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Abstract 

Empathy is a social ability to recognize feelings, thoughts and intentions of others. 
Positive empathy such as empathy in pain is not only an important response to comfort 
the one who are suffering from pain but also helpful for us to connect with society. 
However, the mechanisms of empathy are not fully understood. In this study, we 
examined whether co-housing with spared nerve injury (SNI)-modeled mice, a classical 
neuropathic pain model, could induce pain behavior and brain chemical alterations in 
normal mice. We found that the companion mice began to exhibit mechanical allodynia 
from 7 days of co-housing with SNI mice. To figure out the biochemical mechanisms of 
pain empathy, pain-related brain chemical substances of normal mice including 
neurotransmitters and neuropeptides were examined, which revealed no obvious 
changes in levels of 5-HT, oxytocin, enkephalin and β-endorphin but increased 
dopamine level and decreased ACTH level in the brains of the companion mice co-housed 
with SNI mice. In summary, this study found that the normal mice co-reared with SNI 
mice developed pain empathy with increased dopamine level and decreased ACTH level 
in the brain. 
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1. Introduction 

Empathy is a social ability to recognize feelings, thoughts and intentions of others, as well as to 
respond to the mental states of others with appropriate emotions[1]. Empathy includes positive 
empathy and negative empathy. Positive empathy is a state of empathy in which we admire 
others when we see their accomplishment or sorry for others when we see them fail. On the 
other hand, negative empathy occurs when we are gloat for others' suffering or jealous for 
others' success. So far, the positive empathy state is an attracting field for people to investigate, 
such as empathy in pain or fear.  

Normal mice could perceive pain from their social partners who are suffering inflammatory 
pain, and subsequently exhibit lowered mechanical pain threshold[2]. Studied found that both 
experiencing pain and perceiving another’s pain could activate the insula cortex and anterior 
cingulate cortex[3]. Moreover, mice display fear and empathic behaviors after seeing their 
peers suffering from foot shocks even without experiencing shocks themselves[1, 2]. However, 
whether social interaction with SNI mice can affect mechanical pain of normal mice have been 
rarely explored. It has been shown that social touch to mice increases the excitability of neurons 
in the midbrain periaqueductal gray (PAG), a brain region that modulates pain[4-7]. Activation 
of PAG also leads to increased excitability of oxytocin neurons in paraventricular hypothalamus 
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(PVH), which is highly related to social behavior[8]. Surprisingly, neurochemicals like oxytocin, 
vasopressin and testosterone have been found to play an important role in modulating 
empathic responses of pain[9]. The hippocampus, amygdala, nucleus accumbens, and ventral 
tegmental area are all connected to PVH via synaptic connections. Thus, oxytocin has the ability, 
to a certain extent, to regulate the activity of related brain regions and neurotransmitters like 
dopamine may modulate empathy behavior[10].  

In the present study, we investigated the impact of social interaction on mechanical pain 
sensitivity of normal mice when co-cage reared with SNI mice. Besides, to figure out the 
biochemical mechanism of pain empathy, brain substances of normal mice including 
neurotransmitters and neuropeptides were examined. We found that normal mice co-cage 
rearing with SNI mice had a lowered mechanical pain threshold and these mice also had altered 
chemicals in their brains. 

2. Materials and methods 

2.1. Animals 

Male C57BL/6 mice were purchased from SPF (Beijing) Biotechnology Cod., Ltd and housed 
four per cage with ad-lib access to food and water at 25 ± 1℃, with 50–60% humidity in a 12 h 
light/dark cycle with light on from 8 a.m. to 8 p.m. Male mice of 13 weeks old and weighed 24 
± 1 g were used in this study. All procedures were performed in accordance with the National 
Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the 
Animal Advisory Committee at Jinan University. Measures have been taken to minimize the 
number of animals and their suffering and the study did not have human endpoints. No 
exclusion criteria were pre-determined in our tests and no animals were excluded in our 
experiments. 

2.2. Conditions of rearing 

Mice littermates that were housed in four (with established former social relationship) were 
chosen for the experiments. For each cage, two mice were arbitrarily chosen as the normal 
companionship mouse, and the other two mice were arbitrarily chosen as an SNI-modeled 
mouse or a sham mouse. After the surgery, An SNI-modeled mouse or a sham mouse was co-
reared with a normal companionship mouse for 23 days. 

2.3. Spared nerve injury (SNI) and sham surgery 

SNI model was established as described previously [11]. Mice were anesthetized by 
intraperitoneal injection of 1.25% tribromoethanol (Sigma, T48402). The skin of the left hind 
limb was incised for a 0.5 cm incision and the muscle layers close to the femur were separated 
to expose the sural, the tibial, and the common peroneal nerves, which are the three branches 
of the sciatic nerve. For SNI-modeled mice, the tibial and common peroneal nerves were lifted 
by an L-shaped glass capillary pipette and then ligated with surgical sutures. The tibial and 
common peroneal nerves were sectioned distal to the ligation while the sural nerve remained 
intact. Great care was taken to avoid any damage to the sural nerve. After that, the muscle and 
skin were sutured in two layers using surgical sutures respectively. Finally, the mice were 
placed on a heating pad until they woke up and then placed in the appropriate cage as described 
on the method of conditions of rearing. For sham mice, we performed the same surgical 
procedure but without ligated and sectioned the tibial and common peroneal nerves.  

2.4. Von Frey test 

Von Frey test was used to evaluate mechanical withdrawal threshold of mice at Day 1, 4, 7, 11, 
14, and 21 after SNI or sham surgery. Mice were placed individually on a wire mesh grid and 
restricted in an upside-down glass beaker (70 cm diameter × 90 cm height) to acclimatize 40 



International Journal of Science Volume 10 Issue 4, 2023 

ISSN: 1813-4890  
 

54 

min before the tests. The von Frey filaments (North Coast Medical Inc., 12775-99) of 0.07 g were 
first applied to stimulate the lateral plantar surface of each hind paws and held for 6–8 s with 
the filament bent slightly. The strength of the next filament was increased when the animal had 
no response, or decreased when the animal had positive response (licking, shaking or 
withdrawal of the hind paw suddenly) according to a published up-down paradigm [12]. After 
the first time of positive response, four more tests were performed. The mechanical paw 
withdrawal threshold was calculated by the following formula: 50% g threshold =10 (Xf + kδ), 
where Xf = the log(force) value of the final von Frey filament applied, the k value is a constant 
related to the up-down response pattern of the individual test mouse, which is provided by the 
statistics table in Appendix 1 of the method paper by Chaplan et al [12], and δ = the average 
interval between log(force) values of filaments applied in the last five tests [13, 14]. 

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) 

On the 23rd day after SNI or sham surgery, the brains of mice were collected. The tissue was 
weighed and 1 × PBS was added to prepare for an 10% homogenates. The supernatant was 
taken by centrifugation for ELISA. 

ELISA Kits (ELSBIO) were used to detect the levels of dopamine (CK-E20298M), 5-HT (CK-
E20435M), oxytocin (CK-E20200M), enkephalin (CK-E93902M), β-Endorphin (CK-E20413M), 
and adrenocorticotropic hormone (ACTH, CK-E20424M). 

To detect the levels of dopamine, the antibody-coated strip plates were equilibrated at room 
temperature for 20 min before used firstly. Secondly, 50 μl standard substance with 
concentration gradients of 0, 7.5, 15, 30, 60, 120 pg/mL and samples were added to the wells. 
Thirdly, 100 μl HRP-conjugate detection reagents were added to each well and incubated at 
37°C for 60 min using electric thermostatic incubator (Jing Hong, DNP-9052). Next, plates were 
washed by Wash Solution for 5 times. After that, 50 μl Chromogen Solution A and 50 μl 
Chromogen Solution B were added to each well. After incubated at 37°C for 15 min in the dark, 
50 μl Stop Solution was added and the Optical Density (O.D.) at 450 nm was read by a microtiter 
plate reader (Rayto, RT-6100). The standard curve was established with the concentration of 
standard substance as the abscissa and the corresponding O.D value as the ordinate and 
calculate the concentration values of samples according to the standard curve. 

To detect the levels of 5-HT, we performed the same procedure except for adding 50 μl standard 
substance with different concentration gradients of 0, 15, 30, 60, 120, 240 ng/mL for 
manufacture standard curve. 

To detect the levels of oxytocin, we performed the same procedure except for adding 50 μl 
standard substance with different concentration gradients of 0, 1.5, 3, 6, 12, 24 pg/mL for 
manufacture standard curve. 

To detect the levels of enkephalin, we performed the same procedure except for adding 50 μl 
standard substance with different concentration gradients of 0, 25, 50, 100, 200, 400 pg/mL for 
manufacture standard curve.  

To detect the levels of β-Endorphin, we performed the same procedure except for adding 50 μl 
standard substance with different concentration gradients of 0, 3, 6, 12, 24, 48 pg/mL for 
manufacture standard curve. 

To detect the levels of adrenocorticotropic hormone (ACTH), we performed the same 
procedure except for adding 50 μl standard substance with different concentration gradients 
of 0, 5, 10, 20, 40, 80 pg/mL for manufacture standard curve.  

2.6. Statistical analysis 

Sample size chosen for Von Frey test [15, 16] and ELISA [17, 18] was established by published 
studies. GraphPad Prism 8.4.2 was used to analyze the data. The paw withdrawal threshold 
curves among two groups and the means of paw withdrawal threshold were compared by Mann 

https://dict.youdao.com/w/different/#keyfrom=E2Ctranslation
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Whitney test. The pain-related brain chemical substance levels between two groups were 
analyzed using Two-tailed unpaired t test. All data are expressed as means ± s.e.m, and p < 0.05 
is regarded as statistically significant difference. During experiments and analysis, the 
investigators were blinded to experimental group. 

3. Results 

3.1. SNI mice or sham mice were co-cage reared with a normal companionship 
mouse. 

SNI model was established in mice by surgery on the left hind limbs to induce mechanical 
allodynia. After surgery, the SNI-modeled mice were paired with a previous cage mate as a 
company (co-rearing condition) and the sham mice were also paired with a previous cage mate 
and served as the control group (Fig. 1A). At Day 1, 4, 7, 11, 14, and 21 after surgery, the 
mechanical withdrawal thresholds of the left hind paws (the ipsilateral side of SNI position) 
and the right hind paws (the contralateral side of SNI position) were evaluated using the von 
Frey test. At Day 23, the brain tissues of mice were collected for ELISA tests (Fig. 1A). 

We measured mechanical withdrawal threshold on both hind paws of SNI or sham mice co-
reared with companion mice respectively at Day 7, 11, 14, 21 after co-rearing. Comparing to the 
sham group, the SNI group developed gradually severe mechanical allodynia on the ipsilateral 
paws from Day 1 to 21 after surgery, showing marked difference on the overall time curve of 
pain threshold, suggesting that the SNI model was established successfully (Fig. 2B). 

 

 
Figure 1. Experimental procedure. 

(A) Schematic of rearing conditions after SNI or sham surgery and the experimental timeline. 
The two rearing conditions are: a sham mouse was pair-reared with a companion (CP) mouse 
(a sex- and age-matched normal mouse without surgery); an SNI mouse was pair-reared with 
a CP mouse. Mechanical pain threshold was evaluated by von Frey test at Day 1, 4, 7, 11, 14, and 
21 after surgery, and brain tissues were collected at Day 23 for ELISA assays. 
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Figure 2. SNI model was established. 

(A) Time course changes of withdrawal thresholds of the left (the ipsilateral side of SNI) paws 
of sham mice co-reared with CP mice (purple) and SNI mice co-reared with CP mice (red) at 
Day 1, 4, 7, 11, 14, and 21 after surgery. Mann Whitney test, sham (with CP mice) versus SNI 
(with CP mice), **p = 0.0043.  

(B) Time course changes of withdrawal thresholds of the right (the contralateral side of SNI) 
paws. Mann Whitney test, sham (with CP mice) versus SNI (with CP mice), p = 0.0571. 

Sham (with CP mice), n = 3 mice; SNI (with CP mice), n = 8 mice. Data are shown as means ± 
s.e.m.  

3.2. Paired rearing with SNI mice leads to mechanical allodynia in companion 
mice. 

To investigated whether the companion mice induced pain empathy when co-rearing with SNI 
mice. We measured mechanical withdrawal threshold on both hind paws of companion mice 
co-reared with SNI or sham mice respectively at Day 7, 11, 14, 21 after co-rearing. Over the 
whole time course from Day 7 to 21, the pain thresholds of the left paws of companion mice 
were remarkably decreased by co-rearing with SNI mice, as compared to those with sham mice 
(Fig. 4A, B). Interestingly, the pain thresholds of the right paws of companion mice only began 
to display a reduction of pain threshold at Day 21, and the allodynia was milder than the left 
paws (Fig. 4C, D). Thus, even though the companion mice did not receive any surgery, they 
developed specific pain patterns by exactly mirroring the different severity in the ipsilateral 
and contralateral hind paws of their SNI cage mates, suggesting that the pain empathy could be 
precisely presented in different body parts. 
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Figure 3. Paired rearing with SNI mice leads to mechanical allodynia in companion mice. 

(A) Time course changes of withdrawal thresholds of the left paws of companion mice co-
reared with sham mice (grey) or SNI mice (orange) at Day 7, 11, 14, and 21 after surgery. Mann 
Whitney test, *p = 0.0286.  

(B) Withdrawal thresholds of the left paws of CP mice co-reared with sham mice or SNI mice at 
Day 7, 11, 14 and 21 after surgery. Mann Whitney test, *p = 0.0242 at Day 7, *p = 0.0182 at Day 
11, p = 0.0545 at Day 14, *p = 0.0121 at Day 21. 

(C) Time course changes of withdrawal thresholds of the right paws. Mann Whitney test, p = 
0.0571. 

(D) Withdrawal thresholds of the right paws of CP mice co-reared with sham mice or SNI mice 
at Day 7, 11, 14 and 21 after surgery. Mann Whitney test, p = 0.3394 at Day 7, p = 0.0788 at Day 
11, p = 0.4970 at Day 14, *p = 0.0182 at Day 21. 

CP (with sham mice), n = 3 mice; CP (with SNI mice), n = 8 mice. Data are shown as means ± 
s.e.m, two-tailed unpaired t test was used to analyze the data. 

3.3. Paired rearing with SNI mice alters the brain levels of dopamine and ACTH 
in the companion mice. 

Next, we examined whether co-rearing with SNI mice leads to alterations of pain-related brain 
chemical substances. We found that the whole brain level of dopamine was higher in the 
companion mice co-reared with SNI mice than those with sham mice (Fig. 5A). On the contrary, 
the brain level of ACTH was decreased after co-rearing with SNI mice (Fig. 5F). Apart from these 
two chemicals, the brain levels of 5-HT, oxytocin, enkephalin and β-endorphin were not 
changed by co-rearing with SNI mice (Fig. 5B–E). These results suggest that the altered levels 
of dopamine and ACTH may contribute to the neurobiology that underlies the pain empathy of 
mice toward their SNI partners.  
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Figure 4. Paired rearing with SNI mice alters the brain levels of dopamine and ACTH in the 

companion mice 
(A–F) The brain levels of dopamine (A, p = 0.0511), 5-HT (B, p = 0.1581), oxytocin (C, p = 

0.8722), enkephalin (D, p = 0.4066), β-endorphins (E, p = 0.1603) and adrenocorticotrophic 
hormone (ACTH; F, p = 0.0585), in CP mice co-reared with sham mice or SNI mice for 23 days 

post-surgery. 
CP (with sham mice), n = 3 mice; CP (with SNI mice), n = 8 mice. Data are means ± s.e.m. Two-

tailed unpaired t test was used to analyze the data. 

4. Conclusion 

Co-housing with a familiar SNI mouse increases mechanical pain in normal mice. 

Co-housing with a familiar SNI mouse alteres brain dopamine and ACTH levels in normal mice.  

5. Discussion 

In the current study, we showed that the normal mice developed pain empathy to SNI mice 
when co-reared with them. This finding was consistent with previous studies that bystander 
mice develop allodynia when shared the same house with mice suffered inflammatory pain or 
withdrawal from morphine or alcohol [19]. We showed that the dopamine level in the brain of 
the companion mice was increased when co-reared with SNI mice, which may reinforce the idea 
that dopamine affects empathy-related behaviors [1]. However, how dopamine affects empathy 
is still under explored. As a stress-related brain hormone, ACTH was decreased in the brain of 
companion mice when co-reared with SNI mice. Previous studies showed that stress and 
empathy could modulate pain sensitivity in humans and rodents [20, 21]. However, the 
mechanism between pain empathy and stress still awaits further investigation.  

In summary, this study found that the normal mice co-reared with SNI mice developed pain 
empathy with increased dopamine level and decreased ACTH level in the brain, which shed 
light on studies of the interactive regulation of social-emotional states and pain. 
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