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Neural adaptation to climate change:
mechanisms, limits and opportunities

Jan Siemens & Patrick Haggard

R Check for updates

Rising environmental temperatures challenge
nervous systems. We examine how neural
systems enable acclimation to prolonged heat
exposure, the limits of such adaptation, and the
behavioural and social strategies that shape
heatresilience. Understanding the neural
mechanisms of adaptation to heat may inform
strategies to cope with awarming world.

Temperature shapes nervous-system function by influencing the molec-
ular and biophysical processes that underlie neuronal signalling and
networkactivity. Even small temperature shifts modify action-potential
waveforms, neurotransmitter release probability and neuronal excit-
ability. Mammals counter these intrinsic thermal sensitivities through
a hierarchical thermoregulatory system in which peripheral thermo-
receptors, spinal pathways and hypothalamic networks regulate and
stabilize core temperature’. At the same time, neural circuits display
robust output across wide temperature ranges through coordinated
adjustments in ion-channel conductances’.

These mechanisms enable stable function to emerge frominher-
ently temperature-sensitive components. However, this robustness is
not unlimited: when temperature changes become too steep, too pro-
longed or exceed compensatory bounds, circuit dynamics destabilize.
As climate change pushes global temperatures upwards, organisms
will increasingly depend on additional autonomic, metabolic and
behavioural adjustments. Understanding the neural mechanisms that
drive these adaptations, their plasticity and their limits may provide
insights into strategies to bolster climate resilience.

Neural mechanisms of heat acclimation

Although short-term circuit compensation preserves neural func-
tion through homeostatic buffering of acute thermal perturbations,
long-term heat exposure requires rheostatic reconfiguration of auto-
nomic and behavioural control systems. This process, known as heat
acclimation, entails acoordinated, reversible resetting of physiologi-
cal and behavioural operating points that increases heat tolerance.
Heat-acclimation-associated adaptive changes observed in humans
and model organismsincludereductionsin heartrate, decreased food
intake (accompanied by loss of body mass), reduced energy expendi-
ture and suppression of thermogenic processes such as brown adipose
tissue activity>*. Together, these changes reduce endogenous heat
production and facilitate heat dissipation, and thereby stabilize core
body temperature (T,,,.). In parallel, sustained heat exposure reshapes
behaviour: for example, rodents reduce ambulatory activity, modify
nest-building strategies, adopt heat-dissipating postures and limit
social interactions to lower the thermal burden®. These autonomic

and behavioural adjustments allow organisms to maintain stable
physiological performance in hot environments.

The neuronal mechanisms that orchestrate heat acclimation
have only recently begun to emerge, with the hypothalamic ther-
moregulatory centre — whichincludes the preoptic area (POA) — being
implicated in mediating autonomic adaptations to prolonged heat
exposure. Hypothalamic heat shock responses, epigenetic changes
and changes in neuronal excitability have been implicated in heat
acclimation’. Recent studies describe durable changes in the activity
and responsiveness of defined POA neuronal populations that paral-
lel, and probably drive, organ-level adaptations that enhance heat
tolerance®’.

Although extreme heat exacerbates multiple pathological condi-
tions (including neurological disorders), controlled heat acclimation
hasbeen proposed to beneficially modify cardiovascular function®. An
unresolved questionis therefore whether the neural circuits thatdrive
heatacclimation canbe selectively engaged or modulated to promote
beneficial adaptations, while minimizing maladaptive outcomes. To
answer this question, we will require a better understanding of these
circuitsand of the slowly evolving neuronal plasticity mechanisms that
appear to drive autonomic (and possibly behavioural) adaptations to
prolonged heat exposure.

Neural regulation of heat exposure

Ultimately, the autonomic and peripheral adaptationsinvolved in heat
acclimation probably have hard physiological limits. Indeed, when heat
exposure becomestoo intense, too prolonged or too rapidly escalating,
these compensatory mechanisms canbecome overwhelmed. The great-
estremaining adaptive potential may thereforeliein the higher-order
behavioural and cognitive strategies that shape human heat exposure,
including thermomobility and thermal agency (Fig.1). Understanding
the neural adaptations that mediate these strategiesis therefore impor-
tant for developing approaches to mitigate the consequences of heat
inawarming world.

The concept of thermal comfort (feeling neither too warm nor
too cold) hasbeen widely used in human studies to capture the subjec-
tive effects of environmental temperature, and is a key driver of the
behaviours that humans deploy to control heat exposure. Gaining an
improved neuromechanisticunderstanding of the experience of ther-
mal comfortis therefore animportant focusfor climate-change-related
neuroscience. However, this research faces several challenges, includ-
ingthelarge differences betweenindividualsin subjective comfortat
agiven ambient temperature, and variation with state factors such as
clothing, activity levels and time of day. Most studies use simple rating
scalesto measure perceived thermal comfort, but these methods can
conflate perceptual sensitivity with non-perceptual biases. Studies
using psychophysical methods, such as perceptual discrimination
between pairs of environmental temperatures, would therefore be
valuable. Neuroimaging studies could alsoidentify the neural bases of
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Fig.1| Cascading neural responses to thermal challenges. Animals, including
humans, adapt to increasing thermal challenges in several ways. The autonomic
nervous system (ANS) provides ongoing homeostatic compensation for short-
term challenges and can shift homeostatic set points in response to long-term
thermal challenges (rheostasis). In parallel to autonomic responses, animals also
engage behavioural thermoregulation — for example, temporarily movinginto
shaded areas to reduce heat exposure. More severe and long-lasting challenges
trigger cascades of rheostatic responses that include two broad classes of

progressive behavioural adaptations. In navigational adaptation, animals

and humans may move temporarily or permanently to find more comfortable
thermal environments. In agentic adaptation, animals — and particularly
humans — act on the environment itself to increase thermal comfort. This may
include both actions that rapidly change ambient temperature (for example,
air conditioning) and actions that mitigate longer-term thermal challenges of
climate change (for example, low-carbon energy and active transport).

subjective feelings of thermal comfort, and investigate whether and
how these go beyond the thermosensory afferent input to the brain.
Humans deploy a range of actions to achieve a form of extended
thermal homeostasis. For example, we may — when hot — seek shade,
drink water, remove clothing, switch on air conditioning or plant trees
around our houses. These actions differ in timescale, effort, effect on
thermal comfort, and consequential effects elsewhere. Every ther-
mal stimulus or change in climate therefore represents a challenge for
humandecision-making systems, whichmust try to optimize therelation
between action costs and thermal comfort benefits. Here we highlight
two forms of behavioural adaptation that may be particularlyimportant
under conditions of climate change: mobility and thermal agency.

Mobility. Humans, similar to other animals, frequently move away from
thermal stressors towards zones of thermal comfort. This thermomobil-
ity operates over timescales that range from individual sensorimotor
actionsto seasonal or permanent migration. Research on neural mecha-
nisms of navigation has only recently begun to integrate temperature
asanimportantdriver of mobility’; however, itis likely that thermomo-
bilityisdrivenby at least three distinct cognitive strategies. The firstis
gradient-following behaviour (such as moving away from a draughty
window), which might reflect a relatively direct link between thermal
sensation and motor output. Second, prior knowledge can guide ther-
mal mobility (in hot weather, we head to places that we know are cool)
and canovercome local obstacles to gradient-following strategies. For
example, if the mountains areknown tobe cool, it may be worth crossing
hot plainsto get to them. This suggests the involvement of model-based
decision-making. Third, humans may practice ‘thermal foraging’, and
explore in search of thermal comfort even when this conflicts with
thermal gradient following. Understanding how such general-purpose
behavioural control strategies may guide human thermal decisions will
beimportant for understanding human adaptationto climate change.

Thermal agency. The cognitive flexibility, wide behavioural repertoire
and sense of agency that characterize human behaviour has allowed
us to control our thermal environment through external technolo-
gies, such as fire, clothing, housing and air conditioning. A sense of

agency requires sensory outcome events to be attributed either to
one’s actions or to some other cause. For example, we may associate
our switching on the air conditioning with feeling more comfortable.
Because we tend to link actions to outcome events that are nearby in
space and time', more remote consequences of action (such as excess
heat produced elsewhere, or contributing to global warming through
the carbon emissions generated by air-conditioning systems) may not
form part of our sense of agency. However, learning the true effects of
one’s actions remains possible. Information and education can help
us tounderstand how our own thermal agency affects anthropogenic
climate change. A neuroscientific understanding of the mechanisms
that underlie agency learning'® could provide insights into ways to
reduce, mitigate and prevent the harmful effects of climate change.
Individuals may feel that their personal thermal agency is but a
dropinthe oceanwhenit comesto climate change. In part, thismay be
because humansare asocial species. We have evolved a level of organi-
zationinwhichindividual agency is often delegated toleaders, who are
given power and responsibility to manage complex outcome horizons,
and balance interests across members of society. Leaders therefore
have a distinctive responsibility to understand the effects of human
activity across space and time, to be informed about anthropogenic
thermal agency, and to attempt to secure thermal environments for
the benefits of all. To achieve this, leaders can (and sometimes do) use
decision-making principles that are broader and more sophisticated
than those guiding asingleindividual’s thermal behaviours. Leadership
strategies can therefore promote climate resilience atasocietal level.

Conclusions

Neural systems clearly support rheostatic adaptation to sustained
heat, yet the circuit, cellular and plasticity mechanisms that set the
range and limits of this adaptation remain poorly defined. Identify-
ing how thermoregulatory circuits reorganize, where compensation
fails,and how these processesinteract with higher-order behavioural
and cognitive control will be essential for understanding true neural
heat tolerance. Resolving these gaps will not only refine fundamental
principles of neural adaptation but also illuminate how thermal agency
might be harnessed — or constrained — in a warming world.
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