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Introduction

In all organisms, maintaining a stable internal environment and
responding to external threats is vital for survival. This requires the
ability to sense, transduce and respond effectively to real and
perceived stress. In mammals, multiple brain nuclei are activated in
response to both physiological and psychological challenges. When
faced with a challenge to internal homeostasis or an unanticipated,
direct threat to survival, this ‘stress circuitry’ rapidly sets in motion
a cascade of neural, neuroendocrine and behavioural responses.
Mounting an appropriate physiological response to such challenges
requires that the brain interprets, learns from and then remembers
the appropriate stimuli. This series of tasks is accomplished by
groups of interconnected neural networks that incorporate
information from sensory systems, process this information in
higher brain centres then engage downstream effectors to coordinate
generalized behavioural and physiological adaptation to change. In
the short-term, these adaptations are beneficial as they allow the
organism to respond to the threat. They also promote learning,
which results in more refined responses to subsequent challenges.
When launched inappropriately, however – for example, in the
absence of stress – they can have deleterious effects on mental and
physical health (McEwen and Gianaros, 2011; Stetler and Miller,
2011).
At the organismal level, stress is a complicated response to study
as there are a myriad of genetic, environmental and social
contributions that influence how the body is designed to respond to
challenges (Russo et al., 2012). In addition, the network of
mediators that influence neural and neuroendocrine responses
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function in a non-linear fashion (McEwen, 2006). In an effort to
better understand how the neuroendocrine response to stress is
initiated and modified, we have focused exclusively on synapses that
provide direct input to parvocellular neurosecretory cells (PNCs) in
the paraventricular nucleus of the hypothalamus (PVN). These cells
are the apex of the hypothalamic–pituitary–adrenal (HPA) axis,
which drives the neuroendocrine response stress. We will focus here
on neural and synaptic mechanisms and the rules that govern stressinduced changes in synaptic function that have been investigated in
laboratory animals. More specifically, we will provide descriptions
of changes to synaptic organization in the hypothalamus in rodent
models of stress. In some respects, the occurrence of synaptic
changes in the core stress centre seems curious, but recent findings
from our lab and others indicate that there is a unique window when
this area in particular is exquisitely sensitive to stress, during the
young adolescent period (postnatal day, PND 21–30) of
development in rodents. This susceptibility results in responses to
repeated stress in adolescents that are distinct from those observed
in adult animals. For example, while adult rats typically habituate to
repeated homotypic stressors, adolescents exhibit a sensitization in
response to repeated exposure to the same stressor (Romeo et al.,
2006). These differences suggest unique forms of information
storage, or plasticity, at different developmental stages in rodents. In
order to study changes in synaptic function and plasticity, we
commonly use 30–60 min restraint stress. This is a widely used
paradigm which, in our hands, reliably engages the HPA and causes
an increase in circulating corticosteroids (Hewitt et al., 2009).
Hypothalamus as central mediator: HPA axis and
corticotropin-releasing hormone neurons

The HPA axis is recruited rapidly in response to perceived
homeostatic challenges. Setting the HPA axis in motion contributes
to adaptive cognitive, behavioural and emotional responses mediated
by hormonal, neurochemical and physiological changes. The first
step in this recruitment is an increase in the activity of PNCs in the
hypothalamic PVN. These neurons produce and secrete
corticotropin-releasing hormone (CRH) along with other
secretogogues including vasopressin (VP) into the hypophyseal
portal circulation. Interestingly, PNCs also send axonal projections
to autonomic targets in the brainstem and spinal cord (Ulrich-Lai
and Herman, 2009; Swanson and Kuypers, 1980) hinting at a
coordination of neuroendocrine and autonomic output at the level of
the hypothalamus. CRH and VP are carried through the portal blood
supply to the anterior pituitary where they stimulate the synthesis
and secretion of adrenocorticotropic hormone (ACTH) into the
general circulation. Upon reaching the adrenal cortex, ACTH
promotes the secretion of steroid hormones including
glucocorticoids (GCs) and mineralocorticoids (MCs) into the
circulation (Fig. 1A). In rodents corticosterone (CORT), analogous
to cortisol in humans, is the primary GC. CORT can readily cross
the blood–brain barrier with concentrations in the brain peaking
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ABSTRACT
Any unanticipated threat to survival triggers an immediate sequence
of events in the brain that culminate in a coordinated neural,
endocrine and behavioural response. There is increasing evidence
that stress itself modifies neural circuits. In other words, neural stress
circuits learn from stress. This self-teaching is surprising as one might
expect these essential circuits to be hard-wired. Our recent findings,
however, indicate that repeated homotypic stress in rats causes
functional changes in neural circuitry in the hypothalamus. In
particular, we focus on signalling via endocannabinoids and describe
plasticity in this system that impacts fast retrograde signalling at
synapses on to the stress command neurons in the brain.
Interestingly, this plasticity appears to be limited to early adolescence,
hinting at unique modes of control of neural circuits by stress during
different developmental stages.
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~20 min following stress exposure and remaining elevated for up to
2 h (Nguyen et al., 2000; Droste et al., 2008).
Feedback: genomic versus non-genomic

An important aspect of the HPA axis is its ability to self-regulate.
This requires CORT-mediated feedback inhibition (Keller-Wood
and Dallman, 1984) at the level of the hippocampus (Jacobson and
Sapolsky, 1991), limbic forebrain structures (Furay et al., 2008) and
the hypothalamus (Weiser et al., 2011; Evanson et al., 2010) (Fig.
1B). CORT acts at glucocorticoid receptors (GRs) and
mineralocorticoid receptors (MRs), both of which are highly
expressed in the PVN as well as the hippocampus, medial prefrontal
cortex, amygdala and other structures associated with HPA
regulation (Aronsson et al., 1988). The negative feedback mediated
by CORT can be broken down into delayed and rapid effects. The
delayed effects require the binding of CORT to cytosolic GRs and
MRs. Once activated, this complex binds to nuclear DNA sites
altering gene expression to enhance or suppress the synthesis of
stress-associated proteins. These genomic effects impact the
biosynthesis of CRH and are controlled by afferent signals
influencing transcriptional regulation of Crh and Avp (arginine
vasopressin) genes (Watts, 2005). Recent work further suggests that
catecholaminergic neurons are integral to the suppression of Crh
expression by elevated CORT (Kaminski and Watts, 2012). Because
of the nature of genomic actions, subsequent effects are typically
exhibited no less than 30 min following receptor binding
(Keller-Wood and Dallman, 1984). The cytosolic MRs and GRs that
mediate this negative feedback have different affinities for
endogenous CORT; the high affinity MR typically mediates basal
CORT effects while the lower affinity GR is thought to be recruited
during a stressful event, when free CORT concentrations are
significantly elevated. Recent work, however, challenges some
elements of this framework by demonstrating that activation of MRs
in the hippocampus can mediate rapid effects of CORT (Karst et al.,
2005). CORT was shown to enhance glutamate transmission by
increasing release probability in the hippocampus, dependent on the
MR rather than the GR as predicted. These rapid non-genomic
effects provide another mechanism through which the brain can
react to stress, and allow one hormone, CORT, to alter synaptic
activity in various ways over a prolonged period.

The more immediate effects, within seconds to minutes, of CORTmediated non-genomic feedback, are not reliant on transcriptional
regulation of specific genes, but rather are coordinated by CORT
actions at membrane-bound GC receptors coupled to G-proteins
(GPCRs). Non-genomic feedback effects include modulation of
neuronal excitability and peptide release into the median eminence
(Groeneweg et al., 2011). While the identity of a GC receptor that
acts through a non-genomic mechanism remains elusive, there is
compelling work showing clear examples of this non-genomic
mechanism of fast feedback at glutamatergic synapses in the PVN
(Di et al., 2003; Di et al., 2009; Wamsteeker et al., 2010). This fast
feedback requires CORT-mediated recruitment of endocannabinoids
(eCBs) in the PVN. In addition to negative feedback, CORT also
acts in an adaptive fashion. The best example of this is seen in the
demonstrations that intra-hypothalamic injection of CORT prior to
restraint stress inhibits a stress-induced rise in CRH and ACTH
(Weiser et al., 2011). This adaptive capacity may be important in
preventing maladaptive secretion of CORT. Thus CORT promotes
negative feedback and adaptation though a genomic mechanism to
regulate transcription of target genes, as well as a non-genomic
mechanism that influences receptors and ion channels. A more
detailed review of genomic GC regulation of negative feedback can
be found elsewhere (Watts, 2005; Groeneweg et al., 2011).
Glutamate and GABA primary inputs to PNCs

The ability of stress to induce CORT secretion is dependent on
peptide release from CRH neurons. Vesicular release from these
synaptic terminals is a function of membrane potential and action
potential firing, which is tightly controlled by the integration of
glutamatergic and GABAergic afferents onto PNCs (Watts, 2005;
Decavel and Van Den Pol, 1990). These cells receive input from
multiple sources and their ability to not just drive the HPA system
but also adapt in response to different stimuli is intriguing, yet the
mechanisms for these adaptations remain largely unresolved.
Glutamatergic input to PNCs is fundamental for generating HPA
responses and both ionotropic and metabotropic glutamate
receptors are highly expressed in the PVN (Ziegler and Herman,
2000; Herman et al., 2000; Kocsis et al., 1998; Van Den Pol et al.,
1994). Glutamate microinjections into the PVN induce CORT
secretion, and application of the ionotropic glutamate receptor
antagonist kynurenic acid or the selective NMDA glutamate
receptor antagonist LY235959 suppresses stress-induced HPA
activation and CORT release (Ziegler and Herman, 2000;
Busnardo et al., 2013). These results support the necessary role of
glutamate in generating GC stress responses. The activity of
glutamatergic synapses, however, is labile in the face of stress.
Work from our lab has shown that following acute stress,
glutamate synapses can undergo a form of activity-dependent
short-term potentiation (STP). This STP can be induced in
response to many different stressors including psychological
stressors such as restraint, physical stressors such as swim or
ethologically relevant stressors such as predator odour (Kuzmiski
et al., 2010). Mechanistically, STP requires the depression of
NMDA receptor signalling in CRH neurons. This results in a loss
of negative feedback at glutamate synapses from the postsynaptic
cell and allows these synapses to release multiple vesicles of
glutamate in response to bursts of afferent activity. The identity of
this retrograde feedback signal remains unknown. This is a
powerful and enduring form of plasticity, lasting up to a week
following a single stress session. These observations open up a
host of new questions that revolve around the advantages of
coding such long-lasting changes after a single event. More efforts
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are clearly needed in this area both to better tease apart the
mechanisms and to provide more insight into the functional
relevance of this effect.
The PVN receives significant input from higher brain regions and
while the hippocampus, amygdala and prefrontal cortex have no
significant direct connections with PNCs, they interact indirectly via
multiple relay nuclei. The majority of these relay nuclei, including
the bed nucleus of the stria terminalis, dorsomedial hypothalamus,
local interneurons surrounding the PVN (peri-PVN), arcuate nucleus
and medial pre-optic area, send GABAergic projections that richly
innervate the medial parvocellular PVN (Cullinan et al., 1993;
Roland and Sawchenko, 1993; Ulrich-Lai and Herman, 2009). In
step with the inputs, PNCs densely express GABAA receptor
subunits (Cullinan, 2000). Considering the large number of
inhibitory inputs from higher brain regions, and that over 50% of
inputs to PNCs are in fact GABA reactive, GABA should be a
critical regulator of PNC output (deCavel et al., 1990; Miklós and
Kovács, 2002). In the adolescent and adult CNS, GABA is the
primary inhibitory neurotransmitter. The binding of GABA to the
GABAA receptor results in a net influx of Cl– down its
electrochemical gradient. This is in contrast to the early stages of
development, during which Cl– moves out of the cell upon
activation of GABAA receptors. This switch of GABA from
excitatory to inhibitory during the course of development is driven
by reciprocal changes in the expression of the sodium–
potassium–chloride symporter NKCC1 and the potassium–chloride
co-transporter KCC2. In prenatal and neonatal rodents, NKCC1 is
highly expressed (Yamada et al., 2004; Ben-Ari et al., 2007). As the
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nervous system matures, NKCC1 expression wanes while KCC2
expression increases (Lee et al., 2005). This lowers intracellular Cl–
levels, and switches GABA from excitatory to inhibitory (Rivera et
al., 1999). Consistent with GABA being inhibitory in the developed
brain, intra-hypothalamic injection of the GABAA agonist muscimol
prior to stress inhibits restraint-induced CORT release (Cullinan,
1998), while application of the GABAA antagonist bicuculline in
naive (unstressed) animals initiates HPA responses (Cole and
Sawchenko, 2002; Hewitt et al., 2009). Overall, there is ample
evidence that GABA exerts an inhibitory tone on PNCs that must be
reduced in order to mount an appropriate stress response. Equally
important is the restoration of this inhibition to curtail the system
and promote recovery following a stress experience.
Interestingly, GABA actions on PNCs can be dramatically altered
following stress. Although stress activates GABAergic PVNprojecting neurons (Campeau and Watson, 1997), which is expected
if GABA is acting to diminish activation of the system, evidence
suggests that GABA agonists applied after stress actually enhance
stress-induced CORT release (Borycz et al., 1992; Sarkar et al.,
2011). Work from our lab provided the first clue, at the cellular
level, that GABA inhibition was compromised at the onset of stress.
Specifically, we showed that acute stress in adolescent rats was
accompanied by a decrease in signalling capacity at transmembrane
K+–Cl– co-transporters in PVN neurons. This results in decreased
Cl– extrusion from neurons that manifests as a depolarizing shift in
the reversal potential for Cl– (Hewitt et al., 2009). The functional
consequence is the loss of GABA signalling and, in some cases,
even a GABA-mediated excitation (Hewitt et al., 2009; Sarkar et al.,
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Fig. 1. Summary of the hypothalamic–pituitary–adrenal (HPA) axis stress response. (A) Multiple limbic brain areas are affected by stress and relay
relevant information through GABAergic, glutamatergic and noradrenergic synaptic afferents, converging on parvocellular neuroendocrine cells (PNCs) in the
paraventricular nucleus of the hypothalamus (PVN). Corticotropin-releasing hormone (CRH) is produced by PNCs and released at the median eminence into
the portal circulation of the anterior pituitary. Adrenocorticotropic hormone (ACTH) is subsequently produced and released into the general circulation,
stimulating the adrenal cortex to produce glucocorticoid hormones, which have numerous systemic effects. (B) Importantly, glucocorticoids (GCs) act in a
negative feedback fashion (green lines) at multiple levels of HPA initiation to curtail activation. BNST, bed nucleus of the stria terminalis; DMH, dorsomedial
hypothalamic nucleus; NTS, nucleus tractus solitarius.

2011) as Cl– now leaves the cell upon the opening of the anionpermeable GABAA receptor. Our results also suggest that this
depolarizing shift may be necessary in order to overcome
GABAergic inhibitory tone to establish a rapid stress response.
Furthermore, although reports indicate that GABA synapses show a
decrease in release probability following a single stress (Verkuyl et
al., 2005), our recent work shows no change in basal presynaptic
GABA function following stress (Wamsteeker Cusulin et al., 2013).
Rather, we show that GABA synapses exhibit unique forms of
metaplasticity that are gated by stress. There are two distinct forms
of activity-dependent metaplasticity. Immediately following stress,
GABA synapses undergo long-term potentiation. This requires a
priming of the system by noradrenaline, activation of metabotropic
glutamate receptors and the insertion of postsynaptic GABAA
receptors (Inoue et al., 2013). The temporal window for potentiation
is brief as within 90 min, circulating CORT causes an unmasking of
an activity-dependent long-term depression. This depression requires
the liberation of opioids from the postsynaptic cells and manifests
as a decrease in the release of GABA from presynaptic terminals
(Wamsteeker Cusulin et al., 2013).
eCBs and stress

The cannabinoid type-1 receptor (CB1R) is one of the most highly
expressed GPCRs in the brain and there is clear anatomical evidence
demonstrating the localization of CB1Rs on glutamatergic and
GABAergic synapses in the PVN (Herkenham et al., 1990;
Wittmann et al., 2007). The native ligands for the CB1Rs are the
eCBs, of which there are two primary molecules: anandamide (Narachidonoylethanolamide, AEA) and 2-arachidonoylglycerol (2AG). Of the two, 2-AG is more highly concentrated in the brain
(Stella et al., 1997), but both likely play important roles in regulating
synaptic transmission. As eCBs are lipid molecules, they can easily
cross biological membranes, but it is not yet clear how they traverse
the aqueous synaptic cleft. These lipid-derived molecules are
thought to be recruited in an ‘on-demand’ fashion and act as
retrograde transmitters (Piomelli, 2003).
It is well documented that eCBs play a significant role in many
different brain processes including motor learning, pain and synaptic
plasticity (Lévénés et al., 1998; Walker et al., 1999; Yoshida et al.,
2002; Zhu and Lovinger, 2007). Accordingly, cells in almost every
brain region produce eCBs. eCB production is set in motion by
postsynaptic depolarization, which stimulates an increase in
intracellular Ca2+ (Wilson and Nicoll, 2001; Kreitzer and Regehr,
2001a; Ohno-Shosaku et al., 2001; Llano et al., 1991) or GPCR
activation (Ohno-Shosaku et al., 2005), including group I
metabotropic glutamate receptors (mGluRs) (Varma et al., 2001).
Following production, eCBs diffuse retrogradely across the synaptic
cleft to bind to presynaptic CB1Rs. The activation of CB1Rs
decreases the production of cAMP and adenylate cyclase at both
GABA and glutamate nerve terminals, resulting in a decrease in the
release of neurotransmitter (Piomelli, 2003) (Fig. 2A). This
postsynaptic depolarization causing a transient suppression of
GABA or glutamate release is termed depolarization-induced
suppression of inhibition (DSI) (Pitler and Alger, 1992) or excitation
(DSE), respectively (Kodirov et al., 2010; Kreitzer and Regehr,
2001b). This method is used to measure retrograde eCB production
and signalling, and has been shown to occur in core regions
implicated in the stress response, including the hippocampus (Pitler
and Alger, 1992), amygdala (Kodirov et al., 2010), prefrontal cortex
(Yoshino et al., 2011) and hypothalamus (Wamsteeker et al., 2010).
Interestingly, induction of DSI in one cell can inhibit nearby
synapses as well (Wilson and Nicoll, 2001). Application of the
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group I mGluR agonist DHPG causes a comparable suppression of
evoked inhibitory postsynaptic currents (eIPSCs), through enhanced
production of eCBs, confirmed by occlusion with the CB1R agonist
WIN55,212-2 (WIN) (Neu et al., 2007; Maejima et al., 2001). The
inability of the Ca2+ chelator BAPTA to block these effects of
DHPG confirms that group I mGluR activation is a Ca2+independent mechanism of eCB production (Maejima et al., 2005).
Activation of the presynaptic CB1R leads to inhibition of
neurotransmitter release through suppression of voltage-sensitive
Ca2+ channels (Twitchell et al., 1997; Guo and Ikeda, 2004) along
with inhibition of adenylate cyclase activity (Bonhaus et al., 1998)
and enhanced conduction through inwardly rectifying K+ channels
(Mackie et al., 1995; Kirby et al., 2000). The role of voltagesensitive calcium channels is confirmed by occlusion of CB1R
agonist actions by the application of an N-type Ca2+ channel blocker
(Wilson et al., 2001). This eCB-induced depression of eIPSCs is
accompanied by an inhibition of spontaneous IPSC (sIPSC)
frequency, and in some cases sIPSC amplitude (Pitler and Alger,
1992; Wamsteeker et al., 2010; Wilson and Nicoll, 2001). This
reduction in sIPSC frequency appears to be directly proportionate to
eIPSC inhibition (J. I. Wamsteeker, personal communication). This
effect requires Ca2+ influx into the postsynaptic cell and is
independent of changes to postsynaptic K+ conductance (Pitler and
Alger, 1992; Wilson and Nicoll, 2001). These data further support
that postsynaptic depolarization exerts its inhibitory effect on
synaptic transmission through a presynaptic reduction of release
probability.
Work from our lab and others has demonstrated the complex role
of the eCB system in the stress response. eCBs regulate the HPA
axis but, in turn, are influenced by CORT. In fact there is evidence
that the eCB system controls even basal HPA activity, as application
of the CB1R antagonist SR141716 leads to an increase in circulating
CORT levels in rodents (Patel et al., 2004). Patel and colleagues
have also shown that enhancing eCB signalling dampens stressinduced CORT secretion, which is to be expected if eCBs are acting
at CRH neurons to dampen neurotransmitter release. Likewise,
blockade of the CB1R causes potentiation of CORT release
following activation of the HPA axis by a stressor or GC agonist
(Evanson et al., 2010), consistent with a release of inhibition.
However, there is growing evidence that stimulation of the HPA axis
and subsequent CORT release directly influences eCB-mediated
retrograde signalling, with acute and chronic stressors facilitating or
inhibiting different eCB-mediated outcomes in adolescent rodents
(Wamsteeker et al., 2010; Crosby and Bains, 2012). Following acute
stress or GC administration, eCB synthesis in PNCs is triggered by
activation of GC receptors, which acts to dampen acute HPA axis
hyperactivity (Di et al., 2003; Hill et al., 2010). The presumed
pathway for fast negative-feedback regulation of the HPA involves
activation of the membrane-associated GC receptor, leading to
production of eCBs through G-protein-coupled signalling (Di et al.,
2003). This eCB-mediated effect on HPA output is modest. One
reason for this may be that GC-mediated eCB production is limited
to glutamate synapses. This specificity is surprising given that
GABA synapses in PVN are sensitive to exogenous CB1R ligands
and exhibit DSI (Wamsteeker et al., 2010). Further investigation is
needed to better understand the synapse specificity of the
CORT–eCB interactions.
In contrast to acute stress, a repetitive, homotypic stress paradigm
induces a loss of activity-dependent eCB signalling at both
glutamate and GABA synapses in young adolescent (PND 21–30)
rats. This presents as a progressive reduction in DSE and DSI,
respectively, over the course of multiple restraint stress exposures
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A

Fig. 2. Effect of a repetitive stress paradigm on
endocannabinoid (eCB) signalling at GABA synapses in the
PVN. (A) Normal function of activity-dependent eCB signalling.
Postsynaptic depolarization (20 mV, 5 s) causes an influx of
calcium, and subsequent eCB production. eCBs act retrogradely
on cannabinoid type-1 receptor (CB1R)-containing PNCs to inhibit
GABA release in naive animals. GABAAR, GABAA receptor.
(B) Five days of repetitive homotypic stress causes functional
downregulation of presynaptic CB1Rs, resulting in diminished
depolarization-induced suppression of inhibition (DSI) expression.
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(Fig. 2). This effect requires the activation of the genomic GC
receptor as it is prevented by intraperitoneal injections of the GC
receptor antagonist RU486 prior to stress (Wamsteeker et al., 2010).
Furthermore, this loss of eCB signalling is due to compromised
function of the CB1R and not to an inability of this system to
produce eCBs. This is based on the observation that the exogenous
ligand of the CB1R, WIN, fails to reduce synaptic release in
repeatedly stressed animals (Wamsteeker et al., 2010). Comparable
studies in the striatum show chronic stress-induced reduction in CB1
receptor function at GABAergic synapses, which are similarly
dependent on the genomic GC receptor (Rossi et al., 2008).
Although it appears that CORT actions via GC receptors are
necessary for diminished eCB signalling in the PVN following
repeated stress, a clear mechanism for CB1R downregulation has yet
to be elucidated. In the hippocampus, chronic GC administration
reduces CB1R density (Hill et al., 2008); however, findings indicate
that this impaired retrograde signalling in the PVN is unlikely to be
caused by agonist-induced CB1 receptor downregulation as
extended CORT incubation does not alter DSI expression
(Wamsteeker et al., 2010). A more probable explanation involves
CORT action on intracellular GC receptors inducing a genomic
signalling cascade to ultimately alter CB1R transcription or some
constituent of the receptor that allows it to be functionally
responsive.
Ongoing synaptic activity is necessary for appropriate functioning
of CB1Rs, and the efficacy of eCB-mediated inhibition of glutamate
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and GABA release is largely modulated by both presynaptic and
postsynaptic activity. Postsynaptic activity level, experimentally
controlled by the duration and magnitude of the depolarizing step
used to elicit DSI, greatly influences eCB production and release
(Wamsteeker et al., 2010). Studies suggest that CB1R activation
enhances specific K+ conductances to reduce neurotransmitter
release (Kirby et al., 2000) while the K+ channel blocker 4-AP
abolishes DSI through a presynaptic mechanism (Varma et al.,
2002). 4-AP increases the magnitude and duration of the terminal
depolarization, increasing Ca2+ influx and enhancing eIPSC
amplitude. Subsequently, the DSI-associated reduction in Ca2+ influx
is probably overwhelmed by a saturation of the release process. The
necessity of synaptic activity for CB1R function is further supported
by evidence that presynaptic activity state plays a role in the
regulation of eCB inhibition of GABA release. Increasing
presynaptic firing rates in the hippocampus can recover inhibition
of GABA release induced by a CB1R agonist, in an N-type Ca2+
channel-dependent fashion (Földy et al., 2006). These findings that
CB1Rs are subject to modulation by synaptic activity might provide
insights into how CB1Rs recover after stress.
Over a period of days following the final stressor, this retrograde
system passively recovers to pre-stress activity levels in a timedependent manner (Wamsteeker et al., 2010). Further, evidence has
been put forward for the ability of exercise to re-set CB1R
sensitivity in the striatum following stress, accompanied by
resistance to measured behavioural consequences of stress (De
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Chiara et al., 2010). eCBs clearly play a fundamental role in
regulating basal and acute stress-induced HPA inhibition at synapses
in the PVN; however, repetitive stress impairs their ability to
influence neurotransmitter signalling at PNCs. It will be interesting
to determine whether eCB signalling can be rapidly recovered in the
PVN and the conditions under which this may occur.
The loss of CB1R signalling following repeated stress is not a
generalizable phenomenon as it is not evident in the CA1 region of
the hippocampus, an area thought to play an important role in
regulating stress responses. Furthermore, we failed to observe any
changes to eCB signalling in adult animals subjected to the same
repeated stress protocol. This intriguing observation suggests a
unique sensitivity of this system to stress in the adolescent and
suggests that it might serve as a useful entry point for better
understanding the physiology and plasticity of stress responses
during development.
There are multiple neuromodulators that serve important roles in
sculpting the brain’s response to stress. Here we have focused on the
eCBs, and specifically on their roles in the paraventricular nucleus
of the hypothalamus in rodents. These fascinating molecules are
rapidly induced, highly labile, yet ubiquitous in the brain. In
addition, numerous lines of work now show eCB signalling itself is
plastic and understanding the key steps that regulate eCB signalling
may provide new insights into stress neurobiology.
Competing interests
The authors declare no competing financial interests.

Author contributions
L.S. conducted the experiments presented in Fig. 2. The authors contributed
equally in the writing of the manuscript.

Funding
This research was funded by an operating grant from the Canadian Institutes for
Health Research.

References
Aronsson, M., Fuxe, K., Dong, Y., Agnati, L. F., Okret, S. and Gustafsson, J. A.
(1988). Localization of glucocorticoid receptor mRNA in the male rat brain by in situ
hybridization. Proc. Natl. Acad. Sci. USA 85, 9331-9335.
Ben-Ari, Y., Gaiarsa, J.-L., Tyzio, R. and Khazipov, R. (2007). GABA: a pioneer
transmitter that excites immature neurons and generates primitive oscillations.
Physiol. Rev. 87, 1215-1284.
Bonhaus, D. W., Chang, L. K., Kwan, J. and Martin, G. R. (1998). Dual activation
and inhibition of adenylyl cyclase by cannabinoid receptor agonists: evidence for
agonist-specific trafficking of intracellular responses. J. Pharmacol. Exp. Ther. 287,
884-888.
Borycz, J., Borycz, J. A. and Bugajski, J. (1992). Effect of gamma-aminobutyric acid
and muscimol on corticosterone secretion in rats. J. Physiol. Pharmacol. 43, 259269.
Busnardo, C., Alves, F. H. F., Crestani, C. C., Scopinho, A. A., Resstel, L. B. M.
and Correa, F. M. A. (2013). Paraventricular nucleus of the hypothalamus glutamate
neurotransmission modulates autonomic, neuroendocrine and behavioral responses
to acute restraint stress in rats. Eur. Neuropsychopharmacol. 23, 1611-1622.
Campeau, S. and Watson, S. J. (1997). Neuroendocrine and behavioral responses
and brain pattern of c-fos induction associated with audiogenic stress. J.
Neuroendocrinol. 9, 577-588.
Cole, R. L. and Sawchenko, P. E. (2002). Neurotransmitter regulation of cellular
activation and neuropeptide gene expression in the paraventricular nucleus of the
hypothalamus. J. Neurosci. 22, 959-969.
Crosby, K. M. and Bains, J. S. (2012). The intricate link between glucocorticoids and
endocannabinoids at stress-relevant synapses in the hypothalamus. Neuroscience
204, 31-37.
Cullinan, W. E. (1998). Evidence for a PVN site of action of GABA in the regulatory
control of the rat stress axis. Physiologist 41, 353.
Cullinan, W. E. (2000). GABA(A) receptor subunit expression within hypophysiotropic
CRH neurons: a dual hybridization histochemical study. J. Comp. Neurol. 419, 344351.
Cullinan, W. E., Herman, J. P. and Watson, S. J. (1993). Ventral subicular interaction
with the hypothalamic paraventricular nucleus: evidence for a relay in the bed
nucleus of the stria terminalis. J. Comp. Neurol. 332, 1-20.
De Chiara, V., Errico, F., Musella, A., Rossi, S., Mataluni, G., Sacchetti, L.,
Siracusano, A., Castelli, M., Cavasinni, F., Bernardi, G. et al. (2010). Voluntary

The Journal of Experimental Biology (2014) doi:10.1242/jeb.089730

exercise and sucrose consumption enhance cannabinoid CB1 receptor sensitivity in
the striatum. Neuropsychopharmacology 35, 374-387.
Decavel, C. and Van den Pol, A. N. (1990). GABA: a dominant neurotransmitter in the
hypothalamus. J. Comp. Neurol. 302, 1019-1037.
Di, S., Malcher-Lopes, R., Halmos, K. C. and Tasker, J. G. (2003). Nongenomic
glucocorticoid inhibition via endocannabinoid release in the hypothalamus: a fast
feedback mechanism. J. Neurosci. 23, 4850-4857.
Di, S., Maxson, M. M., Franco, A. and Tasker, J. G. (2009). Glucocorticoids regulate
glutamate and GABA synapse-specific retrograde transmission via divergent
nongenomic signaling pathways. J. Neurosci. 29, 393-401.
Droste, S. K., de Groote, L., Atkinson, H. C., Lightman, S. L., Reul, J. M. H. M. and
Linthorst, A. C. E. (2008). Corticosterone levels in the brain show a distinct
ultradian rhythm but a delayed response to forced swim stress. Endocrinology 149,
3244-3253.
Evanson, N. K., Tasker, J. G., Hill, M. N., Hillard, C. J. and Herman, J. P. (2010).
Fast feedback inhibition of the HPA axis by glucocorticoids is mediated by
endocannabinoid signaling. Endocrinology 151, 4811-4819.
Földy, C., Neu, A., Jones, M. V. and Soltesz, I. (2006). Presynaptic, activitydependent modulation of cannabinoid type 1 receptor-mediated inhibition of GABA
release. J. Neurosci. 26, 1465-1469.
Furay, A. R., Bruestle, A. E. and Herman, J. P. (2008). The role of the forebrain
glucocorticoid receptor in acute and chronic stress. Endocrinology 149, 5482-5490.
Groeneweg, F. L., Karst, H., de Kloet, E. R. and Joëls, M. (2011). Rapid nongenomic effects of corticosteroids and their role in the central stress response. J.
Endocrinol. 209, 153-167.
Guo, J. and Ikeda, S. R. (2004). Endocannabinoids modulate N-type calcium channels
and G-protein-coupled inwardly rectifying potassium channels via CB1 cannabinoid
receptors heterologously expressed in mammalian neurons. Mol. Pharmacol. 65,
665-674.
Herkenham, M., Lynn, A. B., Little, M. D., Johnson, M. R., Melvin, L. S., de Costa,
B. R. and Rice, K. C. (1990). Cannabinoid receptor localization in brain. Proc. Natl.
Acad. Sci. USA 87, 1932-1936.
Herman, J. P., Eyigor, O., Ziegler, D. R. and Jennes, L. (2000). Expression of
ionotropic glutamate receptor subunit mRNAs in the hypothalamic paraventricular
nucleus of the rat. J. Comp. Neurol. 422, 352-362.
Hewitt, S. A., Wamsteeker, J. I., Kurz, E. U. and Bains, J. S. (2009). Altered chloride
homeostasis removes synaptic inhibitory constraint of the stress axis. Nat. Neurosci.
12, 438-443.
Hill, M. N., Carrier, E. J., Ho, W.-S. V., Shi, L., Patel, S., Gorzalka, B. B. and Hillard,
C. J. (2008). Prolonged glucocorticoid treatment decreases cannabinoid CB1
receptor density in the hippocampus. Hippocampus 18, 221-226.
Hill, M. N., Karatsoreos, I. N., Hillard, C. J. and McEwen, B. S. (2010). Rapid
elevations in limbic endocannabinoid content by glucocorticoid hormones in vivo.
Psychoneuroendocrinology 35, 1333-1338.
Inoue, W., Baimoukhametova, D. V., Füzesi, T., Cusulin, J. I., Koblinger, K.,
Whelan, P. J., Pittman, Q. J. and Bains, J. S. (2013). Noradrenaline is a stressassociated metaplastic signal at GABA synapses. Nat. Neurosci. 16, 605-612.
Jacobson, L. and Sapolsky, R. (1991). The role of the hippocampus in feedback
regulation of the hypothalamic-pituitary-adrenocortical axis. Endocr. Rev. 12, 118134.
Kaminski, K. L. and Watts, A. G. (2012). Intact catecholamine inputs to the forebrain
are required for appropriate regulation of corticotrophin-releasing hormone and
vasopressin gene expression by corticosterone in the rat paraventricular nucleus. J.
Neuroendocrinol. 24, 1517-1526.
Karst, H., Berger, S., Turiault, M., Tronche, F., Schütz, G. and Joëls, M. (2005).
Mineralocorticoid receptors are indispensable for nongenomic modulation of
hippocampal glutamate transmission by corticosterone. Proc. Natl. Acad. Sci. USA
102, 19204-19207.
Keller-Wood, M. E. and Dallman, M. F. (1984). Corticosteroid inhibition of ACTH
secretion. Endocr. Rev. 5, 1-24.
Kirby, M. T., Hampson, R. E. and Deadwyler, S. A. (2000). Cannabinoid receptor
activation in CA1 pyramidal cells in adult rat hippocampus. Brain Res. 863, 120-131.
Kocsis, K., Kiss, J., Görcs, T. and Halász, B. (1998). Metabotropic glutamate
receptor in vasopressin, CRF and VIP hypothalamic neurones. Neuroreport 9, 40294033.
Kodirov, S. A., Jasiewicz, J., Amirmahani, P., Psyrakis, D., Bonni, K.,
Wehrmeister, M. and Lutz, B. (2010). Endogenous cannabinoids trigger the
depolarization-induced suppression of excitation in the lateral amygdala. Learn.
Mem. 17, 43-49.
Kreitzer, A. C. and Regehr, W. G. (2001a). Cerebellar depolarization-induced
suppression of inhibition is mediated by endogenous cannabinoids. J. Neurosci. 21,
RC174.
Kreitzer, A. C. and Regehr, W. G. (2001b). Retrograde inhibition of presynaptic
calcium influx by endogenous cannabinoids at excitatory synapses onto Purkinje
cells. Neuron 29, 717-727.
Kuzmiski, J. B., Marty, V., Baimoukhametova, D. V. and Bains, J. S. (2010). Stressinduced priming of glutamate synapses unmasks associative short-term plasticity.
Nat. Neurosci. 13, 1257-1264.
Lee, H., Chen, C. X.-Q., Liu, Y.-J., Aizenman, E. and Kandler, K. (2005). KCC2
expression in immature rat cortical neurons is sufficient to switch the polarity of
GABA responses. Eur. J. Neurosci. 21, 2593-2599.
Lévénés, C., Daniel, H., Soubrié, P. and Crépel, F. (1998). Cannabinoids decrease
excitatory synaptic transmission and impair long-term depression in rat cerebellar
Purkinje cells. J. Physiol. 510, 867-879.

107

The Journal of Experimental Biology

REVIEW

Llano, I., Leresche, N. and Marty, A. (1991). Calcium entry increases the sensitivity of
cerebellar Purkinje cells to applied GABA and decreases inhibitory synaptic currents.
Neuron 6, 565-574.
Mackie, K., Lai, Y., Westenbroek, R. and Mitchell, R. (1995). Cannabinoids activate
an inwardly rectifying potassium conductance and inhibit Q-type calcium currents in
AtT20 cells transfected with rat brain cannabinoid receptor. J. Neurosci. 15, 65526561.
Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A. and Kano, M. (2001). Presynaptic
inhibition caused by retrograde signal from metabotropic glutamate to cannabinoid
receptors. Neuron 31, 463-475.
Maejima, T., Oka, S., Hashimotodani, Y., Ohno-Shosaku, T., Aiba, A., Wu, D.,
Waku, K., Sugiura, T. and Kano, M. (2005). Synaptically driven endocannabinoid
release requires Ca2+-assisted metabotropic glutamate receptor subtype 1 to
phospholipase Cbeta4 signaling cascade in the cerebellum. J. Neurosci. 25, 68266835.
McEwen, B. S. (2006). Protective and damaging effects of stress mediators: central
role of the brain. Dialogues Clin. Neurosci. 8, 367-381.
McEwen, B. S. and Gianaros, P. J. (2011). Stress- and allostasis-induced brain
plasticity. Annu. Rev. Med. 62, 431-445.
Miklós, I. H. and Kovács, K. J. (2002). GABAergic innervation of corticotropinreleasing hormone (CRH)-secreting parvocellular neurons and its plasticity as
demonstrated by quantitative immunoelectron microscopy. Neuroscience 113, 581592.
Neu, A., Földy, C. and Soltesz, I. (2007). Postsynaptic origin of CB1-dependent tonic
inhibition of GABA release at cholecystokinin-positive basket cell to pyramidal cell
synapses in the CA1 region of the rat hippocampus. J. Physiol. 578, 233-247.
Nguyen, K. T., Deak, T., Will, M. J., Hansen, M. K., Hunsaker, B. N., Fleshner, M.,
Watkins, L. R. and Maier, S. F. (2000). Timecourse and corticosterone sensitivity of
the brain, pituitary, and serum interleukin-1beta protein response to acute stress.
Brain Res. 859, 193-201.
Ohno-Shosaku, T., Maejima, T. and Kano, M. (2001). Endogenous cannabinoids
mediate retrograde signals from depolarized postsynaptic neurons to presynaptic
terminals. Neuron 29, 729-738.
Ohno-Shosaku, T., Hashimotodani, Y., Maejima, T. and Kano, M. (2005). Calcium
signaling and synaptic modulation: regulation of endocannabinoid-mediated synaptic
modulation by calcium. Cell Calcium 38, 369-374.
Patel, S., Roelke, C. T., Rademacher, D. J., Cullinan, W. E. and Hillard, C. J. (2004).
Endocannabinoid signaling negatively modulates stress-induced activation of the
hypothalamic-pituitary-adrenal axis. Endocrinology 145, 5431-5438.
Piomelli, D. (2003). The molecular logic of endocannabinoid signalling. Nat. Rev.
Neurosci. 4, 873-884.
Pitler, T. A. and Alger, B. E. (1992). Postsynaptic spike firing reduces synaptic
GABAA responses in hippocampal pyramidal cells. J. Neurosci. 12, 4122-4132.
Rivera, C., Voipio, J., Payne, J. A., Ruusuvuori, E., Lahtinen, H., Lamsa, K.,
Pirvola, U., Saarma, M. and Kaila, K. (1999). The K+/Cl– co-transporter KCC2
renders GABA hyperpolarizing during neuronal maturation. Nature 397, 251-255.
Roland, B. L. and Sawchenko, P. E. (1993). Local origins of some GABAergic
projections to the paraventricular and supraoptic nuclei of the hypothalamus in the
rat. J. Comp. Neurol. 332, 123-143.
Romeo, R. D., Bellani, R., Karatsoreos, I. N., Chhua, N., Vernov, M., Conrad, C. D.
and McEwen, B. S. (2006). Stress history and pubertal development interact to
shape hypothalamic-pituitary-adrenal axis plasticity. Endocrinology 147, 1664-1674.
Rossi, S., De Chiara, V., Musella, A., Kusayanagi, H., Mataluni, G., Bernardi, G.,
Usiello, A. and Centonze, D. (2008). Chronic psychoemotional stress impairs
cannabinoid-receptor-mediated control of GABA transmission in the striatum. J.
Neurosci. 28, 7284-7292.
Russo, S. J., Murrough, J. W., Han, M. H., Charney, D. S. and Nestler, E. J. (2012).
Neurobiology of resilience. Nat. Neurosci. 15, 1475-1484.
Sarkar, J., Wakefield, S., MacKenzie, G., Moss, S. J. and Maguire, J. (2011).
Neurosteroidogenesis is required for the physiological response to stress: role of
neurosteroid-sensitive GABAA receptors. J. Neurosci. 31, 18198-18210.
Stella, N., Schweitzer, P. and Piomelli, D. (1997). A second endogenous cannabinoid
that modulates long-term potentiation. Nature 388, 773-778.

108

The Journal of Experimental Biology (2014) doi:10.1242/jeb.089730

Stetler, C. and Miller, G. E. (2011). Depression and hypothalamic-pituitary-adrenal
activation: a quantitative summary of four decades of research. Psychosom. Med.
73, 114-126.
Swanson, L. W. and Kuypers, H. G. (1980). The paraventricular nucleus of the
hypothalamus: cytoarchitectonic subdivisions and organization of projections to the
pituitary, dorsal vagal complex, and spinal cord as demonstrated by retrograde
fluorescence double-labeling methods. J. Comp. Neurol. 194, 555-570.
Twitchell, W., Brown, S. and Mackie, K. (1997). Cannabinoids inhibit N- and P/Q-type
calcium channels in cultured rat hippocampal neurons. J. Neurophysiol. 78, 43-50.
Ulrich-Lai, Y. M. and Herman, J. P. (2009). Neural regulation of endocrine and
autonomic stress responses. Nat. Rev. Neurosci. 10, 397-409.
Van den Pol, A. N., Hermans-Borgmeyer, I., Hofer, M., Ghosh, P. and Heinemann,
S. (1994). Ionotropic glutamate-receptor gene expression in hypothalamus:
localization of AMPA, kainate, and NMDA receptor RNA with in situ hybridization. J.
Comp. Neurol. 343, 428-444.
Varma, N., Carlson, G. C., Ledent, C. and Alger, B. E. (2001). Metabotropic
glutamate receptors drive the endocannabinoid system in hippocampus. J. Neurosci.
21, RC188.
Varma, N., Brager, D., Morishita, W., Lenz, R. A., London, B. and Alger, B. (2002).
Presynaptic factors in the regulation of DSI expression in hippocampus.
Neuropharmacology 43, 550-562.
Verkuyl, J. M., Karst, H. and Joëls, M. (2005). GABAergic transmission in the rat
paraventricular nucleus of the hypothalamus is suppressed by corticosterone and
stress. Eur. J. Neurosci. 21, 113-121.
Walker, J. M., Huang, S. M., Strangman, N. M., Tsou, K. and Sañudo-Peña, M. C.
(1999). Pain modulation by release of the endogenous cannabinoid anandamide.
Proc. Natl. Acad. Sci. USA 96, 12198-12203.
Wamsteeker, J. I., Kuzmiski, J. B. and Bains, J. S. (2010). Repeated stress impairs
endocannabinoid signaling in the paraventricular nucleus of the hypothalamus. J.
Neurosci. 30, 11188-11196.
Wamsteeker Cusulin, J. I., Füzesi, T., Inoue, W. and Bains, J. S. (2013).
Glucocorticoid feedback uncovers retrograde opioid signaling at hypothalamic
synapses. Nat. Neurosci. 16, 596-604.
Watts, A. G. (2005). Glucocorticoid regulation of peptide genes in neuroendocrine
CRH neurons: a complexity beyond negative feedback. Front. Neuroendocrinol. 26,
109-130.
Weiser, M. J., Osterlund, C. and Spencer, R. L. (2011). Inhibitory effects of
corticosterone in the hypothalamic paraventricular nucleus (PVN) on stress-induced
adrenocorticotrophic hormone secretion and gene expression in the PVN and
anterior pituitary. J. Neuroendocrinol. 23, 1231-1240.
Wilson, R. I. and Nicoll, R. A. (2001). Endogenous cannabinoids mediate retrograde
signalling at hippocampal synapses. Nature 410, 588-592.
Wilson, R. I., Kunos, G. and Nicoll, R. A. (2001). Presynaptic specificity of
endocannabinoid signaling in the hippocampus. Neuron 31, 453-462.
Wittmann, G., Deli, L., Kalló, I., Hrabovszky, E., Watanabe, M., Liposits, Z. and
Fekete, C. (2007). Distribution of type 1 cannabinoid receptor (CB1)-immunoreactive
axons in the mouse hypothalamus. J. Comp. Neurol. 503, 270-279.
Yamada, J., Okabe, A., Toyoda, H., Kilb, W., Luhmann, H. J. and Fukuda, A.
(2004). Cl– uptake promoting depolarizing GABA actions in immature rat neocortical
neurones is mediated by NKCC1. J. Physiol. 557, 829-841.
Yoshida, T., Hashimoto, K., Zimmer, A., Maejima, T., Araishi, K. and Kano, M.
(2002). The cannabinoid CB1 receptor mediates retrograde signals for
depolarization-induced suppression of inhibition in cerebellar Purkinje cells. J.
Neurosci. 22, 1690-1697.
Yoshino, H., Miyamae, T., Hansen, G., Zambrowicz, B., Flynn, M., Pedicord, D.,
Blat, Y., Westphal, R. S., Zaczek, R., Lewis, D. A. et al. (2011). Postsynaptic
diacylglycerol lipase mediates retrograde endocannabinoid suppression of inhibition
in mouse prefrontal cortex. J. Physiol. 589, 4857-4884.
Zhu, P. J. and Lovinger, D. M. (2007). Persistent synaptic activity produces longlasting enhancement of endocannabinoid modulation and alters long-term synaptic
plasticity. J. Neurophysiol. 97, 4386-4389.
Ziegler, D. R. and Herman, J. P. (2000). Local integration of glutamate signaling in the
hypothalamic paraventricular region: regulation of glucocorticoid stress responses.
Endocrinology 141, 4801-4804.

The Journal of Experimental Biology

REVIEW

