
Experimental Cell Research 405 (2021) 112720

Available online 1 July 2021
0014-4827/© 2021 MRC Laboratory of Molecular Biology. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

The regulation of animal behavior by cellular stress responses 
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A B S T R A C T   

Cellular stress responses exist to detect the effects of stress on cells, and to activate protective mechanisms that 
promote resilience. As well as acting at the cellular level, stress response pathways can also regulate whole 
organism responses to stress. One way in which animals facilitate their survival in stressful environments is 
through behavioral adaptation; this review considers the evidence that activation of cellular stress responses 
plays an important role in mediating the changes to behavior that promote organismal survival upon stress.   

1. Introduction 

To ensure their survival, organisms require the ability to respond to 
changes in environmental conditions. These changes are often perceived 
through cellular stress, the perturbed homeostasis and accumulated 
cellular damage that results from altered environmental parameters or 
internal conditions that impose changed demands upon cells. To survive 
this stress, cells have evolved means to detect damage and homeostatic 
imbalance, and to enact mechanisms that restore equilibrium as well as 
adapt the organism to the changed environment [1]. 

These detection/response mechanisms are referred to as cellular 
stress responses. They are pathways that act in different cellular com-
partments to respond both independently and interconnectedly to ho-
meostatic imbalance induced by different sources of cellular stress. They 
are frequently able to detect and respond to the presence of misfolded 
proteins, the accumulation of which is commonly caused by stressors 
including temperature fluctuation and the presence of xenobiotics [2]. 
However, stress responses can also respond to other forms of homeo-
static imbalance, such as lipid perturbation. In addition, stress response 
mechanisms can be active under basal conditions, and have constitutive 
roles in the cell even in the absence of external stress [3]. 

Organelle-specific stress responses include the cytosolic heat shock 
response (HSR), and the unfolded protein responses of the endoplasmic 
reticulum (UPRER) and mitochondria (UPRmito) [2]. In addition, other 
stress responses are attuned to the presence of specific stressors, such as 
the hypoxic stress response and the oxidative stress response, which 
respond to low oxygen levels and the presence of oxidative stress, 
respectively. Each of these responses utilizes upstream detector 

molecules to respond to the effects of stress or the presence of a 
stress-inducing agent. This then activates downstream signal trans-
duction pathways that lead to the activation of effector mechanisms 
designed to protect from and repair the effects of stress, while enabling 
adaptation of the organism to new environmental conditions [2]. 

Many of the outputs of these stress responses act to improve the 
protein homeostasis (proteostasis) environment of the cell, through in-
creases in protein folding capacity, protein degradation, and reduced 
levels of protein translation [2]. In addition, stress responses also 
regulate other means of adapting to stress: for example, HSR activation 
induces cytoskeletal alterations that may aid cellular transport, and 
UPRER activation changes the expression of many genes involved in 
metabolism and neuronal signaling, while UPRmito activation upregu-
lates genes involved in the immune response [3–7]. The ultimate 
organismal effects of stress response activation include improved resis-
tance to stress and enhanced lifespan, although these different outputs 
are context-dependent and can be uncoupled [8,9]. 

As well as acting at the level of the cell, stress responses can also 
promote whole organism responses to stress. They can be activated by 
inter-tissue signaling, which coordinates their activation among the cells 
of an organism and allows different tissues to respond to stress in ways 
that ensure the survival of the whole animal [10]. Having a range of 
tissue-specific stress response outputs enables the organism to not only 
deal with the proteostatic consequences of stress, but also to facilitate 
other forms of long-term organismal adaptation to environmental 
change. 

As early as 1943, Curt Richter wrote about the importance of 
behavioral change to the maintenance of internal homeostasis [11]. 
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Behavioral responses to a range of stresses have been documented, 
including changes to learning and locomotory behaviors. These enable 
organisms to avoid the source, and therefore lessen the effects of 
stressors. They can also promote altered feeding, reproductive or other 
strategies that allow long-term survival in the new environment. How-
ever, despite this evidence, the intersection between cellular and 
behavioral responses to stress and environmental change has been 
relatively unexplored. Given that cellular stress responses are designed 
to respond sensitively to the detection of stress, with a range of varied 
outputs enabling survival in stressful environments, it is interesting to 
consider whether they are also involved in mediating these behavioral 
responses to stress. Evidence suggests that, in at least some cases, they 
can be. This review will outline some ways in which cellular stress re-
sponses have been shown to coordinate whole organism behavioral 
changes that aim to facilitate survival in stressful environments (Fig. 1). 

1.1. Heat shock response 

The HSR is a cytosolic stress response that responds to a variety of 
stressors in addition to heat, including pathogen infection, heavy metals, 
and the expression of disease-associated misfolded proteins [12,13]. 
Activation of the HSR is dependent upon a conserved transcription 
factor, heat shock factor 1 (HSF1), which can be activated upon heat 
shock in a cell-autonomous manner. Stress-induced misfolded proteins 
titrate away inhibitory chaperones, such as HSP90, that bind to HSF1, 
allowing monomeric HSF1 to trimerize and bind DNA. HSF1 is further 
regulated by numerous post-translational modifications and by coop-
eration with transcriptional cofactors, allowing specific and tight regu-
lation of the HSR. HSF1 target genes include not only many chaperones, 
which promote protein folding, but also genes involved in a range of 
other processes, including cytoskeletal maintenance, growth, meta-
bolism, and autophagy [4,12–14]. 

While for a long time this intracellular mode of HSF1 activation was 
seen as sufficient for activation of the HSR, recent evidence suggests that 
the HSR can also be activated by signals between tissues, coordinated by 
the nervous system. A pivotal study demonstrated that a pair of neurons 
in C. elegans, the AFD neurons that regulate thermosensory behavior, are 
required for activation of the HSR in peripheral tissues in response to 
heat, demonstrating a role for the nervous system as a master regulator 
of stress response activation [15]. This regulatory role requires GCY-8, a 
guanylyl cyclase exclusively expressed in the AFD neurons, and these 
neurons also regulate the response to misfolded proteins present within 
other tissues [16]. Neuronal control of the HSR involves serotonin 
release, and a GPCR, GTR-1, expressed in thermoregulatory chemo-
sensory neurons has also been implicated, suggesting the involvement of 
multiple neuronal subtypes [17,18]. In addition, serotonergic signaling 
upon stress can also induce HSF1-mediated stress resistance in progeny 
[19]. HSR activation can therefore be mediated in an inter-tissue 
manner, via serotonin, enabling organism-wide stress resistance. Does 
this organism-wide response facilitate stress-responsive behavioral 
change? 

In C. elegans, HSR activation can indeed participate in the control of 
temperature-regulated behavior. Heat stress-induced activation of HSF1 
is able to modify behavioral plasticity, through estrogen-mediated cell 
non-autonomous regulation of thermosensory neurons [20]. In hsf-1 
mutants defective in thermotactic migration – movement towards 
cultivation temperature – expression of HSF-1 in muscles or the intestine 
can rescue this defect, through regulation of downstream genes 
including nuclear hormone receptors that are involved in estrogen-like 
signaling. These signals to the thermotactic neuronal circuit promote 
appropriate thermotactic behavior [20]. 

In addition, it has been shown in mammals that the HSR can be 
activated by stress that also invokes behavioral alterations, demon-
strating a correlation between the activation of this stress response and 

Fig. 1. Regulation of behavior by cellular stress responses. Stress responses and their regulators (colored boxes) linked to the aspects of behavior they have been 
shown to regulate (green circles), annotated with molecular mediators where known. 

N.P. Özbey et al.                                                                                                                                                                                                                                



Experimental Cell Research 405 (2021) 112720

3

the promotion of behavioral change. Restraint stress, for example, which 
leads to the activation of a neurohormonal stress response mediated by 
the hypothalamic-pituitary-adrenal axis, and to behavioral changes that 
include alterations in locomotor activity, causes HSF1 activation in the 
adrenal tissue of rats [21]. Data in both vertebrates and invertebrates 
therefore suggest that the HSR may function to modulate behavioral 
responses to stress, through inter-tissue signaling. 

1.2. Unfolded protein response (ER) 

Another organelle-specific stress response is the UPRER, which is 
activated by stresses that impinge upon homeostasis in the endoplasmic 
reticulum (ER). These include perturbations in ER-localized protein 
folding, ER lipid imbalance, ER calcium depletion, and pathogenesis 
[22]. The three pathways that comprise the UPRER each include an 
upstream sensor molecule located in the ER membrane – IRE1, PERK 
and ATF6 - that activates downstream effector molecules to trigger ho-
meostatic mechanisms that include transcriptional regulation, trans-
lational regulation, and RNA degradation, mitigating the effects of stress 
[22,23]. The UPRER has an acute phase that alleviates the short-term 
effects of stress, but it can also activate responses to chronic stress that 
include long-term adaptation and cell fate decisions such as the initia-
tion of cell death programmes [24]. In addition, the UPRER acts during 
development to establish tissue differentiation, and plays a constitutive 
role under unstressed conditions to maintain homeostasis within the 
secretory pathway [3]. 

The UPRER is activated cell-autonomously through its interactions 
with the ER-localized HSP70 chaperone BiP. BiP is bound under un-
stressed conditions to the membrane-localized sensor molecules of the 
UPRER, inhibiting their activation. Titration of BiP away from these 
sensors through its binding to stress-induced misfolded proteins allows 
the UPRER to become activated [23]. However, recent evidence suggests 
that the UPRER can also be activated by inter-tissue signals, leading to 
changes in how the organism responds to stressful environments. A 
GPCR, OCTR-1, may function in the ASH and ASI sensory neurons of 
C. elegans to inhibit UPRER activation in other tissues: upon mutation of 
OCTR-1, both the canonical UPRER as well as genes proposed to act as a 
non-canonical mechanism of ER stress resistance are activated, and 
resistance to pathogenesis is improved [25,26]. In addition, nervous 
system-specific expression of the spliced and active form of the XBP-1 
transcription factor, XBP-1s, which is spliced by and acts downstream 
of the endoribonuclease IRE-1 upon UPRER activation, is sufficient to 
induce UPRER activation in the intestine, through the release of a 
secreted signal from neuronal vesicles, or from glial cells [27,28]. 
Importantly, this communication of UPRER activation leads to increased 
lifespan and stress resistance. These systemic changes are mediated by 
the activation of intestinal lysosomes and enhancement of lipid meta-
bolism when the distal UPRER is activated by neuronal signals, and these 
effects require synthesis of the biogenic amine tyramine [5,6,29,30], 
whereas the effects of UPRER activation by glial cells require neuro-
peptide release [27]. 

Neuronal function involves many aspects of secretory pathway ac-
tivity, suggesting that the UPRER is likely to be important in maintaining 
a functional nervous system. Indeed, the UPR is particularly active in 
neurons, and is responsible for the expression of uniquely neuronal 
proteins; this stress response has also been shown to play a range of roles 
in brain function, including the regulation of memory, learning and 
behavior [6,31,32]. Active translation, regulated by eIF2α which is 
phosphorylated by the UPRER regulator PERK, is required for the storing 
of memories, and reduced activity of PERK can enhance memory func-
tion [33–35]. eIF2α phosphorylation has also been implicated in the 
regulation of synaptic plasticity, and reduced PERK expression has been 
associated with changes in behavioral flexibility [34–36]. In addition, 
ATF4, which acts downstream of eIF2α, plays roles in both memory and 
plasticity [33,34,37]. Therefore, activation of the PERK branch of the 
UPRER has the potential to affect both memory formation and plasticity 

and, in turn, exert changes to behavior. 
XBP1 has also been implicated in the regulation of memory forma-

tion [38]. Mice deficient in XBP1 show memory defects, while hippo-
campal expression of the spliced and active form of XBP1, XBP1s, 
increases the amplitude of excitatory postsynaptic potentials in 
long-term potentiation, and enhances performance in a range of 
memory-related tasks. XBP1 has also been shown to regulate the 
expression of a range of synaptic plasticity and memory-related genes, 
including brain-derived neurotrophic factor (BDNF), overexpression of 
which can rescue the memory deficits of XBP1-deficient animals [38]. In 
turn, BDNF signaling can regulate XBP1 levels and splicing, facilitating 
neurite growth [39]. While it is possible that these effects result from 
non-UPRER-associated XBP1 function, the findings highlight that acti-
vation of the IRE1-XBP1 UPRER axis has the potential to modulate 
learning and memory in mammals. 

Psychological stressors have been associated with increased levels of 
UPRER markers in the nervous system – for example, behavioral stress 
induces XBP1 splicing in the brain of mice and rats [40,41]. In addition, 
psychological stress causes the release of corticosteroids, and high levels 
of plasma corticosterone caused by interventions such as restraint stress 
correlate with elevated levels of UPRER-inducible chaperones such as BiP 
in the hippocampus and cortex of mice [42]. Treatment with the 
anti-depressant luteolin reduces levels of these chaperones, and in fact 
elevated levels of ER stress-related genes have also been detected in the 
temporal cortex of human subjects with major depressive disorder [43]. 
The activation of IRE1α seen in the brains of mice subjected to mild 
behavioral stress can differ in localization, with IRE1α activity in 
different brain regions correlated with differing behaviors; temporal 
lobe activation has been associated with anxious neophobic behavior, 
while ventral striatum activation coincides with greater curiosity [40]. 
Together, this correlative evidence may implicate the activation of the 
UPRER within the brain in the emergence of stress-responsive behaviors. 

In fact, some evidence suggests that UPRER activation may play a 
causative role in behavioral change. A polymorphism in the XBP1 pro-
moter affecting its expression has been associated with the development 
of a range of psychological disorders, suggesting that UPRER activation 
may play a driving role in the etiology of psychiatric disease in humans 
[44]. In rats, infusion of the ER stress-inducing drug tunicamycin into 
the hippocampus leads to depressive behavior, accompanied by 
increased expression of UPR-related genes in the hippocampus, sug-
gesting that UPR activation in the brain may not only correlate with but 
might in fact drive behavioral change [45]. In addition, suppression of 
eIF2α phosphorylation by treatment with the integrated stress response 
inhibitor ISRIB reduces anxiety in a mouse model of neuropsychiatric 
disease susceptibility [46]. Therefore, specific activation or inhibition of 
different UPRER branches in the brain can drive stress-associated 
changes in behavior. 

In C. elegans, activation of the UPRER in the nervous system has 
recently been shown to promote changes to feeding and foraging 
behavior [6]. Pan-neuronal expression of xbp-1s drives a broad tran-
scriptional remodelling of neuronal signaling, and leads to decreases in 
the probability of leaving a food source and in the degree and range of 
foraging, dependent upon synthesis of the biogenic amine tyramine. As 
nutrient deprivation induces xbp-1 splicing in C. elegans neurons, 
including the RIM and RIC interneurons that synthesize tyramine, it is 
possible that the presence of neuronal spliced xbp-1s acts as an indicator 
of low nutrient conditions, and that constitutive xbp-1s expression in-
hibits the accurate perception of an animal’s nutritional environment. 
This leads to xbp-1s-induced starvation-appropriate changes in a variety 
of feeding behaviors, including a decreased propensity to leave a food 
source, which is partially dependent upon the tyramine receptor ser-2 
[6]. This demonstrates that UPRER activation can directly drive changes 
to behaviors that respond to stress and increase organismal fitness. 
Interestingly, this is echoed in the finding that overexpression of Xbp1s 
in the POMC neurons of the murine hypothalamus drives increased lo-
comotor activity, as well as protecting against diet-induced obesity via 
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metabolic changes involving the liver, suggesting that activation of this 
proteostasis mechanism in the hypothalamus coordinately affects both 
motor behavior and metabolism [47]. 

Finally, another aspect of behavioral regulation that involves acti-
vation of the UPRER is that imposed by the circadian clock. This controls 
the coordination of physiology according to daily cycles, regulating the 
sleep/wake cycle as well as other aspects of metabolism and behavior 
that oscillate with daily environmental changes. The circadian clock 
regulates UPRER activation, with downstream effects on metabolism 
[48–50]. In turn, UPRER regulators including PERK, ATF4 and Xbp1 can 
themselves regulate aspects of circadian oscillations [51–53]. This 
means that circadian behaviors can be influenced by UPRER activation, 
and indeed, driving expression of Xbp1s in POMC neurons of the murine 
hypothalamus leads to increased circadian movement, suggesting 
another level of behavioral regulation imposed by UPRER activation 
[47]. 

1.3. Hypoxic stress response 

Hypoxia is an important threat to homeostasis, and survival in most 
organisms depends upon the ability to adapt to fluctuating oxygen 
levels. The response to hypoxic stress is coordinated by hypoxia- 
inducible transcription factors (HIFs), which are stabilised by 
declining oxygen levels [54]. HIFs generally act as heterodimers, with a 
regulated HIF-α and a constitutive HIF-β subunit. In conditions of nor-
moxia, HIFs are subject to proteasomal degradation; however, when 
oxygen levels are reduced, degradation is inhibited. This regulation is 
mediated by oxygen-dependent prolylhydroxylase-domain enzymes 
(PHDs) that lead to HIF degradation via the activity of the von Hip-
pel–Lindau tumor suppressor protein (VHL); upon hypoxia, PHD activity 
is diminished and HIFα is stabilised [54,55]. The stabilised HIF heter-
odimer then binds to the promoter of target genes via hypoxia response 
elements (HREs) with the consensus sequence G/ACGTG [54]. These 
target genes regulate a huge array of physiological processes that 
together enable adaptation to hypoxia, including metabolism, vascular 
biology, cell survival and proliferation; and this transcriptional response 
also plays roles in other protective processes, such as immunity [56]. 

As well as acting cell autonomously, HIF activity may also be able to 
coordinate responses to hypoxia cell non-autonomously. In C. elegans, 
stabilization of HIF-1 can lead to increased longevity, and this effect on 
lifespan can be mediated through HIF-1-generated signals sent between 
tissues; neuronal stabilization of HIF-1 influences ageing through the 
upregulation of a single HIF-1 target gene, the hypoxia-responsive 
flavin-containing monooxygenase FMO-2, in the intestine [57,58]. 
Over-expression of fmo-2 in the intestine is sufficient to induce lifespan 
extension, and its inter-tissue activation by neuronal HIF-1 is mediated 
by a proposed signaling pathway involving serotonin and the SER-7 
serotonin receptor. 

Behavioral alteration is an important and conserved element of the 
response to altered oxygen levels, and the HIF-1 hypoxic stress response 
may play a role in this coordination of behavior. In C. elegans, avoidance 
of hyperoxia (>14% O2) is mediated by a distributed network of sensory 
neurons, and is modulated by the presence of food and by genetic 
background [59,60]. Long term exposure to hypoxia, sufficient to lead to 
HIF-1 activation, changes the behavioral response of wild-type worms, 
leading to a preference for lower oxygen levels and the avoidance of 
hyperoxia when food is available (rather than just in its absence) [61]. 
This modified behavior depends upon the PHD-mediated stabilization of 
HIF-1 in neurons as well as in nonneuronal secretory cells of the somatic 
gonad, the tyraminergic uterine vulval cells (uv1), suggesting that the 
behavioral response to environmental oxygen also involves inputs from 
a cell type that belongs to the reproductive system. Stabilization of HIF-1 
leads to a dramatic reorganization and simplification of the neuronal 
circuit for oxygen preference, with only the URX neurons absolutely 
required for hyperoxia avoidance [61]. 

HIF1 may also play roles in the mammalian behavioral response to 

hypoxia. Heterozygous mutation of HIF1α in mice leads to defective 
carotid body function in low oxygen levels, and impaired ventilatory 
adaptation, or alterations in breathing movement, as well as deficiencies 
in physiological responses when subjected to chronic hypoxia [62]. This 
suggests that the hypoxic stress response participates in the modification 
of behavioral responses to oxygen levels in multiple organisms, inte-
grating these with the physiological response to hypoxia. 

1.4. NRF/SKN-1-regulated stress responses 

The NRF (Nuclear Factor E2-Related Factor) family of transcription 
factors is involved in the regulation of multiple stress responses. The best 
studied of these transcription factors, Nrf2, plays a critical role in the 
response to oxidative stress and xenobiotic stress through its regulation 
of the phase II detoxification system [63]. In unstressed conditions, Nrf2 
is principally sequestered and degraded in the cytoplasm by its associ-
ation with Keap1, which acts to facilitate the ubiquitination of cytosolic 
Nrf2. Upon the onset of Nrf2-activating conditions this interaction is 
disrupted, and Nrf2 translocates into the nucleus where it associates 
with small Maf proteins and binds to the ARE (antioxidant response 
element) to induce its targets, resulting in the activation of an array of 
antioxidant and detoxificant genes [63,64]. Nrf1 is also known to have 
roles in the oxidative stress response, but in addition it responds to 
proteosome dysfunction by upregulating proteosome subunit genes in 
human cells when proteosomes are pharmacologically inhibited 
[63–66]. 

SKN-1 is the sole C. elegans homologue of the NRF family. It appears 
that the major functions of mammalian NRFs are performed by isoforms 
of SKN-1, rather than by separate genes as in mammalian systems [67]. 
Thus, various SKN-1 isoforms respond to oxidative stress, disrupted 
proteostasis, starvation, and dietary restriction [68–72]. Isoforms also 
show tissue specific expression patterns, with SKN-1A and SKN-1C 
expressed primarily in the intestine, and SKN-1B expressed in the ASI 
neurons [69]. SKN-1A is a functional homologue of Nrf1 and responds to 
proteasome dysfunction and unfolded proteins by upregulating protea-
some subunits [65,71]. The best studied isoform, SKN-1C, acts in a 
manner analogous to Nrf2 as a central mediator of the phase 2 detoxi-
fication response and is required for organismal survival in conditions of 
oxidative or xenobiotic stress [67]. 

As well as activation by these stressors, skn-1a/c can be regulated 
hormonally by inter-tissue insulin/IGF1 like signaling (IIS), functioning 
in parallel with daf-16/FOXO downstream of daf-2/IGF1R and required 
for the full longevity resulting from reduced IIS [73]. SKN-1B, in 
contrast to the A and C isoforms is expressed specifically in the che-
mosensory ASI neurons and lacks functionally important features of 
other SKN-1 isoforms including the crucial DIDLID motif [67]. This 
isoform has also been implicated in the remodelling of mitochondrial 
networks in another tissue, the muscle, suggesting that cell 
non-autonomous signaling downstream of SKN-1B has profound physi-
ological effects in a distant tissue [74]. Thus, SKN-1 responds to a broad 
range of stresses in an isoform specific manner. 

SKN-1 is important for the longevity resulting from dietary restric-
tion, and SKN-1B is expressed in the chemosensory ASI neurons. This 
suggests the potential for SKN-1B to act in the behavioural response to 
changing food levels as well the physiological response to this challenge. 
Indeed, foraging behaviour is impaired in animals with null mutations in 
skn-1, with skn-1 animals remaining on limited food when wild-type 
animals would instead choose to forage for more abundant food [75]. 
Recent work directly attributes this reduction in exploratory behaviour 
to SKN-1B, demonstrating that a null allele specific for that isoform re-
capitulates this foraging defect and that transgenic rescue of skn-1b 
rescues foraging behaviours [74]. 

When fasted C. elegans are re-fed, they enter a state termed satiety 
induced quiescence, in which they cease pharyngeal pumping and 
movement. Animals lacking skn-1b quiesce for longer than wildtype 
under these conditions, suggesting that this behaviour is also modulated 
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by skn-1 [74]. Ablation of the ASI neurons has the opposite effect on 
satiety quiescence, suggesting that this is not a consequence of cell death 
or inactivity of the ASI neurons [76]. Furthermore, skn-1b animals 
preferentially remain on higher quality food sources, suggesting that 
they retain the ability to sense food. This points towards a role for skn-1b 
in enacting a behavioural response to changes in chemosensory infor-
mation about food levels, rather than simply an inability to sense food. 
Notably, the secreted neuropeptide DAF-7/TGF-B is known to promote 
quiescence and daf-7 mutants do not exhibit satiety quiescence behav-
iour. SKN-1B requires DAF-7 in order to promote satiety induced 
quiescence, and expression of daf-7 is increased in skn-1b null animals. 
SKN-1B also regulates the secretion of insulin like peptides in order to 
regulate the amount of food that animals consume, and interacts with 
the regulation of quiescence resulting from reduced insulin signaling 
[74]. Therefore, neuropeptide signaling downstream of SKN-1B regu-
lates multiple aspects of the organismal behavioural response to food in 
parallel to major physiological changes including mitochondrial 
remodelling and enabling dietary restriction induced longevity. 
Whether other SKN-1-activating stresses also induce behavioural 
changes remains an open question in C. elegans. 

Nrf2 may play a conserved role in satiety-related behaviour in 
mammals, as Nrf2 is present in multiple brain tissues including the 
human hypothalamus, which plays an important role in mammalian 
satiety responses, and in the olfactory bulb of the mouse brain at 
significantly enriched concentrations [75]. Nrfs are also known to in-
fluence other aspects of mammalian behaviour, with Nrf2 expression 
associated with various depression-like behaviours in different animal 
models. Higher Nrf2 levels confer a degree of resistance to learned 
helplessness in rats, and Nrf2 has been implicated in anxiety-like be-
haviours in rats as well as in seasonal depression-like behaviour in 
Medaka fish [77–79]. Nrf2-deficient mice also display altered behaviour 
as well as disrupted monoamine signaling [80]. SKN-1/Nrf mediated 
stress responses therefore influence behaviour in numerous systems of 
varying complexity, in parallel to mediating cellular and organismal 
physiological responses to stresses. 

2. Conclusions 

These findings suggest that stressful environmental conditions which 
lead to the disruption of cellular homeostasis can activate stress response 
mechanisms that both increase the cellular ability to withstand and 
adapt to this disruption of homeostasis, and promote behavioral stra-
tegies to avoid these conditions and lessen their impact on the organism 
(Fig. 1). Such behavioral effects represent an underappreciated output of 
cellular stress responses that are better known for their roles in the 
regulation of cellular proteostasis; the regulation of behavior helps them 
to facilitate long-term adaptation to environmental conditions. Our 
understanding of these behavioural roles of stress responses is clearly 
still in its infancy, with much of the current evidence correlative in 
nature, and there are many interesting avenues for further exploration. 
For example, do other stress responses, such as the UPRmito, also 
modulate organismal behavior? Are there other behaviors, beyond those 
discussed here, that can be influenced by cellular stress response acti-
vation? And are the behavioural effects of stress response activation 
always coupled with improvements in proteostasis and other forms of 
cellular homeostasis, or can these effector mechanisms be uncoupled? 
Better understanding of this aspect of stress response output will expand 
our appreciation of these pathways, and the organismal roles they play 
in surviving environmental stress. 
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N.P. Özbey et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0014-4827(21)00252-4/sref28
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref28
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref28
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref28
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref29
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref29
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref30
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref30
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref30
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref31
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref31
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref31
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref32
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref32
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref32
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref32
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref33
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref33
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref33
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref34
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref34
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref34
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref34
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref35
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref35
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref35
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref36
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref36
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref36
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref37
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref37
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref37
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref38
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref38
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref38
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref39
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref39
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref39
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref40
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref40
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref40
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref40
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref41
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref41
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref41
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref42
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref42
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref42
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref43
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref43
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref43
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref44
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref44
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref44
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref45
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref45
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref45
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref45
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref46
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref46
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref46
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref47
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref47
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref47
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref48
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref48
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref48
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref48
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref48
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref49
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref49
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref50
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref50
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref50
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref50
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref51
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref51
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref51
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref51
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref52
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref52
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref52
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref53
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref53
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref54
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref54
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref54
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref54
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref55
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref55
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref55
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref56
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref56
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref56
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref56
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref57
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref57
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref57
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref58
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref58
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref58
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref59
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref59
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref59
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref60
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref60
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref60
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref61
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref61
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref61
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref61
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref62
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref62
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref63
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref63
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref63
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref64
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref64
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref65
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref65
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref65
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref66
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref66
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref66
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref67
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref67
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref68
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref68
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref69
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref69
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref70
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref70
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref70
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref71
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref71
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref71
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref72
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref72
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref72
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref73
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref73
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref73
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref73
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref74
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref74
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref74
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref75
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref75
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref76
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref76
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref76
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref76
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref77
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref77
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref77
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref77
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref78
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref78
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref78
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref79
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref79
http://refhub.elsevier.com/S0014-4827(21)00252-4/sref79

	The regulation of animal behavior by cellular stress responses
	1 Introduction
	1.1 Heat shock response
	1.2 Unfolded protein response (ER)
	1.3 Hypoxic stress response
	1.4 NRF/SKN-1-regulated stress responses

	2 Conclusions
	Credit author statement
	Acknowledgments
	References


