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Abstract 

  Infantile Spasms (IS) is a childhood epilepsy syndrome characterized by neonatal 

spasms, abnormal neonatal EEG, and epilepsy. Few treatments exist for IS, clinical 

outcomes are poor, and the molecular and circuit-level etiologies of IS are not well 

understood. Multiple human IS risk genes are linked to Wnt/β-catenin signaling, a 

pathway which controls developmental transcriptional programs and promotes 

glutamatergic excitation via β-catenin’s role as a synaptic scaffold. We previously 

showed that deleting adenomatous polyposis coli (APC), a component of the -catenin 

destruction complex, in excitatory neurons (APC cKO mice, APCfl/fl x CaMKIIαCre) in 

mice increased -catenin levels in developing glutamatergic neurons and led to neonatal 

behavioral spasms, abnormal neonatal EEG, and adult epilepsy. Here, we tested the 

hypothesis that the development of inhibitory GABAergic interneurons (INs) is disrupted 

in APC cKOs. IN dysfunction is implicated in human IS, is a feature of other rodent 

models of IS and may contribute to the manifestation of spasms and seizures. We found 

that parvalbumin positive INs (PV+ INs), an important source of cortical inhibition, were 

decreased in number, underwent disproportionate developmental apoptosis, and had 

altered dendrite morphology at P9, the peak time of behavioral spasms. PV+ INs received 

excessive excitatory input and their intrinsic ability to fire action potentials was reduced 

at all timepoints examined (P9, P14, P60). Subsequently, synaptic inhibition of pyramidal 

neurons was altered in the somatosensory cortex of APC cKO mice at all ages. These 

results indicate that inhibitory circuit dysfunction occurs in APC cKOs and may 

contribute to IS-related phenotypes. 
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Chapter 1: Introduction 

1.1 Infantile Spasms is an Epilepsy Syndrome 

 Infantile Spasms (IS), also known as West Syndrome, is a catastrophic form of 

childhood epilepsy characterized by flexion and extension spasms and a chaotic, high 

amplitude electroencephalograph (EEG) pattern (hypsarrhythmia) within the first year of 

life[1]. IS affects around 1 in 2,000 children a year. Spasms often diminish around 3-5 

years of age and progress to seizures and neurodevelopmental deficits later in life if left 

untreated[2]. Currently, there are two FDA-approved treatments for IS: 

adrenocorticotropic hormone and vigabatrin. However, these treatments are not 

universally effective and have severe adverse effects[3, 4], and their mechanism of action 

is not well understood[5]. Similarly, the molecular and circuit origins of IS pathology is 

unknown. The onus is on researchers and clinicians to identify new targets and treatments 

to improve clinical outcomes in IS.  

 

1.1.1 Electrographic Signatures of IS 

Since IS can manifest in nonconvulsive seizures and spasms, EEG recordings are 

necessary to diagnose and assess therapeutic treatment strategies. Neonatal EEG 

signatures of IS include hypsarrhythmia and ictal discharge. Hypsarrhythmia is defined as 

chaotic high-amplitude interictal EEG waves and multifocal spikes[6]. This signature of 

IS often diminishes in children by the age of 5[7]. A common ictal discharge signature in 

IS is called electrodecrement, the dampening of ictal discharge, but can be variably 

present in patients with IS[8]. In rodent models of neonatal epilepsy syndromes, it can be 

difficult to record continuous EEG signatures of spasms and seizures in such small 
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animals that require housing with the mother and other pups at neonatal stages. Despite 

these challenges, researchers have developed miniature telemetry systems designed to 

record continuous EEG with minimally invasive surgical implantation in neonatal rodent 

pups[9]. Paired with video, these recordings are an essential tool in verifying mouse 

models of neonatal epileptic encephalopathies[10-12]. However, where and how seizures 

arise in IS remains unknown. 

 

1.1.2 Risk Genes of IS 

Adenomatous polyposis coli (APC) has been identified as a risk gene for 

neurodevelopmental and epilepsy disorders, but no direct links to IS have been 

reported[13-16]. Interestingly, a majority of the genes mutated in IS patients are linked to 

the canonical Wnt signaling pathway, and many of their protein products interact with 

APC and β-catenin (ARX, FoxG1, TSC1/2, LIS1, S-SCAM/Magi2) (Table 1.1)[1, 17-24]. 

In culture and embryonic tissue, ARX is expressed in GABAergic interneurons (INs) and 

has been shown to directly bind to β-catenin to positively regulate downstream signaling 

[25]. APC also acts as a binding partner for FOXG1 and LIS1, regulating Wnt signaling 

and directing cell fate in the developing brain [23, 26-30]. S-SCAM/Magi2 is a synaptic 

scaffolding protein that interacts with β-catenin and Axin at the synapse, and 

knockdowns of the protein result in loss of excitatory synapses[31, 32]. Lastly, TSC1/2 

functions as a repressor of β-catenin and conditional deletion of TSC1/2 in GABAergic 

IN progenitors decreases seizure threshold[33-35]. APC also binds mRNA, and its target 

transcripts include β-catenin as well as the IS risk genes FoxG1, LIS1, STXBP1, DCX, 

and NR2F1[36]. These and other IS-associated genes (GRIN1, GRIN2A, STXBP1, DCX, 
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MEF2C, CDKL5, SPTAN1, SLC25A22) are involved in ventral forebrain development 

and synaptic function[37], suggesting that IS pathology may be closely tied to APC/β-

catenin/Wnt signaling.   

Table 1.1: Genes linked to human IS and their connection to β-catenin/Wnt 
signaling. There are 15 identified human risk genes for IS, and 11 of them are predicted 
to interact or function in the canonical Wnt signaling pathway. Reprinted with permission 
from Pirone, A., Alexander, J., Lau, L. A., Hampton, D., Zayachkivsky, A., Yee, A., Yee, 
A., Jacob, M. H., & Dulla, C. G. (2017). APC conditional knock-out mouse is a model of 
infantile spasms with elevated neuronal β-catenin levels, neonatal spasms, and chronic 
seizures. Neurobiology of disease, 98, 149–157. 

 
New risk genes for IS and other developmental and epileptic encephalopathies have 

been identified since the publication of Pirone et al. In one patient with neurofibromatosis 

type 1-related West Syndrome (NF1-WS), a de novo variant in KCNC2, encoding 

potassium channel Kv.3.2, was identified[38]. A de novo truncation in the interferon 

regulatory factor 2-binding protein-like gene (IRF2BPL) has been identified in humans 

with developmental and epileptic encephalopathy[39, 40] and confirmed in loss of 

function animal models to produce neurobehavioral deficits[41]. Furthermore, these 

studies linked loss of function IRF2BPL to increased Wnt transcription, further 

implicating Wnt signaling in neurodevelopmental pathology. 
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1.2 Wnt/β-catenin Signaling in Cortical Development 

The Wnt signaling pathway is a broad signal transduction cascade that regulates 

development and carcinogenesis in many different cell types[42]. For my thesis research, 

I will focus on the canonical Wnt signaling pathway, which uses β-catenin as a 

downstream effector. Another component of the canonical Wnt signaling pathway is the 

β-catenin destruction complex, which includes factors APC, GSK3β, Axin, and CK1[43]. 

As its name suggests, the β-catenin destruction complex aids in the phosphorylation of β-

catenin, via its interaction with APC, and its subsequent ubiquitination and proteasomal 

degradation. In normal development, Wnt ligands interact with their receptors on the 

surface of the cell, the β-catenin destruction complex is sequestered at the plasma 

membrane, and β-catenin can accumulate in the cytoplasm. β-catenin can translocate to 

the nucleus as a transcription factor to promote a genetic expression program and act at 

cell adhesion complexes to strengthen synaptic connections, both of which are required 

for proper brain function[44-47]. In the absence of Wnt ligand, the β-catenin destruction 

complex can interact with β-catenin in the cytoplasm to label it for destruction. Canonical 

Wnt signaling in the brain is still an understudied field, although much research has been 

done in hippocampal cultures studying the effects of Wnt ligands in neurite outgrowth 

and synaptogenesis. There is a lack of research studying the Wnt signaling pathway in 

postnatal cortical development, which is what my thesis research focuses on in the 

context of IS.  

There are limited studies on the role of canonical Wnt signaling in embryonic cortical 

development. It is known to be involved in both self-renewal and differentiation of neural 

precursor cells[48]. In studies where APC was inactivated in the early mouse embryonic 



 5

cerebral cortex, the authors found that the resulting increase in β-catenin levels resulted in 

high Wnt tone (increased Wnt-targe transcription) and disrupted the ability of radial 

progenitor cells to proliferate, differentiate, and properly organize cortical 

development[49-51]. Since radial glial cells are important to the construction of the 

cortex, this disruption highlights the importance of proper APC/β-catenin/Wnt signaling 

in cortical development. Similarly, when β-catenin is deleted in embryonic cortex and 

hippocampus, radial glia migration and cortical organization is disrupted[52]. Thus, it is 

not surprising that aberrant Wnt signaling as a central pathway in pathology is implicated 

in schizophrenia, neurodevelopmental and intellectual disorders, and epilepsy. 

 

1.2.1 Wnt Signaling in Synapse and Circuit Formation 

Wnt ligands are known to control rostral-caudal and medial-lateral tissue 

patterning in the embryonic forebrain[53, 54], but Wnt signaling continues to play a role 

in postnatal development of cortical circuits and synapses. Wnt signaling is required for 

presynaptic assembly in cultured hippocampal neurons[55-57] and doesn’t necessarily 

need to enact a transcription program to do this. Specifically, Wnt5a and Wnt7a ligands 

modulate the construction of distinct types of synapses. While Wnt5a can promote the 

formation of both excitatory and inhibitory synapses, Wnt7a appears to be active only in 

excitatory synapse formation. Wnt5a increases the clustering of GABAA receptors in 

hippocampal neurons[58], probably through a calcium-dependent manner, and promotes 

the maturation of these inhibitory synapses via increased miniature EPSCs. Neuronal 

activity can stimulate the release of Wnt ligands[59, 60]. This release, in turn, has been 

shown to increase the localization of Wnt ligand receptor, Frizzled (Fz), to the 
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synapses[55]. Some studies suggest that Wnt activation can stimulate the release of 

neurotransmitter as well[61]. β-catenin also plays a role in synapse and circuit formation 

without utilizing its transcriptional function. 

 

1.2.2 β-catenin and Cadherins in Synaptic Adhesion Complexes 

Cadherins are transmembrane, calcium-dependent components of adhesion 

complexes that physically bring cells into proximity. They interact with cytoplasmic β-

catenin, which anchors these adhesion complexes to the cytoskeleton. The cadherin most 

associated with synaptic connections in the forebrain is N-cadherin, and their expression 

is maintained throughout development mainly at excitatory synapses[62]. Yu et al. found 

that in rat hippocampal cultures, overexpression of β-catenin and N-cadherin results in 

increased dendritic arborization without Wnt/β-catenin-dependent transcription[59]. The 

authors also linked the activity-dependent dendritic outgrowth to increased Wnt release 

and subsequent enhancement of β-catenin levels. In other words, Yu et al. claims that 

neuronal activity stimulates dendritogenesis by increasing Wnt release which then results 

in the accumulation of β-catenin that can act at adhesion complexes. In another study, N-

cadherin levels at the cell surface are increased with neuronal activity, which then aids in 

dendritic outgrowth[63].  

Cadherin/catenin complexes also aid in synaptogenesis and dendritic spine formation. 

They localize to both pre- and postsynaptic structures, and can be found throughout the 

active zone[64]. Presynatpic N-cadherin interacts with postsynaptic neuroligin-1, which 

in turn interacts with the scaffold protein and IS risk gene S-SCAM to promote 

presynaptic vesicle clustering[65]. β-catenin transcripts are translated at presynaptic 
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boutons[66] and regulates the dynamics of synaptic vesicles by increasing the readily 

releasable pool and recruiting presynaptic machinery[67, 68]. β-catenin also acts 

postsynaptically, with increased neuronal activity driving β-catenin from the dendritic 

shaft into spines where it strengthens synaptic connections[69]. Meanwhile, a lot less is 

known about the role of β-catenin at inhibitory synapses. Their role at synapses and 

interaction with intracellular signaling molecules puts cadherin-catenin complexes in a 

perfect position to guide dendritogenesis and synaptogenesis. 

 

1.3 APC cKO Mouse Model of IS 

 One of the largest obstacles in developing better therapeutics for IS is the lack of 

animal models that replicate the human syndrome[70]. Although there are several 

genetic[10] and chemical[71-73] models, none of them completely capture all aspects of 

human IS and more models can provide further insight into disease etiology. The Dulla 

lab, in collaboration with Dr. Michele Jacob, developed a genetic mouse model of IS, in 

which APC is conditionally deleted in excitatory forebrain neurons in mice (APC 

cKO)[11]. As a negative regulator of β-catenin, deletion of APC in excitatory forebrain 

neurons (calcium/calmodulin-dependent protein kinase II alpha; CaMKIIαCre)[74] results 

in an accumulation of β-catenin throughout postnatal development (Figure 1.1). In this 

way, it is like the Wnt signaling pathway is always on in the APC cKO mice. Both APC 

and β-catenin have been implicated in neurodevelopmental disorders and epilepsy[75-

77], but no direct links to IS have been made. The APC cKO mouse model of IS serves as 

the first direct link of APC and β-catenin function in the pathology of IS. 
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Figure 1.1: APC deletion in APC cKO mice results in accumulation of β-catenin. 
Left, a functioning β-catenin destruction complex includes the function of APC. The β-
catenin destruction complex aids in the phosphorylation and subsequent ubiquitination 
that labels the protein for proteasomal degradation. Right, when APC is not properly 
functioning in the β-catenin destruction complex, β-catenin is allowed to accumulate in 
the cytoplasm and either translocate to the nucleus to enact a Wnt transcription program 
or stabilize connections at the synapse (not shown). Figure designed by Olivia Drake. 

  

1.3.1 Behavioral Phenotypes of IS in APC cKO Mice 

 Previous work from Dr. Jacob and Dr. Dulla verified the APC cKO mouse as a 

model of IS. APC cKO mice display most features of human IS except for 

hypsarrhythmia; although they do exhibit an EEG signal very similar with chaotic, 

disorganized EEG activity. Verification of the model by Pirone et al. included monitoring 

neonatal pups for behavioral spasms from video recordings. Since spasms occur within 

the first year of life in humans, the authors monitored behavior over postnatal days 5 to 

14. APC cKO pups display behavioral spasms from postnatal day 8-10 with a peak 

incidence at postnatal day 9 (P9). These behavioral spasms include flexion and extension 

of limbs, back arching and curling, and inability to right themselves after falling (Figure 

1.2). In human IS, patients often develop epilepsy in adulthood. Approximately 80% of 
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APC cKO mice develop electroclinical seizures in adulthood (Figure 1.3B)[11]. 

Additionally, APC cKO mice display phenotypes consistent with autistic spectrum 

disorder (ASD)[78], which is often comorbid with IS in humans[79]. 

 

 

Figure 1.2: Behavioral spasms in neonatal APC cKO mice. A. Representative 
examples of spontaneous behavioral spasms of high amplitude in P9 APC cKO pups 
compared to WT. B. APC cKO pups have a significantly higher number of high 
amplitude spastic movements at P9. C. APC cKO pups spend more time on their side, 
unable to right themselves at P9 compare to WT mice, which is indicative of an abnormal 
behavioral state. Reprinted with permission from Pirone, A., Alexander, J., Lau, L. A., 
Hampton, D., Zayachkivsky, A., Yee, A., Yee, A., Jacob, M. H., & Dulla, C. G. (2017). 
APC conditional knock-out mouse is a model of infantile spasms with elevated neuronal 
β-catenin levels, neonatal spasms, and chronic seizures. Neurobiology of disease, 98, 
149–157. 

 

  



 10

 

 
 
 
 
 

 

1.3.2 Increased β-catenin in Pathology of APC cKO Mice 

Work from Pirone et al. also investigated the cortical network function in APC 

cKO mice. Previously, the Jacob lab has found that there is increased excitatory synaptic 

activity in the hippocampus of APC cKO adults[78]. When verifying the APC cKO 

mouse as a model for IS, the authors wanted to test if synaptic activity in pyramidal 

neurons is similarly altered in the cortex at a neonatal age. They found that both 

spontaneous (Figure 1.4A-D) and miniature (Figure 1.4E,F) excitatory postsynaptic 

Figure 1.3: Spontaneous electroclinical 
seizures in adult APC cKO mice. A. 
Representative EEG of a seizure in an 
adult APC cKO mouse with (i.) build up to 
pre-ictal spiking, (ii.) high frequency and 
high amplitude ictal activity, and (iii.) 
post-ictal suppression. B. Approximately 
80% of adult APC cKO mice experienced 
at least one seizure in a two week time 
period, 50% of adult APC cKO mice 
experienced two or more in the same two 
week time period, and WT mice 
experienced none. Reprinted with 
permission from Pirone, A., Alexander, J., 
Lau, L. A., Hampton, D., Zayachkivsky, 
A., Yee, A., Yee, A., Jacob, M. H., & 
Dulla, C. G. (2017). APC conditional 
knock-out mouse is a model of infantile 
spasms with elevated neuronal β-catenin 
levels, neonatal spasms, and chronic 
seizures. Neurobiology of disease, 98, 
149–157. 
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currents (EPSCs) were significantly increased in L5 pyramidal neurons in the 

somatosensory cortex (SSC) at P9 in the APC cKO mice[11]. Spontaneous EPSCs 

(sEPSCs) are recorded only in the presence of artificial cerebral spinal fluid (aCSF) and 

is a measure of the network activity. Meanwhile, miniature EPSCs (mEPSCs) are 

recorded in the presence of tetrodotoxin (ttx), a sodium channel blocker that will 

eliminate action potential-driven excitation and quell network activity. All that is left is 

the random release of neurotransmitter vesicles, which makes mEPSCs a good measure 

of the synaptic connections onto the recorded cell. With both spontaneous and miniature 

EPSCs increased, Pirone et al. concluded that cortical excitation is enhanced and synaptic 

connections are increased onto pyramidal neurons in neonatal APC cKO mice, in line 

with the role of β-catenin strengthening synaptic connections[11].  

APC and β-catenin are enriched at excitatory synapses during development[80-

82]. This highlights their importance in excitatory neurotransmission. Studies done in 

cultured neurons have shown that increased β-catenin levels eliminated NMDAR-

mediated long-term depression (LTD), increased dendritic and axonal complexity, and 

increased dendritic spines (which contain postsynaptic machinery)[46, 83, 84]. Since 

epilepsy is defined as spontaneous seizures due to aberrant neuronal hyperexcitability, the 

role of β-catenin in excitatory synaptic transmission is the main candidate for causal 

pathology in the APC cKO mice. Along with APC, there is no direct evidence linking β-

catenin mutations to IS in humans. However, there are studies that link Wnt signaling and 

β-catenin to epilepsy[85-89]. 
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Figure 1.4: Increased excitatory synaptic currents in P9 APC cKO cortical layer 5 
pyramidal neurons. A. representative traces of sEPSCs recorded from L5 pyramidal 
neurons in the somatosensory cortex of WT and APC cKO mice at P9. B. The average 
sEPSC from APC cKO mice have a greater amplitude than WT mice at P9. C. 
Quantification of the cumulative probability for inter-event intervals is shifted to the left 
in APC cKO mice, indicating a reduction in the time between sEPSC events. D. 
Quantification of the cumulative probability for amplitude is shifted to the right in APC 
cKO mice, indicating an increase in the amplitude of sEPSCs. E. Miniature EPSC 
quantification of the cumulative probability for inter-event intervals is shifted to the left 
in APC cKO mice, indicating a reduction in the time between mEPSC events. F. There is 
no significant difference in the amplitude of mEPSCs between WT and APC cKO mice. 
Reprinted with permission from Pirone, A., Alexander, J., Lau, L. A., Hampton, D., 
Zayachkivsky, A., Yee, A., Yee, A., Jacob, M. H., & Dulla, C. G. (2017). APC 
conditional knock-out mouse is a model of infantile spasms with elevated neuronal β-
catenin levels, neonatal spasms, and chronic seizures. Neurobiology of disease, 98, 149–
157. 
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1.4 Interneuron Loss and Dysfunction in Models of IS 

A common feature of IS in mouse models and humans is the loss and/or dysfunction 

of GABAergic inhibitory networks in the cortex[10, 90]. The term interneuronopathy was 

first used to describe the impaired development, migration, or function of interneurons in 

the context of epileptic encephalopathies[91, 92]. Interneuronopathies have since been 

implicated in other neurological disorders such as ASD and schizophrenia. Here, I will 

briefly review interneuronopathies in verified mouse models of IS, including the APC 

cKO mouse model. Human tissue from individuals with X-linked lissencephaly with 

abnormal genitalia (XLAG), a disease associated with mutations in Arx, appeared to lack 

GABAergic interneurons and contained only pyramidal neurons in the cortex and 

hippocampus[91-93]. Human patients with mutations in MEF2C, a downstream target of 

Arx, show similar phenotypes to patients with Arx mutations and further connect 

interneuronopathies to IS[1, 94]. Thus, there have been reported interneuronopathies in 

human patients with neurodevelopmental disorders closely related to IS, but no direct 

links to IS have been made.  

 

1.4.1 Interneuronopathies in Rodent Models of IS 

Many IS syndromes are associated with defects in IN function and/or abundance 

and can be characterized as interneuronopathies [91, 92]. Mutations in the Arx gene, an 

important transcription factor for IN maturation and function, are associated with IS and 

interneuronopathies [10, 95-99]. For example, calbindin+ and neuropeptide Y+ (NPY+) 

GABAergic interneurons are lost in Arx(GCG)10+7 knock-in mice, which display spasms, 

seizures, and cognitive deficits[10]. Meanwhile, calretinin+ and PV+ INs are spared in 
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this model. In another Arx mouse model where Arx is conditionally deleted in cINs, there 

is loss of NPY+, calbindin+, and calretinin+ subtypes in cortex and hippocampus except 

PV+ cINs, which were increased in number in the male mice[99]. Additionally, cIN 

migration appears to be disrupted in this conditional knockout model. In the triple-hit rat 

model of IS, cytotoxic injury is induced with administration of doxorubicin (stereotactivc 

injection on P3), lipopolysaccharide (stereotactic injection on P3), and p-

chlorophenylalanine (intraperitoneal injection on P5). These rats develop spasms and 

there is a selective loss of PV+ INs in the somatosensory cortex while calretinin+ and 

SST+ interneurons are mostly spared [100]. In our APC cKO mouse model of IS, there is 

loss of PV+ and SST+ INs in the prefrontal cortex of 3 month old mice[101]. It is 

unknown whether IN loss and/or dysfunction is sufficient to cause IS. Altogether, 

interneuronopathies in other mouse models of IS and the role of neuronal excitation in IN 

development led us to investigate cIN development and function in the APC cKO mouse 

model. 

 

1.4.2 Excitatory/Inhibitory Balance 

Epilepsy is defined as seizures due to aberrant, neuronal hyperexcitability. Indeed, 

many therapeutic interventions for epilepsy syndromes target hyperexcitability and 

attempt to quell overactive excitation in the brain. The concept of excitatory/inhibitory 

(E/I) balance is often used in this field to explain how ictogenesis may occur due to 

increased excitation. Disruptions that lead to increased excitation (increased glutamate, 

enhanced sodium channel function, elevated synaptic activity, etc.) or decreased 

inhibition (decreased GABA, decreased potassium channel function, low inhibitory 



 15

synaptic activity, etc.) can imbalance the system and result in runaway excitation and 

seizures[102-104]. Although this concept oversimplifies the mechanisms underpinning 

epileptogenesis, it clarifies how interneuronopathies can lead to spasms and seizures. For 

instance, the dysfunction or loss of inhibitory cINs results in less GABAergic tone in the 

cortex and excitation propagates. In the APC cKO mouse model, we suspect that 

increased β-catenin levels in pyramidal neurons enhance cortical excitation by increasing 

glutamatergic excitation of other cortical pyramidal neurons. This increased synaptic 

excitation leads to increased glutamatergic activation of cINs, which rely heavily on 

neuronal network activity to drive their maturation and cortical circuit integration [105-

109]. I hypothesize that enhanced excitation in the developing cortex due to elevated 

β-catenin results in disrupted cIN development and maturation in APC cKO mice. 

 

1.5 Interneuron Development and Maturation 

The neurogenesis and diversification of GABAergic inhibitory interneurons (INs) is a 

complex process whose details are still under rigorous investigation. Mice have been the 

most useful model in studying neocortical IN development and maturation due to the 

highly conserved developmental progression of the cortex in mammals. Although the 

timeline of cortical IN (cIN) development in mice is different than that of human 

development, researchers can still glean overarching developmental milestones from 

studying cINs in mice. Generally, P7 resembles human brain development in the late 

preterm phase and P10 is full term human brain development[110, 111]. There are over 

20 different IN subtypes[112] and they can be characterized by their morphology, 

connectivity, biochemical markers, and electrophysiological roles[113]. However, they 
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can be difficult to identify due to the protracted acquisition of these characteristics over 

their development [114]. There is a hierarchical organization to cIN diversity, in which 

subtypes of INs within classes and subclasses are more transcriptionally and 

biochemically similar to each other. Briefly, the diversification and development of INs 

involves the temporal and spatial regulation of transcriptional programs, migration, 

intrinsic factors, non-cell autonomous processes, and activity-dependent survival and 

outgrowth. 

The 3 major classes of GABAergic inhibitory cINs are identified by the expression of 

either parvalbumin (PV+), somatostatin (SST+), and serotonin receptor 3a (5Htr3a+). For 

the purposes of my thesis research, I will focus on PV+ interneurons and, to a lesser 

degree, SST+ interneurons (Figure 1.5). Parvalbumin is a calcium binding protein, and 

the PV+ class of cINs contains subclasses of chandelier, basket, and translaminar 

interneurons (Figure 1.5), but my research focuses specifically on the development of 

basket cells. PV+ basket cells are the most abundant subclass of cIN that can be found in 

all cortical regions[114]. They are known to make synapses onto the soma and proximal 

dendrites of excitatory pyramidal neurons[115]. The SST+ class of cINs makes up the 

second most abundant type in the cortex after PV+ cINs. They express the neuropeptide 

somatostatin and preferentially synapse onto dendrites of both pyramidal cells and 

interneurons (Figure 1.5)[116]. Together, PV+ and SST+ cINs are the most prevalent 

mediators of GABAergic inhibition in the neocortex. 
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Figure 1.5: MGE-derived cortical interneuron diversity. PV+ and SST+ cINs can be 
subdivided into subtypes based on their morphological and electrophysiological 
characteristics. Reprinted with permission from Wamsley B, Fishell G. Genetic and 
activity-dependent mechanisms underlying interneuron diversity. Nat Rev Neurosci. 2017 
May;18(5):299-309. Changes include omission of panels for brevity. 

 
1.5.1 Neurogenesis of MGE-derived cINs 

Both temporal and spatial specification occur in the embryonic brain to confer the 

wide diversity of cINs that we observe in a mature mouse. This means that neural 

progenitors in a specific embryonic region will express specific transcriptional factors 

that will act at a specific time to ensure a specific IN type fate. All cortical GABAergic 

interneurons originate from embryonic, subcortical structures in the mouse subpallium 

called ganglionic eminences and the preoptic area region[117, 118]. An overwhelming 
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majority of PV+ and SST+ cINs originate from progenitor cells in the medial ganglionic 

eminence (MGE)[119-121]. Here, the embryonic expression of the transcription factor 

Nkx2.1 is essential for conferring their PV+ and SST+ identity (Figure 1.6)[122]. 

Nkx2.1 turns on the expression of Lhx6, another transcription factor important for cIN 

maturation[123-125]. Lhx6 expression is maintained well into postnatal development and 

activates expression of other factors important to PV+ and SST+ interneuron 

migration[126] and maturation[127], including Arx which is an IS risk gene. Another 

transcription regulation program that is not specific to MGE-derived cINs but is essential 

for PV+ and SST+ identity involves the transcription factors Dlx1 and Dlx2 (Figure 1.6). 

These factors act in the prevention of oligodendrocyte fate specification[128], the 

expression of enzymes that convert glutamate into GABA[129, 130], and the expression 

of Dlx5/6 which are important to PV+ cIN migration and differentiation[131]. 

 

PV+ and SST+ cINs are generated at 

different rates from the MGE during embryonic 

development. This is further dissected into 

different parts of the MGE generating PV+ and 

SST+ cINs at different rates. For example, the 

Figure 1.6: Transcriptional regulation of 
cortical interneuron development. 
Schematic of the transcription factor 
cascades that regulate the development of the 
MGE-derived cIN types, PV+ and SST+. 
Reprinted with permission from Lim L, Mi 
D, Llorca A, Marín O. Development and 
Functional Diversification of Cortical 
Interneurons. Neuron. 2018;100(2):294-313. 
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dorsal and intermediate regions of the MGE generally produce SST+ cINs earlier in 

embryonic development while PV+ cINs are produced at a more constant rate and 

later[132, 133]. The age of newly generated PV+ and SST cINs is believed to correspond 

to their laminar positioning in the cortex, with earlier generated cells migrating to more 

deep layers and later generated cells migrating to superficial layers[134-136]. That is why 

SST+ cINs can be found mostly in deep layers and PV+ cINs, which are produced at a 

constant rate, can be found in most layers of the cortex. 

 

1.5.2 Intrinsic and Extrinsic Factors for IN Migration 

MGE-derived cINs must migrate from their subpallial embryonic structures to the 

neocortex after becoming postmitotic, usually anywhere from embryonic day 12 (E12) to 

E15 in mice. To do this tangential migration, intrinsic and extrinsic factors work together 

to chemorepulse cINs from the surrounding subpallial structures or striatum and 

chemoattract them to the cortex. First, cINs receive chemorepulsive cues, including Slit 

proteins, from the adjacent lateral ganglionic eminence (LGE)[137]. Like mentioned 

above, Nkx2.1is expressed early in the MGE progentiors in order to produce MGE-

derived PV+ and SST+ cINs. However, the downregulation of Nkx2.1 must occur prior 

to migration to permit the expression of semaphorin family receptors Nrp1 and 

Nrp2[138]. Migrating MGE-derived cINs express these receptors so that when they 

encounter chemorepulsive factors in the striatum from the semaphorin family, Sema3a 

and Sema3f, they are redirected to the cortex which has lower levels of these 

factors[139]. Nrp1 and Nrp2 are known scaffolds for Rho family GTPases, implicating 

actin dynamics in this mechanism of chemorepulsion[140, 141]. Another receptor 
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important to cIN migration is a tyrosine kinase receptor, ErbB4, that is expressed on 

MGE-derived cINs and mediates chemoattraction to the cortex via the presence of 

neuregulin1 (Nrg1)[142, 143]. Another tyrosine kinase receptor expressed in cINs, TrkB, 

and its ligands brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT4) 

promote tangential migration to the cortex[144]. Migrating GABAergic INs also use 

ambient GABA and glutamate levels to direct them to the cortex and halt migration via 

their GABAA and AMPA/NMDA receptors[145, 146]. Finally, the chemokine receptor 

Cxcr4 and its ligand Cxcl12 is involved in the regulation of cIN migratory routes into the 

cortical plate[147-149]. Overall, extrinsic guidance cues involved in IN migration are 

internally relayed via signal transduction that ultimately enacts transcriptional programs 

and/or recruits cytoskeletal machinery. 

How do MGE-derived cINs use their cytoskeletal machinery to physically move 

towards the cortex? Researchers in this field have described cIN movement towards the 

cortex as “saltatory”, meaning to jump. Briefly, migrating cINs extend leading growth 

cones that can assess the surrounding environment and branch out to provide direction 

when a certain cue is sensed[144, 150, 151]. Integration of cues over a wide spread of 

neurite outgrowth will eventually lead to the retraction of nonconclusive neurite 

processes and extension of successful ones. After the dominant leading neurite has set the 

course, the rest of the cell body must follow, particularly the nucleus. This process of 

translocating the nucleus is called nucleokinesis[152] and is preceded by centrosomal 

movement to the leading neurite[151]. LIS1, an IS risk gene, has been implicated in 

nucleokinesis[153] with work showing that cINs from LIS1 mutant mice migrate shorter 

distances than in control mice[29]. Another risk gene for IS that is involved in 
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cytoskeletal mechanisms of migrating cINs is cyclin-dependent kinase-like 5 

(CDKL5)[154]. Finally, to complete the saltatory movement, the trailing neurite process 

will retract. 

Once tangentially migrating cINs get to the cortex, they radially migrate into the 

cortical plate and establish their laminar positioning. This is done generally in an “inside 

out” fashion, in which earlier-born cINs reside in deeper layers while later-born cINs 

populate superficial layers[134, 135, 155].  In mice, radial migration continues into 

neonatal development and terminates by the end of the first postnatal week[146]. By the 

time cINs invade the cortical plate, excitatory pyramidal neurons have already begun to 

establish their laminar positions. It is believed that interactions with signals from these 

pyramidal neurons help determine the final laminar allocation of cINs[155-157]. 

Spontaneous neuronal activity plays a role in radial migration as well. Cortical INs are 

spontaneously active pre- and perinatally, but this spontaneous activity is tampered down 

during radially migration by the upregulation of KCC2, a potassium/chloride exchanger. 

The upregulation of KCC2 alters the reversal potential of chloride ions, making GABA 

less excitatory and more inhibitory to these developing cINs[146, 158]. 

 

1.5.3 Neuronal Excitation for Circuit Integration and Cell Survival 

Circuit integration of cINs is dynamic over postnatal development, with transient 

microcircuits after laminar allocation giving way to more permanent circuits two weeks 

after birth in mice. For example, feed forward inhibition is an important function of PV+ 

basket cells in the layer 4 (L4) somatosensory cortex (SSC) of mature mice. Feed forward 

inhibition in this case describes the inhibitory tone that PV+ basket cells provide to 
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pyramidal neurons in the cortex after receiving excitatory stimulation from thalamic 

projection neurons. However, this function is only established in mature circuits through 

the regulatory role of L5 SST+ cINs, which receive thalamic input prior to the PV+ 

basket cells[159, 160]. These and other transient microcircuits are established in early 

postnatal development via sensory input from the thalamus, highlighting the role of 

neuronal excitation in circuit integration. 

Both excitatory neurons and inhibitory cINs are produced in excess and must 

undergo rounds of programmed cell death to reach a balance of excitation and inhibition 

in the cortex. About 30% of INs are lost during this process that is highly activity-

dependent, and a few prominent articles documented this developmental apoptosis across 

the cortex[106, 107, 161, 162]. Southwell et al. measured cell death of GAD67-GFP 

(G42-GFP+) interneurons in the neocortex with a marker commonly used for apoptosis, 

cleaved caspase-3 (Cl-CASP3+) (Figure 1.7). When G42-GFP+ cells co-labeled with Cl-

CASP3, the authors measured it as a cIN undergoing programmed cell death (Figure 

1.7A). They show that the peak of Cl-CASP3 co-labeling with G42-GFP+ cINs occurs 

from P7 to P11 (Figure 1.7B), consistent with a decrease in G42-GFP+ cIN population 

from P5 to P10 (Figure 1.7C), and cite that these cells undergo apoptosis around 11 to 18 

days after neurogenesis[106]. Furthermore, the authors show that programmed cell death 

in G42-GFP+ cINs is mediated via Bax, and upstream factor of Cl-CASP3 and the cell 

death pathway (Figure 1.7D-E)[106].  
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Figure 1.7: Bax-dependent programmed cell death eliminates 40% of developing 
interneurons from the postnatal mouse cortex. A. IHC images of P7 neocortex with 
GAD67-GFP (green) and Cl-CASP3+ (caspase-3, red) co-labeled cINs undergoing 
programmed cell death. B. Quantification of GAD67-GFP+ INs co-labeled with Cl-
CASP3+ over cortical development shows a peak at P7-P11. C. Quantification of total 
GAD67-GFP+ population in the neocortex over development shows a decrease in 
population from P5 to P10. D. Quantification of GAD67-GFP+ INs co-labeled with Cl-
CASP3+ at P7 in Bax knockout mouse shows complete ablation of programmed cell 
death. E. Quantification of total GAD67-GFP+ population in Bax knockout shows a 
significant increase in their population in mature mice. All panels reprinted with 
permission from Southwell DG, Paredes MF, Galvao RP, Jones DL, Froemke RC, Sebe 
JY, Alfaro-Cervello C, Tang Y, Garcia-Verdugo JM, Rubenstein JL, Baraban SC, 
Alvarez-Buylla A. Intrinsically determined cell death of developing cortical interneurons. 
Nature. 2012 Nov 1;491(7422):109-13.  
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Similarly, Wong et al. quantified excitatory neuron populations in the cortex with 

a Nexin-Cre reporter and MGE-derived cIN populations with a Nkx2.1-Cre reporter to 

determine their respective developmental timelines of programmed cell death. They 

found that about 12% of excitatory neurons in the cortex decrease in number at a peak 

from P2 to P5 (Figure 1.8A), while inhibitory MGE-derived cINs undergo a 30% 

decrease in number at a peak from P5 to P10 (Figure 1.8B) [162]. Specifically, they 

found that cINs residing in deeper layers (L5 and L6) undergo cell death earlier than cINs 

residing in superficial layers (L1 to L4) (Figure 1.8D), which aligns with the observation 

of programmed apoptosis occurring around 12 days after generation[106]. The authors 

found that they could increase or decrease MGE-derived cIN numbers in the cortex by 

activating or inhibiting excitatory neurons respectively with Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) (Figure 1.9) [162]. This study 

emphasizes the role of excitatory pyramidal cells in the regulation of cIN survival via 

neuronal activity. Overall, cINs seem to be programmed to undergo apoptosis after a 

certain number of days after genesis, but this process can be halted depending on their 

incorporation into cortical circuits. In other words, increased levels of neuronal activation 

in cINs corresponds to increased likelihood of survival. What molecular mechanisms are 

involved in the activity-dependent survival of cINs? Wong et al. shows the expression of 

PTEN, a negative regulator of serine-threonine kinase Akt, increases in cIN approaching 

the time point of programmed cell death. Increasing neuronal excitability of cINs appears 

to repress PTEN and allow for more cIN survival[162]. 
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Figure 1.8: Consecutive waves of programmed cell death for pyramidal cells and 
interneurons in the early postnatal cortex. A. Total number of excitatory pyramidal 
neurons in the neocortex, as measured with the Nex-Cre reporter, shows a significant 
decrease from P2 to P5. B. Total number of MGE-derived cINs in the neocortex, as 
measured with the Nkx2.1-Cre reporter, shows a significant decrease from P5 to P10. C. 
The temporal variation of neuronal populations in the cortex shows that pyramidal 
neurons undergo cell death earlier and to a lesser degree than MGE-derived cINs. D. 
Total number of MGE-derived cINs per deep layer (L5 and L6) and superficial layer (L1 
to L4) shows deep layer cINs undergo apoptosis prior to superficial layer cINs. Adapted 
with permission from Wong FK, Bercsenyi K, Sreenivasan V, Portalés A, Fernández-
Otero M, Marín O. Pyramidal cell regulation of interneuron survival sculpts cortical 
networks. Nature. 2018;557(7707):668-673. Changes include rearrangement, numbering, 
and omission of panels for brevity. 

 

a b 

c d 
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Figure 1.9: Bidirectional modulation of pyramidal cell activity regulates the extent 
of interneuron cell death. A. Schematic of viral DREADD injection, either excitatory 
(hM3Dq) or inhibitory (hM4Di), at P0 in Nex-Cre pup and subsequent designer drug, 
CNO, IP injections from P5-P8 during programmed cell death and P21 observation. B. 
Quantification of MGE-derived cINs, PV+ and SST+, in excitatory viral DREADD 
expression show increase in numbers while there is a decrease in their numbers when 
inhibitory DREADD is virally expressed, highlighting the role of excitatory activity in 
cIN survival. Adapted with permission from Wong FK, Bercsenyi K, Sreenivasan V, 
Portalés A, Fernández-Otero M, Marín O. Pyramidal cell regulation of interneuron 
survival sculpts cortical networks. Nature. 2018;557(7707):668-673. Changes include 
rearrangement, numbering, and omission of panels for brevity. 

 

1.5.4 Dendritogenesis and Synaptogenesis 

To recapitulate the journey of cINs thus far: they have migrated far distances to get to 

the permissive conditions of the cortex, invaded the cortical plate, established their final 

laminar position, and survived programmed apoptosis with input from excitatory 

pyramidal neurons. At this point in development, cINs must continue to incorporate into 

cortical circuits by extending their dendritic branches and axonal arbors and make 

synaptic connections. Not unlike the developmental processes reviewed above, the 

outgrowth of dendritic and axonal processes is activity-dependent in cINs. During the 

first week of postnatal development in mice, cINs receive most of their input from local 

excitatory pyramidal neurons[163]. This excitatory input is essential to their 

b 
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morphological maturation, with reductions in their excitability known to cause less 

outgrowth of axons and dendrites that give them their characteristic shape[164]. This 

neuronal excitation-mediated morphogenesis is mediated transcriptionally and via Rho 

GTPases that act downstream of neurotransmitter receptors to remodel the 

cytoskeleton[165]. 

Synaptogenesis is the generation of synaptic connections and happens throughout the 

life of an organism but must occur during early development for proper brain function. 

One study found that at P10 in mice, synaptogenesis of PV+ and SST+ cINs begins to 

surge[166]. Cortical INs synaptically target specific locations on pyramidal neurons and 

other cINs. Favuzzi et al. investigated the differential gene expression of PV+ basket 

cells, PV+ chandelier cells, and SST+ cells to identify factors that may be involved in this 

specific synapse targeting. They found 3 genes that regulate synaptic targeting in these 

cells during this surge: Cbln4 in SST+ IN targeting of dendrites, Lgi2 in PV+ basket cell 

targeting of somas, and Fgf13 in chandelier cell targeting of axonal initial segments. 

When these genes were knocked out in their respective IN subtype, their specific synaptic 

targeting was disrupted[166]. Additionally, the factors involved in cell adhesion 

complexes play a prominent role in synapse generation as they bring the presynaptic 

postsynaptic cells together[167]. In inhibitory synapse generation, GABA release onto 

pyramidal dendrites can induce the formation of dendritic spines and recruit gephyrin 

through GABAA receptor activation and subsequent calcium influx[168]. 
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1.6 Thesis Research Goals & Overview 

 When I joined the Dulla Lab in May of 2018, the APC cKO mouse had been 

recently verified as a model for IS[11]. Our lab manager, Mary Sommer, along with 

previous lab technicians had preliminary data of decreased immature PV+ IN density in 

the somatosensory cortex (SSC) of cKO mice. I took on the APC cKO project and started 

by completing the immature PV+ density dataset. From there, Dr. Dulla and I became 

interested in cIN development and whether it was disrupted in our mouse model. Our lab 

has previously shown an increase in cortical network activity in the APC cKO mouse, 

and we suspected this disrupted cIN development as well. As we confirmed immature 

PV+ IN dysfunction in the SSC of APC cKO mice, we focused on the question of β-

catenin’s potentially pathogenic role in promoting excitatory synaptic connections. We 

hypothesize that in APC cKO mice, elevated β-catenin signaling leads to abnormal 

early-life excitation of PV+ INs which disrupts their normal maturation and leads to 

spasms and later epilepsy. I set out to test this hypothesis by confirming the genetic 

background of our mouse model, investigating immature PV+ function in the cortex, 

correcting β-catenin levels in the brain, and increasing cortical network activity in WT 

mice to test whether it is sufficient to cause IS phenotypes. Today, we are still interested 

in how a genetic deletion in excitatory neurons can result in aberrant cIN function, which 

is why we focused on β-catenin’s role in pathogenic cortical excitation rather than its 

transcriptional function throughout my thesis project. 
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1.6.1 Verification of Genetic Deletion of APC and Cre-recombinase activity 

in Excitatory Forebrain Neurons 

Previous work from Pirone et al. showed that β-catenin levels significantly 

increased in the cortex of APC cKO mice at P14 and onward[11]. However, 

immunohistochemical analysis of β-catenin expression in the cortex was significantly 

increased at P9. Similarly, Cre-recombinase expression was present at P9 but appeared to 

increase by adulthood. These results led us to investigate the timing of genetic deletion of 

APC and subsequent increase in β-catenin driven by the CaMKIIα promoter in APC cKO 

mice. We tested this with a fluorescent reporter mouse Ai9, crossed with a CaMKIIα-Cre 

positive mouse, and measured fluorescent intensity at ages spanning the first two weeks 

of postnatal development across brain regions. Additionally, we fluorescently 

immunolabeled INs in these reporter mice to confirm that Cre-recombinase was not 

active in cIN subtypes. We found that reporter fluorescence was present at the youngest 

age we tested, P3, and increased with age. This suggests that Cre-recombinase activity in 

the APC cKO mouse is active and potentially causing accumulation of β-catenin at 

neonatal stages of development. When we measured the co-labeling of Cre-recombinase 

expression with cIN subtypes, we found that virtually none of the cINs were positive for 

Cre expression. These results confirmed our assumptions that the APC cKO mouse is 

only deleting APC and accumulating β-catenin in excitatory forebrain neurons. This work 

was done with assistance from Elisabeth Lawson and is further summarized in Chapter 4. 
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1.6.2 Maturation and Function of Cortical Inhibitory Circuits in the APC 

cKO Mouse 

 Establishing mature inhibitory cortical circuits requires a combination of activity-

dependent processes, intrinsic genetic programs, and programmed cell death. Disruption 

of these processes can lead to inhibitory circuit dysfunction and may contribute to later IS 

phenotypes via altered cortical inhibition. In line with this, previous data shows increased 

early life cortical excitation in APC cKO mice. Preliminary data from Dr. Moritz 

Armbruster and Dr. Isabel Derera at the time also showed that immature PV+ INs receive 

increased excitatory input at P9 in the APC cKO mouse. We suspected that this elevated 

cortical network activity was disrupting normal cIN development, which is heavily 

regulated by neuronal activity. To test inhibitory network function in the cortex of APC 

cKO mice, we assessed the number, excitatory input, inhibitory output, morphology and 

intrinsic excitability of immature PV+ INs in L5 SSC. We found that their excitatory 

input is increased at P9, P14, and P60. Additionally, immature PV+ INs are fewer in 

number, have reduced intrinsic excitability, and enhanced dendritic complexity in APC 

cKOs at P9, reminiscent of IN dysfunction in other models of IS. We suspect their 

numbers are decreased at P9 due to disproportionate levels of cell death from P7-P9, but 

their numbers recover in adulthood due to a decrease in cell death at P14. Their inhibitory 

output is dynamically changed, with decreased inhibition onto L5 pyramidal neurons at 

P14 but no difference at P60. Overall, these data convince us that cortical inhibitory 

networks are disrupted in the APC cKO mouse model and may contribute to IS-relevant 

phenotypes like behavioral spasms that we observe at P9. This work was done in 
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collaboration with Dr. Isabel Derera, Anar Kansara, Dr. Moritz Armbruster, and Mary 

Sommer and is further summarized in Chapter 3. 

 

1.6.3 Correcting β-catenin Levels in the APC cKO Mouse to Reduce IS-

relevant Phenotypes in vivo 

 In APC cKOs, elevated β-catenin leads to excessive synaptic excitation, which we 

suspect disrupts the maturation of PV+ INs. To reduce β-catenin levels in APC cKOs, we 

have used G007-LK, a tankyrase inhibitor which enhances β-catenin degradation. Our 

preliminary data suggests early life treatment with G007-LK attenuates certain IS-

relevant phenotypes in APC cKOs, including abnormal neonatal EEG. Does early life 

G007-LK treatment also attenuate spasms and seizures in APC cKOs? To test this, I 

injected G007-LK into APC cKO litters from P5 to P9. During the injection experiments, 

I also monitored behavioral spasms with video monitoring from P7 to P9. On P9, after 

completion of video recordings, I perfused the injected litter and performed IHC to assess 

developmental apoptosis with antibodies against Cl-CASP3. My preliminary data 

suggests that treatment with G007-LK in WT mice increases the percentage of G42-

GFP+ cells that are Cl-CASP3+ to the level of cKO mice. However, issues with drug 

solubility and delivery past the blood brain barrier (BBB) hinders our interpretation of the 

data currently. 

 

1.7 Conditional Knockout of APC in Inhibitory Interneurons with vGAT-Cre 

 In our APC cKO mouse model, APC is rendered functionless in excitatory 

forebrain neurons. However, this genetic manipulation in excitatory neurons appears to 
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affect cortical GABAergic interneurons during development. To test the effect of the loss 

of functional APC in inhibitory GABAergic interneurons, we crossed floxed APC  mice 

with mice that express Cre-recombinase under the control of the vGAT promoter, which 

would conditionally knockout APC in GABAergic interneurons (vGAT-Cre APC cKO). 

We then crossed the vGAT-Cre APC cKO with the G42 line to visualize putative PV+ 

interneurons at neonatal ages. We evaluated the G42-GFP+ IN density in these vGAT-

Cre APC cKO mice compared to WT mice at P9 and adult ages and found that their 

density is decreased in vGAT-Cre APC CKO mice at both developmental stages. This 

phenotype appears to be stronger than that of the APC cKO mice at P9. Interestingly, 

PV+ immunolabeled densities in adult vGAT-Cre APC cKO mice do no differ from WT, 

suggesting that the G42-GFP+ labeling of putative PV+ INs may be decreased while 

actual cell densities do not differ in the adults. 

 

1.8 Contributions to this Chapter 

All content in this chapter is my own unless indicated as a reprint. 
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Chapter 2: Materials and Methods 

2.1 Animal Studies 

 APC cKO mice of both sexes were generated as previously described (Mohn et al 

2014). Briefly, APC was conditionally deleted by crossing floxed APC mice (APCfl/fl) with 

mice that express Cre-recombinase under the control of the CaMKIIα promoter (CaMKIIα-

Cre). Similarly, vGAT-Cre APC cKO mice were generated by crossing APCfl/lfl mice with 

mice that express Cre-recombinase under the control of the vGAT promoter (vGAT-Cre). 

To identify parvalbumin-positive cortical interneurons (PV+ INs), APC cKO mice were 

also crossed with GAD67-eGFP (G42) mice, in which a subset of PV+ INs are labeled with 

green fluorescent protein (GFP+) [169, 170] (JAX stock #007677). To identify both PV+ 

and somatostatin-positive (SST+) INs, Lhx6-GFP mice were also used (Tg(Lhx6-

EGFP)BP221Gsat/Mmmh, RRID:MMRRC_000246-MU) which express GFP in MGE-

derived neurons. Cre-negative and non-APC floxed littermates were used as controls. To 

investigate which brain regions the CaMKIIα-Cre recombinase system is expressed in, 

APC cKO mice were crossed with the Ai9 reporter mouse (JAX stock #007909). In the 

Ai9 mouse, all cells expressing Cre recombinase will be fluorescently labeled due to a 

floxed STOP codon preceding the gene encoding tdTomato—a red fluorescent protein. 

This cross with the APC cKO mouse results in the labeling of excitatory forebrain neurons 

with tdTomato due to CaMKIIa-Cre activity. All procedures were approved by the Tufts 

University Institutional Animal Care and Use Committee. Experimenters were blinded to 

genotype until after data analysis was completed.  
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2.2 Genotyping 

Fluorescent reporter mice were detected by fluorescence at neonatal ages with Dual 

Fluorescent Protein Flashlight (Nightsea). DNA was extracted from pup tail snips by 

boiling in 0.05M sodium hydroxide at 90°C for 90 minutes. DNA extraction solutions 

were then vortexed and 1 µL of solution was used in thermocycler (PTC-200 Peltier 

Thermal Cycler) reactions. PuReTaq Ready-To-Go PCR Beads (Cytiva) were diluted 

with 20.5µL UltraPure Distilled Water (Invitrogen), 1µL of 10µM APC gene forward 

primer (DNA 5’ to 3’: GTAAAGCAAGTGGTGGGAGGGT, Invitrogen), 1µL of 10µM 

APC gene reverse primer (DNA 5’ to 3’: GCAATAACTCTGCAATGGCCTGC, 

Invitrogen), 0.75µL of 10µM Cre-recombinase gene forward primer (DNA 5’ to 3’: 

AAACGCTGGTTAGCACCGCA, Invitrogen), and 0.75µL of 10µM Cre-recombinase 

gene reverse primer (DNA 5’ to 3’: TCTGACCCGGCAAAACAGGT, Invitrogen) to a 

total of 25 µL reaction solution. PCR products were loaded with 3µL of 6X Orange DNA 

Loading Dye (Thermo Scientific) into 2% agarose gel made with TBE solution and 

GreenGlo Safe DNA Dye (Denville Scientific) for 50 minutes at 105V and 400mAmp 

(constant mAMP). Electrophoresis gels were imaged under UV light. If pups had Cre 

expression, there was a band at ~190bp. For APC floxed alleles, there was a band at 

~300bp, while WT alleles had a band at ~290bp. 

 

2.3 Brain Slice Preparation 

 Somatosensory cortical brain slices (400 µm) were prepared from P9, P14, and P60 

APC cKO mice or wildtype (WT) littermates as previously described [11, 170-173]. Mice 

were anesthetized with isoflurane, decapitated and brains were rapidly removed and placed 
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in ice-cold cutting solution consisting of (in mM): 234 sucrose, 11 glucose, 24 NaHCO2, 

2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, and 0.5 CaCl2. Cutting solution was constantly 

oxygenated with a mixture of 95%O2:5%CO2. The brain was glued to the slicing stage of 

Vibratome 3000 sectioning system (Leica) and slices were cut in a coronal orientation. The 

slices were then incubated in 32C oxygenated artificial cerebral spinal fluid (aCSF) 

consisting of (in mM):  126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 10 glucose, 

26 NaHCO2 for 1 hour. Slices were then allowed to cool to room temperature and used for 

electrophysiological experiments.  

 

2.4 Whole Cell Patch Clamp Recordings 

 Slices were placed in the recording chamber of an Olympus BX51 microscope 

with continuous superfusion of oxygenated aCSF maintained at 32C, as previously 

described [11, 170-173]. Layer 5 pyramidal neurons and G42-GFP+ interneurons were 

identified using a 60X water immersion objective with epifluorescence (Olympus). 

Electrophysiological signals were obtained using a Multiclamp 700B amplifier 

(Molecular Devices), low pass filtered at 1 kHz and digitized at 20kHz. Data was 

recorded onto a computer (Digidata 1440A, Molecular Devices) using pClamp software 

(Molecular Devices). Recording pipettes were pulled from borosilicate glass (3-5 M, 

Sutter Instruments). For voltage clamp recordings, a CsMs-based internal solution was 

used containing (in mM): 140 CsMs, 10 HEPES, 5 NaCl, 0.2 EGTA, 5 QX314, 1.8 

MgATP, 0.3 NaGTP. To isolate spontaneous and miniature excitatory postsynaptic 

potentials (s/mEPSCs), cells were voltage-clamped at a holding potential of -60mV. To 

isolate spontaneous and miniature inhibitory postsynaptic potentials (s/mIPSCs), cells 
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were voltage-clamped at a holding potential of 0 mV. Glutamate receptors antagonists 

(DNQX [20 µM] and CPP [10 µM]) were included in the aCSF for IPSC recordings. 

Miniature E/IPSCs were recorded in the presence of 1 µM tetrodotoxin (TTX; Abcam). 

For current clamp recordings, internal solution contained (in mM): 130 K-gluconate, 10 

HEPES, 5 KCl, 5 EGTA, 2 NaCl, 1 MgCl2, and 1.8 MgATP, 0.3 NaGTP. In current 

clamp recordings, glutamate and GABA receptor antagonists (DNQX [20 µM], CPP [10 

µM], and gabazine [10 µM]) were included in the aCSF to block synaptic activity. 

Current injection steps were applied ranging from -200 to 400 pA in 10 or 20 pA steps. 

Access resistance was monitored throughout whole cell recordings and electrophysiology 

data were not further analyzed if the access resistance changed by greater than 20%. For 

s/m E/IPSCs, 2-minute recording segments were analyzed using MiniAnalysis 

(Synaptosoft) and average frequency and amplitude were quantified. Cumulative 

probability distributions were calculated by taking 100 randomly sampled events from 

each recorded cell and then pooling the randomly sampled data across cells in each 

condition. 

 

2.5 Interneuron Filling and Reconstruction 

 To reconstruct interneuron dendrites, recording pipettes were filled with an 

internal recording solution that contained 0.2% biocytin. Current injections from -200 to 

400 pA were injected in 10pA intervals to facilitate cell filling. Then the patch pipette 

was slowly withdrawn from the cell, forming an inside-out patch, allowing the cell to 

reseal. Sections were incubated in oxygenated aCSF for at least 15 minutes and then 

placed in 4% paraformaldehyde (PFA) for 24 hours. After PFA fixation, sections were 
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washed 4x in PBS and then incubated overnight in 2% BSA, 10% goat serum, 0.1% 

tritonX 100, and 1:50 streptavidin Cy3 (Invitrogen). The next day, sections were washed 

4x in PBS, followed by 50% glycerol:PBS and 90% glycerol:PBS, for 30 min each. 

Slices were mounted with Fluoromount-G (Southern Biotechnology). Filled cells were 

imaged on an A1R confocal microscope (Nikon) with a 20x objective (Nikon). Z-stacks 

were taken of the cells, in 1 µm increments, to include all visible cellular processes. 

Three-dimensional reconstructions of dendrites and Sholl analyses were done using 

Imaris (Bitplane). 

 

2.6 Immunohistochemistry 

Animals (P3, P5, P7, P9, P14 and 4 months) were transcardially perfused with PBS 

followed by 4% paraformaldehyde (PFA) in 0.4M phosphate buffer. Brains were 

dissected and post-fixed in PFA for 24 hours, then cryopreserved in 30% sucrose solution 

for a minimum of 3 days. Cortical brain sections (40 µm) were collected using a cryostat 

(Microm, Thermo Scientific) and free-floating sections were blocked in 10% goat serum 

(GS), 5% bovine serum albumin (BSA), and 0.2% TWEEN20-PBS (PBST). Sections 

were immunolabeled with primary antibodies against GFP (1:1,000; Abcam ab13970), 

parvalbumin (1:2,500; Swant McAB 235), somatostatin (1:100; Millipore MAB354), and 

cleaved caspase 3 (1:500; Cell Signaling Technology Asp175 D3E9) in 5% GS, 1% BSA, 

and 0.2% PBST. All secondary antibodies were used at a ratio of 1:500 in 5% GS, 1% 

BSA, and 0.2% PBST (anti-chicken-GFP, Abcam ab6873; anti-mouse-Cy3, Jackson 

ImmunoResearch 115-165-003; anti-rat-Alexa-fluor-647, Jackson ImmunoResearch 112-

605-167; anti-rabbit-Alexa-fluor-594, Molecular Probes). Images were collected for cell 
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counting using a Keyence epifluorescence microscope. Composite images of whole 

cortex were made using 10X objective. Illumination power and exposure were set to 

optimize cell body visualization and kept consistent across age and genotype. Regions of 

interest (ROIs) were drawn using Image J software (NIH) in primary somatosensory 

cortex and cell numbers were counted within the ROI. GFP+, PV+, and SST+ cell 

densities were calculated by dividing cell number by area of the quantified ROI. Images 

from the Allen Mouse Brain Atlas were used as reference to properly draw ROIs in 

primary somatosensory cortex. At least two sections, thus two ROIs, were used per 

animal to ensure different depths into the cortex were measured. All the resulting 

densities from these ROIs were used in LMM statistical analysis, while the average of all 

densities from one animal were used in t-test statistical analysis. Laminar density ratios 

were calculated by dividing superficial cortical layer densities (layers 2/3) by deep 

cortical layer densities (layers 4, 5/6). Cl-caspase 3 ratios were calculated by dividing the 

number of G42-GFP/Cl-casp+ cells by total G42-GFP+ cells in the ROI. Putative PV+ IN 

density in the Lhx6-GFP background (Lhx6-GFP+/SST-) was calculated by subtracting 

Lhx6-GFP+/SST+ IN density from total Lhx6-GFP+ density. 

 

2.7 Intraperitoneal G007-LK Drug Injections 

 Postnatal pups, starting on P5, were weighed and injected intrapertioneally with 

either PBS, vehicle, or 50 mg/kg of G007-LK working solution daily up until P9. The 

G007-LK current working solution is made by dissolving 25 mg G007-LK stock 

(Cayman Chemical, product #22934) into 757 µL DMSO to yield a 33.3 mg/mL stock 

solution. The vehicle was added to 140 µL of stock solution to yield a 5 mg/mL working 
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solution in these amounts: 150 µL DMSO, 175 µL cremaphore, 8,75 µL myglyol, 8.75 

µL ethanol, and 500 µL PBS. The amount of working solution injected into pups was 

adjusted based on weight, with 10 µL of working solution per 1 gram of mouse to yield 

50 mg/kg of G007-LK drug. The same amount of volume of PBS or vehicle was injected 

for those treatment groups respectively. The previous formulation was made by 

dissolving 5 mg of G007-LK in 50 µL of DMSO to make a stock solution with a 

concentration of 100 mg/mL. The stock solution was then diluted in a 1:20 ratio in 40% 

captisol to make a final solution with a concentration of 5 mg/mL. 

 

2.8 Statistical Analysis 

 At least 3 animals of each genotype and age were used per experiment. N values 

for each experiment are included in the figure legend. The normality of all data was tested 

using Shapiro-Wilk test. Student’s two sample t-test was used to compare WT and cKO 

mice in normally distributed data. Wilcoxon rank-sum test was used in non-normally 

distributed data. Both sexes were included in all experiments, and sex was not considered 

as a biological variable because experiments were done at a young age and spasm and 

seizure phenotypes are not affected by sex in APC cKOs [11, 78]. Outliers were not 

excluded. For all experiments, except synaptic recording cumulative distribution analysis, 

α = 0.05. Averages of multiple measurements from the same animal were used in t-tests 

and rank-sum tests. To analyze the cumulative distribution plots of synaptic recordings, 

MATLAB was used to randomly sample 100 inter-event intervals (IEIs) and amplitudes 

per cell recording to generate distributions. A Kolmogorov-Smirnov (K-S) test was used 

to compare the distribution between genotypes. Alpha for K-S tests was set to 0.00001 



 40

based on a 5% false positive rate when re-sampling the same control datasets. For all 

experiments, we also performed linear mixed-effects modeling (LMM) on the same dataset 

to determine statistical significance while accounting for sources of both intra- and inter-

animal variability [170, 173-177]. LMM utilizes all measurements taken from the same 

animal while accounting for both intra- and inter-animal variability through the use of fixed 

and random effects. Fixed effects in our models included terms for genotype and 

interaction of genotype with another measure (i.e., current injection amplitude). Random 

effects in our models included terms to capture the dependency in data from the same 

cell/tissue and the same mouse. Example code used in RStudio (Ver. 1.2.5033) for running 

LMM using lme4, lmeRtest, matrix and stats packages on P9 current injections was: 

>currentinjectionP9 = lmer (APs ~ current_step*genotype + (1|mouse) + 

(1|mouse:cell), data = currentinjectionP9_LMM, na.action = "na.omit", 

REML=FALSE) 

in which a data set (currentinjectionP9_LMM) was used to analyze the effect of genotype 

and current step (current_step*genotype) on action potential number (APs), and in which 

the inter- (1|mouse) and intra-animal (1|mouse:cell) variability was considered. For 

LMM, t values > 1.96 and < −1.96 we considered to be statistically significant. 

 

2.9 Contributions to this chapter 

 Methods were written in collaboration with Dr. Isabel Derera and Dr. Chris Dulla. 

G007-LK injection methods were developed in collaboration with Dr. Lisa Coles. 
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Chapter 3: GABAergic Inhibitory Interneuron Development and Maturation is 

Disrupted in the APC cKO Mouse Model of IS 

 

3.1 Immature PV+ Interneuron Cell Denstiy is Altered in APC cKO Mice 

 GABAergic interneurons (IN) provide inhibitory constraint of cortical circuits, are 

critical in developmental cortical circuit refinement [178-180], are implicated in human 

IS syndromes, and are reduced in mouse models of IS [10, 181]. Parvalbumin-positive 

(PV+) IN density has been reported to be decreased in the prefrontal cortex of APC cKO 

mice [101], but the mechanisms by which PV+ IN density is decreased are unknown. 

Interestingly, APC is lost largely postnatally in the APC cKO mouse when > 90% of 

GABAergic INs are present in the cerebral cortex, suggesting that changes in IN number 

do not arise from deficits in prenatal IN proliferation or migration, but instead arise from 

deficits in survival, maturation, and integration into the circuit [11, 146]. To investigate 

IN numbers in the developing APC cKO somatosensory cortex, we quantified the density 

of PV+ and somatostatin-positive (SST+) INs, medial ganglionic eminence (MGE)-

derived inhibitory cells that together make up 60% of cortical GABAergic INs. Because 

PV protein is not expressed until approximately P12-P14 in the cerebral cortex [182, 

183], we used two different genetic approaches to identify immature PV+ INs, GAD67-

eGFP and Lhx6-GFP reporter lines.  

 APC cKO mice were crossed with G42 mice (GAD67-eGFP), which have a GFP 

expression cassette inserted under the control of the GAD67 promoter [169]. Multiple 

studies confirm that a subset of PV+ INs express GFP as early as P3 in G42 mice, well 

before the expression of PV protein [106, 169, 170]. G42-GFP+, PV+, and SST+ cells 
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were quantified in the somatosensory cortex at P9 and in adult (>P60) mice. G42-GFP+ 

IN cell density was significantly lower at P9 in the cKO mice (1.61 ± 0.22 cells/10,000 

µm2) compared to WT littermates (2.64 ± 0.18 cells/10,000 µm2; Figure 3.1A,B). No 

immunohistochemical labeling of PV+ INs was seen in either genotype at P9, consistent 

with lack of PV expression at this developmental time point (data not shown). SST+ IN 

density was similar between P9 APC cKO (2.39 ±0.34 cells/10,000 µm2) and WT (2.75 

±0.57 cells/10,000 µm2) mice (Figure 3.2A,B). In adult mice, there was no significant 

difference in the density of G42-GFP+ cells (cKO density 1.38 ± 0.17 cells/10,000 µm2; 

WT density 1.72 ± 0.32 cells/10,000 µm2; Figure 3.1A,B), PV+ immunolabeled INs 

(cKO density 2.68 ± 0.42 cells/10,000 µm2; WT density 3.20 ± 0.30 cells/10,000 µm2; 

Figure 3.1A,C), or SST+ INs (cKO density 2.67 ±0.90 cells/10,000 µm2; WT density 

2.37 ±0.57 cells/10,000 µm2; Figure 3.2A,B) between APC cKO and WT mice. The 

laminar density between superficial (layers 2/3) and deep (layers 4, 5/6) cortical layers 

did not differ for G42-GFP+ interneurons at P9 (cKO ratio 0.66 ± 0.03; WT ratio 0.72 ± 

0.05; Fig. 1d) or adult (cKO ratio 0.48 ± 0.01; WT ratio 0.52 ± 0.04; Figure 3.1D). The 

laminar distribution of SST+ INs was also not altered (P9: cKO ratio 0.44 ± 0.06; WT 

ratio 0.36 ± 0.11; Adult: cKO ratio 0.78 ± 0.13; WT ratio 0.77 ± 0.06; Figure 3.2C).  

 To confirm that immature PV+ IN density is lower in APC cKO mice at P9, we 

repeated this experiment using Lhx6-GFP mice, a different genetic reporter line in which 

all MGE-derived INs (PV+ and SST+) are labeled with GFP. Because SST protein is 

robustly expressed early in cortical development, immature PV+ INs can be identified as 

cells that are Lhx6-GFP+ but SST immuno-negative [124, 184]. The density of all Lhx6-

GFP+ IN (representing both PV+ and SST+ INs) was significantly decreased in the SSC  
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Figure 3.1: Immature PV+ IN density, as measured using G42-GFP mice, is reduced 
in the somatosensory cortex of APC cKO mice at P9. A. Representative fluorescent 
images in somatosensory cortex (SSC) of G42-GFP+ (green, labeling a subset of PV+ 
INs) cells at (top) P9 and (middle) adult (>P60) and (bottom) PV+ immunolabeled (red) 
cells in adult for WT and cKO mice. Scale bar = 100µm. B. Bar graph of average G42-
GFP+ IN cell density per animal at P9 for WT (black bar, n=12 animals) and cKO (red 
bar, n=14 animals) mice (p=1.60e-3, t(24)=3.56, two sample t-test; p=9.86e-4, 
t(61)=3.70, LMM) and adult WT (n=9 animals) and cKO (n=9 animals; p=0.36, 
t(16)=0.95, two sample t-test; p=0.27, t(39)=1.13, LMM). C. Bar graph of average PV+ 
IN densities per animal in adult for WT (black bar, n=9 animals) and cKO (red bar, n=10 
animals) mice (p=0.33, t(17)=1.00, two sample t-test; p=0.92, t(23)=0.11, LMM). D. Bar 
graph of the laminar density ratio, which represents the ratio of superficial layer densities 
to deep layer densities, of G42-GFP+ INs at P9 in WT (black bar, n=5 animals) and cKO 
(red bar, n=10 animals) mice (p=0.35, t(13)=0.96, two sample t-test; p=0.21, t(39)=1.32, 
LMM) and adult WT (n=5 animals) and cKO (n=5 animals; p=0.36, t(8)=0.98, two 
sample t-test; p=033, t(19)=1.01, LMM). *p<0.05, two-sample t test. #p<0.05, LMM, 
effect of genotype. Each data point represents the average ratio for one animal. Error bars 
indicate SEM. 
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Figure 3.2: SST+ IN density does not differ in the somatosensory cortex of APC 
cKO mice. A. Representative fluorescent images in SSC of SST+ immunolabeled (cyan) 
cells at (top) P9 and (bottom) adult in WT and cKO mice. Scale bar = 100µm. B. Bar 
graph of average SST+ IN cell density per animal at P9 for WT (black bar, n=5 animals) 
and cKO (red bar, n=10 animals) mice (p=0.58, t(13)=0.57, two sample t-test; p=0.56, 
t(36)=0.60, LMM) and adult WT (n=4 animals) and cKO (n=4 animals; p=0.79, 
t(6)=0.28, two sample t-test; p=0.74, t(8)=-0.34, LMM). C. Bar graph of the laminar 
density ratio, which represents the ratio of superficial layer densities to deep layer 
densities, of SST+ INs at P9 in WT (black bar, n=5 animals) and cKO (red bar, n=10 
animals) mice (p=0.47, t(13)=-0.74, two sample t-test; p=0.41, t(39)=-0.84, LMM) and 
adult WT (n=5 animals) and cKO (n=6 animals; p=0.95, t(9)=-0.06, two sample t-test; 
p=0.94, t(20)=-0.08, LMM). *p<0.05, two-sample t test. #p<0.05, LMM, effect of 
genotype. Each data point represents the average ratio for one animal. Error bars indicate 
SEM. 

 

for APC cKO mice at P9 (cKO density 3.47 ± 0.47 cells/10,000 µm2; WT density 5.33 ± 

0.37 cells/10,000 µm2; Figure 3.3A,B). The density of immature PV+ INs (Lxh6-

GFP+/SST-) density was also decreased in APC cKO at P9 (cKO density 2.92 ± 0.40 

cells/10,000 µm2; WT density 4.64 ± 0.43 cells/10,000 µm2; Figure 3.3A,C). In adult 
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APC cKO mice we found that there was no difference in either Lhx6-GFP+ cells (cKO 

density 2.51 ± 0.27 cells/10,000 µm2; WT density 3.46 ± 0.41 cells/10,000 µm2; Figure 

3.3D,E) or Lhx6-GFP+/PV+ immunolabeled cell density (cKO density 1.06 ± 0.15 

cells/10,000 µm2; WT density 1.52 ± 0.19 cells/10,000 µm2; Figure 3.3D,F). Together, 

these studies show that immature PV+ INs are decreased in the P9 somatosensory cortex 

in APC cKO mice. For the subsequent experiments, G42 reporter mice were used to 

identify immature PV+ INs.  

 

3.2 Immature PV+ Interneurons Undergo Disproportionate Developmental 

Apoptosis in APC cKO Mice 

 Cortical INs are produced in excess during embryonic development [161] and 

their final numbers are established through a process of intrinsic apoptosis wherein death 

occurs approximately 12 days after genesis, unless prevented by external neuronal 

activity [106, 162]. Although the threshold of excitatory input necessary to confer 

survival is not established, it is understood that IN survival is improved by calcium 

influx, downstream signaling after neuronal stimulation, and action potential generation 

[107]. MGE-derived interneuron cell death peaks at approximately P7-P9, the time of 

peak behavioral spasms in APC cKO mice. We hypothesized that decreased PV+ IN 

density in neonatal APC cKO cortex may arise from increased levels of developmental 

apoptosis overlapping with times of behavioral spasms. 

To investigate the developmental apoptosis of PV+ INs during early development 

in APC cKOs, we used an antibody against cleaved caspase 3 (Cl-CASP3+) to quantify 

the percentage of G42-GFP+ INs that were Cl-CASP3+. We examined 3 developmental 



 46

time windows: P3-P5 (before behavioral spasm onset), P7-P9 (during the peak of 

behavioral spasms), and P14 (after spasms stop) [11]. At P3-P5, the percentage of G42-

GFP+ cells that were Cl-CASP3+ was similar in APC cKO and WT mice (cKO ratio 0.31 

± 0.05; WT ratio 0.27 ± 0.04; Figure 3.4B). However, from P7-P9 there were 

significantly more G42-GFP+ INs that were Cl-CASP3+ in APC cKO mice, as compared 

to WT (cKO ratio 0.71 ± 0.05; WT ratio 0.50 ± 0.05; Figure 3.4A,B). At P14, APC cKO 

mice had significantly fewer G42-GFP+ cells that were Cl-CASP3+ (cKO ratio 0.28 ± 

0.05; WT ratio 0.55 ± 0.08; Figure 3.4B). An increased ratio of Cl-CASP3+/G42-GFP+ 

INs at P7-P9 and a decreased ratio at P14 suggest that PV+ INs undergo a temporal shift 

in developmental cell death that occurs earlier in the cKO, consistent with more PV+ cell 

death at P9 and less at P14 in the cKOs, as well as decreased number of immature PV+ 

INs at P9 and no difference in adult APC cKO mice. Because developmental apoptosis of 

PV+ INs is activity dependent, we suspected that excitation of PV+ INs may be disrupted 

in early development in APC cKO mice. 

 

3.3 Synaptic Excitation of PV+ Interneurons is Increased in APC cKO Mice 

 Whole cell voltage clamp recordings were made from layer 5 G42-GFP+ INs in 

APC WT and cKO mice at P9, P14, the ages of altered developmental apoptosis, and in 

adults (>P60). Spontaneous excitatory post-synaptic currents (sEPSCs) were recorded, 

and frequency and amplitude were quantified. At all ages, the mean frequency of sEPSCs 

onto PV+ INs was increased in APC cKOs compared to WT mice (P9 cKO 2.70  0.55 

Hz; P9 WT 0.97  0.12 Hz; P14 cKO 8.73  1.31 Hz; P14 WT 4.96  0.98 Hz; P60 cKO 

6.46  1.87 Hz; P60 WT 2.65  0.41; Figure 3.5). In addition, the cumulative distribution 
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of sEPSC inter-event intervals was significantly shifted to the left at all ages in APC 

cKOs, consistent with more frequent synaptic excitation (Figure 3.5D-F). Mean sEPSC 

amplitude was similar in APC cKOs and WT mice at all ages (P9 cKO 18.5 ± 1.59 pA; 

P9 WT 22.8 ± 2.88 pA; P14 cKO 16.1 ± 1.94 pA; P14 WT 19.7 ± 2.47 pA; P60 cKO 

23.8 ± 4.49 pA; P60 WT 20.6 ± 2.80 pA; Figure 3.5), but the cumulative distribution of 

sEPSC amplitudes was left-shifted at P9 and P14, suggesting smaller sEPSCs in APC 

cKO mice (Figure 3.5D,E). Overall, an increase in spontaneous excitatory input onto 

G42-GFP+ INs is consistent with increased cortical excitatory network activity that we 

have previously reported [11]. 

 

 In addition to sEPSCs, we also recorded and quantified action potential-

independent miniature excitatory post-synaptic currents (mEPSCs) in layer 5 G42-GFP+ 

INs. At P9, the mean frequency of mEPSCs (cKO 2.60  0.44 Hz; WT 0.89  0.20 Hz; 

Figure 3.6A,D) was significantly increased and the cumulative distribution of mEPSC 

inter-event intervals was significantly left-shifted in APC cKO mice (Figure 3.6D). At 

P14 and P60, however, mEPSCs frequency was equivalent in APC cKO and WT mice 

(P14 cKO 5.74 ± 1.19 Hz; P14 WT 5.73 ± 1.01 Hz; Fig. 6b,e; P60 cKO 4.46 ± 1.14 Hz; 

P60 WT 3.73 ± 0.61 Hz; Figure 3.6C,F). mEPSC amplitude was equivalent in APC 

cKOs and WTs at all ages as well (P9 cKO16.3 ± 1.36 pA; P9 WT 15.7 ± 1.30 pA; P14 

cKO 16.1 ± 1.13 pA; P14 WT 16.3 ± 1.20 pA; P60 cKO 12.2 ± 1.44 pA; P60 WT 12.8 ± 

1.06 pA; Figure 3.6). In conclusion, only the frequency of mEPSCs onto G42-GFP+ INs 

was changed at P9 in APC cKOs. 
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Figure 3.3: Immature PV+ IN density, as measured using Lhx6-GFP mice, is 
reduced in the somatosensory cortex of APC cKO mice at P9. A. Representative 
fluorescent images in SSC of Lhx6+ cells (top, green, labeling MGE-derived INs) and 
SST+ cells (bottom, cyan) at P9 in WT and cKO mice. Scale bar = 100µm scale. B. Bar 
graph of average Lhx6+ IN (all MGE-derived INs) density per animal from SSC at P9 in 
WT (black, n=5 animals) and cKO (red, n=5 animals; p=0.01, t(8)= 3.12, two sample t-
test; p=6.59e-3, t(15)=3.41, LMM) mice. C. Bar graph of average Lhx6+/SST+ IN 
(genetically Lhx6+ and SST immune-positive) density per animal at P9 in WT (n=5 
animals) and cKO (n=5 animals; p=0.35, t(8)=0.99, two sample t-test; p=0.29, 
t(15)=1.10, LMM) mice. D. Bar graph of average putative PV+IN (genetically Lhx6+ 
and SST immune-negative) density per animal at P9 in WT (n=5 animals) and cKO (n=5 
animals; p=0.02, t(8)= 2.92, two sample t-test; p=0.01, t(15)=3.19, LMM) mice. E. 
Representative fluorescent images in SSC of Lhx6+ cells (top) and PV+ immunolabeled 
cells (red, bottom) in adult WT and cKO mice. F. Bar graph of average Lhx6+ IN density 
per animal from SSC in adult WT (n=5 animals) and cKO (n=5 animals; p=0.09, t(8)= -
1.94, two sample t-test; p=0.06, t(14)=2.12, LMM) mice. G. Bar graph of average 
Lhx6+/PV+IN density per animal from immunolabeling in adult WT (n=5 animals) and 
cKO (n=5 animals; p=0.09, t(8)= -1.92, two sample t-test; p=0.06, t(14)=2.10, LMM) 
mice. *p<0.05, two-sample t test. #p<0.05, LMM, effect of genotype. Each data point 
represents the average density for one animal. Error bars indicate SEM. 
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Figure 3.4: APC 
cKO mice show 
exaggerated 
developmental IN 
apoptosis in G42 
labeled cells. 
A. Representative 
fluorescent images in 
SSC of G42-GFP+ 
(green) cells, Cl-
Caspase3 (Cl-CASP+, 
red) immunolabeled 
cells, and overlays 
from P9 (top) WT and 
(bottom) cKO mice. 
Scale bar = 100µm. 
Yellow cells indicate a 
G42-GFP+ IN co-
labeled with Cl-CASP 
antibody (right) and 
white arrows indicate 
representative 
colabeled cells. B. Bar 
graph of the average 
G42-GFP+ IN density 
in P3-P5 WT (n=9 
animals) and cKO 
(n=10 animals; 

p=0.10, t(17)= -1.75, two sample t-test; p=0.07, t(65)=1.94, LMM), P7-P9 WT (n=12 
animals) and cKO (n=10 animals; p=0.04, t(20)=2.19, two sample t-test; p=0.04, 
t(40)=2.18, LMM), and P14 WT (n=5 animals) and cKO (n=6 animals; p=0.79, t(9)= -
0.27, two sample t-test; p=0.77, t(15)=0.30, LMM) mice. C. Bar graph of the average 
G42-GFP+, Cl-CASP3+ IN density in P3-P5 WT (n=9 animals) and cKO (n=10 animals; 
p=0.47, t(17)= -0.74, two sample t-test; p=0.10, t(65)=1.74, LMM), P7-P9 WT (n=12 
animals) and cKO (n=10 animals; p=0.72, t(20)=0.37, two sample t-test; p=0.85, 
t(40)=0.20, LMM), and P14 WT(n=5 animals) and cKO (n=6 animals; p=0.04, t(9)= -
2.35, two sample t-test; p=0.02, t(15)=2.59, LMM) mice. D. Bar graph of the average 
percentage G42-GFP+ cells that are Cl-CASP+ in P3-P5 WT (black bar, n=9 animals) 
and cKO (red bar, n=10 animals; p=0.52, t(17)=0.66, two sample t-test; p=0.94, t(59)=-
0.08, LMM), P7-P9 WT (n=12 animals) and cKO (n=10 animals; p=8.62e-3, t(20)= -
2.91, two sample t-test; p=2.53e-3, t(40)=-3.43, LMM), and P14 WT (n=5 animals) and 
cKO (n= 6 animals; p=0.02, t(9)= -2.79, two sample t-test; p=0.01, t(16)=3.16, LMM). 
*p<0.05, two-sample t test. #p<0.05, LMM, effect of genotype. Each data point 
represents the average density or ratio for one animal. Error bars indicate SEM. 
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Figure 3.5: Increased sEPSCs onto G42-GFP+ INs in the cortex of the APC cKO. 
Example spontaneous excitatory post-synaptic current (sEPSC) traces from voltage-
clamped, L5 G42-GFP+ INs held at -60 mV at A. P9, B. P14, and C. P60 for WT (black) 
and cKO (red) mice. Scale bars = 50 pA, 1 sec. D. Cumulative probability plots of inter-
event intervals (p=5.23e-19, Kolmogorov-Smirnov (K-S) test) with inset of mean 
frequency for WT (black, n=13 cells, 4 animals) and cKO (red, n=22 cells, 6 animals; 
p=0.03, t(32)= -2.32, two sample t-test; p=0.04, t(28)=-2.19, LMM) and amplitude 
(p=5.36e-14, K-S test) with inset of mean amplitude for WT (n=13 cells, 4 animals) and 
cKO (n=18 cells, 6 animals; p=0.17, t(29)=1.40, two sample t-test; p=0.23, t(30)=1.22, 
LMM) at P9. E. Cumulative probability plots of inter-event intervals (p=1.85e-12, K-S 
test) with inset of mean frequency for WT (n=14 cells, 6 animals) and cKO (n=12 cells, 5 
animals; p=0.03, t(24)= -2.25; p=0.49, t(22)=-0.73, LMM) and amplitude (p=1.63e-5; K-
S test) with inset of mean amplitude for WT (n=12 cells, 6 animals) and cKO (n=14 cells, 
5 animals; p=0.27, t(24)=1.14, two sample t-test; p=0.40, t(22)=0.88, LMM) at P14. F. 
Cumulative probability plots of inter-event intervals (p=6.93e-13, K-S test) with inset of 
mean frequency for WT (n=13 cells, 5 animals) and cKO (n=8 cells, 4 animals; p=0.02, 
t(19)= -2.48, two sample t-test; p=0.02, t(16)=-2.57, LMM) and amplitude (p=0.02, K-S 
test) with inset of mean amplitude for WT (n=13 cells, 5 animals) and cKO (n=8 cells, 4 
animals; p=0.52, t(19)=-0.65, two sample t-test; p=0.95, t(16)=0.06, LMM) at P60. 
^p<0.00001, KS test. *p<0.05, two-sample t test. #p<0.05, LMM, effect of genotype. 
Each data point represents one cell. Data for inset graphs are mean ± SEM. 
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Figure 3.6: Increased mEPSCs onto G42-GFP+ INs at P9 in the APC cKO. Example 
miniature excitatory post-synaptic current (mEPSC) traces from voltage-clamped, L5 
G42-GFP+ INs held at -60 mV at A. P9, B. P14, and C. P60 for WT (black) and cKO 
(red) mice. Scale bars = 50 pA, 1 sec. D. Cumulative probability plots of inter-event 
intervals (p=9.67e-16, K-S test) with inset of mean frequency for WT (black, n=12 cells, 
3 animals) and cKO (red, n=20 cells, 5 animals; p=0.01, t(24)= -2.77, two sample t-test; 
p=0.02, t(27)=-2.71, LMM) and amplitude (p=0.03, K-S test) with inset of mean 
amplitude for WT (n=12 cells, 3 animals) and cKO (n=13 cells, 5 animals; p=0.75, 
t(23)=-0.33, two sample t-test; p=0.10, t(27)=-1.70, LMM) at P9. E. Cumulative 
probability plots of inter-event intervals (p=0.10, K-S test) with inset of mean frequency 
for WT (n=12 cells, 6 animals) and cKO (n=12 cells, 6 animals; p=0.99, t(22)=-0.01, two 
sample t-test; p=0.54, t(21)=0.64, LMM) and amplitude (p=0.76, K-S test) with inset of 
mean amplitude for WT (n=12 cells, 6 animals) and cKO (n=12 cells, 6 animals; p=0.90, 
t(22)=0.13, two sample t-test; p=0.77, t(21)=0.30, LMM) at P14. F. Cumulative 
probability plots of inter-event intervals (p=1.20e-3, K-S test) with inset of mean 
frequency for WT (n=12 cells, 4 animals) and cKO (n=11 cells, 3 animals; p=0.57, 
t(21)=-0.58, two sample t-test; p=0.52, t(17)=-0.67, LMM) and amplitude (p=2.20e-3, K-
S test) with inset of mean amplitude for WT (n=12 cells, 4 animals) and cKO (n=11 cells, 
3 animals; p=0.71, t(21)=0.37, two sample t-test; p=0.88, t(17)=0.16, LMM) at P60. 
^p<0.00001, KS test. *p<0.05, two-sample t test. #p<0.05, LMM, effect of genotype. 
Each data point represents one cell. Data for inset graphs are mean ± SEM. 
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3.4 Dendrite Morphology is Altered in Immature PV+ Interneurons in APC 

cKO Mice 

 Cortical excitation guides PV+ IN morphological maturation, including 

dendritogenesis [105, 108, 109, 185]. Since PV+ INs receive increased excitation in APC 

cKO mice, we suspected that their dendritic morphology may also be altered. To address 

this question, layer 5 G42-GFP+ INs were biocytin filled, their dendrites were 

morphologically reconstructed, and the number of dendritic intersections at increasing 

radii from the soma was quantified using Scholl analysis. To analyze P9 dendritic 

morphology with LMM, we fit a piecewise linear mixed effects model including a knot, 

or change in slope, at a radius of 60 µm (Figure 3.7A,B) for data collected from 0 to 300 

µm from the soma. The piecewise linear mixed effects model showed that for radii less 

than 60 µm, the number of intersections increase more quickly for cKO mice than for 

WT mice at P9 (cKO slope = 0.28 µm/intersections, WT slope = 0.20 µm/intersections) 

and no difference from 60-300 µm at P9 (cKO slope = -0.13 µm/intersections, WT slope 

= -0.10 µm/intersections). G42+ INs morphology was similar in WT and APC cKO when 

examined at P14 (Figure 3.7C,D) and P60 (Figure 3.7E,F). The increase in dendritic 

complexity at P9 is consistent with increased mEPSC frequency (Figure 3.6A,D), as 

more dendritic processes may be able to receive more excitatory synaptic input. 

 

3.5 Dynamic Developmental Changes in Synaptic Inhibition in APC cKO Mice 

 Because the excitation of PV+ INs is enhanced in APC cKOs, we suspected that 

inhibitory output may also be altered. We therefore made whole-cell recordings from 

layer 5 excitatory pyramidal neurons in the somatosensory cortex at P9, P14, and P60 in 
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APC cKO and WT mice and quantified synaptic inhibition. Consistent with published 

reports [186, 187], the frequency of synaptic inhibition was very low at young ages and 

increased over time in both APC cKOs and WT mice. Interestingly, changes in synaptic 

inhibition were complex in APC cKOs with developmentally specific changes in IPSC 

frequency and amplitude. At P9, the cumulative distribution of sIPSC amplitude was 

significantly right shifted in APC cKOs, consistent with larger sIPSCs (Figure 3.8A,D), 

but the frequency of sIPSCs was normal (cKO 2.03 ± 0.75 Hz; WT 1.20 ± 0.36; Figure 

3.8A,D). At P14, the mean sIPSC frequency was significantly decreased (cKO 5.77 ± 

0.77 Hz; WT 8.86 ± 1.26 Hz; Figure 3.8B,E) and the cumulative distribution of sIPSC 

inter-event interval was significantly right shifted in APC cKO mice (Figure 3.8E), 

consistent with less frequent sIPSCs. At P14, the amplitude of sIPSCs was normal (cKO 

18.6 ± 2.04 pA; WT 20.3 ± 1.46 pA; Figure 3.8B,E). At P60, the mean sIPSC amplitude 

was significantly larger (cKO 21.3 ± 1.60 pA; WT 13.0 ± 0.74 pA; Figure 3.8C,F) and 

cumulative distribution was significantly right shifted, consistent with larger sIPSCs 

while the frequency of sIPSC was unaltered (Figure 3.8F).  

When quantifying mIPSCs, we found that mean mIPSC frequency was not changed at 

any age (Figure 3.9), but the cumulative distribution of mIPSC inter-event interval was 

left shifted in P9 APC cKOs, compared to WT, which appears to be driven by the 

distribution of cKO mice having less non-zero values (Figure 3.9D). At P14 there was no 

difference in mIPSC frequency (cKO 4.31 ± 1.01 Hz; WT 4.00 ± 0.85 Hz; Figure 

3.9B,E) or amplitude (cKO 16.3 ± 0.94 pA; WT 17.3 ± 1.18 pA; Figure 3.9B,E) between 

APC cKO and WT mice. At P60, the mean mIPSC amplitude was significantly increased 

(cKO 21.6 ± 2.10 pA; WT 12.7 ± 0.98 pA; Figure 3.9C,F) and the cumulative 



 54

distribution of mIPSC amplitude is right shifted (Figure 3.9F), consistent with larger 

mIPSCs. Overall, these studies show a decrease in synaptic inhibition in APC cKO 

during an important developmental time point of P14 and a clear increase in s/m IPSC 

amplitude in adult animals in cKOs compared to WT mice.  

 

3.6 Intrinsic Excitability of PV+ Interneurons is Reduced in APC cKO Mice 

 Finally, to ascertain if altered PV+ IN maturation in APC cKO mice changed the 

intrinsic electrophysiological and action potential firing properties of these cells, we 

performed current clamp recordings from G42-GFP+ interneurons in layer 5 SSC at P9, 

P14, and P60 (Figure 3.10). Consistent with published findings, these properties changed 

over time, reflecting the normal development of PV+ INs [188]. Resting membrane 

potential, membrane resistance, rheobase, and capacitance were similar in WT and cKO 

mice at all ages examined (Figure 3.10C-E). Interestingly, PV+ INs fired fewer action 

potentials in response to depolarizing current injections at all ages in APC cKO mice, as 

compared to WT (Figure 3.10B). This suggests that while the basic electrophysiological 

properties of PV+ INs are not altered in APC cKOs, their ability to generate robust action 

potential firing in response to excitatory input is reduced. 

 

3.7 Contributions to this chapter 

 Figures 3.1 and 3.2 were done with help from Mary Sommer, who collected data. 

Figures 3.5 and 3.6 were largely done by Dr. Isabel Derera, who collected data and made 

the first draft of figures. Figures 3.5 and 3.6 were also done with help from Dr. Moritz 

Armbruster, who collected data. Figure 3.7 was done with help from Anar Kansara and 
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Dr. Isabel Derera, who collected data and made the first draft of the figure. Figure 3.10 

was done with help from Dr. Moritz Armbruster and Dr. Isabel Derera, who collected 

data. All experiments were designed with help from Dr. Chris Dulla, Dr. Moritz 

Armbruster, and Dr. Isabel Derera. 

 

Figure 3.7: Increased dendritic complexity of P9 G42-GFP+ INs in the APC cKO. A. 
Representative confocal dendritic reconstructions of biocytin-filled G42-GFP+ INs from 
L5 SSC at P9 in WT and cKO mice, 50µm scale. Blue sphere indicates the soma and 
white traces indicate dendrites. B. Scholl’s analysis plot showing the number of dendritic 
intersections at increasing radii from the soma for biocytin-filled G42-GFP+ INs at P9 in 
WT (black, n=18 cells, 5 animals) and cKO (red, n=19 cells, 4 animals) mice. For radii 0-
60 µm, p=2.25e-4, t(839)=-3.71, LMM. For radii 60-300 µm, p=0.80, t(839)=0.25, 
LMM. C. Representative confocal dendritic reconstructions of biocytin-filled G42-GFP+ 
INs from L5 SSC at P14 in WT and cKO mice, 50µm scale. D. Scholl’s analysis plot 
showing the number of dendritic intersections at increasing radii from the soma for 
biocytin-filled G42-GFP+ INs at P14 in WT (n=14 cells, 5 animals) and cKO (n=12 cells, 
3 animals) mice. E. Representative confocal dendritic reconstructions of biocytin-filled 
G42-GFP+ INs from L5 SSC at P60 in WT (n=12 cells, 3 animals) and cKO (n=10 cells, 
4 animals) mice, 50µm scale. F. Scholl’s analysis plot showing the number of dendritic 
intersections at increasing radii from the soma for biocytin-filled G42-GFP+ INs at P60 
in WT and cKO mice. #p<0.05, LMM, effect of genotype. Each data point represents the 
average number of intersections per genotype. Error bars indicate SEM. 
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Figure 3.8: Inhibitory spontaneous output is disrupted in the cortex of APC cKO 
mice. Example spontaneous inhibitory post-synaptic current (sIPSC) traces from voltage-
clamped, L5 pyramidal neurons held at 0 mV at A. P9, B. P14, and C. P60 for WT 
(black) and cKO (red) mice. Scale bars = 50 pA, 1 sec. D. Cumulative probability plots of 
inter-event intervals (p=0.02, K-S test) with inset of mean frequency for WT (black, n=11 
cells, 3 animals) and cKO (red, n=13 cells, 4 animals; p=0.45, U=58, Wilcoxon rank-sum 
test; p=0.24, t(19)=2.57, LMM) and amplitude (p=3.43e-7, K-S test) with inset of mean 
amplitude for WT (n=11 cells, 3 animals) and cKO (n=13 cells, 4 animals; p=0.11, U=43, 
Wilcoxon rank-sum test; p=0.07, t(24)=-1.88, LMM) at P9. E. Cumulative probability 
plots of inter-event intervals (p=2.29e-11, K-S test) with inset of mean frequency for WT 
(n=8 cells, 3 animals) and cKO (n=18 cells, 4 animals; p=0.04, t(24)=2.16, two sample t-
test; p=0.03, t(21)=2.41, LMM) and amplitude (p=0.04, K-S test) with inset of mean 
amplitude for WT (n=8 cells, 3 animals) and cKO (n=18 cells, 4 animals; p=0.60, U=44, 
Wilcoxon rank-sum test; p=0.60, t(21)=0.55, LMM) at P14. F. Cumulative probability 
plots of inter-event intervals (p=0.21, K-S test) with inset of mean frequency for WT (14 
cells, 4 animals) and cKO (16 cells, 6 animals; p=0.71, t(28)=0.38, two sample t-test; 
p=0.85, t(25)=-0.19, LMM) and amplitude (p= 4.84e-47, K-S test) with inset of mean 
amplitude for WT (n=14 cells, 4 animals) and cKO (n=16 cells, 6 animals; p=1.03e-4, 
t(28)=4.52, two sample t-test; p=5.38e-3, t(25)=-3.51, LMM) at P60. ^p<0.00001, KS 
test. *p<0.05, two-sample t test. #p<0.05, LMM, effect of genotype. Each data point 
represents one cell. Data for inset graphs are mean ± SEM. 
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Figure 3.9: Inhibitory miniature output is disrupted in the cortex of APC cKO mice. 
Example miniature inhibitory post-synaptic current (mIPSC) traces from voltage-
clamped, L5 pyramidal neurons held at 0 mV at A. P9, B. P14, and C. P60 for WT 
(black) and cKO (red) mice. Scale bars = 50 pA, 1 sec. D. Cumulative probability plots of 
inter-event intervals (p=6.41e-7, K-S test) with inset of mean frequency for WT (black, 
n=13 cells, 3 animals) and cKO (red, n=8 cells, 3 animals; p=0.54, U=43, Wilcoxon rank-
sum test; p=0.45, t(16)=0.83, LMM) and amplitude (p=0.73, K-S test) with inset of mean 
amplitude for WT (n=13 cells, 3 animals) and cKO (n=9 cells, 3 animals; p=0.84, U=55, 
Wilcoxon rank-sum test; p=0.30, t(17)=-1.09, LMM) at P9. E. Cumulative probability 
plots of inter-event intervals (p=0.11, K-S test) with inset of mean frequency for WT 
(n=12 cells, 3 animals) and cKO (n=10 cells, 3 animals; p=0.92, U=58, Wilcoxon rank-
sum test; p=0.93, t(17)=-0.09, LMM) and amplitude (p=0.20, K-S test) with inset of 
mean amplitude for WT (n=12 cells, 3 animals) and cKO (n=10 cells, 3 animals; p=0.53, 
t(20)=0.65, two sample t-test; p=0.64, t(17)=0.50, LMM) at P14. F. Cumulative 
probability plots of inter-event intervals (p=0.10, K-S test) with inset of mean frequency 
for WT (n=7 cells, 3 animals) and cKO (n=8 cells, 4 animals; p=0.51, t(13)=0.68, two 
sample t-test; p=0.48, t(10)=-0.73, LMM) and amplitude (p=2.52e-31, K-S test) with 
inset of mean amplitude for WT (n=7 cells, 3 animals) and cKO (n=8 cells, 4 animals; 
p=2.85e-3, t(13)=3.67, two sample t-test; p=0.03, t(10)=-2.79, LMM) at P60. 
^p<0.00001, KS test. *p<0.05, two-sample t test. #p<0.05, LMM, effect of genotype. 
Each data point represents one cell. Data for inset graphs are mean ± SEM. 
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Figure 3.10: G42-GFP+ INs are less intrinsically excitable in the APC cKO. A. 
Example current clamp recordings from G42-GFP+ L5 INs during hyperpolarizing and 
depolarizing current injections for P9, P14, and P60 in WT (black) and cKO (red) mice. 
Scale bars = 20 mV, 200 ms scale. B. Graphs of the average number of action potentials 
(APs) generated per current injection step for WT (black) and cKO (red) mice at P9 
(p=2.25e-15, t(1014)=8.06; LMM), P14 (p<2.00e-16, t(2088)=12.2; LMM) and P60 
(p<2.00e-16, t(2922)=8.37; LMM). #p<0.05, LMM, effect of genotype. Error bars 
indicate SEM. C. Resting membrane potential (mV) between WT (black) and cKO (red) 
mice across ages P9, P14, and P60. D. Membrane resistance (MΩ) between WT (black) 
and cKO (red) mice across ages P9, P14, and P60. E. Rheobase (pA) between WT 
(black) and cKO (red) across ages P9, P14, and P60. Each data point represents one cell. 
Data are mean ± SEM. 
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Chapter 4: The APC cKO Mouse Model and vGAT-Cre APC cKO Mouse Model 

 

4.1 Characterizing CaMKII-Cre Expression in the APC cKO mouse 

 In our verified APC cKO mouse model of IS, APC is conditionally deleted in 

excitatory forebrain neurons. This occurs largely postnatally when the expression of Cre 

recombinase begins. This results in decreased APC protein levels and increased β-catenin 

protein levels in APC cKO mice by P14 [11]. Additionally, IHC experiments show that 

β-catenin levels are increased as early as P9, and CaMKIIα-Cre activity increased 

throughout development [11]. Prior characterization of CaMKIIα-Cre activity predicts 

activation in postmitotic neurons, not in glia, and cites little activation of recombinase 

activity at P0 and full activation by P21 [189-191]. Although we know that CaMKIIα-Cre 

expression is present in the cortex and hippocampus[190, 191], we don’t know how early 

it is expressed in postnatal development. Since APC cKO mice have behavioral spasms 

and cortical IN deficiencies at P9, we expect that CaMKIIα-Cre is active before P9 in 

order to bring about these phenotypes. We investigated CaMKIIα-Cre activity in the APC 

cKO mouse model by crossing APC cKO mice with the Ai9 reporter mouse line, which 

express tdTomato fluorescence upon Cre-mediated recombination.  

We analyzed different forebrain regions and different developmental stages 

spanning P3 to P14 for Cre activity. Figure 4.1 shows example images of CaMKIIα-Cre 

activity as tdTomato fluorescence in different regions of the brain at P14. In Cre-negative 

mice, in which there was no CaMKIIα-Cre expression, there was also no tdTomato 

fluorescence (Images not shown, Figure 4.2B). In mice with CaMKIIα-Cre expression, 

there was a steady increase in tdTomato fluorescence from P3 to P14 (Figure 4.2). 
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Overall, CaMKIIα-Cre expression appears to begin before P9, but expression increases 

over development. 

 

Figure 4.1: CaMKIIα-Cre TdTomato Fluorescence per Brain Region at P14. A. 
Example images and ROIs of brain regions analyzed for tdTomato fluorescence intensity 
in P14 coronal sections: a. L2/3 SSC, b. L5/6 SSC, c. motor cortex, d. hypothalamus, e. 
thalamus, f. striatum, g. amygdala, h. dentate gyrus hippocampus, i. prefrontal cortex, j. 
CA1 hippocampus, and k. CA3 hippocampus. B. Quantification of the average intensity 
of tdTomato fluorescence in ABUs in different regions of the brain of a P14 CaMKIIα-
Cre mouse. Mice with no CaMKIIα-Cre displayed no tdTomato fluorescence. 
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Figure 4.2: TdTomato Fluorescent Intensity Increases over Development Across 
Different Brain Regions in CaMKIIα-Cre Mice. Quantification of dTomato average 
intensity in ABUs over the first two postnatal weeks of development in a. L2/3 SSC, b. 
L5/6 SSC, c. motor cortex, d. hypothalamus, e. thalamus, f. striatum, g. amygdala, h. 
dentate gyrus hippocampus, i. prefrontal cortex, j. CA1 hippocampus, and k. CA3 
hippocampus. 

 

4.2 Confirming Genetic Deletion of APC in only Excitatory Forebrain Neurons 

 Prior characterization of CaMKIIα-Cre activity found that expression is limited to 

excitatory forebrain neurons and excludes expression in inhibitory interneurons and glia 
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[191]. However, we have shown that genetic deletion of APC in excitatory forebrain 

neurons results in cIN loss and dysfunction in the APC cKO mouse model. Therefore, we 

wanted to determine if CaMKIIα-Cre led to Cre activity in cINs, potentially causing 

disrupted inhibitory functional phenotypes we observe in APC cKO mice. To address this 

possibility, we tested for ectopic CaMKIIα-Cre expression in cortical inhibitory 

interneurons by measuring tdTomato fluorescence colabeled with G42-GFP+ putative 

PV+ INs and immunolabeled SST+ INs in deep layers of somatosensory, motor, and 

prefrontal cortex at P14.  

 

Figure 4.3: CaMKIIα-
Cre is not Active in 
Cortical Inhibitory 
Interneurons. A. 
Example confocal images 
of deep layer 
somatosensory, motor, 
and prefrontal cortex in 
P14 CaMKIIα-Cre Ai9 
mouse with fluorescence 
of G42-GFP+ putative 
PV+ INs (green), 
immunolabeled SST+ INs 
(cyan), CaMKIIα-Cre 
tdTomato+ excitatory 
forebrain cells (red), and 
nuclear DAPI (blue). 50 
µm scale. B. Example 
confocal images of split 
channel deep layer motor 
cortex in P14 CaMKIIα-
Cre Ai9 mouse with 
fluorescence of G42-
GFP+ putative PV+ INs 
(green) and CaMKIIα-Cre 

tdTomato+ excitatory forebrain cells (red). 50 µm scale. C. Quantification of the percent 
of cell types identified by fluorescent marker in motor, somatosensory, and prefrontal 
cortices. 0% of putative PV+ INs (G42-GFP+) are also CaMKIIα-Cre tdTomato+. 
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Out of all the cell types counted in these deep layer ROIs, none of the G42-GFP+ 

or SST+ cINs were colabeled with CaMKIIα-Cre TdTomato fluorescence (Figure 4.3). 

We specifically quantified CaMKIIα-Cre TdTomato fluorescence in G42-GFP+ putative 

PV+ INs since all the loss and dysfunction phenotypes are observed in this cIN 

population (Figure 4.3B-C). This confirms that there is no ectopic expression of 

CaMKIIα-Cre in cINs and that IN loss and dysfunction phenotypes are due to loss of 

functional APC protein in excitatory forebrain neurons. 

 
4.3 Correcting β-catenin Levels with the Tankyrase Inhibitor G007-LK 

 We suspect that elevated β-catenin levels in excitatory forebrain neurons results in 

excessive cortical excitation and IS phenotypes in APC cKO mice. Since dysregulated 

Wnt/β-catenin signaling is implicated in many neurological disorders such as ASD[77, 

192], schizophrenia[193], Alzheimer’s[194], and epilepsy[85], targeting the pathway 

with new therapeutics is a promising field of study. Although numerous drugs that inhibit 

Wnt receptor activation and transduction exist [195, 196], β-catenin levels are enhanced 

downstream of Wnt receptors in the APC cKO. Therefore, we have worked with a class 

of compounds known as tankyrase (TNK) inhibitors, which reduce β-catenin levels by 

stabilizing the scaffold protein Axin1/2 [197-199]. Preliminary data show that the TNK 

inhibitor, G007-LK [200], appears to reduce ictal discharges in neonatal APC cKO mice 

(Figure 4.4). 

 To optimize G007-LK treatment in mice, we collaborated with Dr. Lisa Coles in 

formulating G007-LK into a vehicle that would allow for drug solubility and bioavailability 

in the brain (see methods for details). Daily, I injected 50 mg/kg of G007-LK 

intraperitoneally into WT and APC cKO pups starting at P5 and ending on P9 
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(heterozygous mice were also included in survival and weight analysis). Similarly, I also 

injected control litters with equivalent volumes of either PBS or vehicle. I monitored 

weight and survival over the course of the injection paradigm. Both G007-LK and vehicle 

injected mice were more likely to die over the course of treatment (Figure 4.5A). However, 

the weights of mice did not significantly differ between treatment groups (Figure 4.5B). 

This lack of difference may be due to the dropout of unhealthy pups while remaining pups 

maintained healthy weights.  

 To test whether G007-LK intraperitoneal injections were counteracting the 

pathology caused by elevated β-catenin in APC cKO mice, I analyzed the percentage of 

G42-GFP+ putative PV+ INs that are Cl-CASP3+, indicating a cell undergoing apoptosis, 

at P9 in SSC. Interestingly, the percentage of G42-GFP+ INs undergoing cell death did not 

differ between G007-LK treated WT and cKO mice (Figure 4.5C). However, the 

percentage does not differ between WT and cKO for vehicle or PBS treated mice either. 

Overall, the formulation of G007-LK into a soluble and bioavailable drug in mice has 

proven to be difficult and other potential therapeutics against disrupted Wnt signaling 

should be tested. 

Figure 4.4: G007-LK 
Reduces Spasm Phenotypes 
in P9 APC cKO Mice. A. 
Example traces of EEG from 
untreated and G007-LK 
treated APC cKO pups at P9. 
Arrows indicate ictal activity. 
Scale 0.25 mV/3 sec. B. 
Frequency of high amplitude 
EEG events in WT (black), 
untreated cKO (filled red), 
G007-LK treated cKO (blue), 

and vehicle injected cKO (unfilled red) mice at P9. C. Bar graph of immature PV+ IN 
densities in untreated cKO (red) and G007-LK treated cKO (blue) mice at P9. 
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4.4 Conditional Knockout of APC in vGAT-Cre Mice 

 In our studies, we have shown that deletion of APC in excitatory forebrain 

neurons results in cortical inhibitory GABAergic interneuron loss and dysfunction. We 

suspect elevated β-catenin levels in cortical pyramidal neurons enhances cortical 

excitation via enhanced excitatory connections in APC cKO mice. Since β-catenin plays 

a role in GABAergic IN development as well [201], we predict that deletion of APC in 

inhibitory IN development will disrupt IN development. To test this, we crossed the 

APCfl/fl mouse with a vGAT-Cre mouse, in which Cre recombinase expression is 

Figure 4.5: Postnatal G007-LK Treatment Does not Reduce PV+ IN Cell Death in 
APC cKO. A. Kaplan-Meier survival curve of mice treated with either PBS (black 
line), Vehicle (red line), or 50 mg/kg of G007-LK (blue line). B. Average weight of 
mice over the time P5 through P9 treated with either PBS (black), Vehicle (red), or 50 
mg/kg of G007-LK (blue). C. Quantification of the percentage of G42-GFP+ INs that 
are Cl-CASP3+ in WT (black bar) or cKO (red bar) mice that were either treated with 
PBS, 50 mg/kg of G007-LK, or Vehicle. 
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controlled under the vGAT promoter. GABAergic cells express vGAT, the transporter 

that loads GABA into synaptic vesicles, and Cre expression in this population will result 

in dysfunctional APC (vGAT-Cre APC cKO). 

 To analyze GABAergic IN loss, we crossed the vGAT-Cre APC cKO with the 

G42 mouse line to count putative PV+ IN cell density in the cortex. Interestingly, at P9 

there is a significant decrease in G42-GFP+ IN density in SSC, MC, and PFC compared 

to WT pups (Figure 4.6). This decrease appears to be of stronger magnitude than that 

seen in the APC cKO mouse at P9 (Figure 3.1A-B). In adult vGAT-Cre APC cKO mice, 

the decrease in G42-GFP+ IN densities persists in SSC, MC, and PFC (Figure 4.7). This 

differs from the G42-GFP+ IN densities in APC cKO adults, which do not change 

between WT and cKO (Figure 3.1A-B). However, immunolabeled PV+ IN densities do 

not differ in adult vGAT-Cre APC cKO mice (Figure 4.7), which does mirror the results 

from APC cKO PV+ IN densities (Figure 3.1A,C). This suggests that perhaps G42-

GFP+ expression is diminished in the vGAT-Cre APC cKO mouse but PV+ IN densities 

remain unchanged. 

 We also analyzed spasm behavior in vGAT-Cre APC cKO mice at P9. In a 45-

minute video recording session, vGAT-Cre APC cKO mice experienced more spastic 

behavioral events and spent more time on their side, unable to right themselves, than WT 

littermates at P9 (Figure 4.8). This suggests that the vGAT-Cre APC cKO mouse could 

be a potential model for IS as well, and that similarities between it and APC cKOs might 

be due to non-cell autonomous effects of enhanced Wnt signalling in the cortex. 
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 Figure 
4.6: G42-GFP+ IN Densities are Reduced in the Cortex of P9 vGAT-Cre APC cKO 
Mice. A. Representative fluorescent images in somatosensory cortex (SSC), motor cortex 
(MC), prefrontal cortex (PFC) of G42-GFP+ (green, labeling a subset of PV+ INs) cells 
at P9 for WT and cKO mice. Scale bar = 100µm. B. Bar graph of average G42-GFP+ IN 
cell density per animal in SSC at P9 for WT (black bar) and cKO (red bar). C. Bar graph 
of average G42-GFP+ IN cell density per animal in MC at P9 for WT (black) and cKO 
(red). D. Bar graph of average G42-GFP+ IN cell density per animal in PFC at P9 for WT 
(black) and cKO (red). 

 

4.5 Contributions to this Chapter 

 Characterizing and Confirming CaMKIIα-Cre Expression sections were done 

with the help of Elisabeth Lawton who analyzed the data and made the figures. 

Conditional Knockout of APC in vGAT-Cre Mice section was done with help from 
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Olivia Drake who analyzed the data and made figures. Tankyrase Inhibitor G007-LK 

section was done in collaboration with Dr. Lisa Coles. 

 

Figure 4.7: G42-GFP+ IN Densities are Reduced While Immunolabeled PV+ IN 
Densities Remain Unchanged in Adult vGAT-Cre APC cKO Mice. A. Representative 
fluorescent images in SSC, MC, and PFC of G42-GFP+ cells (green, labeling a subset of 
PV+ INs, left) and immunolabeled PV+ INs (red, right) in adult for WT and cKO mice. 
Scale bar = 100µm. B. Bar graph of average G42-GFP+ and PV+ IN cell density per 
animal in SSC in adult for WT (black bar) and cKO (red bar). C. Bar graph of average 
G42-GFP+ and PV+ IN cell density per animal in MC in adult for WT (black) and cKO 
(red). D. Bar graph of average G42-GFP+ and PV+ IN cell density per animal in PFC in 
adult for WT (black) and cKO (red). 
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Figure 4.8: vGAT-Cre APC cKO Mice Have More Spastic Events and Spend 
More Time on Their Side. A. Bar graph of the number of behavioral events that 
resemble spasms per animal per 45 minute video recording session in P9 WT (black) 
and vGAT-Cre APC cKO (red) mice. B. Bar graph of the time spent on their side 
(seconds), unable to right themselves, per animal per 45 minute video recording 
session for P9 WT (black) and vGAT-Cre APC cKO (red) mice 



 70

Chapter 5: Discussion 

 

5.1 PV+ cIN Development and Function are Disrupted in the APC cKO Mouse 

Model of IS 

5.1.1 Cortical IN Dysfunction at P9 in the APC cKO 

 In this study, we examine whether the developmental and mature functions of 

cortical GABAergic inhibitory interneurons are disrupted in the APC cKO mouse model 

of IS. GABAergic circuit dysfunction is thought to be a common underlying mechanism 

in multiple rodent models of IS and may play a role in the human disorder. Here we find 

that loss of APC in excitatory forebrain neurons in APC cKO mice disrupts multiple 

aspects of GABAergic IN development and mature inhibitory function in the 

somatosensory cortex. Interestingly, APC is lost largely postnatally in the APC cKO 

mouse when > 90% of GABAergic INs are present in the cerebral cortex, suggesting that 

changes in IN number do not arise from deficits in prenatal IN proliferation or migration, 

but instead arise from deficits in survival, maturation, and integration into the circuit [11, 

146]. 

 At P9, the peak of behavioral spasms in mice, the number of putative PV+ INs, as 

identified using GAD67-eGFP (G42) and Lxh6-GFP mice, is decreased in the 

somatosensory cortex of APC cKO mice (Figures 3.1 and 3.3). There is no change in the 

density of SST+ INs (Figure 3.2), thus PV+ INs appear to be specifically affected among 

MGE-derived INs in the SSC. GABAergic INs are reduced in multiple models of IS [10, 

99, 100, 181, 202], human IS [92, 93], and other forms of early life epilepsy [203], so this 

may contribute to early life IS-related pathologies in APC cKO mice. While PV+ IN 
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density is mostly spared in other genetic models of IS, there is reported loss of PV+ INs 

in acquired models of IS and in mouse models of childhood epilepsy syndromes [100, 

204, 205]. The remaining immature PV+ INs in APC cKOs at P9 receive increased 

glutamatergic excitation, as measured by both spontaneous and miniature EPSCs 

(Figures 3.5 and 3.6), consistent with increased cortical excitatory synaptic activity that 

we have previously reported [11]. P9 is the only time point in which the frequency of 

mEPSCs onto immature PV+ INs is increased. Interestingly, APC cKO PV+ INs have 

larger dendritic arbors than WT PV+ INs only at P9 (Figure 3.7), suggesting a potential 

link between morphological and electrophysiological changes. Larger dendritic arbors 

may provide additional sites for synaptic excitation at P9.  

 

Our data quantifying developmental apoptosis suggest that although immature 

PV+ INs are receiving more excitatory input they are not surviving more (Figure 3.4). 

During normal development, an excess of GABAergic INs are generated in the MGE and 

migrate to the cortex, where a significant portion of them undergo programmed cell 

death. Neuronal activity regulates developmental apoptosis, with increased excitation of 

PV+ INs favoring cell survival [106, 107, 162]. Therefore, the fact that PV+ INs receive 

increased synaptic excitation at P9 yet show a reduction in G42-GFP+ IN density is 

counterintuitive. We would expect to see the number of G42-GFP+ INs that are Cl-

CASP3+ reduced and an increase in G42-GFP+ IN density at P9 in APC cKO mice. 

However, while IN apoptotic cell death is known to be activity dependent, IN action 

potential generation, not synaptic input per se, is thought to be the critical determinant of 

cell survival [106, 107, 162]. Indeed, there is a significant decrease in the ability of G42-
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GFP+ INs to fire action potentials in response to current injection at P9 (Figure 3.10). 

Despite the decrease in G42-GFP+ IN density and intrinsic excitability at P9 in APC 

cKO mice, sIPSC amplitude is increased and mIPSC inter-event intervals are decreased. 

We would expect there to be a decrease in inhibitory network output, but instead we see a 

slight increase in inhibitory amplitude and frequency. Whether this is a result of 

compensatory changes in feed forward inhibition is the focus of future studies. 

 

5.1.2 Cortical IN Dysfunction at P14 in the APC cKO 

At P14, we find a significant decrease in the percentage of G42-GFP+ INs 

undergoing cell death in the APC cKO (Figure 3.4). This suggests that IN developmental 

apoptosis ends earlier in the APC cKO and could play a role in the normal density of 

PV+ INs in adult animals. P14 is also an important time point for establishing inhibitory 

circuits in the mouse cortex [169, 206]. When we examine inhibitory network function at 

P14, we find a decrease in the frequency of sIPSCs, but not mIPSCs, onto L5 pyramidal 

neurons in APC cKO mice (Figures 3.8 and 3.9). This suggests that the number of 

inhibitory synapses onto excitatory neurons in the cortex is not altered in APC cKO mice, 

and that elevated circuit activity fails to drive increased synaptic inhibition. Indeed, at 

P14 PV+ INs receive increased sEPSCs (Figure 3.5), again likely due to increased 

excitatory network activity, but equivalent mEPSCs, indicating that the number of 

excitatory synapses onto PV+ INs is unaltered. This underscores the role that decreased 

excitability of PV+ INs (Figure 3.10) may play in cortical circuit dysfunction in APC 

cKO mice. Excitatory circuit activity appears to be increased (Figure 3.5) [11], but the 

frequency of inhibitory synaptic output is reduced (Figure 3.8), suggesting a breakdown 
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in feed-forward inhibition. Future experiments will test the function of feed-forward 

inhibition in the cortex of APC cKO mice to determine whether it is also disrupted.  

 

5.1.3 Cortical IN Dysfunction in Adult APC cKO Mice 

At P60, similar to P14, PV+ INs receive more sEPSCs, but a normal number of 

mEPSCs (Figures 3.5 and 3.6), again suggesting increased excitatory circuit activity but 

no change in excitatory synapse number onto PV+ INs. The frequency of both sIPSCs 

and mIPSCs onto L5Ps are normal in APC cKO mice at P60 (Figures 3.8 and 3.9), 

suggesting that number of inhibitory synapses and their output is unaltered. Again, 

reduced excitability of PV+ INs at P60 (Figure 3.10) could explain why although PV+ 

INs receive increased input, there is no corresponding increase in the frequency of 

synaptic inhibition. Most strikingly at P60, miniature and spontaneous IPSC amplitude is 

greatly increased (Figures 3.8 and 3.9). This suggests changes in the abundance and/or 

composition of GABA receptors on pyramidal neurons. GABA receptor expression is 

highly dynamic [207, 208], can be regulated by neuronal activity, and is often altered in 

epilepsy [209]. Changes in GABA receptor composition on pyramidal neurons in the 

SSC may reflect compensatory changes in response to elevated excitation in APC cKOs 

[210]. Ultimately, we suspect that IS-relevant phenotypes in APC cKO mice are driven 

by abnormal excitation of PV+ INs and their subsequent dysfunction both in early 

development and in adults. Future experiments will evaluate PV+ IN-mediated feed-

forward cortical inhibition in APC cKO mice. Enhanced synaptic excitation without 

coordinate increases in synaptic inhibition could lead to pathological increases in circuit 

activity, infantile spasms, and adult seizures in APC cKO mice.  
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5.1.4 IN Loss and Dysfunction as an Underlying Cause for IS 

Multiple IS risk genes interact with APC and β-catenin and are important to 

ventral forebrain development and synaptic function [1, 11]. This study is the first to link 

disruption of APC/β-catenin signaling in excitatory neurons to GABAergic network 

dysfunction in a mouse model of IS. Combined with previous studies, we suspect that 

increased β-catenin levels in excitatory pyramidal neurons enhance cortical excitation 

through increasing glutamatergic excitation of other cortical excitatory neurons. This 

increased synaptic excitation leads to increased glutamatergic activation of PV+ INs, 

which rely heavily on neuronal network activity to drive their maturation and cortical 

circuit integration [105-109]. Many IS syndromes are associated with defects in IN 

function and/or abundance and can be characterized as “interneuronopathies” [91, 92]. 

Mutations in the Arx gene, an important transcription factor for IN maturation and 

function, are associated with IS and interneuronopathies [10, 95-99]. For example, 

calbindin+ and NPY+ GABAergic interneurons are lost in Arx(GCG)10+7 mice, which 

display infantile spasms, seizures, and cognitive deficits [10]. Tissue from individuals 

with X-linked lissencephaly with abnormal genitalia (XLAG), a disease associated with 

mutations in Arx, appeared to lack GABAergic interneurons and contained only 

pyramidal neurons in the cortex and hippocampus [91-93]. Human patients with 

mutations in MEF2C, a downstream target of Arx, show similar phenotypes to patients 

with Arx mutations and further link interneuronopathies to IS [1, 94]. In the triple-hit rat 

model of IS there is a selective loss of PV+ INs in the somatosensory cortex while 

calretinin+ and SST+ interneurons are mostly spared [100]. Consistent with these studies 

showing GABAergic IN dysfunction in IS, we show that APC cKO mice have 
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developmental deficits in PV+ IN density, network inhibition, and intrinsic excitability in 

layer 5 somatosensory cortex.  

 

5.1.5 Caveats and Conclusions 

While our findings demonstrate disruptions in inhibitory network development 

and mature function in the APC cKO mouse, there are a few open questions and caveats 

that remain. First, identifying immature PV+ INs at P9 is challenging because PV protein 

is not expressed until later in life. To increase rigor, we have two genetic reporter lines 

(G42 and Lhx6-GFP) that allow fluorescent identification of immature PV+ INs (Figures 

3.1 and 3.3). In both lines, we report that immature PV+ IN density is decreased in the 

somatosensory cortex of APC cKO mice at P9. Novel viral approaches and advances in 

our molecular understanding of PV+ IN maturation may enhance our ability to identify 

and manipulate immature PV+ INs with increased confidence.  Interestingly, when using 

the G42 and Lhx6-GFP lines, we do not see that decreases in PV+ IN density persist into 

adulthood. We suspect this may be brain region specific, as we have previously shown 

decreases in both PV+ and SST+ interneuron densities in the prefrontal cortex of adult 

cKO mice [101]. Due to no significant change in SST+ IN cell density in the developing 

SSC (Figure 3.2), we have focused largely on PV+ IN development and their 

contribution to inhibitory synaptic transmission. Functional changes in SST+ INs, or 

other GABAergic IN cell types may occur and contribute to changes in inhibitory input 

onto L5Ps we report here, as well as to IS-related phenotypes. In addition, the GABA 

reversal potential is dynamic in early development [158, 211] and may be altered in APC 

cKO mice by changes in excitation and circuit activity. Likewise, we do not address 
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whether altered Wnt/β-catenin signaling in excitatory neurons leads to non-cell 

autonomous effects in nearby PV+ INs. Although Wnt/β-catenin signaling affects IN 

proliferation and cell fate decisions [201, 212, 213], those events occur long before β-

catenin levels are altered in APC cKOs [11]. Finally, APC cKOs display many salient 

features of autism spectrum disorder (ASD) [78], which is also affected by GABAergic 

dysfunction [101, 214]. Whether changes we see in PV+ IN function relate to adult 

behavioral changes in APC cKOs remains to be seen. 

 

 Those caveats aside, determining whether interneuron dysfunction during early 

development is sufficient to drive behavioral infantile spasms and later electroclinical 

seizures is of great scientific and clinical interest. The evidence from human and mouse 

models of IS, including the APC cKO mouse, suggest a role for IN dysfunction in IS and 

implicate them in the circuit mechanisms that drive both infantile spasms and adult 

seizures. Importantly, any changes that occur in PV+ INs must be considered in the light 

of other changes known to occur in excitatory neurons [11, 78] and other GABAergic 

interneurons in other brain regions [101]. Our work points to P9 as a pivotal 

developmental time point in the APC cKO mouse, with peak behavioral spasms [11] 

coinciding with decreased PV+ IN density, increased cell death, increased glutamatergic 

input, and increased dendritic complexity of PV+ INs. In addition, this highlights a 

critical window during the second postnatal week for inhibitory circuit integration, in 

which feedback and feedforward inhibition is the ultimate outcome in normal 

development [114, 206, 215]. Disruption in neuronal activity, ambient glutamate levels, 

and interneuron maturation during this time window can lead to long-term changes in 
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circuit structure and function. Finally, our study supports that early life pathologies can 

drive long-term synaptic and circuit dysfunction and underscore clinical efforts to 

identify patients with IS very early in life for therapeutic intervention [2]. In summary, 

our findings show that PV+ INs and cortical inhibitory networks are disrupted during 

early development in APC cKO mice and suggest that this may contribute to the 

manifestation of spasms and later seizures. 

 

Figure 5.1: Graphical Summary of Chapter 3 Results. Graphical depiction of the 
changes in cortical circuits in the APC cKO mouse with accompanying table 
summarizing the results from Chapter 3. APC cKO mice have increased pyramidal 
synaptic connections, which results in increased excitation of pyramidal and PV+ INs, 
especially at P9 where there is increased excitatory synaptic connections onto PV+ INs 
with increased dendritic complexity. PV+ INs are intrinsically less excitable at all ages. 
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5.2 APC cKO and vGAT-Cre APC cKO Mouse Models 

5.2.1 CaMKIIα-Cre Expression During Postnatal Development in APC cKO 

 In this study, we sought to understand when Cre recombinase was active in our 

APC cKO mouse model of IS. We have previously shown that β-catenin and APC protein 

levels via Western blot significantly increase and decrease, respectively, by P14 [11]. 

However, APC cKO pups experience behavioral spasms as early as P9, and indeed we 

have also shown elevated β-catenin levels via IHC at P9 in APC cKO mice [11]. My 

thesis project has also found other phenotypes in APC cKO mice at P9, including 

decreased PV+ IN density, increased percentage of PV+ INs undergoing cell death, 

increased excitatory input onto PV+ INs, increased PV+ IN dendritic complexity, and 

reduced PV+ IN intrinsic excitability. This led us to investigate when and where 

CaMKIIα-Cre is active in the APC cKO brain. Previous reports on CaMKIIα-Cre 

expression have shown that the CaMKIIα promoter is active as early as P0 and Cre 

expression increases until P21 [191]. Only one protein of Cre is required to recombine 

the floxed APC gene permanently in a CaMKIIα+ neuron in our APC cKO mouse model. 

What does it mean that Cre expression increases over development under the CaMKIIα 

promoter? 

 

Here, we analyzed Cre activity via Ai9-tdTomato fluorescence starting at P3 and 

up until P14. We found that fluorescence does increase over this time, and that there is 

strong expression of tdTomato+ at P3 (Figure 4.2) compared to a no Cre control (Figure 

4.1B, data not shown). This suggests CaMKIIα-Cre is active before P9, which could be 

early enough to result in P9 APC cKO phenotypes. It appears that tdTomato+ 
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fluorescence also increases throughout development, which suggests either that more 

cells are expressing Cre or that the cells expressing Cre are increasing their tdTomato+ 

expression over time. If this increase in tdTomato+ fluorescence is due to more cells 

becoming Cre+, it could manifest in the difference in phenotypes seen at P9 versus P14 

and P60 in APC cKO mice. A developmental increase in Cre+ neurons in APC cKO mice 

could help explain why we previously have shown that β-catenin protein levels increase 

over development in the APC cKO mouse [11]. However, we suspect that more cells are 

not becoming Cre+ and that instead tdTomato+ expression is increasing over time. This 

would explain why we see an increase in tdTomato+ fluorescence over development, 

where the CaMKIIα promoter is increasingly active over the first two weeks of 

development and promotes more expression of tdTomato+. 

 

It is still unknown the embryonic expression, if any, of CaMKIIα-Cre in the APC 

cKO model. Although previous characterization of CaMKIIα-Cre activity cites mostly 

postnatal expression [189-191], neurons can become postmitotic at embryonic stages. 

Future experiments will focus on determining CaMKIIα-Cre activity at embryonic stages 

because Cre expression at embryonic stages would suggest possible disruptions in 

proliferation, migration, and laminar allocation. However, our data indicates there is no 

disruption in laminar allocation of G42-GFP+ and SST+ cINs in the APC cKO mouse 

(Figure 3.1 and 3.2). In conclusion, CaMKIIα-Cre expression is active as early as P3 and 

Ai9-tdTomato+ fluorescence in Cre+ mice increases over development.  
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5.2.2 No Cre activity is seen in cINs in CaMKIIα-Cre+ mice 

We also used Ai9-tdTomato+ fluorescence under CaMKIIα-Cre expression to 

investigate CaMKIIα-Cre activity in cortical INs. Although CaMKIIα-Cre activity is 

restricted to excitatory forebrain neurons, we observe disruptions in cIN development and 

function in the APC cKO mouse. There is known CaMKIIα expression in medium-spiny 

inhibitory INs in the striatum [216, 217], and APC protein levels are reduced in the 

striatum[11, 78]. To confirm Cre activity is reserved for only excitatory neurons in the 

cortex, we measured tdTomato+ fluorescence in G42-GFP+ and immunolabeled SST+ 

cINs (Figure 4.3). There appears to be no Cre activity in these SST+ and putative PV+ 

cINs in the SSC, MC, and PFC. This confirms that there are no off-target effects of 

CaMKIIα-Cre activity in the APC cKO mouse, and that Cre activity is not found cINs. 

Enhanced β-catenin levels should only result from deletion of APC in excitatory 

forebrain neuron and not in cortical PV+ and SST+ INs. Interestingly, we observe 

tdTomato+ expression is mostly localized to the nucleus in confocal images from Figure 

4.3. This does not align with known CaMKIIα localization, which is in the cytosol and 

synapses. This could mean that tdTomato protein is localizing to the nucleus in Cre+ 

neurons. 

 

5.2.3 TNK Inhibitors as Potential Therapeutic Against Aberrant Wnt 

Signaling in IS 

 A long-term goal of our studies with the APC cKO mouse is to identify new drug 

targets in order to develop novel therapeutics for IS. A majority of the IS risk genes are 

linked to Wnt signaling, APC, and β-catenin[11]. The Wnt signaling pathway is also 
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implicated in other neurodevelopmental diseases such as epilepsy, schizophrenia, 

Alzheimer’s, and ASD[77, 85, 192-194]. This makes the Wnt signaling pathway a strong 

target for therapeutic intervention. Several drugs targeting Wnt signaling have been used 

in the cancer field, where a large percentage of tumors show dysregulation of the Wnt 

signaling pathway[218]. To utilize these drugs in our APC cKO mouse model, we chose 

a drug that targets Wnt signaling downstream of Wnt receptor activation. Since β-catenin 

levels are enhanced due to decreased β-catenin destruction complex activity, we needed a 

drug that modulates Wnt signaling at or downstream of this effect. To this end, we used 

the TNK inhibitor G007-LK, which stabilizes Axin1/2. Like APC, Axin1/2 is a 

component of the β-catenin destruction complex. Inhibiting TNK stabilizes the 

destruction complex even in the presence of inactivating APC mutations[219]. 

  

Solubilizing G007-LK is a difficult process that involves the use of viscous and 

biologically active solvents that may have adverse effects. Preliminary studies were done 

to test the amount of drug that reaches the brain and remains in the blood in its current 

formulation 4 hours after IP injection, and in its previous formulation 1, 2, and 24 hours 

after IP injection (see Methods for formulations). Extremely low levels of G007-LK were 

present in the brain 4 hours after IP injection in P9 mice, while most of the drug was 

found still circulating in the blood (Figure 5.2). This is also true for the previous 

formulation of the drug, highlighting the difficulty of solubilizing the drug so that it can 

penetrate the BBB. We decided to move forward with an injection paradigm in APC cKO 

pups in anticipation that the amount of drug that reaches the brain is sufficient to 

modulate β-catenin levels by P9. Unfortunately, some of the animals did not survive the 
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injection protocol when treated with either drug or vehicle, while all mice treated with 

PBS survived the injection protocol (Figure 4.5A). We suspect this higher death rate is 

due to the formulation of the vehicle, which includes solvents like cremaphor, DMSO, 

ethanol, and myglyol that have known toxic effects[220-222]. Neonatal mice may be 

more susceptible than adult mice to adverse effects from the vehicle. Although weights of 

drug and vehicle treated mice do not differ from PBS treated mice, we suspect this is due 

to the death of unhealthy mice in the drug and vehicle treated groups (Figure 4.5B).  

 

Figure 5.2: G007-LK Reaches the Brain 
in Low Amounts. Graph of the ratio of 
G007-LK present in the brain compared to 
the plasma of IP-injected P9 mice; in its old 
formulation 1, 2, and 24 hours after 
injection, and in its new, current 
formulation 4 hours after injection. 

 

 

 

The percentage of G42-GFP+ INs that are Cl-CASP3+ in APC cKO mice did not 

differ from WT mice at P9 in any of the treatment groups (Figure 4.5C). This may be of 

interest because we expected G007-LK treatment to reduce the pathological phenotypes 

of APC cKO mice, including the phenotype of higher percentage of cINs undergoing cell 

death. However, when we compare the percentage values to those in Figure 3.4B, we see 

that G007-LK treated WT mice have a higher percentage of G42-GFP+ INs labeled with 

Cl-CASP3+. Since G42-GFP+ IN density data sets required more than 5 animals to 

achieve significance, these results may not be complete. Indeed, the trend in PBS treated 
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mice shows a slight increase in the percentage of G42-GFP+ INs that are Cl-CASP3+ in 

APC cKO mice at P9 (Figure 4.5C). With more animals, this experiment may yield 

interpretable results. However, we suspect our formulation of G007-LK is not sufficient 

to cross the BBB and has adverse effects on mice. Future work will utilize other TNK 

inhibitors available that may work better in our model[223, 224]. 

 

5.2.4 Deletion of APC in GABAergic Inhibitory Interneurons 

 In this section, we investigated the effect of deleting APC in GABAergic 

inhibitory INs on cIN density throughout development. We suspected that cortical IN 

densities would also be affected in vGAT-Cre APC cKO mice due to the role of β-catenin 

in interneuron development[201, 225]. At P9, G42-GFP+ IN densities are drastically 

reduced in SSC, MC, and PFC of vGAT-Cre APC cKO mice compared to WT (Figure 

4.6). This is a larger (>1 cells/10,000 µm2) and more precise decrease in SSC density 

compared to the APC cKO, in which there is a smaller decrease in G42-GFP+ IN density 

(>2 cells/10,000 µm2) and a greater distribution in IN densities (Figure 3.1A,B). This 

decrease in IN density persists into adulthood in the vGAT-Cre APC cKO mouse (Figure 

4.7), which differs from the APC cKO mouse. However, the immunolabeled PV+ IN 

densities do not differ between WT and vGAT-Cre APC cKO, which suggests that the 

G42-GFP+ expression does not accurately represent the number of putative PV+ INs in 

the cortex. Wnt signaling may regulate the GAD67 gene that the G42 line utilizes and 

results in altered GFP+ expression. Future experiments will analyze IN densities at P9 

and adult with alternative reporter lines like the Lhx6-GFP mouse.  
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 Additionally, we investigated the occurrence of behavioral spasms in vGAT-Cre 

APC cKO mice at P9. Since these mice display a potential reduction in their interneuron 

densities, we suspected they could be experiencing behavioral spasms like the APC cKO 

mouse at P9. The vGAT-Cre APC cKO pups experienced more behavioral spastic events 

and spent more time on their side, unable to right themselves, than their WT littermates at 

P9 (Figure 4.8). The vGAT-Cre APC cKO mouse has potential to be verified as a mouse 

model of IS with further testing of electroclinical seizure in adult mice. This deletion of 

APC in inhibitory interneurons raises questions about the APC cKO mouse model of IS 

as well. Since deletion of APC in excitatory and inhibitory neuron populations results in 

similar effects on inhibitory interneuron density in the cortex and behavioral spasms, we 

suspect that enhanced Wnt signaling may be having non-cell autonomous effects in the 

APC cKO mouse. This seems reasonable in that Wnt signaling regulates a diverse 

amount of other signaling pathways in the cortex, and its signaling components play 

equally diverse roles in development. Future studies will test the effects of non-cell 

autonomous Wnt signaling in the APC cKO mouse through canonical Wnt signlaing 

transcriptional activation. 

 

5.3 Thesis Summary 

 My thesis work has focused on the molecular underpinnings of Infantile Spasms 

in the APC cKO mouse model. We have shown that the development and integration of 

immature PV+ cINs is disrupted in APC cKO mice. We suspect this is largely due to 

elevated β-catenin levels in excitatory forebrain neurons, which enhances cortical 

excitation and has deleterious effects on cortical interneuron maturation in postnatal 
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stages. Future experiments will focus on cortical PV+ interneuron function and how a 

decrease in their number and intrinsic excitability leads to altered inhibitory network 

activity. Some overarching questions that remain are whether PV+ cIN loss and 

dysfunction is sufficient to cause behavioral spasms and how elevated cortical excitation 

disrupts cortical interneuron development. We also strive to develop new therapeutic 

targets in the treatment of IS. TNK inhibitors are a potential route for treatment due to 

their ability to stabilize the β-catenin destruction complex downstream of Wnt receptor 

activation. Future work will optimize solubilization and delivery of TNK inhibitor drugs 

to the brain. In this work, we have also confirmed the assumption of CaMKIIα-Cre 

activity solely in excitatory neurons in the cortex. Future work in this area will 

investigate CaMKIIα-Cre activity in embryonic stages and whether Cre or tdT+ 

fluorescence is increasing within the first 2 postnatal weeks of development. 

 

5.4 Contributions to this chapter 

 The discussion for “PV+ cIN Development and Function are Disrupted in the 

APC cKO Mouse Model of IS” was written with help from Dr. Chris Dulla. The rest of 

the content from this chapter is my own work. 
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