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The upside of stress: a mechanism for the positive motivational
role of corticotropin releasing factor
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Intuitively, we know that salient environmental stimuli, even when
stressful, can trigger an internal state of urgency that focuses our
attention, motivates us to work harder, encourages us to explore
new spaces or people, and helps us achieve specific goals. Despite
its known benefits, the neural mechanisms that underlie these
positive motivational qualities of acute stress remain poorly
understood. In the past 10 years, evidence has emerged pointing
to a new role for the neuropeptide corticotropin-releasing factor
(CRF). CRF is a well-studied stress-associated neuropeptide. A rich
literature exists demonstrating neuronal substrates of CRF-evoked
energy mobilization, fear, and anxiety. However, when acting in the
nucleus accumbens (NAc), CRF has been shown to promote
exploratory behaviors and invigoration for reward [1, 2]. Yet, the
cellular mechanism(s) mediating these positive motivational
actions of CRF in the NAc were not known.
In a study published two months ago, we showed that CRF type

1 receptors (CRF-R1) are ubiquitously expressed on cholinergic
interneurons within the NAc of adult male mice [3]. We found that
CRF produces a robust increase in action potential firing in
cholinergic interneurons via CRF-R1 activation and cAMP depen-
dent mechanisms [3]. Cholinergic interneurons form dense axonal
ramifications, and therefore, through acetylcholine modulation,
can act as master regulators of accumbal output. Previous work
had shown that selective ablation of cholinergic interneurons
disrupts locomotion and enhanced dopamine transmission
triggered by an acute stressor, indicating this cell population
plays a critical role in adaptive stress processing [4]. Moreover,
work from the Greengard laboratory and others has shown that
suppression of cholinergic interneuron firing through a variety of
cell-type specific transgenic or chemogenetic manipulations
produces behaviors consistent with a depression-like state in
mice [5] that is accompanied by a reduction in reward-evoked
dopamine release [6]. Thus, we reasoned that the CRF mediated
increase of cholinergic interneuron firing may facilitate pathways
that drive the opposite behaviors: active coping and hedonic
behaviors such as reward consumption. This notion is supported
by our original findings that CRF both potentiates dopamine and
facilitates appetitive behaviors when acting in the NAc. In this
more recent report, we further show that this effect is, in part, due
to activation of muscarinic type 5 receptors (M5) on dopamine
neuron projections [3]. We propose that CRF’s potentiation of
cholinergic and dopaminergic transmission in the NAc is an
underlying mechanism for the positive motivational qualities of
acute stressors.
We further speculate that vulnerabilities to neuropsychiatric

diseases such as anxiety, depression, and addiction may develop
due to a diminution of the positive qualities of stress, not only an

exacerbation of the negative qualities of stress. Studies in human
subjects demonstrate disfunction in NAc activity in patients with
depression compared to healthy controls in response to positive
and negative stimuli using fMRI [7, 8]. Moreover, in mice, Gαs-
DREADD activation in accumbal cholinergic interneurons was able
to rescue depression-like phenotypes induced by chronic stress
[5]. Thus, we remain hopeful that as we expand our understanding
of the neuronal substrates that underlie the positive motivational
qualities of stress and stress-associated neuropeptides like CRF, we
may get closer to understanding the etiology of these diseases
and improve treatment.
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Despite decades of study, fundamental aspects of dopamine
biology are still being revealed.
Dopamine release in the forebrain has at least two distinct

functions: it invigorates current behavior (motivation) [1] and
influences future behavior (learning) [2]. The learning role seems,
at least in part, to involve brief bursts of dopamine cell firing
signaling reward prediction errors [3]. This “phasic” dopamine
signal helps adjust future reward expectations, through the
modification of synaptic strengths in forebrain targets [4]. This is
a compelling account of reinforcement learning mechanisms, but
does not describe how dopamine achieves more immediate
motivational functions.
It has been argued that motivation is mediated by distinct,

slower changes in “tonic” dopamine cell firing. This now appears
not to be the case [5]. In rats working for sugar rewards, we directly
compared the firing of optogenetically identified midbrain
dopamine cells (in the ventral tegmental area) with forebrain
dopamine release (measured using microdialysis, voltammetry,
and optical sensors). We found that dopamine release increases
with reward expectation—and thereby enhances the animals’
willingness to expend effort [1, 5]. Crucially, however, we found no
corresponding change in dopamine cell firing.
Instead, this motivational aspect of dopamine release seems to

be locally controlled within forebrain subregions. In both striatum
and cortex we found specific “hotspots” (nucleus accumbens core
and ventral prelimbic cortex) where dopamine release covaried
with reward expectation [5]. These spatial foci stand in contrast to
the canonical concept of dopaminergic reward prediction errors
being “broadcast” throughout the forebrain.
There are many mechanisms that can achieve local control of

dopamine release [6], most obviously the nicotinic acetylcholine
receptors on dopamine terminals. The axons of striatal cholinergic
interneurons form a very dense network of release sites closely
intermingled with dopamine varicosities. Artificial stimulation

of striatal cholinergic neurons very rapidly evokes dopamine
release.
Although the local control of dopamine release has long been

studied, its functional and computational significance is only now
coming into focus. A better understanding of how dopamine release
is regulated in behaving animals may provide a critical foundation for
our understanding of neurological and psychiatric disorders, and the
development of novel pharmacological therapies.
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