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Abstract 

 Stress is any actual or perceived disturbance of an organism’s environment. The 

acute response to stress includes the release of corticotropin-releasing factor (CRF) from 

the hypothalamus to activate the pituitary and downstream glucocorticoid secretion. In 

addition to this classical role, CRF also influences many extra-hypothalamic brain 

regions including the striatum and the hippocampus. CRF and the related stress peptide 

Urocortin 1 (UCN) exert their cellular effects by binding to one of two cognate G-protein 

coupled receptors (GPCRs), CRF receptor 1 (CRFR1) or 2 (CRFR2). While these GPCRs 

were initially characterized as being coupled to adenylyl cyclase, cAMP and PKA 

signaling, it has since become clear that CRFRs couple to numerous intracellular 

signaling cascades. Here, I describe work elucidating the intracellular signaling pathways 

by which stress peptides influence both striatal and hippocampal neurons. This document 

describes a novel intracellular signaling pathway whereby CRF and UCN lead to a rapid 

Gβγ-dependent increase in phosphorylation of the activity-dependent transcription factor 

CREB. These data not only describe a completely original mechanism of stress peptide 

signaling in neurons, but also include the first direct demonstrations of Gβγ-mediated 

CREB phosphorylation in any cellular system. Together, these results suggest that stress 

peptide influence of Gβγ signaling may be a fundamental, yet underexplored, molecular 

mechanism by which stress influences both the central nervous system and other stress-

peptide sensitive tissues. 
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The Stress Response  

“Everybody knows what stress is and nobody knows what it is.” (Hans Seyle, 1973) 

 

 The biological term “stress” was originally borrowed from the fields of physics 

and engineering in reference to any force that exerts physical strain on a mechanical 

structure (i.e. heavy winds causing a steel sky-scraper to bend and sway). Analogously, 

biological stress refers to any actual or perceived disturbance of an organism’s 

environment (Joels and Baram, 2009). Clearly this definition of stress retains significant 

subjectivity. For instance, Robert Sapolsky uses the vivid example of a lion chasing a 

zebra across the African savannah. While both animals are experiencing a distinctly 

contrasting set of perceptions and (to anthropomorphize) emotions to the exact same 

situation, each is undoubtedly undergoing a physiological stress response.  

 Despite the subjective nature of what stimuli are perceived as stress or stressors, 

the basic physiological responses to these stimuli have been well documented. A 

comprehensive description of the rapid response to stressful stimuli requires 

consideration of the endocrine, immune, autonomic, and cardiovascular effects of 

stressful stimuli. For the sake of simplicity and clarity, I will limit this description to the 

central mechanisms that initiate the stress response and lead to downstream activation of 

the systems mentioned above.  

Any actual or perceived stressful stimulus activates limbic structures such as the 

amygdala, which has diverse projections to the hypothalamus. Stress-induced activation 

of corticotropin-releasing factor (CRF) containing neurons of the paraventricular nucleus 

of the hypothalamus (PVN) results in CRF (or corticotropin-releasing hormone, CRH) 

release into the hypophyseal portal vein system in the median eminence (Figure 1). CRF 

activation of CRFRs in the anterior pituitary activates adrenocortictoropic hormone 

(ACTH) secretion into systemic circulation. ACTH subsequently causes the adrenal 

cortex to release corticosteroids into systemic circulation. Additionally, norepinephrine-

containg neurons of the adrenal medulla, pons, and locus ceruleus become active, 

resulting in sympathetic nervous system release of epinephrine, which characterizes this 
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rapid “fight-or-flight” response. Corticosteroid inhibition of PVN neuron activity results 

in negative feedback that aids in terminating the central response.  

 

 

Figure 1. The HPA stress response. CRF released from the paraventricular nucleus (PVN) of the 
hypothalamus activates adrenocorticotropic hormone (ACTH) release from the anterior pituitary. ACTH 
causes adrenal cortex to release glucocorticoids, which completes a negative feedback loop to aid in 
terminating the central stress response. 

 

This coordinated central stress response is crucial for the organism survival in 

dangerous situations. Additionally, stress may improve adaptive responses to subsequent 

similar stressful stimuli. For instance, brief bouts of acute stress in rodents have been 

shown to facilitate learning and memory, a phenomenon dependent on extra-hypothalmic 

brain regions such as the hippocampus (Radulovic et al., 1999). However, in addition to 

these beneficial physiological effects, stress also detrimentally influences human 

pathologies. For instance, acute stress both interacts with and exacerbates aspects of 

compulsive drug use in human addicts (Sarnyai et al., 2001; Cleck and Blendy, 2008). 
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Furthermore, chronic dysregulation of the stress response leads to anxiety, depression, 

memory impairment, and drug addiction (Kim and Diamond, 2002; Nestler et al., 2002; 

Bale, 2005). Many of these beneficial and detrimental effects of stress are mediated via 

extra-hypothalamic actions of the stress-peptides CRF and Urocortins (Owens and 

Nemeroff, 1991; Koob and Heinrichs, 1999; Skelton et al., 2000; Bale and Vale, 2004), 

as evidenced by the fact that anxiogenic effects of central CRF administration are 

unaffected by hypophysectomy (Eaves et al., 1985). Thus, a thorough description of the 

mechanisms by which CRF and UCNs may function at extra-hypothalamic neuronal 

synapses is essential for a comprehensive understanding of how stress affects these 

diverse behaviors and pathologies. 

 

Molecular Properties of Stress Peptides 

First described in 1981 (Spiess et al., 1981; Vale et al., 1981), CRF is a 41-amino 

acid peptide that is the primary mediator of ACTH secretion from the anterior pituitary. 

Since its initial identification and characterization, however, many investigators have 

demonstrated CRF expression in and influence of diverse populations of extra-

hypothalamic neurons (Fischman and Moldow, 1982; Merchenthaler, 1984; De Souza, 

1987; Gallagher et al., 2008). The ensuing decade resulted in the discovery and 

characterization of three novel CRF-like peptides that, together with CRF, compose the 

family of stress peptides: Urocortin I (UCN), Urocortin II (UCN II), and Urocortin III 

(Vaughan et al., 1995; Lewis et al., 2001; Reyes et al., 2001). The Urocortin peptides 

share varying degrees of primary amino acid sequence homology with CRF, as well as 

over-lapping but distinct patterns of expression throughout the brain. For instance, in 

addition to the PVN, CRF-containing neurons and fibers have been reported in thalamus, 

amygdala, hippocampus, cerebral cortex, striatum (caudate-putamen and nucleus 

acumbens (NAc)), various midbrain nuclei, pons, medulla and cerebellum (Fischman and 

Moldow, 1982; Merchenthaler, 1984). UCN is expressed by neurons of the hippocampus 

and hypothalamus, and is highest in the Edinger-Westphal nucleus (Kozicz et al., 1998; 

Morin et al., 1999), which controls drinking behavior. UCN mRNA has also been 

reported in the olfactory bulb, NAc, bed nucleus of the stria terminalis, medial preoptic 
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area, central amygdada, hippocampus, poterior thalamus, and cerebellum (Lim et al., 

2006). UCN II has a similar distribution as UCN, while UCN III is predominatly 

expressed in the hypothalamus and medial amygdala (Hillhouse and Grammatopoulos, 

2006). 

The CRF family of stress peptides exerts their intracellular effects via binding to 

and activating one of two seven-transmembrane G-protein coupled receptors: CRF 

receptor 1 (CRFR1) or 2 (CRFR2). CRFRs are highly conserved across animal species, 

with approximately 80% homology across chicken, mouse, rat, human, and Xenopus 

(Spiess et al., 1998). CRFR1 and 2 are the products of distinct genes, yet display 70% 

primary amino acid sequence similarity with each other (Perrin and Vale, 1999). Much of 

this variability is accounted for by distinct extracellular N-terminal domains, which are 

hypothesized to account for ligand binding specificity (Hillhouse and Grammatopoulos, 

2006). The stress peptides have distinct pharmacological binding properties to CRFRs: 

UCN binds to CRFR1 and CRFR2 with approximately equal affinity, and both receptors 

to a higher degree than CRF, while CRF binds CRFR1 with a roughly ten-fold higher 

affinity than CRFR2 (Hillhouse and Grammatopoulos, 2006). UCN II and UCN III 

principally bind CRFR2 (Figure 2). Based on these binding studies, as well as analysis of 

stress-peptide and receptor subtype expression patterns in the brain, it is thought that CRF 

is an endogenous ligand for CRFR1, UCN for both CRFRs, and UCN II and III for 

CRFR2. Since binding affinities of the peptides for the receptors do not differ 

substantially (i.e. more than 10-fold), ligand availability, as opposed to affinity, likely 

determines the pattern of receptor activation in vivo. 

Different stress peptides require distinct receptor protein domains for high affinity 

binding interactions. Investigations utilizing various chimeric CRFR1 constructs 

concluded that high affinity binding by UCN and the CRFR antagonist astressin 

depended almost exclusively on the N-terminal domain of CRFR1 (Perrin et al., 1998). 

However, binding of CRF also requires the fourth-extracellular loop of the receptor 

(Sydow et al., 1997). Together these data suggest that intermolecular CRFR1-ligand 

interactions vary with the identity of the ligand (Spiess et al., 1998). Additionally, post-

translation modifications of both CRFRs may contribute to the specific characteristics of 
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ligand binding. Ligand-specific intermolecular interactions raise the intriguing possibility 

that different ligands may induce distinct conformational changes in the same receptor, 

resulting in a ligand-specific pattern of intracellular signaling pathway activation 

(Kenakin, 1995).  

 

Figure 2. Ligand-receptor interactions. CRF and UCN are endogenous agonists for CRFR1. UCN, UCN II, 
and UCN III are endogenous agonists for CRFR2. 

 

CRFRs are members of the seven transmembrane G-protein coupled receptor 

(GPCR) family. Ligand binding to a CRFR results in activation of heterotrimeric G-

proteins that are composed of α, β, and γ subunits. Acting as a guanine nucleotide 

exchange factor, the activated GPCR induces the Gα subunit to exchange GDP (inactive 

state) for GTP (activate state). The Gα subunit subsequently dissociates from the Gβγ 

dimer, enabling both G-proteins to activate intracellular signaling pathways. This 

downstream signaling ceases when intrinsic enzymatic activity of Gα hdyrolyzes GTP to 

GDP, returning the protein to its inactive state and allowing it to re-associate with Gβγ 

and, presumably, the GPCR. 

Both CRFRs were initially described as Gαs-coupled GPCRs (Chen et al., 1986; 

Battaglia et al., 1987), which lead to activation of adenylyl cylase (AC), increases in 

cAMP, and downstream activation of protein kinase A (PKA) (Figure 3). However, it has  

become apparent that CRFRs are promiscuous in their ability to activate downstream 

intracellular signaling cascades. For instance, CRFRs are capable of activating Gαs 
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(activates AC and cAMP), Gαi/o (inhibits AC and cAMP), Gαq (activates PLC/PKC) and 

Gαz (activate calcium channels) G-proteins in various neuronal and non-neuronal 

systems (Hillhouse and Grammatopoulos, 2006). Indeed, it is also clear that CRF-induced 

activation of Gβγ also leads to initiation of downstream signaling pathways.  This 

promiscuity is not surprising considering many GPCRs couple to and activate a variety of 

G-protein signaling pathways (Bourne, 1997; Wess, 1998). Because CRFR activation of 

intracellular signaling varies with the identity of the cell, it is important to elucidate 

downstream signaling mechanisms in the specific cell in question. 

 

 

 

Figure 3. Canonical CRF signaling pathway. CRF binding to CRFR1/2 leads to a Gαs-dependent 
activiation of adenylyl cyclase (AC). AC-mediated increases in cAMP activate  protein kinase A (PKA), 
leading to downstream increases in CREB phosphorylation (activation). 
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CRF Influence of the Striatum 

 The striatum is an extra-hypothalamic brain region that is influenced considerably 

by both stress and stress peptides under both physiological and pathological 

circumstances. This brain structure is composed of two major sub-nuclei that differ in 

both function and anatomical connectivity: the dorsal striatum (composed of the caudate 

and putamen) and ventral striatum (composed principally of NAc). Despite these overt 

differences, both anatomical regions are stress and stress-peptide responsive. 

 The NAc is necessary for the rewarding aspects of both natural (e.g. sex, eating) 

and pathological (e.g. drugs, gambling) stimuli. Moreover, neuroplasticity in NAc 

underlies both physiological processes such as pair-bonding (Young et al., 2001), as well 

as pathological conditions like compulsive drug seeking and taking (Hyman et al., 2006). 

Thus, CRF influence of NAc neurons represents a putative mechanism through which 

stress and CRF can impinge upon and influence NAc function and NAc-dependent 

behaviors. For instance, activation of CRFR1 and expression of the activity-dependent 

transcription factor CREB in NAc neurons are necessary for stress-facilitation of cocaine 

reward (Kreibich et al., 2009). Furthermore, stress-induced activation of CREB in NAc 

neurons is blocked by local administration of a CRFR1 antagonist, suggesting that stress-

induced activation of CRFR1 leads to downstream activation of CREB. While stress 

undoubtedly affects additional brain regions of the mesolimbic dopamine circuit critical 

in the development of addictive behaviors (Koob and Kreek, 2007), CRF activation of 

CREB via CRFR1 in NAc neurons represents a potential locus of stress influence of 

addictive behaviors. 

 Regarding a physiological role for CRF in NAc, CRF infused into the shell of 

NAc increases behavioral arousal and oral motor activity (Holahan et al., 1997). CRFRs 

are necessary for pair-bond formation in monogamous vole species, as local 

administration of CRFR antagonists prevent this behavior (Lim et al., 2007). 

Additionally, NAc (Pecina et al., 2006) CRF enhances the incentive salience of a natural 

reward. Thus, CRF neurotransmission plays an essential role in NAc physiology and 

pathology. 
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 Two lines of evidence suggest that CRF also plays a role in neurotransmission in 

the dorsal striatum. Anatomical data indicate that CRF immuno-reactive fibers 

originating from the central nucleus of the amygdala have been detected in the dorsal 

striatum (Merchenthaler, 1984). Several other studies have confirmed the presence but 

not the origin of CRF immunoreactivity in this brain region (Fischman and Moldow, 

1982; Thompson et al., 1987; Sarnyai et al., 1993). Functional data show that CRF, via 

activation of CRFR1, enhances corticostriatal long-term potentiation (LTP), the long-

lasting enhancement of synaptic connectivity (Guan et al., 2010). Interestingly, CRF-

augmentation of LTP is larger in animals in withdrawl from cocaine than in control 

animals. Together with increasing evidence for the involvement of the dorsal striatum in 

drug addiction, these data suggest a second channel through which stress can interact 

with addiction circuitry to promote compulsive drug seeking and taking. 

 

CRF and UCN Influence of the Hippocampus 

Stress and stress peptides also exert considerable influence on the hippocampus, a 

limbic structure that is critical for learning and memory (Pedersen et al., 2002; Sapolsky, 

2003; Ivy et al., 2010). While the hippocampus was classically thought to aide in 

terminating the stress response, hippocampal-mediated behaviors such as learning and 

memory have also been shown to be affected by stress and stress peptides. Interestingly, 

these effects are bi-directional with both type and duration of stress playing critical roles 

in the final effect on hippocampal function. Whereas brief periods of stress and/or stress 

peptide exposure facilitate/potentiate hippocampal processes, chronic exposure exerts 

detrimental/negative consequences in the hippocampus. Although the final effect of stress 

on hippocampal function is an integration of the actions of several neurotransmitter 

systems (monoamines, corticosteroids, etc.) over time, stress peptides have been shown 

to underlie several aspects of stress influence of the hippocampus. 

Acute exposure to CRF positively affects hippocampal function. For instance, 

intra-hippocampal injection of CRF prior to conditioning dose-dependently enhances 

context and tone-dependent fear conditioning (Radulovic et al., 1999). A follow-up study 

from the same group revealed that this enhancement depends on CRFR2 activation of 
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downstream MEK and ERK signaling (Sananbenesi et al., 2003). In a separate 

investigation, CRFR antagonists decreased performance on a social recognition test, a 

paradigm that depends on hippocampal function (Heinrichs, 2003). Conversely, CRF 

application in the same study improved performance, suggesting a necessary role of CRF 

in this behavioral augmentation. Analogously, acute CRF administration positively 

regulates both hippocampal neuron excitability (Aldenhoff et al., 1983; Blank et al., 

2003) and hippocampal LTP (Blank et al., 2002). Acute stress-peptide exposure protects 

against toxic insults since CRF (Elliott-Hunt et al., 2002) and UCN (Pedersen et al., 

2002) protect against excitoxic glutamate-induced death, while UCN also protects against 

amyloid-beta toxicity (Pedersen et al., 2002).  

In contrast to positive effects of acute exposure, early-life and chronic exposure to 

stress and/or stress peptides exerts detrimental effects on hippocampal function. A series 

of studies from Tallie Baram’s lab have begun to elucidate the neuronal and molecular 

mechanisms by which CRF mediates detrimental effects of chronic stress on the 

hippocampus. In a recent study, a rodent early-life stress model resulted in detrimental 

effects on the following: dendritic complexity in CA1 neurons, expression of 

hippocampal LTP, learning in the hippocampus-dependent Morris Water Maze task, and 

novel environment exploration (Ivy et al., 2010). Indicative of a role for CRF, all of these 

effects were sensitive to CRFR1 inhibition. On a cellular level, sustained CRF application 

depressed NMDA evoked currents in cultured hippocampal neurons (Sheng et al., 

2008a). While corticosteroids have traditionally been thought of us the primary mediators 

of chronic stress influence of the hippocampus, these data suggest that CRF and CRFRs 

play a crucial role as well. 

 Less clear than the effects of CRF on the hippocampus, however, are the signaling 

pathways through which CRF influences hippocampal neurons. For instance, CRF 

inhibition of glutamate-induced neuronal death in organotypic hippocampal cultures was 

reported to be dependent on CRFRs, AC, and mitogen-activated protein kinase (Elliott-

Hunt et al., 2002). A study investigating amyloid-β induced neuronal death found that 

CRF and UCN neuroprotection was mediated via CRFR1, Gαs, cAMP, protein kinase A 
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(PKA), protein kinase C (PKC), and MAPK (Pedersen et al., 2002). A second study 

corroborated the finding that CRF neuroprotection depended on PKA activity (Bayatti et 

al., 2003). CRF-induced increases in SGK-1 expression in cultured hippocampal neurons 

depends on CRFR1, AC, cAMP, and PKA, but not phospholipase C (PLC) or PKC 

(Sheng et al., 2008b). Finally, CRF depression of NMDA currents depends on PLC, 

IP3Rs, and PKC (Sheng et al., 2008a). This study also reported concurrent increases in 

cAMP that did not underlie CRF influence of NMDA transmission.  

One potential explanation for the lack of a consensus may be due to the fact that 

CRF exerts differential effects (i.e. neuroprotection, memory-enhancement, gene 

expression) via distinct pathways. That is, in a given cell type, CRFRs may initiate 

multiple intracellular signaling cascades, each of which underlies a unique aspect of CRF 

influence. However, confounding any potential interpretation is the finding that CRF 

influences the same cellular output via distinct intracellular signaling pathways in 

different strains of mice. Blank and colleagues (2003) reported that CRF increased CA1 

neuronal activity via Gαq and PKC signaling in BALB/c mice, but via Gαs/q/i and PKA 

signaling in C57BL/6N mice. Furthermore, CRF only enhanced learning and memory in 

a conditioned-fear task in the BALB/c strain, suggesting that even behavioral effects of 

stress and CRF may be strain (and species) specific. Since the signaling pathways 

underlying CRF action in the hippocampus depend not only on the end-point readout, but 

also on the strain and species, it will be critically important to investigate the signaling 

pathway for the specific model system in question. 

 Importantly, there is ample evidence for intra-hippocampal expression of 

CRF/UCN (Fischman and Moldow, 1982; Merchenthaler, 1984; Kozicz et al., 1998; 

Morin et al., 1999; Lim et al., 2006) and CRFRs (Chalmers et al., 1995; Avishai-Eliner et 

al., 1996; Van Pett et al., 2000; Chen et al., 2005). Paradoxically, CRF expression seems 

to be localized to inhibitory interneurons (Sakanaka et al., 1987; Yan et al., 1998; Chen et 

al., 2001; Chen et al., 2004a), while CRFRs are expressed at asymmetric post-synaptic 

densities of dendritic spines, sites of excitatory synaptic transmission (Ivy et al., 2010). 

Acute electrophysiological effects of CRF are excitatory (Aldenhoff et al., 1983; Blank et 

al., 2003), suggesting that CRF-containing inhibitory interneurons may be capable of 
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bidirectionally modulating pyramidal neuron output. Since inhibitory interneurons are not 

thought to synapse onto dendritic spines, it is still unclear, however, how perisomatic 

release of CRF via inhibitory terminals diffuses to activate CRFRs in dendritic spines. 

 

The Activity-Dependent Transcription Factor CREB 

Activity-dependent gene expression, the process by which specific patterns of 

neuronal activity induce expression of de novo sets of protein products, is thought to 

underlie many aspects of neuronal plasticity that contribute to diverse processes like 

learning and memory, drug addiction, depression, and anxiety (Carlezon et al., 2005). 

cAMP response element binding protein (CREB) is an extensively studied activity-

dependent transcription factor that plays a critical role in many of these functions. CREB 

represents an attractive downstream target in order to elucidate the molecular signaling 

pathways activated by stress peptides in extra-hypothalamic brain regions for three major 

reasons. First, there is considerable overlap in the processes and brain regions that are 

influenced by CREB and those that are influenced by stress peptides (see above; 

addiction, learning and memory, plasticity, neuronal survival). Second, many of the 

intracellular signaling pathways activated by CRF in neurons have been demonstrated to 

lead to downstream CREB activation (see below). Finally, stress (and CRF) influence of 

NAc neurons depends on CRFR1 activation of CREB in at least one paradigm (Kreibich 

et al., 2009). 

CREB is an extensively characterized member of the bZIP family of transcription 

factors. It forms homo- and hetero-dimers with CREM and ATF-1 at the cAMP response 

element (CRE) in the promoter regions of multiple genes including but not limited to 

neurotransmitters, growth factors, structural proteins, ion channels, metabolic proteins, 

intracellular signaling proteins, and additional transcription factors (Lonze and Ginty, 

2002). Notably, many of these gene products could underlie various aspects of stress 

peptide influence of brain neurons. As an activity-dependent transcription factor, CREB 

and its family members remain in an inactive, de-phosphorylated state in the neuronal 

nucleus until a sufficiently strong external stimulus drives activation of intracellular 

signaling pathways that lead to downstream CREB phosphorylation. CREB 
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phosphorylation at a critical Serine-133 residue (Ser133) facilitates CREB interaction 

with its transcriptional co-activator, CREB binding protein (CBP). Notably, Ser133 

phosphorylation is necessary, but not sufficient, for CREB-mediated gene expression 

(CRE-dependent transcription). 

The intracellular signaling pathways that lead to Ser133 CREB phosphorylation 

have been extensively investigated. Three major kinase signaling pathways have been 

shown to mediate stimulus-induced CREB phosphorylation at residue Ser133, which is 

required for CRE-dependent transcription: PKA, MAPK, and calcium-calmodulin-

dependent protein kinase (CaMK) (Figure 4). 

 

 

Figure 4. Three major kinase pathways leading to CREB activation: CaMK, PKA, and MAPK. 

 

1) PKA: CREB was initially termed as such because it was identified as a 

downstream mediator of AC, cAMP, and PKA activation (Montminy and 

Bilezikjian, 1987). In addition to mediating effects of CRF in various cells, this 
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intracellular signaling pathway is thought to mediate dopamine-induced CREB 

phosphorylation .  

2) MAPK: MAPK signaling has been shown to underlie CREB activation by 

neurotrophic factors such as BDNF and GDNF, as well as neuromodulators like 

norepinephrine (unpublished data) and steroid hormones (Boulware et al., 2007). 

3) CaMK: If a neuron is sufficiently depolarized to allow calcium influx via L-type 

calcium channels, CaMK translocates to the nucleus to phosphorylate CREB 

(Bito et al., 1996; Deisseroth et al., 1998).  

 

In addition to kinase regulation, CREB phosphorylation is opposed by protein 

phosphatase 1 (PP1). It is thought that weak stimuli may preferentially activate 

phosphatase signaling, while sufficiently strong extracellular stimuli activate the kinase 

pathways necessary to induce CREB phosphorylation (Groth et al., 2003). However, 

because of ease of experimental manipulation, kinase pathways have been predominantly 

studied. 

A mentioned above, Ser133 phosphorylation of CREB by one of the above 

kinases is necessary, but not sufficient for CRE-dependent transcription. For instance, 

both depolarization and growth factor stimulation induce Ser133 phosphorylation in 

PC12 cells, but only depolarization results in CRE-mediated gene expression (Bonni et 

al., 1999; Lonze and Ginty, 2002). Since binding CBP to the Ser133 site is required for 

chromatin remodeling and recruitment of the necessary transcriptional machinery to 

initiate gene expression, signaling pathways that do not lead to CBP activation may be 

insufficient to activate CRE-dependent transcription on their own.  

 

CREB Actions in the Striatum 

The NAc, the principal component of the ventral striatum, underlies the effects of 

rewarding stimuli and undergoes plastic changes that are thought to underlie drug 

addiction and compulsive drug taking (Hyman et al., 2006). CREB action in the striatum 

and NAc has been extensively studied in the context of addiction, almost to the exclusion 

of natural rewarding paradigms. One exception to this is a 2002 study from Eric Nestler’s 
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lab demonstrating that viral over-expression of CREB decreased rodent preference for 

sucrose, a “natural” rewarding stimuli (Barrot et al., 2002). Furthermore, this study 

showed that increased CREB activity in the NAc shell attenuated rodent reactions to 

anxiogenic, aversive, and nociceptive stimuli, suggesting a role for NAc CREB in 

modulating the behavioral response to emotional stimuli. A second exception is a study 

demonstrating that appetitive Pavlovian conditioning results in enhanced NAc CREB 

phosphorylation (Shiflett et al., 2009). Together these studies point to a role for striatal 

CREB in physiological behaviors. Thus, stress peptide influence of CREB in the striatum 

represents a putative mechanism by which stress could influence striatal function and 

physiology.  

There is ample evidence for a role for striatal CREB in various aspects of drug 

addiction models. For instance, exposure of laboratory animals to stimulant drugs of 

abuse increases cAMP-PKA signaling in the NAc, leading to a downstream increase in 

CREB phosphorylation and CRE-mediated transcription (Carlezon et al., 2005). CREB-

mediated gene expression likely results in the synthesis of proteins that control neuronal 

excitability, since viral-mediated over-expression of constitutively active CREB in the 

NAc increases the intrinsic excitability of NAc medium spiny neurons and opposes the 

rewarding effects of drug (Dong et al., 2006). An analogous strategy in the same study 

using dominant-negative CREB resulted in decreased excitability and augmentation of 

the rewarding effects of cocaine. Additional studies using transgenic mice with either 

increased or decreased CREB function yielded analogous results (Carlezon et al., 1998). 

A final report suggests that viral-mediated increases in CREB in NAc attenuate the 

rewarding effects of cocaine and sucrose (Barrot et al., 2002). 

Based on these results, an emerging hypothesis is that CREB activation and 

subsequent CRE-mediated gene expression constitute a homeostatic response that 

opposes the rewarding effects of a stimulus (i.e. creates a dysphoric state). Ironically, this 

may promote addiction by inducing cravings that cause individuals to seek drug to relieve 

this dysphoria (Carlezon et al., 2005; Dong et al., 2006). These data must be interpreted 

with caution however, as these manipulations indiscriminately target whole NAc for 

prolonged periods of time. Temporally specific regulation of CREB activity in specific 
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subpopulations of neurons of NAc that more accurately replicates drug-induced CREB 

activation in vivo will be required for a comprehensive understanding of CREB action in 

drug addiction. 

 

CREB Influence of Learning and Memory 

A critical role for CREB in learning and memory paradigms has been established 

across multiple model systems. The earliest examples of CREB playing a key role in 

learning and memory were from studies investigating the sensitization of the gill-

withdrawl reflex of the mollusk Aplysia. Application of a noxious stimulus to the tail of 

this mollusk produces sensitization lasting days or weeks. By utilizing a reduced neuronal 

culture preparation, the neural correlates of this behavior can be recapitulated as the 

cellular phenomenon long-term facilitation (LTF), in which a synaptic response to a 

given stimulus is potentiated following appropriate stimulation of modulatory pathways. 

Kandel and colleagues demonstrated a requirement for cAMP signaling, as well as the 

necessity and sufficiency of CREB activation for expression of LTF (Kandel, 2001).   

Reports from a second invertebrate model system, Drosophila melanogaster, have 

corroborated this role for CREB in learning and memory. In an olfactory memory task in 

which flies learn to associate and avoid an odor paired with an electric shock, genetic 

manipulations that increased CREB activity augmented long-term memory (Yin et al., 

1995). Conversely, genetic manipulations that decreased CREB activity impeded long-

term learning (Yin et al., 1994), suggesting that CREB activation is necessary for long-

term memory formation in this model. While activation of gene expression and de novo 

protein synthesis by CREB is thought to be a consequence of activation, the specific gene 

products that underlie memory formation have not yet been definitively identified.   

Importantly, activation of both CREB and CRE-dependent transcription are also 

necessary for learning and memory in rodent model systems. The first indications that 

CREB was important for memory formation in mice were from studies demonstrating 

that disruption of cAMP-PKA signaling impaired both memory formation and 

hippocampal LTP, a cellular phenomenon thought to underlie learning and memory 

(Lonze and Ginty, 2002). Direct evidence for the involvement of CREB itself came from 



 

17 

studies demonstrating that mutant Creb mice in which the predominant isoforms of 

CREB are not expressed show deficits in both spatial memory and LTP (Bourtchuladze et 

al., 1994). Since CREB plays a role in the development of the nervous system, these data 

do not rule out the hypothesis that CREB-knockout led to developmental abnormalities 

that adversely affected learning and memory later in life. However, studies demonstrating 

that intra-hippocampal infusion of CREB antisense oligonucleotides, which allow more 

precise anatomical and temporal inhibition of CREB expression, produced deficits in 

spatial learning and memory in rats suggesting that CREB-mediated gene expression in 

the hippocampus is required for long term memory consolidation (Guzowski and 

McGaugh, 1997).  

 

Neuroprotective Effects of CREB 

 In addition to its roles in activity-dependent plasticity, CREB plays a critical role 

in neuroprotection and pro-survival pathways (as do stress peptides). A complete CREB 

knockout mouse-line demonstrates significant cell death in dorsal root ganglion neurons 

(Lonze et al., 2002). Neuronal specific CREB knockout leads to progressive neuro-

degeneration (Mantamadiotis et al., 2002). CREB phosphorylation is induced by a variety 

of noxious stimuli including hypoxia, oxidative stress, ischemia, excessive glutamate, 

traumatic brain injury, and UV radiation (Lonze and Ginty, 2002). Furthermore, the 

extent of CREB phosphorylation in a given hippocampal neuron correlates well with 

survival, suggesting a causal role for CREB in neuronal survival. Temporary ischemia in 

the hippocampus results in transient CREB phosphorylation in CA1 neurons, which 

readily succumb to ischemia-induced death. In contrast, dentate gyrus neurons, which 

show sustained CREB phosphorylation, are mostly spared (Hu et al., 1999; Walton et al., 

1999). Injection of CRE-oligonucleotides, which sequester CREB, exacerbates 

excitotoxic cell death, causally implicating CREB activation in neuronal survival 

(Mabuchi et al., 2001).  

 Further supporting a role for CREB in neuronal survival are studies demonstrating 

that pro-survival factors lead to CREB activation. Brain-derived growth factor (BDNF), 

nerve growth factor (NGF), and insulin-like growth factor-1 all induce CREB activation 
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in neurons (Bito and Takemoto-Kimura, 2003). Additional work has shown that NGF 

activates CREB, and leads to survival of sympathetic neurons (Riccio et al., 1999). Bcl-2, 

a pro-survival gene, was also activated by NGF in a CREB-dependent manner. These 

data suggest that pro-survival factors may mediate neuroprotection via activation of 

CREB and its downstream gene targets.  

 

Summary of Rationale  

 As mentioned above, many effects of stress on physiology and behavior are 

mediated via extra-hypothalamic actions of stress peptides. The striatum and 

hippocampus are two such brain regions whose physiology and behavioral outputs have 

been shown in multiple paradigms to be mediated by stress and stress peptide signaling. 

Thus, the mechanisms underlying stress peptide influence of neurons in these brain 

regions will illuminate the mechanisms by which stress influences behavioral output. The 

activity-dependent transcription factor CREB represents an attractive downstream target 

for elucidating the effects of stress peptides on neurons since there is considerable 

overlap between the processes influenced by CREB and those influenced by stress 

peptide signaling. Furthermore, stress peptides activate CREB in numerous neuronal 

paradigms, and CREB in NAc is indispensable for stress-facilitation of drug reward. 

Therefore, the studies presented below aimed to characterize stress peptide regulation of 

CREB in striatal and hippocampal neurons. 
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CRF Activates CREB via a Novel Gβγ Signaling Pathway in Striatal Neurons 
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Introduction 

Stress is an actual or perceived perturbation to the environment of an organism. 

An acute response to stress, which includes the release of corticotropin-releasing factor 

(CRF), is often necessary for the preservation of organismal integrity during brief anxiety 

situations. CRF binding to its cognate G-protein coupled receptors (GPCRs), CRF 

receptor 1 (CRFR1) and 2 (CRFR2), mediates the influence of CRF on brain cells. 

However, in addition to their beneficial role in an acute stress response, both stress and 

CRF have been implicated in pathological disease states, including drug addiction. 

Several lines of evidence suggest that stress, and CRF in particular, influence 

addiction and addictive behaviors. Drugs of abuse have been shown to activate the 

hypothalamic-pituitary-adrenal (HPA) axis (Sarnyai, 1998), initiating the stress response. 

Human individuals with a history of chronic stress are more likely to become addicts, and 

previously abstinent addicts are more likely to relapse following exposure to an acute 

stressor (Brown et al., 1995; Sarnyai, 1998; Cleck and Blendy, 2008). A stress event both 

increases drug-seeking behavior as well as facilitates conditioned-place preference to 

drugs of abuse in animal models of addiction (Ramsey and Van Ree, 1993; Goeders and 

Guerin, 1994; Shaham and Stewart, 1994; Haney et al., 1995; Miczek and Mutschler, 

1996; Piazza and Le Moal, 1998; Shaham et al., 2000). Furthermore, stress and CRF 

potentiate the rewarding effects of drugs of abuse (Kreibich et al., 2009). 

 Recent findings suggest that CRF-induced CREB phosphorylation within the 

nucleus accumbens (NAc) underlies at least some of these effects of stress on addictive 

behaviors (Kreibich et al., 2009). As CREB signaling in NAc is critical for the rewarding 

actions of drugs of abuse (Carlezon et al., 1998; Nestler, 2004; Walters et al., 2005; 

Brunzell et al., 2009; Dinieri et al., 2009), CRF activation of CREB represents a putative 

molecular mechanism by which stress could manipulate the neural circuitry underlying 

drug addiction.  

Not surprisingly, the effects of CRF on NAc functioning are not limited to actions 

related to drug abuse, but also affect the rewarding actions of more physiological stimuli. 

For example, CRF acting in NAc plays an essential role in prairie-vole pair bonding (Lim 

et al., 2007), as well as enhances the incentive salience of a sucrose reward (Pecina et al., 
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2006). And while research thus far has focused on the NAc, CRF neurotransmission is 

also an essential component to connectivity in the dorsal striatum (Merchenthaler, 1984; 

De Souza et al., 1987; Behan et al., 1997; Guan et al., 2010).  

 Although the influence of CRF on striatal functioning has been established, the 

molecular mechanisms by which this occurs remain unclear. Given the known relevance 

for CRF activation of CREB, we characterized the intracellular signaling pathway by 

which this occurs. While CRFRs are classically thought of as Gαs-coupled GPCRs that 

exert their effects via activation of adenylyl cyclase (AC) and subsequent increases in the 

second messenger cAMP (Chen et al., 1986; Battaglia et al., 1987), these receptors have 

since been shown to couple to multiple G-protein signaling cascades in neurons 

(Hillhouse and Grammatopoulos, 2006). Through use of pharmacological and genetic 

approaches, we report a novel signaling pathway whereby CRF leads to a rapid Gβγ-

dependent increase in CREB phosphorylation: an effect mediated by MAPK signaling. In 

addition to illuminating the pathways by which CRF affects striatal neurons, this is the 

first example of CRF leading to downstream Gβγ-dependent signaling, as well as the first 

example of Gβγ activation leading to CREB phosphorylation. 

 



 

22 

Materials/Methods 

Neuronal Cell Culture. Striatal neurons were cultured from 1- to 2-d-old rat pups as 

previously described (Groth et al., 2008; Grove-Strawser et al., 2010), using a protocol 

approved by the Animal Care and Use Committee at the University of Minnesota. 

Chemicals and drugs were obtained from Sigma (St. Louis, MO) or Tocris (Ellisville, 

MO) unless otherwise noted. Following decapitation, the striatum was isolated in cold 

HBSS containing 20% fetal bovine serum (FBS; HyClone; Logan, UT), 4.2 mM 

NaHCO3, and 1 mM HEPES, pH 7.35 at 300 mOsm. Tissue was washed before a 5 min 

digestion in trypsin solution (type XI; 10 mg/mL) containing 137 mM NaCl, 5 mM KCl, 

7 mM Na2HPO4, 25 mM HEPES, and 1500 U of DNase at pH 7.2 and 300 mOsm. For 

dorsal striatum and central striatum enriched cultures, a coronal section was made at the 

level of the striatum. The dorsal and ventral portions were identified using the anterior 

commissure, and then transected using a tungsten needle. Following additional washes, 

the tissue was dissociated, and the cell suspension was pelleted twice before being plated 

(6x104 cells per well) on Matrigel (BD Biosciences; San Jose, CA)-treated 10 mm 

coverslips. Cells were incubated at RT for 15 min. One mL of MEM (Invitrogen; 

Carlsbad, CA) containing 28 mM glucose, 2.4 mM NaHCO3, 0.0013 mM transferring 

(Calbiochem; La Jolla, CA), 2 mM glutamine, 0.0042 mM insulin, 1% B-27 Supplement 

(Invitrogen), and 10% FBS was added to each well. Forty-eight hr later, cells received 1 

mL of identical media containing 4 µM cytosine 1-B-D-arabinofuranoside (to inhibit glial 

mitosis) and 5% FBS. To limit our analysis to GABAergic medium spiny neurons, we 

excluded large cholinergic interneurons from our analysis based on size. 

 

Drugs. Tetrodotoxin (TTX; 1 µM), D(-)-2-amino-5-phosphonopentanoic acid (AP-5; 25 

µM), corticotropin releasing factor (CRF; 40 nM), astressin (100 nM), CP154526 (100 

nM), K41498 (10 nM), antisauvagine-30 (100 nM); stressin-1 (STR; 70 nM), , H89 (2 

µM), forskolin (12.5 µM), PKI, 14-22 amide myristoylated (1 µM), KT5720 (1 µM), 

cAMPS-Rp, triethylammonium salt (10 µM), SQ22536 (90 µM), isoproterenol (10 µM), 

IBMX (75 µM), KN-93 (2 µM), nifedipine (5 µM), U0126 (10 µM), PD98059 (25 µM), 
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K252a (100 nM), 10-DEBC (5 µM), H-1152 (500 nM), GW-5074 (1 µM), Gallein (75 

µM), pertussis toxin (PTX; 500 ng/mL), cholera toxin (CTX; 500 ng/mL), M119 (5 µM; 

gift from Dr. Kirill Martemyanov), BAPTA-AM (5 µM; Molecular Probes; Eugene, OR). 

 

Immunocytochemistry. Protocols followed are those described previously, using a well-

characterized commercially available monoclonal antibody directed against the Ser133 

phosphorylated version of CREB (see below) (Boulware et al., 2005; Boulware et al., 

2007; Groth et al., 2008; Grove-Strawser et al., 2010; Pearce et al., 2010). Briefly, 

cultured striatal neurons (8-10 d.i.v.) were incubated in a Tyrode’s solution containing 

TTX (1 µM) and AP-5 (25 µM) at room temperature for 1.5 hr. Unless noted otherwise, 

cell stimulations were performed as follows: vehicle (15 min); agonist stimulations were 

15 min, antagonist exposure was 30 min prior to agonist stimulation, except PTX and 

CTX (18 hr pre-treatment), and concurrently with agonist stimulation. Cells were then 

fixed for 10 min using ice-cold 4% paraformaldehde (Electron Miscroscopy Sciences; Ft. 

Washington, PA) in PBS containing 4 mM EGTA. Following wash, cells were 

permeabalized in 0.1% Triton X-100 (VWR Scientific; West Chester, PA) for 5 min. 

Following an additional wash, cells were incubated at 37°C in block solution (1% IgG-

Free BSA and 2% Goat Serum (Jackson ImmunoResearch; West Grove, PA) in PBS) for 

30 min. Primary antibody incubation consisted of a 1 hr incubation at 37°C in block 

solution containing a monoclonal antibody directed against the Ser-133 phosphorylated 

form of CREB (pCREB 10E9, 1:1000; Upstate Biotechnology, Lake Placid, NY) and to 

identify individual cell morphology, a polyclonal antibody targeting microtubule-

associated protein 2 (MAP2, 1:1000; Upstate). For CREB staining (Figure S1), a rabbit 

monoclonal antibody directed against total CREB (CREB 48H2, 1:1000; Cell Signaling, 

Boston, MA) and a mouse monoclonal antibody directed against α-tubulin (236-10501; 

Invitrogen) were used. Cells were then washed before being incubated in block solution 

containing FITC- and CY5-conjugated secondary antibodies (1:200; Jackson 

ImmunoResearch). Following a final wash, cells were mounted using FluorSave 

(Calbiochem). Nuclear fluorescent intensities for pCREB or CREB (approximately 25 
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cells per group) were acquired using a Leica DM5500Q confocal system. Data were 

quantified with Leica LAS AF (version 1.9.0; Leica).  

 The confocal excitation and detection settings for each experiment were 

determined using coverslips stimulated for 5 min with 60 mM potassium (60K) to 

establish a “ceiling” for pCREB intensity. A baseline was determined via the vehicle 

(NS) group, so that each assay has an internal control. Inter-coverslip variability was 

accounted for by subjecting 2 - 3 coverslips to each treatment. Data were acquired in 

random order by a blind observer. Neurons were readily discriminated from glia via size 

and morphology (see Figure 1 and Figure S1) and selected randomly using α-tubulin or 

MAP2 fluorescence, allowing the experimenter to remain blind to the CREB or pCREB 

signal. Images were captured through the approximate midline of each neuron. To 

analyze pCREB fluorescence intensity, the α-tubulin or MAP2 staining was used to draw 

a region of interested (ROI) of interest outlining the nucleus of each neuron. The ROI 

was then transferred to the CREB or pCREB image, and average fluorescence intensities 

within the nucleus were noted. All images were background subtracted from an area 

devoid of neuronal α-tubulin or MAP2 staining, which each experiment being performed 

at least three times to verify results.  

 

cAMP Assay. We measured cAMP concentrations in cultured striatal neurons (8-10 d.i.v.) 

using a Parameter cAMP kit (R&D Systems; Minneapolis, MN) with a mean minimum 

detectable dose of 1.50 pmol/mL (manufacter protocol). Striatal neurons were incubated 

in a Tyrode solution containing TTX (1 µM) and APV (25 µM) for 1.5 hours. For IBMX 

experiments, neurons were switched into an identical solution containg 75 µM IBMX for 

45 min and stimulated in the presence of IBMX. Stimulations were performed in the 

presence of TTX and APV for the time-points indicated in “Results” with isoproterenol 

(10 µM) or CRF (40 nM). Immediately following stimulation, neurons were lysed with 

200 µL ice-cold lysis buffer. Samples were stored overnight at -20°C before being 

processed according to manufacturer instructions. 
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Neuronal Transfection. Cultured striatal neurons were transfected at 7 – 8 d.i.v. with 

1ug/DNA/coversip using a calcium-phosphate method that results in > 95% of the 

transfected cells being neurons (Groth et al., 2008).  

 

Statistics. Experiments were analyzed using ANOVAs and Bonferroni’s Multiple 

Comparison post hoc test, or nonlinear curve fits using Prism 4.03 (GraphPad Software, 

La Jolla, CA). Statistically different groups are denoted by different alphabetical 

characters in corresponding bar graphs. P-values < 0.05 were considered a priori as 

significant. Data are presented as mean + SEM.  
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Results 

CRF Induces Rapid CREB Phosphorylation via Activation of CRFR1 

 
Figure 1. CRF rapidly stimulates CREB phosphorylation. (A) Immunolabeled confocal images of cultured 
striatal neurons from 1- to 2-day old rat pups with MAP2 (red) and pCREB (green). Neurons stimulated 
with CRF (40 nM) for 15 min exhibited increased CREB phosphorylation (Scale Bar = 20 µm). (B) 
Quantification of immunostaining, revealing CRF-mediated CREB phosphorylation (p < 0.0001). (C) 
Cumulative histogram revealing that approximately 80% of striatal neurons show CRF-induced pCREB. 
(D) CRF increased CREB phosphorylation in a concentration-dependent manner. Concentrations ≥ 4 nM 
were statistically significant from vehicle-stimulated (NS) neurons. (E) Time course of CRF-induced 
CREB phosphorylation. Statistically different groups are denoted by different alphabetical characters in 
corresponding bar graphs in this and subsequent figures. P-values < 0.05 were considered a priori as 
significant.  
 

Stress-induced activation of CREB in the striatum requires CRFR1 activation 

(Kreibich et al., 2009). Thus, we attempted to determine whether CRF can lead to CREB 

phosphorylation (pCREB) in cultured striatal neurons from 1- to 2-day old rat pups, and 

if so, through which molecular pathway(s). Indeed, a 15-min application of CRF (40 nM)  
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significantly increased CREB phosphorylation relative to vehicle-stimulated control 

neurons (Figure 1A-C), but had no effect on total CREB staining (Figure S1). Plotting the 

pCREB data via cumulative histogram revealed that approximately 80% of striatal 

neurons responded to CRF stimulation (Figure 1C). CRF increased CREB 

phosphorylation in a concentration-dependent manner with an EC50 = 0.3 nM (Figure 

1D), consistent with a CRFR-mediated event. CRF-induced increases in pCREB occurred 

in a rapid and time-dependent manner (τ ~ 3.5 minutes), with extended exposure (i.e. 1 

hr) producing apparent desensitization (Figure 1E). .  

 The striatum is composed of two major sub-regions, the dorsal striatum (i.e. 

caudate/putamen) and nucleus accumbens (NAc). To determine whether CRF-induced 

CREB phosphorylation is restricted to neurons from one of these two anatomical regions, 

we created dorsal striatum “enriched” and NAc “enriched” cultures. Both cultures 

displayed similarly robust increases in CREB phosphorylation upon CRF application 

(data not shown), suggesting that there are no overt differences in CRF-responsiveness 

between these two brain regions. Thus, we performed our remaining experiments in 

whole striatal cultures. 

 The striatum expresses both CRFRs, although CRFR1 to a greater extent than 

CRFR2 (De Souza, 1987; Chalmers et al., 1995; Primus et al., 1997; Iredale et al., 2000). 

We confirmed expression of both receptors in our cultured neuronal system using real-

time PCR (data not shown). To determine whether CRF-induced CREB phosphorylation 

occurs via activation of these classic CRFRs, we pre-incubated our striatal neurons with 

the non-specific CRFR peptide antagonist astressin (50 nM). Indicative of a CRFR-

mediated event, this treatment completely abolished CRF-induced CREB 

phosphorylation (Figure 2A). Next, we sought to determine which receptor mediates 

CRF-induced CREB phosphorylation. Pre-incubation with the specific CRFR1 antagonist 

CP154526 (100 nM) eliminated CRF-induced CREB phosphorylation (Figure 2B). In 

addition, a 15 min application of the CRFR1-specific agonist stressin-1 (STR; 70 nM) 

mimicked the effect of CRF, and this effect was also blocked with CP154526 (Figure 

2C). To determine any putative role of CRFR2 in CRF-induced CREB phosphorylation, 

we utilized two CRFR2-preferring peptide antagonists. Both antisauvagine-30 (100 nM; 
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Figure 2D) and K41498 (10 nM) (not shown) failed to block CRF-induced CREB 

phosphorylation. Together, these data strongly suggest that CRF induced CREB 

phosphorylation in striatal neurons is mediated exclusively through CRFR1, with CRFR2 

playing no discernable role.  

 
Figure 2. CRFR1 mediates CRF-induced CREB phosphorylation. (A and B) CRF-mediated CREB 
phosphorylation was blocked by the non-specific CRFR antagonist astressin (50 nM; F = 20.19), and the 
CRFR1-specfic antagonist CP154526 (100 nM; F = 17.40). (C) CRF-induced CREB phosphorylation was 
mimicked by the CRFR1 agonist stressin-1 (STR; 70 nM). STR-induced CREB phosphorylation was also 
blocked by CP154526 (F = 15.99). (D) The CRFR2-specific antagonist antisauvagine-30 (100 nM) had no 
effect on CRF-induced CREB phosphorylation (F = 17.10).  
 
 

CRF Does Not Induce CREB Phosphorylation via the AC/cAMP/PKA Pathway 

 CRFR1 is primarily thought of as a GPCR that signals through Gαs to produce 

subsequent increases in cAMP. Hence, we decided first to test the hypothesis that CRF 

activation of CRFR1 leads to an AC/cAMP/PKA-dependent increase in CREB 

phosphorylation. To assay for the involvement of this pathway, we began with inhibition 
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of PKA. A PKA-specific concentration (Davies et al., 2000; Lochner and Moolman, 

2006) of the protein kinase inhibitor H-89 (2 µM) failed to block CRF-induced CREB 

phosphorylation (Figure 3A). Importantly, this concentration of H89 attenuated CREB 

phosphorylation stimulated by the AC agonist forskolin, which signals to CREB through 

multiple cAMP-responsive proteins including PKA (Figure 3A). Given this unexpected 

result, we attempted to block CRF-induced CREB phosphorylation with three additional 

PKA antagonists: the cell permeable peptide PKA inhibitor PKI, 14-22 amide (1 µM), 

KT5720 (1 µM), and cAMPS-Rp, triethylammonium salt (10 µM). All three compounds 

also failed to eliminate CRF-induced CREB phosphorylation (data not shown). Together, 

these data indicate that PKA is not involved in CRF-induced CREB phosphorylation in 

striatal neurons. 

We next determined whether CRF was in fact eliciting increases in cAMP under 

conditions in which CRF was producing CREB phosphorylation. Hence, we quantified 

cAMP concentrations following the CRF stimulation paradigm used to elicit increases in 

CREB phosphorylation. Exposure of striatal cultures to CRF (40 nM) for durations that 

elicited CREB phosphorylation failed to induce any measurable increase in cAMP 

concentration (Figure 3B). These experiments were also done in the presence of the 

phosphodiesterase inhibitor IBMX (75 µM), to ensure we were not losing a CRF-

mediated cAMP signal during assay preparation (data not shown). As a positive control 

for our assay, a 15 min application of the β-adrenergic receptor agonist isoproterenol 

(ISO; 10 µM) resulted in a significant increase in cAMP (Figure 3B, S2). To directly test 

whether cAMP signaling played a role in CRF-induced CREB phosphorylation, we 

treated striatal cultures with the AC antagonist SQ22536 (90 µM). While SQ22536 

completely blocked ISO-induced cAMP formation (Figure 3C), it failed to affect CRF-

induced CREB phosphorylation (Figure 3D). Together, these data strongly suggest that 

rapid CRF-induced CREB phosphorylation in striatal neurons operates independently of 

AC, cAMP, and PKA signaling. 
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Figure 3. CRF-induced CREB phosphorylation occurs independently of the AC/cAMP/PKA pathway. (A) 
A PKA-specific concentration of the protein kinase inhibitor H89 (2 µM) failed to block CRF-induced 
CREB phosphorylation, but attenuated Fsk-induced CREB phosphorlyation (F = 35.78). (B) CRF (40 nM) 
did not induce increases in cAMP during the time-course that increases in pCREB were observed. The β-
adrenergic receptor agonist isoproterenol (ISO; 10 µM) was used as a positive control (F = 3226). (C) 
Inhibiting AC activity with SQ22536 (90 µM) completely blocked ISO-induced cAMP accumulation (F = 
101.4).  (D) Inhibition of AC with SQ22536 had no effect on CRF-induced CREB phosphorylation (F = 
17.10).   
 

CRF Induces CREB Phosphorylation via Calcium-Independent MAPK Signaling 

 Independent of PKA, several downstream kinase pathways have been shown to 

regulate CREB phosphorylation (Lonze and Ginty, 2002; Deisseroth et al., 2003). One 

such kinase is CaMKIV. However, blocking CaMK activation with KN-93 (2 µM) had 

no effect on CRF-induced CREB phosphorylation (Figure 4A), although this 

concentration of KN-93 blocks depolarization-induced CREB phosphorylation (Wu et al., 

2001).  
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Figure 4. CRF-induced CREB phosphorylation occurs via a MEK/MAPK-dependent mechanism. (A) The 
CaMK inhibitor KN-93 (2 µM) did not affect CRF-induced CREB phosphorylation (F =17.65). (B) CRF-
induced CREB phosphorylation was blocked by the MEK antagonist U0126 (10 µM; F = 11.97). (C) The 
L-type Ca2+ channel blocker nifedipine (5 µM) had no effect on CRF-induced CREB phosphorylation (F = 
18.50). (D) Chelating intracellular calcium with BAPTA-AM (30 min incubation with 5 µM) failed to 
block CRF-induced CREB phosphorylation (F = 12.72).  

 

MAPK signaling is another pathway that has been shown capable of CREB 

activation in a variety of neuronal preparations. In contrast to previous experiments, the 

MEK (MAPK kinase) inhibitor U0126 (10 µM) blocked CRF-induced CREB 

phosphorylation (Figure 4B). A second MEK antagonist, PD98059 (25 µM), yielded a 

similar result (data not shown). MAPK-dependent CREB phosphorylation is often 

calcium dependent, following calcium entry through L-type calcium channels, or release 

of calcium from intracellular stores. However, CRF-mediated CREB phosphorylation 

was not affected by either the L-type calcium channel blocker nifedipine (5 µM; Figure 

4C) or by chelating intracellular calcium through pre-incubation with BAPTA-AM 

(Figure 4D). Removing extracellular calcium during CRF stimulation also had no effect 



 

32 

on CRF-mediated CREB phosphorylation (data not shown). Thus, CRF activation of 

MAPK signaling appears to be calcium independent. 

 

CRF Induces CREB Phosphorylation via a Gβγ-Dependent Mechanism 

 
Figure 5. CRF-induced CREB phosphorylation occurs via a Gβγ-dependent mechanism. (A) The Gβγ-
specific blocker gallein (75µM) eliminated CRF-induced CREB phosphorylation (F = 6.13). (B) In 
contrast, gallein had no effect on CREB phosphorylation induced by the β-adrenergic receptor agonist, 
isoproterenol (F = 16.83). (C) An additional Gβγ blocker (M119; 5 µM) also eliminated CRF-induced 
CREB phosphorylation (F = 27.96). (D) Neurons transfected mCherry and the Gβγ inhibitory peptide 
Grk2i failed to exhibit CRF-induced CREB phosphorylation (F = 11.26).  
 

We next decided to test the involvement of several upstream signalers that could 

lead to downstream MAPK activation, including Akt, receptor tyrosine kinases (RTKs), 

Ras, Raf, ROCK, and PI3K. We utilized pharmacological blockers for each of these 

molecules to test for any contribution in CRF-induced CREB phosphorylation. 
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Remarkably, inhibitors of Akt (10-DEBC; 5 µM), RTKs (K252A; 100 nM), Ras 

(XRP44X; 2 µM), Raf (GW5074; 1 µM) ROCK (H-1152; 500 nM), and PI3K 

(wortmannin; 500 nM) all failed to affect CRF-induced CREB phosphorylation (data not 

shown). Unable to identify an intermediary signaling molecule upstream of MEK but 

downstream of CRFR1, we decided to test for the involvement of different G-protein 

subunits in CRF-induced CREB phosphorylation.  

To test for a Gβγ-dependent mechanism in CRF-induced CREB phosphorylation, 

we utilized the Gβγ-specific inhibitor gallein (75 µM) (Lehmann et al., 2008). In support 

of a role for Gβγ, CRF failed to induce CREB phosphorylation in the presence of this 

drug (Figure 5A). To ensure that the effect of gallein was specific to CRF and not 

dampening all G-protein signaling, we stimulated our neurons with ISO (10 µM) in the 

presence of gallein. Since ISO leads to CREB phosphorylation via a Gαs pathway in 

striatal neurons (unpublished data), gallein should not affect ISO-dependent CREB 

phosphorylation. Indeed, this was in fact the case (Figure 5B). To verify our initial 

results, we blocked CRF-induced CREB phosphorylation with a second Gβγ-specific 

inhibitor, M119 (5 µM; Figure 5C). Again M119 had no effect on ISO-induced CREB 

phosphorylation (data not shown). 

 To complement these pharmacological data, we utilized a genetic approach to 

further characterize the involvement of Gβγ in CRF-induced CREB phosphorylation. 

Neurons were transfected with either a construct expressing mCherry or co-transfected 

with the mCherry construct plus a construct expressing the peptide motif of G-protein 

regulated kinase that scavenges Gβγ (Grk2i), which has previously been shown to 

specifically block downstream Gβγ signaling (Koch et al., 1994). Neurons that were 

transfected with mCherry alone demonstrated robust CRF-induced CREB 

phosphorylation. However, neurons that were transfected with Grk2i failed to show CRF-

induced CREB phosphorylation (Figure 5D). Together, these pharmacological and 

genetic data support the hypothesis that CRF-induced CREB phosphorylation is mediated 

via a Gβγ-dependent signaling mechanism. 
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CRFR1 Couples to, but Does Not Signal to CREB through Gα s in Striatal Neurons 

 To identify the Gα  subunit to which CRFR1 and Gβγ couple in this paradigm, we 

utilized toxins that specifically target functional classes of Gα . Since functional Gβγ 

subunits in neurons are classically thought to associate with Gα i/o, we first utilized 

pertussis toxin (PTX) to specifically inhibit these Gα subunits. PTX prevents the 

exchange of GDP (inactive state) for GTP (active state), thus hindering the G-protein 

trimer (Gαβγ) from dissociating from the GPCR, and initiating downstream signaling. 

Overnight (18 hr) pretreatment of striatal neurons with PTX (0.5 ng/µL) did not alter 

CRF-mediated CREB phosphorylation (Figure 6A). 

 
Figure 6. CRFR1 couples to, but does not signal to CREB through Gαs in striatal neurons. (A) Pre-
treatment with pertussis toxin (PTX; 500 ng/mL) did not affect CRF-induced pCREB (F = 11.10). (B) 
Conversely, CTX blocked CRF-induced CREB phosphorylation, but had no effect on MAPK-dependent 
CREB phosphorylation induced by depolarization (60K; F = 35.15).  
 

 Next, we targeted the Gα s family, which includes Gα s and Gαolf in the striatum 

(Hara et al., 2010) (hereafter termed Gα s), with cholera toxin (CTX). CTX perpetually 

activates Gα s by preventing the hydrolysis of GTP (active state) to GDP (inactive state). 

Since this treatment prevents Gα s from re-associating with the either the Gβγ subunits or 

the GPCR, reactivation of Gα s-coupled signaling pathways cannot occur in the presence 

of CTX. Overnight pretreatment with CTX resulted in a block of CRF-induced CREB 

phosphorylation (Figure 6C). Importantly, MAPK-mediated CREB phosphorylation 
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following a 60 mM K+ depolarization (Wu et al., 2001) was unaffected by this treatment 

(Figure 6B), indicating specificity regarding the CTX effect. Together, these data suggest 

that CRF-induced CREB phosphorylation occurs following CRFR1 activation and 

dissociation of Gαs from Gβγ, with subsequent Gβγ-mediated MAPK stimulation. 

 
Figure S1. CRF does not change total CREB. (A) Immunolabeled confocal images of cultured striatal 
neurons from 1- to 2-day old rat pups with  α-tubulin (green) and total CREB (red). Neurons stimulated 
with CRF (40 nM) for 15 min showed no change in total CREB staining relative to vehicle stimulated 
control neurons (NS; Scale Bar = 20 µm). (B) Quantification of immunostaining revealed no effect of CRF 
on total CREB staining (P = 0.67, Student’s two-tailed T-test). 
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Discussion 

CRF Increases CREB Phosphorylation via a Novel Signaling Pathway 

 

 
Figure 7. Proposed mechanism of CRF-induced CREB 
phosphorylation in striatal neurons. CRF binds to Gαs-
coupled CRFR1, leading to a Gβγ-dependent activation of 
MEK and MAPK, resulting in downstream CREB 
phosphorylation. 

 

 

CRF signaling in neurons was initially 

characterized as being mediated via the Gαs-

coupled CRFR1, and subsequent downstream 

activation of AC, cAMP and PKA. However, 

given the recent evidence for the promiscuity of 

CRF coupling to intracellular signaling pathways, 

and the profound influence of CRF on NAc processes via CREB, our experiments were 

designed to determine the specific signaling pathway by which CRF-induced CREB 

phosphorylation in striatal neurons. Using a combination of pharmacological and genetic 

approaches, we report a novel neuronal signaling pathway whereby CRF binds to a Gαs-

coupled CRFR1, leading to a Gβγ- and MAPK-dependent increase in CREB 

phosphorylation. Notably, these data are consistent with previous findings showing that 

stress-facilitation of drug reward depends on CRFR1 and CREB activation in NAc 

(Kreibich et al., 2009), as well as the finding that CRFR1 is the predominant CRF 

receptor expressed within this brain region (De Souza, 1987; Chalmers et al., 1995; 

Primus et al., 1997; Iredale et al., 2000).  

These data demonstrating CRF signaling through a non-canonical pathway are 

consistent with numerous reports of CRFRs coupling to diverse intracellular signaling 

pathways across distinct neuronal populations. CRF has been shown to activate CREB in 

cerebellar and hippocampal neurons (Bayatti et al., 2003), as well as MAPKs in several 

brain regions (Refojo et al., 2005). Separate from CREB/MAPK signaling, CRF also 
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affects the activity of various other kinases, second messengers, ion channels and 

neurotransmitter receptors (Blank et al., 2003; Ungless et al., 2003; Riegel and Williams, 

2008; Sheng et al., 2008a; Wanat et al., 2008; Beckstead et al., 2009; Magalhaes et al., 

2010). This diversity in cellular effects is not surprising when one considers the ability of 

CRF to influence a variety of natural and pathological behaviors (Sarnyai et al., 2001; 

Bale and Vale, 2004; Bale, 2005; Lim et al., 2007). However, this report is unique among 

papers describing CRF signaling in neurons in that it describes a novel upstream 

signaling activator at the level of the G-protein subunit (Gβγ). An important distinction is 

that while we assert that CRFR1-mediated CREB phosphorylation occurs independently 

of AC and cAMP in this paradigm, CRF may still be able to activate AC in striatal 

neurons under certain conditions. As we only monitored cAMP changes using a 

concentration of CRF and a time-course of treatment that led to maximal CREB 

phosphorylation, we do not rule out the possibility that different stimulation paradigms 

may lead to CRF and CRFR activation of AC in these cells. 

Although this is the first report demonstrating that CRF and CRFR1 signal via 

Gβγ in neurons, there have been reports of CRF acting through Gβγ-dependent 

mechanisms in cell lines expressing recombinant protein. These include findings that 

CRF effects on T-type calcium channels (Tao et al., 2008) and intracellular calcium 

signaling (Gutknecht et al., 2009) depend on Gβγ function, as well as a study that found 

that Gβγ is important for CRFR desensitization (Teli et al., 2005). There is also a 

precedent for activation of Gβγ leading to downstream MAPK activation in non-neuronal 

cell lines (Lopez-Ilasaca et al., 1997; Smrcka, 2008; Dupre et al., 2009). While one group 

has shown indirect evidence for Gβγ mediated CREB activation (Tu et al., 2007), this is 

the first direct demonstration that inhibiting Gβγ signaling blocks agonist-induced CREB 

phosphorylation. Given the diversity of Gβγ signaling (Lopez-Ilasaca et al., 1997; 

Smrcka, 2008) and the plethora of CRF effects in numerous brain regions and peripheral 

tissues (Hillhouse and Grammatopoulos, 2006), future studies can test for a role of Gβγ 

signaling in CRF function throughout the brain and other tissue.  
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The mechanism by which Gβγ leads to MAPK signaling in striatal neurons 

remains elusive (Smrcka, 2008; Dupre et al., 2009). One hypothesis is that an 

intermediate signaling moiety couples Gβγ to MEK (Figure 7). We assayed for the 

involvement of signaling molecules that have previously been shown to lead to 

downstream MAPK/CREB activation, are known to be activated by Gβγ, or both. 

Pharmacological inhibitors/blockers of L-type calcium channels, CaMK, AKT/PKB, 

RTKs, ROCK, Ras, Raf, and PI3K all failed to block CRF-induced CREB 

phosphorylation. Furthermore, we ruled out any contribution of calcium to CRF induced 

CREB phosphorylation in these neurons.  

Alternatively, Gβγ could physically interact with and activate MEK to initiate 

MAPK signaling. Gβγ has been shown to interact with and activate a variety of 

downstream signaling molecules, including AC and ion channels (Smrcka, 2008). 

However, MEK/MAPK are not among those known be physically regulated by Gβγ 

activation. Interestingly, Gβγ has been shown to traffic to cytoplasmic sites distinct from 

the plasma membrane, including the Golgi complex and the endoplasmic reticulum 

(Akgoz et al., 2006; Saini et al., 2007). It is unknown whether receptor-mediated 

activation of Gβγ subunits can transduce cytoplasmic signaling via translocation into the 

cytoplasm. However, the hypothesis that Gβγ activated at the membrane can translocate 

to the cytoplasm to lead to MEK activation cannot be ruled out. Although beyond the 

scope of this study, future investigations in both neuronal and non-neuronal cells will be 

needed to determine the exact mechanism by which Gβγ leads to downstream 

MEK/MAPK activation. 

Independent of the mechanism by which Gβγ activates downstream signaling in 

this paradigm, we hypothesize that the Gβγ subunits released from CRFR1 in response to 

ligand binding are unique in their ability to elicit downstream CREB phosphorylation, 

insofar as dissociation of Gβγ from any GPCR is insufficient for this effect. For instance, 

ISO-mediated activation of β-adrenergic receptors does not result in Gβγ-mediated 

CREB phosphorylation (Figure 5B). One hypothesis is that CRFR1-coupled Gβγ subunits 

have a unique molecular property (i.e. post-translational modification) that facilitates 



 

39 

activation of downstream signaling pathways. Alternately, the subcellular localization of 

CRFR1 allows its dissociated Gβγ subunits privileged access to the downstream signaling 

machinery necessary for CREB phosphorylation. Indeed, an emerging theme in neuronal 

intracellular signaling is the hypothesis that both membrane-associated and intracellular 

signaling proteins are organized into discrete structural and functional microdomains that 

facilitate efficacious intracellular signaling (Stern and Mermelstein, 2010). There is 

precedent for the organizational influence of scaffolding proteins and microdomains in 

neuronal ion channel and GPCR-mediated CREB phosphorylation. For example, the 

privileged ability of L-type calcium channels to mediate downstream CREB 

phosphorylation, at the exclusion of other calcium influx mechanisms, is due to the 

specific sub-cellular localization of these L-channels (Weick et al., 2003). Our lab has 

further shown that caveolin proteins (CAVs) are necessary for the functional isolation of 

distinct GPCR signaling pathways in both hippocampal and striatal neurons (Boulware et 

al., 2007; Grove-Strawser et al., 2010; Stern and Mermelstein, 2010). In addition to 

facilitating CRFR1 activation of Gβγ and subsequent MAPK signaling, the specific sub-

cellular localization of CRFR1 could also prevent Gαs from readily accessing AC in 

these neurons. Future experiments will test the hypothesis that functional microdomains 

and scaffolding proteins, such as CAVs, mediate signaling specificity in this paradigm. 

 

CRF Signaling in Striatal Neurons 

The interaction between stress and drug addiction is well established. Stress both 

pre-disposes individuals to drug-addiction, as well as triggers relapse in previously 

abstinent addicts (Brown et al., 1995; Sarnyai, 1998; Cleck and Blendy, 2008). Animal 

models of stress and drug addiction mirror these results from clinical populations. Stress 

enhances locomotor responses to drugs of abuse, and enhances acquisition of self-

administration (Sarnyai et al., 2001). Stress has also been shown to re-activate 

extinguished CPP for cocaine (Shaham et al., 2000).  

CRF is the molecular mediator of many of these effects of stress on drug taking 

behavior (Koob, 2010). Acute administration of drugs of abuse activates both 
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hypothalamaic and extra-hypothalamic CRF, while CRF administration mimics the 

effects of stress on drug taking behaviors in animal models. Since the NAc is thought to 

be the site of many of the neuro-plastic changes that underlie drug addiction, and since 

CRF has been shown to influence NAc-dependent behaviors and neurons (Holahan et al., 

1997; Pecina et al., 2006; Lim et al., 2007; Kreibich et al., 2009), we hypothesize that 

CRF action in NAc neurons underlies some of the effects of stress on addictive 

behaviors. It must be noted that NAc is not the sole site of CRF influence on addiction. In 

the context of addictive processes, CRF has been shown to influence several regions of 

the mesolimbic dopamine system including the VTA and amygdala (Koob, 2010). 

Here we show that CRF can, in fact, directly influence NAc neurons by activating 

CREB, a transcription factor that is important for the responses to stress (Briand and 

Blendy, 2010), as well as drug reward (Carlezon et al., 1998). Our data are consistent 

with a report showing that stress-facilitation of drug reward depends on CRFR1 and 

CREB (Kreibich et al., 2009). It has been known for quite some time that many of the 

plastic changes in NAc neurons required for drug addiction are dependent on 

transcription of genes and synthesis of new proteins, and that the transcription factor 

CREB plays a key role (Nestler, 2004).  

This work, which identifies a novel mechanism of CRF signal initiation at the 

level of the Gβγ subunit in striatal neurons, adds to a growing literature describing the 

diverse intracellular signaling pathways that can be activated by CRF. However, it 

remains to be determined whether CRF-induced Gβγ signaling is unique to the striatum, 

or whether it represents an essential mechanism of CRF signaling across diverse brain 

regions. In terms of CRF action in the striatum, our working hypothesis is that stress-

induced release of CRF into NAc could lead to CREB activation via the pathway 

identified here, thus “priming” these neurons for CRE-dependent transcription following 

a robust drug-induced stimulus. Consequently, CRF may shift the transcriptional balance 

towards the expression of genes that are required for the plastic changes that characterize 

addiction, thereby facilitating addictive behaviors.  Future work will be aimed at 
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determining the extent by which CRF activation of this Gβγ pathway underlies the 

physiological and behavioral effects of CRF in vivo. 

 

Conclusion 

 CRF was first described as the neuropeptide that mediated the HPA response to 

stress. Since then, CRF has been shown to mediate a wide variety of brain regions outside 

of the traditional HPA axis, including the NAc. Here we report a novel molecular 

signaling pathway in striatal neurons in which CRF leads to a Gβγ- and MAPK-

dependent increase in CREB phosphorylation. This pathway not only sheds light on CRF 

signaling by characterizing a novel, neuronal CRF initiated signaling pathway, but also 

reveals novel potential targets for altering the effects of CRF on a variety of behaviors.  
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Chapter 3 

 

 

 

CRF and UCN Activate CREB via Distinct But Overlapping Gβγ  Signaling 

Pathways in Hippocampal Neurons 
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Introduction 

 Stress is an actual or perceived perturbation in the environment of an organism. 

Physiologically, an acute respose to stress involves the release of corticotropin-releasing 

factor (CRF) from paraventricular neurons of the hypothalamus. In addition to their 

central role in the stress response, CRF and glucocorticoids also influence a variety of 

extra-hypothalamic brain regions and behaviors. Foremost among these extra-

hypothalamic stress-responsive loci is the hippocampus, a component of the limbic 

circuit that is critical for learning and memory (McEwen, 1999; Sapolsky, 2003). 

Although stress influence of the hippocampus was largely thought to be mediated via 

glucocorticoid action, it has become increasingly clear that both CRF and the related 

stress peptide, Urocortin 1 (UCN) underlie many of the beneficial and detrimental effects 

of stress on the hippocampus (Radulovic et al., 1999; Pedersen et al., 2002; Ivy et al., 

2010). 

These effects of stress and stress peptides on the hippocampus are bidirectional, 

with the type, duration, and intensity of stress playing critical roles in the final effect on 

hippocampal function. Acute exposure to stress and/or stress peptides positively 

influences hippocampal function. Intra-hippocampal injection of CRF prior to fear-

conditioning, dose-dependently enhances context and tone-dependent conditioning 

(Radulovic et al., 1999). CRFR antagonists decrease performance on a hippocampal-

dependent social recognition test, while CRF improves performance (Heinrichs, 2003). 

CRF also influences rapid electrophysiological properties of hippocampal neurons as 

acute CRF administration increases hippocampal neuron excitability (Aldenhoff et al., 

1983; Blank et al., 2003) and hippocampal LTP (Blank et al., 2002). Finally, acute 

exposure of hippocampal neurons to CRF (Elliott-Hunt et al., 2002) or UCN (Pedersen et 

al., 2002) protects against neurotoxic insults. 

 In contrast, chronic stress results in stress peptide-dependent insults to the 

hippocampus. One week of chronic early life stress adversely affects CA1 neuron 

dendritic complexity, expression of CA3-CA1 hippocampal LTP, and learning and 

memory in the Morris Water Maze and Novel Environment tasks (Ivy et al., 2010). 

Single bouts of chronic (< 1 hour) stress also impair hippocampal learning and memory 
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(Chen et al., 2010), while sustained application of CRF impairs hippocampal LTP 

(Rebaudo et al., 2001). 

Less clear than the effects of stress and stress peptides on the hippocampus, 

however, are the intracellular signaling pathways through which these molecules 

influence hippocampal neurons. A body of literature suggests that the signaling pathways 

utilized by stress peptides in hippocampal neurons may likely depend on the specific 

effect in question (Elliott-Hunt et al., 2002; Pedersen et al., 2002; Bayatti et al., 2003; 

Blank et al., 2003; Sheng et al., 2008b). Chapter 2 described a novel CRF-induced Gβγ 

signaling pathway in striatal neurons, whereby rapid CRF-induced CREB 

phosphorylation was sensitive to inhibition of Gβγ and MAPK signaling. In this follow-

up study, I attempted to determine whether this novel signaling pathway is exclusively 

expressed in striatal neurons, or whether, in fact, it underlies the effects of stress peptides 

in other stress-sensitive brain regions such as the hippocampus. Furthermore, since there 

is considerable overlap among the hippocampal processes influenced by stress (see 

above) and those influenced by the activity-dependent transcription factor CREB (Lonze 

and Ginty, 2002), I hypothesized that stress peptide influence of CREB may underlie 

aspects of stress modulation of hippocampal function.  

The data presented here indicate that both CRF and UCN lead to rapid 

downstream increases in CREB phosphorylation (activation) in hippocampal neurons via 

a Gβγ-dependent mechanism. Furthermore, CRF and UCN utilize overlapping, but 

distinct downstream signaling pathways to activate CREB. In addition to supporting the 

notion that CRF-induced Gβγ activation can occur in multiple extra-hypothalamic stress-

responsive brain regions, these data collectively suggest that stress-peptide activation of 

CREB may underlie stress influence of hippocampal function. 
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Materials/Methods 

CA1-CA3 Hippocampal Neuronal Culture. Hippocampal neurons were cultured from 1- 

to 2-d-old rat pups as previously described (Boulware et al., 2007), using a protocol 

approved by the Animal Care and Use Committee at the University of Minnesota. 

Chemicals and drugs were obtained from Sigma (St. Louis, MO) or Tocris (Ellisville, 

MO) unless otherwise noted. Following decapitation, the dentate gyrus was removed and 

hippocampi were isolated in cold HBSS containing 20% fetal bovine serum (FBS; 

HyClone; Logan, UT), 4.2 mM NaHCO3, and 1 mM HEPES, pH 7.35 at 300 mOsm. 

Tissue was washed before a 5 min digestion in trypsin solution (type XI; 10 mg/mL) 

containing 137 mM NaCl, 5 mM KCl, 7 mM Na2HPO4, 25 mM HEPES, and 1500 U of 

DNase at pH 7.2 and 300 mOsm. Following additional washes, the tissue was 

dissociated, and the cell suspension was pelleted twice before being plated (6x104 cells 

per well) on Matrigel (BD Biosciences; San Jose, CA)-treated 10 mm coverslips. Cells 

were incubated at RT for 15 min. One mL of MEM (Invitrogen; Carlsbad, CA) 

containing 28 mM glucose, 2.4 mM NaHCO3, 0.0013 mM transferring (Calbiochem; La 

Jolla, CA), 2 mM glutamine, 0.0042 mM insulin, 1% B-27 Supplement (Invitrogen), and 

10% FBS was added to each well. Forty-eight hr later, cells received 1 mL of identical 

media containing 4 µM cytosine 1-B-D-arabinofuranoside (to inhibit glial mitosis) and 

5% FBS.  

 

Drugs. Tetrodotoxin (TTX; 1 µM), D(-)-2-amino-5-phosphonopentanoic acid (AP-5; 25 

µM); corticotropin releasing factor (CRF; 40 nM), urocortin I (UCN; 40 nM), astressin 

(100 nM), CP154526 (100 nM), K41498 (10 nM), antisauvagine-30 (100 nM); stressin-1 

(STR; 70 nM), PKI, 14-22 amide myristoylated (1 µM), H89 (1 µM), isoproterenol (10 

µM), IBMX (75 µM), U0126 (10 µM), PD98059 (25 µM), Gallein (75 µM), M119 (10 

µM; gift from Dr. Kirill Martemyanov).  

 

Immunocytochemistry. Protocols followed those described previously (REFERENCE). 

Briefly, cultured hippocampal neurons (8-10 d.i.v.) were incubated in a Tyrode’s solution 
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containing TTX (1 µM) and AP-5 (25 µM) at room temperature for 2 hr. Unless noted 

otherwise, cell stimulations were performed as follows: vehicle (15 min); agonist 

stimulations were 15 min, antagonist exposure was 30 min prior to agonist stimulation 

and concurrently with agonist stimulation. Cells were then fixed for 10 min using ice-

cold 4% paraformaldehde (Electron Miscroscopy Sciences; Ft. Washington, PA) in PBS 

containing 4 mM EGTA. Following wash, cells were permeabalized in 0.1% Triton X-

100 (VWR Scientific; West Chester, PA) for 5 min. Following an additional wash, cells 

were incubated at 37°C in block solution (1% IgG-Free BSA and 2% Goat Serum 

(Jackson ImmunoResearch; West Grove, PA) in PBS) for 30 min. Primary antibody 

incubation consisted of a 1 hr incubation at 37°C in block solution containing a 

monoclonal antibody directed against the Ser-133 phosphorylated form of CREB 

(pCREB 10E9, 1:1000; Upstate Biotechnology, Lake Placid, NY), and to identify 

individual cell morphology, a polyclonal antibody targeting microtubule-associated 

protein 2 (MAP2, 1:1000; Upstate). Cells were then washed before being incubated in 

block solution containing AlexaFluor 488- and AlexaFluor 635-conjugated secondary 

antibodies (1:2000; Invitrogen) for visualizing MAP2 and pCREB, respectively. 

Following a final wash, cells were mounted using FluorSave (Calbiochem). Nuclear 

fluorescent intensities for pCREB (~25 cells per group) were acquired using a Leica 

DM5500Q confocal system. Data were quantified with Leica LAS AF (version 1.9.0; 

Leica).  

 The confocal excitation and detection settings for each experiment were 

determined using coverslips stimulated for 5 min with 20 mM potassium. Inter-coverslip 

variability was accounted for by subjecting two to three coverslips to each treatment. 

Data were acquired in random order by a blind observer. Neurons were readily 

discriminated from glia via size and morphology. Neurons were selected randomly using 

MAP2 fluorescence, allowing the experimenter to remain blind to the pCREB signal. 

Images were captured through the approximate midline of each neuron. To analyze 

pCREB fluorescence intensity, the MAP2 staining was used to draw a region of 

interested (ROI) outlining the nucleus of each neuron. The ROI was then transferred to 
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the pCREB image, and average fluorescence intensities within the nucleus were noted. 

Images were background subtracted from an area devoid of neuronal MAP2 staining, 

which each experiment being performed at least three times to verify results. 

 

cAMP Assay. We measured cAMP concentrations in cultures hippocampal neurons (8-10 

d.i.v.) using a Parameter cAMP kit (R&D Systems; Minneapolis, MN) with a mean 

minimum detectable dose of 1.50 pmol/mL (manufacter protocol). Hippocampal neurons 

were incubated in a Tyrode solution containing TTX (1 µM) and APV (25 µM) for 1.5 

hours before being switched into an identical solution also containing the 

phosphodiesterase inhibitor IBMX (75 µM) for 45 min. Stimulations were performed in 

the presence of TTX, APV, and IBMX for the time-points indicated in “Results” with 

isoproterenol (10 µM), CRF (40 nM), or UCN (40 nM). Immediately following 

stimulation, neurons were lysed with 200 µL ice-cold lysis buffer. Samples were stored 

overnight at -20°C before being processed (the 200 µL of lysates was evenly divided 

between two wells of the 96-well plate). 

 

Statistics. Experiments were analyzed using ANOVAs and Bonferroni’s Multiple 

Comparison post hoc test, or nonlinear curve fits using Prism 4.03 (GraphPad Software, 

La Jolla, CA). Statistically different groups are denoted by different alphabetical 

characters in corresponding bar graphs. P-values < 0.05 were considered a priori as 

significant. Data are presented as mean + SEM.  
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Results 

CRF and UCN Activate CREB via CRFR1 

 
Figure 1. CRF and Urocortin (UCN) induce CREB phosphorylation in hippocampal neurons. (A) 
Immunolabeled confocal images of cultured hippocampal pyramidal neurons from 1- to 2-day old rat pups 
stained with MAP2 and pCREB (Scale Bar = 20 µm). 15 min stimulation with vehicle (No Stim), CRF (40 
nM), or UCN (40 nM) (B) Quantification revealed that neurons stimulated for 15 min with either 40 nM 
CRF (C; p < 0.0001) or 40 nM UCN (D; p < 0.0001) displayed significantly elevated CREB 
phosphorylation. Statistically different groups are denoted with different alphabetical characters. P-values < 
0.05 were considered a priori as significant. (C) Scatter plot and (D) cumulative histogram revealed that 
both CRF and UCN increased CREB phosphorylation in ~85% of hippocampal neurons.  
 

Our initial experiments were designed to determine whether the stress peptides 

CRF and UCN activated CREB in hippocampal pyramidal neurons, and if so, by what 

molecular pathway. A 15 min application of either 40 nM CRF or UCN resulted in a 

large and significant elevation in CREB phosphorylation relative to vehicle stimulated 

control neurons (Figure 1A - D). Presentation of these data via scatter-plot (Figure 1C) 

and cumulative histogram (Figure 1D) reveals that both CRF and UCN increased CREB 

phosphorylation in the vast majority of pyramidal neurons (~85%). Furthermore, both 

peptides increased CREB phosphorylation in a concentration-dependent manner with 
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EC50 = 2.1 nM and 1.1 nM for CRF and UCN, respectively (Figure 2A and C), 

suggesting a receptor mediated event. Furthermore, CRF and UCN both increased CREB 

phosphorylation in a rapid and time-dependent manner with τCRF = 11.0 min and τUCN = 

6.0 min (Figure 1B and D). Because a 15 min application of 40 nM stress peptide was 

maximally effective at increasing CREB phosphorylation in both cases, we utilized that 

stimulation protocol for the remainder of the CREB phosphorylation experiments. 

 
Figure 2: CRF and UCN rapidly increase CREB phosphorylation in a concentration-dependent manner. 
(A) CRF (EC50 = 2.1 nM) and (C) UCN (EC50 = 1.1 nM) increased CREB phosphorylation in a 
concentration-dependent manner. Concentrations > 40 nM are statistically different from NS for both 
peptides. (B) Both CRF (τ = 11.0 min) and (D) UCN (τ = 6.0 min) increased CREB phosphorylation in a 
rapid, time-dependent manner.  
 

We next sought to determine which receptor(s) mediate CRF- and UCN-induced 

CREB phosphorylation in hippocampal neurons. The hippocampus expresses both 

corticotropin-releasing factor receptors (CRFRs): CRFR1 and CRFR2 (Radulovic et al., 

1998; Chen et al., 2005). To determine whether CRF- and UCN-induced CREB 

phosphorylation occurs via classical CRFR signaling, we utilized the non-specific CRFR 
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peptide antagonist astressin (100 nM). Indeed, astressin completely blocked both CRF- 

(Figure 3A) and UCN-induced (data not shown) CREB phosphorylation, suggesting that 

both stress peptides signal through classical CRFRs. 

 
Figure 3: CRFR1 is necessary for CRF- and UCN-induced CREB phosphorylation. (A) The non-specific 
CRFR antagonist astressin (100 nM) blocked CRF-induced CREB phosphorylation (FCRF = 19.72). (B) The 
specific CRFR1 antagonist CP154526 (100 nM) blocked CRF-induced CREB phosphorylation (FCRF = 
20.85). (C) The CRFR1-sepcific agonist stressin (STR; 70 nM) mimicked CRF- and UCN-induced CREB 
phosphorylation (F = 55.29). This effect was blocked by CP154526. (D) The CRFR2-specific inhibitory 
peptide antisauvagine-30 (100 nM) had no effect on CRF-induced CREB phosphorylation (FCRF = 28.42). 
Statistically different groups are denoted with different alphabetical characters.  

 

We have previously shown that CRF-induced CREB phosphorylation in striatal 

neurons occurs via CRFR1 (Chapter 2). To determine whether CRF and UCN also signal 

via CRFR1 in hippocampal neurons, we utilized the specific CRFR1 antagonist 

CP154526 (100 nM). This inhibitor completely abolished both CRF- (Figure 3B) and 
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UCN-induced (data not shown) CREB phosphorylation. Additionally, the CRFR1 

specific peptide agonist stressin-1 (STR; 70 nM) mimicked the effects of CRF and UCN 

on CREB phosphorylation (Figure 2C). STR-induced CREB phosphorylation was also 

blocked by CP154526 (Figure 2C), demonstrating the specificity of the agonist. Together 

these data suggest that CRFR1 is necessary and sufficient for both CRF- and UCN-

induced CREB phosphorylation in hippocampal pyramidal neurons.  

 In order to eliminate any potential role for CRFR2, we attempted to block CRF- 

and UCN-induced CREB phosphorylation with a specific CRFR2 peptide antagonist 

antisauvagine-30 (100 nM). This treatment had no effect on either CRF- (Figure 3D) or 

UCN-induced (data not shown) CREB phosphorylation. A second CRFR2 peptide 

antagonist K41498 (100 nM) yielded a similar result (data not shown). Together, these 

data strongly suggest that CRFR1 is necessary and sufficient for both CRF- and UCN-

induced CREB phosphorylation in hippocampal pyramidal neurons, with CRFR2 playing 

no discernable role in either effect. 

 

CRF and UCN Do Not Activate CREB via PKA and cAMP  

Although both CRFRs were initially described as primarily coupling to Gαs 

intracellular signaling pathways (Chen et al., 1986; Battaglia et al., 1987), we recently 

found that CRF-induced CREB phosphorylation in striatal neurons does not require AC 

activation, increases in cAMP, or downstream activation of PKA (Chapter 2). Therefore, 

we tested the hypothesis that CRF- and UCN-induced CREB phosphorylation also occurs 

independently from cAMP and PKA signaling in hippocampal neurons. In support of this 

hypothesis, a PKA-specific concentration (1 µM) of the protein kinase inhibitor H89 

(Davies et al., 2000; Lochner and Moolman, 2006) failed to block either CRF- or UCN-

induced CREB phosphorylation (Figures 4A and B). A second PKA inhibitor, PKI 14-22 

amide (PKI; 1 µM; data not shown), yielded a similar result. Together, these data suggest 

that, similar to striatal neurons, both CRF- and UCN-induced CREB phosphorylation in 

hippocampal neurons do not occur via PKA activation. 
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We next tested whether concentrations of CRF and UCN that are maximally 

effective at increasing CREB phosphorylation cause concurrent increases in the second 

messenger cAMP. At several time-points up to and including the 15 min treatment that 

results in maximal CREB phosphorylation, both CRF (40 nM) and UCN (40 nM) failed 

to induce a measurable increase in cAMP (Figure 4C). In contrast, a 15 min application  

of the β-adrenergic receptor agonist, isoproterenol (ISO; 10 µM), resulted in a large and 

significant increase in cAMP accumulation (Figure 4C), indicating that membrane-

initiated cAMP signaling is intact in our cultured hippocampal neurons. Together these 

data suggest that both CRF- and UCN-induced CREB phosphorylation occur 

independently of cAMP and PKA signaling. 

 
Figure 4. CRF and UCN do not induce CREB phosphorylation via PKA and cAMP signaling. (A and B) 
The PKA antagonist H89 (1 µM) did not block CRF- or UCN-induced CREB phosphorylation (FCRF = 
44.94; FUCN = 41.78). (C) CRF and UCN did not induce an increase in cAMP at several time-points up to 
and including the 15 min stimulation that resulted in maximal CREB phosphorylation. A 15 min 
stimulation with the β-adrenergic receptor agonist isoproterenol (ISO; 10 µM) significantly increased 
cAMP (F = 271.5). Statistically different groups are denoted with different alphabetical characters or 
asterisks.  
 
 
CRF and UCN Activate CREB via Gβγ  Signaling 

CRF-induced CREB phosphorylation in striatal neurons depends on Gβγ 

signaling (Chapter 2), and CRF has been shown to couple to Gβγ signaling in non-

neuronal cells (Tao et al., 2008; Gutknecht et al., 2009). To determine whether CRF and 

UCN signal to CREB via a similar mechanism in hippocampal pyramidal neurons, we 

utilized the Gβγ inhibitor gallein. Indeed, a concentration of gallein (75 µM) that does not 
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affect Gαs-dependent CREB phosphorylation (Chapter 2) completely blocked both CRF- 

and UCN-induced CREB phosphorylation (Figure 5A and B). To verify our initial 

results, we blocked both CRF- and UCN-induced CREB phosphorylation with a second 

Gβγ inhibitor M119 (10 µM; Figure 5C and D). M119 also had no effect on Gαs-induced 

CREB phosphorylation (data not shown). 

 
Figure 5: CRF and UCN activate CREB via Gβγ signaling. (A and B) The Gβγ inhibitor gallein (75 µM) 
blocked both CRF- and UCN-induced CREB phosphorylation at a concentration that does not non-
specifically dampen all G-protein signaling (FCRF = 30.17; FUCN = 21.74). Statistically different groups are 
denoted with different alphabetical characters.    
 

UCN, but not CRF, Activates CREB via MEK/MAPK Signaling 

Because Gβγ has been shown to lead to MEK/MAPK signaling in non-neuronal 

systems, and because MEK/MAPK signaling is necessary for CRF-induced CREB 

phosphorylation in striatal neurons (Chapter 2) we hypothesized that CRF- and UCN-

induced CREB phosphorylation would rely on upstream activation of MEK/MAPK 
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signaling. However, inhibition of MAPK signaling using the MEK-inhibitors PD98059 

(25 µM) and U0126 (10 µM) failed to affect CRF-induced CREB phosphorylation in 

hippocampal neurons (Figure 6A and C). Notably, these inhibitor concentrations 

completely abolished CRF-induced CREB phosphorylation in striatal neurons (Chapter 

2). In stark contrast, however, both PD98059 and U0126 attenuated, but did not block, 

UCN-induced CREB phosphorylation (Figure 5B and D). Together these data suggest 

that in hippocampal pyramidal neurons, CRF-induced CREB phosphorylation occurs 

independently of the MAPK pathway, while UCN-induced CREB phosphorylation 

partially depends on MEK/MAPK signaling. 

 
Figure 6: UCN, but not CRF, increases CREB phosphorylation via a MEK/MAPK-dependent mechanism. 
(A and B) The pharmacological MEK inhibitors PD98059 (25 µM) and U0126 (10 µM) had no effect on 
CRF-induced CREB phosphorylation (FPD98059 = 30.25; FU0126 = 18.69). (C and D) Both inhibitors 
attenuated, but did not block, UCN-induced CREB phosphorylation (FPD8059 = 31.29; FU0126 = 28.68). 
Statistically different groups are denoted with different alphabetical characters.  
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Discussion 

CRF and UCN Increase CREB Phosphorylation via a Gβγ-Dependent Pathway 

 In addition to initiating the HPA axis stress response, stress peptides influence a 

wide array of extra-hypothalamic brain regions. The molecular signaling pathways that 

mediate these effects appear to be cell-type and assay specific (Pedersen et al., 2002; 

Bayatti et al., 2003; Blank et al., 2003; Hillhouse and Grammatopoulos, 2006; Sheng et 

al., 2008b). To this end, we previously reported that CRF-induced CREB 

phosphorylation in striatal neurons depends on Gβγ and MEK/MAPK signaling pathways 

(Chapter 2). This was the first report of CRF signaling via a Gβγ-dependent mechanism 

in neurons, as well as the first report to directly show that downstream CREB 

phosphorylation is sensitive to inhibition of Gβγ in any system (although one group has 

shown indirect evidence (Gutknecht et al., 2009)). Thus, our goals in this report were 

two-fold: (1) to determine whether CRF-induced Gβγ signaling occurs in neurons from 

the hippocampus, a second stress and stress-peptide sensitive extra-hypothalamic brain 

region, and (2) to determine whether CRF- and/or UCN-induced CREB phosphorylation 

represents a putative molecular signaling pathway by which stress can directly impinge 

upon hippocampal neuron function. 

 Indeed, we report here that both CRF and UCN rapidly induce CREB 

phosphorylation at nanomolar concentrations in ~85% of hippocampal pyramidal 

neurons, suggesting a physiologically relevant phenomenon. Using both pharmacological 

and genetic strategies, we found that both CRF-and UCN-induced CREB 

phosphorylation were sensitive to inhibition of CRFR1 and Gβγ signaling. These data are 

consistent with data from Chapter 2 showing that CRF signals via this pathway in striatal 

neurons, as well as reports in cell lines that found that CRF modulation of T-type calcium 

channels (Tao et al., 2008), intracellular calcium signaling (Gutknecht et al., 2009), and 

CRFR desensitization (Teli et al., 2005) depend on Gβγ signaling.  

 Interestingly, the signaling pathways underlying CRF- and UCN-induced CREB 

phosphorylation in hippocampal neurons diverge downstream of Gβγ. While CRF-

induced CREB phosphorylation was unaffected by MEK inhibition, UCN-induced CREB 
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phosphorylation was attenuated by MEK inhibition. Notably, this deviates from the 

known mechanism of CRF-signaling in striatal neurons, which is completely routed 

through MEK/MAPK signaling (Chapter 2) suggesting that stress peptide-induced 

activation of Gβγ signaling can activate diverse intracellular signaling cascades. There 

are several potential explanations for the divergence of CRF and UCN signaling.  

 

 
Figure 7. CRF and UCN signal to CREB via distinct, but overlapping, intracellular signaling pathways. 
 
 

First, CRF and UCN could be inducing CREB phosphorylation in distinct 

populations of neurons, each of which utilizes a distinct downstream signaling pathway 

to lead to CREB phosphorylation. However, the data suggest that CRF and UCN induce 

CREB phosphorylation in the same population of neurons: both CRF and UCN activate 

CREB in ~85% of neurons (Figure 1C and D), and co-application of these stress peptides 

does not change the response profile (data not shown).   

A second hypothesis is that CRF and UCN bind to and/or activate distinct CRFR1 

isoforms, which are indistinguishable via our pharmacological antagonists. While there is 
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still controversy over the physiological role of distinct CRFR1 isoforms, at least 11 

mRNA variants of the CRFR1 gene have been classified into four groups based on the 

hypothesized impact of the transcript variation on agonist-induced signaling (Pisarchik 

and Slominski, 2001; Hillhouse and Grammatopoulos, 2006). To date these variants have 

been identified in human, hamster, and mouse peripheral tissue, with no studies 

examining isoform specific expression in rat or in brain. Since it is unknown whether rat 

hippocampal pyramidal neurons express functional CRFR1 isoforms, future experiments 

will use semi-quantitative real-time PCR to identify CRFR1 variants expressed in 

hippocampal pyramidal neurons. Nonetheless, our data cannot rule out the possibility that 

CRF and UCN are signaling via distinct CRFR1 isoforms in the same neuron. 

A final hypothesis is that CRFR1 undergoes “agonist-directed trafficking”, 

whereby different agonist-receptor interactions favor independent receptor activation 

states, leading to initiation of distinct intracellular signaling pathways (Kenakin, 1995, 

1997). That is, CRF and UCN binding to CRFR1 may each promote a separate CRFR1 

activation state that favors the initiation of unique intracellular signaling cascades. In fact, 

there is precedent in the CRFR literature for this possibility: in a modified yeast cell 

screen, CRF led to CRFR1-dependent activation of Gαs and Gαi, while UCN led to 

CRFR1-dependent activation of Gαq (Ladds et al., 2003). A second study found that 

UCN, but not CRF, activates MAPK signaling in human myocytes, although both CRF 

and UCN bind CRFR1α with roughly equal affinity and induce cAMP activation equally 

in stably transfected cell lines (Grammatopoulos et al., 2000). Future studies will be 

aimed at determining the mechanisms that underlie this observed signaling divergence. 

 

CRF and UCN in the Hippocampus 

 The hippocampus is an extra-hypothalamic brain region that is profoundly 

modulated by stress (McEwen, 1999; Kim and Diamond, 2002; Sapolsky, 2003). Recent 

evidence indicates that in addition to glucocorticoids, the stress peptides CRF and UCN 

also underlie stress effects in the hippocampus (Radulovic et al., 1999; Pedersen et al., 

2002; Ivy et al., 2010). Both CRF and UCN are expressed in the hippocampus (Fischman 
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and Moldow, 1982; Merchenthaler, 1984; Kozicz et al., 1998; Morin et al., 1999; Lim et 

al., 2006). These stress peptides exert bidirectional effects on hippocampal physiology 

and function, with direction depending on the type, duration, and intensity of stress (Joels 

and Baram, 2009). Acute exposure to mild stressors and/or stress peptide application 

positively impacts hippocampal function. For example acute CRF administration to 

hippocampal slices increases excitability (Aldenhoff et al., 1983; Blank et al., 2003) and 

hippocampal LTP (Blank et al., 2002). Intra-hippocampal injection of CRF dose-

dependently enhances fear-conditioning (Radulovic et al., 1999). CRFR antagonists 

decrease performance on a social recognition test, which depends on intact hippocampal 

function whereas CRF administration improved performance (Heinrichs, 2003). Finally, 

CRF (Elliott-Hunt et al., 2002) and UCN (Pedersen et al., 2002) protect against excitoxic 

neuronal death, and UCN also protects against amyloid-β toxicity (Pedersen et al., 2002). 

In contrast, chronic exposure to stress and/or stress peptides exerts detrimental effects on 

the hippocampus. Chronic early life stress, via hippocampal CRFR1 activation, results in 

reduced CA1 neuron dendritic complexity, diminished expression of hippocampal LTP, 

and impaired hippocampal-dependent learning and memory (Ivy et al., 2010). Sustained 

CRF administration depresses NMDA evoked currents in cultured hippocampal neurons 

(Rebaudo et al., 2001).  

 The signaling pathways activated by stress peptides in the hippocampus seem to 

depend on the assay end-point. CRF and UCN inhibition of neuronal death has been 

shown to depend on the following: CRFR1, Gαs, cAMP, PKA, PKC, and MAPK (Elliott-

Hunt et al., 2002; Pedersen et al., 2002; Bayatti et al., 2003). CRF-induced increases in 

SGK-1 expression in cultured hippocampal neurons depends on CRFR1, AC, cAMP, and 

PKA but not phospholipase C (PLC) or PKC (Sheng et al., 2008b). CRF depression of 

NMDA currents depends on PLC, IP3Rs, and PKC, with concurrent increase in cAMP 

(Sheng et al., 2008a). 

 This report adds to the growing literature on stress peptide signaling by showing 

that CRF and UCN can activate Gβγ signaling and downstream CREB phosphorylation. 

Our findings corroborate data from a previous report showing that CRF-induced CREB 
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occurs independently of MEK/MAPK signaling (Bayatti et al., 2003). However, our 

report contradicts several studies that demonstrate CRF and/or UCN signaling to occur 

via AC/cAMP (Elliott-Hunt et al., 2002; Pedersen et al., 2002; Sheng et al., 2008b; Sheng 

et al., 2008a) and PKA (Pedersen et al., 2002; Bayatti et al., 2003; Sheng et al., 2008b; 

Sheng et al., 2008a). We believe that differences in time-course of CRF/UCN application, 

as well inhibitor concentrations account for these discrepancies. For example, Pedersen et 

al. (2002) and Sheng et al. (2008b) utilized a 24-hour application CRF (or UCN) to assay 

effects on neuroprotection and transcription, respectively, while Elliot-Hunt et al. (2002) 

assayed neuroprotective effects of CRF following a three hr incubation. In contrast to 

these studies, we utilized much shorter time-courses of CRF stimulation to study CREB 

phosphorylation (which was maximal at 15 min). Also in contrast to our report, Bayatti et 

al. (2003) implicated PKA in CRF-induced CREB phosphorylation in hippocampal 

neurons. We believe this discrepancy to be due to differences in H89 concentrations used. 

While we used both a PKA-specific concentration of H89 (1 µM) and a second PKA 

inhibitor (PKI), Bayatti et al. utilized a concentration of H89 (10 µM) that has since been 

shown to non-specifically targets several protein kinases (Davies et al., 2000; Lochner 

and Moolman, 2006). Thus, it is difficult to conclude whether the CRF-induced CREB 

phosphorylation that they observed is due to PKA activity. It remains open to question, 

however, why Pedersen et al. (2002) and Sheng et al. (2008b; 2008a) observed increases 

in cAMP with CRF/UCN stimulation, and we did not.  

 Given the plethora of evidence for both CRF and UCN influence of hippocampal 

neurons, an obvious question concerns the source of hippocampal CRF and UCN. 

Fortunately, the Barram group has reported that CRF is expressed in basket-cell 

inhibitory interneurons of the hippocampus (Chen et al., 2001) and released in response 

to stress (Chen et al., 2001; Chen et al., 2004a; Ivy et al., 2010). Paradoxically, CRFRs 

are localized to dendritic spines of hippocampal pyramidal neurons, suggesting an 

excitatory role for CRF in the hippocampus (Chen et al., 2004b; Ivy et al., 2010). These 

data agree with previous studies that have demonstrated CRF (De Souza, 1987), UCN 

(Morin et al., 1999), and CRFR (Merchenthaler, 1984) expression in the hippocampus, 



 

60 

suggesting that both CRF and UCN are endogenous hippocampal neurotransmitters 

and/or neuromodulators.  

 

Conclusion 

 It is now understood that stress peptide modulation of extra-hypothalamic brain 

regions underlies stress influence of these brain loci. Here we demonstrate that in 

hippocampal pyramidal neurons, the related stress peptides CRF and UCN activate 

CREB via a Gβγ-dependent mechanism that we previously identified in striatal neurons. 

This report not only suggests that stress peptide initiation of Gβγ signaling occurs across 

distinct neuronal populations of anatomically separate brain regions, but also identifies 

molecular targets through which stress can influence behavior. 
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The following are questions raised by the results in this dissertation that should be 

the focus of future research: 

1) Are there additional downstream effectors of stress peptide-induced Gβγ 

signaling? These experiments assayed the phosphorylation (activation) of CREB since 

there is considerable overlap among brain processes influenced by CREB and by stress 

peptides. Furthermore, immunocytochemistry for CREB phosphorylation is a high 

throughput technique that allows one to assay the effects of multiple pharmacological and 

genetic manipulations in a relatively short period of time. However, the final outcome of 

stress peptide influence of a given neuron will represent an integration of the effects of all 

activated membrane and intracellular signaling pathways for the duration of stress 

peptide exposure. Thus, it will be important to determine whether stress-peptide-induced 

Gβγ signaling influences the activation state of additional transcription factors, metabolic 

pathways, and/or membrane ion channels.  

2) What are the transcriptional consequences of CRF and UCN activation of 

CREB? While this is related to the previous question, it warrants separate consideration. 

Ser133 phosphorylation of CREB is necessary but not sufficient for CRE-mediated 

transcription. The working hypothesis is that CRF- and UCN-induced activation of 

CREB tilts the transcriptional balance towards expression of genes with CRE sequences 

in their promoter. However, CREB-mediated gene expression is often cell-type specific 

(Lonze and Ginty, 2002). Moreover, the final transcriptional output will be a result of the 

coordinated action of multiple transcription factors activated by CRF and other 

neuromodulators in vivo. The array of genes regulated by CRF and UCN in striatal and 

hippocampal neurons has yet to be extensively investigated (Sheng et al., 2008b).  

3) What are the consequences of CRF and UCN activation of overlapping but 

distinct intracellular signaling pathways in hippocampal neurons? The data presented in 

Chapter 3 suggest that either a) CRF and UCN activate distinct isoforms of CRFR1 in 

hippocampal neurons, or that b) CRFR1 undergoes agonist-dependent trafficking 

whereby CRF and UCN induce distinct active conformations of CRFR1. Regardless of 

the underlying mechanism, cell autonomous activation of divergent intracellular signaling 
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pathways suggests that these stress peptides may have divergent downstream effects 

independent of CREB phosphorylation (i.e. activation of distinct sets of additional 

transcription factors or ion channels). Since the binding affinities of CRF and UCN for 

CRFRs do not substantially differ from each other, the prevailing view is that ligand 

availability (i.e. spatial segregation) determines receptor-peptide interactions in vivo 

(Hillhouse and Grammatopoulos, 2006). If CRF and UCN bind to and activate distinct 

CRFR1 isoforms in hippocampal neurons, one would predict that the sub-cellular 

localization of these CRFR1 isoforms would correspond to the location of their cognate 

stress peptide release from pre-synaptic terminals. Alternatively, if CRFR1 undergoes 

agonist-dependent trafficking, then CRF and UCN would not need to be spatially 

segregated, since a single receptor can transduce agonist-specific signals.  

 4) What is the role of CRFR2 in hippocampal and striatal neurons? We (data not 

shown) and others (Chen et al., 2005) have detected CRFR2 expression in hippocampus 

and sriatum. While we found that CRF- and UCN-induced CREB phosphorylation occur 

in the presence of CRFR2 antagonism, our data cannot role out additional roles for 

CRFR2. In fact CRFR2 activation has been shown to underlie some effects of stress and 

CRF in the hippocampus (Blank et al., 2003). Future investigations will utilize the 

endogenous CRFR2 agonists UCN II and III to test a role for CRFR2 in striatal and 

hippocampal neuronal function. 

 

In summary, this thesis describes novel mechanisms of stress peptide action in 

neurons whereby stress peptide binding to CRFR1 in hippocampal and striatal neurons 

leads to a Gβγ-dependent activation of the transcription factor CREB. While CRF and 

UCN have been shown to couple to diverse intracellular signaling cascades across 

distinct neuronal populations (Hillhouse and Grammatopoulos, 2006), these data are the 

first descriptions of stress peptide-induced activation of Gβγ signaling in neurons. 

Furthermore, these are the first results to directly demonstrate that Gβγ signaling can lead 

to downstream CREB phosphorylation in any cell type. Furthermore, given that both the 

hippocampus and striatum show stress peptide activation of Gβγ signaling and 
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downstream CREB phosphorylation, future investigations should attempt to determine 

whether stress-peptide activation of Gβγ signaling occurs in other stress peptide sensitive 

brain regions such as the amygdala, bed nucleus of the stria terminalis, and the 

hypothalamus. 

 These data suggest a more prominent role for Gβγ in intracellular signaling and 

initiation of transcriptional control than has previously been recognized. Investigations 

into the mechanisms of G-protein initiated signaling cascades have largely focused on the 

role of the Gα subunit, with Gβγ thought to play an accessory and/or complimentary role. 

Specifically regarding the neuronal Gαs signaling literature, an over-reliance on the non-

specific protein kinase inhibitor H89 as a direct assay for PKA (and an indirect assay for 

Gαs) involvement has led to incorrect interpretations of data and, unfortunately, obscured 

the need to investigate alternative mechanisms of intracellular signaling initiation. 

Studies in which signaling cascade sensitivity to CTX- and H89-inhibition are the sole 

evidence for the involvement of Gαs and PKA, respectively, must be re-evaluated 

through the use of additional PKA inhibitors. Importantly, the involvement Gαs in a 

given signaling pathway does not necessarily preclude an additional role for Gβγ. 

Furthermore, since PKA is only one of several cAMP responsive protein kinases, cAMP 

accumulation in response to agonist stimulation must not be interpreted as evidence for 

the involvement of PKA in the absence of complementary approaches. I offer the 

optimistic speculation that future neuronal signaling research will uncover a more 

prominent role for Gβγ in mediating the downstream effects of neurotransmitters and 

neuromodulators than has previously recognized. 
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