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Abstract 

Heterotrimeric G proteins play invaluable roles in cellular processes involving 

transmembrane signaling, particularly at sites of neuronal connectivity within the central 

nervous system (CNS). Gαz is a member of the Gαi subfamily of heterotrimeric G 

proteins that displays unique biochemical characteristics and is primarily expressed in 

neuronal and neuroendocrine cells. Studies in Gz-null mice over the past decade reveal 

that Gz significantly impacts responses to psychoactive drugs, and is capable of coupling 

to D2 dopamine, 5-HT1A serotonin, µ-opioid, and α2A-adrenergic receptors.  These 

studies have suggested that Gz may play a critical role in diseases and disorders involving 

disruptions of monoamine neurotransmitter signaling in the brain such as depression, 

anxiety, drug abuse, ADHD, schizophrenia, drug addiction, and pain sensitivity.  Much is 

still unknown about the roles and mechanisms of action of Gz in biology.  

In this thesis, I have built on what is known regarding Gαz biochemistry by 

conducting a series of studies that provide further understanding of its role in the CNS, 

particularly in neuronal development and seizure susceptibility. Gz interacts with several 

proteins that act as regulators and effectors: RGSZ, adenylyl cyclase, EYA2, and 

Rap1GAP being the best characterized. A finding regarding its impact of Gz on 

neurotrophin signaling through RAP1GAP in particular has led to much of the work 

described here. The studies presented in this thesis indicate that Gαz inhibits BDNF-

stimulated axon growth in cortical neurons, establishing an endogenous role for Gαz in 

regulation of neurotrophin signaling in the CNS that may have important implications for 

development and plasticity. Furthermore, Gαz was shown to be uniquely distributed to 
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synaptic vesicles suggesting that one mechanism underlying Gz biology may be the 

regulation of vesicle loading, docking, or release. Finally, I demonstrate that Gz-null 

mice are hypersusceptible to pilocarpine-induced seizures, and provide histology data 

indicating increased levels of zinc in the hippocampus. Taken together, these findings 

suggest that Gz plays a regulatory role at the intersection of neurotrophin and GPCR 

signaling in the CNS.  
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Chapter 1: Introduction  

1.1 Discovery of G proteins & GPCR signaling 

The mystery of how extracellular chemical cues communicate to cells has been 

the source of much thought, conjecture and experimentation since the end of the 

nineteenth century.  The detailed molecular understanding of G proteins and their role in 

transmembrane signaling that we enjoy today (as described in Section 1.2), is the result of 

decades of contributions by a number of talented scientists seeking to solve this mystery. 

Some of the earliest studies of transmembrane signaling were conducted by John 

Newport Langley in the early 1900’s using cholinergic and adrenergic agonists and 

antagonists on nerves and muscle in pursuit of a complete characterization of the 

sympathetic and parasympathetic nervous systems. His observations about the muscle 

responses to these drugs in the presence of nerve lesions led him to posit the concept of 

“receptive substances” in 1905 [1]. He went so far as to generalize “So we may suppose 

that in all cells two constituents at least are to be distinguished, a chief substance, which 

is concerned with the chief functions of the cell as contraction and secretion, and 

receptive substances which are acted upon by the chemical bodies and in certain cases by 

nervous stimuli. The receptive substance affects or is capable of affecting the metabolism 

of the chief substance.” In the absence of the tools to isolate such a substance on a 

molecular level, a variety of theoretical paradigms, as well as the use of the law of mass 

action, carried drug receptor theory forward over the first half of the twentieth century in 

work contributed by Ehrlich, Straub, Hill, Clark, Ariens, Stephenson, Black, and 

Furchgott [2, 3]. As Alfred Gilman reflected later, “Although the concept of receptors for 
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endogenous regulator molecules and drugs arose with the pharmacological experiments 

of Langley and Ehrlich in the late nineteenth and early twentieth centuries, the word 

evoked only metaphysical feelings in many at the time of the discovery of cAMP” [4]. 

The discovery of hormone-responsive cyclic AMP (cAMP) in 1957 provided the first 

system for truly dissecting the players involved, and opened up the doors to a new world 

of transmembrane signaling research [5]. The discovery of this system launched a series 

of studies by Rodbell and colleagues in the early 1970s characterizing cAMP response to 

hormones.  The initial studies indicated that cAMP response was dependent on Mg2+ in a 

two-site manner, and further demonstrated that the integrity of the membrane structure 

was critical for the hormone-induced cAMP effect [6-9]. This initial characterization, 

combined with several information processing theories at the time, led to the conception 

of the idea of a “transducer” that linked receptor signaling to cAMP [3].  Seeking to 

identify such a transducer, the Rodbell group conducted kinetic studies of agonist-

receptor binding and found that isolated membranes would only bind to agonist slowly, 

and would not release agonist alone, but that in the presence of the components of the 

adenylyl cyclase assay mixture, both of these events took place rapidly [10]. Further 

dissection of the reaction medium revealed that GTP was the most effective inducer of 

this receptor binding effect, that the addition of GTP to the entire reaction could drive 

rapid accumulation of cAMP, and that the presence of an agonist altered the kinetics of 

the GTP-induced effect [10-12]. At this point, Rodbell and his group concluded, 

“Although the components of the informational processing system remained unknown, 

there was little doubt in our minds that a transducer exists and that this crucial component 

mediates the transfer of information between receptor and enzyme” [3].   
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       Of course these findings propagated a number of studies aimed at determining the 

mechanism of GTP regulation in this process, including the role of GTP hydrolysis in this 

hormone receptor system.  To better understand the exact chemical nature of such a 

transducer, kinetic studies were undertaken leading to the discovery of “turnover” and the 

concept of GTP-dependence of receptor/agonist release [10].  This finding was further 

pursued by Cassell and Selinger who uncovered the significance of GTPase hydrolysis in 

terminating the hormone-induced “signal” [13]. 

 Another development that led to major breakthroughs in the discovery of G 

proteins was the isolation of a cell line that failed to accumulate cAMP in response to 

hormone [14].  Having made the observation that prolonged cAMP signaling was toxic to 

S49 mouse lymphosarcoma cells, isoproteronol was used to genetically select for a 

population of these cells that would either be defective in isoproterenol-stimulated cAMP 

generation or survive prolonged cAMP elevation, with the hope of identifying 

components required for hormone-induced cAMP activity [14, 15]. 

    Further characterization of one of these cAMP-deficient cell lines (termed “cyc-“) 

indicated that agonist binding affinities were not perturbed, thus, demonstrating that the 

agonist binding “receptor” component and adenylyl cyclase activities were separate 

genetic components [16].  The Gilman group then made rapid progress using a similar 

approach; Elliot Ross developed reconstruction assays using cells lacking receptor, those 

with uncoupled receptor AC activity, and those lacking AC activity altogether (cyc-).  

While the cyc- cells lacked hormone-stimulated adenylyl cyclase activity, it turned out 

that they did not lack adenylyl cyclase itself, but a regulator protein that activated it [17-

19].  This protein turned out to be Gαs, the adenylyl cyclase “stimulating” G protein.  At 
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the same time, using a chromatographic approach, Thomas Pfeuffer was able to isolate 

this GTP-binding protein that regulated adenylyl cyclase activity [20].  Purification of the 

G protein (Gαs, referred to at the time as G/F) followed closely thereafter, primarily in 

work done by Northrup and Sternweis [21, 22].   

 By the mid 1970’s, intracellular signaling in response to agonist had been mapped 

from G protein to AC to cAMP to PKA, but much remained unknown about the receptors 

themselves.  In the early 80’s, the Lefkowitz group used a chromatographic approach to 

purify the β-adrenergic receptor, including contributions from Lee Limbird, Marc Caron 

and Joseph Pitha leading to rapid progress in the purification of a number of receptors 

[23-26]. These studies led to the  seminal discovery that all G protein-coupled receptors 

have a very similar molecular structure. Around the same time (1977), the β-adrenergic 

receptor had been isolated by Lee Limbird and Robert Lefkowitz [24], and the receptor 

component of the transmembrane story was rapidly developing. 

 While the story of Gαs was the first to be established, the existence of several 

other similarly behaving G protein “transducers” was uncovered as well. The first 

evidence of more than one of these nucleotide regulatory proteins with distinctly unique 

functions stemmed from observations of concentration-dependent stimulation or 

inhibition of cAMP in the adipose cell system [27-32].  Further characterizations of this 

phenomenon led to the first distinction of what later became known as two subfamilies of 

G proteins: Gs (stimulatory) and Gi (inhibitory). Soon it became clear that a variety of G 

proteins existed with functions raging beyond that of control of cAMP levels [3]. By the 

early 80’s enough data existed from Edman degradation and proteolytic mapping to make 

some primary structure comparisons of several of these “G proteins” that had arisen. By 
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comparing these sequences, including Gαo, transducin, Gαi and Gαs, and the existence 

of a family of heterotrimeric G proteins became evident [31-33][33-35].  From these 

primary sequences, cDNA probes were made to isolate clones from bovine retinal cDNA 

libraries [36-40].  These sequences were then used to probe for even more members of 

this structural family, which eventually led to the identification of Gαz in 1988 [41, 42]. 

A Note on Toxins 

 An interesting finding amidst the characterization of G proteins was their 

modification through ADP-ribosylation by the bacterial toxins [43-46]. Interestingly, 

while these toxins directly impact different G proteins (Gs in the case of cholera toxin, Gi 

in the case of pertussis toxin) the net effect of either is ultimately an increase in 

production of cAMP. This elevated cAMP by cholera toxin, particularly in the intestinal 

epithelium, results in changes in morphology and membrane composition on a cellular 

level, and diarrhea and dehydration on a whole organism level [47]. Treatment with 

pertussis toxin results in a “loss of hormonal inhibition” of adenylyl cyclase, and was first 

discovered as an “islet activating protein” (IAP) [46]. The elevation in cAMP by pertussis 

toxin causes an increase in insulin production, lymphocytosis, and an increased 

sensitivity to histamine [48]. The pursuit of this IAP toxin (pertussis toxin) was 

invaluable to the identification and characterization of the Gi proteins [49, 50]. 

1.2 Overview of current understanding of heterotrimeric G proteins 

Over the past three decades, a wealth of information has emerged as to how 

heterotrimeric G proteins mediate cellular responses to a variety of external stimuli by 

transmitting signals from ligand-activated cell surface receptors to effectors inside cells.  
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External stimuli include neurotransmitters, hormones, and cytokines, as well as 

environmental factors such as light, odor and taste. Of particular interest in this thesis, G 

proteins play essential roles in the central nervous system (CNS), particularly by coupling 

to neuromodulatory GPCRs in noradrenergic, dopaminergic, serotonergic and cholinergic 

signaling systems. 

G proteins principally bind to intracellular loops of seven transmembrane receptor 

proteins called G protein coupled receptors (GPCRs)[51, 52]. The G protein heterotrimer 

consists of an α-subunit, which binds to guanine nucleotides, and a βγ-dimer [53]. In the 

inactive state, the complete G protein heterotrimer is bound together with a receptor, and 

the Gα subunit is bound to GDP (Fig. 1). Upon activation of the receptor, the rate of 

guanine-nucleotide exchange is enhanced.  The concentration of GTP in cells is in excess 

of that of GDP, thus, guanine-nucleotide exchange factors (GEFs), which promote 

dissociation of GDP, stabilize the active state of the G protein [54]. Activation of the G 

protein results in dissociation from the receptor and βγ subunits. The freed Gα subunit 

and βγ dimer are then able to bind downstream effectors, thus propagating the 

extracellular signal within the cell.  Downstream effectors include second messenger-

generating enzymes, ion channels, and many other regulatory proteins. The degree to 

which Gβγ subunits demonstrate specificity for Gα/receptor combinations is largely 

unknown, however a few cases of Gβγ specificity have been identified [55, 56]. The Gα-

subunits become inactivated by their inherent GTPase activity and are recycled to the 

membrane receptors by hydrolysis of the bound GTP to GDP. Although each Gα has an 

intrinsic rate of hydrolysis, the process can be enhanced and regulated by RGS 

(Regulators of G protein Signaling) or effector proteins [57].
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Members of the Gα family can be divided into four subfamilies based on 

sequence homology: Gi, Gs, Gq and G12. Gαi and Gαs were so named for their ability to 

inhibit (Gαi) or stimulate  (Gαs) adenylyl cyclase activity, respectively. Gαq is involved 

in calcium signaling primarily through its impact on phospholipase C (PLC). Gα12 is 

involved in regulating the small G protein Rho. Many new and novel functions, however, 

continue to be elucidated in each of these subfamilies. 

1.3 The Gz story 

When Gz was discovered in 1988, multiple G proteins with distinct identities had 

been identified, including Gs, Gi(1-3), Go, (also inhibitory toward Gi but being particularly 

abundant in brain tissue) and transducin [41, 42]. Two independent RNA screens of 

cDNA libraries for proteins similar to other Gαi subfamily members (Gαi2 in a rat C6 

glioma cell library and transducin in a human retinal cDNA library) identified the 

sequence of Gαz. Gz was immediately intriguing for several reasons, one being that its 

sequence was only 67% similar to its most homologous Gα family member Gαi1, 

compared with >80% similarity shared between other Gαi family members. Gαz also 

lacked the consensus Cys residue at the fourth position from the C-terminus that is the 

site of modification by pertussis toxin-catalyzed ADP-ribosylation in other Gαi subfamily 

members [58-60]. This finding suggested that Gαz would be a candidate for pertussis 

toxin-insensitive, G protein-dependent, signaling processes, several of which had been 

identified by this time.  Soon thereafter, the Gαz protein was isolated from bovine brain 

and biochemical studies revealed several more intriguing departures from the 

characteristics of other Gαi subunits. One distinguishing biochemical property of Gαz is 
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that it has an extremely slow rate of GDP dissociation as compared to that of most other 

G protein α subunits, and this rate is almost completely suppressed at Mg2+ 

concentrations greater than 100 µM [58]. The intrinsic rate of GTP hydrolysis by Gαz is 

also much slower, nearly 200-fold lower than that of other Gαi subfamily proteins [58]. 

This relatively slow rate of GTP hydrolysis suggested that Gαz might participate in 

signaling events on different timescales than that of other Gαi proteins. Furthermore, this 

slow rate of GTP hydrolysis also suggests that Gαz might be subject to an additional 

form of regulation by factor(s) that could accelerate the GTPase rate; this turned out 

indeed to be the case, and the techniques employed in the biochemical identification of a 

Gz-GAP were instrumental in the initial characterization of RGS proteins, which enhance 

GTP hydrolysis in Gα subunits, when they were discovered some years later [57].  Not 

long after the purification of Gαz, it was shown that despite its many differences from 

other Gαi subfamily members, Gαz does inhibit adenylyl cyclase [61]. 

Gαz undergoes several post-transitional modifications that impact its localization and 

association with effectors and regulators (Table 1). Gαz requires several lipid 

modifications to facilitate localization to the plasma membrane: the co-translational 

myristoylation of Gly2 and the subsequent palmitoylation of Cys3. Palmitoylation of Gαz  

is reversible, not required for Gz to function, and appears to increase with membrane 

association [62-65]. Additionally, there is some evidence that palmitoylation may play a 

regulatory role in Gz signaling, [64, 66, 67]. 

Another distinct property of Gαz is that it can be phosphorylated both in vitro 
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in intact cells. In platelets, protein kinase C (PKC) activation promotes rapid and 

stoichiometric phosphorylation,with Ser16 and Ser27 being responsible for nearly 80% of 

the total phosphorylation induced by PKC [68, 69]. This PKC-mediated phosphorylation 

is inhibited by Gβγ, and phosphorylated Gαz has a markedly reduced ability to interact 

with the βγ complex [70].  Alterations in myristoylation or palmitoylation, however, have 

no impact on phosphorylation of Gz by PKC [62]. 

Studies into the tissue distribution of Gαz revealed that the tissue distribution of 

Gαz is quite restricted as compared to that of other Gαi subfamily members. Expression 

of Gαz protein has been definitively demonstrated only in the central and peripheral 

nervous systems, platelets, placenta, adrenal medulla, retina, and pancreatic islets [60, 71-

75], although there is some evidence for expression in a few other select tissues [60, 76-

79].   A variety of studies have demonstrated especially high levels of Gαz in the brain 

both by protein and RNA analysis [42, 80-82]. Several studies have been carried out to 

pinpoint specific brain regions and developmental stages where Gαz is transcribed or 

expressed. Gαz mRNA has been identified in hippocampal (CA1, CA3, and dentate 

gyrus), cortical, cerebellar, striatal, and hypothalamic brain regions (Fig. 2) [83, 84]. Gαz 

protein appears to be expressed in most hippocampal and cortical neurons, as well as in 

ganglion cells of the retina and Purkinje cells of the cerebellum [71, 85]. Interestingly, 

unlike other Gα subfamily members, Gαz localizes not only to the Purkinje cell somas, 

but also to their axons and dendrites throughout development and into adulthood [85]. 

Quantitative RT-PCR studies suggest that Gαz mRNA is highest in sensory neurons near 

birth (E16 to P14), corresponding to the time of target tissue innervation [86]. These  
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findings suggest a possible role for Gz signaling in the development of the nervous 

system. 

The discovery of a Gz-specific GAP in the late ‘90s provided more evidence in 

favor of the idea that Gz may be particularly sensitive to regulation of its GTPase activity 

[67, 87]. A yeast two-hybrid screen for proteins that bind to the mutationally-active form 

of Gαz identified RGSZ1 (also RGS20) as this protein [88]. Interestingly, biochemical 

characterization showed that phosphorylation of Gαz significantly reduced its 

susceptibility to regulation by RGSZ1 [88]. The yeast two-hybrid screen was also 

successful in identifying several putative effectors of Gαz signaling, including Eya2, a 

transcriptional regulator, and Rap1GAP, a GTPase-activating protein of the small G 

protein, Rap1 [89, 90]. Characterization of the signaling consequences of the interaction 

between Gαz and Rap1GAP demonstrated that Gαz can inhibit NGF-stimulated neurite 

growth of PC12 cells, suggesting an important role for Gz in regulating neurotrophic 

growth and development pathways [91]. 

Receptors that couple to Gz: insights from knockout mice  

Many receptors that couple to Gi proteins can also activate Gz, at least in 

engineered cell lines; these include the A1 adenosine, α2 –adrenergic, D2 dopaminergic,  

M2 muscarinic, µ, δ and κ opioid receptors [59, 92-94]. Further, several receptors have 

been demonstrated to preferentially couple to Gz in situ or in vivo (Table 2). The creation 

of Gz-null mice contributed significantly to our understanding of neural receptors that 

endogenously couple to Gz. Gαz knockout mice have been generated by two independent 

groups [95, 96]. Initial characterization indicated no gross anatomical differences  
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between wild-type and Gz-null mice, however, the Gz-null mice display generally 

lowered body weights in the first three weeks after birth [95, 96]. Interestingly, 

while no obvious differences in the weights of the brain and spinal cord were observed at 

this age, there were significant differences in the weights of other tissues [95]. Notably, 

no compensatory up or down-regulation of other Gαi subunits were observed in brains of 

Gz-null mice [95, 97, 98]. 

One of the first studies conducted on Gz-null mice examined the effect of 

morphine on spinal and supraspinal analgesia [95]. In this study, no initial differences 

were seen between WT and Gz-null mice in terms of the analgesic effects of morphine, 

however, the Gz-null mice developed tolerance to morphine more rapidly.  No changes 

were detected in the number of receptors at synaptic membranes, nor in the affinity for 

morphine to it receptors between WT and Gz-null mouse brains. Notably, there did 

appear to be a difference in the basal levels of nociception between WT and Gz-null mice 

[81, 99].  

Biochemically, µ, δ, and κ opioid receptors can all couple to Gz in overexpression 

systems; however only the µ-opioid receptor has been shown to regulate Gz  

endogenously [100-102]. The brain µ-opioid receptor has been shown to co-precipitate 

with Gαz, and this association decreases with stimulation by agonists such as morphine 

[103]. A functional coupling between Gαz and the µ-opioid receptor is also supported by 

the finding that RGSZ interacts with the C-terminus of the µ-opioid receptor and not to 

the δ receptors, and that the RGSZ modulates Gαz-mediated µ-opioid receptor signaling 

[103, 104]. Studies using antisense oligonucleotides to Gαz also support Gz coupling 

to µ-opioid receptors and indicate that mice with lower levels of Gαz demonstrate a 
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greater loss of the analgesic effects of morphine with chronic administration [105, 106]. 

There are, however, some differences that have yet to be resolved in the impact of Gαz 

on morphine-induced analgesia under different conditions [107]. One recent alternative 

model has been proposed whereby Gz-regulation of µ-opioid receptor signaling is 

dependent on Src [108]. 

A role for Gz in dopaminergic signaling was first revealed by the finding that Gz-

null mice exhibited a highly exaggerated response to cocaine [96]. Since then, studies 

have been conducted using agonists for specific dopamine receptors to further dissect the 

dopaminergic receptor coupling of Gz.  In particular, Gαz –null mice are less sensitive to  

the impact of quinpirole, a D2-specific receptor agonist, in the inhibition of locomotor 

activity and electrical stimulation of dopamine release in the nuclear accumbens [97]. 

Gαz-null mice have also been shown to be less sensitive to pre-pulse inhibition of 

acoustic startle response, a process that is highly dependent upon the D2 dopamine 

receptor [109]. Furthermore, the Gαz-null mice exhibited altered neuroendocrine 

responses to quinpirole, such as a reduction in the release of the pituitary 

adrenocorticotropic hormone (ACTH) and attenuated quinpirole-stimulated hypothermia 

[97]. Gz-null mice exhibited an increased amphetamine-induced locomotor response 

[109], as well as an increased sensitivity to the disruption of pre-pulse inhibition (PPI) by 

amphetamine (which causes dopamine release), and apomorphine (a dopamine receptor 

agonist) [109, 110]. Altogether, these observations suggest that Gαz endogenously 

couples to D2-like autoreceptors. 

Another receptor that exhibits specificity toward Gz under particular conditions is 

the α2A-adrenergic receptor. Mice lacking Gαz exhibit decreased platelet aggregation and 
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impaired inhibition of cAMP formation in response to epinephrine, a process known to be 

dependent on α2A-adrenergic receptors [96, 111-113]. The Gz-null mice also exhibited a 

loss of the antidepressant effects of catecholamine reuptake inhibitors reboxitine and 

desipramine [95, 96]. Preferential coupling of the α2A-adrenergic receptor to Gz was also 

observed in experiments using PC12 cells expressing wild-type Gαz. When these cells 

were challenged with a cAMP analogue or nerve growth factor (NGF), treatment with a 

specific agonist to α2A-adrenergic receptors, UK14304, attenuated PC12 cell 

differentiation; such an effect was not observed in these cells in the absence of Gαz 

expression [91]. However, Gαz coupling to α2A-adrenergic receptors appears to be highly 

tissue specific [74].  

In terms of behavioral phenotypes, Gαz-null mice have increased anxiety- and 

depression-like behaviors, as evidenced by the results of the forced swim test, the open 

field test, and the elevated plus maze test [98, 114]. Several studies investigating these 

behaviors in the Gz-null mice found evidence for Gz coupling to 5-HT1A serotonin 

receptors. Unlike wild-type balb/c mice, the Gz-null mice were insensitive to induction of 

anxious behaviors by the 5-HT1A agonist, 8-OH-DPAT [114], and showed significantly 

increased amplitudes of 5-HT-mediated potassium current and conductance in CA1 

pyramidal neurons [98].  Whole cell recordings in CA1 pyramidal neurons of Gz-null 

mice demonstrated increased 5-HT1A receptor-mediated K+ current. The first in vivo 

evidence supporting a role for Gz coupling to 5-HT1A serotonin receptors came from a 

study demonstrating a PTX-insensitive inhibition of oxytocin and prolactin release in 

response to the 5-HT1A agonist 8-OH-DPAT [84]. This study suggests that Gz couples to 

5-HT1A receptors in the hypothalamic periventricular nucleus. 
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Gαz-null mice also display metabolic phenotypes that have been linked to 

function of pancreatic β-cells. Mice lacking Gαz exhibit increased glucose clearance 

during glucose tolerance tests that is correlated with increased plasma insulin levels after 

glucose administration [115]. This phenotype appears to be a direct result of increase 

insulin secretion from the pancreatic islets [115]. In Ins-1 cells, the inhibition of glucose-

stimulated insulin secretion by prostaglandin E1 is completely insensitive to pertussis 

toxin pre-treatment [74]. The selective coupling of the β-cell E prostanoid receptor to Gz 

was confirmed by selective blockade of Gαz activity or expression by the RGS domain of 

RGSZ1 or Gαz-specific siRNA, respectively [74]. Taken together, these phenotypes 

suggest a significant role for Gz in regulating important neurons and neuroendocrine 

processes including those related to pain, anxiety, depression and glucose homeostasis. 

1.4 Neurotrophin signaling and development 

The human brain is made up of a complex network containing over 100 billion 

neurons making precise connections to regulate learning, memory, control of emotion, 

growth and maintenance of the body, interpretation of sensory input, and many other vital 

functions.  The process of brain development is complex, and results in a loss of 30-70% 

of neurons along the way [116, 117]. Neurotrophins such as BDNF appear to play 

important roles in regulating the selective survival and growth of neurons in this process, 

as well as reinforcing or discouraging changes in response to external cues in the 

developed brain (ie plasticity) [118]. 
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Axon Growth 

Neurons are extremely complex cells with some very unique morphology and 

regulatory networks. The model neuron has a specific polarity with multiple dendrites 

extending from the soma (cell body), including an apical dendrite, as well as a long, 

narrow axon that is highly efficient in propagating electrical signals [119-121]. 

Canonically, the axons form synapses on the dendrites of other neurons and transmit 

signals to them, thus, the synaptic region on the axonal side is referred to as 

“presynaptic” and that on the dendrite as “postsynaptic.”  Much work has been done in an 

ongoing effort to understand the mechanisms underlying the development of this polarity, 

as well as the specific morphologies of different neurons, which can be quite varied in 

length, shape and branching. The ability of neurons to develop into their unique 

morphology is critical for proper CNS and PNS development [122]. In addition to the 

cues neurons give to each other in this process, glial cells also play an important role in 

the development of neurons by secreting factors that influence neuron growth and 

guidance. 

One of the pioneers in the characterization of neuronal polarity was Gary Banker, 

who developed a systematic description of the neuron developmental stages using 

cultured pyramidal neurons as a model [123]. In this model, by developmental stage 1,  a 

few hours after plating in culture, the neuron is just starting to sprout lamellipodia. By 

stage 2, a growth period of 12-24 hours, neurites grow at equal rates and axons and 

dendrites are indistinguishable.  By stage 3, one of the neurites has begun rapid growth 

quickly becoming much longer than the other neurites and cell polarity is apparent [124, 

125]. At developmental stage 4, the slower growing dendrites begin to grow as well. All 
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of these morphological changes require rearrangements of actin and microtubule 

networks as well as plasma membrane expansion [126-129]. 

Several investigators have established axon length and tau-1 immunostaining to 

be the criteria for labeling a neurite as an axon [130-132]. In fully developed neurons, 

axons are at least three times the length of other neurites [133]. Dendrites 

characteristically are shorter, more tapered, and express MAP2 [130]. Axons can grow to 

be 1µm thick and over 1m long [122]. At the leading tip of the axon is the growth cone, 

which is wider, lamellipodia and filopedia, which extend and retract in response to cues 

for elongation and guidance [122, 126]. Actin polymerization and rearrangement at the 

growth cone is critical for growth [126, 134]. 

In vivo, development of neuronal polarity and development of axons and 

dendrites is an essential component of nervous system development [121, 135].  

Neurotrophin Signaling pathways 

Neurotrophins, which, among mammals, include nerve-derived growth factor 

(NGF), brain-derived neurotrophic factor (BDNF), and neurotrophins 3 and 4 (NT3 and 

NT4) are members of the neurotrophin gene family that bind to the Trk (tropomysosin 

related kinase) family of receptor tyrosine kinases and regulate various neuronal growth 

and survival pathways.  These proteins have important roles both in brain development 

and in brain plasticity after development. In many cases in the developing nervous 

system, neurotrophins are secreted by target cells in order to encourage axon growth and 

pathfinding to reach their targets [118, 126, 134, 136, 137]. All neurotrophins are 

synthesized as pro-neurotrophins and are then processed to yield proteins of ~13kDa that 
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form homodimers [138-140]. Only the processed forms of the neurotrophins stimulate 

receptors, and there is some evidence that regulation of this processing plays a regulatory 

role in neurotrophin signaling [141]. 

Trk receptors are tyrosine kinase receptors that undergo autophosphorylation 

dimerization and subsequent upon activation by neurotrophins [142].  There is some 

overlap in the specificity of neurotrophic factors to receptors; NGF activates TrkA, 

BDNF and NT4 activate TrkB, and NT3 can activate any of these, depending on the cell 

type [141]. BDNF binds to TrkB with high affinity and specificity [143-145]. 

Additionally, all of them can bind p75NTR with some low affinity [118, 143, 146, 147]. 

In human Trk receptors, there are three tyrosine residues in the autoregulatory 

loop that get phosphorylated in response to ligand binding and dimerization, these are: 

Y670, Y674, and Y675. Phosphorylation of these three residues stimulates Trk tyrosine 

kinase activity [148]. There are seven more phosphoralatable Tyr residues outside of the 

autoregulatory loop, which have been shown to bind to adaptor proteins and thus impact 

the regulation of other signaling pathways [148]. These pathways include phospholipase 

C (PLC-γ1), phosphatidylinositol-3-kinase (PI-3 kinase)/Akt kinase, and Erk 

(extracellular signal-regulated intracellular signaling cascades)/MAP Kinase signaling 

paths [118, 141, 142]. 

Much of what is known about Trk receptor signaling is based on NGF-stimulated 

TrkA receptor signaling studies in neurons and PC12 cells (a rat pheochromocytoma line 

from the adrenal medulla that is capable of differentiating into neurons). While the Trk 

receptors and known signaling pathways have much in common, it is important to 

remember that there are differences and what is true for one will not always be true 
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depending on the receptor, the cell type, and the expression of splice variants, of which 

there are many [148]. 

Phosphorylation of Trk receptors at Y490 leads to binding of adaptor proteins 

Shc, FRS-2, and sNT, and triggers downstream signaling by the small G proteins Ras and 

Rap1, which in turn activate a number of complex and interwoven signaling cascades 

[148].  

Neurotrophic effects mediated through Ras tend to be transient in nature. 

Signaling mediated through the adaptor proteins FRS-2 (fibroblast growth factor 

substrate-2) or SNT (suc-associated neurotrophic factor-induced tyrosine-phosphorylated 

target) at Trk Y490, in contrast, results in stimulation of downstream signaling with more 

prolonged effects [149, 150]. Recruitment by these adaptors of Crk, and the guanine 

nucleotide exchange factor C3G (specific for the small G protein Rap1), results in the 

activation of Rap1 on late endosomal membranes [150-152].  

The Rap1 component of neurotrophin signaling is of particular interest in this 

thesis. There are several GTP exchange factors (GEFs) that have been shown to activate 

Rap1, including PZD-GEF, C3G and the cAMP-dependent protein, Epac [153]. Rap1 

recruits PDZ-GEF to itself, which creates a positive feedback loop that is stimulatory 

toward Rap1 [151]. Rap1 stimulation also results in the activation of B-raf and then the 

Erk kinase cascade, and cellular differentiation [148, 154]. This sustained activation Rap1 

and Erk have been shown to be essential to neurite outgrowth [149-151, 154, 155].  

While all neurotrophins have generally similar effects on neurons, the specialized 

localization of BDNF primarily to the CNS, and that of NGF primarily to the PNS 

distinguishes their function in vivo [142, 156-159]. BNDF and TrkB are particularly 
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highly expressed in dentate granule cells of the hippocampus [156]. Various stimuli result 

in upregulation of BDNF in the CNS, including: electrical stimuli to the hippocampus 

electrical stimuli that result in LTP/learning memory, neural activity resulting in seizures, 

hormones, light, and even exercise [142].  

BDNF and neuron development 

 Some of the first studies characterizing BDNF demonstrated its impact on neurite 

outgrowth [160, 161]. Some specific neuronal populations where BDNF has been shown 

to have an impact on survival and growth are dorsal root ganglion, hippocampal, and 

cortical neurons [142]. TrkB has been shown to localize throughout neurons, on axons, 

dendrites, and soma [162-164], and examples of morphological responses to BDNF can 

be found for each of these neuron components. In a number of studies, BDNF has been 

shown to enhance both axon and dendrite growth and complexity of hippocampal 

neurons [165-169]. Changes in the axon branching patterns and lamellipodial formation 

in response to BDNF here observed in E12 sensory neurons [170]. In retinal ganglion 

cells of the CNS on the other hand, BDNF had a more significant impact on axonal 

elongation, and this effect appeared to be driven by recruitment of TrkB receptors to the 

plasma membrane by cAMP [119, 171]. Atwal et al demonstrated that signaling through 

Mek/Erk, as well as PI3K is required for BDNF-stimulated axonal elongation in an 

artificial system [172]. Hisata et al showed that PDZ-GEF was necessary for BDNF-

induced axon growth in rat primary hippocampal neurons, suggesting an essential role for 

Rap1 in CNS axon growth as well [151]. Another possible means by which BDNF may 

influence axon growth is through an elevation in Ca2+ and consequent local protein 



 24  

synthesis at the growth cone [173]. BDNF has also been shown to influence dendritic 

spine formation and morphology [174]. BDNF expression in dentate granule cells was 

sufficient to induce abnormal morphological development [175]. BDNF promotes neurite 

outgrowth in early developing cerebellar granule cells [176]. Another study found that 

BDNF-stimulated axon growth of thalamic neurons, was substrate dependent [177]. 

Aberrant axon growth in vivo has been well documented in mice lacking BDNF 

and its receptor, TrkB, in several systems, including the axonal projections of vestibular 

and cochlear ganglia, as well as those of dentate granule cells of the hippocampus [178-

193]. BDNF also has a significant impact on the formation and growth of dendrites in 

cortical neurons, and in the developing visual cortex [194]. Though the many and varied 

mechanisms of BDNF impacting neuron growth are still under study, ultimately these 

pathways lead to increased expression and organization of proteins that promote 

extension of actin filaments and microtubule rearrangements [126, 134]. 

Previous studies in the Casey Lab have found a novel connection between Gαz 

and neurotrophin signaling in a PC12 cell model of neurite outgrowth through inhibition 

of Rap1 [91]. Taken together with a number of studies regarding Gz tissue distribution 

and receptor coupling, important roles for Gαz in the CNS emerge (Fig. 3). Several 

disorders and diseases have origins both in deregulation of monoamines as well as 

defects in neurotrophin related signaling brain development and plasticity, such as 

depression, schizophrenia, and epilepsy, to name a few. Here, I further explore the role of 

Gαz in neurotrophin signaling in the CNS. In Chapter 3, I present studies of the 

localization of Gαz and the role of Gαz in regulating BDNF-induced morphological  
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characteristics of control neurons. In chapter 4, I present a study into the possible 

consequences of these phenomena in the context of the mouse central nervous system. 
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Chapter 2: Materials and Methods  

Construction of Internal YFP-fusion Gz 

A sequence alignment of Gαz to other Gα subunits of known structure was used 

to identify the region most similar to those modified in other successful fluorescent 

protein internal fusions, such as Gαs and Gαq [195-198].  The best candidate sequence 

for YFP insertion identified in Gαz was: AESKGEITP. This region is between the helical 

and GTPase domains. An EcoRI site was introduced to replace residues 119/20 in this 

sequence. Gαz in pcDNA3.1(+) (at KpnI and XhoI sites) was used as a template. Linker 

sequences coding for an EcoRI site followed by a sequence coding for SGGGGS linkers 

to each end of EYFP (Clontech) by PCR. The YFP insert with flanking linkers was then 

inserted into the EcoRI site of the mutated Gαz. 

Gz localization by Immunofluorescence 

HEK cells were plated in DMEM (Mediatech) with 10% FBS (Atlas) to ~40% 

confluency on acid-washed coverslips in 6-well dishes. The cells were transfected 24 h 

later with YFP, YFP-GzQL, untagged GzQL or untagged WT-GzQL using FuGene 6 

Transfection Reagent.  After 24 h, transfected cells were visualized by fluorescence 

microscopy.  Cells were rinsed twice before fixing in PHEM buffer (60 mM PIPES, pH 

6.9, 25 mM Hepes, pH 7.0, 10 mM EGTA and 4 mM MgSO4).  Cells were then fixed in 

PHEM buffer containing 4% paraformaldehyde (PFA), pH 7.0 for 20 min at 37 °C.  Cells 

were then rinsed twice in PHEM buffer and permeabilized in PHEM-Tx buffer (PHEM 

plus 0.5% Triton X-100) for 5 min at room temperature.  Following permeabilization, 

cells were blocked overnight in PHEM-Tx containing 10% FBS at 4 °C.  Cells were then 
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washed three times for five min in PHEM-Tx buffer, and slides were removed and placed 

on parafilm with 200µl of a 1:50 dilution of Gz antibody (Santa Cruz sc-388), and 

incubated at room temperature for 1 h. Slides were then washed three times for five min 

in PHEM-Tx at room temperature with gentle shaking.  Secondary antibody (1:100 

dilution of Jackson FITC-conjugated donkey anti-rabbit antibody) was added, and cells 

incubated in a dark, moist environment for 1 h at room temperature.  Finally, slides were 

washed three times in PHEM-Tx with gentle shaking at room temperature followed by a 

5 min incubation in PHEM + Hoescht stain, and one rinse in H2O.  Slides were mounted 

using ProLong Gold Mounting Media and imaged using a Nikon fluorescence 

microscope. 

cAMP Assay 

For each condition, five million 832/13 cells were transfected with constructs 

containing YFP alone, GzQ205L, or YFP-GαZQ205L using a standard protocol for the 

Amaxa Nucleofector electroporation system.  Cells were plated at a density of one 

million per well of 12-well plates, and grown for 48 h.  Prior to the assay, cell media was 

changed to Krebs Ringer buffer (5 mM NaHCO3, 10 mM Hepes, 2.8 mM glucose, 129 

mM NaCl, 30.6 µM KCl, 8.4 µM, MgSO4, 10.5 µM KH2PO4, 3.11 mM CaCl2, 0.25% 

BSA, pH 7.4) for 2 h. To stimulate adenylyl cyclase activity, cells were treated with 20 

µM Exendin-4, a GLP-1 receptor agonist, and 100 µM, IBMX (3-isobutyl-1-

methylxanthine, a competitive, non-selective phosphodiesterase inhibitor) for 15 min, to 

prevent cAMP degradation.  Cells were harvested and assayed for cAMP as per 

Amersham Bioscience cAMP Biotrak Enzyme immunoassay instructions.  Briefly, cells 

were lysed in an acetate buffer containing 0.25% of dodecy/trimethyl ammonium 
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bromide, and standards with vigorous shaking for 10 min.  Lysates and standards were 

then added to a 96-well plate coated with a goat anti-rabbit antibody, and rabbit anti-

cAMP antiserum was added.  Plates were incubated for exactly 2 h at 4 °C, while shaking 

gently.  A cAMP-peroxide conjugate was then added, and the plate was incubated at 4 °C 

for 1 h.  Finally, the media was withdrawn and the cells rinsed. TMB substrate was added 

to each well, and cells incubated for 1 h while shaking at room temperature.  The reaction 

was stopped with the addition 100 µl of 1.0 M sulfuric acid per well. The optical density 

at 450 nm was read on a Molecular Devices 96-well plate reader, and cAMP levels were 

calculated based on the standard curve. 

Co-immunoprecipitation  

HEK cells were grown on 10 cm plates, transfected with constructs containing 

YFP, YFP-GzQL, untagged GzQL and untagged WT-GzQL, and grown to near 

confluence (generally 24 h post-confection). Cells were lysed by sonication in a lysis 

buffer containing: wash buffer containing: 20 mM Tris pH 7.5, 100 mM NaCl, 0.1% NP-

40, 1 mM EDTA, and a cocktail of protease inhibitors.  Cells were then centrifuged at 

10,000 xg to remove nuclei and cellular debris.  Protein concentration in supernatant was 

determined using a Bradford assay, and 400 µg of each lysate was brought up to a 

volume of 500 µl with wash buffer containing: 20 mM Tris pH 7.5, 100 mM NaCl, 0.1% 

NP-40, 1 mM EDTA, and a cocktail of protease inhibitors.  These diluted supernatants 

were pre-cleared by mixing with 30 µl of a 1:1 mixture of Protein A/G beads and buffer 

wash buffer containing: 20 mM Tris pH 7.5, 100 mM NaCl, 0.1% NP-40, 1 mM EDTA, 

and a cocktail of protease inhibitors at 4 °C for 30 min.  Following this pre-clear, samples 

were centrifuged twice at 10,000 xg for 5 min followed by removal of 495 µl supernatant 
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each time.  To the pre-cleared lysate was then added 1 µl of 1 mg/ml of the appropriate 

antibody and 30 µl of a 1:1 Protein A/G bead mixture as above. The reaction was mixed 

by rocking at 4 °C for 2 h.  Finally, the immunoprecipitate was collected with a low 

speed spin (~100 xg) for 5 min and 450 µl supernatant was removed and saved for a 

“load” control. Then the beads were washed four times with 450 µl buffer.  Finally, SDS-

PAGE loading buffer was added to the remaining beads, the mixture heated, and eluted 

proteins separated by centrifugation, and the supernatant loaded on an SDS-PAGE gel.  

Western blots were probed with the appropriate antibody (eg. Rap1GAP). 

Live Cell Imaging of 832/13 cells 

One confluent 10cm plate (~15 million cells) was collected in 8 ml Ins-1 Media 

(RPMI 1640, with L-glutamine, Mediatech plus 10% FBS, Atlas, 55µM BME, 11mM 

Hepes, 1.1 mM Pyruvate, Gibco), the cells pelleted at ~500 xg for 5 min, and then 

resuspended in 400 µl Amaxa solution T (solution V was also acceptable).  To the cells 

(100 µl, ~3.75 million) was added to 1 µg of the appropriate DNA construct and 

electroporation carried out using Amaxa Nucleofector program T20. Five million 832/13 

cells were transfected with construct containing either the wild type (WT) or dominanant-

active variant of YFP-Gαz (QZO5L).  Following electroporation, cells were plated on 3.5 

cm poly-D-lysine coated glass-bottom dishes (MatTek).  After 48 h, the cells were 

imaged at 40x magnification on a Nikon Eclipse TE300 fluorescence microscope. 

Preparation of soluble and membrane fractions of 832/13 cells 

For each condition, five million 832/13 cells were transfected using the Amaxa 

Nucleofector electroporation system.  The transfection reactions each contained one of 

the following constructs: YFP (5 µg), YFP-GαZQL (10 µg), or GαZQL (5 µg).  The 
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transfections were performed using program T20.  After 48 h, cells were rinsed in PBS 

and scraped in lysis buffer containing: 20 mM Tris, 2 mM EDTA, 1 mM DTT, plus a 

cocktail of protease inhibitors including PMSF (phenylmethanesulfonyl fluoride), TLCK 

(Na-Tosyl-Lys-chloromethyl ketone) and aprotinin.  Cells were further lysed by 

sonication for 8-10 s.  Nuclei were removed by centrifugation at 1,000 xg for 10 min.  

Soluble and membrane fractions were separated by centrifugation at 100,000 xg for 1 h. 

In a Beckman TL-100 ultracentrifuge at 4 °C, membrane pellets were resuspended in 40 

µl lysis buffer containing 1% Triton.  Protein concentrations were determined and 40 µg 

of each fraction resolved by SDS-PAGE and subjected to Western blot using appropriate 

antibodies. 

Rat neuron culturing 

Cortices from E18 (embryonic day 18) Sprague-Dawley rats were removed and 

placed in Hank’s balanced salt solution on ice.  The tissue was minced and cells were 

dissociated by mechanical disruption using fire-polished glass Pasteur pipettes of 

sequentially narrower openings. Neurons were plated in plating media containing: 

Neurobasal Medium containing 10% fetal bovine serum, 0.4% B27 supplement and 1% 

Glutamax.  After 24 h, 1.5 ml (75%) of the media was changed to a serum-free version of 

the plating media.  

Mouse Neuron Culturing 

Cortices from balb/c mice of appropriate genotypes from the same litter were 

removed under sterile conditions.  Meninges were removed with forceps and tissue was 

minced with spring scissors, and placed in a dissociation solution containing: 100 U 

Worthington papain suspension, 3.6 ml serum-free Neurobasal-A medium (GIBCO), 0.4 
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ml 10 mM cysteine (Sigma).  Tissues were then incubated while shaking at room 

temperature for 20 min.  Each preparation was then centrifuged twice at 50 xg for 3 min 

at 4 °C, replacing the papain solution with serum-free Neurobasal-A.  The preparations 

then underwent further dissociation with a series of triturations with sequentially 

narrower fire-polished glass Pasteur pipettes.  Cell numbers were determined using 0.4% 

Trypan blue stain and a hemacytometer.   

Scholl Analysis (Dendrite Complexity) 

Rat cortical neurons (E18) were prepared as described above.  The neurons were 

transfected with constructs containing YFP or an internally-tagged dominant active 

variant of Gαz, YFP-Gαz Q205L, using standard methods described for Amaxa 

Nucleofectron of rat cortical neurons; reactions contained 2.5 µg DNA and 3 million cells 

each.  Following this protocol, cells were plated on coverslips coated with poly-D-lysine 

(Sigma) and natural mouse laminins (Invitrogen) at a density of one million cells per well 

of a 6-well dish in 2 ml rat neuron plating media (Neurobasal-GIBCO, supplemented 

with (0.4% B27 and 1% Glutamax).  After 24 h the media was changed, reducing serum 

content to 2.5%.  At 48 h post-plating, neurons were treated with 50 µg/ml BDNF or 

vehicle control in serum-free media. At 72 h post-plating, cells were fixed in 4% PFA in 

33% DPBS supplemented with 1 g/L D-Glucose, and 36 mg/L sodium pyruvate, and then 

66% DBS overnight at 4 °C.  Cells were permeabilized in 5% goat serum using 0.3% 

Triton in DPBS.  Cells were incubated overnight at 4 °C, protected from light, in a 1:200 

dilution of MAP2 (Chemicon International, MAB378 Ms MAP2, lot 0610041861) in 

permeabilization buffer.  Cells were then washed 6 x 20 min in permeabilization buffer, 

and TRITC-conjugated mouse secondary antibody added for an overnight incubation at 4 



 33  

°C.  Finally, cells were washed twice for 20 min in permeabilization-buffer and rinsed 

once in DPBS, containing glucose and pyruvate as above for 30 min.  Each coverslip was 

mounted on a glass slide with 10 µl of mounting media (1% p-phenylenediamine in 90% 

glycerol, 10% PBB) with 4 µg/ml DAPI. 

Axon Growth Assays: Fixed Cell Assay 

E18 rat cortical neurons were prepared, transfected with appropriate constructs 

and imaged as described above for the Scholl analysis, with the exception that neurons 

used in axon growth studies were stained with Tau-1 (Millipore mouse monoclonal, 

MAB3420) instead of MAP2.  Constructs containing YFP, YFP-GαzQ205L, or YFP-

RGZ1, were transfected as described above using the Amaxa system. Using a 40x 

objective, ~10 verticle sweeps about 1 mm across were imaged. Three coverslips were 

imaged and analyzed for each condition. Approximately 30 neurons per condition were 

assessed for each group three times, for a total n of 90 neurons.  

Axon Growth Assays: Live Cell Imaging 

Mouse cortical neurons (wild type and Gz-null) were isolated from balb/c 

littermates at age P2.  Neurons were plated onto MatTek 35mm gridded glass-bottom 

dishes coated for 24 h with each of 1 mg/ml poly-D-lysine (Sigma P0899) and 10 µg/m 

laminins (mouse natural, Invitrogen).  Cells were plated at a density of 250,000 per dish 

(2.5 ml).  After 24 h, media was replaced, lowering the serum concentration to 5%. At 48 

h in culture, neurons were imaged by DIC at 20x magnification on a Zeiss Axio Observer 

at 37 °C and 5% CO2.  Axon lengths were measured using Metamorph software.  Only 
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neurons achieving a growth stage with a clearly defined axon, at least 2x long than any 

other neurites, were used for analysis. 

Isolation of growth cones 

Rat cortical neuron cultures were prepared as described above and plated on 10 

cm dishes at a density of 3 x 106 cells per plate.  Eight plates were used per isolation 

prep.  After six days in culture, neurons were harvested.  Plates were placed on ice and 

washed with PBS supplemented with 1 g/l D-glucose, and 36 mg/l sodium pyruvate, 

scraped in 4 ml of buffer (SHE) containing 320 mM sucrose, 4 mM Hepes pH 7.4, 2 mM 

EDTA, 2 mM EGTA, mini EDTA-free protease inhibitor cocktail tablet (Roche), 50 mM 

sodium fluoride, 10 mM sodium pyrophosphate, and 1 mM sodium orthovanadate 

(activated).  Cells were then lysed using 10 strokes of a motorized glass-teflon loose-

fitting homogenizer at 900rpm.  The sample was centrifuged at 600 xg, the supernatant 

(termed SIA) was saved, and the pellet was resuspended in 4 ml of the above SHE buffer.  

This suspension was centrifuged again at 600 xg, and the resulting pellet (P1) was saved 

for SDS-PAGE while the supernatant (S1B) was combined with the previous supernatant 

(S1A), and a sample of this mixture (termed S1) was saved for SDS-PAGE.  The 

remaining S1 was centrifuged for 15 min at 14,800 xg, yielding a P2 pellet and an S3 

fraction.  The P2 pellet was resuspended in 1.5 mL SHE buffer and again homogenized 

using a glass-teflon homogenizer.  This resuspended fraction was divided in two and 

loaded onto a Ficoll gradient (2 steps of 7% and 12%, 0.75 ml each, both made up in the 

SHE buffer).  Ficoll gradients were centrifuged for 20 min at 214,000 xg using a TLS-55 

swinging bucket rotor. The interface between the Ficoll steps was collected (~300 µL) 

and 300 µL SHE buffer was gradually added while mixing carefully. Finally, the sample 
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was centrifuged for 15 min at 16,000 xg at 4 0C. The resulting pellet was resuspended, 

assayed for protein content, and resolved by SDS-PAGE and immunoblot analysis. Blots 

were probed with anti-Gαz, (2919B), anti-pJNK (Cell Signaling) and anti-catalase 

(Sigma).  

Western blot comparison of Gz in neuronal versus glial enriched cortical cultures 

Cortical cultures were plated at E18 at a density of 3 x 106 cells per 10 cm plate 

on PDL-coated plates.  Cultures to be enriched for glial cells were passaged eight times.  

Neuron cultures were treated with the glial inhibitor cytosine β-arabinofuranoside after 

five days and were grown a total of fourteen days in culture. Plates were rinsed and 

scraped in buffer containing: 20 µM Tris pH 7.5, 100 µM NaCl, 0.1% NP-40, 1 µM 

EDTA plus a cocktail of protease inhibitors. Samples were loaded on an SDS PAGE at 

50 µg or 140 µg alongside 50 µg of an 832/13 cell lysate and 50 µg or 140 µg bovine 

brain membrane, two sources previously shown to have significant levels of Gαz. A 

standard over expressing Gαz in SF9 cell membrains was also loaded as a positive 

control. Western membrane was stained with a Gαz antibody (Santa Cruz SC-388). 

Axon Growth Assay in fixed Gz-null mouse neurons 

Mouse cortical neurons were prepared as previously described and plated on 

PDL- and lamin-coated coverslips in 6-well dishes at a density of two million cells per 

well, in Neurobasal-A media with B27 and Glutamax supplements and 10% FBS. 

Neurons (P1) from wild-type and Gz-null littermates were transfected with the YFP 

construct using the Amaxa Nucleofector system on program O3. After 24 h, the media 

was replaced with media containing 2.5% FBS.  After another 24 h media was replaced 
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with serum-free media, and cells were treated with either 50 ng/ml BDNF or vehicle 

control (H20).  At 72 h in culture (24 h after treatment), cells were rinsed twice in DPBS+ 

and fixed in 4% PFA. Neurons were imaged at 40x magnification on a Zeiss Axio Imager 

widefield fluorescence microscope and axons were measured using Metamorph software. 

Western blots of signaling proteins following BDNF treatment of cortical cultures 

Cortical neurons were isolated as described above and plated at a density of one 

million cells per well of a 6-well dish on PDL-coated plates. Cells were plated in 

Neurobasal-A media (GIBCO) containing 10% FBS (Atlas); the serum level was reduced 

to 2.5% after 24 h.  After 48 h, the media was replaced with serum-free Neurobasal-A 

containing either vehicle (H2O) or BDNF (50 µg/ml) for 30 or 60 min as appropriate.  

Cells were then rinsed in PBS and lysed for 5 min on ice in lysis buffer containing: 20 

mM Tris, 200 mM NaCl, 10% glycerol, 10 mM NaF, 2.5 mM MgCl2, 5 mM sodium 

pyrophosphate, pH 7.4, 2 mM sodium orthovanadate, 1% NP-40, plus protease inhibitor 

cocktails (Roche, EDTA-free) Samples were centrifuged at 8,000 xg for 5 min, lysate 

supernatants were analyzed for protein content using a BCA assay, and samples resolved 

by SDS-PAGE. After transfer to nitrocellulose membranes, blots were probed for: 

phospho-Trk (Tyr680/Tyr681) (Santa Cruz Sc-7996-R, lot #R0707 lot #/G3010); total 

TrkB (BD Transduction Laboratories, mouse, 610101, lot #58350); GAPDH (Cell 

Signaling, 14CIO, rabbit mAb, lot #6); β-actin (Sigma, A5441, lot #055KU854); 

phospho-S6 ribosomal protein (S240/244) (Cell Signaling, 2212, lot #4); phospho-Erk 

(Thr202/ Tyr204); (#9101S, Rabbit mAb lot #23); phospho-S6 ribosomal protein 

(Ser235/236), (2211S, Cell Signaling); GSK 3β (Ser 9) (Cell Signaling); total Erk1 (BD 

Transduction Laboratories 610030, lot #68717). 
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Preparation of Post-Synaptic Density 

Post-synaptic density preparation was performed according to protocols described 

in Blackstone (1992) and Lau (1996).  Whole brains from three C57BL/6 mice were 

processed on ice in the following buffer: 4 mM Hepes pH 7.4, 0.32 M sucrose, PMSF, 

(0.1 mM), 1.5 µg/ml aprotinin, 10 µg/ml leupeptin, 10 µg/ml pepstatin, 0.1 mg/ml 

benzamidine, 2 mM EGTA, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM parpa-

nitrophenylphosphate, 1 mM sodium orthovanadate, 0.1 mM ammonium molybdate.  

Brains were homogenized using a motor-driven glass-teflon homogenizer at 900 rpm for 

~10 strokes.  The homogenate was centrifuged at 1,000 xg for 10 min at 4 °C to remove 

the nuclear fraction and other debris including whole blood cells (P1).  The supernatant 

from this procedure (S1) was centrifuged at 10,000 xg for 15 min at 4 °C, resulting in a 

crude synaptosomal pellet (P2).  The P2 pellet was washed by resuspending in 10 ml of 

the Hepes-sucrose buffer described above, and centrifuged again at 10,000 xg for 15 min 

at 4 °C.  Then the pellet (P2’) was resuspended in 10 ml buffer containing only 4 mM 

HEPES, protease and phosphatase inhibitors at 4 °C.  The hypo-osmotic shock results in 

disruption of the synaptosomes, releasing presynaptic and postsynaptic membranes, as 

well as synaptic vesicles.  This suspension was incubated at 4 °C on a rocking shelf for 

30 min, followed by centrifugation at 25,000 xg for 20 min.  The resulting supernatant, a 

crude synaptic vesicle preparation (S3) was set aside, and the pellet (P3) was resuspended 

in the Hepes-sucrose buffer.  A discontinuous sucrose gradient containing the protease 

and phosphatase inhibitors was prepared in steps of 0.8 M, 1.0 M, and 1.2 M sucrose.  

The resuspended (P3) pellet was layered on top of the gradient, and the gradient was 
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centrifuged at 150,000 xg for 2 h in a swinging bucket rotor (Beckman, SW-28) at 4 °C.  

The synaptic plasma membranes were retrieved from the interface between the 1.0 M and 

1.2 M sucrose steps, and diluted in 4 mM Hepes buffer to a sucrose concentration of 0.32 

M.  Then the resuspended fraction was centrifuged at 150,000 xg for 30 min to pellet the 

membranes.  The supernatant (S4) was removed and the pellet (P4) was resuspended in 

50 mM Hepes pH 7.4, containing 2 mM EDTA and protease and phosphatase inhibitors.  

In order to remove presynaptic membranes, Triton X-100 was added to 0.5%, and 

incubated at 4 °C for 15 min on a rocking shelf.  This suspension was centrifuged at 

32,000 xg for 20 min resulting in a soluble (Pre-1S) fraction enriched in presynaptic 

membrane proteins and a pellet (PSD-1T) containing the triton-insoluble postsynaptic 

density.  The PSD-1T was resuspended in 30 ml of 4 °C 50 mM Hepes buffer containing 

0.5% Triton X-100 at 4 °C, and centrifuged at 200,000 xg for 20 min, yielding the 

postsynaptic (PSD-2T) pellet, and a fraction containing any remaining soluble protein 

(PRE-2S).  Samples of each fraction (6 µg) were processed by SDS-PAGE followed by 

immunoblot analysis for PSD-95 (Santa Cruz sc-32290, mouse monoclonal, lot #C1005), 

and Gαz (Santa Cruz sc-388 lot #F1605, rabbit polyclonal) antibodies. 

Isolation of Synaptic Vesicles 

Five whole brains from eight-week old C57BL/6 mice were homogenized using 

10 strokes of a motorized glass-teflon homogenizer at 900 rpm in buffer containing: 10 

mM Tris, 300 mM sucrose, 10 mM EDTA, 10 mM EGTA plus protease inhibitors 

(Roche) pH 7.5.  Homogenates were centrifuged at 1,000 xg for 10 min, pelleted debris 

(P1) was removed, and the supernatant (S1) was centrifuged again at 10,000 xg for 15 

min at 4 °C.  The supernatant (S2) was removed and the pellet containing synaptosomes 
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(P2) was resuspended in 6 ml of Tris-sucrose buffer (above), and centrifuged again at 

10,000 xg for 15 min at 4 °C.  The supernatant (S2’) was removed, and the remaining 

pellet (P2’) containing synaptosomes was resuspended in 9 ml hypotonic buffer (4 mM 

Hepes, pH7.4, plus protease inhibitors at 4 °C and homogenized in the glass-teflon 

homogenizer at 900 rpm using three up-and-down strokes.  To complete the hypoosmotic 

lysis of synaptosomes, the preparation was rocked at 4 °C for 30 min. The suspension 

was centrifuged at 25,000 xg for 20 min at 4 °C yielding a pellet (P3) and supernatant 

(S3) containing released synaptic vesicles.  The S3 fraction was further centrifuged at 

165,000 xg for 2 h at 4 °C, yielding the synaptic vesicle pellet (SVP) that was 

resuspended in Tris-sucrose buffer, and a supernatant (S3’). All fractions were assayed 

for protein content using the Bradford assay. Fractions containing equal protein content 

(24 mg) were processed by SDS-PAGE gel, and transferred to nitrocellulose for Western 

blot analysis using antibodies against Gαz (antibody 2919), synaptophysin (SC-7568), a 

synaptic vesicle marker, Gβ (TG985), Gαii,2, (TG 982), Gαo (P958), Gαi3, (TG 6977).  

Antibodies TG985, TG982, and TG6977 were gifts of Thomas Gettys (Pennington 

Biomedical Research Center).  

2919B Antibody Characterization 

Anti-Gαz antibody 2919B was produced by a commercial supplier using a 

conjugated peptide antigen corresponding to Gαz sequence 111-125: 

TGPAESKGEITPELL. The immunogen peptide (which contained an appended Cys 

residue) was used to produce an affinity column using SulfoLink Coupling Columns 

(Thermo Scientific). The serum from the immunized rabbit was affinity purified and the 
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resultant antibody was characterized by immunoblot by comparing a Gz standard (from 

Gαz overexpressed in SF9 cells), bovine brain membranes, shown previously to have 

high levels of Gαz, and brain membrane preparations from wild-type and Gz-null mice. 

Pilocarpine-Induced Seizure Studies 

Male balb/c mice, ~16 weeks old, were used for these experiments.  All mice 

were pre-treated with a 2 mg/kg dose of scopolamine methyl-bromide and terbutaline 

hemisulfate (Sigma).  After 30 min, mice were treated with the dose of pilocarpine 

hydrochloride (Sigma) noted for each experiment.  Mice were observed and their 

behavior was recorded at least every 5 min for 4 h.  Behavior was classified as follows: 

stage 0, stopping, staring; stage 1, facial stereotypes such as lip smacking or foaming at 

the mouth, as well as loss of conscious response to sounds and smells; stage 2, 

compulsive head nodding; stage 3, forelimb clonus (rapid shuffling of paws); stage 4, 

seizure including rearing onto hind limbs; stage 5, seizure where mice roll over or throw 

their bodies around the cage; fatal status, violent seizure terminating in death. 

Neo-Timm’s Staining 

Male balb/c mice, ages 5-6 months old were transcardially perfused with 0.9% 

saline, followed by 0.1% sodium sulfide (to precipitate zinc) and 10% formalin (to fix the 

tissue).  All solutions contained 150mM sodium phosphate buffer pH7.4.  Each solution 

was flushed through for 60 sec at a constant rate resulting in loss of coloration in limbs 

and liver.  Mice were decapitated, and whole heads were incubated in 10% formalin at 4 

°C for 1 h.  Whole brains were then carefully removed and incubated at 4 °C overnight in 

10% formalin.  Brains were then frozen in a slurry containing 8% methylcyclohexane and 
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92% 2-methylbutane on a dry-ice acetone bath. Brains were allowed to equilibrate to -15 

°C inside a cryostat for ~1 h prior to slicing in 30 µm sections using a cryostat at -16 °C. 

Slices were mounted on gelatin-coated slides and stored at -20 °C until staining. For Neo-

Timm’s staining, the following mixture was employed: 50% gum arabic, 120 mM citric 

acid, 80 mM sodium citrate, 51 mM hydroquinone, and 1.25 g/l silver lactate.  The slides 

containing the mounted brain slices were placed in a staining dish with the mixture in a 

26 °C incubator protected from light for 30 and 60 min to yield several exposures for 

analysis. Samples were rinsed with 50 °C water for ~30 min, and then dehydrated by 

sequential incubations in distilled water, 50% ethanol, 70% ethanol, 95% ethanol, 100% 

ethanol, and xylene. Slides were then immediately coverslipped using Polymount 

(Polysciences). Slides were imaged using a Zeiss Axio Imager widefield microsope with 

a QImaging color camera at 5x magnification. All images for a given experiment were 

imaged with the exact same settings and exposure times (~60ms).  

HPLC determination of monoamine tissue content 

HPLC analysis was carried out by Raul Gainetdinov and Tatyana Sotnikova (this 

institution) as in Gerber, D.J et al (2001) PNAS v.98 no. 26 pp.15312-15317. Briefly, 

frontal cortex, hippocampal, striatal, and cerebellar tissues were dissected from four age-

matched, three- month old balb/c wild-type and Gz-null mice. Tissue contents of 

monoamines were determined by comparison to standards of known concentration; 

means and standard error are plotted as shown. (Also, as in: Wang et al 1997 and Xu et al 

2000). 
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Western blots of post-seizure brains 

Pilocarpine-induced status epilepticus studies were carried out as described above.  

Age-matched untreated control animals were processed in parallel.  Animals were 

generally euthanized 6 h after the treatment with pilocarpine; at least 1 h after an animal 

ceased to display signs of seizure.  Animals were euthanized by pentobarbitol injections 

followed by decapitation.  Brains were immediately dissected and hippocampal and 

cortical tissues were removed and immediately flash-frozen in liquid nitrogen. For 

analysis, tissues were thawed quickly and suspended in lysis buffer containing: 50 mM 

Tris pH 7.7, 150 mM NaCl, 0.1% SDS 0.5% deoxycholate, 1% NP-40, protease inhibitor 

cocktail (Roche, EDTA free), 50 mM NaF, 0.2 mM Na3VO4, 2.5 mM Na4P2O7.  Cortical 

pairs were resuspended in 1 ml buffer; hippocampal pairs in 0.6 ml.  Tissues were 

incubated in lysis buffer on ice for 10 min, followed by disruption with a teflon 

homogenizer connected to pestle motor (Kontes) for 10 sec each. Samples were then 

mixed by vortexing and replaced on ice for 10 min. Samples were then centrifuged at 500 

xg for 5 min.  Supernatants were removed, protein quantified using the BCA assay 

(Pierce), and 50 µg protein of each was loaded on a 4-20% gradient SDS-PAGE gel.  

After transfer to nitrocellulose membranes, blots were probed for: phospho-Trk 

(Tyr680/Tyr681) (Santa Cruz Sc-7996-R, lot #R0707 lot #/G3010); total TrkB (BD 

Transduction Laboratories, mouse, 610101, lot #58350); GAPDH (Cell Signaling, 

14CIO, rabbit mAb, lot #6); β-actin (Sigma, A5441, lot #055KU854); phospho-S6 

ribosomal protein (S240/244) (Cell Signaling, 2212, lot #4); phospho-Erk (Thr202/ 

Tyr204); (#9101S, Rabbit mAb lot #23); phospho-S6 ribosomal protein (Ser235/236), 

(2211S, Cell Signaling); GSK 3β (Ser 9) (Cell Signaling); total Erk1 (BD Transduction 
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Laboratories 610030, lot #68717).
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Chapter 3: The role of Gαz in BDNF-induced neuron  

morphology 

3.1 Introduction  

Gαz is a unique G protein whose biological role is only beginning to be 

understood. The data regarding its distribution and receptor coupling summarized in 

Chapter 1 suggest it may play an important role in central nervous system biology, 

particularly with regard to processes involved in dopaminergic, serotonergic, adrenergic 

and opioid signaling. Gαz was originally discovered for its similarity to other members 

of the Gi subfamily of hetrotrimeric G proteins. It distinguishes itself by its unique 

biochemistry (extremely slow rate of GTP hydrolysis and GDP dissociation), pertussis 

toxin insensitivity, and its distinct neuronal and neuroendocrine tissue distribution. Gαz 

tissue distribution has been shown to be quite restricted, primarily to neuronal and 

neuroendocrine cells and has been shown to be highly expressed in cerebellum, 

hippocampus, and cortex [71]. 

In an effort to better characterize Gαz-mediated signaling pathways, a yeast-two-

hybrid screen for proteins binding to the mutationally-activated Gαz identified several 

interesting targets including the Rap1-specific regulatory protein, Rap1GAP [88, 90].  

Rap1GAP enhances the rate of GTP hydrolysis of the monomeric G protein, Rap1, thus 

accelerating its return to an inactivated state [153]. Further characterization of the Gαz-

Rap1GAP interaction revealed that Gαz, Rap1GAP and Rap1 can form a stable complex, 

and that activated Gαz can recruit Rap1GAP to membranes [90]. Furthermore, activated 

Gαz blunted the activation of Rap1 by the cAMP analogue, 8-CPT in PC12 cells [91]. 
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Further, stimulation of α2A-adrenergic receptors in PC12 cells in which wild-type Gαz 

was heterologously expressed (PC12 cells lost expression of Gαz during their 

transformation from adrenal chromaffin cells) impaired NGF-mediated differentiation of 

the cells, a process known to involve Rap1 activation. Together, this biochemical and 

functional connection between Gαz and Rap1 suggested a possible mechanism linking 

GPCR signaling and neurotrophin signaling pathways, with important biological 

implications. 

Rap1, as a member of the Ras superfamily, has been shown to be involved in 

neurotrophin signaling processes that are important in cell growth and differentiation 

[118, 199]. Rap1 has been shown to play a particularly significant role in neuron 

development [200]. Rap1 stimulation results in the activation of B-Raf and then the Erk 

kinase cascade; this sustained activation of Erk has been shown to be essential to neurite 

outgrowth [148-151, 154, 155]. Rap1 activation increases dendrite growth and 

complexity in rat cortical neurons [201]; and Hisata et al showed that PDZ-GEF was 

necessary for BDNF-induced axon growth in rat primary hippocampal neurons, 

suggesting an essential role for Rap1 in CNS axon growth as well [151]. Beyond its role 

in stimulating MAPKs, a Rap1-responsive RhoGAP that leads to neurite outgrowth in 

response to Rap1 has also been discovered [202], and Rap1b has been shown to play a 

role at the tip of neurites in determining axon fate [155].  

The role of Rap1 in CNS neuron development induced by the neurotrophin BDNF 

is increasingly being appreciated [148, 151, 203]. BDNF is a neurotrophic factor that 

recognizes the tyrosine kinase receptor TrkB, and is expressed in many of the same 

tissues as Gαz, including cerebellum, hippocampus, and cortex [148]. BDNF is critical in 
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the development of neurons in these regions [142]. Here I describe a characterization of 

the impact of Gαz on BDNF-induced neuron morphologies, in particular, that activation 

of Gαz inhibits BDNF-stimulated axon growth in cortical neurons, and that signaling 

downstream of Rap1 may be involved. 

3.2 Results  

The impact of Gαz on NGF-stimulated neurite growth in PC12 cells, which are 

commonly used as a model for neuron development, suggested a possible role for Gαz in 

regulating the complex development of neurons in brain regions where Gαz is expressed. 

Recently, several studies have focused on a vital role for Rap1 in cortical neuron 

development [201, 203]. We sought to determine whether Gαz had an impact on neuron 

development by measuring axon and dendrite growth and complexity in neurons 

expressing the mutationally-active variant of Gαz, GαzQ205L. In order to conduct these 

studies, we used a single-cell based assay approach with fluorescent protein fusions to 

Gαz. Until recently, such fusions to heterotrimeric G proteins had proven problematic, as 

a fusion to the N-terminus interferes with lipid modifications and βγ binding, while 

fusion to the C-terminus interferes with receptor coupling.  However, several groups have 

now demonstrated that internal fluorescent protein fusions of Gα could be constructed 

without disrupting their functionality by inserting the fluorescent protein between the 

helical and GTP-binding domains [196-198, 204]. Hence, we created an internal fusion of 

Gαz, modeled after a CFP-Gαs created by Berlot and colleagues (see Fig. 4), by inserting  
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YFP flanked by SGGGGS linker sequences between residues 119 and 120 of Gαz. 

To characterize the YFP-GαzQ205L internal fusion protein, its localization and 

ability to bind Rap1GAP and inhibit cAMP was compared to that of the unmidified Gαz 

in HEK cells. The YFP-GαzQ205L demonstrated similar plasma membrane localization 

as untagged Gαz does when heterologously expressed in HEK 293 cells (Fig. 5), co-

immunoprecipitated with Rap1GAP, and could recruit Rap1GAP to membrane fractions 

Fig. 6 & 7). Further, YFP-Gαz was also able to inhibit Exendin-4-stimulated adenylyl 

cyclase activity in 832/3 cells (Fig. 8). 

Having demonstrated that the YFP-GαzQ205L was functionally indistinguishable 

from untagged GαzQ205L, we used this construct in cortical neurons to assess the impact 

of activated Gαz on neuron morphology. In the absence of neurotrophins, the Gαz 

construct had no impact on the growth of either axons or dendrites, although a large 

number of filopodia-like branching protrusians were observed in cells expressing YFP-

GzQ205L (data not shown). We then sought to determine whether Gαz would have any 

impact on neuron morphology under conditions where Rap1 would be activated, 

specifically, in response to BDNF. While no impact of YFP-GαzQ205L on BDNF-

stimulated dendrite complexity in cortical neurons was observed (Fig. 9), this dominant-

active Gαz did significantly impact BDNF-stimulated growth of axons (Fig. 10). 

In order to better assess the possibility of a specific impact of Gαz in this 

process, we used RGSZ1, a Gz-specific regulator. Interestingly, cortical neurons 

expressing RGSZ1 had augmented BDNF-stimulated axon growth (Fig. 11). 

Given the significant role that BDNF and Rap1 play in the development of  
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dendrites in cortical neurons, a regulatory role for Gαz solely on axon growth was 

somewhat surprising. One possible explanation for this could be the localization of Gαz 

in cortical neurons. In order to assess the localization of Gαz in cortical neurons, YFP-

GαzQ205L was expressed in rat cortical neurons and imaged after 72 h in culture. At this 

point most of the neurons were between stage 3 and stage 4 in their development, with 

clearly defined axons and axonal growth cones. The localization of YFP-GαzQ205L was 

compared to several markers of specific neuron components including MAP2, a dendritic 

marker, phospho-JNK, a marker of axon growth cones, and tau-1, a general axonal 

marker [130-132, 205]. As shown in Fig. 12, YFP-Gαz was heavily localized to axon 

growth cones, which could explain why Gαz exerts a regulatory effect on axons and not 

dendrites.  

While using the YFP Gαz fusion was useful for visualizing its localization, we 

also wanted to determine whether endogenous Gαz endogenously localized to axonal 

growth cones. Fortunately, the size and composition of growth cones makes it possible to 

isolate them using differential centrifugation and a Ficoll gradient. Using this method 

along with immunoblot analysis, Gαz appeared to be enriched with growth cones (Fig. 13 

and 14). Phospho-JNK was used as a positive control, which is highly enriched in axon 

growth cones of neurons. Catalase, which is found in mitochondria and peroxisomes, was 

used as a negative control. While mitochondria are typically the main contamination of 

the growth cone fraction because of their similarity in density, their enrichment in the 

fraction was not nearly as pronounced as that of Gαz or phospho-JNK.   

While the enhanced axon growth in response to BDNF that was seen with  
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downregulation of Gαz function by RGSZ1 was promising in suggesting an endogenous 

role for Gαz inhibition of axon growth in these neurons, it did not exclude the possibility 

that RGSZ was acting through a different mechanism than impacting Gαz. In order to 

better examine a specific endogenous role of Gαz on BDNF-stimulated axon growth, 

cortical neurons from Gz-null mice were examined. Cortical neurons from wild-type and 

Gz-null littermate control P1 balb/c mouse pups were isolated and compared in their axon 

growth response to BDNF. Interestingly, in the neurons from the Gz-null mouse even 

basal levels of axon growth were increased (Fig. 15), suggesting a tonic inhibition of 

axon growth by Gαz. This finding could be explained by the fact that Gαz has been 

completely removed from these neurons, rather than just suppressed in the 48 hours prior 

to BDNF treatment, as was the case for the rat cortical neuron experiments. Importantly, 

treatment with BDNF further augments this difference between wild-type and Gz-null 

neuron axon growth (Fig 15). 

 In an effort to more closely assess the impact of BDNF on neurons from the Gz-

null mice, a live cell imaging technique was employed to monitor single neurons over 

time. Although the low plating density that was required for determining axon lengths in 

untransfected cultures by DIC, did not result in a very high survival rate of the neurons, 

the basal difference in axon growth between neurons from wild-type and Gz-null mice 

was also observed using this technique (Fig. 16). 

 Rap1 signaling has been shown to impact integrins, the glycoproteins that attach 

cells to extracellular matrix proteins [206]. Hence it was of interest to test whether the 

presence of laminins on the glass bottom dishes and coverslips used in these assays  
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altered the impact of Gαz on axon growth. However, at least in a preliminary study using 

live cell DIC, no differences were detected between the pattern of growth of the plated 

neurons in the presence and absence of laminins (Fig. 17). 

 In an effort to further characterize the underlying mechanism of Gz inhibition of 

BDNF-stimulated axon growth, we assessed the impact of down-regulation of Rap1 

function by overexpression of Rap1GAP on rat cortical neuron growth. Cortical neurons 

from Gz-null mice transfected with Rap1GAP did not exhibit the enhanced axon growth 

that was seen in control Gz-null neurons (Fig. 18). Thus, down-regulation of Rap1 

function appears to rescue the inhibition on axon growth imposed by Gαz. This finding 

suggests that Rap1GAP is the mediator of Gαz inhibition on axon growth in cortical 

neurons.  

In order to assess the impact of loss of Gαz function on downstream signaling 

components involved in regulation of BDNF signaling in cortical neurons, we monitored 

the activation of several signaling molecules known to be activated downstream of Rap1. 

The best characterized signaling protein downstream of Rap1 is Erk [118, 152, 154]. 

Rap1 has also been shown to induce a dramatic increase in phosphorylation of the S6 

ribosomal protein effectively in Ins-1 cells [207]. As Rap1 has been shown to impact 

neuron morphology through CREB, we also monitored phospho-CREB [201]. We saw no 

differences in CREB phosphorylation in cortical cultures from wild-type and Gz-null 

mice, but we did see a significant increase in phosphorylation of both S6 ribosomal 

protein and Erk 1/2 in response to BDNF in the Gz-null cortical cultures (Fig. 19), 

suggesting that loss of Gaz resulted in elevated Rap1 activity in response to BDNF. This  
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is precisely what would be expected if Gaz engagement of Rap1GAP facilitates its ability 

to act on Rap1 in this signaling context.  

 

3.3 Discussion  

 In this chapter, I have presented evidence of a role for Gαz in regulating BDNF-

stimulated signaling and axon growth in cortical neurons. In a broader context, 

these findings suggest a mechanism linking heterotrimeric G protein signaling with that 

of neurotrophins in the CNS. 

Crosstalk between G protein signaling and receptor tyrosine kinase pathways has 

been demonstrated in several contexts in the CNS [208, 209]. These studies have 

primarily involved neurotrophin-independent transactivation of Trk receptors [210-212]. 

In a recent example involving the signaling pathways discussed here, dopamine was 

shown to transactivate TrkB in a Ca2+ and plasma membrane localization-dependent 

manner [213]. This action of dopamine was mediated through the D1 dopamine receptor 

and promoted neurite outgrowth. In contrast, the case presented here is one in which 

activation of the G protein is inhibitory toward TrkB signaling in a manner that is 

dependent on neurotrophin signaling. 

The data presented here are all consistent with Gαz exerting an inhibitory effect on axon 

growth stimulated by the neurotrophic factor BDNF in cortical neurons. In addition to the 

demonstration that a Gz-specific negative regulator, RGZ1, augments BDNF-stimulated 

axon growth, we also showed a similar effect of the complete absence of Gαz. The 

impact of Gαz was even observed in the absence of BDNF signaling, a finding that may 

be explained by the presence of growth factors in serum in the first 24 hours after plating 
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of the cortical neurons. Levels. Thus, Rap1 activity may be elevated even before the 

addition of BDNF, leading to augmented growth in the absence of a negative input from 

Gαz. Further studies monitoring the growth of single neurons in response to BDNF could 

shed light on this. 

 The finding, albeit still preliminary, that Rap1GAP overexpression prevents the 

augmented growth observed in cortical neurons from Gz-null mice suggest that Rap1 is at 

the intersection between Gαz and neurotrophin signaling. Our studies monitoring the 

impact of BDNF on signaling pathways downstream of Rap1 provide supporting 

evidence that Rap1 is involved in the increased axon growth that is observed in these 

studies. Because of our previous findings in PC12 cells [91], we focused our studies  

primarily on the Rap1GAP arm of Gαz-signaling, however, it is also possible that the 

adenylyl cyclase arm (i.e. its inhibition) in Gz signaling also plays a role. Cyclic AMP 

has been shown to result in an increase in the recruitment of TrkB to the plasma 

membrane [90]. In retinal ganglion cells, increased cAMP alone was not sufficient to 

induce axon growth, however, the combination of cAMP and BDNF increased axon 

growth several fold [119]. Hence, inhibition of adenylyl cyclase by activated Gαz could 

play a role in Gαz inhibition of BDNF-stimulated axon growth. It would also be 

interesting to determine whether stimulation of endogenous Gαz by one of its known 

receptors would result in a similar impact on axon development or cortical neurons. 

Additionally, the construction of the YFP-Gαz fusion problems that enabled the 

localization and single-cell based morphology assays here should prove useful to these 

further studies.  



 69  

Chapter 4: Gαz localizes to synaptic vesicles 

4.1 Introduction 

Although there have been indications of a role for heterotrimeric G proteins in 

regulating vesicle trafficking and release for decades, much is still unclear about the 

scope and specific mechanisms involved. As early as 1986, Gαi subfamily members were 

found to co-localize with internal membranes [214-217]. Subsequent studies have 

implicated heterotrimeric G proteins in regulating various aspects of trafficking internal 

membranes, including traffic through the Golgi, endosomal fusion, and granule secretion 

[218]. In this regard, neurons are extremely complex cells with particularly unique 

morphologies and membrane-delimited compartments [122, 219]. Within neurons, 

previous studies have found that heterotrimeric G proteins localized to the plasma 

membrane fraction of synaptosomes [220], although only a few specific subtypes were 

examined. 

The neuromodulatory action of GPCRs on neurons occurs primarily at chemical 

synapses, either in pre- or postsynaptic plasma membranes. With respect to signaling 

through Gz, the chemical synapse is the site of action of neuromodulatory transmitters 

such as dopamine, norepinephrine and serotonin that have been linked to its signaling. 

The presynaptic terminal is found at a terminal point of an axon, and contains synaptic 

vesicles stored for release. The postsynaptic terminal is uniquely structured, and contains 

receptors and transporters that respond to the neurotransmitters released from the 

presynaptic terminal [219]. G protein coupled receptors that respond to neurotransmitters 

play important roles presynaptically (regulating transporter uptake and other presynaptic 
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adaptations to neurotransmitter in the synaptic cleft) and postsynaptically (responding to 

neurotransmitter signals from the presynaptic neuron). The localization of proteins within 

these structures can provide significant information about their function. In an effort to 

better understand the biological role of Gαz in the brain, we sought to better characterize 

its cellular and subcellular localization.  

4.2 Results 

One important component of the characterization of the role of Gαz in the brain 

was to determine whether it exerts its impact in neurons, in glial cells, or both. Although 

previous immunolocalization studies, as well as the impact of Gαz activation on PC12 

cells implied that Gαz localizes to and functions in neurons, we sought to determine 

whether Gαz was also expressed in glial cells. In cortical neuron cultures, we compared 

the expression of Gαz in cultures containing almost exclusively neurons; these cultures 

were prepared in the presence of an inhibitor of glial cell proliferation, cytosine β-

arabinofuranoside, while glial cultures were obtained by passaging cultures eight times to 

eliminate neurons, which do not proliferate in culture. No Gαz was detectable in glial 

lysates, even when comparing much higher concentrations of glial cell lysates to neuron 

lysates (3:1), (Fig. 20). Hence, the remainder of our studies focused on subcellular 

localization of Gαz in neurons.  

 In the course of our subcellular fractionation studies described here, we had an 

antibody prepared against a C-terminal epitope of Gαz that had been shown to be nicely 

immunogenic previously [68]. This antibody was affinity- purified from serum and 

designated “2919B”. Its characterization for immunoblot analysis is shown in Fig. 21, 
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and included probing against lysates from bovine brain and brain preparations from wild-

type and Gz-null mice. While some contaminating bands were present, they were at 

distinct MW regions and the antibody was clearly sufficient to detect endogenous Gαz in 

tissues.  

For our initial characterization of Gαz localization, we sought to determine 

whether Gαz was localized to presynaptic, postsynaptic, or both terminals. A well-

established protocol was employed to isolate synaptic components from brain tissue [221, 

222]. Briefly, whole mouse brains were homogenized in sucrose buffer, and differential 

centrifugation followed by a discontinuous sucrose gradient was used to isolate synaptic 

plasma membranes. Pre- and postsynaptic membranes were separated using Triton 

washes. The postsynaptic density, a formation on the cytosolic side of the postsynaptic  

membrane made up of a highly organized group of proteins, has been well characterized 

as being Triton insoluble together with its postsynaptic membranes and associated 

proteins [223-225]. Surprisingly, Gαz did not co-fractionate with either the presynaptic 

or postsynaptic membranes, but with a fraction containing soluble synaptosomal proteins 

and synaptic vesicles (Fig. 22 and 23). Further characterization of this fraction led to the 

discovery that a significant pool of Gαz co-fractionates with synaptic vesicles (Fig. 24).  

Synaptophysin, a well-characterized marker of synaptic vesicles in neurons, was 

used as a control. Gαz was more abundant in synaptic vesicle fractions than plasma 

membrane fractions in brain preparations from both C57BL/6 and balb/c mice. In 

contrast, other members of the Gαi subfamily showed the expected pronounced plasma 

membrane localization (Fig. 24 and 25).  
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4.3 Discussion 
G proteins have been identified in roles regulating intracellular membrane traffic 

in a number of contexts. Here, we report that the Gαi subfamily member, Gαz, uniquely 

localizes primarily to synaptic vesicles in whole mouse brains. The concentrated pool of 

Gαz associated with synaptic vesicles in cortical neurons has implications for its role in 

neurobiology. In further support of this finding, a proteomic study aimed at determining a 

comprehensive and quantitative description of synaptic vesicles identified Gαz as one of 

410 synaptic vesicle-associated proteins. However, the study also identified several other 

heterotrimeric G proteins as well, including Gαq, Gαo, Gαi2 and Gα13, so it is unclear 

just how stringent this analysis was [226]. 

There are many potential points at which a synaptic vesicle-associated G protein 

might play a regulatory role. Vesicles are originally formed in the Golgi, and are  

transported in an anterograde fashion from the cell soma to the presynaptic terminal. 

Heterotrimeric G proteins have been shown to be involved in the formation of vesicles 

from the Golgi [227]. It is worth noting that, while Gαz has been identified on 

intracellular membranes, including Golgi, it does not rely on exocytotic pathways to 

reach the plasma membrane [64]. As they reach the presynaptic terminal, 

neurotransmitters are loaded into the vesicles, and the loaded vesicles moved to a docking 

position to await release. Finally, synaptic vesicles fuse with the plasma membrane, 

releasing neurotransmitter into the synaptic cleft. There are receptors and transporters at 

the pre-synaptic plasma membrane that serve in the re-uptake of neurotransmitters in the 

synaptic cleft, and synaptic vesicles undergo clathrin-dependent endocytosis [228]. There 

are many tightly regulated steps in this process in which the synaptic vesicle-associated 
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Gαz might play a role that can serve as the starting place for future study; these include 

synaptic vesicle loading, docking, and release.  

Another potential point of regulation of synaptic vesicle biology by Gz is with the 

uptake of neurotransmitters into synaptic vesicles. The quantity of neurotransmitters per 

vesicle is controlled by both the quantity of neurotransmitter available at the synapse, as 

well as by vesicular transporters. These is some evidence that heterotrimeric G proteins 

particularly Gαo and Gαq, can act on synaptic vesicles to down-regulate vesicle filling 

when a threshold concentration of monoamine has been achieved [229, 230]. However, 

the mechanisms underlying these phenomena are not known. 

Gαz could also be involved in synaptic vesicle docking. An interesting finding that 

may be relevant here is that synapsin I, a synaptic vesicle regulatory protein that tethers 

synaptic vesicles to actin filaments at the presynaptic terminal, inhibits RGS-induced Gz-

GAP activity in a phosphorylation-dependent manner [231]. Given the critical role of 

synapsin proteins in regulating the reserve pools of synaptic vesicles and their ultimate 

release, there may be a specific mechanistic role of Gz in regulating synaptic vesicle 

release [232, 233]. There is also evidence of G protein regulation of fusion with plasma 

membranes in other cell types. Gαo associated with secretory granules in bovine 

chromaffin cells has been shown to inhibit ATP-dependent exocytosis [234]. It would be 

interesting to test whether Gαz plays a role in synaptic vesicle release. 

 Overall, our finding that Gαz is selectively localized to the synaptic vesicle 

fraction of cortical neurons reinforces some notions developed about the special 

characteristics of Gαz. In addition to its unique biochemical properties, several of the 

earliest characterizations of Gαz have provided evidence to suggest that Gαz biology 
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may be dependent on distinct localization of the protein. The developmental localization 

of Gαz to axons and dendrites in Purkinje neurons is unique compared to the localization 

of other Gα subunits, which are primarily to the cell somas [85]. Additionally, there is 

evidence that Gz is transported in a retrograde fashion to the nucleus of sciatic nerves 

[235].  

While the precise roles of Gαz that would be dependent on its unusual (for a Gαi) 

subcellular localization are unknown, several modifications of Gαz suggest possible 

mechanisms of controlling its localization. While palmitoylation of Gαz targets the 

protein to the plasma membrane, palmitoylation is a dynamic event; Gαz that is 

myristoylated (a constitutive process) but not palmitoylated is only partially plasma-

membrane associated [64]. It would be interesting to assess palmitoylation in the 

different pools of Gαz in cortical neurons; it is possible that palmitoylation could play a 

regulatory role on Gαz in this context. In this regard Gαs, a Gα that has been shown to 

have many intracellular functions, is not myristoylated but becomes palmitoylated in a 

receptor-activation dependent manner [236, 237], suggesting a role for dynamic S-

acylation for Gα proteins. 

Gαz has been shown to be phosphorylated in vitro and in platelets at Ser 16 and 27 

[68, 69]. At the time of this discovery, it was hypothesized that this modification may 

enable Gz to participate in signaling away from the plasma membrane. Interestingly, 

some of our preliminary findings suggest that the pool of Gαz that associates with 

synaptic vesicles is much more highly phosphorylated than that associated with plasma 

membrane fractions (data not shown).  
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Other properties of Gz that suggest a possible involvement in vesicle regulation 

are its involvement in glucose-stimulated insulin secretion, dopamine release in the 

nucleus accumbens, quinpirole-stimulated ACTH release, and endothelin-1-stimulated 

prolactin release in pituitary lactotrophs [74, 97, 99, 238]. The specific mechanisms by 

which Gz impacts each of these processes, however, are not well understood.  

In summary, our studies indicate novel subcellular localization of the 

heterotrimeric G protein Gαz, particularly in neurons, which provides new insight into 

potential future study.  



 82  

Chapter 5: A role for Gαz in seizure susceptibility  

5.1 Introduction  

Seizures and seizure disorders have an enigmatic past. Much about the 

mechanisms underlying seizure disorders are not known; current therapies can mute the 

symptoms, but there are no therapeutics to effectively treat the underlying disorder, such 

that only 25% of adult cases are successfully controlled [239, 240]. There are multiple 

types of seizures, often arising from different, specifically localized regions of the brain; 

disorders of recurrent seizures are termed epilepsies. Epilepsies afflict about 3% of the 

population worldwide, and 10% of people have a seizure at some point in life [241]. The 

most common form of epilepsy is limbic epilepsy, which has foci arising from within the 

limbic system, most often in the hippocampus, entorhinal cortex or amygdala [240, 242]. 

The limbic system, composed of the hippocampus, amygdala, entorhinal cortex, cingulate 

gyrus, orbital and medial prefront cortex, parts of basal ganglia, and thalamus, was 

originally described as heavily involved in regulating emotion and emotional response, 

though many other functions have since been assigned to these regions [219].  

While the causes of epilepsy are still not well understood, several pieces of 

evidence suggest that neurotrophins, and BDNF in particular, are contributors to this 

disorder. Both NGF and BDNF have been shown to be upregulated after limbic seizures, 

particularly in the dentate granule cells of the hippocampus in mouse models [243-246], 

and an increase in BDNF protein levels has been identified in hippocampal specimens 

from patients with temporal lobe epilepsy [247]. Mice heterozygous for BDNF develop 

signs of epilepsy more slowly in the kindling model of epileptogenesis [248]. A study 
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using “Trk receptor-bodies,” which are proteins containing the ligand-binding domain of 

Trk receptors fused to the Fc portion of human immunoglobin IgG1, demonstrated that 

by sequestering specific neurotrophins with intravenous infusions of the TrkB receptor-

body, the development of the epileptic effects of kindling were significantly disrupted 

[249]. Receptor-bodies containing fragments of TrkA and TrkC had no effect [249]. This 

approach of sequestering BDNF in adult mice further reinforced other observations of a 

role for BDNF in regulating epileptogenesis of adult brains.  Furthermore, conditional 

deletions of BDNF and TrkB in mouse CNS neurons resulted in reduced, or completely 

blocked epileptogenesis, respectively [250]. A transgenic mouse model that 

overexpresses BDNF was shown to display spontaneous seizures, as well as an increased 

sensitivity to kainite-induced seizures [251]. In a similar type of study, intrahippocampal 

infusions of BDNF also resulted in spontaneous seizures in rats [252]. The mechanism 

and timing of the roles of BDNF and TrkB in the development of epilepsy appears to be 

complex, however, as prolonged exposure to BDNF via hippocampal infusions had an 

inhibitory effect on the development of epileptic responses and leads to a decrease in 

expression of TrkB mRNA [253-255].  

While BDNF is expressed throughout the brain, it is most highly expressed in the 

dentate granule cells of the hippocampus [156, 159]. BDNF upregulation in dentate 

granule cells of the hippocampus correlates with an unusual axonal morphology. This 

phenomenon has been termed “Mossy Fiber Sprouting” (MFS), and has been observed in 

epileptic patients and animals [179-192, 256-262]. BDNF-induced structural modification 

of dentate granule cell axons has been implicated as an underlying mechanism 

contributing to epileptogenesis.  For example, there is a correlation between the degree of 
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MFS and the stages of temporal lobe epilepsy (TLE) achieved [182]. Whether the Mossy 

Fiber Sprouting is a consequence of the epileptic brain, or the actual cause of seizures 

itself, has been widely debated. Most agree, however, that the result of Mossy Fiber 

Sprouting is increased hyperexcitation.  

Interestingly, in the hippocampal mossy fiber pathway, TrkB has also been shown 

to be upregulated in response to seizures [263-265]. Much remains unknown, however, 

regarding the specific signaling pathways downstream of TrkB underlying seizure 

susceptibility. In Chapter 3, we demonstrated that Gαz can negatively regulate BDNF-

induced axon growth. Gαz is also highly expressed in dentate granule cells of the 

hippocampus [71, 266]. Therefore, it seemed plausible that Gz may be a good candidate 

for down-regulating these pathways, leading to decreased seizure susceptibility. Here we 

examine the role of Gαz in limbic seizures using Gz-null mice and explore the potential 

mechanisms involved. 

5.2 Results 

In order to better understand TLE, several animal models have been developed to 

emulate status epilepticus [240, 267]. “Status epilepticus” indicates a continuous state of 

seizure activity.  Most animal models of status (and epileptogenesis) involve either a 

chemical or electric stimulant that triggers convulsions, however, the manifestation of 

status indicates that the brain has been triggered beyond this inititial stimulus into a 

recurring feedback loop of stimulation.  Such continuous activity is recordable by EEG 

and observed behaviorally by the absence of conciousness and the occurrence of motor 

seizures [242]. Tonic, clonic seizures may persist for hours [268]. 
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Our initial hypothesis was that BDNF signaling is unregulated in Gz-null mice. 

Given the role of BDNF in seizure susceptibility, one might expect these mice to be more 

prone to seizures. In order to determine whether Gz-null mice had altered seizure 

susceptibility, the pilocarpine model of TLE was employed. Pilocarpine is a muscarinic 

acetylcholine receptor agonist that is widely used to induce status epilepticus [242, 267]. 

To discriminate between the CNS and peripheral effects of pilocarpine, as well as to 

better ensure the survival of the animals, pre-treatments of methyl-scopolamine and 

terbutaline were administered. Methyl-scopolamine is a muscarinic receptor antagonist 

that fails to cross the blood-brain barrier. Terbutaline is a β2-adrenergic agonist 

bronchodilator used to promote respiration during the seizures [267]. The pilocarpine 

model allows for a rapid, measurable onset of status epilepticus. Importantly, pilocarpine 

appears to act through the M1 muscarinic receptor subtype in its convulsant capacity; 

mice lacking the M1 muscarinic receptor do not develop seizures in response to 

pilocarpine [269]. It is worth noting that Gαz does not functionally couple to M1 

muscarinic receptors in vitro [270]. The culmination of a number of observations by 

different groups indicate that pilocarpine activates M1 muscarinic receptors in the brain, 

causing an initial imbalance between excitatory and inhibitory transmission leading to the 

onset of status epilepticus; status epilepticus is thus maintained long after the action of 

pilocarpine by this imbalance, most likely through NMDA receptor activation [242]. 

Another advantage to the pilocarpine model is that it induces development of brain 

lesions that mimic those found in patients with temporal lobe epilepsy, thus providing 

some evidence that it mimics some of the underlying causes of epileptogenesis, and not 

just the symptomatic behavior [242].  
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All behavioral studies detailed herein were conducted blind to genotype. We 

initially used a low dose of pilocarpine that was not expected to induce status in normal 

mice. Mice were observed and their behavior was recorded at least every 5 min for 4 h. 

Behavior was classified as follows: stage 0, stopping, staring; stage 1, facial stereotypes 

such as lip smacking or foaming at the mouth, as well as loss of conscious response to 

sounds and smells; stage 2, compulsive head nodding; stage 3, forelimb clonus (rapid 

shuffling of paws); stage 4, seizure including rearing onto hind limbs; stage 5, seizure 

where mice roll over or throw their bodies around the cage; fatal status, violent seizure 

terminating in death. Latency to onset of status, and degree and duration of seizures, have 

all been used to assess seizure susceptibility using the pilocarpine model and are 

employed here. In the initial studies, a dramatic difference in seizure responses to a 250 

mg/kg dose of pilocarpine was observed between wild-type and Gz-null mice, with wild-

types being largely unresponsive in terms of initiating status and Gz-null mice 

immediately going into status and having high classes of seizures (Table 3). 

Having obtained evidence for a seizure phenotype accompanying loss of Gαz, 

we next sought to establish a dose response to the effect. At the initial dose of 250 mg/kg 

pilocarpine, Gz-null mice exhibited a significantly lowered latency to the onset of status 

(Fig. 26). We also found significant differences between wild-type and Gz-null mice with 

regard to percentages of animals achieving, stage 4-5 seizures (demonstrating rearing on 

hind limbs or barrel rolling) and fatal status (dramatic seizure concluding in death) across  
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a range of dosages (Fig. 27, 28 and Table 4). 

These data provide strong evidence that Gαz exerts an inhibitory impact on 

limbic seizure susceptibility. Together with the data in Chapter 3 demonstrating a role for 

Gαz in the regulation of BDNF pathways that impact neuron morphology, the seizure 

phenotype in the Gz-null mice seen here suggested a strong possibility of aberrant neuron 

morphology in the hippocampus, a brain region known to be critical in limbic seizures.  

To further probe whether Gαz function prevents abnormal neuron distribution or 

morphology in the hippocampus we employed a histological method, Neo-Timm’s 

staining. Because of the high levels of zinc in mossy fiber terminals, Neo-Timm’s stain, 

which recognizes zinc and labels it with a dark silver stain, is often used to monitor their 

distribution [187, 193, 271, 272]. In this method, zinc is first precipitated with sodium 

sulfide to yield zinc sulfide crystals. Gum arabic acts as a protective colloid, ensuring 

evenness to the stain, and hydroquinone acts as a reducing agent for silver, allowing it to 

bind zinc sulfide. Zinc staining in this manner has been shown to be intracellular; in the 

CNS, zinc staining is found in glial cells and in synaptic vesicles in neurons [273, 274]. 

In particular, the dentate granule cells of the hippocampus appear to have the highest 

density of chelateable zinc in the brain [275]. The results of this analysis are shown in 

Fig. 29. While no apparent increase in the numbers of zinc-enriched mossy fiber 

terminals was detected, we did find increased overall zinc levels throughout most of the 

hippocampus. 

 In an effort to characterize the signaling mechanisms involved in the regulation of 

seizure susceptibility by Gz, we monitored the phosphorylation states of a variety of  
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signaling proteins known either to influence seizure susceptibility or to be regulated by 

Gαz. We compared 16-week old wild-type and Gz-null animals under basal conditions 

and those after pilocarpine-induced seizures.  Differences between wild-type and Gz-null 

mice under basal conditions were minimal; for the most part, no differences in Trk 

signaling were observed. Under basal conditions, we have most extensively tested the 

phosphorylation of Trk, and find it to be upregulated in ~60% of Gz-null mice (data not 

shown).  Thus, increased basal differences in phospho-Trk may contribute to the decrease 

in seizure threshold in the Gz-null. The brain’s response to seizure activity determines the 

likelihood of future seizures (i.e. epileptogenesis). We chose to compare signaling 

responses in wild-type and Gz-null mice at the 220 mg/kg dose of pilocarpine because it 

is a low enough dose that the mice survive, but high enough that both groups of mice had 

seizures. Interestingly, while there was little difference in the phosphoprotein profiles 

between unstimulated wild-type and Gz-null mice, there did appear to be a number of 

differences between the two groups following pilocarpine treatment, particularly in mice 

that had behavioral seizures for similar lengths of time (Fig. 30 and 31). Most strikingly, 

in both cortex and hippocampus, a ~90-100 kDa phospho-Trk band could be detected in 

the Gz-null mouse brains. In cortical tissue, there was an elevation in both phospho-Akt 

and phospho-GSK3β in the Gz-nulls.  Somewhat surprisingly, ribosomal protein S6 was 

more highly phosphorylated in the wild-type mice after seizures, but not in the Gz-null 

mice.  This seems rather unusual because S6 has been shown to be phosphorylated 

downstream of Rap1, and because p-S6 was increased in cortical cultures in response to 

BDNF (as shown in Chapter 3). For the most part Erk phosphorylation appeared to be  
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similarly increased with seizure stimulation in both genotypes in both cortex and 

hippocampus. 

5.3 Discussion  

A well established body of data exists correlating increases in BDNF or TrkB 

with increased seizure frequency [243]. In Chapter 3, I described a role for Gαz in the 

negative regulation of BDNF signaling in CNS neurons. Here, we tested the hypothesis 

that Gz-null mice would have increased seizure susceptibility. Our findings indicate that 

Gz-null mice are more susceptible to seizures induced by pilocarpine as demonstrated by 

their decreased latency to status, and increased seizure severities in the pilocarpine 

seizure model. This finding suggests a novel role for Gz in CNS biology and opens doors 

to future studies. While we used an abbreviated version of the pilocarpine model of 

temporal lobe epilepsy focusing on seizure susceptibility (i.e. animals were euthanized 

immediately following one round of induction of status epilepticus), it would be 

interesting next to follow Gz-null animals throughout epileptogenesis and to determine 

whether they also develop epilepsy itself more rapidly than wild-type mice. 

 As Gαz, BDNF and TrkB are all highly expressed in the hippocampus, and as 

changes in hippocampal morphology have been shown to be the cause of many limbic 

seizures, we first looked there for an underlying cause of seizure susceptibility. The 

hippocampus, generally associated with learning and memory, plays a critical role in 

limbic epilepsy. There are three primary pathways in the hippocampus: perforant, mossy 

fiber, and Schaeffer collateral; entorhinal cortical neurons provide excitatory input to 

dentate granule cells; dentate granule cell axons (mossy fibers) provide excitatory input 

to CA3 pyramidal cells, and CA3 Schaefer collateral axons provide excitatory input to 
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CA1 pyramidal cells [240]. When mossy fiber sprouting (i.e. aberrant dentate granule cell 

axon growth) takes place, axons of the dentate granule cells form recurrent circuits, 

which appear to result in increases in seizures [276]. In epileptic brains, mossy fibers of 

the dentate granule cells synchronize their firing; this is the proposed mechanism of 

seizure development. 

Based on the findings of a role for Gz in BDNF signaling (Chapter 3), and the 

seizure susceptibility of the Gz-null mice, we postulated that Gz-null mice might exhibit 

abnormal axon growth in the dentate granule cells. By Neo-Timm’s stain we did not 

observe extraneous sprouting of the mossy fibers, but we did see an overall increase in 

zinc levels in most areas of the hippocampus; this may have important considerations 

(see below). It is important to note, however, that while mossy fiber rearrangement was 

not detected under basal conditions, this does not rule out the possibility that Gz-null 

mice may be more susceptible to mossy fiber rearrangement if mice were monitored for a 

longer duration following seizure induction, as is often done using the pilocarpine model 

of temporal lobe epilepsy.  

With regard to the finding that zinc appears to be increased throughout most of the 

hippocampus, including dentate gyrus, CA3 and CA1 regions, there are two possible 

explanations that could also be relevant to the increased seizure susceptibility observed in 

these mice. The first is the possibility that the overall increase in zinc is related to an 

increase in synaptogenesis. This could be tested by assessing the levels of a synaptic 

marker; synapsin is most commonly used. The second possibility is that there is increased 

vesicular zinc at the synaptic terminals throughout the hippocampus. There is some 

evidence for the latter being the case, which will be discussed below. 



 99  

Zinc is stored in synaptic vesicles, and like neurotransmitters, released into the 

synaptic cleft upon Ca2+ stimulation [277-279]. Similar changes in zinc staining 

throughout the hippocampus have been observed in a mouse model of platelet storage 

pool deficiency (SPD) lacking the adaptor-like complex AP-3 (also referred to as “mocha 

mouse” because it was originally characterized by its hypo-pigmentation, an identifying 

trait of platelet storage pool deficiency) [280]. In this case, the exact opposite effect is 

seen, with darker zinc staining in the wild-types than the mutants. From in situ 

hybridization data, AP-3 is distributed similarly to Gαz in the brain, having an especially 

heavy distribution in the dentate granule cells and pyramidal cells of the hippocampus. 

[281]. In addition to its apparent disruption of granule function in peripheral tissues, the 

mutant AP-3 mouse has been shown to regulate the zinc transporter, ZnT3 in the CNS 

[281]; mocha mice have dramatically reduced levels of ZnT3 in the hippocampus [280]. 

ZnT3 is solely expressed in the CNS and is the only zinc transporter to be found on 

synaptic vesicles [282]. 

 Although mocha and Gz-null mice have opposite impacts on zinc levels in the 

hippocampus, they do have some other phenotypes in common such as increased 

bleeding times due to decreased platelet aggregation, as well as hyperactivity, and 

ambulatory difficulties. Interestingly, we do have some preliminary data that ZnT3 is 

upregulated in Gz-null mice, however, this data is very preliminary and requires further 

characterization (data not shown). Mossy fiber terminals have been shown to release zinc 

alongside glutamate in response to electrical stimulation or in a K+-induced Ca2+-

triggered manner [283]. Zinc has been shown to increase synchronized population bursts 

at mossy fiber synapses, increasing activation through AMPA receptors but decreasing 
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that mediated through NMDA receptors [284]. The recurrent and coordinated bursts 

underlying seizures can be initiated by increased hyperexcitability. Zinc has also been 

shown to induce hyperexcitability in an in situ hippocampal model [285]. The field of 

zinc involvement in hippocampal excitation, however, is extremely complex. There is 

somewhat of a divide in the literature regarding zinc regulation and seizures. Some have 

observed depletion of zinc to cause seizures. Mice fed a zinc deficient diet are more 

seizure susceptible [286]. Disruption of the Zn transporter, ZnT3, yields no significant 

changes in kainic acid induced seizures [287]. The postsynaptic actions of zinc are 

varied, complex, and not well understood to date. Depending on the context, zinc has 

been shown to inhibit GABA and NMDA, as well as to promote AMPA receptor 

signaling, and to trigger ZnR, a zinc-sensing metabotropic receptor [282, 288]. 

To begin to elucidate the molecular signaling pathways involved in 

epileptogenesis, we explored differences in seizure-induced signaling pathways 

downstream of TrkB in Gz-null and wild-type mice. While these data are still 

preliminary, we did find a dramatic increase in phospho-Trk at ~90-100 kDa in the Gz-

null mice after seizures. There are two TrkB isoforms expressed in the hippocampus that 

resolve to 95 kDa and 130 kDa by SDS-PAGE. The unglycosylated forms of each of 

these have been shown to run at 93 kDa and 57 kDa, respectively [289]. Thus, without 

further characterization, it is difficult to say which our band represents. In addition to 

having some of the highest levels of TrkB and Gz in the brain, mossy fiber axons of 

dentate granule cells also have the highest levels of zinc [275]. Interestingly, an 

observation that removal of neurotrophin ligands was not sufficient to prevent the 

increase in phospho-TrkB in mossy fibers in animal models of epileptogenesis [290], led 
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Huang et al. (2008) to discover that Zn2+ transactivates TrkB at mossy fiber CA3 

synapses [291]. It is possible that increased zinc release in the Gz-null mice is 

transactivating TrkB in the model we are studying.  

  We also examined the phosphorylation state of signaling proteins downstream of 

TrkB signaling in mice exposed or unexposed to seizure.  No significant differences were 

detected under basal conditions, except a slight increase in phospho-Trk in the Gz-null 

mice.  With regard to mice that had experienced seizures, several strong differences were 

observed between the genotypes.  In the Gz-null mice, p-Trk, p-Akt, and p-GSK3β were 

dramatically increased (Fig. 30). These data are consistent with previous data 

demonstrating p-Trk signaling being upregulated after seizures.  GSK3β and Akt have 

both been shown to be phosphorylated and activated downstream of TrkB within the 

timeframe monitored and lead to increases in seizure susceptibility [292]. Akt inhibits 

GSK3 through phosphorylation at GSK3 Ser 9, thus allowing the activation of pathways 

normally inhibited by GSK3 [293]. As Akt promotes survival pathways in PC12 cells and 

neurons, it is hypothesized that it is preventative toward formation of seizure-induced 

lesions. There is some evidence that this is in fact the case [294].  Given the increases in 

Akt levels after pilocarpine-induced seizures observed in other studies, it seems suprising 

that they do not appear elevated in wild-type mice after seizures in our study.  It is 

possible that there were slight differences between behavioral and EEG seizures such that 

Gz-null mice actually had higher classes or longer durations of seizures than the wild-

types. However, if these data were only reflective of differences in seizure degrees, one 

would expect the same proteins to be upregulated, albeit to different degrees.  Here, 

however, we see an increased phospho-S6 response to seizures in the wild-type, and not 
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in the Gz-null mice.  These findings are consistent, however, with the original hypothesis 

that TrkB signaling is increased in the absence of Gz.  While S6 phosphorylation has not 

specifically been demonstrated in seizure involvement, it is indirectly implicated by 

acting downstream of mTOR (mammalian target of rapamycin) [295, 296]. Rapamycin, 

which inhibits mTOR, has been shown to decrease seizure susceptibility in PTEN-null 

mice (PTEN is an activator of mTOR signaling). The finding that S6 phosphorylation is 

increased in the wild-type but not the Gz-null mice was unexpected, as in Chapter 3, S6 

phosphorylation was shown to be increased in the Gz-null cortical neurons compared 

with the wild-type response to BDNF.  Other unpublished observations in our lab have 

also demonstrated decreased growth factor S6 phosphorylation in response to growth 

factor stimulation upon activation of Gz. Given that these blots represent S6 

phosphorylation in the context of the whole cortex, it is highly possible that growth factor 

signaling such as BDNF is not the primary stimulus to cortical neurons in this context, 

but that S6 phosphorylation is stimulated through a different axis.  Perhaps in the absence 

of Gz, neurons in the cortex have increased sensitivity to neurotrophin signaling, making 

them more seizure susceptible, and more likely to have Trk signaling pathways 

upregulated. 

Signaling triggered by activation of M1 receptors, which is primarily mediated by 

their coupling to Gq, is immensely complex, and such signaling cannot be ruled out as 

contributing to the differences in phosphoprotein profiles between the wild-type and Gz-

null mice seen here. It is worth noting however, that mice given similar doses of 

pilocarpine that did not have seizures, or did not have seizures for as sustained a duration 



 103  

as these (either due to death or naturally coming out of it), did not display any changes in 

the signaling pathways explored. 

Finally, the role of Gz receptor coupling may be important to its role in seizure 

susceptibility. Two receptors that endogenously couple to Gz, the D2 dopamine receptor 

and 5-HT1A serotonin receptor, have been shown to be involved in negatively regulating 

seizure susceptibility. Recently, in a D2 receptor knockout mouse that was shown to have 

decreased seizure susceptibility, GSK3β phosphorylation was downregulated in the 

hippocampus [297]. Also potentially relevant in this regard, stimulation of 5-HT1A 

serotonin receptors have been shown to increase GSK3β phosphorylation at Ser 9. 

Taken together, our data indicate that Gz-null mice have strikingly increased 

seizure susceptibility, and indicate that the regulation of zinc and neurotrophic signaling 

may be involved. These findings provide promising starting points for future study that 

may significantly aid in our understanding of the signaling mechanisms underlying 

epilepsy. 
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Chapter 6: Additional Findings 

6.1 Monoamine levels in brains of wild-type and Gz-null mice 

 GPCR autoreceptors such as D2 dopamine or 5-HT1A serotonin that regulate 

neurotransmitter uptake have been shown to facilitate alternations in tissue levels of 

monoamines; these tissue levels are thought to generally represent presynaptic 

intracellular stores of the various monoamines [298]. The monoamine levels in tissues 

comprising four brain regions were compared between wild-type and Gz-null mice 

frontal cortex, hippocampus, striatum, and hypothalamus. Most of the monoamines 

measured showed no significant differences between the two; however, levels of 

serotonin and its metabolite, 5-HIAA in frontal cortex were significantly different (Fig. 

32). Serotonin levels in frontal cortex tissue were higher in wild-type mice than their Gz-

null counterparts, while the converse was seen for the 5-HIAA metabolite. These findings 

suggest that serotonin turnover is increased in the frontal cortex of Gz-null mice. 

Given our finding of Gz association with synaptic vesicles, and its coupling to 

several autoreceptors that down regulate uptake of monoamines into the presynaptic 

compartment, one might have expected tissue monoamine concentrations to be more 

globally altered in Gz-null mice. There are a few observations that can be made, 

however, about how these data may correlate with other findings in this thesis. We 

reported in Chapter 3 that Gz negatively regulates BDNF signaling; interestingly, BDNF 

has been shown to increase serotonin levels and turnover in several brain tissues 

including the cortex [299]. Also, many studies have demonstrated monoamine 

involvement in the regulation of seizure susceptibility; one interesting finding among  
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them is that serotonin metabolites have been shown to be increased in the cortex of 

epileptic patients [300]. While the direct role of Gαz is not entirely clear in these 

findings, and these findings are only correlative, they warrant keeping in mind for future 

study.  

 
6.2 Activated Gαz localizes to internal membranes in Ins-1 832/13 cells 

In support of a more generalized role in biology for Gαz at vesicle membranes, 

we also found a population of YFP-Gαz, Q205L on internal membranes during our initial 

characterization of YFP-Gαz fusion proteins in Ins-1 832/13 cells (a cell line with 

enhanced glucose-stimulated insulin secretion). The mutationally activated form of 

GαzQ205L localized both at plasma membranes and on internal membranes, whereas the 

wild-type YFP-Gαz was restricted to plasma membrane localization (Fig. 33), suggestive 

of an activation dependent shift in localization of Gαz. It would be interesting to further 

test whether YFP-Gαz WT shifts localization in response to receptor activation and to 

further probe the possibility of localization of Gz being important to its role in pancreatic 

beta cell biology, such as glucose-stimulated insulin secretion. 
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Chapter 7: Concluding Remarks 

While Gαz is one of many GTPases in a vast ocean of transmembrane signaling, 

it possesses several unique traits that suggest it is involved in interesting and important 

biology. The studies presented here were all aimed at using clues regarding its unique 

biochemical properties to gain a better understanding of Gαz and its biological roles. As 

is often the case in science, these findings perhaps raise more questions than they answer; 

however, I do feel they have answered some important questions regarding the role of 

Gαz in the nervous system as well as raised interesting questions that will stimulate 

further study. 

Several of the biochemical traits of Gαz that led to the studies presented here 

include: its unique biochemistry amidst the Gαi family (slow rate of GTP hydrolysis), its 

ability to be subject to biologically-relevant phosphorylations, and its ability to interact 

with a Rap1 regulating protein, which implied possible unique intracellular regulation of 

Gαz. Furthermore, its unique distribution to neuronal and neuroendocrine cells as well as 

its restricted presence only in vertebrates, suggested a role for Gz in the CNS. It was 

primarily the finding by a former member of the Casey Lab, Jingwei Meng, that Gz could 

negatively regulate NGF-stimulated Rap1 signaling in PC12 cells, coupled with its 

unique distribution that led to the studies described here. 

In Chapter 3, I described an inhibitory role for Gαz in BDNF-mediated axon 

growth in cortical neurons. This finding provides evidence that Gz, a G protein known to 

couple to neuromodulatory GPCRs, can also regulate neurotrophin signaling within the 

CNS. While we have not yet demonstrated a specific receptor acting through Gz with 
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respect to the biology explored, there is mounting evidence for roles of monoamine 

GPCRs that regulate receptors that couple to Gz in CNS development.  Several receptors 

that have been shown to couple to Gαz have been linked to neuronal development, and in 

some cases axon growth in particular. It has been appreciated for some time that 

monoamine neurotransmitter receptors that couple to Gαz, also have a significant role in 

neuron development [301]. Neurotransmitter monoamines, including norepinephrin, 

serotonin, and dopamine have been shown to augment [302-306] or inhibit [302, 307-

312] neurite growth in a highly context-specific manner. The effects vary greatly, 

however, depending on the neuron population and timing of stimulation. 

Among the monoamines, the involvement of serotonin in neuron development 

seems to be the best characterized, both in enhancing or inhibiting neurite growth 

depending on the context [313]. With regard to its inhibitory impact on neurite 

outgrowth, serotonin has been found to inhibit neurite growth and exploratory axon 

growth cone behavior in identified ganglion neurons of the snail Helisoma [308]. 

Specifically, this study showed that serotonin focally applied to growth cones, and not to 

neurites or cell soma was responsible for inhibition of growth cone activity [314]. 

Serotonin was also shown to prevent neurite extension and to cause growth cone collapse 

in a population of molluscan serotonergic neurons [315]. With regard to its impact on 

mammalian serotonergic neurons, 5-HT enhanced survival and cell coma growth while 

inhibiting neurite growth [310]. Interestingly, activation of the 5-HT1A receptor, which 

has been shown to endogenously couple to Gαz, resulted in decreased branching and 

growth of neurites in rat cortical cultures [309]. This study was conducted on cortical 

neurons approximately the same age as those in our study making it particularly apt for 
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comparison. The α2A-adrenergic receptor also couples to Gαz and has been shown to 

play a role in development. In retinal explants, an α2A-adrenergic receptor agonist 

stimulated retinal axon growth [316]. The α2A-adrenergic receptor has also been 

demonstrated to stimulate dendrite growth in cortical cultures [303]. Dopamine has also 

been shown to have both stimulatory and inhibitory effects on the early stages of neurite 

outgrowth (≤ 48 h in culture). [302, 307]. 

All three monoamine receptors that couple to Gαz (α2A-adrenergic, D2-dopamine 

and 5-HT1A-serotonin) have similarly been shown to be expressed in the developing brain 

at critical developmental stages [309, 317-319]. The impact of these neurotransmitter-

induced changes in growth on development in vivo have also been documented in several 

contexts [320-322]. 

The role of G protein signaling on neurotrophin signaling and subsequently, 

nervous system development, is only beginning to be understood. While both GPCR and 

BDNF signaling have been shown to play important roles in diseases and disorders of the 

CNS, much is yet to be gained by understanding their impact on one another in the 

development of treatments for disorders where both of these signaling paradigms are 

important. Schizophrenia is an example of a disorder that has a well established link to 

aberrant dopamine regulation, but where brain development abnormalities have also 

demonstrated to play a role, particularly with regard to limbic cortical areas [323-326]. 

 In this context, our finding that a G protein of the Gαi subfamily, Gαz, can 

negatively regulate BDNF-induced signaling and axon growth of cortical neurons 

through the monomeric G protein Rap1, provides additional details open an avenue to 

explore the biological ramifications of perturbing such processes.  
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In addition to its important developmental roles, BDNF is also involved in 

plasticity in the developed brain, which if disregulated, can lead to disorders of mood, 

neurodegeneration, chronic pain and epilepsy [142, 239]. Hence, we sought to 

characterize the possible role of Gz in such a disorder. In Chapter 5, I described a role for 

Gαz in reducing seizure susceptibility.  

Further studies into the underlying mechanism of seizure susceptibility 

demonstrated that zinc levels were dramatically increased throughout the hippocampus of 

Gz-null mice, providing both evidence that Gz does impact the biology of the 

hippocampus, an important region in limbic epilepsy as well as learning and memory, 

and a new area of future study, namely how Gz regulates zinc levels and deposition. 

These findings suggest that Gz plays a role in preventing the hyperexcitability and 

recurrent neuronal firing underlying seizures, and is a promising first step in determining 

whether Gz may play a greater role in preventing epileptogenesis.  

In further support of a role for Gz in epilepsy, several receptors that couple to 

Gαz have been characterized as playing important roles in seizure susceptibility. There 

are several pieces of evidence that the 5-HT1A serotonin receptor has an anticonvulsant 

effect [327, 328]. A decrease in serotonin levels in platelets of patients with grand mal 

seizures has also been observed [329], further implicating serotonin in a protective role 

against seizures. Dopamine and norepinephrin appear to have some seizure protective 

effects as well [330, 331].  

Depression and epilepsy, two examples of disorders with monoamine 

involvement that also have been shown to be at least in part, caused by alterations in 

brain development and plasticity, have high comorbidity [332-334]. The neurotrophic 
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hypothesis of depression, which has flourished in the past decade, primarily initiated by 

the work of R.S. Duman, which posits that responses to drugs that block SERT have a 

long-term effect on the brain through their impact on BDNF signaling. Part of the 

rationale for this hypothesis comes from studies showing that it takes several weeks for 

patients to respond to SSRI antidepressants, that patients with depression have low 

BDNF levels and animal studies demonstrating that BDNF has a therapeutic effect [335]. 

Interestingly, chronic antidepressant administration increased BDNF mRNA levels in the 

hippocampus [246]. The antidepressant effects of BDNF are hypothesized to be due to 

increased neurogenesis and cell survival in the hippocampus [336]. While no obvious 

differences were detected between wild-type and Gz-null brains in terms of numbers of 

cell bodies (as detected by Cresyl Violet Staining, data not shown), we did notice an 

increase in survival rates of Gz-null neurons in culture (anecdotal observations). 

Preliminary data co-culturing wild-type and Gz-null neurons transfected with CFP and 

YFP, respectively, suggest that this difference is due to some property of the neurons 

themselves and not a factor they secrete. A more detailed molecular understanding of the 

mechanisms involved in the regulation of neurotrophin signaling by catecholamines may 

aid in the development of better antidepressant drugs. 

Neurotrophins and monoamines such as dopamine, serotonin, or epinephrin have 

both been implicated in a wide number of CNS disorders and diseases. As more evidence 

comes to light about their mutual dependence, perhaps an even greater understanding of 

how to treat these disorders will emerge. There is a body of evidence suggesting that lack 

of neurotrophin support for cell survival may play a role in neurodegenerative diseases 

such as Parkinson’s disease, which is widely characterized by disruption of dopamine 
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pathways [337] [338]. BDNF also appears to play a role in increased sensitization to 

stimuli in neuropathic pain, possibly in a similar manner as it promotes hyperexcitability 

in epilepsy [239, 339]. In patients with migraine, a conditioned with well-characterized 

alterations in 5-HT [340-342], serum levels of BDNF were found to be significantly 

altered during migraine attacks [343, 344]. There is also growing evidence that BDNF 

plays a role in drug addiction. Cocaine, which inhibits DA uptake, has been shown to 

increase BDNF levels and trigger downstream signaling in reward centers of the brain 

such as in this field. It is currently hypothesized that this BDNF response may lead to 

synaptic plasticity underlying addiction [345, 346]. Additionally, rats pre-conditioned 

with BDNF have increased locomotor responses to cocaine, and the opposite has been 

observed in BDNF heterozygous mice [347]. It is possible that Gz plays a role in 

downregulating these pathways, and that the exaggerated response to cocaine seen in Gz-

null mice is in part due to unregulated BDNF in addition to its coupling to D2 

autoreceptors. 

Finally, the finding that Gαz is primarily localized with synaptic vesicles in 

neurons (described in Chapter 4) has several implications for interpretation of several of 

our findings. With regard to the role Gz plays in impacting BDNF signaling, previous 

work from our lab suggested a localization-based mechanism for Gz mediated inhibition 

of Rap1. From this we proposed that Gαz regulates neurotrophin signaling by recruiting 

Rap1GAP to internal membranes in binding proximity with Rap1 [91]. While there is 

some debate in the field of neurotrophin signaling as to the exact type of vesicles required 

[348], Rap1 signaling downstream of Trk receptors has been shown to require retrograde 

transport from axon terminal to cell soma, and a significant body of evidence suggests 
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this occurs on signaling endosomes [348]. While our finding that Gz is primarily 

localized with synaptic vesicles does not indicate that it is necessarily co-localizing with 

Rap1, it does provide evidence that Gz is well-populated away from the plasma 

membrane, which would be necessary for such a model. Perhaps even more interesting 

are the implications of this localization for our seizure and histology data. Increases in 

synaptic vesicle release or quantal size could result in hyperexcitability within the 

hippocampus. The similarity of the zinc staining in Gz-null mice presented in Chapter 5 

to other models with aberrant zinc transport into synaptic vesicles suggests that Gz may 

negatively regulate zinc uptake. It would be interesting to determine whether Gz 

regulates uptake of zinc into synaptic vesicles in future studies. 

As our understanding of CNS pathologies grows, more links emerge between 

diseases characterized by monoamine dysregulation, and aberrant development and 

plasticity. The findings presented here regarding negative regulation of BDNF signaling 

by Gαz in cortical neurons adds an interesting component to this understanding, and the 

finding that Gαz is inhibitory toward seizure susceptibility puts Gz in the middle of these 

biological processes. 
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