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Stress Reduces Extracellular ATP in the
Prefrontal Cortex and Activates the Prefrontal
Cortex–Lateral Habenula Pathway for
Depressive-like Behavior

Emily Arzola, Wen-Cheng Xiong, and Lin Mei
Major depressive disorder (MDD) is a common and devas-
tating mental disorder that causes feelings of sadness and
anhedonia (loss of pleasure or interest in activities), lack of
motivation, cognitive deficits, and vegetative symptoms. It is
the leading cause of disability around the world, affecting 4.4%
of world’s population. Although the etiology of MDD remains
unclear, recent research has begun to unravel its pathophysi-
ological mechanisms. Arguably, three brain regions stand out
as most involved in MDD—the prefrontal cortex (PFC), the
hippocampus, and the amygdala—of which the PFC seems to
be most consistently impaired in MDD (1). Pathological find-
ings include reductions in PFC volume, synapse numbers and
dendrite complexity, and dysfunction of glutamatergic and
GABAergic (gamma-aminobutyric acidergic) transmission in
the medial PFC (mPFC). In accordance with these findings,
mPFC glutamate levels were reported to be higher in women
with postpartum depression (2), while decreased levels of
glutamatergic metabolites in the mPFC were observed in pa-
tients with depression (3). Data from mouse studies are also
inconsistent, as both hyperexcitability and decreased
excitability have been reported to occur in the PFC of
depression-inducing stress models. One reason for the
apparently conflicting observations may be the diversity of
neurons in the mPFC that are known to project to different
subcortical regions, including the lateral habenula (LHb), dorsal
raphe nucleus (DRN), nucleus accumbens, basal lateral
amygdala, periaqueductal gray, medial dorsal thalamus, and
dorsal striatum, many of which have been implicated in MDD.
For example, activation of the PFC-DRN pathway was shown
to alleviate depressive-like behavior, whereas activation of the
mPFC-LHb pathway impaired passive coping behavior in the
forced swim test. It is plausible that each group of mPFC
projection neurons is uniquely impacted under stress and
contributes to different aspects of depression pathology.
Outstanding questions in the field include the following: How
are these circuits impaired in depression? Are they regulated in
a circuit-specific manner? Is the regulation via a top-down or a
bottom-up mechanism? And importantly, what are the mo-
lecular mechanisms?

In the current issue of Biological Psychiatry, Lin et al. (4)
addressed these questions with a combination of elegantly
designed experiments. They focused on two pathways—
mPFC-DRN and mPFC-LHb projections—because the DRN
and LHb, and the mPFC neurons projecting to these regions
(thereafter referred to as DRN-projecting mPFC neurons and
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LHb-projecting mPFC neurons, respectively), have been
shown to play a critical role in depression. The authors started
by using retrograde tracing techniques to characterize DRN-
and LHb-projecting mPFC neurons (i.e., via stereotaxic injec-
tion of fluorescent retrobeads in the DRN and LHb, respec-
tively). The two groups of mPFC neurons hardly overlap with
one another, but both are positive for CaMKII, a marker of
glutamatergic neurons, indicating that they are two distinct
populations of pyramidal neurons. To determine which group
might be altered after stress, the authors again retrogradely
labeled neurons and subjected mice to chronic social
defeat stress (CSDS), a well-established paradigm to cause
depression-like behaviors. They found a reduction in the fre-
quency of spontaneous inhibitory postsynaptic currents
(sIPSCs), but not spontaneous excitatory postsynaptic cur-
rents, in LHb-projecting mPFC neurons in acute brain slices
from defeated susceptible mice. In contrast, this change was
not found in DRN-projecting mPFC neurons. These results
suggest that CSDS specifically reduces GABAergic inputs to,
and increases the excitability of, LHb-projecting mPFC neu-
rons of susceptible mice. Using chemogenetic strategies, Lin
et al. (4) demonstrated that activation of the mPFC-LHb
pathway is sufficient to induce depressive-like behaviors;
alternatively, inhibition of this pathway attenuated depressive-
like behaviors in CSDS-defeated susceptible mice and IP3R2-
null mutant mice, a model of depression (see later). These re-
sults revealed a critical role of the mPFC-LHb pathway in
controlling depression; in particular, when the activity is
elevated, mice display depressive-like behaviors.

Astrocytes have been implicated in many physiological
functions, including neurotransmission, synaptic plasticity,
adult neurogenesis, glutamate uptake and transport, and im-
mune response by microglia. These functions, if impaired, may
directly or indirectly lead to depressive-like behaviors in mouse
models. Astrocytes are a major source of extracellular ATP
(adenosine triphosphate), which can be released because of
the IP3-dependent increase of intracellular Ca21 from the
endoplasmic reticulum. IP3R2 is a relatively specific IP3R
isoform expressed in astrocytes and oligodendrocytes,
compared with neurons. Earlier work by Gao and colleagues
demonstrated that null mutant mice with Itpr2, which encodes
IP3R2, display depressive-like phenotypes in the sucrose
preference test and forced swim test. Interestingly, similar
changes of GABAergic transmission (reduced sIPSC fre-
quency) and increased excitability of LHb-projecting mPFC
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neurons were observed. Again, these effects were not detec-
ted in DRN-projecting mPFC neurons, indicative of the
specificity. These results suggest that the hyperexcitability of
LHb-projecting mPFC neurons, likely resulting from reduced
GABA inputs, may be a common mechanism for depression.

What is the signal that reduces GABAergic inputs specif-
ically to LHb-projecting mPFC neurons? Clinic evidence sug-
gests an association of impaired mitochondria and ATP
production with depression symptoms, including lack of
motivation, with lower levels of ATP production (5). For
example, compared with control subjects, patients with
depression show lower ATP levels in the brain in addition to
lower ATP turnover–related respiration and coupling efficiency
of mitochondria in peripheral blood cells. In addition to
providing energy, ATP can be released into the extracellular
space by many cell types, including astrocytes, to modulate
cell functions in autonomous and nonautonomous manners.
Extracellular ATP in the brain is lower in patients with
depression compared with control subjects (6). However,
pathophysiological mechanisms of extracellular ATP defi-
ciency remain unclear. Earlier work by Gao and colleagues
demonstrated that IP3R2 deletion impaired ATP release from
astrocytes, causing depressive-like behavior. In the recent
study (4), they showed that treatment with exogenous ATP
reversed sIPSC reduction and attenuated hyperexcitability of
LHb-projecting PFC neurons in CSDC-defeated mice and
Itpr22/2 mice, providing further evidence for lower ATP as a
potential mechanism.
Biological P
Extracellular ATP are agonists for purinergic P2X and P2Y
receptors. Purinergic P2X receptors are membrane ion chan-
nels that open upon binding to extracellular ATP, whereas
purinergic P2Y receptors belong to the superfamily of G
protein–coupled receptors. Mounting evidence indicates that
extracellular ATP regulates neurotransmission and synaptic
plasticity. For example, ATP excites interneurons by activating
P2Y1 and P2X2 receptor (7) but suppresses glutamatergic
transmission via activating adenosine A1 receptor (8). To un-
derstand how ATP deficiency reduces sIPSC frequency, the
authors knocked down P2X2 receptor specifically in Gad21

interneurons in the mPFC. First, they showed that P2X2 re-
ceptor knockdown reduced the excitability and attenuated
ATPgS-induced hyperexcitability of GABAergic interneurons.
Second, the knockdown increased the excitability of LHb-
projecting mPFC neurons. Third, P2X2 receptor knockdown
impaired social interaction and caused depressive-like be-
haviors in sucrose preference and forced swim tests and
blocked the antidepressant effect of ATPgS. These results
suggest that ATP deficiency causes hyperexcitability of LHb-
projecting mPFC neurons by decreasing P2X2 receptor acti-
vation and subsequently suppressing GABAergic interneurons.

Together, the results of Lin et al. (4) make a compelling case
that CSDS-related stress impairs astrocytes and hampers the
IP3R2-dependent release of ATP, which cause a reduction in
extracellular ATP, poor activation of P2X2 receptors on
GABAergic neurons, and reduced GABAergic transmission;
consequently, the excitability of LHb-projecting mPFC neurons
Figure 1. Lin et al. (4) suggest a working model in
which stress reduces extracellular ATP presumably
in response to impaired release from astrocytes.
Deficient ATP is unable to maintain P2X2 receptor
activity in GABAergic interneurons and thus di-
minishes GABAergic transmission onto mPFC neu-
rons projecting to the LHb. The resulting increased
excitability of LHb-projecting neurons, and neurons
innervated by these projecting neurons, causes
depressive-like behaviors. These effects are
pathway-specific because the excitability of mPFC
neurons projecting to the DRN is not altered. ATP,
adenosine triphosphate; DRN, dorsal raphe nucleus;
GABA, gamma-aminobutyric acid; BLA, basolateral
amygdala; LC, locus coeruleus; LHb, lateral habe-
nula; mPFC, medial prefrontal cortex; NAc, nucleus
accumbens; PV, parvalbumin; SST, somatostatin;
VTA, ventral tegmental area.
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is increased and depression ensues (Figure 1). The model
nicely explains the heterogeneous effects of stress on mPFC
excitatory neurons and provides mechanistic insight into the
pathophysiology of depression. The study also raises many
questions that deserve future study. First, the model seems to
position astrocytes at the top of the cascade, which begins
with reduced astrocytic ATP release. How do astrocytes sense
the stress? What is the upstream signal(s)? Are they produced
by cells in the brain or in the peripheral cells (even gut micro-
flora)? Second, what about other mPFC-subcortical pro-
jections that are involved in MDD? It would be interesting to
determine whether they are regulated by CSDS-induced
depressive-like behaviors. Similarly, what about astrocytes in
other brain regions? Are they able to sense stress?

Third, how could ATP deficiency specifically excite LHb-
projecting neurons but not DRN-projecting neurons, although
both are in the mPFC? One possible explanation is that these 2
groups of projecting neurons are innervated by distinct pop-
ulations of GABAergic interneurons, and that only those for
LHb-projecting neurons express P2X2R. In accordance with
this idea, selective stimulation of astrocytes expressing
channelrhodopsin-2 in the CA1 area and exogenous ATP
specifically increases the firing frequency of cholecystokinin-
positive but not parvalbumin-positive interneurons (9),
although the underlying molecular mechanisms remain un-
clear. Fourth, ATP seems to promote GABAergic transmission
and suppress glutamatergic synaptic transmission. Theoreti-
cally, extracellular ATP deficiency is likely to reduce GABAergic
transmission and increase glutamatergic transmission. CSDS
and IP3R2 mutation seemed to have no direct effect on glu-
tamatergic transmission, although extracellular ATP is
reduced. How this selective effect is achieved warrants further
study.
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