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Abstract 

Role of GABA Signaling in Circuit Formation of the 

Developing Cortex 

by 

Doris D. Wang 

 

 The mammalian brain is one of the most organized and complex structures in 

biological systems. The human brain contains about 100 billion neurons that form 

trillions of synapses. These interconnected elements give us the ability to receive sensory 

inputs, process and store information, and generate outputs while allowing us to 

constantly learn and adapt to our environment. Even more fascinating is the fact that this 

intricate three-dimensional processing machine develops from a single sheet of cells. 

Understanding how the brain is developed, therefore, is a crucial step to comprehending 

how the brain functions as a whole. 

  At the base of the neuronal network is the circuit, containing neurons that form 

excitatory and inhibitory connections with one another. The development of a balance 

between these excitatory and inhibitory synapses is a critical process in the generation 

and maturation of functional circuits. In the immature brain, neuronal activity can play an 

important role in shaping connections. One neurotransmitter in particular has been 

implicated in a variety of developmental functions in the nervous system. GABA (γ-
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aminobutyric acid) is one of the earliest neurotransmitters present in the brain. Unlike in 

the adult, where this transmitter acts synaptically to inhibit neurons, during development, 

GABA can depolarize progenitor cells and their progeny due to their high intracellular 

chloride concentration generated by the Na+-K+-2Cl- cotransporter NKCC1. In addition, 

the newborn pyramidal neurons in the cortex receive GABAergic inputs before forming 

glutamatergic connections with each. This early form of GABA signaling may provide 

the main excitatory drive for the immature cortical network and play a central role in 

regulating cortical development.  

In my dissertation, I hypothesize that this early GABA-induced excitation is 

critical for the formation of synapses in the neocortex. Using NKCC1 RNAi knockdown 

in vivo, I show that GABA-induced depolarization is necessary for proper excitatory 

synapse formation and dendritic development of newborn cortical neurons. Interestingly, 

expression of a voltage-independent NMDA receptor rescues the failure of NKCC1 

knockdown neurons to develop excitatory AMPA transmission, indicating that GABA 

depolarization cooperates with NMDA receptor activation to regulate excitatory synapse 

formation. In addition, by blocking NKCC1 pharmacologically with bumetanide during 

cortical development, I find a critical period for the development of AMPA synapses. 

Disruption of GABA signaling during this window results in permanent decreases in 

excitatory synaptic transmission and schizophrenia-like behaviors in adult animals. My 

study identifies an essential role for GABA-mediated depolarization in regulating the 

balance between cortical excitation and inhibition during a critical period in cortical 

development.  
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Chapter 1 

 

Introduction 

The construction of a three-dimensional cerebral cortex from a single sheet of 

neuroepithelium requires multiple tightly regulated developmental processes working in 

concert. The immature brain is a unique entity governed by a set of highly complex rules 

that differ greatly from the adult brain. In order to form this intricate structure, neurons 

must be generated in the correct numbers, migrate to the proper position in the cortex, 

and form intricate connections with neighbors and targets. Of the many cell-intrinsic and 

extrinsic signals involved in neocortical development, neurotransmitters have been shown 

to be key players in building the cortical network, and GABA (γ-aminobutyric acid) in 

particular proves to be an important regulator in this process.  

GABA is the main inhibitory neurotransmitter in the adult brain and acts 

primarily by binding to GABAA or GABAB receptors.  The GABAA receptor gates a Cl- 

channel, and in the mature brain, GABA activation causes Cl- influx and membrane 

hyperpolarization due to the low intracellular Cl- concentration established by the K+-Cl- 

cotransporter KCC2 (Rivera et al. 1999; Li et al. 2002; Wang et al. 2002).  However, 

during development, GABA exerts a different effect by depolarizing cortical progenitors 

(radial glia) and immature neurons.  This is due to the Cl- gradient established by the Na+-

K+-2Cl- cotransporter NKCC1, expressed from mid-embryonic stages until the first week 

of postnatal life in rodents (Li et al. 2002; Wang et al. 2002).  NKCC1 imports Cl- into 
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immature cells, thereby causing Cl- efflux and membrane depolarization upon GABAA 

receptor activation (Plotkin et al. 1997; Wang et al. 2002).  Interestingly, radial glia and 

migrating neurons express GABAA
 receptors early in development, thus providing them 

with the mechanism to respond to GABA (LoTurco et al. 1995; Owens et al. 1996; 

Owens et al. 1999).  Why is a GABA signaling system established well before functional 

synapses are formed? GABA-mediated signaling has been implicated in most of the 

developmental steps from cell proliferation to synaptic integration.  As it is the first 

neurotransmitter active in the immature brain and provides the main excitatory drive, 

GABA is poised to serve as an ideal signal to coordinate corticogenesis.  

 

Cortical development in the mammalian brain 

 The mammalian cortex comprises of two types of neurons, the excitatory 

glutamatergic pyramidal neurons and the inhibitory GABAergic interneurons. These 

excitatory and inhibitory neurons arise from two distinct progenitor populations in the 

brain, the cortical ventricular zone (VZ) and the ganglionic eminences (GE), respectively 

(Anderson et al. 1997; Hartfuss et al. 2001; Noctor et al. 2002). Neurogenesis in the 

mouse cortex begins at E11 during which the neuroepithelial cells transform into a 

distinct but related class of progenitors called radial glial cells (Caviness et al., 1995; 

Gotz and Huttner, 2005; Malatesta et al., 2003) (Figure 1.1C). Radial glia (RG) occupy 

the VZ and are the principal neural stem cells of the embryonic forebrain (Kriegstein and 

Noctor, 2001). They can divide symmetrically to self-renew or asymmetrically to 

generate intermediate progenitors (IPCs) or immature neurons (Malatesta et al., 2000; 

Noctor et al., 2001; Hartfuss et al., 2001). The newborn cortical neurons migrate along 
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the radial fibers of RG and form a series of layers collectively known as the cortical plate. 

As new neurons are continuously generated, they migrate past earlier-born ones to form a 

cortex in an inside-out pattern (Rakic 1974; Gupta et al. 2002) (Figure 1.1C).  

Interneuron production in the mouse brain occurs around the same time as 

corticogenesis (roughly E11-E17) (Wonders and Anderson 2006). Similarly, the RG from 

the medial and lateral ganglionic eminences generate interneurons that migrate 

tangentially to the cortex as the newborn pyramidal neurons migrate out of their 

proliferative zone (Anderson et al. 1997; Anderson et al. 2001) (Figure 1.2 and 1.5A). 

Interestingly, birth dating of GABAergic interneurons reveals an “inside-out” pattern 

similar to that of excitatory neurons of the same layer (Fairen et al. 1986; Yozu et al. 

2004; Wonders and Anderson 2006). The temporal and spatial correlations between the 

development of the excitatory cells and arrival of the inhibitory neurons suggest a 

crosstalk between the two systems. Interneurons may tonically release GABA, providing 

a source of paracrine GABA signal to the proliferating excitatory cells (LoTurco et al. 

1995; Owens et al. 1996; Owens et al. 1999) (Figure 1.5B). Both cortical progenitors 

and newborn excitatory neurons express functional GABAA receptors early in 

development, thus providing them with the mechanism to respond to GABA (LoTurco et 

al. 1995; Owens et al. 1996; Owens et al. 1999). The early expression of GABAergic 

system in the immature nervous system suggests that GABA is an important factor in 

modulating primitive activity in the developing brain.  

 

GABA and stem cell proliferation 
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During development, radial glia, which are the cortical neural stem cells, express 

functional GABAA receptors (LoTurco et al. 1995; Owens et al. 1996).  This finding has 

led to the hypothesis that GABA supports a trophic function besides its normal role in 

synaptic transmission.  A study from our lab demonstrated that GABA and glutamate 

decreased net DNA synthesis and the number of progenitor cells that incorporate BrdU in 

acute cortical slices (LoTurco et al. 1995).  Interestingly, incubating the slices in GABAA 

receptor antagonist bicuculline increased DNA synthesis, suggesting that there is tonic 

release of endogenous GABA to regulate the rate of neurogenesis.  The mechanism for 

GABA’s effect on cortical progenitor proliferation is likely due to its ability to depolarize 

the cell and activate voltage-gated Ca2+ channels (VGCCs) that in turn regulate DNA 

synthesis (LoTurco et al. 1995; Owens and Kriegstein 2002; Represa and Ben-Ari 2005) 

(Figure 1.2).  Another study compared the proliferative effects of GABA between the 

two proliferative zones in the embryonic cortex, the ventricular (VZ) and subventricular 

(SVZ) zones (Haydar et al. 2000).  Using organotypic slices of mouse embryonic cortex 

and BrdU labeling, the authors found that GABA appeared to have different effects: 

promoting VZ cell division while inhibiting SVZ cell divisions (Haydar et al. 2000).  

With molecular markers now available to selectively label neurogenic and gliogenic 

precursors, it would be interesting to explore GABA’s effects on the proliferation of these 

two cell types and the mechanism for potential differences. 

Likewise, studies have shown that GABA can inhibit cell cycle progression in 

other systems, such as the neural precursors in neurospheres and organotypic brain slices 

(Nguyen et al. 2003) and in the adult neurogenic SVZ (Liu et al. 2005).  In the adult 

SVZ, immature neurons synthesize and release GABA (Stewart et al. 2002; Bolteus and 
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Bordey 2004; Liu et al. 2005), which in turn activates GABAA receptors in stem cells and 

immature neurons.  Tonic GABAA activation depolarizes stem cells, causes transient 

intracellular Ca2+ increases, and reduces the number of proliferative stem cells (Liu et al. 

2005).  This provides an intriguing mechanism in which the generation of young 

GABAergic neurons would increase ambient GABA levels and serve as a negative 

feedback loop to reduce their generation by slowing down stem cell proliferation (Platel 

et al. 2008) (Figure 1.3).  Apparently, the theme of GABA inhibiting stem cell 

proliferation is developmentally conserved as this occurs even before the formation of the 

nervous system.  Recent evidence suggests that in mice, embryonic stem cells as well as 

neural crest stem cells express glutamic acid decarboxylase (GAD) and functional 

GABAA receptors, and just like in the developing cortex, GABAA activation decreased 

cell proliferation (Andang et al. 2008).  However, here GABA hyperpolarizes the stem 

cells and activates the S/G2 DNA-damage checkpoint pathway to inhibit cell cycle 

progression.  This novel mode of neurotransmitter involvement in S-phase checkpoint 

control may operate in other areas of the nervous system, and disruptions in this pathway 

may contribute to various congenital CNS malformations (Andang and Lendahl 2008).  It 

seems that even though GABA can activate different signaling pathways depending on 

cell-intrinsic factors or extrinsic environmental cues, it generally functions to decrease 

progenitor or stem cell proliferation. 

 

GABA and migration 

Chemotropic actions of GABA were first identified using chemotaxis chambers, 

where dissociated cortical cells were allowed to undergo gradient-dependent migration, 
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and it was found that extremely low concentrations of GABA induced cell migration by 

activating GABAA receptors (Behar et al. 1996).  However, these studies remain 

controversial as GABA produces half-maximal responses in the developing neocortex in 

the micromolar range and GABAA receptors are not sensitive in the femtomolar range 

(Owens et al. 1999).  Another study showed that blocking GABAA receptors in 

hippocampal slice cultures reduced the migration of neuroblasts (Manent et al. 2005).   

Following these experiments, Behar and colleagues incubated organotypic neocortical 

explants with specific GABA receptor antagonists to show that activation of different 

GABA receptor subtypes regulated various parts of neural migration to the cortical plate.  

Activation of GABAA/C receptor promoted migration of neuroblasts from the VZ/SVZ to 

the intermediate zone (IZ), GABAB receptor the entry of migrating neuroblasts from the 

IZ to the cortical plate, and finally GABAA receptor to provide a stop signal to end 

migration (Behar et al. 2000) (Figure1.2). 

More recently, in vivo and in vitro studies demonstrated that GABAA receptor 

desensitization by agonist activation or blockade with antagonists caused heterotopias in 

the most superficial cortical layers, likely due to an overmigration from the loss of a stop 

signal (Heck et al. 2007).  Heck and colleagues demonstrated that GABAA receptor 

activation leads to transient Ca2+ channel oscillations that may be important for promoting 

neuronal migration.  These studies suggest that the effect of GABA on migration is 

highly concentration- and location-dependent.  GABAA receptors confer a high degree of 

variability due to their subunit composition.  Interestingly, different GABAA receptor 

subunits are expressed in a time- and location-specific manner during cortical 

development (Laurie et al. 1992).  Because these diverse receptor subunits have different 
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sensitivities to GABA, their interactions with extrinsic environmental cues may 

differentially regulate the migration of newborn neurons.  Recently, a study questioned 

the necessity of GABA-mediated depolarization in cortical neuron migration.  The 

authors used in utero electroporation to overexpress KCC2 in proliferating neuronal 

progenitors to render immature neurons devoid of depolarizing GABAergic responses 

(Cancedda et al. 2007).  While morphological maturation was markedly impaired in 

KCC2-expressing immature neurons, neuronal migration was not affected.  It is unknown 

whether GABA-mediated depolarization regulates the migration of deeper-layer, earlier-

born neurons, as the study only manipulated neurons born at E18-19.  Future studies 

targeting the earlier-born neurons would help address the current discrepancy.    

A GABAergic signaling system influencing neuronal migration is recapitulated in 

the adult neurogenic regions as well. In the adult SVZ, several studies have identified the 

contribution of GABA in regulating the migration of immature neurons from the SVZ to 

the olfactory bulb (Nguyen et al. 2003; Bolteus and Bordey 2004; Liu et al. 2005; Ge et 

al. 2006). Bolteus and Bordey studied young neuron migration in acute sagittal brain 

slices to determine if GABA signaling between stem cells and immature neurons 

regulates the speed of neuronal migration in the rostral migratory stream (RMS). It was 

found that ambient GABA slowed down the migration of young neurons by causing an 

increase in intracellular Ca2+, independent of membrane depolarization (Bolteus and 

Bordey 2004) (Figure1.3). Interestingly, stem cells ensheathing migrating neurons 

express the high-affinity GABA transporter GAT4.  This suggests a model wherein 

neural precursors can fine-tune the speed of neuronal migration within the chains by 

regulating ambient GABA levels (Bolteus and Bordey 2004).  



  8 

 

GABA and synaptogenesis 

Neural circuit development is a complicated process whereby a neuron sends out 

processes and receives inputs from targets. For a young neuron to become a functional 

unit of the cortical circuit, it must establish a mature morphology, make synaptic contacts 

with other cells, and refine those connections. Increasing evidence suggests that neuronal 

activity regulates circuit formation. Cortical synapse formation beings from the late 

embryonic stage until the first few weeks of postnatal life (Figure 1.5). In many brain 

regions examined in rodents and primates, newborn neurons express GABAA receptors 

before glutamate receptors (Figure 1.5B).  Moreover, young neurons first receive 

GABAergic inputs before forming glutamatergic synapses in the neocortex (Owens et al. 

1999; Tyzio et al. 1999; Hennou et al. 2002; Ben-Ari 2006) (Figure 1.5C). Why is a 

GABA signaling system established before a glutamatergic one?  GABA can at least 

partially substitute for glutamate as an excitatory neurotransmitter by providing enough 

membrane depolarization to activate voltage-gated calcium channels (VGCC) (Owens 

and Kriegstein 2002; Ben-Ari 2006).  However, unlike glutamate, GABA exerts a 

shunting effect by clamping the membrane potential near the Cl- reversal potential 

(approximately -40 mV in immature neurons), thereby preventing long-lasting activation 

of voltage-gated channels that might engender toxic amounts of Ca2+ influx.  This makes 

GABA an ideal regulator for synaptogenesis because this neurotransmitter can excite 

neurons without directly producing excitotoxicity. 

Several recent studies have begun to examine the effect of GABA-depolarization 

on synaptogenesis. By prematurely shifting the GABA reversal potential to a more 
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hyperpolarizing potential (by overexpressing KCC2), it was recently shown that 

reversing the excitatory effect of GABA in cortical neurons results in fewer and shorter 

dendrites (Cancedda et al. 2007). Likewise, in the adult hippocampus, disturbing GABA-

mediated depolarization altered the morphology of newly-generated granule neurons (Ge 

et al. 2006) (Figure 1.4). Evidence suggests that morphological changes could be a result 

of disrupted glutamatergic signaling in these neurons.  Glutamatergic activity, via AMPA 

receptor-mediated transmission, has been known to promote dendritic arbor growth by 

mobilizing intracellular signaling cascades that stabilize and maintain branch formation 

(Wu et al. 1996; Rajan and Cline 1998; Shi et al. 1999; Haas et al. 2006).  GABA seems 

to play a role in the maturation of synaptic circuits as well. For instance, in vitro studies 

show that blocking GABA depolarization in immature hippocampal neurons augments 

the expression of functional GABA synapses (Chudotvorova et al. 2005). In Xenopus 

tectal neurons, in vivo pharmacological and genetic manipulations indicate that 

GABAergic activity is required for matching the excitatory and inhibitory inputs during 

refinement of visual receptive field circuitry (Akerman and Cline 2006).  

While these studies give us insight on GABA’s role on synapse maturation and 

refinement, very little is known about GABA’s function in the initial establishment of 

cortical circuitry, namely, its effect on synaptogenesis and the development of dendritic 

arbors in mammalian cortical development. In my thesis, I tested the hypothesis that 

GABA-induced depolarization in newborn cortical neurons regulates early synapse 

formation in the developing brain. I examined a model where the early excitation of an 

immature circuit can direct synapse formation in the developing network and regulated 

the balance between excitatory and inhibitory synapses. Through this study, I plan to not 
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only elucidate key steps of cortical circuitry development and the role of early excitation 

on the formation of this primitive network, but also begin to shed light on how 

dysregulation of these crucial developmental processes contribute to neurological 

diseases.  
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Figure 1.1: Pattern of cortical neurogenesis and neuronal migration. (A) A sagittal 

view of embryonic day (E)16 mouse brain. (B) A coronal section of the brain at the plane 

indicated by the red dashed line from (A) showing the location of the neocortex. (C) The 

generation of the cortex via “inside-out” pattern. At E11, the radial glia (shown in gray) 

occupying the ventricular zone (VZ) generate neurons that form the preplate (PP). By 

E13, a second wave of postmitotic neurons generated by the radial glia splits the PP into 

the subplate (SP) and marginal zone (MZ), forming the cortical plate (CP). During E14-

E18, the peak of cortical neurogenesis, subsequent waves of neurons expand the CP in an 

inside-out fashion, as each wave of neurons passes its predecessors to occupy different 

layers of the cortex. In the adult cortex, the SP degenerates, leaving behind a six-layered 

cortex.  PP: preplate; VZ: ventricular zone; IZ: intermediate zone; SP: subplate; CP: 

cortical plate; MZ: marginal zone; PS: pial surface. (Adapted from Gupta et al., 2002) 
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Figure 1.2: Multiple roles of GABA in the developing cortex. GABA’s role in 

regulating embryonic cortical development. During corticogenesis, interneurons 

migrating in the subventricular zone (SVZ) can release GABA and activate GABAA 

receptors on the radial glia, depolarizing these progenitors and decreasing their 

proliferation. Radial glia generates immature pyramidal neurons through asymmetrical 

division, and the migration of these immature neurons along the radial fibers is decreased 

by GABA signaling. As young neurons assume their position in the cortex and begin to 

mature, GABA-mediated depolarization by the interneurons may be required for the 

development of dendritic arbors and excitatory synaptic inputs from other pyramidal 

neurons. MZ: marginal zone; VZ: ventricular zone; SVZ: subventricular zone; CP: 

cortical plate. 
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Figure 1.3: GABA’s role in adult neurogenesis in the subventricular zone (SVZ). In 

this adult neurogenic niche, astrocytes divide asymmetrically to give rise to intermediate 

progenitors (IPC), which divide again to generate immature neurons. These immature 

neurons produce GABA, which activates GABAA receptors in the SVZ astrocytes and 

depolarizes their membrane to negatively regulate their proliferation. GABA produced by 

the young neurons decreases their own migration to the rostral migratory stream (RMS), 

where they will eventually become granule cells or periglomerular cells in the olfactory 

bulb. LV: lateral ventricle; EP: ependymal cell layer; SVZ: subventricular zone; IPC: 

intermediate progenitor cell. 
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Figure  1.4.  GABA’s role in adult neurogenesis in the dentate gyrus of the 

hippocampus. Here, astrocytes of the subgranular zone (SGZ) are the stem cells that can 

produce IPCs through asymmetrical division. These IPC generates immature neurons, 

which express GABAA receptors and respond tonically to GABA released from local 

interneurons. GABA-mediated depolarization regulates the synaptic maturation and 

integration of granule cells into the existing circuit, allowing them to receive inhibitory 

inputs from hilar interneurons and excitatory glutamatergic inputs from the lateral and 

medial perforant pathways. SGZ: subgranular zone; GCL: granule cell layer; DG: dentate 

gyrus; ML: molecular layer; MPP: medial perforant pathway; LPP: lateral perforant 

pathway; SR: stratum radiatum; IPC: intermediate progenitor cell.  
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Figure 1.5. Sequential development of synapses in the neocortex. This diagram 

schematizes the sequential formation of synapses in interneurons and pyramidal cells 

during cortical development in rodents. The ages represented here correspond to the 

period of significant synapse formation and dendritic development, from E18 until the 

first few weeks of postnatal life. A: Tangentially migrating GABAergic interneurons 

arrive in the neocortical SVZ, where a progenitor cell (radial glial) has given birth to post 

mitotic neurons. Neither type of neuron is innervated. B: As newborn pyramidal neurons 

begin to migrate radially along the radial glial fiber, they express GABAA receptors. 

Interneurons begin to form GABAergic synapses with each other. Due to the inefficiency 

of GABA uptake by GABA transporters, GABA spills over to the migrating pyramidal 

neurons, providing a developmental signal for synaptic integration. C and D: Pyramidal 

neurons develop dendritic arborizations and sequentially develop GABAergic synapses 

(C), NMDA receptors (D) and functional glutamatergic synapses with AMPA receptors 

(E). As the synaptic circuitry develops and matures, GABA switches from depolarizing 

to hyperpolarizing. In the more mature state, AMPA receptors provide the source of 

depolarization to the neuron. VZ: ventricular zone; SVZ: subventricular zone; IZ: 

intermediate zone; CP: cortical plate; MZ: marginal zone. 
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Chapter 2 

 

Materials and Methods 

 

Section 1: Animals, in utero injection and electroporation, and drug treatments 

Animals 

 Timed-pregnant Swiss-Webster dams were obtained from Simonsen Laboratories, 

Gilroy, California. All manipulations were performed in accordance with the guidelines 

of the UCSF Institutional Animal Care and Use Committee. 

Construction of plasmids expressing Nkcc1-shRNA 

GFP and shRNA oligonucleotides were inserted into pLLox3.7 for co-expression 

under the CMV and U6 promoter, respectively (Lois et al. 2002). Vectors were 

transfected into Stbl2 cells and grown in 30°C for DNA prep using the MegaPrep Qiagen 

kit. The following previously characterized target sequences were used: 

ACACACTTGTCCTGGGATT (Nkcc1-shRNA); AGTTCCAGTACGGCTCCAA 

(DsRed-shRNA) (Ge et al. 2006) (Figure 1.1).  For NR1 knockdown experiments, 

shRNA plasmids were provided by Emily Hueske (MIT). SiRNA sequence was screened 

through Ambion GGCAGUAAAC-CAGGCCAAUTT and cloned into Topo2.1 vector 

for expression under the U6 promoter. 
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In utero injection and electroporation 

   Plasmids were introduced into the in-vivo developing cortex by intraventricular 

injection and electroporation (Saito and Nakatsuji 2001). Intraventricular injections were 

carried out in E15 in timed pregnant Swiss-Webster mice as previously described (Noctor 

et al. 2001) (Figure 1.2). Electroporations were performed using an Electro Square 

Porator ECM830 (Genetronics) (5 pulses, 45 mV, 100ms, 1s interval). 1µl of DNA was 

injected per brain at the following concentrations: shRNA constructs, 1.5µg/µl; rescue 

constructs, at a molar ratio of 2:1 (Nkcc1: Nkcc1-shRNA); 2:1 (YFP: Nkcc1-shRNA); 1:2 

(YFP: NR2Amut); 1:2 (YFP: NR2A) 1:1 (NR2Amut: Nkcc1-shRNA). 

Drug treatments 

   Intraperitoneal injections were given to pregnant dams or their pups. The 

following drugs were dissolved in PBS and injected at the following doses: Bumetanide 

(Sigma) 0.2 mg/kg, HCTZ (Sigma) 4 mg/kg.  

 

Section 2: Immunostaining 

Tissue preparation 

   Electroporated neonatal mice were anesthetized and perfused with PBS followed 

by 4% paraformaldehyde. Brains were removed following transcardial perfusion and 

embedded in Tissue-Tek. Coronal brain sections (14 µm thick) were cut on cryostat and 

kept in -80°C freezer until immunostaining. 

Immunostaining and confocal microscopy 
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For NKCC1 staining, the sections were pre-treated with 1% SDS, 8% β-

mercaptoethanol in PBS for 15 min as previously described (Ge et al. 2006). Sections 

were blocked in solution contained 2% gelatin, 10% serum, and 1% Triton-X-100 in PBS 

for 2 hours. Sections were incubated overnight in the following primary antibodies: 

mouse anti-NKCC1 (T4, Developmental Studies Hybridoma Bank, 1:200), rabbit anti-

KCC2 (1:400, Upstate), chicken anti-GFP (1:500, Aves Labs). Secondary antibodies 

included Alexa 488/568 conjugates (Molecular Probes) or Cy3/Cy5 conjugates (Jackson).  

Images were acquired on an Olympus Fluoview 300 and Leica SP5 laser-scanning 

confocal microscope. Images of NKCC1 staining represent collapsed 3um stacks 

collected at 1um steps. Images were analyzed using Photoshop 7.0.   

 

Section 3: Electrophysiology 

Brain slice preparation 

Electroporated and drug-treated postnatal mice at different ages were 

anaesthetized and processed for slice preparation as previously described (Owens et al. 

1996). Neonatal brains were quickly removed into ice-cold artificial cerebrospinal fluid 

(ACSF) containing (in mM) 124 NaCl, 5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 26 

NaHCO3, and 10 glucose oxygenated with 95% O2-5% CO2 (pH 7.4). Neonatal brains 

were embedded in 4% low-melting point agarose in ACSF, hardened on ice, and cut into 

coronal slices (300 µm thick) using a vibratome (Leica VT1000s). Older animals were 

anesthetized with avertin and transcardial perfusion was performed with ice-cold solution 

containing (in mM) 248 Sucrose, 5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, and 26 

NaHCO3 oxygenated with 95% O2-5% CO2 (pH 7.4) prior to brain removal in ACSF. 
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Brains from older animals were cut directly on the vibratome into 250 µm thick coronal 

sections. Sections are confined to the sensorimotor regions of the cortex (Figure 1.3A 

and 1.3B).   

Gramicidin-perforated patch recording 

   Electrophysiological recordings were obtained at room temperature from sections 

continuously superperfused with oxygenated ACSF. Pyramidal neurons were visualized 

by DIC and identified by their morphology, location within layer II/III of cortex, and 

current profile in response to 20 mV voltage steps (from -100 to 180 mV) from a holding 

potential of -70mV (Figure 1.3C  and 1.3D). Microelectrodes (6-8 MΩ resistance) were 

pulled from borosilicate glass capillaries and filled with the following solution (in mM): 

130 KCl, 5 NaCl, 0.4 CaCl2, 1 MgCl2, 10 HEPES (pH 7.3), 11 EGTA, and 0.1% Lucifer 

yellow for majority of the recordings. For perforated patch recordings, the gramicidin 

stock (10mg/ml in DMSO) was diluted in the internal pipette solution above to a final 

concentration of 25 µg/ml. Tip of the pipette was filled with normal internal pipette 

solution and the rest with gramicidin-containing solution. Gigaohm seals were made and 

cells were applied voltage ramps from –140 to +100 mV from a holding potential of -70 

mV every 20 seconds to monitor current changes. After ramp currents stabilized, a 3 

second focal application of 100 µM GABA (RBI) was applied using the DAD 

superperfusion system (ALA Scientific) to activate GABAA receptors on the GFP+ 

neurons from a holding potential of -70 mV. A voltage ramp from –140 to +100 mV was 

applied before and during GABA application. The resulting currents from the voltage 

ramps before and during GABA-induced response were then subtracted and the 
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difference plotted as I-V curves (Fig. 1 b).  EGABA was determined for each cell as x-

intercept of I-V curves.   

Whole-cell recording of mPSCs 

To characterize mPSCs, 5-20 minutes of whole-cell recordings were made using a 

Double Patch-clamp EPC9/2 (HEKA) at 10kHz in the presence of tetrodotoxin (TTx 0.5 

µM). Voltage clamp recordings were performed at -70 mV for 1-2 minutes to establish 

the baseline for the frequency of mPSCs. Then drugs to isolate the AMPA or GABAergic 

mPSCs were applied by the DAD superperfusion system for duration of 1 minute. 

Following the perfusion, drugs were washed out for 5-10 minutes. The series and input 

resistances were monitored and only those that changed less than 20% during 

experiments were used for data analysis. Traces were analyzed using MiniAnalysis 

(Synaptosoft) program. Each synaptic event was manually selected based on rise time, 

amplitude, and decay properties. Additional drugs were added as indicated with the 

following estimated final concentrations: bicuculline methiodide (100 µM, Sigma), 

DNQX (20 µM, Tocris), TTx (0.5 µM, CalBiochem). To isolate the AMPAergic and 

GABAergic mPSCs, bicuculline and DNQX was applied to the bath, respectively, 

following drug washout. Unless otherwise noted, the holding potential for voltage clamp 

recordings was -70mV.  

Outside-out patch recordings 

   To record NMDA channel currents, recordings were performed in ACSF 

containing TTx (0.5 µM), bicuculline methiodide (50 µM), DNQX (10 µM), and Glycine 

(40 µM, Sigma). To characterize NMDA channel currents, outside-out patches were 
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formed by forming a gigaseal on a cell, breaking open the cell membrane, and then 

slowly pulling the pipette out of the slice to allow the patch of membrane to reseal. 

NMDA (30 µM) or Glutamate (100 µM, Sigma) was applied to patches and recordings 

were performed in ACSF containing TTx (0.5 µM), bicuculline methiodide (50 µM), 

DNQX (10 µM), and Glycine (40 µM, Sigma). Channel activities was recorded following 

NMDA or glutamate application at the following holding voltages: -70 mV, -50 mV, -30 

mV, -10 mV, 0 mV, 10 mV, 30 mV and 50 mV. The resulting amplitudes of the channel 

currents were quantified using MiniAnalysis software and the results were plotted as I-V 

curves and fitted with the best-fit lines.  

 

Section 4: Cell morphology characterization 

DiI electrophoresis 

   Electroporated postnatal mice were perfused as previously described (Owens et 

al. 1996) and 300 µm thick coronal sections were cut using a vibratome (Leica VT1000S) 

and stored in PBS. GFP+ pyramidal neurons were visualized by DIC and fluorescence 

microscopy (Olympus BX50WI). Sharp microelectrodes were pulled from borosilicate 

glass capillaries to ~70 MΩ (measured with 1 M KCl). The electrode tip was filled with 

1% DiI in 100% ethanol. The rest of the electrode was then filled with 100% ethanol. 

After penetrating the cell body with the electrode, dye was expelled by 1-50nA positive 

current using Master-8 pulse generator and Iso-Flex electrostimulator (AMPI) for1-3 

minutes depending on cell size. Sections were then fixed in 4% PFA overnight.  

Confocal imaging and analysis 
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Images of GFP+ or DiI-filled pyramidal neurons were acquired on a Leica TSC 

SP5 laser-scanning confocal microscope. Images were collected at 1 µm steps with a 40x 

oil lens to capture all the visible dendrites in the slice. For morphology analysis of the 

GFP+ DiI-filled pyramidal neurons, three-dimensional reconstructions of the cell body 

and dendritic processes were made from Z-series stacks of confocal images. 

Quantifications of primary and secondary dendrites were traced from the 3D 

reconstructed images and Z-series stacks using the Imaris software. To calculate the soma 

size, the Z-series stacks were collapsed and the cell body was semi-automatically traced 

with NIH ImageJ (http://rsb.info.nih.gov/ij/) and the area of the traced soma was 

calculated using the automated measuring function. Spine densities were calculated by 

counting the number of spines on a high magnification collapsed Z stack and dividing the 

total spine by the length of dendrite. Spine lengths were calculated using the measuring 

function in NIH ImageJ.  

 

Section 5: Behavioral analysis 

Developmental assessments 

Dams were treated with PBS or bumetanide beginning on gestational day 15 and 

their pups treated until postnatal day 7. Beginning on P2, pups were individually 

numbered and monitored daily. During testing, all pups were transferred to a cage filled 

with clean bedding. Individual pups were removed, checked for physical abnormalities 

and weighed. Unless otherwise noted, absence of a milestone was scored if the mouse did 

not exhibit the behavior within 60 s. To assess surface righting, each pup was placed on 

its back and monitored until it successfully righted itself. To assess negative geotaxis, the 
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pup was placed facing downward on a sheet of textured plastic inclined at a 30° angle and 

monitored until the pup reoriented itself with its head and forelimbs higher up the plane 

than its hindlimbs. To assess cliff avoidance, the pup was placed with its hindlimbs 

resting on a circular Styrofoam platform mounted on a 30-cm high stand. The pup was 

positioned so its forepaws and nose were suspended over the edge of the platform and 

monitored until the pup moved away from the edge. To assess grasp reflex, each forepaw 

was gently stroked with the wooden end of a swab. If the pup immediately curved its paw 

to grasp the swab, the grasp reflex was considered present. The date when both eyes were 

open was recorded. Visual placing was assessed by suspending the pup by its tail and 

gently lowering it toward the tabletop. If the pup raised its head and extended forelimbs 

toward the surface, visual placing was scored as present. To assess air righting, the pup 

was held with its ventral side facing upward 30 cm above a chamber filled with soft 

bedding. The pup was released, and air righting was considered present if the pup turned 

while falling so that it landed on its feet. To assess bar hanging, the pup was allowed to 

grasp a small wire bar and then released so that it was hanging by its forelimbs. Once the 

pup was able to hang suspended for 10 s, bar holding was scored as present. 

Open field test 

Activity in the open field was tested with the automated Flex-Field/Open Field 

Photobeam Activity System (San Diego Instruments, San Diego, CA). The system 

consisted of two identical clear plastic chambers (41 x 41 x 38 cm), a PAS control box, a 

PC interface board, and a microcomputer for recording and analysis of data. Two sensor 

frames, each consisting of a 16 x 16 photobeam array at 1.5 cm and 6 cm above the 

bottom of the cage, were used to detect movements in the horizontal and vertical planes. 
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The test was initiated by placing the mouse in the center of the arena. Horizontal beam 

breaks (ambulatory moves) in the arena were counted over 15 min. The arena was 

cleaned and dried after each test. 

Social preference test 

Mice were tested in a three-chambered box with small openings in the dividing 

walls allowing access from the center chamber into left and right chambers. Each 

chamber was cleaned and fresh bedding added between trials. The paradigm consisted of 

a three-stage procedure.  Stage1: habituation; test mouse was first placed in the center 

chamber and allowed to explore all three chambers of the apparatus for 5 min. Stage 2: 

Sociability; an unfamiliar mouse was placed in either the left or right chamber enclosed 

in a small, internal wire cage; placement of Stranger 1 in the left or right chamber 

alternated between trials, with an empty but otherwise identical wire cage in the opposite 

chamber. Following placement of Stranger 1 into the left or right chamber, the test mouse 

was allowed to leave the center chamber and explore all three chambers of the apparatus 

for 10 min, and time spent in each compartment was recorded. Stage 3: Novelty; with the 

initial stranger (now familiar) retained in its original chamber, a second, unfamiliar 

mouse (novel) was placed in the previously empty wire cage in the opposite chamber. 

Test mouse was allowed to leave the center chamber and explore all three chambers of 

the apparatus for a second period of 10 min, and time spent in each compartment was 

recorded.  

Y-maze test  
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The Y-maze was constructed of black plastic walls (10 cm high). It consisted of 

three compartments (10 cm x 10 cm) connected with 4 cm x 5 cm passages. The mouse 

was placed in one of the compartments and allowed to move freely for 6 min. An arm 

entry was manually recorded when all four paws entered the compartment. After each test 

(end of 6 minutes), the maze was thoroughly cleaned.   

Elevated plus maze test 

   The elevated plus-shaped maze consisted of two open arms and two closed arms 

equipped with rows of infrared photobeams (Hamilton-Kinder, Poway, CA). Mice were 

habituated to dim lighting in the testing room for 30 min and then were placed 

individually at the center of the apparatus and allowed to explore for 10 min. The time 

spent and distance travelled in each of the arms were recorded by infrared beam   

Startle response and prepulse inhibition test 

Acoustic startle reactivity was measured with two identical startle chambers 

(Hamilton-Kinder) containing a transparent non-restrictive Plexiglas box resting on a 

platform inside a sound-proof, ventilated box. A high-frequency speaker mounted 15 cm 

above the box produced all of the acoustic stimuli. Mouse movements were detected and 

transduced by a piezoelectric accelerometer mounted under each cylinder. Movements 

were digitized and stored by a computer and interface assembly. Movements were 

monitored for 100 ms after the onset of each stimulus, and the maximum amplitude 

response (Newtons) was used to determine the startle response. 

For testing, mice were placed inside the sound-proof chamber. After a 5 min 

acclimation period, each session consisted of 80 trials of five types: 24 trials of a 40 ms, 



  31 

120 dB startle stimulus alone (to measure maximum acoustic startle amplitude); 14 trials 

without startle stimulus (to measure baseline movements in the chamber); and 14 trials 

each of a 40 ms stimulus at 4, 8, or 16 dB above background (prepulse), followed by a 

100 ms interval and a 40 ms 120 dB startle stimulus. In the first five and the last five 

trials of each session, the startle stimulus alone was presented to determine the degree of 

habituation to the startle stimulus. The other trials of startle stimulus alone and prepulse 

plus startle stimulus were presented in pseudorandom order with an average intertrial 

interval of 15 s (range, 7–23 s). 

The percentage of prepulse inhibition of the startle response was calculated as 

follows: 100 – [(average response to prepulse plus startle stimulus/average response to 

startle stimulus alone) x 100]. Thus, a high value indicates high prepulse inhibition 

reflected by a large reduction in startle response when the prepulse preceded the startle 

stimulus. 

Section 6: Data analysis 

   Group measures are expressed as mean ± SEM; error bars also indicate SEM. I 

assessed the statistical significance or differences between control and experimental 

conditions with a two-tailed Student’s t-test or a two-way ANOVA for 3 or more groups. 

For behavioral tests, I used a logrank test. All analyses were blinded. Statistical 

significance was set at p < 0.05. 

 



  32 

Figure 2.1: Design of short hairpin (sh)RNA for Nkcc1 knockdown. The shRNA 

sequence was previously characterized in Ge et al., 2006. Oligoduplex were created and 

cloned into pLentiLox viral expression vector. The shRNA was expressed under the U6 

promoter and GFP under the CMV promoter. Expression of the plasmids results in 

generation of short hairpins that will acutely knockdown Nkcc1 mRNA in cells 

Electroporated with the plasmids.  
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Figure 2.1 



  34 

Figure 2.2: Injection and in utero electroporation of shRNA-expressing plasmids. 

(A) Pregnant dams were anesthetized and uterus exposed. The embryos are visualized 

under fiber optic light and plasmids were loaded into micropipettes and injected into the 

lateral ventricle of the embryo. (B) After injection, the blue dot outlining the injected 

ventricle can be seen through the uterus. (C) Electrical paddles are placed on either side 

of the head of the injected embryo for electroporation. (D) A schematic demonstrating the 

electroporation procedure. Paddles have a dipole which will control the direction of DNA 

incorporation. (E) Because DNA is negatively charged, when currents are passed through 

the electrodes, DNA will flow towards the positive pole and get incorporated into the 

radial glia lining the lateral ventricle. (F) The progeny of progenitors expressing GFP 

plasmids demonstrating labeling of the neocortex.  
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Figure 2.3: Electrophysiology recording in acute brain slices. (A) A mouse brain after 

dissection in ACSF. The tissue is cut on a vibratome to produce sections for recording. 

Grey line shows the plane of section for the coronal view in (B). (B) Schematic of a 

coronal sectional showing the position of the recording electrode and drug application 

system. (C) An acute brain slice shown under DIC microscope. The recorded electrode is 

patched onto a cortical neuron. (D) The same cell recorded in (C) filled with Lucifer 

Yellow and visualized under UV light. The immature pyramidal cell morphology can be 

easily identified.  
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Chapter 3 

 

GABA regulates excitatory synapse formation in 

the neocortex via NMDA receptor activation 
 

INTRODUCTION 

The development of cortical circuitry is a dynamic and complex process whereby 

newborn neurons must generate precise connections with surrounding neurons to 

maintain the balance between excitation and inhibition. Of particular interest is the role of 

neurotransmitters in the regulation of activity-dependent mechanisms of synaptogenesis. 

During corticogenesis, the principal adult inhibitory neurotransmitter GABA influences 

the processes of cell proliferation, migration, and differentiation (Barbin et al. 1993; 

LoTurco et al. 1995; Heck et al. 2007). GABAergic signaling precedes glutamatergic 

signaling in the developing neocortex as newborn neurons express GABAA receptors 

(GABAAR) and receive GABAergic inputs from striatally-derived interneurons before 

forming glutamatergic synapses with each other (Owens et al. 1999; Hennou et al. 2002). 

GABAergic signaling is an ideal regulator of activity-dependent neural circuitry 

formation for two reasons. First, GABA gates a chloride channel and can either 

depolarize or hyperpolarize a cell depending on the developmentally-regulated 

expression of Cl- transporters (Delpire 2000; Owens and Kriegstein 2002). Second, 

GABA can excite neurons without directly producing excitotoxicity as the relatively 

negative GABA reversal potential and large Cl- conductance clamps the membrane 
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potential to prevent long activation of voltage-gated channels that might engender toxic 

amounts of Ca2+ influx. Using strategies to alter the Cl- gradient in immature neurons, 

recent studies suggest that GABA-mediated depolarization regulates the synaptic 

integration of adult-generated hippocampal granule cells as well as formation of 

glutamatergic synapses in cortical neurons in vitro and in Xenopus tectal neurons in vivo 

(Chudotvorova et al. 2005; Akerman and Cline 2006; Ge et al. 2006). The mechanism of 

GABA’s influence on excitatory synapse development is unknown, and whether the same 

process applies to developing cortical neurons remains to be answered. 

To investigate the role of GABA in synapse development in the neocortex, I 

aimed to abolish GABA-mediated excitation in cortical excitatory neurons before and 

during synapse formation. The effect of GABA on membrane polarity depends on the Cl- 

gradient created by the expression of Na+-K+-2Cl- cotransporter (NKCC) and K+-Cl- 

cotransporter (KCC). NKCC1 imports Cl- and is expressed from the embryonic stage 

until first postnatal week, whereas KCC2 exports Cl- and is weakly expressed at birth and 

upregulated as the brain matures (Plotkin et al. 1997; Rivera et al. 1999; Li et al. 2002).  

The temporal expression patterns of these two transporters correspond to GABA’s switch 

from being excitatory to inhibitory during the first few weeks of rodent postnatal life 

(Delpire 2000). Here, using in utero electroporation of a short hairpin RNA (shRNA) 

sequence against Nkcc1, I describe a critical role for GABA-induced excitation in the 

development of excitatory cortical synapses. Blocking NKCC1 with bumetanide during a 

critical period in development also leads to a failure to develop excitatory synapses that 

persists to maturity. Furthermore, I provide evidence that GABA-mediated depolarization 

through GABAAR activation can cooperate with NMDA receptors to allow the newly 
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formed network to achieve a balance between excitation and inhibition. I thus 

demonstrate that an inhibitory neurotransmitter in the adult can regulate the development 

of excitatory synapses at early stages of new cortical circuit formation.  
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RESULTS 

Acute knockdown of NKCC1 in newborn cortical neurons 

To study the role of GABA in the development of cortical circuitry, I used an 

RNA interference (RNAi) strategy to knockdown the expression of NKCC1, a Cl- 

importer responsible for GABA-induced depolarization in immature neurons (Delpire 

2000). I performed in utero electroporation of plasmids co-expressing GFP and a 

previously characterized shRNA against Nkcc1 in 15-day-old embryonic mice, during the 

birth of mid to upper layer cortical neurons (Ge et al. 2006). In utero RNAi provides both 

temporal and spatial control over loss of function and bypasses the pitfalls of potential 

genetic compensations often observed in knockout animals. To test the ability of the 

shRNAs to knockdown endogenous NKCC1 protein in newborn neurons in the 

developing cortex, I performed immunohistochemistry of GFP+ cells in electroporated 

cortices of neonatal (P0) mice.  Nkcc1-shRNA, but not control-shRNA, reduced the 

expression of NKCC1 in immature cortical neurons without affecting the expression of 

KCC2, a Cl- exporter expressed after birth and maintained through adulthood to make 

GABA hyperpolarizing (Figure 3.1A and 3.1B). I further tested the efficacy of Nkcc1-

shRNA by gramicidin-perforated patch recording of electroporated neurons at P0 to 

measure the intracellular Cl- concentration without perturbing the Cl- gradient. The 

GABA reversal potential (EGABA) was significantly more negative in Nkcc1-shRNA-

expressing neurons than in control neocortical neurons (DsRed-shRNA: -40.29 ± 3.10 

mV; Nkcc1-shRNA: -71.17 ± 3.77 mV; p<0.0001; Figure 3.2A and 3.2C). Given the 

unchanged resting membrane potential of electroporated cortical neurons at P0 (DsRed-

shRNA: -54.75 ± 1.18 mV, Nkcc1-shRNA: -55.45 ± 2.01 mV), GABA hyperpolarized 
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cells expressing Nkcc1-shRNA, thus validating the effectiveness of RNAi-knockdown to 

abolish GABA-induced depolarization (Figure 3.2C).  

 

GABA regulates synaptic integration of newborn cortical neurons 

To test the ability of newborn cortical neurons to develop synaptic connections in the 

absence of GABA-induced depolarization in vivo, I recorded spontaneous postsynaptic 

currents (sPSCs) in electroporated GFP+ neurons at a holding potential of –70mV in the 

presence of tetrodotoxin (TTx, 0.5 µM). As newborn cortical neurons mature, they 

sequentially receive inhibitory and excitatory synaptic inputs that can be measured in the 

form of sPSCs (Owens et al. 1999; Tyzio et al. 1999; Hennou et al. 2002). In the first 

postnatal week, control GFP+ neurons exhibited few sPSCs, all of which were blocked by 

bicuculline and therefore GABAergic (Figure 3.3A). However, I could not detect any 

sPSCs in Nkcc1-shRNA-expressing cells at this time (Figure 3.3B). By the second and 

third postnatal week, the total frequencies of sPSCs in control cells had increased 

significantly (Figure 3.3A and 3.3B), yet Nkcc1-shRNA neurons had sPSC frequencies at 

11% and 42% of those observed in respective control cells, indicating defects in synaptic 

integration of Nkcc1-shRNA-expressing neurons (t-test, DsRed-shRNA vs. Nkcc1-

shRNA, 2 weeks: 1.93 ± 0.25 vs. 0.22 ± 0.05 Hz, p<0.0001, 3 weeks: 3.62 ± 0.64 vs. 1.51 

± 0.36 Hz, p=0.0053; Figure 3.4A).  

 I next investigated the type of synaptic transmission that the newborn cortical 

neurons receive upon integration of cortical circuitry. Previous studies have shown that 

cortical neurons undergo the sequential development of GABA followed by AMPA 

synapses (Chen et al. 1995; Khazipov et al. 2001; Hennou et al. 2002). To isolate the 
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AMPA and GABAergic sPSCs, I bath applied the GABAA receptor antagonist 

bicuculline methoiodide (100 µM) and non-NMDA glutamate receptor antagonist DNQX 

(20 µM), respectively (Figure 3.3A and 3.3B). In control GFP+ cells, the newborn 

neurons followed the previously characterized sequential development of GABA- and 

AMPA- synaptic innervations, whereby all sPSCs were GABAergic in the first postnatal 

week, but AMPA-mediated sPSCs appeared by 2 weeks and increased in frequency by 3 

weeks (Figure 3.3A) (Owens et al. 1999; Tyzio et al. 1999; Hennou et al. 2002).  By 

contrast, in the Nkcc1-shRNA-expressing neurons, there was marked reduction in the 

frequency of AMPA-mediated synaptic transmission at 2 and 3 weeks (t-test, DsRed-

shRNA vs. Nkcc1-shRNA, 2 weeks: 0.86 ± 0.14 vs. 0.06 ± 0.03 Hz, p<0.0001; 3 weeks: 

1.61 ± 0.39 vs. 0.16 ± 0.10 Hz, p=0.0005; Figure 3.4B). The fractions of total synaptic 

currents that are AMPA-mediated in Nkcc1-knockdown neurons were significantly 

reduced compared to that of controls (t-test, DsRed-shRNA vs. Nkcc1-shRNA, 2 weeks: 

0.46 ± 0.08 vs. 0.16 ± 0.05, p=0.0046; 3 weeks: 0.55 ± 0.08 vs. 0.09 ± 0.05, p<0.0001; 

Figure 3.4C). Interestingly, the frequency of GABA sPSCs in knockdown neurons was 

significantly reduced at 2 weeks but reached normal levels by 3 weeks (t-test, DsRed-

shRNA vs. Nkcc1-shRNA, 2 weeks: 0.70 ± 0.15 vs. 0.20 ± 0.04 Hz, p=0.0042; 3 weeks: 

1.87 ± 0.48 vs. 1.55 ± 0.61 Hz, p=0.6885; Figure 3.4D). In fact, nearly all of the sPSCs 

at 2 and 3 weeks, 92% and 81% respectively, were GABAergic in Nkcc1-shRNA neurons 

(t-test, DsRed-shRNA vs. Nkcc1-shRNA, 2 weeks: 0.39 ± 0.07 vs. 0.92 ± 0.13, p=0.0013; 

3 weeks: 0.61 ± 0.02 vs. 0.81 ± 0.05, p=0.0018; Figure 3.4D). The change in sPSC 

frequency was not accompanied by a significant change in the mean amplitude of sPSCs 

(t-test, DsRed-shRNA vs. Nkcc1-shRNA, 1 week: 2.4 ± 1.3 vs. 1.1 ± 0.8 pA, p=0.3575, 2 
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weeks: 23.5 ± 5.7 vs. 16.4 ± 3. 0 pA, p=0.2592, 3 weeks: 27.3 ± 6.4 vs. 34.0 ± 7.1 pA, 

p=0.5112; Figure 3.5A, 3.5B, and 3.5C), suggesting that there were no general defects in 

receptor expression at synapses.  

In order to determine the specificity of the RNAi knockdown, I attempted to 

rescue the reduced AMPA current phenotype by electroporating the Nkcc1-shRNA 

together with a plasmid expressing the wildtype mouse Nkcc1 cDNA. While co-

electroporation of Nkcc1-shRNA with a control YFP-expressing plasmid had no effect on 

the Nkcc1-shRNA phenotype, expression of the wildtype Nkcc1 in the same molar ratio 

as the control conditions rescued the fraction of AMPA- and GABA-mediated sPSCs 

both at 2 weeks (t-test, Nkcc1-shRNA vs. Nkcc1: AMPA: 0.16 ± 0.05 vs. 0.50 ± 0.06, 

p=0.0003; GABA: 0.92 ± 0.13 vs. 0.46 ± 0.05, p=0.0054) and 3 weeks (t-test, Nkcc1-

shRNA vs. Nkcc1: AMPA: 0.12 ± 0.06 vs. 0.68 ± 0.07, p<0.0001; GABA: 3 weeks: 0.81 

± 0.05 vs. 0.42 ± 0.08, p=0.0014; Figure 3.6A and 3.6B). Together, these findings 

indicate that reducing GABA-induced excitatory signaling in neurons during 

development results in defective synaptic development. My findings further indicate that 

this perturbation is specifically due to reduced excitatory input and altered relative 

proportions of excitatory and inhibitory inputs on individual neurons.  

 

Blocking NKCC1 with bumetanide disrupts excitatory synapse development in the 

cortex 

Bumetanide, a selective NKCC1 inhibitor, has been demonstrated to suppress 

certain forms of epileptiform activity in vitro and in vivo, presumably by attenuating the 

depolarizing effect of GABA (Dzhala et al. 2005; Kilb et al. 2007). I gave daily 



  45 

intraperitoneal injections of either bumetanide (0.2 mg/kg) or PBS saline to pregnant 

dams and their pups from E15 until P7 to assess the effects of bumetanide on the 

developing nervous system. Gramicidin-perforated patch recording of P0 cortical neurons 

from either bumetanide or saline injected mice confirmed that bumetanide could shift 

EGABA towards a more hyperpolarizing potential (t-test, Control vs. Bumetanide: -40.94 ± 

2.76 vs. -66.07 ± 3.87 mV, p<0.0001; Figure 3.7A, 3.7B, and 3.7C). Recording sPSCs in 

layer II/III cortical neurons from bumetanide treated and control mice showed that the 

overall sPSC frequency was not significantly changed at 2 weeks (t-test, Control vs. 

Bumetanide: 1.8 ± 0.2 vs. 1.4 ± 0.2 Hz, p=0.1283) but was significantly decreased at 4 

weeks (t-test, Control vs. Bumetanide 4.3 ± 0.5 vs. 3.1 ± 0.4 Hz, p=0.141; Figure 3.7D). 

Importantly, there was a significant reduction in AMPA sPSC frequency at 2 and 4 weeks 

while GABA sPSC frequency was unaltered (t-test, Control vs. Bumetanide: AMPA 

frequency: 2 weeks: 0.8 ± 0.1 vs. 0.3 ± 0.1 Hz, p=0.0008; 4 weeks: 1.9 ± 0.3 vs. 0.2 ± 0.1 

Hz, p<0.0001; GABA frequency: 2 weeks: 0.59 ± 0.11 vs. 0.68 ± 0.08 Hz, p=0.5405; 4 

weeks: 2.02 ± 0.18 vs. 2.01 ± 0.36 Hz, p=0.9741; Figure 3.7E and 3.7F). Similarly, 

quantifying the proportion of total synaptic inputs that are excitatory or inhibitory 

revealed that bumetanide treated animals exhibited a shift that tips the balance towards 

inhibition (Figure 3.7E and 3.7F). Together, this data suggests that systemic blockade of 

NKCC1 with bumetanide during the perinatal period can disrupt excitatory synapse 

formation in the cortex, resulting in an abnormal balance between excitatory and 

inhibitory activity in the adult brain.  

 

Nkcc1 knockdown disrupts morphology of cortical neurons 
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To examine the effect of Nkcc1 knockdown on the morphology of newborn 

cortical neurons, I used DiI electrophoresis to fill GFP+ neurons in order to label all their 

main branches and visualized their dendritic arbors in merged confocal stacks. At 2 and 3 

weeks postnatal, control GFP+ cells had the expected morphology of cortical pyramidal 

neurons with a basal axon and a thick, prominent apical dendrite (Figure 3.8A and 3.8B). 

Compared to the control cells, Nkcc1-shRNA expressing cells had a thinner apical 

dendrite that is effectively indistinguishable from other primary dendrites emanating from 

the cell body. Furthermore, Nkcc1-shRNA expressing cells had significantly smaller cell 

bodies, 54% and 38% reduction from soma sizes of the respective age-matched control 

cells (t-test, DsRed-shRNA vs. Nkcc1-shRNA, 2 weeks: p<0.0001; 3 weeks: p<0.0001; 

Figure 3.9A). In addition to the smaller cell body, Nkcc1-shRNA cells also exhibited 

fewer primary dendrites compared to control cells. At 2 weeks, whereas control neurons 

had between 7-8 primary dendrites on average, the experimental GFP+ cells had only 4-5 

primary dendrites (t-test, DsRed-shRNA vs. Nkcc1-shRNA, p=0.0012, Figure 3.9B). The 

reduction in primary dendrites in experimental GFP+ cells persisted at 3 weeks postnatal 

(t-test, DsRed-shRNA vs. Nkcc1-shRNA, 9.2 ± 0.4 vs. 6.5 ± 0.3, p<0.0001, Figure 3.9C).  

Given the substantial changes in synaptic physiology and cell morphology of 

Nkcc1-knockdown neurons, I investigated whether dendritic spines of newborn pyramidal 

neurons are also affected. I analyzed the mean spine density on secondary apical and 

basal dendrites of GFP+ cells using confocal microscopy (Figure 3.10A). I found that in 

the control neurons, average spine density increased from 0.53 to 0.62 spines/µm as the 

neurons matured between weeks 2 and 3. By contrast, the Nkcc1-shRNA-expressing cells 

showed a significant decrease in spine density compared to the controls, 0.26 and 0.40 



  47 

spines/µm at 2 and 3 weeks, respectively (t-test, DsRed-shRNA vs. Nkcc1-shRNA, 2 

weeks: p<0.0001, 3 weeks: p<0.0001; Figure 3.10B). To further characterize the 

dendritic spines, I measured the length of the spines, which is indicative of synapse 

maturity as longer, thinner spines and filopodia contain fewer AMPA receptors 

(Matsuzaki et al. 2001). I found that spines on control GFP+ neurons averaged 1.7 and 1.1 

µm at 2 and 3 weeks, whereas those of Nkcc1-knockdown cells measured 2.2 and 1.4 µm 

for the respective ages (t-test, DsRed-shRNA vs. Nkcc1-shRNA, 2 weeks: p<0.0001, 3 

weeks: p<0.0001; Figure 3.10C). The decreased spine density and increased spine length 

in the experimental neurons correlates with the overall decrease in AMPA sPSC 

frequency, demonstrating that GABA activity plays a permissive role for the synaptic 

organization of newborn cortical neurons. 

 

Voltage-insensitive NMDA receptor rescues NKCC1 knockdown phenotype 

A long line of evidence suggests the importance of activity-dependent 

mechanisms in synapse formation at both the neuromuscular junction as well as the 

central synapse (Scheetz et al. 1997; Wu and Cline 1998; Tao and Poo 2005). In the 

developing brain, many glutamate synapses are initially AMPA-silent but can transmit 

NMDA-receptor-mediated signaling (LoTurco et al. 1991). When presynaptic activity is 

paired with postsynaptic depolarization, the voltage-dependent Mg2+ block of the NMDA 

channel is relieved and AMPA signalling becomes active (Isaac et al. 1995; Liao et al. 

1995; Xiao et al. 2004). Because GABA has an excitatory effect on developing neurons, I 

hypothesized that GABA may provide the depolarization necessary to activate the 

AMPA-silent synapses via an NMDA-receptor dependent mechanism. To test this 
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hypothesis, I attempted to rescue the developmental defect of AMPA synapse formation 

in Nkcc1-knockdown cells with an NMDA-receptor mutant that is less sensitive to the 

voltage-dependent block by Mg2+ and therefore not dependent on membrane 

depolarization induced by GABA (Wollmuth et al. 1998; Wollmuth et al. 1998). Outside-

out patch recordings of wild type P0 cortical neurons in the presence of 1mM 

extracellular Mg2+ and 40 µM glycine revealed the typical voltage-dependent Mg2+ block 

relieved by depolarization and blocked by NMDA receptor antagonist D-AP5 (Figure 

3.11A). However, neurons electroporated with a previously characterized NMDA 

receptor mutant with an N+1S substitution at the NR2A subunit revealed channel 

currents that lacked voltage-dependent block at negative holding potentials as previously 

described by Wollmuth and colleagues (Figure 3.11A and 3.11B) (Wollmuth et al. 

1998).  

 Interestingly, when I co-electroporated Nkcc1-shRNA with the NR2Amut channel 

at E15, I found that the NR2Amut channel indeed rescued the reduced AMPA sPSCs 

observed in Nkcc1-shRNA-expressing cells (t-test, Nkcc1-shRNA vs. Nkcc1 + NR2Amut; 

2 weeks: 0.06 ± 0.03 vs. 0.62 ± 0.13 Hz, p=0.0005, 3 weeks: 0.16 ± 0.10 vs. 0.80 ± 0.16 

Hz, p=0.0030; Figure 3.11C and 3.11E). NR2Amut also rescued the decrease in GABA 

sPSC frequency observed in Nkcc1-knockdown neurons at 2 weeks (t-test, Nkcc1-shRNA 

vs. Nkcc1 + NR2Amut; 2 weeks: 0.16 ± 0.05 vs. 0.42 ± 0.07 Hz, p=0.0001, 3 weeks: 1.55 

± 0.61 vs. 1.31 ± 0.26 Hz, p=0.6824; Figure 3.11D and 3.11F). Proportions of AMPA 

and GABA-mediated sPSCs in rescue neurons resembled those of control neurons and 

were significantly different from those in Nkcc1-shRNA-expressing neurons both at 2 

weeks (t-test, Nkcc1-shRNA vs. Nkcc1 + NR2Amut; AMPA: 0.17 ± 0.07 vs. 0.42 ± 0.07, 
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p= 0.0247; GABA: 0.92 ± 0.13 vs. 0.59 ± 0.06, p=0.0280) and 3 weeks (t-test, Nkcc1-

shRNA vs. Nkcc1 + NR2Amut; AMPA: 0.12 ± 0.06 vs. 0.57 ± 0.06, p<0.0001; GABA: 

0.81 ± 0.05 vs. 0.65 ± 0.05, p=0.0324; Figure 3.11C, 3.11D, and 3.11F). To confirm that 

the observed rescue was due to the voltage-independence of NR2Amut, I coexpressed 

wildtype NR2A with Nkcc1-shRNA and analyzed the sPSCs. Interestingly, at 2 weeks 

electroporation of NR2A was unable to rescue the decrease in AMPA synapse formation 

but was able to rescue the decrease in GABAergic sPSCs (t-test, Nkcc1-shRNA vs. 

NR2A; AMPA: 0.06 ± 0.03 vs. 0.19 ± 0.07 Hz, p=0.0714, GABA: 0.20 ± 0.04 vs. 0.71 ± 

0.19 Hz, p=0.0030; Figure 3.11C and 3.11D), further suggesting that GABA and AMPA 

synapses develop by different mechanisms and that the development of AMPA synapses 

is uniquely dependent on NMDA receptor activation by GABA-mediated depolarization. 

To control for the effect of overexpressing NR2Amut, I electroporated NR2Amut with 

YFP and found that early expression of NR2Amut did not alter the frequency or 

proportion of AMPA and GABA sPSCs compared with control neurons at 3 weeks (t-

test, DsRed-shRNA vs. NR2Amut:YFP ; AMPA: 1.6 ± 0.4 vs. 1.2 ± 0.4 Hz, p=0.4229, 

GABA: 1.9± 0.5 vs. 1.0 ± 0.2 Hz, p=0.1000; Figure 3.11E and 3.11F). Thus, only the 

expression of an NMDA receptor that can be activated without membrane depolarization 

was able to restore the balance between excitatory and inhibitory synaptic inputs on the 

newborn neurons.  

 

NMDA receptor knockdown phenocopies NKCC1 knockdown 

To further confirm that NMDA receptor activation during the period of GABA 

depolarization is critical for synapse development, I performed RNAi knockdown of 
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NR1, the obligatory NMDA receptor subunit, to assess the effect on synaptic 

transmission in cortical neurons. To test the efficacy of NR1-knockdown, I recorded 

NMDA currents from 1-week-old cortical neurons of mice electroporated with NR1-

shRNA at E15. After a 5 second focal application of NMDA (30µM), control neurons 

from electroporated animals displayed large inward NMDA-mediated currents recorded 

from a holding potential of -70 mV and in the presence of Mg2+-free bath solution 

containing TTx (0.5 µM), bicuculline (100 µM), and DNQX (20 µM) (Figure 3.12A). 

However, NR1-shRNA expressing neurons had drastically decreased current amplitudes 

in response to NMDA application compared to controls (t-test, Control vs. NR1-shRNA: 

64 ± 3 vs. 8 ± 3 pA, p<0.0001; Figure 3.12A and 3.12B). Interestingly, NR1 knockdown 

during the period of GABA depolarization caused a decrease in total sPSC frequency at 2 

weeks but not at 3 weeks (t-test, DsRed-shRNA vs. NR1-shRNA; 2 weeks: 1.93 ± 0.25 

vs. 0.82 ± 0.18 Hz, p=0.0017, 3 weeks: 3.62 ± 0.64 vs. 3.96 ± 1.27 Hz, p=0.8011; Figure 

3.12B). Moreover, the decrease in synaptic transmission at 2 weeks was due to a selective 

failure to develop excitatory AMPA transmission while GABA sPSCs were not 

significantly decreased (t-test, DsRed-shRNA vs. NR1-shRNA; AMPA: 0.86 ± 0.17 vs. 

0.29 ± 0.09 Hz, p=0.0019, GABA: 0.70 ± 0.15 vs. 0.44 ± 0.07 Hz, p=0.2277; Figure 

3.12C and 3.12D), similar to the effect of Nkcc1 knockdown. Together, this evidence 

strongly suggests a process where GABA-induced depolarization through GABAAR 

activation is required to induce the expression of AMPA synapses by activating NMDA 

receptors, supporting a Hebbian mechanism of synapse formation via an activity-

dependent detection of both excitatory and inhibitory neurotransmission (Figure 3.13A 

and 3.13B).   
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DISCUSSION 

A precise balance of excitatory glutamatergic and inhibitory GABAergic synaptic 

inputs onto mammalian cortical neurons is essential for the proper function of cortical 

circuits. I now provide evidence for an activity-dependent mechanism by which early 

depolarizing GABAergic inputs regulate the development of AMPA receptor-mediated 

glutamatergic synapses via an NMDAR-mediated process. First, using 

electrophysiological recordings, I show that abolishing GABA-mediated excitation in 

utero by RNAi knockdown and bumetanide block significantly reduces the development 

of AMPA receptor-mediated transmission in the first weeks after birth and persists into 

early adulthood.  Second, I show through an array of morphological analysis that 

dendritic arbors as well as spine density and spine length are altered when GABA 

excitation is blocked. These observations provide further evidence for a loss of 

glutamatergic transmission as these morphological changes most likely reflect responses 

of neurons to decreased AMPA transmission (Wu and Cline 1998; Cline 2001; Cohen-

Cory 2002; Zhou et al. 2004; Haas et al. 2006).  Third, I show that the Nkcc-RNAi 

phenotype is rescued by a mutant voltage-independent NMDA receptor and replicated by 

NR1-knockdown, indicating that GABA’s role in glutamatergic synaptic development is 

dependent on its ability to depolarize and activate voltage-dependent NMDA receptors.   

 

GABA-mediated depolarization is critical for excitatory synapse development 

The high intracellular chloride gradient in immature neurons has been observed in 

all species studied and thus is highly evolutionarily conserved (Owens et al. 1996; 

Khazipov et al. 2001; Akerman and Cline 2006). As GABA-mediated spontaneous 
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synaptic activity develops prior to glutamatergic synaptic activity in the perinatal 

neocortex, these large and slow depolarizations may provide the first excitatory drive 

necessary for activity-dependent synapse formation (Ben-Ari 2006). By altering the 

chloride gradient of newborn cortical neurons in vivo, I demonstrate here that GABA-

induced excitation via GABAAR activation plays a permissive role in the formation of 

synaptic inputs on newborn cortical neurons. My findings complement a recent study of 

newly-generated granule neurons in the adult dentate gyrus, providing evidence that 

GABA-mediated excitation drives synaptic integration of newborn neurons in both 

embryos and adults (Ge et al. 2006). The depolarizing effects of GABA provide a 

rational solution to the problem of equilibrating excitation and inhibition during brain 

maturation. Because EGABA is closer to the resting membrane potential than Eglutamate, 

GABAAR activation can drive action potentials and calcium influx without the toxic 

effects associated with glutamate overexcitation, thus modulating developmental 

processes without risking cell injury (Ben-Ari 2006).  

The long-lasting effects (up to 4 weeks after birth) of disruptions in early GABA 

signaling seen here suggest that there may be a critical period for cortical synaptogenesis 

similar to the critical period for visual cortex plasticity (Hensch 2005). My findings 

seemingly contradict a previous study in which visual deprivation during a sensitive 

period in rat resulted in a net increase of excitatory and decrease of inhibitory synaptic 

drive in layer 4 neurons of the primary visual cortex (Maffei et al. 2004). However, the 

homeostatic responses seen by Maffei et al. occurred at a later stage (P15-17) than my 

manipulations (E15-P7). I propose that as GABA-mediated spontaneous synaptic activity 

develops prior to glutamatergic synaptic activity in the perinatal neocortex, GABA 
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depolarization may provide the first excitatory drive necessary for synapse formation. 

This has important implications for using the NKCC1 blocker bumetanide to treat 

neonatal seizures. A study by Dzhala and colleagues showed a clear therapeutic effect of 

bumetanide in treating neonatal seizures in rats by decreasing the excitatory effects of 

GABA (Dzhala et al. 2005), an observation that supports the use of bumetanide, an FDA 

approved diuretic, for the treatment of neonatal seizures in humans. However, my data 

indicate that early bumetanide exposure during the period of GABA depolarization (E15-

P7 in mice) produces a persistent clear disturbance in the formation of excitatory 

synapses in cortical neurons. While neonatal seizures in humans typically abate after 3-4 

days, prolonged inhibition of NKCC1 during the period of GABA depolarization (~35-45 

weeks post-conception) might cause lasting changes in synapse formation, warranting 

future studies to investigate the possible adverse effects of bumetanide in treating 

neonatal seizures. 

 In addition to the physiological evidence for defective synaptic integration, 

changing early GABA-induced excitation to inhibition anatomically alters circuitry 

development. In a recent study, Cancedda et al. showed that reversing the excitatory 

effect of GABA in cortical neurons by premature expression of KCC2 results in fewer 

and shorter dendrites (Cancedda et al. 2007). Here I confirm these findings by knocking 

down NKCC1 function and also demonstrate through electrophysiological recordings and 

analysis of spine morphology that glutamatergic synapse development is perturbed. 

Furthermore, I also provide a mechanism by which GABA exerts its role by activating 

NMDA receptors, confirming a previous study where NR1 knockdown led to increase in 

spine motility and eventual destabilization in spine structure and loss of excitatory 
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synapses (Alvarez et al. 2007). Glutamatergic activity has been known to activate various 

downstream pathways involving factors such as Ras, Rho-GTPases, and CamKII to 

regulate dendritic arborisation and synapse formation (Rajan and Cline 1998; Li et al. 

2000; Sin et al. 2002; Zhou et al. 2004). Furthermore, AMPA receptor-mediated 

transmission promotes dendritic arbor growth by mobilizing intracellular signalling 

cascades that stabilize and maintain branch formation (Wu et al. 1996; Rajan and Cline 

1998; Shi et al. 1999; Haas et al. 2006). Blocking glutamatergic synapse development 

has been shown to impair the growth of dendritic arbors by reducing branch stabilization 

(Haas et al. 2006). This suggests that the dendritic arbor defect observed in the present 

study as well as by Cancedda et al. is likely a result of perturbed AMPA receptor-

mediated synapse development. Future studies using time-lapse imaging to address the 

dynamics of the dendritic branches should shed more light on this process.  

 

Mechanism for GABA signaling to regulate the balance between cortical excitation 

and inhibition 

Perhaps most interestingly, I provide in vivo evidence that a neurotransmitter can 

regulate the balance between excitation and inhibition in a developing circuit. The 

balanced development of excitatory and inhibitory inputs has been identified as an 

activity-dependent process (Liu et al. 2004; Tao and Poo 2005). A premature 

hyperpolarizing shift in the Cl- reversal potential has been shown to increase the ratio of 

inhibitory to excitatory inputs in Xenopus tectal neurons and rat cortical neurons in 

culture (Chudotvorova et al. 2005; Akerman and Cline 2006). However, two questions 

had remained elusive: whether GABA regulates this balance in the developing 
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mammalian cortex and what the mechanisms are that control this process. I now show 

that GABA regulates the formation of excitatory synapses in the mammalian cortex. In 

addition, my finding that depolarizing GABAergic transmission is required for the 

formation of glutamatergic synapses via GABAA receptors and NMDA receptor 

activation provides a mechanism for this process. Cortical neurons begin to express 

functional NMDA receptors when they migrate to the cortical plate, but these initial 

glutamatergic synapses are “silent” due to the Mg2+ block of NMDA receptors at the 

resting membrane potential (LoTurco et al. 1991; Akerman and Cline 2006). GABAergic 

depolarization can facilitate relief of this voltage-dependent Mg2+ block and allow Ca2+ 

entry to initiate intracellular signaling cascades (Leinekugel et al. 1997). My NR1 

knockdown data confirms previous findings where RNAi -knockdown of NR1 in cultured 

hippocampal neurons led to increase in synaptic spine motility, decrease in spine 

stabilization, and eventual loss of excitatory synapses (Alvarez et al. 2007). Whereas 

Alvarez and colleagues suggest that the physical interaction of the NR1 C-terminal tail is 

responsible for the long-term stabilization of synapse and spines, my data suggests that 

the ionotropic property of NMDARs is critical for excitatory synapse formation. The 

differences seen here may be due to experimental manipulations and timing of 

knockdown (in utero delivery of RNAi in vivo at E15 vs. transfection of organotypic slice 

cultures of P7 rat hippocampus).  

Cooperation with NMDA receptor activation represents an early form of 

coincidence detection between GABAergic and glutamatergic inputs. I propose a model 

where GABA activation, reflecting the quantity of GABAergic (and eventually 

inhibitory) inputs onto the newborn neuron, permits the development of glutamatergic 
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synapses (Figure 3.14A and 3.13B).  Thus, the balance between excitation and inhibition 

is ensured from the beginning of synaptogenesis. 
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Figure. 3.1. In vivo knockdown of NKCC1. (A) P0 cortical neurons electroporated with 

plasmids expressing GFP and shRNAs against either DsRed (control) or Nkcc1. 

Expression of Nkcc1-shRNA, but not the control shRNA (DsRed-shRNA), reduced 

NKCC1 expression in newborn pyramidal cells. (B) KCC2 staining showed no change in 

expression level in P0 GFP+ neurons. Arrows highlight staining in cell body and process 

varicosities. Scale bar, 10µm. 
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Figure 3.1 
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Figure. 3.2. In vivo knockdown of NKCC1 alters GABA reversal potential of 

newborn neurons. (A) Voltage-ramps obtained from P0 cortical neurons expressing 

either DsRed-shRNA (top) or Nkcc1-shRNA (bottom) under gramicidin-perforated patch-

clamp conditions. EGABA reversed at more hyperpolarized potentials with expression of 

Nkcc1-shRNA than controls (as indicated by the x-intercept). (B) P0 GFP+ cell observed 

under DIC (left) and fluorescence microscopy (right) in acute brain slices. (C) Expression 

of Nkcc1-shRNA effectively changed the chloride gradient in newborn cortical neurons, 

making GABA hyperpolarizing to the Vrest instead of depolarizing in control cells. Bar 

graphs indicate mean ± SEM (***p<0.0001, t-test). 
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Figure. 3.3. GABA-mediated depolarization regulates synaptic integration of 

cortical neurons. (A) and (B) Current traces of sPSCs in GFP+ neurons at 1, 2, and 3 

weeks postnatal in cells expressing control shRNA (A) or Nkcc1-shRNA (B). Traces on 

the right represent shorter time course of traces on the left. Cells were recorded at –70 

mV holding potential and in 0.5 µM TTx. AMPA sPSCs were isolated with bath 

application of 100 µM bicuculline, and GABA sPSCs 20 µM DNQX. Application of both 

drugs completely eliminated all sPSCs.  
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Figure 3.3 
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Figure. 3.4. GABA-mediated depolarization regulates synaptic integration and 

balance between excitatory and inhibitory synapses of cortical neurons. (A) Average 

frequency of total sPSCs in neurons expressing either control- or Nkcc1-shRNA. (B) 

Average frequency of AMPA sPSCs in control and experimental conditions. (C) The 

fraction of total sPSCs that are AMPAergic show that Nkcc1-shRNA expression disrupts 

development of AMPA synapses in the newborn pyramidal cells. (D) Average frequency 

of GABA sPSCs. (E) The fraction of total sPSCs that are GABAergic show that Nkcc1 

knockdown disrupts the balance between excitation and inhibition in cortical neurons. 

Cells were recorded at –70 mV holding potential and in 0.5 µM TTx. AMPA sPSCs were 

isolated with bath application of 100 µM bicuculline, and GABA sPSCs 20 µM DNQX. 

Bar graphs indicate mean ± SEM. Numbers inside parentheses indicate number of 

recorded cells. (*p<0.01, **p<0.001, ***p<0.0001, t-test). 
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Figure 3.4 
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Figure 3.5. Amplitudes of sPSCs in control and Nkcc1 knockdown neurons are 

normal. (A) Average amplitude of sPSCs in control (DsRed-shRNA) and Nkcc1-shRNA-

expressing neurons. Average amplitudes of AMPA and GABA sPSCs for various 

conditions at 2 weeks (B) and 3 weeks (C). Bar graphs indicate mean ± SEM. Numbers 

inside parentheses indicate number of recorded cells. No significant differences were 

detected among the different groups (p>0.05, t-test). 
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Figure 3.5 
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Figure 3.6. Rescue of Nkcc1-knockdown with wildtype Nkcc1 expression. (A) and (B) 

Rescue of Nkcc1-shRNA-expressing neurons with constructs expressing Nkcc1 restored 

the frequency and fraction of AMPA and GABA sPSCs at both 2 weeks (A) and 3 weeks 

postnatal (B). As a control for the rescue experiments, Nkcc1-shRNA was co-

electroporated with constructs expressing YFP in the same molar ratio, which failed to 

rescue the defects seen in Nkcc1-shRNA-expressing neurons. Bar graphs indicate mean ± 

SEM. Numbers inside parentheses indicate number of recorded cells. (** p<0.01, *** 

p<0.0001, t-test). 
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Figure 3.6 
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Fig. 3.7. Bumetanide treatment disrupts excitatory synapse formation in vivo. (A) 

and (B) Voltage-ramps obtained from P0 cortical neurons treated with either control 

saline or bumetanide under gramicidin-perforated patch-clamp conditions. EGABA reversed 

at more hyperpolarized potentials in bumetanide-treated mice than in controls (as 

indicated by the x-intercept). (C) Blocking NKCC1 with bumetanide effectively changed 

the chloride gradient in newborn cortical neurons, making EGABA more hyperpolarizing 

compared to that of control cells. Average frequency of total sPSCs (D), AMPA sPSCs 

(E), and GABA sPSCs (F) for control and bumetanide-treated neurons. The fractions of 

total sPSCs that are AMPAergic (E, right) and GABAergic (F, right) show that 

bumetanide treatment disrupts development of AMPA synapses in the newborn 

pyramidal cells. Bar graphs indicate mean ± SEM. Numbers inside parentheses indicate 

number of recorded cells.  (**p<0.001, ***p<0.0001, t-test). 



  70 

 

 

 
Figure 3.7 

 

 

 

 



  71 

Figure 3.8. Nkcc1-shRNA expression disrupts morphology of cortical neurons. (A) 

and (B) Confocal 3D reconstruction of dendrites of control or Nkcc1-shRNA-expressing 

cortical neurons at 2 (A) or 3 weeks (B) postnatal. Left panels show flattened stack of 

neuron and right panels show multiple rotational views as indicated by the plane and 

angel of rotation. Scale bar, 20 µm. 
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Figure 3.8 
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Figure 3.9. Nkcc1 knockdown disrupts soma size and dendrite morphology of 

cortical neurons. (A) Quantification of average soma size for control and Nkcc1 

knockdown neurons. (B) and (C) Cumulative distribution plot of number of primary 

dendrites of GFP+ cortical neurons demonstrate that compared to control pyramidal 

neurons, Nkcc1-shRNA-expressing neurons have fewer primary dendrites at both 2 (B) 

and 3 weeks (C). Circles at the bottom indicate average for each condition. Bar graphs 

indicate mean ± SEM. Numbers inside parentheses indicate number of analyzed cells. 

(**p<0.005, ***p<0.0001, t-test). 
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Figure 3.9 
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Figure 3.10. Nkcc1-shRNA expression disrupts synaptic spines of cortical pyramidal 

neurons. (A) Images of 2 and 3 weeks control or Nkcc1-shRNA-expressing cortical 

neurons cortical pyramidal neurons filled with DiI for visualization of their dendritic 

spines on their secondary dendrites. (B) Quantification of the average spine density 

shows that Nkcc1-shRNA-expressing neurons exhibit decreased spine density compared 

to controls. (C) Measuring the lengths of individual spines demonstrate that Nkcc1-

knockdown cells have longer dendritic spines than that of control GFP+ cells. Scale bar, 

10 µm. Bar graphs indicate mean ± SEM. Numbers inside parentheses indicate number of 

analyzed cells (**p<0.005, ***p<0.0001, t-test).  
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Figure 3.10 
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Figure 3.11. Rescue of Nkcc1-knockdown with a voltage-independent NMDA 

receptor mutant. (A) Outside-out patch recordings of P0 control cortical neurons or 

neurons electroporated with the NR2A N+1S NMDA receptor mutant (NR2Amut). 

Channels were recorded in presence of 0.5 µM TTx, 50 µM bicuculline, 20 µM DNQX, 

40 µM glycine, and 100 µM glutamate. (B) IV curve of NMDA channels recorded from 

outside-out patches as seen in (a) normalized to channel current at –50 mV. Control 

neurons demonstrate the Mg2+-dependent block at hyperpolarized holding potentials 

which was absent in neurons expressing the NMDAmut receptor. Co-expression of 

NMDAmut with Nkcc1-shRNA restored the frequency and proportion of AMPA and 

GABA sPSCs close to that of control neurons at 2 weeks (C) and (D) and 3 weeks (E) 

and (F), respectively. Expression of wildtype NR2A did not rescue the defect in AMPA 

synapse formation at 2 weeks caused by Nkcc1 knockdown (C), but was able to rescue 

the delay in GABA synapse formation (D). Expression of NMDAmut with YFP did not 

change the frequency or proportion AMPA and GABA sPSCs (E) and (F). Bar graphs 

indicate mean ± SEM. Numbers inside parentheses indicate number of recorded cells 

(*p<0.05, ***p<0.0005, t-test).  
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Figure 3.12. NR1 knockdown disrupts excitatory AMPA synapse formation. (A) 

Current traces of 1-week postnatal control neurons or neurons expressing NR1-shRNA in 

response to 30µM NMDA application (shown by line on top). Traces on the right 

represent shorter time course of traces on the left. Cells were recorded at -70 mV holding 

potential and in 0-Mg2+ bath solution containing 0.5µM TTx, 100µM bicuculline, and 

20µM DNQX to eliminate all GABA and AMPA-mediated PSCs. (B) Efficacy of NR1 

knockdown by measuring NMDA-induced current amplitude in control and neurons 

expression NR1-shRNA. Frequency of total sPSCs (C), AMPA sPSCs (D), and GABA 

sPSCs (E) in control DsRed-shRNA vs. NR1-shRNA-expressing neurons at 2 and 3 

weeks. NR1-shRNA expression disrupts development of AMPA synapses in the newborn 

pyramidal cells at 2 weeks. Bar graphs indicate mean ± SEM. (*p<0.01, **p<0.001, 

***p<0.0001, t-test).  
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Figure 3.13. Proposed model for excitatory and inhibitory synapse matching. (A) An 

immature pyramidal cell (blue) expresses NKCC1 to generate a high intracellular 

chloride concentration. GABAergic interneuron (red) releases GABA and depolarizes the 

pyramidal cell upon GABAA receptor activation. GABAA receptor activation relieves the 

Mg2+ block in the NMDA receptors, allowing Ca2+ entry. Ca2+ can activate signalling 

cascades which ultimately results in the expression of AMPA receptors at the synaptic 

site. (B) The mature pyramidal neuron expresses KCC2, a K+-Cl- cotransporter that 

generates a low intracellular chloride gradient, making GABA hyperpolarizing. AMPA 

receptors at the mature synapse can activate NMDA receptors to mediate synaptic 

plasticity.  
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Chapter 4 

 
Blocking NKCC1 transporter perinatally disrupts 
cortical circuits and results in schizophrenia-like 

behavior in mice 
 

INTRODUCTION 

Neonatal seizures are among the most common pathological manifestations seen 

in the developing brain, affecting 1.5 to 5.5 per 1,000 newborns each year (Lanska et al. 

1995; Ronen et al. 1999; Saliba et al. 1999). Seizures occur more often in the neonatal 

period than any other time in life because immature networks have a propensity for 

generating synchronized activity. Unlike seizures in adults, seizures in neonates respond 

poorly to anticonvulsants that work by enhancing the opening of GABAA channels 

(Painter et al. 1999). GABA (γ-aminobutyric acid) is the principal inhibitory 

neurotransmitter in the adult brain and exerts a hyperpolarizing effect on the membrane 

potential by opening the GABAA chloride (Cl-) channel. However, in the developing 

brain, GABA excites immature neurons due to an elevated intracellular Cl- concentration 

and a depolarizing Cl- equilibrium potential (Owens et al. 1996), which may account for 

neonates’ resistance to anticonvulsant drug therapy.  

 The excitatory effects of GABA depend upon the expression of the Na+-K+-2Cl- 

cotransporter NKCC1, which accumulates Cl- in cortical neurons from the embryonic 

stage until early postnatal life in both rodents and humans (Plotkin et al. 1997; Wang et 

al. 2002; Dzhala et al. 2005). On the other hand, the K+-Cl- cotransporter KCC2 exports 
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Cl- out of the cell and is weakly expressed at birth and upregulated as the nervous system 

matures (Rivera et al. 1999; Li et al. 2002). NKCC1 and KCC2 have been linked to 

impaired Cl- regulation and epilepsy. NKCC1 facilitates drug-induced seizures in the 

developing brain (Dzhala et al. 2005), while KCC2-hypomorphic mice exhibit 

hyperexcitable hippocampal CA1 neurons and are more prone to epilepsy (Woo et al. 

2002; Tornberg et al. 2005). Interestingly, quantitative RT-PCR analysis of patients 

suffering from drug-resistant temporal lobe epilepsy reveal an up-regulation of NKCC1 

mRNA and a down-regulation of KCC2 mRNA in the hippocampus (Palma et al. 2006).   

 Recent studies demonstrate that by using the selective antagonist bumetanide to 

inhibit NKCC1, certain forms of epileptiform activity can be suppressed in vitro and in 

vivo (Dzhala et al. 2005; Kilb et al. 2007). While these studies show great potential for 

using bumetanide to treat neonatal seizures, there are significant questions that must first 

be addressed; namely, does inhibiting NKCC1 have deleterious effects in the developing 

nervous system? Cortical synapse formation extends from the late embryonic stage until 

the first few weeks of postnatal life in rodents, during which newborn neurons express 

GABAA receptors and receive GABAergic inputs before forming glutamatergic synapses 

(Owens et al. 1999; Tyzio et al. 1999; Hennou et al. 2002; Ben-Ari 2006). Recently, 

investigations by our lab showed that GABA-mediated depolarization regulates the 

development of excitatory synapses in the developing cortex in vivo (Wang and 

Kriegstein 2008). However, the long-term effects of inhibiting NKCC1 on cortical 

synapse formation remain unclear. Here, I show that bumetanide treatment during a 

critical developmental period in mice results in lasting disruption of cortical excitatory 

synapse formation, and that this disturbance in the ratio of excitatory and inhibitory 
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inputs in cortical neurons leads to behavioral abnormalities resembling those seen in both 

mouse models of schizophrenia and schizophrenic patients.  

 



  86 

RESULTS 

Bumetanide negatively shifts GABA reversal potential in newborn neurons 

To test the effect of bumetanide on the GABA reversal potential (EGABA), I gave 

daily intraperitoneal injections of either bumetanide (0.2 mg/kg) (Dzhala et al. 2005) or 

PBS to pregnant mice beginning at gestational day 15 (E15) until birth (P0). I performed 

gramicidin-perforated patch recordings of P0 cortical neurons in acute brain slices from 

either bumetanide- or saline-treated pups to confirm that bumetanide can shift EGABA 

towards a hyperpolarizing potential. Perforated recording allowed us to measure the 

intracellular Cl- concentration without perturbing the Cl- gradient.  EGABA was significantly 

more negative in neurons of bumetanide-injected animals than in controls (t-test, PBS vs. 

Bumetanide: -40.9 ± 2.8 mV vs. -65.8 ± 3.4 mV; p<0.0001; Figure 4.1A, 4.1B, and 

4.1C). While the resting membrane potential of cortical neurons at P0 was unaltered 

(PBS: -50.9 ± 5.1 mV, Bumetanide: -51.1 ± 4.4 mV), GABA hyperpolarized the neonatal 

cortical neurons of bumetanide-treated mice, thus validating the effectiveness of 

bumetanide in abolishing GABA-induced depolarization (Figure 4.1C).  

 

Blocking NKCC1 with bumetanide during a critical period leads to lasting changes 

in cortical excitatory transmission 

A recurrent theme in neocortical development is the idea that changes to sensory 

afferents during a critical period in development will result in lasting alterations in 

cortical organization. The formation of ocular dominance columns in the visual cortex 

and barrels in the somatosensory cortex are well-known examples of such critical 
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periods(Hensch 2005; Hensch and Fagiolini 2005). Because GABAergic signaling 

provides the main excitatory drive during corticogenesis (until the first postnatal week in 

rodents), the period of GABA depolarization may provide a window for initial circuit 

formation in the neocortex (Ben-Ari 2006). 

To test the effect of bumetanide in cortical circuit formation, I exposed pregnant 

mice and their pups to bumetanide at a dose of 0.2 mg/kg (shown previously to have anti-

seizure effects) at different developmental windows (Dzhala et al. 2005) (Figure 4.3A). I 

used PBS treatment from E15-P7 and bumetanide treatment from P7-14 (after GABA 

becomes hyperpolarizing) (Rivera et al. 1999) as controls. To measure synaptic 

connectivity of cortical neurons, I recorded miniature postsynaptic currents (mPSCs) in 

layer II pyramidal neurons at a holding potential of –70mV in the presence of 

tetrodotoxin (TTx, 0.5 µM) to block action potentials. To isolate the AMPA and 

GABAergic mPSCs, I bath applied the GABAA receptor antagonist bicuculline 

methoiodide (100 µM) or the non-NMDA glutamate receptor antagonist DNQX (20 µM), 

respectively (Figure 4.2A and 4.2B). In 4-week-old control animals, the pyramidal 

neurons exhibited robust AMPA and GABA synaptic innervations, with approximately 

equal numbers of excitatory and inhibitory mPSCs (PBS: AMPA mPSCs: 1.9 ± 0.3 Hz, 

GABA mPSCs: 2.0 ± 0.4 Hz, Figure 4.3B).  By contrast, in mice treated with 

bumetanide during the entire period when GABA is normally depolarizing (E15-P7), 

there is a significant reduction in the frequency of AMPA mPSCs (0.24± 0.08 Hz) while 

GABA mPSC frequency is unchanged (2.0 ± 0.4 Hz) (t-test, PBS vs. Bum E15-P7, 

AMPA: p<0.0001; Figure 4.3C). The decrease in AMPA mPSCs was not accompanied 

by defects in NMDA receptor signaling, as NMDA mPSCs isolated by recording in 0 
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Mg2+ bath solution containing bicuculline and DNQX revealed unaltered frequency and 

amplitudes (Figure 4.4A, 4.4B, and 4.4C). Quantifying the ratio of inhibitory to 

excitatory synapses at 4 weeks revealed that bumetanide-treated mice had a significantly 

larger proportion of inhibitory mPSCs compared to the controls (PBS vs. Bum E15-P7, 

1.05 ± 0.17 vs. 8.27 ± 2.99, p<0.05; Figure 4.3B). This defect in forming excitatory 

synaptic inputs persisted to adulthood and resulted in a smaller proportion of AMPA 

mPSCs (PBS vs. Bum E15-P7, 0.98 ± 0.23 vs. 2.73 ± 0.47, p<0.001; Figure 4.3C).  

 To determine the minimal window during which bumetanide treatment would 

result in permanent changes in cortical excitatory synaptic transmission, I exposed mice 

to bumetanide at different developmental windows (E15-E19, E15-P5, E17-P7, P0-P7, 

and P7-P14; Figure 4.3A). Neither prenatal treatment (E15-E19) nor postnatal treatment 

(P0-P7 and P7-P14) with bumetanide resulted in significant changes in AMPA or GABA 

mPSC frequencies (Figure 4.3B and 4.3C). However, bumetanide injections from E17-

P7 achieved similar effects as treatment from E15-P7 (Figure 4.3B and 4.3C). When 

examining the ratio of GABAergic to AMPA mPSCs, the control conditions had a 1 to 1 

ratio of inhibitory to excitatory synapses, but bumetanide exposure from E15-P7 and 

E17-P7 significantly increased the ratio both at 4 weeks and in adults (t-test, 4 Weeks: 

PBS vs. E17-P7: 1.05 ± 0.17 vs. 2.17 ± 0.53, p<0.05; Adult: PBS vs. E17-P7: 0.98 ± 0.23 

vs. 1.95 ± 0.38, p<0.05; Figure 4.3B and 4.3C). Together, this data suggests that 

systemic blockade of NKCC1 with bumetanide during the period of GABA 

depolarization permanently disrupts the excitatory synapse formation in the cortex, 

resulting in an abnormal balance between excitatory and inhibitory inputs in the adult 

brain.  
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Bumetanide disrupts morphology of cortical neurons 

Disruptions in synaptic connections are often reflected in neuron morphology. 

Previous studies have shown that AMPA receptor trafficking into developing synapses is 

required to stabilize new dendritic branches (Rajan and Cline 1998; Wu and Cline 1998; 

Shi et al. 1999; Haas et al. 2006). To examine the effect of bumetanide treatment on the 

morphology of cortical neurons, I performed in utero injection and electroporation of 

plasmids expressing either GFP or YFP into E15 mice embryos, during the generation of 

upper layer cortical neurons. I injected the animals with either PBS or bumetanide from 

E15-P7 and fixed and sectioned the brain at 4 weeks to take confocal images of labelled 

neurons (Figure 4.5A and 4.5B). At 4 weeks postnatal, GFP+ neurons from PBS or 

bumetanide injected animals had typical pyramidal neuron morphology and 

indistinguishable soma sizes (Figure 4.6A). However, neurons from bumetanide 

treatment exhibited fewer primary dendrites compared to control cells (t-test, PBS vs. 

Bumetanide, 6.9 ± 0.2 vs. 5.3 ± 0.2, p<0.0001; Figure 4.6B). Bumetanide treatment also 

resulted in a reduction of secondary dendrites (t-test, PBS vs. Bumetanide, 11.9 ± 0.5 vs. 

8.1 ± 0.3, p<0.0001; Figure 4.6C). This decrease in primary and secondary dendrites in 

bumetanide-treated cells is consistent with recent evidence showing that membrane 

depolarization by GABA is critical for morphological maturation of cortical neurons 

(Cancedda et al. 2007; Wang and Kriegstein 2008).  

To measure synaptic connectivity, I measured how dendritic spines, which are 

postsynaptic sites of excitatory synapses, are affected by systemic bumetanide treatment. 

I analyzed the mean spine density on secondary dendrites of GFP+ or YFP+ cells using 
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confocal microscopy (Figure 4.7A and 4.7B). I found that the mean spine density in the 

PBS treated animals was 0.41 ± 0.01spines/µm whereas in the bumetanide treated 

animals, the density was significantly decreased to 0.34 ± 0.01 spines/µm (t-test, 

p<0.001; Figure 4.7C). The decreased spine density in bumetanide-injected animals 

correlates with the overall decrease in AMPA mPSC frequency, confirming that blocking 

GABA-mediated depolarization during a critical period disrupts cortical connectivity. 

 

Bumetanide treatment results in developmental delay 

Abnormal cortical circuits have been implicated in many neurological and 

psychiatric disorders including epilepsy, obsessive-compulsive disorder, autism, and 

schizophrenia (Treiman 2001; Nordstrom and Burton 2002; Casanova et al. 2003; 

Lisman et al. 2008). To assess the functional consequences of bumetanide treatment, I 

conducted a broad screen for differences in various fundamental behavioural domains. I 

began my analysis in control or bumetanide-treated (E15-P7) young pups to assess their 

ability to reach developmental milestones. On average, bumetanide-treated pups weighed 

slightly less than their age-matched controls, as expected due to this drug’s diuretic 

effects on the kidney (Figure 4.8A). Bumetanide did not affect the age at which the pups 

attained the grasp reflex, surface righting, pinnae detachment, air righting, and cliff 

avoidance reflexes (Figure 4.9A, 4.9B, 4.9C, 4.9D, and 4.9E). However, it did delay the 

pups’ negative geotaxis, bar holding, and visual placing abilities (logrank test: negative 

geotaxis: p<0.05; bar holding: p<0.05; visual placing: p<0.05; n=30 animals per 

condition. Figure 4.8C, 4.8D, and 4.8E). Furthermore, pups treated with bumetanide 

exhibited significantly fewer movements (walking, forelimb raise, and head raise) 
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compared with controls (Figure 4.8B). As a control for diuresis, I treated mice with high 

doses of the diuretic, hydrochlorothiazide (HCTZ), from E15-P7 and assessed their 

development. As an additional control for the systemic effects of bumetanide, I gave 

daily bumetanide injections to pups from P7-14 (Bum P7-14), during a period when 

GABA is no longer depolarizing due to the down regulation of NKCC1 and upregulation 

of KCC2 (Li et al. 2002). HCTZ-treated mice weighed less than their age-matched 

controls until P7, when the injections stopped, and similarly, bumetanide treatment from 

P7-14 decreased the weight of the pups during that period (Figure 4.10A). However, 

neither HCTZ nor bumetanide treatment from P7-14 resulted in any signs of the 

developmental delays or decreased locomotor activity seen in mice treated with 

bumetanide from E15-P7 (Figure 4.10B, 4.10C, 4.10D, 4.10E, 4.10F, 4.10G, 4.10H, and 

4.10I). Altogether, this data suggests that bumetanide treatment during the perinatal 

period results in decreased strength and motor coordination that interfered with the 

animals’ ability to perform certain tasks. 

 

Bumetanide treatment decreases anxiety and impairs prepulse inhibition of the 

startle reflex 

I performed a battery of adult behavioural tests to assess for differences between 

control-and bumetanide-treated (E15-P7) mice. I began with general neurological tests 

and found no significant difference between PBS versus bumetanide-treated animals’ 

weights, activity levels, activity intervals, and latency to stop twisting (Figure 4.11A). 

The developmental delays seen in negative geotaxis and bar holding were not present in 

adulthood, as both groups performed comparably in these tasks (Figure 4.11A). To test 
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for activity and anxiety, I performed the open field test and found that bumetanide 

treatment did not change the time spent in the center or periphery of the field (Figure 

4.11B). To test for social behavior, I placed the animals in the center chamber of a three-

chambered cage. The test occurred in three phases: the habituation phase (right and left 

chambers were empty), the socialization phase (empty side and social side), and novelty 

phase (familiar mouse on one side and novel mouse in the other). In these assays, animals 

with autism-like behaviors would spend less time socializing and have problems 

recognizing novel objects. However, I did not see any significant differences between 

control and bumetanide-treated animals, though it took a longer time for bumetanide-

treated animals to initiate socialization with new mice in the cage (Figure 4.11C).  

 To further test for anxiety-related behaviors, I performed the elevated plus maze, 

in which a tendency to spend more time in the open arms is thought to indicate decreased 

anxiety or emotionality (Dawson and Tricklebank 1995). Bumetanide treated animals 

showed significantly increased entries into the open arms and trended towards spending 

more time and travelling longer distances than controls in the open arms (t-test, p<0.05; 

Figure 4.12A). There was no significant difference between the two groups in closed arm 

time, distance, and entries (Figure 4.12B).  

One of the widely used cross-species behavioral paradigms to measure 

sensorimotor gating, commonly altered in schizophrenic patients, is the prepulse 

inhibition (PPI) of the startle response (Swerdlow et al. 2000; Braff et al. 2001). PPI 

occurs when a low-intensity prepulse precedes a startle stimulus, resulting in a reduced 

startle response. PPI is primarily based on the sensory detection of the stimulus. To assess 

whether bumetanide resulted in sensory or startle disturbance, I first tested the animals’ 
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maximum startle response. I found that bumetanide-treated animals showed a significant 

increase in startle amplitude compared to PBS-treated controls at each of the prepulse 

intensities tested (Figure 4.12C). This indicates that bumetanide does not cause any 

sensory impairment but actually increased the animals’ sensory discrimination. 

Importantly, when I analyzed control and bumetanide groups for their maximal PPI 

baseline, I found that PPI was significantly impaired in mice treated with bumetanide 

compared to that of PBS treatment (Figure 4.12D). To ensure that the impairment in PPI 

is specific to perinatal bumetanide treatment, I repeated these tests in another cohort of 

animals treated with PBS, HCTZ, or bumetanide from P7-P14.  While animals in the 

Bum P7-14 group did show a significant increase in their startle response to the 120dB 

stimulus and with an 8 dB prepulse compared to the PBS-treated controls (Figure 

4.13A), neither HCTZ or Bum P7-14 demonstrated the decreases in PPI seen in animals 

treated perinatally with bumetanide (Figure 4.13B). This data suggests that blocking 

NKCC1 activity, and thus abolishing the excitatory effects of GABA, during a critical 

period results in functional impairments in sensorimotor gating functions in the adult 

mice. 
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DISCUSSION 

A precise balance of excitatory and inhibitory synaptic inputs is essential for the 

proper function of mammalian cortical circuits.  Disruptions in this balance can lead to 

severe neurological and psychological disorders.  I now provide novel evidence that 

systemic blockade of early GABA-mediated depolarization leads to lasting disruption in 

AMPA receptor-mediated glutamatergic transmission in the adult cortex.  First, using 

electrophysiological recording, I show that abolishing GABA-mediated excitation in vivo 

during a critical period significantly shifts the balance between excitation and inhibition 

in the adult cortical circuit.  Second, I show through an array of morphological analyses 

that dendritic arbors as well as spine density are reduced when GABA excitation is 

blocked.  Finally, I show that treating animals with bumetanide during the perinatal 

period results in developmental delay, reduced anxiety and emotionality, as well as 

impairment in sensorimotor gating.  These findings support a cautious approach to the 

clinical use of bumetanide in infants, since cortical circuits are still maturing at this stage. 

 

Blocking NKCC1 and critical period of cortical synaptogenesis 

 A line of evidence shows the importance of GABA-mediated depolarization in 

excitatory synapse development. In Xenopus tectal neurons, a premature hyperpolarizing 

shift of EGABA increased the ratio of inhibitory to excitatory synapses (Akerman and Cline 

2006). In the mouse neocortex, altering the chloride gradient of immature cortical 

neurons in vivo also disrupted AMPA synapse development and altered the balance 

between inhibitory and excitatory synapses (Wang and Kriegstein 2008). Here, I not only 

show that this disruption in excitatory synaptic transmission is long-lasting, but also that 
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there is a critical period for excitation-inhibition matching that occurs around E17-P7 in 

mice, a period that corresponds to robust cortical synaptogenesis and overlies the 

developmental window when GABA is depolarizing (Owens et al. 1999; Ben-Ari 2006). 

I previously demonstrated that GABA-mediated depolarization cooperates with NMDA 

receptor activation to regulate the development of AMPAergic synapses (Wang and 

Kriegstein 2008). My data now provide additional evidence that GABA’s depolarizing 

actions on young neurons during this plastic window provides the mechanism for 

establishing the balance between excitatory and inhibitory synapses in the adult cortex.  

The morphological changes in cortical neurons that result from bumetanide 

treatment confirm two previous reports that examined the consequences of abolishing the 

excitatory effects of GABA in development.  These previous studies used a single cell 

genetic approach to alter EGABA
 and produced cortical neurons with fewer and shorter 

dendrites as well as decreased spine density (Cancedda et al. 2007; Wang and Kriegstein 

2008). The anatomical disruption resulting from bumetanide treatment conforms to my 

physiological findings, since dendritic spines constitute major postsynaptic sites for 

excitatory synaptic transmission. More interestingly, these morphological abnormalities 

have been linked to a variety of neurological and psychiatric disorders including 

schizophrenia. For instance, mice with a microdeletion of 22q11.2, which is highly 

associated with schizophrenia, show decreased spine and glutamatergic synapse density, 

as well as impaired dendrite growth (Mukai et al. 2008). These alterations highlight the 

importance of synaptic development and plasticity in forming a functional neural circuit.  

 

Blocking NKCC1 and behavioral abnormalities 
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Most importantly, I demonstrate that treatment with bumetanide during a critical 

early period results in developmental delay and long-term impairment in sensorimotor 

gating. Bumetanide-treated pups demonstrated a delay in achieving milestones associated 

with motor coordination and strength (negative geotaxis and bar holding), and a relative 

decrease in locomotor activity. Without additional tests it is difficult to know for certain 

whether these deficits are due to generalized weakness from bumetanide-mediated 

diuresis or abnormal cortical circuit development, but the absence of these findings in 

mice treated with HCTZ suggests the latter.  

Even though bumetanide treatment was systemic, the altered behavioral 

phenotypes seen in adults are most likely due to the changes in cortical synaptic 

transmission. Because the brain matures in a caudal-rostral gradient, by E15, NKCC1 

expression is largely confined to the telencephalon, and by P0 largely to the cortical plate 

(Li et al. 2002). My bumetanide treatment should therefore primarily affect cortical 

neurons. In addition, PPI is thought to reflect sensorimotor-gating, which is a 

fundamental component of information processing in the brain necessary for stimulus 

recognition and sequential organization of behavior, and is severely disrupted in patients 

with schizophrenia (Braff et al. 2001; Bast and Feldon 2003). Interestingly, many lines of 

evidence have linked glutamate dysfunction in the cortico-limbic circuit with 

schizophrenia. For instance, the non-competitive NMDA antagonist phencyclidine (PCP) 

can produce a drug-induced model of schizophrenia by disinhibiting hippocampal 

pyramidal neurons (Lisman et al. 2008). Furthermore, acute treatment of experimental 

animals with PCP produced an overall decrease in the level of glutamate AMPA 

glutamate receptor density especially in the hippocampus, dentate gyrus, parietal cortex, 



  97 

and amygdala (Zavitsanou et al. 2008). My bumetanide-treated animals replicate many 

features of PCP models of schizophrenia, including PPI impairment, increase in the 

acoustic startle reflex, and decrease in AMPA receptor function in cortical structures 

(Curzon and Decker 1998; Geyer et al. 2002; Mukai et al. 2008). While it is unknown if 

all parts of the cortico-limbic circuit are affected by bumetanide treatment, future studies 

might elucidate the specific alterations in this circuit.  

 An abnormal balance between excitation and inhibition of cortical circuits has 

been implicated in schizophrenia (Lisman et al. 2008). Recently, a genome-wide screen 

found rare structural variants that disrupt multiple genes in schizophrenia, and pathways 

involving neuregulin and glutamate are disproportionately affected (Walsh et al. 2008). 

Involved in these pathways are genes involved in potassium-chloride transport, SLC12A9 

and SLC12A6, which affect neuronal excitability (Moser et al. 2008; Walsh et al. 2008). 

My data indicate that transient early bumetanide exposure produces a persistent clear 

disturbance in the formation of excitatory synapses in cortical neurons and leads to 

deficits in sensorimotor gating. While my data suggest caution for long-term use of 

bumetanide to treat neonatal seizures, bumetanide may still be very beneficial in treating 

certain forms of epilepsy in the adult brain that involve altered neuronal chloride 

transport (Cohen et al. 2002) (Pond et al. 2006), and its side effects in short-term use 

remain to be evaluated.   
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Figure 4.1. Bumetanide hyperpolarizes GABA reversal potential in immature 

neurons. (A) and (B) Voltage-ramps obtained from P0 cortical neurons of pups treated 

with IP injections of either saline or bumetanide under gramicidin-perforated patch-clamp 

conditions. EGABA reversed at more hyperpolarized potentials in bumetanide-treated mice 

than in controls (as indicated by the x-intercept). (C) Blocking NKCC1 with bumetanide 

effectively changed the chloride gradient in newborn cortical neurons, making GABA 

hyperpolarizing to the resting potential instead of depolarizing as in control cells. Bar 

graphs indicate mean ± SEM. Number of recorded cells are indicated in parenthesis in 

bar graphs, *** p<0.0001, t-test).  
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Figure 4.1 
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Figure 4.2. Blocking NKCC1 with bumetanide from E15-P7 disrupts AMPA 

glutamatergic synapse formation. (A) and (B) Current traces of mPSCs of layer II 

cortical neurons recorded from somatosensory and motor areas of 4 week old and adult 

mice treated with either saline (PBS) or bumetanide from E15-P7, respectively. Traces on 

the right represent expanded segments of traces on the left. Cells were recorded at –70 

mV holding potential and in ACSF containing 0.5 µM TTx. AMPA mPSCs were isolated 

with bath application of 100 µM bicuculline, and GABA mPSCs 20 µM DNQX.  
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Figure 4.2 
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Figure 4.3. Blocking NKCC1 with bumetanide during a critical period disrupts the 

balance of excitatory and inhibitory synapses in the adult. (A) Timeline of different 

drugs treatments. Black line represents length of control (PBS) treatment and colored 

lines represent different bumetanide (Bum) exposure windows. (B) Frequency of AMPA 

(left) and GABA (middle) mPSCs for different windows of bumetanide exposure as 

described in (A). Ratio of GABA to AMPA mSPCs (right) shows that bumetanide 

treatment from E15-P7 and E17-P7 resulted in significant increases due to defects in 

forming excitatory AMPA synapses (C) Same parameters analyzed in (B) but in 8-12 

week old adult mice. Different colors in bar graph from (B) and (C) correspond to the 

line colors of different treatment windows schematized in (A). Bar graphs indicate mean 

± SEM. Number in graphs indicate number of recorded cells. (*p<0.01, **p<0.001, 

***p<0.0001 compared to control; t-test).  
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Figure 4.4. NMDA receptor signaling is not affected by bumetanide treatment. (A) 

and (B) Current traces of mPSCs of layer II cortical neurons recorded from 4 week old 

and adult mice treated with either saline (PBS) or bumetanide from E15-P7. Lower traces 

represent expanded segments of top traces (indicated by the line). Cells were recorded at 

–70 mV holding potential and in Mg2+-free ACSF containing 0.5 µM TTx. AMPA, 100 

µM bicuculline, and 20 µM DNQX to isolate NMDA receptor-mediated currents. (C) 

Frequency of NMDA mPSCs in control (PBS) or bumetanide-treated neurons. (D) and 

(E) Average and maximal amplitudes of NMDA mPSCs from control or bumetanide-

treated neurons showing no significant difference between the two groups. Bar graphs 

indicate mean ± SEM. Numbers in parentheses indicate number of recorded cells 

(p>0.05, t-test). 
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Figure 4.4 
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Figure 4.5. Bumetanide treatment alters morphology of cortical neurons. (A) and (B) 

3D reconstructions of cortical neurons from 4 week old control or bumetanide treated 

(E15-P7) mice. Animals were electroporated with GFP plasmids at E15 for visualization 

of the cells. Photographs on the left show flattened confocal stacks of neurons that were 

semi-automatically traced to produce dendritic diagrams on the right. Multiple rotational 

views are shown on the right. The axis and arrows next to each dendritic diagram indicate 

rotation angles. Scale bar, 20 µm. 
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Figure 4.6. Dendrite morphology is altered by bumetanide treatment. Quantification 

of average soma size (A), number of primary dendrites (B), and secondary dendrites (C) 

of cortical neurons demonstrate that compared to control, bumetanide-treated pyramidal 

neurons have similar cell size but display fewer primary and secondary dendrites. Bar 

graphs indicate mean ± SEM. (***p<0.0001, t-test).  
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Figure 4.6 
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Figure 4.7. Bumetanide treatment decreases spine density of cortical pyramidal 

neurons. (A) and (B) Images of 4 week old cortical pyramidal neurons from control or 

bumetanide treated mice electroporated with GFP at E15. (C) Quantification of the 

average spine density shows that neurons from bumetanide-treated animals exhibited a 

significant spine decrease compared to controls. Scale bar, left: 10 µm, right: 20 µm. Bar 

graphs indicate mean ± SEM. (***p<0.0001, t-test).  
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Figure 4.7 
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Figure 4.8. Bumetanide treatment causes developmental delay in young mouse pups. 

(A) Average weights of animals treated with either saline or bumetanide from E15-P7. 

(B) Percent of time animals exhibited each motion (no movement, head raise, forelimb 

raise, or walking) when observed for 5 minutes. (C) Percent of animals able to turn 

around on a negative slope when initially placed head down. (D) Percent of animals able 

to hang from a bar for longer than 10 seconds (E) Percent of animals able to raise head 

and forelimbs when lowered to a surface by tail. Data points indicate mean ± SEM. (N = 

30 animals per condition, *p<0.05, **p<0.001, ***p<0.0001, two-way ANOVA test for 

B, logrank tests for C-E).  
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Figure 4.8 
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Figure 4.9. Certain developmental milestones are not affected by bumetanide 

treatment. (A) Percent of mice able to perform the grasp reflex. (B) Percent of mice able 

to right themselves (feet down) after being initially placed on their backs (feet up). (C) 

Percent of animals when the pinnae (earlobe) detaches from the head. (D) Percent of 

animals able to right themselves in the air and land on their feet when dropped with their 

feet up. (E) Percent of animals able to retreat from the edge when placed near a cliff. (N 

= 30 animals per condition, p>0.05, logrank test).  
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Figure 4.10. Developmental delay caused by perinatal bumetanide treatment is 

specific. (A) Average weights of animals treated with saline (PBS) from E15-P7, 

hydrochlorothiazide (HCTZ) from E15-P7, or bumetanide from P7-14 (Bum P7-14). (B) 

Percent of time animals exhibited each motion (no movement, head raise, forelimb raise, 

or walking) when observed for 5 minutes. (C) Percent of mice able to right themselves 

(feet down) after being initially placed on their backs (feet up). (D) Percent of mice able 

to perform the grasp reflex. (E) Percent of animals when the pinnae (earlobe) detaches 

from the head. (F) Percent of animals able to retreat from the edge when placed near a 

cliff. (G) Percent of animals able to turn around on a negative slope when initially placed 

head down. (H) Percent of animals able to right themselves in the air and land on their 

feet when dropped with their feet up. (I) Percent of animals able to hang from a bar for 

longer than 10 seconds (J) Percent of animals able to raise head and forelimbs when 

lowered to a surface by tail. Data points indicate mean ± SEM. (PBS: n = 12, HCTZ: 

n=9, Bum: n=13; p>0.05, two-way ANOVA test for B, logrank tests for C-J).  
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Figure 4.10 



  118 

Figure 4.11. Bumetanide treatment does not cause general neurological problems or 

impairments in social preference in adult mice. (A) General neurological tests. Top 

left: average weights of adult mice treated with saline (PBS) or bumetanide (Bum) from 

E15-P7. Top middle: average activity levels of animal when observed for 5 minutes. 

Mice with high activity is rated 1 and medium activity is rated 2. Top right: Number of 

active intervals during a 5-minute observation period. Bottom left: time each mouse took 

to turn around on a negative slope when initially placed head down. Bottom middle: time 

each animal can hang from a bar before letting go. Bottom right: time it took for animals 

to stop twisting when held by tail. (B) Open field test. Left: Number of movements made 

in the center of the field. Middle: number of movements made at the periphery of the 

field. Right: total number of movements. (C) Social preference test. Left: average time 

animals spent on either the right (R) or left (L) side of the cage. Second from left: average 

time animals spend on the empty or social side (with another mouse held in that side) of 

the cage. Second from right: average time animals spent on the side of the cage with a 

familiar mouse or a novel mouse. Right: average time it took for mice to explore side 

with familiar or novel mouse. Lines through the points indicate mean ± SEM. (N=30 per 

condition; p>0.05, t-test).  
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Figure 4.12. Bumetanide treatment causes alterations in anxiety and sensorimotor 

gating. (A) Elevated plus maze testing for anxiety and emotionality. Graphs show 

percent of time spent in the open arms (left), percent of distance travelled in the open 

arms (middle), and number of entries into the open arms (right). (B) Same parameters 

shown for the closed arms. (C) Prepulse inhibition of the startle response testing for 

sensorimotor gating functions. Different startle amplitudes (in Newtons) in response to 

the 120dB stimulus (stim) are graphed against the different prepulse (pp) values. (D) 

Prepulse inhibition is measured by the degree to which the maximal startle response is 

inhibited by the pp stimulus. Bar graphs indicate mean ± SEM. (N = 30 animals per 

condition, *p<0.05, **p<0.001, ***p<0.0001, two-way ANOVA test for B, logrank tests 

for C-E).  
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Figure 4.13. Impairment in prepulse inhibition is specific to bumetanide treatment 

from E15-P7. (A) Different startle amplitudes (in Newtons) in response to the 120dB 

stimulus (stim) are graphed against the different prepulse (pp) values for mice treated 

with saline (PBS) from E15-P7, hydrochlorothiazide (HCTZ) from E15-P7, or 

bumetanide from P7-14 (Bum P7-14). (D) Prepulse inhibition for these three conditions 

is measured by the degree to which the maximal startle response is inhibited by the pp 

stimulus. Bar graphs indicate mean ± SEM. (PBS: n = 12, HCTZ: n=9, Bum: n=13; 

*p<0.05, **p<0.01, two-way ANOVA test).  
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Chapter 5 

 

Concluding remarks and future directions 

 

The formation of several hundred trillions of synapses is no trivial task for the 

developing brain. In order for this complex network to function, neurons not only have to 

be able to receive proper inputs, but also must project to the correct targets and generate 

precise synaptic connections with them. A key question in development is how do 

cortical neurons establish a balance between excitatory and inhibitory synapses? A 

functional circuit needs both positive and negative cues in order to fine-tune its outputs 

and prevent dysfunctions such as overexcitation. A dynamic feedback mechanism must 

exist where excitatory and inhibitory cells can sense each other and regulate the 

construction of their connections. 

 

GABA’s role in cortical circuit formation 

GABA signaling may play the critical role of establishing this balance between 

excitation and inhibition. First of all, GABA is present during the generation of cortical 

glutamatergic neuron and depolarizes these newborn neurons by activating GABAA 

receptors. Second, pyramidal neurons sequentially receive GABAergic inputs before 

glutamatergic ones.  Finally, this main period of cortical synaptogenesis occurs over the 

period when GABA is depolarizing. The temporal and spatial correlation between GABA 
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signaling and cortical synaptogenesis led me to explore the function of this signaling 

system in mammalian cortical circuit formation.  

By using RNAi to acutely knockdown Nkcc1 and alter the Cl- gradient of newborn 

neurons in vivo, I found that GABA-induced excitation via GABAA receptor activation 

plays a permissive role in the formation of synaptic inputs in pyramidal neurons. Our 

results complement the findings of a study in newly-generated granule neurons in the 

adult dentate gyrus (Ge et al. 2006), providing evidence that GABA-mediated excitation 

drives synaptic integration of newborn neurons in both embryos and adults. Intriguingly, 

GABA not only regulates development of synapses in the nervous system, but it also 

regulates the balance between excitation and inhibition in a developing circuit. A 

premature hyperpolarizing shift in the Cl- reversal potential has been shown to increase 

the ratio of inhibitory to excitatory inputs in Xenopus tectal neurons (Akerman and Cline 

2006). I found that this occurs in the mammalian cortex as well, as GABA regulates the 

formation of excitatory AMPA synapses in the neocortical circuit and the proper 

formation of dendrite arbors and spines (Wang and Kriegstein 2008). In addition, the 

mechanism for GABA’s regulation of excitatory synapse formation entails the 

cooperation between GABAA and NMDA receptor activation. Cortical neurons begin to 

express functional NMDA receptors when they migrate to the cortical plate, but the initial 

glutamatergic synapses are “silent” due to the Mg2+ block of NMDA receptors at the 

resting membrane potential (LoTurco et al. 1991; Akerman and Cline 2006). GABAergic 

depolarization can facilitate relief of this voltage-dependent Mg2+ block and allow Ca2+ 

entry to initiate intracellular signaling cascades (Leinekugel et al. 1997; Owens and 

Kriegstein 2002; Ben-Ari 2006). These intracellular cascades may involve activation of 
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Ras, Rho-GTPases, and CamKII to regulate dendritic arborisation and synapse formation 

(Rajan and Cline 1998; Li et al. 2000; Sin et al. 2002; Zhou et al. 2004). The cooperation 

between GABA depolarization and NMDA receptor activation represents an early form 

of coincidence detection between GABAergic and glutamatergic inputs. GABA 

activation, reflecting the quantity of GABAergic inputs onto a newborn neuron, permits 

the development of glutamatergic synapses, and thus ensures a balance between 

excitation and inhibition from the beginning of synaptogenesis. 

Furthermore, I found that the ability of GABA to regulate excitatory synapse 

formation occurs over a critical period in development. By using bumetanide to block 

NKCC1 in vivo over different developmental windows, I showed that GABA-mediated 

depolarization from embryonic day 17 to postnatal day 7 is critical for establishing the 

balance between cortical excitatory and inhibitory input. This period corresponds to the 

time of initial synapse formation in the cortex (Owens et al. 1996). Disrupting early 

GABA-mediated excitation leads to permanent changes in cortical excitatory synapse 

formation, which was demonstrated by electrophysiological recordings and 

morphological analyses. By assessing the functional consequences of altered synapse 

formation, I found pups treated with bumetanide during development demonstrated 

certain delays in reaching developmental milestones associated with strengths and motor 

activities. More interestingly, adult animals that were exposed to bumetanide during the 

critical period developed severe impairments in sensorimotor learning, a behavioral 

phenotype often seen in animal models and human patients with schizophrenia. This 

strongly suggests that GABA plays a crucial role in generating the balance between 
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cortical excitation and inhibition, and dysregulation of this process can have lasting, 

devastating consequences. 

  

Unanswered questions and future directions 

Despite these findings, in vivo evidence for a role of GABA in development is 

somewhat controversial.  In GAD 65 -/-: 67-/- mice (double knockout for glutamic acid 

decarboxylase 65 and 67), GABA levels in the brain were reduced to less than 5%, but 

the size and shape of the brains at E14 and P0 were indistinguishable from heterozygous 

littermates (Ji et al. 1999).  While these GAD 65/67 -/- mice die at birth due to cleft 

palate, no discernable neural developmental defects were detected in the neocortex, 

cerebellum, or hippocampus (Ji et al. 1999).  This study seems to suggest that GAD 

activity and GABA are not crucial for trophic support during neocortical development.  

Possibly other substances such as glutamate, taurine, or glycine could compensate for the 

lack of GABA.  Glutamate has been shown to produce a similar increase in intracellular 

Ca2+ concentration as GABA and to inhibit progenitor DNA synthesis in the VZ 

(LoTurco et al. 1995).  Similar to GABA, glycine and taurine gate Cl- channels and can 

depolarize immature neurons (Flint et al. 1998).  Furthermore, because the GAD 65/67 

double knockout animals die young, it is unknown whether synaptogenesis and circuit 

development is normal in these mice.   

 Another interesting question deals with the role of GABA on interneuron 

synaptogensis. Interneurons born in the medial and lateral ganglionic eminences begin 

their tangential migration into the cortex around E14 (Anderson et al. 1997; Wonders and 

Anderson 2006). En route on their tangential migration to the cortex, interneurons begin 
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to form synaptic connections with each other, and just like the pyramidal cortical 

neurons, interneurons form GABAergic and glutamatergic synapses in a sequential 

fashion (Anderson et al. 2001; Wonders and Anderson 2006). Intriguingly, birth dating of 

GABAergic interneurons reveals an “inside-out” pattern similar to that of excitatory 

neurons of the same layer (Fairen et al. 1986; Yozu et al. 2004; Wonders and Anderson 

2006). It remains unclear whether GABA-mediated depolarizations modulate the 

migration of these neurons and their synaptic integration into the excitatory circuit in the 

neocortex. Furthermore, since interneurons can depolarize radial glia by activation their 

GABAA
 receptors and directly influence their progenies by the same mechanism, it would 

be interesting to explore whether the resulting radial unit preferentially forms synaptic 

connections with these local interneurons due to their early GABA signaling.   

 Finally, the interesting behavioral abnormalities I found by bumetanide treatment 

opens the door to future studies dealing with cortical excitation-inhibition balance and 

diseases. The abnormal balance between excitation and inhibition has been associated 

with many neurological and psychological diseases including epilepsy, obsessive-

compulsive disorder, and schizophrenia (Treiman 2001; Nordstrom and Burton 2002; 

Levy and Krebs 2006; Totterdell 2006; Uhlhaas and Singer 2006). In particular, 

schizophrenia has been linked to genes involved with synaptic function, such as 

neuroligin, and those involved with cation transport and cell-excitability, like KCC 

(Walsh et al. 2008). These mounting evidence suggest that the cause for this and other 

diseases might very well be localized at the synapses. For instance, mutations in 

neuroligins and neurexins, synaptic cell-adhesion molecules that connect presynaptic and 

postsynaptic neurons at synapses and mediate signaling across the synapses, have been 
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implicated in a variety of cognitive and neurological disorders. Mutations in neuroligin-3 

resulted in an abnormal increase in inhibitory synapses and created mice with autism-like 

behaviors (Tabuchi et al. 2007; Sudhof 2008). Future studies on GABA’s role in 

balancing cortical excitatory and inhibitory circuits will not only help us understand the 

dynamic processes that allow the formation and regulation of network function, but might 

also lead us to find ways to restore this intricate balance for treatment of neurological 

diseases.  

 

Conclusion 

GABA appears to serve multiple functions during cortical development. These 

diverse roles, ranging from proliferation and migration to synaptogenesis and circuit 

formation, seem to depend both on cell-intrinsic properties and on extrinsic factors. 

GABA’s various functions also stem from its unique physiology and the changes that 

accompany its actions over time. With new tools and technological advances, we will 

undoubtedly see further studies that will deepen our understanding of this interesting and 

versatile molecule. 
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