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ABSTRACT

John Cacioppo has compared loneliness to hunger or thirst in that it signals that one needs to act
and repair what is lacking. This paper reviews Cacioppo’s and others’ contributions to our under-
standing of neural mechanisms underlying social motivation in humans and in other social species.
We focus particularly on the dopaminergic reward system and try to integrate evidence from
animal models and human research. In rodents, objective social isolation leads to increased social
motivation, mediated by the brains’ mesolimbic dopamine system. In humans, social rejection can
lead to either increased or decreased social motivation, and is associated with activity in the insular
cortex; while chronic loneliness is typically associated with decreased social motivation but has
been associated with altered dopaminergic responses in the striatum. This mixed pattern of cross-
species similarities and differences may arise from the substantially different methods used to
study unmet social needs across species, and suggests the need for more direct and deliberate
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cross-species comparative research in this critically important domain.

Social interactions as motivated behavior

Social connections are proposed to be a fundamental
basic need of humans (Baumeister & Leary, 1995;
Cacioppo, Cacioppo, & Boomsma, 2014; Sheldon &
Gunz, 2009). According to this view, social interactions
in and of themselves are basic needs of individuals, not
just means to fulfill nonsocial needs. Indeed, there is some
empirical evidence supporting this hypothesis: Social
cues - such as, smiling faces of others or engaging in
social interactions, engage the brain reward system simi-
larly to monetary rewards or food rewards in humans
(Eskenazi, Rueschemeyer, de Lange, Knoblich, & Sebanz,
2015; Hayden, Parikh, Deaner, & Platt, 2007; Pfeiffer et al.,
2014; Rademacher et al., 2010; Spreckelmeyer et al., 2009;
Sumiya, Koike, Okazaki, Kitada, & Sadato, 2017) and in
non-human social animals (Dolen, Darvishzadeh,
Huang, & Malenka, 2013; Gunaydin et al, 2014; Hung
et al, 2017; Robinson, Heien, & Wightman, 2002).
However, while the empirical research on social reward
is quite extensive, investigations on the neural represen-
tation of unmet social needs are scarcer. Conceptually,
a state of need is defined as a condition for which action
on the part of the organism is required in order to reach
a state of optimal probability of survival (Hull, 1943).
Within the framework of Cacioppo’s evolutionary
model, feelings of loneliness serve the purpose to signal
a deficiency to the organism (i.e., that the current social

bonds are not sufficient to fulfill the need of belonging)
and to seek social contact. Thus, in this view loneliness
represents a signal that a need is unfulfilled, which
produces the drive to seek social contact, just as hunger
produces the drive to seek food. This is in contrast to
other views on loneliness, which conceptualize it simply
as an aversive condition without redeeming features.
However, if loneliness indeed represents a drive such
as hunger or thirst, it should be represented in the
brain in similar ways as other basic drives — the biological
implementation of which may be termed “social home-
ostasis” (Matthews & Tye, 2019).

While the neural circuits underlying hunger and thirst
are still growing areas of investigation (Betley, Cao,
Ritola, & Sternson, 2013; Livneh et al., 2017; Nieh et al,,
2015, 2016; Oka, Ye, & Zuker, 2015; Zimmerman, Leib, &
Knight, 2017), even less is known about the neural basis
of loneliness. In general, motivation in humans and ani-
mals is driven by either the pursuit of rewards, or the
avoidance of aversive states (Salamone & Correa, 2012).
In the brain, motivation - i.e., the sensation of “wanting”
something (Berridge, 2004; Berridge & Robinson, 2003) -
has been consistently linked with dopamine (DA) trans-
mission in the so-called “brain reward circuit” (Berridge,
2012; Schott et al.,, 2008; Wise, 2004). The core brain
areas of this reward circuit comprise the dopaminergic
midbrain (most midbrain DA neurons residing in
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substantia nigra (SN) pars compacta and ventral teg-
mental area (VTA), but DA neurons are also located in
dorsal raphe nuclei and periaqueductal gray (Duzel et al.,
2009, 2015)) and the striatum (Berridge, 2012; Berridge &
Robinson, 2003; Bromberg-Martin, Matsumoto, &
Hikosaka, 2010; Kimura, Yamada, & Matsumoto, 2003;
Matsumoto & Hikosaka, 2009; Matsumoto & Takada,
2013; Yamada, Matsumoto, & Kimura, 2004). This neural
activity in midbrain and striatum has been shown to be
associated with the sensation of “wanting” or “craving”
in humans (Berridge & Robinson, 2003; Everitt et al.,
2008; Kelley & Berridge, 2002) and fMRI studies on addic-
tion and food craving consistently report activation in
these regions in response to the target of craving (Malik,
McGlone, Bedrossian, & Dagher, 2008; Pursey et al., 2014;
Zhang et al,, 2016). However, the neural underpinnings
of the desire to engage in social interactions (i.e., “social
craving”) are far less clear. It is not clear whether social
drives and needs are coded in the same neural structures
as nonsocial drives and needs, suggesting that they
indeed act via similar mechanisms as other fundamental
human drives, or whether they rely on separate neural
structures (Matthews & Tye, 2019). Previous research
studying unmet social needs has focused on the effects
of social isolation in animal models and studied neural
correlates of loneliness and social exclusion in humans.
The following sections summarize the results from these
lines of research.

Evidence from animal models of social
deprivation

While it is not possible to assess whether or not an
animal subjectively feels lonely, animal models using
objective isolation (i.e., assigning social animals to iso-
lated living conditions) can give insight into the causal
effects of social deprivation on brain and behavior. The
evidence from social isolation research in animal models
supports two main conclusions: i) social interactions act
as primary rewards (Angermeir, 1960; Evans et al., 1994;
Hiura, Tan, & Hackenberg, 2018; Martin et al., 2018),
meaning that they are inherently pleasurable and moti-
vate behavior in the absence of any other reward and ii)
social isolation leads to broad and severe changes in the
behavior and brains of animals, even more so if isolation
occurs during development (Chen & Baram, 2016;
Novick et al., 2018; for reviews). These findings are intri-
guing and have been used as evidence to support claims
that social interactions are basic needs of social animals,
including humans, with devastating effects on behavior,
brain and health if unmet.

There appears to be a strong correspondence in key
elements of social behavior between humans and non-

human social animals. Just as in humans, cooperation
and positive social interactions are important for indivi-
duals to survive and prosper in many different species
(Sussman & Cloninger, 2011). For example, rodents are
innately social creatures and fare better in social rather
than isolated housing (Van Loo, de Groot, Van
Zutphen, & Baumans, 2001; Wills, Wesley, Moore, &
Sisemore, 1983). Rats choose to huddle together rather
than separate off into isolated individuals or pairs (Wills
et al., 1983). Rodents engage in prosocial helping beha-
vior toward cage mates in distress (Bartal, Decety, &
Mason, 2011; Bartal, Rodgers, Sarria, Decety, & Mason,
2014; Ben-Ami Bartal & Mason, 2018; Sato, Tan, Tate, &
Okada, 2015) which may even reflect empathic motiva-
tion (but see Silberberg et al, 2014). Rodents also
engage in cooperative behavior (Dolivo, Taborsky, &
Herberstein, 2015, Gromov, 2014; Schweinfurth &
Taborsky, 2016; Wood, Kim, & Li, 2016). Thus, rodents
appear to be a good animal model for studying the
effects of social deprivation on brain and behavior.
Many studies have investigated the effects of social iso-
lation on the developing brain in rodents, using either
pre-weaning isolation (conceptualized as an animal
model of early life neglect) or post-weaning isolation
(conceptualized as an animal model of adolescent adver-
sity) (Novick et al., 2018). By contrast, here we focus on
the effects of social isolation in adult animals that were
group reared and thus developed in an adequate social
environment, because these effects most likely resemble
the effects of loneliness and social exclusion in humans
(as opposed to childhood neglect or adolescent adver-
sity). In addition, we focus our review on studies inves-
tigating the effects of social isolation on behavioral and
neural measures of motivated behavior (as opposed to
health-related outcome measures, which are summar-
ized elsewhere (Cacioppo, Capitanio, & Cacioppo, 2014)).

In rodents, even a brief period of isolation increases
motivation to seek out and engage with conspecifics
(Niesink & Van Ree, 1982; Panksepp & Beatty, 1980) and
long-term chronic isolation results in depressive and
anxious behaviors (Filipovic, Todorovic, Bernardi, &
Gass, 2017) and can also lead to increased aggressive-
ness in males (Karpova, Mikheev, Marysheva, Bychkov, &
Proshin, 2016; Matsumoto, Pinna, Puia, Guidotti, & Costa,
2005; Mumtaz, Khan, Zubair, & Dehpour, 2018; Popova &
Petkov, 1990). Animals deprived of social contact will
work for contact with conspecifics without any addi-
tional rewards and without previous conditioning of
the social stimulus (Angermeir, 1960; Evans et al., 1994;
Hiura et al., 2018; Martin et al., 2018). For example, in an
early experiment isolated rats were trained to press a bar
in order to receive partial or full contact with another rat
(Angermeir, 1960). The animals’ press responses



increased with when the bar delivered more contact.
Importantly, the physical contact itself was the reinforcer
without any additional reward. Other social species
respond in similar ways when deprived of social contact.
For example, isolated European starlings will work to see
a picture of a conspecific even in the absence of any
other reward (Perret et al., 2015).

Social isolation experiments have also been con-
ducted in nonhuman primates, for example in the semi-
nal studies by John Harlow and Steve Suomi (Harlow,
Dodsworth, & Harlow, 1965; Harlow & Suomi, 1971).
However, these studies focus on the effects of isolation
during development, sometimes isolating animals from
birth on (with devastating effects on the animal;
although see Harlow & Suomi, 1971 for evidence on
social recovery following isolation rearing). As in the
rodent model, these effects most likely resemble the
severe effects of childhood neglect in humans. Studies
implementing short-term isolation of adult non-human
primates are scarce and the ones that exist focus on
isolation-induced cognitive impairment rather than
motivated behavior (Washburn & Rumbaugh, 1991).

Naturally occurring social deprivation has also been
studied in non-human primates (Brent, Ruiz-Lambides, &
Platt, 2017; Capitanio, Cacioppo, & Cole, 2019; Capitanio,
Hawkley, Cole, & Cacioppo, 2014; Cole et al,, 2015). Here,
researchers tried to make direct connections between
research in human and nonhuman primates. They
described a naturally occurring model of loneliness in
adult male rhesus monkeys, defined by a animals display-
ing seeking social connections (high frequencies of social
initiations) but failing to achieve them (low frequencies of
complex interaction; Capitanio et al, 2019, 2014). This
research has shown that loneliness in monkeys is asso-
ciated with up-regulated inflammatory gene expression
and down-regulated antiviral response which corresponds
to findings in lonely humans (Cole et al., 2015). Individual
animals that showed these behavioral markers of loneliness
also showed increased social approach, consistent with the
observation of increased social preference following isola-
tion in rodents (Capitanio et al., 2014). Because loneliness is
operationalized as increased frequency of social initiations
(in combination with low frequencies of complex social
interactions), the finding that animals which show high
frequency of social initiation also show increased social
approach behavior in a behavioral testing situation is
somewhat circular. However, the authors differentiate
between social approach toward safe social targets (juve-
niles and females) vs risky social targets (adult males) and
find that lonely animals are most likely to approach safe
targets. This is a very interesting finding, however, it also
opens the possibility that there might be an underlying
social deficiency in these animals which might better
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explain their behavior rather than loneliness (for example
social anxiety).

Animal research on social isolation has also given
valuable insights on the neural mechanisms underlying
social motivation. On a neural level, there is biological
evidence that social motivation can be driven by both
positive and negative valence, as distinct dopaminergic
subsystems drive the aversive motivation to avoid social
isolation and the motivation to seek social reward: After
24 hours of acute social isolation, midbrain DA neurons
of the dorsal raphe nucleus (DRN) in adult mice are
sufficient to drive reengagement in social interaction
(Matthews et al.,, 2016). Optogenetic activation of DRN
DA neurons increased sociability and deactivation
reduced sociability after isolation, especially in socially
dominant mice (Matthews et al., 2016). Importantly, this
neural mechanism of “social craving” differs from the
neural mechanisms involved in social reward processing.
In social reward processing, stimulation of opioid recep-
tors in the nucleus accumbens (NAc) represents the
neural substrate of social reward experience (Trezza,
Baarendse, & Vanderschuren, 2010; Trezza, Damsteegt,
Achterberg, & Vanderschuren, 2011) requiring also coor-
dinated activity of NAc oxytocin and serotonin (Délen
et al., 2013).

In parallel, DA neurons in the VTA seem to play
a causal role in social reward: optogenetic activation in
these neurons increases social interaction (Gunaydin
et al., 2014) and supports positive reinforcement (Tsai
et al,, 2009; Witten et al,, 2011). It is noteworthy that DA
neurons in the VTA project most densely to the NAc,
whereas DA neurons in the DRN have distinct projec-
tions to the extended amygdala, including regions such
as the bed nucleus of the stria terminalis (BNST) and
central amygdala (CeA) (Matthews et al., 2016; Tye
et al., 2011), which are regions commonly linked to
anxiety and fear (Davis, 1992; Fadok, Markovic, Tovote,
& Luthi, 2018; Kim et al., 2013; Tye et al., 2011).

Thus, analogous to feeding behavior where distinct
neural circuits are underlying the rewarding value of
food (Nieh et al., 2015) and the need to obtain food to
alleviate the negative state of hunger (Chen, Lin, Kuo, &
Knight, 2015; Sternson, Nicholas Betley, & Cao, 2013),
social behavior seems to be driven by distinct neural
circuits when processing social reward and when driven
to alleviate the negative state of social isolation. In sum,
animal models provide evidence that social interactions
represent a primary reward and basic need of social
animals, and that distinct neural mechanisms are impli-
cated in motivation to fulfill an unmet need versus the
reward when the need is met.

However, animal research has also shown that social
isolation does not only lead to increased social affiliation
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motivation but also impacts other motivated behaviors,
such as drug and food seeking. For example, social iso-
lation increases voluntary ethanol intake (Hall, 1998;
Lallai, Manca, & Dazzi, 2016; Wolffgramm & Heyne,
1991) as well as morphine consumption (Alexander,
Coambs, & Hadaway, 1978; Raz & Berger, 2010).
Intriguingly, as little as 60-min of daily social-physical
interaction with another rat was sufficient to completely
abolish the increase in morphine consumption in socially
deprived animals (Raz & Berger, 2010). Furthermore,
social isolation leads to increased food intake as well as
increased visceral adipose tissue mass in mice and rats
(Schipper, Harvey, van der Beek, & van Dijk, 2018). Thus,
while increasing the drive to socialize with others, social
deprivation seems to also increase drives for other
rewards such as food and drugs. Conversely, operant
access to social interaction was shown to prevent drug
self-administration of rats (Venniro et al., 2018).

In line with the behavioral results, studies investigat-
ing neural effects of isolation also show broader effects
of social isolation on the brains’ motivation centres:
post-weaning (i.e., “adolescent”) social isolation has
profound effects on DA systems (Hall, 1998; Novick
et al., 2018), " VWS The |iterature on the effects of
adult social isolation on DA systems is less extensive,
yet, several studies also found that adult social isolation
leads to broad effects on DA systems. Isolation leads to
increased extracellular concentration of DA in the PFC
(Garrido et al., 2013) and enhanced DA synthesis and
turnover as revealed by higher dihydroxyphenylacetic
acid (DOPACQ) levels in the frontal cortex in response to
acute stress (Blanc et al., 1980). Isolation also increased
general DA synthesis without any additional stressor, as
indicated by increased DOPAC and homovanillic acid
(HVA) metabolites, but without modification of DA
levels (Gambardella, Greco, Sticchi, Bellotti, & Renzo,
1994). In addition, midbrain and striatal tyrosine hydro-
xylase - the rate-limiting step of the DA synthesis
(Daubner, Le, & Wang, 2011) - was found to be ele-
vated in isolated rats (Segal, Knapp, Kuczenski, &
Mandell, 1973). Ethanol treatment reduced striatal D2
receptor density of group animals while no alteration of
D2 receptor density was observed in isolated animals
(Rilke, May, Oehler, & wolffgramm, 1995). However, the
effects are not consistent, as other studies also found
opposite effects of isolation on DA: social isolation was
associated with a blunted DA release in response to
chronic alcohol intake compared to group housed mice
(Lallai et al., 2016). Broad, but also inconsistent, effects
of social isolation on the DA system were also found in
other species: Isolation housing of ewes increased over-
all plasma DA levels (Guesdon et al., 2015). In Zebrafish,
acute and chronic isolation was shown to decrease

tonic DA levels (Shams, Chatterjee, & Gerlai, 2015;
Shams, Seguin, Facciol, Chatterjee, & Gerlai, 2017).

In sum, these results can be seen as evidence that
social isolation has far-reaching effects on behavior and
the brain. However, several critical questions remain:
First, how should we interpret the findings of isolation-
induced increases in food and drug seeking? Are these
compensatory behaviors to balance out the lack of social
contact? Or are these observed behaviors indicators of
more unspecific effects of isolation? And how does that
correspond to findings of broad and unspecific isolation-
induced changes in DA levels? Importantly, the main
underlying challenge that we try to address here is
how to connect the results of objective social isolation
in animal models to humans’ experience when social
needs are not met.

Direct measures of neural and behavioral responses
in humans can help shed light on this question by
identifying potential similarities across species. In
humans, research on social deprivation has focused on
social rejection and loneliness. The following section
summarizes evidence from this literature.

Unmet social needs in humans

One line of research has investigated humans’ beha-
vioral and neural responses to social rejection. In healthy
human adults, social rejection (i.e., being explicitly and
deliberately rejected by one or more interaction partner/
s) can cause negative emotions (Eisenberger, Lieberman,
& Williams, 2003) and can lead to increased efforts to
affiliate with others (Dewall, Maner, & Rouby, 2009;
Dewall & Richman, 2011; Maner, DeWall, Baumeister, &
Schaller, 2007), but can also lead to withdrawal and
antisocial behavior (Dewall & Richman, 2011; Gerber &
Wheeler, 2009). The experience of social rejection acti-
vates brain areas associated with processing of aversive
states like physical pain, such as bilateral anterior insula
and anterior cingulate cortex (ACC) (Cacioppo et al,
2013; Eisenberger, 2012; for reviews). Furthermore,
a positron emission tomography (PET) study found that
social rejection increases opioid release in ventral stria-
tum, amygdala, midline thalamus and periaqueductal
grey (PAG) suggesting that endogenous opioids have
a role in reducing the experience of social pain (Hsu
et al,, 2013).

Interestingly, dopamine neurons in the DRN/PAG
which were found to drive increased social preference
and motivation to seek social contact in rodents
(Matthews et al., 2016), were also shown to be associated
with physical pain processing (Li et al., 2016). Thus, while
social rejection in humans appears to be represented in
different brain areas than social isolation in animal



models, both might represent a neural correlate of an
aversive emotional state.

However, it might be that social rejection is concep-
tually not the same state as social isolation. Being delib-
erately rejected by another person is an aversive act that
causes strong aversive emotional responses (Eisenberger,
2012). Isolation, on the other hand, does not include any
aversive acts by others, but is characterized by a lack of
social interactions. Thus, it is likely that social rejection
and social isolation affect social behavior via different
mechanisms.

A second line of research - initiated and advanced by
John Cacioppo (Cacioppo & Cacioppo, 2018) - has stu-
died the outcomes of perceived loneliness. Feelings of
loneliness are conceptualized as serving the purpose to
signal a deficiency to the organism and to seek social
contact (Cacioppo et al,, 2014; Qualter et al., 2015). Yet,
the results in humans are not straightforwardly analo-
gous to effects of social isolation in rodents. Unlike iso-
lated rodents, loneliness seems to be associated with
lower social approach motivation: Loneliness is asso-
ciated with higher self-centeredness (Cacioppo,
Chen, & Cacioppo, 2017), preference for larger interper-
sonal space (Layden, Cacioppo, & Cacioppo, 2018),
increased motivation to avoid bad social outcomes and
decreased motivation to approach good social out-
comes (Gable, 2006). Lonely individuals pay more atten-
tion to negative social stimuli than nonlonely individuals
(Cacioppo & Hawkley, 2009; for review). In addition,
lonely individuals tend to interpret the behavior of
others in a more negative light than nonlonely indivi-
duals (Cacioppo & Hawkley, 2005). Furthermore, lone-
liness was shown to be associated with lower prosocial
behavior (Carlson, Charlin, & Miller, 1988; Salovey, Mayer,
& Rosenhan, 1991; Williamson & Clark, 1989), although
public display of decisions reversed this relationship
(Huang, Liu, & Liu, 2016). Indeed, the latest version of
John Cacioppo’s evolutionary model on loneliness states
that the motivation to reengage in social contact can be
hampered by various types of fears and cognitive biases
that lead to self-centeredness and social avoidance
(Cacioppo & Cacioppo, 2018).

There is some evidence linking human loneliness to
altered function in dopaminergic reward regions. For
example, a seminal paper from John Cacioppo
(Cacioppo, Norris, Decety, Monteleone, & Nusbaum,
2009) has shown that lonely individuals show decreased
activation of the ventral striatum in response to viewing
pleasant social pictures compared to non-lonely indivi-
duals. In addition, lonely individuals showed increased
visual cortex activation to unpleasant social pictures.
This was interpreted as evidence that lonely individuals
are less rewarded by social stimuli while paying more
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attention to distress of others. However, a recent study
failed to replicate these results (D’Agostino, Kattan, &
Canli, 2019) in a larger sample. Another study found
that lonely people show increased activation in the ven-
tral striatum when viewing pictures of close others com-
pared to non-lonely people (Inagaki et al., 2016).

However, an important caveat of research on lone-
liness is that it mostly employs a correlational approach:
studying individuals who are chronically lonely. Thus, it
is unclear whether the identified effects are conse-
quences, causes, or risk factors for loneliness. For exam-
ple, it might be that people who have lower social
approach motivation are more likely to become lonely.
Unfortunately, experimental approaches to induced
acute isolation are practically non-existent in human
participants, making direct comparisons between lone-
liness research in humans and social isolation research in
rodents difficult.

Integration and translation - animal and human
research

In summary, the majority of current knowledge on social
drives and their neural representation comes from ani-
mal models, mostly rodent models. In rodents, social
isolation increases social approach motivation mediated
by dopaminergic activity, but also increases drug and
food seeking behavior and leads to broader changes in
the DA system. Evidence from human research on
related constructs such as social rejection and chronic
loneliness partially aligns with the evidence from animal
models: social rejection can lead to increased social
approach motivation (but it can also lead to withdrawal
and aggression), and chronic loneliness may be asso-
ciated with increased activity in the dopaminergic
reward system in response to viewing pictures of close
ones. However, the human results also divert from ani-
mal models in important ways. Chronic loneliness is not
associated with increased social approach but rather
with withdrawal and antisocial behavior. This might cor-
respond to findings of long-term chronic isolation in
rodents showing that some animals respond with
increased aggressive behavior to this treatment
(Karpova et al,, 2016; Matsumoto et al., 2005; Mumtaz
et al.,, 2018; Popova & Petkov, 1990). Thus, it might be
that chronic and acute isolation have diverging effects
on social approach behavior. However, no study so far
investigated the effects of acute isolation on social
approach behavior in humans and it remains unclear if
the discrepancies in human and animal literature are
based on differences in the duration of deprivation, the
method of inducing the deprivation, or genuine inter-
species differences.
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The neural correlates of social rejection in humans are
typically found in the ACC, but not in midbrain pain or
reward related areas. However, the finding that animal
social craving is represented in a brain area that has also
been associated with pain processing suggests that
there might be a convergence of the findings. Yet, it is
difficult to directly integrate the evidence from these
lines of research. A critical conceptual challenge is that
the states studied in humans (i.e., chronic loneliness and
rejection) are not the same as the states studied in
animals (social isolation). Empirically, it is hard to test
whether social isolation is a similar experience for
rodents versus humans. In animals, especially in
a laboratory environment, much of the sensory input
comes from conspecifics. As a result, social isolation in
animals is highly confounded with sensory deprivation
(Hall, 1998; Krohn, Sgrensen, Ottesen, & Hansen, 2006).
On the other hand, sensory stimulation and meaningful
social interaction can be largely independent in human
adults, especially in the modern environment. Thus,
being objectively alone does not necessarily induce feel-
ings of loneliness in humans, and being objectively in
a crowd does not necessarily induce feeling of connec-
tion. Indeed, John Cacioppo has consistently empha-
sized that while objective social isolation can lead to
feelings of loneliness, it is the perceived isolation rather
than objective isolation that is critical to well-being in
humans. Even more, research has shown that spending
a (limited) time in solitude is in fact something that most
humans pursue without being negatively impacted - on
the contrary, it seems to be important for one’s well-
being (Hagemeyer, Neyer, Neberich, & Asendorpf, 2013).

A second challenge for direct translation of rodent
research is that the anatomy of the reward circuit is
somewhat different across species. While the general
mode of action of the reward circuit has been shown
to strongly correspond between species (Berridge &
Kringelbach, 2008), the dopaminergic midbrain also
shows important anatomical differences between pri-
mates and rodents (Duzel et al., 2009, 2015). For exam-
ple, the functional-anatomical parcellation of the
dopaminergic complex in rodents does not directly cor-
respond to anatomy and function in primates.
Comparisons between species show that it is the dorsal
part of the primate substantia nigra (SN) that is most
representative of the rat ventral tegmental area (VTA) -
the region that has received most of the attention in
studies on motivation and reward. Importantly, in
humans and non-human primates, ~75% of DA neurons
are in the substantia nigra pars compacta (SN¢) and only
15% in the VTA (Francois, Yelnik, Tande, Agid, & Hirsch,
1999; Hirsch et al., 1992). Because of these differences,
the specific isolation-induced changes in rodent

dopaminergic circuits might not directly map on to
mechanisms in the same anatomical regions in humans.

While studies in rodents can give insights into the
neural mechanisms of social motivation with relevant
implications for the processes in the human brain,
there are crucial limitations to the direct translation of
findings from rodents to humans. These limitations will
affect the development of treatments and drugs for
disorders affecting social motivation, such as autism
spectrum disorder (ASD) (Chevallier, Kohls, Troiani,
Brodkin, & Schultz, 2012; Kohls, Chevallier, Troiani, &
Schultz, 2012), social anxiety disorder (Hofmann, 2007),
or depression (Radke, Giiths, André, Miiller, & de Bruijn,
2014): For example, genetically modified rodent models
are frequently used for preclinical drug development to
combat the social deficits in ASD (Bales et al., 2014;
Chadman, 2011; Foley et al, 2012; Silverman et al,
2015, 2012; Silverman, Tolu, Barkan, & Crawley, 2010)
for which social motivation has been postulated to be
a core deficit (Chevallier et al., 2012; Kohls et al., 2012).
Yet, a prevailing problem in autism research is that while
animal models continue to detect potentially promising
mechanisms to combat social deficits in ASD, there is
a recurrent failure to translate this research to the clinic
(Muotri, 2016). This problem, however, is not restricted
to ASD research. Similar translational problems have
been reported in addiction research: evidence from ani-
mal models has had little impact on clinical treatment so
far (Heilig, Epstein, Nader, & Shaham, 2016). Even more,
this was specifically attributed to the missing considera-
tion of social factors in addiction research (Heilig et al.,
2016). Furthermore, a review of highly cited animal
research has shown that only about one third of the
reported animal preclinical studies were translated at
the level of human randomized trials (Hackam &
Redelmeier, 2006). Thus, successful bridges between
animal and human research could have significan real
life benefits.

Future directions

In sum, research on unmet social needs has investigated
states of objective social isolation in rodents and rejec-
tion and loneliness in humans. Both lines of research
suggest that social contact is a primary reward and
basic need in social species, that social isolation can
have broad nonspecific effects of health and motivated
behavior, and that dopaminergic systems are implicated
in the motivation to seek social contact following depri-
vation. However, clear and specific homologies between
the neural mechanisms of social motivation across spe-
cies are lacking.



To address this gap, future research should directly
investigate the neural correlates of social motivation
following acute short-term isolation of adult primates.
One promising approach would be to study social non-
human primates like marmosets, an increasingly popular
animal model of social cognition. Thus, comparative
studies using short-term social isolation in adult nonhu-
man primates with more complex social organizations
might be especially informative. Indeed, John Cacioppo
has consistently advocated for more direct and deliber-
ate cross-species comparative research on loneliness
(Cacioppo et al.,, 2015). Another complementary possibi-
lity is to study the effects of experimentally induced
acute isolation directly in humans, using noninvasive
neuroimaging. Hemodynamic responses in midbrain
and striatum can be used to make inferences about
engagement of the DA system (Duzel et al, 2015;
Knutson & Gibbs, 2007). More direct measures of DA
transmission in humans are also possible. While research
has investigated dopaminergic transmission during pro-
cesses of reward experience and craving in food and
drug motivation using positron emission tomography
(PET) (Small, 2001; Volkow et al., 2006), dopaminergic
transmission underlying social craving has not been
studied so far. Yet, previous research has shown that
striatal DA function measured by PET is associated with
self-reported trait social attachment (Caravaggio et al,,
2017; Farde, Gustavsson, & Jonsson, 1997). Thus, PET
might also represent a sensitive measure of state-
dependent DA changes underlying social approach
motivation. Animal models of social isolation would be
powerfully enhanced if a homologous effect of social
isolation in the human brain can be identified.
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