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Abstract 
 

 Neural circuits are composed of mainly glutamatergic and GABAergic neurons, 

which operate excitation and inhibition signals in the central nervous system. Precise 

balance between excitation and inhibition through synapse connections is crucial for 

normal brain function. Development of synaptic connectivity is governed by both 

activity-independent and activity dependent mechanisms. It has been found that 

neuronal activity modulates GABAergic synapse formation and function using slice or 

mass cultures. However, it is difficult to dissect the contribution of intrinsic programs 

from extrinsic environmental effects in an intact network to this process. Here, we 

perform electrophysiological, pharmacological and morphological techniques from two-

neuron microculture preparations of mouse hippocampal glutamatergic and 

GABAergic neurons to investigate the input and output of cells in a developing circuit. 

In our reduced preparation where extrinsic effects are minimal, we find that 

glutamatergic neurons show no change in output or input regardless of partner neuron 

cell type or neuronal activity level. In contrast, we find that glutamatergic input causes 

the GABAergic neuron to modify its output, by way of an increase in synapse formation 

and a decrease in synaptic release efficiency. These findings are consistent with 

GABAergic synapse maturation observed in many brain regions. Additionally, changes 

in GABAergic output are cell wide and not target cell specific. We also find that 

glutamatergic neuronal activity determined the AMPA receptor properties of synapses 

on the partner GABAergic neuron. All modifications of GABAergic input and output 

required activity of the glutamatergic neuron. As our system has reduced extrinsic 

factors, the changes we see in the GABAergic neuron due to glutamatergic input may 

reflect initiation of maturation programs that underlie the formation and function of in 

vivo neural circuits.  
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Zusammenfassung 
 

Neuronale Netzwerke bestehen größtenteils aus glutamatergen und GABAergen 

Neuronen, die für exzitatorische und inhibitorische Signale im zentralen Nervensystem 

verantwortlich sind. Das präzise Wechselspiel zwischen Anregung und Inhibierung 

durch synaptische Verbindungen ist essentiell für ein normal funktionierendes Gehirn. 

Die Entwicklung dieser synaptischen Verbindungen wird sowohl von 

aktivitätsabhängigen wie –unabhängigen Mechanismen kontrolliert. Experimente in 

Schnitten und Massenkultur konnten zeigen, dass neuronale Aktivität die Bildung und 

Funktion von GABAergen Synapsen beeinflusst. Allerdings ist es schwierig in solch 

komplexen Netzwerken den Einfluss intrinsischer Programme von extrinsischen 

Effekten der Umgebung zu unterscheiden.  

Um den Input und Output von Zellen in einem sich entwickelnden Netzwerk zu 

untersuchen, verwenden wir elektrophysiologische, pharmakologische und 

morphologische Methoden in einer Zwei-Neuronen-Mikrokultur aus glutamatergen und 

GABAergen Neuronen aus dem Hippocampus von Mäusen. In diesem reduzierten 

System, bei dem extrinsische Effekte minimiert sind, beobachten wir, dass 

glutamaterge Neuronen keine Veränderung in ihrem Input und Output zeigen, 

unabhängig von ihrem „Partnerneuron“ oder dem neuronalen Aktivtätslevel. Im 

Gegensatz dazu zeigen GABAerge Neuronen, die einen glutamatergen Input erhalten, 

einen veränderten Output: Die Synapsenbildung ist erhöht und die synaptische 

Freisetzungseffizienz ist reduziert. Gleiches fand man auch bei der Reifung von 

GABAergen Synapsen in vielen Gehirnregionen. Die Veränderungen im GABAergen 

Output sind außerdem unabhängig von der Zielzelle und betreffen alle Synapsen. Wir 

zeigen, dass die glutamaterge synaptische Aktivität die AMPA-Rezeptor-

Eigenschaften des GABAergen Partnerneurons bestimmt. Alle Veränderungen am 

GABAergen Input und Output setzen Aktivität des glutamatergen Neurons voraus. Da 

in unserem System die extrinsischen Einflüsse reduziert sind, könnten die 

Veränderungen, die wir in GABAergen Neuronen beobachten, wenn sie glutamatergen 

Input erhalten, ein Reifungsprogramm widerspiegeln, das der Bildung und Funktion 

von Netzwerken in vivo zu Grunde liegt. 

!
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A.   Central nervous system (CNS) 
The function of the CNS is to integrate the information received from all part of 

the body for generating proper behaviors. The CNS comprises spinal cord and the 

brain, in which the brain performs the major functional part of the CNS. The brain 

contains two classes of cells, the neuron and the glial cell. Neurons process 

information by transducing signals through synaptic connections (Fig. IA.1) and glial 

cells have many functions including the support the function of neurons. In this thesis, I 

will put the focus on the physiology of neurons. Two main types of neurons, excitatory 

and inhibitory, operate distinct signals in the CNS. Precise balance between excitatory 

and inhibitory neuronal activities is critical for the normal brain function and it requires 

coordinated changes in the connection and function between these two types of 

neurons (Turrigiano and Nelson, 2004; Ramamoorthi and Lin, 2011). To study how 

synapses form and function between excitatory and inhibitory neurons is an important 

initial step towards understanding information processing of the nervous system.    

 

B.   Fast synaptic transmission 
In the nervous system, the synapse is a subcellular structure located at the nerve 

terminal that enables communication between neurons by passing electrical or 

chemical signals through electrical or chemical synapse, respectively (Kandel and 

Siegelbaum, 2000). In the vertebrate nervous system, most neurons communicate to 

each other by chemical synapses (Fig. IA.1). Chemical synaptic transmission depends 

on the release of neurotransmitter from the presynaptic neuron. The presynaptic 

terminals contain synaptic vesicles, each of which is filled with specific types of 

neurotransmitter. The synaptic vesicles cluster at regions of the membrane called 

active zones, which are specialized for releasing transmitter. When the action potential 

(AP) generated from the presynaptic neuron that propagates down to the axonal 

terminal, Ca2+ enters the presynaptic terminal through voltage gated calcium channels 

at the active zone (Fig. IA.1). The increase in intracellular calcium concentration 

triggers vesicles to fuse with the presynaptic membrane and release their 

neurotransmitters into the synaptic cleft, a process called exocytosis. The 

neurotransmitter molecules diffuse across the synaptic cleft and bind to the specific 
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receptors on the postsynaptic neurons (Fig. IA.1). This in turn activates the 

postsynaptic neurotransmitter receptors. The resulting ion influx alters the membrane 

conductance and membrane potential, or causes long-term changes by the activation 

of signaling cascades. The change in membrane potential of the postsynaptic neuron 

is critical for generating a new AP in its axonal hillocks. In this manner, the information 

can be conveyed further to the next postsynaptic neuron through the release of 

neurotransmitters at the synapse. 

 

 

 

Figure IA.1 A diagram that illustrate the structure of a typical chemical synapse 

The axon terminal from the presynaptic neuron contains neurotransmitters enclose in 

synaptic vesicles (SV). SV are docked at the presynaptic membrane at regions called 

active zones. To trigger the release of neurotransmitter, it requires the calcium influx 

through voltage gated Ca2+ channels at the axon terminal. Neurotransmitter receptors 

are located at the dendritic spine of the postsynaptic neuron. Between the pre- and the 

postsynaptic sites is a gap called the synaptic cleft. 
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C. Excitatory and inhibitory synaptic transmission 
There are two types of chemical synapses that are responsible for excitatory and 

inhibitory neurotransmission. Excitatory and inhibitory signals are determined by the 

type of transmitter released from the presynaptic neurons and the type of ion channels 

gated by the transmitter on the postsynaptic neuron.  

!

C1. Glutamatergic synapses 

Glutamate is the primary excitatory neurotransmitter at most synapses in the 

CNS. Release of glutamate by glutamatergic neurons initiates excitatory 

neurotransmission. Before release, glutamate are actively taken up into synaptic 

vesicle (SV) by vesicular glutamate transporters (VGLUTs). Released glutamate binds 

to glutamatergic receptors such as AMPA (2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-

yl)propanoic acid) receptors. AMPA receptors are responsible for fast excitatory 

synaptic transmission in the CNS (Platt, 2007). Opening of AMPA receptors by 

glutamate conducts Na+ and K+ with nearly equal permeability. As a result, the reversal 

potential for current flow through these AMPA receptors is 0 mV. Therefore, opening of 

AMPA receptors will generate an inward current at the normal resting potential, which 

is around -65 mV, to depolarize the membrane potential.  

In certain circumstance, AMPA receptor is also permeable Ca2+. The 

permeability of Ca2+ is determined by the expression of AMPA glutamate receptor 2 

(GluA2) subunits. The AMPA receptor is a heteromultimetric structure comprised of 

glutamate subunits 1-4 (GluA1-4) (Hollmann and Heinemann, 1994; Traynelis et al., 

2010). GluA2-containing AMPA receptors are not permeable to Ca2+, which mostly 

observed in glutamatergic neurons in the CNS. However, GluA2-lacking AMPA 

receptors, which mostly observed in GABAergic neurons (Jonas et al., 1994; Geiger et 

al., 1995), are permeable to Ca2+ (Jonas and Burnashev, 1995). In addition, functional 

properties of GluA2-lacking AMPA receptors are modulated by membrane potential. 

Due to the channel blockade by intracellular polyamine at the positive membrane 

potential, current from GluA2-lacking AMPA receptor exhibits inward rectifying-current 

to voltage (I/V) relationship. This characteristic allows more inward than outward 
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current to pass through this receptor (McBain and Dingledine, 1993; Geiger et al., 

1995; Isa et al., 1996).  

The other type of ionotropic glutamate receptor is the NMDA (N-methyl-D-

aspartate) receptor. NMDA receptors are permeable to Na+, K+ and Ca2+. Unlike AMPA 

receptors, only glutamate is required to activate the opening of the receptor, the 

processes to activate NMDA receptors to open require the binding of glutamate and 

glycine as well as a depolarized membrane potential due to voltage dependent block 

of the channel by extracellular Mg2+ particularly at negative potentials. 

 
C2. GABAergic synapse 

Release of GABA (γ-aminobutyric acid) initiates inhibitory neurotransmission at 

the postsynaptic neuron. GABA is synthesized from glutamate by glutamic acid 

decarboxylase (GAD). Before release, GABA is actively taken up into vesicle by 

vesicular GABA transporter (VGAT). Released GABA binds to GABAergic receptors 

on the postsynaptic neurons. At ionotropic GABAA receptors, binding of GABA triggers 

the opening of a Cl- selective channel pore. The increase Cl- conductance drives the 

membrane potential towards the reverse potential of Cl- ion, which is around -65 mV in 

neurons. Therefore, opening a GABA-gated channel will generate an outward current 

resulting predominantly in hyperpolarization of the postsynaptic neuron. 

 

1. Synapse formation  
The type of neurotransmitter it released in the synapse determines the type of 

presynaptic neuron. To match the presynaptic neurotransmitter release and 

postsynaptic response, it requires several developmental steps called synapse 

formation. Synapse formation involves the establishment of the selective connections 

between the tip of the growing axon, called the growth cone, and the dendrite as a first 

step (Fig. IA.1). In the second step, the growth cone differentiates into nerve terminal 

and the dendrite starts assembling postsynaptic proteins, including the proper 

postsynaptic receptors that match the neurotransmitter released.  These steps are 

thought to depend on intercellular interactions that are largely governed by intrinsic 

genetic programs, such as molecules involve in axon guidance and cell-adhesion 
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complexes (Waites et al., 2005; Colon-Ramos, 2009; Lu et al., 2009). After forming the 

initial synaptic connections, synaptic transmission can begin. At the third step, 

properties and strength of the synapse is modulated by activity at the synapse.  For 

example, during early development, spontaneous activity helps to establish the initial 

connectivity between neurons. During later development, sensory experience-

dependent activity shapes postnatal circuit maturation (Katz and Shatz, 1996). As a 

result, the unused synapses will be eliminated and the useful synapses will be 

strengthened and stabilized (Cohen-Cory, 2002; Waites et al., 2005; Flavell and 

Greenberg, 2008). Therefore, development of synaptic connectivity is governed by 

both activity-independent and activity dependent mechanisms. 

 
D1. Glutamatergic synapse formation 
It has been suggested that neuronal activity-mediated release of glutamate 

modulates synapse formation, maturation and plasticity (Wong and Wong, 2001; 

Malinow and Malenka, 2002). Nevertheless, several evidences show that 

glutamatergic synapse formation is independent of neuronal activity in vitro (Rao and 

Craig, 1997; Verhage et al., 2000; Varoqueaux et al., 2002). For example, blocking 

neuronal activity by tetrodotoxin (TTX) in hippocampus mass cultures does not affect 

glutamatergic synapse formation (Rao and Craig, 1997). Munc13-1/Munc13-2 double 

knockout and Munc18-1 single knockout neurons show normal development of the 

glutamatergic synapses even if synaptic transmission is impaired in these mutant 

neurons (Varoqueaux et al., 2002). A recent study also shows that silencing of 

excitatory synaptic transmission on single neuron in vivo does not affect its synapse 

formation (Lu et al., 2013). These data suggest that glutamatergic neurons operate 

certain forms of synaptic formation in an activity independent manner. In addition, the 

number of glutamatergic synapse that a neuron can form is independent of the number 

of postsynaptic neurons (Harms et al., 2005). Taken together, these data suggest that 

glutamatergic neurons may operate hard-wire intrinsic mechanisms that govern initial 

glutamatergic synapse formation in vitro. 
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D2. GABAergic synapse formation 
          Neuronal activity promotes morphological maturation of the hippocampal 

GABAergic neuron in vitro. For example, neuronal activity increases GABAergic 

synapse number in hippocampal slices during postnatal weeks 1 to 3 (Marty et al., 

2000; Colin-Le Brun et al., 2004; Marty et al., 2004). In visual and somatosensory 

cortex preparation, sensory deprivation during a critical postnatal period delays the 

maturation of GABAergic neuron innervations (Chattopadhyaya et al., 2004; Jiao et al., 

2006). Furthermore, neuronal activity suppression by TTX leads to a decrease in the 

number GABAergic synapse number in the hippocampal mass culture (Hartman et al., 

2006). 

          Neuronal activity mediated both trophic factor and neurotransmitter release, 

which is believed to modulate GABAergic synapse formation. Studies have been 

carried out to understand the cellular mechanisms that underlie activity-dependent 

GABAergic synapse formation. One of the mechanisms involved in this process is 

glutamatergic activity. For example, the GABAergic synapses require activity 

dependent release of brain-derived neurotrophic factor (BDNF) from the surrounding 

glutamatergic neurons (Goodman et al., 1996; Hartman et al., 2006; Park and Poo, 

2013). BDNF is also shown to directly promote GABAergic synapse formation in the 

cultured cortical and hippocampal neurons (Rutherford et al., 1997; Vicario-Abejon et 

al., 1998; Marty et al., 2000; Palizvan et al., 2004). In addition to neurotrophic factors, 

spontaneous neuronal activity regulates GABAergic synapse formation 

(Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004). Spontaneous synaptic 

activities caused by the firing activity of cells through both glutamatergic and 

GABAergic receptors could modulate GABAergic synapse formation (Colin-Le Brun et 

al., 2004). 

 

F. The strength of synaptic connections 
The strength of signaling between two neurons depends on two main factors, 

synaptic strength and the number of synaptic connections they form. In the following 

paragraphs, I will highlight the essential components for synaptic strength and the 

strength of synaptic connections. 
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Synaptic strength is the product of vesicular release probability (Pvr), the size of 

the readily releasable pool (RRP) per synapse and the postsynaptic response to a 

vesicle release event (Q).  

 

• Synaptic strength = Pr (Pvr X RRP) X Q 
• The strength of synaptic connections = synapse number X synaptic 

strength 
 

Release probability (Pr) 
Pr is the likelihood of vesicle fusion and transmitter release occurring at a 

presynaptic terminal in response to an action potential (Del Castillo and Katz, 1954). Pr 

is correlated with the size of the RRP, synapses with a large RRP release vesicles with 

high probability than those with a smaller RRP (Dobrunz and Stevens, 1997; Dobrunz, 

2002).  

 
Vesicle release probability (Pvr) 

Vesicle release probability (Pvr) is defined as the likelihood that a single vesicle 

can be released upon an action potential (Zucker and Regehr, 2002). The average Pvr 

can be calculated by dividing the number of vesicle release due to action potential by 

the total number of readily releasable pool. Pvr plays an important role in presynaptic 

regulating short-term plasticity (Dobrunz and Stevens, 1997; Zucker and Regehr, 

2002; Fioravante and Regehr, 2011) and is affected by microdomain [Ca2+] (Neher and 

Sakaba, 2008) and the release machinery (Basu et al., 2007; Xue et al., 2008). The 

influence of [Ca2+] microdomain on vesicle release is determined by the distance 

between the release sites to the calcium channels, the calcium buffer close to the Ca2+ 

channel and the amount of Ca2+ influx (Oheim et al., 2006). The modulation of calcium 

channels and calcium buffer is important for synaptic plasticity (Felmy et al., 2003). 

Furthermore, the synaptic release machinery also influences Pvr. For example, 

Complexin, an active zone protein, regulates vesicular release probability by directly 

acting on the molecular release machinery to enhance vesicle fusogenicity at 

glutamatergic and GABAergic neurons (Xue et al., 2008). Furthermore, phorbol ester 
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activation of C1 domain of Munc13-1 potentiates Ca2+ trigger release (higher Pvr) (Basu 

et al., 2007).  

Overall, the synapses with initial high Pvr tend to show synaptic depression and 

synapses with initial low Pvr show synaptic facilitation (Dobrunz and Stevens, 1997). 

The degree of facilitation or depression of a synaptic connection can also be quantified 

by the paired-pulse ratio (PPR), which is defined as the amplitude ratio of the second 

to the first postsynaptic response after stimulation the connection with two action 

potentials (Zucker and Regehr, 2002). If the second response is larger than the first 

response which create a PPR larger than 1, this is called facilitation. If the second 

response is smaller than the first response, this is called depression where PPR is 

smaller than 1.  
 

Readily releasable pool (RRP) 
Neurotransmitters are stored in the vesicles that fuse with presynaptic plasma 

membrane upon action potential. The nerve terminal is packed with vesicles to sustain 

vesicle release during high frequency stimulation. A fraction of the total vesicle pool is 

close to the release site and is recruited first during synaptic activity. This population of 

vesicles is the readily releasable pool (RRP). The vesicles of RRP are fusion 

competent and can be released through action potential (Rizzoli and Betz, 2005). This 

pool contains about average 5 - 20 vesicles per synapses (Stevens and Tsujimoto, 

1995; Rosenmund and Stevens, 1996; Rizzoli and Betz, 2005). The size of the RRP 

can be measured by application of hypertonic solution (Rosenmund and Stevens, 

1996) or high frequency stimulation (Schneggenburger et al., 1999; Stevens and 

Williams, 2007). After release of vesicles, the RRP is supplied with vesicles from 

reserve pool. 

 

Quantal size (Q) 
Synaptic vesicle can be released spontaneously without action potential. This 

event generates miniature PSCs. The average amplitude of the postsynaptic response 

to the release of single vesicle is called quantal size. The quantal size can be 

measured as the amplitudes or charges of miniature excitatory postsynaptic currents 
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(mEPSCs) for vesicles filled with glutamate and miniature inhibitory postsynaptic 

currents (mIPSCs) for vesicles filled with GABA. 

 

G. Homeostatic control of excitation and inhibition 
A neuron in the CNS receives excitatory and inhibitory inputs from hundreds of 

neuron that determine its firing rate. Neuronal firing depends not only on the strength 

and number of the excitatory inputs but also inhibitory inputs (Mann and Paulsen, 

2007). A precise balance between excitation and inhibition that a neuron receives is 

maintained within a proper range to avoid hyper- or hypo- excitation (Turrigiano and 

Nelson, 2004). To maintain this balance, it depends on several compensatory 

adjustments called homeostatic plasticity.  

 
Homeostatic plasticity 

Homeostatic plasticity is a negative-feedback response that neurons use to 

compensate hyper-excitation or hyper-inhibition in the brain circuitry. In order to 

stabilize neuronal excitability, synaptic and intrinsic properties of the neurons are 

homeostatic regulated (Turrigiano and Nelson, 2004; Turrigiano, 2007, 2011). Synaptic 

scaling is one of the best-characterized mechanisms of homeostatic plasticity 

(Turrigiano, 2008; Pozo and Goda, 2010). Synapse scaling regulates excitatory and 

inhibitory synapse strengths in response to changes in network activity in opposite 

directions (Turrigiano and Nelson, 2004). For example, globally blocking activity by 

voltage-gated sodium channel blocker tetrodotoxin (TTX) in hippocampal and cortical 

neuron cultures lead to scale up in the amplitudes of miniature excitatory postsynaptic 

currents (mEPSCs) (Turrigiano et al., 1998; Burrone et al., 2002). On the other hand, 

the miniature inhibitory postsynaptic currents (mIPSCs) onto pyramidal neurons are 

scaled down when neuronal activity is blocked (Kilman et al., 2002; Hartman et al., 

2006). Furthermore, the postsynaptic receptors accumulation (Wierenga et al., 2005), 

the presynaptic release probability (Murthy et al., 2001; Thiagarajan et al., 2005; 

Wierenga et al., 2006; Turrigiano, 2007; Zhao et al., 2011) and intrinsic excitability 

(Burrone et al., 2002; Pratt and Aizenman, 2007; Turrigiano, 2007) also contribute to 

homeostatic readjustments of synaptic strength. 
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H. Deregulation of excitation and inhibition 
A prerequisite for proper animal behavior is a balanced circuit (Turrigiano and 

Nelson, 2000; Klausberger and Somogyi, 2008; Shen et al., 2011; Yizhar et al., 2011). 

Aberrant excitatory/inhibitory neuronal activities and compensatory mechanisms lead 

to neurological disorders such as epilepsy (Noebels, 2003; Bozzi et al., 2013), Down 

syndrome (Fernandez and Garner 2007; Begenisic et al., 2011; Kleschevnikov et al., 

2012) and Rett syndrome (Rubenstein and Merzenich, 2003; Zoghbi, 2003; Dani and 

Nelson, 2009; Kuzirian and Paradis, 2011). 

 

Epilepsy 
Epilepsy is a neurological disorders characterized by seizures (Chang and 

Lowenstein, 2003). Epilepsy is mostly caused from abnormal, hyper excitation of 

neuronal activity in the brain. One of many postulated mechanisms for epilepsy is the 

deregulation of inhibition levels through presynaptic reduction of GABA levels. This 

reduction of GABA levels is caused by mutation in glutamic acid decarboxylase (GAD), 

VGAT or postsynaptic receptors such as mutation in GABAA receptors (Noebels, 2003; 

Cobos et al., 2005).  

 

Down syndrome 
  Down syndrome (DS) is caused from chromosome 21 trisomy (Lejeune et al., 

1959). DS occurs in approximately 1 in 800 live birth (Roizen and Patterson 2003) and 

is characterized by attention and sensory deficits (Clark and Wilson, 2003). Several 

studies show that these cognitive deficits are resulted from excessive levels of 

inhibition in the brain (Baroncelli et al., 2011). For example, morphological changes in 

the inhibitory synapses such as enlargement of the active zones and increase of 

immunoreactivity for synaptic proteins such as GAD67 contribute to the increase of 

inhibitory synapse transmission (Belichenko et al., 2009; Perez-Cremades et al 2010). 

Furthermore, reducing inhibitory neurotransmission in DS mice model by GABAA 

receptor antagonist treatment enhances cognitive tasks (Fernandez et al., 2007). 

 
Rett Syndrome 
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Rett syndrome (RTT) is a X-linked disease that results from mutations a single 

gene, MeCP2 (Amir et al., 1999). MeCP2 encodes for methyl-CpG binding protein-2, 

which functions as transcriptional activator and inhibitor (Chahrour et al., 2008). RTT 

occurs in approximately 1 in 10,000 female and is characterized by a 6-18 months 

normal developmental period followed by a series of neurological symptoms including 

seizure, tremor, mental retardation and autistic phenotype (Chahrour and Zoghbi, 

2007). The function of MeCP2 in synapse development has been addressed 

experimentally in MeCP2- null as well as MeCP2-overexpressing mouse models 

(Chen et al., 2001; Guy et al., 2001; Collins et al., 2004). For example, MeCP2-null 

male mice show a decrease in glutamatergic synapse number while MeCP2-

overexpressing mice show an increase in glutamatergic ysnapse number (Chao et al., 

2007). A reduction in excitatory dendritic spine density has also been observed in 

MeCP2-null male mice (Belichenko et al., 2009; Tropea et al., 2009; Wood et al., 

2009). Furthermore, there is a decrease in the excitation/inhibition ratio, which is due 

to hyper-inhibition in MeCP2-null male mice (Dani et al., 2005). This hyper-inhibition is 

partially due to reduced amplitude of mEPSCs without affecting the amplitude of 

mIPSCs in the MeCP2-null mice compared to wild type littermates (Dani and Nelson, 

2009).    

Furthermore, MeCP2 also regulates inhibition in the nervous system (Chao et al., 

2010). Deletion of MeCP2 specifically in GABAergic neurons decreases the amount of 

GABA by altering Gad1/2 expression, leading to a reduced size of spontaneous 

miniature inhibitory postsynaptic currents (mIPSCs) (Chao et al., 2010). MeCP2-null 

mice also show changes in the strength and number of GABAergic synapses (Deng et 

al., 2010; Zhang et al., 2010). Mice with MeCP2 deficiency specifically in GABAergic 

neurons also display seizure phenotype (Chao et al., 2010). Taken together, these 

findings point out that maintenance of excitation and inhibition balance is critical for 

proper circuit function. 

 

2. Aims 
Precise balance of excitation-inhibition neuronal activity is crucial for proper 

brain function. This balance is determined by the pattern of synaptic connections and 
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how these synaptic connections behave. Forming the initial pattern of synaptic 

connections is largely governed by intrinsic mechanisms and is later refined by 

sensory input experience (Katz and Shatz, 1996). Because synaptic input and output 

function in early developing glutamatergic-GABAergic neural circuits set the foundation 

for a mature functional brain circuit, it is important to better understand how the basic 

circuit has been set up in the manner that largely independent of extrinsic factors. 

Therefore, in order to isolate the cell intrinsic mechanisms that govern synapse 

formation and function, we utilized an in vitro two-neuron microculture system where 

extrinsic factors are minimal.  

There are three specific questions that we aim to address. First, we aimed to 

study how intrinsic mechanisms govern synapse formation and function by synaptic 

interaction between a glutamatergic and a GABAergic neuron. Second, we aimed to 

study whether the neuronal activity play a role in the modification of synapse formation 

and function during neuronal interaction. The first and the second aim will be 

addressed in Part A of Material and Methods, Results and Discussion. Third, we aimed 

to apply this system subsequently to identify the targets regulated by MeCP2 for 

glutamatergic synapse formation (see below, II.4). The third aim will be addressed in 

Part B of Material and Methods, Results and Discussion.  

By understanding the general rules that govern glutamatergic and GABAergic 

synapse formation and function modulated by neuronal interaction, the result of this 

thesis may provide insights into how activity-dependent modulates excitation/inhibition 

coordination, which contributes to normal brain function. Furthermore, the application 

of this two-neuron microculture system to study the mechanisms of MeCP2 deficiency 

affecting the synaptic input/output of a neuron, we hoped to uncover the complexity of 

Rett syndrome mechanisms. 

 
I. Experimental approach  

I.1 Limitations of previous work 
Several studies have suggested that neuronal activity regulates the GABAergic 

synaptic strength in the developing brain (Rutherford et al., 1997; Marty et al., 2000; 

Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004; Hartman et al., 2006). All of 
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these studies were performed in network-preserved systems such as mass cultures 

and slice cultures, where both intrinsic and extrinsic factors contribute to synapse 

formation and modulation. For example, global neuronal activity blockade by TTX in 

the hippocampal mass culture (Colin-Le Brun et al., 2004; Hartman et al., 2006) and 

slice culture (Marty et al., 2000) reduce in the number of GABAergic synapses. 

Interestingly, manipulation of activity in single pre or postsynaptic neuron in the mass 

culture failed to alter GABAergic synapse formation suggesting that GABAergic 

synapse formation requires the activity from surrounding neurons (Hartman et al., 

2006). However, there are several limitations regarding to the network preparation in 

terms of technique and mechanistic function. First, it is difficult to control the input to 

the target neuron; therefore how input activity affects synapse formation and function 

of the target neuron is largely unknown. Second, the modulation of output functions of 

a neuron is difficult to measure since the output synapses are distributed to a 

heterogeneous population of neurons. Lastly, specific synapse formation and function 

are well controlled within neuronal circuits by a combination of cell autonomous and 

non-cell autonomous mechanisms during development (Craig and Boudin, 2001; 

Waites et al., 2005; Craig et al., 2006; Colon-Ramos, 2009; Huang, 2009; Lu et al., 

2009). The degree to which synaptic function at an individual connection is established 

by neuronal activity and/or a set of specific pre- and postsynaptic molecular factors is 

largely unknown. Understanding the underlying control mechanism is difficult, as 

numerous cell intrinsic programs coexist with extrinsic mechanisms.  

 

I2. Microculture 
In order to better control the synaptic input and output properties and isolate 

intrinsic mechanisms that govern synapse formation and function, autaptic and two-

neurons primary cultures were used in this dissertation.  

 
a. Autaptic culture 
A neuron sends its output signal (output) at the axonal terminal and receives the 

input signal (input) at the dendrite (Fig. II.2a-1). Autaptic culture is a well-studied model 

for understanding the synaptic properties (Bekkers and Stevens, 1991). In this 

preparation, a single neuron grown on a glial island forms synapses onto itself, so that 
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this neuron is both pre and post neuron (Figure II.2a-2b). There are several 

advantages of this culture system. First, the regulation of synaptic formation and 

function of an autaptic neuron is largely governed by intrinsic factors, which are difficult 

to dissect out from the network preparation. Second, it is a perfect system to quantify 

alterations in the morphology of a neuron, since the correlation of the morphology and 

the synaptic properties can be distinguished easily.  Third, the axon of an autaptic 

neuron generates the synaptic output where input to its own dendrite. Therefore, the 

synaptic output is equal to synaptic input in autaptic circuit (Fig. II.2a-2a). The 

input/output function can be measured by single electrode with whole cell recording. In 

this dissertation, postsynaptic responses were used to measure of neurotransmitter 

release, which is determined by the probability of vesicle release, the number of 

readily releasable vesicle and the size of miniature postsynaptic response. The size of 

postsynaptic responses (Fig. II.2a-2c) and miniature postsynaptic responses can be 

measured by recording. The readily releasable vesicles can be depleted by hypertonic 

solution (Rosenmund and Stevens, 1996). The size of the readily releasable pool per 

neuron can be measured by applying hypertonic sucrose solution (Fig. II.2a-2d). Pvr is 

calculated as the ratio of the size of postsynaptic response and the size of RRP. 

             

                                                                                
    
Figure II.2a-1 A diagram illustrates the synaptic input and output of a neuron.  
A neuron sends synaptic output signal (black triangle) in the direction of soma to 

axonal terminal. The same neuron receives the synaptic input from the presynaptic 

terminal of the other neuron (green triangle) by activating receptors on the dendrite. 

The input signal then transmits in the direction to soma. The input signals from 

different inputs will be integrated at the axon initial segment to trigger action  

potential for generating its synaptic output.

axon

dendrite

input output
soma
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Figure II.2a-2 Diagrams illustrate the synaptic connections in a single neuron  
(a) Cartoon diagrams illustrate single neuron forms autaptic connections by contacting 

its axon to dendrite. Therefore, the input response will be equal to the output response. 

(b) A single autaptic glutamatergic neuron grown on a glial island and labeled by 

vesicular glutamate transporter 1 (VGLUT1) and microtubule- associated protein 2 

(MAP2). (c) An excitatory postsynaptic current (EPSC) from an autaptic neuron which 

is evoked by an action potential. (d) A postsynaptic response to 500 mM sucrose 

solution as the measurement of readily releasable pool size.  (c, d) Vesicular release 

probability is calculated by dividing the charge of the EPSC (integral under the red 

dash line in c) to the charge of readily releasable pool (integral under the red dash line 

in d). 

 
b. Two-neuron microculture  
In this dissertation, I employed a two-neuron microculture system to study 

synapse formation and function governed by interaction between two neurons. Two-

neuron microculture system preserves all the advantages from autaptic culture and 

also provides an ability to study the interaction between neurons.  By providing better 

control of synaptic input and output of a neuron for studying synapse formation and 

function, we examined the properties of synaptic connections in homotypic (Fig. II.2b-

1) and heterotypic (Fig. II.2b-2) pairs. Autaptic connection is defined as the synaptic 

connections onto itself. Heterosynaptic connection is defined as the synaptic 

connections onto the partner neuron. In paired neurons, a neuron forms autaptic as 

well as heterosynaptic connections (Fig. II.2b-1 and II.2b-2). In homotypic pairs of 

neurons, the synaptic connections from a presynaptic neuron contacts to postsynaptic 

neurons with the same neurotransmitter type (glutamatergic-glutamatergic neuron (glu-

glu) (Fig. II.2b-1b) or GABA-GABA). In heterotypic-paired of neurons, the synaptic 

connections from a presynaptic neuron contacts postsynaptic neurons with different 

neurotransmitter types (glu-GABA).  

In paired of neurons, we define the “output” responses of a neuron as synaptic 

responses generated from a presynaptic neuron. For example, the output postsynaptic 

current (PSC) amplitude from a neuron in a pair is the sum of autaptic and 

heterosynaptic PSC amplitudes generated from the same presynaptic neuron (Fig. 
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II.2b-1a and II.2b-2b). On the other hand, we define the “input response“ of a neuron in 

a pair as the synaptic response onto a postsynaptic neuron. For example, the input 

EPSC amplitude is the sum of autaptic PSC amplitude generated from itself and the 

heterosynaptic PSC amplitude generated from the partner neuron (Fig. II.2b-1 and 

II.2b-2). Importantly, in homotypic pairs, only input but not output RRP charges of a 

neuron can be measured by hypertonic solution application (Fig. II.2b-1). In the 

heterotypic pairs, the output RRP charges of a neuron can be measured separately by 

blocking glutamatergic or GABAergic responses pharmacologically (Fig. II.2b-2; Fig. 

IIIA.1A).  
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Figure II.2b-1 Diagrams illustrate the synaptic connections in a homotypic 
neuronal pair.   
(a) Cartoon diagrams illustrate a homotypic neuronal pair: each neuron with same 

neurotransmitter type in a pair forms autaptic (synaptic connection 1 (s1) and s4) as 

well as heterosynaptic connections (s2 and s3). The synaptic input response of cell A 

is the sum of s1 and s3. Output response of cell A: sum of s1 and s2. Input response 

of cell B is the sum of s2 and s4. Output response of cell B: sum of s3 and s4. (b) Two 

glutamatergic neurons are grown on a glial island and labeled with VGLUT1 (red) and 

microtubule-associated protein 2 (MAP2) (blue) antibodies.  
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Figure II.2b-2 A diagram illustrates the synaptic connections in a heterotypic 
neuron pair  
Heterotypic neuronal pair: each neuron with different neurotransmitter type in a pair 

(glu-GABA) forms autaptic (GABA: s1; glu: s4) as well as heterosynaptic (GABA: s2; 

glu: s3) connections. The synaptic input response of the GABAergic neuron is the sum 

of s1 and s3. Output response of the GABAergic neuron: sum of s1 and s2. Input 

response of the glutamatergic neuron: sum of s2 and s4. Output response of 

glutamatergic neuron: sum of s3 and s4. 

!
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input to GABA = s1 + s3
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I3. Methods to manipulate neuronal activity  
To study how synapse formation and function can be modulated by activity, we 

manipulated neuronal activity by three ways. First, we applied tetrodotoxin (TTX) in the 

culture medium 6 days before recording. TTX blocks AP by binding to voltage gated 

sodium channels, which are responsible for triggering neurotransmitter release by 

responding to AP. Second, in order to study how glutamatergic synaptic activity affects 

synapse formation and function, we applied NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo [f]quinoxaline-2, 3-dione) and APV ((2R)-amino-5-phosphonovaleric acid; (2R)-

amino-5-phosphonopentanoate) in the culture medium to block AMPA and NMDA 

receptors, respectively, during neuron development. Third, in order to study how the 

partner neuron’s activity affects input/output of a neuron, we over-expressed Kir2.1 

(potassium inward-rectify channel, subfamily J, member 2) channels specifically to 

either glutamatergic or GABAergic neurons. Kir2.1 channel is an inward rectify 

potassium channels, which has been used to suppress excitability in hippocampal 

neurons (Burrone et al., 2002; Hartman et al., 2006). Over expression of Kir2.1 

hyperpolarizes the neuron and decreases its resting membrane resistance. Therefore, 

over expression of Kir2.1 causes the neuron to be less excitable than the control 

neurons.  

 
I4. Application of two-neuron microculture:  
To study the mechanisms involved in synapse formation regulated by 
MeCP2 

A previous study showed that MeCP2 affects glutamatergic synaptic strength by 

regulating its synapse number (Chao et al., 2007) using male mice models either 

lacking MeCP2 (MeCP2Null/y) (Chen et al., 2001; Guy et al., 2001) or overexpressing 

MeCP2 (MeCP2Tg1/y) (Collins et al., 2004). In MeCP2Null/y, the glutamatergic synapses 

number decrease compare to wild type neurons. In MeCP2Tg1/y, the glutamatergic 

synapses increase compare to wild type neurons (Chao et al., 2007).  However, the 

control mechanisms, such as whether the MeCP2 regulated factors responsible for 

synapse formation are located in the pre or the postsynaptic site, remain largely 

unknown 
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In this thesis, we further investigated whether the MeCP2 regulated factors are 

located at the pre- or the postsynaptic site that regulates synapse formation by 

separating pre- and postsynaptic mechanisms. We utilized a co-culture system that is 

composed of a paired of wild type (wt) and MeCP2 mutant neuron (either from 

MeCP2Null/y or MeCP2Tg1 mice) on a glial island. We have tested two hypotheses to 

examine the possible cell autonomous mechanisms involved in MeCP2 regulated 

synapse formation: the postsynaptic model and the presynaptic model. The 

postsynaptic model proposes that if MeCP2-regulated molecules at the postsynaptic 

site are responsible for synapse formation, then removal of MeCP2 expression in a 

neuron will reduce synapse formation towards the same neuron, regardless of whether 

the synapses were made by itself or its wild type partner (Fig. II.4a-a). The presynaptic 

model proposes that if regulation of synapse number by MeCP2 is presynaptic, then 

autaptic and heterosynaptic synapses formed by the MeCP2-deficient neuron will be 

reduced (Fig. II.4a-b).  

We first analyzed synaptic connections between a wild type and a MeCP2-mutant 

neuron by measuring the input and output synaptic strength. Since the synapse 

number is a determinant of RRP size and spontaneous release frequency (Chao et al., 

2007). Therefore, we have used the size of input RRP (which is the sum of the RRP in 

autaptic connections and in heterotypic connections, to a neuron in a microcircuit) and 

frequency of input spontaneous release events (which is the sum of the spontaneous 

release frequency in autaptic connections and in heterotypic connections, to a neuron 

in a microcircuit) as indicators of synapse number made on a neuron. The possible 

outcomes of resulting synaptic parameters in the pre- or the post- synaptic model are 

listed in Table IH.1. Furthermore, we have also analyzed the synaptic efficiency such 

as PPR between each type of synaptic connection (wt to wt, wt to MeCP2, MeCP2 to 

wt, MeCP2 to MeCP2).  

Clarifying whether the origin of the defect is pre- or postsynaptic using wt/MeCP2 

mutant two-neuron culture is important in the identification of the possible downstream 

targets of MeCP2 that are critical for regulating glutamatergic synapse formation. 
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a 

    
 
b 

 
Figure II.4a Strategy to determine the location of the MeCP2 rate-limiting factor 
to the pre- or postsynaptic sites.  A wild type (MeCP2-wild type (W), red) and a -

mutant (e.g., MeCP2-knockout (KO); green) neuron were co cultured on a microisland. 

Synaptic responses were measured by paired-recording. (a) In postsynaptic model, 

the total synapses number made on the MeCP2-KO neuron will be less compared to 

the partner wild type neuron. (b) In presynaptic model, the total synapses number 

made from the MeCP2-KO neuron will be less compared to the partner wild type 

neuron. 
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a    
                                                                  

Postsynaptic model WT MeCP2 KO 

Input RRP size Larger Smaller 

Input mEPSC frequency Larger Smaller 

Output EPSC amplitude Same Same 

 

b 

Presynaptic model WT MeCP2-KO 

Input RRP size Same Same 

Input mEPSC frequency Same Same 

Output EPSC amplitude Larger Smaller 

 
 
 
 

Table II.1 The table illustrates the post- (a) and presynaptic (b) model, the expected 

relative input RRP size, input mEPSC and output EPSC amplitude between a wild type 

and a MeCP2-KO neuron in a circuit. 
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Part A 
Neuronal Culture.  Murine microisland cultures were prepared as described 

previously (Xue et al., 2007). Briefly, hippocampal neurons from newborn mice (P0-1) 

were plated at a density of 4000 neurons per 35 mm diameter dish. We then chose 

islands that contained a pair of neurons for recordings. Cells were used for 

electrophysiology and morphological analysis at days in vitro (DIV) 12-15. For 

experiments in which synaptic neuronal excitability was blocked, neurons were 

cultured in the presence of 0.5 µM TTX (Tocris Bioscience, Bristol, UK) added at DIV 

6, 10 and 14. For experiments in which ionotropic glutamatergic receptors was 

blocked, neurons were cultured in the presence of 2 µM 2,3-dihydroxy-6-nitro-7-

sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX; Tocris Bioscience, Bristol, UK) and 

100 µM D-(-)-2-Amino-5-phosphonopentanoic acid (APV; Tocris Bioscience, Bristol, 

UK) or 10µM Philanthotoxin-433 (Sigma-Aldrich, St. Louis, MO, USA ) added at DIV 6, 

10 and 14.  

To facilitate the visual detection of GABAergic neurons, in most experiments we 

cultured neurons from GAD67-GFP (!neo)/+ (GAD67) mice, in which GABAergic 

neurons are fluorescently labeled (Tamamaki et al., 2003). Comparison of 

electrophysiological response properties of striatal GAD67-GFP (!neo)/+ and wild type 

neurons revealed no significant differences in synaptic properties (spontaneous 

miniature IPSCs (mIPSCs) amplitudes: WT single neuron; 43.6±2.6 pA, WT paired; 

37.7±3.5 pA; GAD67 single; 38.8±2.6 pA, GAD67 paired; 42.2±2.3 pA, p>0.05; 

vesicular release probabilities (Pvr): WT single; 14.0±2.3 %, WT paired; 12.3±2.6 %; 

GAD67 single; 14.3±2.3 %, GAD67 paired; 13.9±1.7% p>0.05). To express Kir2.1 

specifically in either glutamatergic or GABAergic neurons, we cultured hippocampal 

neurons from Viaat-cre mice and then infected them with lentiviral constructs (see 

below). 

Lentivirus constructs and production.    For expression of Kir2.1, we made use of 

the Cre/LoxP recombination system in combination with two lentiviral shuttle vectors 

and Viaat promoter driven expression of Cre recombinase ((Chao et al., 2010), Viaat 

Cre mice). For glutamatergic expression, we used a floxed lentiviral shuttle vector in 

which a synapsin promoter controlled expression cassette of Kir2.1 fused to nuclear 
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localization sequence-tagged green fluorescent protein (NLS-GFP) via a self-cleaving 

P2A peptide (Kim et al., 2011) (Kim et al., 2011) is framed by two likewise-oriented 

mutant LoxP sites (LE/RE mutation) (f(syn)FLOX(NLS-GFP-P2A-Kir2.1)). In 

GABAergic cells, Viaat promoter driven Cre expression causes the deletion of the 

NLS-P2A-Kir2.1 transgene, resulting in no NLS-GFP or Kir2.1 expression (Albert et al., 

1995; Araki et al., 1997). For expression of Kir2.1 in GABAergic neurons, we used a 

synapsin promoter controlled Cre-recombinase-dependent lentiviral expression system 

carrying a reversed and double-floxed NLS-GFP-P2A-Kir2.1 transgene with two 

nested pairs of incompatible mutant (LE/RE) lox sites (LoxP and Lox2722). A red 

fluorescent protein (RFP) transgene was cloned in sense orientation between the first 

two lox sites (f(syn)LoxP_RFP_Lox2722_reverseNLS-GFP-P2A-

Kir2.1_LoxP_Lox2722). In this configuration, RFP is only expressed in non-Cre 

expressing cells. In Viaat-Cre GABAergic neurons, Cre expression leads to a switch 

from RFP to NLS-GFP and Kir2.1 translation due to excision and inversion events by 

Cre at the lox sites (Sohal et al., 2009). The resulting two lox sites are incompatible 

and double mutant to prevent further genomic recombination (Albert et al., 1995; Araki 

et al., 1997; Sohal et al., 2009). Control pairs for each of the cell type specific Kir2.1 

expression groups were infected with constructs as described above lacking the 

sequence for Kir2.1. 

The preparation of lentiviral particles expressing these transgenes was done as 

described (Lois et al., 2002). Briefly, HEK293T cells were cotransfected with 10µg 

shuttle vector and the helper plasmids pCMVdR8.9 and pVSV.G (5µg each) with X-

tremeGENE 9 DNA transfection reagent (Roche Diagnostic, Germany). After 72h the 

virus containing cell culture supernatant was collected and purified by filtration. 

Aliquots were flash-frozen in liquid nitrogen and stored at -80°C. Estimation of the titer 

was done on mass cultures of wild-type hippocampal neurons. For infection, 150 µl of 

virus (6x105-1x106 IU/ml) harboring either shuttle vector was pipetted onto 1 DIV 

hippocampal Viaat-Cre neurons. 

Electrophysiology.    Whole-cell voltage-clamp recordings were performed with a 

patch-clamp amplifier (MultiClamp 700B amplifier; Molecular Devices, Sunnyvale, CA) 

under the control of Clampex 9.2 (Molecular Devices). Data were acquired at 10 kHz 

and low-pass filtered at 3 kHz. The holding potential was –70 mV.  The series 
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resistance was compensated at 70 % and only cells with series resistances below 10 

MΩ were analyzed. The pipette resistance was between 2-5 MΩ. The standard 

extracellular solution contained (in mM): NaCl, 140; KCl, 2.4; HEPES, 10; glucose, 10; 

CaCl2, 2; and MgCl2, 4 (all listed reagents from Carl Roth, Karlsruhe, Germany; 300 

mOsm; pH 7.4). Hypertonic solution for measuring RRP size was made by adding 500 

mM sucrose (Sigma-Aldrich, St. Louis, MO, USA) to the standard extracellular 

solution. The patch pipette solution contained (in mM): KCl, 136; HEPES, 17.8; EGTA 

(Carl Roth), 1; MgCl2, 0.6; ATP-Mg (Sigma-Aldrich), 4; GTP-Na (Sigma-Aldrich), 0.3; 

Phosphocreatine (Calbiochem, MERCK, Darmstadt, Germany), 12; and 

Phosphocreatine kinase (Sigma-Aldrich), 50U ml,1 (300 mOsm; pH 7.4). This solution 

set the reversal potential of IPSCs and EPSCs to approximately 0 mV and produced 

readily quantifiable inward currents in both excitatory and inhibitory neurons.  

Step depolarization (to 0 mV, 2 ms) was applied sequentially (with 2 s delay) to 

each neuron to induce unclamped action potentials in the axon, resulting in pairs of 

autaptic and heterosynaptic postsynaptic currents (PSCs). The size of the readily 

releasable pool (RRP) was determined by 4 or 5 s application of a pool-depleting 

hypertonic sucrose solution. The RRP was quantified by first base lining the steady-

state current at the end of the hypertonic response and then integrating the charge of 

the transient synaptic current component.  

In heterotypic pairs (glu-GABA), quantification of PSC, RRP and Pvr was 

accomplished by consecutively blocking the glutamatergic and GABAergic PSC 

components with kynurenic acid (3 mM; Tocris Bioscience) and bicuculline (30 µM; 

Tocris Bioscience), respectively. We compared the amplitudes of output PSCs (Figure 

1A; sum of autaptic and heterosynaptic PSCs) and the sizes of output RRPs (Figure 

1A; sum of the autaptic and heterosynaptic hypertonic sucrose-evoked responses) 

from heterotypic glu-GABA neuronal pairs to the amplitudes of output PSCs and the 

sizes of input RRPs from homotypic (glu-glu or GABA-GABA) pairs. The input RRP in 

a homotypic pair is the sum of autaptic and heterosynaptic connections onto a neuron, 

as the contribution of each neuron is not pharmacologically distinguishable in this 

configuration. However, the amplitudes of output PSC and sizes of input RRP were 

comparable between the two neurons in glu-glu (output PSC: p = 0.78; input RRP: p = 
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0.72) or GABA-GABA pairs (output PSC: p = 0.20; input RRP: p = 0.21). Therefore, we 

assumed that the sizes of output RRP were comparable to the sizes of input RRP in 

glu-glu and GABA-GABA pairs. To calculate vesicular release probability  (Pvr), the 

charge of evoked response was integrated (1 s for EPSC; 2 s for IPSC) and divided by 

the RRP charge. In glu-glu and GABA-GABA pairs, the mean vesicular release 

probability of autaptic and heterosynaptic connections ending at a common 

postsynaptic neuron (input Pvr), was calculated by dividing the sum of a neuron’s input 

autaptic PSC charge and input heterosynaptic PSC charge from the partner neuron by 

its input RRP charge. Therefore, input Pvr does not distinguish properties of autaptic 

and heterosynaptic connections. As an alternative measure of the synaptic release 

efficiency, a pair of PSCs was stimulated at a specific interval (EPSCs 25 ms; IPSCs 

100 ms) and the paired-pulse ratio (PPR) was computed by dividing the second PSC 

amplitude by the first (PPR = EPSC2/EPSC1 and IPSC2/IPSC1). Spontaneous 

release was detected as described previously (Clements and Bekkers, 1997).  

For recording the current-voltage relationship of EPSCs, the presynaptic neuron 

(glutamatergic) was stimulated by step depolarization with KCl pipette solution (see 

above). Whole-cell currents were obtained in the postsynaptic neurons (glutamatergic 

or GABAergic) with the pipette solution contained (mM): CsCl, 143; HEPES, 20; EGTA 

(Carl Roth), 1; MgCl2, 0.6; ATP-Mg (Sigma-Aldrich), 4; GTP-Na (Sigma-Aldrich), 0.3; 

Phosphocreatine (Calbiochem, MERCK, Darmstadt, Germany), 12; and 

Phosphocreatine kinase (Sigma-Aldrich), 50U ml,1; QX314, 2; spermine, 0.05 (300 

mOsm; pH 7.4). APV (100uM) and bicuculline (30uM) were present in the extracellular 

solution to isolate (AMPA receptor) responses. Current-voltage plots were generated 

by plotting the EPSC amplitudes at holding potentials of -80 to +40 mV with 20 mV 

increments. The current-voltage relationship in control and Kir2.1 expressing neurons 

in a glu-GABA pair were obtained by recording the current response to hyperpolarizing 

steps from -80 to -110 with 10 mV decrements with KCl pipette solution (see above).  

Data were analyzed offline using AxoGraph X (Axo-Graph Scientific, Sydney, 

Australia), KaleidaGraph (Synergy Software, Reading, PA, USA) and Prism5 

(GraphPad, San Diego, CA, USA). Statistical significance was tested using the 

Student’s t-test for two groups with normal distribution and one-way ANOVA with a 

Tukey post hoc test for three or more groups. 
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 Immunocytochemistry and morphological analysis.    Quantification of dendritic 

tree size and synapse type and number was performed using combined 

immunocytochemical staining for MAP2, VGLUT1 and VGAT. Microisland cultures 

from C57/Black6 mice were fixed at DIV 12-15 with 4 % paraformaldehyde (Sigma-

Aldrich) and permeabilized with 0.02 % Tween-20 in phosphate-buffered saline 

(PBST). After blocking with 4 % normal goat serum (NGS; Jackson ImmunoResearch, 

Suffolk, UK) in PBST for 1 h at room temperature, the specimens were incubated 

overnight at 4 °C with guinea pig anti-VGLUT1 (1:4000, Synaptic Systems, Gottingen, 

Germany), mouse anti-VGAT (1:1000, Synaptic Systems) and chicken anti-MAP2 

(1:2000; Chemicon, Millipore, Billerica, MA, USA). After washing 3 times with PBST for 

10 minutes, cells were incubated for 1.5 h at room temperature in 4 % NGS containing 

the appropriate secondary antibody (Alexa-488, -555, -647, 1:1000; Molecular probes, 

Invitrogen, Eugene, OR, USA). The specimens were then washed three times with 

PBS for 15 minutes and mounted on glass slides with Prolong Gold Antifade Reagent 

(Molecular probes, Invitrogen, Eugene, OR, USA). The fluorescence signals were 

visualized on an Olympus IX 81 microscope with a 20x, 0.75 NA objective lens and 

images were captured with a CCD camera (Princeton MicroMax, Roper Scientific).  

Image analysis was performed using ImageJ. The type of neuron 

(GABAergic/glutamatergic) was identified by elevated fluorescence signals for 

VGLUT1 or VGAT at the cell soma (Hartman et al., 2006). The associated dendrites 

were determined by tracing using MAP2 staining. The density of synapses along three 

randomly chosen dendrites was determined by manual counting. Total dendritic length 

was quantified by measuring the length of all MAP2-positive processes using a 

custom-written plug-in in Image J (Neuron J; NIH). Total number of glutamatergic and 

GABAergic synapses were quantified by fluorescence signals for VGLUT1 and VGAT, 

respectively, using custom Macro in ImageJ. All data processing was performed using 

Microsoft (Seattle, WA, USA) Excel, KaleidaGraph (Synergy Software, Reading, PA, 

USA) and Prism5 (GraphPad, San Diego, CA, USA). Statistical significance was tested 

using Student’s t-test for two groups with normal distribution and one-way ANOVA with 

a Tukey post hoc test for three or more groups.  
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Part B 
Neuronal Culture. Murine microisland culturing was performed as described 

previously. For autaptic neuron and paired of neuron experiment, neurons from 

newborn mice (P0-1) were plated at a density of 4000 neurons for hippocampal 

neurons per 35mm diameter dish. We then chose islands that contained either a single 

neuron or a pair of neurons for the recordings. Cells were used for electrophysiology 

and morphological analysis at days in vitro (DIV) 12-15.  
MeCP2 mutant neuronal culture. MeCP2Null/Y male mice are on a C57BLJ6 

background, MeCP2Tg1 male mice are on a FVB background. Mutant mice and control 

mice were obtained from the same litter. For mixed culture experiment, after trituration, 

the wild type and MeCP2-mutant cell suspension were incubated in PKH26 and 

PKH67, respectively (describe below) or infected with viruses (describe below). After 

labeling or infection, the wild type and MeCP2-mutant cells were mixed at equal 

number and plated on to micro island culture at the density of 4000 neurons per 35mm 

diameter dish. We then only chose islands that contained one wild type and one 

MeCP2 mutant neuron for experiments. 
 Lentivirus Constructs, Production and Infection. To visualize synapses from each 

neuron of a pair of neurons on a micro island two lentiviruses were deployed. Their 

shuttlevectors bearing a synapsin promoter controlled expression cassette of either a 

nuclear localized GFP or RFP coupled via a self-cleaving P2A peptide (Kim et al., 

2011) to synaptophysin that is C-terminally tagged by m-Kate2 or GFP (NLS-GFP-

P2A-Sypmkate2, NLS-RFP-P2A-SypGFP). The preparation of lentiviral particles 

expressing these transgenes was done as described (Lois et al., 2002). Briefly, 

HEK293T cells were cotransfected with 10µg shuttle vector (F(syn)nGFP-P2A-

Sypmkate2-w and F(syn)nRFP-P2A-SypGFP-w) and the helper plasmids pCMVdR8.9 

and pVSV.G (5µg each) with X-tremeGENE 9 DNA transfection reagent (Roche 

Diagnostic, Germany). After 72h the virus containing cell culture supernatant was 

collected, purified by filtration and concentrated via centrifugation through a Amicon 

Ultra centrifugal filter (Merck-Millipore, Germany). Aliquots of the concentrate were 

flash-frozen in liquid nitrogen and stored at -80°C. Estimation of the titer was done on 

mass cultures of wild-type hippocampal neurons. For infection 100 µl of concentrated 
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virus (1.5-1.6x107 IU/ml) expressing either the m-Kate2 or GFP tagged Synaptophysin 

were incubated with freshly prepared 2x105 wild type or MeCP2 mutant neurons in a 

1.5 ml microcentrifuge tube at 37°C for 3 hours. Subsequently cells were purified from 

residual viral supernatant by centrifugation (150 x g), washed two times and 

resuspended in culture medium before plating onto astrocytes. 

PKH26/67 staining. Culture neurons were stained with PKH26 or PKH67 

according to the manufacturer’s protocol (Sigma-Aldrich, St. Louis, MO, USA). 5x105 

neurons were resuspended in Diluent C and the dye were diluted in Diluent C to the 

concentration of 8x10-6M. The PKH26 and PKH67 were added to the cell suspension 

for 5 min at room temperature. Next, dye reaction were stop by adding 10% serum. 

Excess dye was removed by centrifuging the cell suspension (150 x g), washed twice. 

The cell pellet were resuspeneded in culture medium.  

Electrophysiology. Whole-cell voltage-clamp recordings were performed with a 

patch clamp amplifier (MultiClamp 700B amplifier; Molecular Devices, Sunnyvale, CA) 

under the control of Clampex 9.2 (Molecular Devices). Data were acquired at 10 kHz 

and low-pass filtered at 3 kHz. The holding potential was –70 mV.  The series 

resistance was compensated at 70 % and only cells with series resistances below 10 

MΩ were analyzed. The pipette resistance was between 2-4 MΩ. The standard 

extracellular solution contained (in mM) NaCl, 140; KCl, 2.4; HEPES, 10; glucose, 10; 

CaCl2, 2; and MgCl2, 4 (all listed reagents from Carl Roth, Karlsruhe, Germany; 300 

mOsm; pH 7.4). Hypertonic solution for measuring RRP size was made by adding 500 

mM sucrose (Sigma-Aldrich, St. Louis, MO, USA) to the standard extracellular 

solution. The patch pipette solution contained (in mM) KCl, 136; HEPES, 17.8; EGTA 

(Carl Roth), 1; MgCl2, 0.6; ATP-Mg (Sigma-Aldrich), 4; GTP-Na (Sigma-Aldrich), 0.3; 

Phosphocreatine (Calbiochem, MERCK, Darmstadt, Germany), 12; and 

Phosphocreatine kinase (Sigma-Aldrich), 50U ml,1 (300 mOsm; pH 7.4).  

Step depolarizations (to 0 mV, 2 ms) were applied sequentially (with 2 s delay) to 

each neuron to induce unclamped action potentials in the axon, resulting in pairs of 

autaptic and heterosynaptic excitatory postsynaptic currents (EPSCs). The size of the 

readily releasable pool (RRP) was determined by 4 s application of a pool-depleting 

hypertonic sucrose solution. The size of RRP was quantified by first base lining the 
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steady state current at the end of the hypertonic response and then integrating the 

charge of the transient synaptic current component. To calculate vesicular release 

probability (Pvr), the charge of evoked response was integrated (1 s) and divided by the 

RRP charge. Input Pvr, the mean vesicular release probability of autaptic and 

heterosynaptic connections ending at a common postsynaptic neuron, was calculated 

by adding the autaptic and heterosynaptic EPSC charge to the input RRP charge. 

Input Pvr is therefore not able to distinguish between the properties of autaptic and 

heterosynaptic connections. As an alternative measure of the synaptic release 

efficiency, a pair of EPSCs was stimulated at a specific interval (25 ms) and the 

paired-pulse ratio (PPR) was computed by dividing the second EPSC amplitude by the 

first (PPR = EPSC2/EPSC1). Spontaneous release was detected as described 

previously. 

Data were analyzed offline using AxoGraph X (Axo-Graph Scientific, Sydney, 

Australia), KaleidaGraph (Synergy Software, Reading, PA, USA) and Prism5 

(GraphPad, San Diego, CA, USA). Statistical significance was tested as indicated in 

the figure texts using the Student’s t-test for two groups with normal distribution, One-

way ANOVA with a Tukey post hoc test for three or more groups, and Pearson 

correlation to quantify the association between two groups. 

 Morphology. Quantification of synapse number was performed using 

immunocytochemical staining for MAP2. Neurons were fixed at DIV 12-15 with 4 % 

paraformaldehyde (Sigma-Aldrich) and permeabilized with 0.02 % Tween-20 in 

phosphate-buffered saline (PBST). After blocking with 4 % normal goat serum (NGS; 

Jackson ImmunoResearch, Suffolk, UK) in PBST for 1 h at room temperature, the 

specimens were incubated overnight at 4 °C with chicken anti-MAP2 (1:2000; 

Chemicon, Millipore, Billerica, MA, USA). After washing 3 times with PBST for 10 

minutes, cells were incubated for 1.5 h at room temperature in 4 % NGS containing the 

appropriate secondary antibody (Alexa-647, 1:2000; Molecular probes, Invitrogen, 

Eugene, OR, USA). The specimens were then washed three times with PBS for 15 

minutes and mounted on glass slides with Prolong Gold Antifade Reagent (Molecular 

probes, Invitrogen, Eugene, OR, USA). The fluorescence signals were visualized on 

an Olympus IX 81 microscope with a 20x, 0.75 NA objective lens and images were 

captured with a CCD camera (Princeton MicroMax, Roper Scientific). Image analysis 
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was performed using ImageJ. The density of synapses along dendrites was 

determined by manual counting. All data processing was performed using Microsoft 

(Seattle, WA, USA) Excel, KaleidaGraph (Synergy Software, Reading, PA, USA) and 

Prism5 (GraphPad, San Diego, CA, USA). Statistical significance was tested using 

Student’s t-test for two groups with normal distribution and one-way ANOVA with a 

Tukey post hoc test for three or more groups.  
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Part A 
Basic synapse properties in mixed glutamatergic-GABAergic pairs 

To explore the effects of neurotransmitter identity interplay on synaptic 

characteristics, we examined pairs of hippocampal neurons grown on a glial 

microisland (see Materials and Methods), where one cell was glutamatergic and the 

other GABAergic. As shown in Figure 1A, four types of synaptic connections can be 

found in a glutamatergic-GABAergic (glu-GABA) pair. To characterize the synaptic 

properties at each of the four types of connections, we pharmacologically separated 

the postsynaptic current (PSC) and readily releasable pool (RRP) responses for 

glutamatergic and GABAergic connections by consecutively applying the GABAA 

receptor antagonist bicuculline and the glutamatergic receptor antagonist kynurenic 

acid (30μM and 3mM, respectively; Fig. IIIA.1B).  

To examine whether the postsynaptic neuron’s neurotransmitter phenotype 

influences synaptic parameters of the presynaptic neuron, we compared the 

amplitudes of output PSCs (sum of autaptic and heterosynaptic PSCs) and the sizes of 

output RRPs (sum of the autaptic and heterosynaptic hypertonic sucrose-evoked 

responses) from heterotypic glu-GABA neuronal pairs to the amplitudes of output 

PSCs and the sizes of input RRPs from homotypic (glu-glu or GABA-GABA) pairs. The 

input RRP in a homotypic pair is the sum of autaptic and heterosynaptic connections 

onto a neuron, as the contribution of each neuron is not pharmacologically 

distinguishable in this configuration. However, the amplitudes of output PSC and sizes 

of input RRP were comparable between the two neurons in glu-glu (output PSC: p = 

0.78; input RRP: p = 0.72) or GABA-GABA pairs (output PSC: p = 0.20; input RRP: p = 

0.21). Therefore, we assumed that the sizes of output RRP were comparable to the 

sizes of input RRP in glu-glu and GABA-GABA pairs. We found that in glutamatergic 

neurons, the output excitatory postsynaptic currents (EPSCs) and output RRPs were 

similar with either a glutamatergic or GABAergic partner neuron (Fig. IIIA.1C). 

Conversely, while the GABAergic neurons displayed similar output inhibitory 

postsynaptic current (IPSC) responses in glu-GABA and GABA-GABA cell pairs, the 

output RRP sizes increased 2.5±0.3 fold with glutamatergic input (glu-GABA pair) 

compared to GABAergic input (GABA-GABA pair; Fig. IIIA.1C).   
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Figure IIIA.1 GABAergic output is modulated by glutamatergic input in glu-GABA 
pair.  
(A) A schematic diagram illustrating four different synaptic connections in a glu-GABA 

neuronal circuit. The axon from a glutamatergic or a GABAergic neuron makes 

synapses onto itself and the partner neuron. 1: GABA autapse; 2:GABA 

heterosynapse; 3: glu heterosynapse; 4: glu autapse. (B) Representative traces of 

evoked PSCs and sucrose responses from paired recording of a GABAergic (upper 

traces) and glutamatergic (lower traces) neuron pair. Responses from autaptic and 

heterosynaptic connections of each cell and were recorded in the presence of 

kynurenic acid (B1) or bicuculline (B2). Arrow indicates 2 ms somatic depolarization. 

The number under each trace represents the synaptic connections shown in (A). (C) 

Bar graph showing the mean output PSC (EPSC, IPSC) amplitudes and output RRP 

charges measured in heterotypic neuronal pairs normalized to those recorded in 

homotypic pairs from the same culture (red dashed line). All values are mean ± SEM. 
***p " 0.001. Numbers in bar graphs are n values. 
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Glutamatergic input modulates the efficiency of GABAergic synapses 

An increase in the GABAergic RRP size with no change in synaptic output 

IPSCs with glutamatergic innervation suggests a change in synaptic efficiency. To 

study synaptic efficiency, we measured the vesicle release probability (Pvr) and paired-

pulse ratio (PPR) of glutamatergic and GABAergic neurons in glu-GABA pairs, glu-glu, 

and GABA-GABA pairs. Indeed, we found that the GABAergic synapses in glu-GABA 

pairs displayed significantly lower Pvr and higher PPR compared to GABA-GABA pairs 

(Fig. IIIA.2A, IIIA.2B; Pvr: GABA-GABA 20.6 ± 1.6 %; glu-GABA 9.7 ± 0.6 %; p < 

0.0001; PPR: GABA-GABA 0.49 ± 0.02; glu-GABA 0.72 ± 0.02; p < 0.0001). 

Conversely, in glutamatergic neurons, the output Pvr and PPR values were comparable 

in either glu-glu or glu-GABA pairs (Fig. IIIA.2A, IIIA.2B; Pvr: glu-glu 5.9 ± 0.5 %; glu-

GABA 6.8 ± 0.5 %; p = 0.24; PPR: glu-glu 1.32 ± 0.04; glu-GABA 1.27 ± 0.03; p = 

0.23). This suggests that while glutamatergic innervations to a GABAergic neuron may 

increase the total vesicles available for release, it decreases the release probability for 

each vesicle. 

To examine if the decrease in GABAergic synaptic efficiency in the glu-GABA 

pair is target cell specific, we compared the Pvr and PPR from the four connections in 

glu-GABA pairs to those in glu-glu and GABA-GABA pairs. While the overall efficiency 

of GABAergic output Pvr and PPR decreased upon glutamatergic innervations, the Pvr 

and PPR of GABAergic autapses and heterosynapses were comparable within each 

pair configuration (Fig. IIIA.2C). Glutamatergic autapses and heterosynapses showed 

similar Pvr and PPR values both within and between glu-GABA and glu-glu pairs (Fig. 

IIIA.2C). These data suggest that the decrease in synaptic release efficiency that 

occurs in GABAergic synapses in response to glutamatergic input happens in a cell-

wide manner and is not target cell specific.  
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Figure IIIA.2 Glutamatergic input affects GABAergic synaptic efficiency in glu-
GABA pair. (A) Representative traces of paired-pulse EPSC (left) and IPSC (right) 

traces from heterosynaptic connections in homotypic (glu-glu, GABA-GABA; red 

traces) and heterotypic (glu-GABA; black traces) pairs. (B) Bar graph showing the Pvr 

and PPR in either glutamatergic or GABAergic neurons in glu-GABA pairs normalized 

to the mean value from homotypic pairs from the same culture (red dashed line). ***p " 

0.001. (C) Bar graph showing the autaptic PPR and Pvr in glu-GABA neuronal pairs 

normalized to the heterosynaptic PPR and Pvr in glu-GABA neuronal pairs from the 

same pair (grey dashed line).  All values are mean ± SEM. Numbers in bar graphs are 

n values. 
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Increased GABAergic synapse number contributes to increased RRP size 
The larger output RRP sizes of GABAergic neurons with glutamatergic 

innervation may suggest proliferation of GABAergic synapses. To test this, we 

compared the total synapse numbers using immunocytochemical methods (Fig. 

IIIA.3A). We measured total synapse glutamatergic and GABAergic number using 

VGLUT1 and VGAT staining, respectively. In isolated glutamatergic neurons, the 

glutamatergic synapse number was comparable to the number of glutamatergic 

synapses in glu-GABA pairs and the synapse number per cell in glu-glu pairs (total 

number of VGLUT1 positive synapses divided by two; Fig. IIIA.3B). In contrast, the 

number of GABAergic synapses in glu-GABA pairs was significantly larger than the 

synapse number of single GABAergic neurons and the synapse number per cell in 

GABA-GABA pairs (total number of VGAT positive synapses divided by two; Fig. 

IIIA.3C). This suggests that in the two-neuron microcircuit a glutamatergic neuron 

makes the same total number of synaptic contacts independent to the postsynaptic 

neuron. However, the GABAergic neuron in a two-neuron microcircuit makes a higher 

number of total synaptic contacts with glutamatergic input. 
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Figure IIIA.3 Glutamatergic input causes increase in number and density of 
GABAergic synapses. (A) Representative images showing co-localization of VGLUT1 

(red) and VGAT (green) with MAP2 (blue) immunofluorescence signals in a glu-GABA 

neuronal pair. Scale bar = 25 µm. (B) Bar graph showing the total number of VGLUT1 

puncta makes from a glutamatergic neuron alone, glu-GABA neuronal pairs and glu-

glu neurons. Noted that VGLUT1 puncta number per neuron is shown for glu-glu pairs. 

(C) Same as (B) for the number of VGAT puncta makes from GABAergic neurons. **p " 

0.01; ***p " 0.001. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 



! %"!

Neuronal activity is required for the modulation of GABAergic synapse 
formation and function in glu-GABA pairs 

 How do the inputs from glutamatergic neurons modulate the synapses of 

GABAergic neurons? One possible mechanism may involve increased neuronal 

activity, as this has been found to modulate glutamatergic and GABAergic synapse 

formation and function in mass culture preparations (Burrone et al., 2002; Hartman et 

al., 2006). To test this, we blocked neuronal activity with tetrodotoxin (TTX, 0.5 µM) 

treatment of our cultures at 6-7 days in vitro (DIV), 6 days before recording. We found 

that TTX treatment blocked the effect of glutamatergic innervations on GABA synapse 

formation and function, as the GABAergic RRP size in TTX-treated glu-GABA pairs 

was similar to that in GABA-GABA pairs with and without TTX treatment (Fig. IIIA.4A). 

Furthermore, the GABAergic synapse density was significantly decreased compared to 

that in untreated pairs (Fig. IIIA.4B). Total number of synapses for a given presynaptic 

neuron was significantly decreased in GABAergic neurons but not in glutamatergic 

neurons (glutamatergic, non-treated: 536 ± 98 and TTX: 489 ± 92; p = 0.74; 

GABAergic, non-treated: 1027 ± 177 and TTX: 425 ± 68, p =0.0089).  Our findings are 

consistent with previous work showing that suppression of network activity leads to a 

decreased density of GABAergic synapses in mass cultures (Hartman et al., 2006). 

Furthermore, we tested the effect of TTX treatment on the output of each neuron in the 

glu-GABA pair. Pvr and PPR of GABAergic neurons in TTX-treated glu-GABA pairs 

were also reversed compared to the level of GABA-GABA pairs with and without TTX 

treatment (Fig. IIIA.4C-D). TTX treatment did not affect the Pvr of glutamatergic 

neurons in either glu-GABA or glu-glu pair configurations (non-treated, Pvr: glu-GABA: 

6.2 ± 0.6 %; glu-glu: 5.9 ± 0.5 %; p = 0.07; TTX: Pvr, glu-GABA: 5.3 ± 0.6%; glu-glu: 5.0 

± 0.7 %; p = 0.3).  

 Next we decreased neuronal activity by blocking ionotropic glutamate receptors 

using NBQX (10µM) and APV (50µM) treatment during synapse development (6-7 

DIV, 6 days before recording). Again we found that GABAergic neurons in antagonist-

treated glu-GABA pairs had decreased output RRP, PPR and increased Pvr with 

respect to untreated pairs (Fig, IIIA.4A, IIIA.4C-D, respectively), but we saw no change 

in the glutamatergic synapse properties (non-treated, output RRP: 0.97 ± 0.1 nC; 
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NBQX/APV (N/A), output RRP: 1.23 ± 0.1 nC; p = 0.28; non-treated, Pvr: 6.2 ± 0.6 %; 

N/A, Pvr: 5.15 ± 0.9 %; p= 0.23; non-treated, PPR: 1.30 ± 0.1; N/A, PPR: 1.32 ± 0.1; p 

= 0.90). Thus, chronic activity blockade reversed the synaptic output of GABAergic 

neurons that we observed in glu-GABA pairs to the level of GABA-GABA pairs. 

Specific inhibition of GluA2-lacking AMPA receptors with philanthotoxin-433 treatment 

during development (10 µM, 6 days before recording) also impaired the GABAergic 

output modification by decreasing RRP sizes and increasing synaptic efficiency (data 

not shown; see Discussion). This indicates that GABAergic synaptic output 

modification in glu-GABA pairs requires neuronal activity and ionotropic glutamatergic 

receptor activation. Furthermore, the lack of effect in glutamatergic neurons suggests 

that glutamatergic synapse formation does not require neuronal activity as suggested 

by previous studies (Craig et al., 1994; Rao and Craig, 1997; Gomperts et al., 2000). 
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Figure IIIA.4 Activity modulates GABAergic synapse properties in glu-GABA 
pair.  
(A) Bar graph showing the mean GABAergic output RRP charges measured in glu-

GABA pairs without (white) and with TTX (black) or NBQX/APV (grey) treatment and in 

untreated GABA-GABA pairs (green). **p " 0.01. (B) Bar graph showing the mean 

GABAergic synapse density (number of synapses per 100 μm of dendritic length) of 

autapses and heterosynapses in glu-GABA pairs without and with TTX treatment. ***p " 

0.001. (C) Representative paired-pulse IPSC traces recorded from glutamatergic 

neurons in untreated (dash), TTX-treated  (black) and NBQX/APV-treated (grey) glu-

GABA pairs. (D, E) Bar graph showing the mean values of GABAergic PPR (D) and Pvr 

(E) measured in glu-GABA pairs without and with TTX or NBQX/APV treatment and 

untreated in GABA-GABA pairs. *p " 0.05; **p " 0.01; ***p " 0.001. All values are mean ± 

SEM. Numbers in bar graphs are n values. 
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Neuronal activity is required for the modulation of glutamatergic input onto 
GABAergic neurons in glu-GABA pairs 

Next we determined whether postsynaptic response properties were also altered 

in glu-GABA pairs. We examined miniature postsynaptic currents (mPSCs), which 

provide insight into postsynaptic receptor density and composition. Autaptic mEPSCs 

responses in glu-GABA pairs were similar to mEPSCs in glu-glu pairs (25.72±1.5 pA 

and 24.6±1.6 pA, respectively; p = 0.36). However, mEPSCs onto GABAergic neurons 

showed significantly increased amplitudes (Fig. IIIA.5A, 5B) and faster decay kinetics 

(1.9±0.1 ms, n=19 compared to mEPSC onto glutamatergic neurons 3.4±0.2 ms, 

n=21; p < 0.0001), effects that could be due to a different AMPA receptor composition 

in GABAergic neurons, presumably including the GluA2-lacking AMPA receptor 

(Geiger et al., 1997). The mIPSCs in glu-GABA pairs were similar in amplitude and 

decay time constant regardless of the postsynaptic neuron identity (autaptic: 41.8 ± 5.4 

pA; heterosynaptic: 37.9 ± 4.3 pA). We also did not observe a change in mIPSC decay 

time constant (data not shown). 

Interneurons have been shown to express GluA2-lacking AMPA receptors in situ 

(Geiger et al., 1995; Isaac et al., 2007). However, it is undetermined whether this is 

due to a cell autonomous program that is set up in early development or whether it is 

neuronal activity dependent. To test this, we studied the effect of chronic activity 

blockade on glutamatergic input onto GABAergic neurons in our two-cell culture 

system. TTX treatment (DIV 6-12) led to a significant decrease of mEPSC amplitudes 

onto GABAergic neurons (Fig. 5A) and slowing of the mEPSC decay time constant 

(non-treated: 1.9±0.1 ms; TTX: 3.4±0.3 ms; p= 0.0005), reaching values similar to 

those seen in the other glutamatergic synapses, which argues for a change in AMPA 

receptor composition. However, blocking ionotropic glutamate receptors did not 

change the properties of mEPSCs onto GABAergic neurons (Fig, IIIA.5A).  Thus, 

glutamatergic input modifies postsynaptic glutamate responses in GABAergic neurons 

in an activity-dependent manner, which requires action potential (AP) generation. In 

contrast, autaptic mEPSCs in glu-GABA pairs were not affected by neuronal activity 

blockade with TTX or ionotropic glutamate receptor antagonist treatment (Fig. IIIA.5A), 

nor were mIPSC amplitudes of either synapse type (autaptic: 37.4 ± 1.8 pA; 

heterosynaptic: 43.4 ± 2.5 pA). The lack of change in autaptic mEPSC amplitude with 
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activity blockade suggests our two-cell culture system is lacking homeostatic synaptic 

plasticity (Turrigiano et al., 1998; Turrigiano and Nelson, 2004). 

Synapses containing GluA2-lacking AMPA receptors exhibit inwardly rectifying 

postsynaptic responses (Jonas and Burnashev, 1995). Therefore, in order to further 

characterize the differences in AMPA receptor composition on GABAergic and 

glutamatergic neurons, we compared EPSC rectification in glu-glu and glu-GABA 

pairs. In glu-glu pairs, the EPSC in glutamatergic neurons exhibited a linear current-to-

voltage relationship (Fig. IIIA.5C). In glu-GABA pairs, the EPSC in GABAergic neurons 

was partially inward rectifying (Fig. IIIA.5D) indicating the expression of GluA2-lacking 

AMPA receptors on GABAergic neurons. This rectification was abolished when 

neuronal activity was blocked by TTX treatment but not by ionotropic glutamate 

receptor antagonists, NBQX/APV (Fig. IIIA.5D). Therefore, these data indicate that 

neuronal activity but not the activation of ionotropic glutamate receptor shapes the 

GABAergic neuron’s response to glutamatergic input.  

Further analysis of the mPSC events revealed that mEPSC frequency (in glu-

GABA pairs) was unchanged by pharmacological treatment (TTX: 11.2±1.3 Hz, n=20; 

no TTX: 15.1±1.8 Hz, n=19, p = 0.08), but, analogous to the modification of RRP size, 

the frequency of mIPSCs was significantly reduced in the TTX treated group (TTX: 

5.1±0.8 Hz, n=22; no TTX: 9.1±1.4 Hz, n=22, p = 0.01). 
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Figure IIIA.5 Activity-dependent modulation of glutamatergic input onto GABA 
neurons. (A) Representative traces of mEPSCs recorded from glutamatergic (A: 

glutamatergic autapse; top) and GABAergic (H: glutamatergic heterosynapse; bottom) 

neurons without TTX (control, black) and with TTX (blue) treatment. (B) Bar graph 

showing the mean mEPSC amplitudes measured in glutamatergic (A) and GABAergic 

(H) neurons in glu-GABA pairs without and with TTX or NBQX/APV (grey) treatment. *p 

" 0.05; ***p " 0.001. (C) Current-to-voltage relationship of the heterosynaptic 

connection in glu-glu pairs without (control) and with TTX or NBQX/APV treatment. (D) 

Same as (C) with the glutamatergic heterosynaptic connection to GABAergic neurons 

in glu-GABA pairs. All values are mean ± SEM. Numbers in bar graphs are n values. 
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Glutamatergic neuronal activity is required for the modulation of GABAergic 
synapse formation and function  

As described above, inhibition of global neuronal activity resulted in a decreased 

GABAergic synapse number along with increased synaptic efficiency in our two-

neuron microcircuit. We aimed to study which cell that’s activity is required to modulate 

GABAergic synaptic properties. By taking the advantage of our two-neuron culture 

system, we suppressed either glutamatergic or GABAergic neuronal activity by cell 

type specific overexpression of the inward rectifying potassium channel, Kir2.1 (see 

Materials and Methods; (Burrone et al., 2002)). Then we examined the GABAergic 

synaptic output and input properties. Consistent with previous studies (Burrone et al., 

2002), Kir2.1 expressing cells showed an inwardly rectifying current-to-voltage 

relationship (data not shown), reduced input resistance (37% and 27% decrease in 

glutamatergic and GABAergic neurons, respectively) and a hyperpolarized resting 

membrane potential compared to control cells (-20mV relative to the control). 

We found that if Kir2.1-expressing cells were glutamatergic, the GABAergic 

output RRP sizes were significantly reduced compared to the control group (Fig. 

IIIA.6A). Consistent with our findings in Figure 4, reduced GABAergic RRP sizes 

exhibited increased synaptic efficiency, as indicated by a reduced PPR (Fig. IIIA.6B). 

However, these changes were not observed in pairs with a Kir2.1-expressing 

GABAergic neuron (Fig. IIIA.6A, B). Importantly, the glutamatergic neurons showed no 

change in output RRP or PPR regardless of whether they or the GABAergic neuron in 

the pair expressed Kir2.1 (output RRP: ctl 1.1 ± 1.3 nC, Kir2.1 in glu 1.1 ± 0.3 nC; p = 

0.99; ctl 1.0 ± 0.2 nC, Kir2.1 in GABA 1.3 ± 0.2 nC; p = 0.28. PPR: ctl 1.4 ± 0.1, Kir2.1 

in glu 1.4± 0.1; p = 0.77; ctl 1.1 ± 0, Kir2.1 in GABA 1.3 ± 0.1; p = 0.08). 

Furthermore, in glutamatergic Kir2.1-expressing glu-GABA pairs the mEPSCs 

recorded in GABAergic neurons had strongly reduced amplitude compared to the 

equivalent connection in control glu-GABA pairs, while the autaptic mEPSC were not 

affected by Kir2.1 expression (Fig. IIIA.6C). Additionally, the difference in decay time of 

mEPSCs on GABAergic neurons compared to mEPSCs on glutamatergic neurons was 

abolished in glutamatergic Kir2.1-expressing glu-GABA pairs (decay time constant: 

control glu autapse: 3.5 ± 0.1 ms, n=16; control glu heterosynapse: 2.7 ± 0.2 ms, 
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n=15; p = 0.0004; Kir2.1 glu autapse: 3.4 ± 0.1 ms, n=15; Kir2.1 glu heterosynapse: 

3.1 ± 0.3 ms, n=14; p = 0.31). However, in GABAergic Kir2.1–expressing glu-GABA 

pairs, the mEPSCs onto GABAergic or glutamatergic neurons were comparable to 

their respective group in control glu-GABA pairs (Fig. IIIA.6D). Therefore, these data 

indicate that in glu-GABA pairs the output, such as RRP size and vesicle release 

efficiency, from and the synaptic input onto the GABAergic neuron are shaped by 

activity of the glutamatergic neuron.  
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Figure IIIA.6 Suppression of glutamatergic neuronal activity by Kir2.1 expression 
modulates GABAergic input and output in glu-GABA pairs. (A, B) Bar graphs 

showing the mean GABAergic output RRP charges (A; red connection in scheme) and 

PPR (B) with either a Kir2.1 expressing (+) or a control vector infected (-) 

glutamatergic (green) or GABAergic (blue) neuron. **p " 0.01. (C) Bar graph showing 

the mean values of mEPSC amplitudes measured in glutamatergic (A) or GABAergic 

(H) neurons in glu-GABA pair with a Kir2.1 expressing (+) or control vector infected (-) 

glutamatergic cell. *p " 0.05; **p " 0.01. (D) Bar graph showing the mean values of 

mEPSC amplitudes measured in glutamatergic (A) or GABAergic (H) neurons in glu-

GABA pair with a Kir2.1 expressing (+) or control vector infected (-) GABAergic cell. *p 

" 0.05; **p " 0.01. All values are mean ± SEM. Numbers in bar graphs are n values. 
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Part B 
Basic properties of synapses in pairs of neurons 

Before utilizing mixed cultures from wild type (WT) and mutant tissue, we 

examined basic properties of synaptic connections between pairs of WT glutamatergic 

neurons in comparison to autaptic connections from single WT neurons (Fig. IIIB.1A). 

In paired recordings we stimulated action potential induced EPSCs sequentially from 

both neurons and analyzed the responses at all four principal connections (Fig. IIIB. 

1B).  

    The output EPSC amplitude defined as the sum of a neuron’s evoked response onto 

itself (autaptic) and onto the second neuron (heterosynaptic), was nearly identical in 

size to the autaptic EPSC amplitude measured from single neurons (mean output 

EPSC amplitude, 4.7±0.6 nA; mean autaptic EPSC amplitude, 4.6±0.6 nA; Fig. 

IIIB.1C). Using pulsed application of 500 mOsm hypertonic solutions, we also 

determined the input RRP, representing all fusion competent vesicles from incoming 

synapses contacting to a single postsynaptic neuron (Fig. IIIB.1B). The input RRP size 

was comparable to the RRP size from single neuron cultures (mean input RRP charge, 

633 ± 98 pC; mean autaptic RRP charge, 602 ± 95 pC; Fig. IIIB.1C). We calculated the 

input vesicular release probability (Pvr) by dividing input EPSC charge by input RRP 

charge, and the computed mean input Pvr value was similar to the Pvr of single autaptic 

neurons (mean input Pvr: 5.9±0.5 %; mean autaptic Pvr: 6.7±0.7 %; Fig. IIIB.1C). Thus, 

synaptic output or mean vesicle release probability of a cultured glutamatergic neuron 

does not further change upon addition of a second glutamatergic neuron.  
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Figure IIIB.1 Synaptic properties of autapses and heterosynapses in single and 
two-neuron cultures. (A) Schematic diagrams of a single and a two-neuron circuit 

illustrating the autaptic and heterosynaptic connections, the output excitatory 

postsynaptic current (output EPSCs), input EPSC and the input readily releasable pool 

(input RRP). (B) Current recordings from a pair of glutamatergic neurons. An action 

potential is evoked (arrow) in cell A leading to an autaptic response and a 

heterosynaptic response in cell B. After 2 s, an action potential is evoked in cell B 

leading to reciprocal responses. The colored traces correspond to the colored box in a 

larger scale. After another 3 s, hypertonic sucrose solution is applied for 4 s, which 

probes the input RRP response in both cells (blue traces). (C) Bar graph comparing 

the output and input EPSC, input RRP and vesicular release probability (Pvr) 

responses from pairs and single autaptic glutamatergic neurons by normalizing their 

responses to the corresponding single neuron recordings (mean ± SEM). Output 

EPSCs were calculated by adding the autaptic and heterosynaptic EPSC amplitudes 

evoked by an individual presynaptic neuron. Input EPSCs were calculated by adding 

the autaptic and the reciprocal heterosynaptic EPSC amplitudes. Input Pvr was defined 

as the input RRP released per input EPSC charge. The number of pairs/cells 

(black/red) recorded is indicated in the graph.  
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Loss of MeCP2 impairs synaptic output but not input 
From previous work in single autaptic glutamatergic neurons, we know that 

MeCP2 deficiency led to half the number of glutamatergic synapses and evoked EPSC 

amplitude; while two-fold MeCP2 overexpression showed double the synapse number 

and EPSC amplitude (Chao et al., 2007). It is currently unclear from these experiments 

whether the rate limiting regulation of synapse number is determined at the pre- or 

postsynaptic site. Therefore, we used WT/MeCP2 mutant pairs to address this 

question. Two possible scenarios exist: if MeCP2 regulates a set of rate limiting factors 

at the postsynaptic site, synaptic input onto MeCP2 mutant neuron would be affected. 

It can be examined by comparing the input RRP and input spontaneous release 

frequency between the MeCP2 mutant neuron and wild type neuron.  On the other 

hand, if MeCP2 has a rate limiting effect at the presynaptic site, synaptic output from 

MeCP2 mutant neuron would be affected. It can be examined by comparing the size of 

the output EPSC from the MeCP2 mutant neuron to the partner wild type neuron. We 

paired glutamatergic neurons from WT mice with neurons from MeCP2 mutant mice, 

which either express no MeCP2 (MeCP2-KO) or twice as much as wild type (MeCP2-

overexpressing) (see Methods). We examined synaptic input and output EPSC as well 

as input RRP from each pair of WT/MeCP2-mutant neurons on a microisland. 

In WT/MeCP2-KO neuron pairs, mutant neurons showed a nearly two-fold 

smaller output EPSC amplitude (Fig. 2B; p < 0.01, unpaired two-tail t test) but showed 

no change in input EPSC amplitude (Fig. IIIB.2C) and input RRP size (Fig. IIIB.2D). In 

WT/MeCP2-overexpressing neuron pairs, mutant neurons displayed a 1.5 fold larger 

output EPSC amplitude than wild type neurons (Fig. IIIB.3B; p < 0.01, unpaired two-tail 

t test); while input EPSC amplitude (Fig. IIIB.3C) and the size of input RRP (Fig. 

IIIB.3D) again did not show significantly difference between the two neurons. These 

data clearly demonstrate that MeCP2 levels regulate synaptic output, presumably 

through limiting a set of presynaptic factors that regulate synapse numbers.  

 
The interaction between MeCP2 mutant and wild type neurons does not affect  
presynaptic release efficiency 

While changes in MeCP2 expression do not affect release efficacy under the cell 

autonomous condition of single cell autaptic cultures, it remains to be determined 
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whether this also holds true in networks with mixed wild type and mutant neurons, as 

the MeCP2 deficiency is mosaic in RTT female patients. Indeed, measurements from 

MeCP2 deficient brain slices display profoundly altered short-term and long-term 

plasticity changes (Asaka et al., 2006), and alteration in synaptic output may influence 

target specificity. Therefore, we addressed the question of modulation of short-term 

plasticity and target specificity question in the mixed two-neuron network preparation.  

We computed the presynaptic Pvr by comparing the input EPSC charge and the 

input RRP charge of WT or MeCP2 mutant neuron. The mean input Pvr measurement 

in wild type and mutant mixed pairs showed no difference (Fig. IIIB.2E and IIIB.3E). 

Since the input Pvr does not distinguish between wild type and mutant synapses, we 

compared paired-pulse rarios (PPRs) of each of the 4 connections, as this parameter 

is an excellent predictor for release efficiency (Fig. IIIB.4A). In both mixed WT/MeCP2-

KO and WT/MeCP2-overexpressing mutant pairs, PPRs from MeCP2 mutant neurons 

was no significant different compare to the partner wild type neurons (Fig. IIIB.4B and 

IIIB.4C). In addition, we did not observe differences in PPRs between autaptic and 

heterosynaptic connections both in wild type and MeCP2 mutant neurons (Fig. IIIB.4B 

and IIIB.4C).           
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Figure IIIB.2 Synaptic properties of wild type and MeCp2 KO neurons in two-
neuron cultures. 
(A) Current recordings from a pair of wild type (black trace) and MeCP2 KO (grey 

trace) neurons. (B) Bar graphs show mean output EPSC amplitude from wild type 

(black bar) and MeCP2-KO (grey bar) neuron pair. Number of paired neuron analyzed 

(n) show on the top. (C) Bar graphs show mean input EPSC amplitude. (D) Bar graphs 

show mean input RRP. (E) Bar graphs show mean input Pvr.  
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Figure IIIB.3 Synaptic properties of wild type and MeCP2 Tg1 neurons in two-
neuron cultures. 
(A) Current recordings from a pair of wild type (upper trace) and MeCP2 Tg1 (lower 

trace) neurons. (B) Bar graphs show mean output EPSC amplitude from wild type and 

MeCP2 Tg1 neuron pair. Number of paired neuron analyzed (n) shown in the top. (C) 

Bar graphs show mean input EPSC amplitude. (D) Bar graphs show mean input RRP. 

(E) Bar graphs show mean input Pvr.  
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Fig. IIIB.4 PPRs of synaptic connections in wild type and MeCP2 mutant two-
neuron circuit. (A) Upper, representative autaptic (A) and heterosynaptic (H) current 

traces from a pair of neurons stimulated under a paired pulse stimulation regime 

(interval 25 ms). Depolarization artifact and action potential are blanked. Bottom. Bar 

graphs show autaptic and heterosynaptic EPSC paired-pulse ratios (PPRs) from 

neuronal pairs and autaptic PPRs from single-neuron recordings (mean ± SEM). 

Numbers of pairs/cells are shown in the graph. (B) and (C), Bar graph of autaptic and 

heterosynaptic EPSC paired-pulse ratios (PPRs) from wild type and MeCP2-KO or WT 

and MeCP2-Tg1 neuronal pairs (mean ± SEM).  
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Chapter IV 

Conclusion, Discussion and Future Direction 
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A. Investigation of synapse formation and function in glutamatergic-GABAergic 
two-neuron microculture 
 Precise balance between excitatory and inhibitory activity is critical for proper 

information processing. Functional impairment in either excitation or inhibition may 

affect the overall synaptic connection and properties in the neuronal circuit, therefore 

leads to neurological disorder such as seizure, Rett syndrome, autisms and Down 

syndrome (Dani et al., 2005; Kuzirian and Paradis, 2011; Banerjee et al., 2012). Hence, 

elucidating the basic rules that govern excitatory and inhibitory synapse connections 

and functions is not only critical for understanding neuronal circuit formation but also 

may shed light onto the pathogenesis of the related neurological disorders.  

In this dissertation (Chapter IIIA), we used the two-neuron microcircuit to 

investigate synaptic formation and function in a reduced network of glutamatergic and 

GABAergic neurons (Chapter IIIA). We show that in a glutamate-GABA microcircuit, 

while glutamatergic neurons remained insensitive to glutamatergic or GABAergic 

innervation, the GABAergic neurons exhibited modulation of both synaptic input and 

output properties in a manner consistent with GABAergic synapse maturation in vivo 

(Marty et al., 2000; Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004), which we 

show was due to glutamatergic input. GABAergic input modulation required AP firing of 

glutamatergic neurons, which led to a switch of postsynaptic AMPA receptor 

composition from linear to inward rectifying (Fig. IIIA.5).  GABAergic output changed 

through an expansion of synapse number accompanied by reduced release efficacy 

(Fig. IIIA.2 and IIIA.3). Both AP firing of glutamatergic neurons and glutamate receptor 

activation were required to induce output modulation (Fig.IIIA.4 and IIIA.5). The 

changes initiated in the GABAergic neuron were cell-wide and not target cell specific 

with regard to neurotransmitter identity, possibly suggesting the activation of a different 

genetic program with excitatory input. To the contrary, no change in the synaptic 

output or input of the glutamatergic neuron regardless of partner or activity level 

suggests that this cell type’s intrinsic program does not require input for activation.  
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1. Mechanism of output modulation 
The emergence of glutamatergic input onto GABAergic neurons increased the 

number of GABAergic synapses but at the same time decreased their efficiency of 

release. Interestingly, both increased synaptogenesis (Marty et al., 2000; 

Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004) and decreased release 

probability (Morales et al., 2002; Jiang et al., 2005; Tang et al., 2007) have been 

reported separately as hallmarks of GABAergic neuron maturation in the developing 

hippocampus and cortex. The modulation we observed required AP firing and the 

activation of ionotropic glutamate receptors (Fig. IIIA.5). Chronic blockade of Ca2+ 

permeable AMPA receptors also impaired the GABAergic output modification (data not 

shown), although it is unclear whether this was due to impaired Ca2+ influx into the 

GABAergic neuron or reduced overall excitatory input. As for neuronal activity, 

expression of Kir2.1 in glutamatergic neurons alone reversed the GABAergic output 

properties, while expression of Kir2.1 in the GABAergic neuron did not. However, in 

the latter configuration, we still cannot rule out the possibility that the large input from 

the partner glutamatergic neuron in the microcircuit evokes firing in the GABAergic 

Kir2.1 neuron. Furthermore, we found that activity suppression in the glutamatergic 

neuron by Kir2.1 expression did not affect its own synapse formation and function, 

which is consistent with previous findings (Craig et al., 1994; Rao and Craig, 1997; 

Gomperts et al., 2000).  

What is the mechanism for the reduced vesicle release probability accompanying 

the increased GABAergic synapse number? The simplest explanation may be that 

while making additional synapses requires the up regulation of hundreds of genes, 

gene products affecting synaptic output such as voltage-gated channels may not be up 

regulated proportionately leading to their dilution over more synapses. Alternatively, 

active mechanisms could explain this result. For example, presynaptic release 

probability changes, attributed to active Ca2+ modulation, are observed when 

postsynaptic excitability is altered in Drosophila neuromuscular junction (Paradis et al., 

2001) or global network activity is blocked in culture (Zhao et al., 2011).  
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2. Postsynaptic modulation of glutamatergic input onto GABAergic neuron 
Glutamatergic input is required for clustering AMPA receptors on hippocampal 

GABAergic neurons (Rao et al., 2000). We found that glutamatergic input also 

regulates the functional properties of these AMPA receptors. Glutamatergic responses 

in GABAergic neurons of the two-neuron microcircuit show inward rectification, large 

mEPSC amplitudes and faster decay kinetics (Fig. IIIA.5), which is reminiscent of the 

GluA2-lacking AMPA receptor composition often observed in GABAergic neurons 

(McBain and Dingledine, 1993; Geiger et al., 1995; Isa et al., 1996; Racca et al., 1996; 

Liu and Cull-Candy, 2000). However, when AP firing in glutamatergic neurons was 

impeded, the AMPA receptor responses in GABAergic neurons showed characteristics 

of GluA2-containing AMPA receptors (Fig. IIIA.6). We suggest that the default AMPA 

receptor composition of synapses on GABAergic neurons is GluA2-containing, and 

incorporation of GluA2-lacking AMPA receptors depends on glutamatergic neuronal 

activity and synaptic contact. The transition from Ca2+ impermeable to Ca2+ permeable 

AMPA receptors on GABAergic neurons following glutamatergic innervation may mark 

a step in maturation of the GABAergic neuron. This is in contrast to more dynamic 

activity-dependent modification of AMPA receptor composition, such as at the parallel 

fiber to stellate cell synapse in cerebellum, where high frequency stimulation converts 

rectifying receptors to linearly conducting receptors (Liu and Cull-Candy, 2000; Liu and 

Cull-Candy, 2002).  

Interestingly, ionotropic glutamate receptor antagonists did not prevent the 

incorporation of GluA2-lacking receptors into synapses on the GABAergic neurons. 

Thus, initial synaptic contact together with AP firing in the glutamatergic neuron is 

sufficient for incorporation of inward rectifying receptors. This result suggests that 

activity-dependent signals from glutamatergic neurons, such as AP-dependent release 

of trophic factors, might induce the expression of GluA2-lacking AMPA receptors on 

the GABAergic neuron, as has been suggested to occur in glutamatergic neurons 

(Nakata and Nakamura, 2007; Fortin et al., 2012). 

 

3. Cell autonomous regulation in two-neuron culture system 
The properties of in vivo circuits are the result of intrinsic cellular programs and 

extrinsic network effects. In our reduced network environment, we suggest that 
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glutamatergic neurons behave in a cell intrinsic fashion; they showed no change in 

synapse formation or function when cells received inputs from either glutamatergic or 

GABAergic neurons or experienced changes in activity levels (Fig. IIIA.1-3). As further 

evidence of cell intrinsic behavior, we found that the total number of synapses an 

individual glutamatergic neuron makes is not different between single and paired 

neurons. These results suggest that the glutamatergic neuron may be programmed to 

form a fixed number of connections, which is consistent with previous findings for 

glutamatergic neurons in microcircuit (Mennerick et al., 1995) and mass culture 

preparations (Harms et al., 2005). Impeding AP firing in a postsynaptic neuron was 

shown to result in a decrease in glutamatergic synaptic contacts onto that neuron with 

respect to other neurons in the network (Burrone et al., 2002). However, global activity 

blockade does not result in a decrease in glutamatergic synapse formation (Craig et 

al., 1994; Rao and Craig, 1997; Gomperts et al., 2000; Burrone et al., 2002; Wierenga 

et al., 2006; Lu et al., 2013), suggesting the effect of a postsynaptic neuron’s activity 

on synaptic density is network dependent.  

In the traditional sense, the changes induced in GABAergic neurons in response to 

glutamatergic innervation are not cell autonomous in nature. It has been shown that 

silencing neuronal activity inhibits the formation of GABA synapses in a network-

dependent fashion (Marty et al., 2000; Hartman et al., 2006). Consistent with these 

results, we found that the modulation of GABAergic input and output required the 

activity of a glutamatergic neuron (Fig. IIIA.6). Additionally, we interpret these changes 

as a maturational switch between cellular programs by glutamatergic input, as the 

changes were cell wide and not target cell specific. Both autaptic and heterosynaptic 

synapses contacting different postsynaptic cell types exhibited the same synapse 

density and degree of decrease in synaptic release efficiency (Fig. IIIA.2 and IIIA.3). In 

more complex networks, extrinsic factors likely further influence these processes as 

synapse formation and short-term plasticity (Shigemoto et al., 1996; Thomson, 1997; 

Reyes et al., 1998; Scanziani et al., 1998; Gupta et al., 2000; Toth and McBain, 2000; 

Fioravante and Regehr, 2011) exhibit target cell specificity 
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4. Homeostatic plasticity in two-neuron microcircuit 
Synaptic scaling is one type of the synaptic modifications involved in homeostatic 

plasticity. It has been suggested that homeostatic scaling induced by activity blockade 

during synapse development (DIV 6-12) (Turrigiano et al., 1998; Burrone et al., 2002; 

Hartman et al., 2006; Wierenga et al., 2006). However, we did not observe changes in 

the amplitude of mPSCs either for glutamatergic or GABAergic synapses after 

blockade of neuronal activity during synapse formation in our two-neuron culture 

system (Fig. IIIA. 5B and data not shown). The lack of synaptic scaling in the two-

neuron culture system may suggest that the network effects play a role in homeostatic 

regulation of synaptic scaling. 

In addition, several studies have shown that different forms of homeostatic 

plasticity can be induced at different developmental stages of the hippocampal and 

cortical neurons (Burrone et al., 2002; Wierenga et al., 2006). In younger cortical 

neuron cultures (" 14 DIV), global activity blockade for 2 days increases the amplitude 

of mEPSCs without affecting mEPSC frequency. However, global activity blockade for 

2 days in older cultures (# 18DIV) induces an increase in mEPSC frequency, without 

affecting mEPSC amplitude (Wierenga et al., 2006). Therefore, to test in detail whether 

homeostatic plasticity exists in the two-neuron culture system, we could manipulate 

neuronal activity at different time points during development. 

 

5. The types of hippocampal GABAergic neuron are highly diverse 
In the study, we identified the cell types as glutamatergic and GABAergic by their 

functional properties and the expressions of marker proteins. However, in vivo, there 

are diverse types of GABAergic interneurons in the hippocampus (McBain and Fisahn, 

2001; Somogyi and Klausberger, 2005). Interneurons can be broadly classified into 

fast spiking versus non-fast-spiking and soma inhibiting versus dendrite-inhibiting cells. 

Moreover, based on calcium binding proteins (such as parvalbumin, calretinin and 

calbindin) and neuropeptides (such as somatostatin and cholecystokinin), GABAergic 

neurons can be subdivided into large different sets (Freund and Buzsaki, 1996). At 

least two types of GABAergic neurons, namely fast spiking and non-fast spiking 

GABAergic neurons, have been identified in hippocampal autaptic culture system 

(Ikeda et al., 2008). Therefore, one of the future directions would be to categorize the 
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GABAergic synaptic modification by activity of either fast spiking or non-fast spiking 

GABAergic neurons. We could also subdivide the GABAergic neurons by 

neuropeptides or calcium-binding protein markers through post hoc 

immunocytochemistry. 

 
6. Implications for network function 

We have observed the increase of GABAergic neuron synapse formation and the 

decrease of its synaptic efficiency in response to glutamatergic innervations. These 

results would lead to several implications for the in vivo network functions. 

In terms of the effect on synapse formation, consistent with others’ findings (Marty 

et al., 2000; Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004; Hartman et al., 

2006), excitatory input causes an increase in the number of synapses formed by ta 

GABAergic neuron; more postsynaptic neurons will therefore receive inhibition.  

Related to the synaptic efficiency, release efficiency decrease with input activity 

during postnatal development, according to a previous study done in cortical neurons 

(Morales et al., 2002; Jiang et al., 2005; Tang et al., 2007). For example, the release 

probability of GABAergic neurons from visual cortex decrease during maturation (Jiang 

et al., 2005). Such a decrease in release probability during development has also been 

observed in GABAergic neurons of superior colliculus (Kirischuk et al., 2005; Grantyn 

et al., 2011). Since we have observed the synaptic efficiency of these synapses is 

decreased in parallel with increase of synapse number, we propose the inhibitory 

synaptic strength at a single contact in response to a single AP would appear weaker. 

The plastic changes that we observed in GABAergic neurons during maturation 

suggest a higher spatial (synapse number increase) and better temporal inhibition 

(reduced PPD) to higher frequencies, possibly to control neuronal circuit excitability 

during dynamic information processing in vivo. However, glutamatergic neurons 

operate on a fixed cell intrinsic program that governs synapse formation (Lu et al., 

2013) and function. These observations suggest a developmental orchestration 

between glutamatergic and GABAergic neurons for forming a mature neuronal 

network. Taken together, since GABAergic neuronal maturation appears to be 

preserved in the two-neuron microcircuit, this will serve as an excellent model for 

studying synapse formation and function in developing excitatory/inhibitory circuits. 
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B. MeCP2 controls glutamatergic presynapse formation 
 In the second part of my dissertation, we used two-neuron culture to identify the 

origin of the synapse formation deficit in MeCP2 mutant mice. I found that in mixed 

pair of wt/MeCP2-KO neuron pairs, MeCP2-KO neurons showed a decrease in output 

EPSC amplitude compared to wild type neurons. Input EPSC amplitudes and input 

RRP sizes were not affected. In wt/MeCP2-overexpressing neuron pairs, MeCP2-

overexpressing neurons displayed an increase in output EPSC amplitude without 

affecting the input EPSC amplitude or the input RRP size compared to wild type 

neurons. Based on our hypothesis (Introduction, Figure H4a, H4b), these data clearly 

demonstrate that MeCP2 levels regulate output but not input synaptic strength. This 

data strongly suggests that MeCP2 regulates synapse formation through a set of 

presynaptic factors. 

 
1. MeCP2 mutant neurons show defects in synaptic output but not input 

In principle, the defect in synaptic function in individual neuron will eventually 

affect the complete neuronal network. This is exemplified by female (heterozygote) 

RTT patients, whose neurons have a mosaic pattern of wild type and MeCP2 mutant 

expression due to X-chromosome inactivation mutanted (Anvret and Wahlstrom, 1994; 

Amir et al., 2000). Two-neuron microcircuits made up of a wild type and MeCP2 

mutant neuron can serve as a model for such patterns. We observed that the mutant 

neurons showed normal function in receiving input but failed to produce normal levels 

of output synaptic strength (Fig. IIIB.2-3). As a result, this might alter the fidelity of 

signal propagation in the neuronal network. 
Consistent with a previous study using the autaptic culture system (Chao et al., 

2007), the decrease in excitatory synaptic strength (Fig. IIIB.2B) in a MeCP2 deficient 

neuron paired with a wild type neuron was correlated to the decrease in it’s synapse 

number (data not shown). Furthermore, we also did not observe changes in synaptic 

efficiency in MeCP2 KO and MeCP2 overexpression neurons compared to its partner 

wild type neuron (Fig. IIIB.4A and IIIB.4B) (Chao et al., 2007). 

What is the possible mechanism responsible for the synaptic output deficits? It 

was previously shown that a lack of MeCP2 is associated with a decreased number of 

axons (Belichenko et al. 2009) and a defect in axon targeting (Belichenko et al., 2009; 
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Matarazzo et al., 2004). Therefore, one of the possible mechanisms contributing to the 

synaptic output deficiency that we observed in MeCP2 mutant neurons may be 

abnormal axon outgrowth. To verify this mechanism, further experiments are required. 
 

C. Future directions 
1. Understanding the possible mechanisms responsible for modulation of 

GABAergic synapse formation by neuronal activity 
a. BDNF 
We identify a cellular process where innervation of glutamatergic affects 

GABAergic synapse input and output. To search mechanisms, trophic factor BDNF is 

one of the candidates. BDNF can modulate GABAergic synapse properties (Hong et 

al., 2008). BDNF is released from glutamatergic neurons in an activity-dependent 

manner and it contributes to enhance GABAergic synapse formation (Huang et al., 

1999; Marty et al., 2000; Seil and Drake-Baumann, 2000; Chattopadhyaya et al., 

2004). To elucidate the possibility that BDNF is involved, one could knockout the 

BDNF receptors specifically on GABAergic neurons by overexpressing a target cell 

specific virus with siRNA targeting TrkB receptors and examine whether the 

GABAergic synapse formation is altered or not. Furthermore, in parallel, we could also 

examine whether synaptic efficiency, another output phenotype we observed, is 

affected by blocking the BDNF signals in GABAergic neurons.  

 

b. Activity-dependent gene expression in GABAergic neuron 
In response to alteration of neuronal activity, neurons regulate synaptic formation 

and function by changing the gene expression (Ebert et al 2013, West AE 2011). For 

example, activity-dependent release of excitatory neurotransmitters initiates 

membrane depolarization and calcium influx into the cytoplasm. Calcium influx-

triggered calcium-dependent signaling events regulate the expression of transcription 

factors that coordinate genes expression involved in modulation of neuronal function 

(Cohen 2008; Zhang 2011; Flavell 2008). For example, c-fos is involved in regulating 

neuronal structure and function in CNS (Flavell et al., 2008; West and Greenberg 

2011). In addition to transcription factors, it has been shown that Rem2, an activity 

dependent Ras-related small GTPase, regulates GABAergic synapse formation (Finlin 
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et al., 2005; Paradis et al., 2007). Knockout of Rem2 decreases the density of 

GABAergic synapses (Paradis et al., 2007). It will be interesting to examine the 

expression and activity of both reporters in GABAergic neurons that are innervated in 

glutamtergic or GABAergic neurons. 

 

c. Activity-dependent gene expression in glutamatergic neuron 
The synaptic modifications that we observed in GABAergic neurons required input 

activity from glutamatergic neurons and are cell-wide and non-cell type specific (Fig. 

IIIA.4 and IIIA.6). This suggests that the modification of GABAergic synapse formation 

may result from a change of activity-dependent gene expression by the postsynaptic 

neuron. A previous study has shown that Npas4, an activity-dependent transcription 

factor in glutamatergic neurons, is involved in GABAergic synapse formation onto 

glutamatergic neurons (Lin et al., 2008). The knockdown or overexpression of Npas4 

decreases and increases the GABAergic synapse formation onto glutamatergic 

neurons, respectively (Lin et al., 2008). Another transcription factor, myocyte enhancer 

factor 2 (MEF2), has also been suggested to regulate GABAergic synapse formation 

because of its transcriptional regulation of bdnf (Hong et al., 2008; West and 

Greenberg 2011).  

Taking together, future directions that focus on finding activity dependent genes 

either expressed in glutamatergic or GABAergic neurons should help us to elucidate 

the molecular mechanisms by which activity regulates the formation of GABAergic 

synapses. This data might provide some insights into how homeostatic balance is 

regulated between excitation and inhibition. 

 
2. The role of glucocorticoid in MeCP2 mutation mediated synaptic 

dysfunction 
Mutation in MeCP2 causes neurological defects in CNS, which leads to RTT. In 

addition, MeCP2 also involves in modulation of glucocorticoid-system. Two 

glucocorticoid regulated gene products, glucocorticoid-inducible kinase (Sgk1) and 

FK506-binding protein 51 (Fkbp5), are up regulated in MeCP2-null mice (Nuber et al., 

2005). Furthermore, MeCP2 acts as a transcriptional repressor for these two genes 

(Nuber et al., 2005). Therefore, these data indicate that MeCP2 might involve in the 
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negative regulation of glucocorticoid system. Importantly, glucocorticoid antagonist 

treatment rescues the neurological symptoms that have been seen in MeCP2-null 

mice (Braun et al., 2012).  

In order to further study the casual role by glucocorticoid system in MeCP2 

pathophysiology in nervous system, one could examine how glucocorticoid modulates 

the dysfunction of synaptic properties in a cell-autonomous manner that we observed 

in MeCP2 mutant neurons (Chao et al, 2007, Chao et al, 2010). 

 
3. Excitation and inhibition in Rett syndrome 

Imbalance between excitatory and inhibitory synaptic activities is considered to be 

one of the major consequences of MeCP2 deficiency in the neuronal network (Dani et 

al., 2005; Chao et al., 2010; Kuzirian and Paradis, 2011). Furthermore, the MeCP2 

gene is X-linked in mammals and can be inactivated in females; about 50 % of the 

cells in heterozygote females therefore have an inactivated MeCP2 mutant allele 

(Anvret and Wahlstrom, 1994; Amir et al., 2000). Therefore, this mosaic expression of 

MeCP2 in either the excitatory or inhibitory neurons complicates the mechanisms that 

contribute to the deficits of neuronal function in the network.  

In order to study the basic interaction between wild type and MeCP2 mutant 

neurons in circuits with excitation and inhibition, it will be interesting to apply the glu-

GABA two-neuron culture system where one neuron is wild type and the other is 

MeCP2 mutant. Using the information we obtained on basic synaptic properties of 

circuit formation in glu-GABA two-neuron microculture, as our future direction, we hope 

to gain insight into the MeCP2 regulated mechanisms that cause imbalance of 

excitation and inhibition.  
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