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ABSTRACT
Studying the stress response is a major pillar of neuroscience research not only because stress is a daily reality but
also because the exquisitely ﬁne-tuned bodily changes triggered by stress are a neuroendocrinological marvel. While
the genome-wide changes induced by chronic stress have been extensively studied, we know surprisingly little about
the complex molecular cascades triggered by acute stressors, the building blocks of chronic stress. The acute stress
(or ﬁght-or-ﬂight) response mobilizes organismal energy resources to meet situational demands. However, successful
stress coping also requires the efﬁcient termination of the stress response. Maladaptive coping—particularly in
response to severe or repeated stressors—can lead to allostatic (over)load, causing wear and tear on tissues,
exhaustion, and disease. We propose that deep molecular proﬁling of the changes triggered by acute stressors could
provide molecular correlates for allostatic load and predict healthy or maladaptive stress responses. We present a
theoretical framework to interpret multiomic data in light of energy homeostasis and activity-dependent gene regulation, and we review the signaling cascades and molecular changes rapidly induced by acute stress in different cell
types in the brain. In addition, we review and reanalyze recent data from multiomic screens conducted mainly in the
rodent hippocampus and amygdala after acute psychophysical stressors. We identify challenges surrounding
experimental design and data analysis, and we highlight promising new research directions to better understand the
stress response on a multiomic level.
https://doi.org/10.1016/j.biopsych.2020.12.031

In every person there are “reservoirs of power” which are not
ordinarily called upon, but which are nevertheless ready to pour
forth streams of energy if only the occasion presents itself.
—Walter B. Cannon, 1927

MOLECULAR CORRELATES OF ALLOSTASIS
The genome-wide molecular changes in response to chronic
stress have been extensively characterized (1–8), as chronic
stress is a major risk factor for neuropsychiatric disorders
(9–12). Much less is known about the genome-wide response
to acute stress, although the border between acute and
chronic stress is diffuse. First, it is unclear how many repeated
exposures to acute stressors are necessary to qualify as
chronic stress. Second, recent work suggests that acute
stressors can trigger long-lasting molecular and structural
changes in the brain that resemble changes observed after
chronic stress [for a review, see (13)]. More important, whether
the stress response is adaptive or maladaptive depends on the
modality, intensity, and duration of the stressor as well as on
individual (epi)genetic and environmental factors that determine stress resilience or vulnerability. This is addressed by the
concept of allostatic load, the paradox that stress-induced
signals, which are healthy and favor survival, can also cause
pathology when overused or dysregulated (10,14). However,
the biological correlates that determine whether allostasis
successfully manages to maintain homeostasis, or whether
allostatic overload damages tissue and leads to disease,

remain largely unknown. We propose that detailed multiomic
proﬁling of the acute stress response can provide such a
biological correlate of allostatic load. If the molecular response
triggered by acute stress can be catalogued, it might be
possible to identify processes that go awry in the subset of
individuals that respond to acute stressors with psychological
disease, as seen with posttraumatic stress disorder (15).
Furthermore, molecular proﬁling might reveal when and how
the adaptive stress response changes after repeated activation
in the context of chronic stress.

AN OVERVIEW OF THE STRESS RESPONSE SYSTEM
The brain continuously integrates sensory information, identiﬁes
potential threats, and coordinates appropriate bodily responses.
Although most brain areas and circuits are involved in these
processes, and various brain circuits can trigger a stress
response depending on the nature of the stressor, there are key
regions that integrate stress signals in situations of (real or
perceived) threat: the paraventricular nucleus of the hypothalamus, the amygdala, and several brainstem nuclei including the
locus coeruleus (LC) noradrenergic system (16,17). This leads to
the coordinated release of neuromodulators, neuropeptides,
and hormones throughout the brain, and it initiates the systemic
stress response by activating both the sympatho-adrenomedullary system and the hypothalamic-pituitary-adrenal axis
(Figure 1). The sympatho-adreno-medullary system releases
noradrenaline from sympathetic nerve endings and triggers
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Figure 1. The three parallel and interconnected
stress systems. On exposure to stress, neurons that
are mainly located in the hypothalamus, amygdala,
and brainstem integrate incoming information and
orchestrate the stress response (16). CRH neurons in
the PVN and amygdala release CRH. The LC releases NA throughout the brain, which serves as a
broadcast signal sufﬁcient to change brain connectivity and promote vigilance (146,147). These stressinduced signals also trigger the activation of the
SAM system and the HPA axis. The SAM system ﬁrst
activates the IML, a group of preganglionic neurons
in the gray matter of the spinal cord. The IML projects to chromafﬁn cells in the adrenal medulla,
triggering the release of adrenaline and NA into the
bloodstream, and to postganglionic noradrenergic
neurons that directly innervate internal organs. CRH
released by hypophysiotropic neurons of the PVN
acts on the anterior pituitary gland and enables the
release of ACTH, which in turn triggers the de novo
synthesis and release of GCs from the adrenal cortex
into the circulation. The SAM system and HPA axis
act in parallel to mobilize and reallocate the body’s
energy resources. While catecholamines cannot
cross the blood–brain barrier, GCs enter the brain
and exert multiple effects on cellular structure and
function, in part via GR- and MR-mediated membrane effects and GRE-mediated effects on transcription. Created with BioRender.com. ACTH,
adrenocorticotropic hormone; CRH, corticotropinreleasing hormone; GC, glucocorticoid; GR, glucocorticoid receptor; GRE, glucocorticoid response
element; HPA, hypothalamic-pituitary-adrenal; IEG,
immediate early gene; IML, intermediolateral cell
column; LC, locus coeruleus; MR, mineralocorticoid receptor; NA, noradrenaline; PVN, paraventricular nucleus of the hypothalamus; SAM, sympatho-adrenomedullary; SNS, sympathetic nervous system.

adrenaline and noradrenaline release from the adrenal medulla
into the blood circulation. This causes the characteristic peripheral effects of the ﬁght-or-ﬂight response (e.g., pupil dilation,
increase in heart rate). The hypothalamic-pituitary-adrenal axis,
which involves several hormone-mediated signaling steps, culminates in the release of glucocorticoids (mainly corticosterone
in rodents and cortisol in humans) from the adrenal cortex a few
minutes after stress initiation (18). Glucocorticoids reach all organs through the blood circulation, yet brain entry of glucocorticoids is delayed, starting around 10 minutes and peaking at
30 to 60 minutes after stress initiation (18–21). This exempliﬁes
how all stress signals act across different time scales given that
their synthesis, release, breakdown/removal, and downstream
cellular effects vary greatly. Their actions are also speciﬁc for
different parts of the body—different brain regions, cell types,
and even cellular compartments—because of differences in
axonal projection patterns, receptor expression/localization, or
chromatin accessibility (17,22,23). This complexity allows for a
rich combinatorial code that enables a ﬁne-tuned behavioral and
molecular response to different stressors.

STRESS AND ENERGY METABOLISM
On the organismal level, the stress response serves to
generate and reallocate energy substrates (24,25). The high
energy demand of the brain results largely from the presynaptic vesicle cycle and from postsynaptic ionic pumps that

constantly reestablish ion gradients in response to action potential ﬁring (26–29). Stress triggers the release, synthesis, and
turnover of glutamate, neuromodulators, and neuropeptides,
metabolically highly expensive processes. To fuel these energy
demands, the release of adrenaline from the adrenals stimulates the breakdown of glycogen stores (glycogenolysis) in the
liver while inhibiting insulin secretion, thereby rapidly raising
blood glucose levels (30,31). However, the brain needs to
respond within (milli)seconds to the increased metabolic demand, much faster than bloodborne glucose can arrive at
synapses, where mitochondria at pre- and postsynaptic sites
ramp up adenosine triphosphate production in response to
rising calcium levels (32). These sites are far away from the
metabolic machinery of the neuronal cell body but are close to
astrocytes, which tightly wrap synapses and provide lactate as
fuel for neurons. Importantly, lactate is the preferred energy
substrate of neurons in Drosophila, mice, rats, and humans
(26,27,33,34), and lactate delivery can sustain neuronal activity
in the absence of glucose (35). The astrocyte–neuron lactate
shuttle hypothesis explains how neuronal activity increases
astrocytic glycolysis (glucose use) to produce lactate, which is
then shuttled as an energy substrate to neurons (36–40). The
immediate astrocytic lactate release in response to neuronal
activity is mediated by rising extracellular potassium levels
(41). Although less well characterized, oligodendrocytes similarly provide lactate as energy substrate to axons as oligodendrocytes sense glutamate leakage during action potential
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propagation, which allows them to adjust glucose uptake and
lactate production in an activity-dependent manner (42–44). To
sustain lactate supply, the lactate pool needs to be quickly
replenished, which occurs through glycogen breakdown
(glycogenolysis) in astrocytes. After the immediate release of
lactate, glycogenolysis leads to a lactate surge in astrocytes
that is dependent in part on b-adrenergic signaling (45). Thus,
the stress-induced enhancement of the neuron–glia lactate
shuttle is mediated by noradrenergic stimulation provided by
LC axons, which triggers almost instantaneous calcium inﬂux
in astrocytes (46). In addition, LC activation optimizes neurovascular coupling by controlling vasoconstriction and rerouting
blood ﬂow to the regions with sustained oxygen demand and
subsequently higher activity (47). Thus, far-ranging noradrenergic projections likely trigger brainwide switches in the energetic state by tapping into brain energy stores in response to
stress-induced activity (48). These very rapid effects are followed by rising blood glucose, which reaches the brain and is
used by neurons and astrocytes in very different ways. Astrocytes use glucose predominantly through oxidative glycolysis to produce lactate and pyruvate (and to store glycogen).
Neurons predominantly process glucose through the pentose
phosphate pathway, which is vital for generating reducing
equivalents to scavenge reactive oxygen species that result
from neurons’ exceptionally high mitochondrial oxidative activity [for a detailed review, see (49,50)]. Interestingly, glucocorticoid signaling via glucocorticoid receptors (GRs) appears
to counteract this rapid increase in metabolic substrates. Two
hours after a short restraint stress exposure, lactate transport
within astrocytes is suppressed, an effect that is mediated by
glucocorticoid–GR signaling, which reduces lactate delivery
from astrocytes to neurons (51). The vital role of mitochondria in
adapting to stress-induced changes in metabolic demands—
with a focus on chronic stress and psychopathology—
has been reviewed in depth elsewhere (52,53). Surprisingly
little is known about changes in mitochondria in response to
acute stress. In the medial prefrontal cortex (mPFC), acute
stress leads to a surge in neuronal activity, triggering an increase in glucose metabolism and synaptic uptake of glucose
and increasing the number and size of mitochondria (54). In
contrast, metabolic analysis after chronic stress showed
reduced mitochondrial respiration and glucose availability in the
mPFC (55). Thus, the ability to adapt to changing metabolic
demands might become dysregulated after chronic stress
exposure.

MOLECULAR CHANGES INDUCED BY ACUTE
STRESS
Stress-induced changes in neuronal activity and metabolic
demand should be reﬂected on the molecular level as
changes in gene expression patterns. Indeed, stress rapidly
upregulates messenger RNA and protein levels of many
immediate early genes (IEGs) (most prominently c-Fos) in
several brain regions (56–59). Induction of IEGs involves
several classes of signaling molecules, which seem to act in
combination and at different time scales (60). Here we
exemplify this by focusing on four major stress-induced
signals in the rodent hippocampus: 1) glutamate-dependent
calcium signaling, 2) glucocorticoids and their interaction
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with glutamate signaling, 3) glucocorticoids and their transcriptional effects via nuclear GR and mineralocorticoid receptor (MR) signaling, and 4) neuromodulatory signaling
through metabotropic receptors.

Glutamate
The fastest mediator of stress-induced transcription of IEGs is
glutamate. By activating calcium signaling pathways in both
neurons (61) and astrocytes (62), glutamate triggers the
expression of stress-induced IEGs. A prime example in neurons is c-Fos, regulated through the ERK (extracellular signalregulated kinase) and MAPK (mitogen-activated protein
kinase) signaling pathway (61). Indeed, several MAPKs are
phosphorylated immediately (but transiently) after restraint (63)
and acute swim (64) stress in multiple brain regions.

Glutamate and GR Interactions
In addition to immediate synaptic glutamate signaling, acute
stress leads to a prolonged accumulation of extracellular
glutamate levels in the hippocampus and PFC, an increase that
lasts for roughly an hour after an acute stress exposure and
depends on glucocorticoid signaling (65–69). Glucocorticoiddependent alterations of glutamate receptors—glutamate
release, clearance, and metabolism—have been widely studied (70). Brieﬂy, acute stress increases surface expression of
NMDA receptors and AMPA receptors at the postsynaptic
plasma membrane in the mPFC through nongenomic
glucocorticoid–GR signaling (71). The key molecules linking
glucocorticoids to these effects are the genes Sgk1 and Rab4
(71). This increases both NMDA receptor–mediated and AMPA
receptor–mediated synaptic currents between 1 and 24 hours
after stress (72). In parallel, glucocorticoids nongenomically
induce phosphorylation of Ser9 of synapsin 1, which increases
the readily releasable pool of glutamate vesicles in the mPFC
(73). Stress-induced GR can also directly interact with the
ERK–MAPK signaling pathway (74) given that pERK1/2mediated activation of MSK1 and ELK-1 requires a rapid
protein–protein interaction between pERK1/2 and activated
GRs. This effect appears within 15 minutes after stress in
dentate gyrus granule neurons, but not in other hippocampal
subregions. This leads to both phosphorylation of histone H3
at Ser10 and acetylation of Lys14, which then induces transcription of the IEGs c-Fos and Egr-1. For an in-depth discussion of this epigenetic process, see (75).

Glucocorticoids and Hormone Receptor
Transcription Factors
Independent of glutamate, glucocorticoids also act as classic
hormone receptor transcription factors. They interact with the
high-afﬁnity MR and the low-afﬁnity GR (76,77), although the
true complexity of their effects (including transrepression and
protein–protein interactions with other hormone receptors) is
beyond the scope of this review (78). In the classic mode of
action, GR and MR directly bind to glucocorticoid response
elements to induce transcription or suppression of target
genes (79,80). In the hippocampus, activated GR accumulates
in the nucleus and binds glucocorticoid response elements
within 30 minutes of stress exposure or corticosterone
administration (19,60,81), and transcriptional waves of gene
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expression are observed from 30 minutes to 5 hours (60,82).
While the full extent of GR-mediated transcription in vivo is still
not known, there are a number of IEGs (Egr1, Sgk1, and Per1)
that are regulated by glucocorticoid response elements and
are also readily activated by acute stress in the hippocampus
(60,83–85). However, there is also evidence that injection of
glucocorticoids alone is not sufﬁcient to reproduce most of the
transcriptional changes observed after stress (2), which is in
line with the interactions between glutamate and GRs discussed above (74) and reminds us that many signals contribute
to the transcriptional changes induced by stress. For a detailed
description of glucocorticoid-mediated gene expression in the
brain, see (86).

cascades and coregulate gene expression (88). Noradrenaline,
for example, can potentiate c-Fos expression but likely also
regulates unique sets of genes (58,89). Stratifying the subcomponents of the stress response is a daunting task. We
propose that studying the effects of natural stressors in their
entirety—and inhibiting the contribution of speciﬁc signaling
pathways using pharmacology—is likely the best way forward.
Deep multiomic assessment of such changes is now possible
across all molecular levels, as summarized in Figure 2 and
reviewed in the next section.

Neuromodulatory Signaling

Phosphoproteomics

Most neuromodulatory signals, such as noradrenaline, dopamine, serotonin, and corticotropin-releasing factor, are relayed
through G protein–coupled receptors. Thus, they act slower
than glutamate (46,87) but modulate intracellular signaling

The fast phosphorylation changes involving ERK–MAPK
signaling or synaptic proteins have so far been studied using
antibodies for single protein posttranslational modiﬁcations
(63,64,73,90). Owing to technical advances in liquid

THE MULTIOMIC LANDSCAPE OF THE ACUTE
STRESS RESPONSE

Figure 2. Four levels of measurement to assess
the molecular effects of acute stress using multiomic
techniques. In level 1, activation of membrane receptors, stress leads to the release of a large variety
of neurochemicals (e.g., glutamate, neuromodulators, neuropeptides), which bind to receptors
on the cell membrane and induce the opening of ion
channels or conformational changes and/or dimerization of G protein–coupled receptors. These events
can be visualized in real time with an ever-increasing
arsenal of genetically encoded sensors (148) using
in vivo two-photon imaging (46,149) or miniscopes
(150). In level 2, intracellular signal transduction, receptor binding activates kinases that phosphorylate
proteins, which can be sampled using phosphoproteomic techniques based on LC-MS/MS (94). In level
3, regulation of transcription, intracellular signaling
cascades activate transcription factors, which act in
protein complexes to alter the epigenetic proﬁle and
regulate gene transcription, changes that can be
assessed using epigenomic and transcriptomic
techniques (85). In level 4, regulation of translation
and energy metabolism, some of the transcriptional
changes will lead to changes in protein translation,
which can be measured using translatomics or proteomics (51,85,151). Owing to the high energy demand, mitochondrial function and metabolism also
change, and these changes can be measured with
metabolomics (e.g., 1H-MRS, LC-MS). Novel techniques to proﬁle additional layers of molecular
regulation rapidly emerge such as interrogating
complex codes of covalent protein and mRNA
modiﬁcations and sequencing tools for various
classes of noncoding RNAs. A major challenge is the
bioinformatic and conceptual integration of stressinduced changes across these different levels of
measurement. Created with BioRender.com. ATP,
adenosine triphosphate; ER, endoplasmic reticulum;
GFP, green ﬂuorescent protein; 1H-MRS, proton
magnetic resonance spectroscopy; LC-MS, liquid
chromatography–mass spectrometry; LC-MS/MS,
liquid chromatography–tandem mass spectrometry;
mRNA, messenger RNA; NT, neurotransmitter;
TRAP, translating ribosome afﬁnity puriﬁcation.
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chromatography coupled to tandem mass spectrometry
(91–93), phosphoproteomics now allows simultaneous unbiased detection and quantiﬁcation of a large number of known
or novel protein phosphorylation sites (94). Such methods have
already been used in vitro, revealing the temporal dynamics of
the phosphoproteome following chemical activation of
cultured hippocampal neurons across nearly 2000 dynamically
altered phosphosites (95). Assessing the phosphoproteome
using these techniques after acute stress will be necessary in
future work.

Transcriptomics
Transcriptomics has been a mainstay technique in neuroscience labs for many years, and several studies have shown that
acute stress leads to robust changes in gene expression in the
hippocampus (2,58,85,96–98) and amygdala (99,100).
Although hundreds of genes change after an acute stress
exposure, the picture remains incomplete. The major challenge
here is the dynamic nature of transcription. Given that stressinduced signals will alter the transcriptome in an interactive
and temporally deﬁned manner, costly time course experiments are required. In vivo, transcriptomic changes appeared
5 minutes after an acute footshock stressor (101), and bath

application of corticosterone to hippocampal slices resulted in
complex waves of gene expression that terminated within 5
hours (82). Unfortunately, many transcriptomic studies of acute
stress need to be interpreted with caution because they are
underpowered and resort to uncorrected p values (2,4,96,100)
or have compared transcriptional responses using tools like
Venn diagrams (2,85,96,97,102,103), which in retrospect
proved to be simplistic and potentially misleading (see
Figures S1 and S2). Importantly, because most datasets are
publicly available, they can be reevaluated as bioinformatic
capabilities evolve. For example, in our previous proﬁling of the
transcriptomic changes triggered by different acute stressors
(novelty stress, swim stress, and restraint stress) in the ventral
and dorsal hippocampus (85), Venn diagrams overestimated
the differences in stress-induced gene expression between the
two regions as well as the differences in gene expression between stressors. Reanalyzing these published data, we plotted
the fold changes of all genes that are signiﬁcantly altered in
either the dorsal or ventral hippocampus, which revealed that
stress-induced genes react in a strikingly similar fashion
across regions and across stressors (Figure 3A, left two
panels). Although an analysis tailored for the identiﬁcation of
region-speciﬁc alterations (dorsal vs. ventral hippocampus) in
response to stress did uncover some differentially expressed
Figure 3. Reanalysis of published data reveals
region and cell type speciﬁcity of stress-induced
transcriptomic changes and its relationship to
activity-dependent transcription. (A) Comparison of
the hippocampal transcriptome in response to psychophysical stressors in the ventral and dorsal hippocampus (two left panels) (85) with two models of
neuronal activation (two right panels) (104,105).
Shown is the union of genes that respond to psychophysiological stressors or to forskolin-mediated
LTP (see Supplemental Methods). The stressinduced changes are similar between regions and
stressors, and much of this response is also
consistent with activity-dependent transcription. (B)
Variance explained by experimental groups in the
hippocampus dataset (85). Each bar represents a
DEG (well-known gene names are included as examples); the gray parts represent the proportion of
variance explained by the division between stressed
animals (i.e., novelty, swim, or restraint) and control
animals, while the blue part indicates the additional
proportion of the variance that is further explained by
the speciﬁc stress groups. (C) Comparison of the
stress-induced changes in hippocampal bulk
messenger RNA sequencing with that of in silico
sorted cell types from amygdalar single-cell RNA
sequencing data (127). Shown are the genes that are
signiﬁcantly altered by stress in the hippocampal
data as well as in at least one of the cell types in the
amygdala. The proﬁles suggest contributions of
different cell types to the shared transcriptional
response, in particular of glial and endothelial cells,
with a much more marginal contribution of neurons.
In both (A) and (C), each row represents the same
gene across the entire dataset, and each column
represents a biological replicate. Represented are
the log-fold changes to the means of the controls (of
the respective region) scaled by unit variance. DEG,
differentially expressed gene; LTP, long-term
potentiation.
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genes (Figure S1B), not all such differences imply different
regulatory mechanisms, and some could be due to the differential cell type composition of the two regions (see
Supplemental Methods for more details). Analyzing the variance in the expression of each differentially expressed gene
(Figure 3B) indicates that most of the variance (w74% overall)
attributable to the different experimental groups is equally well
explained by two groups (stressed vs. control animals). Our
reanalysis warrants an updated interpretation of the transcriptomic response after acute stress, emphasizing the high
overall similarity of transcriptional changes after different
psychophysical stressors, and across the dorsal and ventral
hippocampus. It will be interesting to see how stress-induced
changes differ in additional brain regions such as the amygdala
and mPFC.
To our knowledge, our data constitute the only direct transcriptomic comparison between different acute stressors
in vivo (85) (Figure 3A). It is striking that the response to swim
and restraint stress is very similar to the arguably more subtle
exposure to a novel environment (novelty stress), which
prompts an interesting question: To what extent is the
observed transcriptional stress response in the hippocampus
merely the result of neuronal activation? To address this
question, we reanalyzed published data to compare the hippocampal stress signature with two models of neuronal activation (Figure 3A, right panels): forskolin-triggered long-term
potentiation in hippocampal slices (104) and in vivo kainic acid
injection (105). Despite the differences in experimental systems
and time points proﬁled, we observe that the vast majority of
stress-responsive genes are consistently upregulated or
downregulated across datasets at the peak of the response.
Clearly, heightened neuronal activity is a central component of
the stress response given that one of the key functions of the
stress response is to manage excessive glutamate release, via
regulation of NMDA and AMPA receptor expression, glutamate
clearance by glia, and the reduction of spine density and
dendritic complexity (70,106–110). Exploring this concept with
multiomic approaches could reveal important insights into the
adaptive—and maladaptive—changes triggered by acute and
chronic stress exposures and could help to differentiate homeostatic processes from those involving allostatic load. In
addition, a more systematic and thorough integration of stress
research with the well-established ﬁeld of activity-dependent
transcription could prove to be beneﬁcial (105,111).

Single-Cell Transcriptomics
A major gap between the observed changes in gene expression and a mechanistic understanding of the stress response is
the lack of cell type speciﬁcity of most -omic data. Stress can
selectively affect inhibitory neurons and alter the excitation–
inhibition balance (112–115). For example, the glutamate
decarboxylases Gad65 and Gad67 were upregulated in inhibitory hippocampal neurons between 1 and 2 hours after restraint stress (116), and the cystine/glutamate antiporter
Scl7a11 was reduced speciﬁcally in astrocytes of the ventral
hippocampus (108). Importantly, the heterogeneity of cell
types is far more complex than previously recognized, and
even within–cell type heterogeneity in the hippocampus seems
to be the norm rather than the exception (117–119).

Accordingly, stress will have different effects not only on
different cell types but likely also on different subclasses of
cells depending on their intrinsic genetic makeup, connectivity,
or location (120,121). Owing to technical and bioinformatic
advances, single-cell RNA sequencing (scRNA-seq) now allows quantitative comparisons of gene expression between
experimental groups within cell types (122). However, scRNAseq comes with two major challenges. First, the highly interconnected and tightly packed brain tissue is difﬁcult to
dissociate into intact and viable cells, which are required to
gain high-quality scRNA-seq data. Second, commonly used
tissue dissociation protocols can cause artiﬁcial upregulation
of IEGs. Available plate-based manual dissociation protocols
are laborious, require experience and carefully controlled experiments, and do not scale well (121,123). One option to
circumvent dissociation-induced IEG expression is to perform
tissue dissociation on ice using a cold-active protease (124),
but this has not yet been tested in brain tissue (125,126).
Similarly, Wu et al. (127) developed an scRNA-seq technique
that uses a milder dissociation protocol (at lower temperature
and using a transcription inhibitor) to characterize the transcriptional response of amygdala cells to restraint stress,
novelty (odor), and pentylenetetrazol-induced seizures.
Although to our knowledge their results constitute the only
available scRNA-seq dataset after acute stress, relatively little
attention was given to the stress condition, most likely owing
to its high variability and the small effects relative to seizures. A
limitation of this dataset is that a considerable proportion of the
cells show high expression of both glial and neuronal markers
(see Supplemental Methods), which could be due, for instance,
to an incomplete dissociation. Excluding those cells, we
reanalyzed the data, aggregated by broad cell classes, and
compared them with the hippocampal stress signature
(Figure 3C). Plotting genes that are altered both in the hippocampus bulk RNA sequencing and in at least one cell type (in
response to at least one treatment) reveals a relatively high
concordance between single-cell and bulk signatures despite
the differences in time point and brain region proﬁled. This
suggests that bulk sequencing can be sufﬁciently sensitive to
detect changes even from relatively rare cell populations such
as endothelial cells. Curiously, neurons were by far the least
correlated with the bulk signature, suggesting that the majority
of gene expression changes might occur in glial and endothelial cells. This hypothesis warrants replication and validation
using a technically reﬁned approach.
An alternative to scRNA-seq is single-nucleus RNA
sequencing, which allows higher throughput sample processing because frozen tissue is used for fast mechanical disruption into single-nucleus suspension on ice (128). Despite
single-nucleus RNA sequencing results being dominated by
nascent transcripts and missing non-nuclear RNAs, nuclear
sequencing yields accurate expression of the majority of
marker genes to conﬁdently identify cellular subpopulations
(129–131). The goal of providing a detailed overview of the
dynamic molecular response to various acute stressors at
single-cell resolution in different brain regions is currently still
prohibitively expensive, yet this is undoubtedly the direction in
which the ﬁeld will move by exploiting advances in scRNA-seq
and spatial transcriptomics (132).
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Translatome and Proteome
Not all transcriptional changes will affect the expression level
of the corresponding proteins, and notably several stressinduced signals—such as the MAPK–ERK cascade—can
regulate translation via the mTOR (mechanistic target of
rapamycin) pathway (133). A direct way to assess whether
stress changes protein levels is by interrogating the proteome.
There are few studies addressing the effects of acute stress on
the proteome, detecting only very few protein changes in the
hippocampus 24 hours after stress (85) and in the basolateral
amygdala 30 days after stress (99). It remains unclear whether
the time points chosen for these analyses or the coverage and
sensitivity provided by the proteomic technology are responsible for the low number of signiﬁcantly altered proteins.
Alternatively, translational inhibition is known to occur in
response to cellular stress, likely to preserve cellular energy
resources, which could explain these unexpected results (134).
In short, the temporal dynamics of the proteomic changes and
their relation to transcriptional changes in response to acute
stress remain largely unexplored.
Given the greater sensitivity of sequencing-based techniques over mass spectrometry, there is increasing interest in
the analysis of the messenger RNAs that are actively translated, namely the translatome (135). Beyond sensitivity, ribosomal tags expressed in transgenic mice under speciﬁc
promoters allow proﬁling of the actively translated (ribosomeassociated) RNA in select subpopulations of cells. This has
already been used to investigate the stress-induced effects on
the translatome of hippocampal CA3 pyramidal neurons
(102,136,137). However, a recent reanalysis revealed that
these studies were underpowered and yielded vastly overestimated effects and that increased gene translation after
acute stress is mostly restricted to well-known IEGs (138).
Translatome proﬁling in astrocytes from the somatosensory
cortex revealed robust translational changes 90 minutes after
acute restraint stress (51). Combined with the previous comparison of scRNA-seq data (Figure 3D), these data remind us
to look beyond neurons as profound stress-induced changes
occur in glial and endothelial cells.

OUTLOOK AND CONCLUSIONS
Much of the healthy molecular response to acute stressors
reﬂects a tightly choreographed dance among neurons,
endothelial cells, and glial cells, providing energy substrates
for increased neuronal activity while keeping excessive excitability (seizures) in check. We are only beginning to understand
how lifestyle factors can affect energy metabolism and thus
inﬂuence health through mechanisms that involve glial cells
and mitochondria (139,140). We argue here that detailed
knowledge of the molecular response to acute stress will help
to understand the effects of chronic stress and individual differences in stress resilience and vulnerability. To achieve this,
we suggest three approaches: 1) a detailed characterization of
the acute stress response across all molecular levels (see
Figure 2) over time to catalogue the peak molecular stress
response and its termination, 2) a multiomic comparison of
different acute stressors to identify molecular breaking points
where some stressors overwhelm the ability to cope and lead
to allostatic load, and 3) a time-course experiment where
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repeated exposure to acute stressors is used to characterize
the molecular transition from acute to chronic stress. For all
these experiments, a major challenge is to integrate the
resulting datasets across scales, stressors, and time points.
This challenge only grows, as new multiomic methods rapidly
emerge and reveal, for example, that stress can change the
chromatin landscape (86,141,142) and induce changes in the
epitranscriptome (143), metabolome, lipidome (5,144), and
microbiome (145). Although bioinformatically demanding,
useful examples of complex data integration have emerged in
other neuroscience ﬁelds (105,111). In addition, we caution
that novel techniques be used rigorously because underpowered -omic datasets can easily produce misleading information. Despite these hurdles, the -omic revolution offers the
tools to study the acute stress response with the breadth and
resolution necessary for understanding such a complex and
dynamic system.
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