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Despite extensive research, both ECS and 
ESS are subject to considerable uncertainty 
(9). Improving the understanding of climate 
sensitivity and its evolution on long time 
scales—e.g., throughout the past 65 million 
years—is therefore an important challenge 
for the field of paleoclimate studies (10, 11). 
The evolution of atmospheric CO

2
 and tem-

perature throughout the past 20 million 
years suggests that the Miocene climate is 
less exceptional than previously thought. 
Global temperature, land and sea ice volume, 
and atmospheric CO

2
 seem to covary on long 

time scales in ways that are not too differ-
ent before and after the Miocene. Declining 
CO

2
 concentrations over the Cenozoic pe-

riod reached a first threshold at the end of 
the Eocene (34 Ma), crossing a tipping point 
that resulted in a large ice cap on Antarctica. 
Although this CO

2
 threshold remains subject 

to considerable (model-based) uncertainty, 
the previously reconstructed low Miocene 
CO

2
 amounts were at odds with the observa-

tion that the East Antarctic Ice Sheet largely 
disappeared during the MCO. 

Within the paleoclimate community, the 
mounting Miocene proxy data continue to 
drive the need for a coordinated effort to 
compare different Miocene models (12). The 
Miocene climate could also provide informa-
tion and understanding of nonlinear or tip-
ping point behavior of specific climate sub-
systems—such as polar ice caps, the global 
ocean circulation, or tropical rainforests—rel-
evant for future climate change (13). A better 
understanding of the Miocene climate will 
provide important insights for understand-
ing the future climate of Earth. j
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Sleeping off stress
S ocial defeat activates midbrain cells, promoting sleep 
and reducing anxiety in mice

By Marian Joëls1,2 and E. Ronald de Kloet3

 W
hen a mouse is placed in the cage 
of an aggressive conspecific (the 
“resident”), usually the intruder 
is quickly defeated. This experi-
ence of social defeat causes stress 
to the intruder. When social de-

feat takes place during the inactive phase 
of the day, most of the defeated animals 
subsequently fall asleep. On page 63 of this 
issue, Yu et al. (1) show that a small group 
of cells in the ventral tegmental area (VTA), 
projecting to the lateral hypothalamus, is 
activated by social defeat. This pathway is 
key to restorative sleep after social defeat, 
preventing a lasting state of anxiety. 

These VTA cells are g-aminobutyric acid 
(GABA) neurons, and not the classical dopa-
mine neurons that regulate reward process-
ing and reinforcement learning (2), social 
competence (3), motivation, and stress cop-
ing (4). Yu et al. find that after social defeat 
in mice, input from brain areas such as the 
paraventricular nucleus of the hypothala-
mus, the lateral preoptic area, and periaq-
ueductal gray activates 15 to 20% of all VTA 
GABAergic cells that express the vesicu-
lar GABA transporter (VTAVgat). These are 
particularly somatostatin-expressing cells 
(VTAVgat-Sst) and not parvalbumin-expressing 
cells. The VTAVgat-Sst cells show increased ac-

tivity up to several hours after social defeat 
and project to the lateral hypothalamus. 
Activation of this pathway is both necessary 
and sufficient to promote rapid eye move-
ment (REM) and non-REM sleep onset, as 
well as sleep duration, after social defeat. 
The authors found that sleep after social de-
feat normalizes raised plasma corticosterone 
concentrations and keeps anxiety at bay. 
Conversely, sleep deprivation (or any inter-
ference with VTAVgat-Sst cell-mediated activa-
tion of the lateral hypothalamus) sustains 
stress-induced elevation of corticosterone 
concentrations and anxiety-like behavior. 

Exactly how sleep is induced after social 
defeat remains unresolved, as is the nature 
of the cells to which the VTAVgat-Sst cells pro-
ject. It might seem straightforward that 
these VTA interneurons project onto 
GABAergic cells in the lateral hypothalamus, 
which are known to locally inhibit orexin-
producing cells (5). Orexin is a neuropep-
tide that, among other things, is important 
for arousal and wakefulness. By inhibiting 
orexin-producing cells, faster sleep onset, lon-
ger sleep duration, and reduction of anxiety 
would be predicted. However, attempts by Yu 
et al. to demonstrate a role of orexin blockade 
on, for example, anxiety were inconclusive.

The relationship between social defeat–
induced sleep, restoration of plasma corti-
costerone concentrations, and prevention of 
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Social defeat activates interconnected brain systems
Somatostatin (Sst)-expressing g-aminobutyric acid (GABA) neurons in the mouse ventral tegmental area 
(VTAVgat-Sst) that project to the lateral hypothalamus (LH) are necessary and sufficient to promote sleep 
and attenuate anxiety after social defeat. Social defeat also activates other pathways, connecting the VTA 
mesocorticolimbic dopaminergic (DA) system to, e.g., the amygdala, nucleus accumbens (ACC), prefrontal 
cortex (PFC), paraventricular nucleus (PVN), and hippocampus. These systems are often interconnected, 
processing various elements intrinsic to a social defeat experience.
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By Shan Jiang1,2 and Guosong Hong1,2

 A
s one of the most critical health 
problems, pain afflicts one in five 
adults in the world (1). Despite the 
efficacy of opioids in treating pain, 
opioid use disorder and overdose 
have motivated the development of 

nonopioid alternatives, such as other an-
algesics (2), electrical stimulation (3), and 
acupuncture (4) for pain management. 
Among these alternatives, analgesic nerve 
cooling offers an effective and reversible 
strategy to alleviate pain (5). On page 109 
of this issue, Reeder et al. (6) report a min-
iaturized and implantable cooling system 
that integrates state-of-the-art microfluidic 
and flexible electronic technologies in a 
biodegradable platform for localized tem-
perature control and precise pain relief.

Analgesic nerve cooling leverages the 
temperature dependence of chemical reac-
tion rates to effectively reduce the meta-
bolic, electrogenic, and ionic activity in the 
neural tissue at lower temperatures (7). A 
moderate temperature decrease in nerves to 
15°C has been reported to block the trans-
mission of compound nerve action poten-
tials, whereas a complete nerve conduction 
block can be achieved at 5°C (8). The risk 
of inducing nerve damage at an even lower 
temperature calls for precise control of local 
cooling. Conventional nerve-cooling meth-
ods rely on precooled liquids, such as meth-
anol, delivered through a metal or silicone 
loop or a thermoelectric device (9). These 
interfaces are constrained by their bulky 
and rigid structures, nonspecific cooling, 
and high-power requirement, thus limiting 
their chronic application in the peripheral 
nervous system.

An implantable cooling device with on-
demand local analgesia will be a game 
changer for long-term pain management. 
Reeder et al. capitalized on their expertise 
in advanced flexible microsystems (10) to 
create a microfluidic cooling device with 
real-time temperature feedback. Compared 

HEALTH TECHNOLOGY

Cooling the pain 
A miniaturized, flexible 
cooling device can be used 
for precise analgesia
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anxiety, as reported by Yu et al., is not equivo-
cal: Are these phenomena causally linked or 
do they occur in parallel? A causal relation-
ship is suggested by the observation that 
VTAVgat-Sst stimulation during artificial sleep 
deprivation after social defeat cannot restrain 
anxiety, nor (fully) normalize stress hormone 
concentrations in plasma. Yet, chemogenetic 
stimulation of VTAVgat-Sst cells (in the absence 
of social defeat) increases sleep but does not 
affect concentrations of the stress hormones 
corticotropin-releasing factor (CRF) and cor-
ticosterone. T his suggests that parallel path-
ways might regulate sleep and anxiety, which 
is also supported by recent studies showing 
the importance of a reciprocal loop between 
the VTA and parts of the amygdala in social 
defeat–induced anxiety (6, 7). The parallel 
pathways of VTA–lateral hypothalamus to 
regulate sleep and VTA-amygdala to regulate 
anxiety are reminiscent of the observation 
that glucocorticoid receptor deletion in pre-
frontal dopaminoceptive neurons decreases 
social avoidance but not anxiety and fear 
memories after mice were subjected to 10 
days of social defeat (8).

It could be hypothesized that sleep in-
duced by the hypothalamus and activation of 
the hypothalamic–pituitary–adrenal (HPA) 
axis (which eventually causes a rise in cir-
culating corticosterone concentration) may 
affect social aversion, and through a paral-
lel pathway involving limbic regions, reduce 
anxiety (9, 10). Thus, during sleep, events 
experienced while awake are replayed, bind-
ing elements of the experience in various 
parts of the brain and forming a memory 
of the situation (11). Such memory-enhanc-
ing effects of sleep are particularly strong 
for locations with an aversive connotation, 
as in the case of a social defeat experience. 
Eventually this results in the formation of 
gist-like memories. REM sleep is proposed 
to depotentiate amygdala reactivation 
(which is associated with anxiety), tuning 
down amygdala inputs to the hippocampus 
(12). This would allow contextual elements 
to be stored, freed from the anxious con-
text. Overall, interconnected parallel loops 
appear to be involved in the processing of 
various elements that are intrinsic to a so-
cial defeat experience (see the figure).   

Sleep and stress entertain a complex 
courtship. Intuitively, falling asleep after 
experiencing stress may not sound logical: 
Almost all mood and anxiety disorders are 
characterized by sleep abnormalities, which 

in turn exacerbate the susceptibility to new 
episodes and progression of such disorders 
(12, 13). However, there may be two impor-
tant differences between such pathological 
conditions and the one described by Yu et 
al. Single stressors may have different con-
sequences than the wear and tear caused 
by a chronic state of (unpredictable) stress. 
Furthermore, the induction of sleep may 
be specific for stressful situations such 
as social defeat that have little ambiguity, 
whereas stressors with a more uncertain 
outcome may affect sleep negatively. Even 
though social defeat is a negative live event, 
it is relatively straightforward: The defeated 
mouse knows exactly what the consequence 
is—i.e., a subordinate position. 

Not all individuals may respond to social 
defeat with a bout of sleep. Recent findings 
showed that social stress promotes sleep-
like inactivity in mice, with a large degree of 
variation among experimental animals (14). 
This variation is also noticeable in the experi-
ments by Yu et al.: About half of the animals 
showed a strong increase in REM sleep du-
ration, whereas the remaining mice slept 
the same amount as controls. This requires 
further investigation in larger groups of mice 
(15), which would also be helpful to probe the 
robustness of the current explorative study. 
The source of interindividual variation could 
arise from the animal’s sex (the social defeat 
model is optimized for male mice), and ge-
netic predisposition, and be modulated by 
life events, affecting the sleep pattern, per-
sonality, stress responsivity, ability to con-
textualize, and so on—or any combination 
of these. Knowing the essential steps in the 
brain may help steer future interventions 
in rodents and perhaps even humans after 
stressful experiences, be it through cognitive 
therapy or pharmacotherapy or maybe, one 
day, genetic interference.        j
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