. In one study, indomethacin increased exploratory behaviors in LPS-induced mice, 
as indicated by their increased rearing behaviors and distance  traveled71. Consistent with the previous work, our 
study revealed that indomethacin improved the locomotor activity in carrageenan-induced mice in short- and 
long-term periods of monitoring. The results demonstrated that indomethacin increased mobile behaviors while 
decreasing immobility, indicating an improvement in locomotor activity. This study provides insights into the 
effects of indomethacin on the improvement of locomotor activity in carrageenan-induced mice. Altogether our 
study evidences the potential use of this model for the pharmacological screening of analgesic drugs.

Conclusion
In conclusion, our results suggested that the locomotor activity of mice could be impaired by carrageenan treat-
ment, but this impairment could be reversed by indomethacin administration. Automated behavioral analysis 
provided a comprehensive and detailed description of pain-related locomotive behaviors in a carrageenan-
induced inflammatory mouse model at different time frames.

Methods
Animals. Male ICR mice weighing 18–25  g were purchased from Nomura Siam International Co., Ltd., 
Bangkok, Thailand, and acclimatized for ± 2 weeks before being used in the experiments. The mice were given 
free access to food and water and maintained under the following conditions: 12–12 h light–dark cycle, 50%–
60% humidity, and ± 25 °C. They were housed in standard static filtered top cages, and five mice were enclosed 
in each cage. Mice (6–8 weeks) from different cages were randomly assigned to each test and treatment. All the 
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Faculty of Phar-
maceutical Sciences, Chulalongkorn University (protocol No. 2033004) and performed in accordance with the 
recommendations of the IACUC. The weight and health of the mice were monitored daily. All the tests were in 
compliance with the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments).

Carrageenan induction and experimental timeline. The mice were injected with 50 µL of 1% car-
rageenan (w/v) in a saline solution (Sigma, St. Louis, MO, USA) into the ipsilateral paw (left hind paw) via a 
30-gauge needle. Behavioral analysis on evoked and non-evoked pain was performed using von Frey and plantar 
tests and LABORAS automated home-cage monitoring, respectively. The mice were divided into three groups: 
naïve mice treated with a vehicle (0.5% carboxymethyl cellulose (CMC); vehicle-control), carrageenan-induced 
mice treated with the vehicle (disease control), and carrageenan-induced mice treated with indomethacin (posi-
tive control). Evoked pain behavior was measured 2, 4, 6, and 24 h post-carrageenan administration. Short- and 
long-term non-evoked pain measures were obtained.

Pharmacological intervention. Indomethacin was used as pharmacological intervention to characterize 
the classically used carrageenan-induced inflammatory pain model. Indomethacin  (Sigma-Aldrich, St Louis, 
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MO, USA) was suspended in 0.5% (w/v) CMC in saline and administered orally at a constant volume of 10 ml/
kg. Behavioral evaluation was split into two different cohorts. One cohort was examined via mechanical and 
thermal stimuli-evoked behavioral tests and short-term exploratory behavioral analysis. The mice were adminis-
tered with indomethacin or vehicle (0.5% CMC) 2 h after they were induced with carrageenan. Short-term loco-
motor activity, von Frey test, and plantar tests were performed 1, 2, and 3 h after the treatment. The long-term 
locomotor activity of the second cohort was analyzed for 24 h. The mice were administered with carrageenan or 
vehicle (normal saline) and placed in LABORAS home cages. After 2 h, they were taken out of their cages and 
administered either with 0.5% CMC or 10 mg/kg indomethacin. Behavioral measures were obtained continually 
for 24 h.

Evoked pain assessment through von Frey and plantar tests. von Frey and plantar tests were per-
formed to assess mechanical and thermal sensitivities, respectively. The mice were acclimatized into a behavioral 
testing apparatus for approximately 1 h before behavioral assessments. In the von Frey test, a series of von Frey 
filaments (Serial No. 18011, Stoelting, Wood Dale, IL, USA) was applied five times to the ipsilateral paw of the 
mice in an ascending order of forces (1.65–5.07 g). Hind paw lifting, shaking, and licking were considered a posi-
tive response. The minimum force of the filament that induced three positive responses out of five consecutive 
applications (response frequency ≤ 60%) was considered the paw withdrawal threshold (cut off = 5.07 g). Then, 
the mice were transferred to a plantar test apparatus (Ugo-Basile, Varese, Italy). After 1 h, radiant heat (90 IR 
units) was applied to the ipsilateral paw of the mice. The latency from the onset of heat application to the lifting 
of the paw was set as the paw withdrawal latency. Measurement was assessed repeatedly at least three times in 
5 min of intervals. The cut-off of latency was set at 18 s to avoid tissue damage.

Locomotor activity assessment through automated‑behavioral analysis. LABORAS automated 
behavioral technology (Metris, Hoofddorp, Netherlands) was used. Through this technology, behavior was 
defined on the basis of vibration and force signal detection generated by an individual mouse in a cage and 
processed via the LABORAS program. The locomotor activity of the mice was characterized and distinguished 
into several locomotive behaviors, such as rearing, climbing, walking, running, immobility, average speed, and 
distance traveled. Locomotor activities driven by exploratory behaviors and long-term locomotor activities were 
evaluated as a reading of behavioral pain. Each LABORAS cage was provided with sawdust and corn-cob bed-
ding (B&C Pulaski Corp. ltd, Thailand), had a granular shaped, and had a size of approximately 1/8 inch to 
fulfill environmental enrichment. The test was performed for 30 min and 24 h to examine exploratory behaviors 
and long-term locomotor activity, respectively. Short-term locomotor activities were evaluated in the daytime, 
whereas long-term locomotor activities were assessed during night and day times. The mice from each cage were 
randomly assigned to control, carrageenan, or carrageenan + indomethacin groups. Two cages of LABORAS 
were used to analyze two different parallel treatments. For the experiment, two mice from different treatments, 
i.e., control, carrageenan, or indomethacin groups, were measured simultaneously for each day. Before the actual 
test, the LABORAS automated behavioral system was calibrated with the reference weight. In the test session, the 
mice were individually placed in a type II cage with a size of 22 cm × 16 cm × 14 cm. Then, short- and long-term 
behavioral measures were automatically quantified in behavioral duration (s) and behavioral frequency (counts). 
The locomotor activity was translated into mobile behaviors (climbing, rearing, and locomotion, including walk-
ing and running), immobility, unidentified behaviors (behaviors except those behaviors mentioned previously), 
distance traveled, and average speed. The undefined behaviors were excluded from the study.

Open‑field test. An open-field test, which is a classical locomotor activity test, was performed to determine 
locomotor activities driven by the exploratory behaviors of the mice in a novel environment. The mice from dif-
ferent cages were randomly assigned to each treatment. They were orally administered with either vehicle (0.5% 
CMC) or 10 mg/kg indomethacin after 2 h of carrageenan injection. After 1 h, the responses of the mice from 
each group to open-field exposure were assessed for 30 min. The mice were individually placed in an open-field 
arena (50 cm × 50 cm × 50 cm), and their movements were quantified and tracked using a VideoMOT2 (TSE 
systems, Bad Homburg, Germany).

Rotarod test. The effect of the peripheral injection of carrageenan on motor coordination was evaluated 
with a rotarod test. A constant rotation speed of 17 rpm was set, and the test was performed for 3  min72. The time 
that the mice could remain on the rotating rod was recorded and considered the rotarod latency.

Statistical analysis. Data were expressed as mean ± standard error of mean (S.E.M.). They data were 
analyzed and visualized by GraphPad Prism 9 (GraphPad Software Inc., La Jolla, CA, USA). For comparison 
between groups, the differences between groups were explored through ANOVA followed by the Bonferroni 
post hoc test. Data were considered statistically significant when the probability value (p) was less than 0.05.

Data availability
Data will be made available upon request. Contact pasarapa.c@chula.ac.th.

Received: 20 February 2021; Accepted: 24 May 2021



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12240  | https://doi.org/10.1038/s41598-021-91444-4

www.nature.com/scientificreports/

References
 1. Bingham, B., Ajit, S. K., Blake, D. R. & Samad, T. A. The molecular basis of pain and its clinical implications in rheumatology. Nat. 

Clin. Pract. Rheumatol. 5, 28–37 (2009).
 2. Baral, P., Udit, S. & Chiu, I. M. Pain and immunity: implications for host defence. Nat. Rev. Immunol. 19, 433–447 (2019).
 3. Hay, M., Thomas, D. W., Craighead, J. L., Economides, C. & Rosenthal, J. Clinical development success rates for investigational 

drugs. Nat. Biotechnol. 32, 40–51 (2014).
 4. Mogil, J. S. Animal models of pain: progress and challenges. Nat. Rev. Neurosci. 10, 283–294 (2009).
 5. Vierck, C. J., Hansson, P. T. & Yezierski, R. P. Clinical and pre-clinical pain assessment: are we measuring the same thing?. Pain 

135, 7–10 (2008).
 6. Turner, P. V., Pang, D. S. & Lofgren, J. L. A review of pain assessment methods in laboratory rodents. Comp. Med. 69, 451–467 

(2019).
 7. Tappe-Theodor, A., King, T. & Morgan, M. M. Pros and cons of clinically relevant methods to assess pain in rodents. Neurosci. 

Biobehav. Rev. 100, 335–343 (2019).
 8. Eisenach, J. C. & Lindner, M. D. Did experimenter bias conceal the efficacy of spinal opioids in previous studies with the spinal 

nerve ligation model of neuropathic pain?. Anesthesiology 100, 765–767 (2004).
 9. Backonja, M.-M. & Stacey, B. Neuropathic pain symptoms relative to overall pain rating. J. Pain 5, 491–497 (2004).
 10. Becker, S., Navratilova, E., Nees, F. & Van Damme, S. Emotional and motivational pain processing: current state of knowledge and 

perspectives in translational research. Pain Res. Manag. 2018, 5457870 (2018).
 11. Hill, R. NK1 (substance P) receptor antagonists—why are they not analgesic in humans?. Trends Pharmacol. Sci. 21, 244–246 

(2000).
 12. Huggins, J. P., Smart, T. S., Langman, S., Taylor, L. & Young, T. An efficient randomised, placebo-controlled clinical trial with the 

irreversible fatty acid amide hydrolase-1 inhibitor PF-04457845, which modulates endocannabinoids but fails to induce effective 
analgesia in patients with pain due to osteoarthritis of t. Pain 153, 1837–1846 (2012).

 13. Ostenfeld, T. et al. A randomized, placebo-controlled trial of the analgesic efficacy and safety of the p38 MAP kinase inhibitor, 
losmapimod, in patients with neuropathic pain from lumbosacral radiculopathy. Clin. J. Pain 31, 283–293 (2015).

 14. Siebenga, P. et al. Lack of detection of the analgesic properties of PF-05089771, a selective Na(v) 1.7 inhibitor, using a battery of 
pain models in healthy subjects. Clin. Transl. Sci. 13, 318–324 (2020).

 15. Clark, J. D. Preclinical pain research: can we do better?. Anesthesiology 125, 846–849 (2016).
 16. Matson, D. J., Broom, D. C. & Cortright, D. N. In Locomotor Activity in a Novel Environment as a Test of Inflammatory Pain 

in Rats BT—Analgesia: Methods and Protocols (ed. Szallasi, A.) 67–78 (Humana Press, Berlin, 2010). https:// doi. org/ 10. 1007/ 
978-1- 60327- 323-7_6.

 17. Martin, T. J., Buechler, N. L., Kahn, W., Crews, J. C. & Eisenach, J. C. Effects of laparotomy on spontaneous exploratory activity 
and conditioned operant responding in the rat: a model for postoperative pain. Anesthesiology 101, 191–203 (2004).

 18. Mills, C. D., Grady, J. J. & Hulsebosch, C. E. Changes in exploratory behavior as a measure of chronic central pain following spinal 
cord injury. J. Neurotrauma 18, 1091–1105 (2001).

 19. Carter, M. W., Johnson, K. M., Lee, J. Y., Hulsebosch, C. E. & Gwak, Y. S. Comparison of mechanical allodynia and recovery of 
locomotion and bladder function by different parameters of low thoracic spinal contusion injury in rats. Korean J. Pain 29, 86–95 
(2016).

 20. Tarrasón, G. et al. Characterization of the chloroquine-induced mouse model of pruritus using an automated behavioural system. 
Exp. Dermatol. 26, 1105–1111 (2017).

 21. Zhu, C. Z. et al. Assessing carrageenan-induced locomotor activity impairment in rats: Comparison with evoked endpoint of acute 
inflammatory pain. Eur. J. Pain 16, 816–826 (2012).

 22. Cho, H. et al. Voluntary movements as a possible non-reflexive pain assay. Mol. Pain 9, 25 (2013).
 23. De Souza, L. H. & Frank, A. O. Experiences of living with chronic back pain: the physical disabilities. Disabil. Rehabil. 29, 587–596 

(2007).
 24. Scudds, R. J. & Robertson, J. M. Pain factors associated with physical disability in a sample of community-dwelling senior citizens. 

J. Gerontol. A. Biol. Sci. Med. Sci. 55, M393–M399 (2000).
 25. Alzahrani, H., Cheng, S. W. M., Shirley, D., Mackey, M. & Stamatakis, E. Physical activity and health-related quality of life in people 

with back pain: a population-based pooled study of 27,273 adults. J. Phys. Act. Health 17, 177–188 (2020).
 26. Mayordomo-Cava, J. et al. Impairments of synaptic plasticity induction threshold and network oscillatory activity in the hip-

pocampus underlie memory deficits in a non-transgenic mouse model of amyloidosis. Biology (Basel). 9, (2020).
 27. Kumar, J. R., Rajkumar, R., Lee, L. C. & Dawe, G. S. Nucleus incertus contributes to an anxiogenic effect of buspirone in rats: 

Involvement of 5-HT1A receptors. Neuropharmacology 110, 1–14 (2016).
 28. Lynch, J. J., Castagné, V., Moser, P. C. & Mittelstadt, S. W. Comparison of methods for the assessment of locomotor activity in 

rodent safety pharmacology studies. J. Pharmacol. Toxicol. Methods 64, 74–80 (2011).
 29. Schwarz, M. et al. Low dose domoic acid influences spontaneous behavior in adult rats. Physiol. Res. 63, 369–376 (2014).
 30. Jandová, K., Marešová, D. & Pokorný, J. Fast and delayed locomotor response to acute high-dose nicotine administration in adult 

male rats. Physiol. Res. 62, S81–S88 (2013).
 31. Pitzer, C., Kuner, R. & Tappe-Theodor, A. Voluntary and evoked behavioral correlates in inflammatory pain conditions under 

different social housing conditions. PAIN Rep. 1, e564 (2016).
 32. von Loga, I. S. et al. Comparison of LABORAS with static incapacitance testing for assessing spontaneous pain behaviour in 

surgically-induced murine osteoarthritis. Osteoarthr. Cartil. https:// doi. org/ 10. 1016/j. ocarto. 2020. 100101 (2020).
 33. Pitzer, C., Kuner, R. & Tappe-Theodor, A. Voluntary and evoked behavioral correlates in neuropathic pain states under different 

social housing conditions. Mol. Pain 12 (2016).
 34. Inglis, J. J. et al. Regulation of pain sensitivity in experimental osteoarthritis by the endogenous peripheral opioid system. Arthritis 

Rheum. 58, 3110–3119 (2008).
 35. Inglis, J. J. et al. Collagen-induced arthritis as a model of hyperalgesia: functional and cellular analysis of the analgesic actions of 

tumor necrosis factor blockade. Arthritis Rheum. 56, 4015–4023 (2007).
 36. Imbe, H., Iwai-Liao, Y. & Senba, E. Stress-induced hyperalgesia: animal models and putative mechanisms. Front. Biosci. 11, 

2179–2192 (2006).
 37. Butler, R. K. & Finn, D. P. Stress-induced analgesia. Prog. Neurobiol. 88, 184–202 (2009).
 38. Richardson, C. A. The power of automated behavioural homecage technologies in characterizing disease progression in laboratory 

mice: a review. Appl. Anim. Behav. Sci. 163, 19–27 (2015).
 39. Mingrone, A., Kaffman, A. & Kaffman, A. The promise of automated home-cage monitoring in improving translational utility of 

psychiatric research in rodents. Front. Neurosci. 14, 1341 (2020).
 40. Möller, K. Ä., Berge, O. G. & Hamers, F. P. T. Using the CatWalk method to assess weight-bearing and pain behaviour in walking 

rats with ankle joint monoarthritis induced by carrageenan: Effects of morphine and rofecoxib. J. Neurosci. Methods 174, 1–9 
(2008).

 41. Sotocinal, S. G. et al. The rat grimace scale: a partially automated method for quantifying pain in the laboratory rat via facial 
expressions. Mol. Pain 7, 1744-8069-7–55 (2011).

https://doi.org/10.1007/978-1-60327-323-7_6
https://doi.org/10.1007/978-1-60327-323-7_6
https://doi.org/10.1016/j.ocarto.2020.100101


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12240  | https://doi.org/10.1038/s41598-021-91444-4

www.nature.com/scientificreports/

 42. Yekkirala, A. S., Roberson, D. P., Bean, B. P. & Woolf, C. J. Breaking barriers to novel analgesic drug development. Nat. Rev. Drug 
Discovery 16, 545–564 (2017).

 43. Ruiz-Miyazawa, K. W. et al. Vinpocetine reduces carrageenan-induced inflammatory hyperalgesia in mice by inhibiting oxidative 
stress, cytokine production and NF-κB activation in the paw and spinal cord. PLoS ONE 10, e0118942 (2015).

 44. Lu, Y., Zhao, L.-X., Cao, D.-L. & Gao, Y.-J. Spinal injection of docosahexaenoic acid attenuates carrageenan-induced inflammatory 
pain through inhibition of microglia-mediated neuroinflammation in the spinal cord. Neuroscience 241, 22–31 (2013).

 45. Chopade, A. R., Sayyad, F. J. & Naikwade, N. S. Pharmacological characterization of carrageenan induced heat muscle hyperalgesia 
in rats using non-selective, preferential and selective COX-2 inhibitors. Pharmacol. Rep. 66, 353–362 (2014).

 46. Loram, L. C. et al. Cytokine profiles during carrageenan-induced inflammatory hyperalgesia in rat muscle and hind paw. J. Pain 
8, 127–136 (2007).

 47. Pertovaara, A., Hämäläinen, M. M., Kauppila, T. & Panula, P. Carrageenan-induced changes in spinal nociception and its modula-
tion by the brain stem. NeuroReport 9, 351–355 (1998).

 48. Dolan, S., Kelly, J. G., Monteiro, A. M. & Nolan, A. M. Up-regulation of metabotropic glutamate receptor subtypes 3 and 5 in spinal 
cord in a clinical model of persistent inflammation and hyperalgesia. Pain 106, 501–512 (2003).

 49. Stanfa, L. C. & Dickenson, A. H. The role of non-N-methyl-d-aspartate ionotropic glutamate receptors in the spinal transmission 
of nociception in normal animals and animals with carrageenan inflammation. Neuroscience 93, 1391–1398 (1999).

 50. Castro-Lopes, J. M., Tavares, I., Tölle, T. R. & Coimbra, A. Carrageenan-induced inflammation of the hind foot provokes a rise of 
GABA-immunoreactive cells in the rat spinal cord that is prevented by peripheral neurectomy or neonatal capsaicin treatment. 
Pain 56, 193–201 (1994).

 51. Watanabe, M., Ueda, T., Shibata, Y., Kumamoto, N. & Ugawa, S. The role of TRPV1 channels in carrageenan-induced mechanical 
hyperalgesia in mice. NeuroReport 26, 173–178 (2015).

 52. Bonet, I. J. M., Fischer, L., Parada, C. A. & Tambeli, C. H. The role of transient receptor potential A 1 (TRPA1) in the development 
and maintenance of carrageenan-induced hyperalgesia. Neuropharmacology 65, 206–212 (2013).

 53. Moilanen, L. J. et al. TRPA1 contributes to the acute inflammatory response and mediates carrageenan-induced paw edema in the 
mouse. Sci. Rep. 2, 380 (2012).

 54. Sheahan, T. D. et al. Inflammation and nerve injury minimally affect mouse voluntary behaviors proposed as indicators of pain. 
Neurobiol. Pain 2, 1–12 (2017).

 55. Valuskova, P., Riljak, V., Forczek, S. T., Farar, V. & Myslivecek, J. Variability in the drug response of m4 muscarinic receptor knock-
out mice during day and night time. Front. Pharmacol. 10, 237 (2019).

 56. Yoo, T. et al. GABA neuronal deletion of Shank3 exons 14–16 in mice suppresses striatal excitatory synaptic input and induces 
social and locomotor abnormalities. Front. Cell. Neurosci. 12, 341 (2018).

 57. Bains, R. S. et al. Assessing mouse behaviour throughout the light/dark cycle using automated in-cage analysis tools. J. Neurosci. 
Methods 300, 37–47 (2018).

 58. Voikar, V. & Gaburro, S. Three pillars of automated home-cage phenotyping of mice: novel findings, refinement, and reproducibility 
based on literature and experience. Front. Behav. Neurosci. 14, 193 (2020).

 59. Pham, T. M. et al. Housing environment influences the need for pain relief during post-operative recovery in mice. Physiol. Behav. 
99, 663–668 (2010).

 60. Mudra Rakshasa, A. & Tong, M. T. Making, “good” choices: social isolation in mice exacerbates the effects of chronic stress on 
decision making. Front. Behav. Neurosci. 14, 81 (2020).

 61. Rivera, D. S. et al. Effects of long-lasting social isolation and re-socialization on cognitive performance and brain activity: a lon-
gitudinal study in Octodon degus. Sci. Rep. 10, 18315 (2020).

 62. Langford, D. J. et al. Social modulation of pain as evidence for empathy in mice. Science (80-) 312, 1967–1970 (2006).
 63. Wang, S., Lai, X., Deng, Y. & Song, Y. Correlation between mouse age and human age in anti-tumor research: Significance and 

method establishment. Life Sci. 242, 117242 (2020).
 64. Dutta, S. & Sengupta, P. Men and mice: relating their ages. Life Sci. 152, 244–248 (2016).
 65. Schofield P. Pain in Older Adults: Epidemiology Impact and Barriers to Management. Reviews in Pain 1(1) 12–14. https:// doi. org/ 

10. 1177/ 20494 63707 00100 104 (2007)
 66. Souza M.A. et al. Antinociceptive effect and mechanism of supercritical carbon dioxide extract of Aloysia gratissima leaves in 

mice. Biomed. J. https:// doi. org/ 10. 1016/j. bj. 2020. 06. 009 (2020)
 67. Nalamachu, S. & Wortmann, R. Role of indomethacin in acute pain and inflammation management: a review of the literature. 

Postgrad. Med. 126, 92–97 (2014).
 68. Mori, T., Ito, S., Narita, M., Suzuki, T. & Sawaguchi, T. Combined effects of psychostimulants and morphine on locomotor activity 

in mice. J. Pharmacol. Sci. 96, 450–458 (2004).
 69. Zimcikova, E., Simko, J., Karesova, I., Kremlacek, J. & Malakova, J. Behavioral effects of antiepileptic drugs in rats: are the effects 

on mood and behavior detectable in open-field test?. Seizure 52, 35–40 (2017).
 70. Murphy, N.P., Lam, H.A. & Maidment, N.T. comparison of morphine-induced locomotor activity and mesolimbic dopamine 

release in C57BL6 129Sv and DBA2 mice.  J. Neurochem. 79(3) 626–635, https:// doi. org/ 10. 1046/j. 1471- 4159. 2001. 00599.x (2001)
 71. Teeling, J. L., Cunningham, C., Newman, T. A. & Perry, V. H. The effect of non-steroidal anti-inflammatory agents on behavioural 

changes and cytokine production following systemic inflammation: Implications for a role of COX-1. Brain. Behav. Immun. 24, 
409–419 (2010).

 72. Alfieri, J. A., Pino, N. S. & Igaz, L. M. Reversible Behavioral Phenotypes in a Conditional Mouse Model of TDP-43 Proteinopathies. 
J. Neurosci. 34, 15244LP – 15259 (2014).

Acknowledgements
We thank Chulalongkorn University’s Graduate Scholarship Programme for ASEAN countries (H.) and the 
100th anniversary Scholarship (P.W. D.W). The authors also would like to thank the National Research Council 
of Thailand (IRN FY2020 507/2563) (O.V.) and the Thailand Science Research and Innovation (TSRI) Fund 
(CU_FRB640001_01_33_3) (P.R).

Author contributions
H. and P.W.D.W. contributed equally to this work. H. and P.W.D.W. performed experiments, analyzed and inter-
preted the data, and wrote the manuscript. O.V. and P.R. advised, interpreted and commented on the manuscript. 
P.T. conceived, designed, drafted, and supervised the study. All authors have approved the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1177/204946370700100104
https://doi.org/10.1177/204946370700100104
https://doi.org/10.1016/j.bj.2020.06.009
https://doi.org/10.1046/j.1471-4159.2001.00599.x


16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12240  | https://doi.org/10.1038/s41598-021-91444-4

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 91444-4.

Correspondence and requests for materials should be addressed to P.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-91444-4
https://doi.org/10.1038/s41598-021-91444-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Automated home-cage for the evaluation of innate non-reflexive pain behaviors in a mouse model of inflammatory pain
	Results
	Induction of thermal and mechanical sensitivity by carrageenan challenge. 
	Behavioral characterization of LABORAS automated home-cage monitoring: locomotive parameters, composition, and correlations of the related parameters. 
	Impairment of exploratory behaviors by carrageenan challenge. 
	Correlation between evoked pain behaviors and locomotor activity. 
	Effect of carrageenan induction on motor coordination in mice. 
	Impairment of the long-term locomotor activity by carrageenan challenge. 

	Discussion
	Conclusion
	Methods
	Animals. 
	Carrageenan induction and experimental timeline. 
	Pharmacological intervention. 
	Evoked pain assessment through von Frey and plantar tests. 
	Locomotor activity assessment through automated-behavioral analysis. 
	Open-field test. 
	Rotarod test. 
	Statistical analysis. 

	References
	Acknowledgements


