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ABSTRACT 
 

In CNS, cognitive function is greatly dependent on the functional integrity of gamma-

amino-butyric acid (GABA) interneurons. These inhibitory interneurons modulate synaptic 

plasticity and intrinsic excitability of principal neurons balancing the excitatory/inhibitory ratio in 

the brain. Reduction in parvalbumin interneurons (PVIs) and GABAergic synapses function lead 

to desynchronized neuronal circuits associated with cognitive deficit across many neuropsychiatric 

diseases, such as schizophrenia. Yet, the mechanisms underlying the loss in PVIs and E/I 

imbalance are not completely understood.  Here, I demonstrate that the genetic ablation of the 

intracellular fibroblast growth factor 14 (FGF14), a molecule required for proper neuronal 

development, excitability, synaptic plasticity and cognitive function, leads to a reduction in PVIs 

in the hippocampal CA1 area, accompanied by declined expression of GABAergic presynaptic 

components, the glutamic acid decarboxylase 67 (GAD67) and the vesicular GABA transporter 

(VGAT). In addition, the CA1 GABAergic inhibitory transmission is disrupted. These cellular 

phenotypes coincide with reduced in vivo oscillations at gamma wave, and spatial working 

memory deficit. Also, the bioinformatics studies of schizophrenia transcriptomics indicated a 

functional co-clustering of GABAergic genes and FGF14 with correlative decreased expression of 

FGF14, PVALB, GAD67 and VGAT.  

Next, I expand these studies to examine GABAergic postsynaptic proteins that are relevant 
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to cognitive impairment such as gephyrin, GABAA alpha-1, and alpha-2 receptor subunits. 

Interestingly, the results indicate genetic deletion of Fgf14 exhibit fewer effects on GABAergic 

postsynaptic components. Suggesting a potential role of FGF14 in regulating the GABAergic pre 

and postsynaptic components.   

Several lines of evidence support a neurodevelopmental hypothesis of schizophrenia. 

Although the neurodevelopmental model theory is fully appreciated, it is not well understood. So 

far, our studies suggest that Fgf14-/-exhibits some of the aspects of schizophrenia. Thus, to provide 

a better understanding of putative developmental changes in Fgf14-/-, I quantified the age-related 

changes in PV expression in the hippocampus. Our results indicate that genetic deletion of Fgf14 

might impairs the maturation of PVIs.  

These findings suggest that Fgf14-/- mice exhibit molecular, cellular, functional, and 

developmental features associated with psychiatric disorders, and the loss of FGF14 function 

might be linked to the etiology of cognitive impairment and complex psychiatric disorders such as 

schizophrenia. 
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Chapter 1: Background 

1.1 E/I Imbalance 

Brain connectivity is complex, and maintaining normal function depends primarily on the 

delicate balance between excitatory and inhibitory networks. The neuropathology of brain 

diseases, especially psychiatric disorders, is still poorly understood, but the disruption of the 

excitatory-inhibitory circuitry balance is an emerging hypothesis (Brambilla et al., 2003). Within 

the cortical regions, disruption in this global balance may underlie many neurological and 

neurodevelopmental disorders characterized by cognitive deficits. Such disorders include epilepsy, 

autism spectrum disorders, bipolar disorder, schizophrenia, and Tourette’s syndrome (Baraban and 

Tallent, 2004;Belmonte et al., 2004;Cossart et al., 2005;Dani et al., 2005;Kalanithi et al., 

2005;Lewis et al., 2005;Woo and Lu, 2006). Cognitive impairment includes alterations in learning, 

memory, attention, planning, and other executive functions (Marder, 2006). 

Cognition is considered to be the brain’s ultimate function. The core of the majority of 

neuropsychiatric disorders is cognition. Growing evidence suggests that cognitive elements 

influence hallucination and delusions (Robbins, 2011). Despite these facts, there is a lack of 

neurocognition treatment, measurement (Marder, 2006), and pre-clinical models. There is also a 

dearth of biomarkers (Saunders Iv, 2012). In multiple brain disorders, cognitive impairment 

precedes neurological and psychological symptoms. In schizophrenia, it is considered a sign in the 

evaluation of patient functionality (Van Dam et al., 2003;Lewis et al., 2004;Van Raamsdonk et al., 

2005;Vorstman et al., 2015). So far, there is no effective treatment for cognitive impairment. Thus, 

the researchers shifted to a new drug screening approach; they sought to understand the 
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neurological basis of cognitive deficits, which would help develop treatments, rather than focusing 

on disease-based screening (Insel and Sahakian, 2012;Robbins et al., 2012).  

Multiple physiological pathways have been linked to cognitive deficits, and one of them is 

the GABAergic inhibitory system (Lewis and Moghaddam, 2006). Some of the most consistent 

findings in postmortem studies concerning different neurological disorders are: 1) reductions in 

PV cell number, content and/or overall activity in the hippocampal region and the prefrontal region 

(Arai et al., 1987;Konradi et al., 2011;Wang et al., 2011a;Jiang et al., 2013); 2) reduction in 

GAD67 expression (Guidotti et al., 2000;Woo et al., 2004;Fatemi et al., 2005;Thompson Ray et 

al., 2011); 3) reduction in VGAT expression (Buzzi et al., 2012;Hoftman et al., 2015). Moreover, 

the loss of other GABAergic markers (including gephyrin, GABA alpha subunits, and neuroligin) 

is considered the hallmark of schizophrenia and other psychiatric disorders (Enoch et al., 

2012;Lewis et al., 2012;Lionel et al., 2013;Sindi et al., 2014).  

The advances and breakthroughs in multiple approaches have been used to generate 

neuropsychiatric animal models, such as genetic, pharmacological, environmental, and electrical 

simulations (Nestler and Hyman, 2010). However, major challenges face these models. Of 

particular interest is the lack of an animal model that captures all complex features of any CNS 

disease (Markou et al., 2009). Despite this, the GABAergic hypofunction hypothesis has been 

validated in multiple animal models of brain disorder (Chao et al., 2010;Galanopoulou, 

2010;Verret et al., 2012;Benham et al., 2014;Colciaghi et al., 2014;Falco et al., 2014). Until now, 

the exact molecular and cellular mechanisms that control and regulate the GABAergic inhibitory 

system are not well understood. Therefore, we need to understand these mechanisms in order to 

shed light on the etiology of the aforementioned disorders and develop better therapeutic 

innervations for them (Table 1:1). 
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Table 1:1 Alterations in GABAergic system in multiple brain disorders that are linked to 

(E/I) dysregulations 
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1.2 The Hippocampus 

1.2.1 The Structure 

The hippocampus is the special brain structure located in the temporal lobes of the cortex, 

with two U-shaped structures located in the left and right brain hemispheres. The hippocampal 

formation is divided into the hippocampus proper, the dentate gyrus, the entorhinal cortex, and the 

subiculum (Freund and Buzsaki, 1996;Forster et al., 2006;Per Andersen, 2006). In mammals, the 

general buildup of the hippocampus is well conserved. The hippocampus proper structure is 

composed of three main regions: CA3, CA2, and CA1. Unlike the neocortical regions, where the 

principal cell bodies exist within the six layers, in the hippocampus, the excitatory cell bodies are 

localized to one heavily packed layer. This single architectural layer of excitatory cells (SP in the 

CA and granular cell layers in the DG) mediates unidirectional excitatory pathways. The majority 

of the hippocampus cells are excitatory, mediating glutamatergic input. The remaining 15% of 

neuronal populations mediate inhibitory input by releasing GABA. As a structure, the 

hippocampus is well laminated into non-overlapping layers. The assembly, simplicity, and 

functional implications of the hippocampus in multiple disorders render it one of the most 

extensively studied brain regions in the field of neuroscience (Per Andersen, 2006;Winterer, 2012). 

1.2.2 The Hippocampal Circuitry 

Information processing in the hippocampal circuitry is predominantly unidirectional. It is 

known as the trisynaptic circuit. Within the trisynaptic loop, three main stages occur (Andersen et 

al., 1971). The DG is the first element in this circuitry. The entorhinal cortex cells project to the 

DG and excite the granular cells of the DG molecular layer. The entorhinal inputs carry the sensory 

information (Perforant path input) from the layer II of the cortex to the granular cells dendrites. 

Specifically, the outer and middle third of granule cells dendrites receive an axonal projection from 
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the entorhinal cortex neurons. The DG principal cells’ axons, which are called mossy fibers, 

contain two forms of terminals: mossy terminals and filopodia. Structurally and functionally, they 

are different. For instance, mossy terminals are larger in size, fewer in number, and innervated by 

principal cells. On the other hand, filopodia are smaller, numerous, and innervated by interneurons. 

The DG mossy neurons from the hilar region have a powerful projection to the CA3 principal cells 

that are located in the SP sublayer. Once they contact the CA3 neuronal dendrites, the trisynaptic 

loop reaches the second stage. The mossy fibres axons projects to the CA3 proximal and apical 

dendrites. The filopodia synapse with CA3 GABAergic interneurons and the CA3 principal 

neurons generate excitatory inputs in both SO and SR. The Schaffer collaterals constitute the third 

element of the trisynaptic circuitry. In this stage, the CA3 principal cells project to the CA1, SO, 

and SR. The CA3 Schaffer collaterals send a strong excitation into the CA1 cells’ proximal 

dendrites. The CA1 principal neurons direct the hippocampal circuitry output to the subiculum and 

the entorhinal cortex. Thus, DG-CA3-CA1 fine tuning hippocampal circuitry provides efficient, 

delicate and unique information processing that are critical for higher cognitive tasks (Lawrence 

and McBain, 2003;Neves et al., 2008;Chevaleyre and Siegelbaum, 2010;Papp, 2013) as illustrated 

in Figure 1:1. 
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Figure 1:1 Hippocampal structure and circuitry (the tri-synaptic loop). 

An illustration of hippocampal basic structure using classical cresyl violet staining. The deep color 

represent the hippocampal excitatory cells condensed in single layer (SP in the CA1 and CA3, and 

granular cell layer in the DG).  Arrows dictate The tri-synaptic loop unidirectional path. Stage 1: 

hippocampal DG granular cells’ dendrites receive input carrying sensory information from the 

perforant pathway. Stage 2 (Schafer collateral) take place at the CA3 region. The DG neuronal 

axons project to the CA3 dendrites. Stage 3 occur at the CA1 region. The CA1 dendrites collect 

information from the CA3 circuitry input. CA1 collect the hippocampal output to the subiculum 

and entorhinal cortex. DG: dentate gyrus, CA: cornu ammonis, Sub: subiculum, EC: entorhinal 

cortex, S.O.: stratum oriens, S.P.: striatum pyramidalis, SR: striatum radiatum, LPP: lateral 

perforant pathway, MPP: medial perforant pathway. Adapted by permission from Macmillan 

Publishers Ltd: [Nature Reviews Neuroscience] (Deng et al., 2010), copyright (2010). 

1.2.3 Inhibitory Interneurons in the Hippocampus  

While the excitatory cells have stereotyped properties, the GABAergic inhibitory 

interneurons composed of diverse and highly heterogeneous groups Figure 1:2. These populations 

can be distinguished by their neurochemical, anatomical and electrophysiological properties. 

Based on their anatomical characters, they can basket, chandelier and bistratified cells. According 
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to their neurochemical expression they can be classified based on their calcium-binding protein 

content (parvalbumin, calbindin, and calretinin). Moreover, they can be classified according to 

their neuropeptides contents into neuropeptide Y and somatostatin. The most extensively studied 

subtype is the calcium-binding protein group, Particularly PVIs (Klausberger and Somogyi, 

2008;Tepper et al., 2010).  

 

Figure 1:2 The heterogeneity of GABAergic inhibitory in the hippocampal CA1 region.  

Klausberger and Somogyi characterized multiple types of interneurons in the CA1 area. 

 The blue represents the principal cells. The orange indicates the perisomatic and the somato-

dendritic innervations. Interneurons-interneurons innervations are shown in pink. The purple 

represents the axons. The yellow indicates the main synaptic terminations. The excitatory 

glutamatergic inputs are shown on the left. The Schaffer collateral and the perforant pathway are 

shown on right. DG: dentate gyrus, CA: cornu ammonis, Sub: subiculum, EC: entorhinal cortex, 

S.O.: stratum oriens, S.P.: striatum pyramidalis, SR: striatum radiatum; O-LM, oriens 

lacunosum moleculare; VGluT, vesicular glutamate transporter; VIP, vasoactive intestinal 

polypeptide.  Adapted with permission from The American Association for the Advancement of 

Science Publishers Ltd: [Science](Klausberger and Somogyi, 2008), copyright (2008). 
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The GABAergic inhibitory populations, particularly PVIs, connect to the principal cells in 

two forms: perisomatic and dendrodendritic (Szentagothai and Arbib, 1974). The perisomatic 

innervations are the most intensively studied. When the inhibitory cell axons lie close to the 

excitatory cell somata, they mediate perisomatic inhibition, which is one of the most abundant 

forms of inhibition (Szabadics et al., 2006;Glickfeld et al., 2009). Within the hippocampal CA1 

region, the perisomatic inhibitory cells can be basket or axo-axonic cells Figure 1:2. The basket 

cells can be PV (PVBcs) or CCK positive cells. Each one of them has distinct physiological 

properties. For instance, CCK positive cells synapse with excitatory cells in an asynchronous form. 

They also fire regular spikes and exhibit high input resistance. However, perisomatic PVIs displays 

synchronous innervations and connectivity with principal cells. They fire fast spikes, and they have 

lower input resistance (Freund, 2003;Winterer, 2012). PVBcs offer powerful and reliable 

clockwork that maintains synchronized network oscillations (Freund and Katona, 2007). A single 

perisomatic inhibitory cell has the ability to synchronize principal cells output at different 

frequencies, for instance, theta and gamma waves. Physiologically, they are essential for multiple 

cognitive functions (Freund and Buzsaki, 1996;Freund, 2003). 

The axo-axonic inhibitory cells (PVChcs) innervate the excitatory cells’ axons. They form 

a number of boutons on the AIS, securing adequate control over the excitatory output (Somogyi, 

1977). So far, only PVIs have been characterized to form this connection with principal cells 

(Kosaka et al., 1987). Within the dendrodendritic connections, the inhibitory neurons, mainly 

bistratified, contact the principal’ cells dendrites in the SR and SO (Winterer, 2012). They can be 

parvalbumin, Neuropeptide-Y, or somatostatin positive cells. This type of interneuronal 

connectivity is still under examination, and the list of the cells’ immunoreactivity and 

characterization is expanding. So far, it includes more than ten well-described members 

(Klausberger and Somogyi, 2008). 
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Figure 1:3 PVIs perisomatic inhibitory innervation, parvalbumin basket and parvalbumin 

axo-axonic cells.   

The basket cells innervate the principal cells (purple) soma and dendrites. Structurally this type 

of cells expresses GAD65 in their dendrites. On the other hand, parvalbumin chandelier cells 

innervate the principal cells AIS. Ankyrin-G and spectrin are AIS cytoskeletal proteins. 

Structurally, their dendrites express characteristics buttons. Adapted from (Woo and Lu, 2006). 

1.3 GABAergic inhibitory system 

1.3.1 The Synapses  

In the mammalian CNS, the GABAergic system is composed of GABAergic interneurons 

and synapses. At the presynaptic site, the synthesis of the inhibitory neurotransmitter GABA is 

achieved by 2 isoforms of decarboxylase enzyme (GAD67 and GAD65). Both isoforms show a 

distinct pattern of interneuronal localization, expression during development, and regulatory 

mechanism (Chattopadhyaya et al., 2007). GAD67 is responsible for the synthesis of the majority 

of GABA in the brain. In fact, knocking down the GAD1 gene (GAD67 encoding gene) would be 

lethal. Due to its critical role, alterations in GAD1 are linked to multiple psychiatric diseases 
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(Uchida et al., 2014 Yanagawa, & Fukuda, 2014). Reduction in GAD1, which leads to a decrease 

in the GABA level, is one of the consistent findings in schizophrenic postmortem studies (Lewis 

et al., 2012). Following GABA synthesis, vesicular GABA transporter (VGAT) loads the 

neurotransmitter into presynaptic vesicles. VGAT is a critical component of the GABAergic 

presynaptic site as it controls GABA dynamic release in a pH-dependent, precise, and accurate 

manner (Liu and Edwards, 1997).  Conditional VGAT-/- mice exhibit ataxia (disrupted motor 

coordination) and cognitive impairment similar to Fgf14-/- mice (Kayakabe et al., 2014). An 

electrical signal triggers GABA release (Saunders et al., 2015); the GABA diffuses to the 

postsynaptic sites, where it binds to GABA receptors and hyperpolarizes the postsynaptic sites of 

principal cells. 

1.4 The inhibitory interneurons  

1.4.1 Overview  

GABAergic inhibitory interneurons represent ~20% of all neurons in the cortex, yet they 

project axons over a large population of excitatory cells and exert dominant control on brain 

excitatory activity. The activity of interneurons is required for proper excitability, output, and the 

synaptic plasticity of excitatory cells (Ting et al., 2011). They exert their effects by the following 

means: i) feed-back and feed-forward inhibition, ii) regulating synaptic plasticity – LTP and LTD 

(Castillo, 2012), and iii) maintaining the network oscillations (Dupret et al., 2008). 

Interneurons are highly heterogeneous and extraordinarily diverse. They can be classified 

into chandelier, bistratified, and basket cells, depending on the shapes and organization of their 

somata and dendrites. Biochemically, they are classified based on their Ca2+ binding protein 

content, for instance, PV, calretinin (CR), and calbindin (CB). All these interneurons have distinct 

physiological properties, with regular, clustered, or irregular firing patterns (Krook-Magnuson et 
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al., 2012). The unifying feature of the interneurons is their ability to release GABA, which is an 

inhibitory neurotransmitter in the adult brain. 

Given these highly specialized functions and the powerful influence that interneurons have 

over many excitatory cells, it is not surprising that the disruption of several components of the 

GABAergic system has been linked to cognitive deficits in psychiatric disorders and 

neurodegenerative diseases (Bernard et al., 1998). Of particular interest where brain disorders are 

concerned are PVIs (Jiang et al., 2013). Dysfunctional PVIs have been strongly implicated in 

multiple neurological disorders, including epilepsy, Tourette’s syndrome, autism, and 

schizophrenia (Hill, 2004;Verte et al., 2005;Waltz and Gold, 2007;Campbell et al., 2008;Sebe and 

Baraban, 2011). 

1.4.2 The PVIs  

PV protein is a slow Ca+2 buffer. By reducing the presynaptic Ca+2 level, it helps to prevent 

the accumulation of Ca+2 presynaptically, thus protecting the cell from potential toxicity. 

Furthermore, buffering ability allows PVIs to regulate other Ca+2 dependent cellular functions, 

such as short-term synaptic plasticity. Since they prevent cumulative facilitation, PVIs maintain 

synaptic strength in an almost resting state (Chard et al., 1993;Caillard et al., 2000). 

Physiologically, PVIs fire unique fast spikes, which enable them to be dynamically involved in 

neuronal input and output circuitry signals (Connors and Gutnick, 1990;Erisir et al., 1999). PVIs’ 

firing properties render them powerful in the regulation of neural transmission in the brain 

(Woodruff et al., 2010). The sustained high-frequency trains of action potentials that PVIs generate 

synchronize large-scale oscillations, including gamma oscillations. Multiple in vivo studies 

demonstrate that PVIs are essential for generating gamma oscillations (Hashimoto et al., 

2003;Cardin et al., 2009;Sohal et al., 2009 & Deisseroth, 2009). 
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Voltage-gated sodium channels (Navs) play a vital role in action potential generation and 

propagation. They regulate neuronal excitability at the cellular and network levels (Meisler and 

Kearney, 2005). The Nav1.1 subunit is expressed primarily in PVIs (Ogiwara et al., 2007;Wang 

et al., 2011b). Alteration in the Nav1.1 encoding gene (SCN1A) gives rise to neuronal network 

asynchrony in epilepsy (Yu et al., 2006;Ogiwara et al., 2007). Nav1.1 haploinsufficiency leads to 

severe myoclonic epilepsy of infancy, a progressive age-dependent manifestation. During the first 

year of life, patients with this condition develop status epilepticus. Later, they experience ataxia, 

autistic-like behaviors, and cognitive deficits (Yu et al., 2006;Kalume et al., 2007;Cheah et al., 

2012;Rubinstein et al., 2015).  In an Alzheimer’s mouse model, the cell-specific depletion of 

Nav1.1 impaired the network oscillations and the cognitive capacity (Huang and Mucke, 

2012;Verret et al., 2012). In human postmortem studies of schizophrenia, the impact of PVIs on 

pathology in cortical networks is probably more attributable to the changes in their firing properties 

than to the reductions in their counts (Gonzalez-Burgos et al., 2015). This suggests that Nav1.1 

mediates inhibition by inhibitory cells, thus influencing neuronal synchrony and emphasizing the 

role of PVIs in AP regulation for proper brain wave activity. 

1.4.3 The Gamma Oscillations  

Gamma oscillations are brain waves detected at 30–100 Hz. They are critical for 

fundamental cognitive tasks, including perception, information processing, learning, and memory. 

They reflect dynamic and extreme delicate interactions between excitation and inhibition 

circuitries. Thus, they constitute a useful diagnostic tool for cognitive capacity. Moreover, they are 

utilized as an endophenotype for brain disorders (Porjesz and Rangaswamy, 2007). Multiple 

studies have reported that dysfunction in the auditory-evoked gamma wave response is associated 
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with working memory deficit in schizophrenic patients (Liu and Edwards, 1997;Light et al., 

2006;Teale et al., 2008). 

Within the cortex, gamma oscillations are the result of delicately synchronized principal 

cells spiking (generating AP) (Kann, 2015). PVIs are expressed in the cortex, cerebellum, and 

hippocampus (Seto-Ohshima et al., 1989). In the hippocampal CA1 region, they represent more 

than 70% of interneuronal populations (Szilagyi et al., 2011). One of the pathophysiological 

scenarios in brain disorders is based on alterations in PVIs that lead to dysfunctional fast spikes 

and impaired gamma oscillations (Kann, 2015). PVIs have been found to be reduced in multiple 

animal models of neurological and neurodevelopmental disorders such as Alzheimer’s disease, 

autism, bipolar disorder, and schizophrenia. 

It is believed that impaired cognition and reduced gamma oscillations in schizophrenia and 

other psychiatric disorders are the basis for reduced executive function (Lewis and Moghaddam, 

2006) and are caused by a specific loss in PVI function (Lewis et al., 2012). 

1.5 The Current Status  

So far, we know that the CNS will not function properly if there is an imbalance between 

excitation and inhibition (Yizhar et al., 2011). Alterations in the GABAergic system are linked to 

abnormal information processing and cognitive impairment in a broad range of 

neurodevelopmental disorders (Smith-Hicks, 2013). PVIs play a critical role in generating the 

gamma oscillations that are essential for cognitive capacity. Proper Nav1.1 currents in PVIs are 

indispensable for cognitive function (Yu et al., 2006;Cheah et al., 2012;Han et al., 2012). 

Currently, there is a lack of knowledge regarding the molecules that modulate PVI structure, 

expression, development and function. Therefore, we need to identify the molecules that regulate 

PVIs in the normal brain and the diseased brain. 
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1.6 FGF14 

1.6.1 overview  

FGF14 is an intracellular growth factor that belongs to the fibroblast growth factor (FGF) 

family. FGFs are classified into two groups: secretory FGFs and intracellular FGFs. Moreover, 

their structure and amino acid sequence are highly conserved. Secretory FGFs bind tyrosine kinase 

FGF receptors and mediate multiple functions such as neuronal growth, differentiation, and 

survival. Four FGF family members (FGF11-14) lack tyrosine kinase binding residues and are 

called intracellular growth factors. However, they bind the alpha subunit carboxy terminus of the 

voltage-gated sodium channel and modulate neuronal voltage-dependent activities (Yan et al., 

2013;Ornitz and Itoh, 2015).  FGF14 has been found to be involved in multiple neuronal events, 

such as neuronal excitability (Laezza et al., 2007;Shakkottai et al., 2009), glycogen synthase kinase 

3 signaling (Shavkunov et al., 2013;Leterrier and Dargent, 2014), synaptic transmission (Yan et 

al., 2013;Xiao et al., 2007 ), presynaptic Ca+2 currents, the recycling of presynaptic vesicles (Yan 

et al., 2013), the maintenance/loading of glutamatergic synaptic vesicles (Tempia et al., 2015), and 

adult neuronal stem cell maturation. 

In humans, multiple forms of alteration in the FGF14 encoding gene have resulted in its 

being reported an emerging disease gene. For example, the Fgf14 missense mutation is a leading 

cause of spinocerebellar ataxia type 27 (SCA27). SCA27 is a progressive neurodegenerative 

disorder characterized by motor dysfunction and cognitive impairment (Wang et al., 2002;Brusse 

et al., 2006;Hsu et al., 2014). Other SCA27 genetic studies have revealed abnormalities in the 

FGF14 encoding gene, for instance frameshift mutations (Dalski et al., 2005), microdeletion 

(Megan E Tucker, 2013), and nonsense mutations (Misceo et al., 2009). Genome-wide studies 

reported the occurrence of SNPs in the FGF14 encoding gene in major depressive disorders, 
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bipolar disorder, and schizophrenia (Wang et al., 2002;Goldfarb, 2005;Laezza et al., 2007;Laezza 

et al., 2009;Terwisscha van Scheltinga et al., 2010;Shavkunov et al., 2013;Hsu et al., 2014). This 

suggests that FGF14 is an emerging brain disease risk gene and might be a good candidate for the 

identification of a biomarker or potential therapeutic target in brain disorders characterized by 

cognitive impairment. 

1.6.2 Rationale 

Four critical facts have influenced this project. First is the fact that the genetic deletion of 

Fgf14 causes cognitive impairment and locomotor dysfunction, including ataxia and paroxysmal 

dyskinesia. These phenotypes were explained by an imbalance between the dopaminergic 

inhibition pathway (D1 receptor) and dopaminergic excitation signals (D2 receptor) in the basal 

ganglia (Wang et al., 2002). Growing evidence suggested that the impaired dopaminergic tone in 

the basal ganglia was strongly influenced by an imbalance in the hippocampal circuitry 

(Taepavarapruk et al., 2000;Floresco et al., 2001;Floresco et al., 2003;Shah and Lodge, 

2013;Boley et al., 2014).  Second is the fact that alterations in neuronal excitability are highly 

implicated in PVIs dysfunction in neuropsychological disorders (Gonzalez-Burgos et al., 2015). 

Third is the importance of FGFs in the regulation of the neuronal plasticity and functions attributed 

to learning and memory (Wozniak et al., 2007;Need et al., 2009;Xiao et al., 2007 ).  

The fourth fact is related to adult neurogenesis, which is a physiological process that occurs 

in two brain regions: the olfactory bulb and hippocampal DG. In each neurogenesis cycle, the 

neuronal stem cells proliferate, differentiae, migrate, and then become fully mature cells, at which 

point they integrate into the circuitry (Johnson et al., 2009;Sun et al., 2011;Tye et al., 2011). 

Functionally, adult neurogenesis is essential for multiple cognitive processes. Subtle changes in 

this physiological course’s stages have been linked to the cognitive deficits of neurological 
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disorders, including Huntington’s disease, Alzheimer’s disease, depression, and schizophrenia 

(Ming and Song, 2005;Taupin, 2008;Jun et al., 2012). 

One form of the abnormal alterations in adult neurogenesis is known as immature DG 

(iDG). We recently found that the genetic deletion of FGF14 resulted in iDG (Alshammari et al., 

2015). The elevation in immature neuronal markers and accompanying reduction in mature 

markers are hallmarks of pathophysiological alterations of DG, named iDG. Multiple psychiatric 

animal models exhibit iDG phenotypes, including genetically modified strains such as α-CaMKII 

heterozygous mice, SNAP-25 knock-in, Schnurri-2 knockout, and region-specific calcineurin 

knockout mice. In these animal modes, the neuronal immaturity during adulthood is accompanied 

by cognitive impairments, which mostly comprise working memory deficits. The cellular and 

molecular iDG phenotypes have been identified in schizophrenic and bipolar human patients using 

both immunohistochemical analysis and gene expression profiling. Recently, iDG has been 

considered as an endophenotype for brain disorders (Yamasaki et al., 2008;Hagihara et al., 2013). 

These facts prompted me to hypothesize that Fgf14 expression might play a role in 

maintaining the PVIs and regulating GABAergic synapses, which are the basis for cognitive 

deficits in brain disorders  Figure 1:4.  

To validate this hypothesis, I chose the hippocampal CA1 region. Compared to other 

cortical regions, it is one of the most intensively studied area. The structural simplicity allowed 

the cellular morphological and functional examination. Moreover, the CA1 directs the largest 

hippocampal output to the cortex (Insausti and Munoz, 2001;Klausberger and Somogyi, 2008). In 

schizophrenia, anatomical abnormalities in CA1 area considered as a disease severity and a 

treatment evaluation index (Zierhut et al., 2013). 
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Figure 1:4 Schematic representation of my hypothesis. 

Phenotypes observed in Fgf14-/- reveal a possible reduction in parvalbumin interneurons (PV) 

in specific sub-field of the CA1 region. Also, in both pre- and postsynaptic inhibitory synapses, 

lack of Fgf14 might result in decrease in GAD67and VGAT expression accompanied alterations 

in gephyrin expression, a postsynaptic inhibitory marker. Designed by Alshammari, Tahani. 

1.7 The Goal of this Study 

My first goal was to determine the role of FGF14 in regulating the expression of PVIs and 

GABAergic synapse composition in the hippocampal CA1 region. I started this study by counting 

the total PVI population, which is presented in chapter three. We found selective cell loss in the 

CA1 region. To understand whether this reduction was global or specific, we quantified: 1) the 

total PV protein content per soma, 2) the neuropil density, and 3) the total neuronal populations. 

The results indicated that the reduction in PVIs was selective to the SO and SP. This suggested 

that the perisomatic inhibition and axo-axonic inhibition were altered in Fgf14-/-. Next, we 

examined the GABA synthesis and transporting machineries (GAD67 and VGAT respectively). 



18 

 

Furthermore, we sought to determine whether functional consequences accompanied these 

structural alterations at the cellular, circuitry, and behavioral levels. To address these questions, 

we examined the inhibitory circuitry using the whole-cell patch clamp (sIPSC and mIPSC). We 

conducted an in vivo gamma oscillation recording and examined the spatial working memory. 

Then, for added translational value, we conducted a computational analysis using postmortem 

transcriptomic data sets.  

In chapter four, I expand our study to the GABAergic postsynaptic compositions that are 

relevant to cognitive impairment in brain disorders. In order to understand whether FGF14 

influences the GABAergic postsynaptic integrity and function, we examined the gephyrin, 

GABAA alpha-1, and alpha-2 subunits. We then characterized these proteins using 

immunohistochemical studies and puncta analysis. 

After characterizing the role of FGF14 in regulating PVIs, I wanted to understand the 

mechanisms of PVIs loss in Fgf14-/- mice. In chapter five, I conducted developmental studies to 

quantify the total number of PVIs in three age groups. Then, I ask whether this reduction was due 

to the activation of the apoptotic machinery (capsase-3). In the last set of experiments, I examined 

the AIS structure. To provide a link between lacking FGF14 and the loss in PVIs that could be due 

to dysfunctional circuitry. 

1.8 Significance 

Most mental disorders, including neurodevelopmental, degenerative, and psychiatric 

disorders, are incurable long-term diseases. Cognitive impairment is common among these 

disorders, and, so far, there is no effective treatment for the cognitive deficit (Green, 2007;Duinen 

et al., 2015). The disability and the distress represent an expensive burden to the patients, the 

family caregivers, and the system. Thus, the cost is growing. These life-long conditions impact the 
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productivity of the patients and their families. This indicates the importance of identifying better 

therapeutic interventions for neuropsychiatric disorders, particularly for cognitive impairment 

(McGovern-Institute;Okura and Langa, 2011;Sahakian et al., 2015).  

This project is innovative because the molecular and cellular mechanisms underlying the 

role of FGF14 in regulating GABAergic system have not been explored yet. Furthermore, the 

project has the goal of identifying new target mechanisms that maintain GABAergic fidelity and 

cognitive capacity. This work is significant because it helps to fill the gaps in our knowledge, 

providing a better understanding of the GABAergic system in animal model of schizophrenia and 

other neuropsychiatric disorders in conveying a potential therapeutic targets for disease treatment. 
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Chapter 2: Materials and Methods1 

The following chapter illustrates the experimental procedures used in this work.  

2.1 Animals 

  Fgf14-/- mice were maintained on an inbred C57/BL6J background (greater than ten 

generations of backcrossing to C57/BL6J) Animals were bred in the UTMB animal care facility 

by mating either heterozygous Fgf14+/- males and females or homozygotes Fgf14-/- males with 

Fgf14+/- females. The University of Texas Medical Branch operates in compliance with the United 

States Department of Agriculture Animal Welfare Act, the Guide for the Care and Use of 

Laboratory Animals, and IACUC approved protocols.  Mice were housed, n≤5 per cage, with food 

and water ad libitum.  All genotypes described were confirmed by in house PCR analysis, Charles 

River Laboratories International, Inc. (San Diego, CA), or conducted at Transnetyx Inc. (Cordova, 

TN). 

2.2 Genotyping  

Genotyping was described previously in (Wang et al., 2002). Typically, protocols started 

with DNA extraction from a mouse tail biopsies using a Puregene Core Kit-A (QIAGEN, Valencia, 

CA) according to the manufacturer's protocol, followed by PCR targets amplification.  The targets 

of genotyping to detect the Fgf14-/- constructs and the wild type alleles were custom-designed and 

purchased from Integrated DNA Technologies (Coraville, IA) of mouse Fibroblast Growth Factor 

14 (Fgf14) wildtype (primers: forward, 5'-CTA GTT TCA TGA AAT CCC TAT TTC-3'; reverse, 

5'-GCC TTG CCT GCA ATA TAA CCT GGT CAC-3'), together with mouse Fgf14 knockout 

                                                 

 
1 Parts of chapter are published in Frontiers cellular neuroscience (Alshammari et al., 2016), and 

parts are accepted for publications in Translational Psychiatry (March 2016). 
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allele (primer: reverse 5'-CGC TAT TAC GCC AGC TGG CGA AAG-3'). Amplification cycles 

of PCR (30) were performed and cycling temperatures and times were as follows: 95°C for 2 

minutes (initial denaturation), followed by 30 cycles of: 95 °C for 30s (denaturation), 55°C for 1 

min (annealing), 72°C for 1 min (extension) followed by 3 min at 72°C (final extension). Finally, 

Southern Blotting analysis were used to locate a particular target bands. The wildtype bands 

detected at 255 bp and the Fgf14-/- band detected at 350 bp  Figure 2:5.  Bands were visualized 

using FluorChem® HD2 System. 

2.3 Paraformaldehyde Fixation 

2.3.1 Rationale.  

In neuroscience research, one of the most routinely used techniques is 

Immunohistochemistry. This approach allows detection, tracking, and quantification of proteins 

via fluorescence microscopy. Basically, it provides descriptions of the pattern and the level of 

proteins expression in cell type and tissue-specific context.  

Optimal results depend mainly on two criteria: well-preserved tissue and ideal fixation. For 

conventional immunohistochemistry, regular 4% PFA intracardial perfusion process was effective 

in providing well-preserved tissue, sharp detectable immunoreactivity and as a consequences 

easily quantifiable signals. One of the most recognized drawbacks of PFA fixation is masking 

antigenicity. Especially in visualizations the delicate sub-cellular structures such as AIS, which 

requires brief or almost non-fixative treated tissue in order to be detected.  

This generate a technical barrier because the core question here was whether FGF14 is a 

component of PVIs or not? To answer this question, we needed to conduct FGF14, PV and AIS 

marker- such as Ankyrin or spectrin- a triple staining experiment. As shown in Figure 2:1, snap 

frozen sections are ideal for AIS proteins including FGF14, and PanNav. The same condition 
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results in undetectable signals of PV (data not shown). However, when I treated the sections with 

methanol, I observed a weak detected PV signals in the soma and almost non-detected 

immunosignals in the dendrites. 

In order to improve the available choices and combine the advantages of both approaches, 

the brief, and the strong fixation, I designed a study composed of three tissue preparations (snap-

freezing, fixed sections, and freshly prepared living tissue). Using up to ten experimental 

conditions, the variable was either fixative material, concertation, fixation time, and washing 

buffers. Our goals were: 1) to obtain sharp AIS signals; 2) to get well-preserved tissue 3) to be 

able to detect cell type markers, such as NeuN, calbindin, and PV.  

The results demonstrated two optimal experimental conditions. The first condition is based 

on using mixed fixative, i.e. 1% formaldehyde mixed with 0.5% methanol. We used a 

commercially available product from (diluted at 37% in 1X PBS, MasterTech Scientific, catalog 

number fxfor37gal). As shown in Figure 2:2 this condition is ideal for detection FGF14 

immunoreactivity and cell-type markers (NeuN) in multiple brain regions including the 

cerebellum, hippocampus, and the cortex. The second condition is permeabilizing the 4%PFA 

fixed tissue with cold acetone at -20 for 7 minutes. I chose the second condition because it is the 

best suited to our work routine. This condition has been tested with multiple markers and in 

different brain regions Figure 2:3 and tested and in Fgf14-/- mice as a control Figure 2:4 

(Alshammari et al., 2016).  

2.3.2 Intracardial fixation with 4%PFA 

 Age- and gender- matched Fgf14+/+ and Fgf14-/- mice were first deeply anesthetized with 

2,2,2-tribromoethanol 250 mg/kg intraperitoneal injection (Sigma-Aldrich, Saint Louis, MO). 

Then we perfused them intracardially with 1% phosphate buffer (PBS), followed by 1% or 4% 
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paraformaldehyde (MasterTech Scientific, Lodi, CA; Sigma-Aldrich) solution freshly prepared. 

To ensure complete tissue fixation, the brains were removed carefully and transferred into either 

1% paraformaldehyde for 30min to 1hr, or 4% paraformaldehyde 24h-48hr at 4°C and then 

cryopreserved in 30% sucrose/PBS in preparation for sectioning. 

 

Figure 2:1 Representative examples of The challenges that Faced staining of cell-type 

markers in sections prepared by snap-freezing (an ideal experimental option for AIS 

components detection). 

A. The detection of FGF14 immunoreactivity at the AIS (arrow) colocalized with PanNav (an AIS resident 

protein) in mouse cortical region using snap-frozen tissue that is treated with cold acetone. B. Confocal 

images represent FGF14 signals (gray/red) and weak PV (green) immunosignals in the CA1 hippocampal 

region using snap-frozen tissue that has been incubated with methanol. Scale bars represent 20 μm. 
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Table 2-1 Study design of the three experimental conditions.  
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The study includes three general tissue preparations, the fresh-frozen, the perfusion-fixed, and the freshly 

prepared acute brain slices tissue preparations.  Using up to ten experimental conditions, including variable 

fixation process, type of fixative, post-fixation material and/or time.  

 

 

Figure 2:2 Confocal images of FGF14 immunosignals detection in combination with NeuN 

using 1% formaldehyde + 0.5 methanol fixation.  

A. The red channels represent FGF14 immunosignals and NeuN signals represented by the green 

channel, in the cerebellum, hippocampus and the cortex. Scale bars represent 200 μm. 
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Figure 2:3 Confocal images of AIS detection in PVIs using 4% PFA perfused section 

treated with cold acetone. 

The gray/red channels represent FGF14 immunosignals, the green channel represents 
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parvalbumin immunoreactivity, and the blue channel represents the nuclei staining Topro-3 in 

the A. hippocampal DG, B. hippocampal CA3, C. CA1, and D. PFC. The arrows indicate FGF14 

immunosignals at the AIS. Scale bars represent 20 μm. 

 

 

Figure 2:4 Validation the detection of FGF14 axonal signals using Fgf14+/+ and Fgf14-/- mouse 

tissue in 4% PFA fixed tissue treated with cold acetone.  

A. Representative images of the sagittal sections, illustrating the immunofluorescent signals of 

parvalbumin (green), FGF14 (gray and red), and Topro3 (blue), in the prefrontal cortex from 

Fgf14+/+ and Fgf14-/- mice. The arrows indicate FGF14 immunosignals at the AIS in Fgf14+/+, but 

not Fgf14-/- tissue. Scale bars represent 20 μm. 

 

2.4 Tissue preparations  

2.4.1 Fixed brain preparations.  

Brains were allowed to completely sink to the bottom of the container before sectioning. Mouse 

brain were embedded in Tissue-Tek® medium, then sectioned sagittally into medium thickness slices 
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(15-25 μm) using a Leica CM1850 cryostat (at -18°C to -20°C). The sections stored in 24 wells-plate, 

as a free floating slices in a cryoprotectant solution at -20°C. This solution composed of equal amounts 

of ethylene glycol, glycerol and water, plus some sodium phosphate buffer.  

2.4.2 Fresh frozen preparations.  

In order to obtain Fgf14 AIS detection at the CA1 region fresh Frozen tissue preparations were 

used.  After anesthetizing the mice by using isoflurane (Baxter, Deerfield, IL), the brain was extracted, 

allowed to freeze in liquid nitrogen and stored at -80 °C. until use Once needed, the brains embedded 

in an optimum cutting temperature medium (Tissue-Tek® compound, Ted Pella, Inc, Redding, CA), 

which allow the brain cryosectioning at a convenient matrix. Using a Leica CM1850 cryostat (Leica 

Microsystems, Buffalo Grove, IL) we prepared thin sagittal sequential brain sections (10-15 μm). next, 

we mounted these sections on glass microscope slides (Fisherbrand® Superfrost Plus, Fisher Scientific, 

Pittsburgh, PA). After that sections were allowed to dry overnight at room temperature. The following 

day, the slides were stored at -80 °C until use.  

2.5 Cresyl violet  

To choose an anatomically matched sections Figure 2:5, we performed Cresyl violet 

staining. Two sagittal brain sections (25 μm) adhered to a positively charged slides (Poly-Prep 

Slides, Sigma-Aldrich, product number P0425) and kept at room temperature overnight to dry. 

Then, the slides were washed with water, followed by immersion in 100% xylene, for 3o min in 

three different wells, to allow tissue defatting. Next, the tissue undergoes alcohol rehydration. 

Followed by submerging the slides in cresyl violet (Sigma-Aldrich) for 30 min before another 

alcohol dehydration. Images were acquired using a Zeiss SteREO Discovery.V20 microscope 

along with AxioCam MRc5 and AxioVision Imaging System 4.8 software. Data were analyzed 

with ImageJ US NIH (http://imagej.nih.gov/ij).  

http://imagej.nih.gov/ij
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Figure 2:5 The gross morphology of hippocampus in Fgf14-/- mice.  

A. Representative images of the entire hippocampal sagittal sections using Cresyl violet staining. 

B.  Zoomed images of CA1 region, and the volumetric quantifications of the CA1 layer thickness. 

C. Example of Fgf14+/+ and Fgf14-/- bands detection by PCR.  

2.6 Immunofluorescence 

As described in (Alshammari et al., 2016)  Fgf14-/- and Fgf14+/+ age matched mice were 

transcardially perfused with PBS followed by 4% paraformaldehyde. For studies in chapter three 

we used 4-5 month old male mice and from each animal we used four issue sections. Brains were 

removed from the skull, post-fixed in 4% paraformaldehyde overnight, and soaked in 20% 

sucrose. For FGF14 staining in CA1, whole brains were removed, frozen in liquid nitrogen vapor, 

and stored at -80 °C until sectioning.  14 and 25-μm-thick sagittal sequential brain sections 

prepared using Leica CM1850 cryostat. Free floating sections pre-incubated with permeabilizing 

agent (1% triton, 0.5% tween in PBS or acetone), then incubated with a blocking buffer (10% NGS 
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in TBST) for 1 h followed by overnight incubation at 4 °C with a primary antibody diluted in the 

blocking buffer. Primary antibodies are listed  

Table 2:2. After five washes in 1% PBS the sections were incubated with appropriate secondary 

antibodies (Vector Laboratories). Counter staining using To-pro-3 (1:3000). Finally, sections were 

mounted on Superfrost® glass microscope slides (Fisher Scientific, Waltham, MA) and cover 

slipped with Prolong Gold anti-fade reagent (Invitrogen). 

 

 

Table 2:2 The primary antibodies used in this study. 

Antibody  Source  Company  Cat # Conc. 

Active 

Caspase-3 

Rabbit Millipore AB3623 1/1000 

FGF14  Mouse NeuroMabs N56/21 1/300 

GAD67 Mouse Millipore MAB5406 1/500 

GABAa 

Alpha1 

Guinea big Synaptic system 224 204 1/500 

GABAa 

Alpha2  

Rabbit Synaptic system 224 103 1/500 

Gephyrin  Rabbit Abcam Ab25784 1/400 

Nav1.1  Rabbit Alomone Labs ASC-001 1/500 

NeuN Mouse Millipore MAB377 1/750 

NeuN Guinea pig  Synaptic system 266 004 1/250 

PV Rabbit Abcam Ab11427 1/1000 

PV Mouse Swant PV235 1/500 

Spectrin  Chicken Gift from Dr. M. Komada, Tokyo Institute of 

Technology, Japan 

1/500 

PanNav Rabbit  Alomone Labs ASC-003 1/300 

2.7 Data acquisition and image analysis  

Confocal Images acquired using Zeiss LSM-510 META confocal microscope with a Plan-

Apochromat (20x/0.75na) objective, a C-Apochromat (40x/1.2 W Corr) objective, and Plan-

Apochromat (63x/1.46 oil) objective, with consistent gain and offset settings as well as number of 
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confocal images Z-stacks. Multitrack acquisition was performed with excitation lines at 488 nm 

for Alexa 488, 543 nm for Alexa 568, and 633 nm for A647. Z-series stack confocal images were 

taken at different intervals: 1 μm for 20x, 0.6 μm for 40x objective and 0.4 μm for 63x objective 

with a same pinhole setting for all three channels. With a frame size of 1024 X 1024 pixels (for 

cell counting) and 512 X 512 pixels (for PV, GAD67 and VGAT fluorescence intensity analysis). 

All confocal images were analyzed with software ImageJ US NIH version 1.483 

(http://imagej.nih.gov/ij).  

PV total neuronal populations cell counting. 

  Z-stack of confocal images (6 stacks per image) of PV interneurons and total neuronal 

population were quantified using an integrated Cell Counter plugin (ImageJ software, 

cell_counter.jar) and automated cell counting macro after applying the same threshold. For 

inclusion/exclusion criteria A well-defined somatic signal was counted as a cell. 

PV, GAD67 and VGAT fluorescence intensity in PV soma and PV soma size.  

  Z-stack confocal images (8-10 stacks per image) were sum-projected with ImageJ and 

mean of gray value, and soma size quantified using automatic macro allow to highlight ROI of 

well-defined PV soma co-labeled with either GAD67 or VGAT.  

 GAD67 and VGAT positive perisomatic puncta analysis. 

In CA1 SP  sublayer 8-10 stacks of confocal images were acquired in an area negative to 

PV cell body using a 63x/1.46 oil objective (1.4 zoom lens). Where puncta fluorescence intensity, 

number, and size were quantified using automatic macro allow to highlight ROI of puncta with 

0.1-10 µm2 area size within enclosed area (102.04 x 102.04 µm). For fluorescence intensity 

measurements in the soma inclusion/exclusion criteria, only cells with a well-defined soma were 

included in the analysis.  

Gephyrin, GABAA alpha-1, and alpha-2 puncta analysis. 

http://imagej.nih.gov/ij
http://rsb.info.nih.gov/ij/plugins/download/jars/cell_counter.jar
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The fluorescence quantifications conducted on sum projected confocal images acquired 

with 63x/1.46 oil objective (0.7 zoom lens). The puncta were quantified using automatic threshold-

based macro allows highlighting ROI of puncta with 0.5-10 µm2 area size within enclosed area 

(202. 3 x 202. 3 µm) at an image resolution of 512 X 512 pixels.  

Caspase-3 activity analysis. 

We performed NeuN/caspase-3 double immunolabelling experiments to quantify possible 

apoptotic activities. Caspase-3 immunoreactivity was quantified using NeuN mask. Confocal images 

acquired with a 63x/1.46 oil objective. Images converted to a gray scale Then threshold adjusted to 

create the mask at the NeuN channel. The fluorescence intensity was measured and quantified in all 

sections.  

Nav1.1, ankyrin-G, and spectrin AIS analysis 

For the fluorescence intensity quantifications in hippocampal CA1 region, a sum-projected Z-

stack confocal images acquired with a 63x/1.46 oil objective (0.7 zoom lens) at a resolution of 512 

X 512 pixels. The AIS ROI was highlighted using a threshold-based detection within enclosed area 

(202. 3 x 202. 3 µm).  

2.8 Quantification of the PV positive neuropil  

To estimate the density of the PV positive neurite network in the str. oriens and str. radiatum 

of the CA1 region, we used an ad hoc automated algorithm whose main step is an image 

segmentation routine based on support vector machines (SVM) targeted to vessel-like 

structures(Jimenez et al., 2014). This segmentation routine was first applied to the blue image 

channel in combination with a morphological closing operator to identify str. pyramidalis in the 

CA1 region and compute a corresponding mask M. To capture the neurite network in str. oriens 

and str. radiatum, located above and below str. pyramidalis, respectively, the mask M was 

displaced by a fixed vertical distance d (d=2X the average width of the mask M) to produce two 
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other identical masks Mso and Msr. The image segmentation routine was then applied to the green 

channel image (PV staining) to separate neurites from background. The density of neurites in str. 

oriens and str. radiatum was then estimated by computing the area occupied by neurites within Mso 

and Msr divided by the total area of the mask. Somas within the strata were excluded from the 

analysis using a blob detection routine. Figure 3:2 summarizes the steps of the algorithm.  

2.9 Western blotting for GAD67 and VGAT expression levels 

Western blotting was performed according to a previously described method (Tempia et al., 

2015). Briefly, Fgf14+/+ and Fgf14-/- mice (n=4 mice per group) hippocampal tissues were 

homogenized and lysed in a RIBA buffer on ice (Thermo Fisher Scientific). To prevent proteolysis 

and maintain protein phosphorylation protease and phosphatase inhibitors were added to the 

extraction buffer. The protein content was measured using Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific), then 30μg of the protein samples were mixed with 4x sample buffer 

SDS containing 50 mM TCEP (tris(2-carboxyethyl) phosphine), denatured 10 min 56oC and run 

on 7.5% polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA). Gels are electophoretically 

transferred into PVDF nitrocellulose membranes (Millipore, Bedford, MA) using a cold pack and 

pre-chilled transferring buffer contain in final concentration (mM) 20 Tris, 150 Glycine at pH 8 

for 1.5–2 hr, 75 V. Membranes were blocked with 2-3% non-fat dry milk in 1X Tris-buffered 

saline contains 0.1% Tween-20 (TBS-T) for 30 min and then incubated in a blocking buffer 

containing primary mouse monoclonal anti-GAD67 (1:7500, Millipore); mouse monoclonal anti-

VGAT (1:3500, Millipore); mouse β-GAPDH antibody as a loading control (1:5000; Thermo 

Fisher Scientific) overnight at 4oC. After three times washing with TBS-T for 30 min, 

nitrocellulose membranes were then incubated with horseradish-peroxidase conjugated secondary 

antibodies for 2 hr in TBS-T containing 2-3% non-fat dry milk followed by three more times 
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washing with TBS-T. Finally, nitrocellulose membrane was treated with ECL select western 

blotting detection reagent (GE Healthcare, Piscataway, NJ) and protein bands were visualized 

using FluorChem® HD2 System and analyzed using the publically available ImageJ/Fiji (fiji.sc/) 

software. Rectangular areas were drawn and overlaid on each band and mean gray intensity values 

of high resolution. TIFF imaging files were used for quantification. 

2.10 Whole-cell patch-clamp electrophysiology 

 Horizontal hippocampal slices were prepared from Fgf14+/+ and Fgf14-/- mice. Spontaneous 

and miniature inhibitory postsynaptic currents were recorded at room temperature from CA1 

pyramidal neurons, using a Multiclamp 700B amplifier (Molecular Devices, Union City, CA).  

Recordings were filtered at 2.2 kHz and digitized at 10–20 kHz using a Digidata 1322A analog-

to-digital interface and pClamp9 acquisition software (Molecular Devices, Union City, CA).  Patch 

pipettes (~4 MΩ) were prepared from borosilicate glass using a Narishige PC-10 vertical puller.  

The extracellular bath solution contained (in mM) 130 NaCl, 3.5 KCl, 10 glucose, 2 MgCl2, 2.5 

CaCl2, 23 NaHCO3, 1.25 NaH2PO4, osmolarity 300-310, pH 7.4 and the intracellular recording 

solution contained (in mM) 130 CsCl, NaCl 8, 10 HEPES, 10 EGTA, 4 MgATP, 0.4 NaGTP, and 

5 QX314, osmolarity 280-290, pH 7.3. In experiments with miniature inhibitory postsynaptic 

currents registration 1 µM of tetrodotoxin (TTX) was added. Briefly, after seal formation and 

membrane rupture, sIPSCs and miniature IPSCs were recorded at holding potential of -80 mV. 

Both sIPSCs and mIPSCs for each cell were analyzed using MiniAnalysis 6.0 (Synaptosoft, Justin 

Lee).  The threshold amplitude for the detection of an event was adjusted to 5pA (≥2S.D. above 

noise level). 

2.11 In vivo EEG 
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  For recording of extracellular field potentials in freely behaving mice, stainless steel wires 

were implanted in the right hippocampus (CA1). Electrodes were built with a stainless steel wire 

( 150 μm) connected to a gold pin. Electrodes were stereotaxically implanted in CA1 according 

to the following coordinates: AP = -2.1, L= 1.5, V= -1.6. A screw connected to a different gold 

pin over occipital areas served as reference and ground. All implants were secured using dental 

cement. After surgery, mice were allowed to recover for 7 days before testing. All recordings were 

performed in a customized Faraday chamber. Local field potentials (LFPs) were recorded and 

initially digitalized at 4 kHz and stored on a hard drive for offline analysis. Five 2-s epochs were 

visually examined and power spectra of artifact-free segments were computed using fast Fourier 

transforms by using the NeuroExplorer software with a 0.25 Hz resolution. Gamma power 

spectrum was divided into low-gamma (30-65 Hz), and high-gamma (65-100 Hz). Spectrograms 

were calculated using the NeuroExplorer software. At the end of each experiment, electrode 

placement was histologically verified with Nissl staining. 

2.12 Behavioral test  

 The eight arm radial maze test was performed in young animals between 2 and 4 months of 

age. All mice were transported to the testing room and left undisturbed for at least 1 h before 

beginning any behavioral protocol. At the end of each trial, the apparatus was accurately cleaned 

with 2% ethanol and water. All behavioral procedures were video-recorded and scored by an 

individual blind to the genotype of the mouse. The maze consisted of eight identical arms 

(length:  24 cm, width: 6, 5 cm, height: 15 cm) extending radially from an octagonal central area. 

At the end of each arm, there was a well (1 cm deep) in which reward (0.1 mL of saccharine 

solution) was placed. The apparatus was elevated 60 cm above the floor and surrounded by extra-

maze cues such as posters and objects, necessary for spatial orientation. Beginning on the day prior 
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to the adaptation phase, the animals were water deprived for 24 h, and then their access to water 

was restricted to 2 h per day in their home cages, after the test. Food was freely available during 

the time of experiments. Mice were trained for four consecutive days, and the test was performed 

on day five. During the experiment, the maze was maintained in a constant orientation. We 

performed the 4-8 version of eight-arm radial maze as previously described (Satoh et al., 2007). 

During the training phase mice were trained once per day for four days. Only four arms were baited 

(arms 1, 3, 5, 7). Each mouse was placed in the central area of the maze with all arms closed. After 

10 s, only the doors of the 4 baited arms were opened and the animal was allowed to explore the 

baited arms for 10 min while the other four arms were kept closed. The fifth day (the test day) all 

arms were opened with only four arms baited. Each mouse was placed in the center of the maze 

with all arm entries closed. After 10 s, the doors were opened and the mouse was permitted to enter 

any of the eight arms. The same four arms baited in the adaptation phase were baited also in this 

phase (arms 1, 3, 5, 7). The trial ended after either all the saccharine solution was consumed or 

after 10 min had elapsed, whatever occurred first. An arm entry was counted when all four paws 

of the animal crossed the entrance of the arm. The time necessary to consume the saccharine 

solution in all baited arms was defined as latency. Re-entry in a previously visited arm was 

considered a working memory error.  

2.13 Functional annotation and pathway enrichment of FGF14 co expression gene 

network  

Identifying the FGF14 coexpression gene network in the relevant disease/tissue was 

conducted by a web-based query engine provided by SEEK (http://seek.princeton.edu/). We used 

default the value for search options. Dataset aggregation was set up as CV RBP weighted, which 

was a cross-validated, query-based dataset weighting, followed by a combination of datasets’ co-

expression scores using the relevance weights; the fraction of query genes in each dataset should 
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cover at least 50%; the fraction of genome in each dataset should cover at least 50%; the distance 

measure was set up as Z-score of correlation with gene connectivity correction; the RBP parameter 

p was set up as 0.99. The refined search in SEEK was conducted by selecting different brain 

regions relevant to schizophrenia, including PFC, HIP, Caudate nucleus, and Substantia Nigra. As 

the software described, all the available datasets for each category should be included as long as 

the expression data for that particular gene we were interested was observed. We provided the co-

expressed genes with their RANK, Coexpression Score, and p value. The detail for the calculation 

was documented in http://seek.princeton.edu/faq.jsp. Since we only reported a list of candidate 

genes coexpressed with FGF14 in a tissue-specific manner, we did not provide cut-off for RANK 

and p value.;"an enriched dataset" referred to the dataset weighted the highest based on the 

weighting algorithm used by SEEK. The detail for the calculation is documented in 

http://seek.princeton.edu/faq.jsp (No 4 and 5). The enriched datasets represent the dataset weighted 

highest in each tissue type. Functional annotation and pathway enrichment analysis with GO and 

KEGG terms were also performed using the built-in advanced analysis tool in SEEK. We selected 

the top 200 and then extended to 500 coexpressed genes for the subsequent pathway analysis with 

KEGG or GO Biological process terms. We only reported pathway analysis results from top 500 

genes because RBP parameter p was set up as 0.99, indicating the top 1000 correlated genes were 

considered significantly important. Functional categories related to brain were expected since the 

top enriched co-expression genes were all expressed in that brain region. However, the purpose to 

perform the pathway analysis with the built-in analysis tool in SEEK was to identify which brain-

related function was mostly enriched to the top in FGF14 coexpression gene network in HIP or 

PFC. Finally, enriched datasets, with the corresponding accession number, were downloaded from 

NCBI GEO and the global differential gene expression between control and schizophrenia samples 

http://seek.princeton.edu/faq.jsp
http://seek.princeton.edu/faq.jsp
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was further analyzed by R Limma package from quality assessment, data transformation, to linear 

models with eBayes fit.  

R script for LIMMA package was obtained from www.ncbi.nlm.nih.gov/geo/geo2r/with 

some modification. This script included auto-detect log2 transform which is commonly used for 

Affymetrix array data as showed below.  Value distributions for each sample can be viewed as a 

box plot for QC purpose. According to GEO database, Submitters were asked to supply normalized 

data in the VALUE column, so that the samples in data dataset were cross-comparable. The data 

normalization method was described in the original manuscripts (Iwamoto et al., 2005;Narayan et 

al., 2008).   

Subjects were allocated to schizophrenia and controls based on clinical diagnostic criteria 

which were described previously.  The control group was matched to the schizophrenia group in 

terms of gender and age in two independent datasets. The covariates such as age, gender, and 

sample pH were included in the linear model as showed in the following equation for dataset 

GSE21138 but not for GSE12649 (covariates not available from NCBI GEO database).  design <- 

model.matrix(~ description + ph + AGE +Sex + 0, gset). Linear regression and ANOVA assumed 

the sample distributed normally. Therefore, we did an initial Leveen test for equality of variance 

and showed that the dataset for FGF14 did not follow the normal distribution with significant 

unequal variance particularly in GSE12649. According to the boxplot for the distribution of global 

gene expression, we identified three subjects having significant decreased median value of global 

gene expression, suggesting they were systemic outliers. We removed two additional samples 

because they had a mean >2 SD just like those 3 samples for FGF14. After removing five samples, 

control and disease groups had equal variance.  Other statistical graphics was created by R ggplot 

or R rmeta package. The final sample size for GSE21138 was 59 (30/29 for SCZ/Control) and that 

for GSE12649 was 64 (34/30 for SCZ/Control). We did not include any bipolar cases from 

http://www.ncbi.nlm.nih.gov/geo/geo2r/with
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GSE12649 and five samples have been removed from the final analysis of GSE12649 due to 

significant decreased median value of global gene expression according to the boxplot for QC.  

2.14 Statistical Analysis 

  Data were expressed as means ± S.E.M The statistical significance of observed differences 

among groups was determined by Student's t test or the corresponding nonparametric tests, Mann-

Whitney rank sum, based on the distribution of the samples underlying the populations. Patch-

clamp electrophysiology data were compared across genotypes with a Kolmogorov-Smirnov 

probability distribution. For brain weights developmental tracking and PVIs age-related changes 

we used two-way ANOVA tests and post hoc Fisher LSD. A p< 0.05 was regarded as statistically 

significant. 
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Chapter 3: 2The effect of Fgf14 genetic deletion on PVIs, 

GABAergic presynaptic components, and GABAergic 

circuitry  

 

Cognitive processing is highly dependent on the functional integrity of gamma-amino-

butyric acid (GABA) interneurons in the brain. These cells regulate excitability and synaptic 

plasticity of principal neurons balancing the excitatory/inhibitory tone of cortical networks. 

Reduced function of parvalbumin (PV) interneurons and disruption of GABAergic synapses in the 

cortical circuitry result in desynchronized network activity associated with cognitive impairment 

across many psychiatric disorders, including schizophrenia. However, the mechanisms underlying 

these complex phenotypes are still poorly understood. Here, we show that in animal model, genetic 

deletion of fibroblast growth factor 14 (Fgf14), a regulator of neuronal excitability and synaptic 

transmission, leads to loss of PV interneurons in the CA1 hippocampal region, a critical area for 

cognitive function. Strikingly, this cellular phenotype associates with decreased expression of 

glutamic acid decarboxylase 67 (GAD67) and vesicular GABA transporter (VGAT) and also 

coincides with disrupted CA1 inhibitory circuitry, reduced in vivo gamma frequency oscillations, 

and impaired working memory. Bioinformatics analysis of schizophrenia transcriptomics revealed 

functional co-clustering of FGF14 and genes enriched within the GABAergic pathway along with 

                                                 

 
2 This chapter is accepted in Translational Psychiatry (March 2016). 

Part of this chapter was published as conference proceedings paper in American College of 

Neuropsychopharmacology 54th meeting (December 2015) 
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correlatively decreased expression of FGF14, PVALB, GAD67 and VGAT in the disease context. 

These results indicate that Fgf14-/- mice recapitulate salient molecular, cellular, functional and 

behavioral features associated with human cognitive impairment and FGF14 loss of function 

might be linked to biology of complex brain disorders. 
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3.1 Introduction  

Psychiatric diseases such as schizophrenia, depression, and bipolar disorder are associated 

with cognitive deficits thought to arise from an imbalance between the excitatory and inhibitory 

(E/I) tone in cortical circuits (Lewis et al., 2012;Nissen et al., 2012). Fast-spiking GABAergic PV 

interneurons play a fundamental role in maintaining E/I balance, controlling excitability, and 

shaping the synaptic plasticity of principal neurons (Yizhar et al., 2011). Even though disrupted 

function of other types of inhibitory neurons has been associated with the etiology of brain 

disorders, changes in PV neurons are one of the most consistent associations. In animal models, 

reduced function of PV neurons results in desynchronized network activity, decreased gamma 

frequency oscillations, and cognitive deficits, phenotypes that mimic clinical presentation and 

post-mortem tissue studies of virtually all human brain disorders associated with disrupted 

cognition (Lewis et al., 2004;Lewis et al., 2005;Hashimoto et al., 2008;Lewis et al., 2008;Volk 

and Lewis, 2010;Eggan et al., 2012;Lewis et al., 2012;Curley et al., 2013). 

In schizophrenia and bipolar patients, the number of PV interneurons and the expression 

level of molecular components of GABAergic synapses, such as GAD67, VGAT, are found 

decreased in post-mortem brains leading to the “GABA hypofunction hypothesis” as a potential 

etiology (Conde et al., 1994;Beasley et al., 2002;Zhang and Reynolds, 2002;Knable et al., 

2004;Torrey et al., 2005;Guidotti et al., 2011;Lewis et al., 2012). Yet, the molecular understanding 

of how such a detrimental loss of the GABAergic system might lead to corrupted cortical networks 

manifesting in disease remains poorly explored.  

Recent large-scale genome-wide association studies (GWAS) identified FGF14 as a locus 

of SNPs and as such a potential disease-associated gene for schizophrenia, bipolar disease, 

depression, epilepsy, and addictive behaviors (Liu et al., 2006;Jungerius et al., 2008;Drgon et al., 

2010;Hodgkinson et al., 2010;Brennand et al., 2011;Hu et al., 2011;Verbeek et al., 2012;Hunter et 
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al., 2013;Spencer et al., 2013;Chen et al., 2014;Olson et al., 2014), corroborating initial reports of 

missense mutations in FGF14 as genetic links to the neurodegenerative disorder, spinocerebellar 

ataxia 27 (Van Swieten et al., 2003;Brusse et al., 2006). These results highlight the possibility of 

an as yet undiscovered and pivotal role for the FGF14 gene in psychiatric disorders.  

Highly expressed in the CNS,  FGF14 is an accessory protein of voltage-gated Na+ (Nav) 

channels at the axonal initial segment (AIS) (Laezza et al., 2007;Goetz et al., 2009;Laezza et al., 

2009;Shavkunov et al., 2012;Shavkunov et al., 2013;Ali et al., 2014;James et al., 2015), a regulator 

of neuronal excitability (Goldfarb et al., 2007;Laezza et al., 2007;Shakkottai et al., 2009;Bosch et 

al., 2015), a presynaptic organizer of glutamatergic synapses (Yan et al., 2013;Xiao et al., 2007 ), 

a scaffolding molecule for kinase signaling pathways (Shavkunov et al., 2012;Shavkunov et al., 

2013;Hsu et al., 2014;Hsu et al., 2015) and a regulator of synaptic plasticity (Wang et al., 

2002;Wozniak et al., 2007;Xiao et al., 2007 ). At the circuitry and behavioral level, genetic deletion 

of FGF14 in Fgf14-/- mice results in presynaptic structural deficits of CA3-CA1 hippocampal 

synapses, decreased long-term potentiation (LTP), and cognitive deficits, aberrant responses to 

epileptic agents, and decreased threshold for seizure induction (Wang et al., 2002;Wozniak et al., 

2007;Xiao et al., 2007 ). Furthermore, Fgf14-/- mice exhibit abnormal locomotor activity explained 

by a reduced response to dopamine receptor D2 agonists in the basal ganglia (Wang et al., 2002). 

Both phenotypes in the hippocampus and the basal ganglia could imply an impaired GABAergic 

tone supporting the emerging view of a tight correlation between the dopamine and the 

GABAergic systems (Shah and Lodge, 2013;Boley et al., 2014). Yet, evidence of FGF14 control 

of GABAergic inhibitory transmission is lacking.  

Using a combination of confocal microscopy, patch-clamp electrophysiology, in vivo local 

field potential recordings, and behavioral studies, we discovered that genetic deletion of Fgf14 in 

rodents leads to a reduced number of PV interneurons, decreased expression of GAD67 and VGAT, 
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and reduced GABAergic transmission in CA1 pyramidal neurons associated with impaired gamma 

oscillations and working memory. Further, bioinformatics analysis of schizophrenia 

transcriptomics confirms FGF14 functional clustering with GABAergic synaptic signaling and 

identifies genetic covariance of FGF14, PVALB, GAD67, and VGAT in the disease, supporting 

Fgf14-/- mice as an attractive model to interrogate the biology of complex brain disorders 

associated with disrupted cognitive circuitry such as schizophrenia.   

3.2 Material and Methods 

Methods for Fgf14-/- colony maintenance, perfusion, tissue preparation and sectioning, 

Immunofluorescence, image acquiring and analysis, cresyl violet, Western blotting, Whole-cell 

patch-clamp electrophysiology, in vivo EEG, eight-arm radial maze behavioral test, and 

computational analysis on human transcriptomic studies were outlined previously in this work. A 

complete description of these techniques is detailed in Chapter 2.  

3.3 Results 

Anatomical abnormalities found in the CA1 hippocampal region of post-mortem brains from 

schizophrenia patients have been identified as an index of the disease severity and treatment 

responsiveness (Zierhut et al., 2013).These studies along with the reported association between 

hippocampal PV neurons with cognitive function in the normal brain and in schizophrenia, 

prompted us to begin our investigations in the CA1 hippocampal region (Zhang and Reynolds, 

2002;Torrey et al., 2005;Shah and Lodge, 2013;Zierhut et al., 2013;Boley et al., 2014).  Thus, we 

first asked whether FGF14 was expressed in PV interneurons in the CA1 region. Confocal imaging 

confirmed that FGF14 is expressed at the AIS of cells across all CA1 sub-layers Figure 3:1A 

including PV positive neurons Figure 3:1B. Therefore, we posited whether genetic ablation of 

Fgf14 might have physiological consequences for these inhibitory neurons. 
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To test this hypothesis, we first examined whether the overall number of PV interneurons in the 

CA1 area was affected by genetic loss of FGF14. Cell count quantification based on 

immunofluorescence staining revealed that the total number of PV positive cells was significantly 

reduced in Fgf14-/- mice compared to wild type controls (Figure 3:1C-E 74.21% ± 5.02, 100% ± 

4.89, p<0.001), consistent with observations in schizophrenia postmortem tissue analysis(Beasley 

and Reynolds, 1997;Hashimoto et al., 2005). The most pronounced and significant reduction in 

the stratum oriens (SO; 71.42% ± 6.96, 100% ± 8.10 p<0.05) and in stratum pyramidalis (SP; 

77.94% ± 4.96, 100% ± 7.06 p<0.05, Figure 3:1F).  
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Figure 3:1 Genetic deletion of Fgf14 results in structural changes in the CA1 PVIs. 

A. FGF14 immunoreactivity is detectable at the AIS of cells in CA1. B. FGF14 expressed in the 

soma and AIS of PV interneurons (green), FGF14 (red), i and ii represent zooms of the boxed 

area. C, D. PV interneurons in the CA1 region of Fgf14+/+ and Fgf14-/- mice and respective 

higher resolution views of PV somas (i, ii). E, F. Quantification of total PV interneurons in CA1 

(n=4 mice per group, 5-7 sections per mouse), and in specific sub-fields (oriens, pyramidalis, 

and radiatum). Data represent mean ± SEM, ***p<0.001; **p<0.02, statistical differences were 

assessed by Student’s t-test or non-parametric Mann-Whitney test. Scale bars: A= 40 µm; B=10 

µm; D=100 µm.  

 

Notably, the expression level of PV per cell was not significantly different across groups 

(p=0.78, n=4 littermate mice Figure 3:2 F-I); the neuropil composed of PV positive neurites in 
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either SP or SO was also unaffected by Fgf14 deletion (p=0.49, p=0.28, Figure 3:2 A-E). 

Furthermore, the total number of cells in the CA1 SP, which primarily includes pyramidal neurons, 

was also unchanged (p= 0.24 Figure 3:2 J-L). Thus, we concluded that deletion of Fgf14 leads to 

a cell- and subfield-specific reduction in the number of PV neurons in the CA1 hippocampal 

region.  

PV interneurons are the primary source of GABAergic synapses in the CA1 region. 

Reduction in GABA synthesis and its synaptic release machinery accompany loss of PV neurons 

in schizophrenia and other psychiatric disorders (Hashimoto et al., 2008;Eggan et al., 2012;Curley 

et al., 2013). Consistent with this, GAD67 mean fluorescence intensity in PV soma, the primary 

source of the enzyme pool, and in puncta across SP was significantly reduced in Fgf14-/- mice 

compared to littermate control (89.85% ± 3.08, 100% ± 3.96 p<0.05, and 91.86% ± 0.10, 100% ± 

0.08, p<0.0001, respectively, Figure 3:4 A-D and Figure 3:3A-C). The area per puncta and total 

puncta number, though, were unchanged (p=0.10, p=0.88, respectively, Figure 3:3C).  

An additional marker and key regulatory protein at presynaptic GABAergic inputs is 

VGAT, the vesicular transporter that loads presynaptic vesicles with GABA, another marker 

associated with brain disorders (Sawada et al., 2002;Sawada et al., 2005;Hoftman et al., 2015). 

Along with GAD67, the mean fluorescence intensity of VGAT in PV soma and its mean content 

per puncta in SP were significantly decreased in Fgf14-/- mice compared to littermate controls 

(88.12% ± 3.06, 100% ± 3.18 p<0.01, n=4 littermate mice and 91.92% ± 0.14 vs 100% ± 0.135, 

p<0.001, n=3 littermate mice, respectively, Figure 3:4 E-H and Figure 3:3 D-F), while puncta 

area and number were unchanged (p=0.66, p= 0.79, n=3 mice, Figure 3:3 F). Consistent with these 

analysis, GAD67 and protein content expression in whole hippocampal cell lysate quantifications 

revealed reduction to a similar extent compared to the wild type (Figure 3:3 G, H). 
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Figure 3:2 PV neuropil density measurement and total neuronal populations quantifications. 

A,B. Representative confocal images illustrating Topro-3 (blue channel) and PV staining (green channel) 

along with overlaying masks in the stratum pyramidalis (yellow), stratum oriens (red, top) and stratum 

radiatum (red, bottom). C,D. Segmented images corresponding to panels A-B. The density of neurites, 

calculated inside Mso and Msr in panel D yields the values 0.2258 and 0.3048, respectively. E Bar graph 

illustrating neuropil density ratios of the CA1 layers. H. H. Quantification of PV interneuron soma area 

and PV mean somatic intensity (n=4 mice per group, 5-7 sections per mouse). J,K. Total neuronal 

population in CA1 SP visualized by Topro-3 nuclei staining in Fgf14+/+ mice and Fgf14-/- mice. l. Total 

cell count in CA1(n=3 mice per group, 2-3 sections per mouse). 
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Figure 3:3 The effect of Fgf14 genetic ablation on GABAergic presynaptic proteins in the 

hippocampal CA1 region. 

A, B. GAD67 representative puncta in CA1 SP at high magnification. C. Quantification of GAD67 

puncta area, puncta intensity, and puncta number in the indicated genotypes. D, E. VGAT 

representative puncta in CA1 st. pyramidalis at high magnification. F. Quantification of VGAT 

puncta area, puncta intensity and puncta number in the indicated genotypes. For GAD67 and 

VGAT quantifications (n=4 mice per group, 3-5 sections per mouse). G. Quantitative Western blot 

analysis of GAD67 and VGAT from the hippocampus. H. Immunoblot detection of GAD67 and 
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VGAT in whole hippocampal homogenates from Fgf14-/- mice and Fgf14+/+ controls.  Data 

represent mean ± SEM, ***p<0.001; *p<0.05 statistical differences were assessed by Student’s t-

test or non-parametric Mann-Whitney test. Scale bars: A, D=20 µm.  
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Figure 3:4 Quantifications of GABAergic synaptic components inside PVIs soma. 

A, B. GAD67 expression in PV interneurons in CA1, merged image of green channel representing PV 

expression, and red representing GAD67 expression. C. Intensity profile of GAD67 in PV interneuron 

somas corresponding to the yellow line in A and B. D. Quantification of GAD67 soma area and 
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PV interneurons contribute greatly to the integrity of the GABAergic circuit in the CA1 

region, posing the question of whether Fgf14 deletion might result in functional consequences for 

inhibitory transmission. Using patch-clamp electrophysiology, we recorded spontaneous and 

miniature inhibitory postsynaptic currents (sIPSCs and mIPSCs, respectively) from visually 

identified CA1 pyramidal neurons in Fgf14-/- and wild type control mice (Figure 3:5 A, F). We 

found that genetic deletion of Fgf14 led to a rightward shift in the probability distribution of sIPSCs 

frequency (apparent loss in the higher frequency domain) accompanied by a reduction in the largest 

and smallest size synaptic event population (Figure 3:5 C-E, p<0.001, Kolmogorov-Smirnov test). 

Spontaneous IPSCs are action-potential (AP)-driven synaptic events and as such represent a 

compound read-out of the firing status of pre-synaptic interneurons and their neurotransmitter 

release machinery.  

To examine GABA release mechanisms independently from interneuron spontaneous 

firing, we recorded mIPSCs in the presence of TTX and found that, similarly to sIPSCs, the 

frequency distribution histograms showed lowered probability of short inter-event-intervals in 

Fgf14-/- when compared to wild type control mice (Figure 3:5 F-H p<0.001 with Kolmogorov-

Smirnov test). This phenotype was paralleled by a loss of large and small amplitude mIPSCs in 

Fgf14-/- compared to wild type control mice (Figure 3:5 F, I-J). In both sIPSCs and mIPSCs, the 

averaged sIPSC frequency and amplitude between the two groups were not significantly different 

fluorescence intensity in PV interneuron somas. E, F. VGAT expression in PV interneurons in CA1, 

merged image of green channel representing PV expression, and red representing VGAT expression. G. 

Intensity profile of VGAT in PV interneuron somas corresponding to the yellow line in E and F. H. 

Quantification data of VGAT soma area and fluorescence intensity in PV interneuron somas. Data 

represent mean ± SEM, *p<0.05 statistical differences were assessed by Student’s t-test or non-

parametric Mann-Whitney test. Scale bars: A, E= 40 µm.  
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(Figure 3:6) and no changes in rise and decay time were found across synaptic events (both sIPSCs 

and mIPSCs) of different genetic groups (Figure 3:7).  

Thus, genetic deletion of Fgf14 leads to functional changes in the CA1 inhibitory circuitry 

that support the structural alterations demonstrated in Figure 3:1 and Figure 3:2. Moreover, it 

suggests loss of interneuron firing (shift in sIPSCs frequency) and pre- and post-synaptic 

modifications at GABA synapses (shift in frequency and amplitude distribution of mIPSCs, 

respectively). 
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Figure 3:5 Genetic deletion of Fgf14 impairs GABAergic transmission in the CA1 region. 

Representative traces of whole-cell patch-clamp recordings showing effect of Fgf14 ablation on 

sIPSCs (A) and mIPSCs (F). B. Inter-event-interval distribution of spontaneous GABAergic 

events in Fgf14+/+ (n=8 cells) and Fgf14-/- (n=10 cells) mice. C. Inter-event-interval cumulative 

distribution plot for Fgf14+/+ and Fgf14-/- (sIPSCs; ***p<0.001, Kolmogorov-Smirnov test). D. 

Amplitude distribution of spontaneous GABAergic events in Fgf14+/+ (n=8 cells) and Fgf14-/-

(n=10 cells) mice. E. Amplitude cumulative distribution plot for Fgf14+/+ and Fgf14-/- sIPSCs 

(***p<0.001; Kolmogorov-Smirnov test). G. Inter-event-interval distribution of miniature 

GABAergic events in Fgf14+/+ (n=6 cells) and Fgf14-/- (n=7 cells) mice. H. Inter-event-interval 

cumulative distribution plot for Fgf14+/+ and Fgf14-/- mIPSCs (***p<0.001 with Kolmogorov-

Smirnov test). I. Amplitude distribution of miniature GABAergic events in Fgf14+/+ (n = 6 cells) 

and Fgf14-/- (n = 7 cells) mice. J. Amplitude cumulative distribution plot for Fgf14+/+ and Fgf14-

/- sIPSCs (*p<0.05; Kolmogorov-Smirnov test). 
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Figure 3:6 Mean values of spontaneous inhibitory postsynaptic currents (sIPSCs). 

A. Mean sIPSC frequency. B. Mean sIPSC amplitude. C. Mean sIPSC rise time. D. Mean 

sIPSC decay time. Data are mean ± SEM collected from n=8 cells (Fgf14+/+) and n=10 cells 

(Fgf14-/-). P values were obtained with Student t-test 
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Figure 3:7 Mean values of miniature inhibitory postsynaptic currents (mIPSC). 

A. Mean mIPSC frequency. B. Mean mIPSC amplitude. C. Mean mIPSC rise time. D. Mean 

mIPSC decay time. Data are mean ± SEM collected from n=6 cells (Fgf14+/+) and n=7 cells 

(Fgf14-/-). P values were obtained with Student t-test.  

 

Reduced PV neuron function can desynchronize the CA1 network resulting in reduced 

gamma oscillations and impaired cognition. Thus, we postulated that gamma oscillations might be 

impaired upon ablation of Fgf14. To test this, gamma oscillations were recorded in the CA1 SR 

layer in Fgf14-/- and control mice by in vivo local field potential (LFP) (Figure 3:8 A). Spectral 

analysis within the 30-100 Hz range revealed that Fgf14-/- mice had a strong reduction in gamma 

oscillation power (2.94 ± 0.11 μV2 n= 7, compared to 7.92 ± 0.17 μV2 n= 7 in wild type mice, 

p<0.05; Figure 3:8B, C) with both slow (low-gamma, 30-65 Hz) and fast (high-gamma, 65-100 

Hz) gamma oscillations significantly impaired in Fgf14-/- mice compared to wild type (Fgf14-/-, 

2.29 ± 0.85 and 0.65 ±0.25 μV2; wild type control, 5.97 ± 1.2 and 1.95 ± 0.5 μV2, respectively 
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Figure 3:8D). Thus, consistent with disrupted GABAergic transmission, spectral analysis 

confirmed that FGF14 is required for the integrity of the cognitive circuitry. 

 The combination of phenotypes observed in Fgf14-/- mice (Fig. 1-4) has been associated 

with deficits in spatial working memory in animal models and patients afflicted with schizophrenia 

(Lewis et al., 2012;Dudchenko et al., 2013;Hoftman et al., 2015). Thus, we next evaluated the 

spatial working memory performance of Fgf14-/- mice using the 8-arm maze test. Analysis of the 

latency to perform the task showed that Fgf14-/- mice required a longer time to complete the task 

than wild-type (n=20 wild-type and n=19, Fgf14-/-, p<0.001, Figure 3:8E). Furthermore, revisiting 

errors (Figure 3:8F), which are directly linked to working memory performance, were more 

frequent in Fgf14-/- mice than in wild types (p<0.05), corroborating the cellular and functional 

phenotypes associated with genetic deletion of Fgf14. 
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Figure 3:8 Genetic deletion of Fgf14 reduces gamma frequency and affects working 

memory. 

A. Representative traces of 10 second in vivo EEG recordings in the CA1 region of hippocampus 

(LFP) in Fgf14+/+ (left) and Fgf14-/- mice (right); filtered traces within low- and high-gamma 

band are also shown. B. Spectrogram analysis of the above-mentioned traces in the gamma range 

(30-100 Hz). C. Mean power spectral density of CA1 activity showing a marked decrease in 

gamma power in Fgf14-/- (n=7) with respect to Fgf14+/+ (n=7) mice, as revealed by power 

analysis within both low- and high-gamma (D). E. Fgf14-/- mice required a longer time to 

perform the 8-arm maze test (n=20 wild-type and n=19, Fgf14-/-; p<0.001, t-test). F. Analysis of 

working memory errors committed during the test day showed a significant difference between 

genotypes (p<0.05, t-test). Data are expressed as mean  SEM (*p<0.05). 

 

To provide translational value to our studies, in collaboration with Dr. Herbert Y. Meltzer 

laboratory, we examined large transcriptomic datasets from schizophrenia post-mortem tissues 

deposited in the NCBI Gene Expression Omnibus (Liu et al., 2006), seeking genes whose 

Fgf14
+/+ Fgf14

-/- 
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expression might covary with that of FGF14. Through the SEEK-based gene co-expression search 

engine with built-in functional annotation using KEGG orthologue analysis we found that FGF14 

was enriched within the ‘GABAergic synapse’ pathway (Table 3:1). Since the human studies were 

collected from different brain region such as PFC, we examined the expression of GAD67 and 

VGAT in PFC using quantitative Western blot analysis (Figure 3:10A, B).  

We observed a significant reduction in Fgf14-/- mice. We subsequently analyzed expression 

of the FGF14, PVALB, GAD67 and VGAT genes and their correlations in two schizophrenia 

enriched datasets and matched controls from the dorsal lateral prefrontal cortex (Iwamoto et al., 

2005;Narayan et al., 2008). Both datasets showed a significant decreased expression of FGF14, 

PVALB, GAD67 and VGAT (Figure 3:9A,) and a highly significant correlation between FGF14, 

PVALB, GAD67 and VGAT was found in all samples and in schizophrenia alone with the largest 

effect size in schizophrenia and controls for GAD67 (Figure 3:9B).   
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Figure 3:9 Differential gene expression and correlation of FGF14, PVALB, VGAT and 

GAD67 in post-mortem control and schizophrenia samples. 

A. The GSE21138 and GSE12649 datasets are both derived from previous studies(Iwamoto et 

al., 2005;Narayan et al., 2008) and deposited in NCBI GEO. Due to significant deviation from 

the mean (>2SD) in FGF14 gene expression (221310_at), five samples were removed from the 

GSE12649 dataset. GPL96 represents Affymetrix Human Genome U133A Array; GPL570 

represents Affymetrix Human Genome U133 Plus 2.0 Array. GPL96 had no probeset selected 
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for VGAT(SLC32A1). The original P.Value was adjusted by Benjamini & Hochberg (False 

discovery rate). The R.Valuer- represents a Pearson Correlation with significance at the 0.01 

level (two-tailed). B.   Forest plot illustrates the effect size (logFC) of differential gene 

expression of FGF14, PVALB, VGAT, and GAD67 between controls and schizophrenia patients 

in post-mortem DLPFC (BA46). Linear model and empirical Bayes method (LIMMA) was 

applied for assessing the differential gene expression of FGF14 and its coexpression genes, 

including PVALB, GAD67 and VGAT, in two independent datasets (GSE21138 and GSE12649) 

deposited in NCBI Gene Expression Omnibus (Liu et al., 2006). LogFC>0 suggest decreased 

gene expression in patients with schizophrenia. The forest plot was created by R rmeta package. 
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Figure 3:10 Quantitative Western blot analysis of GAD67 and VGAT from the PFC brain region. 

A. Immunoblot detection of GAD67 and VGAT in whole hippocampal and PFC homogenates from 

Fgf14-/- mice and Fgf14+/+ controls. B. Band signal intensity quantification for GAD67 and VGAT in 

Fgf14-/- and Fgf14+/+. Data represent mean ± SEM, *p<0.05. statistical differences were assessed by 

Student’s t-test. 
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Table 3:1 Functional annotation and pathway enrichment based on KEGG Term in 

hippocampus. 

The top significantly enriched categories derived from hippocampus datasets with p-value and 

gene list were presented in this table. The ranks of the corresponding functional category derived 

from multiple datasets collected from prefrontal cortex (PFC) and schizophrenia were also listed. 

 

 

3.4 Discussion 

Here, we provide new evidence for FGF14 in maintaining GABAergic activity in the CA1 

hippocampal region, an area critical for cognitive function (Godsil et al., 2013). Genetic deletion 

of Fgf14 leads to a decrease in the number of PV interneurons and in the expression level of the 

presynaptic GABAergic markers GAD67 and VGAT. These changes are associated with reduced 

inhibitory tone of pyramidal neurons, decreased gamma frequency oscillations, and deficits in 

working memory. Bioinformatics analysis from human transcriptomics identified FGF14 as a 

component of GABAergic synaptic signaling and revealed a correlated decrease in FGF14, 

PVALB, GAD67, and VGAT gene expression in schizophrenia post-mortem tissues compared to 
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matched controls. These results provide a new mechanistic role for FGF14, an emerging 

neuropsychiatric disease-associated gene (Liu et al., 2006;Jungerius et al., 2008;Drgon et al., 

2010;Hodgkinson et al., 2010;Brennand et al., 2011;Hu et al., 2011;Verbeek et al., 2012;Hunter et 

al., 2013;Spencer et al., 2013;Chen et al., 2014;Olson et al., 2014) in the context of human brain 

disorders. 

The identification of FGF14 immunoreactivity at the AIS of CA1 PV interneurons suggests 

this protein contributes to interneuron structural and functional diversity (Chand et al., 2015) and 

as such might be part of the repertoire of signaling molecules dictating the cell cardinal and 

definitive specifications of PV neurons in the neural circuitry (Klausberger and Somogyi, 

2008;Lewis et al., 2012). The cell type- and sub-layer specific loss of PV neurons observed upon 

Fgf14 deletion confirms this hypothesis and supports the notion that FGF14 is indispensable for 

the development, maintenance, and/or survival of PV interneurons in the CA1 region. Our post-

mortem human tissue study identifies a significant correlation between the Fgf14 and PVALB 

genes, which might contribute to the loss of PV interneurons observed in Fgf14-/- mice.   

We also found that the expression level of GAD67 and VGAT, two well-characterized 

disease-associated proteins critical for GABA synthesis and differentiation in addition to 

synaptogenesis of PV neurons (Chattopadhyaya et al., 2004;Chattopadhyaya et al., 2007;Donato 

et al., 2013) are decreased in PV positive somas and at inhibitory presynaptic terminals in Fgf14-

/- animals.  This phenotype is consistent with a diminished total pool of the two proteins, which 

might result from covariance of FGF14, GAD67 and VGAT at expression level as suggested by 

our bioinformatics analysis from schizophrenia samples. 

Whether loss of PV neurons and deficits in GABAergic markers in Fgf14-/- brains occur 

through causative loops or are separate coincidental events remains to be determined. Evidence 

exists for two separate functions of FGF14 as a regulator of intrinsic excitability at the AIS 
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(Goldfarb et al., 2007;Laezza et al., 2007;Shakkottai et al., 2009;Shavkunov et al., 

2012;Shavkunov et al., 2013;Hsu et al., 2014;Hsu et al., 2015) and a presynaptic organizer(Yan et 

al., 2013;Xiao et al., 2007 ). Thus, phenotypes observed in Fgf14-/- hippocampi might arise from 

disruption of two independent functions of FGF14: one impairing intrinsic firing of PV neurons, 

causing cell death, arrested development and/or aberrant circuitry integration, and one disrupting 

the pre-synaptic GABA machinery (synthesis and loading) via down regulation of selective 

markers (i.e. GAD67 and VGAT). Convergence of these disrupted functions might have fatal 

consequences for the final specifications and circuitry integration in PV neurons in the CA1 region. 

In an Fgf14 null condition, these uncompensated functions could be aggravated by concomitant 

loss of excitatory inputs, leading to a global remodeling of PV innervation fields (Chattopadhyaya 

et al., 2007), shifting cortical networks into a high-PV status with reduced plasticity (Donato et al., 

2013). 

Given that the majority of GABAergic inputs in the CA1 area arise from PV interneurons, 

and that GAD67 and VGAT are essential for the synthesis and loading of GABA at presynaptic 

terminals, we posited that Fgf14 genetic deletion might impair hippocampal inhibitory 

transmission. Consistently, the distribution of sIPSCs frequency (and amplitude) in Fgf14-/- CA1 

pyramidal neurons was found populated by longer inter-event intervals compared to Fgf14+/+ 

suggesting that in Fgf14-/- mice the remaining inhibitory neurons might fire less than in control 

animals. sIPSCs are AP-driven synaptic events and as such represent a compound read-out of the 

firing status of pre-synaptic interneurons and the neurotransmitter release machinery. To examine 

GABA release mechanisms independent of interneuron spontaneous firing, we isolated mIPSCs. 

The distributions of frequency and amplitude of mIPSCs in Fgf14-/- mice were shifted with loss in 

short inter-event intervals and in smallest and largest amplitude events, respectively. These results 

highlight a combination of pre- and postsynaptic deficits in GABAergic transmission possibly 
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induced by lower quantum content, probability of vesicle release, or reduced number of vesicle, 

that might arise from structural and/or functional loss of a sub-set of inhibitory terminals. The lack 

in change of rise and decay time in the Fgf14-/- mice argues against significant changes in the 

mechanism of diffusion of GABA across the synaptic cleft, or in the composition of postsynaptic 

ionotropic GABA receptors. However, high-resolution structural analysis is required for 

confirmation.  

In cortical areas loss in PV neuron function and changes in GABAergic activity can 

desynchronize the E/I network leading to reduced gamma oscillations, a phenotype associated with 

schizophrenia and other psychiatric disorders (Yizhar et al., 2011;Lewis et al., 2012;Craig and 

McBain, 2015). In vivo EEG local field potential (LFP) recordings in the CA1 region revealed that 

in Fgf14-/-animals the total, slow and fast, gamma band power was suppressed compared to control 

mice. These temporally segregated gamma oscillations reflect information carried by CA3 

Schaffer collaterals and perforant path inputs, respectively (Csicsvari et al., 2003;Colgin et al., 

2009;Yamamoto et al., 2014). Thus, a reduction in both slow and fast gamma implies that both 

intra- and extra-hippocampal synaptic inputs might be compromised, possibly reflecting more 

widespread anomalies in Fgf14-/- brains, arising from the PFC-thalamic-hippocampal loop (Lisman 

et al., 2010). At the behavioral level, we show that Fgf14-/- animals exhibit impaired spatial 

working memory, complementing the array of deficits commonly found in psychiatric disorders 

associated with cognitive impairment (Dudchenko et al., 2013).  

Human transcriptomics data confirmed functional clustering of FGF14 with GABAergic 

signaling and identified a highly correlated decrease of FGF14, PVALB, GAD67, and VGAT in 

schizophrenia post-mortem tissues, indicating possible genetic co-regulation of these genes. Thus, 

diminished expression of FGF14 in humans might be a risk factor for complex brain diseases 

associated with cognitive impairment, such as schizophrenia. These findings extend the original 



68 

 

studies linking the dominant negative FGF14F145S missense mutation to the inherited, rare disorder 

SCA27 to a much broader set of human brain diseases. Studies focusing on GABAergic 

components mRNA and gene expression in Fgf14-/- will be the focus of future studies. 

3.5 Conclusions  

In this chapter we observed a range of phenotypes from molecular to behavioral observed in 

Fgf14-/- mice along with our corroborating human studies lay the groundwork for new mechanistic 

hypotheses on the biology and potential risk factors of cognitive impairment in schizophrenia and 

other complex brain disorders associated with E/I tone imbalance and disrupted development and 

plasticity of GABAergic signaling (Turner et al., 2012).  

These findings further strengthen the emerging role of the AIS and its molecular components 

in the biology of diseases such as schizophrenia, bipolar disorder, and depression (Hsu et al., 2014). 

Moreover, these observations raised the question whether genetic deletions of Fgf14 has an impact 

on the GABAergic postsynaptic components such GABAA receptor subunits and gephyrin, the 

scaffold protein that is responsible for GABAA receptor availability and function (Sassoè-Pognetto 

and Fritschy, 2001).  
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Chapter 4: The impact of fibroblast growth factor 14 genetic 

deletion on GABAergic postsynaptic components 

 

Efficient synaptic connections require proper communication between the presynaptic and 

the postsynaptic side. We previously showed that a lack of FGF14 disrupted GABAergic 

presynaptic components. Though our studies indicated that FGF14 did not impact GAD67 and 

VGAT puncta number and size, the protein contents reduced significantly upon Fgf14 genetic 

ablation. This suggested that the FGF14 modulated inhibitory presynaptic maintenance, 

recruitment, or degradation. Here, I expand our investigations to the inhibitory postsynaptic 

terminals, including gephyrin, GABAA alpha-1, and alpha-2 receptor subunits.  These proteins are 

highly implicated in cognitive disorders. Our studies indicate that the effect of FGf14 on inhibitory 

postsynaptic components is marginal compared to that on presynaptic proteins. This suggests that 

FGF14 is a selective presynaptic modulator.    

4.1 Introduction  

In our previous study, we assessed the expression of GABAergic presynaptic components 

in FGF14 knocked out mice. Our investigations included the evaluation of the mean number, size 

and protein contents for each synapse of GAD67 and VGAT. Our results indicated a lack of 

alterations in the puncta (synapse) size and in the number of both elements. However, the protein 

contents, which we measured by their fluorescence intensity, were reduced significantly. This 

suggested that the lack of FGF14 affected GABA synthesis and transport. Moreover, our 

observations indicated that FGF14 regulated GABAergic presynaptic constituents’ recruitment, 

maintenance, and development or degradation. The functional studies, including the whole-cell 
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patch clamp, EEG recordings, and behavioral working memory test, suggested that fgf14 genetic 

ablation induced lifelong synaptogenic consequences.  

The goal of this chapter is to extend these studies and investigate the effect of FGF14 on the 

structure and function of GABAergic postsynaptic components using immunohistochemical 

studies and confocal imaging. Our investigations focus on three elements: the scaffold protein 

gephyrin, and GABAA alpha-1 and alpha-2 receptor subunits.  

Efficient synaptic connections allow proper communication and signal transduction from 

one neuron to the next, which is required for proper brain function. These connections (contact 

sites), which are known as synapses, are made of two compartments: the presynaptic and the 

postsynaptic sides The presynaptic terminals contain vesicles loaded with neurotransmitters and 

specialized plasma-membrane sites, called active zones, from which neurotransmitter molecules 

are released; postsynaptic terminals contain receptors, which scaffolding proteins anchor to the 

membrane, that bind with high affinity to the released neurotransmitter molecules. The binding of 

the neurotransmitter to its post-synaptic receptor initiates an excitatory or inhibitory electrical 

signal that is the basis for the electrochemical transmission of signals at synapses (Sassoè-Pognetto 

and Fritschy, 2001;Terauchi et al., 2010;Panzanelli et al., 2011). 

Structurally, synapses can be asymmetric or symmetric. The asymmetric synapse is usually 

excitatory and contains the postsynaptic density (PSD) protein 95, which is implicated in 

maintaining and stabilizing the postsynaptic structure integrity by receptor clustering. The other 

type of synapse (symmetric synapse) is usually inhibitory, and it mediates either GABA or glycine 

neuronal transmission (Sassoè-Pognetto and Fritschy, 2001;Panzanelli et al., 2011).  

The postsynaptic site of GABAergic synapses expresses gephyrin, a protein that stabilizes 

and clusters postsynaptic GABAA receptors. Deficits in GABAergic synapse regulations have been 
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linked to multiple neurodevelopmental diseases, mood disorders, and mental retardation (Sassoè-

Pognetto and Fritschy, 2001;Panzanelli et al., 2011). The genetic ablation of gephyrin leads to a 

reduction in GABAA receptor populations and an overall decrease in GABAergic synapses (Yu 

and De Blas, 2008). Mutations in the gephyrin gene have been associated with neurological 

disorders (Reiss et al., 2001), autism, schizophrenia and seizures (Lionel et al., 2013).  

In the mammalian brain, GABAA receptors are essential for fast and slow GABAergic 

synaptic inhibition. Structurally, they are pentameric, consisting of different subunits. For instance, 

in the mammalian cortex, the majority of GABAA receptors are composed of one of six subunits, 

which, in turn, have distinguished physiology and subcellular localization (Mody and Pearce, 

2004). Understanding the mechanisms that mediate GABAA receptors’ synaptic formation, 

clustering and maturation remains central to cognitive neuroscience (Sassoè-Pognetto and 

Fritschy, 2001;Patrizi et al., 2008;Hines et al., 2013).  In schizophrenia, there is a selective 

reduction of the GABAA receptor alpha-1 subunit and GAD67 expression at PVBcs to excitatory 

cell synapses (Lewis et al., 2012). GABAA receptor alpha-2 is another GABAA receptor subunit 

that is highly relevant to cognitive capacity. The two subunits are expressed in the majority of 

GABAergic synapses (Loup et al., 1998).  Furthermore, compared to other subunits, they exhibit 

great affinity for GABA (Levitan et al., 1988;Lavoie et al., 1997). In addition, they are expressed 

highly in the neuronal perisomatic and axo-axonic regions, which implicate them functionally as 

principal modulators of the GABAergic inhibition.  Schizophrenic postmortem studies reported an 

elevation in alpha-2 immunoreactivity (Lewis et al., 2005;Hines et al., 2013). So both alpha-1 and 

alpha-2 GABAA receptor subunits are critical determinants of cognitive function.  

Overall, reduced levels of GABAergic synaptic function constitute a hallmark of 

schizophrenia, depression, bipolar disorder, and autism (Shulman and Tibbo, 2005 ;Yu et al., 
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2006;Chao et al., 2010;Brady et al., 2013). However, the molecular and cellular mechanisms 

underlying these dysfunctions are not yet clear.  

4.2 Methods  

Methods for Fgf14-/- colony maintenance, perfusion, tissue preparation and sectioning, 

Immunofluorescence, image acquiring and analysis, and cresyl violet were outlined previously in 

this work. A complete description of these techniques is detailed in Chapter 2.  

4.3 Results 

4.3.1 Genetic deletion of Fgf14 lacks any significant effects on GABAergic postsynaptic 

components  

We started our postsynaptic studies with gephyrin (Figure 4:1A, B). Gephyrin is a scaffold 

protein in the inhibitory synapses that stabilizes and clusters postsynaptic GABAA receptors (Yu 

and De Blas, 2008;Tyagarajan and Fritschy, 2014). The quantifications of the gephyrin puncta area 

revealed no significant difference between both genotypes (Figure 4:1A-D). The analysis of the 

gephyrin puncta number was comparable in both Fgf14+/+ and Fgf14-/- (Figure 4:1F). The mean 

fluorescence intensity analysis of gephyrin was significantly increased in Fgf14-/- compared to 

Fgf14+/+. (Figure 4:1E). This suggested a possible compensatory mechanism at the postsynaptic 

sites in Fgf14-/-. 

Since, gephyrin anchored GABA receptor subunits and regulated their structure and 

function, I went on to examine GABAA receptor alpha-1 and alpha-2 subunits, which were both 

implicated in brain disorders. In Fgf14-/- mice, both GABAA alpha-1 (Figure 4:1G, I) and alpha-2 

(Figure 4:1H, J) subunits did not show any puncta size or protein expression alterations in 

comparison to those in Fgf14+/+ mice. These phenotypes suggested that the effect of FGF14 genetic 

deletion was milder in the GABAergic postsynapses than in the presynapses.  
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Figure 4:1 The effect of Fgf14 genetic ablation on GABAergic postsynaptic elements in the 

hippocampal CA1 region. 

A. Sagittal hippocampal sections show gephyrin expression (green) and Topro-3 (blue) at 63x 

magnification from Fgf14-/- mice and Fgf14+/+ controls. B. Represent zooms of selected area from 

both genotype. C. The mask generated by ImageJ software and used to measure gephyrin puncta 
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area, intensity, and number in both genotypes. D. Quantification of gephyrin puncta, E. puncta 

intensity and F. puncta number. G. Representative confocal images of GABAa alpha-1 receptor 

subunit from Fgf14-/- mice and Fgf14+/+ controls. I. Quantification of GABAa alpha-1 receptor 

subunit fluorescence intensity. H. The green channel represents of GABAa alpha-2 receptor 

subunit from both genotypes. I. Quantification of GABAa alpha-2 receptor subunit fluorescence 

intensity. Data represent mean ± SEM, *p<0.05 statistical differences were assessed by non-

parametric Mann-Whitney test. Scale bars: A=40 µm, B=20 µm, G, H=40 µm. (n=3 mice per 

group, 2-4 sections per mouse, Student’s t test). 

 

4.4 Discussion 

Data from our experiments in chapter 3 indicate that the presynaptic components are reduced 

upon fgf14 genetic deletion. This suggests that FGF14 is involved in inhibitory presynaptic 

regulation. This potential role could involve protein degradation, trafficking, or loading.  Previous 

studies have shown that the rearrangements of inhibitory synapses are highly dynamic and activity 

dependent. Both intrinsic neuronal connectivity and synaptic plasticity have influenced the 

formation of new GABAergic synapses (Flores et al., 2015).  

The question raised is whether the lack of FGF14 would disrupt the inhibitory postsynapses. 

In this chapter, I expand our analyses to gephyrin and GABAA alpha-1 and alpha-2 receptor 

subunits, which are inhibitory postsynaptic components that are highly implicated in cognitive 

deficits. Our observations suggest that FGF14 has a marginal effect on GABAergic postsynaptic 

terminals compared to that on presynaptic terminals. This could be interpreted as a possible 

compensatory mechanism. There are two possibilities for the mechanism of compensation at the 

inhibitory postsynaptic terminals. The first involves making novel terminals, thus increasing the 

postsynaptic puncta number. The second involves increasing the size of the postsynaptic terminal, 

thus enhancing the strength of the inhibitory drive.  
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Studies involving schizophrenic postmortem tissue reported that the reduction in the 

inhibitory presynaptic terminals accompanied an increase in the inhibitory postsynaptic terminals. 

This indicated a possible coordinative interplay between GABAergic presynaptic and postsynaptic 

sites to compensate for the deficits in GABA synthesis and transport. Thus, impaired GABA 

signaling would be enhanced (Volk et al., 2002;Lewis et al., 2005;Lewis et al., 2012).  

Previous study reported other FGFs to function as selective presynaptic target modulators. 

In Terauchi et al study other members of the FGF family (FGF7 and FGF22).  They reported that 

specific FGFs functioned as a presynaptic regulator, called it a “target-derived organizer”. They 

showed that FGF7 modulated the inhibitory presynaptic terminal differentiation. Upon FGF7 

genetic deletion, VGAT fluorescence intensity reduced significantly. Moreover, the electron 

microscopy ultrastructural analysis indicated that the inhibitory (symmetric) synaptic vesicles 

were fewer and their size was reduced in the hippocampus of the Fgf14-/- mice. FGF7 

overexpression rescued these defects in the postsynaptic terminals (Terauchi et al., 2010).  

4.5 Conclusions  

In summary, we coclude that Fgf14: 1) contributes to PV neurons cellular and functional 

diversity; 2) is not likely to be required for synaptogenesis since the number of the synapses is not 

altered; 3) modulates the inhibitory presynaptic terminals at a greater extent compared to the 

postsynaptic sites. 4) might be critical for proper synapse development and synaptic protein 

loading/degradation. The inclusion of an ultrastructural electron microscopic analysis might help 

pursing out these putative functions of Fgf14 at the synapse.  

Collectively, these observations indicate that FGF14 is a critical determinant for PVIs 

development and the homeostasis of the GABAergic inhibitory signaling. Posing questions related 

to the molecular mechanisms underlie these phenotypic alterations in the inhibitory circuitry 
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especially GABAergic presynaptic components associated with the deletion of Fgf14 remain to be 

determined. Providing answers to these questions will fill our knowledge gap and provides more 

understanding of the complex nature of brain disorders. Also, it will provide a great opportunity 

for identifying biomarkers and/or drug target for psychiatric disorders. 
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Chapter 5: Possible mechanisms underlying the loss of PVIs in 

Fgf14-/- the CA1 hippocampal region 

 

 

PVIs are the primary source of GABAergic synapses in the CA1 hippocampal region. The 

reduction in the inhibitory drive exerts a powerful effect on hippocampal synchronized activity 

since GABAergic inhibitory interneurons regulate a large population of principal neurons. Studies 

have reported that the reduction in PVIs is strongly involved in psychiatric disorders associated 

with cognitive deficits. Identifying molecules involved in the maintenance of PVIs that are highly 

implicated in learning and memory would elucidate the basics of cognitive capacity and halt 

cognitive impairment. To provide a link between Fgf14 genetic ablation and the loss in PVIs, I 

formulated the following hypothesis: the lack of Fgf14 might impair the maturation of PVIs; 

induce apoptosis; genetic deletion of Fgf14 lead to global dysfunction in the hippocampal circuitry. 

These hypotheses are tested in this chapter.    

5.1 Introduction 

Our studies indicated that lacking of Fgf14 causes a loss of PVIs, which are the main 

inhibitory interneurons in the CA1 region. Furthermore, we found that lacking of Fgf14 is 

associated with a loss in GABA synthesis and transport machinary, also the inhibitroy transmission 

is disrupted. Both fast and slow  gamma oscillations are reduced, and the spatial working memory 

is disrupted in Fgf14-/-  mice.  Some changes at the GABAergic postsynaptic terminals suggests a 

possible compensatory mechanism in Fgf14-/- mice. What could be the mechanisms underlying 

these phenotypic alterations.   

The loss in PVIs could be due to three possible mechanisms. First, alteration in the 

developmental regulation lead to the loss/impairment of maturation of PVIs. Second, the loss in 
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PVIs could be driven by neuronal death. Third, the dysfunction in the circuitry and circuitry 

elements might be the cause behind PVIs loss, since PVIs development is highly dependent on the 

circuitry.  

Regarding the first mechanism, alterations in the neuronal development and aging have 

been studied in the context of brain disorders. In healthy individuals, aging drives decline in 

cognitive capacities and susceptibility to neurodegenerative diseases by changing both the 

structure and the function of neuronal populations (Hedden and Gabrieli, 2004;Mattson and 

Magnus, 2006;Villeda et al., 2014). Cognitive capacity, especially spatial working memory, 

decline with aging. In humans and rodents, the hippocampal formation is preferentially vulnerable 

to age-related changes (Nicholson et al., 2004;Andrews-Hanna et al., 2007;Scheff et al., 2007).  

Subtle alterations in PVIs have been linked to a variety of neurodevelopment disorders. 

For instance, in motor disorder investigations, it has been reported that dystonia and motor-related 

dysfunctions may be related to the decline in PVI cells or function (Gernert et al., 2000;Bennay et 

al., 2001;Reiner et al., 2013). Moreover, alteration in PVIs during aging has been suggested to be 

a crucial determinant of age-dependent cognitive deficits since they temper the principal cells’ 

excitatory inputs and regulate the timing of brain development. In autism, a neurodevelopment 

disorder, genome-wide studies have revealed multiple genetic determinants. When studies 

involving the genetic manipulation of these different genes were conducted, PVIs were found to 

have been lost in nine animal models, which harbored autism-like behaviors (Gogolla et al., 2009). 

The dysfunction in the excitatory and inhibitory circuitry is the most held hypothesis for the 

vulnerability of PVIs (Kinney et al., 2006;Cheah et al., 2012;Verret et al., 2012). 

In situ hybridization analysis indicated that FGF14 mRNA was detectable in multiple brain 

regions during the prenatal and postnatal stages (Wang et al., 2002;Xiao et al., 2007 ), suggesting 
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that it was essential for proper neuronal maintenance and development. In addition, previous 

studies using the water maze test (Wozniak et al., 2007) and eight arm maze test (Chapter 3) 

reported cognitive impairment in Fgf14-/-. Moreover, electrophysiological studies of acute 

hippocampal slices suggested that Fgf14-/- mice exhibit impaired LTP, which are 

electrophysiological alterations highly implicated in learning and memory tasks (Wozniak et al., 

2007;Xiao et al., 2007 ).   

Fgf14-/- mice exhibited an endophenotype related to immature dentate gyrus, a condition 

characterized by impaired adult neuronal cells maturation (Hagihara et al., 2013). In this condition, 

most of the hippocampal stem cells are stuck in immature stages and express doublecortin and 

calretinin (immature markers), demonstrating that FGF14 is critical for proper neuronal 

maturation. Thus, we hypothesize that FGF14 is essential for PVIs specification and maturation 

that are important for hippocampal network, mature cognitive function, particularly, gamma 

oscillations that are refined at early adulthood stages, and seem to be changed in cognitive 

disorders, including schizophrenia. 

The second possible mechanism is the neuronal death. Since the lack of Fgf14 affects PVIs 

in region and cell-specific manner, I asked whether these phenotypic alterations could be driven 

by activated programmed cell-death.  loss in PVIs could be a consequence of activate the cell 

programmed death that is triggered by the ablation of FGF14. FGF members are neurotrophic 

factors that are highly implicated in regulating the physiological events during development 

(Bikfalvi et al., 1997;Itoh and Ornitz, 2004). To further examine the role of Fgf14 in the regulation 

of neuronal development and, specifically, in susceptibility to apoptosis I examined caspase-3 

activity n Fgf14+/+ and Fgf14-/-  mice. Caspase family is proteases signaling proteins that mediate 

cellular apoptosis via endoplasmic reticulum stress, disruption of the mitochondria, and activation 
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of the death receptors. After activation the apoptotic signaling cascades, multiple events converge 

and eventually caspase-3 is triggered, the executioner (Scholz et al., 2005). 

The third possible mechanism that I hypothesized is that lacking Fgf14 leads to a global 

dysfunction of the hippocampal circuitry that alter expression, distribution, and function of 

molecules at the axon initial segment (AIS) by impairing intrinsic excitability. In the developing 

visual cortex, during the critical periods, AIS length is dynamically regulated. This suggests that 

experience-related critical periods highly influence the structure and plasticity of the AIS 

(Gutzmann et al., 2014). The AIS is the subcellular domain where action potential is generated 

and propagated. The master component is the scaffold protein ankyrin-G, which recruits/binds the 

cytoskeleton protein, spectrin, and, subsequently, recruits different isoforms of sodium channels 

and proteins to make the AIS macrocomplex (Jenkins and Bennett, 2001). The structure of this 

complex is dynamically regulated in multiple pathological and physiological statuses. During 

visual cortex postnatal development, dark rearing affects the AIS structure (Gutzmann et al., 2014). 

PVIs were found to be reduced in response to dark rearing events (Morales et al., 2002 2002).  

In animal studies, AIS components are highly detectable young groups.  Suggesting the 

physiological and developmental needs trigger recruitments of these elements. For instance, 

spectrin which is a crucial molecule of the AIS structure. It is essential to recruit and maintain the 

stability, and dynamics of AIS macrocomplex structure during the development and thickening of 

cortical regions.  At young age, the formation of multiple components of the GABAergic system 

takes place (Hoftman and Lewis, 2011). However, shaping the connectivity between GABAergic 

interneurons particularly the PVChcs occur at adolescence, where axo-axonic synapses are 

developed, and the density of these cells buttons around the principal cells axons are increased 

(Fish et al., 2013). Indicating that the structural refinement of circuitry components occurs at later 
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developmental stages. These accumulated lines of evidence suggest that the AIS structure might 

influence PVIs development.   

In schizophrenia research accumulated lines of evidence suggest that reduced GAD67 and 

PV expression are a consequence of the decline in the excitatory drive (Akbarian et al., 1995;Olney 

et al., 1999;Gonzalez-Burgos and Lewis, 2012;Gonzalez-Burgos et al., 2015). For example, a 

previous study in neuronal culture reported that the reduction in the glutamatergic input was linked 

to that decline in PVIs. It showed that NR2A (an NMDA receptor subunit) was critical for the 

maintenance of PVIs. While the acute treatment of neuronal cultures with selective subunit 

antagonists did not influence the mRNA level, it significantly reduced the PVI cell counts. 

suggesting that it affected the protein degradation. 

Here I examined these three possible mechanisms. I conducted a time course study to 

examine the total PVIs cell count. Also, I examined the active caspase-3 immunoreactivity. 

Finally, I evaluated the effect of FGF14 genetic ablation on the AIS structure in the CA1 region in 

Fgf14-/- mice.  

5.2 Methods  

Methods for Fgf14-/- colony maintenance, perfusion, tissue preparation and sectioning, 

Immunofluorescence, image acquiring and analysis, and cresyl violet were outlined previously in 

this work. A complete description of these techniques is detailed in Chapter 2.  

5.3 Results  

Age-related changes in PV interneurons in Fgf14-/- mice, the developmental hypothesis. 

PVIs have been studied extensively in the context of development and aging (Ouda et al., 

2008;Ouda et al., 2012;Rubio et al., 2012;Ouda et al., 2015). To investigate the effect of FGF14 
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ablation on PVI development, I designed a study to examine PVIs in young (1 to 3 month old), 

adult (4 to 5 month old), and aged (9 to 11 month old) mice. The results suggest that there was no 

significant difference of the main effect of genotype or age on PVIs cell count. However, the age 

× genotype interaction was significant (F=3.592, P=0.030, df=2). Moreover, Fisher LSD post hoc 

analysis revealed a significant difference between the means of PVIs in the young Fgf14-/- mice 

versus the adult Fgf14-/-  mice (P=0.028). Furthermore, the comparison of the PVIs means revealed 

a clear tendency to significance in Fgf14+/+ adult mice versus the Fgf14+/+ aged group (P= 0.056) 

Figure 5:1.  
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Figure 5:1 Age-related changes in PVIs in Fgf14-/-.  

A. Representative confocal images of PV expression in the hippocampal CA1 region in 

Fgf14+/+ and Fgf14-/-  mice in the three selected age groups young (1-3 months old, n=3 mice 

per group, 6-7 sections per mouse), adult (4-5 months old n=4 mice per group, 5-7 sections 

per mouse) and aged (9-11 months old, n= 3 mice per group, 7-8 sections per mouse) mice. B. 

PVIs quantifications in hippocampal CA1 region in Fgf14+/+ and Fgf14-/- as a function of age 

was assessed using Two-way ANOVA and post hoc Fisher LSD test. Data represent mean ± 

SEM. Scale bars: A= 100 µm. 
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Next, I asked whether the genetic deletion of FGF14 affected the overall structure of CA1. 

Consistent with previous reports (Wang et al., 2002;Xiao et al., 2007 ) and Figure 2:5 A and B, 

the genetic deletion of Fgf14 did not lead to alterations in the gross anatomy. Then I examined the 

brain weight at different developmental stages. The main effect genotype on brain weight was 

significant (F=12.44, P=0.001, df=1). Fgf14-/- mice have less overall brain weight compared to the 

Fgf14+/+ mice. Along with the main effect of genotype, the age significantly affects the brain 

weight (F=4.962, P=0.012, df=2). Older mice have larger brain weight. The Two-way ANOVA 

analysis revealed a trend in the interaction effect between the genotype and the age (F=3.078, 

P=.057, df=2) this difference was not statistically significant likely due to variability issues Figure 

5:2 This suggested that the reduction in Fgf14-/-  brain weight was more associated with synapses, 

synaptic connections, and neuronal connectivity than with direct neuronal loss.  
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Figure 5:2 Age-related changes in Fgf14-/- brain weight. 

A. Representative image of the brain size of 4-6 months Fgf14+/+ and Fgf14-/- mice. B. 

Fgf14+/+ and Fgf14-/- brain weights tracking at different age groups young (1-3 months 

old, n=11 Fgf14+/+ and 10 Fgf14-/-), adult (4-6 months old, n=5 Fgf14+/+ and 3 Fgf14-/-) 

and aged (7-9 months old, n=9 Fgf14+/+ and 10 Fgf14-/-). Data represent mean ± SEM, 

statistical differences were assessed by Two-way ANOVA. 

 

Active Caspase3 (death cascade) activity in Fgf14-/-  mice, the Neuronal death hypothesis.  

To evaluate whether Fgf14 would trigger the apoptotic machinery, I examine the active 

caspase-3 activity. I measured the immunofluorescence of caspase-3 by masking NEUN positive 

cells in the hippocampal CA1. The quantification of cappase-3 protein expression in Fgf14-/- mice, 

indicate that activated caspase-3 protein is slightly increased Figure 5:3. However, the pattern of 

expression was sparse puncta, rather than diffused pol in the soma. This suggested that the increase 

in caspase-3 might have been a trend rather than being causative of the overall alterations in the 

Fgf14-/- CA1 region. 
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Figure 5:3 Active Caspase-3 (death cascade) activity in Fgf14-/-. 

A. Representative confocal images of triple immunofluorescence, the gray channel represent 

Ankyrin-G immunoreactivity, the red Caspase3, and the green NeuN in Fgf14+/+ and Fgf14-/-

hippocampal CA1 region. B.  the NeuN mask generated by ImageJ software that has been used 

for active caspase3 fluorescence intensity quantifications in C. Data represent mean ± SEM, 

statistical differences were assessed by non-parametric Mann-Whitney test. Scale bars: A= 40 

µm. (n=3 mice per group, 2 sections per mouse, *P < 0.05, Student’s t test). 

 

 

* 



88 

 

 

The effect of FGF14 on AIS structure, the activity-dependent hypothesis. 

A previous report suggested that dysfunctions in AIS structure, including macrocomplex 

targeting, trafficking, and function might be the leading cause of developmental defects that arise 

earlier than pathological symptoms in an Alzheimer’s disease transgenic mouse model (Sun et al., 

2014). Moreover, neurodegenerative investigations, including postmortem studies and axonal 

structural alterations were reported (Greco et al., 2002). Age-dependent alterations in AIS 

structure, organization, and trafficking had been reported previously (Buffington and Rasband, 

2011). The inhibitory circuitry, including feedback and feed-forward inhibition, were critical for 

synapsing with the AIS. The high-fidelity coordinated circuitry had a huge impact on PVI 

maturation (Sauer and Bartos, 2010;Pelkey et al., 2015). These facts raised the possibility that 

lacking Fgf14 alter the axon structure in the hippocampal CA1 region. This, in turn, might have 

led to loss in PVIs as a consequence of overall dysfunction in the circuitry and would have been 

consistent with our previous report (Chapter-3).  

Ankyrin-G plays a vital role in AIS formation. This scaffold cytoskeletal element 

modulates AIS component targeting and stabilization, mostly by linking them to spectrin βIV, 

another AIS scaffold protein (Bennett and Lambert, 1999). Initially, Ankyrin-G localizes to the 

AIS, then it recruits spectrin (Yang et al., 2007). Next, βIV spectrin masters AIS organization via 

a network complex (Buffington and Rasband, 2011), including multiple isoforms of Nav (Gollan 

et al., 2002).  

In chapter 3, I showed that FGF14 is a component of the AIS. Here, I further validate this 

by conducting Ankyrin-G/ Fgf14 double labelling experiment.  Moreover, the spectrin/Fg14 
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immunolabelling experiment confirms the colocalization of FGf14 and AIS master regulators 

Figure 5.5. 

 

Figure 5:4 Fgf14, Ankyrin and spectrin.  

A. The gray/red channels represent FGF14 immunosignals, the green channel represent NeuN 

immunoreactivity and the blue channel represents the Ankyrin-G in the hippocampal CA1 

regions, the zoom image of the boxed area. B. The gray/red channels represent FGF14 

immunoreactivity; the blue channel represents the Spectrin signals; and the green channel 

represents NeuN immunoreactivity. The zoom image of the boxed area. 

 

To examine the AIS structure, I started with Ankyrin-G. The immunosignals that 

immunohistochemistry experiments detected indicated that the lack of FGF14 had no effect on 

Ankyrin-G protein expression Figure 5:5.  Next, I analyzed spectrin immunosignals. Upon 

analyzing spectrin, I found that the spectrin fluorescence intensity was reduced in Fgf14-/ -  Figure 

5:5This suggested that the AIS cytoskeletal structure might have been dysfunctional, supporting 

other reports that indicated that circuitry influenced proper neuronal maturation and development 

(Sauer and Bartos, 2010;Pelkey et al., 2015). Next, I examined Nav1.1 expression in Fgf14-/-, and 
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I found that Nav1.1 signals were comparable in both genotypes Figure 5:6, indicating that FGF4 

did not influence Nav1.1 expression and structure.  

 

Figure 5:5 Genetic deletion of FGF14 disrupts the AIS structure.  

A. The gray channel represents confocal images of Ankyrin-G immunofluorescence in Fgf14+/+ 

and Fgf14-/-. B. The gray channel represents βIV spectrin immunoreactivity at the AIS in 

Fgf14+/+ and Fgf14-/-. C. The AIS mask generated by adjusting the threshold on Ankyrin-G and 

βIV spectrin respectively, using ImageJ software in the hippocampal CA1 of in Fgf14+/+ and 

Fgf14-/-. D. Ankyrin-G fluorescence intensity quantifications. E. The quantifications of βIV 

spectrin signals at the AIS. Data represent mean ± SEM, statistical differences were assessed by 

non-parametric Mann-Whitney test. n=3 mice per group, 3-4 sections per mouse, # P < 0.01, 

Student’s t test. 
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Figure 5:6 Genetic deletion of FGF14 does not influence Nav1.1 structure. 

A. Confocal images of Nav1.1 visualized by the green channel, βIV spectrin 

immunofluorescence that are represented by the blue channel, and PV in red channel in Fgf14+/+ 

and Fgf14-/-. B.  The masks generated by adjusting the threshold on PV soma and βIV spectrin 

AIS immunoreactivity using ImageJ software in the hippocampal CA1 of in Fgf14+/+ and Fgf14-

/-. C. Nav1.1 fluorescence intensity quantifications. Data represent mean ± SEM, statistical 

differences were assessed non-parametric Mann-Whitney test. (n=3 mice per group, 3-4 sections 

per mouse, *P < 0.05, Student’s t test. NS: not significant; Spec: spectrin.  
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5.4 Discussion  

Here I examined three potential mechanisms underlie the loss of PVIs in Fgf14-/- mice. I 

report that the genetic deletion of Fgf14 might result in impaired maturation of PVIs.  Furthermore, 

examining neuronal loss due to apoptosis suggest that Caspase-3 activity was slightly increased in 

the hippocampal CA1 region in Fgf14-/- mice. The overall brain size was reduced in Fgf14-/- mice. 

However, this was not due to neuronal loss since cresyl violet quantifications were comparable in 

both genotypes. Moreover, I reported that the expression of the AIS cytoskeletal protein spectrin-

G is reduced, suggesting that proper AIS assembly is disrupted (Komada and Soriano, 2002).  

These results indicated significant age-related alterations in PVI population counts in the 

hippocampal CA1 region of the Fgf14-/- mice, which comprised decreases in the inhibitory drive. 

Indicating that the excitatory-inhibitory circuitry balance had gone awry in Fgf14-/- mice. 

Age-related changes in PV interneurons in Fgf14-/- mice, the developmental hypothesis. 

Previous studies showed that during the critical period the maturation of GABAergic 

components occur, thus shaping the synaptic plasticity take place. Through this period dependent 

shaping, the PVIs and inhibitory GABAergic synthesis (both decarboxylase isoforms – GAD65 

and GAD67), transport (VGAT), and release PVIs increased. (Huang et al., 1999;Chattopadhyaya 

et al., 2004;Lazarus and Huang, 2011). The role and the pattern of PVI expression in the visual 

cortex and the auditory cortex in critical periods have been extensively studied. In the early 

postnatal stages, PVIs are essential for shaping E/I balance. Experience and environment influence 

the need for GABAergic components and PV. For example, in visual cortex studies immediately 

following eye opening at P15, the immunohistochemistry analysis demonstrated an increase in 

PVIs and GABAergic proteins. Hippocampal studies showed that PVIs increased in mid-adulthood 

stages, suggesting that, in those stages, PVIs were required for shaping the circuitry and the 
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inhibitory drive, and were needed for adulthood’s higher cognitive tasks (Fish et al., 2013). In 

schizophrenia, cognitive impairments precede other symptoms. They appear during early 

adulthood, suggesting that cognitive deficits arise from perturbed neuronal maturation (Huang et 

al., 2009;Marín, 2012;Barnes et al., 2015).   

In a model of autism, the number of ethyl-CpG-binding protein 2 (MeCP2) mutant mice, 

PV, and the inhibitory system components were increased at critical periods of synaptic plasticity. 

Moreover, the functional activity and network recordings revealed that the mIPSCs amplitude was 

significantly increased. Suggesting that the mutation in the MeCP2 encoding gene, resulted in the 

acceleration of PVI maturation (Krishnan et al., 2015).  

A recent study by our group showed that, in Fgf14-/-, hippocampal adult stem cell 

maturation was disrupted. Under physiological conditions, adult stem cells were continuously 

produced in the hippocampal DG region, undergoing multiple phases until they reached maturity. 

The process lasted about one month and various markers, along with BrdU incorporation studies, 

verified it. During the early stages, the cells expressed SOX2 and nestin. Once they exited the cell 

cycle, the expression of these proteins reduced and the cells start to express doublecortin. The 

migratory neuroblasts exited the mitotic stage, doublecortin expression began to decrease, and 

immature stem cells became calretinin positive. One month after generating adult stem cells, they 

became fully mature and started to express calbindin. In Fgf14-/- mice, most of the one-month-old 

stem cells, traced by BrdU signals, were doublecortin and calretinin-positive. Indicating that the 

newborn neurons in the hippocampus were trapped in immature stages. These facts suggested that 

Fgf14 modulate adult hippocampal stem cells maturation. Raising the possibility of the potential 

role of Fgf14 in regulating PVIs maturation.  
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Active Caspase3 (death cascade) activity in Fgf14-/-  mice, the Neuronal death hypothesis.  

The second possible mechanism that might underlie the loss of PVIs in Fgf14-/- mice is 

induced apoptosis. To test this mechanism, I examined caspase-3 activity. The fluorescence 

intensity of the active caspase-3 levels in the hippocampal CA1 region of Fgf14-/- mice was slightly 

increased compared to that in wild-type mice. Our observations suggest that caspase-3 is expressed 

in punctate pattern within NeuN positive cells throughout the CA1 cells, the typical pattern of 

caspase-3 immunoreactivity is diffused pool within the apoptotic targeted soma (Pasinelli et al., 

2000;Correia et al., 2007;Sabri et al., 2008;Vicario et al., 2015). The overall deprivation condition 

due to the lack of Fgf14 could have explained this trend. The loss in neurotrophic and growth 

factors influenced the survival promoting and apoptotic pathways (Mattson, 2000). Another 

possibility is that lacking Fgf14 would affect a particular type of PVIs such as PVBcs or PVChcs, 

and upon genetic ablation of Fgf14, caspase-3 would be activated to eliminate the most vulnerable 

type of PVIs, if any.  

The effect of FGF14 on AIS structure, the activity-dependent hypothesis. 

Next, I examined the AIS structure and found that spectrin fluorescence intensity was 

reduced, suggesting that less spectrin protein content was expressed in Fgf14-/- mice. On the other 

hand, Fgf14 genetic deletion did not affect Ankyrin-G expression. The reduction in spectrin was 

expected to interrupt the appropriate targeting and assembly of AIS macrocomplex components. 

As a consequence of disrupted AIS elements recruitment, the inhibitory drive would have been 

compromised, leading to an E/I imbalance in the hippocampal circuitry. Since the circuitry 

influenced PVI maturation, the downregulation in spectrin could have resulted in alterations in 

both the structure and function of the AIS, leading to failure in PVI maturation and development 

and, eventually, reduction in PVIs.  
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Previous studies have shown that FGF14 binds and regulates Nav1.1 (Lou et al., 2005). 

Hence, the absence of a detectable effect of Fgf14 genetic deletion on Nav1.1 protein expression 

could be interpreted as Fgf14 ablation affecting the function of Nav1.1. Moreover, the structure of 

other Nav isoforms - such as Nav1.6 - could be affected. 

 A recent review suggested that there were two potential mechanisms for E/I imbalance in 

schizophrenia. The first one was due to a defect in the inhibitory drive. While the second favored 

impaired excitatory input, eventually both mechanisms were linked to impaired feedback and 

forward inhibition. As a consequence, an imbalance in the circuitry took place (Gonzalez-Burgos 

et al., 2015). Moreover, previous studies implicated neurotrophins and growth factors in the 

regulation of synaptic formation and axon maintenance in the maturation of GABAergic 

interneurons (Vicario-Abejon et al., 1998;Chattopadhyaya, 2011).  

In developmental psychiatric disorders such as schizophrenia, Rett syndrome, and autism, 

alterations in neuronal connectivity and synaptic plasticity have been reported (Belmonte et al., 

2004;Crabtree and Gogos, 2014). At specific time windows, “critical periods” during postnatal 

development, experience shapes the neuronal circuitry. These experience-dependent critical 

periods are important for shaping synaptic plasticity and wiring proper neuronal connectivity, 

which mediate cognitive, motor, and sensory functions (Hensch, 2005). The timing and proper 

shaping of these critical periods of development are extremely sensitive to any subtle alterations 

in PVIs. Deficits in PVI maturation have been reported to be modulators of critical period plasticity 

(Hensch et al., 1998;Huang et al., 1999;Krishnan et al., 2015). 

5.5 Conclusions  

 In this chapter, I have identified two potential roles of FGF14. First, it has a conserved 

role in the regulation of AIS structure. Its second possible role includes the modulation of PVIs 
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maturation. The relationship between GABA synthesis, axon structure, and PVI maturation have 

been studied previously (Chattopadhyaya et al., 2007;Fish et al., 2013;Schubert et al., 2013;Hoon 

et al., 2015). Overall, this work suggests that FGF14 orchestrates the time course development of 

PVIs and hippocampal network refinement.
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Chapter 6: Conclusions and Future Directions  

 

This dissertation describes a new role of FGF14 in the GABAergic system within the 

hippocampal CA1 region. We studied the PV cell numbers of different age groups, GAD67 and 

Vgat expression, CA1 inhibitory transmission, gamma oscillations, spatial working memory, and 

bioinformatic analysis. This work showed that FGF14 modulated GABAergic synthesis, transport, 

and release (PVIs) in the hippocampal CA1 area. In this chapter, I examine the fundamental 

findings of this study and address its general limitations and future considerations along with a 

number of questions: I discuss the cellular and molecular alterations that Fgf14 genetic deletions 

mediate; (2) the changes in cellular transmission in Fgf14-/- mice; the functional changes, including 

those at the network and behavioral levels; (4) bioinformatics and genetic transcriptomic reports; 

(5) examining three possible mechanisms underlying the loss of PVIs in the CA1 hippocampal 

region Fgf14-/- mice; and (5) future directions. Figure 6:1  demonstrates the working model of the 

alterations in Fgf14-/- mice. 

6.1 Cellular and molecular alterations 

This work began by investigating the role of FGF14 in the adult mouse (4-5 months) since 

previous studies reported cognitive impairment and disrupted hippocampal CA1 excitatory 

circuitry in Fgf14-/-at this age (Wang et al., 2002;Wozniak et al., 2007). The analysis of PVI cell 

counts in Fgf14-/- hippocampi revealed a cell count reduction. This loss was more pronounced in 

the SO and SP, suggesting that the genetic ablation of Fgf14 compromised both perisomatic and 

axo-axonic inhibition. The quantification of the intensity of PV fluorescence suggests that the 

remaining cells in Fgf14-/- express comparable PV content per cell soma. Fgf14 genetic ablation 

did not affect the total hippocampal CA1 neuronal populations, which were measured by the 
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thickness of CA1 layers using cresyl violet and Topro-3 positive cell counting. Since the total 

inhibitory populations in CA1 is a minority population, the loss in PVIs may be very selective and 

specific to certain type of PVIs (for instance, the PVBcs or PVChcs). Furthermore, we addressed 

the question of whether these cellular alterations accompanied structural deficits in the neuronal 

connectivity of the remaining PV neurons. Thus, we analyzed the neuropil density and found that 

the lack of FGF14 did not affect the neuronal connections. 

 Next, we investigated GABA synthesis by analyzing GAD67 puncta size, number, and 

protein contents. FGF14 deletions did not affect the size or number of GAD67 presynaptic puncta, 

suggesting that FGF14 did not influence synaptogenesis. However, the protein content, measured 

by fluorescence intensity, was reduced in Fgf14-/-, indicating that FGF14 modulated the 

maintenance of the GAD67 synapse by guaranteeing adequate protein loading or modulating the 

protein degradation per synapse. Similar findings were observed in the investigation of GABA 

transporting machinery (VGAT). The lack of FGF14 did not affect the number or size of the 

synapse, whereas the fluorescence intensity was reduced, indicating lower VGAT protein content 

in Fgf14-/- mice. I interpreted these observations as a defect in GABAergic presynaptic protein 

loading or degradation in Fgf14-/- mice. 

After investigating the presynaptic GABAergic components, I went on to study the 

postsynaptic proteins that were relevant to cognitive deficit. I began with gephyrin, the scaffold 

protein that mastered the organization of GABAergic receptors and observed an increase in 

gephyrin fluorescence intensity in Fgf14-/- mice. The ablation of FGF14 did not affect GABAA 

alpha-1 or alpha-2 subunits. Postmortem schizophrenic studies reported that presynaptic proteins 

such as GAD67 and VGAT were fewer than those in the matched control. However, postsynaptic 
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proteins such as some GABAA subunits showed increases, suggesting a possible compensatory 

mechanism at the postsynaptic site (Volk et al., 2002). 

6.2 Changes in cellular transmission 

After performing whole-cell patch clamp recordings of pyramidal cells’ sIPSCs and 

mIPSCs, we found that the amplitudes and frequencies of IPSCs’ miniature and spontaneous 

recordings were comparable in both genotypes. However, the AP-driven presynaptic firing and the 

GABA-release functional readout by sIPSCs were indicative of aberrant transmission, which was 

measured by alterations in the number and amplitude of the inter-event intervals. mIPSC 

recordings allowed the examination of the mechanism of GABA release independently of the AP-

driven inhibitory events. These studies required the blocking of sodium channels, and the 

recordings occurred in the presence of tetrodotoxin. In agreement with our cellular and molecular 

findings, the electrophysiology studies confirmed that FGF14 modulated inhibitory transmission, 

whereas FGF14 genetic ablation affected presynaptic and postsynaptic structures.  

6.3 Functional changes (in vivo EEG alterations and behavioral changes) 

Within the cortical regions, particularly the hippocampus, gamma oscillations can be 

classified as fast (65-100 Hz) and slow gamma (30-65 Hz) (Buzsaki and Wang, 2012). Each type 

plays a characteristic role in learning and memory. Fast gamma, which the entorhinal cortex 

network input drives, plays a role in LTP maintenance and generation. In this regard, fast gamma 

has a distinguished role in memory encoding. On the other hand, slow oscillations emerge from 

the hippocampal CA3 region. Thus, it has been proposed to be critical for memory retrieval (Colgin 

and Moser, 2010). Both types are synchronized gamma oscillations that are crucial for memory, 

attention, and executive functions (Lewis et al., 2004). Studies conducted on psychiatric disorders 

suggested that the reduction in PVIs in cortical regions was linked to the desynchronized network 
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function and the disruption in the E/I balance leading to a decrease in gamma oscillations (Lewis 

et al., 2012). The in vivo local field potential (LFP) recordings indicated that both slow and fast 

gamma oscillations were reduced in Fgf14-/-, suggesting that gamma oscillations that Schaffer’s 

collaterals and the entorhinal cortex generated were compromised (Csicsvari et al., 2003;Colgin et 

al., 2009;Papp, 2013;Yamamoto et al., 2014).  

Next, we profiled Fgf14-/- mice by examining their spatial working memory using the 8-arm 

maze test. Our results showed that Fgf14-/- mice exhibited more latency and more errors during the 

test performance, suggesting impaired working memory. The behavioral studies provided further 

evidence that Fgf14-/- mice exhibited salient phenotypes that had been observed in psychiatric 

disorders.  

6.4 Bioinformatics and genetic transcriptomic reports 

  To provide more insight into our examination, we conducted bioinformatics studies using 

existing transcriptomic datasets that had been deposited at NCBI’s GEO public libraries. We 

studied FGF14 functional clustering with PVALB, GAD67, and VGAT from schizophrenic 

postmortem datasets. Using the SEEK search engine, the computational tool for evaluating gene 

co-expression, we found that FGF14 functionally clustered with the GABAergic signaling genes. 

We also found that FGF14, PVALB, GAD67, and VGAT genes were reduced in schizophrenic 

tissues. Moreover, we confirmed the strong functional correlations using two schizophrenic 

datasets, obtained from different brain regions, and two functional annotation analyses (GO and 

KEGG). Finally, the computational studies suggested the existence of potential regulations at the 

genetic level between FGF14 and the GABAergic signaling genes. 
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6.5  Possible mechanisms underlying the loss of PVIs in the CA1 hippocampal region 

Fgf14-/- mice 

In chapter five, I designed a developmental study that covered PVIs in three age groups. In 

chapter three we examined PVIs in the adult stage (4-6 months), and, in this developmental studies, 

I expanded the investigation to include young (1-3 months old) and aged (9-11 months old) Fgf14-

/- mice, comparing them to the wild type. I observed possible impaired maturation/acceleration in 

aging of PVI in Fgf14-/- mice; normal-aged PVI cell counts appeared at an earlier age in the wild 

type. Next, to understand the putative mechanisms behind the loss in PVIs, I examined caspase-3 

activity. This studies showed that the lack of FGF14 slightly increase the apoptosis mechanism. I 

then asked whether the lack of FGF14 would impact the AIS structure, which would have impaired 

the network, desynchronized the circuitry, and, as a consequence, affected PVI maturation and 

development.  

The third potential mechanism is related to activity-dependent development of AIS structure. 

Thus, I analyzed different components of AIS. The results suggested that FGF14 modulated 

spectrin expression. Spectrin is a cytoskeletal protein that recruits multiple elements to the AIS. 

The results of these investigations indicated that the lack of FGF14 induced defects in the 

hippocampal CA1 neuronal population’s AIS structure, which in turn had a powerful effect on 

hippocampal synchronized activity and PVI development. These results incorporate Fgf14 into 

shaping hippocampal circuitry since it may influence PV neurons maturation and possible 

recruitment of AIS components. Such roles could converge to the circuitry tuning, amplification, 

and refinement. 
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Figure 6:1 Working model scheme. 

Lacking FGF14 leads to multiple alterations at the molecular, cellular, functional and behavioral 

levels. 

6.6 Limitations 

1. We used a global knocked out mouse model (Fgf14-/- mice) to conduct this work. Thus, to 

examine the role of FGF14 in influencing PVI structure, function, and development, we need a 

transgenic animal model in which FGF14 is selectively deleted in PVIs. One of the possibilities is 

a complex but more versatile approach, the CRE/Lox system, which basically involves 

crossbreeding Fgf14-/- mice with the commercially available PV-Cre animals from Jackson’s 

laboratory (B6; 129P2-Pvalbtm1 (cre) Arbr/J). PV-Cre transgenic mice have been used widely to 

investigate PVI morphology and functionality (Fuchs et al., 2007;Sohal et al., 2009;Pozzi et al., 

2014); the advantage of this system is that it allows the restricted expression of Cre recombinase 

in PV interneurons (Potter et al., 2009). Upon the generation of F2 double transgenic mice (Fgf14-

/-/PV-Cre+/+), we could reintroduce FGF14-IRES-GFP (or GFP) conditionally upon Cre-mediated 
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recombination, using a loxP-STOP-loxP (Hughes et al.) AAV shuttle plasmid (Kuhlman and 

Huang, 2008). The introduction of the viral vector in the CA1 region could challenging, due to the 

structure and lamination. However, this approach would be more successful in other brain regions 

e.g. the cortex.  

2. We conducted electrophysiological recordings in the hippocampal CA1 pyramidal layer. 

However, to examine the role of FGF14 in PVI function we need to patch directly from PVIs. 

Direct recordings can be achieved using a commercially available transgenic animal model B6; 

SJL-Tg (Pvalb-COP4*H134R/ EYFP)15Gfng/J from the Jackson Laboratory. In these mice, the 

yellow fluorescence labeling protein is fused to the parvalbumin promoter, allowing the optical 

labeling of PVIs. We have generated a double transgenic animal model that is PV-YFP/Fgf14-/- by 

cross-mating the commercially available PV-labelled mice with Fgf14-/-.  

3. PVIs are classified as PVBcs or PVChcs, depending on the shape and organization of their 

soma and dendrites. The hippocampal CA1 region is tightly laminated and heavily packed (Rho et 

al., 2010;Alshammari et al., 2016). Thus, it is quite hard to visually classify PVIs as PVBcs or 

chandelier PVChcs. Similar investigations were extensively conducted in the prefrontal cortex 

(Akil and Lewis;Cruz et al., 2003;Fish et al., 2013;Povysheva et al., 2013).  Since the area is less 

laminated and the layers are easily distinguished, it is more feasible to visually characterize both 

types of PVIs.  

6.7 Future directions 

Before this work, the role of FGF14 in modulating an inhibitory system had not been 

established. Thus, our results have opened up a whole new avenue.  In future studies, I would like 

to address the limitations of this one. Currently, we have generated PV-FGF14 double transgenic 

mice. Which of the following would be a valuable tool for various studies on PVIs: 1) direct 
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electrophysiological recordings; 2) dendritic arborization tracing, axonal connectivity and 

cytoarchitecture profiling to evaluate the maturation of PVIs; 3) optogenetic studies. Optogenetics 

consists of experimental studies based on manipulating the light-sensitive channel, 

Channelrhodopsin-2, which, in turn, modulates action potential. For instance, exposing the 

transgenic animal model that expresses Channelrhodopsin-2 to a blue light enables ionic channel 

activations to take place, allowing cation (primarily Na+) influx. As a consequence, action potential 

is generated. In comparison, yellow-green light illumination causes hyperpolarization by releasing 

Cl- inside the cell (Zhang et al., 2010;Bernstein and Boyden, 2011;Tye et al., 2011). This powerful 

tool has been used to answer research questions in different types of studies, including those 

regarding memory formation and induction (Han et al., 2009), learning (Schroll et al., 2006), 

sociability (Yizhar et al., 2011), anxiety (Tye et al., 2011), aggressive behavior (Lin et al., 2011), 

and epilepsy (Tonnesen et al., 2009). Another question I want to address is that regarding the 

quantification of PVIs in PFC and the investigation of the role of FGF14 in influencing other 

interneurons, for instance, somatostatin, calbindin, calretinin, and cholecystokinin.  

6.7.1 FGF14 regulates GABAergic system in a sex-dependent manner  

A growing line of evidence indicates that sexual dimorphisms influence the healthy, aged, 

and disordered brain (Simerly, 2002;Cahill, 2006;Cosgrove et al., 2007;Goldstein et al., 

2010;Holsen et al., 2011).  In last the five years, NIMH has encouraged neuroscientists to conduct 

more hypothesis-driven investigations focusing on cognition and sex difference-related 

factors/regulators (NIMH, 2011;NIH, 2014) based on the following notions: 1) A recent study 

conducted on postmortem tissue and rodents reported that sex chromosomes affected GABA-

related genes (Seney et al., 2013); 2) FGF14 regulates  multiple components of the GABAergic 

system and function; and 3) Sex influences cognitive capacity (Gurvich and Rossell, 2015).  I 
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would like to address the question of whether Fgf14 considered as a sex-dependent molecule that 

is essential to regulate the GABAergic system and PVIs structure, connectivity and function.  

6.7.2 PVBcs VS.  PVChcs in Fgf14-/- 

The question raised here is whether the loss of PVIs in Fgf14-/- may be attributed to a 

selective loss of PVBcs, PVChcs, or both? In other words, does FGF14 affect certain populations 

of PVIs or not? So far, PVIs can be classified into three types on the basis of their structure and 

synaptic connectivity with excitatory cells: 1) PVBcs innervate principal cells’ proximal dendrites 

and soma, so their innervations are called perisomatic and dendrodendritic; 2) PVChcs synapse 

onto the principal neurons’ axons; thus, their innervations are called axo-axonic; 3) bistratified 

PVIs innervate principal neurons’ dendrites. The first two groups are the most intensively studied, 

particularly PVBcs (Benes and Berretta, 2001;Jinno and Kosaka, 2002;Baude et al., 2007). 

Functionally, it is believed that, compared to other PVI types, they have a greater impact on 

shaping and tuning the excitatory network. Moreover, PVBcs innervate other inhibitory neurons. 

They fire synchronized fast spikes, which equip them to entrain principal cells, and, as a 

consequence, generate gamma-band oscillations in the brain. In the hippocampus, they represent 

the majority of PVIs (Freund, 2003;Klausberger et al., 2003;Baude et al., 2007;Freund and Katona, 

2007).  

To address whether FGF14 regulates PVBcs, PVChcs, or both, the investigation will be 

based on three criteria. First will be visual classification by the application of previously described 

criteria (Freund and Buzsaki, 1996;Marín, 2012). Second, the studies will be conducted in the 

PFC, where it will be easier to distinguish between them morphologically (Marín, 2012). Third 

will be the use of other markers, such as the AIS proteins of ankyrin and spectrin, in combination 

with PV to distinguish PVChcs from PVBcs (Panzanelli et al., 2011), and GAD65, which marks 
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presynaptic PVBcs boutons and is not expressed in PVChcs. Confirming a selective deficit in 

PVBcs in comparison to PVChcs is very important as it has been speculated to be the reason behind 

aberrant gamma oscillations and cognitive deficits in schizophrenia (Glausier et al., 2014). 

Moreover, in schizophrenia, there is a selective reduction in the GABAA receptor alpha-1 subunit 

and GAD67 expression at PVBcs to excitatory cell synapses, whereas GABA transporter-1 (GAT-

1) density is reduced in PVChcs but not in PVBcs (Lewis et al., 2012). In our studies, we focused 

on the hippocampal CA1 region. Thus, we were technically challenged to identify whether the loss 

of PVIs was more pronounced in PVBcs or in PVChcs.   

6.7.3 The role of FGF14 in critical-period synaptic plasticity.  

Wiesel and Hubel won the Nobel Prize in the early sixties after introducing the concept of 

critical periods at early postnatal stages. These are periods during which the brain is adaptable and 

extremely dependent on early-life experiences, which are the basis for cortical circuit shaping and 

development. Moreover, they underlie synaptic plasticity, which modulates various cognitive 

functions, including learning and memory (Wiesel and Hubel, 1963). Experience-dependent 

critical periods in the auditory cortex (Kim et al., 2013) and visual cortex (Spiegel et al., 2014) 

have been studied extensively. In the context of critical-period synaptic plasticity, PVIs have been 

studied extensively (Kuhlman et al., 2013). This work, along with the milestone studies conducted 

on Fgf14-/-, leads us to ask whether FGF14 modulates critical-period synaptic plasticity.
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