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Sometimes we convince ourselves that the "unnoticed" gestures of "insignificant" 
people mean nothing. It's not enough to recycle our soda cans; we must Stop Global 
Warming Now. Since we can't Stop Global Warming Now, we may as well not recycle 
our soda cans. It's not enough to be our best selves; we have to be Gandhi. And yet 
when we study the biographies of our heroes, we learn that they spent years in 
preparation doing tiny, decent things before one historical moment propelled them to 
center stage. Moments, as if animate, use the prepared to tilt empires. 

 

− Danusha Veronica Goska | Political Paralysis 
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ABSTRACT 
 
 
Thiri W. Lin 
Regulation of Synapse Development by GABA Activity of ErbB4-
Positive Interneurons  
Under the direction of Dr. Lin Mei 
 

GABA activity has been implicated in neural development; however, in vivo 

genetic evidence is missing because mutant mice lacking GABA activity die 

prematurely. Here, we studied postnatal synapse development in ErbB4-Vgat-/- mice 

where Vgat was deleted in ErbB4+ interneurons. We show that the number of inhibitory 

axo-somatic synapses onto pyramidal neurons is layer-specific; however, inhibitory 

synapses on axon initial segments (AISs) were similar from layer to layer. On the other 

hand, PV+ErbB4+ interneurons and PV-only interneurons receive higher number of 

inhibitory synapses from PV+ErbB4+ interneurons, compared with ErbB4-only 

interneurons. Erbb4-Vgat-/- mice exhibited fewer inhibitory synapses from PV+ErbB4+ 

interneurons onto excitatory neurons (either axo-somatic or axo-axonic), compared with 

control mice. The Vgat mutation seemed to have little effect on inhibitory synapses onto 

PV+ and/or ErbB4+ interneurons. These morphological alterations were associated with 

concomitant changes in neurotransmission. Finally, perineuronal nets were increased in 

the cortex of ErbB4-Vgat-/- mice. These results demonstrate that GABA activity from 

ErbB4+ interneurons specifically regulates the development of inhibitory synapses onto 

excitatory neurons and provides in vivo evidence for a critical role of GABA activity in 

circuit assembly. 

 

KEY WORDS: ErbB4, GABA, Vgat, PV, interneurons, postnatal development 
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I. INTRODUCTION 
 

A. Statement of the Problem 
 

The nervous system remains plastic throughout life, continuously reorganizing 

according to new experiences, learned skills or to carry out complex functions. 

However, during development, early postnatal weeks are especially critical for the 

nervous system maturation, establishing and refinement of precise connections. One of 

the major regulators of these postnatal developmental processes is the neuronal activity 

(Isaacson and Scanziani, 2011; Espinosa and Stryker, 2012; Hensch, 2005, Flores and 

Méndes, 2014). γ-Aminobutyric-acid (GABA)-ergic interneurons, comprising 15-20% of 

total neurons in the brain, are critical for brain functions by controlling neuronal 

excitability, integration of synaptic inputs and oscillations of cortical networks (Tremblay 

et al., 2016). GABA activity has been shown to play a role in early neurodevelopment. 

However, little is known about how interneurons form proper synapses and how these 

synapses mature during postnatal development. This is because mouse models of 

germ-line mutations of critical molecules for GABA transmission leads to early lethality 

due to cleft palate, failure of respiration or motor deficits (Ji et al., 1999; Homanics et 

al., 1997; Asada et al.,1997; Wojcik et al., 2006; Saito et al., 2010).  

This constitutes a fundamental gap in our understanding of how GABA activity 

regulates postnatal developmental events such as pyramidal neurons and interneurons 

morphological maturation, synaptogenesis and circuit assembly in vivo. In this study, 
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we attempted to determine whether and how neural development is altered by GABA 

activity during postnatal development. To avoid embryonic lethality, we took advantage 

of the ErbB4 promoter that is active in 68% of GAD67-positive neurons (Bean et al., 

2014), reasoning that mutant mice lacking GABA activity in ErbB4+ interneurons may 

survive for investigating the effect of GABA ablation. In addition, we utilized an inducible 

CreER line, Erbb4-Cre-ERT2, which enabled targeting the postnatal stage, a period that 

is critical for synapse formation, axon pruning and circuit refinement in mice 

(Chattopadhyaya et al., 2004, Doischer et al., 2008, Inan and Anderson, 2014, Kilb, 

2012, Le Magueresse and Monyer, 2013, Rakic et al., 1986). Targeting the postnatal 

stage avoided confounding factors such as altered neuron migration in result 

interpretation.  

As proof of principle, this study focused on synapse development and 

refinement in the cortex because ErbB4 in this region is present solely in GABA 

neurons. We focused our study on two of the following aims:  

1. To characterize the synapses of PV-only, ErbB4-only and PV+ErbB4+ 

interneurons in a layer-specific manner in the cortex.  

2. To provide in vivo genetic evidence of the role of GABA activity in postnatal 

synapse development. 

We focused on the four types of synapses largely formed by PV+ and ErbB4+ 

interneurons: axo-somatic and axo-axonic synapses onto pyramidal neurons, axo-

somatic synapses onto interneurons and axo-somatic excitatory inputs onto these 

interneurons. 
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Significance statement  

GABA activity has been implicated in neural development; however, in vivo 

genetic evidence is missing because mutant mice lacking GABA activity die 

prematurely. To this end, we ablated GABA activity in ErbB4+ interneurons in an 

inducible manner. We provide evidence that the formation of inhibitory as well as 

excitatory synapses onto excitatory neurons is regulated by GABA transmission. In 

particular, inhibitory axo-somatic and axo-axonic synapses are more vulnerable. Our 

results provide in vivo evidence for a critical role of GABA activity in circuit assembly. 

Such knowledge could contribute to the understanding of distinct temporal roles of 

inhibition in the brain, which would contribute to the identification of novel therapeutic 

strategies and to elucidate the underlying molecular mechanisms of neuropsychiatric 

disorders.  
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B. Review of Related Literature  
 

1. Inhibitory System in the CNS  
 

A Brief Overview 

A wide variety of cell types, using chemical or electrical signaling underlines the 

brain functions as fundamental as movement to complex cognitive functions such as 

feeling guilt, love or motivation. The majority of the nervous system is composed of 

excitatory projection neurons that use glutamate as their neurotransmitter. On the other 

hand, 15-20% of the nervous system (estimated in rodents) is composed of inhibitory 

interneurons that use γ-aminobutyric acid (GABA) as their neurotransmitter (Meinecke 

and Peters, 1987). The pioneer of electrophysiology, Charles Sherrington first studied 

inhibition in the peripheral nervous system and later came to the conclusion that it is not 

confined to the muscle reflexes, it is, in fact, a ubiquitous machinery: “In the working of 

the central nervous machinery inhibition seems as ubiquitous and as frequent as is 

excitation itself.” (Sherrington, 1932). In 1950, GABA was discovered as the primary 

inhibitory neurotransmitter (Roberts & Frankel 1950, Udenfriend 1950, Williams 1950) 

and a decade later, GABA was purified from lobsters and was confirmed to be 

necessary and sufficient to act as an endogenous inhibitory neurotransmitter (Kravitz et 

al. 1963a,b). Despite being less abundant than excitatory neurons or glia cells, through 

decades of studies, we now know that inhibition is a fundamental regulatory/gating 

machinery of the nervous system. Balanced excitation and inhibition is critical for 

normal brain function. In addition, dysfunctions in this balance underline the 

pathophysiology of neurodevelopmental and neuropsychiatric disorders. Our current 

knowledge on the GABAergic system origin, assembly, and physiological functions 

largely come from studying the mouse neocortex, where functional slice recordings, 
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mouse genetics and in vivo recordings makes it possible to dissect the role of the 

inhibitory system in the brain.  

 
Mechanism of inhibition 

GABA signaling molecules 

 There are two major inhibitory neurotransmitters, GABA and glycine that 

mediate inhibitory responses. However, glycinergic signaling plays a greater role in the 

spinal cord, whereas, GABA is the major inhibitory neurotransmitter in the brain. GABA 

is synthesized from glutamic acid, by two isoforms of glutamic acid decarboxylase 

(GAD) enzymes. They are GAD67 and GAD65 (named by their sizes 67 kDa and 65 

kDa), encoded by two distinct genes, GAD1 and GAD2, respectively (Erlander et al., 

1991). GAD67 is the major isoforms and is expressed at a higher level than GAD65 in 

the brain. However, both enzymes coexist in GABAergic interneurons and either one 

does not play a selective role. Also, some studies suggested that subcellular location of 

these enzymes may be specialized. From subcellular fractionation and 

immunohistochemistry experiments, it appears that GAD67 localizes mainly in the 

cytoplasm, and GAD65 localizes preferably at the nerve terminals (Magueresse and 

Monyer, 2013).    

 To date, the only vesicular transporter identified to be responsible for loading 

GABA and glycine into the synaptic vesicles is VGAT (Mclntire et al., 1997), vesicular 

GABA transporter (also known as Viaat, vesicular inhibitory aminoacid transporter 

(Sagne et al., 1997). GABA binds to two major classes of receptors, ionotropic, GABAA 

and GABAC and metabotropic, GABAB receptors (Figure 1.1). The major post-synaptic 

marker for inhibitory synapses is gephyrin (Essrich et al., 1998), a scaffolding protein 

that is responsible for clustering GABAA receptors at the inhibitory synapse.   



 
 
 

6 

Lastly, GABA activity is terminated by GABA transporters (GATs 1-3) by 

reuptake back to the presynaptic neuron or to nearby glial cells. Subsequently, GABA 

can be metabolized by the enzyme, GABA transaminase (GABA-T).  

GABA receptors and modes of inhibition 

 Direct inhibition of a post-synaptic neuron can occur in two modes, 

‘hyperpolarizing’ and ‘shunting’ (Jonas and Buzsaki, 2007). GABA or glycine-mediated 

inhibition depends on the concentration gradient of chloride (Cl-) ions. In mature 

neurons, Cl- concentration is largely lower inside the cell, although this may vary by 

developmental stage, among different cell types and even within different subcellular 

compartments of a cell. When Cl- equilibrium potential is lower than resting membrane 

potential, this leads to hyperpolarization, thus inhibiting the excitatory input. When Cl- 

reversal potential is close to the resting membrane potential, this will result in shunting 

inhibition. Shunting inhibition is due to an increase in membrane resistance, which 

“shunts” the membrane, thereby reducing the degree (amplitude) of excitatory input 

(Jonas and Buzsaki, 2007).  

GABAA and GABAC receptors are Cl- ion channels, whose activation can lead to 

hyperpolarization or shunting, due to the Cl- influx. GABAA receptors are known as 

heteropentameric proteins consisted of different combinations of subunits (Owens and 

Kriegstein, 2002). There are 21 different GABAA receptor subunits encoded by 8 subunit 

gene families (α1-6, β1-4, γ1–4, δ, ε, π, σ, ρ1-3) (Shigemoto and Lopez-Bendito, 2005). 

However, the majority of GABA receptors are formed by a combination of α-, β- and γ- 

subunits. On the other hand, GABAC receptors are expressed at a lower level in the 

brain, and composed of either homo- or heteropentameric ρ subunits. GABAC receptors 
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are insensitive to bicuculline, a widely used GABAA receptor antagonist (Owens and 

Kriegstein, 2002).  

GABA signaling in the brain can also be mediated by G protein receptor 

activation, independent of chloride through GABAB receptors. GABAB receptors are 

canonical seven-transmembrane G-protein-coupled receptors composed of two 

subunits, GABAB1 (B1a,b,c,d and e variants) and GABAB2 (Shigemoto and Lopez-

Bendito, 2005). GABAB receptors are localized at both pre- and post-synaptic locations 

to control neuronal excitability. At the pre-synapse, GABAB receptors inhibit calcium 

signaling, reducing presynaptic neurotransmitter release. On the other hand, GABAB 

receptor-mediated inhibition at the post-synapse occurs through activation of G-

protein-activated K+ channels (GIRKs), which in turn hyperpolarizes the neuron 

(Bormann, 1988) (Figure 1.1). Heterogeneity of GABA receptors serves as one of the 

underlying mechanisms of how GABA signaling can have complex functional effects. In 

addition to heterogeneity, different combinations of GABA receptors are expressed 

during different developmental stages, adding another layer to the functional diversity.  
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Figure 1.1: Schematic diagram of a GABAergic synapse. In the interneurons, GABA is 
synthesized from glutamate by the GAD67/65 enzyme. It is transported into the synaptic 
vesicles by VGAT, the vesicular neurotransmitter transporter for GABA and Glycine. GABA 
receptors are located at both pre- and post-synapse, and on glia (not pictured). GABA 
reuptake occurs through the activity of GAT (GABA transporters) by surrounding neurons 
and glia.  
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Diversity of Interneurons in the CNS 

Unlike excitatory projection neurons, the majority of the GABAergic interneurons 

are local, hence the name “interneuron”. Interneurons regulate excitatory neurons and 

more broadly, microcircuits by way of precisely controlling the timing of their output, 

types of inhibition, and targeting specific locations (subcellular compartments or types 

of cells). Thus, interneurons comprise a diverse group of cells with variation in 

morphology, physiology and molecular identity. The morphological diversity of 

interneurons was described by Ramon y Cajal over 100 years ago by the Golgi staining 

method (Ramon y Cajal 1923). Cajal noted that interneurons are the “butterflies of the 

soul” due to their abundance in higher primates and speculated that their function may 

underline higher brain functions (credit also due to Cajal’s student: Rafael Lorente de 

Nó). Indeed, we now understand more about distinct subtypes of interneurons and their 

intricate regulatory functions. The diverse and fine detailed temporal and spatial control 

of inhibition achieved by GABAergic interneurons can be explained by heterogeneity of 

GABAergic interneurons. 

The most widely use distinction factor for interneurons subtypes is their distinct 

genetic markers. There are five main groups defined by calcium binding proteins: 

parvalbumin (PV) and calretinin (CR); neuropeptides: somatostatin (SOM), vasoactive 

intestinal peptide (VIP) and cholecystokinin (CCK). Additional notable genetic markers 

include neuropeptide Y (NPY), 5-hydroxytryptamine (serotonin) receptor 3A (5-HT3AR), 

cannabinoid receptor type 1 (CB1) and alpha-actinin-2 (AAc). There is increasing 

evidence that their distinct functional properties and cell types can be more specifically 

defined by a combination of specific gene expression pattern, such as CCK+/CB1+, 

VIP+5HT3aR+ and SOM+CR+ (Kubota et al., 2011, Kubota, 2014). 
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The majority of interneurons have aspiny dendrites, and just like pyramidal 

neurons, they receive both excitatory and inhibitory synapses. Reflecting the term 

“interneurons”, their axonal arbors do not project long distances but tend to project 

laterally. The axonal arborizations of the interneurons are another major distinction 

among interneuron subtypes. These distinct anatomical identities of the interneurons 

support their specialized postsynaptic targets. Lastly, diverse roles of interneurons are 

achieved by their different neurophysiological properties that underline their specialized 

functions.   

Parvalbumin-positive (PV+) interneurons  

PV-positive (PV+) interneurons are the largest population among all the 

interneurons, 40-50% (Gonchar et al., 2007, Xu et al., 2010). They populate all cortical 

layers except Layer 1. PV+ interneurons are composed of two major groups, PV+ 

basket cells and PV+ chandelier cells. PV+ basket cells have basket-like axonal arbor 

morphology, which specifically innervates highly at the somata and proximal dendrites. 

They can vary in size; in general, they can be grouped as large basket cells, small 

basket cells and nest basket cells (Markram et al., 2004). PV+ chandelier cells resemble 

a chandelier, their axonal terminals curve up and form short vertical row of synaptic 

boutons specifically at the axon initial segments (AISs) of the pyramidal neurons 

(Kawaguchi and Kubota, 1997, Karube et al., 2004). PV+ interneurons are known as fast 

spiking neurons, due to their fast and precise discharge patterns. Because they target 

the soma and axon initial segments where action potential propagates, they are critical 

for controlling the output of the postsynaptic neurons. They control pyramidal neuron 

activity as well as disinhibit other PV+ interneurons, and are critical for proper 

microcircuit function and behavior. In addition, because they control the spike timing of 



 
 
 

11 

pyramidal neurons, they are important for generating neuronal synchronization and 

maintaining network oscillations (Hu et al., 2014, Bartos et al., 2007). Therefore, PV+ 

interneurons are important for normal brain functions, and their dysfunction underlines 

the pathophysiology of a wide variety of neurodevelopmental and neuropsychiatric 

disorders such as autism and schizophrenia (Oscar Marin, 2012, Nakazawa et al., 

2012). 

SOM+ interneurons  

 Somatostatin-positive (SOM+) interneurons are the second largest interneuron 

population (~30% of total interneurons) and present throughout cortical layers 2-6. 

However, they are known to project to L1 cells (Silberberg et al., 2007, Jiang et al., 

2013, Taniguchi, 2014). They are known as Martinotti cells, first identified by Italian 

pathologist, Martinotti Giovanni (Merrian-Webster biographical note). They usually have 

bitufted morphology with more branched dendritic arborization (Markram et al., 2004). 

Their major targets are the apical and tuft dendrites of pyramidal neurons thus function 

to control the integration of synaptic inputs. They have low-threshold firing or burst-

spiking firing patterns. Unlike PV+ interneurons, they are known to have more variable 

and longer inhibitory effect. This is a perfect example where, a combination of 

interneuron subtype can regulate the activity of pyramidal cells, thus regulating the 

microcircuits.    

VIP+ and CR+ interneurons (5-HT3AR+ interneurons)  

VIP+ and CR+ interneurons account for the third largest interneuron population. 

Although there are a few VIP+ and CR+ cells in the deep cortical layers (L4-6), they are 

known as superficial layer neurons due to their high density in L2/3. The morphology 

profile of these neurons can be bipolar, bitufted or double bouquet cells where they 
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usually display oval soma and bitufted dendrites. Together these cells inhibit basal 

dendrites, including synapses onto spines and shaft of pyramidal neurons. The 

electrophysiology profile of these cells can be regular-spiking or late-spiking (Markram 

et al., 2004). These subtypes of bitufted/bipolar interneurons have a unique role in that 

they function to inhibit other interneurons (Pfeffer et al., 2013, Kubota, 2014). Therefore, 

they play an important role in disinhibition. Among these population, it is common to 

find a combination of neurochemical markers such as VIP+CR+ cells and VIP+5-

HT3AR+ cells, where 5-HT3AR represent another prominent marker of L2/3 inhibitory 

neurons (Lee at al., 2010, Kubota et al., 2011). It is worthy to note that Lee and 

colleagues have shown that 5-HT3AR+ interneurons represent the largest group of 

superficial interneurons (Lee at al., 2010). This suggests that majority of the VIP+ and 

CR+ interneurons are 5-HT3AR+ and may be regulated by serotonergic signaling, 

adding another layer of regulatory complexity.  

CCK+ and CB1+ interneurons  

 Another type of interneuron that targets onto the perisomatic regions other than 

PV+ interneurons is CCK+ interneurons. Similar to PV+ basket cells, CCK+ interneurons 

have basket morphology and the majority of them are large basket cells. However, they 

have different physiological properties and different discharge at the perisomatic 

regions. CCK+ basket cells have accommodating spike and slower discharge pattern 

compared with PV+ interneurons (Bartos and Elgueta, 2012). Another distinct 

neurochemical profile of CCK+ basket cells is that they co-express cannabinoid 

receptor-1 (CB1), especially at the presynaptic regions. Cannabinoid signaling in 

interneurons is known to act as a retrograde suppressor of GABA release, which 

functions as an additional regulatory function of inhibition (Hashimotodani et al., 2007). 
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This represents another example of intricate wiring and complex regulatory functions of 

interneurons, which underline behavior and cognitive functions.    

L1 interneurons  

Cortical layer 1 is composed entirely of interneurons (Marin-Padilla, 1984, 

Hestrin and Armstrong, 1996). Two major interneurons types have been defined by 

morphology in L1, Cajal Retzius cells and neuroglialform cells. Cajal Retzius cells have 

large axonal arbors that branch horizontally across L1, where as neuroglialform cells are 

smaller, multipolar axonal and dendritic arbors. In terms of neurochemical profile, L1 

interneurons are known to express mainly reelin and alpha-actinin-2 (AAc) (Jiang et al., 

2013, Kubota et al., 2011). These interneurons have late-spiking, non-adapting 

electrophysiological properties and are known to inhibit L5 pyramidal neurons and L2/3 

interneurons (Jiang et al., 2013). Functionally, L1 interneurons are less well studied.       
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Figure 1.2: Heterogeneity of interneuron subtypes. Different subtypes of interneurons 
are identified by their anatomical morphology, molecular genetic marker, intrinsic 
electrophysiological properties, and their connectivity.  
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Studying the Connectivity and Inputs of Cortical Interneurons 

Glutamatergic pyramidal neurons and GABAergic interneurons integrate into the 

proper cortical circuits during early postnatal weeks in rodents. As described above, 

GABAergic interneurons are remarkably diverse which underlines the major regulatory 

function of the nervous system. Therefore, studying their connectivity is critical for 

understanding cortical circuitry and behavior, as well as their role in neurological 

disorders.  

The majority of interneurons have local horizontal processes that innervate 

horizontally and some branched out across cortical columns. In the case of apical and 

tufts dendritic targeting SOM+ interneurons and 5-HT3AR+ bipolar interneurons, their 

processes also branch out across cortical layers. Studying the connectivity of 

interneurons to pyramidal neurons or interneurons to interneurons was previously done 

by using serial EM reconstructions, pair recordings and dye filling, and two-photon 

photostimulation.      

Synaptic connections can be defined as axo-somatic (synapses onto the soma), 

axo-dendritic (synapses onto the dendrites), and axo-axonic (synapses onto the axons). 

Among interneuron subtypes, PV+ interneurons, accounting for ~40-50% and are the 

most well characterized. PV+ basket cells typically form perisomatic synapses, which 

include axo-somatic, axo-dendritic (at the proximal dendrites) and axo-axonic synapses 

(at the AISs). By biocytin dye filling experiments of individual interneuron, it was learned 

that an individual basket cell could target 200-1000 neurons in rat and ~800 neurons in 

mouse (Kubota, 2014, Packer and Yuste, 2011). In a recent study, using serial EM 

imaging of PV+ and CCK+ basket cells synapses at the soma, the authors showed that 

CCK+ axo-somatic synapses are irregular shape, and account for 35-40%; whereas, 
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PV+ axo-somatic synapses are normal shape, and account for ~60% of the axo-

somatic synapses in the hippocampus (Takacs et al., 2015). They quantified the axo-

somatic synapses of CA1 and CA3 neurons, and found that there are ~60 and 140 axo-

somatic synapses per soma, respectively (Takacs et al., 2015). PV+ chandelier cells 

synapse onto axon initial segments (AISs) to form axo-axonic synapses (Karube et al., 

2004, Kawaguchi and Kubota, 1997, Somogyi, 1977); a chandelier cell may innervate 

35-50% of pyramidal neurons within its axon arbor range (Inan et al., 2013).  

We can learn the neurophysiological connections of interneurons from pair 

recording studies by patching two or more interneurons or an interneuron and a 

pyramidal neuron. Inhibition of inhibition, namely the disinhibitory network is least well 

studied thus far. Recently, by using pair recording, Pfeffer and colleagues showed that 

PV+ interneurons mainly inhibit other PV+ interneurons and VIP+ bipolar cells serve to 

inhibit other interneurons that are not PV+, mostly SOM+ cells (Pfeffer et al., 2013).    

In summary, the progress of elucidating the connectivity of interneurons and 

their synapses is ongoing. Thus far, the total numbers of the inhibitory synapses onto 

individual pyramidal neurons and inhibitory neurons remain unclear. Therefore, the first 

aim of this thesis work is to elucidate the total number of synapses formed by PV+ 

and/or ErbB4+ cortical interneurons in a layer-specific manner.  ErbB4 is a recently 

identified genetic marker of interneurons and a gene implicated in neuropsychiatric 

disorders. We focused on the four types of synapses largely formed by PV+ and 

ErbB4+ interneurons: axo-somatic and axo-axonic synapses onto pyramidal neurons, 

axo-somatic synapses onto interneurons and axo-somatic excitatory inputs onto these 

interneurons.   
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Figure 1.3: Disinhibitory network: inhibitory connectivity among interneuron 
subtypes. Inhibition among the major groups of interneuron subtypes. PV+ interneurons 
inhibit other PV+ interneurons, or onto themselves (feedback inhibition). VIP+ interneurons 
inhibit other interneurons, preferentially SOM+ interneurons.   
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Interneuron Generation and Integration  

Origin of interneurons  

Excitatory pyramidal neurons originate from radial glial cells and are born in the 

ventricular zone. On the other hand, interneurons originate from the subpallium, from 

three different domains: medial ganglionic eminence (MGE), caudal ganglionic 

eminence (CGE) and preoptic area of the hypothalamus (POA). MGE and CGE give rise 

to ~90% of the cortical interneurons, 10% being originated from the POA (Rudy et al., 

2010, Gelman et al., 2009). Therefore, interneurons have a longer migratory route 

towards the cortex and they migrate tangentially. On the other hand, pyramidal neurons 

migrate towards the cortex radially from the ventricular zone. Within the last decades, 

studies have revealed that each interneuron subtype has a specific origin and even 

differ in the time of generation. MGE gives rise to the majority of PV+ and SOM+ 

cortical interneurons from as early as E9.5 (Butt et al., 2005, Miyoshi et al.,2007, Rudy 

et al., 2013). In turn, CGE gives rise to Reelin+, CR+ and VIP+ interneuron populations 

starting around E12.5, which mostly populate the superficial layers of the cortex (Rudy 

et al., 2010, Miyoshi et al., 2010). It is well known that superficial layer interneurons born 

later than PV+ and SOM+ interneurons and recent studies showed that interneurons 

generation can still occur at the perinatal stage (Riccio et al., 2012, Wu et al., 2011). By 

using null and conditional mutant mice of critical transcription factors and in situ 

hybridization of transcription factors in MGE and CGE, we can identify critical 

transcription factors responsible for the interneuron generation. Genetic fate mapping 

(Sousa et al., 2009, Taniguchi et al., 2013, Xu et al., 2008), interneuron progenitor 

transplantation (Tricorie et al., 2011, Nery et al., 2002) and more recently, clonal 
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analysis (Mayer et al., 2015) studies revealed the temporal and spatial origin, as well as 

integration of interneuron subtypes.  

Signature transcription factors that expressed in the majority of both MGE and 

CGE derived interneurons are Dlx homeobox genes, Dlx1/2 and Dlx5/6. Lost of these 

transcription factors significantly block tangential migration of interneurons and 

reduction of interneurons in the cortex (Gelman et al., 2012).  

Null mutation of the transcription factor Nkx2.1 (Homeobox protein) resulted in 

the significant lost of MGE derived interneurons (Sussel et al., 1999). This study showed 

that Nkx2.1 is the critical transcription factor responsible for the production of MGE 

derived interneurons. Because Nkx2.1 is a ubiquitous transcription factor, null mutant 

mice die at birth due to defects in other organ systems. Conditional mutation study of 

Nkx2.1 revealed that the fate of MGE interneurons such as PV+ and SOM+ interneurons 

can switch to the fate of CGE interneurons, CR+ or VIP+ interneurons (Butt et al., 2008). 

Therefore, Nkx2.1 is a critical transcription factor for generation and specification of 

MGE derived interneurons. MGE also give rise to fast spiking interneurons that populate 

the subcortical regions such as amygdala and striatum (Marin et al., 2000, Bartolini et 

al., 2013). Further studies revealed that interneurons of different brain regions, such as 

striatum, amygdala and hippocampus, originate from specific domains within MGE 

(Bartolini et al., 2013, Flandin et al., 2010). The second transcription factor critical for 

specification of MGE derived interneurons downstream of Nkx2.1 is Lhx6 (LIM 

homeodomain). Null mutation of Lhx6 resulted in deficits in migration and lamination of 

MGE derived interneurons as well as the lost of PV and SOM expression (Liodis et 

al.,2007; Zhao et al.,2008). 
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CGE is the caudal extension part of the lateral ganglionic eminence (LGE) and 

MGE in the subpallium, and it is anatomically less well defined in comparison with MGE. 

However, previous efforts have led to the discovery of distinct transcription factors that 

identify interneuron progenitors that originate from this region. CGE gives rise to VIP+, 

CR+, 5-HT3AR+ bipolar/bitufted cells, NPY+ interneurons and L1 interneurons 

(Taniguchi et al., 2014, Gelman et al., 2012). Conditional gain and loss of function 

mutation studies revealed that Gsx1/2, Gsh homeodomain transcription factor genes 

are responsible for the fate of CGE derived interneurons (Xu et al., 2010, Hsieh-Li et 

al.,1995). Additional studies identified a transcription factor downstream of Gsx1/2, 

Mash-1, a bHLH transcription factor. By genetic fate mapping using Mash-1-CreER 

mice and by using conditional mouse model, we learned that Mash-1 is required for cell 

type specificity of CGE derived interneurons (Casarosa et al., 1999, Miyoshi et al., 

2010). Lodato and colleagues identify an additional genetic marker that expressed 

exclusively in CGE, Couptf1, an orphan nuclear receptor (Lodato et al., 2011). Mutation 

of Couptf1 resulted in reduced number of CGE derived interneurons and an increased 

in the number of PV+ interneurons, suggesting that Couptf1 is critical for cell fate 

determination of CGE interneurons (Lodato et al., 2011).      

Recently, POA was identified as another region interneurons originate and 

produce ~10% of the total interneurons (Gelman et al., 2009, 2011). Similar to MGE, 

Nkx2.1 is expressed in POA; however, it was shown that downstream genetic markers 

are different in POA progenitor cells (Gelman et al., 2009). Later, the same group 

showed that there are at least two distinct progenitor domains within the POA, 

expressing the homeobox proteins Nkx5.1 and Dbx1. Interestingly, interneurons that are 

generated from POA does not seem to be subtype restricted as in MGE and CGE 
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(Gelman et al., 2011). POA produce interneurons subtypes that come from both MGE 

and CGE; PV+, SOM+, VIP+, CR+, Reelin+ and nNOS+ interneurons are generated from 

POA.     

Migration of interneurons  

Due to the origin in subpallium regions, interneurons migrate tangentially as 

postmitotic cells towards the cortex and changed to radial migration to reach their final 

destination to populate the cortical layers. Notice that interneurons will take a different 

path towards subcortical brain regions such as striatum and amygdala. As mentioned 

above, specific domains of interneurons progenitors within MGE, CGE, LGE and POA 

may be responsible for populating different brain regions. Therefore, cortical 

interneurons and amygdala interneurons may have different mechanisms of migration 

towards their final destination. For example, it has been shown that migration of cortical 

and striatal interneurons are regulated by different guidance receptors (Marín et al., 

2001).       

Studied on mechanisms of interneurons migration reveled that chemorepulsive 

cues play a major role in proper migration (Marín, 2013). Secondly, trophic factors such 

as BDNF, GDNF and Neuregulin 1 (Nrg1) signaling can stimulate interneuron migration. 

For example, two different isoforms of trophic factor NRG1 plays a different role as 

short-range and long-range attractants by acting on their receptor, ErbB4, which 

expressed in the MGE derived cortical interneurons (Yau et al., 2003, Flames et al., 

2004). Lastly, neuronal activity can play a critical role in promoting interneuron 

migration. GABA and glutamate act to depolarize immature neuronal progenitor that 

increase intercellular calcium levels which in turns promote migration (Marín, 2013). In 

addition, specific transcription factors within MGE and CGE may play a critical role in 
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their migration. Transcription factors, Lhx6 (Liodis et al.,2007) in MGE, Couptf2 

(Kanatani et al., 2008) and more recently, Prox1 (Miyoshi et al., 2015) in CGE were 

shown to be critical.   

Thus far, studies on mechanisms of interneuron migration were largely done in 

MGE derived interneurons. Due to the location of CGE and POA, it is not surprising that 

migration pattern and mechanisms of interneurons that are born in these regions may 

be different from MGE interneurons. Therefore, the current notion is that interneurons 

from different regions of the subpallium have cell-autonomous factors that regulate their 

migration. This was tested by transplantation studies where CGE interneurons 

progenitor were transplanted into MGE, and still takes on the migratory pathway of 

CGE interneurons (Yozu et al., 2005). In a recent study, by decreasing the excitability of 

CGE derived interneurons by electroporation of Kir2.1 at E15.5 leads to improper 

lamination of CR+ interneurons (De Marco Gracia et al., 2011). This suggests the critical 

role of neuronal activity in interneuron migration and/or lamination. The role of neuronal 

activity in neuron migration was further discussed below.    

Integration of interneurons 

Migration of both MGE and CGE derived interneurons is completed by the first 

postnatal week (Miyoshi et al., 2010, Marín, 2013). The migration and lamination of 

glutamatergic pyramidal neurons are also completed by this time (Luhmann et al., 

2015). The inside-out pattern lamination of pyramidal neurons is well studied. However, 

lamination and organization of GABAergic interneurons are less well studied thus far. 

Studies examining the different subtypes of interneurons revealed that they have 

specific laminar distribution pattern, suggesting a complex organization. As mentioned 

above, bipolar/bitufted CGE derived interneurons populate largely in the superficial 
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layers. While L1 interneurons are always distinct from L2-6 interneuron population. 

Chandelier cells populate at the border of L1/2 and L4 (Taniguchi et al., 2013). These 

findings elucidate that interneurons laminar distribution may be complex and organized 

in subtype-specific pattern.   

Laminar distribution of MGE derived interneurons displays a similar inside-out 

pattern (Marín, 2013). However, this is not the case for CGE derived interneurons where 

they populate the superficial layers independent of their birth date (Miyoshi et al., 2010, 

Rymar et al., 2007). Furthermore, laminar distribution of interneurons seems to be 

regulated by pyramidal neuron lamination. Hevner and colleagues showed that in reeler 

(Reelin-/-) mice, where pyramidal neurons organization is disrupted, interneuron 

lamination is affected (Hevner et al., 2004).     

 

2. The Role of GABA in Neurodevelopment  
 

Excitatory GABA 

GABAergic responses are depolarizing in the perinatal brain (Ben-Ari et al., 

1989). This is because of high intracellular chloride ion concentration [Cl-]i of the 

immature neurons. There is a higher expression of inward-directed Na+ - K+ - 2Cl- 

cotransporter (NKCC1) transporter in the young neurons, thus changing the Cl- gradient 

in the immature brain. This leads to membrane depolarization when GABA receptors 

are open, due to Cl- efflux. It is worth noting that NKCC1 have similar function in 

perinatal human brains suggesting that GABA may exert depolarizing effects during the 

first postnatal weeks (Dzhala et al., 2005).  

Interestingly, GABAergic synapses are established before glutamatergic 

synapses in the developing brain (Chen et al., 1995, Walton et al., 1993). It is 



 
 
 

24 

speculated that excitatory GABA provides necessary excitatory drive in the developing 

brain in place of glutamatergic excitation (Ben-Ari, 2002). Unlike glutamate, GABA 

mediated depolarization in the immature brain does not induce long-lasting activation of 

calcium channels. This makes GABA an ideal neurotransmitter to provide neuronal 

excitation without resulting in excitotoxicity.   

GABA becomes inhibitory by the end of second postnatal week, for the most 

part (Delpire et al., 2000). As the brain develops, intracellular [Cl-]i decreases and GABA 

mediated transmission becomes inhibitory. This is due to expression of outward-

directed K+ - Cl- transporter KCC2 that increased during the first postnatal week 

(Plotkin et al., 1997; Rivera et al., 1999; Wang et al., 2002; Li et al., 2002). Therefore, 

developmental regulation of GABA’s effect from excitatory to inhibitory during early 

postnatal weeks may play a critical role in neurodevelopment. 

Discrepancies on excitatory GABA hypothesis 

 The discovery of GABA mediated excitatory transmission during early 

development was challenged by a few studies within the last decade. Rheims and 

colleagues showed that insufficient ketone bodies, that are critical for energy 

metabolism in the neonatal brain in place of glucose, could effect GABA’s reversal 

potential in brain slice recordings (Rheims et al., 2009). However, this notion was 

disproved by several different groups and reconfirmed that GABA is indeed excitatory 

(Tyzio et al., 2011, Kirmse et al., 2010, Ruusuvuori et al., 2010). Recently, this was 

tested for the first time in vivo by patch-clamp recording to measure excitatory 

postsynaptic currents (EPSCs) in single neurons (Valeeva et al., 2016). This group used 

a genetic mouse model that expressed channelrhodopsin-2 (ChR2) in GABAergic 

interneurons to stimulate these neurons and recorded EPSCs in vitro and in vivo. The 
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authors found that excitatory-inhibitory switch can be detected in the recording of brain 

slices in vitro but not in vivo of neonatal mice (Valeeva et al., 2016).      

It has been established by many studies that GABAergic excitation during early 

development is critical for many neurodevelopmental processes (discussed below). 

However, it is to note that there are discrepancies on this hypothesis. Although this 

hypothesis has been challenged, we cannot rule out the fact that excitatory effect on 

GABA in the nervous system varies among different cell types, brain regions and 

subcellular compartments (Kilb, 2015). Therefore, to prove this well-established 

hypothesis wrong would require more convincing reproducible data.    

Early GABA Functions 

The majority of the previous studies on GABA’s function during development 

focused on the excitatory actions of GABA. GABA mediated depolarization is shown to 

increase intercellular calcium by activating the voltage-gated calcium channels (VGCCs) 

(Owens and Kriegstein, 2002). Therefore, the mechanism of excitatory GABA actions on 

neurodevelopmental processes is due to increase calcium iron concentration in the 

immature neurons, or by either activating the calcium-dependent second messenger 

pathways or a direct effect of increased calcium transients.    

GABA’s effect on neurogenesis 

 Proliferation of neuronal stem cell is a critical process of early cortical 

development. It has been shown that radial glia cells, glia progenitors and 

neuroepithelial cells express GABAA receptors (Shigemoto and Lopez-Bendito, 2005). 

From in vitro and neuronal explants studies, it has been shown that GABA signaling can 

inhibit DNA synthesis (LoTurco et al., 1995, Haydar et al., 2000). This in turn results in 

decreased stem cell proliferation. In addition, GABA is shown to induce cell cycle arrest 
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in neurosphere cultures and in organotypic slices in vitro (Nguyen et al., 2003). This 

notion of GABA as a negative regulator of stem cell proliferation was shown by several 

different groups (Liu et al., 2005, Platel et al., 2008, LoTurco et al., 1995). In addition, it 

has been shown that GABA’s effect may be region specific. In organotypic slice 

cultures, GABA and glutamate were shown to have opposite effects in ventricular and 

subventricular zones, by promoting proliferation in the ventricular zone while inhibiting 

cell division in the subventricular zone (Haydar et al., 2000).     

GABA and neuronal migration 

 GABA is known to promote both radial migration of projection neurons and 

tangential migration of interneurons (Behar et al., 1998, 2000, López-Bendito et al., 

2003, Manent et al., 2005). The mechanism of GABA’s effect on neuronal migration is 

by increasing calcium transient in the immature neurons, thus increasing motility 

(Manent et al., 2005, Cuzon et al., 2006, Heck et al., 2007). Similar to GABA’s effect on 

neurogenesis, GABA can have differential effects on neuron migration depending on the 

region, time and amount of GABA (Shigemoto and Bendito, 2005, Owens and 

Kriegstein, 2002, Le Magueresse and Monyer, 2013).             

The majority of the studies on GABA’s effect neuronal migration comes from 

pharmacological studies on GABA receptors in cortical slice cultures. Inhibiting GABAB 

receptors in rat cortical slice cultures resulted in migration and distribution deficits of 

interneurons (López-Bendito et al., 2003). In another study, blocking GABAA receptors 

hippocampal cultures reduced neuronal migration (Manent et al., 2005). Behar and 

colleagues showed that different GABA receptors may be involved in migration in a 

temporal and spatial specific manner. They showed that activation of GABAA/C receptors 

promotes migration out of the ventricular and subventricular zones while stimulating 
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GABAB receptors promotes entering the cortical plate (Behar et al., 2000). On the other 

hand, GABA may not be critical for neuronal migration per se, but activation of NMDA 

receptors underlines the mechanism of neuronal migration (Behr et al., 1999). This 

suggests that GABA is sufficient but not necessary in promoting neuronal migration. 

This warrants further study to identify the critical role of neurotransmitter signaling in 

neuronal migration. 

The studies on the role of GABA signaling in termination of the neuronal 

migration are well defined. As mentioned above, GABA begins to switch to inhibitory 

transmission beginning from birth by a gradual increase in the expression of KCC2, 

changing the reversal potential of Cl- as the neurons mature. This increase in 

hyperpolarizing action of GABA is shown to be critical as a stop signal for neuron 

migration (Bortone and Polleux, 2009). In addition, it is speculated that timing of KCC2 

expression in distinct subset of cortical interneurons is critical for lamination of 

interneurons into their final destinations (Bartolini et al., 2013, Owens and Kriegstein, 

2002).           

GABA and neuronal differentiation 

Early in vitro studies by application of GABA in neuronal culture or organotypic 

brain slices showed that GABA may have a trophic effect on neurodevelopment. For 

example, treating GABA in neuronal cultures resulted in neurite growth and it is 

dependent on GABAA receptor action (LoTurco et al. 1995, Owens and Kriegstein, 

2002). As discussed above, GABAergic synapses appear before glutamatergic 

synapses during development. Therefore, GABA mediated depolarization is thought to 

be the mechanism for activity-dependent synapse formation in the immature brain 

(Wang and Kriegstein, 2009). Furthermore, it has been shown that depolarization effect 
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from GABA signaling during early neurodevelopment serves to remove Mg2+ block 

from the NMDA receptors at the stage when functional AMPA receptors do not exist 

(Ben-Ari et al., 1997, Owens and Kriegstein, 2002). Therefore, GABA’s action may be 

critical for NMDA receptor mediated neuronal activity and generation of brain 

oscillations during perinatal stage (Kilb, 2015).    

Studying the role of excitatory GABA can be done by manipulating the 

expression of NKCC1 and KCC2 to change the Cl- gradient. Preventing the 

depolarizing effect of GABA by knocking down NKCC1 via in utero electroporation at 

E15 results in the reduction of dendritic spines (Wang & Kriegstein, 2008). And this is 

shown to require the activation of NMDA receptors (Wang & Kriegstein, 2008). 

Pharmacological blockade of NKCC1 by treating bumetanide at different ages during 

neonatal development causes a delay in developmental behavioral milestones, impaired 

pyramidal neuron morphological development and dendritic spines (Wang and 

Kriegstein, 2011). Consistent with these results, overexpressing KCC2 by in utero 

electroporation, thus shifting GABA towards hyperpolarizing, results in similar deficits in 

the morphological development of neurons (Cancedda et al., 2007).   

Studying the Role of GABA in vivo 

Scientists have attempted to study the role of GABA in vivo by generating the 

null mutant mice of critical molecules in the GABA signaling pathway. 20 years ago, 

Asada and colleagues generated both GAD67 and GAD65 null mutant mice. Gad65-/- 

mice develop normally and exhibit normal behavioral functions (Asada et al., 1996). As 

expected, they are more sensitive to seizures and have a lower threshold to drug-

induced seizures, as compared with normal WT mice (Asada et al., 1996). On the other 

hand, Gad67-/-mice die at birth (~Postnatal day 0.5), and they have ~93% GABA 
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reduction, which confirms that GAD67 is the major isoform of GAD enzymes, at least in 

the perinatal brain (Asada et al., 1997). These mice have non-neuronal deficits; they die 

from severe cleft palate and respiratory failure.   

Vesicular GABA and glycine transporter, VGAT null mice die around embryonic 

day (E) 18.5 and birth (Wojcik et al., 2006). Similar to Gad67-/- mice, Vgat-/- null mice 

have impaired palate closure (cleft palate) and omphalocele, a phenotype where 

intestines fail to adhere inside the abdominal cavity. The authors pointed out that Vgat-

/- mice appear stiff, a muscle deficit in the absence of excitatory drive during embryonic 

development (Ben-Ari, 2002). Therefore, this Vgat-/- suggests that non-neuronal 

phenotypes in Gad67-/- and Vgat-/- mice may be due to lack of excitatory drive and not 

necessarily the trophic effect of GABA signaling. GABA receptor β3 subunit mutant 

mice also exhibit similar phenotypes. The majority of them die at birth due to cleft 

palate (Homanic et al., 1997).  

Histology studies showed that gross anatomy of the brain is normal in these null 

mutant mouse models, which suggest that germ-line mutation may cause 

developmental compensation. Moreover, we cannot study the detailed neuronal 

connections or GABA’s role during postnatal development and neurophysiology due to 

early lethality. Therefore, definitive in vivo evidence of GABA’s role in development is 

missing.   

Together, these point to the fundamental gaps in the study of GABA’s role 

during development in vivo, 1) The gross morphological data cannot detect the deficits 

at the synaptic and neuronal level 2) due to the early lethality, which prevents us to 

study the role of GABA during postnatal development and 3) Null mutants mice may be 

compensated during early development where excitatory derive can be provided by 
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way of other means such as glutamate, glycine and taurine. Furthermore, it is difficult to 

dissect the excitatory and inhibitory actions of GABA during development. In my study, 

I bypass this limitation by utilizing a conditional genetic mouse model to ablate GABA 

transmission in a specific subset of interneurons. The precise temporal control allows 

me to focus on a critical time window; and can avoid neonatal lethality, thus enabling 

detailed characterization of GABA transmission in neural development and synaptic 

plasticity.    

 

3. Development of GABAergic Synapses and Circuit Refinement  
 

It is well accepted that the nervous system is assembled and shaped by 

environment, learning and experience, especially during early postnatal stage. Our 

nervous system continue to develop after birth, this has been observed in majority of 

the organisms including rodents, non-human primates and humans. During postnatal 

development, the plasticity of the nervous system is especially enhanced. This time 

windows are called “critical periods” where important permanent structural changes 

occurs in response to extrinsic signals such as the environment and experience. 

Different neural circuits and modulatory systems may have distinct critical time 

windows. For example, from studying the rodents visual system, scientists have 

elucidated that establishment of proper thalamocortical connection in response to 

visual stimulant occurs around 3 weeks (Hensch, 2005). In humans, the critical period 

for language acquisition is before age 12 and zebra finch song learning is most 

sensitive before P100 (Hensch, 2004).  
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Protracted Development of the GABAergic System 

The GABAergic system continues to develop throughout the first four postnatal 

weeks in rodent brain and up to several years after adolescence stage in the monkey 

and human brains (Kilb et al, 2015). Both excitatory neurons and GABAergic 

interneurons have a protracted postnatal developmental process where morphology, 

synapse formation, elimination and structural remodeling occur. Development of the 

excitatory system is well studied; development of pyramidal neurons is completed 

around P17 in rodents (Le Magueresse and Monyer, 2013). Their synapses, dendritic 

spines go through a remodeling phase where initially high number of synapses were 

produced and eliminated to form proper circuits by the third postnatal week (Yuste et 

al., 2004, Rakic et al., 1986). This phenomenon is thought to be the general rule of 

synapse development in all species, over production of synapses and refined by 

synaptic pruning (Huttenlocher, 1990).  

On the other hand, our knowledge on the postnatal maturation of the GABAergic 

system is limited and an ongoing investigation. The critical molecules in canonical 

GABA signaling seem to reach the adult levels by the third postnatal week. From in situ 

hybridization and quantitative RT-PCR studies, we learned that expression of VGAT, 

GAD67/65 and GAT increase postnatally, as an indicator of the maturation of GABA 

signaling (Kilb, 2015, Le Magueresse and Monyer, 2013). Similarly, GABA receptors 

also go through developmental regulation. GABAA receptors are widely found in 

neuronal progenitor cells and responsible for early actions of GABA (discussed above). 

Specific GABAA receptors subunits are upregulated during perinatal stage and the 

subunit component changes during postnatal development (Le Magueresse and 

Monyer, 2013). Notably, increase in both mRNA and protein levels of GABAA receptor 
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α1 expression is thought to correlate with adult stage (Kilb, 2015). This increase in α1 

subunit expression is also paralleled in human brains (Kilb, 2015). Consistent with these 

findings, independent groups have shown that functional properties of PV+ 

interneurons do not reach to adult phenotypes until the 4th postnatal weeks (Doischer 

et al., 2008, Okaty et al., 2009).      

GABAergic synapses also follow the synapse refinement process. This has been 

presented since more than 20 years ago in electron microscopy (EM) studies, by 

analyzing the symmetrical synapses. In 1983, two studies in rodents reveled that 

GABAergic synapses are highest around P16 and their number is reduced by 50% in 

adult stage. In addition, by studying the EM images, they concluded that GABAergic 

synapses do not have adult appearance until 4th postnatal weeks (Parnavelas et al., 

1983a and b). In the recent decade, advancements in mouse genetics, microscopy 

technology and electrophysiological techniques have allowed us towards better 

understanding of these processes. Consistent with protein expression and EM studies, 

we now confirmed that GABAergic system go through protracted postnatal 

developmental process.   

Largest group among the interneuron subtypes, PV+ interneurons are most well 

studied. This is due to their critical role in normal brain functions as well as their 

implication in neurological disorders. By using BAC transgenic model of PV-EGFP mice, 

Chattopadhyaya and colleagues observed that synapses of PV+ interneurons are not 

well developed before eye opening, P14 (Chattopadhyya et al., 2004). By genetically 

labeling single PV+ interneurons in visual cortex organotypic cultures, they showed that 

axonal arborization and dendritic branching of PV+ interneurons continue well into 

second and third postnatal weeks. Their signature synapses, perisomatic synapses 
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began to establish around equivalent postnatal day (EP)14 in organotypic slice cultures. 

They elucidated that PV+ perisomatic synapses on pyramidal neurons peak around 

EP18-28, consistent with EM studies on GABAergic synapses. Reduction of neuronal 

activity by TTX (Tetrodotoxin) treatment onto organotypic slice cultures 

blocked/delayed PV+ interneuron synapse formation and axon branching. Interestingly, 

this effect is only occurred during the critical time widow of postnatal development 

EP18 – EP28, and has no effect after EP28 (Chattopadhyya et al., 2004). This suggests 

that similar to many other systems and modalities, inhibitory synapse formation also 

have a specific critical time window. In a recent study, by genetically labeling the 

chandelier cells, Inan and group showed that axo-axonic synapses from chandelier 

cells began to develop ~P18 to form synapses at the AISs (Inan et al., 2013).  

In parallel with these results, studies of electrophysiological properties of basket 

cells showed protracted postnatal maturation of physiological properties. By slice 

recording of genetically labeled GAD67+ interneurons, presumably basket cells, it has 

been shown that interneuron membrane properties changes and mature into adult firing 

pattern after P25 (Doischer et al., 2008, Okaty et al., 2009). As membrane surface area 

increase with interneuron age, PV+ interneurons have higher membrane capacitance 

and lower input resistant in adult stage. And they switch from slow to fast discharge 

pattern during postnatal maturation (Doischer et al., 2008, Okaty et al., 2009). In 

summary, GABAergic synapses established during postnatal stage and changes in 

neuronal activity may alter their development. In this current work, I present the 

investigation into how GABA activity may effect the postnatal development of 

GABAergic synapses.   
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GABA’s Effect on Synapse Formation 

How neuronal activity effects establishment of neural innervations was best 

studied in the visual cortex, the neuromuscular junction and the cerebellum (Huberman 

et al., 2008, Buffelli et al., 2003, Bosman and Konnerth, 2009). Neuronal activity 

regulation in formation of excitatory synapses onto excitatory neurons has also been 

extendedly studied (Yuste, 2004). From the studies of dendritic spines in excitatory 

neurons, we know that neurotransmission is highly important for maintaining and 

recruitment of synapses in excitatory networks. However, there has been little 

knowledge on whether synaptic transmission is required for maintenance of GABAergic 

synapses in the adult brain. And how the canonical inhibitory GABA transmission 

regulates synapse development during postnatal critical period is largely unknown. 

Here in this thesis work, we address this question by studying the role of GABA activity 

in specific subset of interneurons specifically during postnatal developmental period.  

Previous works on investigating the role of GABA activity have done in PV+ 

interneuron synapse formation. Chattopadhyaya and colleagues used GAD67-loxP 

mice where, GAD67 mutation can be activated by cre recombinase activity to disrupt 

GABA synthesis. They used GAD67 promoter driven cre construct, which also carry 

EGFP to genetically label the interneurons. In organotypic cultures, disrupting GABA 

synthesis in single PV interneurons resulted in thinner axon terminals, reduced number 

of axon branches and small and fewer synaptic contact onto pyramidal somas 

(Chattopadhyya et al., 2007). This effect was rescued by increasing the availability of 

GABA by upregulating the GABA reuptake transporter, GAT1 (Chattopadhyya et al., 

2007). In another study, similar in vitro study was conducted by genetic manipulation in 

organotypic slice cultures. In this case, the authors 1) reduced interneuron excitability 
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by expression of G-protein coupled receptor that can activate GIRK channels (Chapter 

1.1) and 2) inhibited neurotransmitter release by expression of tetnus toxin light chain 

(TeNT-Lc) that disrupts vesicle release (Baho and Di Cristo et al., 2012). The authors 

found that during EP17-24 in cortical slices, PV+ interneuron innervates less number of 

pyramidal neurons when excitability is reduced, however total block of neuron 

transmitter release seem to have little effect. However, blockade of transmitter release 

at this time resulted in smaller but higher number of synaptic boutons, suggesting that 

elimination of activity may affect the dynamic of synapse elimination and formation at 

the peak of PV+ synapse formation (Baho and Di Cristo et al., 2012). Lastly, Wu and 

colleagues showed that deleting both GAD67 and GAD65, as well as in another model 

by deleting the GABA transporter, VGAT resulted in similar small and upregulated 

axonal boutons (Wu et al., 2012). But synapse formation is not affected in these 

manipulations, i.e. number of synaptic bouton per soma is no change (Wu et al., 2012). 

Together, these studies suggest that complete block of GABA may effect synapse 

elimination, although there is a discrepancy. The discrepancy was thought to result 

from different levels of GABA blockade (Wu et al., 2012).   

All of the previous studies focused on single or sparse PV+ interneurons and 

their synapses onto soma. In addition, the morphological read out were analyzed in 

single plane of pyramidal soma, which can lead to under or over estimation of synapse 

number in these studies. Although genetic manipulations were carried out, majority of 

the experiments are in organotypic slice cultures. Therefore, further investigation is 

needed to elucidate how GABA contributes to synapse development in vivo.  
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Extracellular Matrix and GABAergic Synapse Development 

 It has been known that extracellular matrix (ECM) is a critical part of controlling 

synaptic plasticity in the brain. For example, to develop permanent structural changes 

according to experience or environment, the remodeling of extracellular structures is 

needed to allow these changes. In the nervous system, this is well studied in the visual 

cortex for ocular dominance plasticity. This is a classical experiment where one eye is 

deprived of visual stimuli during the critical period; and consequently, thalamocortical 

connections from non-deprived eye became dominance in the visual cortex. In this 

process, structural changes such as rewiring of thalamocortical axons and spine 

motility is only possible when the tissue-type plasminogen activator (tPA), an enzyme 

that breaks down extracellular matrix structures is active and then subsides at the right 

time. For example, there is an upregulation of tPA during the early stage of monocular 

deprivation and decreased after structural rewiring is complete (Hensch, 2005).  

 One of the most prominent ECM structures is the perineuronal nets (PNNs). 

They are net-like structures that surround mostly at the cell body and proximal 

dendrites of neurons. Due to their size and high specificity, these structures can be 

easily visualized by immunofluorescence and histology methods. They were first 

discovered by Camillo Golgi in 1882 using Golgi staining method (Wang and Fawcett et 

al., 2012). The PNNs composed of tightly netted ECM molecules including chondroitin 

sulfate proteoglycans (CSPGs), linear sugar structures, proteoglycans and link proteins 

(Wang and Fawcett et al., 2012). Today, PNNs can be visualized by using biotin 

conjugated plant lecticans such as Vicia villosa agglutinin and Wisteria floribunda 

agglutinin (WFA) that binds to specific components of PNNs. Current studies on the 
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functions of PNNs is conducted by breaking down PNNs using chondroitinase ABC 

(ChABC) enzyme that breaks down the CSPGs.  

Development and functions of PNNs 

 In the cortex, majority of mature PV+ interneurons are enwrapped by PNNs, 

especially large basket cells (Pizzorusso et al., 2002). PNNs become prominent after 

second postnatal weeks in the rodent brain, and continue to develop into adolescence 

stage (Wang and Fawcett et al., 2012). Their development coincides with the 

GABAergic synapse maturation and commonly use as an indicator of GABAergic 

synapse maturation (Hensch, 2005). In line with this hypothesis, in the studies of ocular 

dominance plasticity, the closure of critical period is indicated by maturation of 

GABAergic signaling and PNNs development (Hensch, 2005, Pizzorusso et al., 2002, 

Maffei et al., 2006). Decreasing GABAergic signaling and/or breaking down of PNNs 

result in reactivation of ocular dominance plasticity even in adult, when the critical time 

window is closed (Sale et al., 2007, 2010, Pizzorusso et al., 2002).          

It is inarguable that PNNs serve as the backbone and structural barrier that 

controls the neuronal wiring in the brain. In addition, several lines of studies suggest 

that their functions may be versatile, and possibly different by location, cell type and 

function. It is thought that the net structures serve as the ionic buffer for the fast spiking 

neurons to control the extracellular ionic concentration surrounding the soma (Härtig et 

al., 2001). Breaking down of PNNs result in an increase in excitability of PV+ 

interneurons (Dityatec et al., 2007). In another study, mutant mice model of the critical 

glycoprotein of PNNs, tenascin-R exhibited increase excitatory transmission, reduced 

PV+ synapses and impaired LTP (Saghatelyan et al., 2001). Secondly, PNNs structures 

may serves as scaffolding network to bind the critical molecules that are involved in 
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synapse formation and plasticity (Wang and Fawcett et al., 2012). Recently, it was 

shown that PNNs can protect PV+ interneurons from oxidative stress (Cabungcal et al., 

2013).    

Regulation of PNNs by neuronal activity 

 Thus far, we are certain that PNNs are not permanent structures, but are 

affected by experience, environment and brain activity. As discussed above, PNN plays 

a versatile role in regulating neuronal plasticity, and may be different according to the 

brain regions, cell-type and behavioral functions. Therefore, dissecting how neuronal 

activity can regulate the PNNs may be complex. In the barrel cortex, whisker-trimming 

results in increase number of PV+ interneurons that are surrounded by PNNs (Nowicka 

et al., 2009). In the spinal cord, injury can induce upregulation of PNNs (Wang et al., 

2011). On the other hand, environmental enrichment decreases PNNs number and 

GABAergic synapses in the visual cortex (Sale et al., 2007). In various epilepsy models 

in rodents, decrease number of PNNs along with appearance of degraded PNN 

components is observed (for comprehensive review: McRae and Porter, 2012).  

 

4. Neuregulin 1 and ErbB4 Signaling in GABAergic System 
Development, Function and Disease 

 
Inhibitory System and CNS Disorders  

In the United States, 26.2% of the adult population suffers from one or more 

mental illness in a given year (WHO, mental health statistics). Neuropsychiatric 

disorders are chronic and disabling diseases, which accounts for the highest total 

burden of illness, 18.7% in disability-adjusted life years (DALYs) (Murray et al., 2013). 

The functions of the nervous system are mediated by balancing actions of excitatory 
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glutamatergic projection neurons and inhibitory GABAergic interneurons. Increasing 

evidence from clinical and basic science studies have shown that abnormal 

development and function of GABAergic interneurons may serve as a major 

pathophysiologic mechanism of neuropsychiatric disorders including schizophrenia and 

autism. 

Indeed, deficits in molecules that are critical for GABA signaling, GABAergic 

system development and maintenance of GABAergic synapses are observed in the 

postmortem brain samples of patients with neuropsychiatric disorders (Oscar Marin, 

2012). In addition, human genetic studies revealed that genes that are involved in the 

function and development of GABAergic system are implicated in these 

neuropsychiatric illnesses. For example, in the brains of schizophrenia patients, 

reduction in PV, GAD67 and GAT1 is observed. Susceptibility genes in schizophrenia 

include Disc1, a scaffolding protein critical for GABAergic synapses, Dtnbp1, a 

trafficking molecule that is critical for proper function of GABA transmission and trophic 

factor Nrg1 and its receptor tyrosine kinase, Erbb4 which are involved in regulation of 

GABA transmission and GABAergic system development (discussed in detail below). 

Similarly, Rett’s syndrome, an autism spectrum disorder, is known to caused by 

mutation in Mecp2, methyl-CpG-binding protein 2, which targets the critical genes in 

the GABAergic interneurons. In addition, genes that are important for maintaining 

GABAergic synapses such as adhesion proteins Nrxn1, neurexin1 and Nlgn1-4, 

neuroligin genes, and scaffolding protein, Shank3 are affected in the autism spectrum 

disorders (Oscar Marin, 2012, Chattopadhyaya and Di Cristo, 2012). Consistently, loss-

of-function and interneuron specific conditional mutant mouse models of these genes 
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display neurological, behavior and neurophysiology deficits associated with these 

illnesses (Oscar Marin, 2012).      

In particular, Dysfunction of PV+ interneurons has been implicated in the 

pathophysiology of a wide variety of neurodevelopmental and neuropsychiatric 

disorders (Oscar Marin, 2012, Lewis, 2014, Lewis et al., 2012). This is due to their 

critical role in generating gamma oscillations, fast and precise control of pyramidal 

neuron activity, higher cognitive function, and critical period plasticity (Hu et al., 2014; 

Bartos et al 2007; Szabadics et al., 2001; Hensch, 2005).       

ErbB4 Signaling in Neuropsychiatric Disorders 

This thesis work focused on ErbB4+ interneurons: 1) their circuitry and 2) the 

role of GABA transmission from these interneurons during postnatal synapse 

development. ErbB4 is a transmembrane tyrosine kinase that serves as a receptor for 

the trophic factor neuregulin 1, NRG1. They both are risk genes of mental disorders 

including schizophrenia, bipolar, and depression in various populations (Agim et al., 

2013, Athanasiu et al., 2010, Li et al., 2006, Norton et al., 2006, Petryshen et al., 2005, 

Shi et al., 2009, Stefansson et al., 2002, Sullivan et al., 2008) (for a comprehensive 

review, see also Mei and Nave, 2014). Single nucleotide polymorphism, rare variants, 

deletions and duplications in the genes encoding Erbb4 and its ligand, Nrg1 are 

associated with increased susceptibility to schizophrenia. NRG1 and ErbB4 expression 

and signaling activity have been shown to alter in postmortem brains of schizophrenia 

patients (Law et al., 2007; Silberberg et al., 2006; Walsh et al., 2008; Law et al., 2006; 

Andreasen et al., 2012).  

Because of the versatile roles of NRG1-ErbB4 signaling during development as 

well as synaptic transmission in the adult brain, this pathway is thought to contribute to 
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both glutamatergic hypofunction and GABAergic hypofunction in Schizophrenia (Mei 

and Nave, 2014). Consistently, Nrg1 hypomorphic mice and transgenic mice 

overexpressing Nrg1 exhibit relevant synaptic and behavioral deficits that have been 

implicated in schizophrenia (Gerlai et al., 2000; O’Tuathaigh et al., 2006; Karl et al., 

2006; Rimer et al., 2005; Chen et al., 2008; Deakin et al., 2009; Yin et al., 2013). 

Likewise, ErbB4 null and conditional mutants where ErbB4 has been specifically 

ablated in fast spiking interneurons (PV-cre;ErbB4 -/-, Lhx6-Cre;ErbB4 -/-, CCK-

Cre;ErbB4-/-) exhibit schizophrenia-relevant behavioral deficits and synaptic 

dysfunction (Golub et al., 2004, Barros et al., 2009, Wen et al., 2010, Chen et al., 2010, 

Fazzari et al., 2010, Del Pino et al., 2013, Ting et al., 2011, Yin et al., 2013a,b).    

 ErbB4 Signaling in the GABAergic System Development and Function  

Majority of ErbB4 is present in the GABAergic interneurons in the brain (Yau et 

al., 2003; Anton et al., 2004; Abe et al., 2009; Fazzari et al., 2003, Neddens et al., 2011, 

Neddens and Buonanno, 2010, Vullhorst et al., 2009). Evidence indicates ErbB4 and 

NRG1 play a pivotal role in the assembly of the GABAergic circuitry, including 

interneuron migration from ganglionic eminence, axon and dendrite development and 

synapse formation (Chen et al., 2010, Del Pino et al., 2013, Fazzari et al., 2010, Flames 

et al., 2004, Ting et al., 2011, Wen et al., 2010, Yau et al., 2003, Yin et al., 2013a, Yin et 

al., 2013b, Krivosheya et al., 2008).  

ErbB4 activation by neuregulin 1 promotes GABA release to regulate synaptic 

plasticity in brain areas including the cortex, hippocampus and amygdala (Chen et al., 

2010, Del Pino et al., 2013, Fazzari et al., 2010, Lu et al., 2014, Wen et al., 2010, Woo et 

al., 2007, Yin et al., 2013a, Yin et al., 2013b). Treating brain slices with exogenous Nrg1 

decrease the activity of pyramidal neurons. Likewise, treating with ecto-ErbB4, to 
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neutralize the endogenous Nrg1, increase spontaneous and evoked action potentials, 

and thus firing rate of pyramidal neurons (Wen et al., 2010). Increased in pyramidal firing 

rate has also been seen in ErbB4 conditional mutants (Mei and Nave, 2014). In addition, 

acute treatment of NRG1 in hippocampal slices can suppress LTP at Schaffer 

collateral-CA1 synapses in ERBB4 dependent manner (Huang et al., 2000; Pitcher et 

al., 2008; Cheng et al., 2010; Woo et al., 2007; Wen et al., 2010). 

 ErbB4 has been shown to promote the formation of axo-axonal synapses from 

chandelier interneurons on to pyramidal neurons (Fazzari et al., 2010) as well as the 

formation of glutamatergic synapses onto GABAergic interneurons (Fazzari et al., 2010; 

Ting et al., 2011). Because GABAergic interneurons control and synchronize pyramidal 

neuron activity, ErbB4 may be involved in a wide spectrum of brain functions. In 

agreement, gamma oscillation is reduced in ErbB4-null mutant slices (Fisahn et al., 

2009) and in vivo (Del Pino et al., 2013). ErbB4 deletion in PV+ cells increased mouse 

epileptogenesis by kindling (Tan et al., 2012; Li et al., 2012).  

ErbB4 as a Genetic Marker of Interneurons  

Significant evidence indicated that ErbB4 is a critical receptor tyrosine kinase in 

the GABAergic interneurons. Recently, we have studied the detailed profiling of ErbB4 

protein in the rodent brain by generating a reporter mouse using inducible Erbb4-CreER 

knock-in mouse crossed with tdTomato red fluorescent protein (RFP) reporter Ai9 

mouse. This high fidelity genetic labeling showed that 98% of total ErbB4 positive 

neurons are GABAergic in the cortex. ErbB4+ cells account for ~68.8% of the total 

GABAergic interneuron population in the somatosensory cortex that are labeled by 

GAD67-GFP (Bean et al., 2014).  
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Continuing from this study, genetically labeling ErbB4+ cells reveled that ErbB4 

is expressed in both MGE-derived PV+ interneurons (rarely somatostatin expressing 

interneurons, Figure 3.26) and CGE derived VIP+ and CR+ superficial layer interneurons 

(Choi et al., 2011, Figure 3.26). Therefore, given the importance of ErbB4 in GABA 

circuit development and function, especially in PV+ interneurons (Fazzari et al., 2010; 

Del Pino et al., 2013; Yin et al., 2013), we sought to focus on the GABA activity from 

ErbB4+ interneuron and assembly of ErbB4+ interneuron cortical network. We took 

advantage of the Erbb4 promoter that is active in 68% of GAD67-positive neurons in 

the cortex, to avoid complete ablation of GABA in the cortex (Bean et al., 2014). In 

addition, the inducible CreER line, Erbb4-Cre-ER allows us to target the postnatal stage 

critical for synapse development. By utilizing the genetic reporter to label ErbB4+ 

interneurons, we identified three distinct interneuron cell types, PV+ErbB4+, PV-only 

(PV+ interneurons that are ErbB4-negative) and ErbB4-only (ErbB4+ interneurons that 

are PV-negative). First, we were able to study the connectivity pattern of different types 

of synapses formed by PV+ErbB4+, ErbB4-only and PV-only interneurons in a layer-

specific manner. Second, we were able to study how GABA activity affects interneuron 

synapses during postnatal development.   

In this chapter, I have discussed the overview of the pertinent literature relating 

to my current dissertation work. This provide a background and rationale for the 

experiments I presented in the following chapters of this dissertation, which 1) 

demonstrate the in vivo genetic evidence of GABA activity in postnatal synapse 

development and 2) elucidate the synaptic inputs to and from PV+ and/or ErbB4+ 

interneurons in the cortex.     
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I. MATERIALS AND METHODS 
 

Mice 

All animal handling and experimental procedures were reviewed and approved 

by the Institutional Animal Care and Use Committee of Augusta University. Mice were 

housed at 23°C with 12 hr:12hr light:dark cycle and food and rodent chow diet (Diet 1/4 

7097, Harlan Teklad) available ad libitum. Both male and female mice were used except 

for in-vivo EEG recordings and electrophysiology studies where only male mice were 

used.  

Erbb4-2A-CreERT2 (Erbb4CreER, Jax 012360) (Madisen et al., 2010), Rosa-LSL-

tdTomato (Ai9, Jax 007905) (Madisen et al., 2010), Vgat-loxP (Vgatfl/fl, Jax 012897) (Tong 

et al., 2008) and Thy1-GFP-S (Jax 011070) (Feng et al., 2000) mice were purchased 

from the Jackson Laboratory. Mice were housed at 23°C with 12 hr:12hr light:dark 

cycle with rodent chow (Diet 1/4 7097, Harlan Teklad) available ad libitum. Animal 

handling and experimental procedures were approved by the Institutional Animal Care 

and Use Committee of Augusta University. 

Tamoxifen (Tam) administration 

Mice were administered i.p. with 100 mg/kg Tam once at P10, P12, and P14 or 

in adult stage ablation, 160 mg/kg Tam once at P40, P42 and P44. This treatment 

paradigm was found to obtain healthy mice while effectively inducing the expression of 

tdTomato in Erbb4CreER;Ai9 mice (control) and the ablation of Vgat in 
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Erbb4CreER;Vgatfl/fl;Ai9 mice (ErbB4-Vgat-/-). To induce sparse recombination in 

Erbb4CreER;Vgatfl/fl;Ai9 mice, 25 mg/kg Tam was administered once at P10. 

Western blot analysis 

Brain tissues were dissected in ice-cold 1x PBS buffer and homogenized in 

RIPA Buffer containing (in mM): 50 Tris-HCl, pH 7.4, 150 NaCl, 2 EDTA, 1 PMSF, 50 

sodium fluoride, 1 sodium vanadate, 1 DTT with 1% sodium deoxycholate, 1% SDS 

and 1% protease inhibitors cocktails. Samples were resolved on SDS/PAGE and 

transferred to nitrocellulose membranes (1620112, Bio-Rad), which were incubated in 

the TBS buffer containing 0.1% Tween-20 and 5% milk for 1 h at 22–25 °C before the 

addition of primary antibody for incubation overnight at 4 °C. After wash, the 

membranes were incubated with HRP-conjugated secondary antibody (Life 

Technology) in the same TBS buffer for 1 h at 22–25 °C. Immunoreactive bands were 

visualized using enhanced chemiluminescence (Pierce). Films were scanned with an 

Epson 1680 scanner and analyzed with Image J (NIH). Band density of proteins of 

interest was normalized in relation to GAPDH or β actin control. 

Electroencephalogram recording 

Control and ErbB4-Vgat-/- mice at P30 were anesthetized with 

ketamine/xylazine (0.1 ml/10 g body weight). EEG recording electrodes were placed 

above dura of sensory cortex (2 mm posterior, 3 mm lateral, with bregma as reference 

point) and fixed with screws into the skull without punching the dura. One screw at 

cerebellum served as the ground electrode. Electrodes and screws were secured to the 

skull with dental cement. Mice were allowed to recovery for >5 days before recording in 

a box with free access to food and water. EEG signals were collected with a differential 

bio amplifier (FE136, AD Instruments, Australia) and digitized by PowerLab system (AD 
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Instruments, Australia). Signals were sampled at 1 kHz with 0.3 Hz high pass filter and 

100 Hz low pass filter. Each mouse was recorded for > 2 hr each day for up to 2 wk. 

Epilepsy-related EEG (0.5 – 40 Hz) power spectrum density was calculated using fourier 

transform in LabChart (AD Instruments, Australia).  

Brain tissue preparation and Immunofluorescence 

Anesthetized mice were perfused transcardially with cold 4% paraformaldehyde 

(PFA) in 0.1 M phosphate buffer. Brains were dissected out and incubated in 4% PFA at 

4 °C for 4-8 h and washed in 1 x PBS for 8-12 h. They were incubated one night each in 

15% and in 30% sucrose in PBS at 4°C for dehydration. Brain blocks were frozen and 

sliced with cryostat (HM550; Thermo Scientific) into 40 μm sections for most 

immunofluorescence procedures except experiments with Thy1-GFP mice where 100-

μm sections were used. Sections could be saved at -20 °C in cryoprotectant solution 

(FD Neurotechnologies, Inc.) or used immediately. They were permeabilized with 0.3% 

Triton X-100 and 5% BSA or 10% donkey serum in TBS (Tris Buffered Saline) for 1 hr 

and incubated at 4 °C overnight with primary antibodies in 0.15% Triton X-100 and 5% 

BSA or 10% donkey serum in TBS. After washing with TBS 10 min for 3 times, samples 

were incubated with secondary antibodies for 1-2 h at room temperature. Brain 

sections were washed in with TBS 10 min for 4 times at room temperature and 

mounted with SlowFade® Diamond Antifade Mountant (ThermoFisher, Cat. No. 

S36972). Primary and secondary antibodies used are listed in Appendix A. 

Confocal microscopy and quantitative image analysis 

All the quantification analyses were done blinded to genotypes. For each 

experimental data set, imaging parameters were kept constant throughout image data 

acquisition. Confocal images were captured in z-stacks (0.4-μm steps) by a Nikon AR1 
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Multiphoton microscope at 1024 x 1024 pixel, using 20 x or 60 x objectives. S1 of the 

somatosensory cortex was analyzed. Image processing and data quantifications were 

done in Fiji (https://fiji.sc/#) (Schindelin et al., 2012).  

Quantification of neuron number 

 For cell number count, images were captured at 1024 x 1024 pixel, using 20x or 

10x objectives and counted manually using image J. In some cases region of interest 

(ROI) was defined before counting. For PV+ and NeuN+ cells, confocal z-plane that 

shows optimal antibody penetration was selected for imaging in all samples.   

Quantification of VGAT and Gephyrin punctae 

 To quantify the number of VGAT punctate that are colocalized with ErbB4+ 

boutons, single z-plane images were captured with a 60x objective, at 1024 x 1024 

pixel and 4x zoom. In image J, a threshold for VGAT channel was manually set and kept 

constant for all the images to exclude low-intensity punctae and minimize fusion of 

multiple punctae. Region-of-interests (ROIs) were placed in superficial L2/3 and deep 

cortical layers (L4-6) regions for quantification. VGAT punctae above a set threshold 

that are colocalized with ErbB4+ bouton was counted as well as the total ErbB4+ 

boutons in a ROIs to calculate the percentage.   

 To quantify the number of gephyrin punctae at the soma and AIS synapses, 

single Z plane images were captured with a 60x objective, at 1024 x 1024 pixel and 4x 

zoom. In image J, a threshold for gephyrin channel was manually set and kept constant 

for all the images to exclude low-intensity punctae and minimize fusion of multiple 

punctae. ErbB4+ boutons that were juxtaposed to gephyrin-labeled punctae at the 

soma and AIS were counted over total ErbB4+ boutons to calculate the percentage.  
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Quantification of VGLUT1 punctae onto interneuron somas 

To quantify the number of VGLUT1 punctae at the somas of PV+ErbB4+, PV-

only and ErbB4-only interneurons, single z-plane images were captured with a 60x 

objective, at 1024 x 1024 pixel and 4x zoom. In image J, a threshold for VGLUT1 

channel was manually set and kept constant for all the images to exclude low-intensity 

punctae and minimize fusion of multiple punctae. VGLUT1 punctae that were 

juxtaposed to interneuron somas were counted and interneuron somas were traced and 

the length of the circumference of the soma was measured. From this, the density of 

VGLUT1 puncta per μm was calculated.       

3D quantification of PV+ and/or ErbB4+ synapses 

 Images were acquired for each cortical layer, L2/3 to L6 in the S1 of the 

somatosensory cortex for all experiments.  

PV+, ErbB4+ or PV+ErbB4+ boutons onto the soma and AIS of an excitatory 

neuron or somas of an inhibitory neuron were quantified using consecutive serial 

images. Boutons at sizes between 0.2 – 3 μm2 were counted. To quantify the total 

number of inhibitory synapses onto single pyramidal neuron somas, confocal z-

projection images of entire somas in 0.4-μm steps were taken with a 60x objective at 

512 x 512 pixel and 4x zoom. Fluorescence intensity was threshold to a single set point 

for all images to exclude low intensity punctae. Individual PV+ and/or ErbB4+ boutons 

in contact with the somas (identified by anti-NeuN, neuronal cell body marker) were 

followed from their appearance to disappearance over z-plane images of the entire 

soma. A given bouton was counted only once in an image, not in preceding and 

following images. 
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To quantify the number of inhibitory synapses on to the AISs, we captured 

confocal z-projection images of entire AIS in 0.4-μm steps using a 60x objective at 512 

x 512 pixel and 4x zoom. Fluorescence intensity was threshold to a single set point for 

all images to exclude low intensity punctae. Individual PV+ and/or ErbB4+ boutons in 

contact with AISs (eye-lash shaped regions identified by anti-AnkyrinG, AIS marker) 

were followed from their appearance to disappearance over z-plane images of the 

entire AIS. A given bouton was counted only once in an image, not in preceding and 

following images. 

To quantify the total number of inhibitory synapses onto inhibitory neuron 

somas, imaging of the entire interneuron soma was done similarly to pyramidal neuron 

somas. Confocal z-projection images of entire somas in 0.4-μm steps were taken with a 

60x objective at 512 x 512 pixel and 4x zoom. Fluorescence intensity was threshold to 

a single set point for all images to exclude low intensity punctae. The number of 

synaptotagmin-2+ (Syt2+) boutons that are present at PV+ synaptic boutons was 

quantified. Syt2+ in contact with PV-only, ErbB4-only and PV+ErbB4+ interneuron 

somas were followed from their appearance to disappearance over z-plane images of 

the entire soma. In addition, ErbB4-only and PV-only boutons that were not Syt2+ were 

also quantified separately. For example, ErbB4-only neurons may synapse onto PV+ 

interneurons; such synapses could be visualized by ErbB4+ boutons onto anti-PV 

antibody-labeled somas. Likewise, PV-only inhibitory synapses onto ErbB4-only 

interneurons soma with no overlapping anti-Syt2 immunofluorescence can be 

distinguished visually. Similarly, these boutons were followed from their appearance to 

disappearance over z-plane images of the entire soma of PV-only and ErbB4-only 

interneurons, respectively.     
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Quantification of excitatory synapses  

To characterize dendrites and spines of pyramidal neurons, images were 

captured in z-stacks (1.0 μm step size) with a 20x objective. Apical and basal dendritic 

spines of 2° and 3° branches were counted and length of dendritic segment was 

measured. To maintain consistency, at least 10 μm from the branch points were 

avoided in the quantification. Data is reported in density of dendritic spines per 10 μm.  

Quantification of VGAT and WFA intensity 

WFA intensity surrounding PV+ and/or ErbB4+ interneurons was measured at the z-

plane of widest soma area from image stacks of the whole soma covered by WFA. Vgat 

intensity of punctae colocalized or not colocalized with ErbB4+ boutons in region-of-

interests (ROIs) was measured. Background intensity for each image was averaged and 

subtracted. Mean fluorescence intensity was calculated and presented in arbitrary unit.  

Morphometry and sholl analysis 

L5 PyNs basal and apical dendritic arbors confocal images were obtained separately 

using 20x objective with 1.0μm step size. Image stacks were processed in Fiji and 

exported as tiff. files for 3D reconstruction. 3D-reconstructions were performed using 

Reconstruct software 1.1.0.0 (Fiala, 2005) (available at http://synapses.clm.utexas.edu) 

by using Z-trace tool. Following morphological parameters were measured from 3D 

renderings of PyNs: total dendritic length, 1°, 2° and 3° dendrites number and sholl 

analysis. Sholl analysis: 3D reconstructed images were exported to Fiji, scales were 

calibrated and sholl analysis was done by implementing sholl analysis plug in for Fiji 

(http://imagej.net/Sholl_Analysis). Steps of 10 μm differences in diameter concentric 

circles were used and number of dendritic intersection crossing each step was 

measured.  
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Electrophysiology 

Control and ErbB4-Vgat-/- mice (P30-P35) were anesthetized with isoflurane 

and subjected to cardiac perfusion with ice-cold oxygenated (95% O2 and 5% CO2) 

artificial cerebrospinal fluid (ACSF) containing (in mM): 110 choline Cl, 3.5 KCl, 0.5 

CaCl2, 7 MgCl2, 1.3 NaH2PO4, 25 NaHCO3, and 20 glucose. Brains were removed 

rapidly and placed in ice-cold oxygenated ACSF. The sensory cortex was dissected, 

transverse slices (250-300 μM) were cut on a vibratome (VT1200, Leica) and allowed to 

recover at 32°C for 1 h before recording. The ACSF used for recovery and recording 

contained (in mM): 125 NaCl, 3.5 KCl, 2 CaCl2, 1.3 MgCl2, 1.3 NaH2PO4, 25 NaHCO3, 

and 10 glucose. Individual slices were transferred to a submerged recording chamber 

and continuously perfused with the ACSF (3.0 mL/min) at 32°C. Slices were visualized 

under a microscope (IX51WI, Olympus) using infrared video microscopy and differential 

interference contrast optics.  

ErbB4+ interneurons were identified with the expression of Td-tomato. 

Pyramidal neurons were identified based on their location and shape and were 

morphologically verified by biocytin-backfilling. The patch electrodes were made from 

borosilicate glass capillaries (B-120-69-15, Sutter Instruments) with a resistance in the 

range of 2.5–4 MΩ. The internal solution for mEPSC recording contained (in mM): 125 

K-gluconate, 15 KCl, 10 HEPES, 4 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 Tris-

phosphocreatine, 0.2 EGTA and 0.3% biocytin. TTX (1 μM) and bicuculline (10 μM) were 

added to the recording ACSF to block action potential and GABAergic transmission, 

respectively. The internal solution for mIPSC recording contained (in mM): 100 

CsCH3SO3, 40 CsCl, 10 HEPES, 4 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 Tris-

phosphocreatine, 0.2 EGTA and 0.3% biocytin. TTX (1 μM), CNQX (20 μM) and DL-AP5 
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(50 μM) were added to the recording ACSF to block action potential and glutamatergic 

transmission, respectively. Recordings were made with an Axon 700A patch-clamp 

amplifier and 1320A interface (Axon Instruments). The signals were filtered at 2 kHz 

using amplifier circuitry, sampled at 10 kHz and analyzed using Clampex 9.0 (Axon 

Instruments). 

Behavior Tests 

Open field test 

Mice were handled by the investigator for three days before any behavioral test. 

Mice were placed in a chamber (50 x 50 x 10 cm) and movement was monitored for 30 

min using an overhead camera and tracking software (EthoVision, Noldus). The center 

25 x 25 cm region was artificially defined as the center region and frequency and 

duration spent in the center region was recorded. 

Elevated plus maze (EPM) 

Elevated plus maze (EPM) has two opposing wall-closed arms and two open 

arms, each at 5 × 66 cm. The EPM was placed ~50 cm above the floor. Each mouse was 

placed in one of the closed arms and was recorded for 15 min using an overhead 

camera and tracking software (EthoVision, Noldus). The time mice spent in the open 

arms, the number of entries and the latency to first entry were quantified autonomously. 

Light/dark box test 

In the light/dark box test, mice were placed in the dark chamber (20 x 15 x 23 

cm) that was connected with the light chamber (30 x 20 x 23 cm) through an open door 

(7 x 5 cm), and recorded for 10 min. The time mice spent in the light box, number of 

entries and latency to first entry to the light box were quantified by the computational 

software. 
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Y-maze 

Mice were placed into one of the arms of the Y-maze (start arm) and allowed to 

explore the maze freely and the turns were recorded from the video monitor to record 

the alterations between arms. After a 1-2 h inter-trial interval, mice were placed in the 

Y-maze with one of the arms closed for 15 min (training trial). After a 1-h inter-trial 

interval, mice were returned to the Y maze by placing them in the start arm and allowed 

to explore freely. The alterations were recorded from the video monitor by an observer 

blind to the genotype of the mice. 

Statistics 

Statistical analysis was done using GraphPad Prism 6.0 software (GraphPad 

Software, Inc., San Diego, CA). Two-tailed un-paired t-test was used to compare data 

between control and ErbB4-Vgat-/- mice and in some cases, to compared superficial 

and deep cortical layers in controls. One-way ANOVA, followed by Tukey’s multiple 

comparison test, was used to evaluate layer specific differences in control mice. For 

analysis of F-I curves, two-way ANOVA followed by Bonferroni's post hoc test was 

used. Data of cumulative probability were analyzed with Kolmogorov-Smirnov (K-S) 

test. No statistical methods were used to predetermine sample sizes, but our sample 

sizes were either more or similar to those commonly employed in similar experiments in 

the literature (Baho et al., 2012; Chattopadhyaya et al., 2004; Chattopadhyaya et al., 

2007; Wu et al., 2012). Investigators of imaging analysis, electrophysiology and EEG 

experiments were blinded to genotypes of mice. One pair of control and mutant mice 

were tested on a given day and which to be tested first was random. No data points 

were excluded. Data are represented as means ± SEM. p < 0.05 is considered 

significant.  
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II. RESULTS 

A. Regulation of synapse development by GABA activity of 
ErbB4-positive interneurons  

 
Generation and characterization of ErbB4+ neuron-specific Vgat mutant mice 

Null mutants of Gad67 or Vgat die in embryonic stage, which prevents studies of 

GABA’s role during development. To solve this problem, we generated a mutant mouse 

where Vgat is ablated specifically in ErbB4+ interneurons. Vgat is the GABA transporter 

that loads GABA into synaptic vesicles in GABAergic interneurons and is critical for 

GABA transmission (Fon and Edwards, 2001, Wojcik et al., 2006). Vgat-loxP (Vgatfl/fl) 

mice (Tong et al., 2008) (Jax 012897) were crossed with Erbb4-Cre-ERT2 (Erbb4CreER) 

mice (Madisen et al., 2010) (Jax 012360) (Figure 3.1 A). In Erbb4CreER mice, the Cre-

ERT2 cassette is inserted downstream of the Erbb4 locus and does not alter the 

expression of endogenous ErbB4 (Bean et al., 2014, Madisen et al., 2010). Because of 

the 2A oligopeptide between Erbb4 and Cre-ERT2 that mediates ribosomal skip (Figure 

3.1 A), ErbB4 and Cre-ER are expressed as individual proteins. ER is a mutant human 

estrogen receptor, which binds the synthetic ligand tamoxifen (Tam), but not 

endogenous estrogen. Resulting Erbb4CreER;Vgatfl/fl mice were treated with Tam 

beginning at postnatal (P) day 10 to induce Cre activity, which deletes exon 2 of the 

Vgat gene and causes a frame shift mutation and thus abolish VGAT expression in 
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ErbB4+ interneurons (Figure 3.1 A). As control, age-matched littermates of same 

genotype were injected with vehicle (i.e., corn oil).  

To determine whether VGAT expression was altered, homogenates of different 

brain regions of Tam-treated Erbb4CreER;Vgatfl/fl mice were subjected to Western blot 

analysis at P35. As shown in Figure 3.1 B,C, VGAT protein was reduced in prefrontal 

cortex, cortex, and hippocampus, compared with control mice (i.e., mice treated with 

the vehicle corn oil). Because Vgat ablation occurred only in ErbB4+ cells, which 

account for ~68% of GABAergic interneurons (Bean et al., 2014), lower level of VGAT 

remained detectable in these brain regions. VGAT expression in the cortex increased 

postnatally (Figure 3.2 A and B), in agreement with previous findings (Minelli et al., 

2003); however, this increase was blocked in Erbb4CreER;Vgatfl/fl mice (Figure 3.2 A and 

B). Significant reduction was observed as early as P20 (10 days after tam treatment) 

(Figure 3.2 A and B). Tam-treated Erbb4CreER;Vgatfl/fl mice developed well into 

adolescence with comparable growth rate with controls (Figure 3.2 C). They had normal 

brain weight and gross morphological features (Figure 3.2 D and E). Around P50, Tam-

injected Erbb4CreER;Vgatfl/fl  mice began to show immobility leading to rigidity, prolonged 

periods of head nodding, facial twitching, clonus and falling, indicating spontaneous 

seizures (Figure 3.3). Subsequently, the mice die within couple days of seizure 

exhibition. Earliest observation of seizure was P47, however majority of the Tam-

injected mice develop seizures after P50 and died before P70 (Figure 3.3).  
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Figure 3.1: Elimination of GABA transmission from ErbB4+ interneurons during 
postnatal development. A, Genetic strategy for postnatal ablation of GABA transmission 
in ErbB4+ interneurons. Cre is expressed specifically in ErbB4+ interneurons and activated 
by Tam, which mediates Vgat knockout in ErbB4+ interneurons. B, Reduced VGAT in brain 
tissues of Tam treated Erbb4CreER;Vgatfl/fl mice, compared to vehicle treated controls. C, 
Quantitative data of B (n = 3 mice per group, PFC: p = 0.05; Ctx: p = 0.009; HPF: p = 
0.003). PFC, prefrontal cortex; Ctx, cortex; HPF, hippocampal formation; Error bars, s.e.m.; 
*p < 0.05; **p < 0.01 
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Figure 3.2: Characterization of Tam-treated Erbb4CreER;Vgatfl/fl mice. A, Time dependent 
VGAT reduction in Erbb4CreER;Vgatfl/fl mice. B, Quantitative data of A. C, Comparable growth 
rate of Veh and Tam treated Erbb4CreER;Vgatfl/fl mice. D, Similar brain weight of Veh and Tam 
treated Erbb4CreER;Vgatfl/fl mice at P35. E, Similar gross morphology of brains from Veh and 
Tam treated Erbb4CreER;Vgatfl/fl mice at P35. Shown were representative coronal Nissl-
stained sections. (C-E, n = 6 mice per group). n.s., not significant; Error bars, s.e.m. 
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Figure 3.3: Survival of Erbb4CreER;Vgatfl/fl mice. A, Numbers of Tam treated 
Erbb4CreER;Vgatfl/fl mice with first-onset spontaneous seizure.  B, Kaplan-Meier survival 
curves of control and ErbB4-Vgat-/- mice (n = 21 and 22 mice, respectively).  
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Non-invasive in vivo EEG recording was conducted to determine whether 

Erbb4CreER;Vgatfl/fl  mice had electrographic seizure activity prior to behavioral seizure. As 

shown in Figure 3.4, they did not exhibit epileptiform activity before P46. Therefore, we 

focused on the mice at P35, a time when the development of GABAergic and 

glutamatergic systems is completed (Chattopadhyaya et al., 2004; Chattopadhyaya et 

al., 2007; Doischer et al., 2008; Okaty et al., 2009) and before electrographic or 

behavioral seizure manifested. 
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Figure 3.4: No electrographic seizure activities prior to P45 in ErbB4-Vgat-/- mice. A, 
Representative EEG traces of an ErbB4-Vgat-/- mouse. Traces indicated by red lines were 
zoomed out below. Abnormal spikes-like activities were not observed until P42 and no 
electrographic seizure activities were observed until P46. B, Summarized EEG power (0.5 
Hz – 40 Hz) spectrum density. C, EEG power spectrum density of control and ErbB4-Vgat-
/- mice at P36 and P48. (n = 6 and 8 controls and ErbB4-Vgat-/- mice, respectively). n.s., 
not significant, Error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 0.001  
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No effect of postnatal Vgat knockout on numbers of pyramidal neurons, PV+ 

interneurons and ErbB4+ interneurons 

To visualize ErbB4+ neurons, Erbb4CreER mice and Erbb4CreER;Vgatfl/fl  mice were 

crossed with Rosa::LSL-tdTomato (Ai9) mice where tdTomato expression is suppressed 

by a lox-stop-lox cassette that could be released by Tam treatment (Bean et al., 2014; 

Madisen et al., 2010) (Figure 3.5 A). Unless otherwise indicated, Tam-treated 

Erbb4CreER;Vgatfl/fl;Ai9 mice were referred to as ErbB4-Vgat-/- mice whereas control 

mice were Tam-treated Erbb4CreER;Ai9 mice (Figure 3.5 A). Immunostaining revealed that 

VGAT was absent in 89% of ErbB4+ boutons (Figure 3.5 B-D). In the remainder 11% 

where VGAT was detected, its intensity was reduced by 84%, compared with control 

mice (Figure 3.5 E). The intensity of ErbB4-negative VGAT punctae was not changed in 

ErbB4-Vgat-/- mice. These results demonstrate that VGAT ablation was specific for 

ErbB4+ interneurons. 
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Figure 3.5: Genetic labeling of ErbB4+ interneurons in control and ErbB4-Vgat-/- 
mice. A, Genetic strategy for postnatal ablation of Vgat in ErbB4+ interneurons and 
visualizing ErbB4+ interneurons. Erbb4CreER and Erbb4CreER;Vgatfl/fl mice were crossed with 
LSL-tdTomato (Ai9) to visualize ErbB4+ neurons. B, Representative coronal sections were 
immunolabeled with antibody against VGAT. Higher magnification of dotted areas was 
shown in images on the right (ErbB4, red; VGAT, green). Closed arrowheads indicate VGAT 
punctae colocalized with ErbB4+ boutons; open arrowheads indicate VGAT punctae not 
colocalized with ErbB4+ boutons. C, Decreased number of VGAT punctae associated with 
ErbB4+ boutons in ErbB4-Vgat-/- mice. Control, n = 46 ROIs, 9 sections, 3 mice; ErbB4-
Vgat-/-, n = 35 ROIs, 9 sections, 4 mice. D, Decreased VGAT intensity in ErbB4+, but not 
ErbB4-negative, boutons in ErbB4-Vgat-/- mice. VGAT-ErbB4+: control, n = 36 ROIs, 9 
sections, 3 mice; ErbB4-Vgat-/-, n = 20 ROIs, 9 sections, 4 mice. VGAT-ErbB4-: control, n 
= 14 ROIs, 9 sections, 3 mice; ErbB4-Vgat-/-, n = 19 ROIs, 9 sections, 4 mice. ROIs, 
region-of-interests; Error bars, s.e.m.; n.s., not significant; *p < 0.05; **p < 0.01; ***p < 
0.001 
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PV+ and ErbB4+ interneurons are generated primarily in the medial ganglionic 

eminence (MGE) and the central ganglionic eminence (CGE) in embryonic stage (Butt et 

al., 2008; Choi et al., 2010; Flames et al., 2004; Gelman et al., 2010; Liodis et al., 2007). 

They migrate tangentially to populate different layers of the cortex by the first postnatal 

week (Marin, 2013; Miyoshi et al., 2011). ErbB4 is expressed in migrating interneurons 

and believed to be important for populating the cortex (Flames et al., 2004; Yau et al., 

2003). On the other hand, the radial migration of glutamatergic pyramidal neurons, 

which were born in the ventricular zone, is completed by birth (Huang, 2014; Luhmann 

et al., 2015). To determine whether cortical neuronal populations were altered, cortical 

slices were stained with NeuN, a marker of neuronal nuclei (Mullen et al., 1992). As 

shown in (Figure 3.6 A-D), the densities of NeuN-labeled neurons were similar between 

ErbB4-Vgat-/- and control mice. This result indicates that Vgat mutation in ErbB4+ 

interneurons at P10 has little effect on neuronal populations. In control mice, PV+ 

interneurons were not present in L1, but in L2/3, L4, L5 and L6, with highest population 

in L5 (Figure 3.6 E), in agreement with previous reports (Gonchar et al., 2007; Xu et al., 

2010). Similar distribution pattern and number of PV+ neurons were observed in ErbB4-

Vgat-/- mutant mice (Figure 3.6 E). Since Vgat is mutated in ErbB4+ interneurons, it 

would be important to determine whether the mutation alters their number and 

distribution in the cortex. As shown in Figure 3.6 F, ErbB4+ interneurons (i.e., labeled by 

tdTomato) were populated throughout the cortical layers L1 to L6, with the number of 

ErbB4+ interneurons being highest in L2/3 and L5, in agreement with the previous study 

(Bean et al., 2014). The number and distribution of ErbB4+ interneurons in all cortical 

layers were similar between ErbB4-Vgat-/- and control mice (Figure 3.6 F). These 
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results suggest that Vgat knockout at P10 does not alter the migration and lamination of 

PV+ or ErbB4+ interneurons.  

In L4 and L5 of the cortex, a majority of ErbB4+ interneurons are positive for PV 

(66.5 ± 5.23% and 69.7 ± 5.23% in L4 and L5, respectively), whereas in L2/3, only 40.2 

± 3.74% of ErbB4+ cells were PV+ (Figure 3.6 G). This indicates that there are more 

ErbB4-only interneurons in superficial layers, and more double positive (PV+ErbB4+) 

interneurons in deep layers, in agreement with a previous report (Bean et al., 2014). On 

the other hand, of PV+ interneurons, 93% were positive for ErbB4 (i.e., recombined by 

Tam induction) at L2/3; the percentages of these double positive neurons were reduced 

to 83% in L5 and 87% in L6 (Figure 3.6 H). This indicates that PV-only interneurons are 

sparse and mostly distributed in L5 and L6. High magnification images show the PV-

only interneurons that were not colocalized with ErbB4+ interneurons (Figure 3.6 A’-B”). 

Vgat mutation in ErbB4+ interneurons seemed to have little effect on the number and 

distribution of ErbB4-only, PV+ErbB4+ and PV-only interneurons in different cortical 

layers (Figure 3.6 E-H). Together, these results demonstrate that Vgat knockout at P10 

in ErbB4+ interneurons did not alter the number of pyramidal neurons as well as 

interneurons in the cortex, providing an excellent model to determine whether and how 

GABA activity regulates synapse development.  
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Figure 3.6: Normal laminar distribution of PV+ and ErbB4+ interneurons in ErbB4-
Vgat-/- mice. A, B, Representative coronal sections showing genetically labeled ErbB4+ 
interneurons (red) and PV+ interneurons (green), with NeuN (blue) staining as background 
in controls (A) and ErbB4-Vgat-/- (B) mice. Dotted rectangles are enlarged at the bottom to 
highlight ErbB4-negative, PV-only interneurons (green, open arrowheads) and PV+ErbB4+ 
interneurons (yellow, closed arrowheads) in control (A’ and A”) and ErbB4-Vgat-/- (B’ and 
B”). C, Distribution diagram of indicated interneurons in superficial and deep cortical layers. 
D, Similar NeuN+ cell density in control and ErbB4-Vgat-/- mice (n = 9 sections, 4 mice per 
group). E-H, Similar number and distribution of PV+ (E), ErbB4+ (F), % of PV+ / ErbB4+ (G) 
and % of ErbB4+ / PV+ (H) cells in different cortical layers (n = 9 sections, 4 mice per 
group). INs, interneurons; n.s., not significant; Error bars, s.e.m.  
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Fewer axo-somatic inhibitory synapses onto excitatory neurons 

PV+ interneurons, accounting for ~40-50% of total interneurons, have been 

extensively studied (Bartos et al., 2007; Cardin et al., 2009; Hu et al., 2014; Sohal et al., 

2009). Their dysfunction has been implicated in pathophysiology of a wide variety of 

neurodevelopmental and neuropsychiatric disorders such as autism and schizophrenia 

(Lewis, 2014; Lewis et al., 2012; Marin, 2012). PV+ basket cells typically form axo-

somatic and axo-axonic synapses; an individual basket cell could target 200-1000 

neurons in rat and ~800 neurons in mouse (Kubota, 2014; Packer et al., 2011). PV+ 

chandelier cells synapse onto axon initial segments (AISs) to form axo-axonic synapses 

(Karube et al., 2004; Kawaguchi et al., 1997; Somogyi, 1977); a chandelier cell may 

innervate 35-50% of pyramidal neurons within its axon arbor range (Inan et al., 2013). 

However, the total number of the inhibitory synapses onto individual pyramidal neurons 

and inhibitory neurons remain unclear. Thus, we first characterized the inhibitory 

synapses by PV+ ErbB4+, ErbB4-only and PV-only interneurons in different cortical 

layers. L1 has no projection neurons and few if any PV+ interneurons (Jiang et al., 

2013), Figure 3.6 A,B and E. Interneurons in L1, most of which are positive for ErbB4 

(Bean et al., 2014), project to interneurons in L2/3 and excitatory neurons in L5 (Jiang et 

al., 2013).  

From the previous studies on early cortical activity and GABA transmission, we 

know that GABAergic synapse formation does not require neurotransmission 

(Magueresse and Monyer, 2013). ErbB4+ terminals appeared as boutons in the cortex 

(Figure 3.7 A-C), as observed for GABAergic presynaptic terminals (S. X. Chen et al., 

2015; Inan et al., 2013; Taniguchi et al., 2013). To determine whether these boutons 

represent inhibitory synapses, cortical sections were stained with antibody against 
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NeuN to visualize somas of projection neurons (blue, Alexa647-labeled secondary 

antibody). ErbB4+ terminals were visualized by tdTomato that was expressed in ErbB4+ 

neurons. We co-stained with an antibody against gephyrin, a marker of inhibitory 

synapses (Essrich et al., 1998) and used to identify GABAergic synapses in the absent 

of Vgat previously (Wu et al., 2012). As shown in Figure 3.7 A, a majority of ErbB4+ 

boutons were juxtaposed to gephyrin-labeled punctae at the soma (86 ± 2.5 % and 84 

± 2.6 % in control and ErbB4-Vgat-/- mice, respectively) (Figure 3.7 B), indicating that 

most of these boutons were axonal terminals of inhibitory synapses onto projection 

neurons. Axon terminals of PV+ interneurons were visualized by immunostaining, which 

has been used to quantify inhibitory synapses (Del Pino et al., 2013; Kobayashi et al., 

2015; Ye et al., 2015). To quantify the total number of inhibitory synapses, we captured 

confocal z-projection images of entire somas in 0.4-μm steps (Figure 3.7 C). Individual 

PV+ and/or ErbB4+ boutons in contact with somas were followed from their 

appearance to disappearance over z-plane images of the entire soma. A given bouton 

was counted only once in an image, not in preceding and following images (Figure 3.7 

C).  

In control mice, a typical projection neuron soma receives 51.9 ± 2.97 in L2/3 

and 63.1 ± 7.18 in L4, 110.4 ± 8.32 in L5 and 42.0 ± 3.32 in L6 PV+ErbB4+ axo-somatic 

inhibitory synapses per soma (Figure 3.8 B). PV+ErbB4+ axo-somatic inputs onto 

pyramidal neurons were highest at L5, compared with each of the other layers (p < 

0.0001, one-way ANOVA, Tukey’s test). ErbB4-only axo-somatic inputs per soma were 

higher in L2/3 and L6 (8.94 ± 0.89 and 9.29 ± 1.01, respectively; p = 0.02, one-way 

ANOVA), but lower in L4 and L5 (6.70 ± 1.14 and 5.65 ± 0.79, respectively, p = 0.02, 
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one-way ANOVA) (Figure 3.8 C). In contrast, PV-only interneurons formed far fewer 

inhibitory synapses (~ 0-2 per soma) throughout cortical layers (Figure 3.8 D).    

In ErbB4-Vgat-/- mice, PV+ErbB4+ axo-somatic synapses were reduced in both 

superficial (L2/3) and deep cortical layers (L5 and L6), compared with control, with the 

exception of those in L4 that were not changed (L2/3, p < 0.0001; L5, p = 0.008 and L6, 

p = 0.02, t test) (Figure 3.8 B). On the other hand, the numbers of ErbB4-only synapses 

were not changed in ErbB4-Vgat-/- mice, except a reduction in L4 (p = 0.007, t test) 

(Figure 3.8 C). PV-only synapses were not altered by Vgat mutation in ErbB4+ neurons 

(Figure 3.8 D), which is not unexpected because Vgat was not mutated in PV-only 

interneurons.  

To determine whether the morphological changes alter neurotransmission, we 

measured miniature inhibitory postsynaptic currents (mIPSCs) of pyramidal neurons by 

whole-cell patch-clamp recordings. mIPSC frequencies were decreased in both L2/3 

and L5/6 pyramidal neurons of ErbB4-Vgat-/- mice, compared with controls (in control 

and ErbB4-Vgat-/-, respectively: 7.9 ± 0.49 vs. 3.3 ± 0.35 Hz in L2/3, p < 0.0001; and 

10.4 ± 0.99 vs. 5.4 ± 0.63 Hz in L5, p = 0.001, t test) (Figure 3.9 C and G). In contrast, 

no change in mIPSC amplitudes was observed (Figure 3.9 D and H). Together, these 

results indicate that GABA activity is necessary for the development of axo-somatic 

synapses in the cortex in a layer-specific manner.  
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Figure 3.7: ErbB4+ axonal boutons were juxtaposed with gephyrin clusters at the 
soma. A, ErbB4+ boutons juxtaposing to the inhibitory postsynaptic marker, gephyrin. 
Cortical sections of control mice were stained with antibody against gephyrin, which were 
visualized by fluorescence-conjugated secondary antibody (green). Somas of pyramidal 
neurons were labeled by NeuN (blue). Arrowheads indicate ErbB4+ boutons juxtaposed to 
gephyrin clusters. B, % ErbB4+ boutons-gephyrin clusters / total ErbB4+ boutons per 
soma (control, n = 34; ErbB4-Vgat-/-, n = 36 somas, 3 mice per group). C, 3D 
quantification of PV+ and/or ErbB4+ axo-somatic synapses per individual pyramidal 
neuron soma. Z-stack images were taken at 0.4 μm steps to cover the entire somas of 
individual pyramidal neurons. PV+ErbB4+ (arrows), PV-only (open arrowheads) and ErbB4-
only (closed arrowheads) boutons were traced in serial images and counted once. Shown 
were Z-section images of one representative soma. n.s., not significant; Error bars, s.e.m.  
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Figure 3.8: Decreased axo-somatic inhibitory synapses by PV+ErbB4+ interneurons 
onto excitatory neurons. A, Representative images of axo-somatic synapses onto 
pyramidal neurons. Cortical sections of control and ErbB4-Vgat-/- mice were stained with 
antibodies against PV and NeuN. Shown were L2/3 and L5 somas, where ErbB4+ boutons 
were labeled in red (tdTomato), PV boutons in green, and NeuN in blue. Open arrowheads 
indicate boutons that are either PV-only or ErbB4-only and closed arrowheads indicate 
PV+ErbB4+ boutons. Higher magnification images of dotted areas were shown on the 
right. B-D, Quantitative analysis of axo-somatic synapses that are PV+ErbB4+ (B), ErbB4-
only (C), and PV-only (D). Control, n = 16, 17, 19, and 14 somas in L2/3, L4, L5 and L6, 
respectively, 4 mice; ErbB4-Vgat-/-, n = 10, 12, 17 and 21 somas in L 2/3, L4, L5 and L6, 
respectively, 4 mice. n.s., not significant; Error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 
0.001; ****p < 0.0001 
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Figure 3.9: Reduced mIPSC frequency in pyramidal neurons of ErbB4-Vgat-/- mice. 
A, E, Schematics of whole-cell patch-clamp recordings of L2/3 (A) and L5/6 (E) pyramidal 
neurons in cortical slices. B, F, Representative traces of mIPSCs from L2/3 (B) and L5/6 (F) 
pyramidal neurons in control and ErbB4-Vgat-/- mice. Traces indicated by red lines were 
zoomed out below. C, D, Reduced mIPSC frequency (C) and no change in mIPSC 
amplitude (D) in L2/3 pyramidal neurons of ErbB4-Vgat-/- mice, compared with controls. 
Control, n = 8 cells, ErbB4-Vgat-/-, n = 7 cells, 3 mice per group. G, H, Reduced mIPSC 
frequency (G) and no change in mIPSC amplitude (H) in L5/6 pyramidal neurons of ErbB4-
Vgat-/- mice compared with controls. Control, n = 9 cells, 3 mice; ErbB4-Vgat-/-, n = 8 
cells, 3 mice. n.s., not significant; Error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 0.001 
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Differential effects of GABA activity on axo-axonic inhibitory synapses 

Beside axo-somatic synapses, the output of pyramidal neurons is controlled by 

axo-axonic synapses, i.e., those onto axon initial segments (Somogyi, 1977; Somogyi, 

Freund, & Cowey, 1982). To determine whether GABA activity regulates these 

synapses, the AISs were visualized with antibody against ankyrin-G (Cyan), an AIS 

marker (Jenkins & Bennett, 2001). To determine that ErbB4+ axonal boutons are 

GABAergic synapses, we co-stained brain sections with an antibody against gephyrin 

and ankyrin-G. As shown in Figure 3.10 A and B, a majority of ErbB4+ boutons (82.6 ± 

3.46 % in controls and 79.6 ± 3.71% in ErbB4-Vgat-/-) were juxtaposed to gephyrin-

labeled punctae at the AISs, indicating that most of these boutons were axonal 

terminals of inhibitory synapses onto the AISs. To quantify the number of inhibitory 

synapses on to the AISs, we captured confocal z-projection images of entire AIS in 0.4-

μm steps. Individual PV+ and/or ErbB4+ boutons in contact with AISs were followed 

from their appearance to disappearance over z-plane images of the entire AIS. A given 

bouton was counted only once in an image, not in preceding and following images 

(Figure 3.10 A).  

As shown in Figure 3.11 A and B, in control mice, axo-axonic synapses per AIS 

by PV+ErbB4+ interneurons were similar from L2/3 to L5 (13.09 ± 0.68 in L2/3, 11.86 ± 

1.18 in L4, 11.71 ± 1.06 in L5, but lower in L6 (8.92 ± 0.87, p = 0.002, one-way ANOVA, 

Tukey’s test). Axo-axonic inputs per AIS from ErbB4-only interneurons were highest in 

L6 and L2/3 (3.5 ± 0.36 and 2.5 ± 0.30, respectively), followed by L5 (2.0 ± 0.28) and L4 

(1.3 ± 0.34) (Figure 3.11 C) (p = 0.004, one-way ANOVA, Tukey’s test). PV-only axo-

axonic synapses were far fewer, 0-2 per AIS and did not differ between all cortical 

layers (Figure 3.11 D).  
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  Vgat mutation has no effect on double positive AIS synapses in L2/3 (albeit a 

trend of reduction) (Figure 3.11 B), but reduced those in L4, L5 and L6 by ~28%, 25% 

and 24%, respectively (p = 0.04, 0.01, and 0.04, respectively, t test) (Figure 3.11 B), 

indicating dependence on GABA activity. In mutant mice, the number of ErbB4-only AIS 

synapses was increased in L4 by 78% (1.29 ± 0.34 per AIS in controls and 2.30 ± 0.28 

per AIS, p = 0.03, t test) (Figure 3.11 C), but not changed in other layers. Vgat mutation 

appeared to have little effect on PV-only AIS synapses in all layers (Figure 3.11 D). 

These results suggest that Vgat mutation (induced at P10) has differential regulatory 

effects on developing axo-axonic synapses in different cortical layers.  
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Figure 3.10: ErbB4+ axonal boutons were juxtaposed with gephyrin clusters at AISs. 
A, ErbB4+ boutons juxtaposing to the inhibitory postsynaptic marker gephyrin. Cortical 
sections of control mice were stained with antibody against gephyrin (green) and, which 
were visualized by fluorescence-conjugated secondary antibody (green). Axon initial 
segments were labeled by ankyrin-G (cyan). Dotted rectangles are enlarged on the right. 
Arrowheads indicate ErbB4+ boutons juxtaposed to gephyrin clusters. B, % ErbB4+ 
boutons-gephyrin clusters / total ErbB4+ boutons per AIS (Control, n = 19 AISs; ErbB4-
Vgat-/-, n = 21 AISs, 3 mice per group). C, 3D quantification of PV+ and/or ErbB4+ axo-
axonic synapses per individual AISs. Z-stack images were taken at 0.4 μm steps to cover 
entire somas of individual pyramidal neurons. PV+ErbB4+ (arrows), PV-only (open arrows) 
and ErbB4-only (arrowheads) boutons were traced in series images and counted once.  
n.s., not significant; Error bars, s.e.m. 
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Figure 3.11: Differential effects of GABA activity on axo-axonic inhibitory synapses 
onto pyramidal neuron AISs. A, Representative images of axo-axonic synapses onto 
pyramidal neuron AISs. Cortical sections of control and ErbB4-Vgat-/- mice were stained 
with antibodies against PV and ankyrin-G. Shown were L2/3 and L4 AISs, where ErbB4+ 
boutons were labeled in red (tdTomato), PV boutons in green, and ankyrin-G in cyan. Open 
arrowheads indicate boutons that are either PV-only or ErbB4-only and closed arrowheads 
indicate PV+ErbB4+ boutons. Higher magnification images of dotted areas were shown on 
the right. B-D, Quantitative analysis of axo-axonic synapses that are PV+ErbB4+ (B), 
ErbB4-only (C), and PV-only (D). Control, n = 35, 14, 14, and 12 AISs in L2/3, L4, L5 and 
L6, respectively, 4 mice; ErbB4-Vgat-/-, n = 22, 11, 28 and 19 AISs in L 2/3, L4, L5 and 
L6, respectively, 4 mice. AIS, axon initial segment; Ank-G, ankyrin-G; n.s., not significant; 
error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 
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No effect of GABA activity on axo-somatic inhibitory synapses onto interneurons 

The disinhibitory network of ErbB4+ interneurons have not been characterized 

previously. ErbB4+ interneurons comprised of PV+ interneurons that inhibit other PV+ 

cells as one of their major targets in addition to the perisomatic region of the pyramidal 

cells (Pfeffer et al.,2013). In addition, ErbB4+ interneurons are also a part of L2/3 bipolar 

disinhibitory interneurons (VIP+ and CR+) that targets other interneurons except for PV+ 

cells (unpublished data, Choi et al., 2010). We next studied the disinhibitory network of 

ErbB4+ interneurons in normal control mice as well as in the absence of GABA 

transmission during postnatal development in ErbB4-Vgat-/- mice.   

To this end, cortical sections were stained with antibodies against 

synaptotagmin-2 (Syt2), a synaptic vesicle protein, which is present at PV+ synaptic 

boutons (Sommeijer & Levelt, 2012). Co-immunostaining of PV enabled visualization 

and differentiates PV+ inhibitory synapses onto inhibitory interneurons. Notice that as 

described above, control mice express tdTomato in ErbB4+ interneurons. First, we 

analyzed three types of inhibitory synapses: PV+ or Syt2+ terminals onto entire 

interneuron somas of PV+ErbB4+, ErbB4-only and PV-only interneurons. To quantify 

the total number of inhibitory synapses on interneurons, we captured confocal z-

projection images of entire somas in 0.4-μm steps, and synapses were followed from 

their appearance to disappearance over z-plane images of the entire soma (data not 

shown, similar method with Figure 3.7).  

Representative images of a single z-plane were shown for each type of 

interneurons (Figure 3.12 A and B). In control mice, PV-only interneurons receive more 

Syt2+ inhibitory axo-somatic synapses in deep cortical layers compared with superficial 

layers, L2/3 (17.6 ± 2.02 in L2/3 vs. 34.7 ± 4.71 in L4, 34.3 ± 3.71 in L5 and 31.6 ± 3.08 
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in L6; p = 0.004, 0.0007 and 0.001, respectively, t test) (Figure 3.12 E). Axo-somatic 

Syt2+ inhibitory synapses onto ErbB4-only interneurons were relatively fewer in L2/3 

(11.8 ± 1.50 per soma), but more in L4 and L5 (17.5 ± 1.488 and 19.5 ± 1.99, 

respectively, p = 0.01 and 0.006, respectively, t test) (Figure 3.12 D). On the other hand, 

the numbers of axo-somatic inhibitory synapses onto PV+ErbB4+ interneurons were 

similar in number in all cortical layers, ranging from 26 to 41 per soma (one-way 

ANOVA, p = 0.39) (Figure 3.12 C). Notice that PV-only and ErbB4-only interneurons in 

L2/3 receive fewer Syt2+ inhibitory inputs (~18 and ~12 synapses, respectively) 

compared with PV+ErbB4+ interneurons (~27 synapses) in L2/3 (Figure 3.12 C-E). Vgat 

mutation in ErbB4+ interneurons appeared to have little effect on Syt2+ axo-somatic 

inhibitory synapses onto interneurons (Figure 3.12 C-E).  

ErbB4-only neurons may synapse onto PV+ interneurons; such synapses could 

be visualized by ErbB4+ boutons onto anti-PV antibody-labeled somas. In control mice, 

there were 7.5 ± 0.76 per soma ErbB4-only inhibitory synapses onto PV-only 

interneurons in L2/3 and these synapses were decreased in deep cortical layers 

compared with superficial layers, L2/3 (7.5 ± 0.76 in L2/3 vs. 4.00 ± 1.21 and 3.1 ± 1.16, 

in L4 and L5, respectively, p = 0.02 and 0.004, t test, respectively) (Figure 3.12 G). The 

numbers of these synapses were not affected in ErbB4-Vgat-/- mice (Figure 3.12 G). 

PV-only inhibitory synapses onto ErbB4-only interneurons soma with no overlapping 

anti-Syt2 immunofluorescence can be distinguished visually. These Syt2-negative, PV+ 

terminals onto ErbB4-only interneurons account for 3.4 ± 0.80 in L2/3, 3.3 ± 0.54 in L4, 

3.7 ± 0.83 in L5 and 4.5 ± 0.89 in L6 per soma (Figure 3.12 F). The numbers of these 

synapses in superficial and deep cortical layers were similar in control mice, whereas 
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they were decreased in L2/3 (3.4 ± 0.80 vs. 1.4 ± 0.37, p = 0.03, t test) and L4 (3.3 ± 

0.54 vs. 1.1 ± 0.26, p = 0.007, t test) in ErbB4-Vgat-/- mice (Figure 3.12 F).  

To determine whether Vgat mutation alters the neurotransmission at inhibitory 

synapses onto inhibitory neurons, we recorded mIPSCs of ErbB4+ interneurons in 

whole-cell patch-clamp configuration. ErbB4+ interneurons were visualized by 

tdTomato in control and ErbB4-Vgat-/- mice. mIPSC frequencies were reduced in 

ErbB4+ interneurons in both superficial and deep cortical layers in ErbB4-Vgat-/- mice, 

compared with control mice (Figure 3.13 C and G). This suggests that inhibitory drive 

onto ErbB4+ interneurons is also reduced, although the morphology data shows that 

inhibitory synapses from PV+ErbB4+ interneurons into other PV+ErbB4+ interneurons 

(Syt2+ synapses) was not altered. Implication of these results was discussed in 

Discussion.  
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Figure 3.12: Similar Syt2+ inhibitory synapses onto inhibitory neurons, but reduced 
Syt2 negative/PV-only synapses onto ErbB4-only interneurons. A, B, Representative 
images of axo-somatic synapses onto interneurons. Cortical sections of control and ErbB4-
Vgat-/- mice were stained with antibodies against PV and Syt2. Shown were L2/3 (A) and 
L4 (B) interneurons, where ErbB4+ boutons were labeled in red (tdTomato), PV boutons in 
magenta, and Syt2 in green.  C-E, Quantitative analysis of axo-axonic synapses that are 
PV+ErbB4+ (C), ErbB4-only (D), and PV-only (E). F, Reduced Syt2-negative, PV-only 
inhibitory synapses onto ErbB4-only interneurons. G, No change in Syt2-negative, ErbB4-
only inhibitory synapses onto PV-only interneurons. PV+ErbB4+ interneurons: control, n = 
7, 13, 11, and 6 cells in L2/3, L4, L5 and L6, respectively, 4 mice; ErbB4-Vgat-/-, n = 8, 
12, 14 and 8 cells in L 2/3, L4, L5 and L6, respectively, 4 mice. ErbB4-only interneurons: 
control, n = 11, 13, 11, and 10 cells in L2/3, L4, L5 and L6, respectively, 4 mice; ErbB4-
Vgat-/-, n = 12, 11, 7 and 7 cells in L 2/3, L4, L5 and L6, respectively, 4 mice. PV-only 
interneurons: control, n = 11, 12, 10, and 8 cells in L2/3, L4, L5 and L6, respectively, 4 
mice; ErbB4-Vgat-/-, n = 7, 8, 13 and 9 cells in L 2/3, L4, L5 and L6, respectively, 4 mice. 
n.s., not significant; error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 

 

 

 

 

 

 

 

 

 

 

 

  



 
 
 

84 

 

Figure 3.13: Reduced mIPSC frequency in ErbB4+ interneurons. A, E, Schematics of 
whole-cell patch-clamp recordings of L2/3 (A) and L4-6 (B) ErbB4+ interneurons in cortical 
slices. B, F, Representative traces of mIPSCs from L2/3 (B) and L4-6 (F) ErbB4+ 
interneurons in control and ErbB4-Vgat-/- mice. Traces indicated by red lines were zoomed 
out below. C, D, Reduced mIPSC frequency (C) and no change in mIPSC amplitude (D) in 
L2/3 ErbB4+ interneurons of ErbB4-Vgat-/- mice compared with controls. Control, n = 8 
cells, 3 mice; ErbB4-Vgat-/-, n = 9 cells, 3 mice. G, H, Reduced mIPSC frequency (G) and 
no change in mIPSC amplitude (H) in L4-6 ErbB4+ interneurons of ErbB4-Vgat-/- mice 
compared with controls. Control, n = 8 cells, 3 mice; ErbB4-Vgat-/-, n = 9 cells, 3 mice. 
Syt2, synaptotagmin2; n.s., not significant; error bars, s.e.m.; *p < 0.05; **p < 0.01 
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Increased excitatory inputs onto PV+ErbB4+ cells in deep cortical layers 

Cortical GABAergic interneurons receive both intracortical and thalamocortical 

glutamarergic excitatory input, highest to the PV+ cells (Gulyás et al., 1999). To 

determine whether excitatory inputs to interneurons are affected by GABA 

transmission, cortical sections were stained with antibody against VGLUT1, a 

presynaptic excitatory synaptic protein of local pyramidal neurons (Kaneko & Fujiyama, 

2002) and anti-PV antibody to label PV+ interneurons. In control mice, PV+ErbB4+ 

interneurons were associated with 0.61 ± 0.03/μm VGLUT1 punctae in L2/3. The 

density of these synapses was decreased in L5 and L6 (0.49 ± 0.02 and 0.46 ± 0.03 per 

μm, respectively; p = 0.04, one-way, ANOVA, Tukey’s test) (Figure 3.14 C). In contrast, 

ErbB4-only interneurons in both superficial and deep cortical layers received similar 

number of excitatory inputs (Figure 3.14 D). The Vgat mutation increased the number of 

excitatory inputs to PV+ErbB4+ interneurons in L4-6 (by 29% in L4, 28% in L5 and 25% 

in L6) (Figure 3.14 C), but had little effect on excitatory inputs onto L2/3 PV+ErbB4+ 

interneurons or to ErbB4-only and PV-only interneurons (Figure 3.14 C-E).  

To study the effect of Vgat mutation on excitatory neurotransmission onto 

ErbB4+ interneurons, we performed whole-cell patch-clamp recordings of miniature 

excitatory postsynaptic currents (mEPSCs) in the presence of TTX to block action 

potentials. We found that mEPSC frequency was increased in deep layer ErbB4+ 

interneurons in ErbB4-Vgat-/- mice, compared with control (1.8 ± 0.12 vs. 0.6 ± 0.18 

Hz, respectively, p = 0.002, t test) (Figure 3.15 G), consistent with our morphological 

observations (Figure 3.14 C). mEPSC amplitudes in both superficial and deep cortical 

layers were similar between controls and ErbB4-Vgat-/- mice (Figure 3.15 D and H).  
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Figure 3.14: Increased excitatory inputs onto PV+ErbB4+ interneurons in deep 
layers. A, B, Representative images of excitatory axo-somatic synapses onto interneurons. 
Cortical sections of control and ErbB4-Vgat-/- mice were stained with antibodies against 
PV and VGLUT1. Shown were L2/3 (A) and L5 (B) interneurons, where ErbB4+ somas 
were labeled in red (tdTomato), VGLUT1 punctae in green, and PV in magenta. C-E, 
Quantitative analysis of excitatory synapses onto PV+ErbB4+ interneurons (C), ErbB4-only 
(D), and PV-only (E) (n = 6 sections per mice; 5-7 somas per cortical layer per section, 3 
mice per group). VGLUT1, vesicular glutamate transporter; n.s., not significant; error bars, 
s.e.m.; *p < 0.05; **p < 0.01; 
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Figure 3.15: Increased excitatory neurotransmission onto PV+ErbB4+ interneurons in 
deep layers. A, E, Schematics of whole-cell patch-clamp recordings of L2/3 (A) and L4-6 
(F) ErbB4+ interneurons in cortical slices. B, F, Representative traces of mEPSCs from 
L2/3 (B) and L4-6 (F) ErbB4+ interneurons in control and ErbB4-Vgat-/- mice. Traces 
indicated by red lines were zoomed out below. C, D, No change in mEPSC frequency (C) 
and amplitude (D) in L2/3 ErbB4+ interneurons of ErbB4-Vgat-/- mice compared with 
controls. Control, n = 8 cells, 3 mice; ErbB4-Vgat-/-, n = 6 cells, 3 mice. G, H, Increased 
mEPSC frequency (G) and no change in mEPSC amplitude (H) in L4-6 ErbB4+ 
interneurons of ErbB4-Vgat-/- mice compared with controls. Control, n = 8 cells, 3 mice; 
ErbB4-Vgat-/-, n = 6 cells, 3 mice. n.s., not significant; error bars, s.e.m.; *p < 0.05; **p < 
0.01 
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To determine whether the effect of Vgat mutation is cell-autonomous or non-cell 

autonomous, we injected Erbb4CreER;Vgatfl/fl;Ai9 mice (P10) with Tam at a single low-

dose (Figure 3.16 A). This led to sparse recombination of Vgat mutation in ErbB4+ 

interneurons (Figure 3.16 B). We determined the effect of Vgat mutation on excitatory 

synapses (labeled by anti-VGLUT1) onto PV+ interneurons. Because Vgat mutation in 

ErbB4+ interneurons had no effect on excitatory synapses in L2/3 (Figure 3.14 C), we 

thus focused on those in L4 where 92% of PV+ cells are ErbB4+ (Figure 3.6 H). As 

shown in Figure 3.16 C and D, the excitatory synapses onto PV+ interneurons were not 

altered by Vgat mutation in ErbB4+ cells. These results suggest that the effect on 

excitatory synapses onto interneurons may be cell non-autonomous.     
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Figure 3.16: Non-cell autonomous regulation by Vgat mutation of excitatory 
synapses onto PV+ErbB4+ interneurons. A, Paradigm of low-dose Tam administration 
and experimental timeline. B, Representative coronal sections showing sparsely 
recombined ErbB4+ interneurons (red, labeled by tdTomato) and PV+ interneurons 
(magenta). Higher magnification image of dotted rectangle (B’) is shown on the right. C, No 
change in excitatory synapses onto sparsely recombined PV+ErbB4+ interneurons, 
compared with PV+ interneurons without recombination. Cortical sections were stained 
with antibodies against PV and VGLUT1. Shown were L4 interneurons where ErbB4+ 
interneurons were labeled in red (tdTomato), VGLUT1 punctae in green, and PV+ 
interneurons in magenta. D, Quantitative data in C. n = 21 PV+ and n = 19 PV+ErbB4+ 
interneurons, 3 mice. VGLUT1, vesicular glutamate transporter; n.s., not significant; error 
bars, s.e.m. 
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Normal development of pyramidal neurons in ErbB4-Vgat-/- mice 

We next studied whether GABA activity is required for the development of 

pyramidal neurons. Erbb4CreER and Erbb4CreER;Vgatfl/fl mice were crossed with Thy1-GFP-

S mice where pyramidal neurons were sparsely labeled with GFP under the Thy1 

promoter (Feng et al., 2000). As shown in Figure 3.17 D, apical dendritic lengths of L5 

pyramidal neurons were similar between controls and ErbB4-Vgat-/- mice (2010 ± 91.3 

and 2200 ± 87.1 μm per neuron, respectively, p = 0.66, t test). Basal dendritic lengths 

were also similar (Figure 3.17 D) (1352 ± 96.87 and 1408 ± 82.48 μm per neuron 

respectively, p = 0.66, t test). In addition, the numbers of primary (1°), secondary and 

tertiary (2° and 3°) dendritic branches were not affected in ErbB4-Vgat-/- mice (Figure 

3.17 E) (5.33 ± 0.43 and 6.43 ± 0.31 1° branches per neuron, respectively and 8.43 ± 

0.72 and 8.07 ± 0.72 2° and 3° branches per neuron, respectively, p = 0.05 and p = 

0.72, respectively, t test). Sholl analysis reveals that the dendritic complexities of these 

neurons were also similar (Figure 3.17 C). Similar negative results were observed for 

pyramidal neurons in superficial layers (data not shown). Together, these results 

showed that GABA activity from ErbB4+ interneurons is not necessary for dendrite 

development of cortical pyramidal neurons. 
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Figure 3.17: Normal development of pyramidal neurons in ErbB4-Vgat-/- mice. A, 
Representative images and associated 3D reconstructed images of pyramidal neurons. B, 
No change in dendritic complexity, which was revealed by Sholl analysis at 10-μm 
concentric circles around the soma. C, Quantitative analysis of total dendritic length. D, 
Quantitative analysis of dendritic branches (B-D, n = 15 and 12 neurons for apical 
dendrites and n = 15 and 14 neurons for basal dendrites, of control and ErbB4-Vgat-/- 
mice respectively, 3 control and 4 ErbB4-Vgat-/- mice). n.s., not significant; Error bars, 
s.e.m. 
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Increased spines of pyramidal neurons in ErbB4-Vgat-/- mice 

 Next, we investigated the effects of GABA activity on dendritic spines in L2/3 

and L5 pyramidal neurons. There was no significant difference in the density of total 

apical and basal dendritic spines of L2/3 pyramidal neurons (Figure 3.18 A-C). There 

was an increase in apical spine density of L5 pyramidal neurons in ErbB4-Vgat-/- mice, 

compared with control mice (11.1 ± 0.49 spines per 10μm in ErbB4-Vgat-/- and 8.77 ± 

0.39 spines per 10μm in control mice, p = 0.0004, t test) (Figure 3.19 B). However, there 

was no change in basal dendritic spines of L5 pyramidal neurons in ErbB4-Vgat-/- mice 

(Figure 3.19 C). Next, we investigated whether this change in spine density is 

specialized, detail analysis of the five different spine subtypes (Yuste & Bonhoeffer, 

2004) reveals that the mature spines, mushroom and stubby subtypes were selectively 

increased in both L23 and L5 pyramidal neurons (Figure 3.18 D and 3.19 D, E ). In L2/3 

pyramidal neurons, there was an increased in stubby spine density in apical dendrites 

of ErbB4-Vgat-/- mice, compared with controls (4.25 ± 0.28 and 3.00 ± 0.29 spines per 

10 μm, respectively, p = 0.0031, t test) (Figure 3.18 D). On average, apical dendrites of 

L5 pyramidal neurons in ErbB4-Vgat-/- mice had 5.02 ± 0.27 mushroom spines per 

10μm compared to controls, 3.88 ± 0.24 spines per 10μm (p = 0.0028, t test). The 

density of stubby spines in the apical dendrites of L5 pyramidal neurons was also 

increased, 2.73 ± 0.21 and 4.12 ± 0.27 spines per 10μm in controls and ErbB4-Vgat-/- 

mice respectively (p = 0.0001, t test). Even though total basal dendritic spines of L5 

pyramidal neurons were not affected with the trend of increasing, only the stubby 

subtype was increased (Figure 3.19 E), 3.33 ± 0.28 and 1.98 ± 0.22 spines per 10μm in 

ErbB4-Vgat-/- and controls respectively (p = 0.0002, t test).  
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Next, we performed whole-cell patch-clamp recordings of pyramidal neurons to 

determine whether miniature excitatory postsynaptic potentials have changed, in the 

presence of TTX to block action potentials. The electrophysiology results revealed an 

increased in mEPSC frequency in L5/6, but not in L2/3 in ErbB4-Vgat-/- mice, 

compared with control (p = 0.00017, t test) (Figure 3.20 E-G). These observations 

suggest that GABA activity from ErbB4+ interneurons may play a role in pruning of 

dendritic spines during postnatal development or this may be a secondary effect of the 

decreased network inhibition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 
 

94 

 

Figure 3.18: Increased dendritic spines of L2/3 pyramidal neurons in ErbB4-Vgat-/- 
mice. A, Representative images of apical and basal dendritic spines (genetically labeled by 
GFP) of L2/3 pyramidal neurons in control and ErbB4-Vgat-/- mice. B, C, Similar dendritic 
spines of apical and basal dendrites of L2/3 pyramidal neurons in control and ErbB4-Vgat-
/- mice (n = 12 and 15 neurons from 3 controls and 4 ErbB4-Vgat-/- mice, respectively, 2-
3 dendritic segments per neuron). D, E, Spine subtypes distribution of L2/3 apical and 
basal dendrites.  n.s., not significant; Error bars, s.e.m.; *p < 0.05; **p < 0.01 
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Figure 3.19: Increased dendritic spines of L5 pyramidal neurons in ErbB4-Vgat-/- 
mice. A, Representative images of apical and basal dendritic spines (genetically labeled by 
GFP) of L5 pyramidal neurons in control and ErbB4-Vgat-/- mice. Examples of different 
subtypes of dendritic spines in numbered boxes are shown in high magnification at the 
bottom. B, C, Dendritic spines of apical, but not basal, dendrites were increased (n = 19 
and 18 neurons, in 3 controls and 4 ErbB4-Vgat-/- mice, respectively, 2-3 dendritic 
segments per neuron). D, E, Spine subtypes distribution of L5 apical and basal dendrites. 
n.s., not significant; Error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 0.001 
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Figure 3.20: Increased excitatory drive onto L2/3 and L5 pyramidal neurons in ErbB4-
Vgat-/- mice. A, E, Schematics of whole-cell patch-clamp recordings of L2/3 (A) and L5/6 
(E) pyramidal neurons in cortical slices. B, F, Representative traces of mEPSCs from L2/3 
(B) and L5/6 (F) pyramidal neurons in control and ErbB4-Vgat-/- mice. Traces indicated by 
red lines were zoomed out below. C, D, no change in mEPSC frequency (C) and amplitude 
(D) in L2/3 Pyramidal neurons of ErbB4-Vgat-/- mice compared with controls. Control, n = 
8 cells, 3 mice; ErbB4-Vgat-/-, n = 6 cells, 3 mice. G, H, Increased mEPSC frequency (G) 
and no change in mEPSC amplitude (H) in L5/6 pyramidal neurons of ErbB4-Vgat-/- mice 
compared with controls. Control, n = 9 cells, 3 mice; ErbB4-Vgat-/-, n = 9 cells, 3 mice. 
n.s., not significant; Error bars, s.e.m.; *p < 0.05; **p < 0.01; ***p < 0.001 
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Upregulated PNNs of PV+ErbB4+ and PV-only interneurons 

Majority of fast spiking interneurons are surrounded by perineuronal nets 

(PNNs), extracellular matrix structures implicated in maturation, survival, protection and 

plasticity of PV+ interneurons (Gogolla, Caroni, Luthi, & Herry, 2009; Pizzorusso et al., 

2002; Wang & Fawcett, 2012). The formation of PNNs coincides with synapse 

maturation of PV+ interneurons (Pizzorusso et al., 2002; Wang & Fawcett, 2012) and 

has been implicated in protection of PV+ interneurons (Cabungcal et al., 2013; Gogolla 

et al., 2009). Therefore, we compared PNNs between control and ErbB4-Vgat-/- mice to 

see whether PNNs were affected by GABA transmission. Brain sections were incubated 

with Wisteria floribunda agglutinin (WFA), a lectin that binds to specific carbohydrates in 

PNNs, which was subsequently visualized by biotin-conjugated secondary antibody. In 

control mice, WFA staining was mostly around PV+ErbB4+ interneurons, whereas, a 

fraction of ErbB4-only and PV-only interneurons were surrounded by PNNs (Figure 3.21 

A and B). The distribution and number of PNNs-surrounded ErbB4-only cells was not 

altered in ErbB4-Vgat-/- mice, indicating that PNNs of these interneurons are not 

regulated by GABA activity of ErbB4+ interneurons (Figure 3.21 D). In contrast, the 

numbers of PNNs-surrounded in PV-only interneurons were increased in L4 (p = 0.003, 

t test) and L6 (p = 0.003, t test) in ErbB4-Vgat-/- mice (Figure 3.21 E). PV+ErbB4+ cells 

that were surrounded by PNNs were also increased in number, compared to control, in 

cortical layers, except L5 (Figure 3.21 C). These changes were associated with an 

increase in WFA staining intensity (Figure 3.22 A and B). Because there was no change 

in Syt2+ inhibitory synapses onto PV+ErbB4+, PV-only and ErbB4-only interneurons, 

this suggests that PNN may protect Syt2+ synapses of PV+ and ErbB4+ interneurons in 

the absence of GABA activity from these interneurons.
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Figure 3.21: Upregulated perineuronal nets of PV+ErbB4+ interneurons. A, B, 
Representative images of WFA-labeled perineuronal nets (PNNs) (green), genetically labeled 
ErbB4+ interneurons (red) and co-immunofluorescence staining of PV (blue). ErbB4-only 
(red, open arrowhead), PV-only (blue, open arrowhead) or PV+ErbB4+ interneurons (closed 
arrowhead) surrounded by PNNs. C, Increased PV+ErbB4+ interneurons in L2/3, L4 and 
L6 that were surrounded by PNNs. D, No change in numbers of ErbB4-only interneurons 
that were surrounded by PNNs. E, Increased PV-only interneurons in L4 and L6 that were 
surrounded by PNNs. (Control, n = 8 sections, 4 mice; ErbB4-Vgat-/-, n = 8 sections, 4 
mice). WFA, Wisteria floribunda agglutinin; INs, interneurons; n.s., not significant; Error 
bars, s.e.m.; *p < 0.05; **p < 0.01 
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Figure 3.22: Increased perineuronal net intensity and mRNA expression of 
perineuronal net components in ErbB4-Vgat-/- mice. A, Representative images of 
WFA-labeled perineuronal nets (PNNs) (green), genetically labeled ErbB4+ interneurons 
(red) and co-immunofluorescence staining of PV (blue). C, Z-stacked images of ErbB4-only 
(red, open arrowhead), PV-only (blue, open arrowhead) or PV+ErbB4+ interneurons (closed 
arrowhead) surrounded by PNNs. B, Increased PNNs intensity surrounding PV-only and 
double positive interneurons (Control, n = 8 sections, 4 mice; ErbB4-Vgat-/-, n = 8 
sections, 4 mice). C, Increased mRNA level of Tnr and Acan in ErbB4-Vgat-/- mice; n = 3 
mice per group. Wisteria floribunda agglutinin; INs, interneurons; Tnr, Tenascin R; Acan, 
Aggrecan; Error bars, s.e.m.; n.s., not significant; *p < 0.05; **p < 0.01. 
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Astrocytes, Oligodendrocytes and Microglia in ErbB4-Vgat-/- mice 

Glial cells are one of the major component of the brain and more abundant than 

nerve cells such as interneurons and pyramidal cells. They are made up of astrocytes, 

oligodendrocytes and microglia. Although they do not play a major role in electrical 

signaling like neurons, they are critical for a wide variety of functions including 

regulation of neuronal activity, maintaining homeostasis and nervous system repair. 

Although there is limited literature on how GABA activity regulates glial cells 

development or function, we sought to test whether the number of astrocytes, 

oligodendrocytes and microglia are affected in ErbB4-Vgat-/- mice.     

 Astrocytes are one of the most abundant cell types in the nervous system and 

one of the major classes among glial cells. They serve as the structural support of the 

nervous system, regulate extracellular neurotransmitter and ion component, involve in 

repair process after injury and maintain blood-brain barrier function. We first 

investigated whether astrocytes are affected by ablation of GABA transmission during 

postnatal development. To this end, we used a pan astrocyte marker, Aldolase C, a 

glycolytic enzyme that express in both fibrous and protoplasmic astrocytes to visualize 

astrocyte population in the somatosensory cortex. There was no change in the number 

of astrocytes in ErbB4-Vgat-/- mice, compared to controls (27.2 ± 1.1 and 24.7 ± 1.2 

astrocytes per 0.1 mm2, respectively; p = 0.13) (Figure 3.23 A and B). This indicates 

that Vgat mutation in ErbB4+ interneurons at P10 has little effect on astrocytic 

populations. We then used anti-GFAP, glial fibrillary acidic protein to detect fibrous 

astrocytes that is highly detectable in the hippocampus (Eng et al., 2000). GFAP is an 

intermediate filament protein in fibrous astrocytes that is upregulated after injury, 

stroke, or neurodegeneration (Eng et al., 2000, Wilhelmsson et al., 2006). By using 
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GFAP, we were able to observe the morphology of astrocytes in ErbB4-Vgat-/- mice. 

Astrocytes detected by GFAP were higher in number and have thicker and more cellular 

processes in ErbB4-Vgat-/- mice compared with control mice by observation (Figure 3. 

23 C).  

 Next, we asked whether the two other major components of the glia, 

oligodendrocytes and microglia are altered by GABA transmission. Oligodendrocytes 

are small glial cells that are responsible for production of myelin in the CNS. To see 

whether the number of oligodendrocytes is altered, we used anti-Olig 2 antibody, to 

detect mature oligodendrocytes by immunostaining. The density of oligodendrocytes is 

increased in ErbB4-Vgat-/- mice, 205 ± 12.0 and 258 ± 25.8 Olig 2 – positive 

oligodendrocytes in control and ErbB4-Vgat-/- mice respectively (p = 0.04, t test) 

(Figure 3.24). To detect the microglia population, we used Ionized calcium binding 

adaptor molecule 1 (Iba1), calcium binding protein specific for microglia cells in the 

CNS. From immunostaining, we observed more stratified morphology of microglia in 

both cortex and hippocampus of ErbB4-Vgat-/- mice.  

 In summary, these results suggest that glial populations in ErbB4-Vgat-/- mice 

are upregulated. However, this hypothesis requires additional future experiments to 

determine how the glia population is regulated by GABA activity. For example, the 

morphology of astrocytes can be further tested by dye-filling experiments and microglia 

morphology can be accessed by serial imaging and tracing. These preliminary results 

on glia population laid the groundwork for future studies on how GABA activity affects 

the function and development of glia population. 
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Figure 3.23: Similar number of astrocytes in control and ErbB4-Vgat-/- mice. A, 
Representative images of cortical astrocytes. Cortical sections of control and mutant mice 
were stained with antibody against aldolase C (cyan). Nuclei were labeled by hoechst 
staining (blue) (n = 9 sections, 3 mice per group). Arrowheads indicate astrocytes. B, 
Quantification of A. C, Increased processes and immunoreactivity of GFAP+ astrocytes. 
Representative images of hippocampal astrocytes; shown were fibrous astrocytes 
visualized by GFPA, glial fibrillary acidic protein (green), total astrocytes visualized by 
Aldolase C (Magenta) and genetically labeled ErbB4+ interneurons (red). n.s., not 
significant; Error bars, s.e.m.    
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Figure 3.24: Increased number of oligodendrocytes in ErbB4-Vgat-/- mice. A, 
Representative images of mature oligodendrocytes. Cortical sections of control and mutant 
mice were stained with antibody against Olig 2 (cyan) in the background of genetically 
labeled ErbB4+ interneurons (red). Nuclei were labeled by hoechst staining (blue) (n = 9 
sections, 3 mice per group). B, Quantification of A. n.s., not significant; Error bars, s.e.m.; 
*p < 0.05    
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Figure 3.25: Microphage morphology changes in ErbB4-Vgat-/- mice. A, B, 
Representative images of mature marcrophages in somatosensory cortex (A) and 
hippocampus (B) of control and ErbB4-Vgat-/- mice. Brain sections of control and mutant 
mice were stained with antibody against Iba1 (white) in the background of genetically 
labeled ErbB4+ interneurons (red) (n = 6 sections, 3 mice per group). n.s., not significant; 
Error bars, s.e.m.; *p < 0.05    
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B. Studying the Interneuron Population of ErbB4+ Cells 
 

As discussed in the introduction, ErbB4 has been shown to be critical for 

migration of MGE derived interneurons, implicated in the synapse formation and 

neurotransmission of PV+ interneurons (Flames et al., 2004, Chen et al., 2010, Del Pino 

et al., 2013, Fazzari et al., 2010, Wen et al., 2010, Yin et al., 2013b). In addition, it has 

been shown to be expressed in CR+ interneurons that originate from CGE and populate 

the in the superficial layers of the cortex (Choi et al., et al). We have shown that ~60 – 

70% of ErbB4+ interneurons are PV+. We next sought to investigate the interneuron 

population of ErbB4+ cells that are PV-negative in the cortex. To this end, we used 

antibodies to label the two major groups of interneurons in cortical sections of control 

mice (ErbB4CreER;Ai9, ErbB4-tdTomato reporter mice). Interestingly, we found that ErbB4 

is highly expressed in CR+ interneurons, but rarely in SOM+ interneurons. Among the 

total percentage of CR+ interneurons, there are 57 and 52 % CR+ErbB4+ cells in cortex 

and hippocampus, respectively (Figure 3.26). This further confirms that PV-negative 

ErbB4+ interneurons are likely to be disinhibitory bipolar interneurons. Although PV+ 

and SOM+ interneurons are generated from MGE, ErbB4 is rarely expressed in SOM+ 

cells. This suggests a cell type specific role of ErbB4+ interneurons and future studies 

on specific role of the receptor tyrosine kinase, ErbB4 in PV+ and CR+ interneurons will 

be worth exploring.    
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Figure 3.26: ErbB4+ interneurons are CR+ but rarely SOM+ interneurons. A, A’, 
Representative images of co-immunofluorescence staining of CR (green) and genetically 
labeled ErbB4+ interneurons (red). B, B’, Representative images of co-
immunofluorescence staining of SOM (green) and genetically labeled ErbB4+ interneurons 
(red). CR+ or SOM+ interneurons that are ErbB4-negative (green, open arrowhead), 
CR+ErbB4+ or SOM+ErbB4+ (yellow, open arrowhead) C, % of ErbB4+ interneurons / 
total CR+ or SOM+ interneurons. (n = 9 sections for CR and SOM immunostaining) Error 
bars, s.e.m.  
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C. Ablation of GABA Transmission from ErbB4+ Interneurons 
During Adult Stage 

 
In the first part of chapter 3, I have described the studies on how GABA activity 

regulates synapse development during postnatal stage. Taking advantage of the 

inducible CreER system, GABA activity can be ablated from ErbB4+ interneurons at any 

critical time window of interest. Therefore, we next sought to investigate the effect of 

GABA ablation in ErbB4-Vgat-/- mice at P40, a time when both GABAergic and 

glutamatergic system development is largely finished.  

GABA signaling is shown to be critical for specific subset of behaviors. 

Electrophysiological recordings and region specific pharmacological inhibition studies 

shows that GABA signaling plays a critical role in working memory (Constantinidis et al., 

2002; Rao et al., 2000); anxiety (Kalueff and Nut et al., 2007) and executive functions 

(Oishi et al., 1995; Royall et al., 2002). Moreover, cognitive and executive function 

requires synchronizing neural networks in the brain, a function of interneurons. More 

recently, technological advances have allowed us to manipulate specific subset of 

interneurons in defined brain region while recording in awake behaving rodents. This 

allowed us to dissect the distinct roles of interneurons in specific behavior. Genetic 

ablation of GABA release in CA1 PV+ interneurons impaired spatial working memory 

(Murray et al., 2011). Optogenetic suppression of PV+ and SOM+ interneurons in the 

hippocampus can modulate CA1 place cells in freely moving mice (Losonczy et al., 

2010; Lovett-Barron et al., 2012). In the primary visual cortex, activation of PV+ 

interneurons improves mice performance in orientation selectivity (Lee et al., 2012). 

Optogenetic manipulation of PV+ and SOM+ interneurons in the mPFC shows the 

contribution of interneurons in complex cognitive tasks (Kvitsiani et al., 2013; Yizhar et 

al., 2011). Therefore, it is important to study the in-vivo behavioral deficits when GABA 
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transmission is ablated specifically in Erbb4+ interneurons in during adult stage. 

Inducible strategy allows us to study the in-vivo behavioral functions without perturbing 

the brain maturation process in ErbB4-Vgat-/- mice. Herein, I will refer the control and 

ErbB4-Vgat-/- mice at P40, TamP40 control and TamP40 ErbB4-Vgat-/- respectively.  

To determine whether VGAT expression was altered, homogenates of cortex 

and hippocampus of TamP40 control and TamP40 ErbB4-Vgat-/- mice were subjected 

to Western blot analysis. As shown in Figure 3. 27 A and B, VGAT protein was 

significantly reduced in TamP40 ErbB4-Vgat-/- mice, compared with TamP40 control 

mice. Interestingly, TamP40 ErbB4-Vgat-/- mice survive normally up to 3 months of 

age, in contrast to Tam P10 ablated ErbB4-Vgat-/- mice (Figure 3.27 D). Majority of the 

TamP40 ErbB4-Vgat-/- mice survived up to 4 months and the onset of spontaneous 

seizures were variable from mouse to mouse (earliest observed P97). These results 

indicate that GABA transmission from ErbB4+ interneurons after P40 elicited less 

severe effect on cortical networks since the ablation is done after the normal 

development and maturation process of the glutamatergic and GABAergic systems. 

We next performed a battery of behavior paradigms to determine whether 

locomotor activity, working memory and anxiety behaviors are affected in TamP40 

ErbB4-Vgat-/- mice. TamP40 ErbB4-Vgat-/- mice displayed normal locomotor activity 

in open field test (Figure 3.28 E and F), however, they explored less to the center (Figure 

3. 28 C). To further confirm whether these mice have anxiety-like behavior, they were 

subjected to light/dark exploration box test and elevated plus maze test. TamP40 

ErbB4-Vgat-/- mice spent less time in the light box compared with controls (12.6 ± 3.2 

and 23.5 ± 2.6 entries in TamP40 ErbB4-Vgat-/- mice and controls, respectively, p = 

0.03, t-test) (Figure 3.29 E-G). Furthermore, they explored less in the open arm of the 
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elevated plus maze (Figure 3.30 C), as well as the time that takes to first explore to the 

open arm was longer for TamP40 ErbB4-Vgat-/- mice (Figure 3.30 D). TamP40 ErbB4-

Vgat-/- mice exhibited normal working memory in the Y-maze paradigm (Figure 3.29 B-

D). Together, these results suggest that GABA activity from ErbB4+ interneurons may 

be critical for anxiolytic effect.  
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Figure 3.27: Elimination of VGAT in ErbB4+ interneurons in adult stage. A, 
Experimental timeline. B, Reduced VGAT in brain tissues of TamP40 ErbB4-Vgat-/- mice, 
compared to vehicle controls. C, Quantification of B. D, Kaplan-Meier survival curves of 
TamP40 controls and TamP40 ErbB4-Vgat-/- mice (n = 20 and 15 mice, respectively). n.s., 
not significant, Error bars, s.e.m.; *p < 0.05; ***p < 0.001 
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Figure 3.28: Normal locomotor activity but less exploration to center zone in open 
field by TamP40 ErbB4-Vgat-/- mice. A, Experimental timeline. B, Decreased center 
zone frequencies in open field test by ErbB4-Vgat-/- mice. D-F, Normal locomotor activity 
in TamP40 ErbB4-Vgat-/- mice exhibited by comparable time in center (D), total distance 
traveled (E) and mean velocity (F). n = 12 mice per group. n.s., not significant, Error bars, 
s.e.m.; *p < 0.05   
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Figure 3.29: Normal working memory and anxiety-like behavior in TamP40 ErbB4-
Vgat-/- mice. A, Experimental timeline. B, Cartoon of Y-maze. C, D, Comparable % 
alterations (C) and number of entries (D) in TamP40 ErbB4-Vgat-/- mice compared with 
controls. E, Image of light/dark box during behavior. F, TamP40 ErbB4-Vgat-/- mice spent 
similar time in the light box (F) but enter less time to the light box (G). n = 15 mice per 
group. n.s., not significant, Error bars, s.e.m.; *p < 0.05   
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Figure 3.30: Anxiety-like behavior in TamP40 ErbB4-Vgat-/- mice. A, Experimental 
timeline. B, Cartoon of elevated plus maze. C, Decreased open arm entries in TamP40 
ErbB4-Vgat-/- mice compared with controls. D, Increased in latency to open arm in 
TamP40 ErbB4-Vgat-/- mice. E, Similar time spent in open arm by TamP40 ErbB4-Vgat-/- 
mice compared to controls. n = 10 mice per group. n.s., not significant, Error bars, s.e.m.; 
*p < 0.05; **p < 0.01.   
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III. DISCUSSION 
 

The overarching goal of the studies in this work is 1) to characterize the synapse 

development of ErbB4+ interneurons and PV+ interneurons in the cortex and 2) to 

elucidate how inhibitory GABA regulates postnatal synapse development in vivo. To this 

end, we used an inducible CreER system that allowed ablation of GABA from ErbB4+ 

interneurons specifically at the time window critical for synapse development. Our 

results suggest that ErbB4+ interneurons may represent a unique class of interneurons. 

Furthermore, by using a newly identified genetic marker, ErbB4, we demonstrate that 

PV+ interneurons are heterogeneous and can be classified into PV+ErbB4+ and PV-

only cells, which may have distinct functional roles. Our study reveals the number of 

axo-somatic and axo-axonic synapses formed by the different groups of interneurons in 

a layer-specific manner. We demonstrate how these synapses as well as PNNs are 

regulated differently by GABA activity in postnatal development. 

A. Layer-specific Distribution of Inhibitory Synapses 
 
Perisomatic inhibition of PV+ and/or ErbB4+ interneurons onto excitatory neurons 

 Interneurons are heterogeneous with distinct morphologies and functions 

(Kepecs et al., 2014; Klausberger et al., 2008; Le Magueresse et al., 2013; Markram et 

al., 2004). Recent genetic evidence indicates that each type of interneuron may express 

a distinct combination of markers (Kubota, 2014; Uematsu et al., 2008). ErbB4+ 

interneurons may represent a unique class of interneurons. PV+ interneurons are known 

to control the firing and output of pyramidal neurons and are critical for gamma 
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oscillations and higher cognitive functions, and their abnormality has been implicated in 

neuropsychiatric disorders (Bartos et al., 2007; Hu et al., 2014; Lewis et al., 2012; Mei et 

al., 2014). PV+ basket cells form axo-somatic synapses onto the somas of pyramidal 

neurons, whereas PV+ chandelier cells innervate the AISs to form axo-axonic synapses 

(Karube et al., 2004; Kawaguchi et al., 1997). Herein, by using a newly identified genetic 

marker, ErbB4, we demonstrate that PV+ interneurons are heterogeneous and can be 

classified into PV+ErbB4+ and PV-only cells. Our data reveals that PV+ interneurons 

have differential synaptic inputs onto excitatory neurons in superficial and deep cortical 

layers. 

There are ~52 PV+ axo-somatic synapses on a typical pyramidal neuron in 

superficial cortical layers and, this number is almost doubled in L5 (Figure 3.8 B). 

Interestingly, this layer-specific distribution was not observed for PV+ inhibitory 

synapses on AISs, which are about 8-14 per AIS in both superficial and deep layers 

(Figure 3.11 B). The increased number of axo-somatic synapses in deep layers may be 

due to the larger size of pyramidal neuron somas in the deep cortical layers (Custo 

Greig et al., 2013). Intriguingly, most of these synapses are also positive for ErbB4. 

Although there are ErbB4-only and PV-only interneurons in the cortex, the double 

positive synapses account for 88-94% axo-somatic synapses in L4/5 and 81-84% axo-

axonic synapses at L2/3. These results suggest that PV+ErbB4+ interneurons 

preferentially innervate deep-layer pyramidal neurons, in particular to form axo-somatic 

synapses. 

Unlike PV-only or PV+ErbB4+ interneurons, ErbB4-only interneurons appeared 

to form more axo-somatic and axo-axonic synapses in superficial layers than in deep 

layers. Likewise, axo-somatic and axo-axonic synapses from ErbB4-only interneurons 

were not as abundant in L4/5 as other layers. Axo-axonic synapses are formed mostly, 
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if not exclusively, by chandelier cells (Kawaguchi et al., 1997; Kubota, 2014). Our data 

suggest that ErbB4-only interneurons account for ~16% in L2/3 and ~12-30% in L4-6, 

PV-negative axo-axonic synapses. This is in line with the previous reports that not all 

the chandelier cells are PV+, 50% in the somatosensory cortex (Taniguchi et al., 2013) 

and thus the reminder of the chandelier cells may be ErbB4-only interneurons. 

Therefore, ErbB4-only interneurons may represent a unique population of interneurons. 

These data suggests that first, ErbB4-only interneurons, which may have 

different physiological properties from PV fast spiking cells, may play a bigger role in 

superficial layer perisomatic synapses. Second, though basket and chandelier 

interneurons have broad and unspecific connections to other projection neurons 

(Packer and Yuste, 2011; Inan et al., 2013), the number of synapses these interneurons 

form onto it’s postsynaptic targets may follow a layer-specific specific pattern, 

especially between superficial and deep cortical layers.  

These data hint at a new characteristic that axo-somatic and axo-axonic 

synapses from fast spiking interneurons are exclusively from PV+ErbB4+ interneurons 

and rarely from PV-only interneurons. PV-only interneurons may have a distinct 

postsynaptic target such as the proximal dendrites, the third perisomatic target of PV+ 

interneurons and other PV+ interneurons (Kubota et al., 2007; Karube et al., 2004; 

Kubota, 2014; Pfeffer et al., 2013). It will be interesting to test whether there are 

subclasses of PV+, ErbB4-negative interneurons defined by their post-synaptic targets 

for future work.   

Axo-somatic inhibition onto interneurons 

 Although interneurons are known to synapse onto inhibitory neurons, such 

inhibitory synapses are not well characterized. ErbB4+ interneurons comprised of PV+ 
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interneurons that inhibit other PV+ interneurons as one of their major targets, in addition 

to the perisomatic region of the pyramidal cells (Galarreta and Hestrin,1999; Pfeffer et 

al.,2013). In this study, we observed that almost all the ErbB4+PV+ axo-somatic 

synapses co-localized with Syt2, a presynaptic marker at the PV+ interneurons axon 

terminals (Sommeijer et al., 2012). This suggests that the majority of the PV+ErbB4+ 

terminals also make axo-somatioc inhibitory synapses onto inhibitory neurons.  

By using the PV+ terminal marker Syt2 (Sommeijer et al., 2012), we estimated 

for the first time the total number of PV+ synapses onto PV+ interneurons to be ~27-41 

per soma, most of which are positive for ErbB4. However, Syt2+ terminals onto ErbB4-

only interneurons are fewer, at 12-20 boutons per soma. These observations provide 

structural evidence for the notion that PV+ interneurons inhibit stronger among each 

other, but weaker onto other types of interneurons (Pfeffer et al., 2013).  

On the other hand, ErbB4-only interneurons and PV-only cells appear to 

innervate each other. ErbB4-only interneurons make inhibitory synapses onto PV+ 

interneurons and the number of these synapses are especially higher in the superficial 

layers (Figure 3.12 G). ErbB4+ interneurons are also a part of L2/3 bipolar disinhibitory 

interneurons (VIP+ and CR+) that targets other interneurons except for PV+ 

interneurons (Figure 3.26; Choi et al., 2010). Thus, ErbB4-only interneurons axo-somatic 

synapses may come from VIP+CR+ or VIP-only interneurons, which were also shown to 

form disinhibitory synapses at the soma of PV+ interneurons (Hioki et al., 2013; Pfeffer 

et al., 2013). Therefore, axo-somatic synapses from PV+ErbB4+ and ErbB4-only 

interneurons may have different roles to control the activity of other interneurons. Unlike 

inhibitory synapses onto pyramidal neurons (Figure 3.8), the distribution of inhibitory-

inhibitory synapses onto PV+ErbB4+ interneurons was similar between superficial and 
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deep cortical layers. Interestingly, Syt2+ inhibitory inputs onto PV-only interneurons 

were increased in deep cortical layers (Figure 3.12 E). 

B. GABA Activity Regulation of Circuit Assembly 
 
 This study takes the advantage that ErbB4 is expressed in only ~68% of 

interneurons (Bean et al., 2014). Unlike Vgat null mice that die between E18 and P0, 

Vgat knockout from ErbB4+ interneurons is not embryonically lethal, which enabled us 

to study effect of GABA activity in regulating synapse development. Our Tam 

administration was modified from a previous study where a single injection of Tam at 

100 mg/kg was found to be effective (Taniguchi et al., 2013). In our experiments, Tam 

was injected 3 times at the same dosage, to maximize the recombination efficiency. As 

shown in Figure 3.5 B-D, VGAT was absent in 89% of ErbB4+ boutons, and in the 

remainder 11% where VGAT was detected, its intensity was reduced by 84%, 

compared with control mice. However, Vgat mutation in ErbB4+ cells had no effect on 

the intensity of VGAT punctae in other cells. These results demonstrate that VGAT 

ablation was specific for ErbB4+ interneurons. The remnant amount of VGAT in ErbB4-

Vgat-/- brain is likely from ErbB4-negative interneurons. ErbB4 is selectively expressed 

in PV+ interneurons and CR+ interneurons; SOM+ interneurons are rarely ErbB4+. 

Therefore, it is important to acknowledge that the consequential changes may occur in 

~32% of ErbB4-negative interneurons. These changes may come in the form of either 

compensatory, homeostasis mechanisms due to global changes in neuronal activity or 

direct effect contributed by ablation of GABA from ErbB4+ interneurons. Future studies 

focusing on these aspects will be critical.    

 This study provides in vivo genetic evidence that GABA activity from ErbB4+ 

interneurons regulates synapse development in the brain. As ErbB4+ interneurons are 
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widely distributed throughout the cortex and hippocampus, Vgat mutation in these cells 

are likely to reduce global GABA activity. In agreement, ErbB4-Vgat-/- mice eventually 

develop seizures (Figure 3.3 and 3.4). It is likely that overall brain activity was increased 

in ErbB4-Vgat mutant mice, although we focused on mice prior to the appearance of 

electrographic seizure activity (Figure 3.4). Increased brain activity has been shown to 

promote the formation of excitatory synapses onto glutamatergic and inhibitory neurons 

(Chang et al., 2010; Turrigiano, 2011, 2012). In agreement, spine numbers (Figure 3.18, 

3.19 and 3.20) and excitatory inputs onto PV+ErbB4+ interneurons (Figure 3.14) are 

increased in ErbB4-Vgat-/- mice, along with neurotransmission.   

Inhibitory synapse development onto excitatory neurons 

Little is known about how interneurons form proper synapses during postnatal 

development and mechanisms that regulate inhibitory synapses. Here, we sought to 

study this in vivo by eliminating GABA activity from specific subset of ErbB4+ 

interneurons conditionally at the time of the peak of synaptogenesis and refinement 

which allowed us to study the role of inhibition on their postnatal inhibitory synapse 

development in an intact system. 

Interestingly, GABA release from ErbB4+ interneurons is critical for PV+ErbB4+ 

axo-somatic inhibitory synapses onto pyramidal somas in both superficial and deep 

layers, although it has no effect on laminar distribution of ErbB4+, PV+, or double 

positive interneurons (Figure 3.6 and 3.8). This was also supported by the significant 

reduction in mIPSC frequency in ErbB4-Vgat-/- mice (Figure 3.9 C and G). This agrees 

with the timing of Vgat ablation beginning at P10, a time after interneuron migration and 

before inhibitory synaptogenesis and refinement (Chattopadhyaya et al., 2004; Doischer 

et al., 2008; Huang, 2014; Taniguchi et al., 2013). The beginning of VGAT reduction can 

be apparent after 7-10 days of Tam injection, ~P20, which coincides with the time of 
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perisomatic synaptogenesis and fine tuning stage of local circuits both in chandelier 

cells and basket cells (Chattopadhyaya et al., 2004; Taniguchi et al., 2013).  

Of notice were that PV-only and ErbB4-only axo-somatic synapses onto 

pyramidal neurons had little or no effect, indicating a specific effect of GABA activity on 

the double positive synapses. This further confirms that ErbB4-only and PV-only 

interneurons may have different developmental and functional properties compared to 

PV+ErbB4+ interneurons. There is a possibility that these interneurons may target the 

dendritic compartments of their post-synaptic targets (Hioki et al., 2013, Pfeffer et 

al.,2013; Kubota et al., 1994 and 2011; Lee et al., 2010), hence highest number of 

perisomatic synapses were inputs from PV+ErbB4+ interneurons.   

In term of AIS synapses, Vgat mutation seems to reduce ErbB4- and PV-double 

positive axo-axonic synapses in deep cortical layers, but increased PV-negative axo-

axonic synapses in L4. Mechanisms of these effects may be complex. Axo-axonic 

synapses in the cortex are thought to begin to form after P7 and are readily detectable 

at P18 (Inan et al., 2014; Inan et al., 2013), coinciding with Tam treatment in our study 

(Figures 3.1 and 3.2). Our studies suggest that axo-axonic synapses by different 

interneurons have different sensitivity to GABA activity.  

It is worth noting that a majority of excitatory neurons at L4 are spiny stellate 

neurons (Simons and Woolsey, 1984). Interestingly, L4 ErbB4-only axo-somatic (Figure 

3.8 C) and axo-axonic (Figure 3.11 D) synapses are differentially regulated compared 

with other layers. Perhaps inhibitory synapses onto these excitatory neurons are 

uniquely regulated by GABA activity.  

 In an early report, Cre-mediated Vgat ablation in cultured slices was shown to 

increase axo-somatic synapses, suggesting that GABA activity may serve as a sensor 
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for pruning weak synapses (Wu et al., 2012). In our study, axo-somatic inhibitory 

synapses were reduced in ErbB4-Vgat-/- mice, suggesting a positive role of GABA 

activity in inhibitory synapse formation or maintenance. Whether these effects may 

represent different responses to Vgat ablation at a different time point after Vgat 

knockout or are due to different methodologies (single cell knockout in organotypic wild 

type slices versus mutation in all ErbB4+ interneurons in vivo) warrant further 

investigation.  

Inhibitory synapse development onto interneurons 

Of inhibitory synapses that are formed by PV+ interneurons, ~90% of them are 

positive for Syt2 (Sommeijer et al., 2012). At morphological level, Syt2+ axo-somatic 

inhibitory synapses onto PV+ErbB4+, ErbB4-only and PV-only interneurons were not 

altered by Vgat mutation (Figure 3.12). However, electrophysiology revealed a reduction 

in mIPSC frequency in ErbB4+ interneurons in ErbB4-Vgat-/- mice. These results could 

suggest that the electrophysiological method may be more sensitive than anatomic 

changes by staining synaptic markers. Although, Syt2+ synapses, representing PV-PV 

inhibitory connections were not altered, PV-only inhibitory synapses onto ErbB4-only 

synapses were reduced (Figure 3.12 F). Therefore, it is worth to note that our 

electrophysiological recordings cannot distinguish between ErbB4+ interneurons that 

are PV+ and ErbB4-only interneurons. Together, these results suggest a selective 

importance of GABA transmission on inhibitory synapses onto excitatory neurons. In 

addition, these results suggest a possibility of cell non-autonomous mechanisms of 

GABA activity because only excitatory postsynaptic targets were affected and not 

inhibitory. GABA activity from ErbB4+ interneurons may contribute postsynaptic 

mechanisms in pyramidal neurons such as synapse recruitment and not in the 
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interneurons. In addition, mechanisms in synapse maintenance of excitatory neurons or 

development may be completely different from inhibitory neurons (O’Rourke et al., 

2012), such as having distinct adhesion molecules, having molecules that promote 

synapse formation and activity regulated molecules that selectively or differentially 

affect each type of synapse.  

The role of inhibition on postnatal development of projection neurons 

Similar to the protracted postnatal maturation process of interneurons, 

pyramidal neurons continue to develop well into third postnatal week (Larsen et al., 

2006). They begin with simple axon and dendritic branches; both L2/3 and L5 pyramidal 

neurons continue to develop and reached to adult morphology by ~P21-21 (Larsen et 

al., 2006). Dendritic length or complexity was not affected in ErbB4-Vgat-/- suggesting 

that GABA activity is dispensable. These observations are interesting because dendritic 

development and patterning were known to be regulated by neuronal activity (Wong 

and Gosh, 2002, Nedivi et al., 1998). However, there is a possibility that maximum 

VGAT ablation occurs after dendrites and axon development is largely finished, ~P21 

(Larsen et al., 2006). In addition, we cannot rule out the fact that GABA activity may be 

critical for these processes but the requirement is not specific, i.e. the rest of ErbB4-

negative interneurons may be sufficient for proper formation of dendritic morphology.   

Unlike inhibitory synapses, development and regulation of excitatory synapses 

onto excitatory neurons (dendritic spines) have been studied extensively. Dendritic 

spines have been shown to be regulated by sensory input/neuronal activity and by 

GABA signaling during critical period in the visual cortex (Hensch, 2005). We found an 

increased in dendritic spines in both apical and basal dendrites (Figures 3.18 and 3.19) 

in ErbB4-Vgat-/- mice. Postnatal Vgat ablation in ErbB4-Vgat-/- mice may coincide with 
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the time where synaptic pruning occurs (Rakic et al., 1986; Yuste and Bonhoeffer, 

2004), which may suggest a role of GABA activity on synapse elimination. Though this 

may be the case, it is more plausible that this may be a secondary affect of the 

decreased network inhibition. Interestingly, mushroom and stubby spines in apical 

dendrites, and stubby spines in basal dendrites were increased while the filopodia were 

decreased. Stubby and thin spines were higher during early postnatal stage and 

mushroom and thin spines are usually present in high number in adult stage neurons 

(Yuste and Bonhoeffer, 2004). However, both of these spine sub-types were increased 

may suggests that down regulation of GABA activity broadly increased excitatory 

synapses without selectivity.     

GABA activity regulation of perineuronal nets  

In the visual system, it has been shown that activity or GABA signaling promotes 

maturation of inhibitory synapses, which correlates with the development of 

perineuronal nets (PNNs) surrounding PV+ interneurons (Pizzorusso et al., 2002). 

Reduction in axo-somatic synapses may be due to delayed or failure of PV+ErbB4+ 

interneurons maturation. As mentioned in introduction, PNNs may be regulated by 

neuronal activity differently in a region or behavior specific manner. Unexpectedly, we 

found an increase in PNNs surrounding PV+ErbB4+ interneurons and PV-only 

interneurons (Figure 3.21). In the model of epilepsy, PNNs are known to be negatively 

regulated by seizures; here, we observed the upregulation of PNN when the GABA 

activity is reduced during postnatal development. This result further confirms that there 

is no confounding effect from either behavioral or electrographic seizures in ErbB4-

Vgat-/- mice, and that GABA activity may promote PNNs development during postnatal 

stage. Although it has been shown that increase in PNNs correlates with increase in 
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GABAergic synapses (Pizzorusso et al., 2002), there is no direct evidence or detail 

analyses on how it regulates GABAergic synapse. Our results suggest that this effect is 

cell type specific, inhibitory synapses from PV+ErbB4+ interneurons onto inhibitory 

neurons.        

Interestingly, intact PV-PV inhibitory synapses correlated with increased level of 

PNNs surrounding PV+ interneurons. In particular, the number of PV+ErbB4+ and PV-

only interneurons surrounded by PNNs and the intensity of PNNs were increased 

(Figure 3.21 and 3.22). PNNs have been shown to promote synapse formation of PV+ 

interneurons in response to neuronal activity (Chang et al., 2010; Pelkey et al., 2015). A 

parsimonious explanation of these results is that Syt2+ inhibitory synapses onto 

inhibitory neurons are “protected” by increased PNNs. In support of this notion was the 

observations that Syt2-negative inhibitory synapses (from PV-only interneurons onto 

ErbB4-only interneurons), most of which were not surrounded by PNNs, were reduced 

in ErbB4-Vgat mutant mice (Figure 3.12). Together, these observations may suggest a 

key, regulatory role by PNNs of inhibitory synapses onto inhibitory neurons. 

C. ErbB4+ Interneurons and Behavior  
 

By taking advantage of the ErbB4-CreER mouse, we extended our studies to 

determine whether ErbB4+ interneurons underline specific behavioral functions. 

Although inhibitory transmission is critical for a wide variety of functions, recent studies 

have shown that GABA activity from a specific subset of interneurons can underline 

distinct behaviors. Elimination of GABA transmission from ErbB4+ interneurons in adult 

stage resulted less severe effect on cortical networks since the ablation is done after 

the normal development and maturation process of the glutamatergic and GABAergic 

systems. Such results are not unexpected because mutation of various brain disorder-
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associated genes is not lethal. Mutant mice where Erbb4 is deleted specifically in 

neurons are viable and fertile (Chen et al., 2010, Del Pino et al., 2013, Fazzari et al., 

2010, Flames et al., 2004). However, mutation of these genes causes synaptic 

dysfunction and behavioral deficits that are associated with perspective disorders. 

TamP40 ErbB4-Vgat-/- mice displayed anxiety-like behavior in open field, light/dark 

exploration and elevated plus maze tests, (Figures 3. 28, 29 and 30). However, they 

have comparable working memory by Y-maze test suggesting that ErbB4+ interneurons 

may be dispensable for working memory function. However, this conclusion should be 

confirmed by additional working memory behavioral paradigms such as morris water 

maze or radial arm maze. These current findings suggest that ErbB4+ interneurons may 

be critical for anxiolytic effect. These results laid the groundwork for future studies in 

ErbB4+ interneuron region-specific or circuitry-specific regulation of anxiety behavior. 

Future studies on region specific manipulation of Erbb4+ interneurons and stimulation 

or inhibition of ErbB4+ interneurons by optogenetic methods in free moving mice will 

elucidate critical functions of these interneurons during behavior.   

In summary, the work described in this dissertation has revealed the total 

inhibitory synaptic inputs at the pyramidal neuron soma and axon initial segment, as 

well as for the first time, onto inhibitory neurons. Our results have shown that ErbB4+ 

interneurons represent a unique class of interneurons. More importantly, we 

demonstrated that these synapses, as well as PNNs, are regulated differently by GABA 

activity in postnatal development. These results provide the in vivo genetic evidence for 

the role of GABA activity during postnatal synapse development. And together, these 

results extended our knowledge on the postnatal development of GABAergic circuit 

assembly and the role of GABA transmission in the adolescence brain. In addition, 
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these studies have laid the foundation for future studies in the specific manipulation of 

ErbB4+ interneurons in both adult stage and during development, as well as GABA 

activity regulation of glia.      
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APPENDIX A: ANTIBODIES USED IN THIS STUDY 
 
Antibody Source Host Cat. No. Lot Number Dilution 

VGAT SYSY Mouse 131 011 131011/44 1:500 (WB) 
1:400 

PV Swant Rabbit PV 25 5.1 1:1000 

PV Swant Mouse 235 10-11 (F) 1:1000 

Ankyin-G NeuroMab Mouse 73-146 463-1DH-61 1:10 

Gephyrin SYSY Mouse 147 011 mAB7a 1:300 

NeuN Neuromics Mouse MO22122 - 1:500 

Vglut-1 Millipore Guinea pig AB5905 2691287 1:1000 

Syt2 DSHB (U Iowa) Mouse znp-1-c Bin: 13D4 
 1:250 

WFA Sigma Lectin L1516 - 1:200 

GFAP Millipore Mouse MAB360 - 1:500 

Aldolase C Santa Cruz Goat sc-12065 F1515 1:200 

Olig 2 Abcam Rabbit 2276294 - 1:1000 

Iba1 Abcam Goat Ab5076 - 1:500 

CR SYSY Rabbit 7697 1893-0114 1:1000 

SOM Santa Cruz Goat Sc-7819 - 1:1000 
 

Dilutions are for immunofluorescence studies unless otherwise indicated.  

Alexa Fluor (AF)-conjugated secondary antibody-488 or -647 (1:200 final concentration) 

against mouse IgG, Rabbit IgG and guinea pig IgG were used accordingly (Jackson 

ImmunoResearch Laboratories). 
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