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Abstract Over the past two decades, the question of how our brain makes us
sensitive to the state of conspecifics and how that affects our behaviour has under-
gone a profound change. Twenty years ago what would now be called social neu-
roscience was focused on the visual processing of facial expressions and body
movements in temporal lobe structures of primates (Puce and Perrett 2003). With the
discovery of mirror neurons, this changed rapidly towards the modern field of social
neuroscience, in which high-level vision is but one of many focuses of interest. In
this essay, we will argue that for the further progress of the field, the integration of
animal neuroscience and human neuroscience is paramount. We will do so, by
focusing on the field of embodied social cognition. We will first show how the
combination of animal and human neuroscience was critical in how the discovery of
mirror neurons placed the motor system on the map of social cognition. We will then
argue why an integrated cross-species approach will be pivotal to our understanding
of the neural basis of emotional empathy and its link to prosocial behaviour.
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1 The Importance of Animal Neuroscience for Our
Understanding of Action Observation

The discovery of mirror neurons in monkeys (di Pellegrino et al. 1992; Gallese et al.
1996; Keysers et al. 2003; Kohler et al. 2002) was a game-changer for how neu-
roscientists conceived of social perception (Keysers 2009). That neurons in the
motor system could contain highly reliable information about complex visual and
auditory stimuli such as the sight and sound of someone performing an action was
unorthodox. It forced the field to rethink how semantic meaning is associated with
visual and auditory input, by introducing the possibility of embodied cognition.

Embodied cognition is a term that has been used with slightly different mean-
ings, but here we will use it to refer to information that is not in an abstract format,
or in that of the input modality (e.g. visual in the case of visual stimuli), but that
involves representations that are specific to the body of the perceiver (Goldman and
de Vignemont 2009). Core examples are motor formats, i.e. commands that nor-
mally aim to move the body, and somatosensory formats, i.e. normally triggered by
afferent input from the somatosensory receptors.

What mirror neurons showed was that witnessing the actions of others triggered
in addition to the well-known high-level visual representations of regions in the
temporal lobe (Puce and Perrett 2003), also embodied information in premotor
cortices, that would permit the observer to replicate the observed action. The
observer mirrored the observed action in its own motor cortex, hence the name
‘mirror neuron’ (Keysers 2009).

The acceptance that social perception involved embodied cognition was a true
paradigm shift that only occurred because single cell recordings demonstrating that
the very same neurons are involved in performing an action and in perceiving it (via
vision or sound) were direct evidence that neural substrates involved in motor
planning are recruited during perception. Had the data permitted any alternative
explanation, it is unlikely that this paradigm shift would have occurred. That one
could classify what action the animal itself had done, or what action someone else
had performed, from the activity of the same neuron with >90 % accuracy was
important to determine just how reliable embodied information can be (Keysers
et al. 2003). These data were available from invasive single cell recordings in
monkeys. In addition, a key element of the animal literature on mirror neurons was
the description of what mirror neurons responded to exactly (Gallese et al. 1996;
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Keysers et al. 2003; Kohler et al. 2002; Umilta et al. 2001). By comparing the
execution and observation of numerous actions, and by exploiting the very high
signal to noise of single cell measurements, it became clear that individual neurons
sometimes have very sharp preferences for a particular action (e.g. tearing apart)
that is shared between action observation and execution in what is called strictly
congruent mirror neurons (Gallese et al. 1996). However, neurons with different
preferences (e.g. grasping) are often found in the exact same penetration, less than
100 μm away.

Human neuroscience was used rapidly to verify whether a similar system might
exist in humans. Initially, positron emission tomography confirmed that regions in
the frontal lobe associated with action execution were recruited during action
observation in humans too (Rizzolatti et al. 1996). Later, more refined fMRI studies
showed that the exact same voxels are involved in performing, hearing and seeing
actions (Gazzola et al. 2006; Gazzola and Keysers 2009) and that pattern classifiers
could discriminate which of two actions were performed across action execution
and perception (Etzel et al. 2008). We can vouch from our own experience that
sceptics consistently argue that finding that a voxel is involved in action observation
and execution is not strong evidence for the involvement of mirror neurons
(Gazzola and Keysers 2009). Some argue that a voxel contains so many neurons
that it can be activated in both cases without any of the neurons being involved in
both cases. Others argue that even if neurons are involved in both cases, it does not
show that they encode action-specific information: action observation and execu-
tion both require attention and executive resources that can be the source of the
common activation. An additional constraint of neuroimaging in this field is the
limited ability to unravel what neurons actually represent in these brain regions.
Neurons in the premotor cortex, as mentioned above, have exquisitely specific
response profiles, responding for instance to precision but not whole hand pre-
hension during both observation and execution (Gallese et al. 1996), which support
classification accuracies above 90 % (Keysers et al. 2003) between different hand
actions. However, neurons with different selectivity occur so close to one another
that averaging signals over the volume of a typical fMRI voxel would lead to very
unspecific signals. Indeed, pattern classification from fMRI BOLD signals drops to
levels typically below 60 % even when hand and mouth actions are compared
(Etzel et al. 2008), which is thus a gross underestimate of the selectivity of the
actual neurons. Such unspecific signals make it difficult to unravel what information
such processes could contribute to perception.

It is fair to say that social neuroscience would never have embraced embodied
cognition if neuroimaging evidence of overlapping voxels during action observa-
tion and execution would have been the only source of information. The animal
single cell data were absolutely instrumental in shaping our understanding of this
new component of social perception. Neuroimaging on the other hand has also been
important. The whole-brain field of view of typical fMRI studies is in stark contrast
to the very focal field of view of single cell recordings that is typically confined to a
very specific cortical area. While the original mirror neuron work was confined to
the ventral premotor cortex (Gallese et al. 1996), neuroimaging naturally expanded
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the search to the entire brain, with careful studies revealing that inferior parietal,
somatosensory, dorsal premotor, supplementary motor and cerebellar cortices all
consistently were activated both during the observation and execution of actions
(Caspers et al. 2010; Gazzola and Keysers 2009; Keysers and Gazzola 2009). This
has guided single cell recordings in animals and humans towards similar brain
regions, and there is now evidence from single cell recordings for the existence of
mirror neurons in most of these regions (Cisek and Kalaska 2004; Hihara et al.
2015; Rozzi et al. 2008; Mukamel et al. 2010).

In summary, the realization that the motor cortices are part of the network of
brain regions involved in action observation has significantly reshaped social
neuroscience by introducing embodied cognition into the mainstream.
A combination of invasive animal physiology and non-invasive human neu-
roimaging has been key to the success of this endeavour.

2 The Discovery of Vicarious Emotional Activations
and the Limits of Human Neuroscience

A decade after the discovery of mirror neurons in the motor domain, the time was
right to explore whether the same basic principle, namely using embodied neural
substrates involved in representing states of the self are also used to represent
similar states in others, would also apply outside of the motor system (Gallese et al.
2004). In 2003 and 2004, two independent groups showed that experiencing an
emotion such as disgust (Wicker et al. 2003) or pain (Singer et al. 2004) triggered
activity in the anterior insula (aIns) and in the rostral cingulate cortex (rCC) that
overlapped with the activity triggered while experiencing disgust and pain. Simply
seeing someone else being touched on a body part also triggered activity in the
secondary somatosensory cortex in a region overlapping with activity triggered by
the experience of a similar touch (Keysers et al. 2004). Somehow, we vicariously
activate our aIns, rCC and somatosensory cortices when we witness the emotions
and sensations of others (Keysers and Gazzola 2006). These neuroimaging findings
have since been replicated numerous times, with meta-analyses confirming how
reliably these regions are recruited during both the experience and perception of
emotional and tactile states (Keysers et al. 2010; Lamm et al. 2011).

Individual differences between people who report experiencing more or less
empathy have been leveraged to explore the functional significance of these acti-
vations (Jabbi et al. 2007; Singer et al. 2004). This correlational approach has been
expanded to explore individuals on the extreme of the empathic continuum. So for
instance, psychopathic criminals recruit these regions less when witnessing the pain
of others (Meffert et al. 2013). It has also been expanded to see whether people
more willing to help have stronger activations in these regions (Hein et al. 2010).
This has led many to propose that vicarious activations in these regions, the aIns
and rCC in particular, are what causes us to share the emotions of others (Engen and
Singer 2013). More or less implicit to this line of thinking is the notion that the
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same neural substrate within the voxels common to observing and experiencing
emotions and sensations is recruited in the two conditions. If it were different
neurons triggered by the observation and experience of an emotion, the notion that
we experience our own emotions in response to the emotions of others makes little
sense.

Since 2003, hundreds of studies have investigated vicarious activations in the
emotional domain using fMRI, and even just the initial 3 studies have attracted over
2500 citations. However, the core hypotheses of the initial studies, namely that
vicarious activations cause us to share the emotions of others and that the same
neurons are involved in the experience and observation of emotions, remain
untested. This is because these experiments are conducted in humans, in which it is
difficult to test either of them. The aIns and rCC are relatively deep structures. To
test whether they cause us to share the emotions of others, one would need to
modulate their activity and show that this would modulate our ability to share the
emotions of others. This is difficult to do, because state-of-the-art methods for
non-invasive brain manipulation in humans, including TMS or tDCS, are currently
unable to modulate brain activity so deep without having larger effects on the
cortices that are closer to the surface. Also, the assumption that the same neurons
are active during the observation and experience of emotions in these regions
cannot be systematically tested in humans. Although surgical procedures for the
treatment of epilepsy offer occasional opportunities to record from single neurons in
these regions in humans (Hutchison et al. 1999), they seldom offer the opportunity
to carefully characterize the response pattern of neurons over multiple hours of
testing, making it difficult to ascertain that neurons truly selectively represent a
particular emotional experience (e.g. pain) during the observation and experience of
an emotion. It is thus unlikely that human neuroscience will be able, any time soon,
to test the hypotheses that seminal neuroimaging studies have helped generate.

3 Behavioural Evidence for Affect Sharing in Rodents

We therefore argue that it is essential that the field now starts to supplement the
non-invasive human work with invasive animal neuroscience. Rodents seem a
natural model to undertake that work. In this section, we will review behavioural
evidence that rodents show affective responses to the distress of others. In the next
section, we will review evidence that the neural substrates for pain experience and
for affect sharing might be similar enough to humans to make them a powerful
model.

In 1959, Church showed that a rat shows signs of distress when witnessing
another receive shocks (Church 1959). In 1962, Rice and Gainer showed that a rat
would work to help free another rat from an uncomfortable situation (Rice and
Gainer 1962), and in 1969, Greene showed that most rats would forgo an easy
reward if that meant delivering a shock to another rat (Greene 1969). This initial
evidence that rodents find the pain of others aversive and show signs of a
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motivation to avoid pain to others been supplemented by a second, more recent,
series of studies. Langford et al. (2006) injected acetic acid into the abdomen of
mice to induce abdominal writhing. Writhing was increased in the mice if they
witnessed another suffering similar pain—as if they had shared the pain of the other.
Knapska et al. (2010) have shown that rats will start licking rats that had previously
been electroshocked, showing that they sense and care about the distress of other
rats. Finally, several teams, including us, showed that rats and mice can show
‘vicarious freezing’ (Atsak et al. 2011; Kim et al. 2010; Jeon et al. 2010; Wohr and
Schwarting 2008) in response to the distress of others. In our paradigm, two rats
were separated only by a perforated Plexiglas divider. One of the rats was exposed
to a series of moderate but startling electroshocks. The other, that either had or had
not experienced electroshocks in the past, was made to witness this event through
the divider. We found that shock-experienced, but not shock-naïve, rats freeze in
response to the other’s pain as if they had been shocked themselves, a phenomenon
we call ‘vicarious freezing’ (Carrillo et al. 2015; Atsak et al. 2011). Playing back
the sound of the interaction also caused freezing (only in shock-experienced lis-
teners), but playing back the 22 kHz ultrasonic vocalizations alone did not, sug-
gesting that the effect was not mediated by species-specific vocalizations alone but
at least partially by a recognition of the situation. The silence caused by the freezing
of the demonstrator appears to play an important role in this process (Pereira et al.
2012). Other teams have observed that the amount of 22 kHz vocalizations emitted
by the demonstrators can predict the degree of vicarious freezing in the observers
(Wohr and Schwarting 2008), a finding compatible with the fact that listening to
22 kHz vocalizations can trigger activity in limbic structures of the listener (Wohr
and Schwarting 2010). This suggests that multiple channels of auditory commu-
nication can be at play during social fear transmission. Kim and colleagues (Kim
et al. 2010) used a fear conditioning paradigm to trigger freezing in the demon-
strator rat during the social exchange and arrived at similar conclusions: experi-
enced but not naïve witnesses show vicarious freezing to the distress of a fellow rat.
Finally, Jeon et al. (2010) conducted an experiment similar to ours in mice and also
observed vicarious freezing in witness mice. However, they also varied how long
the demonstrator and witness mice had been housed together previously and found
that animals that had spent more time together before the experiment showed more
vicarious freezing—an effect reminiscent of the stronger vicarious emotional acti-
vations in humans to the pain of in-group members (Avenanti et al. 2010; Hein
et al. 2010; Martin et al. 2015; Xu et al. 2009).

Together, these independent rodent experiments converge to show two important
findings. First, rats and mice evidence (through vicarious freezing) signs of distress
to the distress of others, suggesting that they may provide a valuable animal model
for empathy. Second, vicarious freezing is modulated by social factors (familiarity
with the demonstrator) and is therefore potentially a valid model for similar factors
in humans. It should be noted that in humans, different forms of reactions to
another’s distress have been distinguished (Preston and de Waal 2002). Emotional
contagion occurs when the witness experiences an emotion similar to that of the
demonstrator. Empathy occurs if the witness is additionally aware of the fact that
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the vicarious emotional state is not his/her own, but a reflection of the demon-
strators’ state. Sympathy, finally, occurs when the witness no longer only experi-
ences vicarious pain in response to the pain of the demonstrator, but transforms this
into a motivation to help the other. It is generally assumed that emotional contagion
is a prerequisite for empathy, which is in turn a prerequisite for sympathy. How far
along this hierarchy of empathy rodents might be remains entirely unclear, but even
if vicarious freezing were only a reflection of emotional contagion, understanding
its neural basis would illuminate the neural basis of a constituent part of empathy
and sympathy (Panksepp and Panksepp 2013).

An additional feature of social fear transmission in rodents is that it shows
interesting individual variability associated with genetic background (Chen et al.
2009) and chemically induced disorders (Jung et al. 2013).

4 Anatomical Considerations Towards the Validity
of a Rodent Model

For rodents to enable us to attain a better understanding of the neural basis of affect
sharing, it is important to explore whether the neural basis of the behavioural signs
of affect sharing is homologous to that in humans. As in humans, affect sharing has
been linked to the vicarious activation of regions involved in emotional experi-
ences, and we will start by exploring whether the neural basis of emotional expe-
riences is similar across rodents and primates. We will do so in particular, for the
regions involved in the experience of pain. We will then review the limited evi-
dence for the role of these regions in affect sharing.

The central representation of pain in rodents is not identical to that in humans
(Tracey 2008), but similar enough to be considered a valuable model (Mogil 2009).
Like humans, their pain system is composed of a lateral and a medial pain system
(Gauriau and Bernard 2002). In the lateral pain system, nociceptive information is
sent via lateral nuclei of the thalamus (VPL, VPM, Po) to nociceptive neurons in SI
and SII. In the medial pain system, nociceptive information travels through para-
brachial and medial nuclei of the thalamus (MD in particular) to the rCC and the
rostral agranular insula (Gauriau and Bernard 2002; Iwata et al. 2011). Stimulation
of nociceptive fibres in the rats paw triggers activity in *30 % of neurons in the
rCC and SI, with stronger stimulation triggering more spikes per neuron and
activating more neurons in both structures (Zhang et al. 2011). fMRI and
deoxyglucose mapping in rats have confirmed that nociceptive stimulation con-
sistently triggers activation in SI, SII and rCC (Shih et al. 2008; Zhao et al. 2011;
Porro et al. 1999), much as it does in human (Lanz et al. 2011). While the rCC is
therefore very similar in rodents and humans, the similarity of the aIns is notable
but potentially less profound. First, as in humans, the insula of rodents receives
nociceptive information as revealed by anatomical (Gauriau and Bernard 2002),
electrical (Ito 1998; Rodgers et al. 2008), fMRI (Shih et al. 2008) (but see Zhao
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et al. 2011) and deoxyglucose mapping (Porro et al. 1999) data. However, it
receives that input via a thalamic nucleus (PoT) differs from that in primates
(VMpo). Second, the human insula has a primary pain representation in the
posterior insula and a higher-level representation in the anterior insula, with the
latter related to feelings (Craig 2009). This meta-representation may be lacking in
rats (Craig 2009). Overall, the organization of the pain matrix in mice is less studied
but generally considered similar to that in rats (Mogil 2009).

At present, relatively little is still known about which regions of the pain matrix
in rodents show vicarious activation that could trigger vicarious freezing. However,
there is increasing evidence that the rCC is involved—a region central to vicarious
emotional for pain in humans as we have seen above. Chemical deactivation of the
rCC reduces the social transmission of fear in mice (Jeon et al. 2010; Kim et al.
2012) and the electrical stimulation of this region increases social transmission of
fear (Kim et al. 2012). Both of these effects are stronger in the right hemisphere
(Kim et al. 2012). Also, oscillations in the theta band are increased in this region,
while observers witness the distress of another (Jeon et al. 2010; Kim et al. 2012).
Much as in humans, this finding does not show that the rCC contains single cells
involved in both the experience and observation of pain, but suggests that the
rodent rCC may be a good model of the human rCC in relation to empathy for pain.

In summary, rodents show behaviour compatible with vicarious emotions and
possess a central pain representation resembling that of humans in many ways, and
one of the regions involved in human vicarious emotions (rCCs) is vicariously
activated in rodents; its deactivation reduces and its activation increases vicarious
freezing.

5 Why We Should Use Rodents to Advance Our
Understanding of Empathy

Human neuroscience has powerful methods to map what brain regions are asso-
ciated with a particular task. This mapping enterprise has very successfully iden-
tified that the aIns and rCC are hot spots in the human brain when it comes to
sharing the affect of others. Whether this activity causes us to share the affect of
others, however, remains difficult to test. It also remains unclear what it is that
activity in these brain regions represents (and hence could make us share) about the
state of the self and of the other. Both regions are activated by a wide array of tasks,
ranging from the experience of negative and positive emotions to a variety of other
cognitive tasks (Yarkoni et al. 2011). This makes it impossible to determine with
any level of certainty, what neurons in these regions really encode about emotions
of the self and other. Do they represent individual emotions, such as disgust or pain,
and do they represent emotions in more dimensional fashion (e.g. its level of
arousal or valence). Or do they represent even more abstract properties such as
salience or uncertainty? It is difficult to imagine how this question can be rigorously
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addressed without systematically measuring the response of individual neurons
over a wide range of emotions and visual stimuli.

What makes rodents a particularly powerful model to shed more light on the
neural basis of empathy is the rapidly expanding pallet of techniques neuroscientists
have at their disposal to address the very questions that are most difficult to address
in humans. This involves both sophisticated ways to modulate and to measure brain
activity at the neural level. In terms of modulation, neuroscientists have tools at
their disposal that vary from relatively classic chemical deactivations using local
anaesthetics such as lidocaine or GABA agonists such as muscimol that powerfully
deactivate most neurons in a well-controlled volume (Martin 1991), to highly
sophisticated genetically encoded methods, most notably optogenetics, that permit
the silencing or stimulation of neurons in a time-resolved fashion (Bernstein and
Boyden 2011). These methods have already shown that chemically deactivating the
rCC in mice reduces and activating the rCC electrically increases signs of sharing
the distress of others (Jeon et al. 2010; Kim et al. 2012), offering what might be
argued to be the first powerful experimental demonstration of a link between
vicarious rCC activation and affect sharing. More selective modulations of activity
in specific cell types, in the aIns, and time-resolved modulations promise to provide
valuable insights into this system in the near future.

Methods to measure brain activity in rodents have also made tremendous pro-
gress. With the development of silicon-based probes (Buzsaki et al. 2015) that track
the activity of dozens of neurons at a time in freely moving animals over days, we
have the potential to characterize neurons, while rodents undergo a large pallet of
experiences, thereby providing us with the opportunity to characterize the code
through which neurons encode emotional states with unprecedented precision. With
the development of hybrid devices that combine silicon probe electrodes for
recording with miniature LED to stimulate neurons that have photosensitive ion
channels will make it possible to combine the identification of local neural codes
with the selective activation of these codes to study their impact on the affective
state of the animal and behaviour. The possibilities for brain activity recording have
been further expanded using genetically encoded calcium indicators (Scanziani and
Hausser 2009). This involves the expression of proteins that alter their fluorescence
when neurons are active [e.g. GCaMP6 (Chen et al. 2013)], which can then be
visualized using two-photon microscopy in vivo. Using such methods, scientists
can monitor the activity of hundreds of neurons at a time, while rodents undergo
behavioural paradigms. Most importantly, the method can be combined with the
staining of different cell types in different colours to enable experimenters to
identify which cell types are involved in particular tasks. For the case of mirror
neurons for actions, only about 10 % of neurons in the premotor cortex have the
ability to respond to the observation of the actions of others. To this day, we do not
know what makes these 10 % of mirror neurons any different from the 90 % that do
not have mirror properties. Methods available in rodents, such as calcium imaging,
would enable us to tackle such questions for the very first time and bring our level
of understanding of emotion sharing to an entirely new, cellular level.
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6 Summary

Over the past decades, social neuroscience has made great advances. With regard to
our understanding of how we perceive the actions of others, the discovery of mirror
neurons, and the combination of animal and human neuroscience, has been seminal
in revealing the presence of embodied cognition. Animal neuroscience contributed
the proof of the overlap at single cell levels of actions of the self and others and a
thorough understanding of what it is about actions that is represented in these
neurons. Human neuroimaging has contributed a system-level understanding of the
brain regions involved and has confirmed striking homologies between the macaque
and human brain with regard to action processing. With regard to the neural basis of
empathy, we are still in the beginning of our understanding. Human neuroscience
has so far not been seconded by systematic animal neuroscience experiments. We
have evidenced that regions involved in our own emotions are recruited while
witnessing the emotions of others, and correlational evidence suggests a link
between these vicarious activations and empathy. However, we still lack an
understanding of the properties of neurons in these regions and the causal link
between activity of these neurons and sharing the emotions of others. We argue that
rodents show signs of emotional contagion and afford a powerful pallet of methods
to measure and alter brain activity and that the neuroscience of empathy would now
be well advised to combine human experiments with rodent experiments to bring
our understanding of empathy to a cellular and causal level that will otherwise
remain evasive.
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