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Abstract Empathy is traditionally thought to be a unique

ability of humans to feel, understand, and share the

emotional state of others. However, the notion has been

greatly challenged by the emerging discoveries of empathy

for pain or distress in rodents. Because empathy is believed

to be fundamental to the formation of prosocial, altruistic,

and even moral behaviors in social animals and humans,

studies associated with decoding the neural circuits and

unraveling the underlying molecular and neural mecha-

nisms of empathy for pain or distress in rodents would be

very important and encouraging. In this review, the author

set out to outline and update the concept of empathy from

the evolutionary point of view, and introduce up-to-date

advances in the study of empathy and its neural correlates

in both humans and rodents. Finally, the author highlights

the perspectives and challenges for the further use of rodent

models in the study of empathy for pain or distress.
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Many animals, however, certainly sympathise with each other’s distress or

danger.

Charles Darwin

Introduction

Although known for a long time, it has not been

documented until recently that pain can be modulated

by social factors that may affect both the development

and maintenance of chronic pain and the outcomes for

patients (pain sufferers) in clinical settings [1, 2]. As a

consequence, it has been suggested that the term pain

should be redefined as ‘‘a distressing experience associ-

ated with actual or potential tissue damage with sensory,

emotional, cognitive, and social components’’, which

extends the official definition of pain by the International

Association for the Study of Pain (IASP) [3]. The IASP’s

official definition of pain stated that ‘‘pain is an unpleas-

ant sensory and emotional experience associated with

actual or potential tissue damage, or described in terms of

such damage’’[4]. A sentence was added later to the

IASP’s definition, emphasizing that ‘‘the inability to

communicate in no way negates the possibility that an

individual is experiencing pain and is in need of

appropriate pain relieving treatment’’ (IASP Newsletter,

2001 (2), p2), but this clearly neglected the social and

cognitive components of pain per se. However, emerging

evidence has demonstrated that positive social support

from a healthy spouse, kinship, colleagues, and friends or

the establishment of a realistic physician-patient rapport is

beneficial to the relief of pain due to social buffering,

whereas social transfer of negative emotions from an

unhealthy spouse/kinship, bad social relationships, and

physician-patient conflicts exacerbate the severity of pain

due to social stress [1, 2].

These facts from clinical practice are very important

cues for both basic and clinical pain researchers to

reconsider the results from the past several decades and

reshape experimental design and clinical practice into a
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‘bio-psychosocial-behavioral’ paradigm. A social commu-

nication model of pain proposed recently by Craig

attempted to highlight the chronological process of inter-

actions among the pain event, suffering person, and

caregiver (physician/nurse/other) in terms of historical

and current biological and social determinants imprinted in

the brain of a patient [5] (for details see [6]). In that model,

at least three major social players who hold different points

of view are involved in the process of the pain problem: the

patient, patient’s kinship, and physicians (and nurses/

hospital staff). The English word patient originally meant

‘one who suffers’ and comes from the Latin word ‘pa-

tiens’. The modern meaning of a physician is a medical

professional practitioner (also called medical doctor

or doctor) who is tightly associated with promoting, main-

taining, or restoring the health of patients through

research-based diagnosis and treatment of disease, injury,

and other physical and mental impairments. From the

social and psychological points of view, each player has

his/or her own empathic ‘bubble’ that exists separately.

However, from the evolutionary point of view, the

empathic bubbles of patient and patient’s kinship can soon

fuse to form a larger empathic bubble to provide shared

feeling and understanding, and motivations of caring and

helping for the sufferer due to in-group empathy for pain

and distress. Because empathy is thought to be produced

only among familiars, the physician’s ability to empathize

during patient/patient’s kinship-physician interactions

would be very important and necessary for establishing a

physician-patient rapport, a fusion of the empathic bubbles

of the patient/patient’s kinship and the physician (and

nurses/hospital staff). This proposition is strongly sup-

ported by a well-designed experimental report showing that

a physician’s high perspective-taking scores (skills) are

highly correlated with increased activity of the rostral

anterior cingulate cortex (rACC) during patient-physician

interaction [7], an area that has been demonstrated to be a

key brain region for the mediation of both vicariously felt

pain (empathy for pain) and emotional response to directly

experienced pain in both humans [8–10] and animals

[11–15](for review see [16]).

Empathy was traditionally thought to be a characteristic

unique to human beings. However, this notion has been

strongly challenged in recent years, because empathy for

pain and fear and prosocial altruistic behaviors have also

been found in both non-human primates and rodents (for

commentaries and reviews see [1, 2, 17–25]). The discov-

ery of empathy for pain or distress in rodents is of

particular importance and critical for understanding the

brain mechanisms underlying empathy, prosocial behaviors

and altruism, the root of morality in humans at both the

molecular/cellular and neural circuit levels

[1, 2, 11, 20, 21, 23–27]. In this review, I outline the

concept of empathy and advances in the findings of neural

correlates of empathy in humans and animal models in

experimental studies of empathy for distress or pain in

rodents. Some of the ideas about empathy in animals have

been published in Chinese [28].

Definition of Empathy: History and Update

The English word ‘‘empathy’’ was used in translation from

the German word Einfühlung with the meaning of ‘feeling

into’ by Edward Bradford Titchener (1867–1927), a Bri-

tish psychologist, in 1909. Theodor Lipps (1851–1914), an

influential German philosopher, is believed to have coined

the word Einfühlung which was initially created by Robert

Vischer (1847–1933), a German philosopher, in 1873. The

etymology of the word ‘‘empathy’’ is rooted in the ancient

Greek word empatheia, meaning ‘physical affection or

passion’ which is derived from en (‘in’ or‘at’) and pathos

(‘passion’ or ‘suffering’). In the last century, the study of

empathy developed very slowly and the term was mainly

adopted in the fields of social science, psychology, the

practice of psychoanalysis, and non-human primate ethol-

ogy [17, 29, 30]. However, in the past decade, empathy has

suddenly become a topic of interest in the field of

neuroscience due to advancing progress in neuroimaging

studies of brain responses associated with one person’s

empathy for another’s pain or distress (for reviews see

[31–35]). The timeline of historical and current ideas about

empathy is shown in Fig. 1 and Box 1.

In a seminal paper, Singer and colleagues have demon-

strated that empathy for pain (pain observed or felt

vicariously by a lover) selectively activates her bilateral

anterior insula, rACC, and other areas that overlap with

areas involved in mediation of the affective component of

pain directly experienced by her lover, whereas the sensory

component of pain such as the somatosensory cortex is not

activated, implying for the first time that empathy is a

function of the brain [8]. From a meta-analysis of many

functional magnetic resonance imaging (fMRI) studies, it

has been concluded that a core network that includes the

bilateral anterior insular cortex and medial/anterior cingu-

late cortex is associated with empathy for pain, although

different results might occur under different contextual or

cue-based conditions [10]. These neuroimaging studies no

doubt shed new light on the old concept of empathy and

opened a new venue for understanding the neural mech-

anisms of empathy [31, 33, 35]. As a strong line of

evidence supporting an evolutionary view of empathy, we

demonstrated for the first time that the medial prefrontal

cortex (mPFC), which includes prelimbic cortex (PrLC),

infralimbic cortex (ILC), and the anterior cingulate cortex

(ACC), is involved in the mediation of empathy for pain or
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distress in rats based on lesion studies [11] (details below).

Moreover, prosocial altruistic behaviors have also been

found in rodents [36–39] (details in Box 1).

Based upon the emerging and cumulative experimental

evidence from both humans and lower animals, empathy

can be redefined as an evolutionary behavior of social

animals and humans associated with prosocial reciprocity,

altruism, and morality by the ability and capacity to feel,

to recognize, and/or to understand the emotional states of

others. This new definition may bridge the gap revealed

by Zaki and Ochsner [40] who pointed out that the

existing neuroimaging studies only focus on the imaged

brain activity in response to the other’s emotional state

without behavioral observations. Through validation of

the rodent models of empathy, the gap caused by the

complexity of empathy which has been produced by

historical, theoretic, and methodological disparities in the

two major fields of empathy study, psychology and

neuroscience, could be bridged through studies of the

underpinnings of empathy in terms of bio-psychosocial-

behavioral paradigms across species [21]. The updated

definition of empathy proposed here has an attempt to: (1)

acknowledge the evolutionary issue of empathy in the

frame of biology but not pure psychology; (2) endow

empathy as a behavior of all social animals and humans;

(3) focus on the roles of brain functions in the develop-

ment of empathy associated with multidimensional com-

ponents including sensory, emotional, cognitive, and

executive (motor action and decision-making) issues;

and finally (4) put the empathy back into biology as a root

of the prosocial reciprocity, altruism, and morality in

human beings.

Fig. 1 Timeline of historical and current ideas about empathy.
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Affective (Emotional) and Cognitive Empathy
in Humans

Empathy is believed to be the fundament or root of

prosociality, altruism, and morality in humans [17–19, 35].

It has multidimensional facets in terms of emotional

contagion, social attachment, social bonding, affiliation,

empathic concern, sympathy, perspective-taking, theory of

mind, empathic altruism, and altruistic and moral behav-

iors. Thus it is difficult to classify empathy in terms of

philosophy, social science, and even psychology without

recruiting the power of brain science.

To see whether different brain regions are involved in the

mediation of different levels of empathy, namely (1)

emotional empathy (‘I feel what you feel’) that can be taken

into account as primitive empathy (e.g., emotional conta-

gion) and (2) cognitive empathy (‘I understand what you

feel’) that can be considered as advanced empathy, a clinical

data-based analysis was carried out on patients with CT- and

MRI-identified brain lesions [41]. After structural identifi-

cation of the areas of the lesions, the patients were assessed

for the two levels of empathy using tools for both a basic

emotional contagion system and a more advanced cognitive

perspective-taking system. The basic emotional contagion

system was used to assess patients’ skills in an emotion

recognition task consisting of 52 photographs of eyes

reflecting 14 basic and complex emotions (happy, sad,

afraid, surprised, distressed, disgusted, angry, interested,

worried, confident, fantasizing, preoccupied, friendly, and

suspicious). The cognitive perspective-taking system was

used to assess patients’ skills in a second-order false belief

task that evaluates ‘Theory ofMind’, namely, one’s ability to

understand what someone else (A) thinks about what

someone else (B) thinks. Based on this well-designed

clinical analysis, it has been found that emotional empathy

is mainly mediated by the inferior frontal gyrus (Brodmann

area 44, equivalent to Broca’s area) and cognitive empathy is

mainly mediated by the ventromedial prefrontal cortex

(vmPFC, Brodmann areas 10 and 11) [41]. It is well known

that the emotional state of humans and animals can be

evolutionary and well expressed by facial expressions,

vocalization, laughter, crying, groaning, moaning, and even

spoken language [42–44], thus the involvement of Broca’s

area (motor language center or Brodmann area 44) in

emotional empathy is scientifically acceptable. As for the

involvement of the vmPFC (Brodmann areas 10 and 11) in

cognitive empathy, it is also scientifically explainable

because the mPFC, which includes the rACC and limbic

cortex (referred to as PrLC and ILC in rodents), has wide-

spread afferent and efferent connections in the brain and is

involved in the mediation of many higher cognitive and

emotional functions including attention, self-awareness,

spontaneous thought, consciousness, mindfulness, recogni-

tion, affection, decision-making, learning, and memory

[45–53]. The mPFC is also involved in the modulation of

directly experienced distress (pain, fear, and catastrophe)

Box 1 Definitions of empathy

The definition of empathy has long been under debate since it appeared with an academic meaning more than one hundred years ago,

probably due to different interpretations of its meaning by scholars from different fields, ranging from philosophy (human-natural

esthetics) to social science, psychoanalysis, psychology, and ethology by means of empirical and phenomenal observations, and finally

has been narrowed down experimentally to brain science and affective (emotional) neuroscience in terms of biopsychosocial or

biobehavioral brain functions due to neuroimaging discoveries of some brain areas involved in it [17, 30–35]. However, the current

definitions of empathy are confounding and incomplete due to neglect of its evolutionary root by academic fields, with a long-existing

traditional notion that empathy is only possessed by humans and non-human primates in terms of affection and emotion. This traditional

notion has been greatly challenged by new advances in discoveries of empathy for pain or distress in rodents [1, 2, 11, 20, 21, 23–28].

Historically, in the domain of social science and psychology, empathy was simply defined as a unique ability or capacity of human beings

to feel and understand other’s emotional state for which theoretical models of theory-theory, theory of mind, mentalizing/mindreading,

and perspective-taking have been proposed to underlie the development of empathy in humans [32]. However, from the

neuroevolutionary point of view, empathy has been defined as ‘an integrated affective response stemming from the perception of

another’s emotional state or condition similar to what the other person is feeling or would be expected to feel in the given situation’ in

terms of ontogeny, phylogeny, neuroevolution, brain mechanisms, context, and psychopathology [22, 34]. Empathy is also believed to

consist of the capacity to (1) be affected by and share the emotional state of another; (2) assess the reasons for the other’s state; and (3)

identify with the other, adopting his or her perspective; and finally these empathic responses motivate one’s empathy-based altruism,

leading to sharing, caring, and helping in facing to another’s distress or pain [17]. However, neither of the above ideas and definitions

about empathy can be fully accepted at the moment due to neglect of its evolutionary root. Although rodents have been shown to have

behaviors associated with empathy for pain or distress [11, 26] and prosocial altruistic behaviors such as motivation for helping to

release a trapped cage-mate from a restrainer [36, 37] and cooperative behaviors for food-seeking [38, 39], further well-designed

laboratory work is still required to obtain support for the evolution of empathy from different species (lower animals to human beings)

through natural selection. Because empathy has multiple facets associated with prosocial and social constructs that are hierarchical and

expressed variously in terms of emotional contagion, social attachment, social bonding, affiliation, empathic concern, perspective-

taking, sympathy, altruism, and even morality [17, 30, 32, 35], it is not possible to precisely define it from the social and psychological

points of view only (for an updated definition of empathy, see the text).

J. Chen: Empathy for Distress in Humans and Rodents 219

123



[16, 54–58] and vicariously felt or observational pain or

distress in both human beings and rodents [8, 11], implicat-

ing the existence of a core brain network underlying empathy

for distress or pain [10]. The discovery of the two separate

neural systems responsible for the two levels of empathy—

emotional and cognitive—is very important for further

understanding the ontogeny, phylogeny, and evolution of

empathy in bio-psychosocial-behavioral terms. Under this

framework, emotional (affective) empathy is believed: (1) to

be mediated anatomically by the inferior frontal gyrus

(Brodmann area 44) which contains unimodal dysgranular

cortex in cytoarchitectural appearance; (2) to occur in human

infants ontogenetically, and in rodents, birds, and probably

other lower social animals phylogenetically; (3) to be

behaviorally expressed as emotional contagion, personal

distress, empathic concern, and emotional recognition; and

(4) to be explained by a theory of simulation such as the

perception-action model proposed by Preston and de Waal

[30]. Meanwhile, cognitive empathy is believed: (1) to be

mediated anatomically by the vmPFC (Brodmann areas 10,

11) which contains heteromodal granular cortex in cytoar-

chitectural appearance; (2) to occur in children and adoles-

cents ontogenetically, and in non-human primates

(chimpanzees, bonobos, and probably other higher social

animals) phylogenetically; (3) to be expressed as perspec-

tive-taking, imagination of emotional future outcomes, and

theory of mind (ToM) behaviorally; and (4) to be explained

by theories of mentalizing/mindreading and ToM models

[32]. The discovery of the two separate neural systems

responsible for the two levels of empathy is also very

important for further understanding of the ontogeny, phy-

logeny, and evolution of empathy across different species,

especially in laboratory animals such as rodents, bymeans of

genetic, epigenetic, and optogenetic approaches.

Core Neural Networks Associated with Empathy
for Pain or Distress in Humans

In The Descent of Man [42], one of his most important works,

Darwin stated that ‘many animals, however, certainly sym-

pathise with each other’s distress or danger’ (p 126) and ‘as

man is a social animal, it is almost certain that he would

inherit a tendency to be faithful to his comrades, and obedient

to the leader of his tribe; for these qualities are common to

most social animals’ (pp 132–133). This was clearly the first

description of the common phenomenon of empathy for pain

or distress in social animals in the history of biological science

(Fig. 1). The term ‘sympathy’ is derived from

the Greek words syn (‘together’) and pathos (‘feeling’)

which means ‘fellow-feeling’ and coined by Adam Smith in

his book The Theory of Moral Sentiments (1759). Notably

sympathy and empathy are often used interchangeably, but

sometimes have different meanings in modern time. As noted

above, ‘‘to empathize’’ (the verb of empathy) has the meaning

‘‘to feel, to understand, and to share’’ the other’s emotions of

both positive (happiness and joyfulness) and negative states

(angriness, sadness, sorrowfulness, fear, and panic), however,

‘‘to sympathize’’ (the verb of sympathy) only means ‘‘to feel

and to understand’’ but not ‘‘to share’’ the other’s negative

emotional state caused by trouble, misfortune, pain, distress,

and catastrophe. Namely, empathy can motivate altruistic

help behaviors regardless of whether it is dangerous or not,

while sympathy cannot (I am sorry but…). This is because

empathy that is associated with emotional responses to both

the positive and negative emotions of other people is most

likely to occur among familiars but not strangers as Darwin

stated: ‘‘…, with all animals, sympathy is directed solely

towards the members of the same community, and therefore

towards known, and more or less beloved members, but not to

all the individuals of the same species.’’ (p 130). This

familiarity-based empathy has also been confirmed by many

observations carried out in communities of non-human

primates, such as chimpanzees and bonobos [17–19, 30]

and rodents [1, 2, 11, 26]. In contrast, sympathy that is

specifically associated with emotional response to other

people’s negative emotional states is likely to occur among

both familiars and strangers. Because the Descent was first

published in 1871, the English word ‘empathy’ had not

appeared in the literature before it was translated from the

German word Einfühlung into English in 1909.What Darwin

stated clearly intended the meaning of empathy, but not the

real meaning of sympathy, because he also continued that

[42]:

with mankind, selfishness, experience, and imitation,

probably add, …, to the power of sympathy; for we

are led by the hope of receiving good in return to

perform acts of sympathetic kindness to others; and

sympathy is much strengthened by habit. (p 130).

The social animals which stand at the bottom of the

scale are guided almost exclusively, and those which

stand higher in the scale are largely guided, by special

instincts in the aid which they give to the members of

the same community; but they are likewise in part

impelled by mutual love and sympathy, assisted

apparently by some amount of reason. (p 133).

As indicated by James Moore and Adrian Desmond in

the Introduction to the 2nd edition of the Descent, Darwin

was trying to explain the origin of morality and compassion

in humans and believed that ‘sympathy’ (empathy in real

meaning) and selflessness had more value than competition

for ‘group selection’— the tribe as a whole competes, not

the individual. Darwin’s evolutionary view of the roles of

empathy, sympathy, prosocial, and altruistic behaviors in
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the emergence of human morality has been followed and

backed up by many lines of updated evidence

[17–19, 30, 35]. However, where does empathy come

from?

In the first neuroimaging study [8], 16 couples were

recruited to serve as paired subjects for the investigation of

pain-related empathy. Using fMRI, brain activity was

recorded and imaged in the female partner who could

observe through a mirror which reflected the process of

pain produced by painful electrical stimulation of her own

and the male partner’s right hand. When she was experi-

encing pain herself, activity increased in the contralateral

primary somatosensory cortex (S1)/primary motor cortex

(M1), bilateral SII, bilateral anterior insula and ACC.

However, when she was observing pain of her lover,

activity only increased in the ACC, bilateral anterior insula,

and inferior prefrontal cortex, cerebellum, and brainstem

but without activation of S1 and SII. This result is

interesting and inspiring because it indicates that the same

brain areas (ACC and anterior insular cortex) are activated

by both vicariously felt pain (empathy for pain or distress)

and directly experienced pain [8]. Moreover, a comparison

was made between the brain activities and the values

assessed by the Empathic Concern Scale of Davis and the

Balanced Emotional Empathy Scale of Mehrabian and the

results showed that the activation level in the ACC and the

anterior insula was highly correlated with the empathy-

related scores measured immediately after the fMRI scan

[8]. After repeated fMRI studies, a core network that

included the anterior insular cortex and ACC was con-

firmed to be selectively associated with empathy for pain or

distress, although different results might occur under

different contextual or cue-based conditions [10]. For

example, when viewing pictures of body parts in painful

situations (picture-based studies), brain areas including the

anterior insula, dmPFC, dlPFC, inferior frontal gyrus,

premotor cortex, inferior parietal cortex, as well as S1/SII

were strongly activated [10]. On the other hand, in cue-

based studies in which one person witnessed another’s

painful state, brain areas including the vmPFC, precuneus,

superior temporal gyrus, and temporo-parietal junction

were strongly activated [10]. The distinct activation of

brain areas by picture-based and cue-based paradigms is

interesting but remains to be further studied. Collectively,

based on the results of meta-analysis of fMRI studies, it has

become clear that familiarity-based empathy for pain or

distress is likely to be mediated by the ACC/MCC and

insular cortex, while cue-based and picture-based sympa-

thy for painful or distressful events activates different areas

associated with either mentalizing/ToM or action under-

standing, probably reflecting the complexity of empathy

and/or sympathy across different levels. The anterior

insular cortex is an intriguing area which has also been

shown to be involved in the observational response to

another’s disgust [31–33, 59]. Interestingly, the empathy-

related activity in the ACC and anterior insular cortex has

also been demonstrated to be modulatable by cultural

context [60]. When observing painful stimulation applied

to racial in-group faces, activity in the ACC, inferior

frontal, and insular cortex was significantly increased in

both Caucasians and Chinese participants; however,

the empathic neural response in the ACC was significantly

decreased when participants viewed the faces of other races

[60]. This racial in-group/out-group bias in empathy for

pain can be enhanced by the intranasal administration of

oxytocin [61], a neuropeptide essential for social behaviors

such as empathy, mother-child bonding, social cognition/

recognition, affiliation, attachment, and sociability in

humans [62–68].

Rodent Models of Empathy for Pain or Distress

Can rodents or other lower animals have empathy,

sympathy, or altruistic behaviors? Can they feel, under-

stand, and even share others’ pain or distress? These

questions have not been touched for more than a century

due to silence in the field of scientific research. As noted

above, Darwin provided many examples for the existence

of empathy/sympathy for pain or distress in social animals

[42, 43], however, unfortunately the study of empathy from

the evolutionary point of view was neglected or ignored for

more than a century, probably due to the influence of

theism, racism, and sexism. To the best of our knowledge,

the scientific taboo was also largely caused by the

traditional notion that endowing animals with human

emotions was undesirable and taboo. Nonetheless, in the

last half of the last century and especially in more recent

years of the new century, emerging evidence from both

non-human primates [17–19] and lower animals including

rodents [11, 26, 69, 70], birds [71–73], and even ants [74]

has provided support for establishing the idea (notion) that

human empathy, sympathy, altruism, and even morality

may result from biological evolution [1, 2, 17–25, 34, 35].

Here, we provide an overview or outline of the advances in

the study of empathy for pain or distress in rodents.

Distress can be caused by both physical and spiritual pain

or suffering. The available rodent models of empathy for

distress are divided into two types –empathy for pain and

empathy for fear—based on different experimental para-

digms (data on familiarity-based empathy for distress are

summarized in Table 1).

Historically, experimental investigations of empathy for

pain or distress in laboratory rodents appeared transiently

in the middle of the last century [75]. In the first

experimental report by Russell Church [69], rats were
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trained to obtain food by pressing a lever. Then, while a rat

(perceiver or observer) was trying to press the lever to get

food, another rat (stimulator or demonstrator), which could

be seen by the observer rat, was given an electrical shock

from the electrified cage floor. It was found that the

‘observer’ rat stopped pressing the lever while witnessing

its conspecific suffering from pain or distress. This

behavior was explained as empathic feeling and caring of

rats in response to pain or distress of a conspecific. Another

pioneering work also showed that a rat spent more time

trying to rescue a conspecific by releasing it from a

suspended state and this was explained as altruistic

behavior [70]. It is said that the topic of empathy for pain

or distress and altruism in animals existed briefly in the

1960s and then disappeared due to academic rejection by

the prevailing behaviorists. After nearly 50 years, a report

entitled ‘Social modulation of pain as evidence for

empathy in mice’ authored by Langford et al. [26] was

published in the journal Science; this is thought to mark the

opening of a new page for the study of empathy in animals

[20, 75, 76]. The work did not result in immediate attention

from the field of neuroscience but was greatly appreciated

by world-renowned ethologists and primatologists [20, 75].

Eight years later, the empathy for pain or distress was

examined and confirmed in rats by our group [11]. On the

other hand, Russell Church’s rat model of empathy for

distress was modified and used in rats and mice referred to

as an empathy for fear or ‘observational fear learning’

model [77–93]. The literature associated with empathy for

fear is summarized in Table 1 in which only familiarity-

related studies are included, although most of the reports

had no stranger controls. Because rats and mice are

laboratory animals and their behavior can be modified or

modulated by genetic, epigenetic, optogenetic, and phar-

macological approaches, models of empathy in rodents

have become increasingly attractive and appreciated as

valuable for the study of empathy and its underpinnings,

the ‘neuroscience of empathy’ suddenly emerged as a ‘hot’

topic last year [1, 2, 20, 21, 23–25].

Emotional Contagious Pain Transferred through

On-Site Social Interaction

In the mouse model from Jeffery Mogil’s lab at McGill

University, Canada [26] (see Table 1), emotional contagion

of pain can be studied by real-time (on-site) social

reciprocal interactions between a pair of mice in pain.

Now it is generally accepted as a model for the study of

empathy for pain because social transfer of pain was only

identified between cagemates (familiars, co-housed for

more than two weeks), but not between non-cagemates

(strangers). The discovery of familiarity-based social

transfer of pain in mice is consistent with the current

conceptual account of emotional empathy

[17–21, 30–35, 41] (also see [42, 43]). In that model, a

pair of sex-matched CD-1 mice was placed into a

transparent Plexiglas cylinder (15 cm diameter; 22.5 cm

high) in which the dyadic mice could move freely and

socially interact by perception and reciprocal physical

contacts on a �-inch-thick glass floor. The pain behaviors

were recorded by a video-camera system and analyzed and

quantified using off-line software. The experiment was

designed as: (1) group 1, both of the paired mice received

an intraperitoneal (i.p.) injection of 0.9% glacial acetic acid

in a volume of 10 mL/kg and the writhing behavior

occurred concurrently. Under this condition, both mice

served as Observer and Demonstrator; (2) group 2, only

one mouse received an injection of acetic acid and served

as Observer, while the other remained untreated. It was

found that the number of episodes of writhing—a sign of

pain or distress—was significantly greater in ‘double-

writhing’ mice than in the ‘single-writhing’ mouse.

Because the social transfer of pain-related behaviors was

only identified in cagemates and siblings (co-housed for

[2–3 weeks) but not strangers, it was concluded that

emotional contagion of pain exists in mice. The emotional

contagious pain transferred through on-site reciprocal

interactions was also confirmed in the formalin test in

which 1% or 5% formalin (20 lL) was injected into the

plantar surface of the right hind paw of paired mice using a

50 lL Hamilton microsyringe with a 30-gauge needle. The

results showed that the number of paw flinches measured in

the mouse with more pain (5% formalin) declined when

socially interacting with a cagemate with less pain (1%

formalin), while that measured in the mouse with less pain

(1% formalin) increased when socially interacting with a

cagemate with more pain (5% formalin), implying that the

familiarity-based social transfer of pain-related behaviors

might be bidirectional.

Moreover, the paw-withdrawal thermal latency (PWTL)

measured using a radiant heat stimulator in ‘double-

writhing’ cagemate mice was significantly shorter than

that in a ‘single-writhing’ cagemate mouse, while thermal

pain hypersensitivity did not occur in stranger mice,

suggesting the existence of familiarity-based social transfer

of thermal pain hypersensitivity through on-site interaction.

However, changes in paw withdrawal mechanical threshold

(PWMT) were not measured in that study and whether

empathy-related mechanical pain hypersensitivity occurs is

not yet known. It was also shown that facilitation of the

spinally-organized nociceptive reflex by social reciprocal

interaction only occurred in familiars, but not strangers. In

sharp contrast, the PWTL measured in the stranger

‘double-writhing’ mice was significantly prolonged, sug-

gesting occurrence of the stress-induced analgesia. How-

ever, the stress-induced analgesia in strangers only
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occurred in male dyadic mice and was testosterone-

dependent [94].

To answer the question of why emotional contagion of

pain does not occur in strangers, Mogil and colleagues

examined the roles of social stress mediated by the hypotha-

lamic-pituitary-adrenal (HPA) axis and found that pharma-

cological inhibition of glucocorticoid synthesis by

metyrapone (50 mg/kg) evoked empathy for pain in both

stranger (non-cagemate) dyadic mice and stranger people

[95]. Combined administration of mifepristone (RU 486, 10

mg/kg), an antagonist of glucocorticoid receptors, and RU

26752 (5 mg/kg), an antagonist of mineralocorticoid recep-

tors, was also effective in eliciting emotional contagion of

pain in stranger mice. Moreover, shared gaming experience

resulted in a decrease in the level of serum cortisol and

elicited emotional contagion of pain in human strangers.

These results provided a line of new evidence strongly

supporting the idea that mice share the underpinnings of

emotional contagion of pain with human beings.

Collectively, it is generally accepted that the mouse

model of emotional contagious pain can be used to study the

lower type of empathy, especially emotional contagion.

However, further investigations of empathic behaviors

influenced by emotional contagion of pain are encouraged,

although some results have already been published. In a

study of social approach to pain [96], CD-1 and oxytocin

receptor-null mutant mice were used. In that study, only CD-

1 female mice showed more approach behavior towards a

cagemate in pain, while either CD-1 male or oxytocin

receptor-null mutant mice did not. The explanation of that

result of a failure inmale social approach towards a cagemate

in pain should be cautious because variability in empathic

response has been found across 11 inbred strains of mice

measured using an observational fear learning model

(empathy for fear) [81]. Among the 11 inbred mice, five

strains – C57BL/6J, C57BL/6NTac, 129S1/SvImJ, 129S4/

SvJae, and BTBR T(?) Itpr3(tf)/J – showed greater obser-

vational fear responses; however, AKR/J, BALB/cByJ,

C3H/HeJ, DBA/2J, FVB/NJ, and NOD/ShiLtJ mice showed

lower empathic fear responses [81]. Although the CD-1

strain was not included in that study, it has been shown to be

much more aggressive than C57BL/6J mice [97]. In a social

defeat stress model, Zhang and colleagues used the CD-1

strain as an aggressive invader to cause social defeat stress in

the paired C57BL/6J strain through 10 days of repeated

aggression. The repeated aggression against a partner clearly

showed that CD-1 mice may have a genetic background of

more apathy but with less empathy. The difference in

empathic response has also been reported in CD-1 mice in

dominant/subordinate relationships [98]. In that report, two

unfamiliar CD-1 mice were housed in a cage separated by a

wire-mesh partition for 24 h. The partition was removed

daily to allow the two mice socially interact for 10 min for a

total of six days until a clear and stable dominant/submissive

relationship was established by the criterion that the

dominant status meant it attacked its partner without ever

being attacked, while the subordinate status meant it was

continuously attacked and defeated by its partner, showing

fully defensive and submissive behavior. Then the dominant

and subordinate mice were paired for testing under two

conditions: (1) the dominant mouse received a 1% formalin

injectionwhile the subordinate did not receive any treatment;

(2) the subordinate mouse received a 1% formalin injection

while the dominant did not receive any treatment. The result

showed that the dominantmouse spent less time staring at the

subordinate in pain, whereas the subordinate mouse spent

more time staring at the dominant mouse in pain, suggesting

that the dominant/submissive status plays an important role

in determining the level of empathic response in CD-1 mice.

However, in a three-chamber test, a C57/BL6 mouse was

shown to prefer to spendmore time with its cagemate in pain

(social approach) relative to a cagemate free of pain for the

first choice, but repeated exposure of one mouse to a

cagemate in pain resulted in aversive or avoidance behavior

[92]. The difference in empathic response has also been

reported in the model of empathy for fear, namely the

C57BL/6J strain is more empathic than the BALB/cJ strain

[79]. These results from different labs strongly support the

idea that the level of empathic response in mice might vary

according to different genetic backgrounds.

To answer the question of how pain is transferred from

one mouse to another through social interaction, chemical

lesions were used to destroy auditory and olfactory

afferents, while an opaque wall was used to block visual

communications between dyadic mice. The results showed

that only visual blockade eliminated emotional contagion

of pain [26] although it has been argued in a new report

showing the involvement of olfactory cues in mediating the

transfer of both mechanical and thermal pain hypersensi-

tivity (hyperalgesia) from inflammatory or morphine/alco-

hol withdrawal conspecifics in pain to the bystander mice

regardless of familiarity and unfamiliarity [99]. In that

study, mice were not allowed to interact in a socially

physical contact environment, but instead, they were

housed and tested in the same bedding room where

inflammatory or morphine/alcohol withdrawal conspecifics

in pain had been housed. Moreover, a period of at least 24 h

exposure to the bedding from hyperalgesic mice was shown

to be essential for social transfer of pain hypersensitivity to

other bystander mice, suggesting the involvement of an

olfactory mechanism as well [99]. However, whether this

type of social transfer of pain involves empathy is not

known and requires further study.

Finally, what would happen if a mouse were co-housed

with a cagemate in chronic pain or distress or with a brain

disorder? Several studies have shown that mice co-housed
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with a cagemate with chronic neuropathic pain for two

weeks [100] or with a cagemate suffering from epilepsy/or

repeated electrical shock-induced distress for 6–8 weeks

[101] resulted in both empathy impairment and emotional

disorders such as anxiety, depression, and even cognitive

impairment. Those results suggested that the brain func-

tions of empathy for pain or distress might be changed by

time, and social interaction with a patient suffering from

chronic pain or distress or other chronic diseases might

cause aversion or avoidance. This is also a common

phenomenon experienced by humans, as stated in the

Chinese proverb ‘‘There would be no filial piety at the

bedside of a chronic patient’’.

Empathy for Pain Produced through Priming Social

Interaction

As noted above, empathy includes both emotional and

cognitive forms. From the evolutionary point of view, both

forms should be possessed across mammals. To exclude

pure mimicry of behaviors transferred through on-site real-

time social interaction, we re-designed the experiment in

which dyadic Sprague-Dawley (SD) albino rats were placed

in a transparent plastic observing box (30930930 cm3) for

free social interaction for 30 min (referred to as priming

social interaction, see [2]) before pain sensitivity and pain-

related behaviors were evaluated [11] (also see Table 1).

Briefly, after environmental acclimation and measurement

of basal pain sensitivity, rats were randomly divided into

four groups: (1) control, a pair of cagemate rats interacted

freely within the testing box for 30 min but neither had any

irritant treatment; (2) cagemate observer, a rat was allowed

to interact freely with a cagemate demonstrator in pain

produced by subcutaneous (s.c.) injection of bee venom (0.2

mg BV dissolved in 50 lL saline) (for detailed methods see

[102, 103]; (3) non-cagemate observer, a rat was allowed to

interact freely with a non-cagemate demonstrator in pain

produced by s.c. BV injection; and (4) naı̈ve rats housed in

isolation and allowed to stay in the same testing box for 30

min alone. We found that after priming social interaction,

the observer rat that had socially interacted with a cagemate

in pain or distress showed a significant decrease in PWMT

while PWTL remained unchanged. However, no significant

changes in either mechanical or thermal pain sensitivity

were found in non-cagemate observer rats which had also

socially interacted with a stranger demonstrator in pain or

distress. These results cannot be simply explained by

emotional contagion of pain because when pain sensitivity

was measured the demonstrator rat was absent and the

observer rat was changed into a new testing box free of

context and cues. The changes inmechanical pain sensitivity

were not likely to be caused by social stress because there

was no distinct change in the level of serum corticosterone

among control, cagemate observer, and non-cagemate

observer rats. Moreover, there was no significant difference

in the anxiety-like behaviors between cagemate observer

and non-cagemate observer although the two groups of rats

showed more anxiety than control rats. Collectively, it is

suggested that priming social transfer of mechanical pain

hypersensitivity is familiarity-based empathy for pain in

rats.

To determine whether the familiarity-based empathy for

pain affects pain responses, s.c. BV injection was made

into the plantar surface of one hind paw of rats from naı̈ve,

control, cagemate observer and non-cagemate observer

groups. The results showed that the cagemate observer rats

displayed more signs of pain such as paw flinches, licking,

and lifting of the injected hind paw than the other three

groups. Because it is well known that paw flinches induced

by s.c. BV are mediated by spinally-organized nociceptive

reflex circuitry and paw licking and lifting behaviors are

mediated by supraspinal components such as the ACC [12]

(for reviews see [102, 103]), studies of the underlying

neural mechanisms at both the spinal and supraspinal levels

became of particular importance. The enhanced pain-

related behavioral response observed in the familiar

(cagemate) observer but not the unfamiliar (non-cagemate)

observer indicates that there must be changes in the brain

and the spinal cord dorsal horn responsible for the process

of empathy for pain. To test this assumption, we first

evaluated c-Fos expression, a biomarker representing

nociceptive neuronal activity, in the dorsal horn of the

spinal cord after 30 min priming social interaction in rats

from naı̈ve, cagemate observer, and non-cagemate observer

groups. Surprisingly, the c-Fos-labeled neurons in the

spinal dorsal horn induced by s.c. BV injection were

significantly increased within both the superficial (laminae

I–II) and deep layers (IV–VI) in cagemate observer rats

relative to non-cagemate observer rats. This for the first

time indicated that empathy for pain can facilitate spinally-

organized nocifensive or nociceptive reflex responses.

However, what brain regions are responsible for this

social enhancement of pain? As indicated by our previous

studies and by many neuroimaging studies in humans and

animals [16, 54–58], the mPFC, amygdala, and entorhinal

cortex – major cortical areas sending axonal projections to

the dentate gyrus of the hippocampal formation through the

perforant path – are candidates for examination. Using

chemical lesions, it was shown that bilateral disruption of

the mPFC eliminated both empathy-related pain enhance-

ment and pain hypersensitivity; however, bilateral disrup-

tions of the amygdala and entorhinal cortices did not

influence empathy-related pain, strongly implying an

essential role of the mPFC in mediating empathy for pain.

The importance of this discovery lies in that it was the first

evidence showing involvement of the central nervous
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system in the biological process of empathy for pain or

distress in rodents since Darwin proposed it in 1871–1872

[42, 43]. Although the topic of whether there is empathy

for pain or distress in rodents is still under debate across

different research fields [27, 76], the study of empathy in

laboratory animals such as rats and mice is very important

because it provides at least a new experimental paradigm in

terms of bio-psychosocial-behavioral models for the study

of the sensory, emotional, cognitive, and social compo-

nents of pain [1–3, 5, 6, 27]. As promoted by Frans de

Waal, that ‘‘To endow animals with human emotions has

long been a scientific taboo. But if we do not, we risk

missing something fundamental about both animals and

us.’’[17], the study of empathy for pain or distress in

laboratory animals has developed very rapidly and is

expected to become a major branch of neuroscience in the

near future [17–21, 23–25].

In addition to what has been discovered and published

before [11], several results from our on-going unpublished

experiments also support the evolutionary view of empathy.

The results are as follows: (1) Familiar (cagemate) observer

rats have higher levels of both circulating oxytocin in serum

and oxytocin expression in the mPFC after 30 min priming

social interaction with a familiar cagemate in pain but not in

unfamiliar (non-cagemate) observer rats who witness a

stranger in pain. As introduced above, oxytocin is a very

important neuropeptide essential for empathy, the root of

social behaviors such as mother-child bonding, social

cognition/recognition, affiliation, attachment, and sociabil-

ity in humans [62–68], the finding of increased levels of

oxytocin associated with empathy for pain in familiar

observer rats is very important for further establishing an

evolutionary construct of empathy. (2) Intranasal adminis-

tration of oxytocin elicits empathy for pain in stranger rats

which had experienced 30 min priming social interaction

with an unfamiliar (non-cagemate) demonstrator rat in pain.

(3) Microinjections of an oxytocin receptor antagonist into

the bilateral mPFC results in the complete elimination of

empathy for pain in both cagemate observer rats and non-

cagemate observer rats given intranasal oxytocin. (4) Both

SD rats andC57/BL6mice show social approach towards the

cagemate in pain, but bilateral disruption of mPFC elimi-

nates empathy-related social approach behaviors. Collec-

tively, these unpublished data further add to the

accumulating lines of evidence supporting the evolutionary

root of empathy in humans.

Emotional Contagious Fear and Observational Fear

Learning

As shown in Table 1, Russell Church’s rat model of

empathy for fearful distress has been modified and used in

rats and mice and is referred to as empathy for fear that

includes emotional contagious fear and observational fear

learning induced by Pavlovian contextual fear conditioning

with different parameters for combinations of conditional

stimulus (CS) and unconditional stimulus (UCS) [77–93].

Regardless of the various parameters used in different

reports, a common pattern of conditioned fear was

produced by a repetitive CS tone co-terminating with a

distressful electrical foot-shock (UCS) (details in Table 1).

The naı̈ve observer animal displayed a freezing response

while it was witnessing another distressed conspecific

demonstrator receiving an electrical foot-shock. The time

spent freezing was rated through off-line video recording

analysis or recorded by experimenters. As for the obser-

vational fear learning test, the time spent freezing by the

observer animal was recorded after it was recalled or

retrieved by the CS tone only or after it was placed back in

the same test chamber or box where a demonstrator had

been fearfully conditioned by a coupled CS-UCS pattern.

For example, Shin and colleagues from the Center for

Neural Science, Korea Institute of Science and Technol-

ogy, established a simple mouse model of empathy for fear

that was used to study both emotional contagious fear and

observational fear learning [23, 80]. In that conditioning

setting, two male C57BL/6J mice, one in each component

of a double-chambered apparatus, were separated by a

transparent Plexiglas partition and one observer mouse was

allowed to witness the other demonstrator mouse in pain or

distress caused by repetitive electrical foot shocks

(Table 1). The demonstrator mouse was allowed to habit-

uate in one side of the two-chambered apparatus for 5 min

and then received a period of 4 min training with 240 s foot

shocks (2492 s, 1 mA, 10 s intertrial interval). Then the

time spent freezing was rated and it was assumed that the

longer the time spent freezing, the stronger the empathic

response for the observer mouse. The observation was

composed of two parts: (1) freezing time spent by the

observer mouse while witnessing a partner in distress on

the training day, and (2) freezing time when the observer

mouse was placed back into the same observing chamber

24 h after the training. The results showed that the observer

mouse showed distinct freezing behavior while witnessing

its partner in distress and this behavior was partially

blocked by visual blockade with an opaque partition.

Moreover, the observer mouse also showed distinct freez-

ing behavior when being placed back into the same

observing chamber 24 h after the training, but this behavior

was not observed when it was placed in a new box,

suggesting the existence of context-specific observational

fear learning. Although this social transfer of fear was not

specific to familiars, siblings and female mating partners

caused longer freezing behavior in observer mice when

they served as demonstrator in distress, suggesting partial

involvement of empathy for fear and expressed as both
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emotional contagious fear and observational fear learning

transferred through social stress [89, 93]. Furthermore,

Shin and colleagues demonstrated that the emotional

contagious fear and observational fear learning were

mediated by the medial pain system, namely the parafas-

cicular/mediodorsal thalamic nuclei-ACC pathway, but

not by the lateral pain system (the ventral posterolat-

eral/posteromedial thalamic nuclei-somatosensory cortical

pathway), suggesting an overlap of neural circuitry

between vicariously felt fear (observational fear learning)

and directly experienced pain or distress. Moreover, the

neural activity in the ACC has been shown to be

synchronized with the theta rhythm frequency in the

lateral amygdala during observational fear learning and

the Cav1.2 subunit of the voltage-gated Ca2? channel in

the ACC is critically involved in the process, providing a

molecular basis for the emotional contagious fear and

observational fear learning.

It is interesting to note that the conditioned fear

response, also expressed as freezing behavior, has been

shown to be modulated by social interaction or commu-

nication and the phenomenon has been referred to as social

buffering. In a series of studies by Kiyokawa and

colleagues from the Laboratory of Veterinary Ethology,

The University of Tokyo, the social buffering effect has

been well studied using a well-designed experimental

paradigm [90, 104–106]. In that model setting, the subject

Wistar rat was first trained by 20 min conditioned fear

stimulation through receiving 7 repetitions of a 3-s tone (8

Hz, 65 dB) that terminated concurrently with a foot shock

(0.5 s, 0.65 mA). The rat was then placed into one side of

two compartments (14944915 cm3 each) with a partition

penetrated by 175 holes that allowed the fear conditioned

rats to communicate with another conspecific of either a

male or female cagemate or non-cagemate through olfac-

tory signals so as to be socially buffered [107]. It was found

that social buffering significantly ameliorated these condi-

tioned fear responses of the subject rat through inhibition

of the HPA axis [108]. Moreover, a familiar conspecific

was shown to be more effective than an unfamiliar

conspecific for social buffering of conditioned fear

responses [90]. The social buffering is likely to be

mediated by suppression of neural activity of the paraven-

tricular nucleus of the hypothalamus and lateral amygdala

which are involved in conditioned fear responses

[108, 109].

Perspectives and Challenges

As Sir Karl Raimund Popper (1902 –1994), one of the

greatest philosophers of science of the 20th century, and

Sir John Carew Eccles (1903–1997), a great

neurophysiologist and Nobel laureate in Physiology or

Medicine (1963) proposed in The Self and Its Brain,

cosmic evolution can be divided into three stages: (1)

world 1 is the world of physical objects, composed of

living organisms and non-living inorganic chemical ele-

ments; (2) world 2 is the world of subjective experiences

performed by consciousness of humans and sentience

(animal consciousness); and (3) world 3 is the products of

the human mind such as human languages, works of art,

science and technology (see Table 1 in [110]). Now it is

generally accepted that both world 2 and world 3 of Popper

are mediated by the brain. With regard to the functions of

the brain, it may be divided into three hierarchical levels:

level 1, the lowest level, is associated with sensation,

perception, learning and memory, cognition, and motor

response through decision-making and execution which is

the basis of a ‘view of the world’ (view of Popper’s world

1); level 2, the middle level, is associated with recognition

of self and others including empathy, personality, dreams,

consciousness, spontaneous thought, rationale, compas-

sion, morality, and ethnicity which are the basis of a ‘view

of life’ (equivalent to Popper’s world 2); and level 3, the

highest level, is associated with languages, abstract think-

ing, conceptualization, computation, creative works of art,

science and technology, belief, and strategy which are the

basis of a ‘view of value’ (equivalent to Popper’s world 3).

Thus, one of the most challenging areas in the field of brain

science in the 21st century is to understand how the human

brain can distinguish or recognize the self and others. Can

animals recognize the self and the others? What is

consciousness? How is the consciousness produced in the

brain? Popper believed that there are lower and higher

stages of consciousness. He argued that ‘‘If the fact that

animals cannot speak is a sufficient reason to deny

consciousness to them, it would also be a sufficient reason

to deny it to babies at an age before they learn to speak.’’

[110]. Therefore, I would like to borrow this sentence and

say if the fact that animals cannot feel, understand, and

share the emotional state of others is a sufficient reason to

deny empathy to them, it would also be a sufficient reason

to deny it to babies at an age before they can do so. In a

paper entitled ‘‘Can we share a pain we never felt?’’

published in Neuron [111], the authors examined the neural

correlates of empathy in patients with congenital insensi-

tivity to pain (CIP). The results are surprisingly interesting

and showed that the empathic skills assessed by the

Balanced Emotional Empathy Score and the Interpersonal

Reactivity Index in patients with CIP were almost the same

as healthy controls in terms of empathic concern score,

perspective-taking score, fantasy score, and personal

distress score. There was no significant difference in

anxiety score (Zung) and depression score (QD2A)

between patients with CIP and healthy controls. Through
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testing the pain score for pictures of painful situations and

pain scores for facial expressions of pain, only pain scores

for pictures of painful situations were significantly lower in

patients with CIP than in healthy controls. Exposure to the

picture-based cues of another’s body in pain and of facial

expressions of pain resulted in a similar brain activity

pattern in the CIP patients and controls, although signif-

icantly lower activation of bilateral visual occipito-tempo-

ral cortex was seen in CIP patients relative to healthy

controls. This result suggests that the patient with CIP has

normal skills of both emotional empathy and cognitive

empathy and can feel, understand, and share the pain of

others with the same neural network in the brain. It also

highlights the roles of both instinct sentience and learned

ability in development of human empathy for pain or

distress through integrated perceptions at the cortical level

from visual, olfactory, and auditory rather than somatosen-

sory inputs, that may occur as well in animals. Thus, it

would be interesting and a great challenge to decode the

underlying neural circuits of empathy for pain or distress in

rodents using genetic, epigenetic, optogenetic, and even

magnetogenetic approaches.

Because empathy/sympathy for distress and altruistic

behaviors are largely dependent upon familiarity in both

humans and rodents, it is also very important to study the

neuroscience of familiarity and unfamiliarity that so far is

almost unknown. For human beings, because empathy can

be influenced by many factors from ‘world 3’ as defined by

Popper such as religion, culture, belief, education, eco-

nomic status, politics, and social formation, it is very

difficult to exclude the complex roles of various factors in

human studies of empathy using the current assessment

tools and models and even theoretical hypotheses. How-

ever, at the world 2’ stage, if consciousness is a common

brain function for both humans and animals to recognize

the self and the other, it would be practical to study

empathy in lower animals excluding the influencing factors

from Popper’s ‘world 3’. Thus, from the evolutionary point

of view, the discoveries of some forms of empathy in

rodents shed new light on studies of the underpinnings of

empathy in the future. The rodent models of empathy for

pain or distress introduced above are very useful tools for

the study of the biological evolutionary aspect of empathy

using the same bio-psychosocial-behavioral paradigm —an

umbrella for the study of empathy in both humans and

animals.

Mirror cells, discovered in the late 1990s, are a distinct

class of neurons that discharge both when individuals are

performing a goal-directed action and when they observe

another person performing a motor act with a similar goal

[59]. Thus, mirror neurons are believed to be neuronal

correlates involved in the mediation of empathy in both

humans and animals through mirroring and understanding

emotions of others [59]. Mirror neurons were first recorded

in monkey premotor cortex [112, 113] and later were also

found in humans [114]. Now it is generally known that

mirror neurons exist in many brain areas and work as a

basic underlying mechanism involved in the transformation

of sensory representations of others’ behavior into one’s

own motor or visceromotor representations concerning that

behavior [115–120]. For example, in both humans and

monkeys the anterior insular cortex is involved in empathy

for disgust. The human insula is composed of four distinct

functional areas: (1) sensorimotor; (2) olfactory-gustatory;

(3) socio-emotional; and (4) cognitive. Electrical stimula-

tion of the ventral part of the insula induces disgust in

monkeys who express typical disgust grimaces, followed

occasionally by retching and spitting, and sometimes

refusal to eat. Electrical stimulation of the insula before

surgical procedures for patients with epilepsy also induces

disgust and vomiting. fMRI studies have also shown

selective activation of the anterior insula in a human

subject who witnessed disgusted facial expressions. These

results strongly support a role of the anterior insula in

mediating both vicariously felt disgust and directly expe-

rienced disgust. During both forms of disgust, mirror

neurons in the anterior insula discharged concurrently,

strongly supporting the role of a mirror mechanism in the

mediation of empathy for disgust in both humans and

monkeys. So far, whether mirror neurons are involved in

empathy for pain in rodents has not been reported and we

suggest that the multi-electrode array recording technique

be used to map out the neuronal patterns in the mPFC and

anterior insula in awake rats or mice that are socially

interacting with a cagemate or non-cagemate in pain or

distress. Mirror mechanism may exist.

As noted above, oxytocin plays very important roles in

establishing social behaviors such as empathy, mother-

child bonding, social cognition/recognition, affiliation,

attachment, and sociability in humans [62–68]. Intranasal

administration of oxytocin enhances in-group empathy,

trust, cooperation, conformity, and defense against out-

group invaders [121]. It has also been proposed that

oxytocin plays important roles in the establishment of

human-animal relationships that are beneficial to the pet-

owner’s social attention, social behaviors, interpersonal

interactions, mood, and social buffering by decreasing

stress-related parameters such as cortisol, heart rate, blood

pressure, self-reported fear, anxiety, and depression [122].

More recently, it has been reported separately that oxytocin

is essential for maternal behaviors by balancing auditory

cortical processing [123], performing consolation behavior

[124], and attenuating fear responses by evoking axonal

oxytocin release in the central amygdala in rodents [125].

Alcohol (ethanol) has long been known to influence the

processes of emotion, social cognition, and somatic
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sensation through social drinking and experimental admin-

istration. It has been proposed that acute alcohol consump-

tion and intranasal oxytocin have a common effect on

emotion, social cognition, and behavior through acting on

limbic and prefrontal cortical structures in humans, result-

ing in an enhancement of empathy-based altruism such as

helping motivation, trust, generosity, and morality [126].

Microinjections of both ethanol (20 mmol/L or 90 mg/dL,

equivalent to a peak blood concentration of 1.0 g/kg,

defined as moderate consumption) and muscimol (5 mmol/

L), a c-aminobutyric acid A (GABAA) receptor agonist, in

a volume of 0.5 lL into the bilateral mPFC of rats resulted

in mechanical pain hypersensitivity and enhancement of

BV-induced pain-related behavioral responses but without

affecting thermal pain sensitivity [15]. This result is similar

to that of empathy for pain or distress in rats [11].

Moreover, the same treatment with bicuculline (20 lmol/

L), a GABAA receptor antagonist, in the bilateral mPFC

blocked the development of mechanical pain hypersensi-

tivity and enhancement of BV-induced pain-related behav-

ioral response produced by bilateral microinjections of

ethanol and muscimol, supporting a role of the GABAA

receptor in mediating both oxytocin and ethanol at the

mPFC in the development of empathy for pain or distress

in rodents [15].

Impairment of empathy development may be associated

with psychopathology and psychiatric disorders such as

autism, narcissism, alexithymia, personality disorders,

schizophrenia, and depression. It has been proposed that

empathy impairment disorders or syndromes are caused

by an imbalance between cognitive empathy (CE) and

emotional empathy (EE) and classified into four cate-

gories: (1) CE deficit disorder (e.g., autism spectrum

disorders, ASDs) that is an EE-dominant empathic

imbalance with low CE ability but high EE sensitivity;

(2) EE deficit disorder (e.g., psychopathy, conduct disor-

der, and antisocial personality disorder) that is a CE-

dominant empathic imbalance with low EE sensitivity but

high CE ability; (3) general empathy deficit disorder (e.g.,

schizophrenia) that is alternatively dominated by CE or

EE with low CE ability and low EE sensitivity; and (4)

general empathy surfeit disorder (e.g., empathic overde-

velopment) with high CE ability and high EE sensitivity

expressed as exceptionally good social skills but with

some mental deficits [127, 128]. Low levels of oxytocin in

the peripheral blood and polymorphisms in the oxytocin

receptor gene are associated with both antisocial behav-

iors (e.g., callous-unemotional traits such as a history of

aggression, over-aggression, and self-reported delinquency

in children and adolescents), ASDs, and other psychiatric

disorders [65, 66, 68, 129]. Intranasal administration of

oxytocin also increases the ability to ‘read the mind’ of

others as assessed by the ‘‘Reading the Mind in the Eyes’’

test [130, 131] and to be effective for the treatment of

ASDs by improving performance in the mind-reading task

[132]. ASDs are a family of neurodevelopmental disorders

characterized by (1) qualitative deficits in social interac-

tions (e.g., lack of social approach or play behavior); (2)

qualitative impairments in communication (e.g., no or

delayed language acquisition); and (3) restricted repetitive

and stereotyped patterns of behavior, interests, and

activities [133]. Because the critical criteria for both the

diagnosis and treatment of ASDs are associated with

cognitive and emotional empathy, the use of rodent

models of empathy is also important for understanding the

mechanisms of ASDs and other empathy impairment

disorders or syndromes [25, 134]. Because impairment of

empathy is the root of many psychiatric disorders, and

oxytocin is one of the major neuropeptides involved in

development of social ability and social communication

[135, 136], efforts made to target the neural circuitry

involving oxytocin and its receptors may be promising for

the development of novel therapeutic approaches to ASD

treatment if the underlying mechanisms of empathy is

unraveled [25, 137, 138].
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134. Wöhr M, Scattoni ML. Behavioural methods used in rodent

models of autism spectrum disorders: current standards and new

developments. Behav Brain Res 2013, 251: 5–17.

135. Lukas M, Neumann ID. Oxytocin and vasopressin in rodent

behaviors related to social dysfunctions in autism spectrum

disorders. Behav Brain Res 2013, 251: 85–94.

136. Caldwell HK, Aulino EA, Freeman AR, Miller TV, Witchey

SK. Oxytocin and behavior: Lessons from knockout mice. Dev

Neurobiol 2017, 77: 190–201.

137. Marlin BJ, Froemke RC. Oxytocin modulation of neural circuits

for social behavior. Dev Neurobiol 2017, 77: 169–189.
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