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Preface 

 

 
This dissertation consists of a couple of works that I involved as a first 

author. Review in chapter 1 has been published in Molecular brain (Kang 

and Lee, 2019). Results in chapter 2 has been published in Scientific reports 

(Ryu and Kang et al., 2020). Most of the results described in chapter 3 are in 

preparation for publication. 

 

Kang, M & Lee, Y.S. The impact of RASopathy-associated mutations on 

CNS development in mice and humans. Molecular Brain, 12:96 (2019). 

 

Ryu, H.H & Kang, M et al. Neuron type-specific expression of a mutant 

KRAS impairs hippocampal-dependent learning and memory. Scientific 

Reports, 10:17730 (2020). 
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Abstract 

Contributions of Ras hyperactivation in neuron and astrocyte  

to memory deficits in mouse models of RASopathy 

 
Minkyung Kang 

Department of Biomedical Science 

The Graduate School 

Seoul National University College of Medicine 
 

The RAS-ERK signaling pathway plays critical roles in brain function, 

including cellular processes, synaptic transmission, and learning and 

memory in central nervous system. Germline mutations of molecules in the 

RAS-ERK signaling pathway are associated with a series of developmental 

disorders, collectively called RASopathy, which includes neurofibromatosis 

type 1, Noonan syndrome, cardio-facio-cutaneous syndrome, and Costello 

syndrome. Most mutations associated with RASopathy enhance the activity 

of RAS-ERK signaling pathway, and therefore, most cases with 

RASopathies share representative clinical characteristics, especially, 

cognitive impairments. Recent studies using various mouse models of 

RASopathies have shown that each RAS-ERK signaling component may 

have a distinct molecular and cellular pathophysiology depending on cell 

type-specificity. In this dissertation, I hypothesized that each neuronal and 

astroglial cell type might have distinct roles that contribute to the cell type-

specific pathophysiology in RASopathy-related cognitive deficits. To 

answer the question, I investigated the cellular mechanisms underlying 

learning and memory impairments in two types of RASopathy mouse 

models, KRASG12V and BRAFK499E. 

In chapter 1, I reviewed the previous literatures that investigated the impact 

of RASopathy-associated mutations on central nervous system development 

in mice and humans, which provided understandings and insights into the 

specific roles of RAS-ERK signaling genes to central nervous system and 
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the subsequent effect on cognitive function in adult mice.  

In chapter 2, I investigated the impacts of neuron type-specific 

manipulation of RAS-ERK signaling by expressing KRASG12V in the 

hippocampus. I found that the expression of KRASG12V in either 

hippocampal excitatory or inhibitory neurons results in spatial learning and 

memory deficits in adult mice, each for different reasons. In inhibitory 

neurons, KRASG12V induced enhanced GABAergic inhibitory synaptic 

transmission, and impaired long-term potentiation, which could be restored 

by picrotoxin treatment. In contrast, in excitatory neurons, KRASG12V 

induced neuronal cell death, which might be responsible to the behavioral 

defects. This result showed that both inhibitory and excitatory neurons are 

involved in KRAS-associated learning impairments in adult via distinct 

mechanisms.  

In chapter 3, I investigated how the aberrant Braf signaling affects 

cognitive functions by using CFC syndrome-associated Braf mutations. 

Expressing the BrafK499E under control of Nestin-Cre, resulted in severe 

hippocampal memory deficits in mice, whereas BrafK499E in either excitatory 

or inhibitory neurons did not alter learning and memory. Intriguingly, I 

found that the BrafK499E and subsequently activated ERK signaling renders 

astrocytes being in reactive-like status. Importantly, astrocyte-specific 

expression of the mutant BRAF in adult was sufficient to induce cellular and 

behavioral deficits in mice, which are accompanied by hyperactive Ca2+ 

fluctuations in astrocyte. Finally, the learning deficits of Nestin;BrafKE/+ 

mice can be reversed by normalizing RAS-ERK signaling solely in 

astrocytes. This study demonstrates that the reactive-like astrogliosis may 

underlies the severe cognitive deficits in CFC syndrome. 

 In conclusion, I demonstrated that the RASopathy-associated genes are 

differentially affect functional properties of each cell type in central nervous 

system, which may be responsible for the cell type-specific pathophysiology 

of individual RASopathy patient. By showing the neuronal contribution in 
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mutant KRAS-mediated learning deficits, and astrocytic contribution in 

mutant BRAF-mediated learning deficits, these results strongly suggest that 

both neuron and astrocyte are responsible for RASopathy-related cognitive 

impairments in each gene-specific manner. Furthermore, this study will 

provide insight to identify cell types as well as underlying mechanism 

accounting for the cognitive deficits in other RASopathies not covered here. 
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Chapter 1 
 

The impact of RASopathy-related mutations 

on CNS in human and mice 
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1. RAS-ERK signaling and RASopathy 

 

The RAS-extracellular signal-regulated kinase (ERK) pathway is well 

identified signaling cascade that transduce signals from membrane receptors 

to the cytoplasm and nucleus by protein-protein interaction and 

phosphorylation (1-3). This highly conserved pathway plays pivotal roles in 

controlling numerous biological processes such as cell growth, proliferation, 

and differentiation in developing and adult organs (2, 4). RAS-ERK 

signaling is initiated by the binding of growth factors to G-protein coupled 

receptors, such as receptor tyrosine kinases (RTKs), and triggered by a 

sequential activation of RAS, RAF, MEK, and MAPK (Figure 1). First, 

RAS protein is composed of a three multigene family that includes HRAS, 

KRAS, and NRAS. These RAS proteins encode a small guanosine 

nucleotide-bound GTPase protein, and switch the cycles between an active 

GTP-bound state and inactive GDP-bound state during the signal 

transduction. The process is facilitated by guanine nucleotide exchange 

factors (GEFs) and GTPase-activating proteins (GAPs). SOS1 is a well 

known GEF that activate RAS, whose activity is regulated by multiple 

adaptor proteins, including GAB1 and GRB2 (5). On the other side, NF1 is 

a representative GAP that switch RAS into inactive state by hydrolyzing 

GTP to GDP. Sequentially, activated RAS induces the activation of direct 

downstream effector, RAF, by association with the RAS-binding domain. 

RAF, which consist of ARAF, BRAF, and RAF1, encodes a serine/threonine 

kinase. Phosphorylation of RAF stimulates its kinase activity, initiating 

sequential phosphorylation, and activates the MAPK/ERK kinase 1/2 

(MEK1/2). In turn, MEK1/2 activates ERK1 and ERK2, homologous 

subtypes of the ERK family, by phosphorylation of tyrosine and threonine 

residues (6). As final effectors of the RAS-ERK cascade, ERK1 and ERK2 

exert influence on various downstream molecules, such as transcription 

factors (7). 
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Due to essential roles of RAS-ERK signaling pathway in diverse cellular 

and biological processing, germline dysregulations of RAS-ERK signaling 

pathway results in a class of developmental disorders, that are collectively 

assorted RASopathy (3, 8, 9). Representatively, RASopathy includes 

neurofibromatosis type 1 (NF1), Noonan syndrome, cardio-facio-cutaneous 

(CFC) syndrome, LEOPARD syndrome, Legius syndrome, and Costello 

syndrome (CS), and so on. In most cases, RASopathy patients share typical 

clinical features, including a short stature, developmental delays, 

craniofacial dysmorphism, cardiac defects, and neurological deficits (10). 

These typical characteristics expressed in RASopathy patients are 

summarized in table 1. Although most of RASopathy share major clinical 

symptoms, each RASopathy also exhibit distinct and unique characteristics, 

depending on the mutated RAS-ERK signaling components (3, 11). 

Consistently, several studies have demonstrated the disease- and gene-

specific impairments in central nervous system (CNS) development and 

function in each RASopathy animal model (Table 2). In this chapter, I 

review the distinctive roles of RAS-ERK signaling genes in CNS features 

that have been revealed by examining the defects in CNS development of 

RASopathies. Furthermore, I also review how RASopathy-related mutations 

affect neurological function in mice and human. 
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Figure 1. The RAS-ERK signaling pathway and related 

neurodevelopmental disorders. Genes frequently mutated in RASopathies 

are colored on each disorder and are presented as a polygon depending on 

their functional categories. NS/NSML, Noonan syndrome/Noonan 

syndrome with multiple lentigines; NF1, Neurofibromatosis type 1; CS, 

Costello syndrome; CFCS, Cardio-facio-cutaneous syndrome; GEF, guanine 

exchange factor; GAP, GTPase activating protein.    
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Disease Associated genes 
CNS structural 

phenotypes 
Other phenotypes 

NF1 NF1 (95%) (12) 

Neurofibromas , abnormal 

cortical development (13), 

abnormal glial 

development (14), 

macrocephaly 

Below-average IQ, 

ADHD, impaired 

executive functioning, 

deficits in visual-

spatial skills (15, 16), 

hyperpigmentation of 

melanocytes, 

hamartomas of the iris 

(17, 18),  

bone malformation, 

cardiac defects (19, 20) 

NS 

/NSML 

PTPN11 (>50%) (21), 

RAF1 (3-17%) (22, 23), 

SOS1 (9-13%) (24), 

KRAS (<2%) (25, 26), 

BRAF (<2%) (22), 

MEK1/2 (<2%) (27) 

Cerebellar ectopia (28, 29), 

temporal lobe anomaly, 

hydrocephalus, cerebral 

abscess (30-32), epilepsy, 

cortical dysplasia (33) 

Neurocognitive delay 

(33-35), typical facial 

abnormalities, short 

stature, motor delay, 

increased risk of 

cancer, cardiac defects 

(34-40) 

CFCS 

BRAF (43-78%) (41-43), 

MEK1/2 (7-11%) (42, 43), 

KRAS (5-8%) (25, 43) 

Ventriculomegaly, 

hydrocephalus (44-50), 

atrophy (44, 46, 51-54), 

migration and myelination 

abnormalities, agenesis of 

corpus callosum  

(50, 52, 55-57) 

Neurological 

abnormalities, seizures, 

tactile defensiveness, 

learning disabilities  

(4, 50, 55), craniofacial 

defects, cardiac defects 

(4, 58, 59),  

motor delay, hypotonia 

(4, 50, 55) 

CS 

HRAS (85-90%) (60-62), 

KRAS (7%) (63), 

BRAF (4-6%) (27), 

MEK1/2 (2-3%) (27) 

Ventricular abnormalities 

(64-67), cerebral 

malformations  

(64, 65, 67-71), cerebellar 

abnormalities (66, 69, 71-

74), macrocephaly (59, 60) 

Mental retardation  

(59, 60), facial 

features, loose skin, 

severe failure to thrive, 

predisposition to 

tumors (59, 60) 

NF1, Neurofibromatosis type 1; NS, Noonan syndrome; NSML, Noonan syndrome with 

multiple lentigines; CFCS, Cardio-facio-cutaneous syndrome; CS, Costello syndrome; IQ, 

intelligence quotient; ADHD, attention deficit hyperactivity disorder; 

 

Table 1. Human patients with RASopathies and their representative 

phenotypes.  
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Gene Mouse model CNS structural phenotypes Other phenotypes 

Nf1 

Nf1 homozygous 

KO 

Defects in the neural tube, 

hyperplasia of neural crest-

derived ganglia (75) 

Embryonic lethality, heart 

defects, delay in organ 

development (76, 77) 

Nf1 heterozygous 

KO 

Increased astrocyte number 

(78, 79) 

Impaired synaptic plasticity, 

impaired spatial learning, 

Heart defects (80-82) 

Synapsin 1-

dependent Nf1 

ablation  

Reduced size of forebrain, 

reduced cortical thickness, 

increased gliogenesis (83) 

Learning deficits, growth 

retardation (83, 84) 

hGFAP-

dependent Nf1 

ablation 

Increased gliogenesis, 

enlarged cerebral cortex, 

defective GNP migration 

and proliferation 

(85-88) 

Postnatal lethality, growth 

retardation (86, 87) 

BLBP-dependent 

Nf1 ablation 

Increased glial lineage 

proliferation, abnormal 

neuronal differentiation (89) 

Postnatal lethality (89) 

Nestin-dependent 

Nf1 ablation 

(induction in 

adulthood) 

Unlocked oligodendrocyte 

lineage (latent), defective 

GNP proliferation and 

migration, increased adult 

neurogenesis (88, 90, 91) 

Spontaneous antidepressive-

like behavior (91) 

Ptpn11 

Nestin-dependent 

Ptpn11 ablation 

Decreased neural stem cell 

proliferation, lamination 

defects, reduced number of 

neurons, increased number 

of astrocytes (92) 

Postnatal lethality, growth 

retardation (92) 

Olig1-dependent 

Ptpn11 ablation 

Decreased number of OLC 

precursors and mature 

oligodendrocytes, reduced 

axonal myelination (93) 

Developmental abnormalities 

(93) 

Olig2-dependent 

Ptpn11 ablation 

Decreased number of 

oligodendrocyte precursors, 

hypomyelination (94) 

Postnatal lethality, severe 

shivering (94) 

Olig2-dependent 

Ptpn11Q79R KI 

Increased number of 

oligodendrocyte precursors, 

abnormal myelination (94) 

Not known 

Nestin-dependent 

Ptpn11E76K KI 

Hydrocephalus, aberrant 

development of ependymal 

cells, reduced proliferation, 

enhanced glial 

differentiation (95) 

Postnatal lethality, dome-

shaped head, reduced anxiety 

behavior, hyperactivity, 

impaired motor function (95) 

Ptpn11D61G 

herozygous KI 

Increased neurogenesis, 

decreased gliogenesis (96) 

Impaired synaptic plasticity, / 

spatial learning, craniofacial 

dysmorphia (97, 98) 
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Kras 

Synapsin1-

dependent 

KrasG12V KI 

Enhanced GABAergic 

synaptogenesis (99) 

Increased inhibitory tone, 

impaired spatial learning (99) 

Hras 

HrasG12V 

homozygous KI 

Hypertrophy of the brain and 

pyramidal neurons (100) 

Impaired spatial learning, 

facial dysmorphia, cardiac 

defects (100) 

aCaMKII-

dependent 

HrasG12V KI 

Increase in docked vesicles 

(101) 

Increased synaptic plasticity, 

enhanced spatial learning 

(101) 

Braf 

Nestin-dependent 

Braf ablation  

 Impaired neuronal 

differentiation, 

dysmyelination, defective 

oligodendrocyte 

differentiation (102, 103) 

Postnatal lethality, growth 

retardation, defective motor 

coordination, neuromuscular 

defects (102, 103) 

BrafV600E 

heterozygous KI 

Increased number of GFAP 

positive cells in the DG 

(104) 

Reduced life span, growth 

retardation, facial dysmorphia, 

epileptic seizures (104) 

Raf1 

Raf1 

heterozygous KO 

Small granule cell volume, 

increased cell death, reduced 

neuronal maturation (105) 

Postnatal lethality, growth 

retardation, apoptosis in the 

lung and liver, limbs 

coordination problems (106) 

Raf1L613V 

heterozygous KI 

Increased density of 

astrocytes, enhanced OPCs 

density (107) 

Enhanced learning and 

memory (107) 

Mek1/2 

Mek1Y130C 

homozygous KI 

Increased astrocyte density, 

increased number of cortical 

oligodendrocytes (108) 

Pulmonary artery stenosis, 

cranial dysmorphia (108) 

Nestin-dependent 

Mek1/2 ablation 

Decrease of astrocyte 

precursors and OPCs, failure 

of gliogenesis (109) 

Early postnatal lethality (109) 

hGFAP-

dependent 

Mek1/2 ablation 

Suppressed generation of 

astrocyte precursors and 

OPCs, failure of gliogenesis 

(109) 

Postnatal lethality (109) 

hGFAP-

dependent 

Mek1S218E,S222E 

Increase in astrocyte 

precursors and mature 

astrocytes, reduction of 

neuron number (109) 

Not known 

hGFAP, human glial fibrillary acidic protein; BLBP, brain lipid binding protein; GNP, 

granule neuron progenitor; DG, dentate gyrus; OPCs, oligodendrocyte progenitor cells;   

 

Table 2. RASopathy mouse models and their representative phenotypes. 
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2. RASopathy and central nervous system features  

 

2. 1 Neurofibromatosis type 1 

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder caused 

by loss of function mutations in NF1 gene, and relatively common 

developmental disease that occurs in approximately 1 in 3,000 individuals 

(20, 110). NF1 affects multiple organs, mainly skin, bone, and brain, and is 

diagnosed by both somatic and behavioral symptoms. NF1 is caused by loss 

of function mutations in NF1 gene, which encodes a GAP for RAS, thus 

negatively regulating the RAS-ERK signaling pathway (10, 110, 111). 

Therefore, loss of function mutations in NF1 induce aberrant 

hyperactivation of RAS-ERK signaling. As mutations in the NF1 gene lead 

to abnormal cell growth, proliferation, and differentiation, individuals with 

NF1 frequently exhibit neurofibromas, hyperpigmentation of melanocytes, 

and hamartomas of the iris (17, 18). Additionally, common characteristics of 

NF1 include bone malformations, cardiac defects, and neurocognitive 

impairments (19, 20). Notably, since NF1 is most abundantly expressed in 

the nervous system, a wide range of cognitive deficit is associated with NF1. 

More than 75% of NF1 patients suffer from cognitive impairments, such as 

below-average IQ and specific deficits in attention, executive functioning, 

visuospatial perception, social function and function (15, 16).  

As shown in table 2, there are numerous studies that reported large range 

of features in NF1 mouse models. As Nf1 homozygous knockout mice (Nf1-

/-) die in utero because of severe cardiac malformations, a delay in renal, 

hepatic, and skeletal muscle development, and hyperplasia of neural crest-

derived sympathetic ganglia (76, 77), a heterozygous knockout mouse line 

(Nf1+/-) has been extensively used to investigate the cellular mechanisms 

underlying NF1 etiology (80, 81, 83, 84, 112, 113). Along with human 

patients, Nf1 heterozygous knockout mice displayed developmental 

abnormalities in the heart and neural crest-derived tissues (76, 79).  
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As RAS-ERK signaling components play distinct roles in each cell type in 

brain, there are several studies that investigate the effects of Nf1 in cell type-

specific manner. Ablation of Nf1 only in neurons by using the Synapsin I 

promoter (Nf1Syn1) led to growth delay, including reduced body weight and 

size, that was sustained into adulthood (83). Nf1Syn1 conditional knockout 

(CKO) mice also exhibited reduced size and weight of the forebrain, but not 

other brain regions (83). Histological analyses of CKO mice also revealed 

noticeable defects in the cerebral cortex, such as a reduction in cortical 

thickness (83). These results indicate that Nf1 has an indispensable role in 

CNS development (83, 114). Studies dealing with human GFAP (hGFAP)-

Cre transgenic mouse line also have suggested that Nf1 plays an essential 

role in CNS development. As GFAP expression is initially detected in radial 

glial cell, which give rise to both glial and neuronal lineage cells, Nf1hGFAP 

CKO mice lack Nf1 in the majority of their neurons and astrocytes (115). 

These mutant mice were born in normal rate, but became remarkably 

smaller than their littermates after bitrh, and died within 4 months (86, 87). 

Nf1hGFAP CKO mice showed increased brain to body weight ratio due to 

enlarged cerebral cortex, though cerebellum was notably smaller compared 

with littermates (85, 88). Moreover, the mutant mice displayed defective 

migration and proliferation of granule neuron progenitors, and failure in 

cortical barrel formation in somatosensory cortex (87). However, deleting 

Nf1 using GFAP-Cre did not impair either learning or synaptic plasticity in 

adult mice (84). 

Recent studies reported that Nf1 is involved in cell fate specificity and 

cellular processes such as proliferation and differentiation in both the 

developmental stage and adulthood. Nf1hGFAP CKO mice exhibited increased 

gliogenesis at the expense of neurogenesis in the early neonatal period and 

adulthood (85). Due to the altered populations of glia and neurons, Nf1hGFAP 

CKO mice showed a smaller olfactory bulb and an enlarged corpus 

callosum (85). Likewise, Nf1 ablation in neuroglial progenitors using a brain 
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lipid binding protein (BLBP)-Cre mouse line also resulted in increased glial 

proliferation and abnormal neuronal differentiation in vivo (89). Moreover, 

inactivation of Nf1 in adult neural stem cells (NSCs) unlocked a latent 

oligodendrocyte lineage and allowed NSCs to give rise to all three lineages 

in vivo (90). Similarly, postnatal Nf1 ablation using Nestin-CreERT2 

induced defective granule neuron progenitors (GNPs) proliferation, and 

migration (88). Moreover, ablation of Nf1 in adult hippocampal neural 

progenitor cells resulted in elevated proliferation rate and an increased 

number of newly born neurons in the dentate gyrus (91). How does Nf1 alter 

cell fates? It has been demonstrated that Nf1 ablation in neural 

stem/progenitor cells promotes the expression of Olig2, a basic-helix-loop-

helix transcription factor that is required for cell fate determination (116). 

Nf1hGFAP CKO and Nf1BLBP CKO mutant mice showed increased Olig2 

expression, suggesting that Nf1 suppresses Olig2 expression and the 

oligodendrocyte progenitor lineage in neonatal SVZ progenitor cells (85, 

117). Consistent with the neonatal study, inactivation of Nf1 in adult NSCs 

also resulted in increased Olig2 expression (90).  

Since Nf1 is also known as a tumor suppressor gene, studies in diverse cell 

types have insisted that Nf1 loss of function mutations are associated with 

abnormal cellular growth, such as increased proliferation of oligodendrocyte 

precursors in the embryonic spinal cord (118) and Schwann cells (119). 

Especially, Nf1-/- and Nf1+/- NSCs highly produced morphologically 

abnormal, immature astrocytes compared to normal NSCs in vitro (120). 

The increase in proliferating cells seen in vitro was also observed in Nf1-/- 

and Nf1+/- embryonic brains and Nf1+/- adult brains in vivo (120). In addition, 

Nf1-/- NSCs from the brainstem exhibit increased proliferation and glial cell 

differentiation in vitro and in vivo; however, the lack of effect on neocortex 

suggests that the effects of Nf1 gene ablation are brain region-specific (117). 

Since Nf1 mutant mice recapitulate in large range of the CNS features 

reported in NF1 human individuals, these studies unveiled the pivotal roles 
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of NF1 in CNS development, including the gross morphology and proper 

formation of brain region structures, and the regulation of cell fate decision. 

Along with structural abnormalities in CNS, Nf1-related mouse models 

have been used to investigate the mechanisms underlying the cognitive 

deficits. As a pioneered work, heterozygous Nf1 mice exhibited impaired 

hippocampal-dependent spatial learning, in addition to a hippocampal LTP 

deficit and increased inhibitory synaptic transmission (81, 112). The authors 

showed that attenuating RAS-ERK signaling activity is able to restore LTP 

and learning impairments in Nf1+/- mice, insisting that the impairments in 

NF1 cases are caused by hyperactive RAS-ERK signaling (112). 

Interestingly, the lack of Nf1 only in inhibitory neurons was sufficient to 

result in impairments in learning and synaptic plasticity, suggesting the 

essential roles of Nf1 in regulation of inhibitory synaptic function (84). 

Another model, which ablated exon 23a of Nf1, also exhibited impairments 

in spatial learning and contextual discrimination (82). Similarly, specific 

ablation of exon 9a in Nf1 reproduced the features of the Nf1+/- mice, 

involving hippocampal LTP defict, enhanced inhibitory synaptic 

transmission, and learning impairments (121).   

Recently, transcriptome profiling analyses of mouse brain have revealed 

the enriched Nf1 transcripts in inhibitory neurons rather than the in 

excitatory neurons, and provided a insight as to how NF1 dominantly roles 

in inhibitory synaptic function (122). Furthermore, accounts for the 

conserved distribution pattern of NF1 in human brain, it is demonstrated 

that the enriched expression of NF1 in inhibitory neurons may underlie cell 

type-specific pathophysiology and cognitive deficits in NF1 (123). 



 ２１ 

2. 2 Noonan syndrome and Noonan syndrome with multiple lentigines 

Noonan syndrome (NS), familial and sporadic forms of autosomal 

dominant genetic disorder, is relatively common among RASopathies with 

an incidence of 1 in 2,500 live births (31, 124, 125). Mutations in RAS-ERK 

signaling genes have been reported to be found in NS patients, such as the 

gain of function mutations in protein tyrosine phosphatase non-receptor 

type 11 (PTPN11), son of sevenless homolog 1 (SOS1), Kirsten rat sarcoma 

viral oncogene homolog (KRAS), neuroblastoma RAS viral oncogene 

homolog (NRAS), Raf-1 proto-oncogene (RAF1), BRAF, soc-2 suppressor of 

clear homolog (SHOC2), and MEK1, and the loss of function mutations in 

Cbl proto-oncogene (CBL) (25, 63, 126). Among the NS-linked mutations, 

gain of function mutations in the PTPN11 gene, which encodes the non-

receptor protein phosphatase SHP2, are highly responsible for most of NS 

cases (126). Individuals with NS show characteristic appearances, such as 

short stature, broad forehead, sparse eyebrows, a low-set and posteriorly 

rotated ear, and a webbed neck (34-40). The patients are also diagnosed by 

other important symptoms include a motor delay, increased risk of cancer, 

and heart defects (34-40). Similarly, individuals with Noonan syndrome 

with multiple lentigines (NSML) share large part of clinical symptoms 

observed in patients with NS, but they also exhibit high penetrance of 

hypertrophic cardiomyopathy and lentigines (127). Interestingly, contrary to 

NS, loss of function mutations of PTPN11 gene are associated with NSML 

(127).  

Approximately 30% to 50% of NS individuals display a large range of 

neurocognitive impairments, but little is known about CNS abnormalities in 

NS patients (34, 35). There are several cases of NS that report cerebellar 

ectopia, temporal lobe anomaly, hydrocephalus, cerebral abscess, cortical 

dysplasia and malignant Schwannoma (28-33). Not only structural defects, 

severe mental retardation and intractable epilepsy are also reported in NS 

patients (33).  
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Mutant mice harboring NS-associated Sos1E846K, KrasV14I, or Raf1L613V 

mimic characteristic features of NS patients, short stature, facial dysmorphia, 

growth retardation, and cardiac defect (128-131). Since PTPN11 mutations 

are responsible for the majority of NS cases, Shp2 mutant mice are widely 

used models of NS (96-98, 132, 133). A large subset of NS patients have a 

constitutively active gain of function mutation Shp2D61G that increase the 

phosphatase activity of Shp2 (134, 135). The homozygous expression of 

Shp2D61G variant eventually induced embryonic lethality, as the embryos 

were severely hemorrhagic and edematous, had heart defects and showed 

decreased organ size (98). However, heterozygous Shp2D61G mutant mice 

that carried only one copy of the mutant variant highly survived, and 

exhibited characteristic NS features, such as short stature, wide-set eyes, a 

broad forehead, and a triangular face (98). Interestingly, heterozygous 

Shp2D61G mice also displayed impairments in spatial learning and memory 

and synaptic plasticity (97). Mutant mice harboring a milder form of 

mutation, Shp2N308D, showed cardiac defects and moderate impairment in 

spatial learning and memory that was consistent with human patient cases 

(97, 98). Moreover, there are several studies that carried out cell type-

specific manipulations of NS-associated Shp2 mutations. Neural crest cell-

specific expression of Shp2Q79R induced craniofacial defects and growth 

delay (129). NSC-specific Shp2E76K expression induced hydrocephalus may 

be associated to abnormal ependymal cell development (95). In behavioral 

level, Shp2E76K-expressing mice displayed hyperactivity, reduced anxiety-

like behavior, and impaired locomotive function (95). Whole body 

Shp2D61Y-expressing mice were embryonically lethal, and epiblast-specific 

Shp2D61Y expression resulted in embryonic cardiac defects (132). 

SHP2 is a growth factor-modulated phosphatase that regulates both the 

RAS-ERK and the JAK-STAT signaling pathways (136, 137). Since both 

signaling pathways play essential roles in cellular processes, several studies 

suggested that SHP2 affects cell proliferation and differentiation in varied 
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cell types (138-142). For instance, SHP2 mediates initiation of retinal 

neurogenesis and it regulates retinal progenitor factors and cell proliferation 

(143). SHP2 also modulates cell migration, focal adhesion formation and 

neurite outgrowth, and subsequently regulates the differentiation-induced 

activation of FAK, Src, paxillin, and ERK1/2 (144). Similarly, mutant mice 

in which Shp2 is selectively deleted in neural precursor cells showed early 

postnatal lethality, reduced proliferation of NSCs, demonstrating that SHP2 

is an important player in mammalian brain development (92). 

Recent studies have also demonstrated that Shp2 is implicated in 

oligodendrocyte development. In vivo role of Shp2 in oligodendrocyte 

differentiation was studied by using mutant mice with a Olig2 expressing 

cell-selective Shp2 deletion in the ventral spinal cord (93). These mice 

showed a significant decrease in the number of both oligodendrocyte 

precursor cells and mature oligodendrocytes, and reduced axonal 

myelination, indicating the critical role of Shp2 in oligodendrocyte 

development (93). Similarly, Olig2-specific Shp2 null mice also displayed a 

dramatic reduction in oligodendrocyte progenitor cell number, in both 

embryonic and postnatal stages, and showed decreased myelination (94). On 

the contrary, Olig2-selective expression of NS-linked mutation Shp2Q79R 

increased the number of oligodendrocyte precursor cells in embryonic and 

postnatal brain, but resulted in aberrant myelination and fewer myelinated 

axons (94). 

Since SHP2 promotes neurogenesis and suppressed gliogenesis by 

repression of the JAK-STAT pathway, SHP2 has been shown to role as a cell 

fate regulator. Indeed, Shp2D61G heterozygous mutant mice exhibited fewer 

astrocytes and more neurons in the forebrain at postnatal day 2, suggesting 

that Shp2 mutations disrupt the balance of cell type populations (96). 

Similarly, mice in which Shp2 is selectively deleted in neural precursor cells 

displayed defective neuronal differentiation and modestly enhanced 

astrogliogenesis, supporting the idea that Shp2 roles as a cell fate 
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determinant (92).  

As well as Shp2 mutant mice, there are various NS mouse models. 

Heterozygous Raf1-deficient mice showed reduced neuronal maturation and 

decreased volumes of granule cell layer due to increased rate of cell death at 

early postnatal period, and a high proportion of abnormally fast dividing 

cells in the subgranular zone (105). Mice expressing Raf1L613V had a 

increased density of GFAP-positive astrocytes in the cortex and the 

hippocampus, and the number of oligodendrocyte progenitor cells were also 

increased in the cortex (107). As mentioned above, SHP2D61G promote the 

differentiation into neuronal lineage rather than glial lineage, by direct 

interaction with JAK-STAT pathway, which is inconsistent result with 

Raf1L613V mice (96). Although the underlying mechanism for the 

discrepancy in cellular phenotypes is not clear, these results suggest that 

there are distinct pathophysiologies according to each NS-associated 

mutation. Interestingly, Raf1L613V mice showed enhanced performance in 

several learning tasks (107). NS-associated KrasG12V mutant mice showed 

enhanced GABAergic synaptogenesis and impaired spatial learning when 

the mutation was selectively expressed in synapses (145).  
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2. 3 Cardio-facio-cutaneous syndrome 

Cardio-facio-cutaneous syndrome (CFC syndrome) is a rare and severe 

form of RASopathy that is related to the downstream genes of RAS, 

including BRAF (41, 42), KRAS (41), and MEK1/2 (42). Among these genes, 

BRAF mutations are responsible for over 70% of CFC syndrome patients 

(58). BRAF encodes a serine/threonine kinase, and both the kinase-active 

and kinase-impaired mutations of BRAF are found in CFC syndrome 

individuals (41, 42). In addition to BRAF, mutations in MEK1 and MEK2 

are responsible for approximately 25% of CFC syndrome patients (58). 

MEK1 and MEK2 are threonine/tyrosine kinases, and all of CFC-associated 

MEK mutations are kinase-active mutations (42, 146). CFC syndrome 

patients share the multiple congenital symptoms with NS and Costello 

syndrome (58). CFC syndrome individuals display NS-like faces, with 

macrocephaly, low-set ears, a short nose, a broad forehead, and down-

slanting palpebral fissures with ptosis (4, 59). Moreover, cardiac defects are 

also similar to those of NS and Costello syndrome, with pulmonic stenosis, 

septal defects, and hypertrophic cardiomyopathy (HCM) showing high 

prevalence (59). Neurological impairments, including hypotonia, motor 

delay, seizures, tactile defensiveness, speech delay, and learning disabilities, 

are present at large range of degrees (4, 50, 55). Physical retardation caused 

by gastrointestinal dysfunction, including vomiting, oral aversion, reflux, 

and constipation, is also typical characteristic in CFC syndrome infancy (50). 

Especially, CNS malformations are another important diagnostic symptoms 

of CFC syndrome. Previous studies reported the malformations in CNS 

structures, including ventriculomegaly and hydrocephalus, in CFC 

syndrome cases (44-50). Volume loss in the brain due to cortical atrophy, 

cerebral atrophy, brain stem atrophy, and white matter atrophy have also 

presented in a part of CFC syndrome patients (44, 46, 51-54). Additionally, 

defects in migration and myelination, and corpus callosum abnormalities, 

such as hypoplasia and lipoma were also emerged by brain imaging (50, 52, 
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55-57). In accordance with CNS structural malformations, most CFC 

syndrome patients are diagnosed with a large range of cognitive deficits and 

intellectual disabilities (50). 

Recently, patient-derived induced pluripotent stem cells (iPSCs) have 

made advancements in the understanding of disease-related mutations. iPSC 

from a patient harboring BRAFQ257R, the most frequent CFC syndrome 

mutation, showed depletion of neural progenitor pool, induced by decreased 

phosphorylation of AKT, and early neuronal maturation (147). Caused by 

the depletion of progenitors, the number of late-born cells, such as the 

upper-layer cortical neurons and glia, was significantly decreased (148). 

Moreover, the number of GABAergic interneurons was elevated, 

demonstrating that the high prevalence of epilepsy in CFC syndrome cases 

may be linked to imbalance between excitation and inhibition ratio (148).  

Since BRAF mutations have the highest incidence in CFC syndrome, a 

majority of animal studies in CFC syndrome have been concentrated on 

Braf. To identify the roles of Braf in various biological processes, there are 

several studies with loss of function Braf mutations. First, Braf-deficient 

cultured embryonic neurons did not survive in the presence of neurotrophic 

factors while Raf1-lacking neurons survived, suggesting the critical role of 

Braf in cellular survival (149). A Braf null mutant mice were embryonically 

lethal due to the vascular defects at midgestation (150). In addition, the 

deletion of Braf in NSCs by using Nestin-Cre line induced malformation of 

the CNS, including a decreased cerebellum with blurred granule cell layer 

borders and a diminished hippocampus granule cell layer, due to decreased 

differentiation into mature granule cells (102). Nestin-specific Braf-lacked 

mice also showed dysmyelination and defective oligodendrocyte 

differentiation, indicating that the Braf has critical role in postnatal CNS 

development (103). Forebrain excitatory neuron-specific Braf deletion 

resulted in deficits in hippocampal LTP and hippocampal-dependent 

learning and memory, while the impact of Braf deletion in aspects of CNS 
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structure or development in these mice remains to be investigated (151).  

Transgenic mice harboring CFC-linked gain of function mutations 

successfully recapitulated multiple features of human CFC syndrome 

individuals (108, 152). The knock-in mice expressing constitutively active 

BrafV600E mimicked several CFC syndrome phenotypes, such as reduced life 

span, growth retardation, facial dysmorphia, cardiomegaly, and epileptic 

seizures (104). Mice expressing BrafL597V mutation also recapitulated CFC 

syndrome characteristics of a short stature, facial dysmorphia, and cardiac 

enlargement (153). The most prevalent CFC-linked Braf mutation, BrafQ241R, 

showed different phenotypes in each genetic background. In C57BL/6J 

background, mice showed embryonic/neonatal lethality with embryonic 

skeletal abnormalities, lymphatic defects, cardiac defects, and liver necrosis 

(152, 154). In BALB/c and C57BL/6J mixed background, mice showed 

lethality between birth and 24 weeks, growth retardation, sparse and ruffled 

fur, liver necrosis, and atrial septal defects (152, 154). In addition, BrafQ241R 

mice in ICR background showed growth retardation, a hunched appearance, 

craniofacial dysmorphism, and learning deficits (152). Not only Braf 

mutation knockin, mutant mice harboring Mek1Y130C, the most frequently 

found MEK1 mutation in CFC syndrome individuals, displayed pulmonary 

artery stenosis, cranial dysmorphia, and neurological anomalies (108). 

Moreover, homozygous Mek1Y130C knockin mice showed a higher density of 

GFAP-positive astrocytes and Olig2-positive oligodendrocytes in the 

sensory cortex and hippocampal CA1 regions compared to control mice 

(108). As addressed above, iPSCs containing BRAFQ257R exhibited 

decreased late-born glial populations, while CFC-linked Mek1Y130C 

expressing adult mice showed an increased density of GFAP-positive cells 

in hippocampal and cortical areas (104, 108, 147). In spite of kinase-active 

property of BRAFQ257R mutation, the ERK activity was decreased in neural 

progenitor cells, indicating the cell context-dependent role of BRAF (147). 

Therefore, in BRAFQ257R iPSCs, decreased ERK activation may be 
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responsible for the decreased number of glia population, which could 

explain the discrepancy between BRAFQ257R iPSCs and Mek1Y130C mice (108, 

147). 

In addition to mouse models, zebrafish models harbording CFC-associated 

Braf or Mek variants were also investigated, and these mutant alleles 

interfered with convergence-extension cell movements during gastrulation, 

suggesting the CFC-related developmental phenotypes (146). Taken together, 

CFC-associated genes, representatively BRAF and MEK, play critical roles 

in various cellular processes during CNS development, including precursor 

maturation and proliferation, myelination, and differentiation. However, our 

knowledge regarding the detailed causal relationship between CNS 

abnormalities and cognitive function in CFC syndrome is remained to be 

investigated. Further studies using mutant animals with more specific 

temporal and spatial manipulation of CFC syndrome genes would provide 

understanding of the pathophysiology of cognitive deficits in CFC 

syndrome. 
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2. 4 Costello syndrome 

Costello syndrome (CS) is a rare multiple congenital abnormality syndrome 

that affects 1 in 1,250,000 people and shares many features with other 

RASopathies (155-157). CS is mostly caused by gain of function mutations 

in the HRAS gene, most of which have been previously reported as somatic 

or oncogenic mutations in various tumors (60, 62, 158). HRAS activating 

mutations are highly prevalent in CS individuals; they disrupt guanine 

nucleotide binding and induce a decrease in intrinsic and GAP-induced 

GTPase activity, allowing mutant HRAS proteins to remain in the active 

state (159). In addition, BRAF, KRAS, and MEK1 mutations are also 

associated with a small population of CS individuals (27, 63, 160). CS 

patients are typical characterized by coarse facial features, redundant and 

loose skin, severe failure to thrive, mental retardation, cardiomyopathy, and 

a predisposition to tumors (59, 60). There is no single feature that is unique 

to CS, and this syndrome phenotypically overlaps with NF1, NS, NSML, 

and CFC syndrome (60, 161). Typical and coarse facial features associated 

with CS involve macrocephaly with a prominent forehead, a short nose with 

a depressed nasal bridge and a broad base, and low-set, posteriorly rotated 

ears with thickened helices and lobes. Most CS patients have cardiac 

abnormalities, including hypertrophic cardiomyopathy, valve abnormalities, 

septal defects, and arrhythmia (162). Failure to thrive due to gastrointestinal 

dysfunction often involves reflux, oral aversion, and constipation during 

early infancy (67, 157). Structural and electrophysiological neurological 

malformations are also common in CS. For example, ventricular 

abnormalities, such as mild ventricular dilatation, are observed in more than 

40% of CS individuals (64-67). Cerebral malformations in CS include 

cerebral atrophy, leukomalacia, poor gray-white matter differentiation, a 

small corpus callosum, and MRI signal abnormalities (64, 65, 67-71). 

Cerebellar abnormalities include malformation, cerebellar atrophy, deviation 

of the cerebellar tonsils, and demyelinization of the basal tonsil (66, 69, 71-
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74).  

Krencik and colleagues have shown that human iPSC carrying HRASG12S 

that were derived from CS patients exhibited hyperplasia and differentiated 

into astroglia more rapidly in vitro than iPSC derived from control cell lines 

with normal HRAS. CS-derived iPSC also generated an abundance of 

extracellular matrix remodeling factors and proteoglycans (163). Moreover, 

HRASG12S iPSC-derived neurons had a longer progenitor phase, unlike the 

phenotype reported in BRAFQ257R iPSC-derived neurons that originated from 

CFC syndrome patients (147, 164). Thus, postnatal progressive cerebellar 

overgrowth of the brain in CS individuals could be caused by the extended 

progenitor phase (165). 

As with CFC syndrome, only few animal models were generated for CS. 

Both homozygous and heterozygous HrasG12V knock-in mice closely 

phenocopied some of the features observed in individuals with CS, 

including facial dysmorphia, cardiomyopathies, and alterations to the 

homeostasis of the cardiovascular system (166). In addition, later studies 

with homozygous HrasG12V knock-in mice demonstrated that they have 

neurocognitive deficits, such as hyperactivity, increased anxiety-like 

behavior and mild deficit in spatial memory (167). However, Viosca and 

colleagues did not observe significant changes in either the activity or the 

expression of downstream of Hras such as phospho-CREB and c-fos (167). 

Transgenic mice with forebrain excitatory neuron-specific expression of 

HrasG12V under the control of the CaMKII promoter displayed several 

synaptic phenotypes, including a high density of docked neurotransmitter 

vesicles in glutamatergic terminals and increased synaptic plasticity which 

may be associated with the dramatically enhanced hippocampal-dependent 

learning (101). Schreiber and colleagues have also shown that the 

homozygous HrasG12V knock-in mice exhibit spatial learning deficits, which 

are accompanied by robust upregulation of Erk signaling in hippocampal 

lysates, neuronal hypertrophy, increased brain volume, and impaired 
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mGluR-dependent long-term depression (LTD) (100). Notably, mice 

expressing CS-associated HrasG12V or HrasG12S mutations in cortical 

precursors displayed promoted precursor cell proliferation and premature 

gliogenesis, but inhibited neurogenesis (168). Consistently, either form of 

Hras mutations also promoted precursor cell proliferation and astrogenesis, 

but inhibited neurogenesis in cultured cortical precursors (168). These 

findings from multiple experimental systems such as iPSCs, mice models 

and cultured cells commonly suggest the essential role of HRAS in neural 

precursor cell proliferation and gliogenesis, which might strongly affect the 

structure and function of CNS including increased brain volume in CS 

patients.  
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2.5 Further questions 

In chapter 1, I reviewed the literatures that demonstrate dysregulation in 

different components of the RAS-ERK signaling pathway with different 

RASopathies have distinct impact on features of central nervous system in a 

cell type-specific manner. However, it is still remained unclear how some 

RASopathy mutations affect neurons and others affect glia.  

One hypothesis is that during the development process, each signaling 

component begins to be expressed in different period. Although there has 

been no study that have examined the expression patterns of RAS-ERK 

signaling genes during the developmental phase in detail, most of the key 

RAS-ERK components, such as NF1, SHP2, BRAF, and MEK are emerged 

before either embryonic day 10 or 15, which are initiation time points of 

neurogenesis or astrogliogenesis, repectively. Therefore, examining the 

expression profiles of RAS-ERK molecules during brain development in 

high temporal resolution would be worthful to find out detailed participation 

of the molecules in neurogenesis and astrogliogenesis over time.  

Another hypothesis is that the expression of RAS-ERK signaling 

components are remarkably different between cell types. Recently, it has 

been shown that the RAS-ERK signaling network is constructed differently 

between excitatory and inhibitory neurons in mouse hippocampus (122). 

Thus, it would be interesting to investigate whether the spatial expression 

pattern of signaling components are changed or remained over different 

phase of developmental stages. Moreover, comparing expression pattern of 

RAS-ERK molecules between neuron and glia as well as between excitatory 

and inhibitory neurons might provide impotant clues to define neuron- or 

glia-specific phenotypes of several RASopathy mutations. 

Furthermore, the studies described above may also provide insight to 

understand the mechanisms underlying neuron type-, or glia-specific 

phenotypes in RASopathies not covered here. 
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2. 6 Purpose of this study 

In this dissertation, I hypothesized that the different RASopathy-related 

mutations affect neuron and astrocyte differently in cognitive deficits. To 

answer the question, I investigated the cell type-specific mechanisms 

underlying learning and memory impairments in two types of RASopathy 

mouse models. First, according to previous studies that reported the 

dominant roles of KRAS in neuronal properties (99), I investigated the effect 

of KRASG12V on learning and memory in neuron types. Second, I 

investigated the effect of BRAFK499E on learning and memory not only in 

neurons, but also in astrocytes. 
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Chapter 2 
 

Neuron type-specific expression of a 

RASopathy-related KRAS mutation impairs 

spatial learning and memory 
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Introduction 

 

The nervous system is composed of various type of neural cells, including 

astrocytes, microglia, oligodendrocytes, and neurons. For that reason, the 

investigations of signaling pathways from the whole brain might not reflect 

the actual physiological role of signaling pathway. Therefore, it is 

noteworthy to understand cell type-specific role and effect of the signaling 

pathway. Especially, recent studies suggested that RAS-ERK signaling 

components have distinct effects in several cell types in the mammalian 

brain. For example, it has been shown that expressing NS-associated SHP2 

mutant only in excitatory neurons, but not in inhibitory neurons, resulted in 

cognitive impairments (122). In addition, increased excitatory synaptic 

transmission was found in mutations in Ptpn11 and Hras (97). Similarly, 

mutations in Syngap1 were also shown to affect excitatory synaptic function 

(169). RASopathy-associated deficits are not restricted to excitatory neurons. 

On the other hand, haploinsufficiency of Nf1 enhanced RAS-ERK signaling 

primarily in GABAergic neurons and showed an enhanced synaptic function 

in GABAergic neurons (80, 84). A mutant mouse harboring an NS-

associated KRAS mutation showed elevated RAS-ERK signaling 

specifically in GABAergic interneurons (145). Therefore, to selectively 

target the molecules in the affected cell types to gain specificity and 

effectiveness, understanding the cell type-specific roles and molecular and 

cellular mechanisms affected by specific genetic mutations in the RAS-ERK 

signaling might be important. 

There are three RAS genes that code for highly homologous RAS proteins, 

NRAS, HRAS, and KRAS. All of the isoforms are enriched in neurons, and 

have same effector binding domains and are able to interact with the 

identical set of downstream effectors, however, due to differences in their 

posttranslational modifications, they may have access to different effector 

pools and may be capable of generating distinct signal outputs (170, 171). 
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Functional significance of NRAS in brain is not deeply investigated yet, but 

it is considered that NRAS and KRAS may interact with NF1 in the 

presynaptic neuron at inhibitory synapses (112). Consistently, KRAS-

mediated signaling is implicated in modulation of inhibitory tone and 

GABAergic synaptogenesis (99). Endogenous HRAS is expressed 

dominantly in presynaptic neurons, and therefore HRAS plays roles in 

presynaptic function such as synaptic vesicle release via phosphorylation of 

synapsin I (101). Moreover, HRAS is also involved in regulating 

extracellular matrix remodeling and astrocyte proliferation in brain (163). 

Among RAS-ERK signaling components, to date, 91 KRAS mutations have 

been identified in NS and 28 have been identified in CFC syndrome 

(NSEuroNet database, https://nseuronet.com), and all patients with NS 

caused by KRAS mutations exhibit the severe intellectual disability (25). 

Point mutations in codon 12 of the KRAS gene, such as G12V, accounts for 

approximately 80% of KRAS mutations in cancer, and some of those are 

also reported in rare cases of RASopathies (172). Previous studies 

demonstrated that conditional knock-in mice expressing a constitutively 

active KRAS mutation under control of synapsin promoter show abnormal 

behavioral as well as memory deficits in the test of spatial learning and 

working memory (145). These mutant mice also showed LTP impairment 

and increased inhibitory postsynaptic currents, suggesting that Kras may be 

involved in regulating presynaptic function at GABAergic synapses and 

mediate the excitatory / inhibitory balance (145). Defects in development of 

GABAergic inhibitory neurons were also founded, which may contribute to 

behavioral deficits in the mutant mice (145). These synapsin-specific KRAS 

mutant mice showed significantly increased GABAergic synaptogenesis, 

indicating the KRAS is involved in synaptogenesis during early 

development stage, and subsequently impairs memory in adulthood. Notably, 

although KRAS is also expressed in the adult mouse brain, the physiological 

functions of KRAS in adult neuron type remain unclear. Moreover, how 
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does KRAS affect neurological function in each cell type -specific manner 

is also unknown. 

In this chapter, I investigated the cell type-dependent effects of KRAS on 

learning and memory by expressing the mutant KRASG12V, a constitutively 

active mutant, either in hippocampal excitatory or inhibitory neurons in 

adult mice. As a result, expression of the mutant KRAS either in excitatory 

or inhibitory neurons impaired learning and memory depending on distinct 

cellular abnormalities. 
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Material and method 

 

1. Mice 

αCaMKII-Cre (JAX 005359) and vGAT-IRES-Cre (JAX 016962) mice were 

maintained by breeding with wild-type C57Bl/6J mice at the SNU Specific 

Pathogen Free centre. Animals were group-housed (four mice per cage) on a 

12-hour light/dark cycle in the vivarium at SNU. Both female and male 

mice (2-7 months old) were used for all experiments. All studies were 

approved by the Seoul National University Institutional Animal Care and 

Use Committee. 

 

2. AAV packaging 

AAV packaging was performed as described previously (122). Briefly, 

EYFP or hemagglutinin (HA) tagged-KRASG12V were inserted into the 

pAAV-EF1a-DIO-WPRE plasmid. For AAV packaging, HEK 293T cells (7 

× 1012) were cultured on dishes (Thermo Fisher 157150) with 15 mL 

DMEM (Thermo Fisher Scientific SH30243.01) containing 10% fetal 

bovine serum (Thermo Fisher Scientific SH30919.03) and 

penicillin/streptomycin (GIBCO 15140-122) at 37 °C and 5% CO2. p5E18-

RxC1 (13 μg), pAd-ΔF6 plasmid (26 μg), and pAAV plasmid (EYFP or 

KRASG12V; 13 μg) were transfected into HEK 293T cells using 

polyethylenimine (PEI, Polysciences, Inc.) transfection method. The 

transfection medium was replaced with 20 mL fresh medium. After 72 h, the 

culture medium was harvested for AAV purification. The supernatants were 

layered in an ultracentrifuge tube (Beckman 324214) in the following order: 

culture medium from each dish, 6 mL of 15% iodixanol (Opti-Prep; Axis-

shield 1045) solution [1 M NaCl, 1 mM MgCl2, 2.5 mM KCl, and 25% 

Opti-prep in phosphate-buffered saline (PBS)], 5 mL of 25% solution (2.5 

mM KCl, 0.2% phenol red, 1 mM MgCl2, and 42% Opti-prep in PBS), 5 mL 

of 40% solution (2.5 mM KCl, 1 mM MgCl2 and 67% Opti-prep in PBS) 
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and 4 mL of 60% solution (2.5 mM KCl, 1 mM MgCl2, and 0.2% phenol red 

in Opti-prep). The iron seared tubes were centrifuged at 69,000 rpm for 1 h 

using the Beckman UltimaTL-100K ultracentrifuge and 70Ti rotor. The 40% 

solution was harvested from the centrifuged column using a syringe. The 

harvested solution was diluted with PBS, filtered with the Amicon ultra-15 

filter tube (Millipore UFC910024). The filter was washed 3 times with 15 

mL PBS. The viral particles in the solution were quantified via qPCR.  

 

3. Stereotaxic viral injection 

Stereotaxic surgery was performed as previously described (122). Mice 

were anesthetized with ketamine solution and mounted on a stereotaxic 

frame. The hippocampal CA1 region was targeted using the following 

coordinates: anterior-posterior (AP): -1.8 mm, medial-laterl (ML): ±1.0 mm, 

dorsal-ventral (DV): -1.7 mm/AP: -2.5 mm, ML: ±2.0 mm, DV: -1.8 mm. 

AAV was injected into each point. All mice were allowed to recover for a 

minimum of 3 weeks before further use in experiments. 

 

4. Open field test  

Open field test was performed as described previously (173). A cube-shaped 

acrylic box (32 cm by 32 cm by 32 cm) was used as an arena. After a short 

acclimation, each mouse was released into the box and allowed to freely 

explore the arena for 15 minutes. Movement of mice were analyzed with 

tracking software (EthoVision; Nodulus).  

 

5. Morris water maze (MWM) test  

The MWM test was performed as previously described (174). Briefly, mice 

were handled for 2 minutes at the same time of each day for 7 consecutive 

days before the test. The maze consisted of a gray opaque cylindrical tank 

(diameter, 120 cm) in a room with multiple visual cues, which are the 

animal’s navigational references for locating the platform. The tank was 
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filled with water (20 °C to 22 °C) and painted white. The tank was divided 

into four invisible quadrants (target quadrant, opposite quadrant, right 

quadrant, left quadrant) and a platform, which was submerged 1 cm under 

the surface of the water, was placed at the centre of the target quadrant. 

Before the initial trial on day 1, each mouse was placed onto the platform 

for 30 seconds. On training days, mice were released at the edge of the tank 

facing the inner wall, and start position was chosen randomly for each trial. 

When mice failed to reach the platform within 60 seconds of trial, they were 

gently guided onto the platform and rescued from the maze after 10 seconds. 

When mice successfully reached the platform, they were rescued from the 

maze after 10 seconds. Mice were trained with six trials per day 4 

consecutive days, and interval between trial 3 and 4 was 45 minutes to 1 

hour. In probe test, platform was absent, and mice were tracked for 60 

seconds. Movement was analyzed with tracking software (EthoVision 11.5; 

Nodulus). The visible platform-version of MWM was performed after the 

hidden platform test. The platform was tagged with a visible flag, and 

latency to reach the platform was assessed. Experimenters were blinded to 

the genotype of mice or type of injected viral vectors. 

 

6. Object-place recognition (OPR) test  

OPR test was performed as described previously (174). Mice were handled 

for 5 min for four consecutive days and habituated in a cube-shaped opaque 

acrylic box (32 cm by 32 cm by 32 cm) for 15 minutes for another 2 days 

before performing the training and test. In the training session, mice were 

placed in the arena containing two identical 50 ml glass bottles and were 

allowed to explore the objects for 10 minutes. In the test session, 24 hours 

after training, mice were placed in the same arena containing one object that 

stayed in the same location and the other object relocated to a new position. 

All locations for the objects were counterbalanced among groups, and 

objects and arena were cleaned between trials. Sessions were recorded and 
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later analyzed manually. Experimenters were blinded to the genotype of 

mice or type of injected viral vectors. 

 

7. Classical fear conditioning 

Fear conditioning test ws performed as previously described (174). Briefly, 

mice were trained with three pairs of a tone and a co-terminating scrambled 

foot shock [tone: (2800 Hz, 85 dB, 30 s), shock: (2 s, 0.6 mA)] in a 

conditioning chamber (Coulbourn Instruments, Whitehall, PA, USA). After 

training, mice were re-exposed to the same conditioning chamber without 

any tone or foot shock for three consecutive days. Each re-exposure was 

separated by 24 h. The percentage of freezing behavior was scored by using 

an automated software (Freeze Frame, ActiMetrics, Wilmette, IL, USA). 

Experimenters were blinded to the genotype of mice or type of injected viral 

vectors. 
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Results 

 

2. 1 Ectopic expression of KRASG12V in hippocampal inhibitory neurons  

Previous work had reported that expression of Kras gene is significantly 

higher in vGAT+ inhibitory neurons than in αCaMKII+ excitatory neurons in 

the adult wild type mouse hippocampus (122). To assess the effects of 

neuronal type-specific role of KRASG12V on hippocampal-dependent spatial 

learning and memory in adult mice, I injected a Cre recombinase–dependent 

adeno-associated virus (AAV) vector encoding KRASG12V–hemagglutinin 

(HA) into the dorsal hippocampus of vGAT-IRES-Cre transgenic mice for 

inhibitory neuron-specific manipulation (175). Examining the 

immunolabeling of HA, the AAV was highly expressed in the CA areas 

(CA3 – CA1), but not in the dentate gyrus (Figure 2A). Before I proceed the 

tasks for assessing learning and memory, I tested whether the basal 

locomotive activity and anxiety-like behavior are affected by KRASG12V 

expression. Open field analyses revealed that KRASG12V expression in 

vGAT+ inhibitory neurons elevated total distance traveled during the test, 

while anxiety-like behavior measured by the time spent in the center zone 

remained unchanged (Figure 2, B to D). 
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Figure 2. Ectopic expression of KRASG12V in inhibitory neurons. (A) 

Expression of adeno-associated virus (AAV) expressing KRASG12V-HA in 

the dorsal hippocampus of adult vGAT-Cre mouse. 4',6-diamidino-2-

phenylindole (DAPI) staining was used to identify nuclei. Scale bars, 200 

μm. (B) The schematic diagram showing center zone of the open field test. 

(C) vGAT-Cre::KRASG12V mice showed increased total distance moved in 

the open field test (n = 28, 27; **p = 0.0017 by unpaired t test). (D) Both 

group of mice showed comparable cumulative duration in center zone in 

open field test (n = 28, 27; p = 0.6795 by unpaired t test). Data are expressed 

as the mean ± SEM. 
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2. 2 Ectopic expression of KRASG12V in inhibitory neurons impairs 

hippocampal-dependent spatial learning and memory 

To investigate the role and effect of inhibitory neuron-specific expression of 

KRASG12V on hippocampal-dependent spatial learning and memory, I 

subjected vGAT-Cre::KRASG12V mice to hidden-platform version of the 

Morris water maze (MWM) test (Figure 3A). During the training sessions, 

the vGAT-Cre::KRASG12V mice exhibited a greater escape latencis to find 

the hidden platform (Figure 3B). In the probe test, vGAT-Cre::KRASG12V 

mice spent significantly shorter time in the target quadrant in which the 

platform was located during the training sessions compared to the vGAT-

Cre::EYFP mice, and showed chance-level performances, demonstrating 

that the vGAT-Cre::KRASG12V mice failed to recall the position of hidden 

platform (Figure 3, C and D). Furthermore, vGAT-Cre::KRASG12V mice 

swam farther from the platform and visited the platform fewer times than 

vGAT-Cre::EYFP mice, suggesting that sole expression of KRASG12V in 

vGAT+ inhibitory neurons in the adult hippocampus is sufficient to result in 

spatial learning and memory deficits (Figure 3, E and F).  

Next, I carried out the object-place recognition test, another well-known 

hippocampus-dependent task (176). 24 hours after training session, vGAT-

Cre::EYFP mice significantly prefered the relocated object (new), whereas 

vGAT-Cre::KRASG12V mice did not, suggesting the spatial learning deficit 

of KRASG12V-expressing mice  (Figure 3, G and H).  

Classical fear conditioning is extensively used Pavlovian learning and 

memory task in which mice associate aversive unconditioned stimuli, such 

as an electric foot shock, with non-aversive conditioned stimuli, such as 

context or an auditory tone (177). The amygdala is pivotally involved in 

classical fear conditioning task, especially in auditory version of fear 

conditioning (177). Next, contextual and auditory fear memory were 

assessed by measuring freezing behavior when the conditioned mice were 

exposed to the same context or the same tone. vGAT-Cre::EYFP and vGAT-
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Cre::KRASG12V mice showed comparable levels of freezing in both 

contextual and auditory tests which were performed 24 and 48 hours after 

conditioning (Figure 3, I to K). In conclusion, these results indicate that the 

constitutive activation of KRAS in vGAT+ hippocampal inhibitory neurons 

impairs spatial learning and memory in adult mice. 
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Figure 3. Ectopic expression of KRASG12V in inhibitory neurons causes 

spatial memory deficits. (A) The schematic diagram of Morris water maze. 

(B) Learning curve showed that the latency to find the hidden platform 

during the training sessions was significantly increased in vGAT-

Cre::KRASG12V mice compared to vGAT-Cre::EYFP control mice (n = 10, 

10; F1,18 = 21.53, ***p = 0.0002 by two-way repeated measures ANOVA). 

(C) Representative heat map summary of MWM probe test. Platform 

position during the training trials is indicated by the dotted circle. (D) Time 

spent in each quadrant during the probe test. vGAT-CRE::KRASG12V mice 

spent significantly less time in the target quadrant compared to vGAT-

Cre::EYFP mice (comparison of target quadrant occupancy, **p = 0.0063 

by unpaired t-test). Moreover, vGAT-Cre::EYFP mice selectively searched 

for the platform in the target quadrant, while KRASG12V did not (n = 10, 10; 

**p = 0.0063 by unpaired t test). T, target quadrant, R, right to target, L, left 

to target, O, opposite to target. (E) Proximity to target platform (average 

distance to the platform's former location during the probe trial) was longer 

in vGAT-Cre::KRASG12V 
mice (***p = 0.0003 by unpaired t test). (F) 
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Number of platform crossing during the probe trial was tend to be decreased 

in vGAT-Cre::KRASG12V 
mice (p = 0.0855 by unpaired t test). (G) 

Schematic diagram of object-place recognition test. (H) In object-place 

recognition test, vGAT-Cre::EYFP mice showed significant preference to 

the relocated (new) object, while vGAT-Cre::KRASG12V mice showed 

similar preference between old and new object (n = 26, 27; *p = 0.0112, p = 

0.1223 by paired t test) New, new location; old, object location used in 

training session. (I) Schematic diagram of classical fear conditioning. (J) In 

contextual and (K) cued fear memory test, two groups showed comparable 

levels of freezing (contextual test, n = 10, 11; p = 0.534 by unpaired t test; 

cued test, n = 9, 11; p = 0.1157 for basal freezing before tone presented, p = 

0.5690 for freezing in response to tone by unpaired t test). Data are 

expressed as the mean ± SEM. 
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2. 3 Ectopic expression of KRASG12V in inhibitory neurons increases 

inhibitory synaptic transmission 

To examine whether the KRASG12V expression in inhibitory neurons alter 

electrophysiological properties, we assessed spontaneous inhibitory 

postsynaptic currents (sIPSC) in the hippocampal pyramidal neurons of 

KRASG12V-expressing mice. By using whole cell patch recording, we found 

the significant increase of sIPSC frequency in vGAT-Cre::KRASG12V mice 

compared to vGAT-Cre::EYFP mice with no difference in amplitude (Figure 

4, A and B). Spontaneous excitatory postsynaptic currents (sEPSC) were 

also recorded with no differences in mean amplitude or frequency observed 

in the vGAT-Cre::KRASG12V mice (Figure 4, C and D). These finding 

suggest that the observed behavioral deficits may be linked to an increase of 

the inhibitory synaptic transmission in the hippocampus. Next, to test 

whether these alterations in inhibitory synaptic transmission influenced to 

hippocampal synaptic plasticity, we measured field excitatory postsynaptic 

potentials (fEPSPs) in the Schaffer-collateral pathway. vGAT-

Cre::KRASG12V mice showed significantly decreased the input-output 

relationship of fEPSPs, indicating impaired basal synaptic transmission 

(Figure 4E). Moreover, paired-pulse facilitation ratio was reduced at 5 ms of 

inter-stimuli interval in vGAT-Cre::KRASG12V mice compared to control 

(Figure 4F). Long-term potentiation is a form of synaptic plasticity that is 

thought to be a cellular mechanism underlying learning and memory (178). 

Notably, strong stimulation-induced LTP was significantly decreased in 

vGAT-Cre::KRASG12V mice (Figure 4, G and H). Then we tested whether 

the LTP impairment is caused by alteration of inhibitory synaptic function. 

LTP was induced in the presence of a GABAA receptor antagonist, 

picrotoxin, and picrotoxin treatment restored LTP impairments in vGAT-

Cre::KRASG12V mice (Figure 4, I and J). These results demonstrate that the 

KRASG12V expression in inhibitory neuron induces impairments of synaptic 

plasticity which might be due to increased inhibitory synaptic trnasmission. 
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Figure 4. Ectopic expression of KRASG12V in inhibitory neurons elevates 

inhibitory synaptic transmission and impairs LTP. (A, B) KRASG12V 

expression in the inhibitory neurons increased the frequency of sIPSC, but 

did not alter amplitude of sIPSC in hippocampal pyramidal neurons (n = 16 

cells from 3 mice, 13 cells from 3 mice; p = 0.2883, ***p = 0.0003 by 

unpaired t test). Vertical bar, 50 pA; horizontal bar, 200 ms. (C, D) 

KRASG12V expression in the inhibitory neurons did not affect either the 

frequency or the amplitude of sEPSC in hippocampal pyramidal neurons (n 
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= 14 cells from 3 mice, 13 cells from 3 mice; p = 0.3528, p = 0.3044 by 

unpaired t test). Vertical bar, 50 pA; horizontal bar, 200 ms. (E) vGAT-

Cre::KRASG12V mice showed significantly decreased the input-output 

relationship of the fEPSP at CA3-CA1 synapse compared to EYFP mice (n 

= 20 slices from 10 mice, 23 slices from 10 mice; ****p > 0.0001 by two-

way repeated measures ANOVA). (F) vGAT-Cre::KRASG12V showed 

significantly decreased paired pulse facilitation ratio at 50 ms interpulse 

interval compared to EYFP group (n = 20 slices from 10 mice, 23 slices 

from 10 mice; *p = 0.0403 by unpaired t test). Vertical bar, 1 mV; horizontal 

bar, 50 ms. (G) Inhibitory neuron-specific expression of KRASG12V 

significantly impaired LTP induced by the strong stimulation protocol (n = 8 

slices from 5 mice, 10 slices from 5 mice). (H) The averages of fEPSP slope 

of 61 to 70 minutes after LTP induction were compared (*p = 0.0422 by 

unpaired t test). Vertical bar, 1 mV; horizontal bar, 5 ms. (I) Picrotoxin (10 

μM) treatment restored the TBS-induced LTP impairments in vGAT-Cre:: 

KRASG12V mice (n = 7 slices from 4 mice, 7 slices from 3 mice). (J) The 

averages of fEPSP slope of 61 to 70 minutes after LTP induction were 

compared. Vertical bar, 1 mV; horizontal bar, 5 ms. Data are expressed as 

the mean ± SEM. Hyun-Hee Ryu and Kyoung-Doo Hwang performed 

electrophysiology.  
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2. 4 Ectopic expression of KRASG12V in hippocampal excitatory neurons  

In adult mice, Kras is expressed not only in inhibitory neurons but also in 

excitatory neurons (122). To assess the effects and roles of ectopic 

KRASG12V expression in the hippocampal excitatory neurons, I injected 

AAV-KRASG12V–HA into the dorsal hippocampus of αCaMKII-Cre mice, 

thereby allowing the selective expression of KRASG12V in the excitatory 

neurons (Figure 5A). I then subjected the mice to open field test to assessing 

the basal locomotive activity and anxiety-like behaviors (Figure 5B). 

Interestingly, αCaMKII-Cre::KRASG12V mice exhibited hyperactivity and 

avoided the center zone in the open field test (Figure 5, C and D) 
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Figure 5. Ectopic expression of KRASG12V in excitatory neurons. (A) 

Expression of adeno-associated virus (AAV) expressing KRASG12V-HA in 

the dorsal hippocampus of adult αCaMKII-Cre mouse. 4',6-diamidino-2-

phenylindole (DAPI) staining was used to identify nuclei. Scale bars, 200 

μm. (B) The schematic diagram showing center zone of the open field test. 

(C) αCaMKII-Cre::KRASG12V mice showed increased total distance moved 

in open field test (n = 8, 7; ***p = 0.0003 by unpaired t test). (D) αCaMKII-

Cre::KRASG12V mice showed increased cumulative duration in center zone 

in open field test (n = 8, 7; **p = 0.0096 by unpaired t test). Data are 

expressed as the mean ± SEM. 
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2. 5 Ectopic expression of KRASG12V in hippocampal excitatory neurons 

impairs hippocampal-dependent spatial learning and memory 

To assess the hippocampal-dependent spatial learnind and memory, I 

subjected the mice to the MWM test (Figure 6A). αCaMKII-Cre::KRASG12V 

mice showed a significantly longer escape latencies during the training 

sessions of the MWM test, suggesting that KRASG12V expression in the 

hippocampal excitatory neurons severely impairs spatial learning (Figure 

6B). In probe trial after training sessions, αCaMKII-Cre::KRASG12V mice 

failed to identify and reach the target quadrant, whereas the control 

αCaMKII-Cre::EYFP mice spent a significantly longer time in the target 

quadrant, suggesting that KRASG12V expression in the adult hippocampal 

excitatory neurons also impairs spatial memory (Figure 6, C and D). 

Moreover, KRASG12V-expressing mice swam farther from the platform 

location (Figure 6E) and crossed the platform fewer times than the EYFP-

expressing control mice (Figure 6F).  

Next, I carried out classical fear conditioning to assess the contextual and 

auditory fear memory of the mice (Figure 6G). αCaMKII-Cre::KRASG12V 

mice showed significantly lower freezing time compared to αCaMKII-

Cre::EYFP mice in contextual test, but not in auditory test in the classical 

fear conditioning (Figure 6, H and I), showing that expressing KRASG12V in 

excitatory neurons impairs hippocampus-dependent memory without 

affecting amygdala-dependent memory.  
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Figure 6. Ectopic expression of KRASG12V in excitatory neurons impairs 

spatial memory. (A) The schematic diagram of Morris water maze. (B) 

Learning during training trials is significantly slower in KRASG12V-injected 

mice compared to EYFP-injected controls (n = 12, 11; F1,21 = 69.63, ****p 

< 0.001 by two-way repeated measures ANOVA). (C) Representative heat 

map summary of MWM probe test. Platform position during the training 

trials is indicated by the dotted circle. (D) Time spent in each quadrant 

during the probe test. αCaMKII-Cre::EYFP mice selectively searched for 

the platform in the target quadrant, while KRASG12V did not (n = 12, 11; 

F3,44 = 0.2765, **p = 0.0055, F3,40 = 0.799, p = 0.6384 by one-way ANOVA). 

αCaMKII-Cre::KRASG12V mice tend to spend less time in the target 

quadrant compared to EYFP-injected control mice (p = 0.0634 by unpaired t 

test). T, target quadrant, R, right to target, L, left to target, O, opposite to 

target. (E) αCaMKII-Cre::KRASG12V mice swam significantly farther than 

αCaMKII-Cre::EYFP mice during probe trials (n = 12, 11; **p = 0.0047 by 

unpaired t test). (F) αCaMKII-Cre::KRASG12V mice crossed the former 

platform position significantly less than αCaMKII-Cre::EYFP mice during 
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probe trials (n = 12, 11; *p = 0.0290 by unpaired t test). (G) Schematic 

diagram of classical fear conditioning. (H) In contextual fear memory test, 

αCaMKII-Cre::KRASG12V mice showed significantly reduced freezing 

behavior compared to αCaMKII-Cre::EYFP mice (n = 8, 6; *p = 0.0247 by 

unpaired t test). (I) The freezing level of αCaMKII-Cre::KRASG12V in 

response to the conditioned tone (cue) was not statistically different from 

that of αCaMKII-Cre::EYFP mice (n = 8, 6; p = 0.5026 for basal freezing 

level before tone played, p = 0.2178 for cued freezing by unpaired t test). 

Data are expressed as the mean ± SEM. 



 ５６ 

2. 6 Ectopic expression of KRASG12V in hippocampal excitatory neurons 

induces neuronal death 

During the histological assay (data not shown), we have observed the 

morphological alterations such as decreased cell density and the expansion 

of the hippocampal cell layer in αCaMKII-Cre::KRASG12V hippocampus. 

Since a decreased cell number and abnormal cell layer have high probability 

to mean cell death, we hypothesized that the excitatory neuron-specific 

expression of KRASG12V results in neuronal death. To test the hypothesis, 

we assesed the expression of cleaved caspase-3, a cell death marker. The 

number of cleaved caspase-3+ neurons was dramatically increased in the 

αCaMKII-Cre::KRASG12V hippocampus compared to αCaMKII-Cre::EYFP 

hippocampus (Figure 7, A and B). Interestingly, KRASG12V expression in 

inhibitory neuron-specific manner did not result in neuronal death (Figure 7, 

C and D). 
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Figure 7. KRASG12V induces neuronal death in excitatory neurons, but 

not in inhibitory neurons. (A) Representative immunostained images for 

HA (green), cleaved caspase-3 (red), and DAPI (blue) in αCaMKII-

Cre::KRASG12V mice. Scale bar, 50 μm, 20 μm. (B) The percentage of 

cleaved caspase-3 positive neurons was significantly increased in the 

KRASG12V-expressing hippocampal slices (n = 5 slices from 3 hippocampi, 

7 slices from 3 hippocampi; **p = 0.0012 by unpaired t test). (C) 

Representative immunostained images for HA (green), cleaved caspase-3 

(red), and DAPI (blue) in vGAT-Cre:: KRASG12V mice. Scale bar, 50 μm, 20 

μm. (D) The percentage of cleaved caspase-3 positive neurons was 

comparable between vGAT-Cre::KRASG12V and vGAT-Cre::EYFP mice (n = 

6 slices from 3 hippocampi, 6 slices from 4 hippocampi; p = 0.2488 by 

upaired t test ). Data are expressed as the mean ± SEM. Hyun-Hee Ryu and I 

performed immunohistochemistry. 
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Discussion 

 

In this chapter, to investigate the cellular mechanisms of cognitive 

impairments in KRAS-associated RASopathies, I used a strong gain of 

function mutation of KRAS, G12V, to mimic severe cases of RASopathy. 

Previously, Papale et al. had generated synapsin-specific KRASG12V knockin 

mice and reported several notable features, including learning deficits and 

synaptic impairments (99). In these mice, suppression of hyperactivated 

RAS-ERK signaling in adult period is not sufficient to restore the behavioral 

and synaptic impairments, insisting that the overactivation of RAS-ERK 

signaling is responsible for the developmental defects (99). However, the 

effects of cell type-specific activation of RAS-ERK signaling in the adult 

hippocampus have not been fully investigated, and it remained uncertain 

whether the KRASG12V in mature neurons is responsible to behavioral and 

synaptic deficits. Therefore, I assessed the effects of KRASG12V in adult 

hippocampal neuron types on hippocampal-dependent learning and synaptic 

properties, and found that the expression of KRASG12V in either 

hippocampal excitatory or inhibitory neurons results in spatial learning 

deficits in adult mice, each for different reasons.  

As mentioned in introduction, mutations in the genes of RAS-ERK 

signaling pathway have cell type-specific roles on the downstream signaling 

activation as well as synaptic function. One of hypotheses for cell type-

specific effect of RAS-ERK signaling is the distinct expression profiles of 

RAS-ERK signaling genes between excitatory and inhibitory neurons (122). 

Supporting this, the NF1 mRNA is significantly enriched in inhibitory 

neurons versus in excitatory neurons in both mice and humans, which may 

explain its essential roles in mediating inhibitory synaptic function (84, 122, 

123). Similarly, expression profile has shown that the Kras transcripts were 

higher in hippocampal inhibitory neurons rather than in excitatory neurons, 

and previous study reported that the synapsin-specific KRASG12V knockin 
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mice show increased inhibitory function (99, 122). Consistently, I found that 

KRAS is involved in regulating GABAergic inhibitory synaptic function, 

and subsequently impairs learning and memory. I also found the significant 

suppression of input-output curve of fEPSP in inhibitory neuron-specific 

KRASG12V-expressing mice, which might be due to increased inhibitory 

tone. Although the enhanced RAS-ERK signaling pathway increases GABA 

release by phosphorylation of synapsin I at the hippocampal inhibitory 

synapse, a detailed molecular mechanism how the KRAS regulates the 

spontaneous GABA release should be identified (84). It is widely known 

that the enhanced GABAergic inhibitory synaptic transmission is able to 

result in LTP impairment. vGAT-Cre::KRASG12V mice showed LTP deficit 

which is restored by picrotoxin treatment, demonstrating the increased 

inhibition-induced LTP impairment. 

Notably, KRASG12V resulted in neuronal death only in excitatory neurons, 

but not in inhibitory neurons, suggesting the another distinct role of KRAS 

in excitatory neurons. KRASG12V also induced histological malformation, 

such as an expanded hippocampal cell layer, which might be induce 

complex behavioral alterations. RAS-ERK signaling is widely known as 

anti-apoptotic regulator, but it also functions as pro-apoptotic regulator. For 

example, previous study has shown that nestin-specific KRASG12V 

expression induces cell death in neural progenitor cells, contributing to 

generation of brain edema in zebrafish (179). RAS-ERK signaling 

activation is thought to be able to bring out either cell death or cell survival 

depending on context and conditions, the detailed cellular mechanisms are 

remained unknown. Moreover, the mechanisms how KRASG12V resulted in 

cell death only in excitatory neurons, but not in inhibitory neurons remained 

to be investigated. Since RAS-ERK signaling is composed of distinct 

networks in excitatory and inhibitory neurons, I speculated that KRAS-ERK 

signaling is not linked to pro-apoptotic regulation in inhibitory neurons. 

Recent study reported the discovery of a pan-KRAS inhibitor that 
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inactivates common KRAS proteins without needing to be covalently 

anchored to a specific mutant amino acid (180). It would be worthwhile to 

investigate whether the defects due to KRASG12V are reversible. Taken 

together, gain of function mutation of KRAS in adult hippocampal neurons 

affects function and survival of inhibitory and excitatory neurons. These 

findings may provide advances of understanding in physiological roles of 

KRAS in adult neurons.  
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Chapter 3 
 

Aberrant BRAF signaling impairs learning 

and memory via reactive-like astrogliosis 
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Introduction 

 

Among RAS-ERK signaling genes, BRAF is a serine/threonine protein 

kinase which is a direct downstream effector of RAS of which mutations 

have been associated with cancers as well as multiple RASopathies (22, 27, 

41-43, 181). To date, 417 BRAF mutations have been identified in CFC 

syndrome (NSEuroNet database, https://nseuronet.com), a rare and severe 

form of RASopathy with a high prevalence of intellectual disabilities (50, 

59, 182). In a previous study, forebrain-specific Braf knockout mice showed 

impairment in spatial learning and hippocampal LTP without altering 

synaptic transmission or the paired-pulse facilitation ratio, suggesting the 

pivotal roles of Braf in learning and memory (151). As mentioned above, 

gain of function mutations of the BRAF gene are highly associated with 

CFC syndrome, and there are several mouse models harboring BRAF 

mutations were successfully recapitulated developmental malformations 

observed in CFC syndrome involving craniofacial, cardiac abnormalities, 

and growth delay (104, 152-154). Notably, heterozygous knockin mice 

expressing BrafQ241R showed learning deficits in contextual fear 

conditioning (152). However, as fewer animal models of CFC syndrome 

have been reported likely due to its lower prevalence (approximately 1 in 

810,000) compared to other RASopathy, molecular and cellular mechanism 

such as cell type specificity underlying cognitive deficits associated with 

BRAF mutations remains unknown.  

Recently, several studies have reported that the RASopathy-linked 

mutations are related with astroglial differentiation in model organisms (107, 

147, 163). For example, the mutant mice expressing either Mek1Y130C or 

Raf1L613V RASopathy-associated mutation showed increased glial number in 

the cortex and hippocampus (108). On the contrary, a recent study with 

induced pluripotent stem cells (iPSCs) harboring BRAFQ257R reported the 

decreased number of glial cells (147). Astrocytes are related to several key 

https://nseuronet.com/
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physiological processes in the central nervous system, and there are 

emerging evidences of astrocytic dysfunction in neurological disorders 

involving cognitive disabilities. However, how the RAS-ERK signaling is 

involved in regulatory system of astroglial properties and finally affects 

cognition was poorly understood. 

In this study, I investigated mechanisms for learning and memory deficits 

in CFC syndrome by generating and characterizing a series of cell type-

specific conditional knock-in mouse lines expressing a CFC syndrome-

associated constitutive active BrafK499E mutation (41). I found that the 

expression of BrafK499E in neural stem cells under control of Nestin-Cre 

resulted in severe hippocampal memory deficits in mice, whereas expressing 

the K499E mutant Braf either in excitatory or in inhibitory neurons does not. 

Notably, BrafK499E mutation resulted in aberrant reactive-like astrogliosis in 

hippocampus and cortex when the variant is expressed in neural stem cells. 

Moreover, expressing BrafK499E variant in adult astrocytes is sufficient to 

induce hippocampal learning and memory which accompanied by 

hypertrophy and hyperactive Ca2+ fluctuation of astrocytes. These defective 

phenotypes were restored by astrocyte-specific attenuation of RAS-ERK 

signaling activity. Furthermore, reducing RAS-ERK activity selectively in 

astrocyte was also able to recover the learning and memory deficits in 

Nestin;BrafK499E/+ mice, demonstrating that the increased RAS-ERK activity 

in astrocyte results in dysfunction of astrocytes, and subsequently causes 

learning and memory deficits in CFC syndrome. 
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Material and method 

 

1. Mice  

To construct the targeting vector for inducible BrafK499E knockin mice, the 

K499E (exon 11) mutation, marked by a unique BstBI site, was introduced 

by site-directed mutagenesis. A splice acceptor sequence, a Braf cDNA 

fragment encoding wild type exon 10-22, and a pGK-Neo gene were 

positioned between two loxP sites. BrafK499Efl/+ mice were crossed to 

αCaMKII-Cre mice (JAX 005359), vGAT-IRES-Cre (JAX 016962), Nestin-

Cre (JAX 003771) or GFAP-CreERT2 (JAX 12849) mice. Three to six-

month-old male and female mice were used. For AAV experiments, three to 

four-month-old male C57Bl/6N mice were used. All experiments used 

littermates as control group, and were carried out and analyzed with the 

experimenters blinded to genotype. Animals were group housed (two to five 

mice per cage) on a 12-hour light-dark cycle in vivarium at SNU. All studies 

were approved by the Animal Research Committee at SNU (SNU-220107-

2-1). 

 

2. Morris water maze (MWM) test 

MWM test was performed as described in Chapter 2. 

 

3. Object-place recognition (OPR) test 

OPR test was performed as described in Chapter 2. 

 

4. Open field test 

Open field test was performed as described in Chapter 2. 

 

5. Three-chamber social test  

Mice were habituated to the three-chamber apparatus for 15 minutes for 2 

consecutive days. When the habituations were completed, the mice were 
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released to the center chamber of apparatus which containing a wired cup 

with stranger mouse and an empty cup. For each set of experiment, the 

location of two cups was counterbalanced. The movement of mice was 

tracked for tracking software (EthoVision; Nodulus).  

 

6. Tissue preparation and immunohistochemistry  

Mice were fully anesthetized and transcardially perfused with cold 4% 

paraformaldehyde and PBS. Then brains were dissected, post-fixed with 4% 

PFA overnight, dehydrated with 30% sucrose for following 2 days, and 

sectioned on a cryotome. Tissue sections (20 μm thick) were collected in 

cryoprotectant solution (50% 0.1 M sodium phosphate buffer, 25% ethylene 

glycol, and 25% glycerol), and incubated in a blocking solution consisting 

of Normal goat serum (or donkey serum) and Triton X-100 in PBS. Sections 

were then incubated with primary antibody [anti-GFAP rabbit IgG (Abcam, 

ab7260); anti-GFAP mouse IgG (Cell signaling, #3670); anti-NeuN mouse 

IgG (Millipore, MAB377); anti-S100β rabbit IgG (Abcam, ab52642); anti-

Iba1 rabbit IgG (WAKO); anti-Ki67 rabbit IgG (Invitrogen, MA5-14520); 

anti-PV mouse IgG (Millipore, MAB1572); anti-SOM rat IgG (Millipore, 

MAB354)] were `in blocking solution and incubated with tissue sections at 

4 °C for 24 hours to 48 hours followed by incubation in secondary 

antibodies for 2 to 4 hours at room temperature. Images were acquired on 

the FV-3000 confocal microscope (Olympus, Japan) with FV31S software.  

 

7. Sholl analysis  

Sholl analysis was performed on serially stacked confocal images as 

previously described (183). Images of hippocampal sections immunostained 

with GFAP antibody were used for Sholl analysis. The Sholl analysis plugin 

was applied in ImageJ (NIH). The serial concentric circles were 

automatically drawn at 1 μm intervals from the center of the soma to the end 

of the most distant process in each single astrocyte. Number of intersections 
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and sum of process intersections were analyzed.  

 

8. Western blotting  

Cortices and hippocampi were dissected and lysed in protein lysis buffer (10 

mM Tris-HCl, 1.6% SDS) containing phosphatase inhibitor cocktails and 

protease (Sigma). Supernatants were collected and protein concentration 

was measured using a BCA assay kit (Thermo). Equal amounts of proteins 

(5 - 10 ug) were loaded on a SDS-PAGE gel, and transferred to 

nitrocellulose membranes. After blocking with 5% skim milk in TBST 

solution (Tris-buffer saline containing 0.1% Tween-20) for 40 minutes at 

room temperature. Then membranes were hybridized with each primary 

antibody [anti-GRIA1 mouse IgG (Millipore, MAB2263); anti-GRIA2 

mouse IgG (Millipore, MAB397); anti-GRIN1 rabbit IgG (Millipore, 

AB9864); anti-GRIN2A rabbit IgG (Millipore, 04-901); anti-GRIN2B rabbit 

IgG (Millipore, AB1557P); anti-gephyrin mouse IgG (Synaptic Systems, 

147 111); anti-vGAT mouse IgG (Synaptic Systems, 131 011); anti-synapsin 

rabbit IgG (Abcam, ab64581); anti-vGLUT1 rabbit IgG (Synaptic Systems, 

135 302); anti-PSD95 mouse IgG (Abcam, ab2723); anti-p-ERK1/2 rabbit 

IgG (Cell signaling, 9101); anti-ERK rabbit IgG (Cell signaling, 9102)] in 

5% skim milk overnight at 4 °C. After washing with TBST, membranes 

were incubated with a secondary antibody in 5% skim milk for 1 hour at 

room temperature. Signals were visualized by ECL solution (Thermo). 

 

9. Tamoxifen administration  

Stock solution of tamoxifen (Sigma-Aldrich) was made at concentration of 

20 mg/ml in sunflower seed oil (Sigma-Aldrich). Dose of 100 mg/kg 

tamoxifen was administered into control or double transgenic mice (male 

and female) by intraperitoneal (i.p.) injection per day for consecutive 5 days.  
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10. Stereotaxic viral injection  

Virus was generated from the Institute for Basic science virus facility (IBS 

virus facility). Mice were anesthetized with ketamine solution and mounted 

on a stereotaxic frame. The hippocampal CA1 region was targeted using the 

following coordinates: anterior-posterior (AP): -1.8 mm, medial-lateral 

(ML): ±1.0 mm, dorsal-ventral (DV): -1.7 mm/AP: -2.5 mm, ML: ±2.0 mm, 

DV: -1.8 mm. AAV was injected into each point. All mice were allowed to 

recover for a minimum of 3 weeks before further use in experiments.  
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Results 

 

3. 1 BrafK499E expression in either excitatory neurons or inhibitory 

neurons does not impair learning and memory 

To investigate the mechanism for severe intellectual disability in Braf-

associated neurodevelopmental disorders, we generated an inducible knock-

in mice harboring Braf K499E allele in which the expression of the K499E 

variant is under the control of Cre-dependent recombination (Figure 8). 

Previous studies have shown that BRAF is highly expressed in neurons 

(122). Deleting BRAF in forebrain excitatory neurons impairs hippocampal 

learning and memory, suggesting that BRAF may play critical roles in 

excitatory neurons (151). However, a recent study showed that BRAF 

expression is relatively higher in inhibitory neurons than in excitatory 

neuron in the hippocampus (122). To examine which neuron type is 

responsible for the learning impairments associated with the BRAF 

mutation, I crossed the floxed BRAF K499E mice with Cre lines expressing 

the Cre recombinase under the control of alpha Ca2+/calmodulin-dependent 

kinase II (αCaMKII) or vesicular GABA transporter (vGAT) promoter, 

allowing excitatory neuron or inhibitory neuron-specific expression of 

BRAF K499E, respectively (Figure 9A).  

Majority of CFC syndrome patients show learning disability, and especially, 

individuals harboring Braf K499E (KE) mutations show severe difficulty in 

education and academic performance (50). To examine the impact of Braf 

KE expression restricted to excitatory or inhibitory neurons on 

hippocampus-dependent learning and memory, I subjected 

αCaMKII;BrafKE/+ and vGAT;BrafKE/+ mice to the hidden platform version 

of the Morris water maze (Figure 9B)(184). During the training sessions, 

αCaMKII;BrafKE/+ and vGAT;BrafKE/+ mice showed a comparable latency to 

find the hidden platform compared to control groups (Figure 9, C and I). In 

probe trials wherein the platform is removed, contrary to our expectation, 
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αCaMKII;BrafKE/+ and vGAT;BrafKE/+ performed equivalently to control 

mice (Figure 9, D-F and J-L), with comparable swimming speed (Figure 10, 

D-F and J-L). Next, the mice were subjected to the object-place recognition 

(OPR) test, which is another hippocampal-dependent learning and memory 

task (Figure 9G). 24 hours after training, both αCaMKII;BrafKE/+ and 

vGAT;BrafKE/+ mice showed preference toward the relocated object and did 

not show significant difference from the littermates, demonstrating that 

spatial recognition memory is intact in both mutant mice (Figure 9, H and 

M). These data suggest that BRAF K499E expression either in αCaMKII+ 

excitatory or in vGAT+ inhibitory hippocampal neuron is not critically 

involved in the learning and memory deficits associated with CFC 

syndrome. 

In addition to intellectual disability, RASopathy individuals with BRAF 

mutations often display a large range of behavioral disability such as 

locomotor impairments, increased anxiety and decreased sociability (58, 

185). Therefore, we first characterized those neurobehavioral characteristics 

in each conditional knock-in mice line. Neither αCaMKII;BrafKE/+ nor 

vGAT;BrafKE/+ mutant mice displayed a significant difference compared to 

their littermate control mice in total distance moved or time spent in the 

center zone of a novel square arena, indicating normal voluntary locomotive 

activity and anxiety-like behavior (Figure 10, A and B, G and H). As recent 

clinical investigations reported a high prevalence of autism spectrum 

disorders among RASopathy patients (185), I evaluated innate sociability of 

mutant mice. Both αCaMKII;BrafKE/+ and vGAT;BrafKE/+ showed normal 

sociability by presenting strong preference for social target (Figure 10, C 

and I). 
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Figure 8. Targeting strategy for generating inducible BrafK499E knockin 

mice. Structures of the Braf locus, targeting vector, mutant allele and 

location of probes for Southern blotting are shown. Erica Tiberia generated 

BrafK499E floxed mice (New York University). 
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Figure 9. BrafK499E in excitatory neurons or inhibitory neurons does not 

cause learning deficits. (A) Schematic diagram of breeding strategy. (B) 

Schematic illustration of Morris water maze. (C) Learning curve showing 

that the latencies to find the hidden platform during the Morris water maze 

(MWM) training trials was comparable between control and 

αCaMKII;BrafKE/+ (n = 7, 6). (D) Representative swimming trajectory of 

WT and αCaMKII;BrafKE/+ mice in the probe trial of MWM. Platform 

position during the training trials is indicated by the red-colored circle. (E) 

Quadrant occupancy analysis for the probe test. Both genotype spent more 

time in target quadrant than three other quadrants (n = 7, 6; F3, 24 = 5.037, 

**p = 0.0076, F3, 20 = 14.58, ****p < 0.0001 by one-way ANOVA). (F) 

Proximity to target platform occupied by both group (n = 7, 6) was similar 

(p = 0.2656 by unpaired t test). (G) Schematic illustration of object-place 

recognition test. (H) Time exploring the relocated (new) object in OPR test 

was similar between genotypes (n = 12, 13; ***p = 0.0002, ***p = 0.0006 

by unpaired t test, respectively, compared to a hypothetical 50%). (I) 
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Learning curve showing that the latencies to find the hidden platform during 

the MWM training trials was comparable between control and 

vGAT;BrafKE/+ (n = 15, 5). (J) Representative swimming trajectory of WT 

and vGAT;BrafKE/+ mice in the probe trial of MWM. (K) Quadrant 

occupancy analysis for the probe test (n = 15, 5; F3, 56 = 14.75, ****p < 

0.0001, F3, 16 = 6.306, **p = 0.0050 by one-way ANOVA). (L) Proximity to 

target platform occupied by both group (n = 15, 5) was similar (p = 0.9273 

by unpaired t test). (M) Both genotype (n = 5, 5) spent longer time to 

explore the novel object than the old object (*p = 0.0118, p = 0.0616 by 

unpaired t test, respectively, compared to a hypothetical 50%). T, target 

quadrant; R, right quadrant; L, left quadrant; O, opposite quadrant. Data are 

expressed as the mean ± SEM. 
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Figure 10. BrafK499E in excitatory neurons or inhibitory neurons does 

not have significant effect on behaviors. (A) Control mice (n = 13) and 

αCaMKII;BrafKE/+ mice (n = 10) showed comparable length of total distance 

traveled during open field test (p = 0.6807 by unpaired t test). (B) Both 

groups preferred to stay in the periphery zone of open field arena. (C) Both 

genotypes spent longer time to explore the social target in social interaction 

test (n = 4, 5; ***p = 0.0003, **p = 0.0019 by unpaired t test, respectively, 

compared to a hypothetical 50%, equal preference for social target and 

empty cup). (D) In probe test of Morris water maze, both genotypes had 

comparable swimming speeds (n = 7, 6; p = 0.1479 by unpaired t test). (E) 

Number of target zone entries in the probe trial was comparable between 

both groups (p = 0.2388 by unpaired t test). (F) Number of crossing were 

similar in both groups (p = 0.9052 by unpaired t test). (G) Braf+/+ (n = 5) 

and vGAT;BrafKE/+ (n = 5) showed comparable distance traveled during 

open field test (p = 0.2681 by unpaired t test, p = 0.2625 by unpaired t test). 

(H) Both groups preferred to stay in the periphery zone of open field arena. 

(I) Three chamber social interaction test. Both genotypes (n = 5, 5) spent 

longer time to explore the social target than the empty cup (**p = 0.0020, 

****p < 0.0001 by unpaired t test, respectively, compared to a hypothetical 
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50% equal preference for social target and empty cup). (J) Control group (n 

= 15) and vGAT;BrafKE/+ (n = 5) showed similar swim speeds in probe test 

(p = 0.1834 by unpaired t test). (K) Number of target zone entries in the 

probe trial was comparable between both group (p = 0.7749 by unpaired t 

test). (L) Number of crossing were similar in both groups (p = 0.4026 by 

unpaired t test). Data are expressed as the mean ± SEM. 
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3. 2 BRAF K499E expression in neural stem cell impairs learning and 

memory 

As BRAF K499E expression in αCaMKII+ excitatory neuron or vGAT+ 

inhibitory neuron did not impair hippocampus-dependent learning and 

memory, we hypothesized that other cell type, not neuronal subtypes, might 

be responsible for mutant BRAF-associated deficits in learning and memory. 

I generated mice expressing BRAF mutation in neural stem cells in brain by 

crossing Braf K499E floxed mice with Nestin-cre mice. Different from 

αCaMKII or vGAT, Nestin promoter allows early expression of the target 

gene which is initiated by the embryonic period in neural stem cells, which 

subsequently will be differentiated into both neurons and glia (186). 

Therefore, Nestin;BrafKE/+ might be ideal to model developmental 

neurological phenotypes reported in CFC syndromes such as brain 

malformation (56, 187). To investigate whether the Braf K499E affects 

gross morphology, brain volume and width are measured by sequential 

magnetic resonance (MR) imaging. Nestin;BrafKE/+ showed increased brain 

volume and width, whereas they showed decreased body weight compared 

to wild type (WT) littermates, which is parallel to relative macrocephaly 

found in patients with CFC syndrome (Figure 11, A to D) (188, 189). 

However, the volume of the hippocampus was comparable to that of WT 

(Figure 11, E and F). Western blot analysis revealed that the phosphorylated 

ERK1/2 (p-ERK1/2) expression was significantly increased in mutant 

hippocampus, showing the overactivation of RAS-ERK signaling in 

Nestin;BrafKE/+ mice (Figure 11G).  
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Figure 11. BrafK499E in neural stem cells results in enlarged brain 

volume and hyperactive RAS-ERK signaling activity. (A) Representative 

horizontal image of structural magnetic resonance imaging (MRI). (B, C) 

Brain volume and width were increased in Nestin;BrafKE/+ brain, (D) while 

body weight was decreased (n = 4, 4, *p = 0.0251, **p = 0.0025, *p = 

0.0185 by unpaired t test). (E) Representative coronal MRI image of 

hippocampus. (F) Hippocampal volume which is normalized to whole brain 

volume was unaltered in Nestin;BrafKE/+ (p = 0.5803 by unpaired t test). (G) 

Representative immunoblot image of hippocampal lysates. p-ERK1/2 

expression were increased in Nestin;BrafKE/+ lysates (n = 4, 4; ***p = 

0.0007 by unpaired t test). Data are expressed as the mean ± SEM. 
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Prior to assessing learning and memory, we evaluated general behavior of 

Nestin;BrafKE/+. In open field test, mutant mice showed normal basal 

locomotive activity and anxiety-like behavior (Figure 12, A and B). In 

addition, Nestin;BrafKE/+ mice showed intact sociability, indicating that 

BRAF KE in neural stem cells does not alter general behaviors (Figure 12C). 

I next asked if Nestin;BrafKE/+ mice are impaired in hippocampal learning 

and memory tasks (Figure 13, A and B). Interestingly, in contrast to 

excitatory or inhibitory neuron type-specific BRAF KE mutants, 

Nestin;BrafKE/+ mice show severe deficits in the Morris water maze task. 

Nestin;BrafKE/+ mice showed greater escape latencies during the training 

sessions (Figure 13C). Importantly, the mutant showed chance-level 

performances in the probe trial test, while WT littermates spent significantly 

longer time in target quadrant, demonstrating that the mutant mice failed to 

learn and recall the location of the platform position (Figure 12, D to F and 

figure 13, D to F). In addition, Nestin;BrafKE/+ mice also showed a 

significant deficit in the OPR task (Figure 13, G and H). These data strongly 

suggest that Nestin;BrafKE/+ mice recapitulate structural and intellectual 

deficits associated with CFC syndrome. I used this mutant to investigate the 

mechanism of learning and memory deficits in CFC syndrome. 
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Figure 12. BrafK499E in neural stem cells does not have significant effect 

on general behaviors. (A) Wild type mice (n = 11) and Nestin;BrafKE/+ 

mice (n = 10) showed comparable length of distance moved during open 

field test (p = 0.1454 by unpaired t test). (B) Both groups preferred to stay in 

the periphery zone of open field arena. (C) Both genotypes spent longer 

time to explore the social target in social interaction test (n = 5, 3; **p = 

0.0014, ***p = 0.0005 by unpaired t test, respectively, compared to a 

hypothetical 50%, equal preference for social target and empty cup). (D) 

Control group (n = 11) and Nestin;BrafKE/+ (n = 8) showed similar swim 

speeds in probe test (p = 0.3096 by unpaired t test). (E) Number of target 

zone entries of Nestin;BrafKE/+ was less than WT mice in the probe trial (*p 

= 0.0402 by unpaired t test). (F) Nestin;BrafKE/+ (n = 8) showed less number 

of crossing than Braf+/+ mice (*p = 0.0288 by unpaired t test). Data are 

expressed as the mean ± SEM. 
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Figure 13. BrafK499E in neural stem cells causes learning deficits. (A) 

Schematic diagram of breeding strategy. (B) Schematic illustration of 

Morris water maze. (C) Learning curve showing that the latencies to find the 

hidden platform during the MWM training trials of Nestin;BrafKE/+ was 

significantly longer than those of control (n = 10, 8; F1, 17 = 35.64, ****p < 

0.0001 by Two-way repeated measures ANOVA). (D) Representative 

swimming trajectory of WT and Nestin;BrafKE/+ mice in the probe trial of 

MWM. (E) Quadrant occupancy analysis for the probe test (n = 10, 8; F3, 36 

= 7.743, ***p = 0.0004, F3, 28 = 0.3142, p = 0.8149 by one-way ANOVA; *p 

= 0.0461 by unpaired t test). (F) Proximity to target platform occupied by 

Nestin;BrafKE/+ mice was longer than the Braf+/+ mice (n = 10, 8; **p = 

0.0014 by unpaired t test). (G) Schematic illustration of object-place 

recognition test. (H) Braf+/+ (n = 17) spent longer time to explore the 

relocated object, but Nestin;BrafKE/+ mice (n = 13) did not (***p = 0.0009, p 

= 0.7754 by unpaired t test, respectively, compared to a hypothetical 50%). 

T, target quadrant; R, right quadrant; L, left quadrant; O, opposite quadrant. 

Data are expressed as the mean ± SEM. 
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3. 3 BRAF K499E drives increased reactive-like astrogliosis in the 

hippocampus 

Individuals with RASopathy display developmental abnormalities in central 

nervous system including structural malformation, imbalance of neuron-

glial population, ectopia and atrophy that might contribute to 

neurobehavioral phenotypes (29, 34, 35, 44, 46, 190). To investigate the 

cellular mechanism of the learning and memory impairments in the 

Nestin;BrafKE/+ mice, we performed histological analyses. When I analyzed 

the numbers of NeuN+ neuron and areas of GFAP+ astrocyte in the 

hippocampus CA1 region, the relative area of GFAP+ astrocytes was 

significantly increased in Nestin;BrafKE/+ mice compared to littermate 

controls while the NeuN+ neuronal populations are unaltered (Figure 14, A 

to D). Recently, several studies have reported that the RASopathy-related 

genetic modifications in rodent model result in a selective loss of 

parvalbumin+ interneurons (191, 192). However, Nestin;BrafKE/+ mice 

showed an altered number of neither parvalbumin+ nor somatostatin+ 

interneurons in the hippocampus CA1 suggesting that the Braf mutation did 

not affect inhibitory neuronal development at least in the hippocampus 

(Figure 15). Reactive astrocytes are astrocytes that undergo morphological, 

molecular, and functional remodeling in response to external stimulus (193) 

and GFAP and S100β are the most widely used marker of reactive astrocytes 

(194, 195). Notably, the numbers of GFAP+ and S100β+ cells are both 

increased in the hippocampus of the mutants, suggesting reactive-like 

astrogliosis in mutant hippocampus (Figure 14, E to H). Next, I performed a 

detailed Sholl analysis to quantify morphological and structural changes in 

an individual GFAP+ astrocyte, and observed number and sum of intersects 

were significantly increased in Nestin;BrafKE/+ mice (Figure 14, I to K). One 

possibility to explain the observed abnormal increase in astrogliosis is a 

neuroinflammation or injury, which is frequently accompanied by microglial 

activation (196). To investigate this possibility, I immunolabled for the 
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activated microglial marker, Iba1. I found that the number and morphology 

of Iba1+ microglia in hippocampus CA1 region did not significantly differ 

from those of littermate controls, suggesting that the reactive-like astrocytes 

were not caused by local inflammatory responses (Figure 14, L to N). A 

similar increase in relative density and area of GFAP+ astrocyte with 

unchanged neuronal density was also found in the somatosensory cortex 

(Figure 16, A to D). Additionally, no change in relative density of Iba1+ 

microglia was detected in mutant cortex (Figure 16, E to G). Same as in the 

hippocampal lysates, p-ERK1/2 expression also was increased in cortical 

lysates, indicating BRAF K499E-mediated RAS-ERK signaling 

overactivation in the cortex (Figure 16H).  

It is known that changes in neurons are often involved in altering or 

maintaining the state of astrocytes (83, 197). To examine whether the 

neuronal expressions of the mutant BRAF also induce reactive-like 

astrogliosis, we analyzed the GFAP+ astrocytes in the hippocampi of 

αCaMKII;BrafKE/+ and vGAT;BrafKE/+ mutant mice. Both mutant mice did 

not exhibit alterations in the relative area of GFAP+ cells, indicating 

neuronal expression of Braf K499E does not affect astrocytic populations 

(Figure 17).  
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Figure 14. Nestin;BrafKE/+ mutant exhibit significant increase of GFAP 

expression in hippocampus. (A, B) Representative confocal images of 

GFAP (green) and NeuN (red) immunolabeling in adult hippocampus CA1. 

Scale bars, 50 μm. (C) Number of NeuN-positive cells was unchanged (n = 

35 images from 8 mice, 36 images from 7 mice; p = 0.1122 by unpaired t 

test). (D) Nestin;BrafKE/+ brain showed increased area of GFAP-expressing 

cells compared with Braf+/+ brain (n = 6 images from 3 mice, 6 images from 

3 mice; *p = 0.0187 by unpaired t test). (E, F) Representative confocal 

images of GFAP (green) and S100β (red) immunolabeling in adult 

hippocampus CA1. Scale bars, 50 μm. (G) Nestin;BrafKE/+ brain showed 

increased density of S100β-expressing cells compared with Braf+/+ brain (n 

= 20 images from 5 mice, 17 images from 5 mice; **p = 0.0084 by unpaired 

t test). (H) Nestin;BrafKE/+ brain showed increased density of GFAP-

expressing cells compared with Braf+/+ brain (n = 6 images from 3 mice, 6 

images from 3 mice; ***p < 0.0001 by unpaired t test). (I) Representative 
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image for Sholl analysis of an astrocyte in the stratum radiatum from the 

GFAP-stained image. (J) The number of process intersections and (K) the 

sum of process intersections of GFAP+ astrocytes were increased in the 

stratum radiatum of Nestin;BrafKE/+ mice (9 cells from 3 mice, 9 cells from 

3 mice; p = 0.0335 by unpaired t test). (L, M) Representative confocal 

images of Iba1 (white) immunolabeling in hippocampus CA1. Scale bars, 

50 μm; 10 μm. (N) Both genotypes showed comparable number of Iba1-

positive cells in CA1 (n = 19 images from 5 mice, 17 images from 5 mice; p 

= 0.2364 by unpaired t test). Data are expressed as the mean ± SEM. 
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Figure 15. Nestin;BrafKE/+ mice showed comparable number of PV-, and 

SOM-positive hippocampal inhibitory neuronal subtypes. (A, B) 

Representative confocal images of PV and SOM immunolabeling in the 

adult hippocampus CA1. Scale bars, 100 μm. (C) Nestin;BrafKE/+ mice did 

not displayed significantly altered number of PV-positive or (D) SOM-

positive cells in the CA1 (10 images from 3 mice, 13 images from 3 mice; p 

= 0.3284; p = 0.7701 by unpaired t test).  
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Figure 16. Nestin;BrafKE/+ mutant exhibit significant increase of GFAP 

expression in somatosensory cortex. (A, B) Representative confocal 

images of GFAP and NeuN immunolabeling in adult somatosensory (S1) 

cortex. Scale bars, 100 μm. (C) Number of NeuN-positive cells was 

unchanged (n = 24 images from 3 mice, 24 images from 3 mice; p = 0.0804 

by unpaired t test). (D) Nestin;BrafKE/+ brain showed increased area of 

GFAP-expressing cells compared with Braf+/+ brain (n = 8 images from 2 

mice, 7 images from 2 mice; ***p < 0.0001 by unpaired t test). (E, F) 

Representative confocal images of Iba1 immunolabeling in adult S1 cortex. 

Scale bars, 100 μm; 10 μm. (G) Both genotypes showed comparable number 

of Iba1-positive cells in S1 cortex (n = 20 images from 5 mice, 19 images 

from 5 mice; p = 0.5530 by unpaired t test). (H) Representative immunoblot 

image of cortical lysates. (I) p-ERK1/2 expression was increased in mutant 

lysates (n = 4, 4; ***p = 0.0005 by unpaired t test). Data are expressed as 

the mean ± SEM. 
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Figure 17. αCaMKII;BrafKE/+ and vGAT;BrafKE/+ mice do not exhibit 

increase of GFAP expression in hippocampus. (A, B) Representative 

confocal images of GFAP immunolabeling in adult αCaMKII;BrafKE/+ 

hippocampus CA1. Scale bars, 50 μm. (C) αCaMKII;BrafKE/+ brain showed 

unaltered number of GFAP-expressing cells compared with control brain (n 

= 4 images from 2 mice, 3 images from 2 mice; p = 0.1430 by unpaired t 

test). (D, E) Representative confocal images of GFAP immunolabeling in 

adult vGAT;BrafKE/+ hippocampus CA1. Scale bars, 50 μm. (F) 

vGAT;BrafKE/+ brain showed unaltered number of GFAP-expressing cells 

compared with control brain (n = 4 images from 2 mice, 4 images from 2 

mice; p = 0.1610 by unpaired t test). Data are expressed as the mean ± SEM. 
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To investigate the molecular basis of BRAF K499E-induced learning and 

memory deficits as well as astrogliosis, I performed transcriptomic analyses 

by using RNA sequencing. Comparison between Braf+/+ and Nestin;BrafKE/+ 

mice revealed the differential expression of 864 genes, including 422 up-

regulated and 442 down-regulated genes in the hippocampus. The results of 

the gene ontology analysis showed that upregulated differentially expressed 

genes (DEGs) were significantly enriched in 'nervous system development', 

'protein binding', and 'cell junction'. The downregulated DEGs were mainly 

enriched in 'regulation of localization', 'protein binding', and 'cell junction'. 

Notably, gene set enriched analysis (GSEA) revealed that the gene set of 

reactive astrocytes was significantly enriched in Nestin;BrafKE/+ mice 

compared to WT littermates (Figure 18B). In addition, hierarchical 

clustering heatmap for reactive astrocyte gene set showed the enriched 

expression of reactive astrocyte-associated genes in the hippocampus of 

Nestin;BrafKE/+, including significantly increased genes, H2-D1, Gfap, 

Aldoc, S100b, Sulf2, Vgf, and Gap43 (Figure 18, A and C).  
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Figure 18. Transcriptome analysis of Nestin;BrafKE/+ hippocampus 

exhibit increased expression of reactive astrocyte gene sets. (A) 

Hierarchical clustering plot for reactive astrocyte genes. (B) Enrichment plot 

of astrocyte gene sets. (C) Relative fold change of reactive astrocyte genes 

between Braf+/+ and Nestin;BrafKE/+ transcriptome (**p = 0.0020; ***p = 

0.0002; ***p = 0.0003; ***p = 0.0002; ****p < 0.0001; ****p < 0.0001; 

***p = 0.0009). Data are expressed as the mean ± SEM. Soowhee Kim 

analyzed the RNA-seq data (Korea University). 
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3. 4 BRAF-driven reactive-like astrogliosis is established during 

adolescent period  

Proliferation is one of the specific aspect of reactive astrogliosis (198). 

Severe form of reactive astrocytes has proliferating potential, while the mild 

or moderate reactive astrocytes show hypertrophy without proliferation 

(183). The increased number of GFAP+ astrocytes might be due to either 

increased proliferation or alterations in active status. We stained the slices 

for the proliferation marker Ki67 and found that adult Nestin;BrafKE/+ mice 

showed comparable numbers of Ki67+ cells in the hippocampus to those of 

WT littermates, suggesting that the mutant BRAF does not increase 

astrocyte proliferation (Figure 19). I then asked whether the reactive-like 

GFAP+ astrocytes are formed during early developmental stages or 

progressively increased during postnatal days. At postnatal day 20, the 

relative areas of GFAP+ cells in the mutant cortex and hippocampus were 

comparable compared to those in the WT littermates (Figure 20, A to F). 

Interestingly, at postnatal day 40, there was an increase in the relative 

density and area of GFAP+ astrocytes in the mutant cortex and hippocampus 

(Figure 20, G to L). In mice, astrogenesis is initiated around embryonic day 

18 and reaches the peak during postnatal day 0 and 5, followed by a gradual 

diminution until postnatal day 7 (199). Therefore, progressive increment of 

GFAP+ cells between postnatal day 20 and 40 in Nestin;BrafKE/+ mice is 

unlikely due to the aberrantly increased differentiation or proliferation of 

astrocytes during early development. 
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Figure 19. Increased number of GFAP-positive cells in Nestin;BrafKE/+ 

mice was not due to astrocyte proliferation in adult period. (A, B) 

Representative confocal images of Ki67 and GFAP immunolabeling in the 

adult hippocampus dentate gyrus. Scale bars, 100 μm. (C) Nestin;BrafKE/+ 

brain showed unaltered number of Ki67-expressing cells compared with 

control brain (19 images from 5 mice, 20 images from 5 mice; p = 0.1315 

by unpaired t test). (D, E) Representative confocal images of Ki67 and 

GFAP immunolabeling in the adult S1 cortex. Scale bars, 100 μm. Ki67-

immunolabeled cells in both genotypes did not overlapped with GFAP-

immunolabeled cells. Data are expressed as the mean ± SEM. 
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Figure 20. Nestin;BrafKE/+ mice do not exhibit increase of GFAP 

expression in early postnatal period in hippocampus. Nestin;BrafKE/+ 

mice do not exhibit increase of GFAP expression in early postnatal period in 

the hippocampus (A) Representative confocal images of GFAP 
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immunolabeling in Nestin;BrafKE/+ S1 cortex in postnatal day 20 (P20). 

Scale bars, 100 μm. (B) P20 Nestin;BrafKE/+ cortex showed unaltered area of 

GFAP-expressing cells compared with control brain (n = 9 images from 3 

mice, 9 images from 3 mice; p = 0.5415 by unpaired t test). (C) 

Representative confocal images of GFAP immunolabeling in hippocampus 

CA1 in P20. Scale bars, 10 μm. (D) P20 Nestin;BrafKE/+ hippocampus 

showed unaltered area of GFAP-expressing cells compared with control 

brain (n = 14 images from 3 mice, 13 images from 3 mice; p = 0.6648 by 

unpaired t test). (E) Representative confocal images of GFAP 

immunolabeling in Nestin;BrafKE/+ S1 cortex in postnatal day 40 (P40). 

Scale bars, 100 μm.  (F) P40 Nestin;BrafKE/+ brain showed increased area 

of GFAP-expressing cells in S1 cortex compared with Braf+/+ brain (n = 13 

images from 4 mice, 13 images from 4 mice; ****p < 0.0001 by unpaired t 

test). (G) Representative confocal images of GFAP immunolabeling in 

Nestin;BrafKE/+ hippocampus CA1 in P40. Scale bars, 10 μm. (H) P40 

Nestin;BrafKE/+ brain showed increased area of GFAP-expressing cells 

compared with P40 Braf+/+ brain (n = 24 images from 4 mice, 22 images 

from 4 mice; **p = 0.0091 by unpaired t test). Data are expressed as the 

mean ± SEM.  
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3. 5 BRAF K499E in neural stem cell does not affect synaptic properties 

To explore biochemical mechanisms that may underlie the cognitive 

impairment, we assessed expression levels of pre- and postsynaptic proteins 

from WT and Nestin;BrafKE/+ hippocampus. Western blotting of whole cell 

lysates of hippocampus revealed no change in overall expression of synaptic 

proteins, GRIN1, GRIN2A, GRIN2B, GRIA1, GRIA2, synapsin, vGLUT1, 

PSD95, gephyrin, and vGAT in Nestin;BrafKE/+ (Figure 21B). Next, I 

measured the enrichment of these proteins in LP1 crude synaptosomal 

membrane fractions. I did not find any significant change in level of 

synaptic proteins except GRIN1, a NMDA receptor subunit (Figure 21A). 



 ９４ 

 

Figure 21. BrafKE in neural stem cells does not result in significant 

alterations in hippocampal synaptic protein expression. (A) 

Representative Western blot of synaptosomal membrane fraction in Braf+/+ 

and Nestin;BrafKE/+ hippocampus, and summary of results (n = 7, 7). (B) 

Representative Western blot of total homogenate in Braf+/+ and 

Nestin;BrafKE/+ hippocampus, and summary of results (n = 7, 7). Each 

histogram shows mean ± SEM of protein levels which are normalized to 

actin expression. Data are expressed as the mean ± SEM. 
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3. 6 Braf-mediated RAS-ERK signaling dysregulation in adult 

astrocytes leads to learning deficits 

Taking these observations into account, we hypothesized the astrocyte-

specific responsibility of Braf in learning and memory. To evaluate the role 

of astrocytes in the pathophysiology of Braf-associated-learning deficits, I 

injected adeno-associated viral (AAV) vector expressing Braf KE under the 

control of astrocyte-specific GFAP promoter into the dorsal hippocampus of 

adult C57BL/6 mice (Figure 22A). At least 3 weeks were allowed for 

recovery between stereotaxic viral injection and behavioral test. First, I 

compared the performance of GFAP-BRAF KE-injected mice and control 

mice in the MWM task to test the effect of BRAF KE expression in 

astrocytes on hippocampal-dependent spatial learning and memory. GFAP-

KE-injected mice took longer to reach the platform during the training 

session for hidden platform version of MWM compared to control mice 

(Figure 22B). When spatial memory was assessed after 3 days of training 

(probe test), GFAP-BRAF KE-injected mice did not prefered target quadrant 

than other three quadrants, while the control mice significantly prefered 

target quadrant (Figure 22, C and D). Moreover, GFAP-BRAF KE-injected 

mice searched farther from the target and less frequently visited the target 

quadrant than control mice, indicating that expressing BRAF KE in GFAP+ 

astrocytes in the adult hippocampus is sufficient to produce spatial learning 

impairment (Figure 22, E and F). 
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Figure 22. Adult astrocyte-specific BRAFKE expression results in 

hippocampal-dependent learning deficit. (A) Schematic diagram of 

experiment. AAV5-GFAP-GFP or AAV5-GFAP-HA-BRAF KE virus were 

injected into hippocampus CA1. (B) Learning curve showing that the 

latencies to find the hidden platform during the MWM training trials of 

BRAF KE-injected mice was significantly longer than those of control (n = 

11, 9; F1, 18 = 4.643, *p = 0.0450 by Two-way repeated measures ANOVA). 

(C) Representative swimming trajectory of GFP- or BRAF KE-injected 

mice during MWM probe test. (D) Quadrant occupancy analysis for the 

probe test. (n = 11, 9; F3, 40 = 0.5299, ***p = 0.0003 by one-way ANOVA). 

(E) Proximity to target platform occupied by BRAF KE-injected mice was 

longer than the GFP-injected mice (n = 11, 9; **p = 0.0014 by unpaired t 

test). (F) Number of target zone entries in the probe trial was decreased in 

BRAF KE-injected mice compared to GFP mice (n = 11, 9; **p = 0.0051 by 

unpaired t test). T, target quadrant; R, right quadrant; L, left quadrant; O, 

opposite quadrant. Data are expressed as the mean ± SEM. 
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To test the hypothesis that the spatial learning impairment caused by BRAF 

KE mutation is related to reactive-like astrogliosis, we immunolabeled 

GFAP protein on hippocampal slices. Notably, area of GFAP+ astrocytes 

was significantly increased in BRAF KE-injected hippocampus (Figure 23, 

A and B), and I also found significant effect of BRAF KE on astrocytic 

complexity in Sholl anslysis which is presented by increase of intersects 

number (Figure 23, C to E). Moreover, the probability of detecting p-

ERK1/2 was higher in BRAF-KE-expressing astrocytes than control 

astrocytes (Figure 23A). These results suggest that the BRAF KE expression 

in hippocampal astrocyte induces increase of RAS-ERK signaling activity 

and drives astrocytes to reactive-like state.  

Last, immunoblot analyses showed expression of hemagglutinin (HA)-

tagged BRAF KE in the hippocampus of mice injected with BRAF KE. p-

ERK1/2 protein level was significantly increased in the hippocampus of 

BRAF KE-injected mice compared to controls, suggesting the BRAF KE-

induced overactivation of RAS-ERK signaling pathway (Figure 23, F and 

G). Consistent with the results of histological immunolabeling, GFAP 

protein level was also increased in BRAF KE-injected hippocampus (Figure 

23, F and H). Therefore, these results suggest that the astrocyte-specific 

BRAF KE expressing mice also showed overactivated RAS-ERK signaling-

mediated reactive-like astrogliosis and hippocampal-dependent learning 

impairment, as did the Nestin;BrafKE/+ mutants. 
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Figure 23. Adult astrocyte-specific BRAFKE expression results in 

reactive-like astrogliosis in hippocampus. (A) Representative IHC images 

from GFAP-GFP-injected mice and GFAP-HA-BRAF KE-injected mice. 

Slices were immunostained for HA (green), GFAP (magenta) and p-ERK1/2 

(red). Arrows indicate double labeling of GFAP and p-ERK1/2. (B) GFAP-

BRAF KE brain showed increased area of GFAP-expressing cells compared 

with GFAP-GFP brain (n = 8 images from 3 mice, 7 images from 3 mice; 

****p < 0.0001 by unpaired t test). (C) Representative image for Sholl 

analysis of an astrocyte in the stratum radiatum from the GFAP-stained 

image. (D) The number of process intersections and (E) the sum of process 

intersections of GFAP+ astrocytes were increased in the stratum radiatum of 

GFAP-BRAF KE injected brain (16 cells from 3 mice, 14 cells from 3 mice; 
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****p < 0.0001 by repeated measures two-way ANOVA; ****p < 0.0001 by 

unpaired t test). (F) Representative immunoblot image of hippocampal 

lysates. (G) p-ERK1/2 expression normalized to total ERK1/2 expression 

was increased in BRAF KE hippocampal lysates (n = 7, 7; ****p < 0.0001 

by unpaired t test). (H) GFAP expression normalized to GAPDH expression 

was increased in BRAF KE hippocampal lysates (n = 7, 7; ****p < 0.0001 

by unpaired t test). Data are expressed as the mean ± SEM. 
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Previous study has shown that the high titer transduction of astrocytes with 

AAV induces reactive astrocytosis (200). Therefore, we took advantage of 

targeted Braf muation which is expressed under the condition of tamoxifen-

induced CreERT2 and LoxP sites to avoid the confound effect of stereotaxic 

viral injection on reactive astrogliosis. I intraperitoneally injected 100 

mg/kg of tamoxifen into GFAP;BrafKE/+ mice and littermate controls 

(GFAP-CreERT2) for 5 consecutive days to specifically express BrafK499E in 

adult astrocytes (Figure 24A). To determine whether the adult astrocyte-

specific BrafK499E affects behavior, I investigated basal locomotive activity 

of mice as well as learning and memory. In open field test, both genotype of 

mice displayed normal locomotive activity by presenting comparable level 

of average velocity and total distance moved (data not shown). As 

endogenous GFAP expression is prominent in adult hippocampal astrocyte 

rather than cortical astrocyte, I tested hippocampal learning of 

GFAP;BrafKE/+ mice. In MWM, mutant mice showed decreased cumulative 

occupancy in the quadrant where the platform was located without change 

in swimming speed (Figure 24, B to D). These results demonstrate that the 

adult astrocyte-specific BrafK499E impairs hippocampal-dependent memory 

of mice. Next, to examine whether the Braf KE in astrocytes autonomously 

affects astrocyte itself and induces hypertrophy, I measured GFAP 

expression. GFAP;BrafKE/+ mice exhibited increased area of GFAP+ cells in 

hippocampus CA1 after 8 weeks of tamoxifen injection (Figure 24, E to G). 

The detailed Sholl analysis of individual GFAP+ astrocytes showed that the 

number and sum of intersects were significantly increased in GFAP;BrafKE/+ 

mice (Figure 24, I to K). Furthermore, p-ERK1/2 expression was 

significantly enhanced in GFAP;BrafKE/+ hippocampal lysates compared to 

those of control group (Figure 24H). Therefore, these results suggest that the 

BrafK499E expression in astrocytes is sufficient to lead spatial learning 

impairment which is accompanied by reactive-like astrogliosis as already 

confirmed in viral vector-injected mice study (Figure 22, 23). Consequently, 
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two types of astrocyte-specific manipulations provided compelling 

evidences that the Braf-mediated functional alteration of astrocyte is 

critically involved in the learning impairment associated to RASopathy.  
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Figure 24. Adult astrocyte-specific BrafKE induces reactive astrocytes 

and hippocampal-dependent learning deficit. (A) Schematic diagram of 

experiment. Tamoxifen (100 mg/kg, i.p.) was administered once each day 

for 5 consecutive days to induce Braf K499E expression in adult astrocytes 

of GFAP-CreERT2 and GFAP;BrafKE/+ mice. (B) Learning curve showing 
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that the latency to find the hidden platform during the MWM training trials 

was comparable between control and GFAP;BrafKE/+ (n = 9, 7). (C) 

Representative swimming trajectory of WT and αCaMKII;BrafKE/+ mice in 

the probe trial of MWM. Platform position during the training trials is 

indicated by the red-colored circle. (D) Quadrant occupancy analysis for the 

probe test (n = 9, 7; F3, 32 = 8.836, ***p = 0.0002, F3, 24 = 1.575, p = 0.2213 

by one-way ANOVA). (E, F) Representative confocal images of GFAP 

(green) immunolabeling in adult hippocampus CA1. Scale bars, 50 μm. (G) 

GFAP;BrafKE/+ brain showed increased area of GFAP-expressing cells 

compared with control brain (n = 13 images from 3 mice, 12 images from 3 

mice; ***p = 0.0002 by unpaired t test). (H) Representative image for Sholl 

analysis of an astrocyte in the stratum radiatum from the GFAP-stained 

image. (I) The number of process intersections and (J) the sum of process 

intersections of GFAP+ astrocytes were increased in the stratum radiatum of 

GFAP;BrafKE/+ mice (10 cells from 3 mice, 12 cells from 3 mice; ****p < 

0.0001 by two-way ANOVA; p = 0.0553 by unpaired t test). (K) 

Representative immunoblot image of hippocampal lysates. p-ERK1/2 

expression were increased in GFAP;BrafKE/+ hippocampal lysates (n = 4, 4; 

*p = 0.0131 by unpaired t test). Data are expressed as the mean ± SEM. 
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3. 7 BRAF KE-expressing astrocyte showed hyperactive calcium 

fluctuation which is normalized by attenuation of RAS-ERK signaling 

activity 

Unlike neurons, astrocytes do not generate action potentials, but they exhibit 

spontaneous and evoked intracellular Ca2+ concentration increases, which 

indicate a form of astrocyte excitability (201). Astrocytic Ca2+ signaling is 

reported to have a direct impact on neural circuit modulation by mediating 

gliotransmitter release, synaptic plasticity and integrity (202, 203). 

Therefore, it is no wonder that the aberrant regulation of Ca2+ homeostasis 

in astrocytes is implicated in pathophysiology. For instance, it is known that 

the reactive astrocytes which are induced by inflammatory response produce 

abnormally increased spontaneous calcium oscillations such as in the case 

of AD (204-206). However, there is a large variation in Ca2+ dynamics of 

astrocytes in diverse pathological models, indicating various underlying 

mechanisms for abnormal Ca2+ signalings that are dependent on the 

conditions. Moreover, it remains largely unknown how the astrocyte Ca2+ 

signaling is regulated under noninflammatory condition and whether RAS-

ERK signaling is implicated in astrocytic Ca2+ signaling and functional 

impact.  

Therefore, I set out to test the presumption that Ca2+ fluctuations are 

altered in BRAF KE-expressing astrocytes. I used AAV5 and the minimal 

astrocyte-specific gfaABC1D promoter to express fast genetically encoded 

cytosolic Ca2+ indicators, GCaMP6f in astrocytes located in the dorsal CA1 

region of the AAV-GFAP-BRAF KE-injected adult mice (Figure 25A). To 

analyze Ca2+ fluctuation, I harvested hippocampal slices 3 weeks after in 

vivo virus microinjections, and imaged fluorescence fluctuations with 

microscopy from mCherry control and BRAF KE-injected mice. GCaMP6f 

imaging revealed a significantly increased Ca2+ fluctuation peak frequency 

in each region of interest (ROIs) of BRAF KE-expressing astrocytes (Figure 

25, B and C). Thus, this result indicates that the BRAF KE expression lead 



 １０５ 

to aberrantly hyperactive Ca2+ signaling in hippocampal astrocytes.  
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Figure 25. BRAF K499E induces increase of calcium fluctuation in 

hippocampal astrocytes. (A) Schematic illustrating of the experimental 

approach. GFAP-mCherry or GFAP-HA-BRAF KE, and gfaABC1D-

GCaMP6f virus were injected into hippocampus CA1. (B) Representative 

traces showing the enhancement in fluorescence of GFAP-BRAF KE-

expressing astrocytes. Scale bars, 2 dF/F and 1 minute. (C) The average 

number of peaks per ROI was significantly increased in GFAP-BRAF KE-

injected mice compared to GFAP-mCherry-injected mice (n = 10 images 

from 5 mice, 12 images from 5 mice; ****p < 0.0001 by unpaired t test). 

Data are expressed as the mean ± SEM. 
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Next, we investigated whether the hyperactive Ca2+ signaling in BRAF KE 

astrocyte is dependent on RAS-ERK signaling activity. To this end, 

dominant negative mutation K97M of mitogen-activated protein kinase 

kinase 1 (MEK1), the downstream effector of RAF as well as the oligate 

upstream activator of ERK, was used. First of all, I transfected human 

embryonic kidney (HEK) 293T cells with BRAF KE and dominant negative 

MEK1 (dnMEK1) and measured p-ERK1/2 expression in cell lysates to test 

whether the dnMEK1 sufficiently alleviates BRAF KE-induced 

overactivation of RAS-ERK signaling (Figure 26A). Notably, p-ERK1/2 

expression of HEK 293T cells cotransfected with BRAF KE and dnMEK1 

was significantly lower than in those transfected with BRAF KE only, 

presenting comparable level with those of BRAF WT-transfected cells 

(Figure 26B). These results confirmed that the coexpressed dnMEK1 is 

sufficient to reduce BRAF KE-induced overactivation of RAS-ERK 

signaling activity.  
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Figure 26. The effect of MEK1 K97M on the BRAF K499E-induced 

RAS-ERK signaling overactivation. (A) The schematic diagram of 

experiment. HEK293T cells were transfected with CMV-BRAF WT, CMV-

BRAF KE, or CMV-BRAF KE with CMV-MEK1 K97M. (B) 

Representative Western blot for assessing the RAS-ERK signaling activity 

in HEK293T cells for p-ERK1/2, total ERK1/2 and actin in cell lysates from 

the transfected HEK293T cells described in (A). p-ERK1/2 expression was 

increased in BRAF K499E-transfected cell lysates. Cotransfection of MEK1 

K97M with BRAF K499E restored BRAF K499E-induced p-ERK1/2 

increase. NT, not transfected; 
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To verify whether dnMEK1 restores BRAF KE-induced RAS-ERK 

signaling overactivation and aberrantly hyperactive Ca2+ fluctuation in vivo, 

we microinjected AAVs containing astrocyte-specific BRAF WT or BRAF 

KE, with astrocyte-specific dnMEK1 and GCaMP6f in to dorsal CA1 of 

adult C57BL6 mice (Figure 27A). First, immunoblot analyses showed 

significantly increased p-ERK1/2 and GFAP protein level in BRAF KE-

expressing hippocampi compared to BRAF WT-expressing hippocampi 

(Figure 27, B to D). Notably, coexpression of dnMek1 with BRAF KE was 

able to almost completely restore both increased p-ERK1/2 and GFAP 

expression to similar level of BRAF WT-expressing hippocampi (Figure 27, 

B to D). Coexpressing dnMEK1 with BRAF WT in astrocytes did not have 

noticeable effect. Next, I harvested hippocampal slices 3 weeks after in vivo 

microinjection of virus, and imaged Ca2+ fluctuations in four groups of mice 

via two-photon (2P) confocal microscopy (Figure 27E). 2P imaging 

revealed that the coexpression of dnMEK1 restore an increased Ca2+ 

fluctuation peak frequency in each region of interest (ROIs) of BRAF KE-

expressing astrocytes with no impact on BRAF WT-exressing astrocytes 

(Figure 27, F and G). These observations indicate that the overactivation of 

astrocytic RAS-ERK signaling is sufficient to elevate astrocyte Ca2+ 

fluctuation without the involvement of exogenous stimuli.  
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Figure 27. BRAF K499E-induced hyperactive calcium fluctuation in 

hippocampal astrocytes is depend on the RAS-ERK signaling activity. 

(A) Schematic illustrating of the experimental approach. GFAP-HA-BRAF 

WT or GFAP-HA-BRAF KE, GFAP-HA-dnMEK1 and gfaABC1D-

GCaMP6f virus were injected into hippocampus CA1. (B) Representative 

Western blot in hippocampal lysates for p-ERK1/2, total ERK1/2, GFAP and 

GAPDH. (C) p-ERK1/2 expression which is normalized to total ERK1/2 

expression was significantly increased in BRAF KE-injected hippocampi 

compared to BRAF WT-injected hippocampi (n = 7, 9; ****p < 0.0001 by 

unpaired t test). Coinjection of GFAP-dnMEK1 virus with GFAP-BRAF KE 

virus attenuated the BRAF KE-induced p-ERK1/2 increase (n = 9, 8; **p = 

0.0035 by unpaired t test). (D) GFAP expression which is normalized to 

GAPDH expression was significantly increased in BRAF KE-injected 

hippocampi compared to BRAF WT-injected hippocampi (n = 7, 9; ****p < 

0.0001 by unpaired t test). Coinjection of GFAP-dnMEK1 virus with GFAP-

BRAF KE virus attenuated the BRAF KE-induced GFAP increase (n = 9, 8; 

****p < 0.0001 by unpaired t test). (E) Representative images of Ca2+ 

fluctuations measured in hippocampal astrocytes from GFAP-BRAF WT or 

GFAP-BRAF KE virus-injected mice. (F) Representative traces showing the 
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enhancement in fluorescence of GFAP-BRAF KE-expressing astrocytes 

which is attenuated by coinjection of GFAP-dnMEK1 virus. Scale bars, 

dF/F and 1 minute. (G) The average number of peaks per ROI was 

significantly increased in GFAP-BRAF KE-injected mice compared to 

GFAP-BRAF WT-injected mice (n = 16 images from 4 mice, 21 images 

from 5 mice; ****p < 0.0001 by unpaired t test). Coinjection of GFAP-

dnMEK1 with GFAP-BRAF KE attenuated BRAF KE-induced 

enhancement of Ca2+ fluctuation (n = 21 images from 5 mice, 14 images 

from 4 mice; ***p = 0.0003 by unpaired t test). Data are expressed as the 

mean ± SEM. 
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3. 8 Hyperactive calcium fluctuation in Nestin;BrafKE/+ astrocytes were 

attenuated by GFAP-specific dnMEK1 injection 

Next, we investigated whether the Nestin;BrafKE/+ mice also display 

hyperactive Ca2+ fluctuations in astrocytes. To verify astroglial Ca2+ signal, 

we injected gfaABC1D-GCaMP6f virus into dorsal CA1 region of the adult 

Nestin;BrafKE/+ mice and littermates (Figure 28A). 3 weeks after in vivo 

virus microinjections, we harvested hippocampal slices and imaged 

fluorescence fluctuations with 2P microscopy from Nestin;BrafKE/+ and 

littermates. GCaMP6f imaging revealed a significantly increased Ca2+ 

fluctuation peak frequency in each region of interest (ROIs) of 

Nestin;BrafKE/+ astrocytes compared to Braf+/+ astrocytes (Figure 28, E to G). 

Therefore, this result indicates that in accordance with BRAF KE virus-

injected animals, Nestin;BrafKE/+ mutant mice also exhibit aberrantly 

hyperactive Ca2+ signaling in hippocampal astrocytes.  

To test whether dnMEK1 is also able to restores hyperactive Ca2+ 

fluctuation in mutant mice, we microinjected astrocyte-specific dnMEK1 

and GCaMP6f into dorsal CA1 of adult Nestin;BrafKE/+ mice and littermates. 

First, Western blot analyses showed significantly increased p-ERK1/2 and 

GFAP protein level in Nestin;BrafKE/+ hippocampi compared to Braf+/+ 

hippocampi  (Figure 28, B to D). Notably, expression of GFAP-dnMEK1 

was able to attenuate p-ERK1/2 expression. Since dnMEK1 is expressed 

only in GFAP-specific manner, p-ERK1/2 expression in Nestin;BrafKE/+ 

with dnMEK1 virus did not decrease by those of WT, but significantly 

decreased compared to Nestin;BrafKE/+ with control virus (Figure 28, B and 

C). Interestingly, dnMEK1 injection increased GFAP expression in 

Nestin;BrafKE/+ mice compared to control virus-injected Nestin;BrafKE/+ 

mice (Figure 28, B and D). Next, we harvested hippocampal slices 3 weeks 

after in vivo microinjection of virus, and imaged Ca2+ fluctuations in four 

groups of mice via two-photon (2P) confocal microscopy (Figure 28E). 2P 

imaging revealed that the expression of GFAP-dnMEK1 restore an 
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increased Ca2+ fluctuation peak frequency in each region of interest (ROIs) 

of Nestin;BrafKE/+ astrocytes (Figure 28, F and G). This finding suggests 

that attenuating overactivation of RAS-ERK signaling in adult period is able 

to restore the aberrant astrocyte property due to Braf mutation that had been 

expressed since developmental period.  
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Figure 28. Astrocyte-specific expression of dominant negative MEK1 

mutant restores hyperactive astroglial Ca2+ fluctuation in 

Nestin;BrafKE/+ mice. (A) Schematic illustrating of the experimental 

approach. GFAP-HA-dnMEK1 and gfaABC1D-GCaMP6f virus were 

injected into hippocampus CA1 of adult Nestin;BrafKE/+ mice. (B) 

Representative Western blot in hippocampal lysates for p-ERK1/2, total 

ERK1/2, GFAP and GAPDH. (C) p-ERK1/2 expression which is normalized 

to total ERK1/2 expression was significantly increased in Nestin;BrafKE/+ 

hippocampi compared to Braf+/+ hippocampi (n = 12, 8; ****p < 0.0001 by 

unpaired t test). Injection of GFAP-dnMEK1 virus attenuated the BRAF 

KE-induced p-ERK1/2 increase (n = 8, 9; *p = 0.0198 by unpaired t test). 

(D) GFAP expression which is normalized to GAPDH expression was 

significantly increased in Nestin;BrafKE/+ hippocampi compared to Braf+/+ 

hippocampi (n = 12, 9 *p = 0.0431 by unpaired t test). Injection of GFAP-

dnMEK1 virus elevated GFAP expression in Nestin;BrafKE/+, compared to 

control-injected Nestin;BrafKE/+ mice (n = 9, 9; *p = 0.0256 by unpaired t 

test). (E) Representative images of Ca2+ fluctuations measured in 
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hippocampal astrocytes from Braf+/+ and Nestin;BrafKE/+ mice. (F) 

Representative traces showing the enhancement in fluorescence of 

Nestin;BrafKE/+ astrocytes which is attenuated by injection of GFAP-

dnMEK1 virus. Scale bars, 1 minute. (G) The average number of peaks per 

ROI was significantly increased in Nestin;BrafKE/+ mice compared to Braf+/+ 

mice (n = 11 images from 4 mice, 14 images from 4 mice; *p = 0.0339 by 

unpaired t test). Injection of GFAP-dnMEK1 attenuated BRAF KE-induced 

enhancement of Ca2+ fluctuation (n = 14 images from 4 mice, 19 images 

from 55 mice; **p = 0.0043 by unpaired t test). Data are expressed as the 

mean ± SEM. 
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3. 9 The learning deficits of Nestin;BrafKE/+ mice can be reversed by 

normalizing RAS-ERK signaling solely in astrocytes 

Finally, we verified whether attenuating overactivated RAS-ERK signaling 

solitarily in astrocytes could reverse the impaired spatial learning and 

memory of Nestin;BrafKE/+ mice. To restore Braf KE-induced RAS-ERK 

signaling overactivation in astrocyte-specific manner, I injected AAV vector 

containing GFAP-dnMEK1 into dorsal hippocampus of adult 

Nestin;BrafKE/+ mice (Figure 29A). I then tested spatial memory of AAV-

infused Nestin;BrafKE/+ mice in MWM test. Interestingly, Nestin;BrafKE/+ 

mice expressing GFAP-dnMEK1 virus spent significantly longer time in the 

target quadrant in the probe test 1, indicating comparable performance to 

control group (Braf+/+ mice with control virus), while Nestin;BrafKE/+ mice 

expressing control virus did not (Figure 29, B and C). Moreover, 

Nestin;BrafKE/+ mice expressing GFAP-dnMEK1 virus swam closer from 

the position in which the platform was located during the training sessions, 

and visited target quadrant frequently compared to Nestin;BrafKE/+ mice 

expressing control virus (Figure 29, D and E).  The rescue effect of GFAP-

dnMEK1 in Nestin;BrafKE/+ mice was consistently observed in probe test 2, 

while GFAP-dnMEK1 virus in Braf+/+ mice inversely disrupted the task 

performances, indicating suitable activity of RAS-ERK signaling in adult 

astrocytes are critical for learning and memory (Figure 29, F to I). In 

conclusion, the findings that the learnind deficits of Nestin;BrafKE/+ mice 

can be reversed with astrocyte-specific RAS-ERK signaling attenuation 

suggest the prominent role of astrocyte in Braf-related learning deficits, and 

shows that these learning deficits are reversible in adult period. 
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Figure 29. Astrocyte-specific expression of dominant negative Mek1 

mutant restores hippocampal learning deficits in adult Nestin;BrafKE/+ 

mice. (A) Schematic illustrating of the experimental approach. GFAP-

control (mcherry or GFP) or GFAP-HA-dnMek1 virus were injected into 

hippocampus CA1 of Nestin;BrafKE/+ mice. (B) Representative swimming 

trajectory of WT and Nestin;BrafKE/+ mice in the probe test 1 of MWM. 

Platform position during the training trials is indicated by the red-colored 

circle. (C) BrafKE/+ mice with control virus and Nestin;BrafKE/+ mice with 

GFAP-dnMEK1 virus significantly prefered target quadrant compared to 

other quadrants (n = 19, 17, 13, 13; F3, 72 = 12.99, ****p < 0.0001; F3, 64 = 

1.294, p = 0.2842; F3, 48 = 0.4916, p = 0.6898; F3, 48 = 6.589, ***p = 0.0008 

by one-way ANOVA). (D) Proximity during the probe test 1 was 

significantly increased in Nestin;BrafKE/+ mice with control virus compared 

to BrafKE/+ mice with control virus. Injection of GFAP-dnMEK1 virus 
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significantly decreased proximity of Nestin;BrafKE/+ mice (n = 19, 17, 13, 

13; ****p < 0.0001; **p = 0.0056 by unpaired t test). (E) Number of target 

zone entries during the probe test 1 was significantly decreased in 

Nestin;BrafKE/+ mice with control virus compared to BrafKE/+ mice with 

control virus. Injection of GFAP-dnMEK1 virus significantly increased 

target entries of Nestin;BrafKE/+ mice (n = 19, 17, 13, 13; **p = 0.0018; *p = 

0.0292). (F) Representative swimming trajectory of WT and Nestin;BrafKE/+ 

mice in the probe test 2 of MWM. Platform position during the training 

trials is indicated by the red-colored circle. (G) BrafKE/+ mice with control 

virus and Nestin;BrafKE/+ mice with GFAP-dnMEK1 virus significantly 

prefered target quadrant compared to other quadrants (n = 19, 17, 12, 13; F3, 

72 = 16.12, ****p < 0.0001; F3, 64 = 1.6, p = 0.1981; F3, 44 = 1.28, p = 0.2929; 

F3, 48 = 4.611, **p = 0.0065 by one-way ANOVA). (H) Proximity during the 

probe test 2 was significantly increased in Nestin;BrafKE/+ mice with control 

virus compared to BrafKE/+ mice with control virus (n = 19, 17, 12, 13; **p = 

0.0035 by unpaired t test). Injection of GFAP-dnMEK1 virus tended to 

decrease proximity of Nestin;BrafKE/+ mice. (I) Number of target zone 

entries during the probe test 2 was significantly decreased in Nestin;BrafKE/+ 

mice with control virus compared to BrafKE/+ mice with control virus. 

Injection of GFAP-dnMEK1 virus tended to increase target entries of 

Nestin;BrafKE/+ mice (n = 19, 17, 12, 13; **p = 0.0056 by unpaired t test). 

Data are expressed as the mean ± SEM. 
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Discussion  

In the present study, I have demonstrated that the overactive RAS-ERK 

signaling induced by RASopathy-associated BrafKE mutation results in 

aberrant astrocytic properties such as reactive-like astrogliosis and 

hyperactive intracellular Ca2+ signaling, and impairs hippocampal memory. 

First, I found that the BrafKE mutation in Nestin+ neural stem cells, but not 

in αCaMKII+ excitatory or vGAT+ inhibitory neurons, resulted in 

hippocampal learning deficits in mice. Then, I observed BrafKE-induced 

reactive-like astrogliosis in multiple models including mice and human 

cortical organoids. BrafKE mutation in neural stem cells induced reactive-

like astrogliosis which is presented by hypertrophy and upregulated reactive 

transcripts in mice, and BRAF KE-containing human forebrain organoid 

displayed specific aspects of reactive-like astrogliosis with enormous 

enhancement of RAS-ERK signaling activity in astrocytic populations. 

Notably, BrafKE variant even in adult astrocytes is sufficient to induce an 

impairment of hippocampal learning and memory which is accompanied by 

hypertrophy and hyperactive Ca2+ fluctuations in astrocytes. Eventually, 

these impairments were restored by astrocyte-specific attenuation of RAS-

ERK signaling activity, suggesting that astrocyte is the cell type that is 

responsible for the cognitive impairment. 

Although RAS-ERK signaling is a ubiquitous signaling pathway, a number 

of studies have reported that the dysregulation of this signaling has distinct 

effects on each cell type in central nervous system. For example, it has been 

shown that expressing Noonan syndrome-associated SHP2 mutant only in 

excitatory neurons, but not in inhibitory neurons, resulted in cognitive 

impairments (122). On the other hand, haploinsufficiency of Nf1 enhanced 

RAS-ERK signaling primarily in GABAergic neurons (80, 84). Similarly, 

mice with Noonan syndrome-associated KRAS mutation displayed distinct 

cellular and physiological phenotypes specific to each neuronal cell type (99, 

174). The results showing that BrafKE in excitatory or in inhibitory neurons 
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did not induce learning deficits or reactive-like astrogliosis demonstrate that 

astrocytes are responsible for Braf-mediated cognitive impairments in 

Nestin;BrafKE/+ mice. Since the Nestin promotor drives expression of mutant 

Braf in most cell types in central and peripheral nervous systems, possibility 

for involvements of other cell types cannot be ruled out. However, results in 

diverse models strongly support that is an astrocyte-autonomous 

phenomenon. Consistently, expressing BrafKE only in GFAP+ adult 

astrocytes is sufficient to induce learning deficits, and attenuation of the 

overactivated RAS-ERK signaling in astrocytes by injecting Gfap-dnMek1 

restored aberrant astrocytic Ca2+ increase and learning deficit in 

Nestin;BrafKE/+ mice, demonstrating that all the evidence suggests that 

astrocyte is the cause of Braf-mediated defects. It is interesting that even in 

αCaMKII+ excitatory or vGAT+ inhibitory neurons, the ERK level is 

increased due to BrafKE, but the learning and memory is unaffected. In this 

regard, determining how RAS-ERK signaling network is composed in 

astrocytes requires further investigation. The αCaMKII-Cre transgenic mice 

express Cre recombinase in hippocampus at postnatal day 17 of age, while 

the vGAT-Cre mice express Cre recombinase since embryonic period (207, 

208). Because of the possibilities for little difference in expression amount 

and onset depend on Cre promoters, it would be worthwhile to investigating 

the implications of neuronal types with other Cre lines that express Cre 

recombinase since early neuronal developmental period. 

In recent years, the crucial roles of astrocytes in cognition and in brain 

diseases such as neurodegenerative disorders and neurodevelopmental 

diseases have emerged (209-213). Several studies have reported that the 

RAS-ERK signaling is involved in astrocytes' biological processes, such as 

development and death. For example, gain-of-function mutation of Mek1 or 

Raf1 induced increased number of glial cells in mouse cortex and 

hippocampus (107, 108). In another cases, RAS-ERK signaling contributes 

to initiation of astrocyte apoptosis in harmful condition (214, 215). However, 
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how the RAS-ERK signaling is involved in regulatory system of astroglial 

properties was poorly understood. There are emerging evidences for critical 

roles of astrocytic Ca2+ in physiological and pathological conditions (212, 

213, 216), little is known about the involvement of RAS-ERK signaling in 

regulating astrocytic Ca2+ signaling. Previous study has reported that the 

growth factors which activate various cascades involving RAS-ERK 

pathway increase the size of the intracellular Ca2+ store in the astrocytes and 

Ca2+ responses to neurotransmitters, and that these effects were suppressed 

by pro-inflammatory cytokines (217). Interestingly, cytokines suppressed 

growth factor-induced RAS-ERK pathway-dependent immediate early gene 

promoter activation, but not phosphorylation of ERK, demonstrating that the 

astrocytic Ca2+ is modulated by gene regulation downstream of ERK (217). 

Among the varied mechanisms for Ca2+ increases in astrocytes, canonical 

phospholipase C (PLC)/inositol 1,4,5-triphosphate (IP3) pathway is the most 

widely accepted mechanism. IP3 receptors (IP3R) on the endoplasmic 

reticulum (ER) are ligand gated calcium channels, and upon ligand binding, 

release Ca2+ that is stored in high concentrations within the ER (218, 219). 

Of note, transcriptome analyses showed that the level of astrocyte-abundant 

IP3R transcript (ITPR2) was significantly increased in BRAF KE organoid 

(data not shown). Therefore, there is high probability of contributions of 

IP3R pathway in BRAF-mediated increased Ca2+ fluctuations.  

It has been also posited that the reactive astrocytes drive excessive 

gliotransmitter release in pathological conditions, and negatively influence 

intrinsic neuron excitability and thereby lead to impairments in synaptic 

plasticity (210, 220). For example, reactive astrocytes increase astrocytic 

GABA release, and then cause strong inhibitory effect that induces 

impairments of neurotransmitter release, synaptic plasticity and memory in 

AD mouse model (210). In Huntington's disease, astrocytes displayed 

hyperactive Ca2+-dependent glutamate release, and excessive accumulation 

of extracellular glutamate causes overpotentiation of neuronal activity and 
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cytotoxicity (221, 222). It is reasonable to speculate that BrafKE astrocytes 

exhibit altered gliotransmitter release and might affect synaptic plasticity. 

Indeed, Nestin;BrafKE/+ mice showed impaired LTP in Schaffer collateral 

pathway (data not shown), there is a limitation of this work that has not 

revealed exactly which gliotransmitter is released in mice. 

According to the findings in this chapter, BRAF has certain roles in 

astrocytes rather than in neurons, specific to the timepoint after postnatal 

day 20. So far, it remained unclear how does BRAF functions in such a 

spatio-temporal manner. Recently, transcriptome analysis revealed that the 

amount of BRAF expression is largely less compared to other major 

components of RAS-ERK signaling in hippocampal neurons, which could 

explain the minimal effect of BRAF in neurons (122). Unexpectedly, 

expression amount of BRAF is similar between in neurons and in astrocytes 

(223). Therefore, it could be speculated that the BRAF dominantly functions 

in astrocytes rather than in neurons in physiological condition. Gliogenesis 

begins around embryonic day 18, and astrocytes develop their characteristic 

complex morphology at postnatal day 21 to day 28 in brain (224). Therefore, 

it could be assumed that the BRAF has a certain role in astrocytes after 

postnatal day 20 since BRAF affects astroglial properties of mature 

astrocytes including astrocyte reactivity and Ca2+ fluctuations. 

Another possibility for cell type-specificity of BRAF mutant is 

involvement of other proteins or pathways which interact with BRAF, 

excepts for RAS-ERK pathway. Previous study has shown that the NF1 

interacts with hyperpolarization-activated cyclic nucleotide-gated channel 1 

(HCN1) through its N terminus, and that mutations in NF1 affect HCN 

channel function and induce learning deficits in mice (121). The regulation 

of HCN channels could be RAS-independent, because it was not affected by 

MEK inhibitors (225). BRAF interact with 14-3-3, a family of conserved 

regulatory molecules that binds specific serine- or threonine-phosphorylated 

motifs in diverse signalling proteins (226). Sequencially, 14-3-3 protein acts 
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as positive regulator of Sirt2, a family of protein deacylases and ADP-

ribosyltransferases. Interestingly, Sirt2 controls reactive astrogliosis in 

disease condition, and has previously been demonstrated that the inhibition 

of Sirt2 reduces astrocyte reactivity markers (211, 227). Therefore, BRAF-

14-3-3-Sirt2 interaction could also be involved in BRAF KE-induced 

phenotypes which seem to be predominantly presented in astrocytes. 

In this study, decreasing ERK activity in astrocytes even in adult period 

could rescue memory deficits in Nestin;BrafKE/+ mice where Braf K499E 

begins to be expressed in early developmental stage. However, other 

property such as increase of GFAP expression was not restored, suggesting 

that the memory deficits could be attenuated by rescuing only essential 

properties of astrocytes such as Ca2+ regulation, although not all aspects of 

the astrocyte were restored as normal. In this case, neuronal function may be 

restored via normalization of the gliotransmitter release or uptake due to 

recovered astrocytic Ca2+ signaling.  

An important limitation of this study is a lack of the direct observation of 

the transgene expression in neural stem cell-derived cell types such as 

neuron and glia of Nestin;BrafKE/+ brain, because the transgene locus does 

not contain any tag. However, I have seen the increased p-ERK1/2 

expression in both neurons and astrocytes by immunolabeling (data not 

shown), considering the transgene was expressed and functioned properly in 

both cell types.  

Taken together, these observations suggest that the Braf-related cognitive 

impairments are mediated mainly by astrocytic contributions, possibly 

because of RAS-ERK signaling activity-dependent modulation of astrocyte 

reactivity and Ca2+ signaling. Therefore, to my knowledge, these results are 

the first to demonstrate that the reactive-like astrogliosis may underlies the 

severe cognitive deficits in RASopathy.  
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General conclusion 

In this dissertation, I investigated the mechanisms underlying learning 

and memory impairments in two types of RASopathy mouse models to find 

out the distinct roles that contribute to the cell type-specific pathological 

mechanisms in RASopathy-related cognitive deficits.  

In chapter 1, I reviewed the distinct impacts of different components of 

the RAS-ERK signaling pathway associated with different RASopathies on 

CNS development. The schematic illustration that summarizes the chapter 1 

contents is presented in Figure 30. In chapter 2, I found that both inhibitory 

and excitatory neurons are involved in KRAS-associated learning 

impairments in adult via distinct mechanisms. In chapter 3, I demonstrated 

that the reactive-like astrogliosis may underlies the severe cognitive deficits 

in BRAF-related RASopathy. The cell type-specificity of KRAS and BRAF 

that is identified in chapter 2 and 3 is also shown in Figure 30. 

So far, it remained unclear how some RASopathy-related genes have 

dominant role in neurons and others have role in glia. Therefore, how 

KRASG12V-mediated RAS-ERK overactivation induces learning deficits in 

adult hippocampal neuron types, while the BRAFK499E-mediated RAS-ERK 

overactivation induces learning deficits in astrocytes, but not in neuron 

types is not yet solved in my dissertation. One possibility is an absolute 

difference in the level of expression in neuron between KRAS and BRAF. 

Previous study provided the RNA-seq transcriptome data that analyzed 

expression level of RASopathy-associated genes, such as Braf, Hras, Kras, 

Ptpn11, and Nf1 in mouse hippocampal neurons (122). Interestingly, 

expression amount of Braf is largely lower than that of Kras in both 

excitatory and inhibitory neurons. Therefore, Kras may have had a greater 

influence in neuron types due to the enriched expression compared to Braf 

expression in neuron. Furthermore, it also would be worthwhile to compare 
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the expression of RASopathy-associated genes in glial types.  

Therapeutic treatments for the cognitive impairments presented in 

RASopathy individuals are not available yet. Considering the ubiquitous 

existence of RAS-ERK signaling pathway in various cell types, directly 

regulating RAS-ERK activity may have unknown confounding effects. 

Therefore, it would be better to target mechanism-based specific molecules 

in a disease-specific manner. From that perspective, this dissertation 

suggests the available information for the clinical treatments for KRAS-, and 

BRAF-related cognitive deficits in RASopathies. 
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Figure 30. Cell type-specific contributions of RAS-ERK signaling 

components. (A) NF1 inactivation led to decreased neurogenesis in 

neonatal and adult mouse brains (85). PTPN11 positively regulates 

neurogenesis at the expense of gliogenesis (96).(B) NF1 negatively 

regulates gliogenesis, thus NF1 inactivation increases the number of glial 

progenitor cells and gliogenesis (79, 85, 89, 120, 228). PTPN11 suppresses 

gliogenesis by directly interacting with the JAK-STAT pathway, which 

promotes gliogenesis (92, 96). (C) Hyperactivation of RAF1 induces the 

increase of glial lineage populations, including oligodendrocyte progenitor 

cells and astrocytes (107). MEK is required for gliogenesis, and the 

hyperfunction of MEK1 leads to increase in glial populations (108, 109). 

(D) BRAF and RAF1 positively regulate neuronal differentiation, and the 
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disruption of BRAF or RAF1 impairs the ability of progenitor cells to 

differentiate into mature neurons in mouse brain (102, 105). In consistent, 

iPSC containing hyperactivated BRAF mutant showed early maturation of 

neurons (147). (E) Oligodendroglial lineage potential is restricted by NF1 in 

the adult hippocampus, and inactivation of NF1 allows the adult 

hippocampus to generate oligodendrocytes (85). (F) Hyperactivated HRAS 

leads to an acceleration of astroglial maturation (163, 167). Blue and red 

arrows indicate positive and negative regulation, respectively. (G, H) KRAS 

in both inhibitory and excitatory neurons has cell type-specific function. (I) 

BRAF in astrocytes has cell type-specific function. 
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국문 초록 

 

신경세포와 교세포의 Ras 경로 과활성화가 Ras 관련 신

경발달장애 생쥐 모델의 기억장애에 미치는 영향 

 

강 민 경 

서울대학교 대학원 

의과대학 의과학과 

 

RAS-ERK 신호 전달 경로는 여러 세포에 존재한다고 알려져 있

는 신호 전달 경로로써 세포의 생존과 분화, 시냅스 전달, 그리고 

학습과 기억 등 중추신경계에서 다양한 뇌 기능에 관여한다. 이 

경로에 관여하는 유전자들의 돌연변이에 의해서 다양한 질병이 발

생하게 되는데 이들을 총칭하여 RASopathy라고 부르고, 신경섬

유종 1형, 누난 증후군, 심장-얼굴-피부 증후군, 그리고 코스텔로 

증후군 등이 이에 속한다. RASopathy와 연관되어 있는 돌연변이

들은 대부분 RAS-ERK 신호 전달 경로를 과활성시키며 대부분의 

RASopathy 케이스는 공통적인 특징을 보이는데, 그중 하나가 바

로 인지 기능 장애이다. 다양한 생쥐 모델을 이용한 최근 연구들

은 RAS-ERK 신호 전달 경로 구성 유전자들이 세포 타입 특이성

에 따라 각기 다른 분자, 세포적 병리 생리학적 기전을 가진다고 

보고한 바 있다. 본 학위 논문에서는 RASopathy 연관 인지 기능 

장애의 병리기전에 있어 신경세포와 성상교세포가 각기 다른 역할

을 수행할 것이라는 가설을 설정하였다. 이를 확인하기 위해 두 

가지 종류의 RASopathy 생쥐 모델, KRASG12V와 BRAFK499E에서 

인지 장애를 유발하는 세포 타입 특이적 메커니즘에 대해 연구하

였다.  



 １４８ 

Chapter 1에서는, 환자와 생쥐 모델의 중추신경계 발달과 인지 

기능에 있어 RASopathy 관련 돌연변이의 특징적인 역할을 리뷰

하였고, RAS-ERK 신호 전달 경로 유전자들의 병리적 기전에 관

한 문헌들을 정리하였다.  

Chapter 2에서는 KRASG12V 발현을 통한 RAS-ERK 신호 전달 

경로의 신경세포 타입 특이적 조절이 해마 인지 기능에 미치는 영

향에 대해 연구하였고, KRASG12V의 발현이 흥분성 신경세포와 억

제성 신경세포 모두에서 각기 다른 이유로 학습과 기억 장애를 유

발하는 것을 확인하였다. 억제성 신경세포에서 KRASG12V는 억제

성 시냅스 전달를 증가시켰으며, 시냅스 가소성을 손상시켰다. 이

에 반해 흥분성 신경세포에서 KRASG12V는 신경세포 사멸을 유발

하였다. 이러한 결과는 억제성 신경세포와 흥분성 신경세포 두 가

지 모두가 서로 다른 메커니즘을 통해 KRAS와 연관된 인지 기능 

장애에 관여하고 있다는 것을 의미한다.  

Chapter 3에서는 비이상적인 Braf 신호가 어떻게 인지 기능에 

영향을 미치는지 RASopathy 연관 Braf 돌연변이를 이용하여 연

구하였다. 신경 줄기 세포 특이적으로 BrafK499E를 발현하는 생쥐

는 심각한 학습 장애를 보였지만 흥분성 혹은 억제성 신경세포 특

이적으로 BrafK499E를 발현하는 생쥐는 정상적으로 학습했다. 

BrafK499E는 RAS-ERK 신호 전달 경로를 과활성화 시켰으며, 성

상교세포를 반응성 상태로 변화시켰다. 특히, 성체 시기에서 성상

교세포 특이적인 돌연변이 BRAF의 발현 역시 세포적, 행동적 장

애를 유도할 수 있었고, 성상교세포 내부의 칼슘 신호가 비이상적

으로 증가되어 있음을 확인하였다. 마지막으로, 발달 단계부터 

BrafK499E를 발현하는 생쥐의 성체 시기에 성상교세포 특이적으로

만 RAS-ERK 신호 전달 경로를 정상화 시켰을 때 학습 장애가 

회복되는 것을 확인하였다. 



 １４９ 

 결론적으로, 본 학위 논문에서는 RASopathy 연관 유전자들이 

여러 중추신경계 세포 타입의 기능적 특성에 각기 다른 영향을 미

치며, 이는 RASopathy 환자들의 세포 타입 특이적 병리기전을 

뒷받침한다. KRAS로 인해 매개되는 학습 장애에서 신경세포의 기

여를, 그리고 BRAF로 인해 매개되는 학습 장애에서는 성상교세포

의 기여를 확인함으로써, 각 유전자 특이적인 조건에서 신경세포

와 성상교세포 모두가 RASopathy 연관 인지 기능 장애의 원인이

라는 결론을 얻었다. 또한, 본 학위 논문의 연구는 이 연구에서 다

루지 않은 다른 RASopathy 연관 인지 기능 장애의 메커니즘에 

대해 새로운 이해와 통찰을 제공할 수 있을 것으로 기대한다.  
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