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Abstract 

Physiological or psychological stress challenges recruit an evolutionarily hardwired 

endocrine stress response resulting in surges of glucocorticoids (GCs) into the blood. 

This adaptive response is orchestrated by a cluster of parvocellular neuroendocrine cells 

(PNCs) located in the paraventricular nucleus of the hypothalamus (PVN). Homeostatic 

control of stress responses is determined by a) GC feedback and b) synaptic connections 

from brain stress-circuits to PNCs. This is obligatory for survival, and yet PNC responses 

are also extremely plastic over the course of life. What cellular and synaptic mechanisms 

could mediate such learning and memory is largely unknown. Here, I tested a hypothesis 

that PNCs exhibit a capacity for autoregulatory control over information carried by 

incoming GABA and glutamate synapses. Furthermore, I hypothesized that adaptive 

stress responses could be achieved through dynamic regulation of this/these mechanisms 

by a history of stress/GC exposure. Using electrophysiological recordings from rodent 

PNCs, I found that increases in PNC activity caused suppression of both 

GABA/glutamate neurotransmitter release. First, brief bouts of PNC activity liberated 

endocannabinoids (eCBs) that acted as retrograde signals to transiently suppress 

neurotransmitter release. In further exploring this mechanism, I found that stress/GCs 

acutely potentiated signalling, while accumulations of predictable or novel stress 

challenges over time led to bimodal shifts in CB1 receptor (CB1R) function at 

presynaptic terminals. Under these circumstances I found that CB1R function is regulated 

by presynaptic activity state, reflecting stressor valence-dependent shifts in stress-circuit 

activity. I next found that sustained periods of synaptic and PNC activation caused 

persistent suppression of GABA/glutamate release through somatodendritic release and 

retrograde actions of opioids. Here, acute stressor exposure, through PNC GC receptor 

activation, was a metaplastic switch that was necessary for opioid release. Lastly, I 

investigated a transgenic approach that can be used in future studies to test the role of 

discrete cellular mechanisms in PNC neurons in vivo.  Together the data in this thesis 

provide comprehensive evidence for how adaptive and homeostatic control over PNC 

activity during stress challenges may be mediated by embedded eCB and opioid circuit 

breaker mechanisms. 
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 Introduction  Chapter One:

 

1.1 Stress Physiology 

1.1.1 Preamble 

We call many things stress, whether it is work deadlines, lack of sleep, domestic abuse, 

or visits to the dentist. Stress as a concept is nebulous from a human perspective, one in 

which cause and effect, or good and evil, are often confused. In reality, stress is a 

biological “adaptation syndrome” involving a neuroendocrine response with 

glucocorticoid (GC) hormone mediators. The neuroendocrine stress response, although 

hardwired, is also profoundly shaped by life experiences. This thesis presents a body of 

experimental work that attempts to unravel how the brain, by being dynamic and flexible, 

might shape stress responses from one experience to another. Here, I will focus on a 

unique subset of neurons in the hypothalamus; these neural “commanders” of stress 

responses, are the ideally positioned for performing such computations. I will provide 

evidence that these neurons have built-in autoregulatory molecules: endocannabinoids 

(eCBs) and opioids. Furthermore, I will show that the actions of these molecules are 

intimately connected to stress history, thus they may provide mechanistic underpinnings 

for some stress response learning rules. Finally, I will provide a methodological 

framework, using a new mutant mouse model that may provide new opportunities for 

future research. 

 

1.1.2 History, Definitions of stress 

In the context of this thesis, stress is a biological phenomenon that is inseparable from an 

understanding of homeostasis. A particularly useful approach to defining stress, is to root 

our understanding of complex “macrophysiological” body processes existing in hierarchy 

to meet “microphysiological” requirements of its building blocks: cells. Claude Bernard 

put forward the idea in 1854 that life must only exist because of a separation between the 

“milieu intérieur” of our bodies and the “milieu extérieur” of our surrounding 

environments (Bernard, 1974; Gross, 1998). He further proposed that under this 
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framework, constancy of the internal environment must be obligatory. Indeed, cellular 

survival depends on maintaining an intracellular environment (O2, glucose, pH, 

temperature, etc.) compatible with the maintenance of its major energetic, lipid, protein, 

polysaccharide, or nucleic acid components. We now refer collectively to all of such 

processes and strategies that allow both cells and bodies to achieve relative constancy in a 

dynamic and fluctuating environment as homeostasis, a term coined by Walter Cannon 

(Cannon, 1932). Superficially, the concept of homeostasis is intuitive; in reality the 

number of ways in which homeostasis is achieved is overwhelmingly large. Simply put, 

all vital life parameters exist in controlled feedback loops where deviation from an ideal 

setpoint of a parameter is sensed and a “homeostatic mechanism” exists to normalize it. 

These controlled loops are embedded within a hierarchy of loops from the sub-cellular to  

the systems to the organismal level. As a complication to physiological study, controlled 

loops for different vital parameters may compete with one another, or be prioritized 

depending on the challenges at hand. More interestingly, many controlled loops are 

adaptable; this allows long-term changes in environment to drive adaptions of 

physiological function, consequently altering controlled setpoints.  

 

Many scientists, including Cannon himself, define stress as a bodily response to any real 

or threatened challenges to homeostasis (Cannon, 1935). Given this operating definition, 

a stressor is any fluctuation in the environment that elicits a specific homeostatic 

mechanism. This is reminiscent of how the term “stress” is used in engineering to 

describe the amount of load placed on a controlled system. Within such a conceptual 

view, stressors are highly specified towards the homeostatic mechanism that they elicit. 

Instead Hans Selye proposed an additional key to defining stress when he described it as 

a “non-specific response of the body to any demand placed upon it” (Selye, 1936). What 

he meant by this, was that a unified, separated, and identifiable bodily response could be 

identified following any large homeostatic challenge that was quite different from the 

very specific homeostatic mechanism(s) that would have been anticipated. Selye 

described this response as a “syndrome produced by diverse noxious stimuli”. He 

postulated that under some “emergency” conditions, a multi-system response is engaged 



 

 3 

to perform large-scale redistribution of the body’s resources because selective 

homeostatic responses might be insufficient (Selye, 1950). Under this premise, a modern 

definition of stress is: “the body's multi-system response to any challenge that 

overwhelms, or is judged likely to overwhelm, selective homeostatic response 

mechanisms” (Day, 2005). 

 

 

1.1.3 Neural Processing of Stressors - the hypothalamic-pituitary adrenal axis 

Stressors can be disturbances caused by physical stimuli that overwhelm homeostatic 

mechanisms. Examples of this include haemorrhage, food deprivation, or inflammation. 

In his studies, Selye used surgical trauma, sub-lethal drug intoxication, cold exposure, or 

excessive muscular exertion, for example (Selye, 1936). Stressors can also comprise 

exposure to anticipated threats or cues, such as encounters with predators, social 

conflicts, or novel environments. Each of these unique challenges recruits a single 

stereotyped stress response. This physiological course of action originates in the central 

nervous system (CNS), first recruiting the “fight-or-flight” response (Cannon, 1915; 

Ulrich-Lai and Herman, 2009). This consists of a large and generalized activation of the 

sympathetic division of the autonomic nervous system (Jansen et al., 1995). The 

sympathetic nervous system (SNS) emerges from the intermediolateral cell column of the 

spinal cord, where neurons fan out their projections to a chain of ganglia. Postganglionic 

SNS neurons release noradrenaline (NA) onto targets, while its analogue adrenaline is the 

major hormone extruded from the adrenal glands; together these catecholamines saturate 

adrenergic receptors in the body (Janig and McLachlan, 1992). In tandem with SNS 

activation, a stereotyped neuroendocrine response is launched which culminates in the 

release of GCs from the adrenal cortex (Figure 1.1). GCs are slower to rise and slower to 

act than catecholamines; while their actions are equally prolific they are considerably 

longer-lasting.  
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The neuroendocrine response to stress originates from a hypothalamic-pituitary-adrenal 

axis (HPA): a functional brain-body connection that controls levels of GCs in the blood. 

The hypothalamus is a complex multi-nucleated structure in the diencephalon of the brain 

(Swanson, 1987). Through vast bidirectional intra- and extra-hypothalamic CNS 

connections, the hypothalamus participates in diverse autonomic, sensory, cognitive, and 

limbic information processing streams. Neurohypophyseal or pituitary-regulating 

neuroendocrine cell groups (such as the HPA) broadly influence organ systems. Thus the 

hypothalamus is the ultimate setpoint controller for homeostasis and homeostatic survival 

behaviour in vertebrates. Some of the functions regulated by the hypothalamus include: 

the autonomic nervous system (including the fight-or-flight response), growth, 

thermoregulation, circadian rhythm, thirst, hunger, metabolism, social/maternal/defensive 

behaviours, sexual/reproductive function, and stress.  

 

The temporal dynamics of the stereotyped neuroendocrine/HPA response to an acute 

stressor (Figure 1.2) are as follows: stressful stimuli, relayed via brain “stress circuits” or  

 
Figure 1.1 Overview of a comprehensive stress response 
Anticipated and real survival threats are relayed via synaptic afferents or borne in the 
blood to brain structures. The major stress integrative brain centre, located in the 
paraventricular nucleus of the hypothalamus (PVN), is primary coordinator of the 
endocrine stress response, and contributes to recruitment of the autonomic stress response 
via sympathetic and parasympathetic afferent projections. 
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via blood-borne signals, recruit the HPA by increasing the activity of a group of 

parvocellular neuroendocrine cells (PNCs) positioned in the paraventricular nucleus 

(PVN) located bilaterally at the dorsal part of the third ventricle (Szentágothai, 1964; 

Ceccatelli et al., 1989b). The majority of PNCs produce the 41 amino acid peptide 

corticotropin-releasing hormone (CRH), package it into large-dense core vesicles, and 

release it from axon terminals directly into the pituitary portal circulation at the median 

eminence (Armstrong and Hatton, 1980; Swanson et al., 1983). Until the CRH peptide 

sequence was identified, this potent secretagogue was called corticotropin-releasing 

factor (CRF), a name which persists in some current literature (Vale et al., 1981). Blood-

borne CRH binds to G-protein coupled receptors (GPCRs): CRH1 receptors (CRH1Rs) 

located on anterior pituitary corticotrope cells to trigger release of adrenocorticotropic 

 
Figure 1.2  The hypothalamic-pituitary-adrenal axis 
Cascade of events illustrating recruitment of the neuroendocrine response to stress. 
Parvocellular neuroendocrine cells (PNCs) in the PVN are activated and release 
corticotropin releasing hormone (CRH) from axon endings located at the median 
eminence, part of pituitary portal circulation. CRH stimulates release of ACTH from 
pituitary corticotrophs which, in turn, incite glucocorticoid (GC) surges into the general 
circulation. With some temporal delay, GCs cross the blood-brain barrier to elicit diverse 
CNS effects, including HPA negative feedback. 
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hormone (ACTH) into the general circulation (Abousamra et al., 1987; Aguilera et al., 

1987). ACTH, travelling through the blood stream, finally incites the release of GC 

hormones from the adrenal cortex (Bornstein and Chrousos, 1999).  

 

The HPA as a functional stress-responsive entity existing in organisms has an early 

evolutionary origin, and is highly conserved subsequently (Denver, 2009). The specific 

receptor for GCs, the glucocorticoid receptor (GR) is thought to have evolved following a 

gene duplication of less-specific steroid receptor about 450 million years ago with the 

appearance of the gnathastome lineage (jawed fish) (Bridgham et al., 2006). Preceding 

this, early protovertebrates (hagfish/lamprey ancestors) developed the ability to 

synthesize GCs (11- and 21- hydroxylated steroids) (Norris, 2006). Stretching even 

further back, CRH signaling has been found in organisms as simple as insects; CRH itself 

exhibits up to 95% homology between fish and humans (Huising and Flik, 2005). 

Amazingly, a stereotyped HPA response to stress exists quite identical to that of humans 

in any teleost fish (Wendelaar Bonga, 1997; De Marco et al., 2013). Clearly, once the 

HPA evolved, it gave organisms a marked survival advantage, and has been a strong 

positive selection factor. 

 

1.1.4 Glucocorticoids  

GCs, as stress hormones, carry out pleiotropic effects in the body. GCs are potent 

suppressants of cellular immunity and are fiercely pro-catabolic. GCs repress active 

wound healing and bone formation and also act to inhibit the function many other 

neuroendocrine axes, in particular the thyroid, growth, and reproductive axes (Munck et 

al., 1984; Sapolsky et al., 2000). Regulation of the HPA, while acting as a supra-

homeostatic mechanism during homeostatic challenges, is itself a controlled system.  

Thus, besides their profound and diverse central and systemic effects, GC hormones, as 

the end product, elicit negative feedback of HPA activation at the pituitary, the PVN, and 

a number of other brain structures (Keller-Wood and Dallman, 1984a). 
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The main GC in humans is cortisol, while corticosterone is predominant in rodents 

(CORT) (De Kloet et al., 1998). These steroid hormones are synthesized in the adrenal 

cortex from a cholesterol precursor via a series of enzymatic reactions with pregnenolone 

and progesterone intermediaries (Figure 1.3). In other tissues, these same cholesterol 

precursors give rise to androgens, estrogens, or aldosterone (Barrett, 2005).  Under the 

direction of the HPA, basal GC blood concentrations exhibit ultradian oscillations (cycle 

length 1 hour), and fluctuate with circadian rhythm (peaking 30-45 minutes after waking) 

(Young et al., 2004). Thus, even in the absence of stress, GCs regulate and provide 

circadian entrainment of body functions in an ongoing manner. For the most part, GCs 

diffuse freely across cell membranes and are rapidly absorbed by tissues. Their net 

concentrations are modified by plasma corticosteroid binding globulins or tissue 

expression of GC metabolizing 11β-hydroxysteroid dehydrogenases (De Kloet et al., 

1998). The brain acts as a slight exception to this, as the specialized blood-brain barrier 

slows GC uptake through active extrusion by a multidrug resistance transporter: P-

glycoprotein (Meijer et al., 1998). Thus, while circulating and brain levels of GCs follow 

a similar ultradian or post-stressor rise, peak concentration is delayed in the brain (Figure 

1.2) (Droste et al., 2008).  

 

GCs elicit their effects through two main receptor classes, the mineralocorticoid receptor 

(MR) and GR (McEwen et al., 1986). The MR has tenfold higher affinity for GCs than 

the GR and also binds other steroid hormones such as aldosterone and progesterone 

(McEwen et al., 1976; Reul et al., 1990). This higher affinity for GCs means that MRs in 

the brain are at near full occupancy under normal, unstressed conditions (Reul and 

Dekloet, 1985). GRs are highly specific for cortisol or CORT, and usually become 

occupied during a large surge of blood-borne GCs (Dekloet and Reul, 1987). 

Consequently, GRs are largely responsible for the major physical and psychological 

effects of GCs after stress. GRs and MRs are classically described as recruiters of 

genomic receptor signalling pathways. When GCs bind to cytosolic GRs, chaperone 

molecules dissociate, receptor subunits dimerize and translocate to the nucleus of a cell,  
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and begin acting as transcription factors (Beato and SanchezPacheco, 1996). Dimerized 

nuclear GRs bind to DNA containing specific GC response elements (GREs) to either 

activate or repress transcription of specific genes (such those encoding corticotropin-

releasing hormone, glucose-6-phosphatase, or pro-inflammatory cytokines), depending 

on the cofactor proteins that associate with GR. While MRs or GRs may also mediate 

some non-genomic effects, for example through associating with other signalling 

complexes at membranes, this is currently not well understood (Prager and Johnson, 

2009). The role of GCs in regulating the stress response will be further detailed below.  

 

1.1.5 Specification of PNCs as a distinct PVN cellular subtype 

As mentioned above, a few thousand CRH-synthesizing PNCs in the PVN control basal 

and stress-associated GC blood levels. They share a close developmental lineage with 

another population contained in the PVN: a cluster of magnocellular neuroendocrine cells 

(MNCs) (Jo and Chua, 2009). These large-bodied (20-30 µm soma diameter) neurons 

synthesize the peptide hormones oxytocin (OT) or vasopressin (VP), and through OT/VP 

 
Figure 1.3 Overview of glucocorticoid hormone biosynthesis pathways  
From a common cholesterol precursor, many steroid hormones, including the 
glucocorticoids cortisol and corticosterone are synthesized by a series of enzymatic 
modifications (indicated by grey boxes).  
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release directly into the general circulation at the posterior pituitary neurohypophysis, 

control fluid homeostasis (VP) or parturition and milk ejection (OT)(Armstrong et al., 

1980; Hatton, 1990). Interestingly, CRH PNCs may produce a number of other peptides, 

including “MNC specific” peptides: most notably VP, but also OT, enkephalin, 

neurotensin, vasoactive-intestinal peptide (Whitnall et al., 1985; Swanson et al., 1986). 

Importantly, levels of each of these undergo discrete changes in response to different 

types of stress challenges. Other populations in/around the PVN including neurons that 

express somatostatin (SS) or thyrotropin-releasing hormone (TRH: controls a 

hypothalamic-pituitary-thyroid axis) are classified as PNCs as well, but their 

developmental lineage is less similar than that of MNCs (Alpert et al., 1976; Lechan and 

Fekete, 2006). In addition, another population, potentially overlapping with PNCs or 

MNCs, can be differentiated by intra-CNS rather than- or in addition to- neuroendocrine 

terminations (Armstrong et al., 1980). Many of these are so-called “pre-autonomic 

neurons” (PANs), send axons to brainstem autonomic regulation nuclei or spinal IML 

neurons (Jansen et al., 1995). These PANs may be an important component of the 

autonomic stress responses. 

 

1.1.6 Electrophysiological study of PNCs 

This diversity and anatomical intermingling of PVN neurons has proved challenging for 

scientists specifically targeting or studying PNCs. This is one of the key factors limiting 

our understanding of the dynamic neural regulation of the HPA. For example, at the 

outset of this thesis, only one robust transgenic strategy for visualizing a PVN 

subpopulation existed, in which VP expression was coupled to enhanced green-

fluorescent protein (GFP) (Ueta et al., 2005). PNCs, MNCs and PANs have been 

historically identified through the use of electrophysiological manipulations [antidromic 

activation of their efferent targets (Renaud, 1981)] dye uptake [retrograde labels such as 

DiI or fluorogold, taken up at terminals with blood access or a CNS target (Dyball et al., 

1991; Yang et al., 2007)], or single-cell reverse transcription polymerase chain reaction 

(RT-PCR) of cellular messenger ribonucleic acids (mRNAs). While 

immunohistochemistry has been used to identify MNCs reliably, antibody-detection of  
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CRH has low sensitivity, often requiring colchicine or adrenalectomy to enhance somatic 

peptide accumulation (Swanson et al., 1983). Using these approaches, investigators have 

attempted to relate peptide hormone expression to specific PVN cell type. Such studies, 

however, indicate that PVN cell populations, and PNCs in particular, are extremely 

heterogeneous and overlapping in peptide-expression profiles (Swanson et al., 1986). 

Furthermore, the expression profiles are extremely plastic in response to experience and 

GC feedback (Watts, 1996, 2005). 

 

The use of electrophysiological recording techniques has proved instructive in 

discriminating different cell types in PVN. Specifically, patch-clamp electrophysiological 

studies have demonstrated that PVN neurons in rats exhibit cell-specific electrical 

‘fingerprints’ (Luther and Tasker, 2000; Luther et al., 2002) (Detailed in Figure 1.4). 

Originally described as ‘type I’ neuroendocrine cells, MNCs consistently express a 

transient, outwardly rectifying voltage-gated potassium conductance (IA), which leads to 

a characteristic delay in the onset of first action potential in response to depolarizing 

current injections from hyperpolarized potentials (Hoffman et al., 1991). Of the smaller 

bodied fusiform PNCs, some were initially described as displaying burst-like firing 

properties and generation of low-threshold spikes after recovery from hyperpolarizing 

 
Figure 1.4  Current clamp profiles of PVN neuronal subtypes in rat. 
Relative locations within the PVN where the majority of identified type I, II, and II 
neurons are found. Type I “magnocellular” neurons are neuroendocrine OT/VP neurons. 
Type II parvocellular neurons (PNCs) are putative CRH neurons. Type III neurons are 
putative pre-autonomic neurons (PANs) that are retrogradely labeled by spinal IML or 
brainstem tracing.  
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current injection, a behaviour reliant on the expression of a low voltage-activated T-type 

calcium current (IT) (Tasker and Dudek, 1991; Lee et al., 2008). Subsequent labelling of 

these cells by injection of retrograde label into the spinal cord or autonomic control 

centres of the brainstem identified these ‘type III’ cells as PANs (Stern, 2001; Lee et al., 

2008). ‘Type II’ PNCs exhibit tonic firing upon depolarizing current injection, and can be 

loosely defined as exhibiting neither the IA of MNCs nor the IT of pre-autonomic neurons 

(Tasker and Dudek, 1991). Although the type II PNCs, are a heterogenous population, 

immunohistochemistry and single-cell RT-PCR (performed from the cell contents 

obtained following patch-clamp recordings) have confirmed that under naïve conditions, 

approximately 80% can be identified as CRH mRNA-expressing PNCs (Di et al., 2003; 

Melnick et al., 2007; Price et al., 2008; Yang et al., 2008; Price et al., 2009; Hoyda and 

Ferguson, 2010). 

 

1.1.7 Recruitment of the HPA by changes in PNC activity 

The process by which CRH is released by PNC neuroendocrine terminals, effectively 

launching the HPA in response to stress can be referred to as ‘stimulus-secretion 

coupling”. PNCs are the sole source of CRH released at the median eminence (Whitnall, 

1993), and large increases in CRH/ bioactive CRF content are observed in samples of 

pituitary portal blood following stress challenges in vivo (Buckingham, 1982). There is 

no existing direct evidence relating CRH PNC electrical activity to portal CRH release in 

vivo (Watts, 2005). It is, however, very likely that this process is highly similar to 

activity-dependent hormone release that has been extensively investigated in OT/VP 

neuroendocrine cells. In principle, apart from releasing contents at a specialized 

vascularized ending instead of a synaptic terminal, this process is conceivably quite 

indistinguishable from the function of any prototypical CNS neuron (Douglas, 1973). 

Stimulus-secretion coupling requires both discrete cell signalling cascades and electrical 

activity. Afferent synaptic signals influence the membrane potential through the 

recruitment of ligand- and second-messenger gated ion channels. Depolarizing or 

hyperpolarizing synaptic potentials distributed along a somatodendritic axis are 

integrated near the cell body to trigger action potentials (APs). During a stress challenge, 
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this robust activity and/or recruitment of intracellular signalling cascades leads to 

increases in immediate-early gene expression; this is currently the most commonly used 

assay for the study of PNC activity regulation(Cullinan et al., 1995; Kovacs and 

Sawchenko, 1996). Propagation and invasion of APs into PNC terminals triggers the 

calcium-dependent exocytosis of hormone-containing dense-core vesicles into the portal 

circulation. While increased neuronal firing rate may be important for mediating 

increased CRH release during a stress, a shift in firing pattern from tonic to 

phasic/bursting, as has been demonstrated for MNCs (Richard et al., 1997), may be more 

imperative for efficient hormone release. 

 

Based on the best-available evidence to-date, the linear sequence of events leading to 

HPA activation during a stress challenge is dependent on a comparative computation of 

two key variables by CRH neurons: 1) the net afferent synaptic input and 2) the ambient 

or prior levels of circulating GCs, which are key negative-feedback signals (Watts, 2005). 

 

1.1.8 Glucocorticoid feedback regulation of PNCs 

As setpoint controllers for the HPA homeostatic mechanism, PNCs, along with pituitary 

corticotropes are vital targets of GC feedback (Yates et al., 1969; Keller-Wood and 

Dallman, 1984a). Because GRs and MRs are widespread, GC regulation of basal or stress 

evoked HPA responses may also occur at neural sites forming a functional circuit with 

PNCs (McEwen et al., 1968; Sapolsky et al., 1990). Beyond this, a strong understanding 

of the mechanistic features of GC feedback is lacking. This is, in part, because GC 

feedback exhibits multiple levels of organization that are not easily addressed using 

available physiological research methods. First, GC feedback mechanisms regulating 

basal versus stressor evoked HPA responses are clearly different (Dekloet and Reul, 

1987). For example, brain MRs, which are largely occupied under unstressed conditions 

may be more specified for regulation of basal/ultradian/circadian HPA function. Second, 

GC feedback occurs distinctly over a number of temporal domains. Third, feedback at 

supra-hypothalamic sites appears to impart a complex stressor-specificity to GC 
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feedback. For example, GRs located in the prefrontal cortex (PFC) or hippocampus (Hc) 

may be important for containing HPA responses to psychogenic, but not physical 

stressors (Sapolsky et al., 1990; Jacobson and Sapolsky, 1991; Bradbury et al., 1993; 

Boyle et al., 2006; Furay et al., 2008). Feedback at these different sites exhibits highly 

variable levels of saturation that depends on stressor type and intensity. Finally, feedback, 

while readily observed after GC agonist administration, is not consistently observed 

following in vivo situations such as two or more successive stressors. This is thought to 

be due to competition of GC feedback with various neural sensitizing mechanisms 

(Dallman et al., 1992; Wong et al., 2000).  

 

Several lines of evidence suggest that PNCs are a significant target of GC negative 

feedback: 1) They have dense GR expression relative to other structures (although 

relatively little MR). 2) Deletion of GRs in PVN neurons causes dramatic HPA 

hyperactivity (Laryea et al., 2013). 3) Following systemic doses of CORT which suppress 

stress responses, CRH administration still causes pituitary ACTH release. 4) Implants of 

CORT pellets or synthetic GR agonists like dexamethasone (DEX) into PVN are more 

effective in suppressing HPA responses than when placed in the pituitary (Schapiro et al., 

1958; Corbin et al., 1965; Stark et al., 1968; Bohus and Strashim.D, 1970). 5) A 

substantial fraction of GC feedback capacity is retained after experimental de-

afferentation of PNCs from either PFC or Hc (Bradbury et al., 1993). Importantly for GC 

homeostasis at large, these effects of GCs at the level of PNCs predominantly exert 

effects independent of stressor type. This feedback is only saturable and overcome by 

extremely severe stressors like large haemorrhages, anoxia, or endotoxin. As reviewed by 

Keller-wood and Dallman, feedback of HPA function by GCs can be classed into two 

distinct temporal domains: 1) fast/ rate-sensitive or 2) delayed (Keller-Wood and 

Dallman, 1984a). 

 

Descriptions of fast feedback originate from observations that administration of adrenal 

steroids seconds to minutes before a stress markedly suppresses ACTH responses 
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(Dallman and Yates, 1969; Jones et al., 1972; Buckingham, 1979). Subsequently, a large 

fraction of this feedback was shown to occur at the pituitary (Widmaier and Dallman, 

1984). Some evidence also suggests that the brain, perhaps PNCs, may also contribute. 

At the hypothalamic level, GCs were initially shown to rapidly suppress the release of 

bioactive CRF in vitro in a manner independent of gene transcription or protein synthesis, 

but dependent on extracellular calcium (Jones et al., 1977; Jones and Gillham, 1988). 

Subsequently, it was suggested that a fast feedback mechanism in the PVN might involve 

a putative CORT-sensitive G-protein coupled receptor (GPCR) acting to suppress 

spontaneous excitatory synaptic transmission (Di et al., 2003; Evanson et al., 2010). 

Other attempts to demonstrate a PNC fast-feedback mechanism have been more 

equivocal. Acute application of CORT itself has variable effects on the excitability of 

PNCs either in vivo or in vitro, with reports showing both excitation and inhibition (Mor 

et al., 1986; Kasai and Yamashita, 1988a, b; Saphier and Feldman, 1988, 1990; Zaki and 

Barrett-Jolley, 2002). Additionally, data showing that fast-feedback is stressor specific 

(Thrivikraman et al., 2000), suggests that GCs may exert fast feedback through PVN 

afferent locations (McHugh and Smith, 1967). Since rapid GC effects are observed in a 

large number of stress circuit neurons, and GCs cause many rapid behavioural changes 

(Dallman, 2005), this possibility is not without merit. These collective observations, 

however, fail to conclusively demonstrate a definitive mechanism for rapid GC feedback 

in the brain (Prager and Johnson, 2009). Solving this puzzle will require a clearer 

understanding of rapid GC signalling mechanisms.  

 

Delayed feedback appears to have more solid roots as a genomic GR-dependent process 

in the PNCs. Beyond this, however, it is not any closer to being understood. Delayed-

feedback occurs approximately 45 minutes following a “pulsed” exposure to GCs, such 

as after an acute stressor, or a bolus injection of GC agonist (Sayers and Sayers, 1947; 

Dallman and Yates, 1969). The effect of this feedback is to impose a “refractory period” 

during which responses to subsequent stressors of any kind are supressed. This response 

is integrative, meaning that time and dose cooperate in determining the magnitude of 

HPA suppression. We know from decades of study that GR activation in PNCs modifies 
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the expression of a large number of proteins, including CRH, VP, OT and enkephalin. In 

the context of HPA negative feedback, suppression of CRH transcription and translation 

is clearly important (Watts, 2005). While previous evidence for delayed feedback in 

PNCs exists on a less specific time scale, recent evidence indicates that GC infusion 

directly into the PVN 1 hour prior to a stress potently suppresses HPA activation (Weiser 

et al., 2011). Even ambitious estimates of the time needed for alterations in somatic crh 

mRNA to be effected as alterations in bioactive CRH at median eminence terminals 

would exceed this time frame. Thus we must hypothesize that delayed feedback in PNCs 

must work both on a longer time scale through changes in CRH levels, but also through 

alterations to excitability or stimulus-secretion coupling. How this can occur remains 

completely unknown. Together the rapid and delayed components of GC feedback offer a 

potential mechanistic explanation for altered HPA responses following stress.  

 

Amongst all of the peripheral and central effects of GCs, feedback regulation of the HPA 

may be considered the most critical. That altered levels and exposure of GCs could have 

detrimental effects has not yet been considered in the context of stress/HPA physiology, 

but given that GCs work by rearranging many normal body functions it is easy to see this 

might be the case. Cushing’s Disease, a syndrome characterized by large GC 

hypersecretion, is an extreme example of this (Chrousos and Gold, 1992). The majority 

of underlying causes of Cushing’s disease are the result of cancer (ie; of the pituitary or 

adrenals). The outcome of hypercortisolism is extreme central obesity, profound 

cognitive and mood disturbances, osteoporosis, type II diabetes, hypertension, immune 

compromise, stomach ulcers, and muscle wasting, etc. Interestingly, this condition is also 

associated with resistance to GC feedback. From this more causal example, numerous 

other disease conditions have been associated with alterations in HPA activity and GC 

feedback. These include affective disorders such as anxiety, major depression, and post-

traumatic stress disorder (PTSD) (McEwen, 1998). Together, these associations highlight 

the importance of understanding HPA physiology and the mechanisms of GC feedback. 
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1.1.9 HPA phenotypic flexibility 

While highly evolutionarily conserved, the HPA is also remarkably flexible.  Basal 

(Ultradian/circadian) and stressor-elicited HPA activity may vary depending on prior 

stress exposure through GC feedback, as was hinted at in the previous section. This alone 

suggests stereotyped HPA stress responses are highly modifiable. But HPA function also 

differs quite dramatically across individuals. What can account for such variability? 

Simplistically speaking, the HPA evolves over the lifespan based on a gene x 

environment scheme. Firstly, genetic differences cause the HPA to be variable. In rodent 

models, for example, different inbred or outbred strains will have disparate HPA traits 

(Armario et al., 1995; Dhabhar et al., 1997). The genetic polymorphisms that can underlie 

such variability in model organisms or humans, with few exceptions (such as mutation of 

the GR), are remarkably broad (Mormède et al., 2002; DeRijk and de Kloet, 2008). 

Substantial evidence has also accumulated that shows that sex, for example, also plays an 

important role in determining many phenotypic characteristics of the HPA (Kitay, 1961; 

Kudielka and Kirschbaum, 2005).  

 

HPA flexibility also occurs as a result of experience. Experience at different 

developmental stages has distinct consequences (Lupien et al., 2009). The HPA comes 

online very early in gestation and GCs are important for normal development; a GC surge 

during birth is essential for lung maturation, for example. Perinatal stress and associated 

exposure to GCs (from fetal or maternal sources) causes re-programming changes to the 

HPA that persist for life (Meaney et al., 2007). This re-programming is a result of 

epigenetic changes, caused in part through methylation of HPA-related genes (Szyf et al., 

2005; Murgatroyd et al., 2009; Korosi et al., 2010). Prior to adulthood, the HPA response 

to stress undergoes two evolutions. During childhood the HPA is hyporesponsive to 

stress (Walker et al., 1986; Levine, 1994), while during adolescence, HPA responses 

become hypereactive (Goldman et al., 1973; Romeo et al., 2006). During these critical 

periods, the intensity and frequency of stress exposure can also determine the trajectory 

for HPA responses to stress later in life.  
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Our understanding of HPA plasticity during adulthood and into aging follows a 

hypothesis of multiple “hits”: a particular number, severity, or duration of stressful events 

that we experience in sequence (Pecoraro et al., 2006). There are two prototypical forms 

of HPA plasticity that emerge during our experimental modeling of multiple hit stress 

paradigms: Habituation or facilitation. Habituation is the gradual dampening of HPA 

responses following repeated stress exposure (Grissom and Bhatnagar, 2008). This is 

most commonly observed when the same stress (homotypic) is presented, and is observed 

more readily with predictable, less severe stressors. It is unclear whether habituation is a 

desensitizing process in the brain, or whether new neural circuits/mechanisms are 

recruited for active learning (Bhatnagar and Dallman, 1998; Viau and Sawchenko, 2002; 

Girotti et al., 2006). Facilitation, or sensitization, in contrast, refers to amplification of 

stress responses over time. This occurs more readily when stressors are diverse 

(heterotypic), inescapable/uncontrollable, and/or are delivered unpredictably (Wong et 

al., 2000; Armario et al., 2008). In these models, the resulting phenotype is Cushing’s –

like, where GC overexposure results in hedonic and cognitive deficits and physical 

changes (McEwen, 2000). Interestingly, such paradigms have been extensively used as an 

animal model of major depression. 

 

1.2 Mediation and modification of stress responses by fast synaptic transmission 

 

1.2.1 Dynamic neural circuits for dynamic stress responses 

Immediate stress challenges launch carefully shaped HPA responses. This requires that 

neural stress circuits, particularly PNCs, efficiently integrate and transmit information 

regarding physical or psychological threats. As reviewed above, stress history causes 

distinct short- and long-lasting adaptations of HPA function. In PNCs it is clear that a 

part of this includes GC feedback. This line of thought suggests that stress circuits have 

the capacity to learn and remember stressful experiences, and that such experiences cause 

lasting changes in stress circuit function. Neurons in the brain, including those 
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comprising stress circuits, use synapses to integrate and transmit information. In this 

section we will consider how synaptic connectivity and transmission from higher-order 

neurons of stress circuit loci and PNCs are critical for shaping HPA responses. Thereafter 

we will consider the possibility that changes in the efficacy of this synaptic 

communication (i.e.; synaptic plasticity) may be a fundamental means by which stress 

circuits/HPA function evolve with experience.  

 

1.2.2 Anatomical connections of PNCs within stress circuitry 

PNCs are directly or indirectly connected by synaptic afferents to a large and hierarchical 

set of diverse neurotransmitter (NT)-containing neuronal cell populations in various 

anatomical structures (Figure 1.5). This complex functional “stress circuitry”, composed 

of intricate connective relationships between diverse anatomical nodes, subserves the 

coordination of heterogenous challenges into a unified response (Sawchenko et al., 2000). 

The PVN is void of γ-amino butyric acid (GABA)-containing interneuron populations 

found in many telencephalic structures. Thus most afferent regulation, apart from 

suggested reciprocal influence between PNCs/MNCs/PANs through electrical coupling 

or axonal/dendritic peptide release, is directly extranuclear, (Liposits et al., 1985; Hatton 

et al., 1988; Son et al., 2013). The Bed Nucleus of the Stria terminalis (BNST) or 

hypothalamic peri-PVN/fornical, preoptic, and dorsomedial cell groups are hypothesized 

to form major relay stations for direct efferent PNC regulation (Figure 1.5) (Ulrich-Lai 

and Herman, 2009). Mixed-NT cell populations of these areas receive extensive synaptic 

contacts from many stress-, fear-, and anxiety- related limbic regions of the brain: cortex, 

amygdala, or hippocampus. In fact, such limbic regions, while thought to be important 

for HPA regulation by psychogenic/affective stressors and GC feedback, exhibit little- to 

no direct connectivity with PNCs themselves (Herman et al., 2003). PNCs also receive 

extensive direct and indirect afferent information from neurons in brainstem nuclei, 

sensory and thalamic afferents, circumventricular organs and other  
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hypothalamic areas, which strongly reflects the sensitivity of the HPA to a wide variety 

of homeostatic and immune challenges (Dayas et al., 2001b; Pecoraro et al., 2006; Rivest, 

2010). In addition, direct monoamine projections arise from noradrenergic ventrolateral 

medullary A1 or nucleus tractus solitarus (NTS) cell groups (Li et al., 1996; Dayas et al., 

2001a) or dopaminergic zona incerta (Wagner et al., 1995; Cheung et al., 1998). 

Serotonergic Raphe nuclei may exert either direct/indirect influence (Liposits et al., 1987; 

 

Figure 1.5 Overview of PVN afferent connections 
Some major direct and indirect CNS connections of PNCs or PVN at large, with 
particular reference paid to limbic regions of the brain implicated in regulation of HPA 
responses to psychogenic stressors and GC feedback. Abbreviations: parabrachial nucleus 
(PBn), paraventricular thalamus (PVT), ventral subiculum (vSub), locus coerulus (LC), 
basolateral, central, or medial amygdala (BLA/CeA/MeA), nucleus tractus solitarus 
(NTS), ventrolateral medulla (VLM) lateral septum (LS), medial preoptic nucleus 
(MnPO), suprachiasmatic nucleus (SCN), dorsomedial hypothalamus (DMH), Arcuate 
nucleus Arc), peri-fornical area (peri-fx), zona incerta (ZI), thalamus (Thal). 
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Jorgensen et al., 1998; Heisler et al., 2007). Acetylcholine-filled terminations in and 

around PVN, possibly of parabrachial or lateral septal origin, have also been suggested in 

regulation PNC activity (Hillhouse et al., 1975; Saper and Loewy, 1980; Oorjitham et al., 

1989).  

 

1.2.3 Synaptic regulation of PNCs 

Chemical synaptic transmission in the CNS can be divided into fast neurotransmission: 

carried out by ligand-gated ionotropic receptors, and neuromodulation: predominantly 

carried out by metabotropic receptors (to be detailed later on). Fast neurotransmission 

provides the most potent and widely known source of direct control over neuronal 

electrical activity in the CNS. This is carried out at synapses, specialized microstructures 

where electrical information is chemically transmitted from neuron to neuron. It consists 

of an opposed pre-synaptic active zone and post-synaptic density separated by a small 

cleft of approximately 10 nm, surrounded by glial cell processes (Kandel et al., 2000). 

Astrocytic glial cells, which envelop and structurally support synaptic structures are also 

involved in maintaining, and modifying their function (Haydon, 2001; Bains and Oliet, 

2007). There are about 30-50 million synaptic contacts per mm3 of PVN (Decavel and 

Van den Pol, 1992b), leading to a rough estimate of a few thousand or tens of thousands 

of synapses per PNC. In the brain, the majority of rapid synaptic communication is 

carried out by either of two major neurotransmitters (NTs): glutamate and GABA (Mody 

et al., 1994; Lisman et al., 2007). Glutamate, a non-essential amino acid, is shuttled in its 

aminated form to presynaptic terminals by glial cells. Glutamate conversion by glutamic 

acid decarboxylases, yields GABA (Martin and Rimvall, 1993). Specialized transporters 

(vesicular glutamate transporter: vGlut or vesicular GABA transporter: vGAT) actively 

load transmitters into synaptic vesicles. Most (around 60%) of the synaptic profiles found 

terminating on CRH PNCs contain GABA (Decavel & Van den Pol, 1990; Miklós & 

Kovács, 2002).  Those remaining contain glutamate and/or monoaminergic/peptidergic 

neuromodulatory transmitters (Van den Pol et al., 1990). This synapse-type proportion, 

while similar to some other hypothalamic nuclei, differs greatly from other areas of the 

brain. The hippocampal CA1 region and visual cortex contain only about 2 and 6% 
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GABA synapses respectively (Hiscock et al., 2000). Another defining feature of PNC 

synapses is that glutamate and GABA synapse types exist closely intermingled on soma 

and dendrites (Decavel and Van den Pol, 1992b), with no evidence indicating that 

projection specific subcellular innervation exists.  

 

Synaptic transmission occurs following invasion of a presynaptic axonal bouton by an 

action potential (Sabatini and Regehr, 1999; Lisman et al., 2007). Depolarization of the 

terminal(s) causes the opening of voltage-gated calcium channels (VGCCs) located in 

close proximity to docked synaptic vesicles at release sites (Llinás et al., 1981; Augustine 

et al., 1985). Calcium, binding to syntaptotagmin component of the soluble-NSF-

attachement protein receptor (SNARE) machinery, drives the exocytosis of vesicles, and 

release of neurotransmitter into the synaptic cleft (Sudhof, 2004). NT release is both 

probabilistic and heterogenous across discrete synapses. This can be due to different 

VGCC SNARE machinery relationships, numbers of docked vesicles, or basal intra-

terminal calcium (Ca2+) levels (Lisman et al., 2007). Thus, a varying (but usually lesser) 

degree of spontaneous/stochastic NT release also occurs independently of action 

potentials (Bornstein, 1978; Llano, 2000). Postsynaptically, binding of NT to specified 

ligand-gated ionotropic receptors causes their opening. Flux of ions through these 

channels thus converts chemical transmission, back into an electrical signal in the form of 

depolarizing or hyperpolarizing synaptic potentials (Fatt and Katz, 1950). These undergo 

extensive integration and filtration in somatodendritic processes of the postsynaptic 

neurons to influence perikaryal membrane potential and action potential firing (London 

and Hausser, 2005). Classical studies of synaptic transmission define the efficacy 

/“strength” of any given synapse based on the number of functional connections or 

vesicle release sites between neurons (N), the probability of release of these vesicles to a 

given stimulus (Pr) of neurotransmitter at individual (or collective) release sites, and the 

size of the post-synaptic, or quantal response (Q) to the release of a single synaptic 

vesicle (Katz, 1996; Zucker and Regehr, 2002).  
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While NT release occurs quite similarly, both Glutamate and GABA have their own 

specified receptor families, each of which carries different ionic species down their 

electrochemical driving force. Thus, we will consider the known role of each of these 

transmission types in the regulation of PNC activity and HPA responses individually. 

 

1.2.4 Glutamate synaptic regulation of PNCs 

Glutamate synapses are a major source of rapid, excitatory drive to PNCs. Tracing 

studies suggesting that these originate from a number of stress circuit structures, as is 

indicated in Figure 1.5 (Csaki et al., 2000; Wittmann et al., 2005; Ulrich-Lai et al., 2011). 

Fast, ionotropic glutamate transmission is mainly carried out postsynaptically by AMPA 

receptors (AMPARs) and NMDA receptors (NMDARs) (Madden, 2002). Ionotropic 

Kainate receptors (KARs) and metabotropic glutamate receptors (mGluRs, a family of 

GPCRs) also exist, and contribute to transmission under various circumstances (Tanabe 

et al., 1992). Upon synaptic release, glutamate binding to these ligand-gated channels 

causes cellular cation influx resulting in depolarizing post-synaptic potentials. While both 

receptor types permit sodium passage, NMDARs are additionally calcium-permeable; 

they also require a glycine/D-serine co-factor ligands and voltage-dependant relief from 

magnesium pore blockade. PNCs express mRNA coding for subunits of all ionotropic 

glutamate receptors (Aubry et al., 1996; Herman et al., 2000) and mGluR protein 

immunoreactivity (Kocsis et al., 1998). Importantly, nearly every type of hypothalamic 

neuron, including PNCs, exhibit calcium responses to glutamate agonists, and 

spontaneously occurring and evoked excitatory post-synaptic potentials that are 

dramatically reduced by the AMPAR antagonist CNQX (Vandenpol et al., 1990). The 

contribution of synaptic glutamatergic signalling in PNC activity during stress is 

relatively unknown. Although the anatomical evidence above indicates that glutamatergic 

afferents might provide significant excitatory drive to PNCs, promoting HPA activation, 

intra-PVN microinjection of glutamate and glutamate receptor agonists has yielded mixed 

outcomes that are far less robust than pharmacological manipulation of NA or GABA 

transmission (Ziegler and Herman, 2000; Cole and Sawchenko, 2002). This is suggested 

to be due to the confounding activation and influence of peri-PVN GABAergic afferents 
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during pharmacological microinfusion. Clearly a more detailed study of the physiological 

recruitment and influence of PNC glutamate transmission is necessary.  

 

1.2.5 GABA synaptic regulation of PNCs 

GABA synaptic transmission is generally considered to be the major form of fast 

inhibitory (hyperpolarizing) communication in the CNS.  Identifying the function of 

GABA transmission in regulating PNC activity and HPA responses has also been elusive, 

despite consistent evidence that it is a dominant player (Decavel and Van den Pol, 1990). 

In addition to high fractional representation of GABA synapses, PNCs also densely 

express many GABAARs subunits required for ionotropic transmission (Cullinan, 2000), 

and neuromodulatory metabotropic GABAB receptors (GABABRs) (Margeta-Mitrovic et 

al., 1999). At CNS synapses, GABA binding to the ionotropic GABAAR causes both 

phasic and tonic modes of inhibitory signal transmission depending on receptor subunit 

composition or synaptic/extrasynaptic localization (Farrant and Nusser, 2005). Both 

tonic/phasic postsynaptic conductances can be readily observed in PNCs (Tasker and 

Dudek, 1993; Sarkar et al., 2011). Furthermore, in vivo injections of bicuculline, a 

GABAAR antagonist, into the PVN profoundly increase CORT levels indicating that 

GABA exerts an inhibitory tone that constrains PNC activity under basal conditions 

(Borycz et al., 1992; Cole and Sawchenko, 2002). These data suggest that the coordinated 

activation and inactivation of CRH neurons during stress must involve dynamic 

regulation of GABAergic synaptic input. It would follow logically that reduced synaptic 

GABA release at the onset of stress would effectively “disinhibit” PNCs and HPA output, 

while restoration of inhibition in the aftermath would put ‘the brakes’ on the system. 

Many data, however, conflict with this conventional thought. Stress robustly activates 

GABAergic neurons in regions with known PVN projections during a temporal period 

irresolvable from HPA activation (Cullinan et al., 1995; Campeau and Watson, 1997; 

Kovács et al., 1998). In addition, activation of PVN GABAARs by either GABA or by the 

synthetic agonist muscimol may either decrease or increase circulating CORT from study 

to study (Borycz et al., 1992; Kovacs et al., 2004). 



 

 24 

 

GABAARs belong to a large family of pentameric ligand gated ion channels along with 

nicotinic acetylcholine-, 5-HT3-, and glycine- receptors (Curtis, 1995). Electrochemical 

forces determine the direction of net chloride (Cl−) movement through the GABAAR, 

which also conducts bicarbonate (HCO3-) anions, albeit with a 2.5 fold lower 

permeability (Mody et al., 1994). Early during the development of the nervous system, 

GABAAR -mediated transmission is excitatory due to the expression of sodium–

potassium-chloride symporter 1 (NKCC1) which promotes neuronal accumulation of Cl− 

and excitatory GABA transmission (Chen et al., 1996; Ben-Ari, 2002). During 

maturation a different transporter, potassium chloride cotransporter 2 (KCC2) begins to 

replace NKCC1 (Stein et al., 2004). KCC2 actively extrudes Cl− from the intracellular 

compartment, ensuring intracellular Cl− levels remain relatively low (Rivera et al., 1999; 

Blaesse et al., 2009). Thus, in the adult brain, GABA transmission in usually considered 

inhibitory, either by causing neuronal hyperpolarization, or by its ability to “shunt” 

excitatory conductances (Coombs et al., 1955; Hamill et al., 1983; Staley and Mody, 

1992). This dogma has come under some reconsideration of late, particularly given recent 

studies demonstrating that KCC2 and NKCC1 membrane expression are labile in the 

adult nervous system. Thus, under some physiological conditions (Wagner et al., 1997; 

Coull et al., 2003; Huberfeld et al., 2007), during altered network activity (Fiumelli et al., 

2005), in specific cell populations (Tozuka et al., 2005), and/or in some subcellular 

compartments (Szabadics et al., 2006), GABA transmission has been proposed to be 

conditionally excitatory.  

 

These observations of experience-dependent shifts in chloride homeostasis have provided 

a potential resolution to the conundrum of resolving the role of GABA transmission in 

PNC function. Our recent studies, corroborated by data from the Maguire laboratory, 

demonstrate that stress causes a depolarizing shift in GABAAR signalling outcome in 

PNCs due to suppression in KCC2 function (Hewitt et al., 2009; Sarkar et al., 2011). 

These studies found that the effects of GABAAR antagonist bicuculline or δ subunit-

containing GABAAR agonists had opposite effects on HPA activation when administered  



 

 25 

into PVN prior to stress as compared to after a stress. The stress-reversed effects of these 

drugs were reflected in PNC firing rate in cell-attached recordings in vitro. Additionally, 

while stimulation of GABA synaptic inputs in short bursts of 10 or 20 Hertz (Hz) 

suppressed PNC firing in naïve rats, these same trains when administered in slices 

obtained from stressed animals were either ineffective or excitatory (Hewitt et al., 2009). 

These findings provide evidence for an alternate mechanism of PNC disinhibition at the 

onset of stress (summarized in figure 1.6). These data also indicate that the mechanisms 

regulating excitation and inhibition in the PVN are more complex and less intuitive than 

previously hypothesized. 

 

1.2.6 Synaptic plasticity 

Experiences are encoded by distinct changes in the function of neural circuits. In 

particular, changes in the efficacy of synaptic communication appear to be a powerful 

means by which this evolution in circuit function can come about. It is this dynamic 

process- called synaptic plasticity- that is thought to underlie the development of the CNS 

and our fundamental capacity for learning and memory (Abbott and Nelson, 2000; 

Kandel et al., 2000). From our current understanding, almost all circuits undergo distinct 

 
Figure 1.6  Collapse of GABA inhibition in PNCs following stress exposure 
Summary of findings in Hewitt et al., 2009. GABA transmission in PNCs is regulated by 
chloride extrusion via the potassium chloride cotransporter 2 (KCC2). Under naïve 
conditions, KCC2 function maintains low intracellular chloride, promoting chloride entry 
following GABAAR activation and hyperpolarization. Following stress, a downregulation 
of KCC2 function by NA activation of alpha-1 adrenoceptors (α1 ARs) causes chloride 
accumulation in PNCs and conditionally depolarizing GABAAR responses.  
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changes to the synapse numbers (N) release probabilites (Pr) or postsynaptic/quantal 

responsiveness (Q) at some point. While such mechanisms of expression are specific to 

discrete synapses under discrete conditions, multiple changes to synaptic strength may 

also occur simultaneously.  

 

Commonly, the direction and time-frame under which synaptic efficacy is altered are 

used to define plasticity as either short- or long-term potentiation or depression (STP, 

LTP, STD, and LTD respectively). STP/D can occur over as short as a few milliseconds 

or can last for minutes (Zucker and Regehr, 2002). Synapses universally display such 

plasticity when they are recruited repeatedly or in trains, facilitation or depression can 

emerge at synapses. Simple explanations for this are that repeated stimuli cause 

accumulation/ residual calcium in presynaptic terminals, or conversely depletion of 

readily-releasable vesicles, which compete to modify Pr
 , On a longer timescale STP and 

STD can occur due to diverse and synapse-specific mechanisms which often involve 

neuromodulators (to be discussed later). Such mechanisms, which exist in model systems 

from Aplysia to humans, impart simple information processing filters to synapses, 

determining what information frequency will be most faithfully conducted from neuron 

to neuron.   

 

Persistent, or long-term synaptic plasticity may be “induced” because changes in network 

or synapse activity carry salient information about experience for a neuron (Malenka and 

Bear, 2004). A foundational concept for LTP/D arose with experimental data from Bliss 

and Lømo’s initial observations in the hippocampus (Bliss and Lømo, 1973) showing that 

high levels of coordinated pre- and post-synaptic activity can cause long-term  

strengthening of excitatory synapses (homosynaptic LTP) (Bliss and Collingridge, 1993). 

This supported long-theorized memory-storage mechanisms theorized by Donald Hebb 

(here in euphemism) that “neurons that fire together wire together” (Stent, 1973). Further 

study also uncovered mechanisms by which while less active connections weaken (homo- 

or hetero-synaptic LTD) (Dudek and Bear, 1992; Linden, 1994). It was thus proposed 
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that a sinusoidal relationship between correlated activity and threshold for Hebbian 

LTP/LTD has emerged as a clear mechanism by which neural networks store information 

(Bienenstock et al., 1982).  

 

In addition to Hebbian plasticity, which has a destabilizing tendency in neural networks, 

many complementary non-Hebbian and anti-Hebbian mechanisms have been 

subsequently described (Malenka and Bear, 2004). One of these: homeostatic 

plasticity/synaptic scaling, refers to the ability of cells to globally readjust efficacy of all 

their impinging synapses, while maintaining their relative weight (Turrigiano and Nelson, 

2004). In addition, while glutamate synapses have received an overwhelming focus so 

far, it is becoming clear that all synapses, including GABA, exhibit capacity for such 

change (Castillo et al., 2011; Whalley, 2011). Finally, synaptic plasticity is also subject to 

higher order control. Metaplasticity, or the plasticity of plasticity, is the ability of prior 

experience to alter the induction of future plasticity (Abraham and Bear, 1996). This 

process can stabilize circuits using Hebbian learning by creating a “sliding” threshold for 

plasticity or by enforcing discrete synaptic states. Importantly, metaplasticity can be 

caused not only by synaptic activity, but also by through distinct neuromodulatory 

processes (discussed more below). This has uncovered a number of interesting ways in 

which behavioural states or in vivo experiences act as metaplastic or associative signals to 

prime or cooperate in synaptic plasticity (Hulme et al., 2013). To summarize, experience-

dependent changes in circuit function are, more diverse and complex in nature than we 

might currently be able to comprehend. 

 

 

1.2.7 Survival circuit synapses: hardwired or plastic? 

Synaptic plasticity, best characterized in telencephalic brain structures, is now widely 

accepted as an important brain mechanism for learning and memory. While extensive 

efforts to uncover how such mechanisms in these structures underlie higher cognitive and 

behavioural functions, there has been little attention directed towards understanding 
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plasticity in the autonomic and neuroendocrine centres of the brain. On a certain level, 

hypothalamic survival circuits must, indeed, have some level of hardwiring in order for 

important homeostatic functions to proceed. In addition, it also is clear that survival 

depends on the ability of these circuits to rapidly and repeatedly defend homeostasis in 

the face of challenges. Furthermore, both setpoints and homeostatic mechanisms must- 

and do adapt to persistent internal or environmental changes. This implies that circuits 

responsible for homeostasis must exhibit a capacity for learning and memory (Gordon 

and Bains, 2006). For many functions under hypothalamic control: lactation, 

osmoregulation, energy balance such evidence is emerging (Garcia-Segura et al., 1986; 

Theodosis and Poulain, 1993; Gordon et al., 2005; Horvath, 2005; Panatier et al., 2006). 

The HPA is no exception to a dynamic, rather than hardwired system, as was detailed 

above. Surprisingly, synaptic plasticity occurring as a consequence or a modification by 

acute or chronic stress experiences has only been extensively studied in the cortex, 

hippocampus, and amygdala (Kim and Diamond, 2002; Schmidt et al., 2013). It remained 

an open question at the outset of this thesis whether and how PNC synapses were subject 

to such a phenomenon. 

 

1.3 Neuromodulation and the encoding of stress at synapses 

 

1.3.1 Overview of neuromodulation 

Complementing fast ionotropic neurotransmission, metabotropic receptor expression by 

neurons imparts a second level of communication in the CNS: neuromodulation (Marder, 

2012). While GPCRs make up the largest and most diverse type of metabotropic receptor 

(Marinissen and Gutkind, 2001), they are complemented by receptor kinase and receptor 

guanylyl cyclases. These receptors are targeted by a plethora of chemical NTs, or 

“neuromodulators” like conventional amino acid NTs, monoamines, neuropeptides, 

growth factors, gases, lipids or nucleotides. Neuromodulators, as NTs themselves, have 

actions outside of peri-synaptic areas where they might be released. The spatiotemporal 

spread of their signalling can also be considerably broader with respect to conventional 
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neurotransmission: over minutes instead of milliseconds, and over microns instead of 

nanometres, leading to a concept known as neuromodulatory “volume transmission” 

(Agnati et al., 2010). Many neuromodulators are organized into unique anatomically 

distinguishable populations of neurons whose widespread projections create 

neuromodulator “systems”. Classical examples of this include mesolimbic dopamine, 

brainstem NA, dorsal raphe serotonin, nucleus basalis of Meynert acetylcholine, or many 

neuropeptidergic systems (Fuxe, 1965; Nusbaum and Blitz, 2012). In the case of these 

systems, or the brain at large, conventional and neuromodulatory transmitters are often 

found within the same neurons, and even in the same synaptic vesicles (Hökfelt et al., 

1987). Moreover, the existence of mGluRs and GABABRs means that even conventional 

NTs act as neuromodulators under specific circumstances. 

 

By working on slower time scales and over larger distances neuromodulators add depth 

and layers of complexity in how communication occurs in neural circuits. Metabotropic 

receptor activation leads to diverse effects on brain function through second messenger 

intracellular signalling cascades. Neuromodulator GPCRs have long been known to 

directly influence neuronal function by influencing excitability through ion channel 

modulation or by modifying gene transcription. It has also become very clear that for 

some neuromodulators, modifying fast synaptic transmission is quite central to their 

mode of action. Within the context of synaptic plasticity, neuromodulators can 1) act as 

induction stimuli for short- or long-term plasticity or 2) interact with induction or 

expression of plasticity by other mechanisms (Marder and Thirumalai, 2002). 

Comprehensive recruitment of a specific neuromodulatory system often accompanies 

specific changes of brain “state”, such as arousal, reward, or stress (Lee and Dan, 2012). 

During discrete brain states neuromodulator actions have important consequences for 

immediate behavioural flexibility. Neuromodulators are therefore “metaplastic” signals at 

many synapses, acting as cooperative, associative, or priming signals to modify circuit 

function in a state-dependent manner (Hulme et al., 2013). Because the temporal actions 

of most neuromodulators are broad, these metaplastic actions may also leave a memory 
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trace of a particular state. Thus, neuromodulators are also intriguing candidates for the 

imprinted modulation of circuit function by specific experiences.  

 

1.3.2 “Stress mediators” and neuromodulation 

Anatomical data suggest that PNCs, in addition to producing a number of 

neuromodulatory substances themselves (Swanson et al., 1986), also are surrounded by 

neuromodulator-containing cells and afferent inputs. Understanding the function of this 

virtual neuromodulatory ‘soup’ is not a simple task. Many NTs localized to the PVN 

have been shown to influence PNC excitability or synaptic transmission upon 

pharmacological application [for review see (Wamsteeker and Bains, 2010)]. Some of 

these substances have been termed “stress mediators”, based on the idea that cell 

populations that contain them may be activated by stress, or that these have consequences 

for behavioural, HPA, and autonomic stress responses (Joels and Baram, 2009). Two of 

these deserve outstanding mention as experimentally bonafide stress mediators: GCs and 

NA. The NA fibres arising from the medullar/NTS and locus coreulus cell groups provide 

an unmistakeably dense ascending innervation of the PVN (Sawchenko and Swanson, 

1982). Central NA release, occurring immediately upon stressor presentation is 

obligatory for the launch of HPA responses (Plotsky et al., 1989). In this respect, neural 

catecholamine release is part of a central-peripheral mirrored “fight-or-flight” response 

through activation of alpha and beta adrenoceptors in the brain. Although not produced in 

the CNS, GCs act as neuromodulators through associating with MRs and GRs that are 

heavily expressed in other limbic areas such as the hippocampus, amygdala, lateral 

septum. This causes a range of behavioural effects (De Kloet et al., 1998). It is worth 

noting that since ascending NAergic and descending SNS neurons themselves are also 

targets for GC action, autonomic and endocrine responses are extremely interdependent. 

 

In distinguishing the effects of these two mediators, it is important to remember that GC 

actions in the brain following stress show a different temporal profile from those of NA. 

This is not always the case as NA/GCs are also capable of acting as metaplastic priming 
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signals, exerting effects on synapses long after initial stress-associated receptor activation 

(Kim and Diamond, 2002). Generally though, immediate concerted activation of 

adrenoceptors vs. both rapid and slow MR/GR effects upon their later CNS entry can lead 

to sequential effects of stress on brain function (Joels and Baram, 2009). NA, for 

example, causes rapid hyper-arousal, hyper-vigilance, and aids in the coordination of 

appropriate stress-coping behaviour (Usher et al., 1999; Joels and Baram, 2009). In 

contrast, after stress cessation, GC signalling acts to revert some of NA’s actions by 

promoting a return of hedonic and incentivized behaviours (Pecoraro et al., 2006). NA 

release facilitates fear memory formation (Roozendaal et al., 2009).  While GCs may 

synergize this process, their actions tend to bias or generalize memory features 

(Schechtman et al., 2010). In the hippocampus, while basal levels of MR/GR activation 

facilitate cognition and declarative memory, it is thought that levels reached during a 

stress actively impair new-memory formation, allowing only consolidation of those 

formed previously (Kim and Diamond, 2002) . In this example it is important to note that 

excessively high levels of GCs exert increasingly detrimental effects, causing marked and 

long-lasting impairments of cognition and mood. Thus, for many neural performance 

indices, GC effects follow an inverted “U-shaped” curve (De Kloet et al., 1998). This is 

thought to be due to the fact that, chronic or high GC exposure dramatically remodels 

limbic neuronal morphology and inhibits hippocampal neurogenesis (McEwen, 2007). 

 

1.3.3 Retrograde signalling  

Neuromodulators are not just mediators of specific brain states, such as stress. In fact, in 

recent years, the discovered functions of neuromodulators at synapses have expanded 

greatly. Perhaps, though, one of the most important conceptual advances in how they 

work has been to change dogma about the anterograde, unidirectional flow of information 

in the central nervous system.  In this, the eventual discovery of retrograde signaling was 

extremely influential. A retrograde signal or messenger is a NT released by dendrites, 

which acts to modify anterograde synaptic transmission via a presynaptic receptor. What 

may qualify and acts as a retrograde signal is dependent on the cell-type and synapse in 

question; the variety is large and the list long. It would appear, however, that nearly every 
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CNS synapse studied to-date, exhibits some form of retrograde signalling. Briefly, I will 

highlight two of these: endocannabinoids (eCBs) and peptides (specifically opioids), as 

particularly relevant to PNC function, and to this thesis. Others, including gases like 

nitric oxide, or growth factors have been nicely reviewed elsewhere (Zilberter et al., 

2005; Regehr et al., 2009). 

 

1.3.3.1 Endocannabinoids  

eCBs are endogenous molecules which share an affinity towards cannabinoid receptors 

(CB1R and CB2R) with well-known psychotropic compounds, like 

Δ9tetrahydrocannabinol (THC), found in the Cannabis sativa plant (Piomelli, 2003). 

They are small and hydrophobic, derived from the cleavage of major cell membrane 

lipids. While there are numerous endogenous CB1/2R ligands, two primary eCBs appear 

to play a dominant role in brain function: anandamide (AEA) (Devane et al., 1992; Di 

Marzo et al., 1994) and 2-Arachinonoylglycerol (2-AG) (Stella et al., 1997). As 

summarized in figure 1.7, AEA and 2-AG are produced by a series of enzymatic steps 

from either phosphatidylethanolamine (AEA) or phosphatidylinositol (2-AG). The on-

demand production and/or release of eCBs is driven by two primary means: postsynaptic 

neuronal depolarization or metabotropic receptor signaling (Kano et al., 2009). eCB 

synthetic steps are robustly activated by elevations in intracellular calcium. Activation of 

the AEA rate-limiting enzyme N-acyltransferase by Ca2+ and enhancement of its function 

through protein kinase A (PKA) phosphorylation has been well characterized in neurons 

(Cadas et al., 1996). While an additional pathway may exist (Figure 1.7), 2-AG in the 

CNS is thought to be primaily produced in a rate-limiting enzymatic step by 

diacylglycerol lipase α  (DAGLα) (Bisogno et al., 2003). The production and release of 

2-AG is likely similarly dependent on Ca2+, and additionally by phospholipase C (PLC) 

which is activated downstream of GPCR activation via G-protein Gq/11- α-subunits 

(Farooqui et al., 1986). Thus, either AEA and 2-AG production may be independently 

modified by post-synaptic GPCR recruitment and routes of eCB formation can occur with 

varying degrees oft Ca2+ dependence (Maejima et al., 2001; Varma et al., 2001).  
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CB1Rs, the primary, but not exclusive (Van Sickle et al., 2005) CNS receptors for eCBs, 

are Gi/o α-subunit coupled GPCRs that canonically decrease production of cyclic 

adenosine monophosphate (cAMP). CB1Rs exhibit preferred localization to presynaptic 

elements in neurons. Postsynaptically produced eCBs are highly hydrophobic, yet 

somehow they overcome unfavourable energetic influences, perhaps through a regulated 

release step (Adermark and Lovinger, 2007), to cross synaptic clefts and bind presynaptic 

receptors. CB1R activation inhibits synaptic transmission through decreasing Pr at both 

glutamate and GABA synapses (Kano et al., 2009). This may occur through G-protein α- 

subunit- or β-γ-subunit-dependent reductions in cAMP levels/PKA activity, inhibition of 

N, & P/Q type VGCCs, activation of potassium channels or other mechanisms including 

more direct inhibition of release machinery (Kano et al., 2009). Following activation of 

CB1Rs, evidence suggests the existence of active clearance processes such as eCB 

membrane transporters (EMTs) which sequester the lipids from the perisynaptic spaces 

(Beltramo et al., 1997). Degradation also regulates eCB bioavailability. AEA is degraded 

postsynaptically (Gulyas et al., 2004) by fatty-acid amide hydrolase (FAAH) (Cravatt et 

al., 1996). 2-AG is the degradative target of serine hydrolases (Marrs et al., 2010), of 

 
 
Figure 1.7 Overview of endocannabinoid biosynthesis and degradation  
Summary diagram illustrating enzymatic mechanisms with respect to their known or 
presumed locations at pre (above right, grey) and postsynaptic neural structures. 
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which 85% of degradation is attributed to monoacylglycerol lipase (MAGL) located at 

presynaptic membranes (Dinh et al., 2002; Gulyas et al., 2004). Arachidonic acid formed 

by eCB breakdown or 2-AG itself are also substrates for lipoxygenases or 

cyclooxygenases, allowing further avenues for bioactivity (Gulyas et al., 2004; 

Vandevoorde and Lambert, 2007).  

 

eCBs were discovered, in 2001, to be the long unknown retrograde signal mediating a 

phenomenon known as “depolarization-induced suppression of inhibition” (DSI) (Ohno-

Shosaku et al., 2001; Wilson and Nicoll, 2001). DSI occurs following a brief period of 

post-synaptic neuronal depolarization (5 seconds or less) manifesting as a robust short-

term (seconds to minutes) depression of GABA synapse strength. DSI, and its counterpart 

DSE (suppression of excitation- at glutamate synapses) are found in some form at nearly 

all synapses in the CNS (Llano et al., 1991; Pitler and Alger, 1992; Kreitzer and Regehr, 

2001b; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). Following their 

characterization as mediators of short-term plasticity, it was also found that eCBs could 

cause LTD (Gerdeman et al., 2002; Marsicano et al., 2002; Robbe et al., 2002; 

Chevaleyre and Castillo, 2003). eCB LTD, is generally observed as a result of minutes of 

patterened synaptic stimulation and/or paired postsynaptic activity in which mGluRs are 

recruited. Under these conditions, where CB1R activation may be more sustained, and 

presynaptic activity levels may be coincidentally high, it is hypothesized that eCBs cause 

long-lasting changes to synaptic release machinery (Castillo et al., 2012). Recently, 

evidence has also accumulated which suggests that eCBs may act as tonic regulators of 

synaptic transmission (Losonczy et al., 2004; Oliet et al., 2007). The pathways and 

stimuli that may allow for both phasic and tonic eCB signaling remain relatively 

unknown. 

 

1.3.3.2 Dendritic peptides: focus on opioids 

Neuropeptides also act as retrograde transmitters, although comparatively less is known 

about this form of retrograde signaling with respect to eCBs (Ludwig and Pittman, 2003a; 
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Ludwig and Leng, 2006). Anatomical studies demonstrate that many neurons abundantly 

contain neuropeptides within their soma and dendrites. EM studies looking at subcellular 

distributions of vesicles have long noted that large dense core vesicles (containing 

electron-dense protein) exhibit almost no spatial propensity in neurons compared with 

smaller vesicles that accumulate at synaptic terminals.  Furthermore, “omega” profiles 

suggestive of vesicle fusion are not restricted to axons in the CNS (Morris and Pow, 

1991). Given that synthetic and trafficking and exocytosis mechanisms are unique for 

given vesicle types, these differences should not be surprising (Kennedy and Ehlers, 

2011; Ovsepian and Dolly, 2011), but it has long remained an unknown question how and 

where neuropeptides are released and elicit their neuromodulatory actions. 

 

In contrast to prevailing views that neuropeptides are preferentially released synaptically, 

microdialysis methods, combined with antibody-based detection have a confirmed or 

strongly implied activity-dependent somatodendritic release of neuropeptides from a 

number of regions and cell types. These include: the supraoptic nucleus (SON), the 

suprachiasmatic nucleus (SCN), medio-basal hypothalamus, dorsal root ganglion (DRG), 

central amygdala (CeA), hippocampal dentate gyrus (DG), and, of course, PVN (Ludwig 

and Leng, 2006). In the PVN, such study of dendritically released OT has provided an 

excellent model for studying underlying causes of somatodendritic peptide release, and 

how it can differ from axonal OT release (at the neurohypophysis). From this work it has 

become apparent that, while just a few action potentials are necessary for reliable axonal 

release of NTs, dendritic peptide release depends highly on sustained periods of firing 

and elevations in intracellular calcium, only part of which may come from 

depolarization-activated VGCCs (Fulop et al., 2005). In fact, intracellular stores of Ca2+ 

recruited by Gq/11 coupled GPCRs appears to be substantially equally or more critical for 

this form of exocytosis, and can cause substantial priming of subsequent activity-

dependent release (Ludwig et al., 2002). Fascinatingly, in vivo evidence suggests that 

brain (even cerebrospinal fluid) concentrations resulting from dendritically released OT 

dramatically exceed those of plasma, despite a vastly higher number of axonal OT release 

sites at the posterior pituitary (Ludwig and Leng, 2006). This is critical when considering 
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that, when released, peptides can recruit GPCR effector cascades at nanomolar doses. 

Furthermore, the half-life of many peptides is much longer than neurotransmitters- on the 

order of 20 minutes, compared with about 5 milliseconds. This means that upon release, 

while their spatial reach is relatively large, their temporal precision is quite low (perhaps 

a consideration excluded by many electrophysiological studies).  

 

Given the idea that peptides have broad spatiotemporal reach, reasoning might suggest 

that dendritically released peptides should have the capacity to elicit, autocrine, paracrine, 

and retrograde signaling effects. Of peptide GPCRs in the CNS, opioid receptors located 

at synaptic terminals can exhibit potent control over synaptic Pr (Williams et al., 2001). 

Thus, evidence for dendritic release of opioid peptides provides a current best example of 

retrograde peptide actions. Dynorphin is found in the dendrites of both DG neurons and 

hypothalamic MNCs (Watson et al., 1982). Conversely, the receptor for dynorphin, the 

kappa opioid receptor (KOR), is enriched at presynaptic glutamate terminals in these 

structures. In these neurons periods of paired pre- and post-synaptic activity cause the 

exocytosis of vesicles containing dynorphin in a process relying on L-type VGCCs 

(Simmons et al., 1995). This results in KOR mediated suppression of glutamate release 

probability, causing LTD (Wagner et al., 1993; Iremonger and Bains, 2009).  

 

Whether such mechanisms exist in other neurons, for other opioids, or other 

neuropeptides remains an open-ended question. At the outset of this thesis, for example, 

PNCs were known to produce the endogenous opioid enkephalin (Watts, 2005) 

(Ceccatelli et al., 1989a; Pretel and Piekut, 1990; Merchenthaler, 1992). Furthermore, 

evidence suggested that enkephalins and their respective functional mu and delta opioid 

receptors (MORs and DORs, respectively) in the PVN could potently regulate HPA 

function (Buckingham, 1982; Kiritsy-Roy et al., 1986; Bilkei-Gorzo et al., 2008). Given 

the breadth of evidence for both dendritic peptide expression, and potent control of 

neurotransmitter release by diverse exogenously delivered neuropeptides, it seems likely 

that further studies may eventually open this door. 
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1.4 The search for synaptic underpinnings of stress adaptation 

The HPA, through GCs, is essential for responding and adapting to stress. Several 

decades of evidence also point to the idea that depending on the type, amount, or 

developmental stage at which the stress is experienced, HPA responses can be altered in a 

profound and sometimes permanent fashion. How the HPA remembers and learns its 

stress history, however, is not clear. Alterations in synaptic strength, through classical 

activity-dependent long-term potentiation or long-term depression are thought to be the 

neural basis of learning and memory. Increasing evidence shows that these forms of 

plasticity occur not only in cognitive and behavioural circuits, but also in those circuits 

responsible for maintaining homeostasis. As the final integrators of HPA responses, 

changes in synaptic strength on PNCs can be directly related to changes in GC responses. 

Thus, the overarching hypothesis of my thesis is that: experience-dependent 

adaptations of the HPA have underlying synaptic correlates in the PVN.  

 

GCs are key feedback signals to supress PNC activity and are also key for stress-

associated synaptic plasticity. Through these actions, GCs are widely accepted to be key 

for the evolution of both adaptive and maladaptive HPA responses to life challenges. In 

this thesis I have tested the specific hypothesis that GCs are key neuromodulatory 

substrates for imparting a memory capacity in the HPA. PNCs receive synaptic inputs 

carrying diverse modes of information, and yet physiological evidence would suggest that 

GC feedback acts as non-specific circuit breaker for stressful information. This suggests 

that PNCs must possess an intrinsic capacity for autoregulatory control- over incoming 

synaptic information that may be an end effector of GC action. Retrograde signals have 

recently emerged as such autoregulatory circuit breakers at central synapses by providing 

negative feedback to afferent synapses during neuronal activity. This suggests the 

intriguing possibility that retrograde signalling could form an embedded synaptic 

mechanism for feedback by GCs. Thus I hypothesized that retrograde signals such as 

eCBs (Chapter 3-4) and opioids (Chaper 5) might effect such autoregulatory changes at 

PNC synapses following discrete challenges. While the new mechanisms uncovered 
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during my studies may be important for HPA function, testing this in vivo with adequate 

cellular and temporal resolution has been previously impossible. Therefore in the final 

study forming this thesis, I investigated and characterized a new strategy for identifying 

and manipulating PNCs in future experimentation based on a Cre-LoxP transgenic 

strategy (Chapter 6). 
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 Materials and Methods  Chapter Two:

 

2.1 Animal Care and Use 

All animal experiments were approved by the University of Calgary Animal Care & Use 

Committee (Protocol M09127),and carried out in accordance with the Canadian Council 

for Animal Care. 

 

Group–housed (2+ per cage) male Sprague Dawley rats (Charles Rivers) were used for 

experiments in Chapters 3-5. Most experiments utilized rats at post-natal day 22-35, 

although some were performed in adult rats aged 6-8 weeks. In Chapter 5, wild–type 

C57BL6/J (Jackson Laboratories), µOR–/– (Jackson Stock #007559), vGAT–mhChR2–

YFP BAC transgenic (Jackson Stock #014548), or CB1R–/– (From Dr. K. Sharkey) mice 

(bred to C57BL6/J background, postnatal day 28 –50) were also utilized. In chapter 6, 

B6(Cg)-Crhtm1(cre)Zjh/J (Crh-IRES-Cre)mice and B6.Cg-Gt(ROSA)26Sortm14(CAG-

TdTomato)Hze/J (Ai14) mice, whose generation has been detailed previously(Madisen et al., 

2010; Taniguchi et al., 2011), were obtained from Jackson laboratories (stock number 

012704 and 007914 respectively). These were maintained as colonies of homozygous 

mice, with one backcrossing to C57BL/6J background strain following their arrival. Pairs 

of either homozygous Crh-IRES-Cre or Ai14 genotypes were mated, and the resulting 

heterozygous Crh-IRES-Cre;Ai14 male offspring used in subsequent experiments. 

Genotyping was used to identify mutants using PCR procedures provided by the supplier. 

The following primers were used to identify Crh-IRES-Cre mutants: 5’-CTT ACA CAT 

TTC GTC CTA GCC and 5’- CAA TGT ATC TTA TCA TGT CTG GAT CC-3’ and 

(468 base pair resultant PCR band). To identify Ai14 mutants: 5’-GGC ATT AAA GCA 

GCG TAT CC-3’ and 5’-CTG TTC CTG TAC GGC ATG G -3’ were used (196 base 

pair band).  
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All animals were kept on a 12:12 light dark cycle with ad libitum access to food and 

water. At least 24 hours prior to experiments animals were brought from the Animal Care 

facility to laboratory animal rooms. 

 

2.2 Stress procedures 

Stressors were carried out 2–3 hours after the onset of light during the trough of circadian 

fluctuation in plasma CORT. In some experiments, an intraperitoneal injection of RU–

486 (25 mg·kg–1) or DMSO vehicle preceded stress by 15 min. Routinely, 

immobilization/restraint stress was used as a stressor for rats. This consisted of cervical 

and caudal immobilization and confinement within a plastic cylinder for 30 min. Other 

stressors used include predator odor and Forced swim. Swim stress for rats was carried 

out for 20 min in a plastic bucket (40 cm internal diameter) and 30–32 °C water at a 

depth where the bottom could not be touched by the rat. Mice, by contrast, were exposed 

to forced swim stress consisting of 15 min in a glass cylinder (14 cm internal diameter) 

filled with 30-32 °C water. Both rats and mice were exposed to predator odor in a similar 

manner. For this, they were placed in an empty cage for 30 min with a tissue soaked with 

2,5–dihydro–2,4,5–trimethylthiazoline (TMT, Contech), a compound isolated from fox 

feces (Kuzmiski et al., 2010). Following stress, the rat/mouse was placed alone, in a fresh 

cage, or immediately anesthetized for slice preparation or perfusion. In the case of 

repeated stress, the stressor was delivered in the same place and time each day before 

return to home cage and environment.  In all stress experiments, Naïve littermates were 

used for comparison, with stressed and naïve animals kept in separate cages. 

 

2.3 Electroconvulsive seizure 

For ECS delivery, rats were removed from the immobilization cylinder or home cage. 

Both sham and ECS-treated animals were fitted with saline-soaked ear clips. For ECS, a 

GSC700 shock generator (Grason-Stadler Co.) was used to deliver 40 mA current across 

the skull in a 0.2 s train with 60 Hz biphasic sine-wave pulses. In our investigation, this 

was sufficient to generate sustained facial and forelimb clonic motor movements 
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consistent with limbic seizure. After ECS/sham, rats were placed in a clean cage for 10 

min before anesthetization.  

 

2.4 Blood collection and hormone assay 

Trunk blood was collected for CORT analysis after decapitation. Blood was collected 

into heparinized or EDTA-coated tubes, centrifuged (15 mins at 10,000 RPM).  Plasma 

was extracted and stored at -80°C until assay.  An enzyme immunoassay kit (Correlate-

EIA, Assay Designs) was used to assess free, unbound CORT (not total) concentration in 

plasma samples. According to the manufacturer’s information, intra-assay co-efficient of 

variation is 6.6% and the sensitivity 27.0 pg/mL.  

 

2.5 Immunohistochemistry 

In Chapter 5, 30 day-old rats were given intracerebroventricular (i.c.v.) colchicine (60 µg 

in 3 µL saline) under isoflurane. 24 hours later they were anesthetized. For chapter 6 

experiments, 8 week old Crh-IRES-Cre+/-;Ai14+/- mice were given a unilateral i.c.v. 

infusion of colchicine (80 µg in 4 µL saline) under ketamine/xylazine anesthesia. 

Eighteen to twenty-two hours later they were sacrificed. To label neuroendocrine cells, 

some mice were give a single intraperitoneal injection of fluorogold (2% w/v in 100 uL 

saline; Fluorochrome) and sacrificed 5 days later. 

 

Prior to transcardial perfusion, animals were anesthetized by i.p. injection of sodium 

pentobarbital (30 mg·kg-1).  Subjects were first perfused with phosphate-buffered saline, 

followed by 4% paraformaldehyde (PFA) in phosphate buffer (PB, 4 °C). Brains, once 

removed, were post-fixed in PFA 12-24 hours followed by submersion in 20% sucrose 

PB. Twenty µM coronal brain sections containing the PVN were cut with a cryostat and 

each series of 3 slices placed in cryoprotectant. Rinses were performed before/between 

incubations with tris-buffered saline and triton-X (TBSt; pH 7.4, with 0.1% Triton-X 

100), blocking solution (5% normal donkey serum in TBSt) was applied for 1 hour and in 

all subsequent antibody incubations. Primary antibodies used were: monoclonal mouse 
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anti- leu- or met-enkephalin (1:200 dilution; 24 hours/ room temp.; Millipore clone 

NOC1), polyclonal rabbit anti-CRH (1:4000; 72 hours/4 °C; C-70 W. Vale; generous gift 

of A.G. Watts), rabbit anti- c-Fos Ab5 (1:10,000 dilution; overnight RT; Calbiochem), 

rabbit anti-fluorogold (1:10,000; Chemicon), monoclonal mouse anti- Oxytocin or 

Vasopressin (1:10,000; PS38 and PS41 from Dr. H. Gainer; overnight RT;), rabbit anti-

somatostatin (1:1000; Cat. #20067 Immunostar) or rabbit anti- preproTRH (1:2000; 363J 

from Dr. M. Wessendorf). Secondary antibodies/ conjugates used were: Alexa-555- or 

488-conjugated donkey anti-mouse or anti-donkey IgG (1:500; Molecular Probes), 

biotinylated donkey anti-rabbit IgG (1:500; Jackson Immuno Research), and Alexa-488-

conjugated streptavidin (1:500; Molecular Probes). Slide-mounted and coverslipped 

sections were imaged using a confocal microscope (Olympus BX-51). In Chapter 6 we 

included for assessment the entire rostral-caudal extent of one side of the PVN in a series 

of sections. Immunoreactive and tdTomato+ soma were counted using ImageJ. 

 

2.6 Optogenetics 

In a stereotaxic apparatus under isoflurane anesthesia, glass capillaries were lowered into 

the brain of 6 week old Crh-IRES-Cre;Ai14 mice (anteroposterior, 0.0 mm; lateral, −0.3 

mm from the bregma; dorsoventral, -4.5 mm from the dura). Recombinant AAV carrying 

ChR2-eYFP (Addgene plasmid 20298, pAAV-EF1a-double floxed-hChR2(H134R)-

EYFP-WPRE-HGHpA)(Zhang et al., 2010) was unilaterally pressure injected with 

Nanoject II apparatus (Drummond Scientific Company) in a total volume of 210nl (3.4 x 

1013 GC ml-1). Mice were allowed to recover > 14 days before experiments. To excite 

channelrhodopsin in in vitro slices (preparation described below), a fiber optic cable (105 

µm core diameter) was placed 1-2 mm from the PVN using a manipulator to deliver light 

from a laser (473 nm, OptoGeni 473, IkeCool Corporation). Light intensity was measured 

by a Photodiode Power Sensor (Thorlabs). Maximally, 2.5 mW light was delivered to 

tissue. 
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2.7 Electrophysiology 

For slice preparation, animals were anesthetized with isoflurane and decapitated. The 

brain was quickly removed; it was submerged and coronally sectioned on a vibratome 

(Leica) to 250 or 300 µM (mice and rat respectively) in slicing solution (0°C, 95% O2/5% 

CO2 saturated) containing (in mM): 87 NaCl, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 25 NaHCO3, 

25 D–glucose, 1.25 NaH2PO4, 75 sucrose. After placement into aCSF (30 °C, 95% 

O2/5% CO2 saturated) containing (in mM):126 NaCl, 2.5 KCl, 26 NaHCO3, 2.5 CaCl2, 

1.5 MgCl2, 1.25 NaH2PO4, 10 glucose, hypothalamic slices recovered for at least 1 hour. 

Subsequently, some slices were placed for 1 hour into aCSF containing 100 nM 

corticosterone and/or 500 nM RU–486 (Sigma; final DMSO vehicle: < 0.0001%). Once 

transferred to a recording chamber superfused with aCSF (1 mL·min–1; 30–32 °C; 95% 

O2/5% CO2), slices were visualized using an AxioskopII FS Plus (Zeiss) upright 

microscope fitted with infrared differential interference contrast (DIC) optics. Pulled 

borosilicate glass pipettes (3–6 MΩ) were filled with a solution containing (in mM) 108 

K–gluconate, 2 MgCl2, 8 Na–gluconate, 8 KCl,  1 K2–EGTA, 4 K2–ATP, 0.3 Na3–GTP, 

and 10 mM HEPES. In indicated experiments KCl was reduced to 4 mM or the following 

were added: 10 mM 1,2–Bis(2–aminophenoxy)ethane–N,N,N',N'–tetraacetic acid  

(BAPTA; Sigma), 5µg·mL–1 Botulinum Neurotoxin Type C (Light Chain Recombinant 

BoNT/C; List Biological), 1mM (+)–5–methyl–10,11–dihydro–5H–

dibenzo[a,d]cyclohepten–5,10–imine maleate (MK801), 2 mM GDPβs (Na3GTP–free 

solution), CCG63802 (Tocris), or recombinant RGS4 (Genway). For experiments 

assessing the fast effects of dexamethasone, intracellular concentration of K2-EGTA was 

reduced to 0.1 mM. In Chapter 6, we routinely added 0.2 mM Alexa-488 hydrazide and 

10 mg·mL−1 biocytin to this solution. Post-recording slices, after fixation in 4% PFA (24 

hours), incubation with streptavidin-A488 (1:500 TBSt),and clearing using 50:50 

glycerol: TBS, were mounted and imaged via confocal. 

 

All other drugs were bath applied by inclusion directly into aCSF, or by perfusion pump. 

In chapters 3-4, WIN 55,212-2, DEX-cyclodextrin, and nifedipine were from Sigma. 

AM251 and Baclofen were purchased from Tocris. In Chapter 5, MCPG, MTEP, JNJ 
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16259685, capsazepine, and DHPG were obtained from Tocris, [D–Pen2,5]Enkephalin , 

[D–Pen2,D–Pen5]Enkephalin (DPDPE) was from Bachem, and nimodipine. Picrotoxin, 

U69593, [D–Ala2, NMe–Phe4, Gly–ol5]–enkephalin (DAMGO), CTAP, naltrindole, and 

naloxone were from Sigma. Tetrodotoxin (TTX) was obtained from Alomone Labs 

(Jerusalem, Israel). 

 

Whole–cell patch–clamp recordings were performed from rat PNCs identified by location 

and morphology under DIC, and current clamp fingerprint, as previously described 

(Luther et al., 2002; Hewitt et al., 2009). In Chapter 6, we identified and recorded from 

PNCs on the basis of tdTomato expression, visualized using epifluorescence  (UVICO, 

RappOptoElectronics) via an additional camera fitted to the microscope (AxioCam 

MRm). Of the 2–4 PVN slices obtained from each animal, one cell was recorded per 

slice. Slices were randomly assigned to treatment/no–treatment groups; a minimum of 2 

cells per litter were used as no–treatment control. Each group consists of data obtained 

from at a minimum 3 animals from 2 different litters. Experimenters were not blinded to 

treatment. For assessment of synaptic currents, PNCs were voltage–clamped at –80 mV 

(unless otherwise stated) with constant perfusion of 6,7–dinitroquinoxaline–2,3–dione 

(DNQX; 10 µM; Tocris) or picrotoxin (100 µM; Sigma). Pairs of inhibitory of excitatory 

post–synaptic currents (eIPSCs or eEPSCs respectively) were evoked 50 milliseconds 

apart at 0.2 Hz intervals using a monopolar aCSF–filled glass electrode placed about 25 

to 50 µm ventromedially from the recorded cell. In some experiments TTX (1 µM)  was 

added to examine miniature IPSCs or EPSCs (mI/EPSCs). Access resistance was 

continuously monitored; recordings in which values exceeded 20 MΩ or 15% change 

were excluded from analysis. Additional or specific details for each of the experiments 

are provided in each of the individual chapters. 

 

2.8 Data Analysis and Statistics 

Signals were amplified (Multiclamp 700B, Molecular Devices), low pass filtered at 1 

kHz, digitized at 10 kHz (Digidata 1322, Molecular Devices), and recorded (pClamp 9.2, 
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Molecular Devices) for offline analysis. I/EPSC amplitudes were calculated by 

subtraction of peak synaptic current from pre–stimulation baseline current. sI/EPSC or 

mI/EPSC events, with evoked current and stimulus artifacts removed, were detected 

using variable thresholds and confirmed by eye (MiniAnalysis, Synaptosoft). For each 

cell, mean eI/EPSC amplitude, paired–pulse ratio (2nd evoke/1st evoke), or sI/EPSC event 

frequency/amplitude obtained over a 2–min recording interval were normalized and 

expressed as a percent of baseline recording values. Coefficient of variation (CV–2) was 

analyzed with a 5–min interval, and expressed as percent baseline. Gaussian distribution 

of the data was confirmed (GraphPad Prism 4). Parametric statistics were routinely used 

to assess statistical significance in both normalized and non-normalized datasets. A one–

sample t–test (vs. 100%) was used to assess deviation in normalized values from 

baseline. Others (stated in text) include: paired or unpaired two–tailed student’s t–tests, 

One-way ANOVA, or two-way repeated measures ANOVA. P < 0.05 was considered the 

level of statistical significance.  
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  Repeated stress impairs endocannabinoid signaling in the Chapter Three:
paraventricular nucleus of the hypothalamus.  

3.1 Summary 

Endocannabinoids (eCBs) are ubiquitous retrograde signaling molecules in the nervous 

system that are recruited in response to robust neuronal activity or the activation of 

postsynaptic G-protein coupled receptors (GPCRs).  Physiologically, eCBs have been 

implicated as important mediators of the stress axis and they may contribute to the rapid 

feedback inhibition of the hypothalamic pituitary adrenal axis (HPA) by circulating 

corticosteroids (CORT). Understanding the relationship between stress and eCBs, 

however, is complicated by observations that eCB signaling is itself sensitive to stress. 

The mechanisms that link stress to changes in synaptic eCB signaling and the impact of 

these changes on CORT-mediated negative feedback have not been resolved. Here we 

show that repetitive immobilization stress, in juvenile male rats, causes a functional 

downregulation of CB1 receptors in the paraventricular nucleus of the hypothalamus 

(PVN).  This loss of CB1 receptor signaling, which requires the activation of genomic 

glucocorticoid receptors, impairs both activity and receptor-dependent eCB signaling at 

GABA and glutamate synapses on parvocellular neuroendocrine cells in PVN. Our 

results provide a plausible mechanism for how stress can lead to alterations in CORT-

mediated negative feedback and may contribute to the development of plasticity of HPA 

responses.  

 

3.2 Introduction 

An acute and adaptive endocrine response to stress, through comprehensive actions of 

glucocorticoids (GCs), is necessary for survival, and accordingly, is widely conserved 

across all mammalian species (Pecoraro et al., 2006; Ulrich-Lai and Herman, 2009). The 

cessation of this response depends, in part, on the central actions of circulating 

corticosteroids (CORT) at brain structures such as the hippocampus (Sapolsky et al., 

1990; De Kloet et al., 1998), limbic forebrain (Furay et al., 2008) and the hypothalamus 

(Keller-Wood and Dallman, 1984a). While the negative feedback at higher brain centers 

is significant, it appears that direct CORT actions on parvocellular neuroendocrine cells 
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(PNCs) in the paraventricular nucleus of the hypothalamus (PVN) may be important for 

both rapid and sustained termination of the HPA response to stress (Dallman, 2005). This 

feedback, however, may be plastic. For example, robust negative feedback in adult 

animals remains intact during habituation to predictable stressors (Cole et al., 2000). In 

contrast, adolescents remain vulnerable to repeated stress (Romeo et al., 2006), which 

may reflect impaired negative feedback.  

 

In PNCs, the suppression of synaptic glutamate release through the CORT-mediated 

production of endocannabinoids (eCBs) (Di et al., 2003) may contribute to this rapid 

negative feedback. eCBs, in effect, are adaptive signals, and the output and plasticity of 

the HPA in response to stress are highly sensitive to manipulations that affect eCB 

signaling (Steiner and Wotjak, 2008).  Since chronic stress paradigms have profound 

effects on eCB signaling in other brain regions including the hippocampus (Hill et al., 

2009), amygdala (Patel et al., 2009) and the striatum (Rossi et al., 2008) we hypothesized 

that repetitive stress would impact eCB signaling in the PVN and, as a consequence, alter 

CORT-mediated negative feedback at the level of PNCs. 

 

In order to examine the effects of repetitive stress on the adaptive nature of eCB 

signaling, we used an electrophysiological approach in brain slices prepared from 

adolescent (P21-30) rats. We induced eCB production by depolarizing the postsynaptic 

neuron and examined the effects of this protocol on either glutamate or GABA inputs 

(Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). This approach provides a real-

time readout of eCB actions directly at the synaptic CB1 receptors (Regehr et al., 2009). 

Despite anatomical evidence (Wittmann et al., 2007), the presence of functional eCB 

signaling at GABA synapses onto PNCs has been overlooked. Since stress induces a 

collapse of the chloride ion gradient, rendering GABA either ineffective or excitatory 

(Hewitt et al., 2009), we reasoned that impairments of eCB signaling at either glutamate 

or GABA synapses would be consistent with increased excitability in this system.  Here 

we show that CB1 receptors are compromised following 5 days of repetitive non-
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habituating immobilization stress.  This results in loss of activity-dependent synaptic 

inhibition.  Finally, inhibition of glutamate release by activation of membrane bound 

CORT receptors is also compromised, indicating this mechanism may contribute to HPA 

escape from inhibition during specific repetitive stress conditions.    

 

3.3 Results 

3.3.1 Activity-dependent eCB signaling at GABA synapses on PNCs 

In numerous brain regions, depolarization-induced suppression of inhibition and 

excitation (DSI and DSE, respectively) serve as reliable, real-time assays of activity-

dependent eCB production (Kreitzer and Regehr, 2001a; Ohno-Shosaku et al., 2001; 

Wilson and Nicoll, 2001). Surprisingly, neither DSI, nor DSE has been characterized in 

PNCs. In order to determine whether PNCs exhibit DSI, we assessed the effects of 

depolarizing the postsynaptic neuron from a holding potential of -70 mV to +20 mV (5 

seconds) on eIPSCs (Figure 3.1b) (Llano et al., 1991; Pitler and Alger, 1994). This 

protocol elicited a transient, robust and repeatable decrease in evoked inhibitory current 

amplitude (eIPSC, 58.2 ± 7.5% of baseline, p<0.001, n=18; Figure 3.1c). Consistent with 

previous reports from other brain regions, we found an accompanying decrease in the 

frequency of spontaneous (s)IPSCs (55.2 ± 4.9% of baseline, p<0.001, n=18; Figure 

3.1d) but no changes in sIPSC amplitude (97.7 ± 5.1% of baseline, p>0.05, n=18).  Thus, 

depolarization of the postsynaptic neuron causes a transient decrease in the probability of 

GABA release from presynaptic terminals.   

 

To verify that the DSI reported here is mediated by eCBs, we repeated the depolarizing 

protocols in the presence of the selective CB1 receptor antagonist, AM251 (5 µM).  

Under these conditions, DSI was completely abolished (eIPSC: 99.5 ± 4.3% of baseline, 

p>0.05, n=6; p<0.01 vs naïve; Figure 3.1e), indicating that CB1 receptors are necessary 

for the short-term synaptic depression.  In order to determine whether activity-dependent 

production of eCBs also requires a rise in postsynaptic calcium, we conducted  
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Figure 3.1 PNCs in the PVN exhibit activity-dependent eCB signaling at GABA 
synapses.   
(a) Schematic of coronal section showing PVN with location of PNCs shown in 
expanded section. Whole-cell voltage clamp recordings were made from PNCs. Adapted 
from Paxinos and Watson (Paxinos and Watson, 2005). (b) Representative recording 
illustrates time course and magnitude of depolarization-induced suppression of inhibition 
(DSI) in response to a voltage step to +20 mV for 5 seconds.  Traces show eIPSC 
responses 1) during baseline recording, 2) immediately following postsynaptic 
depolarization, and 3) after 2 minutes when eIPSC amplitude had recovered. Scale bars: 
200 pA, 20ms.  (c) Summary of DSI in all cells tested (n=18). (d) Postsynaptic 
depolarization transiently depresses frequency but not amplitude of spontaneous IPSCs 
(n=18).  (e) Summary graph showing that maximal eIPSC DSI is significantly inhibited 
by the CB1 receptor antagonist AM251 (5 µM bath application), inclusion of BAPTA (10 
mM) in the intracellular pipette solution, or the L-type calcium channel antagonist 
nifedipine (10 µM bath application). N for each group inset within bars. (Overall 
ANOVA p=0.001, F=7.29). post hoc vs. naïve p-values shown as *p < 0.05, **p < 0.01. 
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experiments in which we included the calcium chelator BAPTA (10 mM) in the patch 

pipette.  In these recordings, postsynaptic depolarization had no effect on eIPSC 

amplitude (103.4 ± 5.4% of baseline, p>0.05, n=5; p<0.01 vs. naïve).  Next, we tested 

whether L-type voltage-gated calcium channels contribute to the production of eCBs.  

Application of the L-type calcium channel antagonist, nifedipine (10 µM), prior to 

depolarizing the postsynaptic membrane significantly, but incompletely, attenuated 

expression of DSI (eIPSC: 88.1 ± 4.6% of baseline, p<0.05, n=5; p<0.05 vs. naïve).  

Importantly, nifedipine had no effect on basal synaptic transmission, indicating that L-

type calcium channels do not participate in neurotransmitter release onto PNCs.  Taken 

together, these observations are consistent with the hypothesis that the opening of 

voltage-gated L-type calcium channels and the accompanying rise in postsynaptic 

calcium are necessary for the suppression of GABA transmission by eCBs in response to 

postsynaptic depolarization.  

 

3.3.2 Loss of eCB-mediated synaptic inhibition at GABA synapses following repeated 
immobilization stress 

HPA responses exhibit remarkable plasticity in response to chronic homotypic and 

heterotypic stress paradigms (Pecoraro et al., 2006). While these may result from changes 

in eCB signaling at higher brain centers, the importance of eCBs in directly affecting 

synaptic function in the PVN (Di et al., 2003) led us to investigate the effects of stress on 

retrograde eCB signaling in PNCs. We conducted experiments in which animals were 

subjected to either 1, 3 or 5 days of thirty-minute immobilization stress. This homotypic 

stress paradigm, which causes robust CRH, ACTH and CORT production, fails to 

habituate with repetition in adolescent rats (Romeo et al., 2006).  This is in contrast to 

demonstrated habituation in adults (Grissom and Bhatnagar, 2008).  ELISA measurement 

of blood CORT levels at 30 minutes showed similar levels of stress hormone in rats 

stressed for the first or fifth time (Figure 3.7). A single episode of immobilization stress 

had no effect on DSI (eIPSC: 56.9 ± 7.5% of baseline, p<0.01, n=8; p>0.05 vs. naïve; 

Figure 3.2c).  After 3 days of immobilization stress there was a trend towards reduced 

eCB signaling, although this was not  
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significantly different from naïve animals (eIPSC: 72.6 ± 4.3% of baseline, p<0.01, n=9; 

p=0.079 vs. naïve). Following 5 days of repeated immobilization stress, however, we 

observed an attenuation of DSI (eIPSC: 89.7 ± 2.5% of baseline, p<0.05, n=10; p<0.05 

vs. naïve DSI; Figure 3.2a-c).  

 

While 5 days of immobilization stress significantly reduced the expression of DSI in 

comparison with naïve animals, it did not abolish DSI completely (p<0.01 vs. baseline). 

Consequently, we performed additional experiments on animals stressed for 10 days. In 

these animals, DSI was significantly reduced compared to naïve animals (eIPSC: 95.3 ± 

4.1% of baseline, n=9; p<0.01 vs. naïve; Figure 3.2c).  There was no reduction in eIPSC 

amplitude in comparison to baseline (p>0.05). These observations indicate that there is a 

progressive loss of eCB-mediated retrograde inhibition at GABA synapses on PNCs in 

response to repeated exposure to a stressor. 

 

Figure 3.2 Loss of activity-dependent eCB signaling following repeated 
immobilization stress.  
(a) Sample data from a single cell showing no DSI following postsynaptic depolarization 
in a 5-day stress animal. Scale bars:  200pA, 20ms. (b) Average of DSI experiments in 
animals subjected to 30 minutes of immobilization stress repeated once daily for 5 days 
(n=10). (c) Summary bar graph of maximal DSI in naïve animals and animals subjected 
to 1, 3, 5, or 10 days of immobilization stress. N for each group inset within bars. 
(Overall ANOVA p=0.0003, F=6.47). post hoc comparisons shown as  * p < 0.05, **p < 
0.01. 
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Next, we investigated whether the loss of eCB signaling at GABA synapses following 

repetitive immobilization stress was reversible by allowing animals to recover for various 

time periods following 5 day stress. One day of recovery had no effect on DSI when 

compared to 5 day stress animals (eIPSC: 84.6 ± 5.5% of baseline, p<0.05, n=8; ns vs. 5 

day stress; Figure 3.3c).  After 3 days of recovery, however, DSI was observed at a level 

that was similar to that reported above in naïve animals (eIPSC: 58.7 ± 10.0% of 

baseline, p<0.01, n=7; p<0.05 vs. 5-day stress Figure 3.3a-c). 

 

3.3.3 Genomic GC receptors are necessary for repeated stress-induced loss of eCB 
signaling 

CORT acts on putative membrane bound GC receptors in PVN to produce eCBs (Di et 

al., 2003).  This raises the possibility that stress-induced increases in circulating CORT 

 
Figure 3.3 Time course of recovery of eCB signaling following 5-day immobilization 
stress. 
(a) Sample data from an individual cell in an animal subjected to 5-day immobilization 
stress and then allowed to recover for 3 days shows significant recovery of DSI. Scale 
bars: 100pA, 20ms. (b) Average of DSI data from animals subjected to 5 day stress 
followed by 3 day recovery (grey), with 5-day stress (red) data re-plotted for comparison. 
(c) Bar graph of maximal DSI from animals allowed to recover from 5 day stress for 1 or 
3 days compared with 5 day stress data to show that is fully recovered by 3 days post 
stress. N for each group inset within bars. (Overall ANOVA p=0.02, F=4.22). post hoc 
comparisons shown as * p < 0.05. 
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may cause agonist-induced down-regulation of CB1 receptors. To directly examine these 

non-genomic effects of CORT in extinguishing retrograde signaling, we incubated 

hypothalamic slices for either 1 or 3 hours in aCSF containing 100 nM CORT (Figure 

3.4a-c). In contrast to repeated stress, 1  hour incubation in CORT enhanced, rather than 

inhibited, DSI (eIPSC: 28.8 ± 5.3% of baseline, p<0.001, n=7; p<0.05 vs naïve; Figure 

3.4c) while 3 hour incubation in CORT had no effect on DSI (eIPSC: 46.8 ± 6.2% of 

baseline, p<0.001, n=8). 

 

CORT actions at the genomic GC receptor may contribute to reduced CB1 receptor 

expression or function (Rossi et al., 2008). To test this hypothesis, animals were injected 

either with the GC receptor antagonist, RU-486 (25mg/kg b.w. intraperitoneally), or 

vehicle (DMSO) 10 minutes prior to each of the five immobilization episodes. 

Pretreatment with RU-486, preserved DSI revealing a level of synaptic inhibition that 

was comparable to that observed in naïve animals (eIPSC: 58.6 ± 4.2% of baseline, 

p<0.001, n=8; p<0.05 vs. 5d stress, vs. 5d stress + vehicle; Figure 3.4d-f).  In contrast, 

vehicle treated, 5-day stress animals displayed a loss of DSI that was similar to non-

vehicle injected 5 day stressed rats (eIPSC: 84.3 ± 4.7% of baseline, p<0.05, n=7; ns vs. 

5d stress).   Together these results demonstrate that CORT, through intracellular GC 

receptor activation, is responsible for the loss of eCB signaling following repetitive 

stress. 

 

3.3.4 Repeated-immobilization stress induces a loss of signaling at presynaptic CB1 
receptors 

The loss of eCB signaling following repetitive exposure to stress may be due to CORT-

dependent impairments of eCB synthesis in the postsynaptic cell, changes in enzymatic 

breakdown, or a decrease in presynaptic CB1 receptor function.  CB1 receptors in other 

brain regions are remarkably labile in response to various stress paradigms (Rossi et al., 

2008; Hill et al., 2009; Patel et al., 2009), suggesting similar changes may occur in the 

PVN. To address this question directly, we used the exogenous CB1 receptor agonist, 

WIN55,212-2 (WIN, 5µM) to assay the functionality of  
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Figure 3.4  Loss of eCB signaling requires CORT activation of genomic GC 
receptors.  
(a) Sample cell from a slice incubated in CORT (100 nM) for 1 hour shows robust DSI. 
Scale bar: 200pA, 20ms. (b) Average of DSI data from slices incubated for 1 hour in 
CORT (n=7) with naïve data re-plotted for comparison. (c) Summary graph comparing 
maximal DSI from naïve slices with those incubated in CORT for 1 and 3 hours. (Overall 
ANOVA p=0.049, F=3.34). (d) Representative data from one cell from an animal 
injected with RU-486 (25mg/kg b.w. i.p.) 10 minutes prior to each episode of 
immobilization stress for 5 days (blue). Scale bars: 150pA, 20ms. (e) Averaged data from 
n=8 cells demonstrates that DSI is present in animals administered RU-486 prior to 5-day 
stress. (f) Summary graph comparing maximal DSI of 5 day stress to 5 day stress with 
DMSO vehicle or the GC receptor antagonist RU-486 injected prior to stress. (Overall 
ANOVA p=0.006, F=4.90). N for each group inset within bars. post hoc comparisons 
shown as  * p < 0.05. 
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presynaptic CB1 receptors. In naïve rats, WIN reduced eIPSC amplitude to 29.1 ± 9.5% 

of baseline (p<0.001, n=6; Figure 3.5a,b) and increased the PPR to 179.0 ± 25.2% of 

baseline (raw PPR baseline vs. WIN p<0.05 paired t-test; Figure 3.5c), illustrating that 

CB1 receptor activation decreases GABA release probability. After 5 days of 

immobilization stress, the effectiveness of WIN was significantly reduced; eIPSC 

amplitude was 81.8 ± 7.0% of baseline (p>0.05, n=7; p<0.01 vs. naïve, t-test, Figure 

3.5a,b).  Under these conditions, the WIN-induced change in PPR was significantly 

reduced compared to naïve animals (108.3 ± 7.0% of baseline; p<0.05 vs. naïve change in 

PPR; Figure 3.5c). An assay of GABA synapse sensitivity to varying concentrations of 

WIN shows that, while suppression of eIPSCs by lower doses (50, 500 nM) was 

comparable between naïve and stressed rats, the responsiveness of 5 day stress rat 

synapses was reduced at supramaximal doses (5 uM; p<0.001, 50 uM; p<0.001 n=5 

naïve, n=4 stress; Figure 3.5d) These data support the hypothesis that the loss of eCB 

signaling following repetitive immobilization stress is due to a functional down-

regulation of presynaptic CB1 receptors. 

 

 Chronic administration of CORT has also been reported to down-regulate Gi/o protein 

subunits in hypothalamic tissue (David et al., 2009). Since presynaptic CB1 receptors are 

coupled to Gi/o signaling, we asked whether the loss of eCB signaling may reflect a 

general loss of Gi/o signaling. To test this hypothesis, we activated the Gi/o-coupled 

GABAB receptor with its exogenous ligand, baclofen (30 µM).  Under control conditions, 

baclofen depressed eIPSC amplitude (28.2 ± 8.6% of baseline, p<0.001, n=9). This 

inhibition was not significantly affected by 5-day immobilization stress (23.9 ± 6.1% of 

baseline, p<0.001, n=6; ns vs. naïve animals). Importantly, a significant increase in PPR 

was also observed (190 ± 30.6% of baseline, p<0.05). Collectively, these observations 

indicate that repeated stress specifically impairs CB1 receptors at synapses onto PNCs 

and that alternate mechanisms that may modify release probability at GABA synapses 

following stress (Verkuyl et al., 2005) are unlikely to be responsible for the attenuation of 

CB1 receptor signaling. 
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Figure 3.5 Presynaptic CB1 receptor function is compromised after 5-day 
immobilization stress.  
 (a) Sample data showing paired pulse eIPSC recordings during 1) baseline and 2) 20 
minutes after application of the CB1 receptor agonist WIN55,212-2 (WIN; 5 µM) in cells 
from a naïve animal (black) and an animal subjected to 5 days of immobilization stress 
(red). Scale bar: 150pA, 50ms. (b) Averaged data showing the efficacy of WIN in 
suppressing eIPSC amplitude in cells from naïve (n=6) versus 5 day stress (n=7) animals. 
(c) Summary graph comparing WIN-mediated change in PPR after 20 minutes between 
treatment groups. **p < 0.01 (t-test). d)   Dose response of WIN55,212-2 inhibition of 
eIPSC amplitude in naive and stressed animals. post hoc comparisons shown as 
***p<0.001 (Two-way ANOVA).  
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3.3.5 Repeated stress does not impair DSI in hippocampus 

Since both chronic stress and CORT down-regulate CB1 receptors in the adult rodent 

hippocampus (Hill et al., 2008; Hill et al., 2009), a structure implicated in the termination 

of stress-initiated HPA responses (Sapolsky et al., 1989), we investigated whether 5-day 

immobilization stress might also impact DSI in the hippocampus. Using the same 

protocol as in PNCs, we induced robust DSI in CA1 pyramidal neurons (eIPSC: 49.7 ± 

5.0% of baseline, p<0.001, n=11; Figure 3.6a-c). The magnitude of DSI in CA1 neurons, 

however, was unaltered by 5-day immobilization stress (50.7 ± 5.6% of baseline, 

p<0.001, n=10; ns vs. naïve). These data suggest that synapses onto PVN neurons exhibit 

greater sensitivity to stress-induced changes in retrograde eCB signaling than GABA 

synapses onto hippocampal CA1 pyramidal neurons. 

 

3.3.6 Loss of eCB signaling and habituation of CORT levels are age-specific 

Several studies suggest that eCB signaling is required for adaptive processes like stress 

habituation (Patel and Hillard, 2008). Unlike adolescent rats, adult rats exhibit 

habituation of stress-induced HPA hormone increases after repeated homotypic 

stress(Romeo et al., 2006). Indeed, when we analysed stress-induced CORT elevations 

using ELISA in juvenile rats, these levels were not different between the first and fifth 

stress (Figure 3.7a). Conversely, when we assessed CORT levels in adult Sprague-

Dawley rats (SD, 63 or more days postnatal) exposed to our same paradigm, we observed 

significant decrease between first and fifth episode levels. Accordingly, when we 

examined eCB signaling in naïve and repeatedly immobilized adult SD rats we found that 

the magnitude of DSI was similar between groups (naïve: 61.4 ± 6.1%, 5 day stress: 60.3 

± 7.4% of baseline; Figure 3.7b-d). These data  support the idea that maintanence of eCB 

signaling may reflect age-specific stress adaptive capacity. 
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3.3.7 Loss of eCB-mediated inhibition of glutamate synapses following repeated 
immobilization stress 

Since eCB signaling specifically at glutamatergic synapses has been implicated in the fast 

negative feedback of the HPA in response to stress (Di et al., 2003), we also examined 

the effects of immobilization stress on DSE. Similar to the effect on eIPSCs, postsynaptic 

depolarization resulted in a robust and repeatable depression of eEPSCs (66.3 ± 6.2% of 

baseline, p<0.001, n=20; Figure 3.8a,b,d).  There was also a depression in the frequency, 

but not the amplitude of sEPSCs (frequency: 73.7 ± 5.4% of baseline, p<0.001, n=20; 

Figure 3.8c), consistent with a decrease in the probability of  

 

Figure 3.6 DSI in hippocampal CA1 pyramidal neurons is unaffected by 5 day 
immobilization stress.  
(a) Representative eIPSCs from single hippocampal CA1 pyramidal neurons 1) during 
baseline, 2) immediately following depolarization, and 3) 1.5 minutes after depolarization 
recorded in naïve (black) and 5 day stressed (red) animals. Scale bars: 300pA, 50ms. (b) 
Averaged data from naïve (n=11) and 5 day stress (n=10) animals showing that 
depolarization to +20mV for 5 seconds similarly elicits a robust depression of eIPSC 
amplitude between treatment groups.   (c) Summary graph shows that maximal DSI in 
CA1 neurons is not significantly different in naïve versus 5-day stressed animals. N for 
each group inset within bars (p>0.05 t-test). 
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Figure 3.7 HPA habituation and DSI loss are age-specific.  
(a) measurement of free CORT in plasma samples from juvenile (left) and adult (right) 
rats either naïve, exposed to a single 30 min immobilization, or 5 days of immobilization. 
(Overall ANOVA for adults p=0.0004, F=7.21). post hoc comparisons shown as *p < 
0.05. (b) Sample traces and time course from individual PNCs in naïve or 5 d ay stress 
adult rats. Scale bars: 100 pA, 10 ms. (c) summary time course for DSI in naïve and 5 
day stress adult PNCs and (d) bar graph for grouped data. N for each group inset within 
bars 
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glutamate release from the presynaptic terminal. DSE was blocked by either the CB1 

receptor antagonist AM251 (98±4.1% of baseline, p>0.05, n=9; p<0.01 vs. naïve; Figure 

3.8d), chelating intracellular calcium with BAPTA (101.9 ± 5.6 of baseline, p>0.05, n=6; 

p<0.05 vs. naïve), or inhibition of L-type voltage-gated calcium channels with nifedipine 

(97.5 ± 6.1% of baseline, p>0.05, n=6; p<0.01 vs. naïve).  Next, we investigated whether 

eCB signaling at glutamate synapses was sensitive to repeated immobilization stress.  

Consistent with the effects at GABA synapses, when animals were subjected to 1 day 

(eEPSC: 77.6 ± 6.1% of baseline, p<0.001, n=8; p>0.05 vs. naïve) or 3 days (eEPSC: 

82.1 ± 7.1% of baseline, p<0.05, n=9; Figure 3.9c) of immobilization stress DSE 

persisted. While not significant, there was a trend towards reduced DSE after 3 days 

(p=0.078 vs. naïve).  After 5 days of immobilization stress, however, there was a 

complete loss of DSE at glutamatergic synapses (eEPSC: 102.0 ± 2.8% of baseline, 

p>0.05, n=10; p<0.001 vs. naïve; Figure 3.9a-c).  

 

Since our observations at GABA synapses indicate that repeated stress causes a 

functional down-regulation of CB1 receptors on GABAergic terminals, we also tested if 

the loss of DSE was due to reduced CB1 receptor function. In naïve animals, application 

of the CB1 receptor agonist WIN55,212-2, reduced eEPSC amplitude (44.6 ± 10.7% of 

baseline, p<0.001, n=6; Figure 3.9d).  After 5 days of immobilization stress, the effects of 

WIN at glutamate synapses were significantly reduced (eEPSC: 88.3 ± 6.5% of baseline 

amplitude, p>0.05, n=6; p<0.01 vs. naïve; Figure 3.9d).  Finally, to determine whether 

GC receptors were also involved in the functional down-regulation of CB1 receptors on 

glutamate synapses we injected the GC receptor antagonist, RU-486 prior to each episode 

of immobilization stress.  Pretreatment with RU-486 prevented the loss of DSE after 5 

day stress (eEPSC: 70.1 ± 3.4% of baseline, p<0.001, n=8; p<0.05 vs. 5d stress, 5d stress 

+ vehicle; Figure 3.9e,f), while DSE was abolished in vehicle treated 5 day stressed 

animals (eEPSC: 92.4 ± 7.0% of baseline, p>0.05, n=12; p<0.01 vs. 5d stress). 

Collectively, these data support the hypothesis that repeated exposure to stress impairs  
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Figure 3.8 PNCs exhibit activity-dependent eCB signaling at glutamate synapses.  
(a) Representative single eEPSC recording illustrates the time course of DSE.  Traces 
show eEPSC responses in 1) baseline and at 2) 0 min and 3) 2 min following 
depolarization to +20mV for 5 seconds. Scale bars: 100pA, 10ms.  (b) Averaged data 
from n=20 cells shows the time course of DSE. (c) Postsynaptic depolarization 
transiently depresses frequency but not amplitude of spontaneous EPSCs (n=20). (d) 
Summary graph of maximal DSE showing that DSE in naïve slices is significantly 
reduced in the presence of CB1 receptor antagonist AM251 (5 µM bath), inclusion of 
BAPTA (10 mM intrapipette), or the L-type calcium channel antagonist nifedipine (10 
µM bath). (Overall ANOVA p=0.0006, F=7.24). N for each group inset within bars. post 
hoc vs. naïve p-values shown as *p < 0.05, **p < 0.01.  
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eCB signaling at glutamate and GABA synapses.  In both cases, this impairment is due to 

a GC receptor mediated, functional down-regulation of presynaptic CB1 receptors.   

 

3.3.8 Repeated stress impairs eCB signaling following activation of postsynaptic 
GPCRs 

Activity is only one trigger for the production of eCBs. Activation of postsynaptic 

GPCRs can also drive eCB production via Gαq-coupled recruitment of the phospholipase 

Cβ (PLCβ) pathway (Maejima et al., 2001; Varma et al., 2001). GPCR-driven eCB 

production exists in multiple forms in the PVN (Di et al., 2003; Oliet et al., 2007; 

Kuzmiski et al., 2009). The eCB-mediated suppression of glutamate release onto PVN 

neurons via the activation of membrane bound GC receptors and a Gas-dependent 

pathway  (Di et al., 2009) has been implicated as a possible mechanism for the fast 

negative feedback of the HPA in response to stress (Dallman, 2005).  Since we 

established above that 5-day immobilization stress down-regulates presynaptic CB1 

receptors, we hypothesized that this should manifest as a loss of CORT-mediated fast 

feedback inhibition at glutamate synapses.  Consistent with previous studies (Di et al., 

2003), application of dexamethasone (5 mM) resulted in a rapid and persistent decrease 

in the frequency of mEPSCs (70.5 ± 6.4% of baseline, p<0.001, n=6; Figure 3.10d-f) but 

had no effect on mEPSC amplitude (data not shown). This decrease was blocked by the 

CB1 receptor antagonist AM251 (5 mM; 97.4 ± 3.0% of baseline, p>0.05, n=5, p<0.01 

vs. naïve). Following 5 day stress, however, dexamethasone failed to depress the 

frequency of mEPSCs, (104.6 ± 5.3% of baseline, p>0.05, n=8; p<0.001 vs. naïve).  

These data support the hypothesis that rapid CORT-mediated fast feedback via eCB 

production is extinguished following 5 day stress.  

 

3.4 Discussion 

In this study, we demonstrate that repetitive immobilization stress results in the loss of 

eCB-mediated retrograde signaling in PNCs of the PVN of pre-pubescent rats. This  
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Figure 3.9 GR activation during repeated stress compromises CB1 receptor function 
at glutamate synapses.  
(a) Sample data from a single cell in a 5-day stress animal showing eEPSC amplitude 1) 
before 2) immediately following, and 3) 2 minutes after a depolarizing step. Scale bar: 
100pA, 10ms. (b) Averaged data from DSE experiments in 5 day immobilization stressed 
animals (red). (c) Summary graph of maximal DSE in naïve animals and animals 
subjected to 1, 3 or 5 days of immobilization stress. (Overall ANOVA p=0.003, F=5.51). 
(d) Representative paired pulse eEPSC recordings 1) during baseline recording and 2) 20 
minutes after continuous bath administration of WIN55,212-2 (5 µM) in a naïve animal 
(black) and an animal subjected to 5 days of immobilization stress (red) and average data 
illustrating the effect of WIN55,212-2 in naïve (n=6) and 5-day stress animals (n=6). 
Scale bar: 100pA, 50ms.  (e) Representative traces from one cell in an animal injected 
with RU-486 (25mg/kg b.w. i.p.) 10 minutes prior to each episode of immobilization 
stress for 5 days and averaged data from RU-486 treated animals (n=8; blue). Scale bar: 
100pA, 10ms. (f) Summary graph of maximal DSE comparing 5 day stress to 5 day stress 
with either DMSO vehicle or the GC receptor antagonist RU-486 injected 10 minutes 
prior to each immobilization episode. (Overall ANOVA p=0.0004, F=7.21). N for each 
group inset within bars. post hoc comparisons shown as *p < 0.05, **p < 0.01. 
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plasticity, which is due to a CORT-mediated functional down-regulation of presynaptic 

CB1 receptors, provides a first demonstration that retrograde eCB signaling in the 

hypothalamic command neurons responsible for regulating HPA output, is labile, but 

reversible. This loss of CB1 receptor function has important implications for CORT-

mediated feedback inhibition of the HPA. 

 

Previous reports have demonstrated that eCBs, produced in response to activation of 

postsynaptic CORT-sensitive, membrane-bound GPCRs, depress glutamate release onto 

PNCs (Di et al., 2003).  We augment these findings by demonstrating that these cells also 

produce eCBs as a retrograde signal in response to postsynaptic depolarization.  

Furthermore, we demonstrate that eCBs act as retrograde messengers at both glutamate 

and GABA synapses onto PNCs in PVN, a finding which supports ultrastructural 

evidence of CB1 immunoreactivity at both glutamate and GABA containing terminals 

(Wittmann et al., 2007). That transmission at both glutamate and GABA synapses is 

suppressed by PNC depolarization appears, at first, to be counter-productive in 

assembling an appropriate stress-induced hormonal response at the synaptic level.  This, 

however, may not be the case as acute immobilization stress disrupts intracellular 

chloride homeostasis and results in conditional GABA-mediated excitations in PNCs 

(Hewitt et al., 2009). This highlights the importance of context in interpreting the role of 

eCB signaling. Under a condition in which both GABA and glutamate are excitatory, 

activity-dependent suppression of both glutamatergic and GABAergic synapses may 

represent a critical mechanism for curtailing HPA-output following stress exposure. One 

unexpected observation that provides additional support for eCBs in mediating feedback 

inhibition is the acute enhancement of DSI by in vitro one-hour incubation with CORT. 

This would curtail GABA-driven excitations and quench HPA activity. Previous work, 

using GC receptor ligands have failed to demonstrate rapid eCB production at GABA 

synapses in these cells (Verkuyl et al., 2005). A likely interpretation of these observations 

is that membrane-bound GC receptors are distributed primarily at glutamate synapses.  

Since GABA and glutamate synapses are intermingled on PNCs (Decavel and Van den 

Pol, 1992b), this indicates that rapid GC- 
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mediated production of eCBs exhibits spatial precision. It is also plausible that 

enhancement of DSI by CORT after one hour of exposure represents a priming of eCB 

signaling through the membrane-bound, CORT GPCR.  Together, these findings support 

the hypothesis that the “outcome” of functional loss of signaling at the CB1 receptor 

following repeated stress would be to impair the ability of PNCs to dampen their own 

activity by removing retrograde inhibition. 

 
Figure 3.10  Loss of CORT-dependent production of eCBs following repeated 
immobilization stress.  
(a) Suppression of quantal glutamate release in response to a dexamethasone (DEX)-
responsive putative GPCR is reduced by 5 day stress. Representative recordings of 
mEPSCs (recorded in 1 µM tetrodotoxin) from naïve (black) and 5 day stress (red) 
animals before (baseline) and after (10 min) bath perfusion of 5 µM water-soluble DEX. 
Scale bar: 50pA, 1s. (b) Averaged data of normalized mEPSC frequency from naïve 
(n=8) and 5 day stress (n=8) animals showing loss of DEX effects on mEPSC frequency. 
(c) Summary graph of mEPSC frequency (as % of baseline) after 10 minutes of DEX in 
naïve and 5 day stress animals, and in naïve slices bathed in AM251 (5 µM) (Overall 
ANOVA p=0.0009, F=11.34). N for each group inset within bars. post hoc comparisons 
shown as **p < 0.01, ***p < 0.001. 
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From a mechanistic standpoint, our results demonstrate that CORT is necessary for the 

loss of eCB signaling following repetitive stress, but argues against a role for agonist-

induced desensitization of the CB1 receptor or a direct interaction between membrane 

bound GC and CB1 receptors.  Instead, our results point to a role for intracellular GC 

receptor activation and a genomic signaling cascade leading to the loss of responsive 

synaptic CB1 receptors in neurons that synapse onto PNCs. Previous studies have 

demonstrated that chronic administration of CB receptor agonists can down-regulate CB1 

receptor density (Breivogel et al., 1999), and that activity-dependent eCB-mediated 

suppression of inhibition in the hippocampus is abolished by administration of Δ9-

tetrahydrocannabinol (THC) (Mato et al., 2004). Since CORT drives eCB production in 

PNCs (Di et al., 2003), repetitive stress, in which circulating CORT is elevated daily 

could lead to agonist-induced desensitization of CB1 receptors. Although agonist-

dependent receptor down-regulation is possible, our data argue that the most plausible 

scenario is via CORT altering the transcription of the CB1 receptor itself (Mailleux and 

Vanderhaeghen, 1993), or some component which maintains CB1 receptors at 

presynaptic terminals.  This idea is supported by the observation that the GC receptor 

antagonist, RU-486 does not inhibit the putative membrane-associated GC receptor 

responsible for the production of eCBs that is proposed as a mechanism for fast negative 

feedback regulation of the HPA (Di et al., 2003). 

 

Previous studies indicate that chronic psychosocial stress exposure in adult mice similarly 

results in reduced CB1 receptor function at inhibitory synapses in the striatum through 

the genomic GC receptor (Rossi et al., 2008). This reduced sensitivity to exogenous 

agonist may also occur at inhibitory synapses in the basolateral amygdala (BLA) 

following habituating homotypic restraint (Patel et al., 2009). While this may be taken to 

suggest that GC receptor activity exerts negative transcriptional control over the CB1 

receptor, generalizations about uniform effects of stress on brain eCB synaptic function 

might be overly simplistic. Indeed, activity dependent eCB signaling (DSI) in the BLA is 

enhanced despite reduced agonist efficacy.    
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We conclude that repeated stress in the adolescent rat reduces the ability of PNCs to 

autoregulate their synapses and compromises the ability of CORT feedback to globally 

dampen glutamatergic drive to these cells. This might allow for tight coupling between 

relayed limbic synaptic input and HPA output in response to subsequent stress and reduce 

the ability of GCs to restrain stress-induced hormonal release. Furthermore, our study 

supports the idea that eCB signaling modulates stress responses and is, in turn modulated 

by them. Finally, we provide a potential mechanism by which plasticity of the hormonal 

stress response can evolve through state-dependent changes in synaptic signaling.  
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 Synaptic state-switching by stressor valence  Chapter Four:

 

4.1 Summary 

Experiences dynamically modify synaptic function throughout the nervous system. While 

experiences have shifting value for neural circuits depending on prior exposure, how 

experience valence impacts synaptic plasticity is unknown. We find here that, while 

repetitive, predictable stressor exposure gradually impairs retrograde endocannabinoid 

signaling at synapses controlling the hypothalamic-pituitary-adrenal axis, a single novel-

type stressor following repeated stress rapidly re-engages plasticity. We found that a 

robust re-engagement of stress circuits by a stressor revaluation may underlie rapid 

switching of presynaptic CB1 receptor function, since retrograde signaling and 

presynaptic eCB sensitivity are similarly restored by a single electroconvulsive seizure or 

by experimental enhancement of presynaptic activity levels. Together these data provide 

a novel mechanism by which experiences may cause rapid switching of presynaptic 

function and plasticity. 

 

4.2 Introduction 

Neural circuits undergo rapid shifts in activity during discrete experiences. While 

network activity is a powerful stimulus for plasticity of synaptic and circuit function, it is 

not clear how shifts in experience importance over time may influence these processes. 

Endocannabinoids (eCBs) are near-ubiquitous retrograde messengers at synapses in the 

nervous system (Regehr et al., 2009; Castillo et al., 2012). eCB signaling, and 

particularly CB1 receptor (CB1R) function is readily modified at specific synapses by 

experimental manipulations, and undergoes bidirectional plasticity following many in 

vivo experiences (Castillo et al., 2012; Iremonger et al., 2013). A number of studies 

indicate that activity levels of CB1R-expressing presynaptic contacts regulate eCB 

signaling efficacy (Chen et al., 2003; Sjöström et al., 2003; Foldy et al., 2006; Chen et al., 

2007; Singla et al., 2007; Zhu and Lovinger, 2007; Heifets et al., 2008; Adermark et al., 

2009; Lourenco et al., 2010). These data indicate the possibility that CB1R function may 
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co-vary with the ‘value’ of an experience to that circuit which is encoded by the relative 

activity of that network. eCBs in limbic circuits are dynamic regulators of stress 

adaptation (Hill et al., 2010). This network is finely tuned to distinguish valence of 

experience - both in terms of negative or positive affective quality, but also between 

novelty and predictability of stressful experiences (Pecoraro et al., 2006; McEwen, 2007).  

 

At hypothalamic synapses onto neurons coordinating a hypothalamic-pituitary-adrenal 

(HPA) stress-axis, re-enforcement of predictability by repeated exposure to a homotypic 

stressor results in loss of retrograde eCB signaling [Chapter 3: (Wamsteeker et al., 

2010)]. We hypothesized that altered presynaptic eCB ‘sensitivity’ relates to the 

representation of the experience in discrete neural circuits. Therefore we asked whether 

changing stressor valence and/or changing relative network activity would be sufficient 

to re-engage synaptic eCB function. We found that exposure of an animal to a single, 

novel stress resulted in rapid recovery of CB1R function. Non-specific recruitment of 

limbic circuits by electroconvulsive shock in vivo also caused rapid recovery of CB1R 

function after repeated stress, as well as in vitro elevations of activity by extracellular 

potassium (K+) or by patterned afferent electrical stimulation. Together our findings 

suggest that while repeated external stimuli with diminishing valence decrease eCB 

signaling, robust and sustained network-activity dependent related to an increase in 

experience valence rapidly reverse such changes. 

 

4.3 Results 

4.3.1 Novel stressor introduction recovers eCB signaling 

In order to probe retrograde synaptic eCB function in hypothalamic stress-axis neurons, 

we used an electrophysiological approach in in vitro brain slices prepared from male rats 

(Sprague Dawley, 21-35 days postnatal). Stress-axis neurons are located in the 

paraventricular nucleus (PVN) of the hypothalamus, forming a discrete population of 

parvocellular neuroendocrine cells (PNCs) reliably identified by morphology, location, 

and firing fingerprint (Luther et al., 2002). In whole-cell voltage clamp recordings, post-
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synaptic depolarization induces short-term eCB/CB1R-mediated suppression of GABA 

transmission –previously termed depolarization-induced suppression of inhibition (DSI) 

(Llano et al., 1991; Pitler and Alger, 1992; Kreitzer and Regehr, 2001b; Ohno-Shosaku et 

al., 2001; Wilson and Nicoll, 2001). Maximal DSI occurs 0-10 s post-stimulus with 

evoked inhibitory post-synaptic currents (eIPSC)s  amplitude recovering to baseline 

thereafter. At GABA synapses onto PNCs in the PVN of naïve rats, eCB-dependent DSI 

of eIPSCs (DSI: 45.2 ± 4.9 % maximal suppression of eIPSC amplitude; Fig. 4.1a) is 

readily induced by brief (5 sec) depolarization to 0 mV [Chapter 3: (Wamsteeker et al., 

2010)]. Consistent with our previous findings, homotypic stress exposure (30 min 

immobilization stress on five consecutive days) caused a significant reduction in maximal 

DSI, (5d stress DSI: 10.6 ± 2.5 %; Fig. 4.1c,g).  

 

The afferent inputs regulating PNC activity are sensitively tuned to stressor novelty. 

Therefore, we hypothesized that a novel (or heterotypic) stressor may be a physiological 

stimulus to effectively re-engage impaired eCB signaling following repeated homotypic 

stress. To test this, we subjected rats to four days of repeated immobilization, followed by 

either no stressor, or one of two novel stressors on the fifth day. DSI remained reduced in 

animals not subjected to any stress (17.8 ± 7.9%; Fig. 4.1d,g), as previously shown [ 

Chapter 3: (Wamsteeker et al., 2010)], confirming that passive recovery of CB1R 

signaling does not occur within this time frame. Animals exposed on day 5 to a forced 

swim stress (20 min, 30-32°C) however, showed an immediate recovery of DSI (63.1 ± 

9.3%; Fig. 4.1e,g). DSI recovered similarly following 30 min exposure to a fox feces-

derived predator odour (42.6 ± 7.6%; Fig. 4.1f,g). These data suggest that a single, novel 

behavioural challenge is sufficient to cause immediate recovery in the function of CB1Rs 

impaired by repetitive stress.  
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Figure 4.1. Novel stressors recover repetition-induced deficits of retrograde eCB 
signaling in hypothalamic stress-axis neurons  
a) left: sample voltage-clamp eIPSC trace from a single parvocellular neuroendocrine cell 
in a hypothalamic slice from a naïve rat. Traces taken from baseline recording (left) and 
immediately (0-15 s) after postsynaptic depolarization (right; voltage step to +20mV for 5 
s). right: Summary of DSI, plotted as percent suppression of eIPSC amplitude in all naïve 
cells tested. b) Overview of the experimental stressor paradigm c) left: sample eIPSC 
traces from an individual cell of an animal subjected to 30 min of immobilization stress 
repeated once daily for 5d. Right: Average of DSI experiments in stressed animals. d) 
left: sample eIPSC traces from an individual cell of an animal subjected to 30min of 
immobilization stress for 4d followed by one day with no stress. right: summary DSI 
from all cells overlaid against 5d stress. e) above: sample eIPSC traces from an individual 
cell of an animal subjected to 30 min of immobilization stress for 4 d followed by one 
day of forced swim for 15 min. below: summary DSI from all cells. f) above: sample 
eIPSC trace from an individual cell of an animal subjected to 30 min of immobilization 
stress for 4 d followed by exposure to predator odor on day 5. Below: summary DSI from 
all cells. g) Summary of DSI magnitude across conditions. Overall ANOVA: F(4,71) = 
14.34; P < 0.0001. Scale bars are 50pA/10ms. Data expressed as mean ± s.e.m. Post-hoc 
analysis values represented by *P < 0.05, **P < 0.01.  
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4.3.2 Restoration of eCB signaling and CB1R function by electroconvulsive seizure 

Novel stressors have been shown to dramatically enhance cellular activity in extended 

PVN stress-circuits. Interestingly, generalized increases in circuit excitability, via 

experimental seizures for example, have been shown to amplify synaptic eCB and CB1R 

function (Chen et al., 2003; Marsicano et al., 2003; Hill et al., 2007). If novel stressors 

alter CB signaling through changes to circuit activation, we hypothesized that an in vivo 

electroconvulsive seizure (ECS), which causes a robust increase in PNC- and afferent-

neuronal activity (Allen et al., 1974; Herman et al., 1989; Young et al., 1990; Jansson et 

al., 2006), might similarly recover DSI. We delivered either ECS or a sham ECS (no 

electrical current) to rats that had been repeatedly exposed to immobilization (Fig. 4.2a). 

We also delivered ECS to a naïve group. 10 min following each treatment, slices were 

prepared, and DSI tested. In naïve rats, ECS had no effect on DSI (48.5 ± 7.0 %; Fig. 

4.2b,e). In 5 day immo. rats, we observed a significant recovery of DSI following ECS 

(62.0 ± 4.9 %; Fig. 4.2d,e)  This could not be attributed to the handling procedure, as DSI 

in sham-treated animals (ie. no ECS delivered) unchanged compared to repeated stress 

alone (18.3 ± 8.0 %; Fig. 4.2c,e).  

 

Loss of PNC DSI following repeated stress is related to a loss of functional presynaptic 

CB1Rs (Wamsteeker et al., 2010). To determine whether the effects of ECS in recovery 

of DSI are attributable to a recovery of CB1R function, we assayed sensitivity of GABA 

transmission to near-saturating dose of the exogenous CB1/2R ligand, WIN551-212 

(WIN). In ECS-treated rats WIN elicited a large depression of eIPSC amplitude (to 27.6 

± 9.1 % baseline; Fig. 4.3b-d). This depression was accompanied by an increase in the 

paired-pulse ratio (PPR), consistent with a presynaptic action of the agonist (to 153.6 ± 

19.5% baseline; Fig. 4.3c). In stressed rats that received only a sham treatment, the 

response to WIN was comparatively less (eIPSC: 77.8 ± 11.2% baseline, PPR: 106.4 ± 

6.2% baseline; Fig. 4.3a,c-d). Importantly, the effects of WIN were completely attenuated 

by subsequent application of AM-251 without significant distinction in either condition 

(Fig. 4.3a-d). This suggests both that recruitment of CB1Rs  
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was responsible for the WIN-induced changes, and that alterations to tonic eCB signaling 

cannot explain a disparity between DSI or WIN sensitivity between ECS and sham 

groups. Supporting this conclusion, we found that, in fact, DSI is more readily induced at 

synapses with lower initial release probability. There was a small but significant positive 

correlation between synaptic PPR and DSI magnitude in naïve, but not 5 d stress cells 

(Fig. 4.3d), despite the fact that PPR was not significantly different overall in these or any 

other treatment group (Fig 4.3e). Together these data suggest that a single 

electroconvulsive seizure causes a switch in presynaptic CB1R function at these synapses 

after repeated stress that is independent of release probability or tonic receptor activation. 

 

 

Figure 4.2. ECS causes experience-specific switching of retrograde eCB signaling 
after repeated stress  
a) Overview of ECS experimental paradigm. b)  DSI in cells from naïve rats treated with 
ECS. Sample traces above and summary below. c-d) above: sample eIPSC traces from 
individual cells of 5d stressed animals subjected to sham or ECS. Traces are shown for 
baseline recording and 0-15 s after postsynaptic depolarization. below: summary graph 
showing recovery of DSI with ECS in all cells tested. e) Summary of DSI magnitude 
across conditions. Overall ANOVA (F(4,74) = 16.0; P < 0.0001. Scale bars are 
50pA/10ms. Data expressed as mean ± s.e.m. Post-hoc analysis values represented by *P 
< 0.05, **P < 0.01. 
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4.3.3 Presynaptic activity manipulation in vitro gates stress-dependent eCB function 

Both ECS and novel stressors robustly activate afferent inputs to the PVN. To probe for a 

mechanistic correlate of ECS at the level of the PVN, we next asked whether a 

rudimentary enhancement of afferent activity mimics the effects of novel stressors and 

ECS. To do this we used modest elevation of extracellular potassium, one that globally 

increases neural excitability and has previously been shown to enhance CB1R function at 

other CNS synapses (Lourenco et al., 2010). We increased K+ from 2.5 to 7.5 mM in 

slices from either naïve or chronically stressed rats. Under high K+
, DSI in cells from 

stressed rats was indistinguishable from naïve cells (58.0 ± 6.0%; Fig. 4.4a,c). Notably, in 

naïve slices, increasing K+
, had no further effect on DSI (51.6 ± 8.4%; Fig. 4.4b,c). In 

line with the idea that K+ would non-specifically affect excitability, we found that 

changes to eCB signaling were not restricted to the stimulated synapse. In naïve cells DSI 

at the evoked synaptic inputs is linearly related to the amount of DSI that can be observed 

at spontaneously releasing synapses via a suppression of sIPSC frequency (Fig. 4.4e). 

While 5d stress abolishes this relationship, a restoration of this trend is observed after K+ 

incubation (Fig. 4.4f). Identical results were obtained in plotting data from novel stressor 

or ECS treated cells (not shown). These data suggest that broad recruitment of GABA 

afferents may occur during shifts in experience valence that allow for a highly 

generalized switching in presynaptic function. 

 

Because of the synapse generalization of DSI recovery observed thus far, we next asked 

whether a focal increase in the afferent input activities would result in synapse-specific 

switching. To this end we tested for DSI before and after 2 Hz synaptic stimulation given 

for 10 min through the evoked input. In cells from naïve animals, this paradigm did not 

alter DSI magnitude (before: 44.2 ± 5.8%, after 41.2 ± 5.5%; Fig. 4.4d). In stressed cells, 

instead, this patterned stimulation enhanced the expression of DSI (before: 13.0 ± 4.9%, 

after: 41.0 ± 3.4%; Fig. 4.4d), which persisted for at least 25 min (27.5 ± 2.9% DSI at 25  
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Figure 4.3. ECS recovers CB1R function at GABA synaptic afferents.  
a-b) sample traces of eIPSC pairs (left) from time points in indicated by numbers on time 
course graphs plotting eIPSC amplitude (right) from individual cells in slices from 5d 
stress SHAM or ECS-treated rats. Cells were treated with continuous bath application of 
CB1R agonist WIN55,212-2 (5 µM) starting at 0 min, followed by addition of CB1R 
antagonist/inverse agonist AM251 (10 µM). c) summary graph for all cells from 5d stress 
SHAM or ECS groups showing differential effects of WIN55,212-2 but not AM251 on 
eIPSC amplitude. Repeated measures 2-way ANOVA (F(1,42) = 79.9, P < 0.0001) was 
performed. d) summary graph of paired-pulse ratio for cells in c) following WIN/AM 
treatment. Horizontal line and star indicates post-hoc values assessed <0.05 in Repeated 
measures 2-way ANOVA (F(1,26) = 108.9, P < 0.001). e) Relationship between 
initial/basal synapse release probability (PPR) and DSI magnitude in naïve cells and 5-7d 
stress (pooled data). f) Bar graph showing basal PPR across various treatment conditions 
(pooled; 1 way ANOVA F(6,126) = 0.6; P = 0.7). Scale bars are 50pA/10ms. Data 
expressed as mean ± s.e.m. Post-hoc analysis values represented by *P < 0.05. 
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min post stim., not shown). This paradigm was not accompanied by changes in eIPSC 

amplitude (91.2 ± 14.7% of baseline; p= 0.6 one-sample t-test; not shown). Although 

there was a small transient decrease in PPR (85.4 ± 5.4%; p= 0.04 one-sample t-test; not 

shown), this recovered by 25 min in contrast to persistent DSI enhancement (102.6 ± 

9.2% baseline; p= 0.8 one-sample t-test). We noticed that, while under previous 

conditions, suppression of evoked and spontaneous GABA transmission correlated in a 

population of cells, recovery of DSI by afferent activity led to deviation from this 

relationship (Fig. 4.4g,h). That is, while the synaptic stimulation paradigm recovered both 

DSI and WIN (52.7 ± 12.8% baseline, P = 0.01 one-sample t-test; not shown) 

responsiveness of eIPSCs, DSI of spontaneous IPSC frequency remained unaffected by 

synaptic stimulation (before: 11.4 ± 6.8%, after: 13.6 ± 5.6%). These data provide 

continued support of the idea that switching of CB1R function after exposure to stressors 

of different valences is related to presynaptic excitability.  

 

4.4 Discussion 

We show, here, that impairments to retrograde eCB signaling in stress-axis neurons of the 

PVN following a repeated immobilization are rapidly recovered by novel stressor 

exposure. Furthermore, compromised retrograde signaling and CB1R function can also 

be rapidly recovered by in vivo ECS. Finally, in vitro manipulation of afferent GABA 

terminals by elevated potassium or focal electrical stimulation recapitulates behavioral 

CB1R recovery. Together, these findings suggest that switching in presynaptic eCB 

signaling capacity may reflect experience valence-dependent modulation of circuit 

activity.  

 

Altered eCB signaling is a widespread neurobiological consequence of many in vivo 

experiences, including chronic stress (Hill and McEwen, 2010).  This has garnered 

substantial attention in recent years as a plausible mechanism for many physical, 

affective, or cognitive changes associated with stress-related mood disorders 
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Figure 4.4. Presynaptic activity underlies recovery of eCB signaling.  
a) left: sample eIPSC traces from individual cells of stressed animals recorded in 2.5mM 
K+ or 7.5mM K+ aCSF. Right: summary of all cells tested showing recovery of DSI in 
high potassium aCSF (2.5mM K+: n = 26; 7.5mM K+: n = 10). b) left: sample eIPSC 
traces from individual cells of naive animals recorded in 2.5mM K+ or 7.5mM K+ aCSF. 
Right: summary of all cells tested (2.5mM K+: n = 28; 7.5mM K+: n = 10). c) Summary 
of DSI magnitude across conditions. Overall ANOVA (F(3,70) = 19.2, P < 0.0001. d) 
left: sample eIPSC traces from individual cells of stressed and naïve animals, during 
baseline and following low frequency synaptic stimulation (2Hz, 10min). right: summary 
of DSI in all cells tested showing recovery of DSI following low frequency stimulation. 
When peak DSI compared before and after LFS 5d stress values were significantly 
different (unpaired t-test: t,df (4.7,22); P < 0.001) while naïve were unchanged (t,df 
(0.4,10); P = 0.72). e) Relationship between DSI of evoked IPSC amplitude and 
spontaneous IPSC frequency in naïve and 5d stress cells. f) Relationship of sIPSC and 
eIPSC DSI after 7.5mM K+ in naïve and 5d stress cells. g) Recovery of eIPSC DSI but 
not sIPSC DSI after LFS in 5d stress cells. h) Summary data of eIPSC vs. sIPSC DSI in 
7.5mM K+ or LFS treated cells. Scale bars are 50pA/10ms. Data expressed as mean ± 
s.e.m. Post-hoc analysis values represented by *P < 0.05, **P < 0.01. 
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(Gorzalka and Hill, 2011). In addition to the PVN, impaired CB1R function after various 

chronic stressor paradigms is also observed at synapses in the striatum (Rossi et al., 

2008), hippocampus (Hu et al., 2011), and nucleus accumbens (Wang et al., 2010). While 

glucocorticoids may be involved in these functional changes, it has not been clear 

whether this effect is due to downregulation of CB1R protein (Hill et al., 2005; Hill et al., 

2008), or due to some other change in presynaptic CB1R signaling. Interestingly, 

observed presynaptic changes do not always lead to impaired eCB signaling, as has been 

shown for GABA synapses onto pyramidal neurons in the basolateral amygdala (Patel et 

al., 2009; Sumislawski et al., 2011). Furthermore, these changes are reversible. In the 

striatal medium spiny neurons, for example, loss of CB1R signaling at GABA synapses 

following social stress is abrogated by providing mice access to rewarding stimuli such as 

a running wheel or sucrose for 24 hours (Rossi et al., 2008). Our current investigation 

provides an interesting explanation for the above findings, by examining stress, not as a 

generalized experience, but as one that causes discrete changes to circuit activity 

depending on its relative value. 

 

The eCB system has been widely studied for its capacity to mediate crosstalk between the 

postsynaptic and presynaptic neuronal elements (Piomelli, 2003). Neural and synaptic 

activity both drive and modulate retrograde eCB signaling (Regehr et al., 2009; Castillo 

et al., 2012; Iremonger et al., 2013). While evidence has accumulated suggesting that 

presynaptic activity plays a role in gating CB1R function, how this form of modulation 

takes place is not understood. Our data suggest that stressful experiences may modify 

synaptic eCB signaling at least in part through distinct alterations to presynaptic activity 

state. We found that extracellular potassium or patterned synaptic recruitment re-expose 

DSI under these circumstances in a synapse autonomous or specific manner, respectively. 

We also found that this effect was independent of synaptic release probability, and could 

not be attributed to preexisting differences in tonically active CB1Rs. These data, in 

many ways, mirror prior observations in which brief synaptic bursts can provide a brief 

presynaptic enhancement of eCB signaling (Lourenco et al., 2010), and patterned afferent 

stimulation can have long-lasting effects on DSI magnitude (Chen et al., 2007; Zhu and 
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Lovinger, 2007). Interestingly, while presynaptic neuronal firing is required for eCB-

LTD at synaptic targets in the hippocampus (Heifets et al., 2008), higher firing rates have 

been shown to overcome CB1R inhibition entirely (Foldy et al., 2006). This suggests that 

“optimal” CB1R function may exist within both an upper and lower range of presynaptic 

activity. On this upper limit it has been suggested that voltage dependent modulation of 

presynaptic calcium channels could account for impaired CB1R function (Bean, 1989). 

Alternate explanations for changes to presynaptic GPCR function could include changes 

to axon terminal second-messenger pathways (Heifets et al., 2008), activity-dependent 

reinsertion of presynaptic receptors (Pelkey et al., 2005), or changes in cell surface 

receptor mobility (Mikasova et al., 2008). Since presynaptic activity-dependent 

modulation of retrograde signaling offers unique means by which a putatively diffuse 

chemical mediator such as an eCB lipid can have very precise actions in neural circuits, 

this question will be one of great importance for further investigation. 

 

By examining the effects of predictable versus novel stressors on synaptic eCB signaling 

in the PVN, we provide evidence that eCB function in PNCs may provide a curious 

reflection of well-known adaptive modes of the HPA axis as a system (Pecoraro et al., 

2006). We might hypothesize that these alterations contribute to information processing 

by PNCs by promoting differential transfer of information at stress-circuit afferents based 

on both current and recent experiences. Together these findings suggest that conserved 

signaling pathways such as the eCB system are innately linked to dynamic shifts in 

circuit and physiological state, providing a new mechanism by which experiences alter 

synaptic function. 
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 GC feedback uncovers retrograde opioid signaling at hypothalamic Chapter Five:
synapses  

 

5.1 Summary 

Stressful experience initiates a neuroendocrine response culminating in the release of 

glucocorticoid (GC) hormones into the blood. GCs feed back to the brain causing 

adaptations that prevent excessive hormone responses to subsequent challenges. How 

these changes occur remains unknown. We report that GC receptor (GR) activation in 

rodent hypothalamic neuroendocrine neurons following in vivo stress is a metaplastic 

signal that allows GABA synapses to undergo activity–dependent long–term depression 

(LTDGABA). LTDGABA is unmasked through GR inhibition of Regulator of G–protein 

Signaling 4 (RGS4), which amplifies signaling through postsynaptic metabotropic 

glutamate receptors (mGluRs). This drives somatodendritic opioid release, resulting in a 

persistent retrograde suppression of synaptic transmission through presynaptic µ–

receptors. Together our data provide new evidence for retrograde opioid signaling at 

synapses in neuroendocrine circuits and represent a potential mechanism underlying GC 

contributions to stress adaptation. 

 

5.2 Introduction 

Exposure to stress results in two prominent hormonal responses: central and peripheral 

catecholamine release and a surge of GCs into the blood stream. Through temporally and 

mechanistically distinct pathways, both mediators are essential for appropriate behavior 

and mood regulation (de Kloet et al., 2005; Joels and Baram, 2009). One unique and 

critical function of GCs on stress circuits is that they feedback to curtail hormone release 

in response to subsequent challenges. This serves a self–limiting homeostatic function in 

the face of diverse and repeated stress challenges (Keller-Wood and Dallman, 1984b). 

Despite this fundamental role for GCs in shaping endocrine function with experience, 

relatively little is known about how it might be accomplished.       
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Adaptive control of the neuroendocrine response to stress resides with a small cluster of 

neurons in the paraventricular nucleus of the hypothalamus (PVN). These parvocellular 

neuroendocrine cells (PNCs) at the head of the hypothalamic–pituitary–adrenal 

(HPA)/stress–axis are positioned as the definitive point of neural stress integration; their 

activity is a function of both synaptic drive and negative feedback by GCs (Keller-Wood 

and Dallman, 1984b). The dominant share of synapses onto PNCs are GABAergic 

(Miklós and Kovács, 2002). GABA transmission onto PNCs restrains basal stress axis 

output (Hewitt et al., 2009) and is, itself, sensitive to stress (Verkuyl et al., 2005; 

Wamsteeker et al., 2010). Importantly, stress exposure causes diminished chloride 

extrusion capacity in PNCs, resulting in a situation in which GABA is excitatory during 

stress (Hewitt et al., 2009; Sarkar et al., 2011). Thus, although it is counterintuitive, 

dampening GABA transmission alleviates the activation of the endocrine response. 

 

In addition to corticotropin–releasing hormone (CRH) and vasopressin, PNCs synthesize 

proenkephalin–derived opioid peptides (Watts, 2005). Enkephalins have been implicated 

as putative mediators of adaptive change to stress–axis function  (Watts, 2005). 

Consistent with this idea, mice lacking proenkephalin exhibit prolonged GC elevation to 

stress (Bilkei-Gorzo et al., 2008), suggesting opioids may participate in GC negative 

feedback. The cellular actions of endogenous opioid signaling have not been explored in 

PNCs; in other systems, they function as retrograde signals to inhibit neurotransmitter 

release (Wagner et al., 1993; Iremonger and Bains, 2009). We hypothesized that opioids 

are intermediaries of GC actions in the PVN. Using whole–cell patch–clamp recordings 

of PNCs from naïve and stress–exposed rats, we examined GABA synapse strength and 

responses to patterned afferent activity. We report that a single stressful experience, 

followed by a 90–min temporal delay unmasks activity–dependent, heterosynaptic long–

term depression of GABA (LTDGABA) synapses that is mediated by retrograde opioid 

signaling.  
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5.3 Results 

5.3.1 GR activation during stress unmasks LTDGABA 

In response to an acute stress, plasma corticosterone (CORT, the major rodent GC) 

rapidly rises; peak concentrations are reached 15–30 min from stress onset, persist during 

the stress, and subside slowly thereafter (de Kloet et al., 2005). Subsequent access of 

CORT to the brain is regulated and time of peak elevation lags that of plasma CORT 

(Droste et al., 2008). To investigate potential effects of CORT exposure resulting from 

stress, we examined PNCs in in vitro hypothalamic slices prepared from rats exposed to 

30 min of immobilization stress followed by incrementally increasing periods of recovery 

before sacrifice (Fig. 5.1a). Naïve (unstressed) rats served as our age–matched controls. 

In whole–cell voltage–clamp recordings at –80 mV, we electrically evoked inhibitory 

postsynaptic currents (eIPSCs; in 10 µM DNQX)). eIPSC amplitude was used as an 

indicator of synaptic strength. We did not observe any significant alterations in cellular or 

synaptic properties between cells obtained from naïve (n = 142) versus stressed (n = 40) 

animals (Fig. 5.2). Following 10 min baseline recording, we paired afferent, 10–Hz 

synaptic stimulation with subthreshold depolarization to –40 mV for 5 min: a protocol 

reminiscent of those used at various synapses to induce activity dependent plasticity 

(Ronesi and Lovinger, 2005; Puente et al., 2011). In naïve slices, pairing transiently 

suppressed eIPSC amplitude (84.9 ± 6.6% baseline amplitude; Fig. 5.1b), which 

recovered quickly (104.4 ± 4.5% baseline at 30 min, Fig. 5.1b). Pairing in slices prepared 

immediately following the stress potentiated eIPSCs (LTP: to 126.6 ± 10.2% baseline at 

30 min one–sample t–test P = 0.039; Fig. 5.1c), similar to that observed by Inoue et al. 

(see accompanying paper). In slices from animals allowed to recover 30 or 60 min 

following the end of stress, we failed to observe any persistent changes to eIPSC 

amplitude (Fig. 5.1d–e). Further extending the post–stress recovery period to 90 min 

produced both an initial depression (42.4 ± 5.2%; P < 0.0001; Fig. 5.1f) and unmasked a 

long–term depression of eIPSC amplitude (LTDGABA) that persisted at least 30 min after 

pairing (69.4 ± 8.3% baseline; P = 0.0042). LTDGABA was not evident in naïve slices 

when pairing protocol duration was increased (92.7 ± 5.6%; P = 0.24; Fig. 5.3f), 

suggesting that a threshold change does not underlie differences in responses  
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between naïve and stressed rats. These results demonstrate that acute stress, with varied 

temporal delay, uncovers both conditional activity–dependent LTP and LTDGABA in 

PNCs.  

 

The temporal delay in unmasking of LTDGABA following acute immobilization is 

consistent with exposure to an in vivo associative signal, like CORT, which canonically 

has a slow onset of action compared with noradrenaline (Joels and Baram, 2009). 

Consequently we tested whether activation of GRs is an obligatory permissive factor for 

LTDGABA. Animals were given an intraperitoneal injection of either the GR antagonist 

RU–486 (25 mg·kg–1) or vehicle (DMSO) 15 min prior to immobilization and allowed to 

recover for 90 min afterwards (Fig. 5.4a). In vivo RU–486 pre–treatment completely 

prevented LTDGABA (102.9 ± 5.0% baseline; P = 0.58; Fig. 5.4b). Vehicle injection had 

no effect (67.8 ± 8.1% baseline; P < 0.0001).  These data demonstrate that GR activation 

is necessary for stress–associated LTDGABA. They do not, however, provide information 

about anatomical specificity, nor do they indicate whether GR activation is sufficient in  

 
Figure 5.2 Basal cellular and synaptic properties after immobilization stress or 
CORT incubation    
Calculated values (squares) and group means (grey bar) for a) input resistance, b) eIPSC 
PPR, c) sIPSC frequency, and d) sIPSC amplitude recorded in PNCs from naïve rats (n = 
142 cells, 76 rats), stressed rats (n = 40 cells, 17 rats), and CORT–treated slices (n = 140 
cells, 69 rats). Statistical analyses (1-way ANOVA) F = (2,319), yielded P values 
equaling 0.84 (a), 0.36 (b), 0.22 (c), and 0.75 (d)     
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Figure 5.3 Additional features of LTDGABA  
a) Plot of normalized PPR changes elicited by pairing in naïve and CORT treated slices 
(naïve: n = 14 cells, 10 rats; CORT: n = 17 cells, 16 rats) (b–c) Above: recording of 
sIPSCs from single naïve and CORT–treated neurons with below: corresponding 
cumulative probability distributions for event interval and amplitude. Scale bar is 25 
pA / 0.5 s. d–e) Summary time course graphs comparing the effect of pairing on sIPSC 
amplitude and frequency in naïve and CORT–exposed slices.(naïve: n = 14 cells, 10 
rats; CORT: n = 17 cells, 16 rats)  f–i) Above: eIPSC traces from individual neurons 
before and 30 min after indicated stimulation paradigms. Below: Summary time course 
graphs showing the effects, on normalized eIPSC amplitude, of increased pairing time 
(10 min, 10Hz, –40mV) in naïve cells (n = 6 cells, 4 rats), or CORT–treated cells 
delivered either depolarization (n = 6 cells, 4 rats) or afferent stimulation (n = 8 cells, 6 
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rats) alone, or pairing with reversed chloride driving force (n = 6 cells, 3 rats). Scale 
bars 50 pA / 10 ms (f–h) or 10pA / 10ms (i). j) Left: sample eIPSC recordings from 
wild–type C57BL/6 mouse PNCs before and 30 min after pairing in naïve or CORT–
treated slices with, Right: summary graph of results from naïve (n = 7 cells, 6 mice) 
and CORT–treated (n = 8 cells, 5 mice) PNCs. Scale bars 50 pA / 10 ms.  k) Left: 
eIPSC traces from individual cells of naïve or CORT–treated slices before and 30 min 
after bath–applied mGluR1/5 agonist DHPG (100 µM, 5 min) at –80 mV holding 
potential. Scale bars 50 pA / 10 ms. Right: Graph summarizing time course effects of 
DHPG on eIPSC amplitude at –80 mV in naïve (n = 7 cells, 7 rats) and CORT–treated 
(n = 7 cells, 6 rats) slices. Data points are mean ± s.e.m.. 
 

 

the absence of stress. Thus our next experiments probed the actions of local CORT 

administration to in vitro hypothalamic slices. Individual slices from naïve rats were 

incubated in CORT (100 nM) either with or without RU–486 (500 nM) for one hour 

followed by an additional 30–min recovery period prior to recording (Fig. 5.4c). As with 

stress, we did not observe any changes in basal cellular and synaptic properties in 

CORT–treated PNCs (Fig. 5.2). We did observe LTDGABA   in response to pairing in 

CORT–exposed cells (69.4 ± 4.9 % baseline; P < 0.0001; Fig. 5.2d). These changes were 

prevented by co–incubation with RU–486 (104.3 ± 5.5% baseline; P = 0.46). Next, we 

asked whether other stressors, which activate the HPA axis and elevate CORT, could also 

unmask LTDGABA. We observed LTDGABA in response to pairing in slices obtained 90 

min following either forced swim or predator odor exposure (swim: 66.6 ± 9.2 % and 

predator: 73.8 ± 7.0 % baseline; P = 0.015 and P = 0.020; Fig. 5.4e–f). Together, these 

findings indicate that local GR activation in PNCs following stressful experience is 

necessary and sufficient to permit the induction of activity–dependent LTDGABA. 

 

We next probed for a locus (presynaptic vs. postsynaptic) of expression for LTDGABA. To 

assess GABA release probability (pr) during these experiments, we examined variability 

in eIPSC amplitude (inverse squared coefficient of variation: CV–2) and the ratio between 

a pair of eIPSCs delivered in brief succession (paired–pulse ratio: PPR). 30 min after 

pairing, CV–2 was reduced in stressed cells (to 59.7 ± 10.8% baseline; P = 0.004; Fig.  
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Figure 5.4 GR activation is 
necessary and sufficient to 
unmask LTDGABA 
a) Overview of experimental 
paradigm in which either the GR 
antagonist RU–486 (25 mg • kg–1) 
or vehicle were administered i.p. 15 
min prior to stress. b) left: sample 
eIPSC traces from individual cells 
of stressed and RU–486– or 
stressed and vehicle–treated rats 
before and 30 min after pairing. 
Right: graph summarizes 
normalized eIPSC amplitudes in 
these groups (RU–486: n = 8 cells, 
5 rats; vehicle: n = 7 cells, 3 rats).  
c) Overview of experimental 
paradigm in which hypothalamic 
slices from naïve rats were 
incubated in vitro with 
corticosterone (CORT; 100 nM) in 
the presence or absence of RU–486 
(500 nM). d) left: sample eIPSC 
traces from individual cells of 
CORT– and CORT+RU–486–
incubated slices before and 30 min 
after pairing. Right: graph 
summarizes normalized eIPSC 
amplitudes in these groups (CORT: 
n = 17 cells, 16 rats; CORT+RU–
486: n = 7 cells, 4 rats). e,f) Left: 
sample eIPSC traces before and 30 
min after pairing Right: Graphs 
summarizing normalized eIPSC 
amplitude in cells from rats 
exposed to forced swim (n = 6 
cells, 3 rats) or predator odor (n = 5 
cells, 5 rats) followed by a 90 min 
recovery period. Scale bars are 50 
pA / 10 ms. Data expressed as 
mean ± s.e.m. 
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5.5c), but remained unchanged in naïve cells (118.3 ± 15.2% baseline; P = 0.26). PPR 

was unchanged by pairing in naïve cells (99.8 ± 4.7% baseline; P = 0.97; Fig. 5.5d), but it 

was significantly increased in stressed cells (118.2 ± 6.8 % baseline, P = 0.021; from 0.62 

± 0.14 to 0.75 ± 0.21 un–normalized PPR; P = 0.009 paired t–test). Next we analyzed the 

inter–event interval/frequency and amplitude of spontaneous IPSCs (sIPSCs) from these 

recordings (Fig. 5.5e–g). sIPSC frequency decreased in cells from stressed (74.7 ± 4.6% 

baseline; P < 0.0001; Fig. 5.5e–f) but not naïve animals (106.9 ± 9.0% baseline; P = 

0.46). sIPSC amplitude remained unchanged in both conditions (Fig. 5.5g). These data 

are consistent with decreased presynaptic release during LTDGABA. Similarly, we noted 

that LTD in CORT treated slices was also accompanied by an increase in PPR (to 119.2 ± 

6.5% baseline; P = 0.010; Fig. 5.3a), a decrease in CV–2 (62.7 ± 7.4% baseline; P = 

0.0002; Fig. 5.5h), and a reduction in sIPSC frequency, but not amplitude (frequency to 

77.5 ± 6.9% baseline; P = 0.016; Fig. 5.3b–e). Indeed, across in vivo and in vitro 

experimental conditions, changes to CV–2 were consistently related to changes in eIPSC 

amplitude (Fig. 5.5h). Taken together, our data strongly indicate that GC–associated 

LTDGABA is a consequence of a decrease in presynaptic GABA pr.  

 

5.3.2 LTDGABA is induced heterosynaptically 

Since electrical stimulation of synaptic inputs could recruit axons non–specifically, we 

used an optogenetic tool to test whether exclusive activation of GABA synapses was 

sufficient for LTD induction. Using CORT–treated slices from vGAT–mhChR2–YFP 

mice expressing channelrhodopsin under the vesicular GABA transporter promoter, we 

found that pairing delivered with light–evoked stimulation did not elicit LTDGABA, while 

electrical stimulation in  wild-type mice did (ChR2: 119.6 ± 12.3% baseline, electrical: 

74.5 ± 5.8% baseline; P = 0.17 and P = 0.003 respectively; Fig. 5.6a). 

 

Metabotropic glutamate receptors (mGluRs) are important for GABA synapse plasticity 

requiring heterosynaptic induction (Ronesi and Lovinger, 2005; Castillo et al., 2011; 

Puente et al., 2011). We conducted experiments to test for the mGluR contributions in  
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Figure 5.5 LTDGABA is expressed presynaptically   
a–b) Sample paired–pulse traces and amplitude time courses of eIPSCs before and after 
pairing from individual cells in slices prepared from naïve or stressed rats. Scale bars are 
50 pA / 10 ms. c–d) Summary graphs of normalized eIPSC variability (CV–2) and paired–
pulse ratio (PPR) responses to the pairing protocol in cells from naïve (n = 14 cells, 10 
rats) and stressed rats (n = 10 cells, 7 rats). e) Sample traces of sIPSCs and corresponding 
cumulative probability distribution plots of inter–event interval and amplitude before and 
30 min following pairing in a cell from a stressed rat.  Scale bars 20 pA / 0.25 s. f–g) 
Summary graphs of normalized sIPSC frequency and amplitude response in naïve and 
stressed cells. h) Relationship between eIPSC amplitude and CV–2 changes at 30 min. 
Data expressed as mean ± s.e.m.  
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LTDGABA. In CORT treated slices we failed to induce LTDGABA in the presence of the 

non–selective group I/II mGluR antagonist MCPG (200 µM, 97.9 ± 7.5% baseline; P = 

0.93; Fig. 5.7a). We next tested group I mGluR subtypes 1 and 5. Treatment with 

mGluR5 antagonist MTEP (10 µM) completely abolished LTDGABA in CORT treated 

slices (eIPSC: 101.0 ± 5.0% baseline; n = 5; P = 0.84; Fig. 5.6b). By contrast, inclusion 

of selective mGluR1 antagonist JNJ–16259685 (750 nM) did not prevent LTDGABA (73.2 

± 7.6% baseline; P = 0.017; Fig. 5.6c). Preventing activation of NMDA receptors with 

intracellular MK801 (1 mM) also failed to impact the expression of LTDGABA (73.6 ± 

5.0% baseline; P = 0.006; Fig. 5.7b). These data indicate that group I mGluRs, in 

particular mGluR5, are part of a heterosynaptic mechanism involved in LTDGABA 

following GC exposure. 

 

5.3.3 A postsynaptic, vesicle–based retrograde signal mediates LTDGABA 

We next tested whether the mGluR responsible for induction of LTDGABA is postsynaptic. 

We interfered with G–protein signaling only in the postsynaptic PNC by including the 

non–hydrolysable GDP analogue GDPβs (2 mM) in the intrapipette solution. Under these 

conditions we failed to observe LTDGABA in CORT treated cells (104.8 ± 7.7% baseline; 

P = 0.56; Fig. 5.6d). Since mGluR5 is coupled to Gαq–type intracellular pathways and 

exerts many effects through elevations in intracellular calcium, we next assessed the 

effect of fast calcium buffer BAPTA (10 mM), also intrapipette. This, too, prevented 

expression of LTDGABA (102.0 ± 8.1% baseline; P = 0.81; Fig. 5.6e). Since postsynaptic 

depolarization was necessary for LTDGABA induction, we tested the involvement of 

voltage–dependent calcium channels. Consistent with this idea, the L–type calcium 

channel antagonist nimodipine prevented LTDGABA (99.5 ± 12.3 % baseline; P = 0.97; 

Fig. 5.6g). These results provide evidence that a post–synaptic mGluR– and calcium–

dependent signaling pathway is required for LTDGABA following CORT exposure.  

 

LTDGABA requires heterosynaptic activation of postsynaptic mGluR5, but manifests as a 

presynaptic decrease in release probability, suggesting the presence of a retrograde  
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Figure 5.6 LTDGABA induction 
is heterosynaptic and requires a 
retrograde signal    
a) Response to pairing in CORT–
treated slices with exclusive 
activation of GABA synapses in 
vGAT–ChR2 mice (open circles; 
n = 6 cells, 3 mice). Comparison 
with electrical stimulation in 
slices from WT mice (filled 
circles; n = 8 cells, 5 mice). 
Sample eIPSCs from individual 
PNCs are shown to the left and a 
summary graph to right. b) 
Effects of mGluR5 antagonist 
MTEP (10µM; n = 5 cells, 3 rats) 
or c) mGluR1 antagonist 
JNJ16259685 (750 nM; n = 6 
cells, 5 rats) on LTD. Prevention 
of LTDGABA by inclusion, in the 
patch pipette of: d) GTP–ase 
inhibitor GDPßs (2 mM; n = 6 
cells, 3 rats), or e) calcium 
chelator, BAPTA (10 mM; n = 5 
cells, 4 rats). f) Effect of bath 
application of the L–type calcium 
channel blocker nimodipine on 
LTDGABA (20 µM; n = 6 cells, 4 
rats). g–h) Effects of CB1R–
antagonist AM251, in rats, or 
genetic deletion of the CB1R 
(CB1R–/–), in mice, on LTDGABA 
with eIPSC traces (left) and 
summary time course (right) (g: 3 
µM; n = 8 cells, 5 rats or h: n = 5 
cells, 3 mice). i) Prevention of 
LTDGABA by intrapipette 
inclusion of SNARE–dependent 
exocytosis inhibitor BoNT/C 
(5µg • mL–1; n = 6 cells, 3 rats). 
Control LTDGABA replotted in 
filled grey squares (rat) or circles 
(mouse). Scale bars are 50 pA / 
10 ms. Data expressed as mean ± 
s.e.m. 
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signal.  One widely described form of mGluR–dependent LTDGABA requires retrograde 

signaling by endocannabinoids (eCBs) (Chevaleyre and Castillo, 2003; Regehr et al., 

2009; Castillo et al., 2011). We have previously characterized short–term retrograde eCB 

signaling at GABA synapses onto PNCs (Wamsteeker et al., 2010) indicating that eCBs 

are functional at these synapses; since we found that short–term eCB signaling is 

enhanced by acute exposure to CORT, we hypothesized that recruitment of eCBs and 

activation of CB1Rs may contribute to GC–LTDGABA. Following exposure to CORT, 

slices were incubated in aCSF containing CB1R antagonist AM251 (3 µM), for a 

minimum of 30 min. CB1R blockade, however, failed to prevent LTDGABA (72.6 ± 3.2 % 

baseline; P < 0.0001; Fig. 5.6g). To further test this idea, we using genetic deletion 

assessing LTDGABA in mice lacking CB1Rs (CB1R–/–). We found that that LTDGABA 

persisted in CORT treated slices from CB1R–/– mice (72.7 ± 5.1 % baseline; P = 0.0032; 

Fig. 5.6h). A TRPV antagonist, capsazepine, also failed to prevent LTDGABA (66.4 ± 8.5 

% baseline; P = 0.016; Fig. 5.7c). Based on these data, we conclude that eCBs are not the 

retrograde signal responsible for expression of LTDGABA at these synapses.  

 

In addition to lipid–derived retrograde messengers, neurons, including PNCs (Kuzmiski 

et al., 2010), also release conventional and peptide transmitters that are packaged in 

vesicles in the somatodendritic compartment (Regehr et al., 2009). To test for the 

contribution of a vesicularly packaged retrograde transmitter, we conducted experiments 

in which the soluble NSF attachment protein receptor (SNARE)–dependent exocytosis 

inhibitor botulinum toxin C (BoNT/C: 5 µg·ml–1) was included in the patch pipette. 

Inclusion of BoNT/C prevented LTDGABA following pairing  (105.3 ± 7.0% baseline; P = 

0.49; Fig. 5.6i). Collectively, these observations indicate that LTDGABA requires 

activation of postsynaptic mGluRs, an increase in intracellular calcium and the fusion of 

neurotransmitter–filled vesicles postsynaptically. Given that these events underlie 

presynaptic reduction of GABA release, a retrograde signal is likely recruited by this 

mechanism.  
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5.3.4 GCs alter mGluR signaling via RGS4  

We next tested whether pharmacological activation of mGluRs was sufficient to 

recapitulate suppression of GABA transmission, and whether this mechanism was altered 

by GC exposure. As LTDGABA requires high voltage activated L–type calcium channels 

and is evident only when afferent stimulation and depolarization to –40 mV are paired 

together (Depol. Alone: 118.3 ± 10.8% baseline, P = 0.15; Stim. Alone: 92.6 ± 6.8% 

baseline, P = 0.31; Fig. 5.3g–h), we tested the hypothesis that LTDGABA results from 

membrane state–dependent activation of mGluRs. We performed recordings of eIPSCs at 

either –40 mV, or –80 mV and bath–applied the group I mGluR agonist DHPG (100 µM) 

for 5 min. At –40 mV eIPSCs are outward currents; we lowered intracellular chloride (4 

mM) to increase the inward driving force through the GABAA receptor. We first 

confirmed that LTDGABA was still readily observed with reversed chloride driving force 

(70.4 ± 9.2% baseline; P = 0.02; Fig. 5.3i). Surprisingly, DHPG potentiated eIPSC 

amplitude in naïve slices under these conditions (132.3 ± 11.6% baseline at 10 min; P = 

0.049; Fig. 5.8a). By contrast, in CORT–treated slices, DHPG elicited long lasting 

depression of eIPSCs (63.0 ± 4.7 % baseline; P = 0.0006; Fig. 5.8a), which was 

accompanied by increased PPR (119.6 ± 2.7% baseline; P = 0.0020; Fig. 5.5b) and a  

 
Figure 5.7 Pharmacological independence of LTDGABA from NMDARs, CB1Rs, 
and TRPV channels.    
a–c) Left: Recorded eIPSC traces before and 30 min after pairing from individual 
neurons of CORT–treated slices and Right: summary data. Non–specific mGluR 
antagonist MCPG (a; 200 µM bath; n = 6 cells, 5 rats), NMDAR–antagonist MK801 
(b; 1 mM intrapipette; n = 5 cells, 3 rats), or TRPV1 antagonist capsazepine (c; 10 µM; 
n = 5 cells, 3 rats) were included. Scale bars all 50 pA / 10 ms; data points are mean ± 
s.e.m.. 
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Figure 5.8 GR activation modifies mGluR signaling via RGS4              
a) Suppression of GABA transmission by mGluR agonist after GC exposure. Left: 
sample eIPSC traces at a holding potential of –40 mV from individual naïve and CORT–
treated cells before and 30 min after bath–applied mGluR1/5 agonist DHPG (100 µM, 5 
min). right: summary of the effects of DHPG on eIPSC amplitude at –40 mV in naïve (n 
= 5 cells, 3 rats) and CORT–treated (n = 6 cells, 4 rats) slices. b) Above: summary time 
course graph of normalized PPR in response to DHPG in naïve or CORT–treated slices. 
Below: relationship between eIPSC amplitude and CV–2 changes 30 min post–DHPG for 
each treatment group. c) mGluR supression of GABA transmission in naïve slices with 
inhibition of post–synaptic RGS4. eIPSC traces from an individual cell (left) and 
summary data (right) from cells in a naïve slice treated with DHPG when the RGS4 
inhibitor CCG63802 (100 µM) is included in the patch pipette (n = 6 cells, 4 rats). d) 
mGluR modulation of GABA transmission in CORT–treated slices with post–synaptic 
RGS4. eIPSC traces from an individual cell (left) and summary data (right) from cells of 
CORT–treated slices in which the pipette solution contained recombinant RGS4 (50 pM; 
n = 6 cells, 3 rats). Scale bars are 50 pA / 10 ms. Data expressed as mean ± s.e.m.  
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decrease in eIPSC CV–2 (49.5 ± 7.6% baseline; P = 0.0012; Fig. 5.8b). Similar results 

were obtained at –80 mV; following CORT treatment DHPG no longer enhanced eIPSC 

amplitude, as it did in naïve cells, although no significant depression was observed (76.6 

± 10.6% baseline; P = 0.069; Fig. 5.3k). From these data we conclude that mGluR 

activation, at a depolarized membrane potential is sufficient to recapitulate LTDGABA. 

Furthermore, CORT exposure unmasks LTDGABA by functionally altering the outcome of 

mGluR signaling.    

 

We next sought to examine how glucorticoids alter mGluR signaling. Regulator of G–

protein signaling (RGS) proteins, in particular RGS4, associate with group I mGluRs and 

stifle Gq mediated signaling through GTP–ase acceleration (Saugstad et al., 1998). RGS4 

is abundantly expressed in the PVN and potently down–regulated by stress/GR activation 

(Ni et al., 1999; Kim et al., 2010); this provides a compelling and testable potential 

mechanism. To test the hypothesis that RGS4 restrains mGluR signaling in naïve PNCs, 

we included the RGS4 inhibitor CCG63802 (100 µM) in the pipette solution and bath 

applied DHPG. Postsynaptic inhibition of RGS4 was sufficient to unmask a DHPG–

mediated LTDGABA that was similar to that seen with CORT treatment (to 71.2 ± 7.0 % 

baseline; P = 0.0093; Fig. 5.8c). We next conducted the corollary experiment and 

included recombinant RGS4 in the patch pipette when recording from cells in CORT–

treated slices. This completely prevented eIPSC depression following DHPG (132.0 ± 

11.3 %; P = 0.036; Fig. 5.8d). These data indicate that RGS4 downregulation by GCs is 

sufficient to enhance mGluR5 signaling and allow for the expression of LTD.  

 

5.3.5 Persistent µ–opioid receptor signaling underlies LTDGABA  

PVN neuroendocrine cells release neurotransmitters from vesicles in their 

somatodendritic compartment (Ludwig and Pittman, 2003b; Kuzmiski et al., 2010). 

Opioid peptides released from magnocellular neurosecretory cells (MNCs) cause 

presynaptic LTD at glutamate synapses (Iremonger and Bains, 2009; Iremonger et al., 

2011). PNCs produce many peptides in a stress–dependent manner; this includes  
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pro-enkephalin opioid gene products such as met–/leu–enkephalin (Ceccatelli et al., 

1989a; Pretel and Piekut, 1990; Merchenthaler, 1992). We performed double-label 

immunocytochemistry and confocal imaging to detect enkephalin peptides (Fig. 5.9, 

middle panels) contained within the somatodendritic compartment of CRH-containing 

PNCs (Fig. 5.9, left panels). Images (stacks of confocal planes) show that many 

enkephalin-containing somata are present within the medial parvocellular region of the 

PVN; overlay of images and higher magnification of this field (Fig. 5.9, right panel) 

shows a visible, although not complete co-localization with CRH. We hypothesized that 

vesicular somatodendritic release of an opioid peptide is responsible for LTDGABA 

following CORT exposure. In CORT–treated slices, continuous bath application of the 

broad–spectrum opioid receptor (OR) antagonist naloxone (5 µM) prevented pairing 

induced depression of eIPSC amplitude (100.7 ± 7.9% baseline; P = 0.93; Fig. 5.10a). 

Naloxone also prevented LTDGABA associated changes to PPR (95.5 ± 4.4% baseline; P = 

0.33), CV–2 (131.1 ± 16.4 %; P = 0.10), and sIPSC frequency (112.4 ± 13.3%; P = 0.38). 

Similarly, the  µOR subtype antagonist CTAP (1 µM) prevented LTDGABA (99.0 ± 9.3% 

baseline; P = 0.92;  

 
Figure 5.9 Overlapping expression of CRH and enkephalin peptides in PVN.  
Confocal images of the PVN (11µm stack of 1µm planes)  showing immunocytochemical 
localization of CRH (left) and leu- and/or met-enkephalin (middle) and overlaid (right) 
with area in white box shown at higher magnification below (white scale bars: top 50 µm, 
bottom 20 µm). 
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Fig. 5.10b). Neither the δOR antagonist (Naltrindole; 1 µM) nor the κORs antagonist 

(nor–Binaltorphimine; 1 µM) prevented LTDGABA following pairing (71.1 ± 8.2 % and 

71.5 ± 5.6 % baseline respectively; P = 0.017 and P = 0.0037; Fig. 5.11c). We did, 

however, note suppressive effects of a κOR agonist U69593 (1 µM), but not δOR agonist 

DPDPE (1 µM) on eIPSC amplitude (U69593: 21.7 ± 7.6% baseline, P = 0.0005; 

DPDPE: 100.8 ± 5.8% baseline, P = 0.09; Fig. 5.11a–b).  These pharmacological data 

suggest that µ–ORs are necessary for induction of LTDGABA following CORT exposure. 

Finally, we assessed LTD in µOR–/– 
 mice (Contet et al., 2005). We failed to observe any 

lasting depression of eIPSCs  (106.4 ± 9.3 % baseline; P = 0.52; Fig. 5.10c). These data 

confirm that µORs are necessary for LTDGABA.  

 

µOR subtypes are commonly located on GABA neurons and their synaptic terminals 

(Zieglgansberger et al., 1979; Nicoll et al., 1980; Williams et al., 2001). If an endogenous 

opioid were released from PNCs, its actions would likely be spatially restricted to local 

terminals, particularly since cell bodies of afferent GABA neurons reside outside the 

PVN (Miklós and Kovács, 2002).  In line with this hypothesis, we found that DAMGO (1 

µM) significantly reduced the frequency of miniature IPSCs (1 µM TTX; from 2.1 ± 0.6 

to 0.7 ± 0.2 events · sec–1; P = 0.0002 paired t–test; Fig. 5.10d) but not their amplitude 

(21.6 ± 1.1 pA before, 21.6 ± 0.7 pA after; P = 0.99), suggesting that µORs on terminals 

contacting PNCs regulate GABA pr. Next we asked whether activation of 

presynaptically–located µORs would occlude the induction/expression of LTD. In 

CORT–treated cells, DAMGO (500 nM) depressed eIPSC amplitude (48.4 ± 8.4% 

baseline; PPR to 136.1 ± 11.5%; Fig. 5.10e). Once eIPSC amplitude had stabilized, we 

delivered the pairing protocol. This had no additional effect on either eIPSC amplitude or 

PPR. At 25 min after pairing, eIPSC amplitude was 52.8 ± 4.5% of pre–DAMGO 

baseline (paired t–test P = 0.48 vs. pre–DAMGO) and PPR: 133.8 ± 9.8% (paired t–test P 

= 0.89). We failed to observe significant changes to PNC holding current during 

DAMGO treatment (pooled 500 nM – 1 µM DAMGO; Ihold before: –17.3 ± 2.1 pA, after: 

–13.7 ± 2.7 pA; n = 27; paired t–test P = 0.13; not shown). Taken together these results  
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demonstrate that µORs  located at synaptic terminals suppress GABA release, and that 

their activation by an exogenous ligand occludes subsequent induction of LTDGABA.  

 

Although necessary for LTDGABA expression, it is not clear whether µOR activation is 

necessary for its maintenance. We applied OR antagonist/inverse agonist naloxone (5  

 
Figure 5.11 Additional opioid receptor pharmacology at PNC synapses     
a) Left: eIPSC traces before and 10 min after bath perfusion of κOR agonist U69593 
(1 µM) in a cell from a naïve slice. Right: Summary time course of the effects of 
U69593 on eIPSC amplitude (n = 5 cells, 3 rats). b) Left: eIPSC traces before and 10 
min after bath perfusion of ∂OR agonist DPDPE (1 µM) in a CORT–incubated cell. 
Right: Summary time course of the effects of DPDPE on eIPSC amplitude (n = 4 
naïve and 3 CORT–treated cells, 3 rats). c) Left: eIPSC traces before and 30 min after 
pairing from a CORT–treated neurons and Right: summary graphs of the effects of 
pairing in cells recorded in the presence of ∂OR antagonist naltrindole (light grey; 1 
µM; n = 6 cells, 3 rats), or KOR antagonist nor–BNI (dark grey; 1 µM; n = 6 cells, 4 
rats). d) Left: excitatory post–synaptic current (eEPSC) traces recorded in the 
presence of picrotoxin (100 µM) before and 10 min after bath perfusion of µOR 
agonist DAMGO (1 µM) in a cell from a naïve slice. Right: Summary time course of 
the effects of DAMGO on eEPSC amplitude (n = 6 cells, 4 rats). Scale bars all 50 pA 
/ 10 ms; data points are mean ± s.e.m.. 
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µM) 20 min following either DAMGO or induction of LTDGABA by the pairing protocol. 

Transient µOR activation by DAMGO (1 µM, 7 min) caused a long–lasting depression of 

eIPSCs (65.6 ± 9.0 % baseline at 35 min; P = 0.0088; Fig. 5.12a). This depression was 

completely reversed by naloxone (111.7 ± 14.1 % baseline at 35 min; P = 0.44; Fig. 

5.12a). These results, suggest that transient µOR activation is capable of eliciting a long–

lasting synaptic change, that requires persistent OR signaling. Next, following pairing, 

we established that eIPSC amplitude was suppressed (60.9 ± 10.4 % baseline; P = 

0.0093; Fig. 5.12b). Subsequent application of naloxone caused a recovery of eIPSCs to 

near–baseline level (108.5 ± 12.9 % baseline at 35 min; P = 0.53; Fig. 5.12a–b). PPR also 

returned to baseline (146.1 ± 16.8 % at 20 min; P = 0.033; to 106.4 ± 7.3 % at 35 min; P 

= 0.42; Fig. 5.12b). This was not due to pre–existing OR tone as naloxone application to 

CORT–treated PNCs (in the absence of pairing) had no effect on eIPSC amplitude (108.0 

± 4.0 % baseline; n = 5; P = 0.12; data not shown). In summary, LTDGABA requires the 

µOR for both expression and maintenance of suppressed GABA release. This could be 

due to either persistent effects of µOR activation and/or sustained vesicular release of the 

opioid peptide.  

 

5.3.6 LTDGABA  does not display synapse specificity 

Opioid release and signaling may occur across the entire somatodendritic axis, or 

alternatively at locally recruited segments of the dendrite. Furthermore, presynaptic 

activity or µOR expression could be restricted to certain inputs. Thus we probed whether 

LTDGABA exhibited synapse specificity. Given that mIPSC frequency is sensitive to the 

µOR agonist DAMGO and that sIPSCs are also suppressed during LTDGABA, we 

hypothesized that release, spread, and/or efficacy of endogenously release opioids would 

not be limited to synapses active during pairing. To test this, we electrically activated two 

distinct GABAergic inputs onto PNCs, s1 and s2, verifying their independence by 

confirming that the synaptic strength and release probability of one pathway was 

unaffected by recruiting the other pathway. Delivering the 10Hz stimulation during 

pairing through s1, depressed eIPSC amplitude at both s1 and s2 inputs (s1:  64.7 ± 4.4% 

baseline, s2: 71.8 ± 10.2% baseline; P = 0.005 and P = 0.039 respectively; Fig. 5.13a).   
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Figure 5.12 LTDGABA is reversible by OR antagonism    
a) Reversal of µOR agonist suppressed transmission by OR antagonist chase. Left: 
Sample eIPSC traces and right: plot of eIPSC amplitudes from a neuron treated with 1 
µM DAMGO for 7 min (above) and another neuron with DAMGO treatment followed by 
naloxone (5 µM) at 10 min (below). Summary graph (right) showing effects of DAMGO 
on eIPSC amplitude alone (n = 7 cells, 6 rats) or followed by naloxone (n = 6 cells, 5 
rats). b) Reversal of LTD by an OR antagonist. Sample eIPSC traces (above) and plot of 
eIPSC amplitude (below) taken from an individual cell in CORT–treated slices subjected 
to pairing followed by naloxone 20 min later. Right: Summary of the effects of naloxone 
(5 µM) applied following induction of CORT–LTD on eIPSC amplitude (above) and 
PPR (below) from n = 7 cells, 6 rats. Scale bars are 50 pA / 10 ms. Data expressed as 
mean ± s.e.m. 
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Finally, given this finding and with demonstrations that GABA and glutamate synapses 

on PNCs are intermingled (Decavel and Van den Pol, 1992a), we hypothesized that 

somatodendritically released opioids may also depress glutamate synapses. First, we 

tested for the presence of functional µORs at glutamate synapses. In slices incubated in 

vitro with CORT, evoked excitatory post–synaptic currents (eEPSCs) were suppressed by 

DAMGO (40.8 ± 6.2% baseline; P < 0.0001; Fig. 5.11d). Next, we applied the pairing 

protocol used above and observed a long–lasting depression of glutamate transmission. 

eEPSC amplitude at 30 min was suppressed to 62.3 ± 9.4% baseline (P = 0.0073; Fig. 

5.13c), which was accompanied by an increased PPR (125.6 ± 6.6% baseline; P = 

0.0081) and a decrease in CV–2
 (57.0 ± 15.0% baseline; P = 0.028; Fig. 5.13d), 

suggesting a presynaptic locus of expression. Naloxone completely prevented expression 

of LTD (102.4 ± 9.0% baseline; P = 0.802; Fig. 5.13c), changes in PPR (100.2 ± 9.9% 

baseline; P = 0.99; Fig. 5.13d) and changes in CV–2
 (92.8 ± 12.6% baseline; P = 0.59).  

These results demonstrate that LTD mediated by ORs in PNCs following GC exposure 

occurs in a synapse–independent fashion.  

 

5.4 Discussion 

Here we show that GCs, elevated in response to a stress experience, are instructive 

signals in the hypothalamus that allow for subsequent correlated synaptic and cellular 

activity to suppress GABA pr . By suppressing RGS4 in PNCs, GCs functionally alter the 

outcome of post–synaptic mGluR signaling during synaptic stimulation culminating in 

calcium–dependent vesicle exocytosis and the liberation of a retrograde opioid signal 

from the somatodendritic compartment. Activation of presynaptic µORs is necessary for 

the expression and maintenance of decreased neurotransmitter release, implicating an 

endogenous opioid as the most likely candidate for this retrograde signal.  

 

GC-associated LTDGABA requires heterosynaptic recruitment of mGLuR5 located on 

PNCs themselves. This finding is consistent with reports of enhanced mGluR1/5 signaling 

following stress/CORT exposure (Chaouloff et al., 2007). Importantly, pairing of afferent  
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Figure 5.13 LTDGABA is not synapse specific  
a) Left: a schematic of experiment in which one PNC is recorded and two independent 
synaptic inputs (S1 and S2) onto the cell are stimulated. Only S1 is activated during the 
pairing protocol. eIPSC traces and eIPSC amplitude graph (center) from two inputs onto 
a single neuron before and after pairing. Right: summary data from this experiment 
shows pairing–induced depression of eIPSC amplitude of S1 and S2 (n = 6 cells, 4 rats). 
b–c) OR–mediated CORT–LTD at excitatory synapses. b) Left: eEPSC traces isolated by 
picrotoxin (100 µM) before and 30 min after pairing in a cell from a CORT–incubated 
slice (above) and a cell recorded in the presence of naloxone (below). Right: Summary 
time course of the effects of pairing on eEPSC amplitude with (n = 6 cells, 5 rats) or 
without naloxone (n = 7 cells, 5 rats). c) plot of normalized PPR response to pairing 
(above) and relationship between eEPSC and CV–2 (below) in CORT–treated cells with 
or without naloxone.  Scale bars are 50 pA / 10 ms. Data expressed as mean ± s.e.m. 
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stimulation with a postsynaptic depolarization was necessary for LTDGABA suggesting 

that Gq–linked mGluRs in our system may behave as voltage–dependent “coincidence 

detectors” (Nakamura et al., 1999; Billups et al., 2006). Membrane depolarization has 

been shown to amplify mGluR signaling by enhancing contributions of voltage–gated 

calcium channels (Carter and Sabatini, 2004) which can synergize with and sustain 

calcium sourced by mGluRs from IP3–receptor gated stores (Nakamura et al., 1999). 

Although the mechanisms regulating somatodendritic exocytosis are not well defined 

(Ludwig and Pittman, 2003b), neuronal activity and Gq–coupled receptors cooperatively 

drive calcium–dependent dendritic peptide release (Ludwig et al., 2002). For example, 

synaptic mGluR activation during burst firing in MNCs and L–type channels in dentate 

granule cells play important roles in dendritic release of the opioid dynorphin (Simmons 

et al., 1995; Iremonger et al., 2011). In accordance with these previous studies, our 

findings indicate that calcium entry through L–type voltage–gated calcium channels is 

obligatory for LTDGABA. While somatodendritic vesicular release from PNCs can also 

occur following calcium influx through NMDARs (Kuzmiski et al., 2010), we found that 

LTDGABA persisted after NMDAR blockade.   

 

Our data suggest that µOR activation is necessary for expression of LTDGABA. 

Intriguingly, we also found that ongoing OR activation is required for LTD maintenance, 

which is unconventional as an expression mechanism for long–term plasticity. µORs are 

functionally expressed within the PVN, and influence PNC activity and HPA function in 

a stress–state dependent manner (Buckingham, 1982; Kiritsy-Roy et al., 1986; Bilkei-

Gorzo et al., 2008). In other brain regions µORs are widely expressed on GABAergic 

neurons and terminals (Williams et al., 2001). µOR agonists hyperpolarize inhibitory 

neurons (Zieglgansberger et al., 1979; Nicoll et al., 1980; Williams et al., 2001) and 

interfere with inhibitory synapse plasticity (Nugent et al., 2007). Agonist activation of 

µORs locally expressed at synaptic terminals also suppresses GABA pr (Cohen et al., 

1992) and can induce LTD at both GABA and glutamate synapses (Lafourcade and 

Alger, 2008; Yang et al., 2011).  In spite of this, there are only a few demonstrations of 

functional synaptic actions of endogenously produced and retrograde acting opioids 
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(Wagner et al., 1993; Iremonger and Bains, 2009). One might conjecture that a likely 

candidate for the endogenous µOR ligand produced by PNCs and mediating LTDGABA is 

an enkephalin–like peptide. PNC enkephalins are a compelling candidate for experience–

dependent control of neuroendocrine function and adaptation. Proenkephalin transcripts 

are incrementally upregulated by acute and repeated stress (Larsen and Mau, 1994) in a 

GC–dependent manner (Lightman and Young, 1989; Garcı́a-Garcı́a et al., 1998). 

Notably, proenkephalin is also increasingly colocalized with c–fos and/or CRH following 

stressful conditions (Dumont et al., 2000; Watts, 2005), suggesting that enkephalin–

containing neurons may be relevant to stress–related PNC plasticity, and that enkephalin–

derived peptides may exist in PNCs as adaptogenic signaling molecules.  

 

Although LTDGABA reported here is not mediated by eCBs, it shares many similarities 

with eCB–LTD, which also occurs at synapses throughout the brain (Chevaleyre and 

Castillo, 2003; Castillo et al., 2011) . Gq–coupled metabotropic receptor activation is a 

strong stimulus for eCB production, and required for eCB–LTD (Chevaleyre and 

Castillo, 2003; Ronesi and Lovinger, 2005; Castillo et al., 2011; Puente et al., 2011). 

Additionally, GCs enhance both eCB–mediated short– and long–term plasticity at GABA 

synapses (Wamsteeker et al., 2010; Sumislawski et al., 2011). We found that the switch 

in mGluR signaling necessary for LTDGABA following CORT exposure is likely RGS4, a 

molecule which has recently been shown to regulate eCB–LTD through gating mGluR 

signaling in the striatum (Lerner and Kreitzer, 2012). Despite these common features, our 

experiments indicate that LTDGABA occurs independently of CB1Rs and, to our 

knowledge, is the first demonstration of an eCB–independent presynaptic LTD at mature 

GABAergic synapses. 
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 Characterization of corticotropin-releasing hormone neurons in the Chapter Six:
paraventricular nucleus of the hypothalamus of Crh-IRES-Cre mutant mice 

  

6.1 Summary 

Corticotropin-releasing hormone (CRH)-containing neurons in the paraventricular 

nucleus of the hypothalamus (PVN) initiate and control neuroendocrine responses to 

psychogenic and physical stress. Investigations into the physiology of CRH neurons, 

however, have been hampered by the lack of tools for adequately targeting or visualizing 

this cell population. Here we characterize CRH neurons in the PVN of mice that express 

tdTomato fluorophore, generated by crosses of recently developed Crh-IRES-Cre driver 

and Ai14 Cre-reporter mouse strains. tdTomato containing PVN neurons in Crh-IRES-

Cre;Ai14 mice are readily visualized without secondary-detection methods. These 

neurons are predominantly neuroendocrine and abundantly express CRH protein, but not 

other PVN phenotypic neuropeptides. After an acute stress, a large majority of tdTomato 

cells express neuronal activation marker c-Fos. Finally, tdTomato PVN neurons exhibit 

homogenous intrinsic biophysical and synaptic properties, and can be optogenetically 

manipulated by viral Cre-driven expression of channelrhodopsin. These observations 

highlight basic cell-type characteristics of CRH neurons in a mutant mouse, providing 

validation for its future use in probing neurophysiology of endocrine stress responses.  

 

6.2 Introduction 

Real and perceived threats to survival engage an evolutionarily conserved endocrine 

stress response. Part of this response, mediated by a hypothalamic-pituitary-adrenal axis 

(HPA), culminates in the release of glucocorticoid hormones in to the blood, promoting 

critical body-wide adaptive changes (Joels and Baram, 2009). At the head of the HPA 

axis is a cluster of parvocellular neuroendocrine cells (PNCs) in the paraventricular 

nucleus of the hypothalamus (PVN) (Ulrich-Lai and Herman, 2009). Decades of careful 

anatomical and physiological study indicates that these neurons, through somatic 

production and release of secretogogues at fenestrated capillaries entering pituitary portal 

circulation, directly control pituitary corticotroph function, and downstream 
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glucocorticoid secretion by the adrenal glands. The most eminent of secretogogues 

produced by rodent PNCs is corticotropin releasing hormone (CRH) or factor (CRF), a 41 

amino-acid peptide (Vale et al., 1981; Bale and Vale, 2004).  

 

Despite the critical role of CRH, and the PVN neurons which manufacture and release it, 

in the function of the HPA axis, adequate and robust tools for specifically visualizing and 

targeting this neuronal population have lagged behind those for other cell types. PVN 

CRH neurons have been difficult to study within a physiological context, in part due to a 

paucity of accumulated CRH peptide in the cell bodies that has necessitated the use of 

colchicine to observe adequate levels of protein (Bloom et al., 1982); in addition, 

experience dependent shifts in the expression of hypothalamic peptides (Swanson et al., 

1986; Watts and Sanchez-Watts, 1995) has hampered definitive identification of PNC 

phenotypes. While much of the field has employed the rat as a model for studying HPA 

physiology, recent advances have generated several transgenic approaches to assess CRH 

neurons through promoter-linked expression of eGFP or Cre recombinase (Alon et al., 

2009; Martin et al., 2010; Sarkar et al., 2011; Taniguchi et al., 2011; Silberman et al., 

2013).  None of these have specifically addressed or detailed the phenotype of labelled 

CRH neurons in the PVN. Given evidence for differences in HPA function and 

anatomical relationships of PVN cell populations (Biag et al., 2012) between mice and 

rats, a solid foundational understanding of the murine PVN will be critical. Here we 

investigated the adequacy of one such targeting strategy and examined the biochemical 

and electrophysiological properties of the PVN neurons it labels. We utilized a recently 

created and commercially available Crh-IRES-Cre knock-in line (Taniguchi et al., 2011) 

which drives expression of Cre from the endogenous Crh promoter. We found that simple 

crosses of these founders with Ai14 Cre-reporter mice (Madisen et al., 2010) generated 

Crh-IRES-Cre;Ai14 progeny with robust PVN expression of red tdTomato fluorescence. 

tdTomato expressing PVN neurons were easily and directly visible in live and fixed 

tissue. These cells were CRH-producing and stress responsive. tdTomato neurons 

exhibited intrinsic and synaptic electrophysiological properties consistent with those 
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reported for rat PNCs, and could be targeted for cell-type specific expression of 

channelrhodopsin. 

 

6.3 Results 

We utilized heterozygous offspring derived from crossing homozygous Crh-IRES-Cre 

and Ai14 mice. In fixed or live tissue, robust intracellular expression of tdTomato, 

allowing for excellent visualization of neuronal morphology, was observed in many brain 

structures known to express CRH protein including cortex, bed nucleus of the stria 

terminalis, and central nucleus of the amygdala. tdTomato somata formed a compact 

cluster in the PVN (Fig. 6.1A). This expression was consistent and robust amongst all 

tested offspring using this mating scheme; all subsequent experiments were performed 

without secondary detection methods amplifying tdTomato fluorescence. 

 

6.3.1 PVN neuropeptide expression profile of Crh-IRES-Cre;Ai14 tdTomato neurons 

Using a Cre-based strategy to define cell groups by genetic identity, while robust, has the 

potential to “mis-label” neuronal populations (Heffner et al., 2012). This can occur either 

because of “leaky” transgenic constructs, or because transient gene expression during 

development is indistinguishable from sustained gene expression in adults using this 

strategy (Morrison and Münzberg, 2012; Padilla et al., 2012). Data available online from 

the Allen Brain Atlas (Abousamra et al., 1987) shows that mRNA expression of Cre-

recombinase or tdTomato in the Crh-IRES-Cre;Ai14 mice, at various ages, is relatively 

consistent with that of Crh in many brain regions, suggesting that this Crh-IRES-

Cre;Ai14 strategy can largely identify cells with endogenous promoter-driven Crh gene 

expression.To further test that this method would be adequate in specifically labeling 

CRH neurons in the PVN, we examined the overlap of tdTomato expression with CRH 

protein in adult mice. We performed immunohistochemistry in Crh-IRES-Cre+/-;Ai14+/- 

mice (n = 5) given i.c.v. colchicine to enhance somatic accumulation of neuropeptides. A 

majority of tdTomato neurons contained CRH (80.5 ± 1.1 %; Fig. 6.1B, C,  6.2F). 

Conversely, nearly all somata containing CRH co-expressed  
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Figure 6.1 Anatomical distribution and CRH protein expression in tdTomato cells in 
the PVN of Crh-IRES-Cre;Ai14 mice.  
A) Confocal images (20× magnification) of the rostral-caudal extent of the PVN in a naïve 
tdTomato mouse. In lower left corner, Allen Brain Atlas level is indicated. B) confocal 
image (40× magnification) of a colchicine-treated Crh-IRES-Cre;Ai14 mouse PVN. In 
green, immunostaining against corticotropin-releasing hormone (CRH) is shown.C) 
Higher magnification of the (100×) image of the box inset in (B). D) Colocalization of 
CRH immunoreactivity and tdTomato at the external zone of the median eminence, shown 
at 40× magnification. Scale bars are 100 µm (A), 50 µm (B, D), and 20 µm (C). 
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tdTomato (96.0 ± 0.3 %). In addition to this, we found that tdTomato could be found at 

the external lamina of the median eminence, where it also colocalized with CRH protein 

(Fig. 6.1D). Given the high degree of colocalization of CRH with tdTomato both in the 

PVN and at the median eminence, we asked what percentage of tdTomato neurons would 

retrogradely transport and accumulate peripherally-delivered fluorogold (FG), identifying 

them as neuroendocrine neurons having, by definition, axon terminations outside the 

blood-brain barrier. In mice given an intraperitoneal injection of FG 5 days prior to 

sacrifice, we found that 85.9 ± 0.2 % of tdTomato neurons contained FG 

immunoreactivity (n = 3 mice; Fig. 6.2A, F). Together these results indicate that adult 

PVN neurons in Crh-IRES-Cre;Ai14 mice largely represent a population of CRH-

producing cells in the PVN, the majority of which are neuroendocrine in nature.  

 

In addition to CRH, the PVN contains many distinct neurotransmitter-expressing 

populations that serve discrete functions. Magnocellular neuroendocrine cells (MNCs), 

which are perhaps the best characterized, produce the neuropeptide hormones oxytocin 

(OT) and arginine-vasopressin (AVP), which are secreted from terminals in the posterior 

pituitary into peripheral blood. More critically, PVN neuroendocrine cells share a 

developmental origin, of which CRH-containing PNCs and MNCs are most similar (Jo 

and Chua, 2009), and colocalization of OT or AVP with CRH has been described in rats 

under many physiological conditions (Sawchenko et al., 1984a; Whitnall et al., 1985; 

Watts and Sanchez-Watts, 1995). In sections from colchicine-treated mice (same mice as 

above; n=5) probed with an antibody against the OT, we found scarce colocalization (3.0 

± 0.5 % of tdTomato+ cells; Fig. 6.2B, F). Most OT+ cells were generally located 

medially or ventrally to tdTomato neurons, with little spatial overlap. Interestingly, of all 

dual OT+/tdTomato+ cells, most were located in the caudal aspect of PVN (Allen 

reference atlas level 64-66 (Abousamra et al., 1987; Biag et al., 2012); 69.4 ± 6.5% of all 

OT+/tdTomato+ cells) of the PVN. In more rostral sections, the remaining 

OT+/tdTomato+ neurons were usually located ventrally. Cells exhibiting AVP 

immunoreactivity were generally distributed, more so than OT, in and amongst 

tdTomato+ cells, with slight medial preference in rostral PVN. Despite this, we also  
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found little colocalization of tdTomato with VP (4.9 ± 0.8 % of tdTomato+ cells; Fig. 

6.2C, F). Two other major neuroendocrine cell populations have been described within 

the PVN: somatostatin (SST) and thyrotropin-releasing hormone (TRH)(Kadar et al., 

2010). We found virtually no overlap of tdTomato expression with SST (3 colocalized 

cells in 5 mice; Fig. 6.2D,F) or TRH (0 colocalized cells; 5 mice; Fig. 6.2E,F) 

immunoreactive cells. While non-somatic TRH immunoreactivity in putative 

dendrites/axons was observed in close proximity to tdTomato neurons, higher 

magnification images confirm that these structures did not colocalize (Fig. 6.2E). 

 

Figure 6.2 Neurosecretory and neuropeptide phenotype of tdTomato cells in Crh-
IRES-Cre;Ai14 mice.  
A) Retrograde transport of peripherally-delivered fluorogold in tdTomato neurons. A 
confocal image (40 X magnification) shows tdTomato in the PVN (red) along with 
fluorogold immunoreactivity. Higher magnification (100X) image indicated by box is 
shown in lower left corner. Neuropeptide immunoreactivity for B) oxytocin (OT), C) 
vasopressin (VP), D) somatostatin (SST), or E) thyrotropin-releasing hormone (TRH; 
with 100X magnification inset) in Crh-IRES-Cre;Ai14 mouse PVN, shown at 40X   F) 
Bar graph showing the percent of tdTomato positive cells that coexpress each 
neuropeptide, each from n = 5 colchicine-treated mice. Graphed data are represented by 
mean ± SEM. Scale bars are 50 µm (A-E large), 20 µm (A, E inset).   
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Together these data suggest that, apart from CRH, Crh-IRES-Cre neurons exhibit very 

limited overlap with other classical PVN neuropeptide markers.  

 

6.3.2 Activation of Crh-IRES-Cre;Ai14 tdTomato neurons following in vivo stress 

In response to a variety of stress challenges, PNCs are subjected to increases in synaptic 

drive and exhibit an increase in neuronal activity, as action potential propagation into 

axon terminals at the median eminence is a necessary step for secretion of vesicle-bound 

pituitary releasing hormones like CRH. A history of robust neuronal activity can be 

observed through increases in PVN cellular expression of the immediate early gene c-Fos 

(Ceccatelli et al., 1989b; Cullinan et al., 1995). We asked to what extent tdTomato 

expressing neurons in the PVN would respond to stress with increases in c-Fos 

expression. 90 min following a 15 min forced swim stress, mice and naïve littermate 

controls were sacrificed. We performed c-Fos immunohistochemistry and quantified 

double positive c-Fos and tdTomato neurons (Fig. 6.3). We found robust induction of c-

Fos expression in the PVN. More importantly we revealed that, following stress, 89.5 ± 

2.3 % of tdTomato+ neurons contained c-Fos (n = 6; Fig. 6.3B, D, F-H). This was 

significantly different from tdTomato neurons from naïve mice, where c-Fos expression 

and cFos/tdTomato coexpression was low (6.1 ± 1.1 %; n = 5; p < 0.0001 vs. stress, 

unpaired t-test; Fig. 6.3A, C, E, G).  

 

6.3.3 Morphological and electrophysiological profile of Crh-IRES-Cre;Ai14 tdTomato 
neurons  

In rats, PVN neuronal cell types have been characterized using electrophysiological 

methods (Hoffman et al., 1991; Luther and Tasker, 2000; Luther et al., 2002). Despite 

this, certainty over the transmitter phenotype has not been as robust or successful for non-

OT/AVP cell types. Some studies, in rats, have confirmed some PNC- or CRH neuron- 

specific biophysical properties by relying on laborious single cell RT-PCR, or post-hoc 

immunohistochemistry (Melnick et al., 2007; Price et al., 2008; Hoyda et al., 2009; 

Korosi et al., 2010), but a detailed description of a murine equivalent has been lacking. 

Thus, we investigated whether Crh- 
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Figure 6.3 Induction of c-Fos protein in PVN tdTomato neurons following stress.  
A,B) tdTomato expression in the PVN of naïve Crh-IRES-Cre;Ai14 mice, and one 
exposed to a 15 min forced swim stress, 90 min prior to sacrifice. Confocal image at 15X.  
C,D) c-Fos immunoreactivity in these naïve or stress brain sections, showing an 
increased number of c-Fos containing nuclei following stress. E,F) Merged image 
showing high spatial colocalization of c-Fos and tdTomato in the stressed, but not naïve, 
mouse. G) Bar graph summarizing changes in the percentage of tdTomato neurons co-
expressing c-Fos in naïve (n = 5) versus stressed (n = 6) mice. H) Higher magnification 
(100X), of c-Fos immunoreactivity in tdTomato cells from a stressed mouse. Data 
summarized in (H) are mean ± SEM. Scale bars are 200 µm (A-F) and 20 µm (H). 
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IRES-Cre+/-;Ai14+/-mice would delineate an electrophysiologically homogenous cell 

population. We obtained whole-cell recordings from tdTomato+ neurons in acute in vitro 

hypothalamic slices. We included Alexa-488 hydrazide and biocytin as morphological 

indicators for confirming cell tdTomato expression and morphology in real time and in 

post hoc analysis (Fig. 6.4A). We observed that tdTomato neurons (n = 8) were 

morphologically simple, consistent with descriptions for rat PNCs (Armstrong et al., 

1980; Van Den Pol, 1982; Rho and Swanson, 1989). From their fusiform somata we 

noted the emergence of two or three processes. In a few cases, putative axons could be 

observed to penetrate deep into the slice, hundreds of microns away from the PVN. Some 

putative dendrites exhibited additional bifurcations, and some possible spine-like 

structures.  

 

tdTomato+ neurons (Fig. 6.4B) display many electrophysiological characteristics similar 

to rat PNCs, including relatively high input resistance (932.9 ± 19.8 MΩ, n = 23) and 

near linear input-output current-action potential relationship with moderate spike-

frequency adaptation (Fig. 6.4C-D). Latency to a first action potential was short, 

decreasing further with incremental current injection from -80 mV. With 60 pA current 

injection, latency was 45.4 ± 6.8 msec (n = 23; Fig. 6.4E). Firing onset was particularly 

short when compared to larger diameter tdTomato-negative cells (Fig. 6.4C lower right) 

which consistently expressed a stereotyped delay (121.4 ± 13.8 msec at 60 pA; P < 

0.0001 vs. tdTomato+; Fig. 6.4E). This phenotypic difference in action-potential latency 

is consistent with low expression, in PNCs, of the transient inward voltage-gated 

potassium current that delineates MNCs in rats (Luther and Tasker, 2000). We failed to 

observe, at least in the mid-rostral/caudal-level PVN where most of our recordings were 

obtained, low-threshold spikes which can be observed in rat neurons projecting to other 

central structures (Luther et al., 2002).  

 

We next investigated whether tdTomato+ neurons uniformly received both fast 

glutamatergic and GABAergic transmission. In voltage-clamp recordings in the presence  
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of picrotoxin, spontaneous excitatory post-synaptic currents (EPSCs) could be observed 

(amplitude: 23.5 ± 1.6 pA; frequency: 7.3 ± 2.6 Hz; n = 12; Fig. 5A), and larger action 

potential-dependent EPSCs evoked from the surrounding neuropil (eEPSCs; Fig. 6.5B). 

Similar to in rat PNCs(Kuzmiski et al., 2010), these excitatory synapses mostly exhibited 

paired-pulse depression when two evokes were delivered with a 50 msec interval (paired-

pulse ratio/PPR: 0.86 ± 0.05; n = 12; Fig. 6.5B). In addition to these AMPA receptor 

(AMPAR) mediated EPSCs, these synaptic inputs also exhibited an NMDA receptor 

(NMDAR)-mediated current component at depolarized holding potentials upon addition 

of AMPAR antagonist DNQX (AMPA:NMDA ratio: 2.1 ± 0.2; n = 11; Fig. 6.5C). With 

DNQX alone in the bath, at -80 mV, and with 12 mM chloride in the standard 

intracellular solution, spontaneous GABAA-receptor (GABAAR)-mediated inward 

currents were observed (amplitude: 27.6 ± 2.1 pA; frequency: 4.0 ± 0.63 Hz; n = 17; Fig. 

6.5D) and could be evoked, showing consistent paired-pulse depression (paired-pulse 

ratio: 0.73 ± 0.03; n = 17; Fig. 6.5E). These currents reversed at –54.3 ± 0.8 mV (Fig. 

6.5F), consistent with GABA transmission in naïve PNCs in rats (Hewitt et al., 2009). 

Together, these electrophysiological findings provide a characterization of the cellular 

and synaptic properties of CRH neurons in the PVN.  Robust expression of tdTomato in 

live PVN tissue of Crh-IRES-Cre+/-;Ai14+/-  provides an improved and reliable method of 

cell identification for future patch-clamp studies of synapses and excitability of CRH 

neurons.  

 

6.3.4 Optogenetic manipulation of Crh-IRES-Cre neurons  

Finally, we investigated the feasibility of utilizing Crh-IRES-Cre mice as a tool to 

optogenetically target CRH neurons. Using local PVN microinjection of an AAV 

containing a floxed channelrhodpsin (ChR2) construct which is expressed in a Cre-

dependent manner, we were able to infect PVN neurons and visualize YFP-tagged ChR2 

in these cells in hypothalamic slices (n = 8; Fig. 6.6A). YFP+ neurons exhibit intrinsic 

membrane properties in whole-cell recordings that are indifferent from those reported 

above for tdTomato neurons (not shown). Using a fibre optic to deliver 473 nm blue light 

to the slice, we elicited large photo-currents (ranging 200 pA to 1.5 nA; Fig. 6.6B) and  
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with short pulses (1-5 msec), varying light power (0.5 mW increments) could efficiently 

drive single action potentials (Fig. 6.6C).  Trains of 473 nm light pulses reliably elicited 

action potentials at frequencies up to 20Hz (Fig. 6.6D). Plateau potentials occurred at 

frequencies 50 Hz and higher. These data indicate that specific optogenetic manipulation 

of CRH neurons is an effective and potentially useful strategy for studying the 

physiological consequences of CRH neuronal activity. 

 

6.4 Discussion 

Our study of Crh-IRES-Cre+/-;Ai14+/- mice validates a simple strategy to directly 

visualize and optogenetically control stress-responsive and CRH-producing neurons in 

the PVN. We found that these mice exhibit robust cellular expression of tdTomato 

fluorescence highly colocalized to CRH protein in the PVN and the median eminence. 

We also found that tdTomato was largely distinct from PVN OT or VP populations. 

Following a forced swim stress, a vast majority of tdTomato neurons express cell 

activation marker c-fos, suggesting that tdTomato reporting reliably targets a highly 

stress-responsive neuronal population. Finally, Crh-IRES-Cre+/-;Ai14+/- tdTomato 

expressing cells in the PVN are highly amenable to both electrophysiological and 

optogenetic study, and form a population of neurons similar to rat PNCs. Together, these 

data offer a detailed description of basic morphological, biochemical, and 

electrophysiological properties of CRH neurons in the mouse PVN.  

 

A number of Cre-loxP-based approaches directed towards reliably identifying CRH 

neurons have emerged in the past few years, highlighting the critical need for tools in this 

research area (Alon et al., 2009; Martin et al., 2010; Sarkar et al., 2011). While each of 

these transgenic/mutant mouse lines holds value, a thorough characterization of the target 

population of PVN neurons has been missing. The use, here, and in one other study 

(Silberman et al., 2013), of recently described knock-in CRH Cre-driver line in 

combination with Ai14 reporter mice may also hold advantages over some previous 

strategies. First, because Cre is inserted immediately following the  
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endogenous Crh gene locus, Cre expression may occur in a manner more similar to 

native promoter-driven Crh expression (Taniguchi et al., 2011). Second, use of the Ai14 

Cre-reporter line results in unparalleled morphological detail of labeled neurons, and is 

one of the most robust reporters currently available (Madisen et al., 2010). Indeed, we 

consistently observed abundant tdTomato levels in animals heterozygous for both Crh-

IRES-Cre and Ai14 alleles in both live and fixed tissue, with no need for signal 

amplification.  

 

We found that tdTomato expression overlaps extensively with CRH immunoreactivity in 

both PVN and median eminence, and also with c-Fos protein following stress. Expression 

of tdTomato was near-universal in CRH immunopositive soma, suggesting extremely 

efficient Crh promoter-driven Cre recombination. Conversely, while expression of CRH 

in PVN tdTomato neurons was very high, tdTomato cells were considerably more 

abundant. This may occur because Cre-mediated recombination, and thus tdTomato 

expression occurs cumulatively over development - reflecting a cellular history of Crh 

gene transcription; exploiting this trait could be interesting in the context of perinatal 

exposures to stress (Lupien et al., 2009; Korosi et al., 2010). Additionally, the Cre-loxP 

labeling sensitivity may exceed that of antibody-based CRH protein detection, even at the 

very high dose of colchicine used here. Importantly, because we observed extensive c-

Fos expression in these neurons, this method may be anyways useful to identify a 

functionally homologous population of stress-related neurons independently of CRH 

synthesis levels. These data, together with in situ hybridization studies publicly available 

for this line (Abousamra et al., 1987) support the idea that Crh-IRES-Cre;Ai14 mice are a 

valid tool for marking bonafide CRH-producing neurons. Colchicine treatment has been 

almost universally necessary, even to poorly appreciate CRH neuron morphology in the 

past(Rho and Swanson, 1989). Colchicine is toxic at typically used doses, and thus is a 

profound physical stress (Ceccatelli et al., 1989b). Thus, this mouse model could be 

extremely useful in future anatomical studies of CRH neurons both by reducing animal 

suffering and the confounding effects of colchicine treatment on stress physiology.  
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The structure and organization of the rat PVN has been repeatedly described, and 

meticulously detailed in recent years (Simmons and Swanson, 2009). In contrast, few 

descriptions exist for mice. In agreement with one such study by Biag et al (Biag et al., 

2012), we, too, noted that the spatial relationship of parvocellular (CRH/tdTomato) and 

magnocellular (OT/VP) regions of the PVN appears to be inverted compared to the rat, 

with tdTomato neurons found more laterally in the mouse PVN. Taken together with 

these previous descriptions, our observations point to a fundamental architectural 

difference in PVN between these two commonly used rodent species. On the other hand, 

some similarities also exist. For example, co-expression of tdTomato with either OT or 

VP was very low in these animals, which coincides with reports from adrenally intact or 

non-stressed rats (Watts and Sanchez-Watts, 1995; Simmons and Swanson, 2009). In 

rats, CRH only colocalizes with VP in PNCs when glucocorticoids are removed (Watts, 

1996) or after repeated stress (De Goeij et al., 1991; Bartanusz et al., 1993). CRH 

colocalizes with OT in magnocellular neurons during cellular dehydration (Dohanics et 

al., 1990). These types of colocalization profiles have yet to be examined in mice. 

Anatomy notwithstanding, we found that many basal electrophysiological and synaptic 

properties of PVN cell types appear to be conserved between the two rodent models. 

tdTomato+ neurons exhibited short latency to action potential firing, in contrast to 

negative neurons, many of which displayed delayed firing. This concurs with 

electrophysiological profiling of PNCs compared to MNCs in rat (Hoffman et al., 1991; 

Luther and Tasker, 2000; Luther et al., 2002). In addition, high release probabilities of 

both glutamatergic and GABAergic inputs onto tdTomato neurons, also seen in rat PNCs, 

further confirms that synapses on CRH neurons may effectively act as low-pass filters 

under naïve conditions (Marty et al., 2011). These data suggest, overall, a preserved 

method of information transfer and processing may exist for CRH neurons.   

 

How far homology of intrinsic and synaptic properties in naïve rodent PVN neurons 

extends to stress-relevant synaptic (Wamsteeker and Bains, 2010), cellular, or system 

level physiology remains to be seen. We hypothesize that an additional advantage of Crh-

IRES-Cre;Ai14 mice is the ability to reliably identify a stress-relevant neuronal 
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population following acute or chronic stress experiences. Thus far, we have been obliged 

to assume that the intrinsic properties used to identify PNCs are static. Given that 

neuropeptide expression, for example, undergoes dramatic changes with physiological 

manipulation (Sawchenko et al., 1984b; Watts, 1996), this assumption may be wrong. In 

any case, current literature suggests that at least one stress-associated synaptic change is 

conserved, to our knowledge: In both rats and mice, stress exposure causes alterations in 

PNC chloride homeostasis, resulting in excitatory GABA transmission (Hewitt et al., 

2009; Sarkar et al., 2011). While the basic function of the HPA is preserved in diverse 

organisms: from teleost fish to human beings, several modifications have been made 

through evolution (Denver, 2009). Indeed, HPA adaptations to repeated/chronic stress 

challenges, usually described in conventional rat models, are only sometimes studied or 

replicated in mice (Hennessy and Levine, 1977; Reber et al., 2007; Grissom and 

Bhatnagar, 2008; Nyuyki et al., 2012). Resulting discrepancies are difficult to interpret in 

relation to the value of specific animal models in their relevance to stress resilience or 

susceptibility to disease in humans, they highlight a need for multiple model organisms, 

including mice, in future research. 

 

In addition to characterizing CRH-producing neurons, we show successful virus-driven 

expression of an exogenous protein: channelrhodopsin to highlight the utility of Crh-

IRES-Cre mice for study and targeting of CRH neurons through the Cre-loxP method. 

While channelrhodopsin in particular has garnered recent attention in studies of 

stress/fear circuits (Johansen et al., 2012), the ultimate purpose of this experiment is to 

exemplify one targeted manipulation of many that have recently been created to expand 

the Cre-loxP “toolbox” for neuroscientists. One can envision, for example, that a similar 

viral or transgenic strategy using DREADDs (Atasoy et al., 2012) or halo-/archeo-

rhodopsins (Madisen et al., 2012) to, instead, silence CRH neurons during a stress may 

reveal specific contributions and/or dynamic interplay of HPA or higher stress circuits in 

stress adaptation. Alternatively, cell specific knock-out of single genes and gene products 

(Gafford et al., 2012), or genetically-encoded tracers of ionic/voltage indicators 

(Boldogkoi et al., 2009; Zariwala et al., 2012)  could be achieved through many of the 
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“floxed“ genetic constructs becoming increasingly available. Thus, utilization of tools 

such as the Crh-IRES-Cre mouse will undoubtedly increase in their value as science 

moves towards tackling causal questions in brain and body function, particularly in our 

understanding of neuroendocrine physiology. 
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 Discussion  Chapter Seven:

 

7.1 Summary of findings 

The chapters of this thesis contain the following findings: Chapter 3 shows that in 

response to a brief depolarization, PNCs produce eCBs that act as retrograde signals at 

both glutamate and GABA afferent synapses (Wamsteeker et al., 2010). This eCB-STD 

(DSI/E), exhibits complex modulation by stress and glucocorticoids. Acutely, eCB_STD 

is enhanced by GCs. Following repeated exposure to the same stressor over the course of 

five days, it is impaired and takes days to recover. Failure of hormonal adaptation to this 

repeated stress challenge accompanies loss of eCB-STD while habituating adult rats 

retain functional signaling. Paralleling this loss of plasticity, presynaptic CB1R agonist 

responses are markedly reduced. Chapter 4, shows that impaired CB1R function 

following repeated stress may be caused by altered presynaptic activity state. eCB-STD 

was rapidly recovered by increasing stress circuit activity in vivo by ECS or novel stress, 

or in vitro with patterned afferent recruitment or elevated external K+ (Wamsteeker 

Cusulin et al., Submitted manuscript). In contrast to short-term eCB-mediated plasticity 

produced by seconds of depolarization, chapter 5 reports that following stress, sustained 

pre- and post- synaptic activity induced LTD of PNC glutamate and GABA synapses. 

LTD was gated by stress-associated GR activation that enhanced signalling through 

mGluR5  (Wamsteeker Cusulin et al., 2013a). This liberated a dendritic opioid, likely 

enkephalin, which functions as a retrograde signal at presynaptic µ-ORs to persistently 

decrease in Pr . These eCB and opioid mechanisms are illustrated in Figure 7.1. Finally, 

chapter 6 shows the development of a new strategy for targeted investigation of CRH 

neuron function and plasticity in vivo in the future through the use of recently developed 

Cre LoxP-based tools (Wamsteeker Cusulin et al., 2013b). In summary, this thesis 

provides evidence for embedded retrograde signalling mechanisms at the final synapses 

in stress-circuits that may contribute to GC feedback modulation of endocrine stress 

responses. 
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7.2 Dynamic synapses for dynamic stress responses 

Experience-dependent tuning of synaptic strength occurs throughout the CNS. While 

autonomic and neuroendocrine control are evolutionarily hardwired in mammals, 

functional synaptic flexibility may allow critical homeostatic functions to be 

appropriately recruited during repeated survival challenges but also adapt to long-term 

changes in environment. Modifications of synapses onto PNCs, which are the final 

integration locus in stress circuitry, have important consequences for GC blood levels. 

Including the work described here, there are now several studies showing how stressor 

exposures modify future neuroendocrine responses through priming activity dependent 

modulation of synaptic strength on HPA command neurons. While no current evidence 

exists for modulation of quantal size in PNCs, both synapse number and synaptic Pr have 

emerged in several publications as targets of experience. 

 

First, N, the number of synapses/synaptic release sites on PNCs is dramatically 

influenced by stress history. Early in life, a maternal separation stressor paradigm which 

reprograms the HPA towards hypoactivity also permanently reduces excitatory synapse 

numbers (Korosi et al., 2010). Chronic variable stress paradigms in adulthood also appear 

to modify numbers of synapses onto PNCs (Verkuyl et al., 2004; Flak et al., 2009). One 

recent study has demonstrated that both glutamate and GABA contacts on CRH PNCs 

double in number (Miklós and Kovács, 2012). Furthermore, GABA synaptic contacts 

undergo rearrangement from somatic to dendritic locations. How glutamate synapses are 

formed remains a question but we have recently uncovered how stressors may increase 

functional GABA synapses (Inoue et al., 2013). In this study, we discovered that NA 

released during an acute stress primes PNCs so that subsequent synaptic recruitment 

causes all-or-none membrane insertion of new GABA synapses, manifesting as an LTP 

of GABA transmission (NA-LTPGABA). In this work, published alongside chapter 5, we 

found distinct synaptic changes that are dissociable in PNCs by the temporally distinct 

actions of NA and GC stress mediators. 
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Figure 7.1 Mechanisms of activity-dependent retrograde suppression of GABA and 
glutamate synaptic input in PNCs 
Depolarization, in short duration, drives the production and release of eCBs to mediate a 
transient  CB1R-dependent suppression of synaptic transmission (Above, Left). During 
longer periods of concerted depolarization paired with synaptic recruitment, voltage-
dependent channels and mGluRs cooperate to drive Ca2+-dependent vesicle fusion and 
opioid release, resulting in presynaptic µOR LTD (Above right). Presyaptic CB1R 
function undergoes functional shifts depending on a presynaptic activity mechanism 
which reflects experience valence (Below, Left). GCs gate µOR LTD by GR-dependent 
functional downregulation of RGS4 to amplify mGluR signaling. 
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Several lines of evidence also indicate that multiple retrograde signalling processes in 

PNCs induce plasticity that is expressed as Pr changes at glutamate and GABA synapses. 

These processes are recruited, primed, and modified by stressful experiences. Two 

examples of this include data presented in this thesis suggesting that eCBs and opioids 

cause presynaptic STD and LTD respectively. One additional form of presynaptic short-

term plasticity occurs at glutamate synapses. During acute stressor exposure, intra-PVN 

release of CRH causes suppression of NMDAR function (Kuzmiski et al., 2010). This 

elimination of a potential Ca2+ source recruited during short high-frequency synaptic 

bursts inhibits postsynaptic vesicle fusion and release of an unidentified retrograde signal. 

In the absence of this signal, glutamate synapses exhibit activity-dependent 

multivesicular release and STPglutamate. Acute stressors have also been reported to alter 

basal GABA Pr through GRs (Verkuyl and Joels, 2003; Verkuyl et al., 2005), however 

we have been unable to replicate this data (Fig. 5.2). These studies together indicate that 

that Pr is something which is strongly self-determined or autoregulated by PNCs during 

physiological challenges. PNCs, while integrating synaptic information from multiple 

regions of the brain, are exquisitely positioned to defend homeostatic function. Thus 

synaptic auto-regulation via retrograde messengers may be one way in which PNCs 

maintain an appropriate working range for neuroendocrine responses.  

 

7.3 Insights into modulation of retrograde signalling process 

 

We show evidence in chapters 3 and 4 that eCB signalling is surprisingly plastic at PNC 

synapses through experience-dependent modifications to CB1R function. Furthermore, 

we show the stress/GCs are important metaplastic signals for dendritic opioid release. 

These data stand alongside similar findings published during and after the start of this 

thesis. In fact, it is becoming increasingly clear that throughout the brain, retrograde 

signaling is highly modifiable. There is a diverse and rapidly expanding list of 

mechanisms that can modulate the expression and magnitude of retrograde signals and 

thus contribute to plasticity of retrograde signalling in discrete circuits. For example: 

other neuromodulators, neural activity and co-released retrograde signals all provide 
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potential sources of change (Iremonger et al., 2013). Furthermore, evidence is 

accumulating that these mechanisms may be enacted at many synapses following 

physiological experiences like energy balance challenges, drug abuse, neurological or 

neurodevelopmental disorder models, or stress. In this thesis I provide data that stress, in 

the context of circuit activity and stress-related neuromodulators like GCs are important 

modifiers of retrograde signalling. 

 

7.3.1 Modulation of retrograde signalling by GCs  

The stress mediators NA and GCs are amongst many neuromodulators that can shape 

retrograde signalling. NA, for example, drives eCB release in PVN MNCs during 

homeostatic challenges of blood loss (Kuzmiski et al., 2009). GCs have also come under 

special attention in recent years as interaction partners of eCBs at synapses (Crosby and 

Bains, 2012). Apart from putative rapid membrane GC-driven eCB recruitment (Di et al., 

2003), there is strong evidence for GR-dependent modulation of retrograde signalling. 

First, it appears that GCs released during a stress may influence Ca2+ influx processes. In 

chapter 5, I found that one potential way this may be accomplished in PNCs is through a 

functional downregulation of RGS4, a protein which dampens Gq-mediated GPCR 

signalling. In the hippocampus, glucocorticoid receptor (GR) activation in hippocampal 

CA1 neurons following acute restraint stress enhanced depolarization- and GPCR-driven 

eCB signaling at GABA synapses (Wang et al., 2012). In this instance, modifications to 

L-type Ca2+ channels have been implicated as the target of GRs for DSI enhancement. 

Whether this process is responsible for the enhancement of DSI in PNCs following 

CORT incubation (chapter 3) remains an open question. Since both eCB-STD and opioid 

LTD require L-type VGCCs, it is possible that GC exposure may enhance both this 

process and mGluR signalling. In addition to enhancing Ca2+-dependent eCB release, 

others have found that GCs may also influence eCB breakdown. Following repeated 

exposure to restraint stress, enhancement of eCB signaling is observed at GABA 

synapses in the BLA (Patel et al., 2009). This effectively acts as a state-dependent gate 

for long-term eCB-mediated synaptic plasticity (Sumislawski et al., 2011). Interestingly, 

this effect was mimicked or blocked by manipulation of the 2-AG degradation enzyme 
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MAGL. We found that while transient GR activation by CORT enhanced DSI, GR 

blockade prevented loss during repeated stress. While GCs may be acting separately on 

pre- and post-synaptic eCB signalling elements to effect these two divergent changes, it 

might be interesting to consider otherwise. For example, given strong evidence for use-

dependent functional antagonism of eCB signalling (discussed further below) the same 

eCB-enhancing mechanisms, either MAGL inhibiton or VGCC enhancement, could 

account for both such observations.  

 

7.3.2 Altered presynaptic function as a target of experience 

In a number of circuits, changes in presynaptic CB1R signaling are observed following 

diverse in vivo experiences (Iremonger et al., 2013). This points to a potential common 

point of regulation in retrograde signalling processes that may distinguish this form of 

synaptic plasticity from many others.  The conditions under which these occur includes: 

hyperthermic seizures (Chen et al., 2003), repeated/chronic stress exposure(Rossi et al., 

2008; Wamsteeker et al., 2010; Wang et al., 2010) , food deprivation (Crosby et al., 

2011), nutritional omega-3 deficiencies (Lafourcade et al., 2011), an amyotrophic lateral 

sclerosis disease model (Rossi et al., 2010), a Huntington’s disease model (Blazquez et 

al., 2011; Chiodi et al., 2012), experimental autoimmune encephalitis (Rossi et al., 2011), 

or an attention deficit/hyperactivity disorder model (Castelli et al., 2011), or exposure to 

drugs of abuse (Fourgeaud et al., 2004; Mato et al., 2004). The mechanisms underlying 

this common phenotypic change in eCB signaling are difficult to resolve, and may 

involve changes at many points in the retrograde signaling pathway. Genomic regulation 

of CB1R expression is one regulatory mechanism for some of these scenarios (Mailleux 

and Vanderhaeghen, 1993). However, given the evidence that I have presented in this 

thesis, I hypothesize that two major processes could be contributing to many such 

phenomena: 1) use-dependent functional antagonism, and 2) experience-dependent 

alterations in presynaptic activity state. 
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7.3.2.1 Use-dependent alterations of eCB system 

One commonality among these chronic or intense physiological manipulations is that the 

affected circuits are often those in which eCBs might be strongly or repeatedly recruited 

during the challenge. It is presumable that this would be the case for PNCs, whose 

activity, and therefore eCB production, may increase robustly during each stress 

challenge (Patel et al., 2005). CB1Rs, like many GPCRs are prone to agonist-induced 

desensitization (Coutts et al., 2001; Mikasova et al., 2008; Wu et al., 2008).  In vivo 

exposure to cannabinoid agonists like THC, for example, may functionally impair eCB 

signaling at some synapses through such a “functional tolerance” process (Hoffman et al., 

2003; Mato et al., 2004; Mato et al., 2005). Given that CB1R density is variable across 

different synapses and structures (Herkenham et al., 1990), retrograde signaling integrity 

at different synapses may be uniquely susceptible (or resistant) to manifestations of 

CB1R desensitization and internalization in the face of repeated or prolonged ligand 

exposure. CB1R protein levels in the PVN, for example, are relatively lower than many 

other brain regions (Wittmann et al., 2007). This might explain why DSI is exquisitely 

sensitive when eCBs are repeatedly produced by increases in PNC activity across a 

number of stress challenges. It does not, however, explain why manipulations of 

presynaptic activity state are able to rapidly recover CB1R function. For this, one might 

postulate that additional, yet unknown processes that govern CB1R mobility, recycling, 

or second messenger recruitment may be playing a part. 

 

Furthermore, it is interesting to consider that many mechanisms and conditions that lead 

to priming and enhancement of eCB signalling (e.x. GR downregulation of MAGL in the 

BLA), may contribute to accelerations of this process during chronic or repeated eCB 

system engagement. Inhibiting 2-AG degradation by MAGL inhibitors acutely enhances 

DSI/E at many synapses (Hashimotodani et al., 2007; Patel et al., 2009; Tanimura et al., 

2012). By contrast, chronic inhibition or genetic deletion can lead to reduced DSI/E and 

CB1R agonist sensitivity in a synapse-specific manner (Chanda et al., 2010; Schlosburg 

et al., 2010; Pan et al., 2011; Zhong et al., 2011). Situations like this leading to functional 

CB1R antagonism have been termed ‘endocannbinoid overload’ (Lichtman et al., 2010). 
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Under these conditions, while eCBs like 2-AG are chronically elevated, tonic CB1R 

activation cannot completely account for the observed losses in function. While it is 

interesting to view this as a possible explanation for collapse of eCB signalling in PNCs 

during repeated stress, and its prevention by RU-486 administration, a number of 

questions will need to be answered. For example, one must predict that “eCB overload” 

would be situation- and ligand- specific in circuits. It is becoming apparent that AEA and 

2-AG are recruited under distinct conditions to mediate CB1R-depdendent plasticity 

(Puente et al., 2011; Yoshino et al., 2011; Castillo et al., 2012; Mathur et al., 2013). This 

is a critical point given that additional evidence that manipulations of AEA hydrolysis 

yield dissimilar results from 2-AG (Lichtman et al., 2010) and AEA/2-AG pathways may 

exhibit crosstalk(Maccarrone et al., 2008). Thus, how and why impairments in CB1R 

function in PNCs occur following repeated stress challenge remains an intriguing puzzle 

for future study.  

 

7.3.2.2 Activity-dependent alterations of the eCB system 

In addition to use-dependent changes in eCB signalling integrity, presynaptic activity or 

excitability dynamically also modifies CB1R function in a manner that is not well 

understood. Neural activity and associated GPCR recruitment and Ca2+ elevations are 

undoubtedly stimuli for retrograde signal production. Interestingly, patterned neural 

activity can also provide long-term modification of the efficacy of subsequently 

stimulated retrograde signaling. For example, classical short- and long-term synaptic 

plasticity paradigms at Schaffer collaterals in the hippocampus either at low frequency (5 

min at 1 Hz, (Zhu and Lovinger, 2007)) or high frequency (5 x 10s at 100 Hz, (Chen et 

al., 2007)) results in a long-term enhancement of DSI. This enhancement requires the 

activation of mGluRs for both stimulation protocols and may resemble reciprocal priming 

between mGluRs and depolarization in eCB production (Edwards et al., 2008). 

Complementing such observations, presynaptic activity levels and/or membrane potential 

have repeatedly been shown to play roles in gating presynaptic inhibition mediated by 

CB1Rs (Varma et al., 2002; Foldy et al., 2006; Singla et al., 2007; Heifets et al., 2008; 

Adermark and Lovinger, 2009; Adermark et al., 2009; Lourenco et al., 2010). Our data 



 

 132 

also indicate strongly that such presynaptic activity-dependent gating processes are also 

at play. We also find that these dynamic changes in eCB signalling may somehow reflect 

differences between the representations of distinct in vivo experiences in PNC afferents. 

How such changes come about at presynaptic terminals remains an open question, one 

that has similarly plagued past investigations. One could predict that many variables 

could serve as control points for such regulation, each of which are difficult to 

appropriately test using our current electrophysiological approach.  

 

Together, the notions of use-dependent and activity-dependent modifications of eCB 

function provide interesting mechanistic links for the observations I have made in 

chapters 3 and 4 of this thesis. Clearly, given the example of eCBs, retrograde signaling 

can be a more dynamic and complex adaptive process than previously thought. 

 

 

7.4 Physiological significance 

 

7.4.1 GC feedback – endocannabinoids and opioids as stress circuit breakers 

PNC activity levels reflect the integration of 1) synaptic drive and 2) circulating GC 

levels (Watts, 2005). This scenario fits with a view of PNCs as setpoint regulators for 

regulation of the HPA within the framework of a traditional homeostatic controlled 

system (Figure 7.2). I demonstrate here two PNC retrograde signaling mechanisms, eCBs 

and opioids, which act to non-selectively suppress incoming synaptic input. Furthermore 

we show that these processes are under dynamic regulation and gating by GC feedback to 

the PVN. From this, a view of retrograde signaling as an embedded micro-feedback 

mechanism contributing to GC macro-feedback emerges.  

 

I found that 1 hour of CORT exposure enhanced retrograde eCB STD (chapter 3) and 

unmasked a retrograde opioid LTD (chapter 5).  These CORT actions conform to the 

time period classically defined as the “delayed” domain of GC feedback  
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(Keller-Wood and Dallman, 1984a). During this time, endocrine responses to any 

subsequent stressors are blunted in proportion to the levels of CORT produced by the first 

exposure (Keller-Wood and Dallman, 1984a). This period takes into account the time 

estimated for entry of CORT into the brain (Droste et al., 2008) and the more gradual 

emergence of  genomic GR–dependent actions (Keller-Wood and Dallman, 1984a). 

Given that GABA transmission onto PNCs during stress is excitatory (Hewitt et al., 2009; 

Sarkar et al., 2011), retrograde eCB or opioid suppression of both GABA and glutamate 

release during either a brief  (eCBs) or sustained (opioids) period of PNC activity 

represents a potential mechanism by which synaptic inputs are disconnected to reduce 

PNC excitation from stress circuit afferents (Figure 7.2). This may exist as the synaptic 

 

 
Figure 7.2 Retrograde signals as embedded feedback mediators 
Schematic of a typical controlled system for homeostatic regulation of a physiological 
parameter (left) with representation of stress-axis elements in this paradigm (centre). Part 
of the comparative process for HPA recruitment involves an embedded autoregulatory 
mechanism at synapses that is gated or modified by CORT feedback (right). 
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underpinning of the GC–induced “refractory period” imposed onto PNCs in vivo (Keller-

Wood and Dallman, 1984a).  

 

It is interesting to note that distinct forms of plasticity in PNCs appear to exhibit different 

thresholds for induction. For example, unlike eCB-STD, CRH-STPglutamate, or NA-

LTPGABA, LTD is only evident following a relatively longer period of sustained synaptic 

and postsynaptic activity. Also unlike LTD, eCB-STD also occurs without prior GC 

exposure. While speculative, given the paucity of data regarding firing patterns of PNCs 

or their afferents during in vivo stress, this induction requirement suggests opioid-LTD 

may preferentially serve a homeostatic function, imposing a ceiling on HPA activation 

and limiting systemic exposure to pathological levels of GCs during prolonged periods of 

stress. In contrast, eCBs may be involved in a subtler shaping of HPA output. Indeed, in 

vivo evidence suggests that CB1Rs also play an ongoing role maintaining basal stress-

axis function (Patel et al., 2005; Cota et al., 2007; Steiner and Wotjak, 2008). In line with 

this, I found evidence for some tonic CB1R (but not µOR) activation existed at PNC 

GABA synapses (chapter 4).  

 

eCB-STD and opioid-LTD mechanisms may act to mask or compete with the “priming” 

mechanisms imparted to PNCs during a stress (Keller-Wood and Dallman, 1984a; 

Kuzmiski et al., 2010). Two such mechanisms are candidates for this: glutamate STP and 

GABA LTP are unmasked through metaplastic actions of other major stress mediators 

CRH and NA (Kuzmiski et al., 2010; Inoue et al., 2013). These mechanisms are apparent 

immediately following stressor exposure, while GC enhancement of eCB-STD and 

opioid-LTD occurs after at least 1 hour. Together, these findings provide mechanistic 

underpinnings for bidirectional synaptic adaptations that can occur during different 

temporal windows after a single stress experience. These studies suggest that polarity of 

synaptic metaplasticity on PNCs is a function of the time domain over which 

neuromodulatory stress mediators elicit their actions, and hint at the complex dynamics 

that allow stress circuits to respond and evolve with experience.   
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7.4.2 Repeated stress, adaptive/maladaptive changes 

The current understanding of why HPA phenotypic flexibility exists is still a matter of 

discussion. One idea that has gained some support is that GC responses, while 

adaptogenic, create a trade-off between short-term survival and long-term fitness 

(Angelier and Wingfield, 2013). During early-life exposures, the HPA undergoes a 

learning process in which it anticipates the types and intensity of survival challenges it 

may be required to meet during the course of life. Current theories suggest that stress-axis 

gene and early life environment variables may dictate how successful certain individuals 

within a population will be in coping with and adapting to stress over their lifetime. This 

concept has been popularized in the currents literature under the umbrella term of stress 

resilience (Feder et al., 2009). HPA habituation is typically considered one adaptive 

process that helps individuals to be resilient. In contrast, facilitatory/sensitizing or 

excessive HPA recruitment is maladaptive, leading to deleterious GC overexposure and 

impaired GC feedback. It is possible that these types of processes simply reflect a 

mismatch between early life and later life challenges. Yet, regardless of habituative or 

facilitative responses, it is commonly believed that hits accumulate, leading to the 

concept of stress load, or “allostatic load”, a concept used extensively by Bruce 

MacEwen (McEwen, 2003). This has led to a broad hypothesis about how stress either 

causes or contributes to disease and aging processes of an astounding variety. As an 

example of this, elevated cortisol and impaired performance on GC feedback tests (the 

DEX-suppression test) are perhaps the most robust known biomarker of major-depression 

in humans to date (Young et al., 1991; Vreeburg et al., 2009). In animal models, chronic 

stress exposure that leads to HPA hyperactivity, hypersensitivity, and impaired GC 

negative feedback, for example, have long stood as the most prominent experimental 

models of major depressive disorder (McEwen and Stellar, 1993). Intriguingly, chronic 

elevations of GCs, in the absence of stress are sufficient to recapitulate depression-like 

alterations in their entirety (David et al., 2009). Unfortunately most studies in animal 

models have focused exclusively on the actions of GCs in the hippocampus, PFC, or 

amygdala to understand etiology and treatment strategies (McEwen, 2003; de Kloet et al., 
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2005). Our findings contribute to a body of work suggesting that GCs act as pivotal 

regulatory signals in PNCs autonomously from hierarchical inputs. This implies a 

hitherto ignored possibility that maladaptive changes in PNC regulation may have a 

substantial causal role in the establishment and maintenance of affective disorders. 

 

Within the literature, it is interesting to note that functional eCB signaling at large has 

been mechanistically implicated in stress adaption and maladaptation. In this respect, my 

findings in chapters 3-4 have particular relevance. eCB signaling appears to be necessary 

for extinction of fear memories (Marsicano et al., 2002), for supressing anxiety (Boyle et 

al., 2006), and habituation of HPA responses resulting from homotypic stress (Patel and 

Hillard, 2008; Hill et al., 2010). Thus, the many findings in which chronic variable or 

psychosocial stressors and GC overexposure commonly result in impaired CB1R function 

in limbic networks have been interpreted as a neurobiological correlate of maladaptive 

stress adaption and, by extension, depression (Hill and Gorzalka, 2009). If functional 

eCB signaling is a requirement for appropriate stress adaptation, my observations, using 

eCB-STD in PNCs as an assay, are largely consistent with this idea. I utilized a 

vulnerable, peri-adolescent phenotype (p21-30 rats), taking advantage of a specific 

developmental window in which the brain appears uniquely sensitive to stress (Lupien et 

al., 2009). Unlike adult rodents, stress-induced increases in CORT do not display 

habituation in pre-pubescent rats, and instead show heightened peak hormonal responses 

to subsequent stress along with enhanced CRH production in PNCs (Romeo et al., 2006). 

Peri-adolescent stress causes HPA learning that extends into adulthood, resulting in 

increased anxiety behavior (Avital and Richter-Levin, 2005) and increased stress 

sensitivity (Isgor et al., 2004), indicating that these augmented levels of GCs early in life 

may have profound consequences on the maturing limbic brain.  

 

By demonstrating that stressor valence (ie; homotypic vs. novel) and circuit activity 

commonly modify eCB signaling, I provide insights into how limbic networks are altered 

by high stress load. Furthermore, this intriguing evidence shows these very specific 
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synaptic changes are reversed by two unique forms of “anti-depressant” manipulations: 

ECS and novel stress. Novel stressors, such as sleep deprivation (Hemmeter et al., 2010) 

have long had paradoxical antidepressant effects. Furthermore, while the efficacy of ECS 

as a potent mood-regulator has been well established, its mechanisms remain unclear. 

This strategy, which causes a generalized and synchronized activation of dispersed neural 

networks has also been shown to modify GPCR (Schreiber and Avissar, 2007), including 

CB1R signaling (Hill et al., 2007). Antidepressant-mediated restoration of impairments in 

GPCR signaling through Gi/o pathways has also been associated with effective symptom 

recovery in animal models of depression (David et al., 2009). It is therefore possible to 

speculate (somewhat wildly) that our data suggest that these behavioural antidepressants 

may have a united mode of action through altering circuit state and thus presynaptic 

CB1R function. 

 

7.5 Looking to the future: the CRH-ires-Cre mouse 

The field, and the investigations of this thesis have uncovered several new mechanisms 

that exist at PNC synapses. These mechanisms are potential underpinnings for dynamic 

stress axis regulation. Given such findings, Chapter 6 may seem to thematically deviate 

from the work of this thesis. In fact, this particular work was designed to tackle the causal 

physiological questions that remain as a result of synaptic study. I have speculated that 

eCBs and opioids, by acting as retrograde signals may serve as micro-mediators of a 

macro-GC feedback loop. How will we test whether the mechanisms described are either 

necessary or sufficient for some physiological process in a living animal? Cre-LoxP 

technology represents perhaps the best available avenue to-date. Cre-Driver lines to target 

genetically similar cell populations, such as that of CRH PNCs are emerging through 

streamlining of knock-in processes and becoming improved further by advents such as 

split-Cre. When this is combined with a deep and ever-expanding tool-chest of Floxed 

viral constructs or transgenic lines, manipulation of neuronal activity and function comes 

as close as we have ever been in resolving brain processes temporally and spatially. The 

PVN, being a small and heterogenous structure, embedded deep in the brain, represents a 

logistical challenge for the causal study of physiology at the level of the synapse. How do 
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we assess and manipulate necessary variables with minimal confound to others? And how 

do we avoid causing stress to the organism in the meantime? Seeing life in action is the 

privilege and passion of the biologist. Seeing well enough will always be the hurdle to 

true understanding. Hans Selye put it this way in 1950: 

 

“It seems that the fog has now been just sufficiently dispersed to perceive [stress 

responses] through that measure of ‘twilight’ which permits us to discern the grandeur of 

its outlines but fills us with the insatiable desire to see more” (Selye, 1950) 
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APPENDIX A: SUPPLEMENTAL FIGURES FOR DATA NOT SHOWN  

 

A.1. Supplemental Figure 1, Chapter 3 

 

 

A.2. Supplemental Figure 2, Chapter 4 
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Figure A.1.2 Data not shown in Chapter 4, part I. 
Plots of evoked vs. spontaneous DSI for novel stress and ECS treatment groups and 
linear correlation for all data points contained included in each graph.  
 

5 µM DEX

m
E

P
S

C
 a

m
pl

itu
de

 (%
)

50

100

time (min)

0
0 5 10 15-5 20

n=8

eI
P

S
C

 a
m

pl
itu

de
 (%

)

50

100

0

time (min)
0 10 20

5d stress; n=6
30

30 µM baclofen

100

50

0

na
ïve

5d
 st

re
ss

p=0.45

9 6

1 2 3

1

2

3

a b

 
Figure A.1.1 Data not shown in Chapter 3.   
a) sample traces (left) summary time course (centre) and summary bar graph (right) 
indicating that robust suppression of GABA synaptic transmission by GABAB agonist 
baclofen occurs in slices from 5d immo. rats and the magnitude of this suppression is not 
significantly different from naïve cells (unpaired t-test). N for each group inset in bar. b) 
mEPSC amplitude is not affected by dexamethasone application    
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A.3. Supplemental Figure 3, Chapter 4 
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Figure A.1.3 Data not shown in Chapter 4, part II. 
a) normalized eIPSC amplitude (left) and paired pulse ration (right) before and after LFS 
in 5d stress slices shows no long lasting change. b) sample eIPSC traces (left) and 
summary graph (right) showing that response of eIPSCs to CB1R agonist WIN55-212,2 
is enhanced following LFS in 5d immo. rats.  
 

 

A.4. Supplemental Figure 4, Chapter 5 
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Figure A.1.4 Data not shown in Chapter 5. 
a) No significant holding current response to OR agonist DAMGO in cells pooled from 
naïve and CORT treated cells. b) sample traces (left) and summary data (right) showing 
that OR antagonist naloxone alone does not alter eIPSC amplitude in CORT treated cells.  
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APPENDIX B: COPYRIGHT PERMISSIONS  

 

Contained in this appendix are permissions from publishers to reproduce in this thesis 

material from the following publications: 

 

Forming parts of Chapters 1 and 7: 

Iremonger KJ*, Wamsteeker Cusulin JI*, Bains JS. Changing the tune: Plasticity 

and adaptation of retrograde signals. Trends in Neurosciences. 36(8):471-9.  

 

Wamsteeker JI, Bains JS. 2010. A synaptocentric view of the neuroendocrine 

response to stress. European Journal of Neuroscience. 32(12): 2011-21  

 

Forming Chapter 3 (and Chapter 2 methods): 

Wamsteeker JI*, Kuzmiski JB*, Bains JS. 2010.  Repeated stress impairs 

endocannabinoid signaling in the paraventricular nucleus of the hypothalamus. 

Journal of Neuroscience. 30(33):11188-11196. 

 

Forming Chapter 5 (and Chapter 2 methods): 

Wamsteeker Cusulin JI, Füzesi T, Inoue W, Bains JS. 2013. Glucocorticoid 

feedback uncovers retrograde opioid signaling at hypothalamic synapses. Nature 

Neuroscience. 16(5): 596-604. 

 

Forming Chapter 6 (and Chapter 2 methods): 

Wamsteeker Cusulin JI*, Füzesi T*, Watts AG, Bains JS. Characterization of 

corticotropin-releasing hormone neurons in the paraventricular nucleus of the 

hypothalamus of Crh-IRES-Cre mutant mice. PLoS ONE. 8(5): e64943. 
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