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Fragile X Syndrome (FXS) is a leading inherited cause of autism and intellectual 

disability. FXS occurs as a result Fmr1 gene hypermethylation, which leads to 

inactivation and loss of Fragile X Mental Retardation Protein (FMRP). Structural and 

functional studies of humans with FXS indicate auditory cortical deficits. Most notable is 

hypersensitivity to sounds. The Fmr1 knockout (KO) mouse is a well characterized 

animal model for FXS which also shows signs of auditory hypersensitivity, including 

increased acoustic startle and susceptibility to audiogenic seizures. In vivo 

electrophysiology data obtained from KO mouse primary auditory cortex (A1) indicate 

that neurons are hyperexcitable when presented with sounds and exhibit altered 

spectrotemporal processing. Fmr1 KO mice also exhibit EEG measures of abnormal 

network function, including baseline and stimulus-evoked cortical hyperexcitability. 

However, the developmental trajectory of these phenotypes has not been studied. 
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Moreover, the molecular mechanisms underlying this altered excitatory/inhibitory 

balance are unknown. In this study, we characterized developmental changes in 

perineuronal net expression around GABAergic interneurons, neuronal response 

magnitudes, and network excitability in Fmr1 KO auditory cortex. In developing Fmr1 

KO auditory cortex, there is a transient reduction in perineuronal net expression around 

GABAergic interneurons which coincides with single neuron hyperexcitability. In 

addition, there is increased oscillatory gamma during rest. These findings suggest that 

FXS is associated with developmental impairments in cortical processing. Future 

therapeutics may be more beneficial if administered during a developmental critical 

period. 
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Chapter 1: Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 2 

 

 Autism spectrum disorders (ASD) affect 1 in 42 boys and 1 in 189 girls 

(Christensen, et al., 2016). In order to be diagnosed with an ASD, the Diagnostic and 

Statistical Manual for Mental Disorders 5 requires the following six behavioral 

symptoms: (1) Social impairments (minimum of 2), (2) communication deficits, and (3) 

restrictive or repetitive behaviors, including hyper- or hypo-reactivity to sensory stimuli 

(American Psychiatric Association, 2013). Recent studies indicate that ASD is also 

associated with cortical hyperexcitability (Wang, et al., 2013). An important question 

arises, does altered excitatory/inhibitory (E/I) balance underlie sensory hypersensitivity in 

ASD? 

 Fragile X Syndrome (FXS) is a leading, single gene cause of autism, which 

occurs in 1 in 4000 males and 1 in 8000 females (Crawford, et al., 2001). Approximately 

4 in 10 individuals have both FXS and ASD (Kaufmann, et al., 2017). Given the large 

amount of symptomatic overlap between FXS and ASD, and in particular, sensory 

hypersensitivity and altered E/I balance, Fragile X Syndrome is a useful ‘model disorder’ 

for studying mechanisms of sensory hypersensitivity.  

 In Chapter 2, The Perineuronal ‘Safety’ Net? Perineuronal Net Abnormalities in 

Neurological Disorders, I review the evidence for structural deficits which may underlie 

altered E/I balance and abnormal cortical processing in FXS and a number of other 

neurological disorders, including schizophrenia, epilepsy, Alzheimer’s disease, and 

hearing loss. This review emphasizes that abnormal perineuronal net (PNN) formation 

may underlie altered cortical excitability, and indicates the therapeutic potential of 
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targeting matrix metalloproteinase-9, a modifier of perineuronal nets, for treatment of 

ASD, FXS, and other neurological disorders.  

 In Chapter 3, Genetic Reduction of Matrix Metalloproteinase-9 Promotes 

Formation of Perineuronal Nets around Parvalbumin-Expressing Interneurons and 

Normalizes Auditory Cortex Responses in Developing Fmr1 Knock-Out Mice, I studied a 

mouse model of FXS, the Fmr1 KO mouse, to characterize potential mechanisms 

underlying E/I imbalance and altered cortical processing. Evidence for delayed 

development of perineuronal nets around GABAergic interneurons is presented. This is 

concomitant with increased response magnitudes in Fmr1 KO auditory cortex. Moreover, 

genetic reduction of MMP-9 normalizes delayed PNN expression and response 

magnitudes. These findings suggest that MMP-9 cleavage of PNNs may underlie altered 

cortical processing and sensory hypersensitivity in a FXS mouse model. The results of 

this study were published in Cerebral Cortex (Wen, et al., 2017). 

 In Chapter 4, Developmental changes in auditory cortical processing in a FXS 

mouse model, the Fmr1 KO mouse, I characterize developmental changes in auditory 

processing at the single neuron level to determine if other aspects of spectrotemporal 

processing are altered during Fmr1 KO development. Some of the electrophysiological 

data in Chapter 3 is expanded upon in more detail in this chapter. These studies indicate 

that response magnitudes and spontaneous activity increase with age in both WT and 

Fmr1 KO cortex. Moreover, developing Fmr1 KO mice exhibit reduced intensity tuning, 

reduced thresholds, and higher dynamic range. These studies indicate that auditory 

processing is impaired in auditory cortex development in Fmr1 KO mice.  
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 In Chapter 5, Developmental changes in EEG phenotypes in a mouse model of 

Fragile X Syndrome, I characterized EEG measures of cortical hyperexcitability to 

determine if altered auditory processing is observed at the network level. I demonstrate 

that developing Fmr1 KO mice exhibit reduced gamma band oscillatory activity during 

development, and deficits are most prominent in FC. In addition, I characterized event-

related potentials, and found that N1 amplitudes are increased in KO FC. These EEG 

measures of abnormal cortical processing are also present in humans with FXS (Castrén, 

et al., 2013; Ethridge, et a. 2016; Wang, et al., 2017), and have been shown to correlate 

with behavioral deficits, including sensory hypersensitivity (Wang, et al., 2017), making 

them important translational biomarkers for auditory hypersensitivity. 
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Abstract 

Perineuronal nets (PNN) are components of the extracellular matrix that 

preferentially ensheath parvalbumin (PV) expressing interneurons.  Converging evidence 

indicates that PV cells and PNN are impaired in a variety of neurological disorders. PNN 

development and maintenance is necessary for a number of processes within the CNS, 

including regulation of GABAergic cell function, protection of neurons from oxidative 

stress, and closure of developmental critical period plasticity windows. Understanding 

PNN functions may be essential for characterizing the mechanisms of altered cortical 

excitability observed in neurodegenerative and neurodevelopmental disorders. Indeed, 

PNN abnormalities have been observed in post-mortem brain tissues of patients with 

schizophrenia and Alzheimer’s disease. There is impaired development of PNNs and 

enhanced activity of its key regulator matrix metalloproteinase 9 (MMP-9) in Fragile X 

Syndrome, a common genetic cause of autism. MMP-9, a protease that cleaves 

extracellular matrix, is differentially regulated in a number of these disorders. Despite 

this, few studies have addressed the interactions between PNN expression, MMP-9 

activity and neuronal excitability. In this review, we highlight the current evidence for 

PNN abnormalities in CNS disorders associated with altered network function and MMP-

9 levels, emphasizing the need for future work targeting PNNs in pathophysiology and 

therapeutic treatment of neurological disorders. 
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2.1 Introduction 

First described by Golgi in 1893, perineuronal nets (PNNs) are components of the 

extracellular matrix, which form net-like structures around neurons. PNNs have been 

implicated in a wide range of functions including neuroprotection, regulation of neural 

activity and experience-dependent plasticity. Excellent reviews have been written about 

the role of PNNs in brain development (Berardi, et al., 2004; Hensch, 2005; Karetko and 

Skangiel-Kramska, 2009; Wang and Fawcett, 2012). Recently, increasing evidence 

suggests that PNNs are altered in various neurodevelopmental and neurodegenerative 

disorders associated with changes in brain activity. However, the role of PNNs in neural 

and network excitability is only beginning to be understood (Balmer, 2016; Wen et al., 

2017).  The goal of this review is to summarize new evidence implicating PNNs in 

neurodevelopmental and neurodegenerative disorders, including Fragile X Syndrome, 

schizophrenia, Alzheimer’s disease, and epilepsy. Through this review, we also highlight 

gaps in our knowledge of how PNNs regulate neuronal function and suggest new 

directions to address these issues. 

2.2 PNN Structure 

 PNNs are specialized components of extracellular matrix which ensheath neurons 

and proximal dendrites (Fig. 2.1) (Celio, et al., 1998).  In the forebrain, PNNs are often 

found on parvalbumin (PV) expressing GABAergic neurons (Table 1).  Other cell types, 

including putative excitatory neurons also express PNNs, but the distribution of non-PV 

cells with PNN in different regions of the cortex/hippocampus remains unknown.  PNNs 

are composed of chondroitin sulfate proteoglycans (CSPGs), tenascin, and link proteins, 
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which facilitate binding to a hyaluronan backbone (Yamaguchi, 1999). The current 

methodological approach to identify PNNs is through the binding of a lectin, Wisteria 

floribunda agglutinin (WFA) to chondroitin sulfate glycosaminoglycan (GAG) side-

chains of chondroitin sulfate proteoglycans (CSPGs).  

 

Figure 2.1. Structural composition of perineuronal nets (PNN).  

Lecticans are attached to a hyaluronan backbone (green) via link proteins such as Ctrl and 

HAPLN1-4 (not pictured). Hyaluronan synthase (purple) contributes to hyaluronan 

synthesis and anchors hyaluronan to the cell membrane. Tenascin (magenta) promotes 

crosslinking of lecticans and helps maintain PNN structural integrity. PNN formation 

around PV cells may provide protection from redox dysregulation and oxidative stressors 

(schizophrenia, Alzheimer’s disease, epilepsy sections). In addition, PNNs may facilitate 

PV maturation through internalization of Otx2, and regulate PV cell excitability through 

accumulation of Narp (Fragile X Syndrome section).   
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Table 2.1. Comparison of PV/PNN colocalization and percentage of PV cells enwrapped with PNNs across sensory cortices.  

Layer-specific and age-related information are shown if available. Bold values and asterisks indicate age-related changes 

compared to preceding age group. P= postnatal day; Young adult (YA) = 3 months. 

 

 

 

VISUAL CORTEX 
Mouse 

Strain 
Detection Methods % of PV cells with PNNs 

Pizzo, et al. 2016 C57BL/6J 

PV: monoclonal mouse α-PV (SWANT, 

1:500); polyclonal guinea pig α-PV 

PNN: biotin-conjugated WFA (Sigma, 1:200) 

All layers 

P18: ~55% 

P35: ~55% 

Morishita, et al. 2015 C57BL/6J 
PV: monoclonal rabbit α-PV (SWANT, 1:500) 

PNN: biotin-conjugated WFA (Vector, 1:400) 

All layers 

P50: ~72%  

Lensjø, et al. 2017 C57BL/6J 

PV: polycolonal rabbit α-PV (SWANT, 

1:2000) 

PNN: biotin-conjugated WFA (Sigma, 1:200) 

All layers 

3-5 months:~70%  

Ueno, et al. 2017A C57BL/6J 
PV: monoclonal mouse α-PV (Sigma, 1:1000) 

PNN:  biotin-conjugated WFA (Vector, 1:200) 

All layers 

2-6 months: ~50-60% 

SOMATOSENSORY 

CORTEX 

Mouse 

Strain 
Detection Methods % of PV cells with PNNs 

Nowicka, et al. 2009 
Swiss albino 

mice 

PV: (1) rabbit α-PV (1:1000); (2) monoclonal 

mouse α-PV (Sigma, 1:1000) 

PNN: biotin-conjugated WFA (Vector, 1:1000) 

*Most PV cells colocalized with PNNs in 

layer 4 

Layer 1-3 

P20: <10%; P30: ~30%; P90: ~35% 

Layer 4 

P10: ~40%; P20: ~50%; P30: ~50%; P90: 

~80% 

Layer 5-6 

P10: ~10%; P30: ~35%; P90: ~40% 
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Table 2.1 continued.

Ueno,et al. 2017b C57BL/6J 
PV: monoclonal mouse α-PV (Sigma, 1:1000) 

PNN:  biotin-conjugated WFA (Vector, 1:200) 

Layer 2-3 

P14: ~70%; P21, 28: ~50%; P56: ~60% 

Layer 4 

P14, 21, 28: ~75%; P56: ~90% 

Layer 5-6 

P14: ~75%; P21,28: ~40-50%; P56: ~60% 

Karetko-Sysa, et al. 

2014 
C57BL/6J 

PV: polyclonal goat α-PV (Affinity 

BioReagents, 1:1000) 

PNN: biotin-conjugated WFA (Vector, 1:1000) 

*Most PV cells colocalized with PNNs in 

layer 4 

Layer 4-6 

YA: 67%; MA: 53% 

AUDITORY 

CORTEX 

Mouse 

Strain 
Detection Methods % of PV cells with PNNs 

Brewton, et al. 2016 
C57BL/6J 

CBA/CaJ 

PV: rabbit  α-PV (SWANT, 1:10,000) 

PNN: FITC-conjugated PNN (Vector, 1:750) 

All layers 

C57 YA: 35%; CBA YA: 50% 

Nguyen, et al. 2016 CBA/CaJ 
PV: rabbit  α-PV (SWANT, 1:5000) 

PNN: FITC-conjugated PNN (Vector, 1:500) 

All layers 

P30-60: 46% 

Wen, et al. 2017 FVB WT 

PV: (1) rabbit  α-PV (SWANT, 1:5000), (2) 

mouse α-PV (Sigma, 1:1000) 

PNN: FITC-conjugated PNN (Vector, 1:500) 

Layer 2/3 

P14: ~1%; P21: ~29%; P30: ~15 

Layer 4 

P14: ~18%; P21: ~38%; P30: ~38% 

Ueno, et al. 2017a C57BL/6J 
PV: monoclonal mouse α-PV (Sigma, 1:1000) 

PNN:  biotin-conjugated WFA (Vector, 1:200) 

All layers 

YA: ~60-70% 
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CSPGs: CSPGs consist of a core protein and varying amounts of chondroitin sulfate 

chains, covalently bound to a central region of the protein. These chondroitin sulfate side 

chains are a type of glycosaminoglycan polysaccharide consisting of disaccharide blocks 

of N-acetylgalactosamine and glucuronic acid (Sherman and Back, 2007). Various 

CSPGs exist in the extracellular matrix throughout the body, but the lectican family of 

CSPGs is most prominent in PNNs of the central nervous system. These include 

aggrecan, neurocan, versican, and brevican, which vary in core protein size and the 

number of GAG side chains (Yamaguchi, 1999).  

Although lecticans are developmentally regulated, their function in CNS 

development remains unclear. A developmental upregulation of aggrecan and brevican, 

which peak in adulthood, was reported in rat brain (Milev, et al., 1998; Brückner, et al., 

2000; Popp, et al., 2003). Versican consists of two different alpha and beta isoforms, 

which are differentially expressed during development. The expression of alpha isoform 

was low during embryonic development, first and second postnatal weeks, and then 

increased steadily until around 3.5 months of age (Bignami, et al., 1993b; Milev, et al., 

1998; Popp, et al., 2003). In contrast, the expression of beta isoform increased 2-3 fold 

from embryonic day (E) 14 until birth and then decreased in adulthood (Bignami, et al., 

1993b; Milev, et al., 1998; Popp, et al., 2003). Neurocan expression also increased 

between E14 and postnatal day (P) 3 and then decreased during early-late adolescence 

and into adulthood (Meyer-Puttlitz, et al., 1996; Miller, et al., 1996; Milev, et al., 1998; 

Brückner, et al., 2000). Studies of postmortem human tissues also suggest developmental 

changes in lectican levels in human CNS. For example, high levels of brevican mRNA 
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expression were detected in postmortem human cortex during early development until 8 

years of age, and the expression levels were lower in the adult human brain (Gary, et al., 

2000). These developmental changes in lectican expression levels suggest that the PNNs 

themselves may also be developmentally regulated, underlying maturation of circuit 

function. However, the functional impact of developmental changes in PNN lectican 

composition is unknown.  

Tenascins and hyaluronan: Tenascins and hyaluronan are also part of PNN structure. 

Tenascins are fibrous proteins similar to collagen, which bind to the C-terminal domain 

of lecticans (Aspberg, et al., 1997; Day, et al., 2004). Hyaluronan is an unsulfated GAG 

that is synthesized at the cell surface by the membrane-bound enzymes called hyaluronan 

synthases (HAS) and protrudes through the plasma membrane into the extracellular space 

(Fraser, et al., 1997). Hyaluronan binds to other ECM molecules via N-terminal 

hyaluronan binding domains, including lecticans and link proteins such as Ctrl1 and 

HAPLN1-4 (Frischknecht and Seidenbecher, 2008). This complex of hyaluronan with 

ECM proteins forms the basis for PNN structure. Similar to lecticans, tenascin and 

hyaluronan are also developmentally regulated. In the mouse cortex, tenascin 

immunolabeling is first detected around E16 (Sheppard, et al., 1991) and tenascin levels 

increase after birth until the third postnatal week (Brückner, et al., 2000). By week 4, 

tenascin expression is reduced to adult levels (Brückner, et al., 2000). Hyaluronan 

expression precedes the detection of both tenascin and lecticans, and is first observed 

near the notochord in E11-12 rat embryos (Delpech and Delpech, 1984; Bignami, et al., 
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1993a). Hyaluronan is expressed during postnatal development and adulthood but peaks 

during embryonic development (Bignami, et al., 1993a).   

While lecticans, tenascins, and hyaluronan are expressed during embryonic 

development, the classic net-like structure of PNNs is not typically seen until later during 

postnatal development (See Table 1.1 for sensory cortex). It is unclear how the CNS 

assembles these molecules to form PNN around neurons, but some studies suggest that 

both neurons and glial cells are involved in the process (Miyata, et al., 2007; Pyka, et al., 

2011). Astrocytes extend their processes into PNNs localized near the synapse (Brückner, 

et al., 1993; Blumecke, et al., 1995), suggesting a tetrapartite synaptic organization 

involving ECM, pre/post synaptic sites and astrocytes (Dityatev and Rusakov, 2011; 

Smith, et al., 2015) whose synergistic functions remain unexplored. 

2.3 PNN in CNS Pathology 

In the following sections, we review new evidence implicating abnormal PNN 

expression in several CNS disorders. 

2.3.1 Schizophrenia  

Schizophrenia may arise from early environmental insults during a sensitive 

period in development, in conjunction with genetic risk factors. One mechanism that has 

been proposed to explain some symptoms of schizophrenia is a reduction in GABAergic 

signaling in specific cortical regions. This is evident from a number of studies 

characterizing expression of GABAergic cells and glutamate decarboxylase (GAD) in 

brain tissues from schizophrenia patients. In situ hybridization and RT-PCR studies 

indicate that post-mortem brain tissues from schizophrenia patients exhibit reduced PV 
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and/or GAD67 mRNA, particularly in prefrontal cortex (Akbarian, et al., 1995; Volk, 

2000; Hashimoto, et al., 2003; Hashimoto, et al., 2008a; Hashimoto, et al., 2008b; 

Mellios, et al., 2009). Reduced PV and GAD67 protein levels are also seen in both 

prefrontal and temporal cortex of post-mortem brain tissues (Beasley and Reynolds, 

1997; Curley, et al., 2011; Glausier, et al., 2014). While there is evidence for reduced 

expression of other GABAergic cells, such as somatostatin positive interneurons 

(Hashimoto, et al., 2008a; Hashimoto, et al., 2008b; Fung, et al., 2010) much of current 

research has emphasized PV cell abnormalities. Some studies indicate that there are 

reduced GAD67 mRNA and protein levels in GABAergic cells (Akbarian, et al., 1995; 

Curley, et al., 2011; Volk, et al., 2012), suggesting that altered cell functions may drive 

schizophrenia phenotypes. Gamma band oscillations in the cortex have been attributed to 

changes in GABAergic cell activity, in particular PV interneurons (Sohal, et al., 2009), 

and can be measured using electroencephalography (EEG) or magnetoencephalography 

(MEG). Indeed, increased gamma-band power was observed in resting baseline EEG 

recordings from humans with schizophrenia (Gandal, et al., 2012). In contrast, gamma-

band activity that is driven by rapid presentation of auditory stimuli and synchrony or 

phase-locking of electrocortical activity to these stimuli are reduced in schizophrenic 

patients compared to healthy controls (Kwon, et al., 1999; Light, et al., 2006). These data 

suggest altered PV cell function in schizophrenia, but why these cells are susceptible is 

unclear.  

Redox dysregulation has been observed in schizophrenic patients, who have 

defective antioxidant systems and exhibit increased lipid peroxidation (Do, et al., 2000; 
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Yao, et al., 2006; Flatow, et al., 2013). In these studies, endogenous antioxidant levels 

have been characterized in cerebrospinal fluid and post-mortem brain tissues. More 

detailed mRNA analysis of cultured skin fibroblasts also supports these findings, as these 

studies indicate that fibroblasts from patients with schizophrenia exhibit reduced levels of 

glutathione synthetase and glutamate cysteine ligase (GCL) (Tosic, et al., 2006), both of 

which are enzymes necessary for synthesis of CNS antioxidants. Genetic analysis of 

single nucleotide polymorphisms in schizophrenia patients demonstrated mutations in the 

gene encoding GCL, an enzyme that is important for the production of the cellular 

antioxidant glutathione (GSH) (Tosic, et al., 2006). Interestingly, PV cells are particularly 

susceptible to oxidative stress given their fast cellular metabolism and increased 

mitochondrial function (Hasenstaub, et al., 2010; Kann, et al., 2014; Inan, et al., 2016). 

Recent studies show that PNNs may protect PV cells from oxidative stress (Cabungcal, et 

al., 2013; Morishita, et al., 2015). Cabungcal and colleagues analyzed the levels of 

oxidative stress in PV cells with and without PNNs in GCL knockout (KO) mice, a 

mouse model of schizophrenia, by measuring the levels of 8-hydroxy 2 deoxyguanosine 

(8-oxo-dG). Developing GCL KO mice had fewer PNN-expressing PV cells in anterior 

cingulate cortex, and the injection of a dopamine reuptake inhibitor to promote more 

oxidative stress via buildup of reactive oxygen species contributed to increased 8-oxo-dG 

signal and PV cell loss. However, PV cell loss was not observed in older mice, which 

exhibit more PNN-expressing PV neurons. Further analysis indicated that while PV 

neurons enwrapped with PNNs were less susceptible to oxidative stress, chABC-

mediated degradation of PNNs made PV cells more vulnerable (Cabungcal, et al., 2013), 
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suggesting that the neuroprotective effects of PNNs may be attributed to the chondroitin 

sulfate side chains of CSPGs. Specifically, in vitro studies conducted in human 

neuroblastoma SH-SY5Y cells indicated that chondroitin sulfate application prior to 

exposure to oxidative-stress inducing agents, such as hydrogen peroxide prevented cell 

death and reduced the production of reactive oxygen species. Analysis of molecular 

mechanisms indicated that chondroitin sulfate promotes activation of protein kinase 

pathways including PKC and PI3K/Akt, and subsequent production of a neuronal 

antioxidant, Hemo oxygenase-1 (Canas, et al., 2007).  

PNN dysfunction in schizophrenia may also drive changes in GABAergic cell 

function leading to network dysfunction, as normal PNN expression regulates excitability 

of PV cells (Liu, et al., 2013; Balmer, 2016). Brückner and colleagues speculated that the 

large, negatively charged sugar chains, which are enriched in PNNs, might allow for 

buffering of sodium and potassium ions at synapses to promote faster firing of action 

potentials (Brückner, et al., 1993; Härtig, et al., 1999; Bekku, et al., 2009). While this 

mechanism has not been confirmed, chABC-mediated removal of chondroitin sulfate side 

chains from PNNs reduced spiking of PV cells in adult rats (Balmer, 2016; Lensjø, et al., 

2017) and increased spiking variability (Lensjø, et al., 2017). In addition, brevican 

conditional knockdown in PV-expressing cells demonstrated that changes in the 

expression of specific lecticans alter synaptic input and firing frequency in PV cells 

(Favuzzi, et al., 2017). These findings lend support to the idea that PNN composition 

plays an important role in regulating PV cell function.   
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As PNNs regulate GABAergic cell function and oxidative stress levels, cortical 

abnormalities observed in schizophrenia may be attributed to PNN dysfunction. Indeed, 

several lines of evidence indicate that schizophrenia is associated with the loss of PNNs. 

Post-mortem brains from patients with schizophrenia exhibit reduced density of WFA-

labeled cells (Mauney, et al., 2013) and reduced levels of CSPGs and PV expression in 

prefrontal cortex (Enwright, et al., 2016). A mouse model of schizophrenia also exhibits 

reduced PNN levels in prefrontal cortex (Cabungcal, et al., 2014). In this model, 

schizophrenia-like abnormalities are reported in the adult mouse prefrontal cortex as a 

result of neonatal lesion of ventral hippocampus. The effects of dysregulated dopamine 

signaling on prefrontal cortex oscillatory activity, which are suggested to drive 

schizophrenia phenotypes, can be also regulated by PNNs. For example, network 

oscillatory activity that was increased by drug-induced changes in dopaminergic 

signaling in mouse prefrontal cortex was further enhanced following chABC-mediated 

degradation of PNNs (Steullet, et al., 2014).  

Matrix metalloprotrotease-9 (MMP-9) is an endopeptidase that cleaves aggrecan 

and laminin that are building blocks of PNNs (Ethell and Ethell, 2007).  Recent studies 

have hinted at the potential role of MMP-9 in the manifestation of schizophrenia 

phenotypes. A functional polymorphism of the MMP-9 gene was discovered in human 

schizophrenia patients (Rybakowski, et al., 2009; Lepeta, et al. 2017). Additionally, 

Yamamori and colleagues showed elevated MMP-9 levels in the plasma of schizophrenic 

patients (Yamamori, et al., 2013). Various clinical trials have been conducted using 

minocycline alone or as an adjunct to risperidone in patients with schizophrenia and have 
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demonstrated overall improvement in negative symptoms and executive functioning 

(Miyaoka, et al., 2008; Khodaie-Ardakani, et al., 2014; Levkovitz, et al. 2008). Beside its 

antibiotic activity, minocycline can reduce plasma levels of MMP-9 (Dziembowska, et 

al., 2013) and inhibit MMP-9 activity (Lee, et al., 2006), suggesting a possible role of 

MMP-9 inhibition in the beneficial effects of minocycline in schizophrenia. Clearly 

additional studies are needed to test whether elevated MMP-9 levels do indeed drive 

PNN changes observed in prefrontal cortex of schizophrenia mouse models and how it 

relates to the human condition. Future studies can help to determine whether ECM 

abnormalities underlie the changes in GABAergic signaling and redox dysregulation 

associated with schizophrenia. These studies are essential in our understanding of the 

PNN role in pathophysiology of schizophrenia. 

2.3.2 Seizures and epilepsy  

Epilepsy occurs unpredictably and affects people of all ages, although onset 

commonly occurs in childhood. It is idiopathic and can include generalized seizures, 

which involve epileptiform activity emanating from the entire cortex, as well as focal or 

partial seizures, which result from epileptiform activity from a single part of the cortex. 

The molecular mechanisms underlying seizure onset include impaired PV cell functions. 

Initial evidence for this comes from the analysis of post-mortem human brain tissues, 

which exhibited reduced PV cell density and immunoreactivity at epileptic foci in the 

hippocampus and neocortex (Sloviter, et al., 1991; Ferrer, et al., 1994; Andrioli, et al., 

2007). Genomic sequencing data indicate that a number of mutations in the Scn1a gene 

contribute to a spectrum of different epileptic disorders affecting children, including de 
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novo (Claes, et al., 2001; Fujiwara, et al., 2003) as well as missense, frame-shift, and 

nonsense mutations (Fujiwara, et al., 2003). Scn1a is a gene that encodes Nav1.1, a 

sodium channel necessary for PV cell firing (Hedrich, et al., 2014; Ogiwara, et al., 2007). 

Recent studies demonstrate that reduced PV cell spike output may contribute to seizures 

in mice with genetic knock-in of mutated human Scn1a, which results in subtle changes 

in Nav1.1 functionality (Ogiwara, et al., 2007; Hedrich, et al., 2014). Several rodent 

models of epilepsy, which use drugs to induce seizures, also shed some light on the role 

of PV cells. PV KO mice were more likely to experience status epilepticus compared to 

controls following increased doses of pentylenetetrazol (PTZ), a GABAA receptor 

blocker (Schwaller, et al., 2004).  

As PNNs regulate PV cell activity (Liu, et al., 2013; Balmer, 2016; Lensjø, et al., 

2017) and protect PV cells from oxidative stress (Canas, et al., 2007; Cabungcal, et al., 

2013), PNNs can be potentially targeted to control seizures. In fact, recent work has 

reported changes in PNN integrity in several models of epilepsy. Specifically, drug-

induced seizures led to increased expression of aggrecan cleavage products around PV 

cells and reduced expression of PNN components in rodent hippocampus, including 

hyaluronan link protein 1 and HAS3, both of which help to stabilize PNNs (McRae and 

Porter, 2012; Rankin-Gee, et al., 2015). In another study, drug-induced seizures increased 

unbound CSPG levels and decreased the levels of CSPGs associated with PNNs around 

PV cells, which were detected with WFA in cerebral cortex (Yutsudo and Kitagawa, 

2015). In rodent piriform cortex, kindling-induced seizures caused PNN degradation and 

increased GABAergic synapses, contributing to the rewiring of cortical networks 
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(Pollock, et al., 2014). Moreover, PNN breakdown induced by seizures was at least 

partially facilitated by increased enzymatic activity of MMPs (Kim, et al., 2009; Rankin-

Gee, et al., 2015), and seizure susceptibility was reduced in MMP-9 KO mice 

(Wilczynski, et al., 2008). This suggests that PNN breakdown via extracellular proteases 

like MMP-9 following seizure induction contributes to network rewiring, leading to 

pathological hyperexcitability. Future studies should explore this PNN loss-

hyperexcitability connection further and determine whether there would be therapeutic 

benefit to MMP inhibition and PNN restoration in epilepsy. 

2.3.3 Alzheimer’s Disease  

Alzheimer’s disease (AD) is associated with memory impairment, which may be 

attributed to intracellular buildup of neurofibrillary tangles and the accumulation of 

extracellular beta-amyloid plaques in hippocampus and cortex. This may lead to 

hippocampal and cortical hyperexcitability as well as increased seizure susceptibility in 

both AD humans and rodent models (Palop, et al., 2007; Roberson, et al., 2011). Post-

mortem brains of AD patients exhibit reduced expression of PNNs, particularly in the 

hippocampus (Baig, et al., 2005; Lendvai, et al., 2013). Neurons that exhibit buildup of 

tau protein and neurofibrillary tangles are more likely to lack PNNs (Brückner, et al., 

1999; Morawski, et al., 2010). Direct support for the neuroprotective effects of PNNs 

from AD-related pathology was demonstrated in rodent cortical neurons in vitro. These 

experiments showed that PNN-ensheathed cells were more resistant to cell death when 

neurons were incubated with exogenous monomeric Aβ1-42 peptide for 48 hours.  More 

cells died when pretreated with chABC (Miyata, et al., 2007).  The neuroprotective 
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abilities of PNNs may stem from their ability to act as a barrier for oxidative stress-

inducing molecules, such as metal ions. The molecules can react with free radicals 

generated by cellular metabolism to generate even more free radicals, resulting in lipid 

peroxidation, oxidative stress, and cell death (Stohs and Bagchi, 1995). Indeed, cortical 

cells expressing PNNs exhibited accumulation of iron in post-fixed brain tissues obtained 

from both AD and normally aged controls (Reinart, et al., 2003), which also exhibited 

accumulation of lipofuscin, a byproduct of iron-catalyzed oxidative stress, and increased 

amounts of lipofuscin in cells without PNN (Morawski, et al., 2004). These results 

indicate that cells without PNNs are more susceptible to cell death (Morawski, et al., 

2004). Similar results have been obtained in AD rodent models, which rely on bilateral or 

unilateral microinjection of iron chloride into mouse cortex to mimic AD-related 

oxidative stress. While iron-induced oxidative stress resulted in apoptotic cell death in 

cells without PNNs, neurons with PNNs were more likely to survive (Suttkus, et al., 

2012; Suttkus, et al., 2014). Genetic reduction of aggrecan, which has the highest number 

of CS-side chains and presumably the largest negative charge, resulted in reduced 

neuroprotective effects (Suttkus, et al., 2014). These results lend further support to the 

idea that the CS-side chains of PNNs mediate its neuroprotective effects.  

PNN loss in AD may contribute to altered excitatory/inhibitory (E/I) balance 

(Palop, et al., 2007; Sun, et al., 2009), synaptic loss (Scheibel and Tomiyasu, 1978; 

Ruiter and Uyling, 1987; Grutzendler, et al., 2007; Knafo, et al., 2009; Hoover, et al., 

2010) and increased susceptibility to oxidative stress (Deibel, et al., 1996; De Felice, et 

al., 2007; Varadarajan, et al., 2000; Manczak, et al., 2006). Interestingly, some studies 
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suggest that MMP-9 may be a key molecular target in treating AD, as MMP-9 is capable 

of cleaving Aβ in vitro (Backstrom, et al. 1996), and plasma levels of MMP-9 are 

elevated in AD patients (Backstrom, et al., 1996; Lorenzl, et al., 2003). As MMP-9 is also 

involved in PNN maintenance, elevated MMP-9 levels may contribute to both PNN 

degradation and altered levels of Aβ in AD. However, PNNs have not yet been analyzed 

in mouse models of AD that exhibit Aβ buildup.   

2.3.4 Hearing loss and central auditory processing 

Recent studies suggest that loss of PNN around PV cells occurs following noise-

induced and age-related hearing loss. Overexposure to loud sounds can cause hair cell 

damage (Puel, et al., 1998), hearing loss and reduced afferent input in the auditory system 

(Syka, 2002). Noise-induced hearing loss leads to increased excitability (gain) in the 

central auditory system, perhaps to compensate for loss of afferent input (Syka and 

Rybalko, 2000) but the cellular mechanisms are not clear. PNNs are impaired following 

noise induced hearing loss, even within 1 day after the noise exposure. Specifically, PNN 

intensity is reduced in layers 1-4 of auditory cortex of adult CBA mice 1, 10, and 30 days 

post-noise exposure. In layers 5-6, PNN intensity decreases 10 days post-noise exposure 

(Nguyen, et al., 2017). Reduced PNN intensity may be a result of increased cleavage or 

degradation of various PNN components, such as CSPGs, hyaluronan, or link proteins. 

Understanding the auditory system’s ability to control excitability as a result of exposure 

to traumatic sounds and the potential role of PNNs in regulating this process may help to 

characterize molecular targets in treatment of noise induced hearing loss, tinnitus and 

develop preventative measures.  



 

24 

 

Age-related hearing loss, also known as presbycusis, is associated with reduced 

hearing sensitivity, a difficulty interpreting speech in noise and slower central auditory 

processing (Gates and Mills, 2005). One major symptom of presbycusis is reduced 

speech recognition, which may lead to social isolation and cognitive decline. Hearing 

aids amplify sounds, but may not improve speech processing, suggesting central auditory 

system changes. Neuronal response properties susceptible to presbycusis include 

frequency selectivity, spontaneous activity levels and spectrotemporal selectivity 

(Trujillo and Razak, 2013). GABAergic signaling is involved in shaping these properties, 

with fast-spiking (putative PV) cells shaping both spectral and temporal selectivity 

(Moore and Wehr, 2012). Indeed, several studies have demonstrated reduced GABAergic 

signaling in the aged auditory system of rodents and humans (Caspary, et al., 1990; Ouda, 

et al., 2008; Ouellet and de Villers-Sidani, 2014; Gao, et al., 2015). In addition, PV 

expression levels are reduced in layers 1-4 primary auditory cortex of aged C57/Bl6 mice 

(Martin del Campo, et al., 2012).  

PNNs may play a major role in PV neuron susceptibility and altered cortical 

processing in presbycusis. The number of PNN expressing cells is reduced in aging 

mouse auditory cortex. PV/PNN co-localized cells are particularly impacted (Brewton, et 

al., 2016). As PNNs protect PV cells from oxidative stress, these data indicate that PNN 

downregulation with age may make PV cells more susceptible to cell death. Altered PNN 

formation may contribute to abnormal GABAergic signaling and impaired temporal 

processing with age, leading to deficits in speech comprehension. Additional studies are 
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required to identify the specific components of PNNs that are altered in noise- and age-

related hearing loss.  

 

 

Figure 2.2. Working hypothesis for Fragile X Syndrome.  

We propose a working hypothesis in which MMP-9 is necessary for normal PV cell 

function and consequently normal neuronal and network excitability (A). The top row 

shows schematics of PV/PNN cells and cleavage of PNN by MMP-9. The middle row 

shows single unit responses (each vertical line is an action potential in the post-stimulus 

time histogram schematic) to sound stimulus (black bar under the abscissa) and spectral 

power of baseline EEGs. (B) There is increased MMP-9 levels in disorders such as 

Fragile X Syndrome that result in reduced PNN formation or altered PNN composition 

around PV cells. This may contribute to increased response to sensory stimuli and 

enhanced gamma power in baseline EEGs. The review argues that multiple neurological 

and neurodevelopmental disorders may include altered PV/PNN/MMP-9 interactions 

leading to circuit dysfunction.   
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2.3.5 Fragile X Syndrome 

Recently, we proposed a working model for increased sensory hyperexcitability in 

Fragile X syndrome (FXS) that arises through abnormal PNN development (Fig. 2.2). 

FXS is a leading genetic cause of autism, occurring in 1 in 4000 males and 1 in 8000 

females (Murray, et al. 1997). Most common cause of FXS is an expansion of CGG 

trinucleotide repeats in 5’ region of the Fragile X mental retardation 1 (Fmr1) gene that 

results in its hypermethylation and inactivation. This leads to loss of Fragile X Mental 

Retardation protein (FMRP), which is necessary for regulation of protein synthesis 

(Verkerk, et al., 1991). Individuals with this neurodevelopmental disorder suffer from 

social and communication deficits, sensory hypersensitivity, and anxiety disorders 

(Abbeduto and Hagerman, 1997; Rogers, et al., 2001; Cordeiro, et al., 2010). Auditory 

hypersensitivity is common in humans with FXS as measured by increased sound evoked 

responses, reduced habituation and expansion of brain regions activated by auditory 

stimuli (Rojas, et al., 2001; Castrén, et al., 2003; Ethridge, et al., 2016; Van der Molen, et 

al., 2012; Wang, et al., 2017; Sinclair, et al., 2017a). These auditory processing deficits 

may drive social, cognitive and language delays and deficits in FXS (Rotschafer and 

Razak, 2014; Sinclair, et al., 2017a).  

Auditory hypersensitivity is also evident in Fmr1 KO mice, a mouse model of 

FXS, which exhibit increased susceptibility to audiogenic seizures (Musumeci, et al., 

2000) and abnormal auditory startle (Frankland, et al., 2004). In vivo electrophysiological 

studies demonstrate that neurons in adult Fmr1 KO mouse auditory cortex are (1) 

hyperexcitable, exhibiting increased responses per stimulus, (2) show more variable 
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response latencies, and (3) broader frequency tuning curves (Rotschafer and Razak, 

2013). More recent work using EEG/ERP recordings shows that mature Fmr1 KO mouse 

auditory cortex exhibits reduced habituation to repeated sound presentations (Lovelace, et 

al., 2016), similar to the phenotype seen in humans with FXS (Castrén, et al., 2003; 

Ethridge, et al., 2016). These results indicate that there is altered E/I balance in auditory 

cortex, which may underlie auditory hypersensitivity phenotypes. As PNNs are thought 

to be critical for maintaining E/I balance, we tested the hypothesis that disruption of PNN 

development may underlie auditory hypersensitivity in FXS. 

We found delayed PNN development and increased MMP-9 activity levels in the 

developing auditory cortex of Fmr1 KO mice (Wen, et al., 2017), which may lead to 

impaired PV cell development and reduced inhibition.  These phenotypes are mostly 

observed between P14 and P21 suggesting a window of abnormal development that can 

be targeted for therapeutic applications. At P14, the responses are similar across 

genotypes, while at P21 the KO neurons show hyper-responsiveness. Genetic reduction 

of MMP-9 levels in the Fmr1 KO mice normalizes PV/PNN development and also 

reverses the hyperresponsiveness of auditory cortical neurons. These findings suggest 

that MMP-9-mediated cleavage of PNNs during development may underlie sensory 

hypersensitivity in FXS. 

Reduction of MMP-9 levels with minocycline in humans with FXS 

(Dziembowska, et al., 2013) contributes to reversal of several FXS phenotypes, including 

behavioral deficits and enhanced auditory electrocortical activity in adults and/or 

adolescents with FXS (Paribello, et al., 2010; Leigh, et al., 2013; Schneider, et al., 2013). 
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Minocycline administration in Fmr1 KO mice is also beneficial for dendritic spine 

morphology in the hippocampus, animal behavior (Bilousova, et al., 2009; Dansie, et al., 

2013) and ultrasonic vocalizations (Rotschafer, et al., 2012). Selective MMP-9 inhibitors 

must be utilized to determine if these effects are indeed attributed to MMP-9 inhibition, 

but genetic reduction of MMP-9 in Fmr1 KO mice normalized PNN formation and 

prevented the development of neuronal hyperexcitability (Wen, et al., 2017; Lovelace, et 

al., 2016), emphasizing the therapeutic potential of targeting MMP-9 and PNN in 

treatment of FXS. 

In addition to regulating cortical development, MMP-9 cleavage of PNNs may 

drive changes in PV expression and/or PV cell function seen in FXS. The somatosensory 

cortex of adult FXS mice exhibit delayed PV cell maturation (Nomura, et al., 2017) and 

reduced PV expression (Selby, et al., 2007). In developing mice, PV interneurons receive 

reduced excitatory drive from neighboring pyramidal cells in layer 4 of somatosensory 

cortex (Gibson, et al., 2008). Recent work that characterized network activity in humans 

and rodents with FXS indicate an increase in resting gamma oscillations in the cortex 

(Ethridge, et al., 2016; Wang, et al., 2017; Sinclair, et al., 2017b; Lovelace et al., In 

Press), perhaps due to altered PV cell functions. More importantly, there is evidence that 

PNN development can drive PV cell maturation. In sensory cortices, PNN/PV co-

localization and the percentage of PV cells with PNNs increase with age (Table 2.1). PV 

cell maturation is characterized by gradual increases in signaling, including faster firing 

and IPSC kinetics (Lazarus and Huang, 2011; Oswald and Reyes, 2011). An 

orthodenticle homeprotein 2 (Otx2), may play a role in PV cell maturation and 
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refinement of cortical inhibition. Otx2 expression coincides with both PV and PNN 

expression in the cortex during critical period plasticity (Sugiyama, et al., 2008). Studies 

of rodent visual cortex development indicated that Otx2 is localized to GABAergic cells, 

and is more likely found in PV cells that are enwrapped with PNNs, which contain a 

specific Otx2 binding site (Beurdeley, et al., 2012). Moreover, similar to PNN and PV 

development, Otx2 expression peaks in the cortex with closure of the critical plasticity 

period (Sugiyama, et al., 2008; Lee, et al., 2017). PNNs are necessary for the uptake of 

Otx2 by PV cells, which promotes PV cell maturation (Beurdeley, et al., 2012). RNA 

sequencing analysis of PV cells containing Otx2 indicates that Otx2 may be necessary for 

mitochondrial function, cellular respiration, and redox regulation (Sakai, et al., 2017). In 

summary, these data suggest that PNNs mediate the uptake of Otx2 by PV cells, which 

may drive PV cell maturation by directing transcription or translation of specific genes 

necessary for PV cell function. In FXS, delayed PNN expression around PV cells during 

development may therefore contribute to abnormal PV cell function and altered network 

excitability.  

Network excitability in FXS may also result from impaired synaptic scaling at PV 

cells due to PNN dysfunction. Synaptic scaling is a mechanism in neurons, including PV 

cells, to modulate firing rate depending on the level of sensory input into the system.  

This is thought to prevent developing networks from becoming hyperexcitable as a result 

of activity-dependent synaptogenesis (Turrigiano, et al. 1998; Dityatev, et al., 2010). 

There is direct evidence for a role of PNNs in mediating this form of synaptic scaling via 

neuronal activity-regulated pentraxin, also known as Narp. Narp is an immediate early 
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gene which can interact with the N-terminal domain of AMPA receptors localized 

extracellularly and was found to facilitate AMPA receptor clustering at both the pre- and 

post-synaptic cell in response to stimulation (O'Brien, et al., 1999). Studies by Chang, et 

al. (2011) in developing mouse hippocampus demonstrated that (1) Narp was highly 

expressed at excitatory synapses of PV interneurons, (2) PNN expression facilitated Narp 

expression (and conversely PNN degradation contributed to reduced Narp levels), and (3) 

Narp expression at PV interneurons was necessary for increased AMPA receptor-

mediated mEPSC amplitude in response to stimulation both in vitro and in vivo. This 

suggests that during development, sensory stimuli can induce initial Narp expression at 

the pre-synaptic terminal and, via mechanisms that are not well understood, can lead to 

the increased Narp expression in post-synaptic PNN-positive PV cells. Narp expression 

at the post-synaptic cell facilitates AMPA receptor clustering at the post-synaptic density. 

This Narp-mediated pathway becomes activated with exposure to sensory stimuli, which 

promotes PV interneuron excitation, leading to feed-forward inhibition (O'Brien, et al., 

1999). Narp appears to play a similar role at PV cells in visual cortex, as genetic 

knockout of Narp reduced excitatory drive onto PV cells and PV cell-extracellular EPSCs 

in vitro (Gu, et al., 2013). Interestingly, in vivo stimulus-evoked single-unit recordings 

from visual cortex neurons of Narp knockout mice also revealed hyperexcitability, 

similar to auditory cortex neurons in developing and adult Fmr1 KO mice (Rotschafer 

and Razak, 2013; Wen, et al., 2017). Further studies characterizing Narp expression and 

function should be conducted in auditory cortex of both WT and Fmr1 KO mice. The 

work reviewed here suggests that in FXS, delayed development of PNNs may contribute 
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to abnormal Narp expression, impairing the ability of PV cells to scale cortical networks, 

resulting in hyperexcitability and auditory hypersensitivity. 

2.4 Conclusions 

Accumulating evidence suggests that PNN loss contributes to the 

pathophysiology of various neurological disorders. The neuroprotective role of PNNs is 

at least partially attributed to the cation buffering abilities of high negative charge of 

CSPGs. Several lines of evidence also implicate PNNs in experience-dependent plasticity 

during development. In fact, activity-dependent synaptogenesis and the development of 

stable neuronal networks may be a result of normal PNN interactions with inhibitory 

interneurons, in particular fast spiking PV cells. Considering the prominent role of PNNs 

in many processes within the CNS, more focus should be placed on characterizing the 

mechanisms of PNN regulation in the healthy and diseased brain.  

Despite the evidence for developmental and pathological changes in PNNs, their 

precise role in network development is not known. Some of the work reviewed here 

seems to indicate that PNNs are necessary for PV cell function, yet in sensory cortices 

and other brain areas not all PV cells contain PNNs (Table 2.1). Moreover, in addition to 

experience-dependent changes in PNN integrity in sensory cortex, PNNs are also 

regulated in the hippocampus, prefrontal cortex, and insular cortex during aging, fear 

memory extinction and substance abuse (Gogolla, et al., 2009; Yamada and Jinno, 2013; 

Chen, et al., 2015; Slaker, et al., 2015). Studies of PNN core proteins, such as lecticans, 

laminin, fibronectin and tenascins, may help to understand PNN functions. New models 

that allow for the examination of PNN formation and restructuring in the living brain will 



 

32 

 

contribute to a better understanding of its role in circuit function.  Genetic approaches to 

visualize and dissemble PNNs will also be very important moving forward  

Extracellular matrix proteins such as lecticans, laminin, fibronectin and tenascins 

are also found outside PNNs. While the major methodological approach for 

characterizing PNNs is labeling of GAG-side chains with lectins such as WFA, other 

studies have been done using immunolabeling against PNN core proteins (Ueno, et al., 

2017b). Interestingly, while WFA is used to detect aggrecan-expressing PNNs, PNNs 

containing aggrecan and brevican do not always overlap (Galtrey, et al., 2008; Ueno, et 

al., 2017b). These findings suggest that future work characterizing other PNN core 

proteins such as hyaluronan or link proteins will be helpful in understanding PNN 

development and re-organization in health and disease.   

Mechanisms of PNN loss and restructuring in disease are still not clear. One of 

the ECM modifying enzymes, MMP-9, has been hypothesized to play a role in 

pathophysiology of schizophrenia, AD and FXS. As MMP-9 is capable of cleaving ECM, 

elevated MMP-9 levels can drive PNN loss and re-organization. As there is evidence for 

abnormal MMP-9 regulation in FXS, schizophrenia and AD as well as altered PNNs in 

presbycusis and acoustic trauma models, studies of how MMP-9 is involved in PNN 

regulation are crucial for the development and validation of future therapeutics. Recent 

studies indicate that minocycline administration may reverse both schizophrenia and FXS 

phenotypes, perhaps due to its ability to lower MMP-9 levels or activity (Dziembowska, 

et al., 2013). As MMP-9 cleaves PNN components, perhaps the use of more specific 
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MMP-9 inhibitors may yield higher efficacy in treatment of these and other neurological 

disorders.  

Despite the number of years which have passed since Golgi’s discovery in 1893, 

we have barely scratched the surface in our understanding of PNNs. As the number of 

studies characterizing expression levels and CSPG composition in pathophysiology of 

neurological disease grows, emphasis in the field must shift to how PNNs function. These 

studies will provide better treatments to people with schizophrenia, AD, hearing loss, and 

neurodevelopmental disorders. Moreover, they will enhance our understanding of basic 

PNN-mediated processes including neuronal regeneration, neuroprotection, and 

experience-dependent plasticity. 
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Abstract 

Abnormal sensory responses associated with Fragile X Syndrome (FXS) and 

autism spectrum disorders include hypersensitivity and impaired habituation to repeated 

stimuli. Similar sensory deficits are also observed in adult Fmr1 KO mice and are 

reversed by genetic deletion of Matrix Metalloproteinase 9 (MMP-9) through yet 

unknown mechanisms. Here we present new evidence that impaired development of 

parvalbumin (PV)-expressing inhibitory interneurons may underlie hyper-responsiveness 

in auditory cortex of Fmr1 KO mice via MMP-9-dependent regulation of perineuronal 

nets (PNNs). First, we found that PV cell development and PNN formation around 

GABAergic interneurons were impaired in developing auditory cortex of Fmr1 KO mice.  

Second, MMP-9 levels were elevated in P12-P18 auditory cortex of Fmr1 KO mice and 

genetic reduction of MMP-9 to WT levels restored the formation of PNNs around PV 

cells.  Third, in vivo single unit recordings from auditory cortex neurons showed 

enhanced spontaneous and sound-driven responses in developing Fmr1 KO mice, which 

were normalized following genetic reduction of MMP-9. These findings indicate that 

elevated MMP-9 levels contribute to the development of sensory hypersensitivity by 

influencing formation of PNNs around PV interneurons suggesting MMP-9 as a new 

therapeutic target to reduce sensory deficits in FXS and potentially other autism spectrum 

disorders.  

3.1 Introduction 

Fragile X Syndrome (FXS) is a leading genetic cause of autism (Crawford et al., 

2001).  FXS is associated with a CGG trinucleotide repeat expansion in the Fragile X 



 

50 

 

mental retardation (Fmr1) gene that leads to hypermethylation and loss of Fragile X 

mental retardation protein (FMRP; Yu et al., 1991). FMRP is an mRNA binding protein 

that regulates synaptic functions through protein translation (Darnell et al., 2011).  

Humans with FXS display cognitive and communication deficits, as well as delayed 

language development (Largo and Schinzel, 1985; Roberts et al., 2001), hyperarousal 

(Miller et al., 1999), abnormal social interactions (Hagerman et al., 2009), sensory 

hypersensitivity and seizures (Wisniewski et al., 1991; Musumeci et al., 1999; 

Sabaratnam et al., 2001; Berry-Kravis, 2002). The Fmr1 knock out (KO) mice display the 

core deficits of FXS, including sensory hypersensitivity and abnormal cortical processing 

(Chen and Toth, 2001; McNaughton et al., 2008; Gibson et al., 2008; Pietropaolo et al., 

2011; Rotschafer and Razak, 2013; Lovelace et al., 2016).  

Altered excitatory/inhibitory (E/I) balance may underlie abnormal cortical 

responses in humans with FXS and Fmr1 KO mice, such as reduced habituation (Castrén 

et al., 2003; Lovelace et al., 2016; Ethridge et al., 2016, Wang, et al., 2017), hyper-

responsiveness, broader receptive fields (Rotschafer and Razak, 2013, Arnett, et al., 

2017; Zhang, et al., 2014) and increased network synchronization (Paluszkiewicz et al., 

2011; Gonçalves et al., 2013; La Fata, et al., 2014).  However, the cell- and network-

specific changes underlying the E/I imbalance are only beginning to be understood 

(Gibson et al., 2008; reviewed in Contractor et al., 2015).   

Normal development of fast-spiking parvalbumin (PV)-positive inhibitory 

interneurons is implicated in shaping ‘critical period’ plasticity, stabilization of synaptic 

networks and network synchronization (Hensch, 2005; Jeevakumar and Kroener, 2016). 
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In the somatosensory cortex of Fmr1 KO mice, there is decreased excitatory drive onto 

PV neurons and reduced PV expression (Selby et al., 2007; Gibson et al., 2008). 

Moreover, there is a down-regulation of GABAA receptor subunit α1 during postnatal 

cortical development in Fmr1 KO mice (Adusei et al., 2010), a subunit normally enriched 

at PV cell/pyramidal cell synapses. Although these studies implicate PV cell dysfunctions 

in FXS-associated cortical hyperexcitability, the underlying mechanisms remain unclear.  

Perineuronal nets (PNNs), which are extracellular matrix (ECM) components, are 

often associated with PV cells and regulate their development and functions. Loss of 

PNNs around PV cells is associated with abnormal critical period plasticity and reduced 

excitability of PV cells (Pizzorusso et al., 2002; Balmer, 2016; Lensjø, et al., 2017). 

PNNs also protect PV cells against oxidative stress (Cabungcal et al., 2013). Matrix 

Metalloproteinase 9 (MMP-9) is a secreted endopeptidase, which regulates PNN 

formation and organization by cleaving ECM components (Ethell and Ethell, 2007). 

FMRP negatively regulates MMP-9 translation (Dziembowska et al., 2013) and MMP-9 

levels are elevated in FXS (Bilousova et al., 2009; Sidhu et al., 2014; Gkogkas et al., 

2014).  MMP-9 deletion reverses several FXS phenotypes in Fmr1 KO mice (Sidhu et al., 

2014), including impaired auditory response habituation (Lovelace et al., 2016). 

However, it is unclear how enhanced MMP-9 activity may lead to auditory processing 

deficits in FXS.  

Here, we hypothesized that increased MMP-9 levels affect auditory responses by 

influencing development of PNNs around PV cells in the auditory cortex of Fmr1 KO 

mice.  We found delayed development of PNNs and PV cells in layer 4 auditory cortex of 
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Fmr1 KO mice. PNN formation was selectively impaired around GABAergic PV 

interneurons but not excitatory neurons during the same period.  In vivo single neuron 

recordings showed increased responses to tones in P21 in Fmr1 KO mouse auditory 

cortex compared to WT suggesting impaired inhibition. While MMP-9 levels were 

reduced in the auditory cortex of WT mice after onset of hearing, MMP-9 levels 

remained elevated in developing auditory cortex of Fmr1 KO mice at P12-18. Genetic 

reduction of MMP-9 levels restored auditory responses and the formation of PNNs 

around PV cells in the P21 Fmr1 KO mice to WT levels.  The concomitant changes in 

PV/PNN expression and electrophysiological responses following genetic reduction of 

MMP-9 in the Fmr1 KO mice strongly suggest that elevated MMP-9 levels contribute to 

the development of auditory processing deficits by influencing the development of PNNs 

and PV cells in the auditory cortex of Fmr1 KO mice.  

3.2 Materials and Methods 

3.2.1 Mice 

 FVB.Cg-Mmp-9tm1Tvu/J and FVB.129P2-Fmr1tm1Cgr/J (Fmr1 KO) and 

FVB.129P2-Pde6b+Tyrc-ch/AntJ controls (WT) mice were obtained from Jackson 

laboratories and housed in an accredited vivarium on a 12h light/dark cycle. Food and 

water were provided ad libitum. The FVB.Cg-Mmp-9tm1Tvu/J mice were backcrossed, in-

house, with Fmr1 KO mice to generate Mmp9+/-Fmr1 KO mice, which had only one 

allele of the Mmp9 gene and reduced expression of MMP-9. Genotypes were confirmed 

by PCR analysis of genomic DNA isolated from mouse tails. All procedures were 

approved by the Institutional Animal Care and Use Committee at the University of 
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California, Riverside and carried out in accordance with NIH Guide for the Care and Use 

of Laboratory Animals. 

3.2.2 Immunohistochemistry and image analysis 

Age-matched male WT, Fmr1 KO, and Mmp9+/-Fmr1 KO mice at ages P14-15, 

P21-22, and P30-31 were euthanized with sodium pentobarbital or isoflurane and 

perfused transcardially with cold phosphate-buffered saline (PBS, 0.1 M) and 4% 

paraformaldehyde (PFA). Brains were removed and post-fixed for 2-4 h in 4% PFA. 100 

µm sections were obtained using a vibratome (Leica S1000 or EMS 5000) with a speed 

of 2-2.5 and amplitude of 6-6.5. Auditory cortex was identified using hippocampal 

landmarks.  This method has been previously validated using tonotopic mapping and dye 

injection (Martin del Campo et al., 2012) and comparison with the Paxinos mouse atlas 

and other publications on mouse auditory cortex (Anderson et al., 2009).  Nevertheless, 

the precise boundary between primary auditory cortex (A1) and anterior auditory field 

(AAF) of the mouse auditory cortex cannot be clearly established.  Both these fields are 

part of the lemniscal auditory system and comprise the core auditory cortex.  Therefore, 

we use the phrase ‘auditory cortex’ to indicate both A1 and AAF.   

For each brain, an average of 5-6 slices containing auditory cortex were obtained. 

Sections were labeled using the following immunohistochemistry protocol. Briefly, brain 

slices were post-fixed for an additional 2 h in 4% PFA in 0.1M PBS and then washed in 

0.1M PBS. Slices were then quenched with 50 mM ammonium chloride for 15 minutes 

and washed with PBS. Next, brain tissues were permeabilized with 0.1% Triton X-100 in 

PBS and nonspecific staining was blocked with a 5% Normal Goat Serum (NGS; Sigma, 
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catalog# G9023-10mL) and 1% Bovine Serum Albumin (BSA; Fisher Scientific, 

catalog# 9048468) in 0.1 M PBS solution. Slices were then incubated for 24 h with 

primary antibodies and fluorescein-tagged Wisteria floribunda agglutinin (WFA) in 0.1 

M PBS containing 1% NGS, 0.5% BSA, and 0.1% Tween-20 solution. WFA (4µg/ml; 

Vector Laboratories, cat# FL-1351, RRID:AB_2336875) is a lectin, which binds 

glycosaminoglycan side chains of chondroitin sulfate proteoglycans found in PNNs 

(Pizzorusso et al., 2002). Primary antibodies used include rabbit-anti PV (1:5000; 

SWANT, catalog# PV25, RRID:AB_10000344) or mouse anti-PV (1:1000; Sigma, 

catalog# P3088, RRID:AB_477329) to label PV interneurons and rabbit anti-GAD 65/67 

(42.4µg/mL, Abcam, catalog#ab49832, RRID:AB_880149) to label all inhibitory 

interneurons. After incubation with primary antibodies and WFA, slices were washed in 

0.1 M PBS containing 0.5% Tween-20 and incubated with secondary antibodies in 0.1M 

PBS for 1 h. Secondary antibodies were donkey-anti rabbit Alexa 594 (4µg/ml; Thermo 

Fisher Scientific, catalog# A-21207, RRID:AB_141637), donkey anti-rabbit Alexa 647 

(4µg/ml; Thermo Fisher Scientific, catalog# A-31573, RRID:AB_2536183) and donkey 

anti-mouse Alexa 594 (4µg/ml; Thermo Fisher Scientific, catalog# A-21203, 

RRID:AB_2535789). Slices were then washed with 0.1 M PBS containing 0.5% Tween-

20, mounted with Vectashield containing DAPI (Vector Labs, catalog# H-1200) and 

Cytoseal (ThermoScientific, catalog# 8310-16). Slices were imaged by confocal 

microscopy (model LSM 510, Carl Zeiss MicroImaging or Leica SP5) using a series of 

20 high-resolution optical sections (1024 x 1024-pixel format) that were captured for 

each slice using a 10x, 20x or a 63x water-immersion objective (1.2 numerical aperture), 
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with 1x or 5x zoom at 1 um step intervals (z-stack). All images were acquired under 

identical conditions. Each z-stack was collapsed into a single image by projection (LSM 

Image Browser, Zeiss or Image J), converted to a TIFF file, encoded for blind analysis, 

and analyzed using Image J. Image J was also used to identify and count PNN positive 

cells, PV positive cells, GAD positive cells and colocalization. Cortical layers were 

identified (Anderson et al., 2009) and used for layer-specific counts. Cell counts were 

obtained in layers 1-5 of auditory cortex. The freehand selection tool and measure 

function was used to specify layers of the auditory cortex and the point tool was used to 

label PNNs, PV cells and GAD cells added to the ROI manager. Particle Analysis Cell 

Counter plugin in Image J was used to count colocalization. Two-way ANOVA was used 

to determine age and genotype differences and one-way ANOVA or Kruskal-Wallis one 

way analysis of ranks was used to determine genotype differences. Bonferroni or 

Dunnett’s C was used for post-hoc analysis. Statistical analyses were performed using 

GraphPad Prism 6. 

3.2.3 Gelatin zymography 

P3, P7, P12, and P18 mice (n = 3-7 mice per group) were euthanized with 

isoflurane and the auditory cortex was dissected based on coordinates (Paxinos and 

Franklin, 2004) and previous electrophysiological and dye-placement studies (Martin del 

Campo et al., 2012). The tissue samples were flash-frozen on dry ice and stored at -80° 

C.  Gelatin gel zymography was performed as previously described with minor 

modifications (Sidhu et al., 2014). Briefly, auditory cortex tissue was re-suspended in 100 

µL of 100 mM Tris-HCl (pH=7.6) buffer containing 150 mM NaCl, 5 mM CaCl2, 0.05% 
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Brij35, 0.02% Na3N, 1% Triton X-100, 100 μM PMSF and PI cocktail (Sigma, catalog# 

P8340). The gelatinases, MMP-2 and MMP-9, were pulled down with gelatin agarose 

beads (Sigma, catalog# G5384) and separated on 10% Tris-Glycine gel with 0.1% gelatin 

as the substrate (Life Technologies). Following separation, gels were soaked in 

renaturing buffer (Life Technologies, catalog# LC2670) to remove all traces of SDS and 

allow the MMPs to refold thus regaining their enzymatic activity. Following renaturing, 

gels were incubated in developing buffer (Life Technologies, catalog# LC2671) for 96 h, 

allowing the gelatinases (MMP-2 and MMP-9) to degrade the gelatin in the gel. Gels 

were then stained with Coomassie Blue overnight to uniformly stain the gels after which 

de-staining revealed areas of MMP activity as unstained bands. Levels of MMP-2 and 

MMP-9 proteins were quantified by densitometry using Image J.  Statistical analysis was 

performed using ANOVA for comparison between the groups followed by Tukey’s post 

hoc pair-by-pair comparisons. 

3.2.4 In vivo extracellular electrophysiology 

Single unit recordings were obtained and analyzed using previously published 

methods to study adult mouse cortical responses (Rotschafer and Razak, 2013).  Here 

age-matched (P13-16 and P19-23) male WT, Fmr1 KO, Mmp9+/-Fmr1 mice were 

anesthetized with a combination of 1g/kg urethane and 20mg/kg xylazine. Toe pinch 

reflex was monitored to ensure sufficient anesthesia levels and maintained with 

supplemental doses of urethane and xylazine. When mice were anesthetized, a midline 

incision was made to expose the skull. The temporalis muscle was reflected and a dental 
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drill was used to create a cranial window to auditory cortex, which was identified using 

coordinates and vasculature.  

 Sounds were presented through free field speakers (Player BL Light; Avisoft, 

Gleinicke, Germany) maintained 7 inches and 45 degrees from the left ear. Single-unit 

extracellular electrophysiological recordings were obtained from the right auditory cortex 

(200-700um depth).  While neural activity was recorded from all layers of auditory 

cortex, the majority of neurons were located in superficial layers (200-450um; 55.68% of 

WT neurons, 69.23% of KO neurons, and 69.81% of Mmp9+/- neurons) and the 

distribution of neuron depths did not differ between WT, KO, and Mmp9+/- Fmr1 KO 

mice (p=n.s.; Chi-square: Depth x Genotype). Tonotopy, short latency responses to pure 

tone stimuli, and vascular landmarks were used to find neurons in core auditory cortex. 

The frequency response of the sound delivery system, assessed with a 1 inch Bruel and 

Kjaer microphone and measuring amplifier, was flat within ± 4 dB between 5 and 40 

kHz. The high frequency roll off was ~20 dB from 40-60 kHz. Acoustic stimulation and 

data acquisition were done with custom written software (Batlab; Dr. Dan Gans, Kent 

State University) and a Microstar digital processing board. Sound level was controlled 

using programmable attenuators (PA5; Tucker-Davis Technologies, Gainesville, FL).  

Isolated neurons were probed with pure tones (5ms rise/fall time) in 1 or 5 kHz 

increments. Tones used were between 4 and 50 kHz as most neurons in the mouse core 

auditory cortex are tuned to <50 kHz (Rotschafer and Razak, 2013). Sound level was 

changed with 5 dB resolution to determine the characteristic frequency (CF), defined as 

the frequency at which a neuron responds at a minimum sound level. A tone at a specific 
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frequency and level was counted as being excitatory if the neuron responded to at least 

three out five presentations. Response magnitude was compared in WT, Fmr1 KO, and 

Mmp9+/-Fmr1 neurons by generating a post-stimulus time histogram of responses to a 

50 msec pure tone at the CF presented 15 dB above threshold (20 repetitions, 1 Hz 

repetition rate, 200 msec recording window from stimulus onset). Spontaneous activity 

was also recorded within 200 ms windows of silence that were interspersed between 

stimulus trials.  The average spontaneous activity was calculated by dividing the total 

number of spikes recorded in silent windows divided by the number of repetitions of the 

silent window.  At the end of the experiment, mice were euthanized with 125 mg/kg 

sodium pentobarbital.  Statistical analysis was performed using Kruskal-Wallis one-way 

analysis of ranks and Dunnett’s C was used for post-hoc analysis.  

3.3 Results 

3.3.1 PV cell development is impaired in the developing auditory cortex of Fmr1 KO 

mice 

 The density of PV interneurons was analyzed in layers (L) 1-4 auditory cortex 

of WT and Fmr1 KO mice at P14, P21 and P30 using immunohistochemistry (Fig 2.1 A-

I). A significant developmental increase in PV cell density was observed in both WT and 

Fmr1 KO auditory cortex at P21 (Table 2.1; age effect, p<0.01). However, PV cell 

density was lower in the developing Fmr1 KO auditory cortex compared to WT (Table 

2.1; genotype effect, p<0.05). Fluorescently tagged WFA was used to assess the density 

of PNN-containing cells in L1-4 auditory cortex (Fig 2.1 A-I). Similar to PV cell density, 

a developmental increase in the density of PNN-enwrapped cells was observed in 
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auditory cortex of WT and Fmr1 KO mice (age-effect, p<0.001, Table 2.1). This 

developmental increase in PNNs occurs on a delayed timeline in Fmr1 KO compared to 

WT auditory cortex. A significant increase in PNN density was observed in WT auditory 

cortex at P21 (WT P14 vs. P21 p<0.05, Table 2.1), but not until P30 in Fmr1 KO 

auditory cortex (Fmr1 KO P14 vs. P30, p<0.0001, Table 2.1). Although there was a delay 

in PNN development in Fmr1 KO auditory cortex, overall density of PNN-containing 

cells was not significantly different between genotypes. In summary, our results 

demonstrate reduced PV cell density in developing auditory cortex of Fmr1 KO mice, 

and a delayed developmental increase in both PV and PNN-containing cells in Fmr1 KO 

auditory cortex.  

Table 3.1. PV cell development and PNN formation in the auditory cortex of WT and 

Fmr1 KO mice 

PV+ and PNN+ cell density in layers 1–4 of WT and KO auditory cortex (average ± 

SEM). Two-way ANOVA. PV cell density: genotype effect p=0.0317; age effect 

p=0.0028. PNN cell density: genotype effect P = n.s.; age effect p< 0.0001 (Bonferroni 

post hoc test: Fmr1 KO P14 vs. P30, P < 0.001; Fmr1 KO P21 vs. P30, p<0.05). WT N: 

P14 3 animals/20 slices; P21 7/43; P30 8/59; P60 5/43. KO N: P14 3/22; P21 6/45; P30 

7/66. 

 
 WT KO 

Age PV+ Cell Density PNN+ Cell Density PV+ Cell Density PNN+ Cell Density 

P14 76.71 ± 4.39 43.55 ± 9.14 53.07 ± 5.07 24.05 ± 7.91 

P21 103.42 ± 11.12 59.92 ± 7.21 89.22 ± 5.31 51.71 ± 5.66 

P30 92.20 ± 5.86 66.80 ± 6.46 83.00 ± 6.04 83.24 ± 5.18 
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Figure 3.1. Layer-specific differences in PV cell density and PNN formation in developing WT and Fmr1 KO auditory cortex.  

 (A–F) Confocal images show PV immunoreactivity and WFA-positive PNN labeling in WT and Fmr1 KO auditory cortex at 

P14, P21, and P30. Scale bar, 100 μm. (G–I) High magnification confocal images show examples of cells with PV 

immunoreactivity and WFA-positive PNN labeling in WT and Fmr1 KO auditory cortex at P14, P21, and P30. Scale bar, 50 

μm. (J–M) Quantitative analysis of the density of PV cells (J), PNN-containing cells (K), PNN-containing PV cells (L) and 

percent of PNN-containing PV cells (M) in L2/3 and 4 of WT and KO auditory cortex. (J) In P14 Fmr1 KO auditory cortex, 

there was reduced PV cell density in L2/3 (P14 Fmr1 KO vs. WT, P < 0.0001) and L4 (P14 Fmr1 KO vs. WT P < 0.05). (K) In 

L4 of auditory cortex, PNN-positive cell density was reduced in P14 Fmr1 KO mice (Fmr1 KO vs. WT, P < 0.0001). (L) The 

density of PV interneurons enwrapped with PNNs was reduced at P21 in L2/3 (Fmr1 KO vs. WT; P < 0.01) and L4 (Fmr1 KO 

vs. WT; P < 0.0001) of Fmr1 KO auditory cortex as compared to WT. (M) The percent of PV cells containing PNNs was also 

reduced in L4 of Fmr1 KO auditory cortex as compared to WT at P21 (Fmr1 KO vs. WT; P < 0.01). Statistical analysis was 

performed using 2-way ANOVA with Bonferroni’s multiple comparisons post-test (WT N: P14 3 animals/20 slices; P21 7/43; 

P30 8/59. Fmr1 KO N: P14 3/22; P21 6/45; P30 7/66; *P <0.05; **P < 0.01; ****P < 0.0001).  
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3.3.2 PNN formation is selectively impaired around PV interneurons in Fmr1 KO 

auditory cortex at P21  

 Given a prominent accumulation of PNNs in L4 of sensory cortices (Pizzorusso 

et al., 2002; Brewton et al., 2016) and their abundance around PV cells, we next 

characterized layer-specific PV and PNN cell density in WT and Fmr1 KO auditory 

cortex at P14, P21, and P30. PV cell density was lower in L4 Fmr1 KO auditory cortex 

compared to WT at all ages (genotype effect, p<0.05; Fig. 3.1J). The difference was most 

prominent at P14, when we observed a significant reduction in PV cell density in both 

L2/3 and L4 Fmr1 KO auditory cortex compared to WT (L2/3, p<0.0001; L4, p<0.05; 

Fig. 3.1J). However, a developmental increase in PV cell density was only detected in L4 

but not L2/3 of WT auditory cortex (WT, P14->P21, p<0.01; Fig. 3.1J). In addition, a 

developmental delay in PNN cell density was specifically observed in L4 Fmr1 KO 

auditory cortex. PNN density was lower in L4 Fmr1 KO auditory cortex compared to WT 

mice at P14 (p<0.0001) and did not reach WT levels until P30 (Fig. 3.1K).  

 To determine if PNN formation was impaired specifically around PV neurons, 

we analyzed the density of PNN/PV double-labeled cells and the percentage of PV cells 

containing PNN.  We found that PNN formation was selectively impaired around PV 

cells in Fmr1 KO auditory cortex as compared to WT at P21 in both L2/3 (p<0.01) and 

L4 (p<0.0001; Fig. 3.1L). The percentage of PNN-containing PV cells was also reduced 

in L4 Fmr1 KO auditory cortex compared to WT at P21 (p<0.01), indicating a selective 

loss of PNN-containing PV cells (Fig. 3.1M).  These data demonstrate developmental 
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delays in PNN formation around PV cells in Fmr1 KO auditory cortex, which can 

potentially affect PV cell functions.   

3.3.3 Reduced PNN formation around GABAergic interneurons in L4 Fmr1 KO auditory 

cortex at P21 

 We next examined whether the reduction in PNN formation in L4 Fmr1 KO 

auditory cortex was specific to GABAergic interneurons or if PNN formation was also 

impaired around non-GABAergic cells (Fig. 3.2A). A significant decrease in the density 

of GABAergic interneurons with PNNs was observed in Fmr1 KO auditory cortex 

compared to WT at P21 (Fig. 3.2B; WT vs Fmr1 KO, p<0.01). While PNN labeling was 

also detected around GAD65/67 negative cells (presumably excitatory neurons; 

arrowheads in Fig. 3.2C and D), there were no genotype differences in the density of 

PNN-containing cells lacking GAD65/67, indicating that impaired PNN formation was 

specific to GABAergic interneurons at P21. By P30 we no longer observed the 

differences in the density of PNN-containing GABAergic interneurons between WT and 

Fmr1 KO auditory cortex (Fig. 3.2B). Taken together, these results show a delayed 

development of PNNs around GABAergic interneurons in L4 Fmr1 KO auditory cortex 

specifically at P21, which may lead to abnormal cortical development and underlie 

auditory processing deficits associated with FXS.  
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Figure 3.2. PNN formation was selectively impaired around GABAergic interneurons in 

L4 Fmr1 KO auditory cortex at P21. 

 (A) Confocal low magnification image shows GAD65/67 (red) and PV 

immunoreactivity (blue), and WFA-positive PNN labeling (green) in WT auditory cortex. 

Scale bar, 100 μm. (B) Quantitative analysis of the density of PNN-positive GABAergic 

(GAD65/67 positive) and excitatory (GAD65/67 negative) neurons in L4 of WT and 

Fmr1 KO auditory cortex at P21 and P30. (Top) Fmr1 KO mice showed reduced density 

of GABAergic interneurons enwrapped with PNNs in L4 auditory cortex as compared to 

WT at P21 (**p<0.01). (Bottom) There was a developmental increase in GAD-negative 

cells enwrapped with PNNs (P21 vs. P30; **p<0.01), but there were no genotype-specific 

differences. Statistical analysis was performed using 2-way ANOVA with Bonferroni 

multiple comparisons post-test (WT N: P21 3 animals/12 slices; P30 3/26. Fmr1 KO N: 

P21 3/20; P30 3/12). (C, D) Confocal high magnification images of net structures 

exemplifying PNNs that surround PV, GAD+ and GAD- cells in WT and Fmr1 KO 

auditory cortex at P21 (C) and P30 (D). Scale Bar, 100 μm. White star indicates a 

GAD+/PV+ cell (purple) without PNN, arrows indicate GAD+/PV+ cells with PNN, 

arrowheads indicate GAD-/PV- cells with PNNs.
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3.3.4 MMP-9 levels are higher in the developing auditory cortex of Fmr1 KO mice 

 MMP-9 cleaves extracellular matrix and PNNs (Ethell and Ethell, 2007; Reinhard 

et al., 2015) and is elevated in FXS human brain and Fmr1 KO mouse hippocampus 

(Dziembowska et al., 2013; Sidhu et al., 2014; Gkogkas et al., 2014), which may affect 

PNN development. Therefore, we first examined whether MMP-9 levels are elevated in 

developing auditory cortex of WT and Fmr1 KO mice using a gelatin zymography assay. 

MMP-9 levels peaked in WT auditory cortex at P7 (Fig. 3.3A and B) just prior to hearing 

onset (Ehret, 1976; Kraus and Aulbach-Kraus, 1981). In WT auditory cortex, MMP-9 

levels decreased at P12 and remained low at P18 (Fig. 3.3A and B; effect of age 

p<0.009), during the period of active PNN formation and maturation of auditory cortex. 

While MMP-2 levels were not different between genotypes, MMP-9 levels were 

consistently elevated in Fmr1 KO as compared to WT at all ages (p<0.001; Fig. 3.3A-C), 

suggesting that enhanced MMP-9 activity may impede PNN formation around PV 

interneurons in developing auditory cortex of Fmr1 KO mice.  

3.3.5 MMP-9 reduction promotes PNN formation around PV interneurons in layer 4 of 

Fmr1 KO auditory cortex 

 To determine whether elevated MMP-9 levels contribute to abnormal PNN and 

PV cell development in Fmr1 KO auditory cortex, we examined the effects of genetic 

reduction of MMP-9 on PV/PNN expression (Fig. 3.4A-C). At P12, MMP-9 levels were 

found to be significantly higher in Fmr1 KO as compared to WT (p<0.05, Fig. 3.3D, E), 

and were restored to WT levels in Mmp9+/-Fmr1 KO auditory cortex. While genetic  
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Figure 3.3. Detection of MMP-9 and MMP-2 levels in the developing auditory cortex.  

(A, D) Detection of MMP-9 and MMP-2 levels using gelatin zymography. (B, C) Graph 

shows MMP-9 (B) and MMP-2 (C) levels in WT and Fmr1 KO auditory cortex at P3, P7, 

P12 and P18 (values were quantified by densitometry and normalized to the P7 

WT value). (B) Levels of MMP-9 peak at P7 and decrease with age during auditory 

cortex development in WT mice; however compared to WT levels MMP-9 levels are 

elevated in Fmr1 KO mice at all ages (P < 0.01). (C) MMP-2 levels also showed a 

developmental down-regulation from P3 to P18 (Fig. 3.3C; P < 0.05) but levels were 

similar between WT and Fmr1 KO mice at all ages (Fig. 3.3C; P = n.s.). Statistical 

analysis was performed using 2-way ANOVA with Bonferroni’s multiple comparisons 

post-test (WT N: 6, 8, 4, and 4 mice. Fmr1 KO N: 6, 8, 4, and 4 mice). (E, F) Graph 

shows MMP-9 (E) and MMP-2 (F) levels in WT, Fmr1 KO and Mmp-9 +/−Fmr1 KO 

auditory cortex at P12 (values for Mmp-9 +/−Fmr1 KO and Fmr1 KO samples were 

normalized against values for WT sample with similar protein concentration run on the 

same gel). Levels of MMP-9 were significantly higher in Fmr1 KO (*P < 0.05) but not 

Mmp-9 +/−Fmr1 KO auditory cortex as compared to WT, whereas MMP-9 levels were 

significantly lower in Mmp-9 +/−Fmr1 KO auditory cortex as compared to Fmr1 KO 

(**P < 0.01). Statistical analysis was performed using 1-way ANOVA with Bonferroni 

multiple comparisons post-test (WT N: 9 mice, Fmr1 KO N: 9 mice and Mmp-9 +/−Fmr1 

KO N: 6 mice). 
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reduction of MMP-9 levels did not affect the density of PV cells in Mmp9+/-Fmr1 KO 

mice as compared to experimentally-matched Fmr1 KO mice (Fig. 3.4D), PNN density 

was significantly higher in layer 4 of Mmp9+/-Fmr1 KO auditory cortex than in Fmr1 

KO at P21 (p<0.0001; Fig. 3.4E), even exceeding WT levels (p<0.01; Fig. 3.4E). The 

density of PV cells with PNN was also significantly higher in Mmp9+/-Fmr1 KO 

auditory cortex compared to Fmr1 KO at P21 (p<0.01; Fig. 3.4F). Moreover, the 

percentage of PV cells containing PNN was restored to WT levels in layer 4 of Mmp9+/-

Fmr1 KO auditory cortex at P21 and was significantly higher than in Fmr1 KO 

(p<0.0001; Fig. 3.3G). In contrast, we found no differences in the density of PV cells, PV 

cells with PNN, and the percentage of PV cells with PNNs in layer 5 of WT, Fmr1 KO, 

and Mmp9+/-Fmr1 KO auditory cortex. These findings strongly suggest that abnormally 

high MMP-9 levels in the developing Fmr1 KO mouse auditory cortex may primarily 

affect PNN formation around GABAergic PV interneurons in layer 4, which in turn may 

lead to reduced inhibition in the cortical network.   

3.3.6 Response magnitudes are increased in developing auditory cortex of Fmr1 KO mice  

 As the maturation of the synaptic and intrinsic properties of the mouse auditory 

cortex neurons occurs during the P12-P21 window (Oswald and Reyes, 2011; Kim, et al., 

2013) and PNN disruption is known to reduce PV cell excitability and to affect 

excitatory/inhibitory balance in sensory cortex (Balmer, et al., 2016, Lensjø, et al., 2017), 

we hypothesized that in vivo responses of developing auditory cortical neurons to sounds 

will be also shifted towards more excitation in Fmr1 KO mice. 
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Figure 3.4. Genetic MMP-9 reduction promotes PNN formation around PV interneurons 

in L4 Fmr1 KO auditory cortex at P21.  

 (A–C) Confocal images of PV (red) and WFA-positive PNN-containing (green) cells in 

L4 auditory cortex of WT, Fmr1 KO, and Mmp9 +/−Fmr1 KO mice at P21. Mmp9 +/− 

Fmr1 KO brain samples were collected and analyzed together with experimentally 

matched WT and KO groups. Scale Bar, 100 μm. White * indicates a PV cell without 

PNN, white arrows indicate PV cells with PNN. (D-G) Quantitative analysis of the 

density of PV cells (D), PNN-containing cells (E), PNN/PV expressing cells (F) and 

percent of PNN-containing PV cells (G) in L4 auditory cortex of WT, Fmr1 KO, and 

Mmp9 +/−Fmr1 KO at P21. (D) PV cell density was reduced in Fmr1 KO auditory cortex 

as compared to WT (Fmr1 KO vs. WT **P < 0.01). (E) PNN cell density was reduced in 

Fmr1 KO mice (*P < 0.05) but was significantly higher in Mmp9 +/−Fmr1 KO mice 

compared to KO (****P < 0.001). (F) PNN/PV cell density was reduced in Fmr1 KO 

compared to WT cortex (****P < 0.0001), but was significantly higher in Mmp9 

+/−Fmr1 KO compared to KO (**P < 0.01). (G) Fmr1 KO mice showed reduced 

percentage of PV cells with PNNs but not after MMP-9 reduction in Mmp9 +/−Fmr1 KO 

mice (WT vs. Fmr1 KO, ****P < 0.0001; Mmp9 +/−Fmr1 KO vs. Fmr1 KO, ***P < 

0.01). Statistical analysis was performed using 1-way ANOVA with Bonferroni’s 

multiple comparisons post-test, and Kruskal–Wallis 1-way analysis of ranks for data 

which was not normally distributed (WT N: P21 3 animals/22 slices; Fmr1 KO N: P21 

3/17; Mmp9 +/−Fmr1 KO N: P21 3/24).  
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The magnitude of pure tone-evoked responses was compared between WT and Fmr1 KO 

at P13-16 (P14 group) and P19-23 (P21 group), as deficits in PV expression were 

observed at P14, and reduced PV and PNN colocalization was prominent at P21 (Fig. 3.1, 

Fig. 3.4). Fig. 3A and D show example PSTHs in response to a 50 msec CF tone in WT 

and Fmr1 KO neurons at P14 and P21, respectively. At P14, response magnitude was not 

different between WT and KO mice (Fig. 3.5 B-E). However, at P21, Fmr1 KO mice 

showed increased response magnitude across the entire 200 ms recording window 

compared to WT, as seen previously in adults (Rotschafer and Razak, 2013) (Fig. 3.5E). 

When the recording window was split between the first 50ms onset response and the 51-

200ms ongoing response, it was evident that differences were more influenced by 

changes in the ongoing response (Fig. 3.5B, C). Fmr1 KO mice also exhibited age-related 

increase in spontaneous activity from P14 to P21 and more spontaneous activity in P21 

Fmr1 KO auditory cortex compared to WT (Fig 3.5F). These data indicate that responses 

become abnormally high between P14 and P21 Fmr1 KO auditory cortex, a time window 

during which the PNNs mature around PV interneurons.   
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Figure 3.5. Response magnitudes and spontaneous activity are enhanced in P21 Fmr1 

KO auditory cortex.  

(A, D) PSTHs showing example responses within 200 ms from the onset of a 50ms pure 

tone stimulus (black bar) played at the CF, 15 dB above threshold in a WT (top) and a 

Fmr1 KO neuron (bottom) at P14 (A) or P21 (D). (B, C) Analysis shows increased 

spikes/stimulus in the ongoing response (C) but not the first 50 ms onset response (B) in 

Fmr1 KO auditory cortex as compared to WT at P21 but not P14 (P21WT vs. Fmr1 KO, 

**P < 0.01). Additionally, response magnitude increases in Fmr1 KO auditory cortex 

with age but not in WT (Fmr1 KO P14− > P21, P < 0.001). (E) Genotype and age 

differences at P21 were also evident when the response magnitude was measured across 

the entire 200 ms recording window (P21 WT vs. Fmr1 KO, **p<0.01; Fmr1 KO P14− > 

P21, **p<0.01). (F) Spontaneous activity was also significantly higher in Fmr1 KO 

auditory cortex at P21 but not P14. Statistical analysis was performed using 2-way 

ANOVA with Bonferroni’s multiple comparisons post-test. (For response magnitude, 

P14 WT N = 73 neurons, KO N = 85 neurons; P21 WT N = 89 neurons, KO N = 92 

neurons. For spontaneous activity, P14 WT N = 67, KO N = 83; P21 WT N = 88 neurons, 

KO N = 91 neurons; **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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Figure 3.6. Genetic reduction of MMP-9 restores response magnitudes in Fmr1 KO mice 

to WT levels.  

(A) PSTHs showing example responses within 200 ms from the 

onset of a 50ms pure tone stimulus (black bar) played at the CF, 15 dB above threshold in 

a WT (top), Fmr1 KO (middle), and Mmp9 +/− Fmr1 KO neuron (bottom). (B, C) 

Graphs show the first 50 ms onset response (B) and the 51–200 ms ongoing response (C). 

There is increased spikes/stimulus in the ongoing response (C) in Fmr1 KO mice, which 

is restored to WT levels with genetic reduction of MMP-9 (**P < 0.01 WT vs. Fmr1 KO, 

***P < 0.001 Fmr1 KO vs. Mmp9 +/− Fmr1 KO). (D) Across the entire 

200 ms recording window, the mean spikes per stimulus presentation, averaged over 20 

stimulus presentations, is increased in Fmr1 KO neurons and restored to WT levels with 

genetic reduction of MMP-9 (WT vs. Fmr1 KO, **P < 0.01; Fmr1 KO vs. Mmp9 +/− 

Fmr1 KO, ***P < 0.001). (E) Spontaneous activity is increased in Fmr1 KO mice and 

restored to WT levels with genetic reduction of MMP-9. Statistical analysis was 

performed using Kruskal–Wallis 1-way analysis of ranks with Dunnett’s C for post hoc 

analysis (for response magnitude, WT N: 12 animals/89 neurons; Fmr1 KO N: 13 

animals/92 neurons; Mmp9 +/− Fmr1 KO N: 12 animals/107 neurons. For spontaneous 

activity, WT N: 12 animals/88 neurons; Fmr1 KO N: 13 animals/91 neurons; Mmp9 +/− 

Fmr1 KO N: 12 animals/106 neurons **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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3.3.7 Genetic reduction of MMP-9 restores auditory cortex response magnitudes in Fmr1 

KO neurons to WT levels 

 Given that PNN formation around PV cells was restored to WT levels following 

genetic reduction of MMP-9 in Fmr1 KO mice at P21, we examined if single unit 

responses were also restored in auditory cortex of Mmp9+/-Fmr1 KO mice. In order to 

test this, the magnitude of pure tone-evoked responses was compared between WT, Fmr1 

KO, and Mmp9+/-Fmr1 KO neurons from P19-23 auditory cortex neurons. Fig. 3.6A 

shows example PSTHs in response to a 50 msec CF tone in WT (top), Fmr1 KO 

(middle), and Mmp9+/-Fmr1 KO (bottom) neurons.  Responses were restored to WT 

levels with genetic reduction of MMP-9 levels in the Mmp9+/-Fmr1 KO mice (Fig. 3.6B-

D). The spontaneous activity was also significantly higher in the Fmr1 KO mice 

compared to WT (Fmr1 KO vs WT, p<0.0001; Fig. 3.6E) and was restored to WT levels 

with MMP-9 reduction (Fmr1 KO vs. Mmp9+/-Fmr1 KO, p<0.0001; Fig. 3.6E). 

Together, these data show enhanced responses in the Fmr1 KO mice compared to WT, 

and a restoration of normal responses by genetic reduction of MMP-9 in the Mmp9+/-

Fmr1 KO mice.  

3.4 Discussion 

Auditory hypersensitivity is a common symptom in humans with FXS that may be 

related to abnormal sound evoked responses (Castrén et al., 2003; Van der Molen et al., 

2012) and resting state hyperactive networks (Wang et al., 2017).  Recent studies in 

humans with FXS (Ethridge et al., 2016, Wang et al., 2017) showed that abnormalities in 

sound evoked responses were correlated with heightened sensory sensitivity and autism-
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associated social impairment (Social Communication Questionnaire).  Such symptoms 

are also prominent in autism spectrum disorders, in general (Sinclair et al. 2017).  

Sensory hypersensitivity may be driven by highly excitable cortical network activity that 

arises due to abnormal E/I balance (Rubenstein and Merzenich, 2003).  Our previous 

studies showed hyperexcitable auditory cortical responses (Rotschafer and Razak, 2013) 

and impaired habituation to repeated sounds in adult Fmr1 KO mice (Lovelace et al., 

2016), suggesting impaired E/I balance. We show for the first time that Fmr1 KO mice 

exhibit delayed development of PV interneurons and impaired PNN formation around PV 

interneurons in the developing auditory cortex. The deficits in PNN formation are most 

pronounced at P21 and are seen primarily in GABAergic PV neurons. Elevated MMP-9 

levels most likely contribute to the deficits in developing Fmr1 KO auditory cortex, as 

MMP-9 reduction in Mmp9+/-Fmr1 KO mice restored PNN formation around PV 

interneurons and sound evoked and spontaneous activity to WT levels (Fig. 3.7). These 

data implicate MMP-9 in the development of auditory cortex hyper-excitability in Fmr1 

KO mice via the regulation of PNN formation around PV interneurons and provide 

further support for targeting MMP-9 in treatment of FXS.  

Fast-spiking PV cells are inhibitory interneurons implicated in shaping cortical 

E/I balance and network oscillatory activity relevant to sensory processing (Sohal et al., 

2009; Cardin et al., 2009; Buzsáki and Wang, 2012).  In our studies, impaired PNN 

formation around PV interneurons was observed in L2/3 and 4, but not L5 of the 

developing auditory cortex in Fmr1 KO mice. L4 fast-spiking PV cells receive thalamic 

inputs (Winer et al., 2005) and provide feed-forward inhibition onto the thalamo-recipient  
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Figure 3.7. Working model of the effects of MMP-9 reduction on PNN formation in 

auditory cortex of the Fmr1 KO mice.  

(Left) In WT animals, there is normal production of FMRP, which translationally 

suppresses MMP-9 production, resulting in normal development and maturation of PV 

interneurons (white) and PNNs (black) and normal neural excitability. (Middle) Fmr1 

KO results in loss of FMRP and upregulated production of MMP-9. High MMP-9 levels 

lead to the enhanced cleavage and loss of PNNs around PV cells and alters E/I balance. 

(Right) PNN formation is enhanced around PV cells following genetic reduction of 

MMP-9 in the Fmr1 KO mice, resulting in normal density of PNN-containing PV cells 

and reduced excitability in Mmp9 +/−Fmr1 KO auditory cortex as compared to Fmr1 KO 

mice. 
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pyramidal cells in L3 and 4 (Schiff and Reyes, 2012), which then project to L2/3, where 

signals are further refined (Douglas and Martin, 2004; Winer et al., 2005). PV-mediated 

inhibition in L2/3 is necessary for sharpening frequency receptive fields and helping to 

establish contrast of frequency representations (Li et al., 2014; Natan et al., 2015), both 

of which are impaired in Fmr1 KO mice (Rotschafer and Razak, 2013; Kim et al., 2013). 

Involvement of PV interneurons in abnormal sensory processing in FXS is consistent 

with reduced excitatory drive onto PV interneurons and reduced PV expression in 

developing and adult somatosensory cortex of Fmr1 KO mice (Selby et al., 2007; Gibson 

et al., 2008) and with abnormal resting gamma oscillations in humans with FXS (Wang et 

al., 2017), suggesting a broader role of PV neuron dysfunction in sensory abnormalities 

in FXS.  These data are also consistent with altered PV cell function in other autism 

mouse models (Gogolla et al., 2009).   

 PNNs enwrap both inhibitory and excitatory neurons (Carulli et al., 2006), but 

we observed a selective loss of PNNs around PV-positive GABAergic interneurons at 

P21, with no differences observed in PNN expression around PV-negative neurons. In 

addition to providing structural support (Brückner et al., 2000; Dansie and Ethell, 2011; 

Wlodarczyk et al., 2011), PNNs regulate survival (Morawski et al., 2004; Morawski et 

al., 2015; Cabungcal et al., 2013) and excitability of PV interneurons (Dityatev et al., 

2007; Carulli et al., 2010; Balmer, 2016), and stabilization of sensory circuits (Pizzorusso 

et al., 2002; McRae et al., 2007).  PNNs also regulate PV cell maturation via 

internalization of homeoprotein Otx2, which is needed for transcription, normal PV 

development and critical period plasticity in developing visual cortex (Sugiyama et al., 
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2008). Chondroitinase ABC, an enzyme that cleaves PNN proteoglycans, reduces 

GABAA inhibitory postsynaptic currents (Liu et al., 2013) and reduces excitability of PV 

fast spiking cortical interneurons (Balmer, 2016). Thus the loss of PNN around PV cells 

may lead to impaired maturation, survival and/or reduced excitability of PV neurons and 

overall loss of inhibition in the network leading to FXS-related sensory hypersensitivity. 

While delayed PNN formation may contribute to enhanced excitability in P21 

Fmr1 KO mice, this does not explain impaired PV cell development that occurs during 

early PNN formation at P14. This early reduction in the number of PV cells may occur 

due to abnormal interneuron differentiation and migration during embryonic development 

(Castrén et al., 2005; reviewed in Castrén 2016). FMRP is especially important for 

normal fate determination of radial glia, known progenitors of both excitatory and 

inhibitory neurons in the cortex (Tervonen et al., 2009; Saffary and Xie, 2011). FMRP 

may regulate PV cell fate through translational control of transcription factors necessary 

for GABAergic neuron differentiation (reviewed in Sultan, et al. 2013). Although we see 

reduced PV density in Fmr1 KO auditory cortex at P14, no differences in spontaneous 

and evoked responses were observed between WT and KO at P14. Auditory 

hypersensitivity developed between P14 and P21, which coincides with a critical window 

for E/I balance maturation and PNN formation in the auditory cortex. Therefore, 

hypersensitive neural circuits are not present around the time of hearing onset in the 

Fmr1 KO mice, but develop between P14 and P21 suggesting a window for potential 

treatment of sensory hypersensitivity.  Our results also suggest that reduced PV 

expression alone at P14 do not cause increased response magnitudes in the Fmr1 KO 
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mice, but the abnormal maturation of PNN, likely driven by high MMP-9 levels, drive 

single-unit hyperexcitability at P21.  

 The abnormally high MMP-9 levels, altered PV/PNN development and 

increased responses that we observed in Fmr1 KO auditory cortex occur during a critical 

window of auditory cortex development in mice. Intrinsic properties of PV inhibitory 

interneurons undergo major changes during P10-P29 period of early postnatal 

development. Younger P10-19 PV cells exhibit broader action potentials, longer after-

hyperpolarizations, and higher adaptation ratios, resulting in overall reduced firing rates 

as compared to older P19-29 PV cells. Investigation of synapses between PV and 

pyramidal neurons also demonstrate age-related reduction of IPSP rise, peak, and decay 

time between P10-19 and P19-29 (Oswald and Reyes, 2011). Fmr1 KO neurons exhibit 

increased response magnitudes and spontaneous activity and PV/PNN deficits during this 

developmental window that coincides with the maturation of cortical inhibition. Taken 

together, these data indicate that increased single neuron hyperexcitability in Fmr1 KO 

auditory cortex may arise from delayed maturation of PV neurons, which can occur with 

disruption of PNNs. The lower PV/PNN density and reduced network inhibition during 

early development is also consistent with altered critical period plasticity observed in the 

auditory cortex of Fmr1 KO auditory cortex (Kim, et al., 2013, Hensch 2005).   

 Another major finding presented here is that developmental delay in PNN 

formation in Fmr1 KO auditory cortex may be attributed to elevated MMP-9 levels, as 

genetic reduction in MMP-9 levels was able to reverse abnormal PNN formation around 

PV cells and to restore auditory response magnitude at P21. Although MMP-9 plays an 
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important role in neurodevelopment (reviewed in Reinhard et al., 2015), excessive MMP 

proteolytic activity may affect formation of ECM and PNNs by cleaving its link proteins, 

such as laminin, fibronectin and aggrecan (D’ortho et al., 1997). The role of ECM in 

cortical plasticity has been previously reported (Pizzorusso et al., 2002; Nagy et al., 2006; 

McRae et al., 2007; Rivera et al., 2010), but the effects of elevated MMP-9 on cell and 

network function in FXS are still unclear. MMP-9 levels are elevated in FXS human 

brains and the hippocampus of Fmr1 KO mice (Dziembowksa et al., 2013, Sidhu et al., 

2014; Gkogkas et al., 2014).  Here we report that MMP-9 levels are also elevated during 

a developmental sensitive window in Fmr1 KO auditory cortex, whereas genetic 

reduction of MMP-9 in Fmr1 KO mice rescues observed PNN deficits and restores 

response magnitudes and spontaneous activity to WT levels. Genetic deletion of MMP-9 

rescues several other FXS phenotypes, including improper dendritic spine maturation, 

enhanced mGluR5-dependent-LTD, abnormal social behavior and macroorchidism 

(Sidhu et al., 2014). On the other hand, MMP-9 overexpression mimics FXS phenotypes, 

resulting in immature spine development, social behavior deficits and macroorchidism 

(Gkogkas et al., 2014). Elevated MMP-9 levels in Fmr1 KO auditory cortex are most 

likely responsible for the developmental delay in PNN formation around PV cells during 

auditory cortex development and is at least partially responsible for auditory processing 

deficits. Our studies provide a novel mechanistic insight into sensory hyper-

responsiveness in FXS taking into account early developmental circuit changes and 

emphasize the importance of MMP-9 and PNNs in normal auditory cortex development.   

 

 



 

79 

 

References 

Arnett, M.T. et al. 2014. Deficits in tactile learning in a mouse model of fragile X 

syndrome. PloS one. 9(10): e109116. 

 

Adusei, D.C. et al. 2010. Early developmental alterations in GABAergic protein 

expression in fragile X knockout mice. Neuropharmacology. 59(3): 167-171. 

 

Anderson, L.A. et al. 2009. Mouse auditory cortex differs from visual and somatosensory 

cortices in the laminar distribution of cytochrome oxidase and 

acetylcholinesterase. Brain Res. 1252: 130-142. 

 

Balmer, T.S. 2016. Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons. 

eNeuro. 3(4): 1-13.  

 

Berry-Kravis, E. 2002. Epilepsy in fragile X syndrome. Dev Med Child Neurol. 44(11): 

724-728. 

 

Bilousova, T.V. et al. 2009. Minocycline promotes dendritic spine maturation and 

improves behavioural performance in the fragile X mouse model.  J Med Genet. 

46(2): 94-102. 

 

Brewton, D.H. et al. 2016. Age-related deterioration of perineuronal nets in the primary 

auditory cortex of mice. Front Aging Neurosci. 8. 

 

Brückner, G. et al. 2000. Postnatal development of perineuronal nets in wild-type mice 

and in a mutant deficient in tenascin-R. J Comp Neurol. 428: 616–629. 

 

Buzsáki, G. and Wang, X.J. 2012. Mechanisms of gamma oscillations. Annu Rev 

Neurosci 35: 203.  

 

Cabungcal, J.H. et al. 2013. Perineuronal nets protect fast-spiking interneurons against 

oxidative stress. Proc Natl Acad Sci. 110(22): 9130-9135. 

 

Cardin, J.A. et al. 2009. Driving fast-spiking cells induces gamma rhythm and controls 

sensory responses. Nature. 459: 663–667.  

 

Carulli, D. et al. 2006. Composition of perineuronal nets in the adult rat cerebellum and 

the cellular origin of their components. J Comp Neurol. 494(4): 559-77. 

 

Carulli D. et al. 2010. Animals lacking link protein have attenuated perineuronal nets and 

persistent plasticity. Brain. 133: 2331–2347. 

 



 

80 

 

Castrén M., et al. 2003. Augmentation of auditory N1 in children with fragile X 

syndrome. Brain Topogr. 15(3): 165-171. 

 

Castrén M.L. 2016. Cortical neurogenesis in fragile X syndrome. Frontiers in 

bioscience (Scholar edition). 8:160.  

 

Chen, L. and Toth, M. 2001. Fragile X mice develop sensory hyperreactivity to auditory 

stimuli. Neuroscience. 103(4): 1043-1050.  

 

Contractor, A. et al. 2015. Altered Neuronal and Circuit Excitability in Fragile X 

Syndrome. Neuron. 87:699-715.   

 

Crawford, D.C. et al. 2001. FMR1 and the fragile X syndrome: human genome 

epidemiology review. Genet Med. 3: 359–371. 

 

D’ortho, M-P. et al. 1997. Membrane-type matrix metalloproteinases 1 and 2 exhibit 

broad-spectrum proteolytic capacities comparable to many matrix 

metalloproteinases. Eur J Biochem. 250: 751–757. 

 

Dansie L.E., and Ethell, I.M. 2011. Casting a net on dendritic spines: The extracellular 

matrix and its receptors. Dev Neurobiol. 71: 956–981. 

 

Darnell, J.C. et al. 2011. FMRP stalls ribosomal translocation on mRNAs linked to 

synaptic function and autism. Cell. 146(2): 247-261. 

 

Dityatev, A. et al. 2007. Activity-dependent formation and functions of chondroitin 

sulfate-rich extracellular matrix of perineuronal nets. Dev Neurobiol. 67(5): 570-

588. 

 

Douglas, R.J. and Martin, K.A.C. 2004. Neuronal circuits of the neocortex. Annu Rev 

Neurosci. 27: 419–451. 

 

Dziembowska, M. et al. 2013. High MMP‐9 activity levels in fragile X syndrome are 

lowered by minocycline. Am J Med Genet Part A. 161(8): 1897-1903.  

 

Ehret, G. 1976. Development of absolute auditory thresholds in the house mouse (Mus 

musculus). Ear Hear. 1(5): 179-184. 

 

Ethell, I.M. and Ethell, D.W. 2007. Matrix metalloproteinases in brain development and 

remodeling: synaptic functions and targets. J Neurosci Res. 85(13): 2813-2823.  

 

Ethridge, L.E. et al. 2016. Reduced habituation of auditory evoked potentials indicate 

cortical hyper-excitability in Fragile X Syndrome. Transl Psychiatry. 6(4): e787. 

 



 

81 

 

Wang, J. et al. 2017. A resting EEG study of neocortical hyperexcitability and altered 

functional connectivity in fragile X syndrome. Journal of neurodev disord. 

9(1):11. 

 

Gibson, J.R. et al. 2008. Imbalance of neocortical excitation and inhibition and altered 

UP states reflect network hyperexcitability in the mouse model of fragile X 

syndrome. J Neurophysiol. 100(5): 2615-2626. 

 

Gkogkas, C.G., et al. 2014. Pharmacogenetic inhibition of eIF4E-dependent Mmp9 

mRNA translation reverses fragile X syndrome-like phenotypes. Cell Rep. 9(5): 

1742-1755.  

 

Gogolla, N. et al. 2009. Common circuit defect of excitatory-inhibitory balance in mouse 

models of autism. J Neurodev Disord. 1:172-181.  

 

Gonçalves, J.T. et al. 2013. Circuit level defects in the developing neocortex of Fragile X 

mice. Nat Neurosci. 16(7): 903-909. 

 

Hagerman, R.J. et al. 2009. Advances in the treatment of fragile X 

syndrome. Pediatrics. 123(1): 378-390. 

 

Happel, M.F. et al. 2014. Enhanced cognitive flexibility in reversal learning induced by 

removal of the extracellular matrix in auditory cortex. Proc Natl Acad Sci USA. 

111:2800-2805. 

 

Harlow, E.G. et al. 2010. Critical period plasticity is disrupted in the barrel cortex of 

Fmr1 knockout mice. Neuron 65: 385–398. 

 

He, Q. et al. 2014. The developmental switch in GABA polarity is delayed in Fragile X 

mice. J Neurosci. 34: 446–450. 

 

Hensch, T.K. 2005. Critical period plasticity in local cortical circuits. Nat Rev 

Neurosci. 6(11): 877-888. Jeevakumar V, Kroener S. 2016. Ketamine 

administration during the second postnatal week alters synaptic properties of fast-

spiking interneurons in the medial prefrontal cortex of adult mice. Cereb Cortex. 

26(3): 1117-1129. 

 

Kim, H. et al. 2013. Impaired critical period plasticity in primary auditory cortex of 

fragile X model mice. J Neurosci. 33(40): 15686-15692. 

 

Kraus, H.J. and Aulbach-Kraus, K. 1981. Morphological changes in the cochlea of the 

mouse after the onset of hearing. Hear Res. 4(1): 89-102.  

 



 

82 

 

La Fata, G. et al. 2014. FMRP regulates multipolar to bipolar transition affecting 

neuronal migration and cortical circuitry. Nature Neurosci. 17(12):1693-700. 

 

Largo, R.H., and Schinzel, A. 1985. Developmental and behavioural disturbances in 13 

boys with fragile X syndrome. Eur J Pediatr. 143(4): 269-275. 

 

Lensjø, K.K. et al. 2017. Removal of perineuronal nets unlocks juvenile plasticity 

through network mechanisms of decreased inhibition and increased gamma 

activity. J Neurosci. 37(5): 1269-1283. 

 

Li, L.Y. et al. 2014. A feedforward inhibitory circuit mediates lateral refinement of 

sensory representation in upper layer 2/3 of mouse primary auditory cortex. J 

Neurosci. 34: 13670–13683. 

 

Liu, H. et al. 2013. Perineuronal nets increase inhibitory GABAergic currents during the 

critical period in rats. Intl J Ophthalmol. 6: 120. 

 

Lovelace, J.W. et al. 2016. Matrix metalloproteinase-9 deletion rescues auditory evoked 

potential habituation deficit in a mouse model of Fragile X Syndrome. Neurobiol 

Dis. 89: 126-135. 

 

Martin Del Campo, H.N. et al. 2012. Parvalbumin immunoreactivity in the auditory 

cortex of a mouse model of presbycusis. Hear Res. 294(1): 31-39. 

 

McNaughton, C.H. et al. 2008. Evidence for social anxiety and impaired social cognition 

in a mouse model of fragile X syndrome. Behavioral Neuroscience. 122(2): 293. 

 

McRae, P.A. et al. 2007. Sensory deprivation alters aggrecan and perineuronal net 

expression in the mouse barrel cortex. J Neurosci. 27: 5405–5413. 

 

Miller, L.J. et al. 1999. Electrodermal responses to sensory stimuli in individuals with 

fragile X syndrome. Am J Med Genet. 83: 268-279. 

 

Morawski, M. et al. 2004. Perineuronal nets potentially protect against oxidative stress. 

Exp Neurol. 188(2): 309-315. 

 

Morawski, M. et al. 2015. Ion exchanger in the brain: Quantitative analysis of 

perineuronally fixed anionic binding sites suggests diffusion barriers with ion 

sorting properties. Sci Rep. 5. 

 

Musumeci, S.A., et al. 1999. Epilepsy and EEG findings in males with fragile X 

syndrome. Epilepsia. 40(8): 1092-1099. 

 



 

83 

 

Nagy, V. et al. 2006. Matrix metalloproteinase-9 is required for hippocampal late-phase 

long-term potentiation and memory. J Neurosci. 26: 1923–1934. 

 

Natan, R.G. et al. 2015. Complementary control of sensory adaptation by two types of 

cortical interneurons. eLife. 4: e09868. 

 

Oswald, A.M.M. and Reyes, A.D. 2011. Development of inhibitory timescales in 

auditory cortex. Cereb Cortex. 21: 1351–1361. 

 

Paluszkiewicz, S.M. et al. 2011. Impaired inhibitory control of cortical synchronization in 

fragile X syndrome.  J Neurophysiol. 106(5): 2264-2272.Paxinos G, Franklin 

KBJ. 2004. The mouse brain in stereotaxic coordinates. San Diego (CA): Gulf 

Professional Publishing. 

 

Pietropaolo, S. et al. 2011. Genetic-background modulation of core and variable autistic-

like symptoms in Fmr1 knock-out mice. PLoS One. 6(2): e17073. 

 

Pizzorusso, T.  et al. 2002. Reactivation of ocular dominance plasticity in the adult visual 

cortex. Science 298(5596): 1248-1251. 

 

Reinhard, S.M. et al. 2015. A delicate balance: role of MMP-9 in brain development and 

pathophysiology of neurodevelopmental disorders. Front Cell Neurosci. 9(280): 

1-16. 

 

Rivera, S. et al. 2010. Metzincin proteases and their inhibitors: Foes or friends in nervous 

system physiology? J Neurosci. 30: 15337–15357. 

 

Roberts, J.E. et al. 2001. Development and behavior of male toddlers with fragile X 

syndrome. J Early Intervention. 24(3): 207-223. 

 

Rotschafer, S. and Razak, K.A. 2013. Altered auditory processing in a mouse model of 

fragile X syndrome. Brain Res. 1506:12–24. 

 

Sabaratnam, M. et al. 2001. Epilepsy and EEG findings in 18 males with fragile X 

syndrome. Seizure. 10(1): 60-63. 

 

Saffary, R. and Xie, Z. 2011. FMRP Regulates the Transition from Radial Glial Cells to 

Intermediate Progenitor Cells during Neocortical Development. J Neurosci. 31: 

1427–1439. 

 

Schiff, M.L., and Reyes, A.D. 2012. Characterization of thalamocortical responses of 

regular-spiking and fast-spiking neurons of the mouse auditory cortex in vitro and 

in silico. J Neurophysiol. 107: 1476–1488. 

 



 

84 

 

Selby, L. et al. 2007. Major defects in neocortical GABAergic inhibitory circuits in mice 

lacking the fragile X mental retardation protein. Neurosci Lett. 412: 227–232. 

 

Sidhu, H. et al. 2014. Genetic removal of matrix metalloproteinase 9 rescues the 

symptoms of fragile X syndrome in a mouse model.  J Neurosci. 34(30): 9867-

9879.  

Sinclair, D. et al. 2017. Sensory processing in autism spectrum disorders and Fragile X 

syndrome-from the clinic to animal models. Neurosci. and Biobehav. Rev. 76: 

235-253.  

 

Sohal, V.S., et al. 2009. Parvalbumin neurons and gamma rhythms enhance cortical 

circuit performance. Nature. 459: 698–702.  

 

Sultan, K.T. et al. 2013. Production and organization of neocortical interneurons. 

Front Cell Neurosci. 7:221. 

 

Sugiyama, S. et al. 2008. Experience-dependent transfer of Otx2 homeoprotein into the 

visual cortex activates postnatal plasticity. Cell. 134(3): 508-520. 

 

Tervonen, T.A. et al. 2009. Aberrant differentiation of glutamatergic cells in neocortex of 

mouse model for fragile X syndrome. Neurobiology of Disease. 33:250–259. 

 

Van der Molen, M.J.W. et al. 2012. Auditory and visual cortical activity during selective 

attention in fragile X syndrome: a cascade of processing deficiencies. Clin 

Neurophysiol. 123(4): 720-729. 

 

Winer, J.A. et al. 2005. Auditory thalamocortical transformation: structure and function. 

Trends Neurosci. 28: 255–263. 

 

Wisniewski, K.E. et al. 1991. The Fra (X) syndrome: neurological, electrophysiological, 

and neuropathological abnormalities. Am J Med Genet. 38: 476-480. 

 

Wlodarczyk, J. et al. 2011. Extracellular matrix molecules, their receptors, and secreted 

proteases in synaptic plasticity. Dev Neurobiol. 71: 1040–1053.  

 

Yamada J. and Jinno, S. 2015. Subclass-specific formation of perineuronal nets around 

parvalbumin-expressing GABAergic neurons in Ammon's horn of the mouse 

hippocampus. J Comp Neurol. 523(5): 790-804. 

 

Yu, S. et al. 1991. Fragile X Genotype Characterized by an Unstable Region of DNA. 

Science. 252(5009): 1179-1181.  

 

Zhang, Y. et al. 2014. Dendritic channelopathies contribute to neocortical and sensory 

hyperexcitability in Fmr1-/y mice. Nat Neurosci. 17(12): 1701-1709. 



 

85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4: Developmental Changes in Auditory Cortical Processing in a FXS 

Mouse Model, the Fmr1 KO Mouse 
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Abstract 

 Fragile X Syndrome (FXS) is a leading genetic cause of autism and intellectual 

disability. A major phenotype in FXS is auditory hypersensitivity. Human with FXS 

exhibit reduced inhibition of auditory startle responses, and EEG/MEG recordings 

indicate increased baseline oscillatory activity, larger response magnitudes and reduced 

habituation to repeated sound presentation. Many of these deficits are recapitulated in the 

FXS mouse model, the Fmr1 knockout mouse, making it an ideal model for studying the 

physiological basis of behavioral auditory hypersensitivity. Single neuron recordings 

conducted in mature Fmr1 KO auditory cortex have indicated that KO neurons are 

hyperexcitable, exhibiting increased response magnitudes, more variable first spike 

latencies, and broader tuning curves. Few studies have characterized the developmental 

trajectory of this neuronal hyperexcitability in auditory cortex of Fmr1 KO. Here, we 

characterized single neuron response properties in KO mice, including response 

magnitudes, response variability and intensity tuning. Developing Fmr1 KO mice 

exhibited increased response magnitudes, increased spontaneous activity, and broader 

intensity tuning. These results indicate that future therapeutics targeting early 

development may be beneficial for permanent reversal of FXS phenotypes.  

4.1 Introduction 

 Fragile X Syndrome is a leading genetic cause of Autism (Crawford, et al., 2001), 

which occurs in 1 in 4000 males, and 1 in 8000 females (Sherman, et al., 2005). FXS 

arises due to an expansion of CGG trinucleotide repeats, which results in Fmr1 gene 

inactivation and loss of Fragile X Mental retardation protein (FMRP; Yu, et al., 1991). As 
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FMRP is a repressor of protein translation, numerous downstream targets are 

dysregulated (Darnell, et al., 2011), which may drive FXS phenotypes. Major symptoms 

of FXS include language and communication deficits (Abbeduto and Hagerman 2007; 

Lewis, et al., 2006), social impairments (Lewis, et al., 2006; Bailey, et al., 2000), and 

sensory hypersensitivity (Miller, et al., 1999; Rogers, et al., 2001; Rogers, et al., 2003).  

Notably, humans with FXS exhibit prominent auditory hypersensitivity. 

Electroencephalography (EEG) studies indicate a number of deficits in FXS patients. 

During rest, individuals with FXS exhibit altered oscillatory activity, including increased 

gamma, increased theta, and reduced alpha power (Wang, et al., 2017; Van der Molen 

and Van der Molen, 2013). These deficits are correlated with social and communication 

deficits and sensory hypersensitivity (Wang, et al., 2017). Recordings of auditory 

stimulus-evoked event-related potentials show that patients with FXS exhibit increased 

N1 amplitudes (Castrén, et al., 2003) and reduced habituation of the N1 response to trains 

of repeated auditory stimuli (Castrén, et al., 2003; Van der Molen, et al., 2012; Schneider, 

et al., 2013; Ethridge, et al., 2016).  

These auditory hypersensitivity phenotypes are recapitulated in the Fragile X 

Syndrome mouse model, the Fmr1 KO mouse. Fmr1 KO mice exhibit abnormal startle 

and prepulse inhibition responses (Frankland, et al., 2004), and an increased propensity 

for audiogenic seizures (Musumeci, et al., 2005). Moreover, mature Fmr1 KO mice 

exhibit EEG and ERP measures of hyperexcitability which are comparable to those 

observed in humans, including increased resting gamma (Sinclair, et al., 2017; Lovelace, 

et al., 2018) and reduced N1 habituation (Lovelace, et al., 2016). This increased network 
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excitability may be related to altered auditory cortical processing, as single neurons in 

mature auditory cortex exhibit increased response magnitudes, broader frequency tuning, 

and more variable first spike latency (Rotschafer and Razak 2013).  

Despite our understanding of auditory cortical processing in mature Fmr1 KO 

auditory cortex, few studies have characterized the developmental trajectory of neuronal 

hyperexcitability in Fmr1 KO mice. However, there is evidence for altered cortical 

processing during development in other sensory cortices in FXS. Neurons in developing 

Fmr1 KO somatosensory cortex exhibit reduced excitatory drive onto inhibitory 

interneurons (Gibson, et al., 2008), delayed desynchronization of cortical networks, and 

increased firing during UP states (Gonçalves, et al., 2013). Dendritic spines, which are 

loci of excitatory synaptic activity, also develop abnormally in Fmr1 KO sensory cortices 

(Galvez and Greenough, 2005; Pan, et al., 2010; Cruz-Martin, et al., 2010). Similar 

developmental deficits in auditory cortex may contribute to abnormal auditory processing 

in mature Fmr1 KO mice. For example, within the first two-three weeks after birth, Fmr1 

KO mice exhibit altered auditory cortex critical period plasticity (Kim, et al., 2013) and 

delayed formation of perineuronal nets around GABAergic parvalbumin (PV)-expressing 

interneurons (Wen, et al., 2017). While many studies indicate that perineuronal nets may 

promote PV cell function and maturation (Liu, et al., 2013; Balmer, et al., 2016; 

Sugiyama, et al., 2008; Lee, et al., 2017), these extracellular matrix structures may also 

be crucial for synapse formation and dendritic spine maturation (Oray, et al., 2004; 

Mataga, et al., 2004; Ethell and Ethell, 2007). As excitatory synapse plasticity and 

inhibitory interneuron function can alter neuronal response properties (Moore and Wehr, 
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2013; de Villers Sidani, et al., 2007; Wehr and Zador, 2003; Lendvai, et al., 2000), 

auditory cortical processing at the level of single neurons may also be impaired in 

developing Fmr1 KO auditory cortex. Therefore, in order to characterize the 

developmental trajectory of neuronal response properties in Fmr1 KO neurons, we used 

in vivo single-unit extracellular electrophysiology to measure response magnitudes, 

response latencies, and intensity tuning in P14, P20, and P30 WT and Fmr1 KO mice. In 

order to determine if structural correlates of altered E/I balance coincide with auditory 

processing deficits, we also characterized changes in dendritic spine density and length 

across development.   

4.2 Methods 

4.2.1 Mice 

FVB.Cg-Mmp9tm1Tvu/J and FVB.129P2-Fmr1tm1Cgr/J (Fmr1 KO) and FVB.129P2-

Pde6b+Tyrc-ch/AntJ controls (WT) mice were obtained from Jackson laboratories and 

housed in an accredited vivarium on a 12h light/dark cycle. Food and water were 

provided ad libitum. Genotypes were confirmed by PCR analysis of genomic DNA 

isolated from tails. All procedures were approved by the Institutional Animal Care and 

Use Committee at the University of California, Riverside and carried out in accordance 

with NIH Guide for the Care and Use of Laboratory Animals. 

4.2.2 In vivo extracellular electrophysiology 

Single unit recordings were obtained and analyzed using previously published 

methods to study adult mouse cortical responses (Rotschafer and Razak, 2013).  P13-16, 

P19-23, and P28-32 male WT and Fmr1 KO mice were anesthetized with a combination 
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of 1g/kg urethane and 20mg/kg xylazine. Toe pinch reflex was monitored to ensure 

sufficient anesthesia levels and maintained with supplemental doses of urethane and 

xylazine. When mice were anesthetized, a midline incision was made to expose the skull. 

The temporalis muscle was reflected and a dental drill was used to create a cranial 

window to auditory cortex, which was identified using coordinates and vasculature.  

 Sounds were presented through free field speakers (Player BL Light; Avisoft, 

Gleinicke, Germany) maintained 7 inches and 45 degrees from the left ear. Single-unit 

extracellular electrophysiological recordings were obtained from the right auditory cortex 

(200-700um depth).  While neural activity was recorded from all layers of auditory 

cortex, the majority of neurons were located in superficial layers for P14 and P21 (P14 

60-70%; P21 55-70%). For P30, roughly 50% of neurons were located in deep layers for 

both WT and Fmr1 KO mice. The distribution of neuron depths did not differ between 

WT and KO (P14 WT vs. Fmr1 KO, P21 WT vs. Fmr1 KO, P30 WT vs. Fmr1 KO; Chi-

square test of independence, p=n.s.). Tonotopy, short latency responses to pure tone 

stimuli, and vascular landmarks were used to find neurons in core auditory cortex (A1). 

The frequency response of the sound delivery system, assessed with a 1 inch Bruel and 

Kjaer microphone and measuring amplifier, was flat within ± 4 dB between 5 and 40 

kHz. The high frequency roll off was ~20 dB from 40-60 kHz. Acoustic stimulation and 

data acquisition were done with custom written software (Batlab; Dr. Dan Gans, Kent 

State University) and a Microstar digital processing board. Sound level was controlled 

using programmable attenuators (PA5; Tucker-Davis Technologies, Gainesville, FL).  
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Isolated neurons were probed with pure tones (5ms rise/fall time) in 1 or 5 kHz 

increments. Tones used were between 4 and 50 kHz as most neurons in the mouse core 

auditory cortex are tuned to <50 kHz (Rotschafer and Razak, 2013). Sound level was 

changed with 5 dB resolution to determine the characteristic frequency (CF), defined as 

the frequency at which a neuron responds at a minimum sound level. A tone at a specific 

frequency and level was counted as being excitatory if the neuron responded to at least 

three out five presentations. Several physiological response properties were characterized 

in WT and Fmr1 KO neurons, described below.  

4.2.3 Response magnitude and response variability 

Response magnitude was compared in WT and Fmr1 KO neurons by generating a 

post-stimulus time histogram of responses to a 50 msec pure tone at the CF presented 15 

dB above threshold (20 repetitions, 1 Hz repetition rate, 200 msec recording window 

from stimulus onset). For each neuron, the response magnitude over 20 stimulus 

presentations was averaged to obtain per neuron mean spikes/stimulus values. 

 In order to characterize response variability over the 20 stimulus presentations 

played at the same tone, the Fano Factor was calculated: 

Fano Factor =
Variance of median first spike latency 

Mean first spike latency
 

4.2.4 Spontaneous activity 

Spontaneous activity was also recorded within 200 msec windows of silence that 

were interspersed between stimulus trials.  The average spontaneous activity was 
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calculated by dividing the total number of spikes recorded in silent windows divided by 

the number of repetitions of the silent window.   

4.2.5 Intensity tuning 

In order to characterize intensity tuning of isolated neurons, 50 ms pure tones or 

broadband noise stimuli were presented at varying intensities in 5 dB steps. At each 

intensity tested, 20 stimuli were presented and the total number of spikes was plotted as a 

function of intensity, also known as a rate intensity function (Fig 4.6A1-2, 4.7A1-2). We 

first characterized intensity selectivity using percent turnover (% TO) and intensity 

tuning index (ITI), as detailed in (Measor, et al., 2014). Briefly, the percent turnover 

(%TO) indicates the monotonicity of a rate intensity function: 

%TO =
Maximum response −  Response at the highest intensity

Maximum Response
 × 100  

For a highly monotonic neuron, %TO would be closer to 0. A larger %TO would indicate 

that neurons are more intensity tuned, with stronger non-monotonicity. The ITI was used 

to quantify the sharpness of neuronal intensity tuning:  

ITI = (
𝑁

𝑁 − 1
) (1 −  

Average response at all intensities  

Maximum response
) 

ITI values can range from 0 to 1, with higher values indicative of sharper intensity 

tuning. We also characterized dynamic range (DR), which is the dB range in which the 

neuron’s response magnitude increased from 10-30% to 90% of the maximum response. 

4.2.6 Dendritic spines  

P8-9, P13-15, P18-21, P28-30, and adult (3-5mo) WT and Fmr1 KO mice were 

euthanized with sodium pentobarbital (125 mg/kg) and perfused with cold phosphate 
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buffered saline (PBS) followed with cold 4% paraformaldehyde (PFA). Following brain 

extraction, brains were lightly fixed with 4% PFA for 2-4 h and then transferred to PBS 

prior to sectioning. 100 μm coronal sections were collected using a vibratome and 

transferred to PBS. Slices were then biolistically labeled with 1’1-dioctadecyl-3,3,3’,3’-

tetramethylindocarbocyanine perchlorate (DiI) using a gene gun and then incubated in 

PBS for 36 hours. Finally, slices were mounted onto glass slides with PBS and sealed 

with Cytoseal 60 (Fisher Scientific).  

Auditory cortex was identified using hippocampal landmarks. This method has 

been previously validated using tonotopic mapping and dye injection (Martin del Campo 

et al., 2012) and comparison with the Paxinos mouse atlas and other publications on 

mouse auditory cortex (Anderson et al., 2009). Pyramidal neurons from layer 2/3 and 

layer 5 were differentiated based on spatial location of labeled spines and soma. 

Specifically, spines located in superficial layers and without soma labeling were 

considered dendrites from layer 5 cells projecting to layer 2/3. However if a DiI-labeled 

soma was observed in layer 2/3, dendrites extending from the soma were characterized as 

spines from layer 2/3 cells. 

Spine imaging and analysis was conducted as detailed in (Sidhu, et al., 2014). 

Briefly, dendrites from both layer 5 and layer 2/3 cells were imaged using confocal 

microscopy (LSM 510, Carl Zeiss MicroImaging) using high-resolution optical sections 

(1024x1024-pixel format) at 63x magnification and 1x zoom at 1 μm step intervals (z-

stack). All images used for spine analysis were captured using identical image capture 

settings. Spine analysis was done using ImageJ. The ‘line’ tool was used to draw a line 
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from the base of the spine to the base of the spine head. For filipodia-like spines, the line 

was drawn from spine base to spine tip. The ‘freehand selection’ tool was then used to 

label spine heads and area within this region of interest was taken as spine head area. 

Two-way ANOVA was used to determine with spine length and head size changed as a 

function of age and/or genotype followed by post hoc pairwise comparison with 

Bonferroni correction.   

4.2.7 Statistical analyses 

 Statistical analyses were performed in SPSS. Two-way ANOVA were used to test 

for effects of age and genotype. Bonferroni multiple comparisons were used to post-hoc 

tests.  

4.3 Results 

 Spectral and temporal response properties were characterized in mouse A1 

neurons at three different ages (P13-16, P18-23, P28-33) in two different genotypes (WT 

vs. Fmr1 KO). In the sections below, we will discuss both developmental changes which 

occur in WT or Fmr1 KO neurons and genotype-specific differences at different ages.  

4.3.1 Neurons in developing Fmr1 KO A1 exhibit a transient increase in response 

magnitude  

 Previous studies indicate that response magnitudes are increased in developing 

and mature Fmr1 KO mouse neurons (Wen, et al., 2017; Rotschafer and Razak, 2013). In 

order to determine when this phenotype occurs, we characterized response magnitudes of 

neurons in A1 at three different ages in both WT and Fmr1 KO mice (Fig. 4.1).  
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Figure 4.1. Development of neuronal response magnitudes in WT and Fmr1 KO mice. 

PSTHs from example WT (top) and Fmr1 KO (bottom) neurons after presentation of a 50 ms pure tone played at the CF (black 

bar). Numbers in left corner denote mouse/neuron identification.  
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Figure 4.2. Developmental changes in neuronal response magnitudes in WT and Fmr1 

KO A1.  

(A) Developmental changes in response magnitude of neurons in WT (black) and Fmr1 

KO (white) A1 averaged over 20 stimulus repetitions. (A1) During the entire 0-200 ms 

recording duration, response magnitude increased with age in WT and KO neurons. (A2) 

Bar graphs of data in A1 which demonstrate increased response magnitudes in Fmr1 KO 

neurons at P21. (B) Developmental changes in response magnitude of neurons in WT 

(black) and Fmr1 KO (white) A1 averaged over 20 stimulus repetitions. During the 0-50 

ms onset response, (B1) age- and (B2) genotype-related changes in response magnitude 

were modest. (C) Developmental changes in response magnitude of neurons in WT 

(black) and Fmr1 KO (white) A1 averaged over 20 stimulus repetitions. (C1) During the 

0-200 ms ongoing response, response magnitude increased with age in WT and KO 

neurons. (C2) Bar graphs of data in C1 which demonstrate increased response 

magnitudes in Fmr1 KO neurons at P21. P14 WT N(neurons)=80, Fmr1 KO=98; P21 

WT N=89, Fmr1 KO N=92, P30 WT N=90, Fmr1 KO N=78. Two-way ANOVA, 

Bonferroni multiple comparisons post-test. For line graphs, *WT differences; #KO 

differences. For bar graphs, *genotype differences. */# p<0.05, **/## p<0.01.  

 

During the entire 200 ms recording window, there was an age-related increase in 

response magnitude (Fig. 4.2A1). Although this was observed in both WT (two-way 

ANOVA, Bonferroni multiple comparisons post-test; WT P14 vs. P30 p<0.05, P21 vs. 

P30 p<0.05) and Fmr1 KO neurons (two-way ANOVA, Bonferroni multiple comparisons 
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post-test; KO P14 vs. P21 p<0.01), response magnitude peaked earlier in KO neurons. 

Moreover, at P21, response magnitude was higher in Fmr1 KO A1 neurons compared to 

WT (Fig. 4.2A2). This difference was not observed at P14 or P30.  

 To determine if the increased neuronal response magnitude was attributed to 

deficits in response onset or response maintenance, we next characterized age- and 

genotype-related changes during the onset response (0-50 ms after stimulus onset; Fig. 

4.2B1, B2) and the ongoing response during (51-200 ms after stimulus onset; Fig. 4.2C1, 

C2). During the initial 0-50 ms onset response, age- and genotype-related changes were 

modest. An interaction of age and genotype was observed (p<0.05), which was likely 

attributed to small age-related changes in response magnitudes in WT neurons (Two-way 

ANOVA, Bonferroni multiple comparisons post-test, p=0.056). In contrast, response 

magnitude during the 51-200 ms ongoing response mirrored deficits observed during the 

entire 0-200 ms recording window. There was an age-related increase in response 

magnitude, which peaked earlier in Fmr1 KO neurons (Fig. 4.2C1; two-way ANOVA, 

Bonferroni multiple comparisons post-test; WT P14 vs. P30 p<0.01, KO P14 vs. P21 

p<0.01). This was attributed to a transient increase in response magnitude in Fmr1 KO 

neurons at P21 (Fig. 4.2C2; two-way ANOVA, Bonferroni multiple comparisons post-

test; P21 WT vs. KO p<0.01).  

 In order to determine if altered spontaneous activity levels contributes to the 

increased response magnitude observed in Fmr1 KO mice, average spontaneous activity 

was measured during the entire 0-200 ms recording duration (Fig. 4.3). There was an age-

related increase in spontaneous activity in both WT and Fmr1 KO mice (Fig. 4.3A; two-
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way ANOVA, age effect p<0.0001). Although previous studies indicate increased 

spontaneous activity in P21 Fmr1 KO neurons (Wen, et al., 2017), additional analysis of 

P30 responses demonstrated an overall increase in spontaneous activity in Fmr1 KO mice 

across development (Fig. 4.3B; two-way ANOVA, age effect p<0.05). 

  These results indicate that neuronal response magnitudes and spontaneous activity 

increase with age in WT and Fmr1 KO A1. In addition, they demonstrate that there is a 

transient deficit in neuronal response magnitudes at P21, and increased spontaneous 

activity in Fmr1 KO mice.  

4.3.2 Neurons in developing Fmr1 KO A1 exhibit normal response latencies 

 Previous studies indicate that neurons in adult Fmr1 KO A1 exhibit increased 

response variability (Rotschafer and Razak 2013). To determine if this was also observed 

in developing neurons, we characterized age and genotype effects on median first spike 

latency and Fano factor, a measure of neuronal response variability. The distribution of 

median first spike latencies was not different between genotypes (Fig. 4.4A1-3; P14 WT 

vs. KO, P21 WT vs. KO, P30 WT vs. KO, chi-square test of independence, p=n.s.). 

Median first spike latencies were averaged for all neurons, but these values were 

comparable across development and between genotypes (Fig. 4.4B1, B2; two-way 
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Figure 4.3. Developmental changes in spontaneous activity in WT and Fmr1 KO mice.  

(A) Spontaneous activity increased with age in WT and Fmr1 KO mice (Two-way 

ANOVA, Bonferroni multiple comparisons post-test: WT P14 vs. P30 p<0.01; Fmr1 KO 

P14 vs. P21 p<0.01; Fmr1 KO P14 vs. P30 p<0.05.  (B) Spontaneous activity is increased 

in Fmr1 KO A1 at P21 (Two-way ANOVA, Bonferroni multiple comparisons post-test: 

P21 WT vs. Fmr1 KO, p<0.01). P14 WT N(neurons)=75, KO N=95; P21 WT N=87, P21 

KO N=91; P30 WT N=84, KO N=76.  

 

ANOVA, p=n.s.). However, Fano factor, which measures neuronal response variability, 

increased with age in both WT and Fmr1 KO neurons (Fig. 4.4C1; two-way ANOVA: 

age effect p<0.05). Genotype specific differences were not observed (Fig. 4.4C2). As 

average first spike latencies did not change with age, these finding indicate there was a 

general developmental increase in response variability. Response latency and variability 

were comparable between genotypes. 
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4.3.3 Thresholds are decreased and intensity tuning is impaired in Fmr1 KO neurons 

during A1 development 

  FXS patients and Fmr1 KO mice exhibit abnormal startle responses to loud 

auditory stimuli, altered prepulse inhibition, and susceptibility to seizures (Nielsen, et al., 

2002; Frankland, et al., 2004; Musumeci, et al., 1999). In addition, some studies indicate 

that susceptibility to audiogenic seizures decreases with age in Fmr1 KO mice 

(Musumeci, et al., 2005). These behavioral deficits may be attributed to reduced 

thresholds or altered intensity selectivity in A1 neurons of Fmr1 KO mice. We first 

characterized response thresholds by probing neurons with 50 ms pure tones played at the 

characteristic frequency. The average threshold for all neurons was compared across 

developmental ages. In WT A1, thresholds were high at P14 and decreased from P14 to 

P21 (Fig. 4.5A1; two-way ANOVA, Bonferroni multiple comparisons post-test: WT P14 

vs P21, p<0.001; WT P14 vs. P30, p<0.05). This developmental reduction in response 

threshold was not observed in Fmr1 KO A1. This was due to an overall reduction in 

threshold in P14 Fmr1 KO neurons as compared to WT (Fig. 4.5A2; two-way ANOVA, 

Bonferroni multiple comparisons post-test: P21 WT vs. KO, p<0.01). At P21 and P30, 

thresholds were comparable between WT and Fmr1 KO mice. Previous studies indicate 

that thresholds decrease with age only in high frequency-tuned neurons (de Villers-

Sidani, et al., 2007). In order to confirm reduced thresholds seen in P14 Fmr1 KO 

neurons was not due to biased sampling of low-frequency in neurons, we compared the 

CF distribution of neurons sampled at P14, P21, and P30 in both genotypes. At all ages, 

CF distribution did not differ between WT and Fmr1 KO mice.  
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Figure 4.4. Developmental changes in response variability in WT and Fmr1 KO neurons.  

Distribution of median first spike latencies in neurons from (A1) P14, (A2) P21, and (A3) 

P30 WT and Fmr1 KO mice. At all ages, the distribution of first spike latencies was 

comparable between WT and KO neurons (for all ages, chi-square test of independence, 

p=n.s.). (B) Average first spike latencies were comparable across development (B1) and 

similar in WT and Fmr1 KO neurons (B2). (C) There was an age-related increase in fano 

factor which was independent of genotype (C1; two-way ANOVA, age effect p<0.05*). 

Fano factor was comparable in WT and Fmr1 KO neurons at all ages (C2).  P14 WT 

N(neurons)=80, KO N=98, P21 WT N=89, KO N=92, P30 WT N=90, KO N=78. 

   

 

In Fmr1 KO mice, PV cell expression is reduced across development (Wen, et al., 

2017).  As PV cells are more likely to have monotonic rate-level functions (Moore and 

Wehr, 2013) and may help to sharpen intensity tuning (Wu, et al., 2006; Moore and 

Wehr, 2013), we next characterized intensity selectivity in WT and Fmr1 KO A1. In 

order to characterize intensity selectivity, rate-level functions were generated using both 

50 ms pure tones (Fig. 4.6) and 50 ms BBN (Fig. 4.7) and several measure of intensity 
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selectivity were analyzed, including %TO, ITI, and DR. For pure tone-generated rate-

level functions (Fig, 4.6A1, A2), %TO (Fig. 4.6B1), ITI (Fig. 4.7C1), and DR (Fig. 

4.6D1) were relatively stable across development in both WT and Fmr1 KO neurons. 

%TO (Fig 4.6B2) and DR (Fig. 4.6D2) were also comparable between WT and Fmr1 KO 

neurons at all ages. However, ITI was reduced in Fmr1 KO neurons at all ages (Fig. 

4.6C2; two-way ANOVA, genotype effect p<0.0001).  

Similar to the pure tone-generated rate-level function, BBN-generated rate 

intensity functions yielded few differences (Fig. 4.7A1, A2). %TO and ITI remained 

stable across development (Fig. 4.7B1, C1). DR was also relatively consistent across 

development in WT neurons, but dynamic range decreased from P14 to P21 in Fmr1 KO 

neurons (Fig. 4.7D1; Two-way ANOVA, Bonferroni multiple comparisons post-test: 

Fmr1 KO P14 vs P21, p<0.01). Consistent with tone-generated rate intensity functions, 

ITI for BBN-rate intensity functions was reduced in Fmr1 KO neurons (Fig. 4.7C2; Two-

way ANOVA: genotype effect p<0.0001). Small, but significant genotype differences 

were also observed for %TO and DR. At P14, %TO was higher (Fig. 4.7B2; Two-way 

ANOVA, Bonferroni multiple comparisons post-test: P14 WT vs. Fmr1 KO, p<0.05) and 

at P30, DR was larger in Fmr1 KO neurons (Fig. 4.7D2, Two-way ANOVA, Bonferroni 

multiple comparisons post-test: P30 WT vs. Fmr1 KO, p<0.05).  

 In summary, ITI was reduced in Fmr1 KO neurons across development. %TO 

was increased at P14, and DR was decreased at P30. These findings indicate that intensity 

tuning is abnormal in developing Fmr1 KO A1.   
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Figure 4.5. Neuronal response threshold to tonal stimuli is reduced in developing Fmr1 

KO A1. 

(A) In WT A1, neuronal response thresholds to tonal stimuli decreases with age. In Fmr1 

KO A1, this age-related reduction in thresholds was absent (A1; two-way ANOVA, 

bonferroni multiple comparisons post-test, WT P14 vs P21 p<0.001; WT P14 vs. P30 

p<0.05). This is attributed to increased response thresholds in KO A1 at P21 (A2; two-

way ANOVA, bonferroni multiple comparisons post-test, P21 WT vs. Fmr1 KO p<0.01). 

(B) Distribution of CFs in in WT and Fmr1 KO mice at P14 (B1), P21 (B2), and P30 

(B3). At all age, CF distribution was comparable between genotypes (for all ages, chi-

squared test of independence, p=n.s.). P14 WT N(neurons)=82, KO N=98, P21 WT 

N=91, KO N=103, P30 WT N=94, KO N=78. Two-way ANOVA, Bonferroni multiple 

comparisons post-test.  
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4.3.4 Spine development is delayed in Fmr1 KO A1.  

The studies presented here indicate that auditory processing deficits are present in 

Fmr1 KO auditory cortex during development. As auditory processing deficits were more 

robust at P21, and a majority of neurons recorded from were located in superficial layers, 

we characterized spine density and spine length in layer 2/3 during A1 development in 

order to determine whether dendritic spine abnormalities are concomitant with altered 

auditory processing in Fmr1 KO neurons (Fig. 4.8). In addition to P14, P21, and P30, we 

characterized spines at P8, to determine if structural correlates of critical period onset are 

abnormal in Fmr1 KO A1. We also examined spines at P60, as previous studies indicate 

that auditory processing in KO A1 is also impaired in adulthood (Rotschafer and Razak, 

2013). As previous studies have not examined developmental changes in spine formation 

in A1, we first examined age-related changes in spine density and spine length in WT and 

Fmr1 KO mice. 

Spine density increased with age in both WT and Fmr1 KO A1 after hearing onset 

(Fig. 4.9A; two-way ANOVA, Bonferroni multiple comparisons post-test, P8  P14: 

WT p<0.0001, KO p<0.05; P14  P21: WT p<0.0001, KO p<0.0001; P21  P60: WT 

p<0.05, KO p<0.01). In both WT and Fmr1 KO A1, spine length decreased with age 

(Fig. 4.9B; two-way ANOVA, Bonferroni multiple comparisons post-test, P8  P14: 

WT p<0.05, KO p<0.01; P8  P21: WT p<0.01, KO p<0.0001; P8  P30 WT p=n.s., 

KO p<0.0001, P8  P60 WT p<0.05, KO p<0.0001). 
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Figure 4.6. Development of intensity tuning selectivity in A1 of WT and Fmr1 KO mice.   

(A) Example rate-level function for a P14 WT (A1) and P14 Fmr1 KO (A2) neuron in response to a 50 ms pure tone. (B) %TO 

was comparable across ages (B1) and between genotypes (B2) (Two-way ANOVA, p=n.s.). (C) ITI was comparable across 

ages (C1). ITI was reduced in Fmr1 KO neurons (C2; two-way ANOVA, genotype effect p<0.0001****). (D) %TO was 

comparable across ages (D1) and between genotypes (D2). For %TO and IIT: P14 WT N=74, KO N=97; P21 WT N=89, KO 

N=93; P30 WT N=81, KO N=77. For DR: P14 WT N=63, KO N=70; P21 WT N=64, KO N=57; P30 WT N=69, KO N=48. 
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Figure 4.7. Development of intensity tuning selectivity in A1 of WT and Fmr1 KO mice.   

(A) Example rate-level function for a P14 WT (A1) and P14 Fmr1 KO (A2) neuron in response to a 50 ms BBN stimulus. (B) 

%TO was comparable across ages (B1). There was a slight increase in %TO at P14 in Fmr1 KO A1 (B2; Two-way ANOVA, 

p<0.05*). (C) ITI was comparable across ages (C1). ITI was reduced in Fmr1 KO neurons (C2; two-way ANOVA, genotype 

effect p<0.0001****). (D) %TO increased with age in Fmr1 KO A1 (Two-way ANOVA, Bonferroni multiple comparisons 

post-test, P14 vs. P21, p<0.01## (D1). DR was larger in Fmr1 KO neurons (D2; Two-way ANOVA, Bonferroni multiple 

comparisons post-test, p<0.05*). For ITI and %TO: P14 WT N=71, KO N=94; P21 WT N=86, KO N=91; P30 WT N=80, KO 

N=74.  For DR: P14 WT N=63 KO N=69; P21 WT N=68, KO N=59; P30 WT N=62, KO N=43.
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As various studies indicate the presence of immature spines and increased spine 

density in Fmr1 KO mouse sensory cortices (Galvez and Greenough, 2005; MicKinney, 

et al., 2005), we next characterized genotype differences in spine length and density. 

Genotype differences were only observed at P14. Specifically, spine density was reduced 

in auditory cortex of Fmr1 KO mice at P14 (P14 WT vs. KO, p<0.001***), compared to 

WT mice, indicating a delay in spine development in KO A1.  

4.4 Discussion 

 In the present study we characterized developmental changes in neuronal response 

properties in WT and Fmr1 KO mouse A1. Postnatal development of WT and Fmr1 KO 

A1 is associated with increased response magnitudes and increased response variability. 

In contrast, intensity selectivity was relatively stable across development, as %TO, ITI, 

and DR were comparable at the ages tested. A number of response properties were 

specifically altered in Fmr1 KO neurons. At P14, Fmr1 KO neurons had reduced 

response thresholds and larger %TO. At P21, KO neurons exhibited larger response 

magnitudes. At P30 DR was slightly increased. Across development, Fmr1 KO mice 

exhibited increased spontaneous activity and reduced ITI. Some of these deficits coincide 

with a developmental delay in spine density, which was reduced at 14. These findings 

indicate that neuronal response properties are abnormal in KO A1 during development. 

Here, we demonstrate that Fmr1 KO neurons exhibit increased response magnitudes at 

P21, and increased spontaneous activity across development. As a majority of neurons 

recorded at P21 were located in superficial layers, these results suggest that response 
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Figure 4.8. DiI labeled dendritic spines in WT and Fmr1 KO mice.  

Left, sample images of dendritic spines of layer 2/3 pyramidal cells in (top) P8, P14, P21, 

P30, and P60 (bottom) WT auditory cortex. Right, sample images of dendrites from layer 

2/3 pyramidal cells in KO auditory cortex. Scale bar, 30um.  
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Figure 4.9. Spine length decreases from P8 to P60 in WT and KO mouse A1. 

(A) In layers 2/3, there is a developmental reduction in spine length in both WT and KO 

A1.(B) Development of spine density was delayed in Fmr1 KO (Two-way ANOVA, 

Bonferroni multiple comparisons post-test, p<0.0001). Spine density increased with age 

in both WT and Fmr1 KO A1 (B2). P8 WT n=4286/3 animals, P8 KO n=2838/3 animals, 

P14 WT n=7982/3 animals, P14 KO n=10622/3animals, P21 WT n=7443/4 animals, P21 

KO n=12415/5 animals, P30 WT n=8198/5 animals, P30 KO n=3864/3 animals, P60 WT 

n=6331/3 animals, P60 KO n=11851/3 animals. 

 

magnitude deficits may be layer-specific. Although this is the first study to characterize 

response magnitudes in developing KO A1, a number of studies conducted in other 

sensory cortices have demonstrated similar layer-specific deficits, which may underlie 

increased response magnitude. For example, at rest, developing Fmr1 KO neurons in 

L2/3 of somatosensory cortex exhibit increased firing, particularly during UP states 

(Gonçalves, et al., 2013). In layer 4, neurons have reduced excitatory drive onto PV cells 

(Gibson, et al., 2008). Moreover, layer 3 synaptic input to layer 4 and connection 

probability was reduced in developing KO somatosensory cortex. Deficits were not 

observed for layer 5 inputs to layer 3 (Bureau, et al., 2008). Altered intrinsic signaling 
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properties may contribute to this increased neuronal excitability in sensory cortex, as 

whole-cell patch clamp in layer 4 somatosensory cortex indicates that Fmr1 KO mice 

have a prevalence of intrinsic bursting neurons. Moreover regular spiking cells in 

developing KO cortex exhibited more spontaneous activity and increased action potential 

firing in response to current injection compared to WT neurons (Zhang, et al., 2016). 

Interestingly, Zhang and colleagues also demonstrated that when neurons were incubated 

in an environment which facilitates seizure activity, regular spiking Fmr1 KO neurons 

were more likely to exhibit seizure-like bursts and ictal firing. These results suggest that 

cortical hyperexcitability may underlie behavioral auditory hypersensitivity in Fmr1 KO 

mice, including abnormal startle and prepulse inhibition as well as audiogenic seizures 

(Frankland, et al., 2004; Musumeci, et al., 2005). 

At P14, neuronal response thresholds and spine density were both reduced in 

Fmr1 KO A1. These concomitant changes in response threshold and reduced spine 

density may indicate that homeostatic plasticity mechanisms are abnormally activated in 

KO A1. Homeostatic plasticity refers to a type of experience-dependent plasticity which, 

in developing sensory cortex, can be triggered by sensory stimuli to prevent cortical 

networks from becoming hyperexcitable (Turrigiano and Nelson, 2004). This has been 

shown to take place in visual cortex, as modulation of sensory experience during 

development via dark rearing or monocular deprivation contributed to increased mEPSCs 

amplitudes in layer 4 neurons (Desai, et al., 2002). If similar plasticity is present in KO 

A1, the reduction in spine density may be a direct result of reduced neuron thresholds as 

these cells would be more likely to fire in the presence of auditory stimuli.   
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In addition to altered response magnitudes, Fmr1 KO neurons exhibited a robust 

reduction in intensity selectivity across development. This altered intensity tuning may be 

attributed to abnormal development of PV cells, as Fmr1 KO A1 exhibits reduced PV 

expression as early as P14 (Wen, et al., 2017). PV cells are thought to be necessary for 

auditory cortical intensity tuning, as a majority of PV cells have monotonic rate-level 

functions, which allow for inhibition of excitatory neuronal responses and fine tuning of 

intensity selectivity (Wu, et al., 2006; Moore and Wehr, 2013). In a similar manner, PV 

cells in visual cortex are thought to contribute to orientation selectivity, and studies 

conducted in Fmr1 KO visual cortex indicate the presence of broader orientation tuning, 

hypoactive PV cells, and impaired learning in a visual perception task. Moreover 

restoration of PV cell function in Fmr1 KO mice using DREADDs normalized behavioral 

deficits (Goel, et al., 2017). Future studies characterizing PV cell excitability in KO A1 

and measuring concomitant changes in an auditory cortex-dependent behavioral task 

would be beneficial in demonstrating a causal role of PV cells in shaping abnormal 

neuronal response selectivity. Nevertheless, these results suggest that altered PV cell 

expression and/or development (Wen, et al., 2017) may contribute to smaller ITIs in 

Fmr1 KO mice.  

Delayed PNN formation and/or altered PNN composition may also contribute to 

abnormal response properties seen in developing Fmr1 KO cortex, as PNNs have been 

shown to be necessary for normal PV cell excitability (Balmer, et al., 2016; Liu, et al., 

2013; Lensjø, et al., 2017; Moore and Wehr, 2013) and regulation of dendritic spine 

plasticity (Oray, et al., 2004; Mataga, et al., 2004; Ethell and Ethell, 2007). Indeed, PNN 
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formation is delayed in developing KO A1 (Wen, et al., 2017), and dendritic spine 

density is reduced in KO A1 at P14. Moreover, genetic reduction of matrix 

metalloproteinase-9, an enzyme which may cleave PNNs, normalizes response magnitude 

deficits in Fmr1 KO mice (Wen, et al., 2017). Future studies characterizing the effects of 

drugs that target matrix metalloproteinase-9 on dendritic spines and neuronal response 

magnitudes in FXS will be important for treatment of cortical hyperexcitability and 

behavioral auditory hypersensitivity. 

In addition to genotype specific differences in neuronal response properties, in 

this study, we characterized developmental changes in auditory processing in WT A1. 

Specifically, we observed an age-related increase in neuronal response magnitudes and 

increased spontaneous activity. This appears to contrast with previous studies which 

indicate that during early postnatal development, neurons are more excitable due to 

immature synaptic and intrinsic signaling properties. However by P19-29, excitability is 

reduced due to maturation of intrinsic and synaptic properties of both excitatory and 

inhibitory neurons (Oswald and Reyes, 2008; Metherate and Aramakis, 1999; Oswald 

and Reyes, 2011). In contrast, the studies presented here indicate that response 

magnitudes and spontaneous activity levels were both higher at P30 compared to P14. 

This high level of stimulus-evoked and spontaneous activity at P30 may be attributed to 

the larger number of neurons sampled at deeper layers (~50% neurons from superficial 

layers) compared to P14 or P21 (~60%-70% neurons from superficial layers). 

Spontaneous neuronal activity is thought to be more prominent in deeper layers (Sakata 

and Harris, et al., 2009; Hoy and Niell, 2015). Increased spontaneous activity may also 
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contribute to the age-related increase in response variability as median first spike latency 

did not differ across development and there was a small, main effect of age on fano 

factor. The age-related reduction in thresholds observed here has also been shown in 

developing rats (de Villers-Sidnai, et al., 2007). In addition, the relative stability of first 

spike latencies across development also matches with previous studies (de Villers-Sidnai, 

et al., 2007).  

The developmental trajectory of spine development in WT A1 was also 

characterized here. In other sensory cortices, early sensory cortex development is 

characterized by a prevalence of immature, filipodia like spines which are often silent 

synapses (Lendvai, et al., 2000). Throughout development, spines become shorter, with 

larger heads which are more likely to be active due to a larger population of AMPA 

receptors (Matsuzaki, et al., 2001; Kwon and Sabatini 2011). In WT A1, this stereotyped 

pattern of spine development is observed as spine length decreases with age, perhaps 

indicative of fewer filipodia-like spines and more mushroom-shaped active spines. 

Several studies charactering spine turnover indicate that early postnatal development is 

associated with increased spine turnover and spine motility (Holtmaat, et al., 2005; 

Lendvai, et al., 2000). In line with these findings, we show that spine density increases 

with age in WT A1 (Galvez and Greenough, 2005; Holtmaat, et al., 2005).  

The findings presented here indicate that auditory processing is altered in 

developing Fmr1 KO mice. Whether structural abnormalities or impaired plasticity (Kim, 

et al., 2013) drive these deficits in KO mice remains to be studied. Nevertheless, these 

physiological abnormalities may underlie network hyperexcitability during development 
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and adulthood. Indeed, mature Fmr1 KO neurons also exhibit increased response 

magnitudes, as well as broader frequency tuning and increased response variability 

(Rotschafer and Razak 2013). At the network level, there is reduced habituation of N1 

event-related potentials in Fmr1 KO A1 (Lovelace, et al., 2016) and increased baseline 

oscillatory gamma (Lovelace, et al., 2016; Lovelace, et al., 2018). This abnormal network 

function is recapitulated in FXS patients, including larger cortically-evoked N1 event-

related potentials (Ethridge, et al., 2016), reduced N1 habituation (Ethridge, et al., 2016; 

Castrén, et al., 2003; van der Molen, et al., 2012) and increased gamma during rest 

(Wang, et al., 2017). Moreover, there was a strong correlation between increased gamma 

and behavioral abnormalities, including sensory hypersensitivity, social and 

communication deficits (Wang, et al., 2017). These studies indicate that measures of 

auditory hyperexcitability and/or behavioral auditory hypersensitivity may serve as useful 

translational biomarker for studying FXS in both children and adults with FXS. Future 

work will confirm whether structural abnormalities such as reduced PNN formation 

around PV cells is sufficient to cause altered auditory processing deficits in Fmr1 KO 

A1, and test ability of potential therapeutics to reverse neuronal hyperexcitability.  
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Chapter 5: Developmental Changes in EEG Phenotypes in a Mouse Model of 
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Abstract 

 Fragile X Syndrome (FXS) is the leading known genetic cause of autism and 

intellectual disabilities. A consistent symptom of FXS is sensory hypersensitivity. This is 

particularly prominent in the auditory realm with patients showing abnormal sensitivity 

to moderately loud sounds (hyperacusis) and multiple EEG/ERP phenotypes that 

demonstrate abnormal auditory processing.  The mouse model of FXS, the Fmr1 KO 

mouse, also shows abnormal auditory sensitivity including audiogenic seizures, cortical 

neuron hyper-responsiveness and auditory ERP habituation deficits. Moreover, network 

oscillatory activity is impaired in the adult Fmr1 KO mice, including increased resting 

gamma power compared to WT.  The human and mouse model EEG phenotypes are 

remarkably similar and may facilitate the development of translation-relevant FXS 

biomarkers. FXS is a neurodevelopmental disorder, but how EEG/ERP phenotypes 

change during development is not known. Therefore, in this study, we characterized 

baseline and stimulus-evoked oscillatory activity in auditory and frontal cortex of 

developing WT and Fmr1 KO mice on the FVB background. We show that there is 

increased baseline gamma-band power in frontal cortex of Fmr1 KO mice at P21 and 

P30, with a trend for increased power at P60. N1 amplitudes in frontal cortex were 

consistently larger in Fmr1 KO mice at all ages. These findings indicate that cortical 

processing deficits are prominent during early development, highlighting the importance 

of treating FXS symptoms during a developmental critical period. These studies also 

reveal differences in EEG phenotypes in Fmr1 KO mice obtained on the C57/BL6 versus 
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FVB genetic backgrounds that are important to consider when developing EEG based 

biomarkers in preclinical studies of FXS.     

5.1 Introduction 

Fragile X Syndrome (FXS) is a leading inherited cause of autism and intellectual 

disability that affects 1 in 4000 males and 1 in 8000 females (O’Donnell and Warren, 

2002). FXS occurs as a result Fmr1 gene hypermethylation, which leads to inactivation 

and loss of Fragile X Mental Retardation Protein (FMRP; Yu, et al., 1991). Symptoms of 

FXS include social and communication deficits, repetitive behaviors, sensory 

hypersensitivity, and increased anxiety (Hagerman, et al., 1986, Harris, et al., 2008; 

Baumgardner, et al., 1995).  

Abnormal auditory processing and hypersensitivity are well documented in 

humans with FXS, both through clinical observations (Miller, et al., 1999; Rogers, et al., 

2001; Rogers, et al., 2003; Frankland, et al., 2004) and with EEG recordings (Castrén, et 

al., 2003; reviewed in Rotschafer and Razak, 2014; reviewed in Sinclair et al., 2017a). 

When children and adults with FXS were presented a series of tones, event related 

potentials (ERP) revealed larger N1 and N2 amplitudes and longer N2 latency (Castrén, 

et al., 2003; Van de Molen, et al., 2012a; Ethridge, et al., 2016; Knoth, et al., 2014). 

Reduced habituation of N1 amplitude and a lack of N2 sensitization have also been 

documented by multiple studies (Castrén, et al., 2003; Van de Molen, et al., 2012a; 

Schneider et al., 2013; Ethridge, et al., 2016). N1 and N2 are the first and second 

prominent negativity, respectively, and indicate stimulus processing in afferent temporal 

lobe pathways (Näätänen and Picton, 1987). The N1 habituation phenotype is sensitive to 
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drug treatment suggesting the potential utility of ERPs in biomarker development 

(Schneider, et al., 2013). Other studies have measured mismatch negativity and P3 waves 

which reflect automatic change detection in temporal cortex and prefrontal areas, and 

both measures were attenuated in individuals with FXS (Van de Molen, et al., 2012b).  

Altered neural oscillatory activity is also revealed by baseline and sound evoked EEG 

responses in FXS.  Resting EEGs in humans with FXS showed reduced alpha (8-13 Hz), 

increased theta (4-8 Hz) (Van der Molen and Van der Molen, 2013; Wang, et al., 2017), 

and increased gamma-band power (Wang, et al., 2017). Increased gamma-band activity 

during rest correlated negatively with performance on the Adult and Adolescent Sensory 

Profile (Wang, et al., 2017), indicating that altered network activity may be related to 

auditory hypersensitivity phenotypes in FXS.  

Abnormal auditory processing and hypersensitivity are also evident in the mouse 

model of FXS. Audiogenic seizures are a consistent phenotype in the Fmr1 KO mouse 

(Chen and Toth, 2001).  In vivo electrophysiology studies showed that adult Fmr1 KO 

mouse neurons in auditory cortex are hyper-responsive, exhibit variable response 

latencies, and have broader tuning curves in response to auditory tonal stimuli 

(Rotschafer and Razak 2013). Auditory cortex of adult Fmr1 KO mice exhibit reduced 

habituation of ERP N1 amplitudes to repeated sound presentation (Lovelace, et al., 2016), 

increased baseline gamma activity, and increased auditory-evoked gamma activity 

(Sinclair, et al., 2017b; Lovelace et al., 2018), similar to the phenotype seen in humans 

with FXS (Castrén, et al., 2003; Van der Molen 2012a; Ethridge, et al., 2016; Ethridge, et 

al., 2017; Wang, et al., 2017).  
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The auditory cortex hyperexcitability and oscillation abnormalities in EEG may 

be attributed to altered development of GABAergic neurotransmission, particularly in 

parvalbumin (PV) expressing neurons (Wen, et al., 2017; Olmos-Serrano, et al., 2010; 

Goel, et al., 2017).  Despite the prevalence of EEG and auditory ERP phenotypes as well 

as the known developmental changes in PV cells function in mouse cortex, few studies 

have characterized the developmental trajectory of auditory hyperexcitability in FXS, or 

other autism models. Indeed, very little is known about EEG/ERP development even in 

WT mice, and the basic WT trajectories will be more broadly useful.  Wen et al.,, (2017) 

showed evidence for reduced inhibitory interneuron expression throughout development 

and increased neural response magnitudes at postnatal day (P) 21 in Fmr1 KO auditory 

cortex. Whether these deficits are concomitant with network-level changes in excitability 

and oscillatory activity is not known. Therefore, in this study, we characterized 

developmental changes in EEG/ERPs in the auditory and frontal cortex by recording 

these signals from postnatal day (P) ~21, ~P30, and adult Fmr1 KO mice. As previous 

studies indicate that there is cortical hyperexcitability and reduced perineuronal net 

expression around inhibitory interneurons at P21, we hypothesized that EEGs recorded at 

this age would exhibit altered gamma band activity. Broadband noise-evoked event 

related potentials (ERP) were also recorded to determine if increased cortical N1 

amplitudes is seen early in development.   
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5.2 Materials and Methods 

5.2.1 Mice 

FVB.129P2-Fmr1tm4Cgr (Fmr1 KO) and FVB.129P2-Pde6b+Tyrc-ch/AntJ (WT) 

control mice obtained from Jackson laboratories were housed in an accredited vivarium 

on a 12 hour light/dark cycle. Food and water were provided ad libitum and confirmation 

of genotypes was conducted using PCR analysis of genomic DNA isolated from tail 

clippings. University of California, Riverside’s Institutional Animal Care and Use 

Committee approved all procedures utilized. Experiments were conducted in accordance 

with NIH Guide for the Care and Use of Laboratory Animals.  We chose to study the 

FVB background here because previous studies have examined the development of 

parvalbumin expression, perineuronal nets and single unit responses in this strain 

(Rotschafer and Razak, 2013; Wen et al., 2017). Fmr1 KO mice on FVB and C57BL/6 

backgrounds show differences in a number of neurobehavioral tests (Paradee, et al., 

1999; Baker, et al., 2010; Nielsen, et al., 2002; Dansie, et al., 2013; Bilousova, et al., 

2009; Dobkin, et al., 2000), but whether electrophysiological measures are different 

remains unclear.  EEG recording from FVB mice provides the opportunity to compare 

with published EEG data from the adult C57/BL6 mouse, which show robust differences 

between WT and Fmr1 KO genotypes (Sinclair et al., 2017; Lovelace et al., 2018).  

5.2.2 Surgery 

Age-matched (P18-19, P28-30, and P45-60) WT and Fmr1 KO animals were 

implanted with screw electrodes for EEG recordings.  The P45-60 mice will be referred 

to as P60 below.  For the EEG screw implantation surgeries, mice were anesthetized with 
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80 mg/kg ketamine and 10 mg/kg xylazine, i.p. Dosage was halved for younger P18-19 

mice, as these animals were more susceptible to overdose. Toe pinch reflex was 

monitored throughout and supplementary doses of ketamine/xylazine were given as 

needed. Once mice reached an areflexive state, a midline incision was made and the skull 

was exposed. A Foredom dental drill was used to drill three holes in right auditory cortex, 

left frontal cortex, and left occipital cortex. Three channel electrode posts from Plastics 

One (MS333-2-A-SPC) were attached to 1 mm stainless steel screws from Plastics One 

(8L003905201F) and screws were advanced into three holes and secured with dental 

cement. Postoperative care included topical application of a triple antibiotic, and two 

subcutaneous injections of 0.1 mg/kg buprenorphine (0.05 mg/kg for P18-19 mice), one 

immediately after surgery and one 6-10 hours after surgery. After ambulation was 

restored, individually housed mice were returned to the vivarium and monitored daily 

until day of recordings. Mice were given between three to five days of post-operative 

recovery before recording.  

5.2.3 Acoustic stimulation 

Sounds were generated using Real-Time Processor Visual Design Studio 

(RPvdsEx) software and delivered using RZ6 hardware (Tucker Davis Technologies, 

FL). For auditory ERP recordings, a free-field speaker (LCY-K100 ribbon tweeters; 

Madison, WI) was mounted ~12 inches directly above a custom made Faraday cage in 

which the mouse was placed. The sound levels of the stimuli were recorded with a ¼ inch 

Bruel and Kjaer microphone placed at the floor of the recording cage and adjusted to be 

presented at ~60 dB SPL (fluctuation of +/- 3 dB for frequencies between 5 and 35 kHz).  
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Several studies have indicated that there are deficits in ERP amplitudes (N1, P1, 

P2) in humans with FXS and the adult Fmr1 KO mouse (Castrén, et al., 2003; Lovelace, 

et al., 2016; van der Molen, et al., 2012b; Knoth, et al., 2014). Therefore, the first 

stimulus paradigm consisted of broadband noise trains (5-40 kHz, 100 ms duration). Each 

train consisted of 10 repetitions of broadband noise presented at 0.25 Hz repetition rate, 

presented 100 times. The inter-train interval was 8 seconds. Each individual stimulus had 

a rise/fall time of 5 ms and was presented at 60 dB SPL.  

5.2.4 Electrophysiology 

Mice were habituated for 20 minutes in anechoic foam-lined soundproof chamber 

(Gretch-Ken Industries Inc.) and then placed inside the Faraday cage and connected to 

the BioPac acquisition system (BIOPAC Systems, Inc.) through a 3-channel tether 

threaded through the center of the Faraday cage. The tether was connected to a 

commutator located directly above the Faraday cage. Another 20 minute window of 

habituation to being tethered to the commutator was provided. ERPs evoked by 0.25 Hz 

broadband noise trains were then recorded. At the end of the recording, 5 minutes of 

resting EEG was recorded, and then mice were returned to the colony and perfused for 

histology at a later date. The BioPac MP150 acquisition system was connected to two 

EEG 100C amplifier units (one for each channel) to which the commutator was attached. 

The lead to the occipital cortex served as a reference electrode for the frontal and 

auditory cortex screws. Acquisition hardware was set to high-pass (>0.5 Hz) and low-

pass (<100 Hz) filters. Acqknowledge recording software was used to record EEG 

activity while mice were awake and freely moving. Data were sampled at a rate of either 
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2.5 or 5 kHz via Acqknowledge software and then down-sampled to 1024 Hz using 

Analyzer 2.1 (Brain Vision Inc.). EEG traces were extracted from Acqknowledge and 

converted to files compatible with Analyzer 2.1. EEG data was notch filtered at 60 Hz to 

remove residual line frequency power from recordings. Artifact rejection was performed 

semi-automatically, and for each mouse, less than 20% of data was rejected.  

5.2.5 Resting EEG analysis 

EEG traces were divided into 1 second segments, and Fast Fourier Transform 

(FFT, 0.5 Hz resolution) was calculated. From the FFT data, average absolute power 

(µV/Hz2) in each for the following frequency bands was computed for each animal: Delta 

1-3 Hz, Theta 4-8 Hz, Alpha 9-13 Hz, Beta 13-30 Hz, Gamma 30-100 Hz (55-64 Hz was 

omitted to account for 60 Hz notch). To determine if there were additional differences in 

the low- and high-gamma frequency bands, gamma was further divided into the low-

gamma frequency band (13-54 Hz) and high-gamma frequency band (65-100 Hz). As 

movement can alter cortical activity (Niell and Stryker 2010), a piezoelectric transducer 

was placed under the EEG recording arena to quantify movement in P21 and P30 

animals. Movement data was not collected for adult animals. A threshold criterion was 

established for detection of movement using the signal from the piezoelectric transducer 

and confirmed with video recordings taken during the entire duration of the EEG 

recording.  

5.2.6 ERP analysis 

After artifact rejection, EEG trains were divided into 4-second segments based on 

a TTL pulse that marked the onset of the sound stimulus. A grand average ERP was 
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obtained from all stimulus-evoked responses. P1, N1, and P2 were identified based on 

maximal positive or negative deflections in specific time windows: P1 (10-30 ms), N1 

(30-80 ms), and P2 (80-150 ms). For characterization of developmental differences in 

either genotype, a two-way ANOVA was used (Age x Frequency Band). Two-way 

ANOVA (Genotype x Frequency Band) was used to test for genotype differences at 

specific ages. To test for effects of movement on differences in resting gamma 

(low/high), a three-way ANOVA was used (Genotype x Frequency Band x Movement). 

In all cases, p values < 0.05 were considered significant. When interactions were found 

and multiple comparisons for ANOVA were made, data were analyzed on each factor for 

simple effects and corrected for using Bonferroni adjustments.  

5.3 Results 

 Resting EEG and auditory ERP from two cortical regions (auditory and frontal 

cortex: henceforth, AC and FC) were examined at three different ages (~P21, P30 and 

P60) and in two genotypes (WT, Fmr1 KO mice) to determine developmental trajectories 

of baseline and sound evoked neural responses. In the sections below, we first describe 

changes in WT and KO mice separately to quantify age effects and then compare the two 

genotypes.   

5.3.1 Region-specific developmental changes in absolute resting EEG power in WT and 

Fmr1 KO mice 

Figure 5.1 shows example resting EEG data obtained from the AC and FC at P21 

and P30 from WT and Fmr1 KO mice.  We first quantified absolute EEG spectral power 

in AC of normally developing WT mice at P21, P30, and P60 in the baseline (no stimulus 
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presentation) condition (Fig. 5.2A1, A2). This resulted in a two-way ANOVA (Age x 

Frequency). There was an effect of frequency: F(4,190)=52.500, p<0.0001, but no effect 

of age and no significant interactions. This indicates that while absolute power varied 

across frequency bands, power within each frequency band did not change significantly 

with age in WT mice AC.   

 

Figure 5.1.  EEG traces recorded from WT and Fmr1 KO auditory and frontal cortex.  

(A) Example raw EEG waveforms recorded from WT auditory (top) and frontal cortex 

(bottom) at P21 (left) and P30 (right). (B) Example raw EEG waveforms recorded from 

KO auditory (top) and frontal cortex (bottom) at P21 (left) and P30 (right). 

 

In contrast, when the same analysis was done on WT FC baseline EEG, a main 

effect of age and frequency was observed (Fig. 5.2B1, B2): Age F(2,190)=29.012, 

p<0.0001; Frequency F(4,190)=76.967, p<0.0001. This suggests that unlike AC, the FC 

exhibited a developmental increase in overall absolute power across frequency bands 

(Bonferroni multiple comparisons post-test, P21 vs. P60 p<0.0001; P30 vs. P60 
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p<0.0001). There was also a significant age x frequency interaction: F(8,190)=14.566, 

p<0.0001, indicating that specific frequency bands exhibited larger age-related 

differences in average absolute power. This was evident in delta and theta frequency 

bands, in which absolute power was low at P21 and increased between P21 and P60 

(Bonferroni multiple comparisons post-test, Delta: P21 vs. P30 p<0.001, P21 vs. P60 

p<0.0001, P30 vs. P60 p<0.0001; Theta: P21 vs. P60 p<0.001, P30 vs. P60 p<0.01).  

Developmental changes in absolute EEG spectral power in Fmr1 KO mice exhibited 

similar trends to those seen in WT mice (Fig. 5.1B). In Fmr1 KO AC, there was an effect 

of frequency: F(4,185)=24.245, p<0.0001, but no age effect and no interactions (Fig. 

5.3A1, A2), similar to WT AC. In KO FC, there were main effects of frequency: 

F(4,185)=79.347, p<0.0001 and age: F(2,185)=28.768, p<0.0001 indicating that KO FC 

also exhibits a developmental increase in absolute power (Fig. 5.3B1, B2; Bonferroni  

multiple comparisons post-test, P21 vs. P30 p<0.01, P30 vs. P60 p<0.0001, P21 vs. P60 

p<0.0001). Moreover, there was a significant age x frequency interaction: 

F(8,185)=14.497, p<0.0001, which was driven by age-related changes in absolute power 

in the delta and theta frequency bands (Bonferroni multiple comparisons post-test, Delta: 

P21 vs. P30 p<0.0001, P30 vs. P60 p<0.0001, P21 vs. P60 p<0.0001; Theta: P21 vs. P60 

p<0.01).  These data indicate that in both genotypes, the development of EEG spectral 

power is delayed in FC compared to AC.  
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Figure 5.2. Developmental changes in absolute spectral power of EEG in WT cortex.   

(A) Average absolute power (± SEM, dashed lines) in WT auditory cortex at P21 (black), P30 (blue), and P60 (gray) as a 

function of frequency (A1). Average absolute power in delta, theta, alpha, beta, and gamma frequency bands, respectively 

(mean ± SEM) (A2). No age dependent changes in power were observed in any frequency band. Note the ordinate range is 

different for different panels. (B) Average absolute power (± SEM, dashed lines) in WT frontal cortex at P21 (black), P30 

(blue), and P60 (gray) as a function of frequency (B1). In WT frontal cortex, average absolute power increased with age (B2; 

mean ± SEM; two-way ANOVA: Frequency F(4,190)=76.967, p<0.0001; Age F(2,190)=29.012, p<0.0001; Age x Frequency 

F(8,190)=14.566, p<0.0001). WT P21 N (mice)=15, P30 N=17, P60 N=9; Bonferroni multiple comparisons post-test: 

****p<0.0001, ***p<0.001, **p<0.01. Note the ordinate range is different for different panels. 
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Figure 5.3. Developmental changes in absolute spectral power in Fmr1 KO cortex.  

(A) Average absolute power (± SEM, dashed lines) in Fmr1 KO auditory cortex at P21 (black), P30 (blue), and P60 (gray) as a 

function of frequency (A1). Average absolute power in delta, theta, alpha, beta, and gamma frequency bands, respectively 

(mean ± SEM) (A2). Note the ordinate range is different for different panels.  No age dependent changes in power were 

significant in any frequency band. (B) Average absolute power (± SEM, dashed lines) in KO frontal cortex at P21 (black), P30 

(blue), and P60 (gray) as a function of frequency (B1). Average absolute power in frontal cortex increased with age (B2; mean 

± SEM; two-way ANOVA: Frequency effect: F(4,185)=79.347, p<0.0001; Age effect F(2,185)=28.768, p<0.0001; Age x 

Frequency F(8,185)=14.497, p<0.0001).  



 

134 

 

5.3.2 Increased gamma band power is seen as early as P21 in Fmr1 KO mice  

Previous research in humans has indicated that FXS is associated with increased 

theta/gamma and reduced alpha power (Van der Molen and Van der Molen, 2013; Wang, 

et al., 2017). This was also seen in the adult Fmr1 KO mice in both AC and FC on the 

C57/BL6 background (Lovelace et al., 2018). In order to determine if similar genotype-

specific differences in spectral power were observed in developing Fmr1 KO auditory 

cortex, we compared resting EEG power at P21, P30 and P60 between WT and KO mice. 

To account for large changes in power at different frequency bands, the absolute power in 

each frequency band was divided by the corresponding absolute power in WT mice and 

presented as a ratio of WT (Fig. 5.4, 5.6, 5.8). Ratios greater than 1 indicate larger power 

in KO than WT.   

In the AC, at P21, resting EEG power across all frequency bands was comparable 

between Fmr1 KO and WT mice (Fig. 5.4A1-A3; Two-way ANOVA: genotype, p=n.s.; 

frequency, p=n.s.; genotype x frequency, p=n.s.). In the FC, while there were no 

significant differences in power which were dependent on genotype (Fig. 5.4B1-B3), 

there was a trend for both a frequency effect and a genotype x frequency interaction 

(genotype, p=n.s.; frequency F(4,135)=2.422, p=0.05132; genotype x frequency 

F(4,135)=2.422, p=0.05132). This was likely due to increased gamma band power in 

Fmr1 KO, as separate analysis of both low- (30-54 Hz) and high-gamma (64-100 Hz) 

frequency bands indicated a main effect of genotype: F(1,54)=9.911, p<0.01.  

As movement can modulate cortical activity (Niell and Stryker, 2010) and 

because Fmr1 KO mice are hyperactive (Spencer, et al., 2005), we characterized 
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movement-related changes in resting gamma power. At P21, WT and Fmr1 KO mice 

spent a similar proportion of time moving (Fig. 5.5A; Independent samples t-test, p=n.s.). 

Next, we characterized power in low- and high-gamma frequency bands during periods 

of non-movement (Fig. 5.5B1) and periods of movement (Fig. 5.5B2). A three-way 

ANOVA was conducted to probe for interactions of movement, genotype, and frequency. 

A main effect of genotype, but not movement or frequency, was observed, indicating that 

Fmr1 KO mice exhibited increased power in low and high gamma frequency bands 

independent of movement (Three-way ANOVA: genotype F(1,102)=26.556, p<0.0001; 

movement, p=n.s.; frequency/low vs. high gamma, p=n.s.; all interactions, p=n.s.). Thus 

the increased gamma power in the P21 Fmr1 KO mouse FC is not due to movement-

related changes in gamma band activity.  

At P30, both AC and FC of Fmr1 KO mice showed enhanced gamma power. A 

genotype effect on gamma power in the AC was significant when low and high frequency 

gamma were evaluated separately (Fig. 5.6A1-A3; Two-way ANOVA: genotype 

F(1,62)=6.815, p<0.05; frequency/low vs. high gamma, p=n.s.; genotype x frequency/low 

vs. high, p=n.s.). Genotype differences in power were not observed at the lower 

frequency bands (Fig. 5.6A1, A2; Two-way ANOVA: genotype, p=n.s.; frequency 

p=n.s.; genotype x frequency, p=n.s.). Increased gamma-band power was also observed 

in Fmr1 KO FC (Fig. 5.6B1-B3; Two-way ANOVA: genotype F(1,62)=5.261, p<0.05;  



 

 

 

1
3
6

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Comparison of EEG power between WT and Fmr1 KO cortex at P21 shows enhanced gamma power. 

 (A) Average absolute EEG power in P21 Fmr1 KO auditory cortex divided by the average absolute power in WT auditory 

cortex (A1). The ordinate is the ratio between KO and WT power with value = 1 indicating identical power and values >1 

indicating more power in the KO mouse.  Normalized power in auditory cortex across all frequency bands (A2). Power across 

all frequency bands in Fmr1 KO auditory cortex was comparable to WT. Absolute power in low and high gamma frequency 

bands was comparable in WT and Fmr1 KO auditory cortex (A3). (B) Absolute EEG power in P21 Fmr1 KO frontal cortex 

normalized to average absolute power in WT frontal cortex (B1). In frontal cortex, power across all frequency bands in Fmr1 

KO frontal cortex was comparable to WT (B2). When gamma band power was divided into low (30-54 Hz) and high (64-100 

Hz) frequency bands, an increase in power was observed in both frequency bands (B3): Genotype F(1,54)=9.911, p<0.01; 

Frequency F(1,54)=0.842, p=n.s.; Genotype x Frequency F(1,54)=0.842, p=n.s. (B3). WT N(mice)=15, KO N=14; mean ± 

SEM. 
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Figure 5.5. Enhanced gamma in FC at P21 was independent of whether the mouse was 

moving or not.  

 (A) Movement of the mouse was sensed using a piezoelectric crystal placed under the 

cage.  The percentage of time spent moving was not significantly different between WT 

and Fmr1 KO mice (independent samples t-test, t(27)=0.217, p=n.s.). (B) EEG 

recordings were separated between ‘move’ and ‘non-move’ according to movement state 

and analyzed.  Power was increased in low and high gamma frequency bands in Fmr1 

KO FC independent of movement (B1, B2) (Three-way ANOVA: Genotype 

F(1,102)=26.556, p<0.0001; Frequency/Low vs. High Gamma F(1,102)=0.813, p=n.s.; 

Movement F(1,102)=0.128, p=n.s.). WT N(mice)=15, KO N=14; mean ± SEM.  

 

frequency/low vs. high gamma, p=n.s.; genotype x frequency/low vs. high gamma, 

p=n.s.). There were no genotype-specific differences at the lower frequency bands (Fig. 

5.6B1, 5.6B2, Two-way ANOVA: genotype, p=n.s.; frequency p=n.s.; genotype x 
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frequency, p=n.s.). As both AC and FC exhibited increased power in Fmr1 KO mice at 

P30, we again characterized the effects of movement on gamma. At P30, WT and Fmr1 

KO mice spent a comparable amount of time moving (Fig. 5.7A; independent samples t-

test, p=n.s.). In both AC (Fig. 5.7B1, B2) and FC (Fig. 5.7C1, C2), gamma power was 

enhanced in both low- and high-gamma frequency bands, independent of movement (AC, 

Three-way ANOVA: genotype F(1,94)=14.599, p<0.001; movement p=n.s.; 

frequency/low vs. high Gamma p=n.s.; All Interactions p=n.s.; FC, Three-way ANOVA: 

genotype F(1,94)=9.369, p<0.01; movement p=n.s.; frequency/low vs. high gamma 

p=n.s.; all interactions p=n.s.). These results confirm that increased gamma observed in 

AC and FC of P30 KO mice is not due to movement-related changes in gamma.  

No significant differences were observed in baseline EEG power in adult KO AC 

(Fig. 5.8A1-A3) or FC (Fig. 5.8B1-B3). Adult FC exhibited a trend for increased gamma, 

which appeared to be skewed towards the high-gamma frequency band (Fig. 5.8B1, B3; 

Two-way ANOVA: genotype F(1,34)=3.766, p=0.061; frequency/low vs. high gamma, 

p=n.s.; genotype x frequency/low vs. high gamma, p=n.s.). Taken together, the P21 and 

P30 data indicate that the AC baseline spectral power is not different across genotypes, 

but gamma power is enhanced in the FC. FC but not AC of adult Fmr1 KO mice also 

showed a similar trend for enhanced gamma power.  
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Figure 5.6. Enhanced gamma power in Fmr1 KO mice was seen at P30 in both auditory and frontal cortex.  

(A) Absolute EEG power in P30 Fmr1 KO auditory cortex normalized to average absolute power in WT auditory cortex (A1). 

Normalized power in P30 auditory cortex across all frequency bands was comparable between WT and Fmr1 KO (A2). When 

gamma band power was separated into low gamma and high gamma frequency bands, there was increased gamma in both high 

and low frequency bands: Genotype F(1,62)=6.815, p<0.05; Frequency F(1,62)=1.719, p=n.s.; Genotype x Frequency 

F(1,62)=1.719, p=n.s. (A3). (B) Absolute EEG power in P30 WT Fmr1 KO frontal cortex normalized to average absolute 

power in WT frontal cortex (B1). Normalized power in P30 frontal cortex across all frequency bands was comparable between 

WT and Fmr1 KO (B2). When gamma band power was separated into low gamma and high gamma frequency bands, there 

was increased gamma in both high and low frequency bands: Genotype F(1,62)=5.261, p<0.05; Frequency F(1,62)=0.679, 

p=n.s.; Genotype x Frequency F(1,62)=0.679, p=n.s. (A3). WT N(mice)=17, KO N=16; mean ± SEM. 
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Figure 5.7. Enhanced gamma in both auditory and frontal cortex at P30 was independent 

of whether the mouse was moving or not. 

(A) The percentage of time spent moving was not significantly different between WT and 

Fmr1 KO mice (independent samples t-test t(24)= -0.452, p=n.s.). (B) Power was 

increased in low and high gamma frequency bands in Fmr1 KO auditory cortex 

independent of movement (B1, B2) (Three-way ANOVA: Genotype, F(1,94)=14.599, 

p<0.001; Frequency/Low vs. High Gamma, F(1,94)=1.324, p=n.s.; Movement, 

F(1,94)=1.263, p=n.s.) (C) Power was increased in low and high gamma frequency bands 

in Fmr1 KO frontal cortex independent of movement (C1, C2) (Three-way ANOVA: 

Genotype F(1,94)=9.369, p<0.01; Frequency/Low vs. High Gamma, F(1,94)=0.214, 

p=n.s.; Movement F(1,94)=1.549, p=n.s.). WT N(mice)=15, KO N=11; mean ± SEM. 
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Figure 5.8. In adult Fmr1 KO mice, no significant differences were observed in absolute EEG power at any frequency.   

(A) Absolute EEG power in Fmr1 KO auditory cortex normalized to average absolute power in WT auditory cortex (A1). 

Normalized power in P30 auditory cortex across all frequency bands was comparable between WT and Fmr1 KO (A2). Power 

in low and high gamma frequency bands was comparable between WT and Fmr1 KO auditory cortex (A3). (B) Absolute EEG 

power in Fmr1 KO frontal cortex normalized to average absolute power in WT frontal cortex (B1). Normalized power in 

frontal cortex was not different between WT and Fmr1 KO (B2). When gamma was divided into low and high gamma 

frequency bands, there was a trend for increased power in Fmr1 KO frontal cortex: Genotype F(1,34)=3.766, p=0.061 

(trending but n.s.); Frequency/Low vs. High Gamma F(1,34)=1.784, p=n.s.; Genotype x Frequency/Low vs. High Gamma 

F(1,34)=1.784, p=n.s. (B3). WT N (mice)= 9, KO N =10; mean ± SEM
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5.3.3 Developmental changes in auditory ERP in WT and Fmr1 KO cortex 

Humans with FXS show larger N1 amplitudes in their ERPs (Rojas, et al., 2001; 

Castrén, et al., 2003; Van der Molen, et al., 2012a; Reviewed in Knoth and Lippé 2012).  

To determine if the mouse model showed a similar N1 phenotype, we measured ERPs 

evoked by a 100 ms broadband noise stimulus in WT and Fmr1 KO mice. The grand 

average ERP waveforms are shown in Figure 5.9 for WT and Fmr1 KO mice at P21 (Fig. 

5.9A1, A2), P30 (Fig. 5.9B1, B2), and P60 (Fig. 5.9C1, C2). Peak amplitude and peak 

latency were measured from per animal average waveforms and resultant grand average 

amplitude (Fig. 5.10) and latency (Fig. 5.11) were used to characterize genotype and age 

effects. First, we characterized developmental changes in ERPs. There was a significant, 

age-related increase of N1 amplitude in the AC in both WT and Fmr1 KO mice (Fig. 

5.10A2; Two-way ANOVA: age F(2,70)=10.776, p<0.0001; genotype p=n.s; age x 

genotype p=n.s.; Bonferroni post-hoc multiple comparisons post-test, P21 vs. P60 

p<0.0001, P30 vs. P60 p<0.01). There were no age-related changes in either P1 or P2 

amplitude (Fig 5.10A1, A3). Next, we determined if there were genotype differences in 

ERP amplitudes. In AC, amplitude of all age-matched ERP components was statistically 

similar in WT and Fmr1 KO (Fig. 5.10A1-A3). In Fmr1 KO FC, there was an overall 

increase in N1 amplitude across all ages (Fig. 5.10B2; Two-way ANOVA: genotype 

(1,70)=14.971, p<0.001; age p=n.s.; genotype x age p=n.s.). Average P1 and P2 

amplitude was comparable in WT and Fmr1 KO FC across development (Fig. 5.10B1, 

B3).  
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Figure 5.9. Development of auditory ERPs in auditory and frontal cortex of WT and Fmr1 KO mice.  

Grand average ERPs in P21 (A), P30 (B), and P60 (C) WT (black) and Fmr1 KO (red) auditory (A1, B1, C1) or frontal (A2, 

B2, C2) cortex in response to 100 ms broadband noise presented at 0.25 Hz repetition rate.  P1, N1, and P2 were defined as 

maximum or minimum voltage deflections within 0-30 ms (P1, yellow), 30-80 ms (N1, orange), or 80-150 ms (P2, blue).  

P21 WT N=15, KO N=15; P30 WT=15, KO N=12; P60 WT N=9, KO N=10 mice. 
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Figure 5.10. There was a developmental increase in N1 amplitude in AC. Larger N1 amplitudes were seen in FC of Fmr1 KO 

mice.  

(A) P1 (A1), N1 (A2), and P2 (A3) amplitudes from ERP waveforms evoked in WT (white) and Fmr1 KO (black) auditory 

cortex. There was an age-related increase in N1 amplitude in auditory cortex (Two-way ANOVA: Age F(2,70)=10.776, 

p<0.0001; Genotype F(1,70)=1.694, p=n.s; Age x Genotype F(2,70)=0.267, p=n.s). (B) P1 (A1), N1 (A2), and P2 (A3) 

amplitudes from ERP waveforms evoked in in WT (white) and Fmr1 KO frontal cortex. N1 amplitudes were consistently 

higher in Fmr1 KO frontal cortex regardless of age (Two-way ANOVA: Genotype (2,70)=14.791, p<0.001; Age 

F(2,70)=3.093, p=n.s.; Genotype x Age F(2,70)=0.965, p=n.s.).WT P21 N (mice)=15, P30 N=15, P60 N=9; KO P21 N=15, 

P30 N=12, P60 N=10; mean ±SEM.
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Figure 5.11. Developmental and genotype differences in auditory ERP latencies.  

(A) P1 (A1), N1 (A2), and P2 (A3) latencies from ERP waveforms evoked in in WT (white) and Fmr1 KO (black) auditory 

cortex. N1 latency was increased in Fmr1 KO auditory cortex (Two-way ANOVA: Genotype F(1,70)=0.577 p=n.s.; Age 

F(2,70)=0.429, p=n.s.; Genotype x Age F(2,70)=4.382; p<0.05).  P1 and P2 latencies were not different across development or 

genotype. (B) P1 (B1), N1 (B2), and P2 (B3) latencies from ERP waveforms evoked in in WT (white) and Fmr1 KO frontal 

cortex. There was an age-related increase in P2 latency in frontal cortex (Two-way ANOVA: Age F(2,70)=6.592, p<0.01; 

Genotype F(1,70)=0.914, p=n.s.; Age x Genotype F(2,70)=0.513, p=n.s.). WT P21 N(animals)=15, P30 N=15, P60 N=9; KO 

P21 N=15, P30 N=12, P60 N=10; mean ±SEM; Bonferroni multiple comparisons post-hoc test: */#p<0.05.
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In addition to ERP amplitudes, average P1, N1, and P2 latencies were quantified 

in AC and FC. In AC, N1 latency decreased with age, but only in WT mice (Fig. 5.11A2; 

Two-way ANOVA: Genotype p=n.s.; Age p=n.s.; Genotype x Age F(2,70)=4.382; 

p<0.05; Bonferroni multiple comparisons post-test, KO: P21 vs. P60, p<0.05). In FC, 

there were no differences in N1 latency with age or genotype.  P2 latency, however, 

increased with age (Fig. 5.11B3; Two-way ANOVA: Age F(2,70)=6.592, p<0.01; 

Genotype p=n.s.; Age x Genotype p=n.s.). The N1 latency was longer in the Fmr1 KO 

mouse AC at P60 (Fig. 5.11A2; Two-way ANOVA: Genotype p=n.s.; Age p=n.s.; 

Genotype x Age F(2,70)=4.382; p<0.05). Genotype differences were not observed for P1 

or P2.  In summary, N1 amplitudes in FC were larger across age groups in Fmr1 KO 

mice compared to WT.  N1 latency was longer in the KO mouse at P60 and latencies of 

P2 component increased with age in the FC across both genotypes. 

5.4 Discussion 

 This study identified a number of region (auditory and frontal cortex), genotype 

(WT and Fmr1 KO mice) and age (P21, P30 and P60) specific differences in resting 

cortical oscillatory activity and stimulus-evoked responses. Adult-like pattern of spectral 

power in baseline EEG, particularly in low-frequency bands, developed slowly in frontal 

cortex (FC) compared to auditory cortex (AC) in both genotypes.  These results indicate 

that AC maturation precedes that of FC, which is in line with anatomical and functional 

markers of cortical maturation in humans (Reviewed in Uhlhaas, et al., 2009; Gogtay, et 

al., 2004; Chuggani, et al., 1987; Reviewed in Colonnese and Khazipov 2012).  Genotype 

differences were found in gamma power of baseline EEG and N1 amplitude of the ERP.  
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Resting gamma power was elevated in developing Fmr1 KO mouse frontal cortex (FC) at 

both P21 and P30, whereas auditory cortex (AC) showed a difference only at P30. Larger 

N1 amplitudes were present across development in Fmr1 KO FC, but no genotype 

differences were present in the AC. In the adult, while there was a trend for enhanced 

gamma power in the FC, no significant differences were observed.  Together, these data 

suggest that EEG responses in FC are affected to a greater extent in the Fmr1 KO mouse 

compared to the AC, and the effect is relatively larger in young mice compared to adults.  

Auditory hypersensitivity seen in adults and adolescents with FXS may be driven by 

abnormal frontal cortex responses and network oscillatory activity during development.  

To better understand the pathophysiology of FXS, these results argue for increased 

characterization of developmental trajectories of FMRP related functions.      

Another main contribution of this study, together with published work, is the 

identification of strain differences in EEG phenotypes in Fmr1 KO mice. A number of 

strain differences in behavioral phenotypes have been reported in Fmr1 KO mice on the 

C57/Bl6 versus FVB strains (Paradee, et al., 1999; Baker, et al., 2010; Nielsen, et al., 

2002; Dobkin, et al., 2000; Dansie, et al., 2013; Bilousova, et al., 2009).  The present data 

in the adult FVB mouse, together with previously published work in the adult C57/BL6 

mouse using identical methods (Lovelace, et al., 2018) indicate strain differences in EEG 

as well (Table 3.1).  Specifically, the adult C57/BL6 shows robust deficits in gamma 

power in both the AC and FC.  However, in the adult FVB mouse, only a trend for 

enhanced gamma in the FC was observed. Significant gamma power increase in the FVB 

strain was observed only in development.  The adult C57/BL6 and FVB mice were 
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similar in terms of enhanced N1 amplitudes in the FC.  Neither strain showed a 

significant difference in the AC.  Future studies which characterize developmental 

trajectories of EEG phenotypes in the C57/BL6 strain will provide a more comprehensive 

comparison of strain differences. Taken together, these studies identify enhanced gamma 

power and larger N1 amplitudes in the FC as phenotypes that are relatively stable in 

Fmr1 KO mice across strains. The strain differences in phenotypes could be used to 

model stratification of human population according to EEG patterns and identify 

potential differential sensitivity to various therapeutic options.   

Table 5.1. Summary of strain-specific changes in baseline EEG power.  

In both strains, differences were observed independent of movement.  In adult C57/BL6 

Fmr1 KO mice, baseline delta and gamma power was increased relative to WT in both 

AC and FC (Lovelace, et al., 2018). Developmental studies have not been conducted in 

young C57/BL6. In adult Fmr1 KO on the FVB background strain, there was a trend for 

increased gamma (p=n.s.) in FC. During development, FC gamma differences were more 

robust. AC differences in power were only seen at P30. The strain differences in EEG 

measures observed in adult KO mice highlights the need for additional comparative 

studies which compare resting EEG power during development.  

 

MOUSE 

STRAIN 
Age Fmr1 KO AC Fmr1 KO FC 

C57/BL6 Adult ↑ gamma 
↑ gamma 

↑ N1 amplitude 

C57/BL6 P21-24 ? ? 

C57/BL6 P28-34 ? ? 

FVB Adult No difference 
gamma, no difference 

↑ N1 amplitude 

FVB P21-24 ↑ gamma 
↑ gamma 

↑ N1 amplitude 

FVB P28-34 No difference 
↑ gamma 

↑ N1 amplitude 
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The larger N1 amplitudes of ERPs seen in FXS adults and adolescents (Castrén, et 

al., 2003; Van de Molen, et al., 2012a; Ethridge, et al., 2016; Schneider, et al., 2013) are 

also observed in Fmr1 KO mice across development. Enhanced stimulus-evoked 

response magnitudes and increased neural synchrony have been previously characterized 

in cortex of both developing and adult Fmr1 KO mice (Wen, et al., 2017; Lovelace, et al., 

2016; Gibson, et al., 2008; Zhang, et al., 2014; Gonçalves, et al., 2013, Arnett, et al., 

2014). These findings, in conjunction with increased resting gamma and spontaneous UP 

states, indicate that a greater number of neurons in Fmr1 KO mice fire synchronously to 

sensory stimuli (Reviewed in Contractor, et al., 2015). For example, in mature KO 

somatosensory cortex, a larger cortical area is activated when whiskers are stimulated 

(Arnett, et al., 2014; Zhang, et al., 2014). In the mature KO auditory cortex, neurons 

show broader frequency tuning curves (Rotschafer and Razak 2013).  This would cause 

more neurons to be activated for any single sound. As both developing and adult Fmr1 

KO mice exhibit increased N1 amplitudes in FC, future work should characterize 

excitability and synchrony in developing KO mice, particularly in FC circuitry.  

 The studies discussed here indicate that there are robust cortical EEG phenotypes 

present in both the FXS mouse model and humans with FXS. How might these changes 

in network function contribute to behavioral deficits in FXS? Increased resting gamma 

appears to be a robust EEG phenotype, as it is evident in both developing and adult Fmr1 

KO mice, across mouse strains (C57/BL6 and FVB) and is also observed in humans with 

FXS (Wang, et al., 2017). Studies in visual processing and perceptual organization have 

contributed to the idea that the highly synchronous network activity which drives gamma 
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oscillations contributes to ‘temporal binding’, which enables local cortical networks 

encoding different features to be combined in order to form perception of the entire 

object (Reviewed in Brock, et al., 2002; Reviewed in Jensen, et al., 2007). If baseline 

gamma is already high, elevated levels of synchronous firing would contribute to 

increased excitatory drive in the cortex, resulting in modulation of gain, neuronal 

hyperexcitability, and larger stimulus-evoked N1 (Reviewed in Jensen, et al., 2007), 

which may disrupt normal perceptual organization and sensory hypersensitivity in FXS 

(Kogan, et al., 2004a, Kogan, et al., 2004b; Rogers, et al., 2003; Wang, et al., 2017; Van 

der Molen, et al., 2012; Castrén, et al., 2003; Reviewed in Rotschafer and Razak 2014; 

Reviewed in Bertone, et al., 2010). Additionally, altered gamma may signify abnormal 

levels of attention, as FXS is associated with impaired attention and executive function in 

FXS (Cornish, et al., 2009), and levels of attention are correlated with amounts of gamma 

power as well as gamma phase-locking (Bauer, et al., 2006; Gregoriou, et al., 2009; 

Skosnik, et al., 2007). Whether these cortical EEG phenotypes are sufficient to evaluate 

perceptual, attention, and language deficits in FXS remains to be tested. However recent 

studies in humans and rodents have demonstrated that the magnitude of cortical EEG 

deficits correlates with severity of behavioral abnormalities, including social and 

communication deficits and sensory hypersensitivity (Wang, et al., 2017; Sinclair, et al., 

2017). These findings lend support for the utility of cortical EEG phenotypes as 

biomarkers in the development of drugs to treat FXS.  

A surprising finding of this study was that despite the wide array of evidence for 

neuronal and network hyperexcitability in AC (Wen, et al., 2017; Rotschafer and Razak 
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2013; Lovelace, et al., 2016), abnormal gamma power was only observed in KO AC at 

P30 (Fig. 5.6A3), but not at P21 or P60. In the current study, AC recordings were made 

in right hemisphere. Previous EEG studies conducted in autistic children and adolescents 

indicates that exposure to a gamma-driving auditory stimulus contributes to gamma 

deficits which are unique to the left hemisphere, whereas right hemisphere gamma power 

was comparable between autistic individuals and controls (Wilson, et al., 2009). 

Although baseline EEG studies conducted in humans with Fragile X have not reported 

this hemispheric specificity, several studies do indicate that FXS is associated with 

impaired functional connectivity throughout the cortex (Wang, et al., 2017).  Future 

rodent studies using whole-brain cortical EEG or multielectrode arrays will provide a 

more detailed picture of EEG deficits across brain structures.  

In conclusion, this study establishes a foundation for characterizing translation-

relevant biomarkers of FXS in developing cortex. The presence of EEG and ERP 

phenotypes in juvenile Fmr1 KO mice indicates that early intervention may be key in 

treating FXS phenotypes. Indeed, drug treatments in young Fmr1 KO mice have long-

lasting benefits for anxiolytic behavior (Dansie, et al., 2013) and immature dendritic 

spines (Su, et al., 2011) in rodents. Future experiments which test the therapeutic efficacy 

of treatments during early development on EEG/ERP measures in adults will help 

determine if permanent symptom reversal is possible.   
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Figure S5.1. Relative gamma band power in developing WT and KO cortex.  

(A) Left, At P21, relative gamma power in AC was comparable between WT and Fmr1 

KO mice. Right, relative gamma power was increased in Fmr1 KO FC in both low and 

high gamma frequency bands (Two-way ANOVA: Genotype F(1,54)=5.526, p<0.05; 

Frequency/Low vs. High Gamma F(1,54)=32.244, p<0.0001, Frequency/Low vs. High 

Gamma x Genotype F(1,54)=0.185, p=n.s.). (B) Relative gamma power in P30 AC (left) 

and FC (right) of WT and Fmr1 KO mice. (C) Left, relative gamma power in adult AC 

was comparable between WT and Fmr1 KO. Right, relative gamma power was increased 

in Fmr1 KO FC in both the low and high gamma frequency bands (Two-way ANOVA: 

Genotype F(1,34)=6.757, p<0.05; Frequency/Low vs. High Gamma F(1,34)=0.353, 

p=n.s., Frequency/Low vs. High Gamma x Genotype F(1,34)=1.150, p=n.s.). P21 WT 

N=15, KO N=14; P30 WT N=17, KO N=16; P60 WT N=9, KO N=10, mean ± SEM. 
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Chapter 6: Conclusion 
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During auditory cortex development, Fmr1 KO mice exhibit delayed perineuronal 

net (PNN) formation around parvalbumin (PV)-expressing interneurons and altered 

auditory processing. These findings identify a novel working hypothesis for behavioral 

auditory hypersensitivity in a mouse model of FXS (Fig. 2.2, Fig. 3.7). Specifically, 

elevated levels of MMP-9 contribute to delayed PNN development and/or changes in 

PNN composition. This may result in altered PV cell function, abnormal auditory 

processing, and network hyperexcitability. Moreover, genetic reduction of MMP-9 

restored PV/PNN deficits and normalized response magnitudes. These studies provide 

support for targeting MMP-9 for treatment of behavioral auditory hypersensitivity in 

FXS. 

Another key finding in this study is that structural and functional studies indicate 

that a number of auditory processing deficits are present during development, and appear 

to be more robust at younger ages compared to older ages. Several other phenotypes have 

been shown to be more prominent during development and attenuated or absent at older 

ages, including dendritic spines abnormalities (Galvez and Greenough, 2005), long-term 

potentiation (Yang, et al., 2014) and excitatory synaptic plasticity (Bureau, et al., 2008; 

Reviewed in Meredith, et al., 2012). Therefore, an important consideration in future drug 

studies may be to begin treatment early on in development. The development of more 

effective therapeutics would also benefit from a better understanding of why 

development is so susceptible to structural and functional deficits. Recent proteomic 

analysis of Fmr1 KO frontal cortex indicates that synaptic proteins are upregulated to a 

greater extent in developing mice compared to adults (Tang, et al., 2015). Determining 
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whether this is true for sensory cortices may be crucial for understanding the 

developmental trajectory of FXS phenotypes.  

 EEG measures of auditory hyperexcitability demonstrate that developing and 

adult Fmr1 KO mice recapitulate several human EEG phenotypes observed in FXS 

patients, including increased baseline gamma and larger stimulus-evoked N1 amplitudes 

in FC. The similarities between the human and mouse model provide a unique 

opportunity for translational research. As some work indicates that other mouse strains 

may exhibit phenotypes, which are even more comparable with human EEG measures, a 

more thorough examination of developmental and adult deficits across mouse strains is 

necessary. In addition, despite the robust auditory processing deficits seen at in KO A1 at 

the structural and functional level, EEG measures were comparable between WT and 

Fmr1 KO mice. There are inherent plasticity mechanisms present in the cortex, which 

may promote synaptic scaling in response to A1 hyperexcitability (Reviewed in 

Turrigiano and Nelson, 2004). Future studies determining whether FXS is associated with 

synaptic scaling deficits, and if they are unique to particular brain structures may be 

useful for understanding why network hyperexcitability is only observed in FC in this 

particular mouse model. Nevertheless, EEG biomarkers are important indicators of 

neuronal synchrony, and identifying those that are present in both mice and humans 

provides a foundation for the establishment of biomarkers for auditory hyperexcitability. 

Importantly, Wang and colleagues demonstrated that the extent of social and 

communication deficits in FXS and sensory hypersensitivity are correlated with abnormal 

power (Wang, et al., 2017).  
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In conclusion, the results presented here emphasize the potential role of MMP-9 

in regulation E/I balance via PNN reorganization. This has important mechanistic 

implications for a variety of neurological disorders including schizophrenia, Alzheimer’s 

disease, and epilepsy, which exhibit E/I imbalance, abnormal PNNs, and altered levels of 

MMP-9.  
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